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Editor’s Corner Volume 7, Number 4, July 2020
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Josep Dalmau, MD, PhD, FAAN, Editor, Neurology® Neuroimmunology & Neuroinflammation

“Time to recharge”
Neurol Neuroimmunol Neuroinflamm July 2020 vol. 7 no. 4 e779. doi:10.1212/NXI.0000000000000779

This has been a challenging spring, and we all hope that the summer will bring the needed relief.
To help you unwind, the July issue of Neurology® Neuroimmunology & Neuroinflammation con-
tains excellent articles on a wide variety of topics that should hold your interest and help charge
your brain batteries. Here I highlight 4 studies that I choose for the common theme of dealing
with rare inflammatory disorders. I took the liberty of including a study of pregnant and lactating
women with MS/NMOSD because investigations of this cohort are relatively rare.

Antimyelin-associated glycoprotein (MAG) antibody neuropathy is a slowly progressive, chronic
polyneuropathy, associated with IgM monoclonal gammopathy. The current standard of care is
rituximab, but approximately only 50% of patients benefit from it use. It was recently
shown that the MYD88L265P mutation is the most common mutation in patients with
Waldenström macroglobulinemia and IgM-monoclonal gammopathy of undetermined signifi-
cance. This mutation results in constitutive activation of Bruton’s tyrosine kinase (BTK) and
NF-kB signaling. Ibrutinib is the first in-class inhibitor of BTK and has shown promising activity
in a few patients with B-cell lymphomas especially those with MYD88L265P. Further support for
the efficacy of ibrutinib is now provided in the article by Castellani et al.1 reporting the successful
treatment of 3 patients with anti-MAG neuropathy associated with Waldenström macroglobu-
linemia with MYD88L265P. All 3 patients had stable improvement of their neuropathy that in
one patient it was described as a dramatic improvement in gait stability. Ibrutunib was well
tolerated, and all patients remain on treatment. Although a larger number of patients are needed
to confirm these results, it is exciting that we may have an efficacious option for this disabling
neuropathy.

CTLA4 deficiency is a rare primary immune deficiency disorder with a wide range of systemic
manifestations. Neurologic manifestations have been reported in approximately 30% of cases,
including autoimmune encephalitis or encephalomyelitis with perivascular lymphocytic in-
filtration, inflammatory demyelinating processes, and optic neuritis, among others. Ayrignac
et al.2 add to this list in their case descriptions of 3 patients. Two of the patients were siblings who
had symptom onset during childhood, including recurrent episodes of brain or spinal cord
inflammatory processes, as has been described before. However, the third patient became
symptomatic in her early 40s and developed progressive cerebellar ataxia and visual loss with
bilaterally symmetric white matter changes similar to that seen in inherited leukodystrophies.
Although the neurologic symptoms of these 3 patients occurred after the diagnosis of theCTLA4
deficiency, in 5% of patients, neurologic symptoms predate the diagnosis, supporting the im-
portance of keeping in mind the broad neurologic phenotype.

Sarcoidosis is an enigmatic disorder that may present with a wide range of clinical manifestations.
Neurologic involvement occurs in approximately 5% of cases and in approximately half of these
patients is the initial manifestation of the disease. Sarcoidosis-associated myelopathy has features

From the ICREA-IDIBAPS Hospital Cĺınic, University of Barcelona, Barcelona, Spain; and Department of Neurology, University of Pennsylvania, Pennsylvania.
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thatmay overlapwith other inflammatory spinal cord disorders
that can confound the diagnosis. To determine if there is
a clinical and imaging phenotype of sarcoidosis-associated
myelopathy, Murphy et al.3 reviewed the characteristics of 62
patients with this complication. Most of the patients had
a chronic course with predominant sensory symptoms. Four
imaging patterns were identified on spine MRI with longitu-
dinally extensive myelitis with predominantly dorsal subpial
and/or meningeal enhancement being the most common.
This has been previously reported, and the authors consider
that this pattern should be considered the “classic” imaging
phenotype of sarcoidosis-associated myelopathy. Enhance-
ment was present in all but one case and across all lesion types;
subpial enhancement frequently occurred at locations with co-
existing structural changes such as disc herniations or cervical
spondylosis. This novel observation lead the authors to hy-
pothesize that increased permeability of the spinal cord barrier
at the sites of mechanical stress may be a key step in the
evolution of the inflammatory lesions in sarcoidosis-associated
myelopathy.

Ciplea et al.4 identified 23 patients with MS or NMOSD who
received monoclonal antibodies during pregnancy and/or
lactation to determine possible adverse effects on the infants.
After a median follow-up of 1 year, they found no negative
effects on overall health and development. Those infants who
were exposed to natalizumab during the third trimester had
lower birth weight and more hospitalizations in the first year of
life but still had normal development. Several infants had
transient hematologic abnormalities including mild or mod-
erate anemia and/or thrombocytopenia. There was a slightly
higher than expected rate of premature deliveries noted in the
cohort without a clear attribution to the underlying de-
myelinating disease or exposure to monoclonal antibody.
Based on this study and previous reports and with the caution
that the overall sample size is limited, the authors conclude that
there is a low probability of harmful effects for infants exposed

to breastmilk after monoclonal antibody treatment of the
mother.

In addition to these studies, the July issue of Neurology: Neu-
roimmunology & Neuroinflammation contains a review on the
current knowledge of the transfer of monoclonal antibodies
into breastmilk that complements nicely the study of Ciplea
et al. and 2 clinical/scientific notes describing COVID-19 in-
fection concurrent with Guillain-Barré syndrome and MS.5–7 I
hope that these and all the other interesting articles in this issue
will catch your attention.

Study funding
No targeted funding reported.

Disclosure
J. Dalmau holds the patents for the use of Ma2, NMDAR,
GABABR, GABAAR, DPPX, and IgLON5 as autoantibody
tests and receives royalties from the use of these tests. He
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Neuromyelitis optica spectrum disorder (NMOSD) is a rare inflammatory demyelinating
disease of the CNS, characterized by an increased risk for severe relapses.1 Most patients with
NMOSD (>70%) are seropositive for pathogenic antibodies against the aquaporin-4 (AQP4-
Ab) water channel. Recently, several randomized controlled trials have demonstrated clinical
effectiveness of immunosuppressive agents in AQP4-Ab positive NMOSD.2 However, a po-
tential biomarker of NMOSD activity that could be measured serially and predicted relapses
would assist clinicians in their selection of patients for immunotherapies. A few small obser-
vational studies have suggested changes in AQP4-Ab titers as a potential biomarker of NMOSD
activity.3,4

In this issue of Neurology® Neuroimmunology & Neuroinflammation, Jitprapaikulsan et al.5

provided Class II evidence that neither AQP4-Ab titers nor complement-mediated cell killing
has any significant prognostic or predictive utility in NMOSD. The authors have analyzed 336
serial serum samples from 82 AQP4-Ab seropositive patients taken preattack, at attack onset, or
at remission. AQP4-Ab titers were not significantly changed between the preattack, attack, or
remission samples or in those of individual patients during their disease course. Furthermore,
maintenance immunotherapy did not significantly affect AQP4-Ab titers. Similarly, the ability of
AQP4-Ab for complement-mediated killing in vitro was not influenced by disease activity or
treatment. Differences to previous reports reporting conflicting results could be explained by
the substantially larger number of patients and samples in this study.

However, the current study of Jitprapaikulsan et al. also had a number of potential limitations,
such as its retrospective design, with samples having been collected many years before study
(3–14 years), the effect of acute attack immunotherapies given before collection of attack sera,
and the experimental setup using 10-fold dilution for titrations.

Previous studies on the utility of serum levels of autoantibodies in other neurologic autoim-
mune diseases have shown differential results. In myasthenia gravis, serum titers of acetyl-
choline receptor antibodies generally vary widely between patients and do not predict disease
severity.6 By contrast, CSF and, to a lesser degree, serum antibody titers against the NMDA
receptor have been associated with a poor outcome in NMDA receptor encephalitis.7 There is
also conflicting evidence regarding the usefulness of serum antibody titers against the myelin
oligodendrocyte glycoprotein (MOG-Ab) which are also present in a subset of AQP4-Ab
seronegative NMOSD patients. Some studies have indicated that the clinical recovery or
a monophasic disease course is associated with transient MOG-Ab titers, whereas other studies
have not been able to confirm these findings.8 To summarize, there is controversial evidence
about the value of serial serum antibody titers for monitoring disease activity in neurologic
autoimmune diseases, which also applies to various other autoantibodies. Possible explanations
for these disappointing findings are as follows: first, the limited ability of peripheral blood
antibody levels to reflect the situation in the target organ (e.g., the CNS); second, pathogenic
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autoantibodies are known to be bound to their target antigens
andmay therefore not be detectable in the periphery; and finally,
in autoimmune encephalitis, CSF autoantibodies levels could be
of higher clinical relevance than those found in the serum.7,9

Therefore, distinct peripheral blood biomarkers such as
neurofilament-light or glial fibrillary acid protein are urgently
needed and currently under investigation for their prognostic
role and their use as therapeutic biomarkers in NMOSD.10
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Abstract
Objective
To determine whether serum neurofilament light chain (sNfL) levels are associated with recent
MRI activity in patients with relapsing-remitting MS (RRMS).

Methods
This observational study included 163 patients (405 samples) with early RRMS from the Study
of Early interferon-beta1a (IFN-β1a) Treatment (SET) cohort and 179 patients (664 samples)
with more advanced RRMS from the Genome-Wide Association Study of Multiple Sclerosis
(GeneMSA) cohort. Based on annual brain MRI, we assessed the ability of sNfL cutoffs to
reflect the presence of combined unique active lesions, defined as new/enlarging lesion
compared with MRI in the preceding year or contrast-enhancing lesion. The probability of
active MRI lesions among patients with different sNfL levels was estimated with generalized
estimating equations models.

Results
From the sNfL samples ≥90th percentile, 81.6% of the SET (OR = 3.4, 95% CI = 1.8-6.4) and
48.9% of the GeneMSA cohort samples (OR = 2.6, 95% CI = 1.7-3.9) was associated with
radiological disease activity on MRI. The sNfL level between the 10th and 30th percentile was
reflective of negligible MRI activity: 1.4% (SET) and 6.5% (GeneMSA) of patients developed
≥3 active lesions, 5.8% (SET) and 6.5% (GeneMSA) developed ≥2 active lesions, and 34.8%
(SET) and 11.8% (GeneMSA) showed ≥1 active lesion on brain MRI. The sNfL level <10th
percentile was associated with even lowerMRI activity. Similar results were found in a subgroup
of clinically stable patients.

Conclusions
Low sNfL levels (≤30th percentile) help identify patients with MS with very low probability of
recent radiologic disease activity during the preceding year. This result suggests that in future,
sNfL assessment may substitute the need for annual brain MRI monitoring in considerable
number (23.1%–36.4%) of visits in clinically stable patients.
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Standard clinical follow-up in patients with MS includes
regular assessment for new neurologic signs and symptoms of
MS. However, only a small proportion of CNS lesions,
detected with MRI, are symptomatic.1,2 Thus, MRI is the
most commonly used, sensitive surrogate of subclinical MS
activity.3

Nevertheless, serial MRI follow-up has its limitations, in-
cluding the unsolved challenges of accurate measurement of
brain atrophy, the need for standardized MRI scanning pro-
tocols, cost, and the fact that MRI is frequently not covering
the spinal cord in routine settings.4,5 These limitations, to-
gether with a continued need for an accessible measure of
neurodegeneration, have stimulated a search for new sensitive
biomarkers.

Neurofilaments (NfLs) are the most promising biomarker of
neuroaxonal injury in MS.6–8 Increased concentration of the
NfL light chain in the blood and the CSF are closely associ-
ated with relapse activity, worsening of disability, occurrence
of active MRI lesions and predicts brain and spinal cord
atrophy.9–14 NfL light chain has recently become more ac-
cessible, as reliable methods for quantification of NfL light
chain levels in serum (sNfL) have emerged.10,13

However, its potential role as a new and easily accessible
biomarker of subclinical disease activity has been less studied.
In this context, the role of sNfL in substitution of monitoring
for detection of subclinical disease activity in MRI in certain
clinical scenarios is still to be established.

In this study, we investigated the capacity of sNfL assessment
as a marker of radiologic disease activity, including the sen-
sitivity and specificity of different sNfL cutoffs in identifying
the presence or absence of combined unique active lesions on
brain MRI during the preceding year. We performed this
study in 2 observational cohorts of patients with relapsing-
remitting MS (RRMS): a discovery cohort of patients from
the Study of Early interferon-beta1a (IFN-β1a) Treatment
(SET), and a validation cohort of patients from the Genome-
Wide Association Study of Multiple Sclerosis (GeneMSA).

Methods
Study population

SET cohort
The SET was an investigator-initiated, prospective observa-
tional study that involved 8 centers (NCT01592474) in the

Czech Republic.15–17 Enrollment started in October 2005 and
was completed in July 2009.

In this cohort were included patients with complete sNfL and
MRI data, age 18–55 years, enrollment within 4 months from
the demyelinating event, Expanded Disability Status Scale
(EDSS) score ≤3.5, at least 2 T2 hyperintense lesions on MRI
performed before steroid treatment, and with ≥2 CSF-restricted
oligoclonal bands at the screening visit.

SET patients were originally diagnosed with clinically isolated
syndrome according to theMcDonald 2005 criteria.18 Patients’
diagnosis was reclassified to RRMS based on the 2017
McDonald criteria.19 All patients were treated with IV steroids
following screening and subsequently started the treatment at
baseline with 30 mg of IM IFN-β1a once a week (Avonex).

GeneMSA cohort
Patients were recruited in Basel as part of a prospective
multicenter study initiated in 2003 (GeneMSA).9,20,21

In this cohort were included 179 patients with complete sNfL
and MRI data, who were recruited at the Neurologic Clinic
and Policlinic, University Hospital Basel (Switzerland) be-
tween June 2004 and October 2005.

The GeneMSA cohort consisted of patients with RRMS. A
small proportion (4.5%) of the GeneMSA patients were
originally diagnosed with clinically isolated syndrome
according to theMcDonald 2001 criteria.22 Diagnosis of these
patients was reclassified to RRMS based on the 2017
McDonald criteria.19

Ethical statement
The SET protocol was approved by the Medical Ethics
Committees of the General University Hospital in Prague and
by the local ethical committees in the participating centers,
and all patients gave their written informed consent. All
patients from the GeneMSA cohort provided written in-
formed consent, and the study was approved by the local
ethics committee.

MRI acquisition and analysis

SET cohort
The SET protocol stipulates brain MRI scans at baseline and
at 12, 24, and 36 months, using a standardized protocol
performed on the single 1.5-Tesla scanner (Gyroscan, Phi-
lips). Axial brain acquisitions included fluid-attenuated in-
version recovery, T1-weighted images (T1-WIs), and pre- and

Glossary
DMT = disease-modifying treatment; EDSS = Expanded Disability Status Scale;GeneMSA =Genome-Wide Association Study
of Multiple Sclerosis; IFN-β1a = interferon-beta1a; NfL = neurofilament; RRMS = relapsing-remitting MS; SET = Study of
Early interferon-beta1a (IFN-β1a) Treatment; sNfL = serum neurofilament light chain; T1-WI = T1-weighted image.
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post-contrast T1 spin-echo images. Semiautomated sub-
traction image methodology was used to identify combined
unique active lesions (active lesions later in the text), defined
as current new contrast-enhancing lesions on T1-weighted
scans and new or enlarging lesions on T2-weighted scans
occurred during the preceding year. A new or enlarging lesion
on T2-weighted images was defined as a rounded or oval
lesion (≥3 mm of size) arising from an area previously con-
sidered as normal-appearing brain tissue and/or showing an
identifiable increase in size from a previously stable-appearing
lesion.17 Image analyses were performed at Buffalo Neuro-
imaging Analysis Center, United States.15,17

GeneMSA cohort
Brain MRI scans were performed on all patients at baseline
and then yearly in a 1.5-Tesla scanner (Magnetom Avanto,
Siemens) equipped with a 12-element head matrix coil. MRI
scans were performed on a single scanner at baseline and then
annually over 78 months (median). Axial brain acquisitions
included a double-echo proton density/T2-weighted se-
quence, T1-WI (magnetization prepared rapid acquisition
with gradient echo), and T1 pre- and post-contrast spin-echo
images. Active brain MRI lesions were identified and marked
by consensus reading on simultaneously viewed T2-weighted
and proton density–weighted images. Qualitative analysis for
the presence of gadolinium enhancement was performed on
post-contrast T1-WI. Image analyses were performed in the
Medical Image Analysis Centre in Basel, Switzerland.9 The
details of the MRI acquisition and analysis are provided in
supplementary appendix e-1, links.lww.com/NXI/A233.

Serum neurofilament light
chain measurements
In the SET cohort, serum samples were collected at 12, 24, and
36 months from baseline on the same day as the MRI exami-
nation. In the GeneMSA cohort, serum samples were collected
annually over 78months (median) on the same day as theMRI

examination. In both cohorts, the samples were stored at −80°C
following standard procedures.23 sNfL levels were measured
using a homebrew Single Molecule Array assay at the Univer-
sity Hospital Basel as described previously.13 Interassay coef-
ficients of variation for 3 native serum samples were below 10%
(i.e., 7.8%, 8.8%, and 5.5% for 7.0 pg/mL). The mean intra-
assay coefficient of variation of duplicate determinations for
concentration was 6.4%. One sample (of 405) showed an sNfL
value below 1.3 pg/mL (i.e., the lower limit of quantification)
and was excluded. Measurements were performed on coded
samples by personnel blinded to clinical and MRI data.

Statistical analysis
All analyses were performed using the R statistical software
(R-project.org) and SPSS 22.0 (IBM, Armonk, NY). Statis-
tical analysis of the SET cohort data was performed in the
CORe Unit (University of Melbourne) and of the GeneMSA
cohort data in the Clinical Trial Unit (University of Basel).
sNfL levels were grouped into different categories using age-
specific percentiles derived from a normative data set of
healthy controls. Supplementary table e-1, links.lww.com/
NXI/A234, shows the relationship between sNfL levels and
age-specific sNfL percentiles.13

The sensitivity, specificity, and area under the receiver oper-
ating characteristic curve with their 95% CIs (DeLong
method)24 of different predefined sNfL percentile cutoffs
(sNfL deciles) for detection of ≥1, ≥2, or ≥3 active MRI
lesions during the preceding year were assessed in the pooled
analysis of all available data (figure 1). In other words, we
investigated the capacity of sNfL at a given time point to
identify the presence or absence of combined unique active
lesions on brain MRI, defined as occurrence of current new
contrast-enhancing T1 lesions, new or enlarging T2 lesions
during the previous year. In addition to the pooled analysis of
all available data, in the SET cohort we have separately eval-
uated the sensitivity and specificity of sNfL percentile cutoffs

Figure 1 Study design
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as a marker of MRI activity for each year of follow-up. Next,
conditional probabilities of sNfL percentile ranges for de-
tection of ≥1, ≥2, or ≥3 active MRI lesions were assessed in
both cohorts.

Finally, we estimated the probability of active MRI lesions
among patients with different sNfL levels. sNfL percentile
ranges with similar sensitivity and specificity were combined
into 3 sNfL subgroups (>90th, 31th–90th, and <31th per-
centile). The presence of active MRI lesions was treated as
a binary-dependent and sNfL percentile category as a binary-
independent variable. ORs and 95% CIs were estimated with
logistic generalized estimating equation models adjusted for
age, sex, time point, disability status (only in the sensitivity
analysis), number of relapses during the preceding year, and
current treatment status (with therapies categorized as low
efficacy [dimethyl fumarate, glatiramer acetate, and in-
terferon-β]; high or moderately high efficacy [fingolimod,
mitoxantrone, and natalizumab]; or no disease-modifying
treatment [DMT]). The sNfL between the 31th and 90th
percentile was chosen as the reference category.

The primary analyses were computed in the discovery cohort
(SET) and validated in the validation cohort (GeneMSA). A
sensitivity analysis was completed in a subgroup of clinically
stable patients with no relapses or disability progression during
the preceding year. The Benjamini-Hochberg procedure with p
< 0.05 was used to control the false discovery rate.

Data availability
Anonymized data not published within this article will be
made available by request from any qualified investigator.

Results
Baseline and follow-up clinical characteristics
Table 1 describes demographic, clinical, andMRI characteristics
of the patient cohorts at baseline and during the follow-up. Of
the 220 patients with RRMS enrolled in the SET cohort, 163
had sNfL (405 samples) and MRI follow-up data available ≥1
time point between baseline and 36months. Of the 259 patients
enrolled in the GeneMSA cohort, 179 patients with RRMS had
sNfL (664 samples) and MRI follow-up data available at
baseline and minimum of 1 additional time point. In the SET
cohort, 376 (92.8%) samples were assessed during IFN-β1a
treatment. Of the 120 (67%) patients in the GeneMSA treated
with DMT, the median time on the DMT at baseline was 44.4
months (interquartile range 18.5–66.4 months).

Sensitivity and specificity of sNfL for
identification of brain MRI activity

SET cohort
Higher levels of sNfL correlated with greater numbers of ac-
tive brain MRI lesions (figure 2). sNfL greater than the 90th

percentile was measured in 103 (25.4%) samples and identi-
fied patients with any active brain MRI lesions during the
preceding year with 90% (95% CI = 86%–94%) specificity,
patients with ≥2 active lesions with 90% (95% CI =
86%–93%) specificity, and patients with ≥3 active lesions with
88% (95% CI = 85%–92%) specificity. sNfL ≤30th percentile
was observed in 133 (32.8%) samples and identified patients
with active MRI lesions with 81% (95% CI = 75%–86%)
sensitivity, patients with <2 active lesions with 94% (95%CI =
90%–98%) sensitivity, and patients with <3 active lesions with
99% (95% CI = 99%–100%) sensitivity (table 2). Separate
analysis of time points did not show important differences
(supplementary table e-2, links.lww.com/NXI/A234).

GeneMSA
Similar to the SET cohort, in the GeneMSA cohort, higher
sNfL levels correlated with greater numbers of MRI lesions
(figure 3). sNfL greater than the 90th percentile was found in
184 (27.7%) samples and identified patients with any active
MRI lesions during the preceding year with 80% (95% CI =
77%–85%) specificity, patients with ≥2 active lesions with
79% (95% CI = 77%–83%) specificity, and patients with ≥3
active lesions with 78% (95% CI = 76%–83%) specificity.
sNfL ≤30th percentile was observed in 129 (19.4%) of sam-
ples and identified patients with active MRI lesions with 93%
(95% CI = 89%–96%) sensitivity, patients with <2 active
lesions with 95% (95% CI = 91%–98%) sensitivity, and
patients with <3 active lesions with 92% (95% CI =
87%–97%) sensitivity (table 2). Separate analysis of time
points did not show important differences (supplementary
table e-3, links.lww.com/NXI/A234).

Although there was a trend for slightly lower specificity and
higher sensitivity of sNfL levels in the GeneMSA cohort, 95%
CIs, especially for sensitivity, overlapped considerably be-
tween the 2 cohorts (table 2).

sNfL as a marker of brain MRI activity at the
individual level

SET cohort
At the individual level, sNfL greater than the 90th percentile
indicated a high probability of past MRI activity: 84 of 103
(81.6%) patients developed ≥1 active lesion, 76 (73.8%) de-
veloped ≥2 active lesions, and 66 (64.1%) developed ≥3 active
lesions. In multivariable-adjusted analysis, sNfL above the
90th percentile was associated with a greater probability of
having ≥3 active lesions compared with the 31–90th per-
centile (OR = 7.8; 95% CI = 4.1–14.8; p < 0.0001). Among
the patients with sNfL between the 10th and 30th percentile,
24 (34.8%) developed ≥1 active lesion, 4 (5.8%) developed
≥2 active lesions, and only 1 (1.4%) developed ≥3 active
lesions during the preceding year. Even lower radiologic dis-
ease activity was observed in patients with sNfL <10th per-
centile (table 3). In multivariable-adjusted analysis, sNfL
≤30th percentile was associated with a lower probability of
having ≥3 active lesions compared with the 31–90th
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percentile (OR = 0.05; 95% CI = 0.01–0.3; p < 0.002). Similar
results were observed in the sensitivity analysis of 267
(65.9%) samples from clinically stable patients (table 4).

GeneMSA cohort
sNfL above the 90th percentile was reflective of higher MRI
activity compared with lower sNfL levels. Eighty-six (48.9%)
patients had developed ≥1 active lesion, 69 (39.2%) de-
veloped ≥2 active lesions, and 57 (32.4%) developed ≥3 active
lesions. In multivariable-adjusted analysis, sNfL greater than
the 90th percentile was associated with a greater probability of
having ≥3 active lesions on MRI compared with the 31–90th
percentile (OR = 5.8; 95% CI = 3.2–10.6; p < 0.01). Among
the patients with sNfL between the 10th and 30th percentile,
only 11 (11.8%) developed ≥1 active lesion, 6 (6.5%) de-
veloped ≥2 active lesions, and 6 (6.5%) developed ≥3 active
lesions during the preceding year. Again, lower radiologic
disease activity was observed in patients with sNfL <10th
percentile, where: 3 (8.3%) developed ≥1 active lesion,

1 (2.8%) developed ≥2 active lesions, and 1 (2.8%) developed
≥3 active lesions during the preceding year (table 3). In
multivariable-adjusted analysis, sNfL <31th percentile was
associated with a lower probability of having ≥1 (OR = 0.3;
95% CI = 0.1–0.7; p < 0.01) and ≥2 (OR = 0.3; 95% CI =
0.1–0.9; p = 0.02) active lesions compared with the 31–90th
percentile. The above observations were confirmed in the
sensitivity analysis of 402 (60.5%) measures from clinically
stable patients with no relapses or disability progression
during the previous year (table 4). A sensitivity analysis in
which all models were adjusted also for the EDSS score did
not show considerable differences in the estimates (data not
shown).

Discussion
In this longitudinal study of RRMS, high serum concen-
trations of NfL reflected increased recent radiologic disease

Table 1 Characteristics of the studied cohorts

Characteristics Prague Basel

Total number of patients 163 179

Available sNFL and MRI measures between 0 and 12 mo 149 —

Available sNFL and MRI measures between 12 and 24 mo 131 —

Available sNFL and MRI measures between 24 and 36 mo 125 —

Total available pairs of sNFL and MRI measures 405 664

Females 106 (65.0%) 134 (74.9%)

Age at baseline (y) 28.0 (23–34)a 41.3 (34–48)a

Disease duration at baseline (y) 0.2 (0.2–0.3)a 9.0 (5–17)a

EDSS score at baseline 1.5 (1.5–2.0)a 2.0 (1.5–3.0)a

Follow-up duration (y) 3.0 (3.0–3.0)a 6.5 (2.6–9.2)a

Clinically definite relapsing-remitting MS

At baseline 0 (0%) 171 (95.5%)

At last visit 69 (56.1%) 163 (91.1%)

Clinically stable patients within previous year (all time points)b 267 (65.9%) 402 (60.5%)

sNFL percentile level (all time points) 59 (19–91)a 69 (39–91)a

Proportion of scans with active lesions on MRI over follow-upc 206 (50.9%) 193 (29.1%)

Treatment at baselined

No DMT treatment 0 (0%) 59 (33.0%)

Low efficacy DMT 100 (0%) 118 (65.9%)

High or moderately high efficacy DMT 0 (0%) 2 (1.1%)

Abbreviations: DMT = disease-modifying treatment; EDSS = Expanded Disability Status Scale; sNFL = serum neurofilament level.
a Median and interquartile range.
b Clinically stable defined as an absence of clinical relapse and disability worsening (i.e., increase in the EDSS score).
c Active lesionwas defined as new, newly enlarging, or enhancing lesion on follow-up brainMRI scan comparedwith brainMRI scan during the preceding year.
d Low-efficacy DMT: glatiramer acetate, dimethyl fumarate, and interferons; High or moderately high efficacy DMT: fingolimod, mitoxantrone, and
natalizumab.
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activity defined as occurrence of combined unique new, en-
larging, or contrast-enhancing lesions on brain MRI in the
previous 12 months. On the contrary, low sNfL levels were
associated with negligible MRI activity. Results of the study
were validated in an independent MS cohort and in a sub-
group of clinically stable patients.

Of the patients with activity during the previous 12 months
detected by brain MRI, 41%–47% had sNfL levels exceeding
the 90th percentile. At the individual level, sNfL greater than
the 90th percentile was indicative of high MRI activity: 64.1%
and 32.4% of patients developed ≥3 active lesions, 73.8% and
39.2% of patients developed ≥2 active lesions, and 81.6% and
48.9% of patients showed ≥1 active lesion on MRI in the SET
and GeneMSA cohorts, respectively. However, a considerable
proportion of patients showed high sNfL in the absence of any
reported brain MRI activity (18.4% in the discovery cohort
and 51.1% in the validation cohort). These instances could
represent occasions when the amount of brain inflammatory
activity was below the detection threshold of brain MRI (in-
flammation of normal-appearing white and gray matter),25,26

where inflammation was localized with in the spinal cord or
where the source of sNfL was accelerated global brain tissue
loss due to neurodegenerative processes. In both cohorts,
sNfL greater than the 90th percentile was associated with
approximately 3 times higher probability of having any active
MRI lesion compared with the 31–90th percentile. Patients
with sNfL >90th percentile had also approximately 4 times
higher probability of having ≥2 and 6–8 times higher proba-
bility of having ≥3 active MRI lesions compared with the
31–90th percentile. Importantly, 90% (SET) and 80%
(GeneMSA) of the patients with no detectedMRI activity had
sNfL lower than the 90th percentile.

Based on the observations summarized above, we interpret
the findings of high sNfL (adjusted for age) as an indicator of
a high likelihood of disease activity that should prompt further
investigations with detailed imaging of the whole neuraxis.9 In
these instances, MRI may help explain elevated sNfL, but may
also add clinically relevant information with regard to the
location and extent of lesion activity.27,28 Moreover, sNfL as
a marker is not specific to MS lesion activity but may also
reflect neuroaxonal damage due to other reasons.6 Last but
not least, increased sNfL levels were associated with an in-
creased risk of future disease activity.9,11–14 Therefore,
patients with high sNfL levels without concurrent MRI or
clinical evidence of disease activity should be followed closely
to detect early indicators of treatment failure. Frequent
screening for high (or increasing) sNfL levels may assist
physicians with clinical decision making by providing in-
formation about high probability of recent, ongoing, and fu-
ture subclinical disease activity.

It should be noted that a high sNfL level was strongly asso-
ciated with brain MRI activity, but the sensitivity of the high
sNfL levels for detection of MRI activity during the preceding
year was expectedly lower. This suggests that MRI activity was
reported also in instances with sNfL lower than the 90th
percentile. This can be explained by the time course of sNfL
levels following neuroaxonal injury. sNfL levels peak at 1
month and return to baseline at 6 months after neuroaxonal
injury. Therefore, sNfL levels reflect only recent or ongoing
MRI activity and are not sensitive to neuroaxonal injury oc-
curring before more that 6–9 months.7,14,29

From the clinical perspective, a low sNfL level represented
a very informative finding. sNfL ≤30th percentile was

Figure 2 Proportion of brain MRI scans with 1, 2, or ≥3 active lesions by serum neurofilament percentile subgroups

The SET cohort. SET = Study of Early interferon-beta1a (IFN-
β1a) Treatment
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Table 2 Sensitivity and specificity of serum neurofilament levels for detection of active lesions on brain MRI

sNFL percentile
No. of patients

≥1 Active lesiona ≥2 Active lesionsa ≥3 Active lesionsa

Sensitivity % 95% CI Specificity % 95% CI Sensitivity % 95% CI Specificity % 95% CI Sensitivity % 95% CI Specificity % 95% CI

SET >95th 77 (19.0%) 32 25–38 93 90–97 48 38–54 93 91–97 60 50–70 92 89–95

>90th 103 (25.4%) 41 34–47 90 86–94 56 47–64 90 86–93 71 61–80 88 85–92

>70th 166 (41.0%) 57 51–64 76 69–81 73 66–81 75 69–80 85 77–91 72 66–76

>50th 228 (56.3%) 71 65–78 59 53–66 85 79–91 58 53–64 96 91–99 55 50–61

>30th 272 (67.2%) 81 75–86 47 41–55 94 90–98 46 41–52 99 98–100 42 37–48

>10th 339 (83.7%) 93 89–96 25 20–32 97 94–99 22 18–28 100 NA 21 NA

AUC ROC — 0.74 (0.69–0.79) 0.83 (0.78–0.87) 0.88 (0.85–0.92)

GeneMSA >95th 128 (19.3%) 38 28–41 89 88–93 48 37–53 88 87–92 56 43–63 87 86–91

>90th 184 (27.7%) 47 38–52 80 77–84 56 46–62 79 77–83 65 53–73 78 76–82

>70th 328 (49.4%) 69 62–75 59 54–63 77 69–83 57 53–62 79 69–86 55 51–60

>50th 434 (65.4%) 84 78–89 42 38–47 92 88–96 41 37–45 90 84–96 39 35–42

>30th 535 (80.6%) 93 89–96 24 21–28 95 90–98 23 19–26 92 87–98 21 18–25

>10th 625 (94.1%) 98 96–100 8 5–10 99 98–100 7 5–9 99 97–100 7 5–9

AUC ROC — 0.71 (0.67–0.75) 0.77 (0.72–0.81) 0.77 (0.72–0.83)

Abbreviations: AUC ROC = area under the receiver operating characteristic curve; GeneMSA = Genome-Wide Association Study of Multiple Sclerosis; NA = unable to analyze; SET = Study of Early interferon-beta1a (IFN-β1a)
Treatment; sNFL = serum neurofilament level.
a Active lesion was defined as new, newly enlarging, or enhancing lesion on follow-up brain MRI scan compared with brain MRI scan during the preceding year. All available time points were pooled (repeated measures in the
majority of patients).
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reflective of negligible MRI activity: approximately
0.8%–5.4% of the patients developed ≥3 active lesions,
5.4%–6.0% developed ≥2 active lesions, and 10.9%–29.3%
showed ≥1 active lesion. In both cohorts, sNfL ≤30th per-
centile was associated with approximately 3 times lower
probability of any recent MRI activity compared with the
31–90th percentile. The lower probability of lesion MRI ac-
tivity in patients with sNfL ≤30th percentile levels was also
observed for occurrence of ≥2 and ≥3 activeMRI lesions, with
the relative odds of a clinically significant brainMRI activity in
the SET cohort being extremely low (20 times lower in the
≤30th percentile than the 31–90th percentile). In fact, 81%
(SET) and 93% (GeneMSA) of the patients with any brain
MRI activity had sNfL levels in excess of the 30th percentile,
and 93% (SET) and 98% (GeneMSA) of the patients with any
brain MRI activity had sNfL levels in excess of the 10th
percentile.

Only a very few patients with sNfL ≤30th percentile showed
clinically significant amount of MRI activity, defined as ≥3
(or even ≥2) active MRI lesions.30 In the cohort with
clinically stable disease, the proportion of patients with low
sNfL levels and MRI activity is even lower. We therefore
suggest that assessment of sNfL may substitute the need for
annual brain MRI monitoring in clinically stable patients
with low sNfL levels (≤30th percentile). This constituted
a considerable proportion of the MRI scans from patients
with clinically stable disease included in this study: 36.4% in
the SET and 23.1% in the GeneMSA cohort. However, one
should remember that a small amount of MRI activity (1
active lesion) in the last year can be detected even in
patients with such low sNfL levels. This could be mostly
attributed to only transient increase of sNfL levels following

neuroaxonal injury, which may not correlate with detected
MRI activity, if lesion formation occurred more that 6–9
months ago.7,14,29

In general, the discovery (SET) cohort showed slightly lower
sNfL levels but higher proportion of activeMRI scans (51% vs
29%) than the validation (GeneMSA) cohort. In the Gen-
eMSA cohort, we found a lower number of activeMRI lesions,
which is in agreement with previous research that showed
decreasing incidence of MRI activity over disease course.25

Considering younger age and shorter disease duration of the
SET cohort, a higher proportion of active MRI scans in the
SET cohort is therefore not surprising.

The 2 studied MS cohorts used different scanning protocols
and techniques for detection of active MRI lesions. The
cohorts also differed slightly in terms of the disease burden,
clinical and radiologic disease activity, and sNfL levels over
follow-up. It is therefore reassuring that similar optimal cut-
offs for sNfL were identified in the 2 cohorts. In the SET
cohort, we observed a trend for marginally higher specificity
and lower sensitivity of sNfL than in the GeneMSA cohort,
which was consistent throughout the follow-up. The 95% CIs
for sensitivity overlapped considerably between the 2 cohorts.
One can speculate that these trends were secondary to the
differences in disease burden, disease activity, DMT, or dif-
ferences in MRI protocols. In the preliminary subanalysis of
the GeneMSA cohort, we found a trend for slightly higher
accuracy of sNfL marker of MRI activity in patients with
younger age and short disease duration and lower accuracy of
sNfL cutoffs in patients with older age and long disease du-
ration. These trends remain to be investigated in further
studies and larger cohorts.

Figure 3 Proportion of brain MRI scans with 1, 2, or ≥3 active lesions by serum neurofilament percentile subgroups

The GeneMSA cohort. GeneMSA = Genome-Wide Associa-
tion Study of Multiple Sclerosis.
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Table 3 Predictive values of serum neurofilament percentiles for detection of active lesions on brain MRI

sNFL percentile
range

No. of
samples

Patients with
<1 active lesion

Patients with
≥1 active lesion OR (95% CI)

Patients with <2
active lesion

Patients with
≥2 active lesions OR (95% CI)

Patients with
<3 active lesions

Patients with
≥3 active lesions OR (95% CI)

SET >90th 103 (25.4%) 19 (18.4%) 84 (81.6%) 3.4 (1.8–6.4)a 27 (26.2%) 76 (73.8%) 4.5 (2.5–8.3)a 37 (35.9%) 66 (64.1%) 7.8 (4.1–14.8)a

51–90th 125 (30.9%) 61 (48.8%) 64 (51.2%)
Reference
group

85 (68.0%) 40 (32.0%)
Reference
group

102 (81.6%) 23 (18.4%)
Reference
group31–50th 44 (10.9%) 24 (54.5%) 20 (45.5%) 32 (72.7%) 12 (27.3%) 41 (93.2%) 3 (6.8%)

10–30th 69 (17.0%) 45 (65.2%) 24 (34.8%)
0.4 (0.3–0.7)a

65 (94.2%) 4 (5.8%)
0.1 (0.01–0.3)a

68 (98.6%) 1 (1.4%)
0.05 (0.01–0.3)a

<10th 64 (15.8%) 49 (76.6%) 15 (23.4%) 60 (93.8%) 4 (6.2%) 64 (100.0%) 0 (0%)

GeneMSA >90th 176 (26.5%) 90 (51.1%) 86 (48.9%) 2.6 (1.7–3.9)a 27 (26.2%) 76 (73.8%) 3.5 (2.2–5.5)a 119 (67.6%) 57 (32.4%) 5.8 (3.2–10.6)a

51–90th 258 (38.9%) 182 (70.5%) 76 (29.5%)
Reference
group

85 (68.0%) 40 (32.0%)
Reference
group

233 (90.3%) 25 (9.7%)
Reference
group31–50th 101 (15.2%) 84 (83.2%) 17 (16.8%) 32 (72.7%) 12 (27.3%) 99 (98.0%) 2 (2.0%)

10–30th 93 (14.0%) 82 (88.2%) 11 (11.8%)
0.3 (0.1–0.7)a

65 (94.2%) 4 (5.8%)
0.3 (0.1–0.9)b

87 (93.5%) 6 (6.5%)
0.9 (0.3–2.1)

<10th 36 (5.4%) 33 (91.7%) 3 (8.3%) 60 (93.8%) 4 (6.2%) 35 (97.2%) 1 (2.8%)

Abbreviations: GeneMSA = Genome-Wide Association Study of Multiple Sclerosis; SET = Study of Early interferon-beta1a (IFN-β1a) Treatment; sNFL = serum neurofilament level.
Active lesion was defined as new, newly enlarging, or enhancing lesion on follow-up brain MRI scan compared with brain MRI scan during the preceding year.
All available time points were pooled (repeated measures in the majority of patients).
ORs were estimated by generalized estimating equations adjusted for age, sex, treatment status, time point, and number of relapses during the preceding year.
a p < 0.05 after Benjamini-Hochberg correction.
b p < 0.05.
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Table 4 Predictive values of serum neurofilament percentiles for detection of active lesions on brain MRI in clinically stable patients with MS

sNFL percentile
range No. of

samples

≥1 active lesiona

OR (95% CI)

≥2 active lesionsa

OR (95% CI)

≥3 active lesionsa

OR (95% CI)
Patients with <1
active lesion

Patients with ≥1
active lesion

Patients with <2
active lesion

Patients with ≥2
active lesions

Patients with <3
active lesions

Patients with ≥3
active lesions

SET >90th 53 (19.9%) 14 (26.4%) 39 (73.6%) 2.3 (1.1–4.8)b 20 (37.7%) 33 (62.3%) 3.5 (1.7–7.4)c 25 (47.2%) 28 (52.8%) 6.2 (2.7–14.2)c

51-90th 83 (31.1%) 43 (51.8%) 40 (48.2%)
Reference
group

61 (73.5%) 22 (26.5%)
Reference
group

71 (85.5%) 12 (14.5%)
Reference
group31–50th 34 (12.7%) 15 (44.1%) 19 (55.9%) 23 (67.6%) 11 (32.4%) 31 (91.2%) 3 (8.8%)

10–30th 52 (19.5%) 37 (71.2%) 15 (28.8%)
0.3 (0.2–0.6)c

50 (96.2%) 2 (3.8%)
0.1 (0.05–0.3)c

51 (98.1%) 1 (1.9%)
0.1 (0.01–0.6)b

<10th 45 (16.9%) 35 (77.8%) 10 (22.2%) 42 (93.3%) 3 (6.7%) 45 (100.0%) 0 (0%)

GeneMSA >90th 81 (20.1%) 47 (58.0%) 34 (42.0%) 2.3 (1.2–4.5)c 56 (69.1%) 25 (30.9%) 3.0 (1.5–6.0)c 62 (76.5%) 19 (23.5%) 6.2 (2.4–15.7)c

51–90th 158 (39.3%) 116 (73.4%) 42 (26.6%)
Reference
group

132 (83.5%) 26 (16.5%)
Reference
group

148 (93.7%) 10 (6.3%)
Reference
group31–50th 70 (17.4%) 57 (81.4%) 13 (18.6%) 67 (95.7%) 3 (4.3%) 68 (97.1%) 2 (2.9%)

10–30th 66 (16.4%) 59 (89.4%) 7 (10.6%)
0.3 (0.1–0.8)c

64 (97.0%) 2 (3.0%)
0.2 (0.0–0.7)c

64 (97.0%) 2 (3.0%)
0.5 (0.1–2.1)

<10th 27 (6.7%) 25 (92.6%) 2 (7.4%) 27 (100%) NA 27 (100.0%) NA

Abbreviations: GeneMSA = Genome-Wide Association Study of Multiple Sclerosis; SET = Study of Early interferon-beta1a (IFN-β1a) Treatment; sNFL = serum neurofilament level.
All available time points were pooled (repeated measures in the majority of patients).
Clinically stable patients were defined as those with an absence of clinical relapse and disability progression during the preceding year.
a Active lesion was defined as new, newly enlarging, or enhancing lesion on follow-up brain MRI scan compared with brain MRI scan during the preceding year.
b p < 0.05.
c p < 0.05 after Benjamini-Hochberg correction.
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The ability to detect active MRI lesions is influenced by a va-
riety of technical, rater- and patient-related factors.31,32 There-
fore, variability in the sensitivity of the scanning protocols was
likely. We have mitigated the risk of reporting error for MRI
activity by using also a more rigorous requirement of higher
number of activeMRI lesions as our study outcome.Moreover,
3-dimensional subtracted images after image registration, with
thin-slice thickness, were analyzed by semiautomatic techni-
ques (SET) or by experienced MRI raters (GeneMSA). These
techniques detect considerably higher number of active lesions
compared with imaging used in clinical practice.31,33 Therefore,
in the context of clinical practice, sNfL levels may show a very
good sensitivity even in detection of single active MRI lesion.
This needs to be investigated in future studies.

Second, although the levels of sNfL were interpreted in the
context of its gradual increase with age (through the use of
normative reference data), we did not adjust for other potential
confounders of sNfL. The differences in sNfL levels between
the 2 studied cohort support that in MS, other disease-specific
factors may codetermine sNfL. Among these, disease duration,
time since disease activity, disability, differences in DMT, and
comorbidities would be the likely candidates. Although the
SET patients initiated DMT at baseline, potential effect of
delayed treatment response resulting in decoupling between
sNfL levels at 12months andMRI activity during the preceding
year was not observed. Also, we did not find an effect of dis-
ability on the relationship between sNfL levels and MRI ac-
tivity. Another important question requiring better
understanding is the dynamics of rising and decreasing sNfL
levels following lesion formation and disease activity. Finally,
a large normative database for sNfL in MS patients is needed.

NfL is a promising biomarker of neuroaxonal injury6–8

strongly associated with measures of disease activity in
MS.9–14 Given that a considerable number of patients with
high sNfL levels did not have detectable lesion activity on
brain MRI, further studies are needed to clarify the origin of
increased sNfL in patients with radiologically stable brain
MRI. Based on the results of previous research, we hypoth-
esize that active spinal cord lesions,9 accelerated loss of brain
volume, or subclinical inflammation of normal-appearing
white and gray matter may play a role.25,26 If this hypothesis is
correct, sNfL may, in addition, qualify as a sensitive surrogate
biomarker of inflammation and axonal loss.9

sNfL is a cumulative indicator of neuronal damage over weeks
to months.7,14,29 Future studies are required to investigate the
benefit of more frequent sNfL assessment (e.g., 6-monthly),
which may represent a sensitive and accessible method for
capturing subclinical disease activity in routine follow-up.
Finally, assessment of the relationship between sNfL andMRI
activity in different subgroups is needed to allow generaliza-
tion of the results to the prevalent MS population.

This study, using discovery-validation design in 2 large MS
centers, demonstrates that low levels of sNfL help identify

patients with MS with no clinically relevant radiologic disease
activity. In future, sNfL monitoring may potentially supple-
ment the need for annual brain MRI monitoring in a pro-
portion of patients with clinically stableMS and with low sNfL
levels. Further research is required to understand whether
high sNfL levels in the absence of new or enlarging brain
lesions may signal subclinical disease activity in patients, who
would otherwise be considered stable.
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Abstract
Objective
To provide first real-world experience on patients with MS treated with the B cell–depleting
antibody ocrelizumab.

Methods
We retrospectively collected data of patients who had received at least 1 treatment cycle (2
infusions) of ocrelizumab at 3 large neurology centers. Patients’ characteristics including pre-
medication, clinical disease course, and documented side effects were analyzed.

Results
We could identify 210 patients (125 women, mean age ± SD, 42.1 ± 11.4 years) who had
received ocrelizumab with a mean disease duration of 7.3 years and a median Expanded
Disability Status Scale score of 3.75 (interquartile range 2.5–5.5; range 0–8). Twenty-six
percent of these patients had a primary progressive MS (PPMS), whereas 74% had a relapsing-
remitting (RRMS) or active secondary progressive (aSPMS) disease course. Twenty-four
percent of all patients were treatment naive, whereas 76% had received immune therapies
before. After ocrelizumab initiation (median follow-up was 200 days, range 30–1,674 days),
13% of patients with RRMS/aSPMS experienced a relapse (accounting for an annualized
relapse rate of 0.17, 95% CI 0.10–0.24), and 5% of all patients with MS experienced a 12-week
confirmed disability progression. Treatment was generally well tolerated, albeit only short-term
side effects were recorded, including direct infusion-related reactions and mild infections.

Conclusions
We provide class IV evidence that treatment with ocrelizumab can stabilize naive and pretreated
patients, indicating that ocrelizumab is an option following potent MS drugs such as natali-
zumab and fingolimod. Further studies are warranted to confirm these findings and to reveal
safety concerns in the longer-term follow-up.

Classification of evidence
This study provides Class IV evidence that for patients with MS, ocrelizumab can stabilize both
treatment-naive and previously treated patients.

MORE ONLINE

Class of Evidence
Criteria for rating
therapeutic and diagnostic
studies
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The humanized anti-CD20 B cell–depleting antibody ocreli-
zumab has been approved for treatment of MS by the Euro-
pean Medicines Agency in 2018 following positive results in
phase 3 studies for the relapsing-remitting (RRMS) and the
primary progressive (PPMS) disease course.1,2 Ocrelizumab
is the first-ever approved treatment option for patients with
active PPMS. The concept of B-cell depletion for treatment of
MS is not new.3,4 There had already been evidence from phase
II clinical studies that assessed rituximab in relapsing and
primary progressive MS,5,6 another CD20 B cell–depleting
antibody.7 This was further supported by observational
studies, e.g., from the Swedish registries, indicating effect sizes
similar to those of the later ocrelizumab studies.8,9 Ongoing
disease activity, intolerable side effects, or safety concerns
(progressive multifocal leukoencephalopathy [PML])10 are
possible situations when a treatment has to be stopped and
switched to an alternative drug. The cumulative risk for ree-
merging disease activity at year 1 after cessation of natalizu-
mab treatment was estimated to be around 45% (95% CI
0.41–0.49)11 and 26% at month 6 for fingolimod12,13 arguing
for a prompt restart of an alternative disease-modifying drug.

Previously, a Swedish retrospective study has shown that the
consecutive treatment with rituximab following natalizumab
is safe and minimizes the risk of a clinical relapse (1.8% within
1.5 years).14 So far, there are no data available for the benefits
and risk of switching to ocrelizumab following natalizumab or
fingolimod, justifying this retrospective real-world data anal-
ysis, in the absence of prospective class 1 evidence.

Methods
Patients and data acquisition
We analyzed data of all patients with MS who had received at
least the initial treatment of 2 ocrelizumab cycles (300 mg and
with an interval of 2 weeks) at the neurology departments of the
universities of Mainz, Münster, and Cologne (all Germany).
The evaluations of clinical relapses or disease progression during
treatment switch (washout period) and after ocrelizumab ini-
tiation were assessed by reviewing medical reports and letters
until June 1, 2019. The median follow-up of the cohort was 200
days. The analysis of this retrospective study data was approved
by the respective local ethics committees.

Definition of relapse or progression
A relapse was defined as an acute or subacute evolvement of
a new symptom or a significant deterioration of a previously
existing deficit lasting for at least 24 hours and which was not
due to infections or other non-neurologic diseases. All
patients in this study who were classified to have a relapse had

received IV methylprednisolone or plasmapheresis. Pro-
gression was defined as a documented increase in the Ex-
pandedDisability Status Scale (EDSS) score (1-point increase
if the EDSS score was equal or below 5 and 0.5-point increase
if the EDSS score was above 5) confirmed after 12 weeks.

Washout time and follow-up
The washout time was defined as the time interval between the
last administration of the previous treatment and the first in-
fusion of ocrelizumab. Patients were excluded for this analysis if
the washout interval was longer than 200 days, except if the
previous treatment was rituximab, alemtuzumab, or mitoxan-
trone. Only patients with full information for treatment time
points and clinical data on follow-up checks were included. A
data analysis regarding the clinical development of patients
following the first ocrelizumab infusion was only performed if
the documented follow-up after the second ocrelizumab in-
fusion within the first treatment cycle was at least 30 days.

Analysis
SPSS (Version 23.0) and GraphPad Prism (Version 5) were
used for statistical analysis. To compare more than 2 groups,
an ANOVA test was performed and considered significant
with a p < 0.05. To compare 2 groups, a Student t test or χ2

test was used where appropriate.

Data availability
Data are available from the authors on request.

Results
Cohort characteristics
A total of 210 (125 female and 85 male) patients, who had
received the first treatment cycle of ocrelizumab, consisting of
2 separate infusions, could be identified. The mean age at
ocrelizumab initiation was 39.2 years for patients with RRMS
and 50.2 for patients with PPMS. The mean disease duration
was 8.0 (RRMS) and 5.1 years (PPMS; see table 1 baseline
characteristics compared with OPERA 1 [a study of ocreli-
zumab in comparison with interferon beta-1a in participants
with relapsing multiple sclerosis] and ORATORIO [a study
of ocrelizumab versus placebo to treat primary progressive
MS]). About a quarter (55 patients, 26%) had PPMS, whereas
74% (155 patients) had RRMS or secondary progressive disease
course with relapses (active SPMS or aSPMS). Twenty-four
percent of ocrelizumab-treated patients were treatment-naive
patients, whereas 76% had received a previous immune therapy
(table 1 and figure 1A). Among the most prevalent previous
immune therapies (see complete spectrum in figure 1B)
were natalizumab (n = 39 patients), fingolimod (n = 24), and

Glossary
ARR = annualized relapse rate; aSPMS = active secondary progressive MS; EDSS = Expanded Disability Status Scale; PML =
progressive multifocal leukoencephalopathy; PPMS = primary progressive MS; RRMS = relapsing-remitting MS.
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dimethyl fumarate (n = 22). The main reason why patients
were switched to ocrelizumab was clinical deterioration (n =
106 patients, 66%), whereas particularly natalizumab
patients were switched to ocrelizumab because of safety
reasons (21 of 39 patients or 54% due to safety concerns due
to PML risk). Daclizumab therapy was discontinued due to
its withdrawal from the market following reports of severe
side effects such as encephalitis15 and liver failure.16 Most
prevalent preexisting comorbidities of treated patients
comprised thyroid disease, depression, smoking, hyperten-
sion, allergic asthma, migraine, urinary incontinence, and
diabetes (see full spectrum in table e-1, links.lww.com/
NXI/A235).

Clinical course during treatment-free interval
before ocrelizumab initiation
Of 160 patients who had received previous therapy, we had
sufficient data to assess clinical disease course in 100 patients
(all RRMS/aSPMS) during treatment-free interval before
ocrelizumab initiation. Of these 100 patients, 17 (17%, 95%
CI 0.095–0.245) experienced a relapse in the treatment-free
interval (figure 1C, left panel). Patients who had a relapse
had a significant longer washout interval than patients who
were stable (figure 1C, right panel, mean ± SEM; stable: 77.5
± 6.6 vs relapse 213.2 ± 51.7 days, p < 0.001, 1-way
ANOVA). However, the increased washout period was bi-
ased due to 4 mitoxantrone-treated patients, who had a very
long washout interval and who showed ongoing disease

activity. The subgroup analysis for natalizumab (n = 32
patients, n = 5 patients with relapse, 95% CI 0.156–0.369,
washout: 75.1 ± 7.9 days), fingolimod (n = 17 patients,
0 patients with relapse, washout: 85.1 ± 13.8 days), and
dimethyl fumarate (n = 15 patient, 1 patient with relapse,
95% CI 0.067–0.258, washout: 68.3 ± 11.3 days) revealed no
differences among groups, both for the relapse rate and the
washout interval.

Stable clinical disease course after treatment
initiation with ocrelizumab
We could include 136 patients in the assessment of their
clinical disease course with a median follow-up of 200 days
(range 30–1,674 days). In total, 21 patients (15%, 95% CI
0.093–0.216) showed a clinical deterioration (14 relapses
[10%]/7 progression [5%]) after treatment initiation with
ocrelizumab (figure 2A–C). In 2 of 26 patients who were
switched from natalizumab to ocrelizumab (8%, 95% CI
0–0.187), a clinical worsening (2 relapses/0 progression) was
reported within a median follow-up of 209.5 days (range
105–447 days), whereas in patients following treatment with
fingolimod, 3 of 15 patients (0 relapse/3 progression) were
reported (20%, 95% CI 0–0.430, median follow-up 196 days,
range 51–421 days). In the 15 patients pretreated with di-
methyl fumarate, only 1 relapse (7%) was documented (95%
CI 0–0.210, 1 relapse and no progression, median follow-up
197 days, range 74–985 days). In treatment-naive patients,
clinical deterioration was noted in 4 of 31 of the patients (3

Table 1 Baseline characteristics of our cohort of 210 patientswithMSwhowere treatedwith ocrelizumab comparedwith
OPERA 1 and ORATORIO

Baseline characteristics
Own cohort RRMS/
aSPMS (n = 155)

OPERA
1 OCR
(n = 410)

OPERA 1 IFN
(n = 411)

Own cohort
PPMS (n = 55)

ORATORIO
OCR (n = 488)

ORATORIO
placebo
(n = 244)

Female, n (%) 96 (62%) 270
(66%)

272 (66%) 96 (53%) 237 (49%) 124 (51%)

Age at first ocrelizumab, y,
mean ± SD

39.2 ± 10.7 37.1 ±
9.3

36.9 ± 9.3 50.2 ± 9.1 44.7 ± 7.9 44.4 ± 8.3

Disease duration, y, mean ± SD 8.0 ± 7.1 3.8 ± 4.8 3.7 ± 4.6 5.1 ± 5.8 2.9 ± 3.2 2.8 ± 3.3

EDSS score before ocrelizumab,mean ±
SD; median (IQR; range)

3.6 ± 1.9; 3.25 (2–5;
0–8)

2.9 ± 1.2;
/

2.8 ± 1.3; / 4.9 ± 1.6; 5
(3.75–6; 2.5–8.5)

4.7 ± 1.2; / 4.7 ± 1.2; /

Previous immune treatment, n (%)

Naive 25 (16%) 301
(74%)

292 (71%) 25 (45%) 433 (89%) 214 (88%)

Pretreated 130 (84%) 107
(26%)

117 (29%) 30 (55%) 55 (11%) 30 (12%)

Reason for switch to ocrelizumab, n (%)

Clinical progress 80 (62%) / / 26 (87%) / /

Safety concerns due to PML risk 22 (17%) / / 0 / /

Side effects of previous therapy 28 (21%) / / 4 (13%) / /

Abbreviations: aSPMS = active secondary progressive MS; EDSS = Expanded Disability Status Scale; IFN = interferon beta-1a; IQR = interquartile range; OCR =
ocrelizumab; PPMS = primary progressive MS; RRMS = relapsing-remitting MS.
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relapse [10%]/1 [3%] progression), accounting for 13% (95%
CI 0.004–0.254), with a median follow-up of 189 days (range
30–1,674 days). Among the 31 patients with PPMS, 2 had an
EDSS progression (6%, 95% CI 0–0.156), whereas of 105
patients with RRMS, 19 showed a relapse or progression
(18%, 95% CI 0.106–0.256, 14 relapses [13%], 5 pro-
gression [5%]).

Annualized relapse rate and
disability progression
The symptoms of a relapse were reported after approximately
136 days (figure 2C) following the first ocrelizumab infusion.
None of these patients were switched to an alternative therapy
during the observational period. Taking into account that
there have been 14 relapses in 105 patients with RRMS with

Figure 1 Pretreatment before ocrelizumab initiation and clinical assessment during treatment-free interval (washout
period)

(A) Twenty-four percent of patients were treatment naive, whereas 76% of patients had received a previous medication such as interferon-beta or natali-
zumab (number of patients treated with MS drug before ocrelizumab in (B). (C) Clinical disease course during the washout interval and length of washout
interval for the depicted conditions. N (all) = 100 patients, n (natalizumab) = 32, n (fingolimod) = 17, and n (dimethyl fumarate) = 15. We observed significant
higher washout intervals in patients who experienced a relapse (***p < 0.001, 1-way ANOVA, mean ± SEM); black symbols indicate stable patients and red
symbols refer to patients with a relapse during the washout period. IVMPS = IV methylprednisolone every 3 months.
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Figure 2 Clinical assessment after treatment initiation

(A) Overall, 15% of patients experienced a relapse (10%, n = 14) or 12-week confirmed disability progression (5%, n = 7) after ocrelizumab treatment initiation,
with, e.g., 8% for natalizumab-pretreated patients (2 relapse/0 progression in 26 patients). N (all) = 136 patients, n (natalizumab) = 26, n (fingolimod) = 15, n
(dimethyl fumarate) = 15, n (naive) = 31, n (PPMS) = 31, and n (RRMS) = 105. (B) Follow-up in days of the patients (mean ± SEM). (C) The mean occurrence of
a relapse (n = 14 events) was 136 days after the first ocrelizumab infusion (mean ± SEM). Each point is labeled with the pretreatment. (D) Annualized relapse
rate of our cohort compared with the ocrelizumab group and interferon beta-1a group of the OPERA 1 trial (mean with 95% CI). (E) Confirmed disability
progression after 12 weeks of our cohort (mean with 95% CI). ALEM = alemtuzumab; DAC = daclizumab; DMF = dimethyl fumarate; FIN = fingolimod; GA =
glatiramer acetate; IFN = interferon beta-1a; NAT = natalizumab; OCR = ocrelizumab; PPMS = primary progressive MS; RRMS = relapsing-remitting MS; TER =
teriflunomide.
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a median follow-up of 204 days (mean follow-up = 266 days),
this translates into an annualized relapse rate (ARR) of 0.17
(figure 2D, 95% CI 0.098–0.244), which is in line with pre-
viously reported phase 3 clinical trial data. Within our short
observation period, we observed a 12-week confirmed dis-
ability progression in 5% of all patients (figure 2E, 95% CI
1.4–8.9%). The baseline characteristics including sex, age,
disease duration, or EDSS were not different between stable
patients or patients who experienced a relapse or progression
(table 2).

Treatment with ocrelizumab was
well tolerated
In about 22% (46 patients of 210) of the patients, any side
effects were reported, most of them of mild nature (table 3).
Among them, we could observe most frequently transient
infusion-related side effects such as headache or tachycardia
and erythema (9% of patients), which did not lead to treat-
ment discontinuation but in some cases to a reduction of
infusion speed. Minor infections such as respiratory or urinary
tract infections (8%) and 2 cases of a prolonged herpes labialis
infection were documented as delayed possible side effects.
One patient with multiple previous therapies (glatiramer ac-
etate, interferon-beta, and natalizumab) suffered approxi-
mately 5 months after first ocrelizumab infusion from a toxic
drug-induced hepatopathy (diagnosis secured by biopsy) with
slightly increased liver enzymes (2-fold above upper limit of
the reference values of the laboratory) and increased chole-
stasis parameters such as GGT and AP (up to 10-fold above
upper limit). This was the only patient who had to be tem-
porarily discontinued in our cohort. Liver enzymes rapidly
normalized and therapy with ocrelizumab could be reinitiated.

Discussion
Ocrelizumab has recently been introduced for patients with
relapsing MS and early PPMS. Real-world data on the post-
marketing use of ocrelizumab so far are scarce. However,
results of phase 3 clinical trials may not be applicable to all
patients in the approved indication due to differences in

characteristics when starting treatment. Indeed, compared
with the ocrelizumab phase 3 trials OPERA 1 and 2 and
ORATORIO,1,2 disease duration in our cohort was longer at
the time of ocrelizumab initiation (8 vs 3.8 years for RRMS/
aSPMS and 5.1 vs 2.9 years for PPMS), and patients were less
frequently treatment naive (16% vs 74% for RRMS and 45%
vs 89% for PPMS). Age and baseline EDSS score were only
slightly higher compared with phase 3 trials. Nonetheless,
despite these different baseline characteristics, the nature of
adverse events was comparable to what has been noted during
the study program. As reported,1,2 wemainly observedmild to
moderate infusion-related reactions (9%) and mild infections
(8%) in our cohort. However, the percentage of documented
infusion-related reactions and infections in our cohort is
clearly lower than in the phase 3 trials, which might be due to
strict premedication protocols with IV methylprednisolone
(250 mg), antipyretic agents, and antihistamine drugs, which
were not obligatory in OPERA 1 or 2 and/or because of an
underreporting by patients due to the mildness of the adverse
event. Only 1 of 210 patients with MS temporally dis-
continued treatment with ocrelizumab due to safety issues
during the limited median observational period of around 200
days. Our study certainly does not allow conclusions on the
long-term safety of ocrelizumab. In particular, rate of infec-
tions or risk of malignancies may increase over time. For
example, the risk of hypogammaglobulinemia and decreasing
IgM levels during the prolonged therapy might associate with
an increased risk of severe infections.

Real-world experience may be of particular relevance for
treatment decisions not studied during the trial period. Ob-
servational studies before registration of ocrelizumab have
noted high rates of return of MS disease activity following
natalizumab cessation, a subgroup that was, with 19%, the
largest pretreatment subgroup of our study. In a French co-
hort, a relapse rate of 45% in the year following natalizumab
cessation11 was reported. Alping et al.14 reported, for the
Swedish MS registry cohort, clinical deterioration in 18% of
patients who switched from natalizumab to fingolimod,
whereas B cell–depleting therapy with rituximab resulted in
only 2% of patients with clinical deterioration within 1.5 years

Table 2 Baseline characteristics of patients who had a relapse/progression or were stable

RRMS/aSPMS PPMS

Relapse/
progression (n = 19)

Stable
(n = 86)

p
Value

Relapse/
progression (n = 2) Stable (n = 29)

p
Value

Female, n (%) 11 (58%) 52 (60%) 2 (100%) 12 (41%)

Age at first ocrelizumab, y, mean ± SD 41.5 ± 9.5 38.5 ± 11.4 0.29 41.5 ± 2.1 50.2 ± 9.4 0.85

Disease duration, y, mean ± SD 7.4 ± 5.9 7.8 ± 6.8 0.82 5.0 ± 6.6 5.8 ± 6.2 0.86

EDSS score before ocrelizumab, mean ± SD;
median (IQR; range)

4.1 ± 2.1; 5 (2–6; 0–7) 3.6 ± 1.8; 3
(2–5; 0–8)

0.24 4.5 ± 2.12; 4.5 (/;
3–6)

5.2 ± 1.6; 5 (4–6.5;
2.5–8.5)

0.53

Abbreviation: aSPMS = active secondary progressiveMS; EDSS = Expanded Disability Status Scale; IQR = interquartile range; PPMS = primary progressive MS;
RRMS = relapsing-remitting MS.
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of observation. We observed only 2 patients who had relapses
after switching from natalizumab to ocrelizumab (8%, 95% CI
0–19%), with the CIs indicating no difference compared with
the Swedish cohort and significant lower relative numbers of
recurrence of disease activity compared with the French co-
hort. As such, ocrelizumab following natalizumab, e.g., in
patients at high risk of PML may be a promising option, with
rather low risks of return of disease activity or severe adverse
effects in the short term. As suggested already by the
TOFINGO trial, our data furthermore corroborate the notion
that washout time intervals during treatment switch should be
as short as possible.17

Unexpectedly, the number of patients who displayed clinical
progression following the switch from fingolimod to ocreli-
zumab was rather high (20%, 95% CI 0–43%). However, the
CI indicates that this observation may have occurred by
chance or sampling error, as based on only 3 individuals with
reported EDSS progression, and no relapses during a short

observational period. Furthermore, the average EDSS score of
these 3 patients was above 5 with disease duration longer than
8 years already at baseline, suggestive of a subgroup of patients
with secondary progressive disease course where ocrelizumab
might be less effective.

The overall ARR of all patients with RRMS/aSPMS of our
cohort was 0.17 (95% CI 0.10–0.24), which is very similar to
the ARR of the clinical phase 3 trial OPERA 1 (0.16, 95% CI
0.12–0.20), indicating that ocrelizumab seems to be as ef-
fective also under real-word conditions at least on the
short run.

Limitations are that data were retrieved from chart review and
discharge letters. This and the lack of imaging source data and
site-specific differences in documenting and interpreting
clinical symptoms may have influenced our results. Longer
registry and postauthorization safety study data are needed to
corroborate our first impressions of effectiveness and safety of
ocrelizumab in the postmarketing setting. Most importantly,
comparative studies that assess clinical effectiveness, safety,
and patient-reported outcomes of different MS disease-
modifying drugs, including the different B cell–depleting
compounds, are highly warranted and partly underway, such
as Combat-MS (NCT03193866).

Questions to be answered in the future concern the use of
B-cell depletion in the long run in MS, individualized treat-
ment regimens such as extended dosing intervals beyond year
2 or 3 of therapy, treatment holidays, or planned treatment
cessations with wait-and-watch strategies. In particular, in
patients in whom hypogammaglobulinemia or higher in-
fection rates can be expected, such strategies may be un-
avoidable despite a risk of return of MS disease activity.
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Abstract
Objective
To assess whether neuropathy with anti-myelin-associated glycoprotein (MAG) antibody may
improve after treatment with ibrutinib, an oral inhibitor of Bruton tyrosine kinase, we prospectively
treated with ibrutinib a cohort of 3 patients with anti-MAG neuropathy and Waldenström mac-
roglobulinemia (WM).

Methods
All 3 patients underwent bone marrow biopsy showing WM, with MYD88L265P mutated and
CXCR4S338X wild type, and were started on ibrutinib 420 mg/die. Patients were assessed at
baseline, at 3-6-9 months, and at 12 months in 2 patients with a longer follow-up, using
Inflammatory Neuropathy Cause and Treatment (INCAT) Disability Score, INCAT sensory
sum score, and Medical Research Council sum score. The modified International Cooperative
Ataxia Rating Scale was performed in 2 patients, whereas it was not used in the patient with
Parkinson disease as a major comorbidity. Responders were considered the patients improving
by at least one point in 2 clinical scales.

Results
All the patients reported an early and subjective benefit, consistent with the objective im-
provement, especially of the sensory symptoms as shown by clinical scales. Treatment was well
tolerated.

Conclusion
These preliminary data point to a possible efficacy of ibrutinib in anti-MAG antibody neu-
ropathy, which is the most common disabling paraproteinemic neuropathy, where active
treatment is eagerly needed.

Classification of evidence
This study provides Class IV evidence that for patients with anti-MAG antibody neuropathy,
ibrutinib improves neuropathy symptoms.
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Anti-myelin-associated glycoprotein (MAG) antibody neurop-
athy is a chronic sensorimotor demyelinating polyneuropathy
associated with immunoglobulin M (IgM) monoclonal gamm-
opathy, manifestation of either a monoclonal gammopathy of
undetermined significance (MGUS) or of a non-Hodgkin lym-
phoma, such as Waldenström macroglobulinemia (WM).1,2

Anti-MAG antibodies are pathogenic,3 and rituximab, a chimeric
anti-CD20 monoclonal antibody, is currently the standard
treatment. However, rituximab provides benefit in less than 50%
of patients,4 and repeated cycles are often necessary with pro-
gressive loss of benefit.

Recently, the discovery of the mutational profile of the MYD88
and CXCR4 genes has radically changed the diagnostic and
prognostic evaluation of IgM monoclonal gammopathies.
MYD88L265P has been found to be themost commonmutation in
WM and IgM-MGUS,5 conferring prosurvival stimuli to tumor
cells through constitutive activation of the Bruton tyrosine kinase
(BTK) and nuclear factor kappa-light-chain-enhancer of activated
B cells signaling. Conversely, the less common CXCR4 mutations
are associated with adverse prognosis. Ibrutinib, the first-in-class
inhibitor of BTK, has already been shown to be efficacious in B-cell
non-Hodgkin lymphomas including WM, especially in those har-
boring MYD88L265P mutation and CXCR4 gene wild-type.5,6

In the study by Treon et al.,5 9 of 63 patients, 3 of whom had
anti-MAG antibodies, received ibrutinib for progressive neu-
ropathy. Subjective improvement occurred in 5 patients and 4
remained stable. In a subsequent study,6 4 of 31 patients with
WM had been treated with ibrutinib for neuropathy, 2
remained stable and 2 had subjective improvement starting
from week 9, with subsequent complete recovery in one pa-
tient. Despite the possibility of hematologic evaluation might
have lacked specific scales to grade the response of neurop-
athy, still these preliminary data are promising and show that
ibrutinib does not worsen rather may improve neuropathy.

We report on 3 patients with anti-MAG antibody neuropathy
who had been successfully treated with ibrutinib. De-
mographic and hematologic data are summarized in table 1.
All patients had neurophysiologic evidence of sensory-motor
demyelinating polyneuropathy, with secondary axonal dam-
age involving distal motor fibers in one patient (1).

The patients were assessed with Inflammatory Neuropathy
Cause and Treatment (INCAT) Disability Score,7 INCAT
sensory sum score,8 and Medical Research Council sum score.
The modified International Cooperative Ataxia Rating Scale9

was also performed in 2 patients (1 and 3) to evaluate tremor

and gait, whereas it was not used in patient 2, who had Parkinson
disease as a major comorbidity. Responders were considered
those patients who improved by at least one point in 2 clinical
scales. Data regarding clinical scales are summarized in table 2.

Patient 1 is a 73-year-old man, with a long history (from 2008)
of anti-MAG antibody neuropathy. He had undergone therapy
with plasma exchange, IV immunoglobulins, and rituximab
with only partial benefit. After worsening, in December 2018,
bone marrow biopsy (BMB) showed WM, with MYD88L265P

mutation and a lack of CXCR4S338X. Ibrutinib 420 mg/die was
started in January 2019. At baseline, he presented with distal
weakness and hypoesthesia at the lower limbs, loss of vibration
sense up to the knee, lower limbs areflexia, and upper limbs
tremor (table 2). After 1 and 3 months of treatment, there was
a slight improvement in touch sensation at the feet and in
motor deficit at the toes (table 2). After 6 months, further
improvement in touch sensation and distal motor deficit oc-
curred, whereas tremor persisted. The clinical benefit was stable
at 12 months (table 2). Monoclonal protein and IgM levels
decreased. Anti-MAG antibodies decreased at 3 months but
gradually increased thereafter (table 1).

Patient 2 is a 80-year-old man, affected with anti-MAG anti-
body neuropathy and Parkinson disease. BMB showed WM
harboring MYD88L265P and unmutated CXCR4 gene. He
started ibrutinib 420 mg/die in February 2019. At baseline,
there was a severe sensory-motor impairment at 4 limbs
(distal lower limbs and grip strength deficit, hypoesthesia and
loss of vibration sense up to the knee, lower limbs areflexia,
postural tremor at upper limbs, table 2). After 1 and 3 months
of treatment, a slight improvement in sensory signs and
symptoms occurred, with vibration sense and reflexes reap-
pearing at the knees (table 2). The improvement was main-
tained 12 months later. Monoclonal protein and IgM levels
steadily decreased, whereas the antibody titers decreased at 3
months and then increased thereafter (table 1).

Patient 3 is a 74-year-old woman with WM and anti-MAG
neuropathy since 2015. She was treated in 2016 with cyclo-
phosphamide and rituximab, with clinical stability. In 2018,
for progressive worsening of gait instability (frequent falls)
and lower limbs dysesthesias (table 2), she underwent BMB
that confirmed WM with MYD88L265P mutation and unmu-
tated CXCR4 gene. The patient started ibrutinib 420 mg/die
in May 2019, and at the 1- and 3-month follow-ups, she
already reported subjective improvement of touch sensation
at the lower limbs (table 2). At the 6-month evaluation, she
reported dramatic improvement in gait stability that further

Glossary
BMB = bone marrow biopsy; BTK = Bruton tyrosine kinase; IgM = immunoglobulin M; INCAT = Inflammatory Neuropathy
Cause and Treatment; MAG = myelin-associated glycoprotein; MGUS = monoclonal gammopathy of undetermined
significance; WM = Waldenström macroglobulinemia.
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Table 1 Clinical and biological characteristics of ibrutinib-treated patients

#1 (IgM/κ) #2 (IgM/λ) #3 (IgM/κ)

0 +3 mo +6 mo +9 mo +12 mo 0 +3 mo +6 mo +9 mo +12 mo 0 +3 mo +6 mo +9 mo

Age (y) 73 81 74

eGFR (mL/min) 87 90 52

IPSSWM 1 intermediate risk 2 intermediate risk 1 intermediate risk

BonemarrowLPL 10% 15% 15%

MYD88 L265P Mutated Mutated Mutated

CXCR4 S338X Wild type Wild type Wild type

WBC (n/L) 8.4 8.7 8.7 7.9 7.9 4.4 5.7 5.6 5.3 5.6 6.7 7.1 7.1 8.6

Lymph. (n/μL) 3.2 3.1 2.6 2.3 2.4 1.1 1.0 1.7 0.9 0.5 1.4 1.8 1.6 1.78

Hb (g/L) 163 161 175 160 159 100 93 89 110 90 141 136 139 142

PLT (n/L) 214 168 193 198 210 124 77 99 112 168 240 216 200 203

Paraprotein (g/L) 6.5 5.0 5.4 4.0 4.28 7.2 3.5 3.3 3.4 3.7 10.6 5.9 5.6 5.4

IgM (g/L) 7.2 3.5 4.3 3.6 3.5 13.7 5.2 6.6 6.3 6.4 15.9 10.2 8.8 8.3

FLC κ (mg/L) 69.8 59.2 57.2 46.6 40.3 15.3 24.5 20.6 23.0 37.7 35.3 29.6 27.5 27.8

FLC λ (mg/L) 18.3 14.3 13.5 15.1 15.0 28.9 22.7 18.9 22.5 27.0 14.2 11.2 11.8 13

Anti-MAG (BTU/L) 52.9 35.1 67.9 60.4 51.7 >70.0 50.6 >70.0 70.0 64.6 51.5 37.8 >70.0 >70.0

B. J. protein Neg Neg Neg Neg Neg Neg Neg Neg Neg Neg Neg Neg Neg Neg

Abbreviations: B. J. protein = Bence Jones protein; CXCR4 = C-X-C chemokine receptor type 4; eGFR = estimated glomerular filtration rate; FLC = free light chain; Hb = hemoglobin; IgM = immunoglobulin M; IPSSWM =
international prognostic scoring system onWaldenstrommacroglobulinemia; LPL = lymphoplasmocytic lymphoma infiltration; Lymph. = lymphocytes; MAG =myelin-associated glycoprotein; MYD88 =myeloid differentiation
primary response 88; neg = negative; PLT = platelets; WBC = white blood cell count.
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improved at month 9 (table 2). Monoclonal protein and IgM
levels steadily decreased, whereas the antibody titers de-
creased at 3 months and then increased thereafter (table 1).

Therapy was well tolerated, and none developed atrial fi-
brillation or infections. All patients are currently still re-
ceiving treatment.

Discussion
Anti-MAG antibody neuropathy is a slowly progressive neurop-
athy that may become disabling when sensory ataxia worsens or
motor impairment occurs. Efficacy after treatment with rituximab
is reported only in approximately half of the patients, highlighting
the unmet need for effective therapeutic options. The discovery
of themutational profile of theMYD88 andCXCR4 genes10 have
opened new potential therapeutic avenues. Data from previous
hematologic studies5,6 were also encouraging regarding neurop-
athies, including those associated with anti-MAG antibodies.

We have reported on the first 3 patients treated with ibrutinib, 2
after the loss of response to rituximab. All the patients reported

an early and subjective benefit, especially of the sensory
symptoms, which has also been supported by the objective
improvement of at least one point in 2 neurologic scales. Less
perception of benefit after therapy was reported by the oldest
patient, who had a concomitant disabling Parkinson disease. To
note, an early improvement was also recorded in patient 1, who
had a long history of anti-MAG antibody neuropathy with poor
response to previous treatments. The biological effect of ibru-
tinib was demonstrated by the steady decrease of the IgM levels
and of the monoclonal component. Surprisingly (but consis-
tently), the anti-MAG antibody titer decreased at the 3 months
follow-up but at subsequent evaluation, increased regardless of
the IgM level and of clinical improvement.

It is well known that the severity of the neuropathy does not
correlate with the anti-MAG antibody titer, which also does not
correlate with the paraprotein entity. Furthermore, if despite the
halving of themonoclonal paraprotein, the antibody titer persists
elevating, it is likely that the quantity of the antibody-producing
cells is low compared with the whole paraprotein. Another
possibility is that ibrutinib may succeed in eliminating the WM
malignant cells, but it is less active in the lymphoplasmocytes
producing anti-MAGantibodies. The possibility of serum factors
that influence the in vitro antibody binding or the assays’ vari-
ability because of the differences in the ELISA plates or their
handling, or standard curves generated by positive controls,
should also be considered. Finally, the lymphoplasmocytes that
produce the anti-MAG antibodies may have a survival advan-
tage, explaining why only less than 50% of anti-MAG neurop-
athy patients respond to rituximab or eventually relapse.

Our preliminary data in 3 patients point to a possible efficacy
of ibrutinib in anti-MAG antibody neuropathy, which is the
most common disabling paraproteinemic neuropathy.
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Table 2 Clinical scales at the baseline and the follow-up of
ibrutinib-treated patients

INCAT
disability score
(upper limbs +
lower limbs) ISS

MRC sum
score mICARS

1

Baseline 2 + 2 8 53 27

3 mo 2 + 2 6 55 27

6 mo 2 + 1 5 55 25

9 mo 2 + 1 5 55 25

12 mo 2 + 1 5 55 23

2

Baseline 4 + 4 9 51 —

3 mo 3 + 3 6 53 —

6 mo 3 + 3 6 53 —

9 mo 3 + 3 6 53 —

12 mo 3 + 3 6 53 —

3

Baseline 0 + 1 5 60 15

3 mo 0 + 1 4 60 15

6 mo 0 + 1 3 60 13

9 mo 0 + 0 3 60 10

Abbreviations: INCAT = Inflammatory Neuropathy Cause and Treatment
Disability Score; ISS = INCAT sensory sum score; MRC = Medical Research
Council sum score; mICARS = modified International Cooperative Ataxia
Rating Scale.
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Abstract
Objective
To determine the characteristic clinical and spinal MRI phenotypes of sarcoidosis-associated
myelopathy (SAM), we analyzed a large cohort of patients with this disorder.

Methods
Patients diagnosed with SAM at a single center between 2000 and 2018 who met the estab-
lished criteria for definite and probable neurosarcoidosis were included in a retrospective
analysis to identify clinical profiles, CSF characteristics, and MRI lesion morphology.

Results
Of 62 included patients, 33 (53%) were male, and 30 (48%) were African American. SAM was
the first clinical presentation of sarcoidosis in 49 patients (79%). Temporal profile of symptom
evolution was chronic in 81%, with sensory symptoms most frequently reported (87%). CSF
studies showed pleocytosis in 79% and CSF-restricted oligoclonal bands in 23% of samples
tested. Four discrete patterns of lesion morphology were identified on spine MRI: longitudi-
nally extensive myelitis (n = 28, 45%), short tumefactive myelitis (n = 14, 23%), spinal
meningitis/meningoradiculitis (n = 14, 23%), and anterior myelitis associated with areas of disc
degeneration (n = 6, 10%). Postgadolinium enhancement was seen in all but 1 patient during
the acute phase. The most frequent enhancement pattern was dorsal subpial enhancement (n =
40), followed by meningeal/radicular enhancement (n = 23) and ventral subpial enhancement
(n = 12). In 26 cases (42%), enhancement occurred at locations with coexisting structural
changes (e.g., spondylosis).

Conclusions
Recognition of the clinical features (chronically evolving myelopathy) and distinct MRI phe-
notypes (with enhancement in a subpial and/or meningeal pattern) seen in SAM can aid
diagnosis of this disorder. Enhancement patterns suggest that SAMmay have a predilection for
areas of the spinal cord susceptible to mechanical stress.
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Sarcoidosis is a multisystem disorder of uncertain etiology
characterized pathologically by granulomatous inflammation in
the absence of pathogenic microorganisms. Neurologic in-
volvement occurs in approximately 5% of cases and may involve
the meninges, cranial nerves, hypothalamus, pituitary gland,
brain parenchyma, spinal cord, or peripheral nerves.1,2 In ap-
proximately half of patients with neurosarcoidosis, the neuro-
logic symptoms represent the first clinical manifestation of
sarcoidosis.1 However, it is not well understood why some
patients with sarcoidosis develop neurologic manifestations, and
others do not. In the CNS, the meninges are populated by
multiple immune cell types and lymphatic vessels3 and are fre-
quently involved in neurosarcoidosis.1,2,4 It has been postulated
that parenchymal CNS involvement may result from extension
of leptomeningeal-based inflammation along perivascular spaces
surrounding small- and medium-sized arteries and veins.5–7

Sarcoidosis-associated myelopathy (SAM) represents a particu-
lar diagnostic challenge as many of the clinical and radiologic
features may overlap with other inflammatory spinal cord dis-
orders such as neuromyelitis optica spectrum disorder
(NMOSD). Indeed, misdiagnosis is common in patients with
myelopathic disorders, and physicians frequently fail to recog-
nize neurosarcoidosis as a specific cause of myelitis.8,9 Thus,
identifying characteristic clinical, imaging, and CSF features of
SAM is critically important to facilitate timely diagnosis and
treatment. Previous studies have identified features to differen-
tiate longitudinally extensive myelitis of neurosarcoidosis from
NMOSD,10 including the trident sign11; however, non-
longitudinally extensive SAM lesions have not been well de-
scribed. Furthermore, studies examining the spectrum of spinal
cord involvement in neurosarcoidosis have been limited by small
numbers.12,13 Here, we aim to characterize the clinical, radio-
logic, and CSF profiles of a large cohort of patients with SAM.

Methods
Study design and participants
We retrospectively identified patients diagnosed with SAM be-
tween 2000 and 2018 at the Johns Hopkins Myelitis and Mye-
lopathy Center. We included patients with definite
neurosarcoidosis (with pathologic confirmation of granuloma-
tous disease in the nervous system) or probable neurosarcoidosis
(with pathologic confirmation of systemic granulomatous dis-
ease) according to the diagnostic criteria outlined in 2018 by the
Neurosarcoidosis Consortium Consensus Group.14 To fulfill
these diagnostic criteria, the clinical manifestations and findings
of MRI, CSF, and/or EMG/nerve conduction studies must
suggest granulomatous inflammation of the nervous system, af-
ter rigorous exclusion of other causes.14 We excluded patients

with possible neurosarcoidosis, i.e., patients without any patho-
logic confirmation of granulomatous disease. All diagnoses were
made by a neuroimmunologist with clinical expertise in neuro-
sarcoidosis and inflammatorymyelopathies (C.A.P.). Spinal cord
involvement was defined by (1) a clinical presentation suggestive
of myelopathy and (2) the presence of an associated intra- or
extra-medullary lesion identified on spine MRI. We excluded
patients in whomMRI with and without contrast from the acute
phase of the myelopathy was not available for review or in whom
another cause for myelopathy was deemed more likely.

Demographic and clinical characteristics
Information was acquired from the medical records of included
patients using a standardized approach previously described by
our group for the evaluation of clinical, temporal, and neuro-
imaging profiles of myelopathies.9 Temporal profile of symptom
evolutionwas defined as the period of time fromonset of the first
myelopathic symptom to the neurologic nadir, categorized as
follows: (1) chronic: >3 weeks; (2) subacute: 2–21 days; (3)
acute: 6–48 hours; and (4) hyperacute: <6 hours. Severity of
neurologic disability at nadir and at approximately 1 year (12–15
months) after initial assessment was described using the modi-
fied Rankin Scale (mRS)15 and the American Spinal Injury As-
sociation impairment scale.16 The date on which pathologic
studies confirmed granulomatous inflammation was recorded as
the date of diagnosis. Laboratory data obtained from CSF
analysis during the acute phase of the myelopathy were recorded
from medical records, where available.

Neuroimaging
Spine MRI with and without contrast obtained for each patient
during the acute phase of the myelopathy was reviewed by 2
neurologists with expertise in myelopathies and neurosarcoidosis
(O.C.M. and C.A.P.). Axial and sagittal T2 sequences were
qualitatively analyzed to determine lesion morphology, lesion lo-
cation, and lesion length. Longitudinal extensionwas defined as an
intramedullary T2 hyperintense lesion spanning >3 contiguous
vertebral segments. Axial and sagittal T1 postcontrast sequences
were qualitatively analyzed to determine the presence or absence
of enhancement and the location of enhancement (meningeal,
nerve root, and ventral and/or dorsal subpial). Enhancement was
considered subpial where the longitudinal extent of the enhancing
area seen on sagittal images was contiguous with the surface of the
spinal cord on axial images (e.g., an enhancing area spanning 3
vertebral segments on sagittal images was contiguous with the
surface of the cord within each of the 3 vertebral segments).
Images from previously published studies of subpial enhancement
in spinal cord sarcoidosis were used as a guide.10,11,17 In addition,
all axial postcontrast sequences were specifically evaluated for the
trident sign.11 The lesion patterns described in the results herein
were not predetermined; rather, they were identified during the

Glossary
BSCB = blood-spinal cord barrier; IQR = interquartile range;mRS = modified Rankin Scale; NMOSD = neuromyelitis optica
spectrum disorder; SAM = sarcoidosis-associated myelopathy.
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analysis process by the first imaging reviewer (O.C.M.), and these
patterns and according lesion categorizationswere validated by the
second imaging reviewer (C.A.P.).

Statistical analysis
Statistical analyses were performed using Stata version 13
(StataCorp, College Station, TX) to examine for differences
in age, sex, race, and time to diagnosis between patients cat-
egorized by MRI lesion pattern. The Wilcoxon rank-sum test,
χ2 test, and one-way analysis of variance tests were used as
appropriate, and p < 0.05 was considered as significant.

Ethical approval
Johns Hopkins University Institutional Review Board ap-
proval was obtained for this study, with requirements for
patient consent waived.

Data availability
Qualified investigators may request access to anonymized
data relevant to this study, pending appropriate institutional
review board approvals.

Results
Demographic characteristics
Of 104 patients diagnosed with SAM at the Johns Hopkins
Myelitis and Myelopathy Center during the period
2000–2018, 74 patients had a spine MRI with and without
contrast obtained during the initial assessment of the mye-
lopathy available for review. Twelve of these patients were
excluded due to lack of biopsy confirmation of granulomatous
disease (possible neurosarcoidosis), leaving 62 patients for
analysis. Fifty-four patients were diagnosed with probable
neurosarcoidosis (36 by lymph node biopsy, 16 by lung bi-
opsy, and 2 by other biopsy sites), whereas 8 patients had
definite neurosarcoidosis (4 by spinal cord biopsy, 3 by brain
biopsy, and 1 by meningeal biopsy). In the 4 patients who
underwent spinal cord biopsy, pathology demonstrated non-
necrotizing granulomatous inflammation. Mean age of our
cohort was 47 years (SD 11), 33 patients (53%) were male,
and 30 (48%) were African American (table 1). Thirteen
patients (21%) had an existing diagnosis of sarcoidosis (either
systemic sarcoidosis and/or neurosarcoidosis) before onset of
myelopathic symptoms. In other words, SAM was the first
clinical presentation of sarcoidosis in 49 patients (79%).

Clinical profiles
Temporal profile of symptom onset was chronic in the majority
of patients (50 patients, 81%), and sensory abnormalities were
themost frequently reported symptoms (54 patients, 87%, table
1). There was a substantial delay to clinical presentation inmany
cases (table 1), with 12 patients (19%) reporting symptoms
present for over 1 year before their first evaluation by a neu-
rologist. Involvement of other areas of the nervous system be-
yond the spinal cord was identified in 16 patients (25%). For
patients without a diagnosis of sarcoidosis before the onset of
myelopathic symptoms (49 of 62 patients), the mean time from

the onset of myelopathic symptoms to diagnosis of neuro-
sarcoidosis was 5 months (range 1–50 months). Disability was
measured using the mRS for 34 patients who underwent both
initial evaluation and repeat assessment 1 year later (range
12–15 months). At baseline, 18 of 34 patients (52%) had an
mRS score of 3 or higher, indicating at least a moderate level of
disability/dependence (supplemental figure 1, links.lww.com/
NXI/A236). At follow-up 1 year later, the mRS score had im-
proved in 50% (17 patients), worsened in 26% (9 patients), and
remained stable in 24% (8 patients).

CSF findings
CSF studies were available for 43 patients. Pleocytosis was
identified in 34 of 43 patients (79%), with a median white
blood cell count of 43 per mm3 (interquartile range [IQR]
16–88 per mm3) in these patients (median 97% lymphocytes,
IQR 92%–100%). Protein was elevated in 32 patients (74%,
with a median protein level of 69 mg/dL, range 12–687 mg/
dL). Oligoclonal bands were analyzed in 30 patients, and
CSF-restricted bands were identified in 7 cases (23%),
whereas CSF immunoglobulin G index was analyzed in 29
cases and was elevated in 5 (17%).Median CSF glucose tested
in 40 patients was 50 mg/dL (range 15–150 mg/dL), with 11
patients (28%) having a low CSF glucose level (<45 mg/dL).

MRI lesion morphology and
enhancement patterns
The most frequently identified SAM lesion type on MRI was
longitudinally extensivemyelitis (n = 28 patients [44%], figure 1),
associated with dorsal subpial enhancement (n = 26) and/or
ventral subpial enhancement (n = 5). Longitudinally extensive
myelitis lesions spanned a median of 6 vertebral segments (IQR
4–7.5). The second MRI lesion type was short tumefactive my-
elitis, identified in 14 patients (23%, figure 1). The third lesion
type was spinal meningitis/meningoradiculitis with enhancement
restricted to extramedullary structures, seen in 14 patients (23%,
figure 1). Although some patients with spinal meningitis/
meningoradiculitis had patchy or subtle T2 signal changes within
the cord, the enhancement was strictly extramedullary. However,
meningeal or radicular enhancement was also observed in con-
junction with subpial enhancement in another 9 patients (i.e., in
association with a longitudinally extensive or short tumefactive
myelitis lesion, categorized in table 2). An unusual and distinct
pattern of anterior myelitis occurring at locations of disc de-
generation was identified in 6 patients (10%, figure 2), all with
ventral subpial enhancement. Finally, 1 patient with probable
neurosarcoidosis had a small ovoid lesion, which was not en-
hancing at any point and which we labeled atypical (table 2).

Enhancement was present in 61 of 62 cases at the time of
diagnosis of SAM, regardless of how long the delay to di-
agnosis was. Across lesion types, subpial enhancement fre-
quently occurred at locations with coexisting structural
changes such as disc herniations or cervical spondylosis, i.e., in
areas of the spinal cord that could be considered susceptible to
mechanical stress (n = 26 [42%], figure 2). Six patients with
coexisting severe cervical spondylosis underwent surgical
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decompression in addition to medical management of sar-
coidosis (in 2 patients, surgery preceded diagnosis of SAM,
and in 4 patients, surgery was undertaken after diagnosis and
treatment of SAM). A relationship with areas of mechanical
stress was not observed in patients with enhancement strictly
restricted to meninges or nerves roots (spinal meningitis/
meningoradiculitis). The previously described trident sign11

was identified in 6 cases overall (9%; 4 with longitudinally
extensive myelitis and 2 with short tumefactive myelitis).

The vertebral locations of intramedullary T2 hyperintensity
in patients with longitudinally extensive myelitis, short

tumefactive myelitis, or anterior myelitis with disc de-
generation are outlined in figure 3. Longitudinally extensive
myelitis typically involved the cervical cord (24 of 28 cases,
86%), with or without extension into the thoracic cord.
Short tumefactive myelitis was most frequently seen in the
cervical cord (9 of 14, 64%) or lower thoracic cord/conus
medullaris (3 of 14, 21%). Anterior myelitis with disc de-
generation was only seen in the thoracic cord, and 2 of these
lesions spanned >3 contiguous segments but still displayed
a recognizably distinct morphology compared with the first
pattern we have described of typical longitudinally extensive
myelitis lesions.

Table 1 Demographic and clinical characteristics of the study population

Subjects (n = 62)

Male, % 33 (53%)

Mean age, yr (SD) 47 (11)

Race

Caucasian 29 (47%)

African American 30 (48%)

Other 3 (5%)

Previous diagnosis of sarcoidosis 13 (21%)

Family history of sarcoidosis 10 (16%)

Temporal profile of myelopathic symptom evolution

Chronic (>3 wk to neurologic nadir) 50 (81%)

Subacute (2–21 d to neurologic nadir) 9 (14%)

Acute (6–48 h to neurologic nadir) 3 (5%)

Time from symptom onset to first neurologist evaluation

<3 wk 13 (21%)

3 wk to 3 mo 20 (32%)

3–12 mo 17 (27%)

>12 mo 12 (19%)

Myelopathic symptoms

Sensory symptoms 54 (87%)

Motor symptoms 33 (53%)

Bladder/bowel dysfunction 19 (31%)

Patients with multiple areas of neurosarcoidosis involvementa 16 (25%)

Intracranial meningitis 10 (16%)

Encephalitis 9 (14%)

Cranial neuropathies 4 (6%)

Hypophysitis 1 (2%)

Myopathy 1 (2%)

a Some patients had multiple other areas of nervous system involvement.
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In the 49 patients without a preexisting diagnosis of sarcoidosis,
time to diagnosis was shortest in patients with longitudinally ex-
tensivemyelitis (median 4months, range 1–13months) compared
with patients with short tumefactive myelitis (median 5 months,
range 1–32 months), spinal meningitis/meningoradiculitis (me-
dian 7 months, range 1–50 months), or anterior myelitis with disc
herniation (median 15.5 months, range 2–36 months, p = 0.004
across categories, figure 3). In analysis of associations between
lesion pattern and age, sex, or race, the only significant association
identified was that patients with anterior myelitis with disc de-
generation were younger than patients with other lesion patterns
(mean 38.3 years [SD 8.5] vs 47.7 years [SD 10.6], p = 0.03).

Discussion
We have described the clinical characteristics, CSF findings, and
distinct neuroimaging phenotypes seen in a cohort of 62 patients
with SAM. Epidemiologic and clinical factors may act as clues to
the diagnosis of SAM. The incidence of sarcoidosis is known to

be increased in African Americans,18 and in recent years, the
genetic contribution to sarcoidosis and neurosarcoidosis risk has
become more clearly elucidated.19,20 This is borne out by the
substantial proportion of African American patients in our co-
hort (48%) and the relatively frequent family history of sar-
coidosis (16%). Clinically, we have shown that SAM typically has
a chronic temporal evolution dominated by sensory symptoms
(in keeping with the dorsal-predominant location of medullary
inflammation). Unsurprisingly, our study showed that CSF
studies in SAM typically reveal nonspecific markers of in-
flammation (i.e., pleocytosis and elevated protein). However, the
presence of CSF-restricted oligoclonal bands in around 20% of
samples tested was a notable finding and emphasizes that dif-
ferentiating SAM fromother neuroinflammatory disorders based
on clinical and imaging factors is crucial.

As a rare manifestation of sarcoidosis and a rare cause of mye-
lopathy, SAM can be challenging to diagnose and may be mis-
taken for idiopathic transverse myelitis,8 NMOSD,10

compressive myelopathy,21 meningeal metastatic disease,22 or

Figure 1 Longitudinally extensive myelitis, short tumefactive myelitis, and spinal meningitis/meningoradiculitis

(A) In this patient, intramedullary high T2 signal spans the cervical and upper thoracic spinal cord (A.a = sagittal T2), with extensive enhancement in a dorsal subpial
distribution, indicatedby the yellowarrow inA.band the yellowdotted line in A.c (A.b = sagittal T1 fat saturationpostgadolinium,A.c = axial T1postgadolinium,with axial
location indicatedby the yellow line in panel B). (B) This longitudinally extensivemyelitis lesion spans fromC2 toC7 (B.a = sagittal T2), againwith extensivedorsal subpial
enhancement, indicated by the yellowarrow inB.b (B.b = sagittal T1 postgadolinium).On axial T1 postcontrast enhancement resembles the trident sign (outlinedby the
yellowdotted line),withoutcentral canalenhancement (B.cwithaxial location indicatedby theyellow line inpanelB.b). (C) In thispatient, abulky lesion isdemonstrated in
the lower thoracic spinal cord, highlightedby the yellow circle (C.a = sagittal T2), with associateddorsal-predominant patchy enhancement, outlinedby the yellowdotted
line (C.b = sagittal T1 postgadolinium). The radiology report (before diagnosis of sarcoidosis) suggested an intrinsic spinal cord tumor as the most likely diagnosis. (D)
Bulkypachymeningealdiseasecanbeseen in thecervical region in thispatientonsagittalT1postgadoliniumsequence. (E) Enhancement (highlightedbyyellowarrows) is
present in anodular leptomeningeal pattern (sagittal T1 fat saturationpostgadolinium imageof the cervical region) in apatientwith spinalmeningitis. (F) Avidnerve root
enhancement is present in the cervical ventral anddorsal nerve roots (F.a = axial T1postgadolinium imageat the level of C5,with yellowarrows indicating enhancement
of the left anterior, left posterior, and right posterior spinal nerve roots) and in the cauda equina (F.b = axial T1 postgadolinium at the level of L1, with the yellow area
indicating the enhancing nerve roots) of this patient.
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a spinal cord tumor.23 Moreover, compared with many pathol-
ogies affecting the spinal cord, neurosarcoidosis is a treatable
condition—often responding well to steroids, immunosup-
pressive therapies, or certain monoclonal antibodies.24,25 Of in-
terest, although disability status of SAM in a subset of patients in
our cohort showed improvement in 52% after 1-year follow-up,
almost 26% had worsening disability, a finding that may reflect
the refractory and aggressive neuroinflammatory process in SAM
in some patients or the delay in diagnosis and treatment thatmay
also affect the overall outcome. Thus, it is essential for clinicians
to recognize the clinical characteristics, CSF, and imaging find-
ings associated with this disorder.

An enhancing MRI lesion was demonstrated in all but 1 patient
during evaluation of their myelopathy (often many months after
symptom onset), and the central findings of our study were the 4
distinct radiologic phenotypes of SAM identified. Our finding that
longitudinally extensive myelitis with predominantly dorsal sub-
pial ± meningeal enhancement was the most common imaging
pattern is in agreement with a previous study that focused on
comparing longitudinally extensive lesions of SAM with
NMOSD.10Taken together, thesefindings suggest that this can be
considered the classic imaging phenotype of SAM. However,
given that this MRI lesion pattern was only present in 45% of our
cohort, our description of other distinct imaging phenotypes oc-
curring in SAM is of particular importance. Short tumefactive
lesions may cause the most diagnostic difficulty, and indeed, 4 of
our patients with this lesion type actually underwent spinal cord
biopsy (before attendance at our clinic). Spinal cord biopsy carries
a risk of substantial morbidity26,27 and should be avoided except in
circumstances where there is a high likelihood of a tumor. We
suggest that dorsal-predominant enhancement or the trident
sign11 in a tumefactive lesion should be considered clues to SAM.
Once SAM is suspected, a diagnosis of sarcoidosis can usually be
established based on body imaging (CTor PET-CT) and targeted
systemic biopsy (most frequently of involved lymph nodes).1,14

The patterns of spinal meningeal involvement we identified in
SAM are also interesting.We have shown that meningeal and/or
nerve root enhancement can occur in isolation or in conjunction
with frank subpial enhancement. Furthermore, although

leptomeningitis is often described as typical of spinal meningitis
in sarcoidosis,28 we have demonstrated that pachymeningitis also
occurs, sometimes in the form of mass lesions with a substantial
compressive effect on the spinal cord. In comparison to our
study, some previous case series describing neurosarcoidosis
have reported that spinal meningitis is far more frequent than
intramedullary inflammation.1 On the one hand, this difference
could be due to referral bias (our clinic is a specialist referral
center), with intramedullary inflammation posing more di-
agnostic challenges. On the other hand, differentiating menin-
geal from subpial MRI enhancement can be difficult, and there is
likely to be overlap inwhat has been described as leptomeningeal
in some case series and what we (and other recent radiologic
studies of SAM)10 have described as subpial.

An intriguing and novel finding in our study was the presence of
a ventral thoracic spinal cord lesion in 6 patients, with enhance-
ment occurring in close relationship to areas of disc degeneration
abutting the cord. In all of these 6 patients, clinical improvement
and resolution of MRI enhancement was achieved with medical
treatment alone (without surgery). A similar case has been re-
cently described.17 Furthermore, we also noted that areas of en-
hancement in SAM frequently occurred at areas of structural
change, such as cervical spondylosis. To help differentiate the
primary disease process in these cases, subpial enhancement in
SAM is typically greater in linear than transverse extent and is
continuous across multiple vertebral levels, whereas the pancake-
like enhancement seen in spondylotic myelopathy occurs in
a transverse pattern over ≤1 vertebral level.29 In some cases, both
SAM and cervical spondylosis may be contributing to the clinical
and neuroimaging picture—sometimes necessitating surgical de-
compression in addition to medical management of sarcoidosis.
Indeed, the coexistence of SAM and cervical spondylosis has been
previously noted in a number of small case series.30–32 Collec-
tively, we interpret these observations as suggesting that the in-
flammation of SAMmay have a predilection for areas of the spinal
cord susceptible to mechanical stress, potentially providing clues
to the pathophysiology of this condition. The impact of chronic
compression of the spinal cord has been well studied in cervical
spondylotic myelopathy, with chronic mechanical pressure in-
ducing localized tissue hypoxia, persistent disruption of the blood-

Table 2 MRI patterns of spinal cord sarcoidosis

Lesion pattern Patients (n = 62)

Enhancement patterna

Dorsal subpial Ventral subpial Meningeal/radicular

Longitudinally extensive myelitis (>3 segments) 28b 26 5 6

Short tumefactive myelitis 14b 14 1 2

Spinal meningitis/meningoradiculitis 14 0 0 14

Anterior myelitis with disc degeneration 6 0 6 1

Atypical nonenhancing 1 0 0 0

a In some patients, more than 1 enhancement pattern was present, and each was recorded.
b Onepatient hadboth longitudinally extensivemyelitis in the cervical cordanda short tumefactive lesion in the conusmedullaris, with lesions reported separately here.
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spinal cord barrier (BSCB), secondary inflammation (sometimes
manifesting with mild CSF pleocytosis), microglial activation, and
infiltration of peripheral immune cells.29,33,34We hypothesize that
in SAM, increased permeability of the BSCB at sites ofmechanical
stress could be a key step in the evolution of inflammatory lesions,
allowing meningeal-based inflammation to spill into the paren-
chyma. Indeed, pathologic studies suggest that parenchymal brain
and spinal cord lesions in neurosarcoidosis occur when
leptomeningeal-based granulomatous inflammation (which can
be present histopathologically even in the absence of clinical
symptoms)35 spreads in a perivascular distribution along small-
and medium-sized vessels.5,36–38 Our finding that medullary en-
hancement in SAMwas always contiguous with the surface of the
spinal cord supports this theory. Of interest, the spinal meningeal

lymphatics are thought to be predominantly dorsally situated,3,39

where the BSCB is also thought to be most permeable10 and
where subpial enhancement is most frequent in SAM. In addition,
longitudinally extensive myelitis of SAM has many radiologic
similarities to lesions of NMOSD—a disease characterized by
extensive BSCB disruption.40We suggest that BSCBdisruption in
SAMmay not simply be a secondary effect of focal inflammation,
but could actually be an important factor in the development and
localization of medullary granulomatous lesions.

We found that time to diagnosis was shortest in patients with
longitudinally extensivemyelitis. Thismay be because the clinical
syndrome is severe and the radiologic features in these lesions are
recognized as typical for SAM, prompting appropriate

Figure 2 Inflammation of spinal cord sarcoidosis occurring in areas susceptible to mechanical stress

(A and B) The lesion pattern of anterior myelitis
with ventral subpial enhancement occurring fo-
cally in areas of the spinal cord overlying disc
degenerations is demonstrated in 2 patients here.
In patient A (A.a = sagittal T2, A.b = sagittal T1 fat
saturation postgadolinium), focal enhancement
occurs in the spinal cord in close relationship with
4 bulging thoracic discs (arrows). A similar pattern
is demonstrated in patient B (B.a = sagittal T2, B.b
= sagittal T1 postgadolinium), with focal en-
hancement centered over 2 areas of disc de-
generation (arrows). In all cases with this lesion
pattern, patients’ MRI findings and clinical symp-
toms improved with medical treatment of sar-
coidosis, without any requirement for spinal
surgery. (C and D) In patients with other lesion
types, enhancement also frequently occurred in
close relationship with coexisting structural
changes such as degenerative disc disease or
spinal stenosis. Two patients with longitudinally
extensive myelitis are demonstrated here, with
the areas of ventral and dorsal subpial enhance-
ment in the spinal cord occurring in close prox-
imity to cervical degenerative changes. In patient C
(C.a = sagittal T2, C.b = sagittal T1 fat saturation
postgadolinium), avid enhancement is centered in
the region of the cervical cord where the spinal
canal is tightest, and the enhancement pattern
appears to demonstrate both the linear dorsal
subpial enhancement typical of sarcoidosis-asso-
ciated myelopathy (SAM) and the transverse pan-
cake-like enhancementof spondyloticmyelopathy
(arrows). The imaging findings suggest the co-
existence of SAM and spondylotic myelopathy in
this patient. In patient D (D.a = sagittal T2, D.b =
sagittal T1 postgadolinium), with degenerative
changes throughout the cervical spinal column,
enhancement of spinal cord sarcoidosis is pro-
nounced in this region (arrows).
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investigation. However, our findings go somewhat against the
hypothesis previously described by Junger et al.,26 who postu-
lated that the natural history of spinal cord sarcoidosis was
a stepwise evolution from leptomeningeal inflammation to pa-
renchymal inflammation tomass-like lesion formation before the
inflammatory process abates and the cord atrophies. Specifically,
we found that time to diagnosis was frequently many months or
years even in patients in whom enhancement was restricted to
the meninges. This suggests that the development of paren-
chymal inflammation is not determined only by time but perhaps
by other factors (such as BSCB permeability).

Our study is the largest study to date of the clinical and
neuroimaging phenotypes of SAM. However, our work has

some limitations. We reviewed clinical MRI studies acquired
at multiple facilities, so sequences were not standardized, and
some patients did not have imaging of the whole spinal cord.
We only analyzed MRI at the time of presentation—future
studies are needed to explore lesion evolution and how this
correlates with clinical outcomes. As our study was based on
the cohort of patients who attended our specialist clinic, there
was almost certainly some referral bias toward more di-
agnostically challenging or severe cases. In addition, even with
the application of the most recent diagnostic criteria, neuro-
sarcoidosis remains a diagnosis lacking certainty in most
patients (except those who have undergone CNS biopsy). It is
possible that some patients who met the criteria for probable
neurosarcoidosis actually had a different underlying pathology

Figure 3 Lesion location and time to diagnosis according to the lesion pattern

(A) The location of lesions involving the parenchyma of the spinal cord (longitudinally extensivemyelitis, short tumefactivemyelitis, and anteriormyelitis with
disc degeneration) is illustrated here, with each patient represented separately. Longitudinally extensive myelitis was predominantly cervicothoracic in
distribution, whereas anterior myelitis with disc degeneration was essentially restricted to the thoracic region. (B) Time from symptom onset to diagnosis is
recorded here, categorized by the lesion pattern. Only patients without a preexisting diagnosis of sarcoidosis (i.e., in whom myelopathy was the first
manifestation of sarcoidosis) are included in this graph (49 of 62 patients, 79%).

8 Neurology: Neuroimmunology & Neuroinflammation | Volume 7, Number 4 | July 2020 Neurology.org/NN

http://neurology.org/nn


of myelopathy (indeed, we suspect this was a possibility in 1
patient in our cohort who had an atypical nonenhancing
spinal cord lesion). Finally, CSF findings were not available
for all included patients.

SAM is a rare disabling manifestation of neurosarcoidosis,
which typically presents as a chronically evolving myelopathic
syndrome with predominant sensory symptoms and often
poses a diagnostic challenge—potentially resulting in delayed
treatment and irreversible disability. Through detailed neuro-
imaging review of a large number of cases, we have identified
a number of characteristic lesion patterns (all demonstrating
subpial and/or meningeal enhancement as a key feature)—
potentially aiding physicians in the recognition and diagnosis of
SAM. Furthermore, our observations regarding post-
gadolinium enhancement occurring in areas of the spinal cord
susceptible to mechanical stress provide interesting clues to the
pathophysiology of spinal cord lesions in this elusive disorder.
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Abstract
Objective
To assess possible adverse effects on breastfed infants of mothers receiving monoclonal anti-
bodies (MAbs) during pregnancy and/or lactation.

Methods
We identified 23 patients from the German Multiple Sclerosis and Pregnancy Registry
(DMSKW) who received MAbs (17 natalizumab and 6 anti-CD20) during lactation. Thirteen
were already exposed to natalizumab during the third trimester of pregnancy, and 1 received
ocrelizumab during pregnancy. Data were obtained from standardized, telephone-administered
questionnaires completed by the mother during pregnancy and at 1, 3, 6, and 12 months
postpartum. Natalizumab concentration in mother’s milk was analyzed in 3 patients and
natalizumab serum concentration in 2 of these patients and their breastfed infants.

Results
We did not observe a negative impact on infant health and development attributable to breast
milk exposure after a median follow-up of 1 year. Infants exposed to natalizumab during the
third trimester had a lower birth weight and more hospitalizations in the first year of life. The
concentration of natalizumab in breast milk and serum of infants was low; B cells normal in
infants breastfed under anti-CD20.

Conclusion
More data on the effect of Mab exposure during pregnancy are needed. Otherwise, our data
suggest that treatment with natalizumab, ocrelizumab, or rituximab during lactation might be
safe for breastfed infants.
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Monoclonal antibodies (MAbs) are considered compatible
with lactation by gastroenterologists and rheumatologists,1,2

yet breastfeeding under MAb treatment is generally not rec-
ommended by neurologists. Two classes of MAbs, natalizu-
mab (NTZ) and CD20-depleting agents, rituximab (RTX)
and ocrelizumab (OCR), are highly effective therapy options
for women at a high risk of pregnancy-related MS relapses
with apparently undetectable or minimal transfer into breast
milk in 7 NTZ-exposed and 10 RTX-exposed breast milk
samples.3–6 Whether these minimally detectable breast milk
levels pose any risk to the infants is unknown, leading many
experts to be exceedingly cautious. This is potentially prob-
lematic as withholding breastfeeding may deprive the mother
and child of multiple important health benefits.7 Herein, we
present a cohort of 23 women with MS or neuromyelitis
optica spectrum disorder (NMOSD) from the German
Multiple Sclerosis and Pregnancy Registry (DMSKW) who
breastfed under MAbs with follow-up of their offspring.

Methods
The DMSKW is a prospective nationwide cohort study for
pregnant women with MS or NMOSD. Data are collected by
a standardized telephone-administered questionnaire at reg-
ular intervals during pregnancy and postpartum (pp).8 In-
clusion criteria for these analyses were live birth and
breastfeeding while on MAb treatment through September
2019. Breastfeeding under MAb was defined as breastfeeding
for at least 1 day after the first pp MAb infusion. If the last
MAb infusion during pregnancy was administered within 100
days of delivery for NTZ and 130 days for OCR (<5 half-
lives), infants were considered exposed during breastfeeding
from the first day of life. The following outcomes were col-
lected: hospitalization with any overnight admission, any in-
fection requiring antibiotic treatment or hospitalization
during the first year of life. For the percentages of infants with
≥12 months of follow-up at least hospitalized or treated with
antibiotics once, we included in the numerator the event in
any infant (irrespective of the length of follow-up) but in the
denominator, only infants with ≥12 months of follow-up.

Weight was compared with age- and sex-specific values obtained
from the general German pediatric population, excluding pre-
term births (<completed 37 weeks of gestation [gw]).9 De-
velopmental delay was defined as any delay reported by the
mother during the interview and confirmed by the treating pe-
diatrician.MS relapses were defined using the currentMcDonald
criteria.10 Anemia and thrombocytopenia were classified as fol-
lows: “no” if the proportion of hemoglobin/thrombocytes was
>100%/>99% of the laboratory reference value, respectively,

“mild” between 100 and 91%/>50%, “moderate” between 91
and 64%/>30%, and “severe” if it was <64%/<30%.

NTZ concentrations in serum and breast milk were de-
termined as described previously by a highly sensitive cross-
linking assay11,12 at Sanquin Diagnostic Services (Amsterdam,
the Netherlands).

The relative infant dose (RID)13 was calculated by dividing
the absolute infant dose by the maternal dose. For calculation
of the absolute infant dose, the respective maximum NTZ
concentration in milk and an estimated daily milk intake of
150 mL/kg were used.

Standard protocol approvals, registrations,
and patient consents
The DMSKW is approved by the local institutional review
board of the Ruhr University Bochum (18-6474-BR). All
women voluntarily enrolled and gave informed consent.

Data availability
No deidentified patient data will be shared. No related study-
related documents will be shared. Reasonable requests from
any qualified investigator for anonymized data will be con-
sidered by the corresponding author.

Results
Of 2,120 pregnancies, we identified 23 women who breastfed
under MAbs: 17 under NTZ, 3 RTX, 2 OCR, and 1 received
RTX and OCR. The characteristics of the cohort are shown in
table 1; the MAb exposure with relevant outcomes are shown
in tables 2 and 3 (stratified according to exposure during the
third trimester of pregnancy and breastfeeding and to expo-
sure only during breastfeeding). Most women continued
NTZ throughout pregnancy and breastfeeding (n = 13, 76%).
Only 1 woman received OCR during pregnancy (2nd tri-
mester) following 2 relapses; she was treated with 3 cycles of
alemtuzumab before pregnancy. Three of 4 (17%) women
with relapses during pregnancy were treated with alemtuzu-
mab, fingolimod, or NTZ before but not during pregnancy,
and 1 woman continued glatiramer acetate during pregnancy.
The first NTZ infusion postpartum was administered after
a median of 14 days (range 1–124 days) after the date of
delivery and the first RTX infusion after a median of 8 days
(range 4–26 days). OCR patients started after 20 and 194
days, and the woman breastfeeding under RTX and OCR
received her infusions after 55 and 333 days postpartum, re-
spectively. The 4 women with postpartum relapses had either
not been treated with MAbs before (n = 2) or had stopped

Glossary
CBC = complete blood count; MAb = monoclonal antibody; NMOSD = neuromyelitis optica spectrum disorder; NTZ =
natalizumab; OCR = ocrelizumab; RID = relative infant dose; RTX = rituximab.
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NTZ during the 1st trimester (n = 2). All pregnancy and
postpartum relapses were treated with IV corticosteroids.

Pregnancy outcomes
Four singleton infants (17%) were born preterm. Two exposed
to NTZ through pregnancy were delivered at 36 gw (in-
competent cervix) and 37 gw (planned cesarean section be-
cause of elevated liver enzymes without other signs for HELLP
syndrome (hemolysis, elevated liver enzymes, and low platelet
count) (table 2). One infant was delivered in 37 gw due to
failure to thrive since 32 gw due to placental insufficiency. The
mother (fingolimod before pregnancy) had a severe relapse

during pregnancy that required treatment with IV cortico-
steroids and plasma exchange. Another infant was delivered at
30 gw following premature rupture of membranes from in-
competent cervix. The mother had received RTX for 4 years
with the last dose 3 months before pregnancy with recurrent
urinary tract infections and hypogammaglobulinemia (465mg/
dL) before and during pregnancy and received IV immuno-
globulins during pregnancy (table 3).

Infant outcomes
Median birth weight in term infants was 3,315 g (range
2,520–3,690 g) in girls and 3,260 g (range 2,660–3,810 g) in
boys but lower in newborns exposed to NTZ in the last tri-
mester of pregnancy (table 4). Physical growth was normal at
all well-baby visits during exposed breastfeeding for almost all
full-term infants. Only 2 male infants fell below the 3rd per-
centile with 1 body measurement (birth weight or head cir-
cumference at well-baby visits at 1 or 3–4 months of age,
respectively), but caught up during exposed breastfeeding.
One was exposed to NTZ during the 3rd trimester, and the
second only during breastfeeding. In our whole cohort, at least
1 antibiotic treatment was given in 30% of boys and 15% of
girls. In those infants with at least 12 months of follow-up (n =
6 and n = 9), 3 boys (50%) and 2 girls (22%) received at least
1 antibiotic treatment (expected in the general German
population, males: 27% and females: 25%).14 So far, 3 (30%)
boys and 4 (31%) girls in our cohort have been hospitalized at
least once within the first year of life (range of follow-up time
2.8–49.0 months). Considering only those with a follow-up of
≥12 months, 3 boys (50%) and 4 (44%) girls were hospital-
ized. This compares with an expected percentage of 18.7% in
males and 14.9% in females in Germany.15 Four hospital-
izations occurred immediately after birth for the following
reasons: 2 prematurity and in 2 complications after birth in-
cluding neonatal infection in both. In 2 cases, hospitalization
was a precautionary measure: cough in one and suspicion of
gastroenteritis without fever and diarrhea without therapy in
the second (table 2). All relevant infections of infants exposed
during the third trimester of pregnancy entailed hospitaliza-
tion (table 2). More infants with third-trimester NTZ expo-
sure were hospitalized compared with unexposed children.
Table 4 stratifies our cohort into observed vs expected out-
comes according to MAb exposure during the third trimester
of pregnancy and during breastfeeding only, in comparison to
German reference populations. There was 1 child with a ma-
jor congenital malformation (ventricular septal defect).

Chronic diseases included pediatric asthma and hazelnut al-
lergy (n = 1 each). One infant (NTZ throughout pregnancy)
suffers from slight generalized muscular hypotonia due to
perinatal asphyxia, but at the age of 6 months his medical
examination was satisfactory. No infants had developmental
delays.

Hematologic abnormalities
We received results of complete blood counts (CBCs) during
breastfeeding in 7 (41%) (at birth in 12 [71%]) infants

Table 1 Clinical characteristics of the mothers

Characteristics Values

MS, no. (%) 21 (91)

NMOSD, no. (%) 2 (9)

Age at conception, y, mean (SD) 34.20 (5.39)

Body mass index at conception, mean (SD) 24.48 (4.95)

Education

Completed university
studies, no. (%)

12 (52)

Completed vocational
training, no. (%)

11 (48)

Disease duration at conception,
y, mean (SD)

9.22 (5.01)

EDSS score before pregnancy,
median (range)a

2.5 (0–6.5)

No. of DMTs before NTZ/OCR/RTX,
median (range)

1 (0–6)

Women with ≥1 relapse in the
year preceding pregnancy, no. (%)

10 (43)

Women with ≥1 relapse during
pregnancy, no. (%)

4 (17)

Women with relapses in the
first 6 months postpartum, no. (%)b

3 (17)

Women with relapses in the
first 12 months postpartum, no. (%)c

4 (27)

Start MAb treatment postpartum,
d, median (range)

19 (1–194)

Duration of exposed breastfeeding,
mo, median (range)

6.10 (0.33–22.9)

Follow-up postpartum, mo,
median (range)

12.30 (2.13–49.03)

Gestational week at entry into
the cohort, median (range)

13.57 (4.14–41.43)

Abbreviations: DMT = disease-modifying therapy; EDSS = Expanded Dis-
ability Status Scale; MAb = monoclonal antibody; NMOSD = neuromyelitis
optica spectrum disorder; NTZ = natalizumab; OCR = ocrelizumab; RTX =
rituximab.
a Data available for 21 (91%) women.
b Data available for 18 women.
c Data available for 15 women.
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breastfed under NTZ, 2 of whom were exposed only through
breast milk (tables 2 and 3). Both of these infants had normal
CBCs. In contrast, only 1 (20%) of the infants exposed to
NTZ throughout pregnancy and through breast milk had
continuously normal CBCs, 2 developed mild or moderate
hematologic anomalies during breastfeeding, and in total, 5
(50%) had a mild or moderate anemia and/or mild throm-
bocytopenia at birth.

Five (83%) infants exposed to B cell–depleting MAbs during
breastfeeding had normal B cells (above the lower limit of
normal 600/μL). In 2 infants (OCR in the 2nd trimester and
RTX 16 months before the date of delivery) the B-cell count
was decreased at birth (CD19: 339/μL and 218/μL, re-
spectively) but normalized during exposed breastfeeding at 79
and 93 days postpartum, respectively.

Maternal, infant, and breast milk NTZ levels
Three mothers provided milk samples at different time points
during NTZ-exposed breastfeeding; 2 also provided maternal
and infant blood samples to analyze NTZ concentrations in
both mothers and babies (figure). Although trace amounts of
NTZ were detectable in breast milk (<1% of maternal serum
values; maximum RID: 0.5%), the MAb was not detectable in
the infants’ sera after pp infusion.

Discussion
In our small prospective cohort of women with MS and
NMOSD breastfeeding under MAbs, we found no signal of
harmful clinical or biological effects attributable to breast milk
exposure. The infants showed normal growth and no negative

Table 2 Clinical characteristics of infants exposed to natalizumab during the third trimester of pregnancy

Infant

Pregnancy NTZ interval/last
infusion before DOD (no. of
days)

BF NTZ
interval/
exposed BFa

(mo)
Blood countb,c/
time pointd

Relevant infections
leading to
hospitalizatione

Hospitalizations other than
infectione/age at occurrence of all
hospitalizations (mo)

Im1 8–9/89 4 w/6.5 NA Neonatal infectionh At birth

Im2 6 w/2 6 w/6.4 NA No Preterm/at birth

If3 8 w/29 6 w/2.8 Mild anemia/birth
Normal/+26

No Preterm/at birth

If4 6 w/6 5 w/7.2 Normal/birth
Mild anemia/−37
Normal/−10
Normal/+6

Coughh 1.6

Im5f 7–8 w/53 7 w/6.1 Normal/birth
Mild
thrombocytopenia/
−14
Mild anemia/+87

Neonatal infectionh/
pyelonephritish

At birth/3.4

If6 6 w/91 6 w/12.6 Normal/birth
Moderate anemia/
+107

Gastroenteritis 3.9

If7g 6–7 w/42 7–8 w/8.1 NA No No

If8 6 w/62 4 w/6.2 NA No No

If9 5 w/19 4 w/2.1 NA No No

Im10 6 w/46 6 w/8.7 Normal/birth
Normal/+2
Normal/+55

No No

If11 7 w/54 5 w/2.4 NA No No

Im12 4 w/13 8 w/5.7 NA No No

If13 4 w/16 4 w/11.2 NA No No

Abbreviations: BF = breastfeeding; DOD = date of delivery; If = female; Im =male; NA = not available; NTZ = natalizumab; OCR = ocrelizumab; RTX = rituximab.
a From the first day of life.
b Hemoglobin and thrombocytes.
c During exposed breastfeeding.
d Birth or number of days before (−) or after (+) the 1st infusion postpartum.
e During exposed breastfeeding.
f NTZ3 in the figure.
g NTZ2 in the figure.
h Antibiotic use.
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effect on development. We also observed that infants who
were exposed to NTZ during the third trimester of pregnancy
had a lower birth weight (both sexes) and were hospitalized
more often during the first year of life (both sexes).

The number of infants with at least 1 antibiotic treatment within
the first year of life in the total cohort was consistent with
expected national rates,14 only noticeably elevated in boys with
≥12 months of follow-up. Percentages of infants hospitalized at
least once in the total cohort were higher than expected due to the
high numbers in third-trimester NTZ-exposed children. As the
sample size for the different groups was small and the outcomes
rare, it is unclear whether this is a chance finding or if it is related
to the treatment during pregnancy, especially because distribution
of percentages differed between sex and follow-up period.

We did find an overall lower than expected median birth
weight (around 270 g in boys and 75 g in girls), albeit not very
low, in comparison to the general German population.9 This
effect was mainly driven by infants exposed to NTZ during the
third trimester of pregnancy, which is in line with previous
findings after 3rd-trimester NTZ exposure.16

We also found a slightly higher than expected number of
preterm births (observed: 17%, expected: 10%)17,18 in the

whole cohort, perhaps reflecting the underlying more active
MS or drug exposure. Hematologic abnormalities, particularly
in those with continuous in utero exposure to NTZ, are well
documented and therefore not unexpected.16,19 It is very
reassuring that these laboratory abnormalities resolved, and
the infants grew and developed normally despite continued
low-level MAb exposure through breast milk.

We detected very low levels of NTZ in breast milk similar to
previous reports.3,4,20 A tool to assess the safety of a certain
drug exposure via breast milk is the RID.13 It is calculated by
dividing the absolute infant dose (concentration in breast milk
multiplied by daily milk intake [150 mL/kg]) by the maternal
dose. Drugs with RIDs <10% are considered probably safe for
a healthy child.21 When calculated with the respective maxi-
mum concentration in breast milk, maximum RID in our
analyses was 0.5%, i.e., far below the theoretically accepted
cutoff of 10%. We did not detect accumulation of NTZ in
breast milk after up to 4 infusions in contrast to others who
found a steady accumulation of NTZ after the 2nd infusion (n
= 1) and higher levels of NTZ after each additional infusion
up to the 2nd (n = 2) or up to the 4th administration (n = 1).
These dissimilarities are likely due to well-described in-
terindividual variability in natalizumab levels,4,22 particularly
because both studies are limited by very small sample sizes.

Table 3 Clinical characteristics of infants unexposed to a monoclonal antibody during the third trimester of pregnancy

Infant
Pregnancy exposure/last
dose before or after LMP BF exposure/interval

Exposed
BFa (mo)

Blood countb,c/
time pointd

Relevant
infectionsc,e

Hospitalizationsc/age
at occurrence (mo)

If14 FTY/−40 NTZ/6 w 9.2 Normal/birth
Normal/+42

RSV (preterm) RSV/2.7

If15 NTZ/+15 NTZ/4 w 5.6 Normal/+3
Normal/+89

No No

Im16f NTZ/+4 NTZ/6 w 7.2 NA No No

If17 NTZ/+15 NTZ/4 w 0.6 NA No No

Im18i OCR/+ 131 OCR 300 mgg 2.7 Reduced/birth
Normal/+59

No No

Im19 DMF/+28 OCR 600 mgg 2.1 Normal/+39 No No

Im20 GA/continuous RTX 250 mg + OCR 300
mg/once + 6 months

22.9 Normal/+45
Normal/+213

Conjunctivitish/
otitis mediah

No

Im21 RTX/−94 RTX 500 mgg 1.6 Normal/+63 No (preterm)

If22 RTX/−206 RTX 1000 mgg 1.8 Reduced/birth
Normal/+85

Omphalitish No

If23 RTX/−283 RTX 1000 mgg 0.3 NA No No

Abbreviations: BF = breastfeeding; DMF = dimethyl fumarate; FTY = fingolimod; GA = glatiramer acetate; If = female; Im =male; LMP = last menstrual period;
NA = not available; NTZ = natalizumab; OCR = ocrelizumab; RSV = human respiratory syncytial virus; RTX = rituximab.
a From the day of the first monoclonal antibody infusion postpartum.
b B cells if RTX or OCR exposed/hemoglobin and thrombocytes if NTZ exposed.
c During exposed breastfeeding.
d Birth or number of days after (+) the 1st infusion postpartum.
e Requiring antibiotic treatment or hospitalization.
f NTZ1 in the figure.
g One administration.
h Antibiotic use.
i OCR in the 2nd trimester.
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Even with an increasing amount of the MAb in breast milk,
the possibility of systemic absorption in the infant via neonatal
Fc receptor seems not to be relevant in humans,23 but larger
case series are needed to elucidate exact pharmacokinetics.

The decreased B-cell count at birth in the infant whose
mother received the last RTX infusion 16 months before the
date of delivery cannot be caused by the drug. According to
the half-life of RTX of approximately 30 days, the infant could
not have been exposed to the drug in utero. An error in
analysis is more likely, especially as the B-cell count normal-
ized without any intervention and no chronic disease related
to B-cell deficiency was reported.

The low levels of transfer into breast milk are not surprising,
as MAbs are large molecules and transfer is limited by mo-
lecular weight.13 Minimal transfer into breast milk is known
for RTX5,6 and unknown but likely for OCR. In published
cases of breastfeeding under RTX5,6 (n = 5) and OCR24 (n =
1), no serious adverse effects were reported.

Some have argued that even isolated breast milk exposure to
MAbs could have systemic effects in the infant following
transluminal absorption via the neonatal Fc receptor, FcRn.
Thus, women who need these treatments are often counseled
not to breastfeed. This is a theoretically weak argument, as
oral absorption of IgG is exceedingly low in human neonates23

and the breast milk concentrations of MAbs are already ex-
ceedingly low. There is only 1 prior published report of

detectable infant serum Mab levels resulting solely from
breast milk exposure (infliximab, ;2% of maternal serum
concentration).25 In most infants, levels were
undetectable.25,26 Another report of detectable infant serum
levels following infliximab or adalimumab exposure was more
likely attributable to late pregnancy exposures than breast
milk.27 We found that NTZ serum concentrations were un-
detectable in 2 infants during exposed breastfeeding. In 1
infant, a very low level of NTZ was detected immediately after
birth following exposure throughout pregnancy, which re-
solved despite continued breast milk exposure. Although the
number of analyzed samples is very small, our findings seem
to further refute the theory of a substantial transfer of MAbs
from breast milk via FcRn, which is in line with recom-
mendations of other societies (rheumatology and gastroen-
terology) who already consider breastfeeding under MAbs to
be safe for the infant.1,2 Although more studies with larger
cohorts and longer follow-ups are needed to evaluate the
safety of the individual MAbs, safety will likely be comparable
between them and transferable to neurology.

The overlap of MAb exposure during pregnancy and lactation
in many infants of our cohort precludes definite conclusions
about the safety of exposure through breast milk alone. In
combination with the small sample size, this is a limitation of
our study. Exposure to MAbs, especially during late preg-
nancy, could partly confound our results. It can be associated
with hematologic abnormalities,16 and the infection risk for
these neonates is largely unknown. Therefore, more

Table 4 Numbers of observed adverse outcomes in the cohort vs expected

Outcome Expected

Observed

3rd trimester NTZ
(all infants)

3rd trimester NTZ
(≥12 months FU)

No 3rd trimester MAb (all
infants)

No 3rd trimester
MAb
(≥12 months FU)

n = 13;
Boys n = 5,
Girls n = 8

n = 8;
Boys n = 3,
Girls n = 5

n = 10;
Boys n = 5,
Girls n = 5

n = 7;
Boys n = 3,
Girls n = 4

Prematurity 10%17,18 15% CI 1.92–45.44
(n = 2)

— 20% CI 2.52–55.61
(n = 2)

—

Median birth weight,
boys

3,530 g9 3,168 g — 3,530 g —

Medianbirthweight, girls 3,390 g9 3,315 g — 3,620 g —

≥1 antibiotic treatment,
boys

27%14 40% CI 5.27–85.34
(n = 2)

66.7% CI 9.43–99.16
(n = 2)

20% CI 0.51–71.64
(n = 1)

33.3% CI 0.84–90.57
(n = 1)

≥1 antibiotic treatment,
girls

25%14 12.5% CI 0.32–52.65
(n = 1)

20% CI 0.51–71.64
(n = 1)

20% CI 0.51–71.64
(n = 1)

25% CI 0.63–80.59
(n = 1)

≥1 hospitalization, boys 18.7%15 60% CI 14.66–94.73
(n = 3)

100% CI 29.24–100
(n = 3)

0% CI 0–52.18
(n = 0)

0% CI 0–70.76
(n = 0)

≥1 hospitalization, girls 14.9%15 37.5% CI 8.52–75.51
(n = 3)

60% CI 14.66–94.73
(n = 3)

20% CI 0.51–71.64
(n = 1)

25% CI 0.63–80.59
(n = 1)

Developmental delay 5–6%28 0% CI 0–24.70 0% CI 0–36.94 0% CI 0–30.85 0% CI 0–40.96

Abbreviations: FU = follow-up, MAb = monoclonal antibody, NTZ = natalizumab.
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information on MAb exposure, especially NTZ, during the
3rd trimester of pregnancy and subsequent follow-up of the
infants is necessary. To disentangle the effect of late preg-
nancy exposure, larger cohorts are needed, with infants ex-
clusively being exposed to MAbs during lactation.

Taken together with other studies, our results underscore the
exceedingly low probability of harmful effects of MAbs solely
through breast milk.13 Women with MS can be advised that al-
though available data are few, these small data sets do not appear to
showmeaningful adverse effects for infants exposed to breast milk
after MAb treatment of the mother. Infants exposed to MAbs
during pregnancy should continue to be monitored carefully, and
future studies with larger sample sizes should consider the duration
of exposed breastfeeding and infants’ age at the time of exposure.
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Figure Natalizumab concentration in breast milk and blood samples of mothers and their breastfed infants

Left: natalizumab concentrations (inmicrograms permilliliter) in the breastmilk of mothers 2 and 3 on several days after the first infusion postpartum and of
mother 1 on several days after the fourth infusion postpartum. Right: natalizumab concentration (inmicrograms permilliliter) in sera ofmothers 2 and 3 and
babies 2 and 3. Maternal serum concentrations weremeasured at 2 time points after the first infusion postpartum; the serum level of baby 2 was measured
before and at 2 points after the first infusion postpartum; for baby 3, it was available only at 1 time point after the first infusion. aBelow the detection limit;
bSample stability issues.
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Abstract
Objective
To investigate the immunologic impact of a single cycle of rituximab (RTX) in children and
adolescents with immune-mediated disorders, we evaluated B cells and immunoglobulin levels
of 20 patients with neuroimmunologic, nephrologic, dermatologic, and rheumatologic dis-
orders treated under recommended guidelines.

Methods
Retrospective study of immunologic changes in children (aged ≤18 years) diagnosed with
immune-mediated disorders in which RTX was prescribed between June 2014 and February
2019. Patients were excluded if they had prior diagnosis of malignant disease or primary
immunodeficiency. Patients were clinically and immunologically followed up every 3 months.
Only patients having received a single cycle of RTX and with a follow-up greater than 12
months were included in the analysis of persistent dysgammaglobulinemia.

Results
Twenty children were included. Median age at RTX treatment was 12.8 years (interquartile range
[IQR] 6.6–15.5 years). Median follow-up was 12.6 months (IQR 10.2–24 months). Of the 14
patients eligible for persistent dysgammaglobulinemia analysis (3 had received RTX retreatment,
2 had <12 months post-RTX follow-up, and in 1 data for this time point was missing), 2/14
(14%) remained with complete B-cell depletion, and 5/14 (36%) had dysgammaglobulinemia.
Patients with dysgammaglobulinemia were younger (7.8 vs 15.6 years, p = 0.072), had more
underlying neuroimmunologic diseases (5/5 vs 0/9, p < 0.001), and had receivedmore frequently
concentrated doses of RTX (3/5 vs 1/9, p = 0.05) than patients without dysgammaglobulinemia.
Kinetics of immunoglobulins in the 20 patients revealed a decrease as early as 3months after RTX
in patients with neuroimmunologic disorders.

Conclusion
In our cohort, single-cycle RTX-induced dysgammaglobulinemia was enhanced in patients with
neuroimmunologic diseases. Further studies are needed to confirm this observation.
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Immunology Unit Hospital Sant Joan de Déu-Hospital Cĺınic (A.D.-M., A.V., M.P., M.J., A.E.-S., A.G.-G., A.M.P., L.A.), Barcelona, Spain; Universitat de Barcelona (J.A., L.A., M.J.), Spain;
Immunology Department (A.V., M.J.), Biomedical Diagnostics Center, Hospital Clinic-IDIBAPS, Barcelona, Spain; Pediatric Neuroimmunology Unit (C.M.-A., T.A.), Neurology De-
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Sant Joan de Déu, Barcelona, Spain.

Go to Neurology.org/NN for full disclosures. Funding information is provided at the end of the article.

The Article Processing Charge was funded by the project PI15/01094 integrated in the Plan Nacional de I + D + I and cofinanced by the ISCIII—Subdirección General de Evaluación y
Formento de la Investigación Sanitaria—and the Fondo Europeo de Desarrollo Regional (FEDER).

This is an open access article distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivatives License 4.0 (CC BY-NC-ND), which permits downloading
and sharing the work provided it is properly cited. The work cannot be changed in any way or used commercially without permission from the journal.

Copyright © 2020 The Author(s). Published by Wolters Kluwer Health, Inc. on behalf of the American Academy of Neurology. 1

http://dx.doi.org/10.1212/NXI.0000000000000724
mailto:lalsina@sjdhospitalbarcelona.org
mailto:armangue@clinic.cat
https://nn.neurology.org/content/7/4/e724/tab-article-info
http://creativecommons.org/licenses/by-nc-nd/4.0/


Rituximab (RTX), used as first-line or second-line treatment
in many immune-mediated disorders, is a chimeric mono-
clonal antibody, which recognizes human CD20 expressed on
B lymphocytes, leading to their destruction.1-3

It is well attested that B-cell depletion occurs within days after
RTX, affecting from pro–B cells to plasmablasts. B-cell re-
constitution to reach pretreatment levels, mostly studied in
adult populations, ranges from 2 months to more than 2 years
after RTX administration. The factors involved in this re-
constitution remain unclear, but treatment duration, un-
derlying disease, age, concomitant treatments, and previous
immunologic status have been described as putative factors.3,4

Although long-lived plasma cells are not affected, a decrease in
immunoglobulin levels is often observed after RTX treatment,
predominantly affecting the immunoglobulin (Ig) M isotype.
When this decrease is observed, most patients recover within
12 months following RTX administration.5–7 In some patients,
severe hypogammaglobulinemia of IgG isotype occurs, re-
quiring immunoglobulin replacement therapy (IRT).4

Despite the benefit of RTX in certain immune-mediated disorders,
there are concerns regarding the risk of associated secondary im-
munodeficiency, which is frequently amplified in this population
by the use of other concomitant immunosuppressant therapies.8

This is of special interest in children, who are more exposed to
infections and have an immune system in development.9

To increase our understanding of the immunologic changes
and infectious risk related toRTX use in nononcologic diseases,
we analyzed the effects of a single cycle of RTX for the treat-
ment of immune-mediated disorders in a pediatric population.

Methods
Retrospective study of immunologic reconstitution between
June 2014 and February 2019 under clinical practice con-
ditions, including patients aged ≤18 years, diagnosed with an
immune-mediated disorder (nonmalignant diseases) compris-
ing neuroimmunologic, nephrologic, dermatologic, and rheu-
matologic diseases, and treated with 1 induction cycle of RTX
in accordance with the recommended guidelines or in-house
protocols for each disease.10–12 All patients were followed at the
Clinical Immunology Unit, in which a specific post-RTX im-
mune reconstitution monitoring protocol has been developed
that includes a clinical and analytical control every 3 months
until full stable B-cell and immunoglobulin recovery is achieved
(table 1). Patients having received a single cycle of RTX and
with a follow-up greater than 12 months after RTX were in-
cluded in the analysis of persistent dysgammaglobulinemia. The

decision to choose the 12-month time point was based on pre-
vious publications showing that when dysgammaglobulinemia is
observed after RTX, most patients recover within 12 months.5–7

Because only single-cycle RTX immunologic impact was ana-
lyzed, once a patient received a second cycle of RTX, they were
excluded for subsequent analysis. Patients with a previous di-
agnosis of malignant disease or primary immunodeficiency were
excluded. The study has been reviewed and approved for its
publication by the ethics committee of our institution.

We obtained patient information (sex, age at RTX infusion,
ethnicity, consanguinity and family history, RTX dosage, con-
comitant immunosuppression, and infections) from clinical
charts or interviews during follow-up visits. For the analysis, RTX
dosage was categorized as concentrated regimen (1–2 doses at
500–750 mg/m2 separated by 2 weeks) vs nonconcentrated
regimen (4weekly doses at 375mg/m2). Laboratory data analysis
included complete blood count; immunoglobulin levels (IgG,
IgM, and IgA [ARCHITECT c Systems and AEROSET System.
Immunoturbidimetric measure]); percentage of CD4+ T cells,
CD8+ T cells, CD19+ B cells, and B-cell immunophenotyping
(naive [CD19+IgM+/IgD+]; memory [CD19+CD27+IgD+],
switched memory [CD19+CD27+IgD−], and plasmablasts
[CD19+IgM−CD38++]) (flow cytometry using BD Biosciences,
San Jose, CA, USA, FACS Canto II, normal range for age
obtained from Schatorjé et al.13). Dysgammaglobulinemia was
defined as a decrease of 2 SDs below age reference values of at
least 1 immunoglobulin isotype (IgG and/or IgM and/or IgA).14

Statistical analysis
Categorical and continuous variables were described as per-
centages andmedian values and IQR (p25-p75).We applied the
Fisher exact test or Mann-Whitney U test for the comparative
analysis of baseline characteristics and at 12 months post-RTX
as appropriate for the data set. We used Pearson and Spearman
tests to identify correlations between quantitative variables. The
analysis was performed using SPSS version 15.0 software (SPSS
Inc., Chicago, IL), and statistical significance was set at p ≤ 0.05.

Results
We recruited a total of 20 patients comprising neuro-
immunologic, nephrologic, dermatologic, and rheumatologic
diseases (table e-1, links.lww.com/NXI/A242). Median age at
first RTX was 12.8 (IQR 6.6–15.5) years. Of note, 8/20
patients received the concentratedRTX regimen and 12/20 the
4-weekly regimen according to the recommendations for each
disease.10–12 All patients had received immunosuppressants
previously and/or concomitant with RTX (9/20 [45%] ste-
roids alone; 11/20 [55%] steroids and second-line immuno-
suppressants) (table e-1, links.lww.com/NXI/A242).

Glossary
Ig = immunoglobulin; IRT = immunoglobulin replacement therapy; RTX = rituximab.
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All but 1 patient with underlying nephrotic syndrome (P17,
figure e-1, links.lww.com/NXI/A240) had normal IgG levels
before RTX. Two patients had low baseline levels of B-cell
percent, and 2 patients showed low baseline switched mem-
ory B cells (table e-1, links.lww.com/NXI/A242, and table
e-2, links.lww.com/NXI/A243).

The presence of dysgammaglobulinemia was analyzed 12
months after RTX.. After excluding 6 patients (3 because of
additional RTX cycles before 12months, 2 because they had not
reached 12months of follow-up, and in one data wasmissing for
this timepoint), 14 patients remained on follow-up at 12
months after receiving RTX (figure e-1, links.lww.com/NXI/
A240). Regarding B cells, 2/14 patients (14.3%, P6 and P12)
remainedwith complete B-cell depletion, and 9/14 (64.3%) had
not reached normal percentage of B cells (table e-2, links.lww.
com/NXI/A243). B-cell subphenotype showed normal or high
per age range values of naive B-cell levels in all patients, while 3/
9 patients had low levels of B memory cells and 6/9 had normal
levels (table e-2, links.lww.com/NXI/A243). Of the 6 patients
on follow-up 24 months post-RTX, because they had not
previously reached fully immune recovery and were not RTX-
retreated, 3/6 remained with low levels of B cells.

Regarding immunoglobulin levels, 5/14 (36%) had some de-
gree of persistent dysgammaglobulinemia (isolated hypo-IgG
(1), isolated hypo-IgA (1), hypo-IgG and A (1), hypo-IgG and
IgM (1), and hypo-IgA and M (1)), affecting IgG concen-
trations in 3. At 24 months post-RTX, 2/6 persisted with
dysgammaglobulinemia.

Comparative analysis between patients with
and without dysgammaglobulinemia 12
months after RTX
We observed differences in demographics and underlying
disease in patients with or without dysgammaglobulinemia
(table 2): the 5 patients with dysgammaglobulinemia
showed a tendency toward being younger at the time of RTX

treatment (7.8 years vs 15.6; p = 0.072), all had underlying
neuroimmunologic diseases (5/5 vs 0/9 patients; p < 0.001),
and they had received more frequently the concentrated
RTX regimen (3/5 vs 1/9; p = 0.05) in comparison with
patients without dysgammaglobulinemia. No increased use
of previous or concomitant immunosuppressants was ob-
served in the group with dysgammaglobulinemia. Indeed,
most patients with underlying neuroimmunologic con-
ditions, which more frequently developed dysgammaglo-
bulinemia, received steroids alone (only 1 patient combined
with cyclophosphamide) before RTX (table e-1, links.lww.
com/NXI/A242, and table 2).

No statistically significant differences were found between
the 2 groups regarding baseline IgG, IgM, and IgA levels
(IgG p = 0.178, IgM p = 0.966, IgA p 0.299). The percentage
of basal B cells was lower in patients with neuro-
immunologic disease (10%) in contrast to non-
neuroimmunologic disease (31%) (p = 0.01, figure e-2,
links.lww.com/NXI/A241), but the levels were not patho-
logic in any of the groups, and no differences in B-cell
subphenotype were observed (table 2).

To gain insight in the characteristics of the dysgammaglobuli-
nemia, we evaluated the kinetics on its evolution. Figure 1 rep-
resents the kinetics of instauration of dysgammaglobulinemia in
the 20 patients included in the cohort. Three months after RTX
treatment, patients with underlying neuroimmunologic disorders
already showed a tendency toward lower levels of immunoglo-
bulins (IgG p = 0.267, IgM p = 0.087, IgA p 0.075), which at 6
(IgG p = 0.036, IgM p = 0.011, IgA p 0.015) and 12months (IgG
p = 0.048, IgM p= 0.046, IgA p 0.029) was statistically significant.
At 24months, 4 patients persisted with some degree of decreased
B-cell numbers and/or dysgammaglobulinemia, of which 3 had
an underlying neuroimmunologic disease.

Despite 5 patients developed dysgammaglobulinemia, only 1
patient (P6 who previously received cyclophosphamide)

Table 1 Protocol for immunologic follow-up of patients treated with RTX in our center

Baseline 3 mo 6 mo 9 mo 12 mo 18 moa 24 moa

CD19+ B cells X X X X X X X

B-cell subphenotypeb X X X X

IgG, M, and A levels X X X X X X X

Recommendations for immunoglobulin replacement therapy:
• Patients aged <2 years at the first dose of RTX in any patient irrespectively of IgG count during B-cell aplasia
• Patients aged >2 years
Hypo-IgG <200 mg/dL (IgG <300 mg/dL is a relative indication)
Well-documented impaired responses to vaccines before RTX-sinopulmonary infections or infections caused by capsular bacteria attributed to
hypogammaglobulinemia
Other immunosuppressant treatments administered concomitantly with RTX, especially high-dose steroids and cyclophosphamide. Other treatments
should be individualized.

Abbreviations: Ig = immunoglobulin; RTX = rituximab.
a 18 mo and 24 mo controls were only performed if no complete immune reconstitution was achieved before these timepoints.
b B-cell subphenotype includes naive (CD19+IgM+/IgD+), switched memory (CD19+CD27+IgD−), and plasmablasts (CD19+IgM−CD38++). B-cell subphenotype
also analyzed every 3 mo if retreatment with RTX is considered.
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required IRT because of a severe hypogammaglobulinemia due
to a prolonged B-cell aplasia after a first cycle of RTX. An
additional patient (P3) required IRT after retreatment with
RTX because of severe hypogammaglobulinemia and bacterial
pneumonia. No other relevant infections were reported in the
remaining patients.

Discussion
This study describes the demographic characteristics, immuno-
logic changes, and clinical outcomes of 20 childrenwith acquired
immune-mediated disorders after a single cycle of RTX. The
results of our analysis provide insights regarding the apparent

Table 2 Comparison between patients with and without dysgammaglobulinemia 12 months after a single cycle of RTX

Patients with
dysgammaglobulinemia, N = 5

Patients with normal
immunoglobulin levels, N = 9 p Value

Age (y) at disease onset (median, IQR) 3 (2.5–11) 4 (3–14.5) 0.366

Disease duration before the first RTX (y) (median, IQR) 0.4 (0.2–3.7) 3.7 (0.9–9.7) 0.125

Age (y) at the first RTX infusion (median, IQR) 7.8 (2.9–12.3) 15.6 (7.1–16.1) 0.072a

Female 3/5 6/9 1.000

Caucasian 3/5 8/9 0.505

Family history of autoimmune diseases 1/5 1/9 1.000

Underlying neuroimmunologic disease 5/5b 0/9 <0.00a

Nephrologic diseases 0/5 6/9 0.031

Pre-RTX low % of B cells 0/5 2/8a 0.487

Pre-RTX low % naive B cells 1/4 2/6 1.000

Pre-RTX plasmablasts below 1% 3/4 1/6 0.190

Pre-RTX low switched memory B cells 1/5 1/9 0.881

Pre-RTX low IgG levels 0/5 0/9 —

Pre-RTX use of cyclophosphamide 1/5 2/9 0.661

Pre-RTX use of purine analogs 1/5 4/9 0.043

Immunosuppressive treatment before RTX Steroids alone: 4/5
Steroids + second-line IS:1/5

Steroids alone: 0/9
Steroids + second-line IS:9/9

0.001a

0.001a

Concomitant use of cyclophosphamide 0/5 0/9 —

Concomitant use of purine analogs 1/5 5/9 0.095

Concomitant use of other immunosuppressive (IS) B treatment Steroids alone:1/5
Steroids + second-line IS:1/5

Steroids alone: 1/9
Steroids + second-line IS: 8/9

0.649
0.010

Use of concentrated RTX regimenc 3/5 1/9 0.05a

12 mo post-RTX

B cells = 0% 1/5 1/9 1.000

B cells % >0 and< 2% 1/5 2/9 1.000

Total patients with low percentage of B cells according to age range 2/5 7/9 0.266

Low absolute B cell levels according to age range 4/5 5/9 0.580

High levels of naive B cells (%) 3/4 2/7 0.242

Low levels of memory B cells (%) 2/4 1/5 0.524

Plasmablasts below 1% 1/4 2/7 1.000

Abbreviations: Ig = immunoglobulin; IQR = interquartile range; RTX = rituximab.
a Risk factors for developing persistent dysgammaglobulinemia 12 mo after RTX.
b 3 recurrent anti–myelin oligodendrocyte glycoprotein–associated inflammatory central nervous disease; 2 anti-NMDA receptor encephalitis.
c Concentrated RTX regimen: 1 to 2 doses at 500–750 mg/m2 separated by 2 weeks.
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good tolerance to RTX in pediatric patients with immune-
mediated disorders, except for a possible enhanced susceptibility
to dysgammaglobulinemia in neuroimmunologic diseases.

In adults receivingRTX for nononcologic diseases, complete B-cell
count recovery usually occurs at 2–6 months.5,6 In the context of
malignancy, the recovery takes place 1–2 years afterward or
later.5–7 There is a lack of systematic immunologic follow-up of
pediatric patients receiving RTX, but recent studies reveal that in
nononcologic conditions, recovery of B cells occurs later than in
adults at 6–12 months.15,16 This timing is consistent with our
observations. Complete B-cell depletion at 12 months post-RTX
can be seen in up to 10%of patients.17 In our cohort, at 12months
post-RTX, 64.3% of patients had not yet reached full B-cell re-
constitution, higher than expected, and 2/14 remained with
complete B-cell depletion (table e-2, links.lww.com/NXI/A243).

There are a few published reports regarding B-cell subphenotype
in RTX-treated patients. It has been reported that patients with
previously decreased switched memory B cells may be at
a greater risk of developing abnormalities and hypo-
gammaglobulinemia.4 In our cohort, 2 patients showed low
baseline levels of switched memory B cells, but only one of them
developed dysgammaglobulinemia. On B-cell reconstitution,
naive phenotype predominated, as expected, but interestingly,
12months post-RTX, 6 patients already showed normal levels of
memory B cells. No differences in the B-cell subphenotype on
B-cell reconstitution were observed between patients who de-
veloped dysgammaglobulinemia and those who did not.

In terms of impaired antibody production, some factors have been
associated such as certain underlying diseases, previous hypo-
gammaglobulinemia,18 and concomitant chemotherapy, whereas

others remain unknown.1,4,19 In our cohort, all patients (except 1
with nephrotic syndrome) had previous normal levels of immu-
noglobulins. In the majority of published studies conducted in
adults with nononcologic diseases receiving RTX, the proportion
of low IgM seems to be greater than the prevalence of low IgG.1

The data available on immunoglobulin levels after RTX in children
with nonmalignant disease are nonhomogeneous.1 Although some
report patients with immunoglobulins in the low level of normal
range, others report mild hypogammaglobulinemia1; still, it seems
that a major impact on IgM levels is observed as well.1,20–22

Persistent dysgammaglobulinemia 12 months after RTX is less
commonly observed.1 In our cohort, 12months after RTX, 5/14
(36%) patients presented dysgammaglobulinemia (3/5 in-
cluding hypo-IgG), despite complete recovery of B-cell count in
3 of them. Surprisingly, all patients with persistent dysgamma-
globulinemia at 12 months had underlying neuroimmunologic
diseases, and in 4/5, immunoglobulin level alterations had al-
ready appeared 3 months after RTX. This fast-established al-
teration is rarely reported23 and is even more significant if we
consider that in 2/4 patients, these alterations persisted after 24
months. An important immunologic impact of RTX in neuro-
immunologic patients (children and adults) has recently been
reported,24,25 althoughmany re-treated patients were included in
the analysis, making the results not comparable to ours.

The observed selective occurrence of cases of persistent dys-
gammaglobulinemia among neuroimmunologic patients was
unexpected. Factors that have been associated with higher risk of
dysgammaglobulinemia and which might explain the en-
hanced humoral impact in these diseases in comparison with
other immune-mediated diseases included are age at the time
of RTX, more concentrated doses of RTX, concomitant

Figure 1 Post-RTX evolution of immunoglobulin levels ((A) IgG, (B) IgM, and (C) IgA) in pediatric patients with neuro-
immunologic vs non-neuroimmunologic diseases (IgG levels are expressed using normalized levels according to
normal age ranges)

One patient with baseline hypo IgG due nephrotic syndrome (P17) was not included for the IgG kinetics analysis. Ig = immunoglobulin; RTX = rituximab.
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immunosuppressants, and/or a possible previously undetected
underlying immune disorder.

Regarding age at RTX treatment, patients with neuro-
immunologic disorders were younger than the other group. This
susceptibility associated with age has recently been reported in
a similar pediatric cohort in patients with neuroimmunologic
diseases.17 In fact, our post-RTX protocol based on published
recommendations (table 1) indicates IRT in patients receiving
RTX less than 2 years old due to the associated infectious risk
ascribed to their reduced immune repertoire.26 Nevertheless,
RTX was also administered in very young patients in the group
of non-neurologic disorders, without consequences. Thus, age
might only partially explain this observation.

Regarding RTX dose, 3/5 patients with neuroimmunologic dis-
orders more frequently received the concentrated RTX regimen
compared with the rest of the cohort. Although the cumulative
dose is lower with this regimen (1000 vs 1500 mg/m2), the
intensity is higher. The recommendations for the use of higher
doses of RTX in neuroimmunologic disorders are based on re-
cent publications showing better clinical results compared with
the less intense regimen.12 These good results are attributed to
higher extravascular B-cell depletion27 and to increased CNS
concentrations.12 Higher doses of RTX can induce another
mechanism of B-cell depletion, causing amore prominent plasma
cell destruction, which could explain this early immunoglobulin
impairment. This phenomenon is called shaving. During shaving,
RTX-CD20 complexes removed from B-cell surface are released
through circulation, arriving at the bone marrow, where they link
with FcyRIIIB-expressing plasma cells, leading to their apopto-
sis.28 Although this phenomenonmay contribute to the observed
early-onset dysgammaglobulinemia, it still does not explain the
full picture because only 3/5 patients with neuroimmunologic
diseases received the concentrated RTX regimen.

Regarding the role of concomitant immunosuppressant treat-
ment, in our cohort, all patients had previously received several
lines of immunosuppressants. Indeed, 1 of the 2 patients with
permanent complete B depletion (0%–1% B cell) had previously
received cyclophosphamide, but 2 other patients of the cohort
with non-neuroimmunologic diseases also received cyclophos-
phamide with no dysgammaglobulinemia. Curiously, patients
with neuroimmunologic disorders had received fewer previous or
concomitant immunosuppressants (table 2). In the literature, the
results of the different published studies often display contra-
dictory conclusions.29,30 Some correlate the use of cyclophos-
phamide and purine analogs31 or high doses of steroids with the
development of hypogammaglobulinemia; however, mixed
treatments used in clinical practice hamper the analysis of the
specific impact of each drug on the immune system.

Finally, another hypothesis is the underlying disease itself because all
patients with neuroimmunologic diseases developed dysgamma-
globulinemia, irrespective of the regimendoseor age. It is difficult to
elucidate the role of disease because the few published information
on the immunologic impact of RTX in neuroimmunologic

disorders has been obtained from adult cohorts in which RTX
retreatment (monthly or every 6 months depending on the regi-
men and patient) represents the current management.23 Under
these conditions, 30% of patients have been described to develop
hypogammaglobulinemia at some stage during RTX therapy.23

In our cohort, we did not observe B-cell subphenotype differences
at baseline or after RTX, and different neuroimmunologic
diseases were included, with different mechanisms of pathogen-
esis (3/5 patients with recurrent anti–myelin oligodendrocyte
glycoprotein–associated central nervous inflammatory disease and
2/5with anti–NMDA receptor encephalitis), making it difficult to
reinforce this hypothesis. Nevertheless, it cannot be ruled out that
an unidentified intrinsic B-cell defect underlies these diseases,
which might then be magnified by the use of high doses of RTX.

The sample size is a limitation of the study, and observations need
to be replicated in larger studies. Nevertheless, the kinetics of the
dysgammaglobulinemia in the subgroup of patients with neuro-
immunologic disorders are consistent among the patients. Also,
patients included in this study reflect common clinical practice.

In conclusion, we have analyzed single-cycle RTX-induced hu-
moral alterations in a cohort of pediatric patients with immune-
related disorders. We have observed more frequent alterations
than expected compared with previously published results, in
particular in patients with neuroimmunologic diseases. Still, the
increase in infectious risk is low. Patients with neuroimmunologic
diseases show a particular pattern of dysgammaglobulinemia with
early onset. This finding might be ascribed to a combination of
the underlying disease, younger age, and/or higher concentration
of RTX dose. These observations are of special interest because
retreatment with RTX is becoming current practice in many of
these diseases, which may increase the number of patients that
develop dysgammaglobulinemia.10–12 Further studies are needed
to confirm these observations and to explore the underlying
immunologic mechanisms involved.
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Hospital, Barcelona, Spain

Followed the patients,
analyzed data, and
reviewed the
manuscript

Ana Maŕıa
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Abstract
Objective
To systematically analyze soluble interleukin-2 receptor (sIL-2R) in CSF as a diagnostic and
disease activity biomarker in patients with sarcoidosis involving the CNS (neurosarcoidosis).

Methods
sIL-2R was determined by chemiluminescent immunoassays in CSF/serum samples from patients
with neurosarcoidosis (n = 23), MS (n = 19), neurotuberculosis (n = 8), viral (n = 18) and
bacterial (n = 9) meningitis, cerebral lymphoma (n = 15), Guillain-Barré syndrome (n = 8), and
115 patients with noninflammatory neurologic diseases (NINDs) as controls. The sIL-2R index
was calculated by dividing the CSF/serum sIL-2R quotient (QsIL-2R) through the CSF/serum
albumin quotient (QAlb). sIL-2R quotient diagrams were established by plotting QsIL-2R against
QAlb. sIL-2R levels were correlated with clinical, MRI, and CSF disease activity markers of
neurosarcoidosis.

Results
Patients with neurosarcoidosis had higher CSF sIL-2R, QsIL-2R, and sIL-2R index values than
patients with NINDs (p < 0.0001 for all pairwise group comparisons). sIL-2R quotient dia-
grams demonstrated an intrathecal sIL-2R synthesis in >50% of neurosarcoidosis samples.
Similar findings were observed in viral/bacterial meningitis, CNS lymphoma, and, most pro-
nounced, in neurotuberculosis, but not in patients with MS. CSF sIL-2R parameters were
associated with clinical disease activity, leptomeningeal gadolinium enhancement, and the CSF
white cell count in patients with neurosarcoidosis.

Conclusions
CSF sIL-2R parameters are elevated in patients with neurosarcoidosis, but this finding is not
specific for neurosarcoidosis. Nevertheless, CSF sIL-2R parameters may help distinguishing
neurosarcoidosis from MS and are associated with clinical, radiologic, and CSF disease activity
markers of neurosarcoidosis.

Classification of evidence
This study provides Class II evidence that CSF sIL-2R parameters distinguish neurosarcoidosis
from NINDs and MS.
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Sarcoidosis is a multisystem granulomatous disease of un-
known etiology, whose histopathologic hallmark are non-
caseating epitheloid granulomas, most often localized in the
lung or mediastinal lymph nodes.1 Involvement of the CNS
(herein referred to as neurosarcoidosis) occurs in at least
5%–15% of patients with systemic sarcoidosis.2 However,
because of heterogenous clinical and radiologic manifes-
tations and the current absence of specific diagnostic markers,
diagnosis of neurosarcoidosis can be challenging.2,3

Soluble interleukin-2 receptor (sIL-2R) is produced by pro-
teolytic cleavage ofmembrane-bound interleukin-2 receptor (IL-
2R)α (CD25).4 IL-2Rα is part of the high-affinity IL-2R, which is
a heterotrimeric receptor consisting of IL-2Rα, IL-2Rβ
(CD122), and IL-2Rγ (CD132).5 Although resting T cells
constitutively express the IL-2R β- and γ-chains, expression of
IL-2Rα, which is required for formation of the high-affinity re-
ceptor, is low in restingT cells, but rapidly increases on activation
of T cells, followed by shedding of IL2-Rα from the cell surface.6

Levels of sIL-2R in serum are therefore considered a marker of
immune system activation.4 Specifically, serum sIL-2R has ex-
tensively been studied and, in some places, is already used in
clinical routine as diagnostic and disease activity marker for
systemic sarcoidosis.7 Nevertheless, data on the value of sIL-2R
in CSF as a potential biomarker of neurosarcoidosis are scarce.8

We systematically evaluated CSF sIL-2R, as determined by
semiautomated chemiluminescent immunoassays, as a di-
agnostic and disease activity biomarker for neurosarcoidosis.

Methods
Standard protocol approvals, registrations,
and patient consents
All lumbar punctures were performed for diagnostic purposes
only and with written informed consent of the patients or
their guardians. The Institutional Review Board, Charité–
Universitätsmedizin Berlin, Berlin, Germany, approved the
usage of stored CSF and serum samples for the purposes of
this study (EA1/126/10).

Patients
Patients were identified retrospectively from case files of the
Department of Neurology, Charité–Universitätsmedizin
Berlin, and the patients’ clinical and paraclinical data were
retrieved from their medical records. A prerequisite for in-
clusion into the study was the availability of −80°C-stored
CSF and serum samples, collected during routine lumbar
punctures between 2004 and 2012.

Patients with neurosarcoidosis had to have a diagnosis of defi-
nite or probable neurosarcoidosis according to the Zajicek-cri-
teria.9 Diagnosis of sarcoidosis was histologically proven in 21 of
23 patients, 17 of whom had a systemic biopsy and 4 a CNS
biopsy. Clinical disease activity of patients with neurosarcoidosis
at the time of CSF withdrawal was assessed by experienced
neurologists and categorized as either clinically active disease or
clinical remission. Clinically active disease was defined as new
clinical symptoms or signs or worsening of preexisting symp-
toms or signs compared with a previous neurologic assessment.
Clinical remission was defined as absence of clinical symptoms
or signs or clinical disease stability or improvement compared
with a previous neurologic assessment. Furthermore, based on
cranial MRI findings at the time of CSF withdrawal, patients
with neurosarcoidosis were grouped into those with and those
without diffuse leptomeningeal gadolinium enhancement on
cranial MRI, as described previously.10

MS was diagnosed according to the McDonald 2017 criteria.11

Neurotuberculosis was diagnosed based on clinical, CSF, and
MRI findings and PCR detection ofMycobacterium tuberculosis in
CSF. Diagnosis of viral or acute bacterial meningitis was based on
clinical and CSF findings and PCR detection of viral or bacterial
DNA in CSF. Guillain-Barré syndrome (GBS) was diagnosed
based on clinical, electrophysiologic, and CSF findings. In all
patients with CNS lymphoma, the diagnosis was made by his-
topathologic examination of a brain biopsy. Patients with non-
inflammatory neurologic diseases (NINDs) had to have a normal
CSF cell count (≤4/μL) and no CSF-specific oligoclonal bands,
but could have a wide range of normal to elevated CSF/serum
albumin (QAlb) quotient levels. Further detailed information on
the diagnoses and clinical findings of the patients included in this
work is provided in appendix e-1 (links.lww.com/NXI/A237).

Routine CSF parameters
Routine CSF parameters were determined as previously de-
scribed.10 Total albumin concentrations in CSF and serum
were measured nephelometrically (BN ProSpec, Siemens
Healthcare GmbH, Erlangen, Germany). The age-adjusted
upper limit of normal for QAlb was calculated by the formula
(age/15) + 4.12

Measurement of sIL-2R
sIL-2R was determined in CSF and serum samples by
IMMULITE™ semiautomated chemiluminescent immuno-
assays (Siemens Healthcare GmbH, Erlangen, Germany)
according to the manufacturer’s instructions. sIL-2R measure-
ments were performed between 2012 and 2013. Details of the
calculation of sIL-2R values in U/mL are provided in appendix
e-2 (links.lww.com/NXI/A238).

Glossary
AUC = area under the ROC curve; GBS = Guillain-Barré syndrome; Ig = immunoglobulin; IL-2R = interleukin-2 receptor;
NIND = noninflammatory neurologic disease; QAlb = CSF/serum albumin quotient; ROC = receiver operating characteristic;
sIL-2R = soluble interleukin-2 receptor.
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Analysis of sIL-2R data and generation of sIL-2R
quotient diagrams
The CSF/serum sIL-2R quotient (QsIL-2R) was calculated by
the formula: sIL-2R CSF/sIL-2R serum. The sIL-2R index was
calculated by the formula: (sIL-2R CSF/sIL-2R serum)/
(albumin CSF/albumin serum) = QsIL-2R/QAlb. sIL-2R quo-
tient diagrams were generated by plotting QsIL-2R against QAlb

values of patients withNINDs. A linear regression line was fitted
into the diagram as well as the upper 99% prediction band,
indicating the area in which 99% of all data points from patients
with NINDs are expected to fall. The 99% prediction band was
considered to represent the upper limit of the reference range
(Qlim_sIL-2R), values above which were considered to indicate an
intrathecal sIL-2R synthesis.

Statistical analyses
The primary research questions of this study were whether
CSF/serum sIL-2R parameters distinguish patients with neu-
rosarcoidosis, MS, GBS, viral meningitis, bacterial meningitis,
neurotuberculosis, and CNS lymphoma from patients with
NINDs and whether CSF sIL-2R parameters distinguish
patients with neurosarcoidosis and MS. The classification of
evidence assigned to these questions is Class II. For descriptive
statistics, data are presented as median (interquartile range),
absolute range (minimum–maximum), mean (SD), and abso-
lute and relative frequencies in case of categorical data. Statistical
significance of differences between 2 groups was assessed by
Mann-Whitney U tests. A total of 32 group comparisons were
associated with the primary research questions. Therefore,
analyses were adjusted for multiple testing according to the
Bonferroni method. The significance level of p < 0.05 was thus
divided by 32, resulting in a new local significance level of p <
0.0016. The 2 group comparisons between patients with clini-
cally active disease and in remission and between patients with
and without diffuse leptomeningeal enhancement were con-
sidered as exploratory secondary end points and not corrected
for multiple testing. Associations of sIL-2R with age and CSF
cell counts were assessed by Spearman rank correlation coef-
ficients. The correlation of QAlb and QsIL-2R in patients with
NINDs was analyzed by linear regression. The capacity of CSF
sIL-2R parameters to differentiate between different diseases
was analyzed by receiver operating characteristic (ROC) curves.
Analyses were performed with GraphPad Prism version 5.04.

Data availability
According to local data protection requirements, on requests
from external researchers, approval for distribution of data will
be obtained by the Institutional Review Board of Charite–
Universitätsmedizin Berlin, and anonymized data will be
shared with any qualified investigator.

Results
Patients
Demographics and CSF findings as well as sIL-2R in serum,
sIL-2R in CSF, QsIL-2R, and the sIL-2R index in the different

groups of patients analyzed in this study are summarized in
table 1. Details of the patients’ diagnoses and clinical findings
are included in appendix e-1 (links.lww.com/NXI/A237). In
pairwise group comparisons, patients with neurosarcoidosis
(p = 0.0002) andMS (p = 0.0008) were younger than patients
with NINDs. The age of all other patient groups did not differ
from that of patients with NINDs.

Reference values for sIL-2R in CSF and serum,
QsIL-2R, and sIL-2R index
As measurements were performed in CSF and serum samples
that had been stored frozen for prolonged periods of time, we
analyzed the stability of sIL-2R in frozen CSF and serum sam-
ples by redetermining sIL-2R in 12 CSF and serum samples that
had initially been measured in 2013 and were subsequently
stored at −20°C for approximately 7 years. Bland-Altman plots
(see appendix e-2, links.lww.com/NXI/A238) showed that sIL-
2R valuesmeasured inCSF and serum in 2020 and 2013 did not
substantially vary (difference between both measurements
<15% with very few outliers). Likewise, there was no suggestion
of a systematic bias between both measurements. These find-
ings indicate that sIL-2R concentrations are stable in CSF/
serum samples stored frozen for longer periods of time.

Reference values for sIL-2R in CSF and serum, QsIL-2R, and the
sIL-2R index were established from sIL-2R values of the 115
patients with NINDs, who had no signs of CSF inflammation,
but a wide range of QAlb values (table 2). The upper limit of the
reference range was defined as the mean plus 3 SDs. Levels
above this cutoff were regarded as elevated. Reference values for
CSF sIL-2R and QsIL-2R are also provided separately for the
subgroups of samples from patients with a normal blood-CSF
barrier function, as indicated by normal age-adjusted QAlb values
(n = 42), and samples from patients with a disturbed blood-CSF
barrier function, as indicated by elevated age-adjusted QAlb val-
ues (n = 74). In the 115 patients with NINDs, sIL-2R in serum
(p = 0.57) and CSF (p = 0.13) did not differ between women
and men. In the 115 patients with NINDs, sIL-2R in serum was
not associated with age (r = 0.17; p = 0.074), but sIL-2R in CSF
was found to be associated with age (r = 0.43; p < 0.001).

CSF/serum quotient diagrams demonstrate
intrathecal production of sIL-2R in
neurosarcoidosis, viral/bacterial meningitis,
neurotuberculosis, and CNS lymphoma
Plotting of QsIL-2R against QAlb values of the 115 patients with
NINDs showed that QsIL-2R increases with increasing QAlb (r

2 =
0.715; p = 0.0001), indicating that in patients without CNS
inflammation, sIL-2R in CSF is derived from serum (figure 1).
Next, we fitted the upper 99% prediction band into the sIL-2R
CSF/serum quotient diagram, levels above which were con-
sidered to indicate an intrathecal production of sIL-2R. Plotting
of QsIL-2R against QAlb values of the different groups of patients
into the diagram demonstrated an intrathecal production of sIL-
2R in 52.6% of samples from neurosarcoidosis, 100% of samples
from neurotuberculosis, 53.3% of samples from viral meningitis,
75% of samples from bacterial meningitis, and 76% of samples
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from CNS lymphoma, but in none of the samples from patients
with MS or GBS (figure 1).

sIL-2R in neurosarcoidosis compared with
other neurologic diseases
Figure 2, A–D shows sIL-2R in serum and CSF, QsIL-2R, and the
sIL-2R index in the 8 different groups of patients analyzed in this
work. Whereas, in pairwise group comparisons, serum sIL-2R
did not differ between patients with NINDs and neuro-
sarcoidosis (p = 0.076, figure 2A), CSF sIL-2R was higher in
patients with neurosarcoidosis than in patients with NINDs (p
< 0.0001, figure 2B). Nevertheless, patients with GBS, viral
meningitis, bacterial meningitis, neurotuberculosis, and CNS
lymphoma likewise had higher CSF sIL-2R levels than patients
with NINDs (p < 0.0001 for all pairwise group comparisons).
Similarly, QsIL-2R was higher in patients with neurosarcoidosis,
viral meningitis, bacterial meningitis, neurotuberculosis, and
CNS lymphoma compared with patients with NINDs (p <
0.0001 for all pairwise group comparisons, figure 2C). Finally,
the sIL-2R index was higher in patients with neurosarcoidosis,
viral meningitis, neurotuberculosis, and CNS lymphoma than in
patients with NINDs (p < 0.0001 for all pairwise group com-
parisons, figure 2D). Remarkably, although patients with bac-
terial meningitis had high sIL-2R levels in CSF (figure 2B), the
sIL-2R index did not differ between patients with NINDs and
bacterial meningitis (p = 0.19), indicating that in bacterial
meningitis, elevated sIL-2R levels in CSF are mainly due to
blood-CSF barrier dysfunction (figure 2D).

Of note, patients withMS did not have higher CSF sIL-2R, QsIL-

2R or sIL-2R index values than patients with NINDs (figure 2,
B–D). Accordingly, CSF sIL-2R (p < 0.0001) and QsIL-2R (p <
0.0001) values were clearly higher in patients with neuro-
sarcoidosis than in patients with MS. sIL-2R index values were
likewise higher in patients with neurosarcoidosis than in patients
with MS, but this did not reach statistical significance after
correction for multiple testing (p = 0.0053). In group compar-
isons, serum sIL-2R (p = 0.53), CSF sIL-2R (p = 0.75), QsIL-2R

(p = 0.64), and sIL-2R index (p = 0.95) did not differ between
patients with MS with active (n = 13) or nonactive disease (n =
6; see also appendix e-1, links.lww.com/NXI/A237). ROC
analyses of the sIL-2R index for differentiating neurosarcoidosis
and MS demonstrated an area under the ROC curve (AUC) of
0.724. The sIL-2R index differentiated between patients with
neurosarcoidosis and NINDs with an AUC of 0.75.

The highest CSF sIL-2R and QsIL-2R values were observed in
patients with neurotuberculosis, and 13/14 samples of patients
with neurotuberculosis showedCSF sIL-2R,QsIL-2R, and sIL-2R
index values above the respective reference ranges.

Association of sIL-2R with clinical, radiologic,
and CSF parameters of disease activity in
patients with neurosarcoidosis
In a group comparison, the sIL-2R indexwas higher (p= 0.0016)
in samples from patients with clinically active neurosarcoidosis
(n = 15) than in samples from patients in clinical remission (n =Ta
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27) at the time of lumbar puncture (figure 3A). When analyzing
sIL-2R index values intraindividually in patients (n = 7) who
underwent 2 longitudinal lumbar punctures, sIL-2R index values
declined from clinically active to clinical remission phases in 5/7
patients (figure 3B). From 2 of those patients, a third sample
obtained during a clinically active disease phase was available,
which in both patients demonstrated a reincrease of the sIL-2R
index. sIL-2R indices were higher in samples from patients with
neurosarcoidosis and diffuse leptomeningeal enhancement on
cranial MRI (n = 11) than in those from patients without diffuse
leptomeningeal enhancement (n = 4, p = 0.022; figure 3C).
Finally, the CSF white cell count correlated strongly with the
sIL-2R index in patients with neurosarcoidosis (r = 0.72, p <
0.0001; figure 3D). Similar results were obtained when clinical,
MRI, and CSF parameters were correlated with CSF sIL-2R
levels or QsIL-2R (appendix e-3, links.lww.com/NXI/A239).

Discussion
The 3 key results of this systematic evaluation of sIL-2R in CSF
as a biomarker for neurosarcoidosis are that CSF sIL-2R
parameters are (1) elevated in more than 50% of samples from
patients with neurosarcoidosis, (2) correlate with clinical, ra-
diologic, and CSF disease activity markers of neurosarcoidosis,
but (3) are also elevated in patients with viral/bacterial men-
ingitis, neurotuberculosis, and CNS lymphoma, although not in
patients with MS and GBS.

In the present work, sIL-2R was measured in CSF by semi-
automated chemiluminescent immunoassay technology
(IMMULITE™), which has been used in routine laboratory
diagnostics for measuring sIL-2R in serum for more than 15
years.13 Compared with determination of sIL-2R in CSF by
ELISA,8 this technology overall appears to be more standard-
ized and to have a higher potential for implementation in rou-
tine laboratory diagnostics.

As reference values for sIL-2R parameters in CSF, as de-
termined by IMMULITE™, were hitherto not available, we

herein provide reference values for CSF sIL-2R, QsIL-2R, and the
sIL-2R index from CSF/serum samples of 115 patients with
NINDs. Of note, because of ethical concerns regarding CSF
withdrawal from healthy controls, our reference cohort did not
include healthy controls. Nevertheless, similar to healthy con-
trols, the 115 patients with NINDs had no evidence of in-
flammation in routine CSF examinations. The present reference
values for individuals without inflammatory CNS conditions
should thus prove valuable for future analyses of sIL-2R in CSF
by IMMULITE™ technology. It needs to be mentioned that
sIL-2R reference values were obtained with previously frozen
CSF and serum samples. Although we thus cannot exclude that
sIL-2R levels in fresh CSF and serum samples might be
somewhat higher than those reported herein, we consider major
differences to be rather unlikely.

Many proteins present in CSF are derived from blood, meaning
that on disturbances of the blood-CSF barrier, the CSF con-
centrations of those proteins increase.12 To properly assess the
CSF concentrations of such serum-derived proteins, their CSF
concentrations need to be related to their serum concentrations
by a CSF/serum quotient. QAlb is the most widely used in-
dicator of blood-CSF barrier function. Thus, plotting the CSF/
serum quotient of a given protein against QAlb in CSF/serum
quotient diagrams (or Reiber diagrams) allows us to analyze the
concentration of a given protein in CSF irrespective of blood-
CSF barrier function.12 Similar to the approach pursued to
establish CSF/serum quotient diagrams for immunoglobulin
(Ig)G, IgA, and IgM,12 we here establish CSF/serum quotient
diagrams for sIL-2R, leveraging sIL-2R serum and CSF data
from 115 patients withNINDs, which were purposefully chosen
to have a wide range of QAlb values. Plotting of the QsIL-2R

against QAlb in CSF/serum quotient diagrams revealed an in-
crease of QsIL-2R with increasingQAlb, demonstrating that under
normal, i.e., noninflammatory conditions, sIL-2R in CSF is in-
deed derived from serum. Accordingly, the association of CSF
sIL-2R levels with age in patients with NINDs is explained by
the physiologic increase of QAlb across the lifespan, resulting
from a more leaky blood-CSF barrier with increasing age.

Table 2 Reference values for sIL-2R in CSF and serum

sIL-2R CSF
(U/mL)

sIL-2R
serum
(U/mL)

QsIL-2R

(×103)
sIL-2R
index

QAlb

(×103)

sIL-2R CSF,
normal
QAlb (U/mL)

sIL-2R CSF,
elevated
QAlb (U/mL)

QsIL-2R,
normal
QAlb

(×103)

QsIL-2R,
elevated
QAlb (×103)

Mean 17.7 498.4 40.9 4.4 11.2 13 20.4 30.4 46.8

SD 13.3 440.3 27.7 2.2 9.6 5 15.6 11.7 32.2

Upper limit of normal
(mean + 3 SD)

57.6 1,819.3 124 11 40 28 67.2 65.5 143.4

Abbreviations: QAlb = CSF/serum albumin quotient; sIL-2R = soluble interleukin-2 receptor.
Reference values for sIL-2R parameters fromn = 116 CSF/serum samples fromn= 115 patients with noninflammatory neurologic diseases (NINDs; for details,
see Methods). sIL-2R was measured by IMMULITETM semiautomatic chemiluminescent immunoassays. The table summarizes values of sIL-2R (U/mL) in CSF
and serum, of the CSF/serum sIL-2R quotient (QsIL-2R), and of the sIL-2R index, i.e., QsIL-2R/(CSF/serum albumin quotient) = QsIL-2R/QAlb, as well as of the QAlb.
The upper limit of normal was defined as themean + 3 SDs; levels above this cutoff are considered pathologically elevated. Values for sIL-2R in CSF andQsIL-2R

are also shown separately for the subgroups of samples from patients with NINDs with normal (n = 42) and elevated (n = 74) QAlb levels.
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Diffusion of serum proteins across the blood-CSF barrier
depends on the size of the protein, with smaller molecules
crossing the barrier more easily than larger ones. The fact that in
patients with NINDs, QsIL-2R values were higher than QAlb

values is thus explained by the lower molecular weight of sIL-2R
(55 kDa) compared with albumin (69 kDa).

CSF/serum sIL-2R quotient diagrams permitted to detect an
intrathecal synthesis of sIL-2R in neurosarcoidosis, viral/
bacterial meningitis, neurotuberculosis, and CNS lymphoma.
The most likely explanation for this observation is that in these
conditions, inflammatory or neoplastic cells that invade the
CNS shed sIL-2R into the CSF, as also suggested by the strong

Figure 1 sIL-2R CSF/serum quotient diagrams

QsIL-2R values were plotted against QAlb values of
115 patients (116 samples) from patients with
NINDs (gray dots). The black line represents the
linear regression line, and the red dotted line the
upper 99% prediction band, indicating the area in
which 99% of all data points from patients with
NINDs are expected to fall. Values above the 99%
prediction band were considered to indicate an
intrathecal sIL-2R synthesis. QsIL-2R/QAlb values
from the different disease groups analyzed in this
study were subsequently added to the sIL-2R CSF/
serum quotient diagram (blue diamonds). The
numbers beneath the plot titles indicate the
number of samples above the 99% prediction
band, i.e., the number of samples with an in-
trathecal sIL-2R synthesis, among all analyzed
samples. Note that in this evaluation, only samples
with QAlb values within the QAlb reference range of
patients with NINDs were included. Also, note that
the x- and y-axis scales had to be expanded in
some disease groups to accommodate highly ele-
vated QsIL-2R and QAlb values. GBS = Guillain-Barré
syndrome; NINDs = noninflammatory neurologic
diseases; QAlb = CSF/serum albumin quotient;
QsIL-2R = CSF/serum soluble interleukin-2 receptor
quotient; sIL-2R = soluble interleukin-2 receptor.
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correlation of the CSF cell count andCSF sIL-2R parameters in
patients with neurosarcoidosis.

An important conclusion of our findings is that determination
of sIL-2R in CSF alone cannot define whether elevated CSF
sIL-2R concentrations result from diffusion of sIL-2R across
a disturbed blood-CSF barrier or from production of sIL-2R in
CSF. Analysis of sIL-2R in CSF/serum quotient diagrams and
calculation of the sIL-2R index, which both take into account
blood-CSF barrier function, seem thus more informative than
the isolated analysis of sIL-2R concentrations in CSF. This is
clearly exemplified by patients with bacterial meningitis, who,
compared with patients with NINDs, have markedly higher
CSF sIL-2R levels but similar sIL-2R index levels, indicating
that the elevated sIL-2R levels in CSF result from the strongly
disturbed blood-CSF barrier function in this condition.

Importantly, elevated CSF sIL-2R parameters were not only
seen in neurosarcoidosis but also in diseases that must be

considered in the clinical differential diagnosis of neuro-
sarcoidosis, such as neurotuberculosis14 and CNS lymphoma.15

These findings are consistent with previous reports on elevated
CSF sIL-2R levels in neurotuberculosis and CNS lymphoma8,16

and show that elevated sIL-2R parameters in CSF are not
specific for neurosarcoidosis. Nevertheless, in some situations,
MS can be a relevant differential diagnosis of neurosarcoidosis.
It is therefore noteworthy that none of the patients with MS
studied in this work had elevated sIL-2R parameters in CSF,
even if the majority of those patients had active disease at the
time of lumbar puncture. The detection of elevated CSF sIL-2R
parameters may therefore be useful for differentiation of
patients with neurosarcoidosis from patients with active MS.
Why CSF sIL-2R parameters are normal in MS, which is
a prototypical inflammatory CNS disease, remains to be further
explored. However, our findings suggest that in contrast to
neurosarcoidosis, infectious CNS diseases, and CNS lym-
phoma, the cell types and pathways contributing to the shed-
ding of sIL-2R into the CSF may not be activated in MS.

Figure 2 sIL-2R in serum and CSF, QsIL-2R, and sIL-2R index in the different groups of patients analyzed in this study

(A) sIL-2R levels in serum, (B) sIL-2R levels inCSF, (C)QsIL-2R, and (D) sIL-2R index in thedifferent groupsof patients analyzed in this study. Data are presented asdot
plots with median and interquartile ranges. The dotted lines indicate the cutoff value for the respective parameters (see table 2), levels above which are
considered tobe increased. The statistical significance (pairwise groupcomparisonsbyMann-WhitneyU tests) of values thatwerehigher in thedifferent groupsof
patients than inNINDs is indicated. ****p<0.0001.GBS=Guillain-Barré syndrome;NINDs=noninflammatoryneurologic diseases; ns = not significant;QAlb = CSF/
serum albumin quotient; QsIL-2R = CSF/serum soluble interleukin-2 receptor quotient, sIL-2R index = soluble interleukin-2 receptor index (QsIL-2R/QAlb).
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Diffuse leptomeningeal gadolinium enhancement on MRI is
a typical MRI feature of active neurosarcoidosis that tends to
revert under therapy.17 We have previously found that in
patients with neurosarcoidosis, CSF cell count is associated
with diffuse leptomeningeal gadolinium enhancement and
clinical disease activity.10 The correlation of CSF sIL-2R
parameters with clinical disease activity, leptomeningeal
gadolinium enhancement, and the CSF cell count suggests
that CSF sIL-2R parameters may represent disease activity
biomarkers in neurosarcoidosis. Still, the added value of de-
termining CSF sIL-2R parameters, compared with traditional
disease activity markers, e.g., MRI, currently remains unclear
and needs to be carefully weighted against the risk and burden
of lumbar punctures.

The results of our present work are consistent with those of
a previous smaller study that analyzed sIL-2R by ELISA in
patients with neurosarcoidosis (n = 11), other inflammatory
diseases, and healthy controls and found elevated CSF sIL-2R
parameters in neurosarcoidosis compared with healthy

controls and patients with MS, as well as an intraindividual
correlation of CSF sIL-2R with disease activity.8 The current
investigation extends the findings of this work by analyzing
CSF sIL-2R parameters in a larger group of patients and ad-
ditional relevant controls, including NINDs and CNS lym-
phoma, by a more detailed demonstration of a correlation of
CSF sIL-2R parameters with disease activity in neuro-
sarcoidosis and by establishing reference values for CSF sIL-
2R parameters and sIL-2R CSF/serum quotient diagrams.

A limitation of the present study is its retrospective approach.
Furthermore, inclusion of an even larger number of CSF/
serum samples, in particular from patients with rarer di-
agnoses, e.g., neurotuberculosis, and inclusion of further in-
flammatory or infectious diseases, e.g., neuroborreliosis,
might have been desirable. Still, to the best of our knowledge,
the present study represents the largest and most compre-
hensive evaluation of CSF sIL-2R parameters as diagnostic
and disease activity biomarkers for neurosarcoidosis com-
pared with relevant control conditions conducted to date.

Figure 3 Association of the sIL-2R index with clinical and radiologic disease activity and the CSF cell count in patients with
neurosarcoidosis

(A) sIL-2R index in samples from patients with
neurosarcoidosis obtained during clinically active
disease (n = 15) or during clinical remission (n =
27). (B) Intraindividual course of the sIL-2R index in
patients with neurosarcoidosis who underwent 2
(n = 5) or 3 (n = 2) sequential lumbar punctures
during clinically active disease phases and clinical
remission. (C) sIL-2R index in samples from
patients with neurosarcoidosis with (+; n = 11) or
without (−; n = 4) diffuse leptomeningeal gadoli-
nium enhancement on cranialMRI. (D) Correlation
of the sIL-2R index and CSF cell counts in samples
from patients with neurosarcoidosis (n = 42).
Results of Spearman rank analysis are shown. *p <
0.05; **p < 0.005. gd = gadolinium; n = number of
data pairs available for analysis; r = Spearman rho;
sIL-2R index = soluble interleukin-2 receptor index
(QsIL-2R/QAlb).
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Altogether, the findings of this investigation should prove
helpful in clinical practice for both informed decisions on
when to determine sIL-2R in CSF and for the rational in-
terpretation of CSF sIL-2R test results.
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Abstract
Objective
To determine whether live-attenuated yellow fever vaccine (YFV) was associated with MS
relapse, we evaluated the clinical courses of 23 patients in the year before and the year after
immunization at the university hospital of Geneva, Switzerland.

Methods
This self-controlled retrospective cohort included adult patients with MS receiving YFV be-
tween 2014 and 2018 and defined the year before vaccination, the 3 months thereafter, and the
9 months following as the pre-exposure (PEP), exposure-risk (ERP), and postrisk (PRP)
periods, respectively. The primary outcome was the relative incidence of relapse in the ERP vs
the PEP. Secondary end points included the presence of new T2-weighted (T2) or T1-
weighted gadolinium-positive (T1Gd+) MRI lesions.

Results
Of 23 patients with MS receiving YFV (20 relapsing MS and 3 primary progressive MS), 17
(74%) were women; mean age was 34 years (SD ±10); and 10 of 23 (40%) were treated with
disease-modifying therapies (DMTs). Although 9 patients experienced 12 relapses in the PEP,
only one experienced a relapse in the ERP; 3 other patients experienced one relapse each in the
PRP. None of the 8 patients receiving natalizumab at the time of vaccination experienced
relapse thereafter. In the PEP, ERP, and PRP, 18, 2, and 9 patients had new brain and/or spinal
cord lesions on T2 or T1Gd + MRI, respectively.

Conclusions
In this cohort, YF vaccination was associated with neither an increase in MS relapse nor
emergence of brain and/or spinal lesions. Further studies are warranted to confirm these
findings.

Classification of evidence
This study provides Class IV evidence that for persons with MS, YFV may not increase relapse
risk.
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Yellow fever (YF) is a severe disease without specific therapy
that is expanding its territory.1 Yellow fever vaccine (YFV) is
highly effective, inducing neutralizing antibodies in 99% of
recipients.2 This live-attenuated vaccine can cause transient
inflammatory reactions and, rarely, severe adverse events.3

Because viral infections may trigger4 or worsen autoimmune
diseases,5 it is plausible that YFV could do the same. No
prospective evaluation of the effects of YFV on the course of
MS has been conducted. In 2011, a significantly higher col-
lective incidence of MS relapse and MRI activity was reported
in 5 of 7 patients after YFV.6

After individualized risk-benefit assessments, our center offers
vaccination to patients withMS at risk of YF exposure.We report
the pre- and post-YFV clinical courses of 23 patients with MS.

Methods
Study design, population, and entry criteria
This single-center retrospective cohort study uses the self-
controlled case series method,7 defining the pre-exposure risk
period (PEP) as the 12 months preceding vaccination, the
exposure-risk period (ERP) as the 3 months after vaccination,
and the postrisk period (PRP) as the 4 to 12 months thereafter
(figure e-1, links.lww.com/NXI/A249). The primary outcome
was the relative incidence of MS relapse in the ERP vs the PEP
(Class IV evidence level). Secondary outcomes included the
presence of new T2-weighted (T2) or T1-weighted
gadolinium-positive (T1Gd+) MRI lesions. Enlarging T2
lesions were not included, given high inter-rater variability, with
poor agreement on lesion count largely because of technical
aspects8; the first MRIs in this retrospective study were per-
formed in 2013 before awareness of this issue was widespread.

A relapse was defined as a monophasic clinical episode with
patient-reported symptoms and objective findings typical of
MS developing acutely or subacutely with a duration of at least
24 hours, with or without recovery, in the absence of fever or
infection.9

All adult patients diagnosed with MS according to the 2010 or
2015 McDonald criteria9 and vaccinated with YFV (Stamaril,
Sanofi-Aventis) from January 2014, when an electronic health
record for structured MS clinical data was established,
through June 2018 were eligible.

In our center, patients with MS receive YFV at the clinician’s
discretion after joint neurology and travel medicine consul-
tation including a personalized risk-benefit analysis; relapse in

the preceding 4–6 weeks is an absolute contraindication. YFV
is allowed in some patients receiving natalizumab, given its
selective targeting of alpha4-beta1 integrin. MRI is routinely
performed for clinical follow-up on an annual basis and ad-
ditionally in the event of a suspected relapse. It was not
scheduled prospectively for research purposes for any of these
patients; MRI dates were thus essentially random in the years
before and after vaccination.

Absolute study exclusion criteria were pregnancy with delivery
in the 6 months after vaccination (given that fewer and more
relapses may occur during pregnancy and the postpartum pe-
riod, respectively10) and unavailable medical records.

Standard protocol approvals, registrations,
and patient consent
The Geneva Cantonal Ethics Commission approved the study
(2018-01663) and granted exemption from informed consent.

Statistical analysis
There was no sample size calculation; all eligible patients were
included. Relapse rates were calculated by dividing the
number of relapses by the time contributed by each individual
during the 3 different observation periods. Analyses of po-
tential associations between relapse and clinical characteristics
could not be conducted, given the occurrence of only one
ERP relapse. Descriptive analyses were performed in Stata v14
(College Station, TX).

Data availability
Anonymized data not published in the article will be shared on
reasonable request from a qualified investigator.

Results
Twenty-three patients with MS receiving YFV were included
(figure e-2, links.lww.com/NXI/A249). Twenty had relapsing
MS, and 3 had primary progressive MS; the mean age was 34
years (SD ±10), and most (17/23, 74%) were women (table
1). Ten patients (43%) were receiving disease-modifying
therapy (DMT), and 8 of them were receiving natalizumab; at
90 days postvaccination, 15 (65%) patients were receiving
DMT. Twenty of 23 patients (87%) received at least one
other vaccine in the study period.

In the PEP, 9 patients experienced 12 relapses (annualized
relapse rate [ARR] 0.52; table 2). The median time from the
last relapse to YF vaccination was 198 days (IQR 63–300).
These relapses also occurred before any other vaccinations
were administered. In the ERP, only one patient experienced

Glossary
ARR = annualized relapse rate; DMT = disease-modifying therapy; ERP = exposure-risk period; YF = yellow fever; YFV =
yellow fever vaccine; PEP = pre-exposure risk period; PRP = postrisk period.
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one relapse (ARR 0.17) 32 days after vaccination. The ERP/
PEP rate ratio was 0.333 (95%CI 0.008–2.253). In the PRP, 3
other patients experienced one relapse each (ARR 0.13) 126,
247, and 281 days after vaccination, respectively. Three of the
4 patients experiencing a relapse in the year after YF immu-
nization had experienced a relapse in the PEP.

Steroids were administered for 12 of 16 relapses (75%),
with 10 of 12 (83%), 1 of 1 (100%) and 1 of 3 (33%)
requiring high-dose methylprednisolone in the PEP, ERP,
and PRP, respectively. Mean Expanded Disability Status
Scale scores for patients with relapses during the PEP, ERP,
and PRP were 2.2 (SD ±1.3), 2.0 (SD 0), and 1.0 (SD 0),
respectively.

In the PEP, ERP, and PRP, 18, 2, and 9 patients had new brain
and/or spinal lesions on T2 or T1Gd + MRI, respectively.
These were not associated with a relapse in 9, 1, and 6
patients, respectively (table 3).

Discussion
In the largest cohort to date of patients with MS receiving
YFV, we did not observe increased relapse rates post-
vaccination. Instead, we found a sharp decrease in the ARR
from 0.52 before to 0.17 and 0.13 after YFV. This contrasts
with the report of an increased density of exacerbations after
vaccination.6

Table 1 Baseline demographic and clinical characteristics of included patients

Characteristic
All patients
n = 23

Patients with relapse after
YF vaccinationa n = 4

Patients without relapses
after YF vaccination n = 19

Female sex (%) 17 (74) 3 (75) 14 (74)

Mean age, y (SD) 34 (±10) 28 (±4) 36 (±10)

Mean time since MS diagnosis, y (SD) 4.2 (±5.7) 1.2 (±1.7) 5.0 (±6.2)

Type of MS

Relapsing-remitting (%) 20 (87) 4 (100) 16 (84)

Primary progressive (%) 3 (13) 0 (0) 3 (16)

Mean EDSS (SD) at time of vaccination 1.83 (±1.19) 1.0 (±0.82) 2.0 (±1.20)

Patients receiving DMT at the time of vaccination (%) 10 (43) 1 (25) 9 (47)

Natalizumab (%) 8 (35) 0 (0) 8 (42)

Glatiramer acetate (%) 1 (4) 0 (0) 1 (5)

Interferon-beta 1 (%) 1 (4) 1 (25) 0 (0)

Median time from YF vaccination to DMT, d (IQR)b 47 (43–70) 55 (32–85) 47 (43–47)

Patients receiving DMT at 90 d after YF vaccination (%) 15 (65) 4 (100) 11 (58)

Natalizumab (%) 6 (40) 0 (0) 6 (55)

Fingolimod (%) 3 (20) 1 (25) 2 (18)

Dimethyl fumarate (%) 3 (20) 1 (25) 2 (18)

Rituximab (%) 2 (13) 1 (25) 1 (9)

Interferon-beta 1 (%) 1 (7) 1 (25) 0 (0)

Other vaccinations received within 7 d of YFV administration (%)c 13 (57) 1 (25) 12 (63)

Receipt of other vaccinations in the study period (%)d 20 (87) 3 (75) 17 (89)

Experienced a relapse in the pre-exposure risk period (%) 9 (39) 1 (25) 8 (42)

Abbreviations: DMT = disease-modifying therapy; EDSS = Expanded Disability Status Scale; MMR = measles/mumps/rubella; YF = yellow fever; YFV = yellow
fever vaccine.
a These patients had a relapse in either the exposure-risk period (n = 1) or the postrisk period (n = 3).
b DMT was introduced in 8 patients in the year after YF vaccination (5 received none and 10 were already receiving it at vaccination).
c These included hepatitis A, hepatitis B, conjugate pneumococcal, conjugate meningococcal, diphtheria/tetanus, rabies, influenza (inactivated), typhoid
(inactivated), and MMR vaccines. The MMR vaccine was the only other live-attenuated vaccine administered; 2 patients received it at the time of YF
vaccination, and neither had a relapse in the year thereafter.
d These included hepatitis A, hepatitis B, hepatitis A and B (combined), conjugate pneumococcal, conjugate meningococcal, diphtheria/tetanus, rabies,
influenza (inactivated), typhoid (inactivated), tick-borne encephalitis, and MMR vaccines. The MMR vaccine was the only other live-attenuated vaccine
administered; 4 patients received it in the study period, and one (25%) had a relapse in the year following YF vaccination.
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The difference may be explained by several factors. First, 43%
of our patients were receiving DMT at the time of YFV. This
proportion increased to 65% 3 months later: at our center, an
effort is made to vaccinate patients with MS before a new
DMT is begun. Second, today’s MS therapies are more ef-
fective than 10 years ago. Together these factors likely con-
tribute to lower the ARR in the ERP—demonstrating,
nonetheless, that YFV may be well-tolerated even in patients
with MS experiencing a relapse in the previous year.

Farez et al. reported that 5 of 7 patients experienced 14
relapses (including 5 relapses within 6 weeks after YFV),
without specifying the number of relapsing patients. A
clustering effect, with a few patients experiencing multiple
relapses, cannot be ruled out. Neither individual relapse
events nor DMT changes in the pre-exposure or post-
exposure periods were reported: a patient undergoing YFV
probably has not had a recent relapse, and the longer a re-
lapse has not occurred, the more imminent the next one
becomes.11

Although natalizumab is not recommended for co-
administration with live-attenuated vaccines, no natalizumab
recipient experienced a YFV-related adverse event or relapsed
after YFV. Conversely, lack of DMT at or shortly after YFV

was not a risk for relapse: none were observed in the month
after vaccination, when most patients were not treated or not
yet highly immunosuppressed and during which autoimmune
phenomena may occur after viral infections.5

Our study has limitations: given its retrospective nature, we
cannot exclude the possibility that asymptomatic MRI lesions
were missed, although we included only patients with MS
with regular follow-up. The study’s sample size is limited, yet
it is over 3 times that of the only report on the subject.6 We
included 3 patients with primary progressive MS; by defini-
tion, persons with this form of disease have not experienced
classic relapse before clinical progression and do not typically
experience relapse thereafter. Nonetheless, a potential for
clinically discernible relapse in this group is recognized12;
their clinical courses may thus be of value to a currently
modest evidence base.

This study provides Class IV evidence that YFV may be well-
tolerated by patients with MS. Prospective, controlled studies
are warranted to confirm these findings.

Acknowledgment
The authors thank Fabienne Marechal-Rouiller and Nathalie
Soumet Trinquart for preparation of the case-report form.

Table 2 Multiple sclerosis relapses in the pre-exposure risk period, the exposure-risk period, and the postrisk period (the
12 months before, the 3 months after, and the 4 to 12 months after YF vaccination, respectively)

PEP ERP PRP

No. of relapses 12 1c 3

No. of patients with relapses (%)a 9 (39) 1 (4) 3 (13)

Incidence rate (relapse/patient-year)b 0.52 0.17 0.13

Abbreviations: ERP = exposure-risk period; PEP = pre-exposure period; PRP = postrisk period; YFV = yellow fever vaccine.
a p value is 0.010 for comparison between pre-exposure risk period and exposure-risk period (Fisher exact).
b Rate ratio is 0.333 (95% CI 0.008–2.253) for the exposure-risk period vs the pre-exposure period.
c Relapse occurred 32 d after YFV.

Table 3 New brain and/or spinal cord lesions found on T2 or T1Gad + MRI during the 3 study periods

PEP ERP PRP

Patients undergoing MRI, n 22 8 20

Median time until YFV, d (IQR) 73 (39–150) NA NA

Median time since YFV, d (IQR) NA 40 (23–64) 220 (186–274)

Patients with new MRI lesionsa (%) 18 (82) 2 (25) 9 (45)

Patients with new T1Gad + lesions (%) 10 (56) 1 (50) 4 (44)

Patients with new T2 lesionsb (%) 14 (78) 2 (100) 6 (67)

Patients with asymptomatic lesions (%) 9 (50) 1 (50) 6 (67)

Abbreviations: ERP = exposure-risk period; NA = not applicable; PEP = pre-exposure period; PRP = postrisk period; YFV = yellow fever vaccination.
a Lesion(s) not present on any MRI before the MRI during the corresponding study period and found on T2 and/or T1Gad + imaging.
b Without gadolinium enhancement on T1-weighted sequences.
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Abstract
Objective
To investigate whether aquaporin-4–immunoglobulin G (AQP4-IgG) titers and measures of
complement-mediated cell killing are clinically useful to predict the occurrence of relapse,
relapse severity, and/or disability in neuromyelitis optica spectrum disorder (NMOSD).

Methods
We studied 336 serial serum specimens from 82 AQP4-lgG–seropositive patients. NMOSD
activity at blood draw was defined as preattack (24 [7.1%], drawn within 30 days preceding an
attack), attack (108 [32.1%], drawn on attack onset or within 30 days after), or remission (199
[59.2%], drawn >90 days after attack onset and >30 days preceding a relapse). For each
specimen, we documented the attack type and severity and immunotherapy status.
Complement-mediated cell killing was quantitated by flow cytometry using anM23-AQP4 cell-
based assay.

Results
The estimated logarithmic means of AQP4-IgG titers in preattack, attack, and remission
samples were 3.302, 3.657, and 3.458, respectively, p = 0.21. Analyses of 81 attack/remission
pairs in 42 patients showed no significant titer differences (3.736 vs 3.472, p = 0.15). Analyses of
13 preattack/attack pairs in 9 patients showed no significant titer differences (3.994 vs 3.889, p
= 0.67). Of 5 patients who converted to seronegative status, 2 continued to have attacks. Titers
for major and minor attacks (n = 70) were not significantly different (3.905 vs 3.676, p = 0.47).
Similarly, measures (titers) of complement-mediated cell killing were not significantly associ-
ated with disease course, attack severity, or disability at 5 years.

Conclusions and relevance
AQP4-IgG titer and complement-mediated cell killing lack significant prognostic or predictive
utility in NMOSD. Although titers may drop in the setting of immunotherapy, seroconversion
to negative status does not preclude ongoing clinical attacks.

Classification of evidence
This study provides Class II evidence that in patients with NMOSD, AQP4-IgG titers and
measures of complement-mediated cell killing activity do not predict relapses, relapse severity,
or disability.
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Aquaporin-4–immunoglobulin G (AQP4-IgG)-positive neu-
romyelitis optica spectrum disorder (NMOSD) is a relapsing
inflammatory demyelinating disease of the CNS.1,2 NMOSD
relapses (also called attacks) tend to be more severe with less
recovery than in MS.3 Neurologic disability in NMOSD is
attack related and incremental, with no or little progressive
worsening of disability between attacks.2,4 A potential bio-
marker of NMOSD activity that could be measured serially
and would predict relapse would assist clinicians to add or
increase immunotherapies at periods of greater risk. Small
observational studies have reported that AQP4-IgG titer rises
at the time of NMOSD attacks, suggesting that changes in
titer may be a potential biomarker of NMOSD activity.5–10

It is well established that AQP4-IgG activates complement and
induces cell killing of AQP4-expressing cells. Hinson et al.11

demonstrated complement-mediated cell killing of AQP4-
expressing non-neural cells. Complement-mediated cell killing
of rodent astrocytes was subsequently demonstrated in primary
cell culture and animal models.12,13 More recently, Nishiyama
et al.14 demonstrated injury of human astrocytes after in vitro
application of AQP4-IgG–positive patient sera with human
complement. Although complement activation is a major con-
tributor to AQP4-IgG–positive NMOSD pathology, it remains
to be determined whether complement activating potential
predicts the occurrence of relapses or their severity. In a small
study, Hinson et al.15 measured complement-mediated cell
killing induced by sera from 12 patients with NMOSD during
attacks and found increased cell killing of AQP4-transfected
cells when exposed to sera from patients during a major attack
compared with sera from patients during a minor attack.

Over the past 8 years, the Mayo Clinic NMOSD Bio-
repository has collected samples from AQP4-IgG–positive
patients with NMOSD every 6 months and at the time of each
attack. Some samples were collected in the 30-day period
before an attack. We investigated whether AQP4-IgG titer or
complement-mediated cell killing, measured by flow cytom-
etry methodology, had any predictive or prognostic value.

Methods
Standard protocol approvals, registrations,
and patient consents
This study was approved by the institutional review board.
Written informed consent was obtained from all patients (or
guardians of patients) enrolled in the Mayo Clinic and Mar-
tinique NMOSD biorepositories.

The primary research question was whether AQP4-IgG titers
and measures of complement-mediated cell killing are clini-
cally useful to predict the occurrence of relapse, relapse se-
verity, and/or disability in NMOSD. This study provides
Class II evidence that in patients with NMOSD, AQP4-IgG
titers and measures of complement-mediated cell killing ac-
tivity do not predict relapses, relapse severity, or disability.

Patients and sera

Inclusion criteria
We interrogated the Mayo Clinic and Martinique NMOSD
biorepository database for patients fulfilling the following
inclusion criteria: (1) seropositive for AQP4-IgG by any assay
(tissue-based indirect immunofluorescence, cell-binding as-
say, or M1-AQP4–transfected cell-based flow cytometry as-
say), (2) at least 1 preattack/attack and 1 remission archived
serum samples (stored at −80°C) available for testing, and (3)
adequate clinical information available at the time of blood
draw to allow the sample to be grouped into one of the
following categories: preattack (drawn within 30 days pre-
ceding an attack), attack (drawn on attack onset or within 30
days after), or remission (drawn >90 days after attack onset).

All laboratory-based analyses were performed blinded to
clinical data (J.P.F. and J.S. for AQP4-IgG titer and J.J. for
AQP4-IgG complement activation assay). This study pro-
vides Class II evidence.

Description of patients
Inclusion criteria were fulfilled by 69 Mayo (60 female and 9
male) patients and 13 Martinique patients (7 female and 6
unknown). Baseline demographics (ethnicity, sex, and age at
onset) of these 69 Mayo patients were collected. Clinical attack
phenotypes included transverse myelitis (TM), optic neuritis
(ON), area postrema syndrome, cerebral and brainstem syn-
dromes, andmultifocal attacks (any combination of symptoms).
Long-term immunotherapy treatment included prednisolone,
azathioprine, mycophenolate mofetil, cyclophosphamide,
methotrexate, IV immunoglobulin, rituximab (no patients re-
ceived ocrelizumab), eculizumab, and stem cell transplantation.
No patients received ocrelizumab, inebilizumab, or satralizu-
mab. Attack type and severity were documented. Classification
of attack severity as major or minor was based on prior pub-
lished criteria16 (supplement data, links.lww.com/NXI/A254).

Detection of AQP4-IgG and titer measurement
Samples were tested by an in-house–developed M1-
AQP4–transfected cell-based flow cytometry assay validated

Glossary
AChR = acetylcholine receptor; AQP4 = aquaporin-4; EDSS = Expanded Disability Status Scale;GEE = generalized estimating
equation; HSCT = hematopoietic stem cell transplantation; IgG = immunoglobulin G; IVMP = IV methylprednisolone;
NMDAR = NMDA receptor;NMOSD = neuromyelitis optica spectrum disorder;ON = optic neuritis; PI = propidium iodide;
PLEX = plasma exchange; TM = transverse myelitis.
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and certified by the College of American Pathology.17,18 Such
cell-based assays have been shown to have an optimized
sensitivity and specificity.17–19 Samples were screened at 1:5
dilution and, if positive, retested at a dilution of 1:5, 1:10 and
titrated further in 10-fold dilution steps. The farthest dilution
yielding a positive result (IgG binding index ≥2.0) was
recorded as the end point of positivity.

AQP4-IgG complement activation assay
All sera were tested for AQP4-IgG–linked complement acti-
vation using an in-house–developed flow cytometry–based
assay using a stable HEK293 cell line expressing AQP4-
M23.15,16,19 Heat-inactivated patient serum (56°C, 35minutes)
was serially diluted (doubling) from 1:5 to 1:100,000 in live
cell-binding buffer. For analysis, 50 μL of each dilution was
added to live AQP4-M23–transfected cells. After 10 minutes,
18 μL of rabbit Lo-Tox rabbit complement (CedarLane, Bur-
lington, NC) was added, and the plate was kept at room
temperature for 30 minutes. Buffer B supplemented with
ethylenediaminetetraacetic acid (EDTA) and propidium iodide
(PI; BD Biosciences, San Jose, CA) (75 mM EDTA and 0.5 μg
PI) was added and held for 15 minutes in the dark. An addi-
tional 100 μL Buffer B–EDTA without PI was added before
analysis by flow cytometry. Negative controls were included on
every plate and were the basis for determining positive pop-
ulations. The percent of positive events was used to evaluate the
level of complement activation. Method reproducibility is
shown in supplementary figure 1 (links.lww.com/NXI/A255).

Statistical analysis
All analyses of AQP4-IgG titer were performed on a loga-
rithmic scale with base of 10 because of the 10-fold dilution
steps for the titration assay of AQP4-IgG, and the data were
normally distributed on the log scale (titer 1:5 transformed to
0.7, 1:10 to 1, 1:100 to 2, 1:1,000 to 3, 1:10,000 to 4, and 1:
100,000 to 5, zero was left as zero). Analyses for M23-AQP4-
IgG complement-mediated cell killing titers values were
transformed as follows, based on a doubling distribution: 1:5
transformed to 1, 1:10 to 2, 1:20 to 3, 1:40 to 4, 1:80 to 5, 1:
160 to 6, 1:320 to 7, 1:640 to 8, 1:1,280 to 9, 1:2,560 to 10, 1:
5,120 to 11, and 1:10,240 to 12 (zero was left as zero). Unless
otherwise indicated, all results with regard to the titers are
reported with the transformed scale. Using the transformed
scale, the titer levels were compared with patient character-
istics using linear regression models with generalized esti-
mating equations (GEEs) to account for repeated data within
patient as well as within attack number. The sample type
according to NMOSD activity (preattack, attack, and re-
mission) was compared with the titer level in 2 ways. First, we
compared the titer levels between sample types among all
available samples (regardless of the timing of the samples).
For this analysis, samples that could be classified as preattack
and attack were included with the attack samples. Next, we
focused on paired sample types (i.e., preattack vs subsequent
attack or attack vs subsequent remission) among the subset of
samples for which this was known. In this analysis, samples
that could be classified as preattack and attack were

considered for pairs as both types. For each pair, the difference
in titer was calculated. Paired differences were then assessed
using the GEE methods described above, with the paired
difference as the outcome. The risk of developing an Ex-
panded Disability Status Scale (EDSS) score of 6 or 8 was
compared with the baseline AQP4-IgG complement-
mediated cell killing titer level (<160 vs ≥160) with a likeli-
hood ratio test from Cox proportional hazards regression.

All analyses were performed using SAS version 9.4 software
(SAS Institute Inc., Cary, NC). p Values less than 0.05 were
considered statistically significant.

Data availability
All authors have full access to all data sets and take full re-
sponsibility for the integrity of the data and accuracy of the
data analysis. All data pertaining to this article are contained
within or published as online supplement.

Results
We included 336 serial serum specimens in the analysis from
82 AQP4-IgG–positive patients with known sample type
(preattack, attack, or remission). Median age at onset was 41
years (range 7–72 years), and females accounted for 88.2%.
Ethnicities were Caucasian 59.8%, African American 28.0%,
Hispanic 7.3%, Asian 3.7%, and unknown 1.2%. The median
annualized relapse rate was 0.7 (range 0.1–4.5), and the me-
dian duration of follow-up was 8.0 years (range 0.4–40.8
years). Of the 336 serum samples for which the sample type
was known, 24 (7.1%) were preattack samples, 108 (32.1%)
were attack samples, 199 (59.2%) were remission samples,
and the remaining 5 (1.5%) were considered both preattack
and attack (drawn within 30 days after attack but also with
subsequent attack within 30 days). For 97 attack samples from
the Mayo Clinic cohort, attack types were TM in 58.8%, ON
in 18.6%, multifocal attacks in 18.6%, and unknown in 4.1%.
Among 97 attack samples, 87 samples could be identified to
have one of the following treatments, IV methylprednisolone
(IVMP) alone in 26.7%, oral prednisolone alone in 10.5%,
plasma exchange (PLEX) alone in 2.3%, combination therapy
of IVMP and PLEX in 57.0%, and no treatment in 3.5%.
Among the samples collected for which maintenance immu-
notherapy status was known (N = 282), 74.1% were from
patients receiving maintenance immunotherapy before blood
collection and 62.8% were from patients receiving mainte-
nance immunotherapy at blood collection.

AQP4-IgG titer
The median AQP4-IgG titer was 10,000 (range 0–100,000).

Attack and preattack AQP4-IgG titers were not
significantly different from remission titers
AQP4-IgG titers did not differ significantly between preattack
(estimated mean, 3.537), and attack (estimated mean, 3.698)
compared with remission (estimated mean, 3.660), p = 0.79,
figure 1A.a, table 1. Nine samples were drawn during NMOSD
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attacks, with at least 2 attacks occurring in 2 consecutive
months. These samples had a median titer of 1:10,000.

For individual patients, AQP4-IgG titer is not
significantly increased during NMOSD attacks
Comparing the AQP4-IgG titers among 81 pairs of attack and
subsequent remission samples, the mean titer level decreased
from 3.736 to 3.472, but this was not statistically significant (p
= 0.15; supplementary table, links.lww.com/NXI/A257). Of
5 patients who converted to seronegative status, 2 continued
to have attacks.

For individual patients, neuromyelitis optica attacks
are not preceded by an increase in AQP4-IgG titer
Analysis of 13 pairs of preattack to subsequent attack samples
indicated that AQP4-IgG titers were not significantly different
between samples drawn before an attack compared with
samples drawn during an attack (mean, 3.994 and 3.889, re-
spectively; p = 0.67; supplementary table, links.lww.com/
NXI/A257).

Maintenance immunotherapyhadno significant effect
on AQP4-IgG titers
Estimated mean titers in sera from patients receiving immu-
nosuppressive medications did not differ when compared
with patients on no therapy (3.620 vs 3.546, p = 0.64, figure
1B.a, table 2).

Attack AQP4-IgG titers are similar across different
attack types and severities
AQP4-IgG titers were similar across different attack types.
The estimated mean AQP4-IgG titer was 3.868 in isolated
TM, 3.589 in isolated ON, and 3.936 in multifocal attacks, p =
0.62, table 1. Furthermore, no significant differences in titers
were observed between major vs minor attack severities
(3.905 vs 3.676, respectively, p = 0.47; figure 1C.a, table 1).

AQP4-IgG complement-mediated cell
killing titers
The median titer of AQP4-IgG complement-mediated cell
killing ability was 1:160 (range 0–1:10,240).

Figure 1 AQP4-IgG (binding and complement-mediated cell killing) titers of specimens drawn at different time points
(remission, preattack, and attack) in individual patients (original titer values shown in transformed scale)

(A.a) AQP4-IgG titers grouped into preattack, attack, and remission categories. (B.a) AQP4-IgG titers categorized according to baseline immunotherapy*. (C.a)
AQP4-IgG titers categorized by attack severity type**. (A.b) AQP4 complement-mediated cell killing titers grouped into preattack, attack, and remission
categories. (B.b) AQP4 complement-mediated cell killing titers categorized according to baseline immunotherapy*. (C.b) AQP4 complement-mediated cell
killing titers categorized grouped into attack severity type**. *Immunotherapy included azathioprine, mycophenolate mofetil, cyclophosphamide, and
rituximab. **Definition in the supplement. AQP4 = aquaporin-4; IgG = immunoglobulin G; IST = immunosuppressive therapy.
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Table 1 Aquaporin-4–immunoglobulin G titer (log base 10 scalea) of specimens from all available samples using
estimated means

Characteristic
No. of
samples

No. of
people

Raw scale
median (IQR)

Estimated
meansa

Estimated mean
differences (95% CI)a

p
Value

Sample typeb 0.21

Preattack 24 19 5,500
(100–100,000)

3.302 −0.155 (−0.545 to 0.234)

Attack 112 75 10,000
(1,000–100,000)

3.657 0.200 (−0.056 to 0.455)

Remission 161 81 10,000
(1,000–10,000)

3.458 Reference

EDSS score at the time of collection 0.61

<3 41 25 10,000
(1,000–100,000)

3.413 Reference

3–5.5 59 27 10,000
(1,000–100,000)

3.633 0.220 (−0.387 to 0.827)

≥6 57 26 10,000
(1,000–100,000)

3.718 0.305 (−0.296 to 0.907)

Unknown 140 47

Immunotherapyc use at the time
of collection

0.64

Not on immunotherapy 78 39 10,000
(1,000–100,000)

3.546 Reference

On immunotherapy 165 59 10,000
(1,000–100,000)

3.620 −0.074 (−0.383 to 0.236)

Unknown 54 15

Attack severityd 0.47

High baseline or minor 14 12 10,000
(1,000–100,000)

3.676 Reference

Major 56 39 10,000
(1,000–100,000)

3.905 0.230 (−0.355 to 0.814)

Unknown 42 34

Attack typed 0.62

TM only 57 41 10,000
(1,000–100,000)

3.868 Reference

ON only 18 16 10,000
(1,000–100,000)

3.589 −0.280 (−0.816 to 0.257)

TM or ON combinations 14 12 10,000
(1,000–100,000)

3.936 0.068 (−0.424 to 0.560)

Unknown 23 19

Sex 0.63

Female 245 67 10,000
(1,000–100,000)

3.609 Reference

Male 34 9 10,000
(1,000–100,000)

3.353 −0.256 (−1.306 to 0.794)

Unknown 18 6

Age at NMO onset 0.26

≤40 y 89 26 10,000
(1,000–100,000)

3.684 Reference

Continued
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Attack and preattack AQP4-IgG complement-mediated
cell killing titers are not significantly different from
remission titers
AQP4-IgG complement-mediated cell killing titers were
not significantly different at preattack time (estimated
mean, 4.654) and at attack time (estimated mean, 4.615)
compared with titers at remission (estimated mean, 4.500),
p = 0.92, figure 1A.b, table 2. Fifteen samples were drawn
during a neuromyelitis optica attack, with at least 2 attacks
in the same or consecutive months, and the median titer
was 1:80.

For individual patients, AQP4-IgG complement-
mediated cell killing titers are not significantly
increased during NMOSD attacks
Considering attack and subsequent remission pairs (N = 80
sample pairs), the estimated mean AQP4-IgG complement-
mediated cell killing titers were not significantly different in
attack specimens (5.401) compared with subsequent re-
mission specimens (5.140) as (p = 0.62; supplementary table,
links.lww.com/NXI/A257).

For individual patients, NMOSD attacks are not
preceded by an increase in AQP4-IgG complement-
mediated cell killing titer
Considering 9 pairs of preattack and subsequent attack
specimens, the estimated mean AQP4-IgG complement-
mediated cell killing titers decreased slightly from 6.143
(preattack) to 5.429 (attack), but this was not statistically
significant (p = 0.06; supplementary table, links.lww.com/
NXI/A257). No significant difference was observed between
preattack and remission samples. In supplementary figure 1
(links.lww.com/NXI/A255), binding and complement killing

titers, respectively, for individual patients at disease course
time points are highly variable. For some patients, titers are
higher at times of remission compared with attack and vice
versa in the same individual patient.

Considering 18 pairs of preattack and subsequent remission
specimens, the estimated mean AQP4-IgG complement-
mediated cell killing titers did not differ between 3.611
(preattack) and 3.834 (subsequent remission), p = 0.72
(supplementary table, links.lww.com/NXI/A257).

Maintenance immunotherapyhadno significant effect
on AQP4-IgG–induced complement-activated cell
killing titers
Estimated mean titers in sera in samples from patients re-
ceiving immunosuppressant medication did not differ when
compared with samples from patients on no therapy (4.665 vs
4.700, p = 0.95, figure 1B.b, table 2). AQP4-IgG complement-
mediated cell killing titers of individual patients at different
time points during disease course are shown in supplementary
figure 1 (links.lww.com/NXI/A255).

Attack AQP4-IgG complement-mediated cell killing
titers are similar across different attack types and
severities
Cell killing induced by AQP4-IgG–mediated complement
activation was similar across different attack types. The es-
timated means of AQP4-IgG complement-mediated cell
killing titers among 75 attack samples analyzed were 5.260
in isolated TM, 4.316 in isolated ON, and 5.724 in multi-
focal attacks (p = 0.28, table 1). Furthermore, among 58
attack samples analyzed, no significant differences in titers
were observed between major vs minor attack severities

Table 1 Aquaporin-4–immunoglobulin G titer (log base 10 scalea) of specimens from all available samples using estimated
means (continued)

Characteristic
No. of
samples

No. of
people

Raw scale
median (IQR)

Estimated
meansa

Estimated mean
differences (95% CI)a

p
Value

>40 y 134 33 10,000
(1,000–10,000)

3.364 −0.321 (−0.863 to 0.222)

Unknown 74 23

Age at NMO onset, per 10-y increase −0.066 (−0.233 to 0.101) 0.43

Race 0.12

Non–African American 220 58 10,000
(1,000–100,000)

3.627 Reference

African American 74 23 1,000
(100–10,000)

3.241 −0.387 (−0.840 to 0.067)

Unknown 3 1

Abbreviations: EDSS = Expanded Disability Status Scale; IQR = interquartile range; NMO = neuromyelitis optica; ON = optic neuritis; TM = transverse myelitis.
a Estimates and p values were obtained from generalized estimating equation regression models, which accounted for multiple samples within the same
patient. Aquaporin-4 end titers for these models were transformed using log base 10 as follows: titer of 0 (transformed value 0); 5 (0.70); 10 (1); 100 (2); 1,000
(3); 10,000 (4); and ≥100,000 (5).
b Samples that could be classified as both preattack and attack are included in the attack category.
c Immunotherapy included prednisolone, azathioprine, mycophenolate mofetil, cyclophosphamide, methotrexate, IV immunoglobulin, rituximab, and
plasma exchange.
d Attack severity and attack type among samples taken during an attack (on attack onset date or within 30 days after).
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Table 2 Aquaporin-4–immunoglobulin G complement-mediated cell killing titers (doubling scalea) of specimens from all
available samples using estimated means

Characteristic
No. of
samples

No. of
people

Raw scale
median (IQR)

Estimated
meansa

Estimated mean
differences (95% CI)a p Value

Sample typeb 0.92

Preattack 19 15 160 (0–1,280) 4.654 0.153 (−0.816 to 1.123)

Attack 91 60 160 (10–320) 4.615 0.114 (−0.502 to 0.731)

Remission 160 72 160 (5–640) 4.500 Reference

EDSS score at the time of collection 0.55

<3 40 23 120 (5–320) 4.657 Reference

3–5.5 57 27 160 (80–320) 4.997 0.340 (−0.773 to 1.453)

≥6 42 24 160 (20–320) 5.442 0.785 (−0.543 to 2.114)

Unknown 131 42

Immunotherapyc use at the time of collection 0.95

Not on immunotherapy 94 37 160 (5–640) 4.700 Reference

On immunotherapy 152 56 160 (8–640) 4.665 −0.035 (−1.097 to 1.027)

Unknown 24 11

Attack severityd

High baseline or minor 12 10 80 (43–160) 4.293 Reference 0.21

Major 46 33 160 (20–320) 5.421 1.128 (−0.618 to 2.874)

Unknown 33 27

Attack typed 0.28

TM only 47 35 160 (20–320) 5.260 Reference

ON only 18 16 80 (10–320) 4.316 −0.944 (−2.273 to 0.385)

TM or ON combinations 10 8 160 (160–320) 5.724 0.464 (−1.035 to 1.963)

Unknown 16 13

Sex 0.78

Female 231 62 160 (10–640) 4.770 Reference

Male 28 9 120 (0–320) 4.443 −0.327 (−2.558 to 1.904)

Unknown 11 5

Age at NMO onset 0.52

<40 y 106 25 160 (20–640) 4.800 Reference

≥40 y 105 30 80 (0–640) 4.277 −0.522 (−2.095 to 1.051)

Unknown 59 21

Age at NMO onset, per 10 y −0.237 (−0.683 to 0.209) 0.33

Race 0.12

Non–African American 220 56 160 (20–640) 4.908 Reference

African American 47 19 20 (0–320) 3.568 −1.341 (−2.880 to 0.198)

Unknown 3 1

Abbreviations: EDSS = Expanded Disability Status Scale; IQR = interquartile range; NMO = neuromyelitis optica; ON = optic neuritis; TM = transverse myelitis.
a Estimates and p values were obtained from generalized estimating equation regression models, which accounted for multiple samples within the same
patient. Aquaporin-4–immunoglobulin G complement-mediated cell killing titer values for these models were transformed using a doubling transformation
as follows: titer of 0 (transformed value 0); 5 (1); 10 (2); 20 (3); 40 (4); 80 (5); 160 (6); 320 (7); 640 (8); 1,280 (9); 2,560 (10); 5,120 (11); and 10,240 (12).
b Samples that could be classified as both preattack and attack are included in the attack category.
c Immunotherapy included prednisolone, azathioprine, mycophenolate mofetil, cyclophosphamide, methotrexate, IV immunoglobulin, rituximab, and
plasma exchange.
d Attack severity and attack type among samples taken during an attack (on attack onset date or within 30 days after).
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(5.421 and 4.293, respectively, p = 0.21; figure 1C.b,
table 2).

No correlation of AQP4-IgG complement-mediated cell
killing titers with disability
Testing of 139 samples showed no differences in AQP4-IgG
complement-mediated cell killing titers stratified according to
3 EDSS groups (<3, 3–5.5, and ≥6), assessed at the time of
sample collection. Calculated means were 4.657, 4.997, and
5.442, respectively, p = 0.55 (table 2). In addition, the baseline
complement activation titer level was not significantly asso-
ciated with the risk of developing an EDSS score of 6 or 8
within 5 years (p = 0.92 and p = 0.13, respectively, figure 2 and
supplementary figure 2, links.lww.com/NXI/A256).

Strong correlation betweenAQP4-IgG and complement
killing titers
AQP4-IgG and complement-mediated cell killing titers,
measured using AQP4-M23–transfected HEK293 cells, cor-
related strongly with each other (figure 3).

Discussion
This study failed to show any significant change in AQP4-IgG
titers before or during an attack compared with the remission
phase. Similarly, in vitro quantitation of complement activa-
tion by measuring cell killing of AQP4-expressing cells after

exposure to patient serum samples and active complement
varied from patient to patient. Longitudinal testing of samples
in individual patients did not reveal changes preceding or
during an attack compared with the remission phase. Thus,
measurement of AQP4-IgG binding titer or complement-
mediated cell killing by live cell flow cytometry shows no
clinical utility as predictors of relapse or disease severity.

Previous studies have demonstrated conflicting results. Jarius
et al.9 used an immunoprecipitation assay to measure AQP4-
IgG titer of 96 serum samples taken from 8 patients. They
reported that serumAQP4-IgG titers were significantly higher
in attacks compared with remission phases. Nonetheless,
some patients still had high AQP4-IgG titers after receiving
long-term immunotherapy without clinical relapses.9 Similar
to our findings, Kitley et al.20 reported that there M1-AQP4-
IgG titers were generally higher but not significantly different
at relapse compared with remission. As we found, Kitley
et al.20 reported that some patients who seroconverted to
negative status continued to relapse. AQP4-IgG titer did not
correlate with disease severity. Dujmovic et al.7 demonstrated
no correlation between serum AQP4-IgG and disability score
in 12 patients, whereas CSF AQP4-IgG titer significantly
decreased in the remission period. Paired attack-remission
samples were analyzed in 11 and 12 patients in the 2
studies.7,11,20 Sato et al. suggested that during NMOSD
relapses, the amount of astrocyte damage correlates with CSF
AQP4-IgG titer. They studied CSF samples of 11 patients
with NMOSD and showed that CSF AQP4-IgG titer

Figure 2 Kaplan-Meier estimates of time to develop EDSS
score ≥ 6

Years from the first aquaporin-4–immunoglobulin G complement-mediated
cell killing titers to develop EDSS score ≥6. All Martinique patients, any
patients with unknown status for each outcome, and any patients with
missing complement valueswere excluded from the corresponding analysis.
EDSS = Expanded Disability Status Scale.

Figure 3 Correlation between M23-AQP4 end titer and
M23-AQP4 complement-mediated cell killing
titers

AQP4 = aquaporin-4; IgG = immunoglobulin G.
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correlates with amount of interleukin-6 and glial fibrillary
acidic protein, a marker of astrocyte damage.21 However, no
significant difference of serum AQP4-IgG titers was observed
between the attacks and remissions.21 Our study analyzed 336
serum samples from 82 patients (137 of which were attack or
preattack samples), providing significantly more power than
prior published studies. We studied a broadly representative
sampling of patients with both clinically mild and severe
attacks, but did not find any correlation between serum
AQP4-IgG titer and relapses.

We tested a much larger number of patient samples than
previous studies to evaluate complement-mediated cell
killing antibody titers.11–15 We found no correlation be-
tween a patient’s serum ability to kill AQP4-transfected cells
and disease course or severity. In contrast to previous
studies, we evaluated not only the percentage of cell killing
(data not shown) but also titrated the samples to 1:10,240,
which probably provides more reliable data than de-
termining the percentage of cells killed at a single serum
dilution.

Studies investigating correlation between serum titers of
pathogenic autoantibodies and clinical phenotype differ
depending on the antibody-mediated neurologic disorder. In
myasthenia gravis, titers of acetylcholine receptor (AChR)
antibodies vary widely between patients and do not predict
disease severity, treatment response, or likelihood of
relapse.22

This may be partially explained in part by the recognized
heterogeneous populations of AChR antibodies, limited
sharing of epitope specificities, variability in light chain and
subclass composition and in functional activities.22,23

In contrast to our findings in AQP4-IgG–positive NMOSD and
prior published reports on myasthenia gravis, Gresa-Arribas
et al.24 have reported that CSF and serum NMDA receptor
(NMDAR) antibody titers were higher in patients with poor
outcome or teratoma compared with good outcome or lacking
tumor. Earlier and greater reductions in CSF titer were most
closely associated with good outcome, and rising titers were
associated with relapse. Why titers of immunopathogenic
autoantibodies in CNS inflammatory disease should correlate
with clinical course and outcome in anti-NMDAR encephalitis
but not AQP4-IgG NMOSD remains unclear.

Significant differences in the immunopathogenicity of these
conditions such as neuronal vs glial target, epitope specificity
(main epitope region at GluN1 amino acid 369 in NMDAR
encephalitis vs heterogeneous epitopes on extracellular loops
of AQP4), differences in extent of intrathecal synthesis of
antibody, functional effects of antibody (predominant mod-
ulation in anti-NMDAR encephalitis and complement acti-
vation in AQP4-IgG + NMOSD), and predominant
monophasic vs relapsing nature of the disease may provide
some clues. In our study, we did not interrogate CSFs as

multiple CSFs are not preformed in patients with NMOSD
and CSF is generally considered to have a lower sensitivity
than serum for AQP4-IgG detection.25 Serum titer may not
strongly correlate with CSF titer as both Dujmovic et al. and
Sato et al. showed correlation of CSF but not serum AQP4-
IgG titer with disease course.7,21

In regard to the lack of clear association between AQP4-IgG
titers and clinical course or outcome, additional explanations
may be related to the basis of interindividual and intra-
individual variability with respect to (1) avidity/affinity20; it is
possible that measures of affinity (strength of interaction
between the epitope and the antibody’s antigen binding site)
and avidity (overall strength of the antigen-antibody com-
plex) could affect functional pathogenicity of antibody-
antigen interaction. Studies investigating avidity and affinity
in individual patient sera and CSF would be of interest for
further research; (2) epitope specificity; (3) complement
regulatory protein function4; and (4) blood-brain barrier
permeability and coexistence of glucose-regulated protein 78
autoantibody.26 Given the relapsing nature of AQP4-IgG +
NMOSD and the fact that antibody titers may be high during
periods of remission indicate that a multitude of immunologic
steps are likely required in addition to the presence of the
antibody. These steps remain elusive to date.

In a separate study, we reported that AQP4-IgG titer sero-
converted to negative after autologous nonmyeloablative
hematopoietic stem cell transplantation (HSCT) in 7 of 9
patients who remained relapse-free 5 years post-HSCT.
Complement-mediated cell killing ability of patient serumwas
switched off in 6 of 7 patients after treatment. This study
showed that seroconversion from positive to negative and loss
of complement killing activity after HSCT in patients with
NMOSD may be predictive of relapse freedom.

This study has 3 potentially significant limitations. First,
most of the samples were collected many years before the
study (median 7.1 years, range 3.1–14.2 years), and although
they were kept frozen at −80°C, some had multiple freeze-
thaw cycles, which may have reduced titers. The second
limitation is the potential effect of acute attack immuno-
therapies given before collection of attack sera. Of 83 attack
samples with known acute treatment, 42% were drawn after
treatments and 5% were drawn before treatments, while
timing of immunotherapy with respect of blood draw was
unclear in 53% of these samples. Importantly, however, none
of the preattack samples were exposed to acute immuno-
therapies. The third limitation is that samples tested for
AQP4-IgG using AQP4-M1–transfected cells were screened
at 1:5 dilution and, if positive, titrated further in 10-fold
dilution steps. Given such a 10-fold dilution approach, it is
possible that small differences in titers could have been
missed. Future studies may avoid such limitations. For ex-
ample, testing placebo arm patient serial sera from drug trials
would mitigate any potential impact of acute or chronic
immunotherapies.
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Abstract
Objective
To assess the impact of APOE polymorphisms on cognitive performance in patients newly
diagnosed with clinically isolated syndrome (CIS) or relapsing-remitting MS (RRMS).

Methods
This multicenter cohort study included 552 untreated patients recently diagnosed with CIS or
RRMS according to the 2005 revised McDonald criteria. The single nucleotide polymorphisms
rs429358 (e4) and rs7412 (e2) of the APOE haplotype were assessed by allelic discrimination
assays. Cognitive performance was evaluated using the 3-second paced auditory serial addition
test and the Multiple Sclerosis Inventory Cognition (MUSIC). Sum scores were calculated to
approximate the overall cognitive performance and memory-centered cognitive functions. The
impact of the APOE carrier status on cognitive performance was assessed using multiple linear
regression models, also including demographic, clinical, MRI, and lifestyle factors.

Results
APOE e4 homozygosity was associated with lower overall cognitive performance, whereas no
relevant association was observed for APOE e4 heterozygosity or APOE e2 carrier status.
Furthermore, higher disability levels, MRI lesion load, and depressive symptoms were asso-
ciated with lower cognitive performance. Patients consuming alcohol had higher test scores
than patients not consuming alcohol. Female sex, lower disability, and alcohol consumption
were associated with better performance in the memory-centered subtests of MUSIC, whereas
no relevant association was observed for APOE carrier status.

Conclusion
Along with parameters of a higher disease burden, APOE e4 homozygosity was identified as
a potential predictor of cognitive performance in this large cohort of patients with CIS and early
RRMS.
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MS is a chronic neuroinflammatory disease, which mostly
affects young adults. Apart from physical impairment, decline
of cognitive functions is one of its most disabling aspects. A
meta-analysis of data acquired by genome-wide association
studies identified a total of 234 significant associations and
a further 416 variants potentially associated with MS.1

However, so far, little is known about the contribution of
genetic risk factors to the development of cognitive impair-
ment in MS.

TheAPOE gene locus has been discussed as a possible mediator
of cognitive impairment as it is associated with the evolution of
dementias like Alzheimer disease (AD).2 It may encode 3 dif-
ferent isoforms of apolipoprotein E (APOE2, APOE3, and
APOE4), which are defined by the haplotype combination of
common single nucleotide polymorphisms (SNPs) at 2 nearby
loci on the APOE gene. The SNPs are labeled rs429358 (base
exchange from cytosine to thymine [C>T] leading to the
haplotype APOE e4) and rs7412 (base exchange C>T resulting
in the haplotypeAPOE e2). TheAPOE e4 haplotype leads to an
amino acid exchange from cysteine to arginine at position 112 of
the APOE protein resulting in the isoform APOE4, whereas the
haplotype APOE e2 leads to an amino acid exchange from
arginine to cysteine at position 158 of the APOE protein
resulting in the isoform APOE2. APOE e3 is the common
variant.3 APOE e4 is associated with faster memory decline over
the adult life course4 and is a major risk factor for AD, with an 8-
to 12-fold increase in APOE e4 homozygotes.3 Although it was
shown in a sufficiently powered study that APOE variants have
no effect on MS susceptibility,5 reports on the influence of
APOE variants on cognitive performance in patients with MS
have been contradictory.6,7 Therefore, this study aims to assess
the potential impact of APOE polymorphisms on parameters of
cognitive function in a large multicenter, prospectively collected
German data set of untreated patients with clinically isolated
syndrome (CIS) and early relapsing-remitting MS (RRMS). As
a number of demographic, clinical, MRI, and lifestyle risk factors
have been shown to enhance cognitive decline in MS and to
adversely influence disease progression,8–10 these were also in-
cluded in the analyses.

Methods
Standard protocol approvals, registrations,
and patient consents
This multicenter prospective longitudinal observational cohort
study (German National MS Cohort) was approved by the
ethics committee of Ruhr-University Bochum (registration no.

3714-10) and consecutively all local committees of the par-
ticipating centers (22 centers in Germany). All patients pro-
vided written informed consent.

The German National MS cohort and
clinical data
A total of 552 participants from the German National MS
cohort, a multicenter, prospective, and observational study,
were included. This study was approved by the ethics
committee of Ruhr-University Bochum (registration no.
3714-10) as described previously.11 All participants were
aged at least 18 years, untreated regarding disease-modifying
therapies, and diagnosed with either CIS with first symptoms
within the previous 6 months and fulfilling at least 3 Barkhof
criteria12 or RRMS according to the 2005 revised McDonald
criteria13 with first symptoms not more than 3 years before
study enrollment. For inclusion, patients must not have re-
ceived a steroid pulse due to a relapse in the 4 weeks before
study enrollment. All participants provided written informed
consent.

Assessments included clinical, demographic, MRI, and life-
style variables and screening tests for cognitive function and
blood sampling.11 At the point of study enrollment, patients
were asked to assess their current drinking and smoking habits
via questionnaire. In response to the question “Do you cur-
rently drink alcohol?”, patients could select from 3 categories:
(0) no, (1) occasionally, and (2) regularly. Based on this, we
dichotomized the participants into current no alcohol con-
sumers (category 0) and current alcohol consumers (cate-
gories 1 and 2). Similarly, in response to the question “Do you
currently smoke?”, patients could select from 6 categories: (0)
no, (1) occasionally, but not on a daily basis, (2) up to 5
cigarettes daily, (3) 6–10 cigarettes daily, (4) 11–20 cigarettes
daily, and (5) >20 cigarettes daily. We dichotomized the
participants into current nonsmokers (category 0) and cur-
rent smokers (all other categories). Body weight and height
were physically measured on site at the time of study enroll-
ment. Body mass index (BMI) was then calculated as BMI =
weight (kg)/height (m)2. School-level education was cate-
gorized according to the highest school leaving qualification
(level 1: lower-level secondary school [German Haupt-
schule]; level 2: higher-level secondary school; level 3: higher
education entrance qualification [German Abitur]). De-
pressive symptoms were assessed by the 21-item Beck De-
pression Inventory II (BDI-II),14 and severity of fatigue was
evaluated by the Fatigue Scale for Motor and Cognitive
Functions (FSMC).15

Glossary
AD = Alzheimer disease; BDI-II = Beck Depression Inventory II; BMI = body mass index; CIS = clinically isolated syndrome;
EDSS = Expanded Disability Status Scale; FSMC = Fatigue Scale for Motor and Cognitive Function;HWE = Hardy-Weinberg
equilibrium;MCI =mild cognitive impairment;MUSIC =Multiple Sclerosis Inventory Cognition; PASAT 3 = 3-second paced
auditory serial addition test; RRMS = relapsing-remitting MS; SNP = single nucleotide polymorphism.
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Cognitive assessment
Cognitive assessment included the 3-second paced audi-
tory serial addition test (PASAT 3) and the Multiple
Sclerosis Inventory Cognition (MUSIC) cognitive
screening tests.

The PASAT 3 is a measure of cognitive function that
assesses auditory information processing speed, working
memory, divided attention, and calculation ability. PASAT
3 data were extracted from the Multiple Sclerosis Func-
tional Composite.16 Individual PASAT 3 test scores were
z-standardized, stratified for age and education based on
normative data from a German sample of n = 241 healthy
controls.17,18

MUSIC is a brief multiple-domain cognitive screening test,
which is widely used in German-speaking countries and was
developed for the rapid assessment of the most frequently
impaired cognitive domains in patients with MS. It consists of
5 cognitive subtests. In the subtests (1) and (2), the patient is
asked to remember as many words as possible out of 2 con-
secutive word lists, each consisting of 10 different words to
evaluate working memory. In subtest (3), the patient is given
2 alternating word categories, for which they are asked to find
as many associated terms as possible within 1 minute. This
subtest was designed to test verbal fluency. Subtest (4) is
a modified Stroop Task and assesses susceptibility to in-
terference. In subtest (5), the patient is asked to recall the
terms of the first given list of words to asses memory con-
solidation.19 Individual test scores were z-standardized based
on normative data from n = 158 German-speaking healthy
young adults.17,19 All tests were taken for the first time at
study enrollment so that results were not expected to be
biased by learning effects.

Biosamples and genotyping
The SNPs rs429358 (e4) and rs7412 (e2) in APOE and the Y
chromosome marker rs2032598 (for sampling and handling
control) were analyzed using allelic discrimination assays
based on TaqMan chemistry according to the manufacturer’s
protocol (Applied Biosystems, Inc.). Genotyping was per-
formed on 96-well plates with approximately 5% controls run
in duplicates across plates. Genotyping efficiency was ≥99.6%
for all SNPs. Deviation of the genotypes from Hardy-
Weinberg equilibrium (HWE) as a potential marker for
genotyping quality was assessed using the Pearson χ2 test. The
genotype distribution of rs429358 and rs7412 did not deviate
from HWE.

MRI analysis
MRI scans of all patients with CIS and MS included
a T1-weighted sequence, a fluid-attenuated inversion re-
covery sequence, and contrast-enhanced T1-weighted
images and were analyzed by a neuroradiologist with
regard to lesion number, size, and location and to contrast-
enhancing lesions. The neuroradiologist was blinded to
clinical data.

Statistical analysis
Statistical analyses were performed using SPSS 23.0 software
(IBM Corp.). Continuous variables are described by their
median and interquartile range, and categorical variables by
numbers and percentages.

A variety of general sociodemographic factors known to in-
fluence cognitive status and previously discussed disease-
specific risk factors for cognitive impairment in MS20 were
assessed. The list of the potential predictors and their baseline
characteristics are summarized in table 1. Age and education
were not included in the further analyses as cognitive test
results had already been corrected for age and education by z-
standardization.

To approximate the overall cognitive performance of each
patient, we calculated an unweighted mean z-score:

Mean z-score = (z-score of PASAT 3 + z-score of MUSIC
total test score)/2.

In addition, the results of the memory-centered MUSIC
subtests 1, 2, and 5 were added up to form amemory-centered
sum score:

Memory-centered sum score = (z-score of verbal learning list
A + z-score of verbal learning list B + z-score of verbal re-
call)/3.

To extract those factors, which contributed most to cognitive
performance in our cohort, variables were preselected by
performing univariate linear regression analyses of each po-
tential predictor with the cognitive outcome parameter under
investigation. Variables with p values of regression coefficients
<0.1 were subsequently selected for inclusion to a multiple
linear regression model for the respective outcome. Di-
chotomous variables were dummy coded.

All our analyses are exploratory. Hence, p values are only
given for descriptive reasons. However, we consider an as-
sociation as statistically relevant in case of p < 0.05.

Data availability
The raw data used in preparation of the figures and tables will
be shared in anonymized format on request of a qualified
investigator to the corresponding author for purposes of
replicating procedures and results.

Results
Characteristics of the 552 patients included in this study are
reported in table 1. Of note, 25.2% of the patients were car-
riers of the APOE e4 allele. Ten of these (1.8%) were
homozygotes, which is in line with the reported prevalence in
healthy control populations of Caucasians21 and with the
prevalence in a larger German cohort of patients with MS.22
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Ethnicity of our cohort was homogeneous. Of note, 94.6% of
the patients had grandparents of German origin only. The
others (5.4%) had 1 grandparent with origin other than
German. There were no patients with more than 1 grand-
parent with origin other than German enrolled in this study.

After preselection as described above, the parameters Ex-
panded Disability Status Scale (EDSS) score, BMI, BDI-II,
FSMC, alcohol consumption, smoking, MRI lesion number,
and APOE e4 carrier status were included in a multiple linear
regression model for the prediction of the overall cognitive
performance evaluated by the mean score of the
z-standardized PASAT 3 andMUSIC test scores. It was found
that APOE e4 homozygosity, higher disability level measured
by the EDSS, higher MRI lesion number, and higher BDI-II
scores were associated with lower performance in cognitive
testing, whereas patients who consumed alcohol scored
higher compared with patients who did not consume alcohol

Table 1 Patient characteristics

Number (%) Median (IQR)

Demographic characteristics

Sex

Female 395 (71.6)

Male 157 (28.4)

Age (y) 32 (27–42)

Education (school leaving
level)

Level 1 60 (10.9)

Level 2 251 (45.5)

Level 3 241 (43.7)

Ethnic origin of grandparents

Only German 522 (94.6)

One other than German 30 (5.4)

Clinical characteristics

Diagnosis

CIS 244 (44.2)

RRMS 308 (55.8)

Disease duration (mo) 4 (2–9)

EDSS score 1.5 (1.0–2.0)

Occurrence of relapse within
30 days

Relapse 76 (13.8)

No relapse 468 (84.8)

No information 8 (1.4)

BMI 24.1 (21.6–27.7)

BDI-II 5.0 (2.0–9.0)

Fatigue score (FSMC) 15.00
(11.00–25.75)

Current smoking

Smokers 172 (31.2)

Nonsmokers 380 (68.8)

Alcohol consumption

Occasional or regular
drinking

426 (77.2)

No drinking 126 (22.8)

MRI characteristics

Lesion number 9 (6–9)

Lesion localization

Periventricular (yes/no) 528 (95.7)/24 (4.3)

Juxtacortical (yes/no) 416 (75.4)/136
(24.6)

Table 1 Patient characteristics (continued)

Number (%) Median (IQR)

Infratentorial (yes/no) 319 (57.8)/233
(42.2)

Presence of CEL

Yes 197 8 (35.7)

No 340 (61.6)

No information 15 (2.7)

Black holes

Yes 243 (44.0)

No 172 (31.2)

No information 137 (24.8)

Visible atrophy

Yes 46 (8.3)

No 396 (71.7)

No information 110 (19.9)

Genetic characteristics

APOE «4 carriers

Homozygotes e4/e4 10 (1.8)

Heterozygotes e4/e3 or e4/e2 129 (23.4)

APOE «4 noncarriers e3/e3 or e2/e3 or
e2/e2

413 (74.8)

Abbreviations: BDI-II = Beck Depression Inventory II; BMI = bodymass index;
CEL = contrast-enhancing lesion; CIS = clinically isolated syndrome; EDSS =
Expanded Disability Status Scale; FSMC = Fatigue Scale for Motor and Cog-
nitive Function; IQR: interquartile range; RRMS = relapsing-remitting MS.
The table summarizes the assumed predictors of cognitive performance
and their baseline characteristics in our cohort of 552 patients with CIS and
early RRMS. Age and education were used for the z-standardization and
were therefore not included in the regressionmodels. Continuous variables
are described by their median and interquartile range, and categorical
variables by numbers and percentages.
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(table 2). The R2 of the overall model was 0.133 (adjusted R2

= 0.118). APOE e4 heterozygosity was not associated with the
overall cognitive performance.

To evaluate whether the effect of APOE e4 carrier status was
more pronounced in memory-mediated cognitive domains
resembling its effects in AD, a sum score of the memory-
centered subparts of the MUSIC test was investigated in
a second multiple linear regression model. However, we found
no relevant association of APOE e4 homo- or heterozygosity
with the memory-centered sum score in the univariate re-
gression analysis. Therefore, APOE e4 carrier status was not
included in the multiple regression model for the memory-
centered sum score. We found that male sex and higher EDSS
scores were associated with worse performance in these subt-
ests. In line with the results of the mean score of overall cog-
nitive performance, alcohol consumption was associated with
better test results again (table 3). The R2 of the overall model
was 0.109 (adjusted R2 = 0.094).

The findings concerning the effect of alcohol consumption are
limited by the fact that they were no longer detectable after
variation of dichotomization into nondrinkers and occassional
drinkers vs regular drinkers.

We observed no association of theAPOE e2 carrier status with
any of the cognitive outcome parameters in the univariate

regression analyses. Therefore, APOE e2 carrier status was not
included in any of the multiple linear regression models.

Discussion
Cognitive impairment is one of the most difficult challenges
for young adults faced with a diagnosis of MS because neu-
ropsychological symptoms may already be experienced early
on23,24 and are among the main reasons for unemployment
and reduced quality of life.25 We here assessed the putative
role of APOE polymorphisms on the cognitive outcome
parameters PASAT 3 and MUSIC test scores in patients with
CIS and early RRMS of a homogenous cohort in terms of
origin, short disease duration, and treatment-naive state.

Neither APOE e2 carrier status nor APOE e4 heterozygosity
showed an influence on the evaluated cognitive outcome
parameters. However, we observed a relevant association of
APOE e4 homozygosity with a lower overall cognitive
performance.

In AD, APOE e4 carriers have a higher risk of developing AD
and show decreased APOE plasma levels compared with
APOE e2 and APOE e3 carriers. Among APOE e4 carriers,
lower plasma levels are associated with an even greater risk of
developing AD. Therefore, it was suggested that a decrease of

Table 2 Regression coefficients for mean cognitive test scores

CI

β SE Standardized β t Value 95% lower 95% upper p Value

Intercept 0.920 0.341 2.698 0.250 1.590 0.007

Genetic characteristics

APOE «4 homozygosity 20.922 0.394 20.095 22.340 21.697 20.148 0.020

APOE «4 heterozygosity 0.128 0.124 0.043 1.035 −0.115 0.372 0.301

Clinical characteristics

Disability (EDSS score) 20.180 0.057 20.135 23.143 20.293 20.068 0.002

BMI −0.010 0.010 −0.041 −0.987 −0.031 0.010 0.324

Depressive symptoms (BDI-II) 20.021 0.010 20.116 22.024 20.040 20.001 0.043

Fatigue score (FSMC) −0.005 0.004 −0.065 −1.121 −0.013 0.003 0.263

Alcohol consumption 0.493 0.126 0.160 3.929 0.247 0.740 <0.001

Smoking −0.221 0.115 −0.079 −1.932 −0.446 0.004 0.054

MRI characteristics

Lesion number 20.056 0.022 20.103 22.514 20.099 20.012 0.012

Abbreviations: β = regression coefficient; BDI-II = Beck Depression Inventory II; BMI = body mass index; EDSS = Expanded Disability Status Scale; FSMC =
Fatigue Scale for Motor and Cognitive Function; MUSIC = Multiple Sclerosis Inventory Cognition; SE = standard error.
As a proxy for overall cognitive performance, themean of the z-standardized PASAT 3 andMUSIC total scores was calculated. The following parameters were
selected for inclusion in the multiple linear regression model: EDSS score, BMI, BDI-II FSMC, alcohol consumption, smoking, MRI lesion number, and APOE e4
carrier status (n = 545). APOE e4 homozygosity, higher disability level measured by the EDSS, higher MRI lesion number, and higher BDI-II scores were
associatedwith lower performance in cognitive testing, whereas patientswho consumedalcohol scored higher comparedwith patientswho did not consume
alcohol. Parameters, which were found to be relevant predictors (defined by p < 0.05) of mean cognitive test scores, are written in bold.
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APOE protein functionmediates the evolution of AD and that
the risk increases dose dependently.3 As APOE is thought to
be involved in repairing neuronal injury, synapse formation,
and scavenging of toxins,26,27 we hypothesized that impaired
repair mechanisms in MS lesions could mediate more pro-
nounced neurodegenerative processes in APOE e4 carriers
compared with noncarriers.

Our current finding that cognitive performance was impaired
in homozygous APOE e4 carriers only might indicate that
a dose-dependent decrease of APOE function mediates cog-
nitive decline in MS, as it does in AD, and that a prolonged
follow-up would reveal more pronounced effects of APOE
later in the course of MS. Supporting this, previous studies in
smaller cohorts of patients with MS with mean disease
durations of 8.328 and 13 years26 reported an association of
APOE e4 with dysfunction in some cognitive domains in-
cluding verbal fluency and memory.

To evaluate whether the observed negative impact of APOE
e4 homozygosity on cognitive performance was mainly
caused by impaired memory functions, resembling the as-
sumed APOE e4-mediated effects in AD,29 additional analysis
of a memory-centered sum score was performed. However,
we found no relevant association of APOE e4 homo- or het-
erozygosity with this memory-centered sum score. This might

indicate an AD-independent APOE e4-mediated effect on
cognitive performance in patients with MS. This hypothesis is
also supported by the young median age of our cohort as
APOE e4-dependent progression of formerly cognitive un-
impaired people to mild cognitive impairment (MCI) and AD
was found to be most pronounced in older people aged 70–75
years.30 Furthermore, a recent study using PET imaging
biomarkers of AD even suggested that some aspects of MS
pathobiology retard the accumulation of β-amyloid, which is
one of the main pathologic correlates of AD.31 Nevertheless,
we cannot exclude the possibility that patients with APOE e4
homozygosity performed worse in the cognitive tests because
of an APOE e4-mediated increased risk of developing MCI
or AD.

In an effort to correct for potential confounders, we included
a range of parameters known or assumed to influence cog-
nitive performance in patients with MS in our analyses. Apart
from the putative impact of APOE e4 homozygosity, we ob-
served a relevant association of markers of the disease burden
with the overall cognitive performance. Patients with a higher
disability level as assessed by the EDSS and with a higher
number of T2 lesions in MRI performed worse in cognitive
testing, which is in line with previous reports.17,23,32 Higher
scores of depressive symptoms in BDI-II were also associated
with an impaired performance. Depression is known to be

Table 3 Regression coefficients of the memory-centered MUSIC test subparts

CI

Β SE Standardized β t Value 95% lower 95% upper p Value

Intercept 0.443 0.301 1.469 −0.149 1.035 0.142

Demographic characteristics

Sex (female vs male) 0.370 0.088 0.176 4.178 0.196 0.543 <0.001

Clinical characteristics

Disease duration (mo) −0.006 0.005 −0.052 −1.249 −0.016 0.004 0.212

Disability (EDSS score) 20.123 0.043 20.127 22.882 20.206 20.039 0.004

BMI −0.014 0.008 −0.079 −1.867 −0.029 0.001 0.062

Depressive symptoms (BDI-II) −0.008 0.007 −0.064 −1.108 −0.023 0.006 0.268

Fatigue score (FSMC) −0.002 0.003 −0.046 −0.775 −0.008 0.004 0.439

Alcohol consumption 0.236 0.093 0.106 2.536 0.053 0.418 0.012

Smoking −0.156 0.085 −0.077 −1.842 −0.322 0.010 0.066

MRI characteristics

Lesion number −0.025 0.016 −0.064 −1.536 −0.057 0.007 0.125

Abbreviations: BDI-II = Beck Depression Inventory II; BMI = body mass index; EDSS = Expanded Disability Status Scale; FSMC = Fatigue Scale for Motor and
Cognitive Function; SE = standard error.
A sum score of thememory-centered subparts of theMUSIC test (Wordlist A and B and verbal recall) was calculated to evaluate the potential effect of APOE e4
carrier status on memory function. However, APOE e4 carrier status did not show any association with this sum score in the preselection process and was
therefore not included in the regression model. The following parameters were selected for inclusion in the multiple linear regression model: sex, disease
duration, EDSS score, BMI, BDI-II, FSMC, alcohol consumption, smoking, and MRI lesion number (n = 538). Female sex, lower disability level measured by the
EDSS, and alcohol consumption were associated with better performance in the memory-centered subtests of MUSIC. Parameters, which were found to be
relevant predictors (defined by p < 0.05) of mean cognitive test scores, are written in bold.
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associated with reduced attention and processing speed in
patients with MS.33 As PASAT 3 and MUSIC tests both in-
clude an assessment of these cognitive domains, our current
finding seems plausible. Surprisingly, we observed a positive
influence of alcohol consumption on the cognitive outcome,
shedding light on recent reports associating alcohol con-
sumption with lower neurologic disability in MS,34 and a re-
duced risk of developing MS.35 However, this finding has to
be interpreted with care as it may be attributed to the di-
chotomization of drinking habits and as the questionnaires
used in this study were not laid out for accurate quantification
of alcohol consumption (e.g., units/month).

Two additional limitations of this study have to be addressed.
First, the observed effect of APOE e4 is based on a very low
number of APOE e4 homozygotes, which makes our findings
sensitive to potential confounders, not accounted for. As the
estimated prevalence of APOE e4 homozygosity in Caucasian
MS populations is only 1.8%, an even larger cohort than ours
would be needed to improve the statistical power. Second, the
tests used to assess cognitive performance in this study pose
another potential limitation of our observations. PASAT 3
and MUSIC are both screening tests for cognitive perfor-
mance, which offer the advantage that they may be in-
corporated into routine diagnostics comparatively easily.
However, they lack the sensitivity and reliability to detect MS-
specific cognitive impairment of extended test batteries, like
for instance the Symbol Digit Modalities Test.36

Besides markers of disease burden, depression, and lifestyle
habits, this study identified APOE e4 homozygosity as a po-
tential predictor of cognitive performance in this cohort of
patients with CIS and early RRMS. This indicates a role of
APOE as a genetic risk factor for cognitive impairment in MS
and might even suggest an APOE e4 effect unrelated to
concomitant AD. Therefore, future work confirming the
current findings in young homozygous APOE e4 patients in
a larger and independent MS cohort would be valuable.
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Abstract
Objective
To study the immunomodulatory effect of dimethyl fumarate (DF) on granulocyte macro-
phage colony-stimulating factor (GM-CSF) production in CD4+ T cells in experimental au-
toimmune encephalomyelitis (EAE) and human peripheral blood mononuclear cells
(PBMCs).

Methods
We collected splenocytes and CD4+ T cells from C57BL/6 wild-type and interferon (IFN)-
γ–deficient mice. For human PBMCs, venous blood was collected from healthy donors, and
PBMCs were collected using the Percoll gradient method. Cells were cultured with anti-CD3/
28 in the presence/absence of DF for 3 to 5 days. Cells were stained and analyzed by flow
cytometry. Cytokines were measured by ELISA in cell supernatants. For in vivo experiments,
EAE was induced by myelin oligodendrocyte glycoprotein35–55 and mice were treated with oral
DF or vehicle daily.

Results
DF acts directly on CD4+ T cells and suppresses GM-CSF–producing Th1 not Th17 or single
GM-CSF+ T cells in EAE. In addition, GM-CSF suppression depends on the IFN-γ pathway.
We also show that DF specifically suppresses Th1 and GM-CSF–producing Th1 cells in
PBMCs from healthy donors.

Conclusions
We suggest that DF exclusively suppresses GM-CSF–producing Th1 cells in both animal and
human CD4+ T cells through an IFN-γ–dependent pathway. These findings indicate that DF
has a better therapeutic effect on patients with Th1-dominant immunophenotype. However,
future longitudinal study to validate this finding in MS is needed.
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MS, the leading cause of disability in young adults, is an in-
flammatory demyelinating disease with axonal injury in the
CNS.1 The rapidly growing number of diagnosed cases and
available immune-modifying therapies in recent years is mo-
tivating scientists and clinicians to further study the mecha-
nism of action of currently approved medications to discover
novel underlying pathways that can be targeted to develop
new and more efficient treatments for MS.

Patients with relapsing-remitting MS (RRMS) patients are trea-
ted with oral dimethyl fumarate (DF) since 2013 in the United
States,2 and DF is added to the armamentarium of disease-
modifying therapies for MS. In terms of an underlying mecha-
nism of action, DF inhibits interleukin (IL)-12p35 and IL-23p19
transcription in dendritic cells. This leads to the generation of
type-2 dendritic cells, which indirectly increases IL-4+ Th2 cells in
both experimental autoimmune encephalomyelitis (EAE) and
human cells and ameliorates inflammatory responses.3,4 In ad-
dition, EAEmice treated with DF show a significant reduction in
the total number of interferon (IFN)-γ–, IL-17–, and granulocyte
macrophage colony-stimulating factor (GM-CSF)–producing
CD4+ T cells among CNS-infiltrating cells.5 These findings add
to the role of DF in decreasing the inflammatory profile of T cells
indirectly by changing the phenotype of antigen presenting cells,
but the direct effect of DF on pathogenic T-cell subtypes has not
been adequately studied.

Among the various types of immune cells involved in the
pathogenesis of EAE, T cells have been the main focus of
research because of their pathogenic role in animal models of
demyelination and the abundance of T cells in active de-
myelinating brain lesions in patients with MS.6,7

Th1 and Th17 cells are considered the main culprits in EAE
pathogenicity,8,9 and their signature cytokines, IFN-γ and IL-17,
play a role in disease pathogenesis.10,11 Lack of IFN-γ leads tomore
severe EAE, and the absence of IL-17 does not affect EAE
development.12,13 Given that neither Th1 (IFN-γ) nor Th17 (IL-
17) signature cytokines are required for the development of EAE,14

we and others have shown that GM-CSF is an essential cytokine
for EAE induction. GM-CSF–producing CD4+ T cells can effec-
tively induce EAE by passive transfer, and lack of GM-CSF in Th1
or Th17 cells abrogates their encephalitogenicity. In addition, GM-
CSF–deficient mice are resistant to EAE induction.15,16

Here, we studied the direct effect of DF on CD4+ T cells and
their cytokine profiles. We demonstrate that DF significantly
decreases GM-CSF in CD4+ T cells in vitro and in vivo.
Further evaluation showed that the decrease in GM-CSF is
more prominent in Th1 than that in Th17 or single GM-

CSF+CD4+ T cells. In addition, the suppressive effect of DF
on GM-CSF was abrogated by the lack of IFN-γ. We also
evaluated the effect of DF on human PBMCs and confirmed
that DF significantly decreases GM-CSF in Th1 cells.

Methods
Mice
Female C57BL/6 mice, 7–9 weeks old, were obtained from
Jackson Laboratory (Bar Harbor, ME). Mice were housed at
animal facility at Thomas Jefferson University with water and
food ad libitum. All experimental procedures were approved
by the Institutional Animal Care and Use Committee.

EAE induction and clinical evaluation
Mice were immunized subcutaneously with 200 μg of myelin
oligodendrocyte glycoprotein (MOG)35–55 (GenScript, Piscat-
away, NJ) emulsified in complete Freund’s adjuvant (DIFCO
Laboratories) containing Mycobacterium tuberculosis H37Ra (5
mg/mL; DIFCO Laboratories, Detroit, MI). In addition, mice
were intraperitoneally injected with 200 ng of pertussis toxin at
0 and 48 hours after immunization. Clinical EAE was assessed
daily in a blind fashion using the clinical scoring system from 0:
normal to 5: death as described previously.17

DF treatment
DF (Sigma-Aldrich, St. Louis, MO) was used in an emulsion of
0.8% methylcellulose. For in vivo treatment, DF solution was ad-
ministered by oral gavage twice daily (750 μg for 25 g mice in 200
μL volume), starting the day of EAE induction until termination
(day 23 post immunization). The solution was prepared early
everyday and stored at 4°C. Mice receiving vehicle were used as
controls.

Isolation of CNS-infiltrating mononuclear cells
and splenocytes
To collect mononuclear cells (MNCs), mice were extensively
perfused at day 23 post immunization with ice-cold phosphate
buffered saline. For spleen cells, spleens were collected and dis-
rupted in 70 μm cell strainer before RBC lysis. To collect CNS-
infiltrating cells, brains and spinal cords were removed, thinly
minced in Liberase TL (Roche, Indianapolis, IN), and incubated
at 37°C for 30 minutes. Then, the CNS was strained through
a 70 μm cell strainer, andMNCs were enriched by centrifugation
on a 70/30 Percoll gradient for 30 minutes at 2,000 rpm.17

Splenocyte and lymphocyte culture and
ELISA experiments
Spleen cells were cultured in Iscove Modified Dulbecco medium
(Gibco, Gaithersburg, MD) supplemented with 10% fetal bovine

Glossary
DF = dimethyl fumarate; EAE = experimental autoimmune encephalomyelitis; GM-CSF = granulocyte macrophage colony-
stimulating factor; MNC = mononuclear cell; RRMS = relapsing-remitting MS; WT = wild type.
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serum (Gibco), 5% L-glutamine (Gibco), 5% penicillin/
streptomycin (Gibco), and β-mercaptoethanol (Sigma). Spleen
cells were stimulated with 1 μg/mL anti-CD3/CD28 agonistic
antibodies for 72 hours at 37°C, 5% CO2. For antigen-specific
recall response, CNS-infiltrating cells from EAE mice, at a con-
centration of 1 × 106 cells/mL, were stimulated with 10 μg/mL
MOG35–55 at 37°C, 5% CO2. At the indicated time points,
supernatants were collected and centrifuged to eliminate cellular
debris. Cytokine levels in supernatants were measured by ELISA.
We analyzed the following cytokines: GM-CSF (R&D Systems,
Minneapolis, MN, DY415), human GM-CSF (R&D Systems
DY215), IFN-γ (R&D Systems DY485), human IFN-γ (R&D
Systems DY285), IL-17 (R&D Systems DY421), and human IL-
17 (R&D Systems DY317).

Purification of CD4+ T cells
MNCs from spleens were subjected to positive selection
according to the manufacturer’s recommendation (CD4
microbeads; Miltenyi Biotec, Auburn, CA, 130-049-201).

Proliferation assay
Splenocytes were cultured in 96-well plates at a concentration
of 1 × 106 cells/mL and stimulated with anti-CD3/28 (1 μg/
mL each) for 48 hours. Cells were pulsed with 0.5 μCi of 3H-
thymidine for the last 18 hours. Thymidine incorporation was
measured using a scintillation counter.

Human blood samples and cell culture
All subjects provided informed consent before their participa-
tion in the current study. All human studies were approved by
the Thomas Jefferson University Institutional Review Board.
Blood was obtained from 8 healthy donors at the Department
of Neurology, Thomas Jefferson University. PBMCs were
collected by Ficoll-Paque Plus density gradient centrifugation.
PBMCs were washed and cultured at a density of 1 × 106 cells/
mL in X-VIVO 15 serum-free medium. Cells were stimulated
with 1 μg/mL of anti-CD3 (HIT3a; BD Biosciences, San Jose,
CA) and 1 μg/mL anti-CD28 (CD28.2; BD Biosciences) for
120 hours in the presence of 0.1 μg/mLof DF (Sigma-Aldrich).

Flow cytometry experiments
For analysis of surface markers, MNCs were surface stained in
flow cytometry (FACS) buffer (phosphate buffered saline
containing 3% fetal bovine serum and 0.02% NaN3) with
fluorescence antibodies for 20 minutes at 4°C. For analysis of
cytokine production, MNCs were activated with phorbol 12-
myristate 13-acetate (50 ng/mL), ionomycin (500 ng/mL),
andGolgi-Stop (1 μg/mL) for 4 hours. Then, cells were surface
stained as mentioned previously, before being fixed and per-
meabilized with buffers (Fix/Perm; ThermoFisher, Frederick,
MD). Finally, cells were incubated with cytokine-specific
antibodies for 30 minutes at 4°C. All antibodies and reagents
used in this section were purchased from BD Biosciences, ex-
cept for phorbol 12-myristate 13-acetate and ionomycin (both
from Sigma-Aldrich). Samples were acquired on an FACS Aria
equipment (BD Biosciences). Analyses were performed with
FlowJo software (Tree Star, Ashland, OR).

Statistical analysis
Data are presented as mean ± standard error of the mean.
Statistical analysis was performed using one-way analysis of
variance or the Kruskal-Wallis test (all analyses performed with
GraphPad Prism software, San Diego, CA). A probability level
(p value) of *: p < 0.05, **: p < 0.01, and ***: p < 0.001 was
statistically significant for all tests. All error bars represent
standard error of the mean. For human results, we used pre-
treatment and posttreatment paired t test analysis.

Data availability
Raw FACS and ELISA files are not included in this article. Any
unpublished and anonymized data will be shared upon re-
quest from a qualified investigator.

Results
DF acts directly on CD4+ T cells and decreases
GM-CSF production
To evaluate the role ofDF onGM-CSF production inT cells, we
first collected splenocytes from B6 wild-type (WT) mice and
cultured them with anti-CD3/CD28 in the presence
and absence of DF (1 μg/mL) for 72 hours. We found that GM-
CSF in culture supernatants was significantly lower in
DF-treated cells compared with controls (figure 1A). FACS
analysis of the same cells showed a significant reduction of GM-
CSF in both CD4+ and CD8+ T cells (figure 1B). As previously
shown in several studies, DF induces T-cell lymphopenia in
patients with MS.18 To confirm that the effect of DF on the
T-cell cytokine profile is not dependent on its lymphopenic
effect, we performed a proliferation assay on activated spleno-
cytes with anti-CD3/CD28 in the presence or absence of varying
doses of DF. Administration of DF at a dose of 1 μg/mL, which
we used in all our in vitro experiments, did not show a significant
suppressive effect on splenocyte proliferation (figure 1C).

Following the above-mentioned experiment, we studied howDF
directly affects purified CD4+ T cells from mice. CD4+ T cells
were isolated and cultured with anti-CD3/CD28 Abs with or
withoutDF for 72 hours.Wemeasured IFN-γ, GM-CSF, and IL-
17 in the supernatant after the incubation period. We found that
DF significantly decreased GM-CSF and IFN-γ, but not IL-17, in
purified CD4+ T cells compared with controls (figure 1D). In
addition, FACS analysis of the same cells demonstrated that DF
decreased GM-CSF in IFN-γ+CD4+ T (Th1) cells (figure 1E).

DF treatment significantly decreased GM-CSF+

Th1 cells in CNS-infiltrating cells
To analyze the immunomodulatory effect of DF treatment in
EAE, we first immunized all mice and then treated half of them
with oral DF in an emulsion of 0.8% methylcellulose (DF
group) and the other half with a similar volume of 0.8%
methylcellulose vehicle (control group). Mice in the control
group developed EAE, with an average severity of around 2.5 in
scoring (score range from 1.25 to 4 with a median score of
2.625). By contrast, DF-treated mice showed very mild clinical
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Figure 1 DF decreases GM-CSF production and GM-CSF+Th1 cells in mouse splenocytes

Splenocytes fromwild-type (WT) mice were stimulated with 1 μg/mL of anti-CD3/28 antibody in the presence or absence of DF (1 μg/mL) for 72 hours. (A) GM-
CSF levels in culture supernatantswere determined by ELISA. Data are representative of 3 experiments (mean ± SEM; n = 4 replicates per group). (B) Cells were
stimulatedwith ionomycin/PMA andGolgiPlug in the last 4 hours of culture. After intracellular staining for GM-CSF, flow cytometry analysis of gated CD4+ and
CD8+ T cells showed that DF administration decreased GM-CSF production in both CD4+ and CD8+ T cells. (C) Proliferation assay on splenocytes treated with
different DF doses. DF did not affect proliferation of splenocytes at a dosage of 1 μg/mL. (D) CD4+ T cells were purified fromWT spleen cells and stimulated
with anti-CD3/28 in the presence or absence of DF. IL-17, IFN-γ, and GM-CSF weremeasured in cell supernatants. DF decreased IFN-γ and GM-CSF, but not IL-
17. (E) Flow cytometry analysis demonstrated that DF significantly reduced GM-CSF production in IFN-γ–producing CD4+ (Th1) cells. DF = dimethyl fumarate;
GM-CSF = granulocytemacrophage colony-stimulating factor; IFN = interferon; IL = interleukin; PMA = phorbol 12-myristate 13-acetate; SEM = standard error
of the mean. ***p < 0.001.
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signs with an average clinical score of ≤1 (score range from 0 to
1.5 with a median score of 0.75) (figure 2A).

We killed the mice at disease peak (day 23) and assessed the
number of infiltratingMNCs in the CNS of both DF-treated and
control groups. In addition to counting the total number of in-
filtrating cells, we evaluated the immunophenotype of those cells
by flow cytometry. The total number of CD4+ T cells and GM-
CSF+CD4+ T cells was dramatically decreased in the CNS of the
DF-treated group (figure 2B).We also looked at IFN-γ and IL-17
inCNS-infiltratingCD4+T cells and, interestingly, found thatDF
decreases GM-CSF+CD4+ cells that coproduce IFN-γ, but not
IL-17 (figure 2C), given that DF has a greater suppressive effect
in vivo onGM-CSF–producingTh1 cells than that onTh17 cells.

Splenocytes from treated and control mice were isolated, cultured,
and stimulatedwithMOG33–35 for 72hours.GM-CSF, IFN-γ, and
IL-17 were measured in culture supernatants by ELISA. As shown
in figure 2D, splenocytes from DF-treated mice produced a sig-
nificantly decreased amount ofGM-CSFand IFN-γ, but not IL-17.

DF requires an intact IFN-γ pathway to
suppress GM-CSF in CD4+ T cells
Based on the observation that DF suppresses GM-CSF pre-
dominantly in Th1 cells, and to further evaluate the underlying
mechanism of the suppressive effect of DF on GM-CSF, we
investigated whether IFN-γ plays a role in this phenomenon.

WT and IFN-γ–deficient splenocytes were cultured and stim-
ulated with anti-CD3/28 in the presence or absence of DF.
Although DF suppressed GM-CSF–producing CD4+ T cells
and GM-CSF cytokines in the supernatant of WT splenocytes,
the lack of IFN-γ abrogated the effect of DF on GM-CSF in
CD4+T cells. This finding implies that IFN-γ plays a crucial role
in the suppressive effect of DF on GM-CSF (figure 3, A and B).

DF decreases Th1 and GM-CSF–producing Th1
cells in human PBMCs
To determine the best dosage of DF in human in vitro experi-
ments, we performed a proliferation assay and treated cells with
10, 1, and 0.1 μg/mL of DF as described previously. Based on
our result, 0.1 μg/mL DF had the least toxic effects on human
PBMCs (data not shown). To evaluate the effect of DF on
human PBMCs, we cultured and stimulated PBMCs from
healthy donors with human anti-CD3/28 with or without DF
(0.1 μg/mL) for 120 hours. Cells were analyzed with flow
cytometry after 5 days, andmultiple cytokines weremeasured by
ELISA in cell supernatants. For statistical analysis, we used the
paired t test to compare pretreatment and posttreatment results.

DF treatment significantly reduced IFN-γ+CD4+ (Th1) T cells,
and ELISA analysis of PBMC culture supernatants demon-
strated that DF significantly decreased IFN-γ production (figure
3C). In terms of GM-CSF–producing CD4+ T cells, DF sig-
nificantly decreased GM-CSF+ Th1 cells with no effect on total
GM-CSF–producing CD4+ T cells, implying that the suppres-
sive effect of DF onGM-CSF is mostly on Th1 cells (figure 3D).

Discussion
DF was approved by the Food and Drug Administration for the
treatment of MS in 2013, and its efficacy has been well demon-
strated. During 2 years of treatment, DF reduced clinical relapse
and lesion frequency while improving health-related quality of life
in adults with RRMS.19,20 However, the underlying therapeutic
mechanism of DF is still under investigation. DF has neuro-
protective effects,4,21,22 including reducing spinal cord in-
flammation and protecting myelin and neurons.4,23 Also,
researchers who have studied the Nrf2 transcriptional pathway
and oxidative stress that DF modulates4,21,24 found that both DF
and its active metabolite, monomethyl fumarate, induce the re-
active oxygen species scavenger glutathione in oligodendrocytes,
astrocytes, and hippocampal cells.22,25,26Other pathways have also
been reported, including the hydroxycarboxylic acid receptor 2
pathway and nuclear factor kappa-light-chain-enhancer of acti-
vated B cells.23,27,28 DF has been shown to promote Th2 cytokine
profiles,3,22,29 and transferring DF-induced IL‐17AlowIFN‐γlowIL‐
4+CD4+ T cells has demonstrated its therapeutic effect in EAE.30

In patients with RRMS after 6 months of DF treatment, the
proportion of Th2 cells was increased amongmemory T cells but
with a decrease in the proportion of Th1 and with no change in
Th17 cell proportion among memory T cells.31 Another study,
however, showed a decrease in CD4+ T cells producing IFN-γ,
IL-17, andGM-CSF, with no significant change in IL-10 and IL-4
after 12months.32We also found that direct administration ofDF
decreased proinflammatory cytokine production in the super-
natant of human PBMCs obtained from healthy subjects. When
we took a closer look at CD4+T-cell subsets, DF suppressed only
GM-CSF+Th1 cells, but not GM-CSF+Th17 or GM-CSFonly

CD4+ T cells. One limitation of our study is that the human data
are based on very small number of samples from healthy donors.
Further studies are necessary to confirm the effect of DF onGM-
CSF–producing cells from patients with MS.

Although IL-17 and IFN-γ are implicated in MS, mice still
develop EAE even in the absence of these cytokines.33,34 Pre-
vious studies have shown that GM-CSF secreted by CNS-
infiltrating T helper cells is essential for EAE, evenmore so than
IL-17 or IFN-γ. Lack of GM-CSF or GM-CSF receptor
abrogates EAE development, and adoptively transferred GM-
CSF–deficient Th1 or Th17 cells do not induce EAE.15 We
showed that DF caused a decrease in GM-CSF+ Th1 cells in
both the periphery and CNS-infiltrating cells during EAE, and
given the fact that GM-CSF–expressing cells are the crucial
determinant of EAE susceptibility and progression, one of the
underlying therapeutic mechanisms of DF appears to be
through suppression of GM-CSF+ Th1 cells.

In a variety of T helper cell populations, different transcription
factors, including bhlhe40, RORγt, T-bet, GATA-3, and
STAT5,35–38 are active at multiple time points. It has been
reported that IL-7–activated STAT5 promotes GM-CSF gen-
eration of CD4+ T cells, which differ from RORγt-, T-bet–, and
GATA-3–promotedGM-CSF–producing CD4+ T cells (Sheng
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Figure 2DF ameliorates experimental autoimmune encephalomyelitis and suppresses GM-CSF–producing Th1 cells in the
CNS

(A)Wild-typeB6micewere immunizedwith 200μg ofMOG35–55 andwere treatedwithDF (treatment group) or placebo (control group) by oral administration starting
on the day of immunization. Clinical signs were scored daily following a 0–5 scale. Data represent 1 of 3 experiments and themean clinical scores ± SEM (n = 5 each
group). (B) CNS-infiltrating cells fromDF-treated and controlmice were isolated on day 23 of disease. DF treatment significantly decreased total CD4+ T cells and GM-
CSF–producing CD4+ T cells among CNS-infiltrating cells. (C) Cells were stained with GM-CSF, IFN-γ, and IL-17A antibodies and analyzed by flow cytometry. We found
that GM-CSF was decreased in Th1 cells, but not Th17 cells, after DF treatment. (D) Splenocytes from both treated and control groups were collected and cultured/
stimulated with 25 μg/mL MOG35–55 for 72 hours. Concentrations of GM-CSF, IFN-γ, and IL-17A in culture supernatants were measured by ELISA. There was
significantly lessGM-CSFand IFN-γ in treatedmice comparedwith controls. **p<0.01; and***p<0.001.Oneof 2 experiments is shown.DF= dimethyl fumarate;GM-
CSF = granulocyte macrophage colony-stimulating factor; IL = interleukin; MOG = myelin oligodendrocyte glycoprotein; SEM = standard error of the mean.
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Figure 3 The suppressive effect of DF on GM-CSF depends on IFN-γ in murine cells

(A)Splenocyteswere isolated fromwild-type (WT)and IFN-γ−/−mouseandstimulatedwith1μg/mLofanti-CD3/28antibodies in thepresenceorabsenceofDF (1μg/mL) for72
hours.DF treatment significantly decreasedGM-CSF inCD4+T cells fromWTbutnotCD4+T cells from IFN-γ−/−mice. (B)MeasurementofGM-CSF in cell supernatantsbyELISA
confirmed the same finding.Dataaremean±SEMandrepresentativeof1of 3experiments.DF reducedGM-CSFproductionandGM-CSF+Th1cells inhumanPBMCs. PBMCs
fromhealthydonors (n= 8)werestimulatedwith1μg/mLofanti-CD3/anti-CD28antibody in thepresenceorabsenceofDF (0.1μg/mL) for120hours. (C)Cellswerestimulated
withPMA/ionomycinandGolgiPlug in the last4hoursofculture. Flowcytometryanalysis showedthatDFtreatmentdecreased IFN-γ+CD4+ (Th1)cells.Measurementof IFN-γ in
cell supernatants confirmed that DF reduced IFN-γ in human PBMC culture. (D) DF treatment did not affect the total percentage of GMCSF+CD4+ T cells but significantly
decreasedGM-CSF–producingTh1cells.Apaired t testwasusedforthestatisticalanalysisofhumanPBMCresultsbeforeandafter treatment.DF= dimethyl fumarate;GM-CSF
= granulocyte macrophage colony-stimulating factor; PMA = phorbol 12-myristate 13-acetate; SEM = standard error of the mean. *p < 0.05; **p < 0.01, and ***p < 0.001.

Neurology.org/NN Neurology: Neuroimmunology & Neuroinflammation | Volume 7, Number 4 | July 2020 7

http://neurology.org/nn


et al., 2014). Assay for transposase-accessible chromatin using
sequencing analysis of GM-CSF–expressing cells showed an
open IFN-γ locus in both GM-CSF– and ex-GM-CSF–
expressing cells, and single-cell RNA-sequencing showed that
pathogenic Th17 cells gain Th1-like characteristics once they
enter the mouse-inflamed CNS.34,39 On the epigenetic basis,
GM-CSF–producing T cells are also more related to IFN-γ+

T cells. Here, we show that DF affects only GM-CSF+IFN-
γ+CD4+ T cells, and its GM-CSF suppressive effect relies on an
intact IFN-γ pathway. Determining whether DF affects one or
several transcription factors in this pathogenic T-cell subset
could provide insights into its precise therapeutic mechanisms
in MS. Future research on DF should focus on the molecular
pathway of GM-CSF and IFN-γ generation after DF treatment.

In conclusion, we evaluated the role of DF on CD4+ T cells and
its effects on GM-CSF production. For mouse splenocyte
experiments, GM-CSF–producing Th1 T cells were reduced, but
other GM-CSF–producing T cells were not. For EAE model
experiments, DF decreased the percentage of GM-CSF+ Th1
cells in the CNS. In human ex vivo experiments, GM-CSF+ Th1
cells were reduced in healthy donor PBMCs after DF treatment;
however, a larger study in patients before and after DF treatment
is needed to validate current findings in MS. We also demon-
strated that the suppressive effect of GM-CSF is through the IFN-
γ pathway. The molecular basis of the effects of DF on GM-
CSF–producing T cells is unknown and merits further study.
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Abstract
Objective
To describe the presentations, radiologic features, and outcomes of children with autoimmune
encephalitis associated with myelin oligodendrocyte glycoprotein antibodies (MOG abs).

Methods
Identification of children fulfilling the diagnostic criteria for possible autoimmune encephalitis
(AE) and testing positive for serum MOG abs. Chart review and comprehensive analysis of
serum MOG abs using live cell assays and rat brain immunohistochemistry.

Results
Ten children (4 girls, 6 boys) with AE and serumMOG abs were identified. The median age at
onset was 8.0 years (range: 4–16 years). Children presented with a combination of encepha-
lopathy (10/10), headache (7/10), focal neurologic signs (7/10), or seizures (6/10). CSF
pleocytosis was common (9/10, median 80 white cell count/μL, range: 21–256). Imaging
showed cortical and deep gray matter involvement in all in addition to juxtacortical signal
alterations in 6/10 children. No involvement of other white matter structures or contrast
enhancement was noted. MOG abs were detected in all children (median titer 1:640; range: 1:
320–1:10,540). Nine children had a favorable outcome at discharge (modified Rankin scale of <
2). Five of 10 children had up to 3 additional demyelinating relapses associated with persisting
MOG abs. One child had NMDA receptor (NMDAR) abs at initial presentation. A second
child had a third demyelinating episode withMOG abs with overlapping NMDAR encephalitis.

Discussion
AE associated with serum MOG abs represents a distinct form of autoantibody-mediated
encephalitis in children. We therefore recommend includingMOG abs testing in the workup of
children with suspected AE.
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During the past decade, antibodies (abs) against myelin oli-
godendrocyte glycoprotein (MOG) have been described in
different subgroups of acquired demyelinating syndromes
(ADSs) distinct from aquaporin 4 (AQP4) abs-associated
syndromes and MS.1,2 MOG spectrum diseases (MOG-SDs)
manifest primarily in children with isolated or recurrent optic
neuritis (ON), isolated or combined with myelitis, or acute
disseminated encephalomyelitis (ADEM).3–7

The defining features of ADEM are the presence of encepha-
lopathy, polyfocal neurologic signs, and typical MRI findings.8,9

Relapsing forms other than MS in children which are nearly
always associated with MOG abs include multiphasic
ADEM, ADEM followed by optic neuritis (ADEMON), and
AQP-4 negative neuromyelitis optica spectrum diseases
(NMOSDs).5,10,11

More recently, adult studies described patients with autoim-
mune encephalitis (AE), MOG abs, and MRI features such as
cortical involvement of the brain.12–14 One study reported 3
adult patients with encephalitis, unilateral cerebral cortical
lesions, and epileptic seizures in association with MOG abs.12

Recently, Budhram et al.15 reported an adult patient with
MOG abs, encephalitis, seizures, and unilateral cortical in-
volvement terming the acronym FLAMES (unilateral fluid-
attenuated inversion recovery [FLAIR]-hyperintense Lesions
in Anti-MOG-associated Encephalitis with seizures) after
a detailed literature review of similar cases.

Reports of children with clinical and radiologic presentations in
the context of MOG abs are limited. In a recent study of 18
patients with ab-mediated encephalitis, 2 children with unilateral
cortical involvement on MRI and MOG abs were identified.16

The aim of this study was to describe the clinical features,
treatment response, outcome, and the neuroradiologic fea-
tures of 10 children presenting with encephalitis associated
with MOG abs.

Methods
Patients
We identified 10 pediatric patients who (1) fulfilled the cri-
teria of possible AE,17 (2) were tested positive for serum
MOG abs, (3) had brain MRI findings primarily restricted to

the cortical and deep gray matter structures, and (4) showed
no involvement of deep white or periventricular white matter
areas, cerebellum, brainstem, or spinal cord at initial pre-
sentation, thus failing the classification criteria for ADEM.

Nine children were followed prospectively, and one child was
identified retrospectively (Pat 1, table). Three children were
primarily seen at the Children’s Hospital Datteln (A.W.-P.,
A.B., and K.R.) where testing of MOG abs is routinely per-
formed in patients with ADS and encephalitis. One child was
initially included in the GENERATE study—a study focusing
on patients presenting with encephalitis in which testing for
MOG abs is also included. In the remaining 6 children, MOG
ab testing was performed as part of a locally established pro-
tocol and discovered by chance with the exception of patient 7
who had previously aMOGab-positiveON. All 7 childrenwere
referred to the attention of the senior author (K.R.) because of
the unusual combination of clinical findings, MOG ab posi-
tivity, and cortical involvement as seen on MRI. All children
had virologic, bacterial, and immunologic workup according to
the local guidelines. Clinical features, laboratory, and neuro-
imaging findings performed in the first 48 hours of clinical
presentation and outcome of all children were reviewed. Se-
verity at onset and outcome at the last clinical evaluation was
measured with the modified Rankin scale (mRS).18

Serological studies
In 9 children, serumMOG ab testing was performed using live
cell-based assays (CBAs), and end point titrations were per-
formed as previously described.19 Median titers in patients
with and without relapses were compared using Mann-
Whitney U tests (GraphPad Prism 8). Serum MOG abs were
tested in one child with a fixed CBA (Euroimmun, Lübeck,
Germany), and this titer was not included in the statistics.
CSF was available in 7 children and tested with live CBAs.19

Tissue-based screening (TBA) for neuronal surface abs in
serum and CSF using rat brain was performed in 7/10 chil-
dren. Nine of 10 children (7 serum and CSF, 2 serum only)
were examined by commercially available biochips (Euro-
immun) for the following antigens: NMDA receptor
(NMDAR) consisting of NR1 subunits only, GAD65, LGI1,
CASPR2, AMPAR subunit 2, γ-aminobutyric acid-B recep-
tors, and glycine receptors.20

MRI
MRI scans were evaluated by 3 neuroradiologists (A.W.-P.,
R.C., and M.B.). All reviewers were blinded for the patients’

Glossary
ab = antibody; ADEM = acute disseminated encephalomyelitis; ADS = acquired demyelinating syndrome; AE = autoimmune
encephalitis; AQP4 = aquaporin 4;CBA = cell-based assay; FLAIR = fluid-attenuated inversion recovery; FLAMES = unilateral
FLAIR-hyperintense Lesions in Anti-MOG-associated Encephalitis with seizures; HSV = herpes simplex virus; IVIG = IV
immunoglobulins; IVMP = IV methylprednisolone; MOG = myelin oligodendrocyte glycoprotein; MOG-SD = MOG
spectrum disease; mRS = modified Rankin scale; NMDAR = NMDA receptor; NMOSD = neuromyelitis optica spectrum
disorders; ON = optic neuritis; TBA = tissue-based screening; WCC = white cell count.
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Table Demographic, clinical data, laboratory findings, and MRI features of children with MOG-E

Pat.
Age
(y) Sex Prodrome

Clinical presentation Laboratory Findings

Positive
CSF-OCB Awake EEG

MRI findings

Treatment

Outcome

MOG ab
FU-titer Final Dx Relapses Remarks

Fever >
38.5°C Symptoms mRS

CSF
cells/
μL

Serum
MOG-ab
titer 1:

CSF MOG
ab titer 1:

Cortical
gray
matter

Juxta
cortical
WM DGM

Insular
cortex

Lesion
pattern

WM, BS,
cerebral,
myelon

CM
enhancement

mRS/last
FU (mo)

1 14 F Headache Yes Mental status
changes,
somnolence,
focal seizures,
left
hemiparesis

4 256 640 ND No Marked
slowing right
hemisphere

Yes No No Yes Unilateral No No PB, aciclovir 1/48 2 mo: 1:100
(1. relapse,
Euroimmun);
3 mo: 1:100
(2. relapse,
Euroimmun);
40 mo: 1:320
(3. relapse);
46 mo: 1:640

MOG-E/
relapsing
MOGSD

3 2. relapse
MOG/
NMDAR-E
(10/2015)
SCIG/
monthly
after 3.
relapse
(11/2018)

2 12 M Headache,
GE

Yes Mental status
changes,
somnolence,
ataxia

5 21 320 Neg No Generalized
slowing

Yes Yes Yes Yes Bilateral No No IVMP, IVIG,
prednisolone-
taper 8w

1/6 3 mo: 1:40 MOG-E 0

3 16 m Headache Yes Severe
headache,
somnolence,
dysarthric
speech,
unable to
walk securely

4 44 640 Neg No Slowing right
parietal lobe

Yes No No No Bilateral No No IVMP,
prednisolone-
taper 8w

1/12 12 mo: 1:80 MOG-E 0 Bilateral
hippocampus
involvement

4 10 M Headache Yes Seizures,
dysesthesias of
the left leg,
audiovisual
hallucinations,
sleep disorders

4 96 320 Traumatic
LP

Traumatic
LP

Slowing right
temporal

Yes Yes No Yes Unilateral No Yes IVMP, IVIG,
RTX x 2,
prednisolone-
taper 8w

1/6 4 mo: 1:160 MOG-E 0 Concomittant
NMDAR abs
in
CSF 1.
episode

5 5 M URTI,
febrile
seizure

Yes Encephalopathy
with
somnolence,
ataxia

4 4 1280 Neg No Generalized
slowing,
bilateral SWs

Yes Yes Yes Yes Bilateral No No IVIG, IVMP 1/42 12mo: 1:160;
30 mo: 1:
2560
(1. relapse),
33 mo:1:
10,240
(2. relapse)

MOG-E/
relapsing
MOGSD

2 RTX 7x

6 6 M Headache No Severe
headache,
somnolence,
focal seizures

4 136 640 ND ND Severe
generalized
slowing

Yes Yes No No Bilateral No No IVMP, IVIG,
MMF,
levetiracetam

1/24 6 mo: 1: 640
(1. relapse)
17 mo: 1:160

MOG-E/
relapsing
MOGSD

1

7 7 F URTI Yes Somnolence,
left
heimiparesis,
focal seizures

3 32 1280 Neg No Slowing right
temporal lobe

Yes No No Yes Unilateral No No IVMP 1/48 3 mo: 1:1,280 MOG-E/
relapsing
MOGSD

1 1. episode
with ON;
3 mo prior:
MOG abs:
1: 1,280

8 6 F GE Yes Somnolence,
ataxia

4 91 2540 32 No Normal Yes Yes No No Unilateral No Not done IVMP 1/11 4 mo: 1:640
(1. relapse)

MOG-E/
relapsing
MOGSD

1
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clinical data. Minimum requirements of the brain MRI
sequences for inclusion were axial T2, axial FLAIR, sagittal
T2, diffusion-weighted, and contrast-enhanced axial T1
images, which were not administered in one child. In 2 chil-
dren, theMRI was performed on scanners with a field strength
of 1.0 T, in 6 with 1.5 T and in 2 with 3.0 T. In 8 patients,
spinal cord MRI was performed.

Distribution of lesions was assessed regarding the in-
volvement of certain regions such as cortical gray matter,
juxtacortical, deep and periventricular white matter, corpus
callosum, thalamus, basal ganglia, brainstem, and cerebel-
lum.21 Furthermore, the following features were recorded: (1)
areas of restricted diffusion (high signal on diffusion-weighted
imaging and low signal on apparent diffusion coefficient) and
(2) gadolinium-enhancing lesions. Spinal MRI was analyzed
for the presence of transverse myelitis (figure 1).

Standard protocol approvals, registrations,
and patient consents
This study was approved by the Ethics Committee of the
Witten/Herdecke University, Germany (BIOMARKER-Study
number AN4059). All caregivers gave informed consent.

One patient was included in the GENERATE-study (study
number EK 26-16) approved by the Ethics Committee of the
Medical University RWTH Aachen, Germany.

Data availability
All relevant data generated or analyzed are included in this
published article. Further anonymized data will be shared
upon request from any qualified investigator.

Results
We identified 10 children fulfilling the criteria of possible AE17

in whom as part of the workup serum MOG abs were found.
The cohort consisted of 4 female and 6 male patients with
a median age at onset of 8.0 years (range: 4–16 years). Five of
10 children had signs of a mild preceding infection affecting
the upper respiratory or gastrointestinal tract (table and
figure 2).

All children presented with signs of encephalopathy associated
with fever (temperature > 38.5°C) (8/10), severe headache (7/
10), febrile or afebrile seizures (6/10), and neurologic symp-
toms, including ataxia, hemiparesis, or dysarthria (7/10). The
modified Rankin scale (mRS) in the initial phase was 3 (n = 1),
4 (n = 7), and 5 (n = 2). Four children were referred tempo-
rarily to the intensive care unit. CSF pleocytosis (>4 white cell
count/μL) was detected in 9/10 children with a median of 80
cells/μL (range: 21–256). CSF protein was elevated in 3 chil-
dren (range: 56–120 mg/dL).

EEG was performed in 9 children, revealing generalized or
focal slowing in 7/9 children in the first 48 hours of theTa
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presentation. Epileptic discharges were recorded only in one
child in the acute phase. EEG recording in all children nor-
malized after steroid treatment.

Search for different pathogens in stool, throat swab, serum,
and CSF was undertaken in all children including Herpes
simplex virus (HSV)-PCR, which was negative in all.

In addition to antibiotic and antiviral therapy, 8/10 children
were treated with high-dose IV methylprednisolone (IVMP)

for 3 to 5 days with a daily dose of 20mg/kg (maximum1 g/d).
One child received IV immunoglobulins (IVIG; 2 g/kg/
bodyweight) given for 5 days.

At 4 weeks, 9 children had a favorable neurologic outcome
(mRS 1), and one child had a residual left-sided hemiparesis
(mRS 2) needing further rehabilitation. This child only re-
ceived the diagnosis of MOG encephalitis 4 years later and
had not been treated with IVMP nor IVIG at the time (sup-
plementary file 1, Pat 1, links.lww.com/NXI/A245).

Figure 1 Clinical details and brain MRI from patient 1 with autoimmune encephalitis and serum myelin oligodendrocyte
glycoprotein (MOG) antibodies

Cerebral MRI of a 14-year-old girl (Pat 1) who presented to
the emergency department with severe headache, mental
status changes, and seizures. Fluid-attenuated inversion
recovery image shows pronounced signal alterations and
effacement of the cortical gray matter, particularly in the
right temporal-parietal lobe (A). In addition, increased signal
intensity was noted on signal diffusion weighted-imaging,
but no corresponding hypointense apparent diffusion co-
efficient areas reflecting vasogenic edema rather than cy-
totoxic injury (B and C). Contrast enhancement of the right
temporal-parietal lobe was not seen (D). Four months later,
she developed a third episodewith sudden onset ofmemory
problems, aggression, sleeping problems, and social with-
drawal. Autoantibody studies in CSF and serum revealed
NMDA receptor antibodies (abs) in addition to serum MOG
abs. MRI of the brain showed a new and large T2 signal al-
teration in the pons with contrast enhancement (E and F).
She was treated with steroids and rituximab. A fourth epi-
sode occurred 2 years and 10 months after the initial onset
with dizziness and ataxia. Cerebral MRI showed a new pat-
chy T2-hyperintense signal in the right pons and in the left
cerebellar white matter (G and H). All lesions resolved
completely without residuals. Since the third relapse, she
was treated with subcutaneous immunoglobulins.
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The follow-up interval was between 6 and 48 months in all
children with an average follow-up of 20 months. Five chil-
dren had a monophasic disease course, and 5 children re-
lapsed. Time to 1 relapse was between 2 and 30 months. Two
children developed one relapse, one child had 2 relapses, and
one child had 3 relapses, and all were diagnosed with relapsing
MOG-SD. In one child (Pat 7), MOG encephalitis developed
after an initial episode of unilateral ON 3 months earlier.

Two children with relapsing episodes were started on
disease-modifying therapies. One child receives monthly

subcutaneous immunoglobulins (0.85 g/kg/mo) (table, Pat
1). The other child was started on rituximab with a dose of
375 mg/m2 body surface area and 7 consecutive applications
(table, Pat 5).

Serum MOG abs were detected in the acute phase in all
children with a median titer of 1:640 (range: 1:320–1:
10,240). In the 5 children with a monophasic course, all serum
MOG ab titers declined to below 1:160 during the median
follow-up interval of 11 months (range: 6–24). In 2 children
with one further relapsing event, serumMOG abs dropped to

Figure 2 Clinical details and brain MRI from patient 2 with autoimmune encephalitis and serum myelin oligodendrocyte
glycoprotein antibodies

First cerebral MRI of a 12-year-old boy (Pat 2) with enceph-
alopathy, fever, and ataxia reveals generalized edema of the
cerebral cortex and the basal ganglia including the caudate
nucleus, putamen, and globus pallidum. The initial exami-
nation was superimposed with strong movement artifacts,
despite which the cortical edema can still be noted in the
shown fluid-attenuated inversion recovery images (A and B).
The second MRI of the brain performed 7 days later after
treatment with high-dose cortisone and immunoglobulins
still showed cortical involvement of the right fronto-tempo-
ral lobe (C). In the diffusion-weighted images, “T2-shine-
through” (D) but no apparent diffusion coefficient (ADC)
signal depression was found. In addition, a single new cen-
tral pontine lesion was noted in the sagittal T2 images with
increased signal intensity in diffusion-weighted imaging and
ADC signal depression this time as a sign of cytotoxic injury
(E and F) but still without contrast enhancement. In the third
MRI of the brain performed 18 days after admission, the
central pontine lesion was still present (G and H) associated
with ADC depression (not shown).

6 Neurology: Neuroimmunology & Neuroinflammation | Volume 7, Number 4 | July 2020 Neurology.org/NN

http://neurology.org/nn


undetectable levels (<1:40) after 6 and 10 months, re-
spectively. In the other 3 children with relapsing events, MOG
ab titers remained in the range of 1:320 and 1:640 over
a follow-up period of 33months (range: 9–48months). At the
time of the last relapse or last follow-up, median MOG serum
titers were higher in patients with relapses (median 640, 95%
CI 320–10,240) than in patients without relapses (median 60,
95% CI 20–160, p = 0.016). In 7 children, MOG abs were also
tested in CSF (table) with no apparent intrathecal synthesis.
Serum and/or CSF samples of 3/7 children reacted strongly
with rat epitopes of MOG, showing a myelin staining pattern,
which was not observed in any of the other 4/7 children tested
using rat brain immunohistochemistry. Of note, one child also
had NMDAR abs in serum and CSF (titer 1:10 in CBA and
confirmed in TBA). Interestingly, although this child pre-
sented primarily with somnolence, increasing headache, and
seizures, hallucinations were also described in the acute phase
(table, Pat 4).

NMDAR abs were found in one other child in CSF and serum
who developed symptoms suggestive of NMDAR encephalitis
in addition to MOG encephalitis (Pat 1, see below). In both
children, subsequent testing for serum NMDAR abs 12 (Pat
1) and 4 months later was negative (Pat 4).

MRI findings in children with encephalitis and
MOG abs at disease onset
MRI was performed in 6 different hospitals. All children had
involvement of the cerebral cortex and to a lesser extent of
deep gray matter structures, including the thalami (3/10). In

addition to cortical involvement, a small rim of the adjacent
juxtacortical white matter was affected in 6/10 children. In
none of the children additional lesions in the corpus callosum,
deep, or periventricular white matter were detected. In-
volvement of the optic nerves, brainstem, cerebellum, or
spinal cord was also not noted. Bilateral limbic involvement of
both hippocampi was present in one patient (table, Pat 3,
figure 3).

Diffusion restrictions were not found, and pathologic contrast
enhancement was absent in all patients, except for a single
case with presumed hemorrhagic and unilateral encephalitis
(table, Pat 4, figure 4D) in whom vascular leakage resulted in
contrast medium accumulation with no lesion-specific pat-
tern. This child had a single lesion affecting the left temporal
cortical and juxtacortical region.

Distribution of lesions was unilateral in 4 children and bi-
lateral in 6 children. The anatomical localization of the cortical
changes in the initial MRI of the brain was mostly parietal (8/
10), less frequently frontal (7/10), temporal (5/10), and
occipital (3/10). The insular cortex was affected in 6 children.

In the first available MRI study, several radiologic features
were noted in all children: (1) involvement of cortical and
deep gray matter structures often associated with juxtacortical
signal changes, (2) absent diffusion restriction, (3) no in-
volvement of the optic nerves or other white matter structures
such as deep white and periventricular matter, spinal cord, and
(4) no lesional contrast enhancement.

Figure 3 Clinical details and brain MRI from patient 3 with autoimmune encephalitis and serum myelin oligodendrocyte
glycoprotein (MOG) antibodies

MRI of the brain of a previously healthy 16-year-old boy (Pat
3) who presented to the emergency departmentwith a 6-day
history of severe right-sided headache shows bilateral signal
alterations in both hippocampi, particularly in the coronal
fluid-attenuated inversion recovery sequences more pro-
nounced on the right than left side (A). In the T2-weighted
images, the alterations are less pronounced (C). Diffusion
restriction or contrast medium enhancement was not noted
in this patient (B andD). Follow-upMRI of the brain 3months
later did not reveal any abnormalities (not shown).
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Case presentation of 3 children with
MOG encephalitis
In the supplemental material, we describe the clinical pre-
sentations and further course of 3 patients (see supplemen-
tary file 1, links.lww.com/NXI/A245, Pat 1–3, table).

Discussion
Here, we describe the clinical characteristics, neuroimaging
features, and outcome of children presenting with AE asso-
ciated with MOG abs, which were distinct from ADEM as-
sociated with MOG abs.

All children had a brief prodromal period associated often
with severe headache, followed by impairment of conscious-
ness associated with other neurologic symptoms and seizures.
All children fulfilled the criteria for possible AE as proposed by
Graus et al.17

Children presenting with a presumed encephalitis require
immediate treatment to improve neurologic outcome. The
differential diagnosis entails pathogen-driven diseases and
autoimmune-mediated diseases. In particular, ab-mediated
forms of encephalitis have been shown in several studies to be
important causes.17,22

On clinical grounds and standard laboratory testing, the
different entities cannot be separated with a high degree of
certainty. MRI plays an important role in the first assess-
ment of patients presenting with clinical signs of

encephalitis. Our analysis of the imaging studies of children
with MOG encephalitis shows that these children have
a radiologic pattern that is distinct from pathogen-induced
encephalitis, other forms of ab-mediated AE or ADEM. All
children in our sample showed involvement of cortical re-
gion with absent diffusion restriction and contrast en-
hancement. In addition to optic nerves, white matter
structures such as deep white were not affected initially,
which is in contrast to children with ADEM and MOG abs.
Imaging in MOG-positive ADEM is characterized by hazy,
large lesions confined to subcortical and deep white areas in
addition to areas including the spinal cord. Here, cortical
areas can be affected too but not exclusively, as shown
previously.9,10

MRI findings in HSV encephalitis are mainly restricted to
the temporal lobes affecting cortical and white matter areas
and are associated with features indicating substantial
structural damage such as an increased signal intensity on
diffusion-weighted imaging and contrast-medium en-
hancement. MRI in children with NMDAR encephalitis is
often unremarkable, with one-third of patients showing
only unspecific MRI changes and very rarely cortical
enhancement.23,24

Our study further shows that MOG encephalitis in children
can (1) occur as a monophasic disease, (2) can continue as
a relapsing disease in half of all children with different de-
myelinating syndromes, and (3) present with features of
NMDAR encephalitis at the same time (Pat 1, 4) (table).

Figure 4 Clinical details and brain MRI from patient 4 with autoimmune encephalitis and serum myelin oligodendrocyte
glycoprotein antibodies

Brain MRI of a 10-year-old boy (Pat 4) with focal seizures,
encephalopathy, and fever revealed a large hyperintense
lesion of the right insular cortex and the adjacent juxta-
cortical white matter (A, fluid-attenuated inversion re-
covery). In the diffusion-weighted images, there is “T2-shine-
through” but no apparent diffusion coefficient signal de-
pression and therefore no diffusion restriction (B and C).
This was the only patient in whom after administration of
contrast agent, a streaky, garland-like contrast enhance-
ment in the area of the insular cortex and the juxtacortical
white matter on the right was noted (D). We assume that
vascular leakage resulted in contrast medium accumulation
with no lesion-specific pattern. In this patient, no other areas
of the brain were affected.
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In one study, 2 children with encephalitis, unilateral cortical
involvement on MRI, and MOG abs were reported, con-
firming the presence of MOG encephalitis in children.16

Budhram et al. reviewed the literature of patients with serum
MOG abs, encephalitis, and seizures. They found that MRI in
these patients often reveals a unilateral cortical involvement
and coined the acronym FLAMES (unilateral FLAIR-
hyperintense Lesions in Anti-MOG-associated Encephalitis
with seizures).15 Two further single cases were recently
published, describing children with symptoms suggestive of
encephalitis associated with MOG abs but with MRI features
more reminiscent of ADEMunderscoring the need for precise
terminology and diagnostic standards for children with
MOG-SD.25,26 Recently, Armangue et al. showed that the
spectrum of MOG-SD is wider than previously reported in-
cluding children with encephalitis.27 In their large cohort of
children with ADS and encephalitis, they found that 22/296
children with definite or possible AE harbored MOG abs.

We could not delineate serologic or CSF findings specific to
MOG encephalitis in comparison to other MOG-SD. Re-
action with rat epitopes has been described as associated with
NMOSD phenotype, yet we did observe this in 3/7 of our
patients,28 supporting the notion of including TBA using rat
brain sections in the workup of pediatric AE. Intrathecal
synthesis of MOG abs has been speculated earlier to be as-
sociated with ADEM in contrast to NMOSD phenotypes, yet
this was not observed in any of the 7 patients with testing
available in CSF and serum.29 Another interesting observation
in our case series is that 2 children with MOG encephalitis
either had NMDAR abs in serum and CSF at initial pre-
sentation or presented with a severe clinical manifestation of
NMDAR encephalitis 4 months later. In adults, the occur-
rence of overlapping demyelinating syndromes associated
with MOG or AQP4 abs and subsequent episodes of en-
cephalitis with NMDAR abs has been described.30 The si-
multaneous presence of both abs was also reported recently in
a large study of children with NMDAR encephalitis, which
found that more than 10% of affected children also harbored
MOG abs.16 There was no difference in the CSF cell count of
children with MOG encephalitis in our cases series compared
with children with ADEM or NMDAR encephalitis.7

Encephalitis in children remains a severe disease despite
recent advances. Timely diagnosis is of utmost importance,
and delay may thus contribute to significant long-term se-
quelae. The differential diagnosis is broad, ranging from vi-
ral, bacterial, fungal, and parasitic infections to possible and
definite cases of AE and other forms of immune-mediated
diseases such as ADEM. Metagenomic next-generation se-
quencing is emerging as a new approach for the diagnosis of
infectious causes which can be identified by using a single
assay, most likely increasing the detection rate of pathogen-
induced encephalitis.31 In addition, novel neuronal cellsur-
face and synaptic autoantibodies have been identified in
recent years expanding the spectrum of definite causes of
AE.32–34

MOG abs directed against epitopes of MOG of the myelin
sheath of oligodendrocytes appears to be another culprit in
the events leading to themanifestation of an AE. In contrast to
the variable clinical manifestation in NMDAR encephalitis,
children with MOG encephalitis, as far as we observed,
present commonly with fever, headache, somnolence, seiz-
ures, and a characteristic imaging pattern with good response
to steroids.

Limitations that need to be addressed as follows: (1) small
sample size and a lack of comparison with other children who
fulfill the diagnostic criteria for AE but do not have MOG abs,
(2) not all children were followed prospectively, and (3)
children with a monophasic disease course had shorter follow-
up period compared with the one with a relapsing disease
course. In addition, (4) not in all children, autoantibody
testing for neuronal antigens was performed in the CSF, thus
leading to an underestimate of other autoantibodies involved.
Finally, (5) the outcome was tested only with mRS, thereby
not accurately assessing cognitive function in this form of
encephalitis.

AE with serum MOG abs represents a further form of
autoantibody-mediated encephalitis in children and MOG
encephalitis should therefore be considered in the differential
diagnosis, particularly in the presence of cortical involvement
on MRI. Diagnostic workup of pediatric patients with sus-
pected AE should include TBA using rat brain immunohis-
tochemistry and live cell MOG abs assays.
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Abstract
Objective
To identify and characterize myeloid cell populations within the CSF of patients with MS and
anti-myelin oligodendrocyte glycoprotein (MOG) disorder by high-resolution single-cell gene
expression analysis.

Methods
Single-cell RNA sequencing (scRNA-seq) was used to profile individual cells of CSF and blood
from 2 subjects with relapsing-remitting MS (RRMS) and one with anti-MOG disorder.
Publicly available scRNA-seq data from the blood and CSF of 2 subjects with HIV were also
analyzed. An informatics pipeline was used to cluster cell populations by transcriptomic pro-
filing. Based on gene expression by CSF myeloid cells, a flow cytometry panel was devised to
examine myeloid cell populations from the CSF of 11 additional subjects, including individuals
with RRMS, anti-MOG disorder, and control subjects without inflammatory demyelination.

Results
Common myeloid populations were identified within the CSF of subjects with RRMS, anti-
MOG disorder, and HIV. These included monocytes, conventional and plasmacytoid dendritic
cells, and cells with a transcriptomic signature matching microglia. Microglia could be dis-
criminated from other myeloid cell populations in the CSF by flow cytometry.

Conclusions
High-resolution single-cell gene expression analysis clearly distinguishes distinct myeloid cell
types present within the CSF of subjects with neuroinflammation. A population of microglia
exists within the human CSF, which is detectable by surface protein expression. The function of
these cells during immunity and disease requires further investigation.
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CSF evaluation is used to aid in the diagnosis and differentia-
tion of CNS disorders. In inflammatory CNS diseases, the CSF
is typically used to assess the immunopathophysiologic pro-
cesses because biopsy of CNS tissue carries significant potential
for harm.1 However, relatively few cells are obtained from CSF,
usually on the order of 1–5 cells/μL. Recent refinements in
next-generation sequencing have enabled the efficient de-
termination of individual cell gene expression within bio-
specimens with relatively sparse cell populations, such as the
CSF. Patterns identified using single-cell RNA sequencing
(scRNA-seq) can uncover distinct cell types present at low
levels within cellular communities and tissues.2 scRNA-seq was
used to assess inflammatory changes within the CSF of subjects
with HIV infection, identifying the presence of a “microglial-
like” cell,3 and more recently to explore the clonal expansion of
CSF lymphocytes in MS-discordant monozygotic twin pairs.4

scRNA-seq has also been used to address the issue of microglial
heterogeneity within the human brain.5–7 In addition, using the
primary animal model of MS, experimental autoimmune en-
cephalomyelitis, scRNA-seq has been used to identify several
populations of myeloid cells, both endogenous to the CNS and
from peripheral blood.8 New methods for characterization of
myeloid populations within the CNS during disease offer the
opportunity to dissect the origin, function, and pathogenicity of
each cell type with much greater resolution than previous
methods.

MS is the most common inflammatory demyelinating disease
of the CNS, affecting over 600,000 people in the United
States.9 Anti-myelin oligodendrocyte glycoprotein (MOG)
disorder is a newly described CNS demyelinating disease that
shares clinical and pathologic characteristics with MS.10,11 MS
and anti-MOG disorder appear to be distinct from one an-
other and from aquaporin 4 antibody-positive neuromyelitis
optica (NMO).10,12 We have applied scRNA-seq to examine
the CSF and mononuclear cells of the peripheral blood of
subjects with relapsing-remitting MS (RRMS) and anti-MOG
disorder. Individual spinal fluid samples from 2 subjects with
RRMS and 1 subject with anti-MOG disorder were analyzed
by using scRNA-seq. In all 3 subjects, we uncovered CSF
populations of immune cells including microglial cells, mon-
ocytes, and dendritic cells (DCs) based on gene expression.
Using CSF and blood from 7 additional subjects with RRMS,
another subject with anti-MOG disorder, and 3 control sub-
jects, we designed and tested a flow cytometry strategy that
confirmed the presence in CSF of these cell types.

Methods
Subjects
Eleven subjects with inflammatory demyelinating disease (9
with RRMS and 2 with anti-MOG disorder) and 3 control
subjects (1 with amyotrophic lateral sclerosis [ALS], 1 with
idiopathic intracranial hypertension [IIH], and 1 healthy control
[HC]) were recruited for a study to assess the characteristics of
CSF and blood cells (table). The institutional review board of
Washington University in St. Louis approved study protocols,
and each subject provided informed consent. Nine subjects had
RRMS based on the current diagnostic criteria.13 Two addi-
tional subjects were diagnosed with anti-MOG disorder: one
presented with optic neuritis and the other with partial trans-
verse myelitis. Anti-MOG disorder was diagnosed based on the
6-month sustained positive cell-based assays for MOG IgG1
antibody, absence of antibodies to aquaporin 4 (NMO-IgG),
and absence of CSF-restricted oligoclonal bands.11

To prevent alterations because of disease-modifying therapies, we
selected subjects either on no therapy or remote from therapy.
Seven subjects with RRMS were naive to therapy, including cor-
ticosteroids. Of the remaining 2 subjects with RRMS, 1 (subject 7)
had received fingolimod, stopping 9 months before CSF testing,
and the other (subject 10) was treated with glatiramer acetate for 5
months and had received IV steroids 2 months before CSF anal-
ysis.The subjectwith transversemyelitis due to anti-MOGdisorder
(subject 8) had receivedmycophenolate and then azathioprine but
had discontinued these 6 months before CSF analysis and had
received a course of corticosteroids 4 months before CSF exami-
nation. Subject 1 with anti-MOG disorder had received no treat-
ment before the examination of CSF. Control specimens were
obtained from a subject with IIH who presented with visual dis-
turbances, a patient diagnosed with ALS, and a HC. Each con-
tributed blood and CSF cells for scRNA-seq or flow cytometry
studies (table and figure e-1, links.lww.com/NXI/A244).

Standard protocol approvals, registrations,
and patient consents
Informed consent was obtained from all participants and
approved by the Human Research Protection Office of
Washington University in St. Louis.

CSF and peripheral blood mononuclear
cell preparation
CSF was collected in a 50-mL conical tube on ice and
centrifuged for 10 minutes at 400g. Supernatant was removed

Glossary
AD = Alzheimer disease; ALS = amyotrophic lateral sclerosis; BAM = border-associated macrophage; CCA = canonical
correlation analysis; cDC = conventional DC;DAM = disease-associated microglia;DC = dendritic cell;HC = healthy control;
HLA-DR = human leukocyte antigen DR; IIH = idiopathic intracranial hypertension; MOG = myelin oligodendrocyte
glycoprotein;NMO = neuromyelitis optica; PBMC = peripheral blood mononuclear cell; PCA = principal component analysis;
pDC = plasmacytoid DC; RRMS = relapsing-remitting MS; scRNA-seq = single-cell RNA sequencing; UMAP = Uniform
Manifold Approximation and Projection.
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without disrupting the cell pellet, which was resuspended in
400 μL of PBS containing 0.04% bovine serum albumin. The
CSF cells were counted with a hemocytometer and resus-
pended in a volume of PBS/0.04% bovine serum albumin to
achieve a cell concentration of 700–1,000 cells/μL for scRNA-
seq. Peripheral blood mononuclear cells (PBMCs) were iso-
lated by Ficoll density centrifugation and then processed
alongside CSF cells for scRNA-seq or flow cytometry.

Flow cytometry
Flow cytometry analysis was performed using antihuman
antibodies to BDCA-2 (clone 201A; BioLegend, San Diego,
CA), CD33 (clone P67.6; BioLegend), CD14 (clone 61D3;
eBioscience, San Diego, CA), Lyve-1 (clone 537028; R&D
Systems, Minneapolis, MN), CD3 (clone SK7; BioLegend),
CD19 (clone HIB19; eBioscience), CD16 (clone B73.1;
BioLegend), CD1c (clone L161; BioLegend), Lox-1 (clone
15C4; BioLegend), and human leukocyte antigen DR (HLA-
DR) (clone Immu-357; Beckman Coulter, Brea, CA). One
million PBMCs and between 2 × 104 and 40 × 104 CSF cells
were incubated with human-Fc block (BD Biosciences, San
Jose, CA) for 10 minutes at RT and then with antibodies for
20 minutes at 4°C. Subsequently, the samples were washed
with PBS + 2% FBS (flow buffer) for 59, spun at 500g, and
resuspended in 200 μL of flow buffer. The samples were run
on a Gallios flow cytometer (Beckman Coulter Life Sciences)
on the same day of the collection. The cells were analyzed
using FlowJo software (Tree Star, Ashland, OR).

RNA sequencing and analysis
On the day of cell collection using fresh cells, droplet-based 39
(for anti-MOG disorder subject 1) and 59 (for subjects 2 and
5 with RRMS) libraries were prepared using Chromium
Single Cell 39 v2 or 59 Reagent Kits according to the manu-
facturer’s protocol from 10× Genomics. The generated
scRNA libraries were sequenced using an Illumina HiSeq4000
or Novaseq sequencer. Cell Ranger Single-Cell Software 2.2
was used to perform sample demultiplexing, barcode pro-
cessing, and single-cell 39 and 59 counting. Afterward, fastq
files for each sample were processed with a cellranger count,
which was used to align the samples to GRCh38 genome,
filter, and quantify reads. For each sample, the recovered-cells
parameter was specified as 10,000 cells that we expected to
recover for each individual library.

To reanalyze scRNA-seq data performed with SeqWell publicly
available from GSE117397, we downloaded count tables from 2
subjects with HIV for whom both CSF and blood samples were
available from GEO DataSets (GSM3293822, HIV1_Bld;
GSM3293823, HIV1_CSF; GSM3293824, HIV2_Bld;
GSM3293825, HIV2_CSF). To combine data from all samples
together, we used the canonical correlation analysis (CCA) al-
gorithm from Seurat 3.14 Before applying CCA, we removed
cells from the 39 and 59 data sets that contain more than 10% of
mitochondrial RNA. Cells from SeqWell data sets with less than
20% of RNA from mitochondrial genes and more than 500 but
less than 2,500 expressed genes were considered viable cells.

Table Demographic and clinical characteristics of subjects

Subject Age, y Sex Race Diagnosis Presentation at onset
Time from symptom
onset to LP CSF OCB Analysis

1 56 F Caucasian Anti-MOG disorder ON OD and paresthesias 8 mo 0 scRNA-seq

2 38 F Caucasian RRMS ON OD 6 wk 3 scRNA-seq

3 53 F Caucasian RRMS Paresthesias 3 y 13 Flow cytometry

4 23 F Caucasian RRMS ON OD 4 mo 7 Flow cytometry

5 34 F Caucasian RRMS ON OD 2 y 11 scRNA-seq

6 40 F Caucasian RRMS Paresthesias and tremor 15 mo 5 Flow cytometry

7 41 F Caucasian RRMS ON OS 12 y 9 Flow cytometry

8 22 M Caucasian Anti-MOG disorder Paresthesias and leg weakness 2 y 0 Flow cytometry

9 45 M Caucasian RRMS Lhermitte sign 6 mo 7 Flow cytometry

10 38 F Caucasian RRMS ON OS 6 mo 10 Flow cytometry

11 38 F Caucasian IIH TVO 1 y 0 Flow cytometry

12 70 M Caucasian ALS Weakness 4 y N/D Flow cytometry

13 45 M Caucasian HC N/A N/A N/D Flow cytometry

14 40 M Caucasian RRMS Right-sided weakness 3 mo 4 Flow cytometry

Abbreviations: ALS = amyotrophic lateral sclerosis; HC = healthy control; IIH = idiopathic intracranial hypertension; OD = oculus dextra (right eye); ON = optic
neuritis; OS = oculus sinistra (left eye); LP = lumbar puncture with CSF analysis; MOG = myelin oligodendrocyte glycoprotein; N/A = not applicable; N/D = not
done; OCB = oligoclonal band; RRMS = relapsing-remitting MS; scRNA-seq = single-cell RNA sequencing; TVO = transient visual obscuration.
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After CCA data were scaled, principal component analysis
(PCA) was performed with RunPCA function. A Uniform
Manifold Approximation and Projection (UMAP) di-
mensionality reduction was performed on the scaled matrix
using the first 20 PCA components to obtain a 2-dimensional
representation of the cell states.15 For clustering, we used
FindNeighbours and FindClusters functions on 20 PCA
components with a resolution of 0.5. FindAllMarkers function
was used to characterize clusters. For heatmap representation,
the mean expression of markers inside each cluster was used.
Heatmaps were built with Phantasus software (artyomovlab.
wustl.edu/phantasus/).

Data availability
Anonymized scRNA-seq is available to qualified investigators
at synapse.org (syn21904732).

Results
Discrete immune cell populations can be
identified in the CSF and blood of subjects with
neuroinflammatory diseases using scRNA-seq
To explore the extent, diversity, and phenotype of leukocyte
infiltration into the CNS compartment during CNS de-
myelination, we performed scRNA-seq of CSF cells and
PBMCs from 1 subject with anti-MOG disorder (subject 1)
and 2 subjects with RRMS (subjects 2 and 5). During the
course of our data collection, scRNA-seq of immune cells
isolated from the blood and CSF of subjects with HIV was
reported.3 Given the small number of data sets on CSF,
a difficulty to access tissue, we sought to optimally identify
populations of immune cells reflective of neuroinflammation
using a recently described computational method, CCA, that
allows integration across different scRNA-seq technologies.14

Applying this method, data from a total of 23,363 PBMCs and
14,179 CSF cells were combined and visualized using the
UMAP technique15 and unsupervised clustering.16,17

Twenty clusters representing distinct cell populations were
identified (figure 1A). We used the characteristic marker gene
expression to assign cellular identities to each cluster (figure
1B). Several distinct lymphoid cell clusters, including CD8+

T cells, CD4+ T cells, γδ T cells, NK cells, and B cells, could be
discriminated in both PBMCs and CSF. Myeloid populations
were also identified, including microglia, CD14+ and CD16+

monocytes, and 2 distinct groups of DCs—plasmacytoid
(pDCs) and conventional (cDCs). Examining each subject
individually, there were nomeaningful disparities in cell clusters
between the subjects (figure e-2, links.lww.com/NXI/A244).

We also compared the proportional abundance of specific cell
clusters within either the CSF or blood (figure 1C). We
identified a cluster of cells that exhibited features of cell stress,
including expression of the mitochondrial genes MTRNR2L8
and MTRNRL12, which are indicative of low quality or dying
cells (labeled “Dead” in figure 1).7 These dead cells, as well as

red blood cells and platelets, were found almost solely within
the blood. Similarly, we observed one population of NK cells
(NK_1) that was exclusively present in the blood. This pop-
ulation shows a gene expression profile matching the recently
defined blood NK1 cells, which align with previously described
CD56dim NK cells (figure e-3, links.lww.com/NXI/A244).18

Among the T and B cell clusters, several exist in higher
abundance in the blood (naive CD8, CD8_2, CD8_3, naive
CD4, γδ T cells, and B_cells_1). CD14+ and CD16+ mon-
ocytes were more prevalent in blood than CSF, with the latter
being entirely absent from the CSF. cDCs were a smaller
fraction among PBMC relative to CSF cells, whereas pDCs
were found in both compartments in similar proportions.
Microglia were exclusively found in the CSF. Given the
complexity of cells with myeloid characteristics in neuro-
inflammatory diseases and the historic difficulty of studying
these cells in CSF by conventional methods because of limited
cell numbers, we dedicated subsequent analyses of our data to
CSF myeloid cell populations.

CSF microglia and other myeloid cell types
in neuroinflammation
Analyzing the genes expressed by the cluster of CSF cells that
we term microglia revealed high expression of genes from the
microglial homeostatic gene signature, including CX3CR1,
CSF1R, SLC2A5, MARCKS, and P2RY13 (figure 2A).7,19,20

Recent scRNA-seq analyses of human brain microglia have
defined heterogeneity among microglia.6,7 Sankowski et al.7

defined 8 clusters of human brain microglia (termed C1–C3,
C5–C9) with differential gene expression among these clus-
ters. Expression of these microglia cluster-specific genes
across the myeloid cell populations from our scRNA-seq
composite data set was next examined. Many of these genes
were found to be strikingly microglia-specific, including
APOC1, APOE, LYVE1, TREM2, C1QB, GPR34, OLR1, and
C3 (figure 2B). Sankowski et al. also created a classifier tool to
discriminate microglial clusters, which they successfully ap-
plied to publicly available scRNA-seq data sets of brain
microglia. When we applied this classifier to the 394 CSF cells
in our data set that were grouped as microglia, 88% of these
were classified as belonging to C6, with 10% belonging to C7.
C6 and C7 were characterized by Sankowski et al. as having
high expression of genes in the Gene Ontology pathway
0048002 (“antigen processing and presentation of peptide
antigen”). In sum, these data strongly support our conclusion
that the myeloid cell populations we find exclusively in the
CSF are microglial cells and suggest that they may be involved
in antigen presentation.

Two previous studies using scRNA-seq to classify CSF
immune cells, each identified a discrete cell population
that was categorized as either “microglia-like” cells3 or
“monocytes.”4 Each study produced a list of genes that
discriminated these differently named clusters from other
CSF immune cells. When we visualized these gene sets
among the clusters of CSF cells in our composite data set,
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which includes a reanalysis of the cells from 2 subjects in-
cluded in the work of Farhadian et al., we found markedly
enriched expression in the cluster that we term microglia
(figure 2C). With this, we mean that all 3 studies are in fact
referring to the same subset of CSF cells, and given their
expression of core microglial genes, we prefer to classify
these as microglia.

Other myeloid populations could also be distinctly classified by
their transcriptional profiles. Figure 3 is a heatmap of the ex-
pression of 10 genes per cell type, which discriminated each
myeloid population. Some of these genes were known to dis-
criminate myeloid cell types, yet others are new and could be
revealing different classifiers. Notably, expression of major

histocompatibility complex class II genes was higher in CSF
cDCs than blood cDCs, possibly indicating a compartmental
influence on the antigen presentation function of these cells.
These transcriptomic data establish the presence of one
monocyte subset, 2 types of DCs, andmicroglia within the CSF
during neuroinflammation.

Flow cytometric characterization of CSF cells
validates scRNA-seq identification of microglia
and myeloid cell types
We sought to create a flow cytometric-based strategy for the
quantification of various CSF myeloid cell types, including
microglia, using commercially available antibodies specific for
surface markers identified by our gene expression studies

Figure 1 scRNA-seq characterization of leukocytes from MS, anti-MOG disorder, and HIV

(A) UMAP of immune cell clusters from the blood (top) and CSF (bottom) of all subjects merged. (B) Characteristic marker gene expression assigned to each
cluster displayed by UMAP. (C) Proportional abundance of 20 cell clusters within the blood (purple) and CSF (yellow). Y axis represents the percentage of all
cells. cDC = conventional DC; PBMC = peripheral blood mononuclear cell; pDC = plasmacytoid DC; RBC = red blood cell; Tgd = γδ T cells; UMAP = Uniform
Manifold Approximation and Projection.
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(figure e-4, links.lww.com/NXI/A244) and the literature.21

PBMCs and CSF cells were stained for CD3 and CD19 to
gate out T and B cells. Within the remaining cells in both CSF
and blood, pDCs were identified as being HLA-DR+ and
BDCA-2+ (encoded by CLEC4C), whereas cDCs were
identified as HLA-DR+BDCA-2−CD1c+ cells (figure 4A). In
the CSF, non-DCs could be seen to resolve as 2 distinct cell
types based on the HLA-DR and CD33 levels. PBMCs only
contained HLA-DRmidCD33high cells, which were defined as
monocytes. The CSF additionally contained a population of
HLA-DRhighCD33mid cells, which we interpreted as microglia,
further confirmed by their expression of Lyve-1 and Lox-1
(encoded byOLR1). CSF from subjects with other neurologic
conditions (anti-MOG disorder, ALS, and IIH) and a HC
subject also contained similarly staining populations of pDCs,
cDCs, monocytes, and microglia (figure 4B). The staining
intensity of HLA-DR, CD33, Lyve-1, and Lox-1 discriminated
CD14+ monocytes from microglia in the CSF of all subjects
(figure 4C). Overall, flow cytometric characterization of my-
eloid cells demonstrated the protein expression of various
microglial genes identified by transcriptomic profiling, con-
firmed the presence of microglia within the CSF, and offered
a ready means for identifying this cell type.

Discussion
We performed scRNA-seq to identify the cell types present
within the CSF of 2 subjects with RRMS and 1 person with
anti-MOG disorder, with comparative analysis to paired
PBMCs. These and subsequent subjects were not taking
disease-modifying therapies or corticosteroids. Subsequently,
we integrated publicly available data on 2 subjects with HIV
on whom scRNA-seq was performed on paired PBMCs and
CSF immune cells. We then focused on CSF myeloid cell
types because less work has been carried out to characterize
these populations in part because of their lower abundance.
We found that (1) scRNA-seq identifies a diverse set of my-
eloid cell types within the CSF, including microglia; (2) flow
cytometry is a feasible technique for the discrimination of
these populations of CSF myeloid cells; and (3) scRNA-seq
data can be integrated across technologies to allow for optimal
discrimination of cell populations.

Because the data sets we analyzed were derived from different
technologies, we used a recently described technique, CCA, to
integrate scRNA-seq data sets. This allowed for an increased
number of cells used in the analysis, facilitating the optimal
discrimination of cell clusters. All CSF samples in the combined
analysis contained cells within each cluster, suggesting that
among the diseases examined herein, a common set of leuko-
cytes inhabit this critical immune space within the CNS. One
limitation of CCA involves the exclusion of some genes from
downstream analysis. Nevertheless, in our case, 2,000 genes
were still available for use in our assessment of PBMCs and
CSF cells from 5 individuals. Our results demonstrate the
feasibility of using CCA to integrate the growing number of

scRNA-seq data sets that will continue to be made publicly
available using different platforms.

Our scRNA-seq analysis identified microglia in human CSF
with a gene expression pattern overwhelmingly similar to
that described for parenchymal microglia.7,19,22,23 We used
genes from a recent study describing the transcriptional
profile of human tissue-resident microglia as a comparison
for the CSF microglia identified in our subjects.7 The top
genes identified in tissue-resident microglia were also highly
abundant in our CSF microglia populations (figure 2).
Owing to their low abundance in the CSF, this subset of cells
has apparently been overlooked in most previous CSF
studies using less powerful techniques. One previous report
using a different scRNA-seq platform, SeqWell, also identi-
fied this population of cells in human CSF and termed them
“microglia-like.”3 Our reanalysis of the published data from
the latter study confirmed the presence of cells expressing
hallmark microglial genes and lacking expression of genes
that identify other myeloid cell types. A more recently
published study involving patients with MS also identified
several distinct myeloid cell types within the CSF.24 Based
on the analysis of our data, we believe this group used the
term “Mono2” in reference to a population encompassing
CSF microglia. Indeed, they describe a subset of monocytes
that expressed microglial-associated genes, including
TREM2, TMEM119, and GPR34, and concluded that these
cells share features with both border-associated macro-
phages (BAMs), which have been ascribed immunoregula-
tory functions within the CNS,22 and homeostatic microglia.
In the future, it will be important to devise nomenclature
which prudently encompasses the appropriate degree of
segregation among various myeloid cell populations. In
particular, BAMs share substantial transcriptional overlap
with microglia,25 prompting the consideration of how CSF
microglia differ in ontogeny and function from BAMs that
will need to be resolved with further investigation into the
ontogeny and function of each cell type.

Microglia are long-lived, self-replicating, yolk sac-derived
immune cells of the CNS parenchyma involved in CNS
development and neuropathology.26,27 Disruption of the
blood-brain barrier can allow the replacement of microglia by
blood-derived progenitors, with the latter eventually taking on
the near-complete gene expression profile of fetal-derived
microglia.28 Our studies of CSF microglia cannot determine
their ontogeny or how they gained access to the CSF.
Microglia from the CNS parenchyma might traverse the pia
mater or choroid plexus or traffic into CSF through peri-
vascular spaces or via lymphatic drainage.29,30 Migration of
parenchymal microglia or blood-derived progenitor cells that
become microglia may occur in response to chemokines,
which is supported by our finding of chemokine receptors on
these cells, including CCR1, CCR5, CXCR4, and CX3CR1. It
is also possible that a unique microglial subset exists that
develops and permanently resides in the CSF. CSF microglia
also may not be singular in origin.31
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Figure 2 Relative expression of myeloid population-defining genes in neuroinflammation

(A) Expression of canonical microglial genes within the UMAP of CSF immune cell clusters. (B) Heatmap representation of gene expression in blood (purple)
and CSF (yellow) myeloid populations. Gene list derived from Sankowski et al.7 (C) Top genes reported by Farhadian et al.3 as specific for “microglia-like cells”
(top) and Beltran et al.4 as specific for “monocytes” (bottom) displayed in the UMAP of immune cell clusters in the CSF of all subjects. cDC = conventional DC;
PBMC = peripheral blood mononuclear cell; pDC = plasmacytoid DC; UMAP = Uniform Manifold Approximation and Projection.
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The source of CSF microglia may have functionally relevant
implications. Microglia are known to be critical modulators of
CNS developmental processes, such as synaptic pruning.32,33

Recent data reveal the subsets of microglia with distinct
functions. In the scRNA-seq analysis of rodent CNS, BAMs
and other myeloid populations have been identified within

Figure 3 Discrimination of myeloid cell populations in neuroinflammation by gene expression

Heatmap of 10 genes that discriminate myeloid cell types within the blood (purple) and CSF (yellow). Columns represent individual subjects. cDC = con-
ventional DC; PBMC = peripheral blood mononuclear cell; pDC = plasmacytoid DC.
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Figure 4 Flow cytometric identification of microglia and myeloid cells within the blood and CSF

(A andB) Plots were obtained by gating on CD3−CD19− singlets. HLA-DR+BDCA-2hi cells represent pDCs. cDCs are represented asHLA-DR+BDCA-2−CD1chi. Red
gates in the third column represent microglia, whereas blue gates represent monocytes. The fourth column shows HLA-DR and Lyve-1 staining of microglia
(red) andmonocytes (blue). The fifth column shows HLA-DR and Lox-1 staining of microglia (red) andmonocytes (blue). (A) Flow cytometry on CSF and blood
samples from a subject with RRMS. (B) Flow cytometry on CSF from subjects with anti-MOG disorder (anti-MOG), ALS, IIH, and a healthy control. (C) Mean
fluorescence intensity (MFI) of HLA-DR, CD33, Lyve-1, and Lox-1 of CSFmonocytes andmicroglia from subjects. Each pair of connected circles represents one
CSF sample. Statistical significance was determined using a paired Student t test. ALS = amyotrophic lateral sclerosis; cDC = conventional DC; IIH = idiopathic
intracranial hypertension; MOG = myelin oligodendrocyte glycoprotein; PBMC = peripheral blood mononuclear cell; pDC = plasmacytoid DC.
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brain, choroid plexus, and leptomeningeal tissue at steady-
state and in the experimental autoimmune encephalomyelitis
model of MS.8 Studies using animal models for Alzheimer
disease (AD) have identified a phagocytic subset of microglia
termed “disease-associated microglia” (DAM).23 DAM ap-
pear to reduce disease severity in the model and express genes
associated with AD such as Apoe and Trem2. In addition,
homeostatic microglia and a subpopulation transitioning be-
tween homeostatic microglia and DAM were identified in
mouse AD models. Experiments such as these in mice high-
light not only the high resolution of CNS myeloid cell sub-
types that can be obtained using scRNA-seq but also the
apparent dynamic nature of myeloid populations.

Using a flow cytometric panel with commercially available
reagents, our data demonstrated the protein expression of some
of the microglial genes identified by RNA and indicate that
microglia range from 0.2% to 5.5% of CSF mononuclear cells.
Overall, the presence of microglia within the CSF was not
disease-dependent or disease-activity dependent because they
were detected in theCSF of a healthy subject as well as in subjects
with noninflammatory neurologic diseases (IIH, ALS) and in 2
distinct neuroinflammatory diseases (MS and anti-MOG disor-
der). Comparison of CSF microglial frequencies between dis-
eases could not be performed because of low cell numbers. It is
possible that subtle differences in the numbers or subtypes of
CSF microglia could reflect the state of disease in MS or other
diseases. Neither of the subjects with RRMS nor the subject with
anti-MOG disorder analyzed for our study was undergoing acute
relapse, which may have influenced the presence or number of
CSF microglia. Our data demonstrate the feasibility of using
standardflow cytometry in the future to address the association of
CSF myeloid populations, including CSF microglia, with the
clinical state of inflammatory demyelination within the CNS.

cDCs and pDCs were each identified in CSF by both scRNA-
seq and flow cytometry. Previous studies have identified these
cell types in CSF using lower resolution flow cytometry with
fewer markers for discrimination of these myeloid populations
and have reported an increased number of pDCs in the CSF
during MS relapses.21,34 Recent scRNA-seq analysis examined
DCs and monocytes in human blood, identifying 6 discrete
subsets of blood DCs, including 4 subsets of cDCs, a subset of
classical pDCs, and a new subset termedAXL+SIGLEC6+ (AS)
DCs.35 ScRNA-seq analysis of the samples in our study did not
result in discrete clusters of DC subsets in the blood or CSF,
perhaps owing to their low abundance. A dedicated scRNA-seq
study focused on sorted CSFDCs would likely reveal additional
heterogeneity in these populations. More importantly, our
analyses of differentially expressed genes between cDCs in the
CSF compared with cDCs in the blood reveal that these pop-
ulations, although still fundamentally cDCs, may alter some of
their gene expression based on their microenvironment. In-
terestingly, those genes thatmost discriminatedCSF cDCswere
more highly expressed by CSF microglia, whereas those that
discriminated blood cDCsweremore highly expressed by blood
monocytes. These results suggest that environmental signals

may result in shared tissue-specific gene expression patterns
across myeloid cell populations.

Using gene expression-based methods to categorize cell types,
we identified microglia, monocytes, cDCs, and pDCs within
the CSF. The recognition that microglia are present in CSF
may have important clinical implications. Abnormally func-
tioningmicroglia are believed to contribute to the pathogenesis
and/or regulation of several diseases, including AD and MS.
Our results indicate that it may be possible to analyzemicroglial
abnormalities directly from the CSFwithout requiring biopsies.
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30. Ransohoff RM, Kivisäkk P, Kidd G. Three or more routes for leukocyte migration into
the central nervous system. Nat Rev Immunol 2003;3:569–581. doi: 10.1038/nri1130.

31. Li Q, Cheng Z, Zhou L, et al. Developmental heterogeneity of microglia and brain
myeloid cells revealed by deep single-cell RNA sequencing. Neuron 2019;101:
207–223.e10. doi: 10.1016/j.neuron.2018.12.006.

32. Schafer DP, Lehrman EK, Kautzman AG, et al. Microglia sculpt postnatal neural
circuits in an activity and complement-dependent manner. Neuron 2012;74:691–705.
doi: 10.1016/j.neuron.2012.03.026.

33. Paolicelli RC, Bolasco G, Pagani F, et al. Synaptic pruning by microglia is necessary for
normal brain development. Science 2011;333:1456–1458. doi: 10.1126/science.
1202529.

34. Longhini ALF, von Glehn F, Brandão CO, et al. Plasmacytoid dendritic cells are
increased in cerebrospinal fluid of untreated patients during multiple sclerosis relapse.
J Neuroinflammation 2011;8:2. doi: 10.1186/1742-2094-8-2.

35. Villani A-C, Satija R, Reynolds G, et al. Single-cell RNA-seq reveals new types of
human blood dendritic cells, monocytes, and progenitors. Science 2017;356:
eaah4573. doi: 10.1126/science.aah4573.

Appendix Authors

Name Location Contribution

Ekaterina
Esaulova, MS

Washington
University in St.
Louis

Data acquisition and analysis;
drafting of text and figures; revised
the manuscript for intellectual
content

Claudia
Cantoni,
PhD

Washington
University in St.
Louis

Study concept and design; data
acquisition and analysis; drafting of
the text and figures; revised the
manuscript for intellectual content

Irina
Shchukina,
MS

Washington
University in St.
Louis

Data acquisition and analysis

Konstantin
Zaitsev, MS

Washington
University in St.
Louis

Data acquisition and analysis

Robert C.
Bucelli, MD,
PhD

Washington
University in St.
Louis

Data acquisition and analysis

Gregory F.
Wu, MD, PhD

Washington
University in St.
Louis

Study concept and design; data
acquisition and analysis; drafting of
the text and figures; revised the
manuscript for intellectual content

Maxim N.
Artyomov,
PhD

Washington
University in St.
Louis

Study concept and design; data
acquisition and analysis; revised the
manuscript for intellectual content

Anne H.
Cross, MD

Washington
University in St.
Louis

Study concept and design; data
acquisition and analysis; drafting of
the text and figures; revised the
manuscript for intellectual content

Brian T.
Edelson, MD,
PhD

Washington
University in St.
Louis

Study concept and design; data
acquisition and analysis; drafting of
the text and figures; revised the
manuscript for intellectual content

Neurology.org/NN Neurology: Neuroimmunology & Neuroinflammation | Volume 7, Number 4 | July 2020 11

https://dx.doi.org/10.1001/jamaneurol.2014.395
https://dx.doi.org/10.1038/nri.2017.76
https://dx.doi.org/10.1172/jci.insight.121718
https://dx.doi.org/10.1172/JCI128475
https://dx.doi.org/10.1038/s41586-019-0924-x
https://dx.doi.org/10.1038/s41586-019-0924-x
https://dx.doi.org/10.1016/j.cell.2019.11.010
https://dx.doi.org/10.1016/j.cell.2019.11.010
https://dx.doi.org/10.1038/s41593-019-0532-y
https://dx.doi.org/10.1126/science.aat7554
https://dx.doi.org/10.1212/WNL.0000000000007035
https://dx.doi.org/10.1212/WNL.0b013e31826aac4e
https://nn.neurology.org/content/2/6/e163
https://dx.doi.org/10.1177/1352458518761186
https://dx.doi.org/10.1177/1352458518761186
https://dx.doi.org/10.1016/S1474-4422(17)30470-2
https://dx.doi.org/10.1016/S1474-4422(17)30470-2
https://dx.doi.org/10.1038/nbt.4096
https://dx.doi.org/10.1038/nbt.4314
https://dx.doi.org/10.1038/nbt.4314
https://dx.doi.org/10.1038/nbt.2594
https://dx.doi.org/10.1016/j.immuni.2018.09.009
https://dx.doi.org/10.1016/j.immuni.2018.09.009
https://dx.doi.org/10.1038/nn.3599
https://dx.doi.org/10.1038/ni.2419
https://dx.doi.org/10.1093/brain/124.3.480
https://dx.doi.org/10.1016/j.immuni.2018.01.011
https://dx.doi.org/10.1016/j.immuni.2018.01.011
https://dx.doi.org/10.1016/j.cell.2017.05.018
https://dx.doi.org/10.1016/j.cell.2017.05.018
https://dx.doi.org/10.4049/jimmunol.1900821
https://dx.doi.org/10.1126/science.1194637
https://dx.doi.org/10.1126/science.1194637
https://dx.doi.org/10.1146/annurev-immunol-051116-052358
https://dx.doi.org/10.1146/annurev-immunol-051116-052358
https://dx.doi.org/10.1038/s41467-018-07548-5
https://dx.doi.org/10.1038/nature14432
https://dx.doi.org/10.1038/nature14432
https://dx.doi.org/10.1038/nri1130
https://dx.doi.org/10.1016/j.neuron.2018.12.006
https://dx.doi.org/10.1016/j.neuron.2012.03.026
https://dx.doi.org/10.1126/science.1202529
https://dx.doi.org/10.1126/science.1202529
https://dx.doi.org/10.1186/1742-2094-8-2
https://dx.doi.org/10.1126/science.aah4573
http://neurology.org/nn


ARTICLE OPEN ACCESS CLASS OF EVIDENCE

Rituximab, MS, and pregnancy
Jessica B. Smith, MPH, Kerstin Hellwig, MD, Katharina Fink, MD, PhD, Deirdre J. Lyell, MD,

Fredrik Piehl, MD, PhD, and Annette Langer-Gould, MD, PhD

Neurol Neuroimmunol Neuroinflamm 2020;7:e734. doi:10.1212/NXI.0000000000000734

Correspondence

Dr. Langer-Gould

Annette.M.Langer-Gould@kp.org

Abstract
Objective
To describe the safety and efficacy of rituximab (RTX) in MS and pregnancy, we conducted
a retrospective cohort study of 74 pregnancies among 55 women treated with RTX for MS and
their offspring.

Methods
We used prospectively collected information from the electronic health record at Kaiser Per-
manente Southern California between 2012 and 2019 of mother and baby to identify treatment
history, pregnancy outcomes, and relapses.

Results
Last RTX exposure before conception occurred between 1.8 and 5.2 months in 32 (49%) of 65
pregnancies and accidentally during the first trimester in 9 (12%). Among 38 live births, adverse
pregnancy outcomes were as follows: 3 preterm deliveries (including 1 set of twins), 1 neonatal
death (preterm twin), and 1 perinatal stroke (full-term). No stillbirths, chorioamnionitis, or
major malformations were found. Fifteen (27%) women had at least one first-trimester mis-
carriage, of whom 8 (53%) had a history of infertility. Cumulative dose or timing of last RTX
infusion was not associated with an increased risk of miscarriage. Only 2 (5.4%) women
experienced relapses, one during pregnancy and the other postpartum.

Conclusion
We observed no increase in adverse pregnancy outcomes compared with expected national
incidence rates and remarkably little disease activity in RTX-treated women with MS, partic-
ularly when compared with periconceptional natalizumab-treated cohorts. However, larger
studies are needed to fully assess the safety of RTX use before pregnancy, especially risks
associated with prolonged B-cell depletion and hypogammaglobulinemia. Until these data are
available, we recommend restricting RTX use before pregnancy to women who require highly
effective MS treatments.

Classification of evidence
This study provides Class IV evidence that for pregnant women withMS, RTX controls disease
activity and does not increase adverse pregnancy outcomes.
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We recently found that 67% of women with MS entered
pregnancy with suboptimally controlled disease in our
large, population-based cohort.1 These findings led to the
development of a pregnancy-specific MS treatment algo-
rithm in KPSC2 that prioritizes the use of rituximab
(RTX) in these women over fingolimod, natalizumab,
or other highly effective disease-modifying treatments
(DMTs).

RTX is an attractive treatment option in women with
MS who desire pregnancy and require a highly effective
DMT because its immunomodulatory effects last long
after the drug has been eliminated,3 and RTX is not as-
sociated with drug-cessation relapses.4–6 We recommend
starting RTX before pregnancy, typically 500 mg every
6 months, holding infusions during pregnancy and re-
suming infusions typically 6–12 months postpartum or
sooner if disease activity returns or is desired by the
mother.

We based these recommendations mainly on the high risks
of using other highly effective DMTs and the low biological
plausibility of harm with relatively low doses of RTX
before pregnancy.7 However, data regarding safety and
efficacy of RTX in human pregnancies are scant, particu-
larly in MS. No studies were adequately designed to assess
the effect of RTX on miscarriages or stillbirths. This is
important because a plausible risk of prolonged B-cell de-
pletion from high-dose RTX or other B-cell depleting
agents could increase the risk of systemic maternal infec-
tions or chorioamnionitis, leading to miscarriages, preterm
birth, or stillbirths. It is concerning that the drug company’s
global safety database reported a high number of preterm
births8; however, these data are difficult to interpret be-
cause they combined outcomes from women with a wide
variety of underlying diseases, some of which were pre-
disposed to poor pregnancy outcomes, received RTX
during late pregnancy, and/or were coadministered tera-
togenic medications. Other significant methodological
limitations precluding clear interpretation of the manu-
facturer’s study8 and a subsequent systematic review9 include
reporting bias, selection bias, missing data, and reliance on case
reports.

The objective of this study was to assess the risk of mis-
carriages, adverse pregnancy and neonatal outcomes, and
maternal disease control in a well-defined cohort of women
with MS treated with RTX.

Methods
Study population
Pregnant women with MS were identified through the
membership of Kaiser Permanente Southern California
(KPSC). We searched electronic databases to identify mem-
bers who received RTX infusions for MS or its potential
precursors, clinically isolated syndrome (CIS) or radiologi-
cally isolated syndrome (RIS), between January 2012 and
November 2019. We used a combination of International
Classification of Diseases, 9th and 10th Revisions codes for
MS, optic neuritis, and transverse myelitis and pregnancy10 to
identify potentially eligible subjects. The complete electronic
health records (EHRs) were then reviewed to determine el-
igibility by an MS expert (A.L.-G.). All KPSC members who
met the 2017 McDonald criteria for MS,11 CIS,12 or RIS13 at
the onset of pregnancy and had received at least 1 RTX in-
fusion before conception or within 2 months of last menstrual
period (LMP) were included. Women who had no history of
RTX infusions before or around the time of conception or had
conditions other than MS, CIS, or RIS were excluded.

KPSC is a large prepaid healthcare organization that provides
comprehensive health care, including inpatient, outpatient,
pharmacy, laboratory, and radiology services to over 4 million
members in Southern California. Themembership of KPSC is
representative of the general Southern California pop-
ulation.14 KPSC uses an integrated EHR system that includes
all inpatient and outpatient encounters, diagnostic tests, di-
agnoses and medications, and some demographic and be-
havioral characteristics.

Standard protocol approvals, registrations,
and patient consents
The study protocol was approved by the KPSC institutional
review board.

Data collection
Symptom onset, relapses, MRI disease activity, and disability
level were abstracted from the mother’s EHR by an MS expert
(A.L.-G.). Relapses were defined as the occurrence, reappear-
ance, or worsening of symptoms of neurologic dysfunction
lasting for 48 hours or more and needed to be documented by
a treating physician during a physical examination. Symptoms
that occurred within 1 month of each other were part of the
same relapse. MRIs were obtained as part of routine clinical
care. MRI disease activity was defined as an unequivocally new
or enlarging T2 lesion, new diffusion-restricting or gadolinium-
positive lesion(s). Comparisons were made with previous

Glossary
BMI = body mass index; CIS = clinically isolated syndrome; DMT = disease-modifying treatment; EDD = expected delivery
date; EHR = electronic health record; gw = gestational week; IQR = interquartile range; KPSC = Kaiser Permanente Southern
California; LMP = last menstrual period; RA = rheumatoid arthritis; RCT = randomized controlled trial; RIS = radiologically
isolated syndrome; RTX = rituximab.
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MRIs. Radiology reports were reviewed by a research pro-
fessional (J.S.), and hard copies were reviewed by an MS spe-
cialist (A.L.-G.). Twenty of 34 (58.8%) postpartumMRIs were
performed with and without contrast. Treatment history was
collected through electronic searches and verified via EHR
review conducted by a research professional (J.B.S.).

Risk factors for adverse pregnancy outcomes (infertility,
comorbidities, body mass index (BMI) at conception ≥25,15

smoking, black race, substance use, thrombophilia, thyroid
disease, and infection), LMP, expected delivery date (EDD),
gravidity, parity and pregnancy, and labor and delivery
outcomes were abstracted from maternal EHRs by a re-
search professional (J.B.S.). Neonatal outcomes, breast-
feeding, formula feeding, and introduction of solid food were
abstracted from the infant’s medical record as previously
described.1

Statistical analyses
The primary purpose of analyses was to describe adverse
pregnancy outcomes and maternal disease control in women
with MS being treated with RTX. To allow for comparison
with the national and California (whenever available) rates,
we used the Centers for Disease Control definitions for low
birthweight (less than 2,500 g),16 very low birthweight (less
than 1,500 g),16 small for gestational age (SGA, birthweight at
or below the 10th percentile for a given gestational age),17

stillbirth (death or loss of baby after 20 weeks completed
pregnancy weeks),18 preterm delivery (less than 37 weeks
gestational age),19 and major malformations. We were also
interested in chorioamnionitis or systemic maternal infections
that could potentially lead to adverse pregnancy outcomes
given the mechanism of action of RTX. Therefore, we de-
scribe RTX dosing before or during each pregnancy.

When examining the risk factors for adverse pregnancy out-
comes, we describe the maternal characteristics at first preg-
nancy during the study period to account for women with
multiple pregnancies.

Pregnancies ending in the first-trimester miscarriages were
excluded from the maternal disease course outcomes to allow
for comparison with other populations.1,20 For graphical de-
piction purposes, we divided the prepartum and postpartum
years into 3-month intervals.

To examine the potential impact of resuming RTX on breast-
feeding choices, we used previously published definitions.1,21

Breastfeeding was defined as exclusive (no regular formula
feeding for at least the first 2 months postpartum), nonexclusive
(breastfeeding and regular formula feeding within 2 months),
or none.

The baby of one woman who delivered outside of KPSC, but
whose postpartum neurology notes and date of delivery were
available, was excluded from descriptions of birthweight,

major malformations, and breastfeeding because we were not
able to access the infant records.

Women or pregnancies that were not eligible for the outcome
described were excluded from the denominator when calcu-
lating percentages. For instance, first-trimester miscarriages,
elective abortions, and ongoing pregnancies were excluded
when describing infant outcomes.

The means and SDs of normally distributed variables were
compared using 2 sample t tests; for variables with non-
normal distributions, the Wilcoxon rank-sum test was used;
and for binary or categorical variables, χ2 with the Fisher exact
test was used to compare periconceptional RTX exposure
characteristics in pregnancies ending or not ending in mis-
carriages and clinical characteristics of the mothers with or
without at least one post-RTX exposure miscarriage. Statis-
tical significance was set a priori at p = 0.20 to detect potential
confounders, given the small sample and purpose of analyses
to detect any signal of adverse pregnancy outcomes.22 No
adjustment for multiple comparisons was made. All statistical
analyses were performed using SAS version 9.4 (SAS Institute
Inc, Cary, NC).

Data availability
Owing to KPSC’s institutional review board, data would be
available upon reasonable request.

Results
Disease characteristics, risk factors for adverse
pregnancy outcomes, and periconceptional
RTX exposure
We identified 55 women with MS who conceived 74 pregnan-
cies after exposure to at least one dose of RTX during the study
period. Seventeen women had 2 pregnancies, and one had 3
pregnancies. General characteristics of the women with MS at
the onset of their first RTX-exposed pregnancy are presented in
table 1. Many women with MS (n = 40) had previously been
treated with other DMTs, of whom 16 (29.1%) were clinically
and radiographically stable on their previous DMT and switched
to RTX solely for pregnancy planning. Thirty-four (62%)
women were nulliparous. Sixteen women (29%) had been di-
agnosed with infertility, 5 from polycystic ovarian syndrome, 2
from structural causes, and 1 each from premature ovarian fail-
ure, age-related infertility, and factor V Leiden deficiency. In 6
women, the cause of infertility was unknown.

Forty-six (84%) women had at least one risk factor for
adverse pregnancy outcomes, including miscarriages be-
fore starting RTX (n = 11, 20%), overweight (BMI ≥25,
n = 33, 60%), age ≥35 at EDD (n = 15, 27%), being black
(n = 10), gestational diabetes (n = 5), thyroid dysfunction
(n = 2), and 1 each of the following: diabetes before
pregnancy, smoking during pregnancy, twin pregnancy, or
retained intrauterine device.
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Most pregnancies (n = 59, 80%) were conceived within 6
months after the last RTX infusion, including 9 pregnancies
with accidental 1st trimester exposure (table 2). Only 6
pregnancies occurredmore than 12months after the last dose,
including a woman with RIS who received one infusion with
plans for further treatment only on return of disease activity.
RTX exposure during pregnancy was uncommon, occurring
accidentally in 9 (12%) pregnancies during the first trimester
with a median time from LMP of 2 weeks, ranging from 0.5 to
5 weeks after LMP. No pregnancies were exposed to RTX
infusions during the second or third trimester. Half of the
pregnancies were conceived after 3 or more RTX infusions,
with a median cumulative dose of 2,000 mg (table 2).

Pregnancy, labor, delivery, and
neonatal outcomes
Pregnancy outcomes after at least 1 dose of RTX are shown in
figure 1. Fifteen (27%) women had 23 first-trimester mis-
carriages; 6 women had 2 and 1 had 3. No miscarriages after
12 weeks or stillbirths occurred. A diagnosis of infertility was
the only adverse pregnancy risk factor measured that differed
significantly between women who had pregnancies ending in
miscarriages (53%, n = 8) compared with those who did not
(20%, n = 8; p = 0.0223). Cumulative RTX dose, duration of
RTX, the number of infusions, accidental 1st trimester ex-
posure, and timing of the last infusion before pregnancy were
all similar (p > 0.20) among pregnancies ending in mis-
carriages compared with those ending in full-term or preterm
births or elective abortions (appendix e-1, links.lww.com/
NXI/A246). Five (33%) of the 15 women with miscarriages
had successful pregnancies on RTX, and another 2 (13%)
women are currently in the third trimester. None of the
women discontinued RTX because of miscarriages or other
adverse pregnancy outcomes.

Of the 45 pregnancies that advanced past the first trimester,
37 resulted in 38 live births and 8 are ongoing (3 in the 2nd
trimester and 5 in the 3rd trimester; figure 1). Most of the live
births were normal, full-term babies (n = 33, 89%). The av-
erage birthweight among full-term neonates was 3,217.2 g
(SD 346.3). None of the pregnancies were complicated by
chorioamnionitis.

Table 1 Characteristics of women with MS at the onset of
first RTX-exposed pregnancy

n = 55

Age, median (IQR), y 31.1 (28.0–34.5)

Age ≥35, n (%) 15 (27.3)

Race/ethnicity, n (%)

White 21 (38.2)

Hispanic 22 (40.0)

Black 10 (18.2)

Asian 2 (3.6)

Obesity, n (%)

BMI at conception, median (IQR) 26.6 (22.9–30.5)

Normal weight (<25) 22 (40.0)

Overweight (≥25 to <30) 18 (32.7)

Obese Class I (≥30 to <35) 9 (16.4)

Obese Class II (≥35 to <40) 2 (3.6)

Obese Class III (≥40) 4 (7.3)

Infertility, n (%) 16 (29.1)

Previous miscarriages, n (%) 11 (20.0)

Gravidity, n (%)

1 26 (47.3)

2 16 (29.1)

3+ 13 (23.6)

Parity, n (%)

0 34 (61.8)

1 14 (25.5)

2+ 7 (12.7)

MS subtype, n (%)

RRMS 54 (98.2)

RIS 1 (1.8)

Disease duration, median (IQR), y 5.3 (2.6–8.7)

No. of relapses 2 year prepregnancy, n (%)

0 28 (50.9)

1 16 (29.1)

≥2 11 (20.0)

EDSS, median (IQR) 2.0 (1.0–3.0)

DMT use before RTX, n (%)

None 15 (27.3)

Fingolimod 4 (7.3)

Natalizumab 14 (25.5)

Table 1 Characteristics of women with MS at the onset of
first RTX-exposed pregnancy (continued)

n = 55

IFN-betas 10 (18.2)

Glatiramer acetate 8 (14.5)

Othera 4 (7.3)

Abbreviations: BMI = bodymass index; DMT = disease-modifying treatment;
EDSS = expanded disability status scale; IQR = interquartile range; IFN =
interferon, RIS = radiologically isolated syndrome; RRMS = relapsing-re-
mitting MS; RTX = rituximab.
a n = 2 dimethyl fumarate, n = 1 cyclophosphamide and n = 1 azathioprine.
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Three pregnancies (8.1%) ended in preterm deliveries of 4
babies, including one set of 27-gestational-week (gw) twins.
The other preterm infants were noted as a normal sponta-
neous vaginal delivery (36 gw) or premature rupture of
membranes from incompetent cervix (34 gw).

The 27-week twins were both <1,500 g, and 1 twin died 6 days
after delivery from an intraventricular hemorrhage. Another
preterm baby weighed <2,500 g, but no babies were SGA. In
addition to these 3 preterm, low birthweight babies, another
baby was admitted to the neonatal intensive care unit for
perinatal ischemic stroke and seizures after vacuum-assisted
delivery for prolonged labor and fetal distress after a 40-week
pregnancy complicated only by mild pre-eclampsia. Extensive
workup to identify a cerebrovascular, cardiac, or genetic etiol-
ogy of perinatal stroke was negative.

The last RTX dose before pregnancy was 2.3 months for the
mother of the twins, 9.5 months for the mother of the neonate
with stroke and seizures, and 2 days after LMP for the mother
of the 34 gwpreterm baby. Themother with twins had a history
of infertility from premature ovarian failure and had failed
multiple rounds of in vitro fertilization before starting RTX.

Caesarean sections were performed in 13 (35%) pregnancies,
of which 6 were emergencies. The remaining 24 (65%)
pregnancies ended with vaginal deliveries.

Maternal disease course, pregnancy,
breastfeeding, and postpartum RTX use
Very few relapses or MRI disease activity occurred after the
first dose of rituximab prepartum, intrapartum, or during the
postpartum period in women with live births (figure 2). Only

1 (2.7%) relapse occurred during pregnancy with the most
recent RTX dose 3 months before conception and 1 (2.7%)
during the 12-month postpartum where the most recent RTX
dose was 4 months before conception. These 2 women with
relapses resumed RTX postpartum after their relapses. No
postpartum MRI disease activity was detected among the 22
(59%) women who had an MRI in the postpartum year.

RTX was resumed after 24 (65%) pregnancies ending in live
births within 12 months postpartum (figure 2). RTX was not
resumed after 9 pregnancies (24%) within 12 months post-
partum, none of whom had a relapse or activeMRI, and 4 have
not resumed RTX but are not yet 1 full year postpartum.
Among those resuming RTX in the postpartum year, the
median time to restarting was 2.2 months (interquartile range
[IQR] 1.0–5.7) postpartum and the median interval from last
RTX dose to first postpartum dose was 14.6 months (IQR
11.3–18.4).

Most babies were breastfed (89%, n = 34), of which 13 (35%)
were breastfed exclusively for at least 2 months or more. Eight
(22%) babies were still being breastfed when their mothers
resumed RTX infusions.

No postpartum relapses occurred after the 23 first-trimester
miscarriages during a median follow-up time of 12 months
(IQR 4–12). RTXwas resumed during this timeframe after 13
(56.5%) miscarriages.

Discussion
Our findings show that using RTX 500mg every 6–12months
before pregnancy and simply holding infusions during preg-
nancy results in remarkably well-controlled MS disease ac-
tivity without a signal for increased risk of harm to the baby.
RTX was used primarily in women with suboptimally con-
trolled MS or in those controlled on fingolimod or natalizu-
mab who desired pregnancy, consistent with the KPSC
algorithm. The findings are reassuring for these women who
are at high risk of pregnancy-related relapses and/or long-
term MS-related disability but are insufficient to recommend
expanding routine RTX use to women at low risk of long-term
disability or pregnancy-related relapses. Specifically, the
women in this study received relatively few and low doses of
RTX; thus, potential risks of longer term, higher dose use of
RTX on adverse pregnancy outcomes, particularly maternal
or neonatal infections, remain unknown. Our findings should
also not be extrapolated to other B-cell depleting treatments,
where the risk of hypogammaglobulinemia appears to be
significantly higher and occurs earlier23 than with the doses of
RTX used in this study.24

The KPSC MS and Pregnancy Treatment algorithm was de-
veloped because, in 2017, we found that 67% of women in
KPSC andKPNorthernCalifornia had suboptimally controlled
disease entering pregnancy, yet very few had been treated with

Table 2 Periconceptional RTX exposure at the onset of
each pregnancy

n = 74 pregnancies

Most recent RTX infusion

During pregnancy, n (%) 9 (12.2)

Accidental 1st trimester exposure, n (%) 9 (100)

Median (IQR) from LMP, mo 0.5 (0.3–0.7)

Before conception, n (%) 65 (87.8)

Median (IQR), mo 3.4 (1.8–5.2)

0–6 mo, n (%) 50 (76.9)

>6 mo, n (%) 15 (23.1)

Duration of use, median (IQR), mo 12.4 (4.4–25.3)

Cumulative dose, mg, median (IQR) 2000 (1,000–3,000)

Cumulative no. infusions, median (IQR) 3.0 (2.0–4.0)

Abbreviations: IQR = interquartile range; LMP = last menstrual period; no. =
number; RTX = rituximab.
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highly effective DMTs.1 Optimizing disease control before
pregnancy is important because MS-related disability is a pre-
dictor of poor long-term prognosis25 and an independent
predictor of postpartum relapses, along with the prepregnancy
relapse rate and relapses during pregnancy.1,20,26–28 We prior-
itize RTX use in these women because the other commonly
used, highly effective DMTs, natalizumab and fingolimod,
are associated with an increased risk of rebound disease
activity.7,29,30 These rebound relapses can be severe29 and, if
they occur during pregnancy, necessitate treatments that carry
some risk of adverse pregnancy and neonatal outcomes, in-
cluding repeated courses of glucocorticoids, resuming natali-
zumab, or starting RTX during late pregnancy. In addition,
fingolimod is a weak teratogen with a long half-life; thus, dis-
continuing before conception is imperative. Although we and
others have continued natalizumab throughout pregnancy
when the risk of a severe MS-rebound relapse was judged to be
high, this is not an optimal approach because natalizumab use
during the third trimester can result in neonatal cytopenia with
uncertain risks, including intraventricular hemorrhages.29

Therefore, we reasoned that it is more prudent to switch
women who desire pregnancy from fingolimod or natalizumab
to RTX before conception.

In this study, we show that periconceptional use of RTX
resulted in significantly fewer relapses during pregnancy and
the postpartum period compared with our previously pub-
lished contemporary cohort1 (2.7% vs 8.6% during pregnancy
and 2.7% vs 26.4% postpartum, respectively). This re-
markably well-controlled disease activity starkly contrasts
with the relatively high risk of pregnancy-related relapses with
periconceptional natalizumab use, where 36.5% relapsed
during pregnancy and 22% relapsed in the first 3 months
postpartum alone.31

We strongly encourage women to breastfeed exclusively,
given the plethora of maternal and infant health benefits.32

Although exclusive breastfeeding appears to reduce the risk
postpartum MS relapses,1 the rates of exclusive breastfeeding
were similar in this cohort compared with our previous
study1; thus, an unlikely explanation for the disease protection
afforded by RTX.

We consider RTX to be compatible with breastfeeding and
recommend restarting infusions 6–12 months postpartum or
sooner if disease activity returns.2 However, in this cohort,
half the women restarted RTX within 6 months postpartum

Figure 1 Pregnancy outcomes after RTX exposure in women with MS

Depicted are the pregnancy outcomes of women
with MS who were exposed to at least 1 dose of
RTX before known pregnancy. Fifteen women
had 23 first-trimester miscarriages. No mis-
carriages occurred during the second trimester.
One preterm birth at 36w, followed a normal
pregnancy with NSVD. Two pregnancies ended
with PROMs, resulting in delivery of 3 preterm
infants, all of whom were low birthweight but
were not small for gestational age. The twins
were of very low birthweight. One twin died from
an intraventricular hemorrhage 6 days after
birth. Among the full-term infants, 1 born by
vacuum-assisted vaginal delivery had a stroke
and seizures. There were no cases of cho-
rioamnionitis and no adverse pregnancy out-
comes due to systemic maternal infections. g =
grams; NSVD = normal spontaneous vaginal de-
livery; PROM= premature rupture ofmembrane;
RTX = rituximab, 1st = first, gestational age is in-
dicated by weeks (w).
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although only one had signs of the return of disease activity.
Similarly, this was because of a cautionary approach among
clinicians and/or patients regarding the risks of being un-
treated. To what extent resuming RTX influenced the qui-
escence of disease activity we observed 6–12 months
postpartum is, therefore, unclear.

Similar to other studies,4,5 we did not observe any rebound
relapses in RTX-treated women, even when treatment inter-
vals exceeded 2 years. That extending RTX intervals beyond 1
year is effective was first described in the RTX relapsing-
remitting MS randomized controlled trial (RCT) where
efficacy was sustained in most patients after 2,000 mg in-
duction.6 A recent RCT found that 77% of patients were still
relapse-free 3 years after a single dose of 1,000 mg, followed
by glatiramer acetate.5 What role an intervening pregnancy
plays in the efficacy of extended dosing intervals we observed
is unclear.

Findings from previous studies strongly suggested that every
6-month infusion of RTX at doses higher than those used in this
study increases the risk of harm without added benefit in most

patients.33–35 Safety advantages of using lower doses and longer
dosing interval for RTX and other B-cell depleting agents are
fewer infections and less hypogammaglobulinemia.23,24,34

Maternal hypogammaglobulinemia would be expected to
increase the risk of neonatal and maternal infections because
the placental transfer of maternal antibodies is a critical
source of humoral immunity in neonates. B cells play a broader,
yet unclear, role in maintaining or disrupting normal preg-
nancies.36 Recent advances in studies of regulatory B-cell
populations indicate shifting dynamics during pregnancy.36

That this could affect repopulation of specific B-cell subsets
after prepregnancy B-cell depletion seems plausible, but
whether this would result in improved or worsened pregnancy
outcomes remains murky. Future studies examining immuno-
globulin levels, B-cell subset repopulation, and pregnancy and
neonatal outcomes are needed.

We did not find any concerning safety signals. None of the
women developed serious infections or chorioamnionitis. The
rates of other pregnancy complications potentially signaling
occult infections, including late miscarriages, stillbirths, or
low birthweight, were comparable with, or lower than, the

Figure 2 Periconceptual and postpartum RTX infusions and MS relapses after the initiation of RTX among pregnancies
ending in live births

Depicted are the number of RTX infusions (blue bars) and MS relapses (orange line) that occurred during the study period among pregnancies ending in live
births (n = 37) who received at least 1 RTX infusion before conception or during the first trimester (Tri). The study period encompasses the 12 months before
conception, pregnancy, and the 12months postpartumdivided into 3-month intervals. Fourwomen relapsedduring the study period after initiating RTX. Only
2women relapsed during pregnancy or the postpartumperiod, 1 during the 2nd trimester of pregnancy who received hermost recent RTX infusion 3months
before conception (R1), and one between 6 and 9 months postpartum who received her most recent RTX infusion 3.9 months before conception (R2). Two
additional women had relapses after RTX initiation in the 12 months before conception; 1 woman 10.3 months before conception who received her most
recent RTX infusion 4.5months before relapse, and anotherwomanwho relapsed 8.5months before conception, 0.9months after her first RTX infusion.Most
pregnancies (n = 25, 68%) occurredwithin 6months of theirmost recent RTX infusion. Increasing numbers of RTX infusions over the study period are denoted
by increasingly lighter shades of blue. The darkest blue shading indicates the first RTX infusion during the study period of whichmost (n = 32) occurred during
the 12 months before conception. The woman who is depicted with her first RTX infusion occurring 0–3 months postpartum had her last RTX infusion more
than 12 months before conception. Two additional women received their last RTX infusion >12 months before conception; neither had resumed RTX before
the end of the study period. Twenty-one women received their first ever infusion of RTX in the year before pregnancy and 2 shortly after their last menstrual
period. Twelvewomen received 2 infusions, 6 received 3 infusions, 4 had4 infusions, and 3had 5RTX infusions (lightest shade of blue) during the study period.
The number of women at risk are those who had received at least 1 infusion of RTX before pregnancy (or shortly after conception). In the postpartum period,
the number of women at risk also incorporates the duration of the follow-up. No women have been lost to follow-up, but 11 women are less than 12months
postpartum. RTX = rituximab.

Neurology.org/NN Neurology: Neuroimmunology & Neuroinflammation | Volume 7, Number 4 | July 2020 7

http://neurology.org/nn


expected rates. Specifically, we observed 8.1% of pregnancies
ending in preterm births and 7.9% low birthweight neonates
with only 1 (2.8%) low birthweight singleton. The expected
national and California-specific rates are 10% and 8.8% for
preterm births37 and 8.3% and 7.0% for low birthweight
babies,38 respectively, and 6.6% for low birthweight singletons
nationally.16 No major malformations (3% expected nation-
ally39), terminations because of congenital anomalies, or
stillbirths (1% expected nationally18) were found. Two cases
of stillbirths after B-cell depleting treatments in women with
MS have been reported, 1 following RTX40 and another with
ocrelizumab,41 but whether these women had other risk fac-
tors for adverse pregnancy outcomes and whether this
exceeds the expected rates are unknown. The 2 significant
adverse pregnancy outcomes, neonatal death and perinatal
stroke, do not appear to be RTX related. Neonatal death is
a known complication of extremely preterm twin pregnancies.
Perinatal ischemic stroke occurs in 1 per 3,500 live births, and
an idiopathic etiology is common.42 Future studies should
continue to examine these potential risks.

RTX is our treatment of choice in women with active MS who
are struggling with infertility because it is unclear if or when
they will become pregnant. This is why the proportion of
RTX-treated women with infertility in our study is relatively
high. This is also the most likely explanation for why we
observed a relatively high rate of miscarriages because in-
fertility and miscarriages are comanifestations of subfertility.43

Thus, it is not surprising that we found that a history of
infertility was more common in women with miscarriages
than those without. We believe it is probably not related to
RTX exposure because the characteristics of RTX use did not
differ between pregnancies ending in miscarriages and those
advancing to the third trimester and beyond. It is also reas-
suring that many women with miscarriages went on to have
successful pregnancies despite continued RTX treatment.
Nevertheless, given the possible role of regulatory B-cell
subpopulations in implantation and maintenance of success-
ful pregnancies,36 more studies are needed to accurately assess
this potential risk.

The main limitation of this study is the relatively small sample
size. We believe this is the most likely explanation for the
lower than expected numbers of major malformations, still-
births, preterm births, and low birthweight babies. The rates
of pregnancy complications are particularly low when con-
sidering that a high proportion of women had at least 1 risk
factor for adverse pregnancy outcomes. Alternatively, high-
quality prenatal care could explain these findings. Strengths of
this study are a population-based sample with comprehensive
medical records of the mother and infant, allowing unbiased
and thorough assessment of maternal and infant outcomes
and risk factors.

Although our findings are reassuring for women with sub-
optimally controlled MS who desire pregnancy, we caution
against extending these findings to all women with MS or to

treatment with ocrelizumab. Women diagnosed with MS to-
day appear to have milder disease before, during, and after
pregnancy compared with historical cohorts, and some are
adequately controlled on glatiramer acetate, interferon-beta,
or no treatment.1 Exposing these women to even a small in-
creased risk of adverse pregnancy outcomes from routine
RTX infusions likely outweighs any benefit they would ex-
perience. The risk of maternal and neonatal infections and
ensuing adverse pregnancy outcomes could be higher with
ocrelizumab compared with our findings. This is quite plau-
sible because RTX is FDA-approved for rheumatoid arthritis
(RA) without significant complications, but the ocrelizumab
RA development program was ended because of the increased
risk of serious infections.44 The FDA-approved MS ocreli-
zumab dose of 600 mg every 6 months is substantially higher
than those used in the RA development program.44

Taken together, our findings indicate that periconceptional
RTX is a highly effective and safe treatment of women with
suboptimally controlled MS or those on fingolimod or nata-
lizumab. These women should start or switch to RTX before
pregnancy, should be encouraged to breastfeed exclusively to
maximize the general maternal and infant health benefits, and
may not need to resume RTX until much later in the post-
partum period. Future studies to determine the minimum
RTX dosing interval are needed to optimize safety, particu-
larly in young women who will want to get pregnant in the
more distant future.
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Abstract
Objective
To study the association between serum neurofilament light chain (sNfL) and multiple optical
coherence tomography (OCT) measures in patients with MS and healthy controls (HCs).

Methods
In this prospective study, 110 patients with MS were recruited, together with 52 age- and sex-
matched HCs. Clinical evaluation and spectral domain OCT and sNfL were obtained at baseline
and after 5.5 years of follow-up. Nested linear mixed models were used to assess differences
between MS vs HC and associations between sNfL and OCT measures. Partial correlation
coefficients are reported, and p values were adjusted for the false discovery rate.

Results
At baseline, peripapillary retinal nerve fiber layer thickness (pRNFLT) and macular ganglion cell
and inner plexiform layer thickness (mGCIP) were significantly lower in MS than HC both in
MS-associated optic neuritis (MSON) (p = 0.007, p = 0.001) and nonaffected MSON (n-
MSON) eyes (p = 0.003, p= 0.018), alongwith total macular volume (TMV) in n-MSONeyes (p
= 0.011). At follow-up, MS showed significantly lower pRNFLT, mGCIP, and TMV both in
MSON and n-MSON eyes (p < 0.001) compared with HC. In MS n-MSON eyes, sNfL was
significantly associated with baseline pRNFLT and mGCIP (q = 0.019). No significant associ-
ations were found in MSON eyes.

Conclusions
This study confirms the ability of sNfL to detect neurodegeneration in MS and advocates for
the inclusion of sNfL and OCT measures in clinical trials.

Classification of evidence
This study provides Class III evidence that sNfL levels were associated with MS neuro-
degeneration measured by OCT.

MORE ONLINE

Class of Evidence
Criteria for rating
therapeutic and diagnostic
studies
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In the last decade, the development of novel paraclinical tools
has remarkably expanded the knowledge onMS pathogenesis.
From the traditional concept of an inflammatory white matter
(WM) disease, MS is now known to be characterized by both
WM and gray matter damage, with neurodegenerative
mechanisms playing a key role from the onset and are pre-
dictive of long-term disability.1–4

AdvancedMRI techniques have given a significant contribution
in this regard, allowing, since early disease stages, the quanti-
fication of regional and global brain atrophy, the visualization of
cortical lesions, and a better understanding of the interplay
between inflammation and neurodegeneration within brain
tissue.5,6 However, nonconventional MRI requires post-
processing experience and is usually available only in research
settings. Therefore, in vivo, easily accessible biomarkers of
disease progression are still lacking, and their identification is
a goal of paramount importance in the MS field.

Recently, optical coherence tomography (OCT) has been
applied to the study of MS, as it is a well-tolerated, inexpensive,

and reproducible technique that enables the study of different
retinal layers, including those where neurons and axons reside.7

A growing body of evidence supports the use ofOCTmeasures
such as peripapillary retinal nerve fiber layer thickness
(pRNFLT), ganglion cell and inner plexiform layer thickness
(GCIP), inner neural layer thickness (INL), and total macular
volume (TMV) in the MS research setting, as they reliably
reflect neuroaxonal damage.8–11 Indeed, some MRI and OCT
studies have shown associations between reduced pRNFLT
and GCIP with brain atrophy, supporting the role of these
measures as markers of global neurodegeneration.12–15 Fur-
thermore, pRNFLT is related to physical and functional
disability,16,17 cognitive impairment,16 and clinical and MRI
evidence of disease activity18,19 and is able to predict long-term
disability.20 Similar associations have also been found with
TMV.21

Another branch of active research in the MS arena has per-
tained to laboratory biomarkers, with somewhat unsatisfying
results due to both the inherently invasive procedure needed to
obtain them (i.e., lumbar puncture) and the inability to add

Glossary
ART = activated real-time eye tracking; CEG-MS = cardiac, environmental, and genetic factors in MS; DMT = disease-
modifying therapy; EDSS = Expanded Disability Status Scale; ETDRS = Early Treatment Diabetic Retinopathy Study;GCIP =
ganglion cell and inner plexiform layer thickness; HC = healthy control; IQR = interquartile range; INL = inner nuclear layer;
LMM = linear mixed model;mGCIP = macular GCIP;mINL = macular INL; n-MSON = nonaffected MSON;OCT = optical
coherence tomography; PMS = progressive MS; pRNFLT = peripapillary retinal nerve fiber layer thickness; RRMS = relapsing-
remitting MS; sNfL = serum neurofilament light chain; TMV = total macular volume; WM = white matter.
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alternative information toMRI.22,23 Therefore, the identification
of a biomarker whose serum levels are highly correlated with
those in the CSF, namely serum neurofilament light chain
(sNfL), has been greatly welcomed.24,25 NfL is a subunit of the
neurofilaments, scaffolding proteins abundant in neuronal and
axonal cytoplasm, that are massively released in the interstitial
fluid on neuroaxonal damage and circulate afterward in CSF and
more recently measurable also in serum, although 40-fold less
concentrated than in CSF.26,27 Disanto et al.27 demonstrated the
value of sNfL inmonitoring and predicting disease evolution and
response to treatment and its association with clinical and MRI
markers of disease activity in 2 independent, large samples of
patients with MS. Furthermore, the same group has confirmed
the same results in different MS populations and found an as-
sociation between sNfL and brain atrophy, confirming the use-
fulness of this measure as a prognostic biomarker of disease.28,29

Against this background, we planned the current study to
evaluate the association between OCT measures and sNfL, as
they both reflect axonal loss and neurodegeneration in MS.

Methods
Subjects
This substudy was part of a larger, 5-year prospective study on
cardiac, environmental, and genetic factors in MS (CEG-
MS).30,31 Subjects with MS diagnosis based on the 2010 re-
vision of McDonald criteria32 were recruited together with age
and sex-matched healthy controls (HCs). Exclusion criteria for
patients withMS applied at a subject and not eye level and were
the following: idiopathic optic neuritis, optic neuritis in settings
of neuromyelitis optica spectrum disorder or clinically isolated
syndrome of optic neuritis, presence of relapse or steroid
treatment within 30 days before the study initiation, pregnant/
nursing women, and presence of any known condition asso-
ciated with brain pathology. For the current study, the sample
size was determined by selecting patients and controls from the
larger CEG-MS study that had sNFL andOCTmeasures along
with an available history of MS-associated optic neuritis
(MSON). Both at baseline and at follow-up visits, all the
patients underwent neurologic examinations within 30 days
from OCT and serum sampling, and disability was quantified
by means of the Expanded Disability Status Scale (EDSS)
score. The follow-up EDSS score was not validated in a sub-
sequent visit. The history of MSON for each eye was obtained
via chart review. MSONwas diagnosed based on acute changes
in visual acuity, accompanying symptoms of new onset of ret-
robulbar pain and supporting medial chart documentation.
Patients withMSwere classified according to disease phenotype
in relapsing-remittingMS (RRMS) and progressiveMS (PMS).
The latter group included patients with secondary (29 patients)
and primary progressive (7 patients) MS who were merged due
to the small sample size of each subgroup. HCs were enrolled in
the study if they presented with normal neurologic and age-
compatible MRI examinations. A thorough description of the
CEG-MS cohort has been previously described.33,34

Standard protocol approvals, registrations,
and patient consents
The study was approved by the local institutional ethics review
board, and all subjects provided written informed consent.

OCT acquisition and analysis protocol
OCT data are reported according to the APOSTEL guide-
lines.35 Spectral domain OCT (Spectralis, Heidelberg, Ger-
many) scans were acquired both at baseline and at 5-year
follow-up visits. pRNFLTwas acquired with a ring type of scan,
with manual placement of the ring, 768 A-scans and circle
diameter of 12.0 (3.3 mm) and activated real-time eye tracking
(ART) mode set on maximum 100 frames. The optic disc was
centered in all scans by an experienced technician, and scanning
was performed without the use of pharmacologic dilation.
When available, the follow-up images were acquired with the
AutoRescan feature. On the other hand, macular GCIP
(mGCIP) and macular INL (mINL) were derived by volu-
metric, circular, 1-mm/3-mm/6-mm Early Treatment Diabetic
Retinopathy Study (ETDRS) grid, which consisted of 30° × 25°
scan area, 61 B-scan sections with 120-μm spacing, and 768
A-scans per B-scan. The center of the ETDRS grid was man-
ually placed on the macula after activation of the ARTmode on
9 frames. All layers were postprocessed and segmented on the
B-scan images by the automated Heidelberg software (Spec-
tralis Viewing Module). The mean GCIP (manual addition of
the individual GC and IP layers) and INL thickness were de-
rived. Similarly, B-scan–derived total macular volume (TMV)
was calculated.

All scans were reviewed for sufficient signal strength (≥20),
correct centering, and beam placement as per the OSCAR-IB
criteria.36,37 The baseline and follow-up OCT scans were
obtained using the same OCT protocol and machine that did
not undergo any upgrades during the study.

sNfL level analysis
Serum samples were obtained both at baseline and follow-up
during clinical examinations and properly stored. Subsequently,
all serum samples from both time points were sent to the
University of Basel where sNfL levels were calculated using
a validated single-molecule array (Simoa) assay and quantified
in picograms per milliliter, as fully described previously.30,31,38

Data availability
The data that support the findings of this study are available on
a reasonable request to the corresponding author (R.Z.). The
data are not publicly available due to containing information
that could compromise the privacy of research participants.

Statistical analysis
All statistical analyses were performed using Statistical Package
for Social Science version 24.0 (IBM, Armonk, NY). To eval-
uate demographic and clinical differences, the Student t test, χ2

test, and Mann-Whitney U test were used, as appropriate.
Comparisons between HC and MS and RRMS and PMS were
performed using linearmixedmodels (LMMs)withOCT as the
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response variable with random effects for subject and eye
(right/left) nested within subject, to account for multiple
measurements within the same individual. Models comparing
RRMS and PMSwere adjusted for age. As sNfL distribution was
skewed, we applied a log transformation of the variable to be
used in all the statistical tests. The associations between sNfL at
baseline and OCT measures were investigated using LMMs
adjusted for age and sex, also taking into account the in-
terdependence of the left and right eyes. Correlation coefficients
are reported. All analyses were preplanned, and all results are
reported within the article. All analyses were corrected for the
false discovery rate using the Benjamini-Hochberg method.
Corrected p values <0.05 (i.e., q values) and original p values
<0.05 were considered significant and trend, respectively.

Evaluated outcomes
The outcome evaluated in the current study was the association
between sNfL and OCT measures in HCs and patients with
MS divided into 2 subgroups according to the clinical pheno-
type. According to the classification of evidence, the above-
mentioned research question showcases Class III evidence.

Results
One-hundred and ten patients with MS (74 RRMS and 36
PMS) and 52 age- and sex-matched HCs were recruited in the

study. The mean follow-up period was 5.5 years (interquartile
range [IQR] 5.11–5.75 years). Demographic and clinical
characteristics of the study population are shown in table 1.
PMS had a significantly longer disease duration and higher
EDSS than RRMS (p < 0.001). sNfL levels were significantly
higher in patients with MS than in HCs both at baseline (p =
0.001) and at follow-up (p = 0.002), as well as in PMS with
respect to RRMS, both at baseline (p = 0.003) and at follow-up
(p< 0.001). In patients with PMS, sNfLwas significantly higher
at follow-up than at baseline (p = 0.006), whereas in HCs,
patients with RRMS, and in the MS group as a whole did not
significantly change over the course of the follow-up.

Some OCT data were missing, particularly from the baseline
acquisitions, due to the insufficient quality of the images (68.5%)
or the presence of corrupted data that prevented analysis (31.5%).
There were no significant differences between any of the groups
with respect to the participants who had available OCTmeasures
compared with those who did not (data not shown).

Healthy control vs MS
Fifty-two patients with MS (40 RRMS and 12 PMS) experi-
enced at least 1 episode of MSON in their lifetime. Among
them, 10 patients (19.2%) presented with MSON during the
study period (median time interval between MSON and
follow-up OCT 2.7 years, IQR 1.3–4.2 years), whereas the

Table 1 Demographic and clinical features of the study population

HC (n = 52) MS (n = 110) RRMS (n = 74) PMS (n = 36) p HC vs MS p RR vs PMS

Female, n (%) 38 (73.1) 78 (70.9) 57 (67.0) 32 (76.2) 0.721 1

Age, y 43.8 (15.4) 48.1 (11.1) 44.3 (11.0) 55.9 (6.5) 0.073 <0.001

Disease duration median, y (IQR) — 16.5 (8.7–23.0) 12 (6–20) 21 (13.5–31.5) — <0.001

EDSS score at baseline, median (IQR) — 2.75 (1.5–5.5) 2.25 (1.5–3.0) 5.0 (3.62–6.5) — <0.001

sNfL at baseline, pg/mL 18.3 (16.3) 25.4 (19.8) 23.5 (22.2) 29.2 (13.1) 0.001 0.003

Relapse rate — 0.2 (0.4) 0.2 (0.5) 0.1 (0.3) — 0.150

EDSS score at follow-up median (IQR) — 3.5 (2.0–6.0) 2.5 (1.5–3.7) 6.0 (4.0–6.5) — <0.001

Absolute change EDSS — 0.5 (0–0.5) 0.5 (0–0.05) 0.5 (0–1.0) — 0.963

sNfL at follow-up, pg/mL 20.4 (20.0) 27.2 (18.9) 22.1 (13.3) 37.8 (24.0) 0.002 <0.001

History of ON, % — 55 (50) 39 (52.7) 16 (44.4) — 0.542

DMT, n (%) — — 0.207

INF-beta — 41 (37.5) 28 (37.8) 13 (36.1)

GA — 23 (21) 13 (17.6) 10 (27.8)

Natalizumab — 18 (16.4) 16 (21.6) 2 (0.5)

Other DMT — 2 (0.3) 1 (0.01) 2 (4.8)

No DMT — 27 (24.5) 16 (21.6) 9 (27.8)

Abbreviations: DMT = disease-modifying therapy; EDSS = ExpandedDisability Status Scale; GA = glatiramer acetate; HC = healthy control; INF = interferon; IQR
= interquartile range; PMS = progressive MS; RRMS = relapsing-remitting MS; sNfL = serum neurofilament light chain.
All metrics are reported as mean (SD) unless otherwise noted. p Values were derived using the Student t test, χ2 test, and Mann-Whitney rank-sum test, as
appropriate. In bold are shown significant p values <0.05.
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Table 2 Baseline OCT measures in the study population (data are reported for each eye cumulatively)

HC

MS HC vs MS ON
HC vs MS
n-ON RRMS PMS

RR vs
PMS ON

RR vs
PMS n-ON

ON n-ON p Value p Value ON n-ON ON n-ON p Value p Value

pRNFLT, μm 97.8 (11.4) n = 26 85.4 (14.2) n = 54 85.1 (13.7) n = 106 0.037 0.024 87.2 (13.4) n = 39 86.8 (13.5) n = 68 80.8 (15.5) n = 15 82.0 (13.7) n = 38 0.754 0.559

mGCIP, μm 85.2 (8.5) n = 24 70.6 (14.6) n = 38 75.2 (13.3) n = 76 0.016 0.049 73.0 (14.1) n = 28 77.9 (11.5) n = 51 64.0 (14.4) n = 10 69.7 (15.1) n = 25 0.754 0.069

mINL, μm 38.1 (4.7) n = 24 36.8 (3.5) n = 38 37.9 (3.1) n = 76 0.554 0.754 36.1 (2.9) n = 28 37.5 (2.9) n = 51 38.9 (4.2) n = 10 38.6 (3.3) n = 25 0.049 0.380

TMV, mm3 8.4 (1.5) n = 27 7.8 (0.8) n = 51 7.9 (0.9) n = 99 0.554 0.044 7.9 (0.8) n = 37 8.0 (0.8) n = 64 7.7 (0.7) n = 14 7.6 (0.9) n = 35 0.754 0.453

Abbreviations: HC = healthy control; mGCIP =macular ganglion cell and inner plexiform layer thickness; mINL =macular inner nuclear layer; n-ON = nonoptic neuritis eye; ON = optic neuritis eye; PMS = progressiveMS; pRNFLT
= peripapillary retinal nerve fiber layer thickness; RRMS = relapsing-remitting MS; TMV = total macular volume.
Allmetrics are reported asmean (SD). pValueswere derived using linearmixed-effectsmodels forHC vsMSand linearmixed-effectsmodels corrected for age for RRMS vs PMS. Cells show correlation coefficient (false discovery
rate–corrected p values [i.e., q values]). In bold are shown q values <0.05, whereas original p values <0.05 not surviving the false discovery rate correction are shown in italics.

Table 3 Follow-up OCT measures in the study population (data are reported for each eye cumulatively)

HC

MS HC vs MS ON
HC vs MS
n-ON RRMS PMS

RR vs
PMS ON

RR vs PMS
n-ON

ON n-ON p Value p Value ON n-ON ON n-ON p Value p Value

pRNFLT, μm 96.0 (12.6) n = 97 81.1 (15.1) n = 60 82.2 (13.9) n = 142 0.003 0.003 84.1 (14.7) n = 44 85.2 (12.6) n = 89 72.7 (13.2) n = 16 77.3 (14.6) n = 53 0.861 0.084

mGCIP, μm 79.4 (14.0) n = 95 70.7 (12.9) n = 58 75.3 (12.6) n = 137 0.003 0.003 70.9 (12.4) n = 44 76.3 (11.6) n = 88 69.9 (14.8) n = 14 73.5 (14.1) n = 49 0.341 0.330

mINL, μm 38.0 (3.1) n = 95 37.8 (3.1) n = 58 37.3 (3.3) n = 137 0.738 0.210 37.6 (2.9) n = 44 36.9 (3.6) n = 88 38.5 (3.6) n = 14 37.9 (2.8) n = 49 0.738 0.084

TMV, mm3 8.5 (0.6) n = 95 8.0 (0.4) n = 62 8.1 (0.8) n = 141 0.003 0.003 8.1 (0.4) n = 46 8.2 (0.4) n = 89 7.7 (0.4) n = 16 8.0 (1.2) n = 52 0.672 0.216

Abbreviations: HC = healthy control; mGCIP =macular ganglion cell and inner plexiform layer thickness; mINL =macular inner nuclear layer; n-ON = nonoptic neuritis eye; ON = optic neuritis eye; PMS = progressiveMS; pRNFLT
= peripapillary retinal nerve fiber layer thickness; RRMS = relapsing-remitting MS; TMV = total macular volume.
Allmetrics are reported asmean (SD). pValueswere derived using linearmixed-effectsmodels forHC vsMSand linearmixed-effectsmodels corrected for age for RRMS vs PMS. Cells show correlation coefficient (false discovery
rate–corrected p values [i.e., q values]). In bold are shown q values <0.05, whereas original p values <0.05 not surviving the false discovery rate correction are shown in italics.
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remaining 42 had MSON before the recruitment of the study,
with a median time interval of 9.6 years (IQR 4.4–23.0 years).

Baseline and follow-up OCT measures were compared be-
tween HC and MS where MSON-affected and unaffected eyes
(n-MSON) were ascertained, as shown in tables 2 and 3, re-
spectively. At baseline, pRNFLT was significantly lower in MS
than in HC, both for MSON and n-MSON eyes (q = 0.037 and
q = 0.024, respectively). Moreover, mGCIP was significantly
lower in MS than in HC, regardless of the presence of MSON
history (q = 0.016 for MSON and q = 0.049 for n-MSON).
Finally, TMV was significantly lower only in n-MSON eyes (p
= 0.044) of patients with MS than in HCs.

At follow-up, MS showed significantly lower pRNFLT,
mGCIP, and TMV, regardless of the presence of MSON his-
tory (p = 0.003). The rate of change over the follow-up did not
differ between HCs and patients with MS for any of the
measures, regardless of the MSON status (figure e-1, links.lww.
com/NXI/A247).

Partial correlations between baseline sNfL and both baseline
and follow-up OCT measures are presented in table 4. No
significant associations between sNfL and any of the in-
vestigated OCT measures were found, neither in HC nor in
MSON eyes. In n-MSON eyes, sNfL was significantly associ-
ated, at baseline, with pRNFLT (r = −0.450, q = 0.019),
mGCIP (r= −0.511, q= 0.019) and a trendwas found for TMV
(r = −0.411, p = 0.005, q = 0.056), and with pRNFLT at follow-
up (r = −0.272, p = 0.014, q = 0.130) as shown in figure 1. No
associations were found between baseline sNfL and OCT
changes over time for any of the investigated measures.

Relapsing-remitting vs progressive MS
Tables 2 and 3 show the baseline and follow-upOCTmeasures
in MSON and n-MSON eyes, respectively, between RRMS vs
PMS. At baseline, in the comparison between RRMS vs PMS,
the only OCT measures significantly different were mGCIP,
which showed a trend for being significantly lower in n-MSON
eyes of patients with PMS (p = 0.030, q = 0.069) and mINL,
which was significantly lower in MSON eyes of patients with
RRMS than in patients with PMS (q = 0.049). At follow-up, no
significant differences were found betweenMSONeyes in the 2
study groups, whereas pRNFLT showed a trend for being
significantly lower (p = 0.039, q = 0.084) and mINL showed
a trend for being significantly higher (p = 0.042, q = 0.084) in
PMS MSON eyes than in RR n-MSON eyes. The rate of
change over the follow-up did not differ between patients with
RRMS and PMS for any of the measures, regardless of the
MSON status. Changes in OCT measures over the follow-up
were not significantly different between the 2 groups.

Partial correlations between baseline sNfL and both baseline
and follow-up OCT measures are presented in table 4. At
baseline, in RRMS MSON eyes, sNfL was not significantly
associated with any of the investigated OCTmeasures. For RR
n-MSON eyes at baseline, sNfL was associated with pRNFLT
(r = −0.489, q = 0.019) and mGCIP (r = −0.540, q = 0.028), as
shown in figure 1. At baseline, sNfL in the PMS group showed
a trend with mGCIP (r = −0.386, p = 0.024, q = 0.192) in
n-MSON eyes. There were no associations between baseline
sNFL and follow-up OCT measures in neither the RRMS nor
PMS groups. No associations were found between baseline
sNfL and OCT changes over time for any of the investigated
OCT measures.

Table 4 Partial correlations between baseline sNfL and OCT measures at baseline and follow-up

HC MS RRMS PMS

n-ON ON n-ON ON n-ON ON n-ON

Baseline OCT measures

pRNFLT, μm −0.340 (0.643) n = 26 −0.196 (0.674) n = 54 −0.450 (0.019) n = 106 −0.447 (0.459) n = 39 −0.489 (0.019) n = 68 0.259 (0.855) n = 15 −0.271 (0.632) n = 38

mGCIP, μm −0.368 (0.632) n = 24 −0.259 (0.632) n = 38 −0.511 (0.019) n = 76 −0.389 (0.960) n = 28 −0.540 (0.028) n = 51 0.129 (0.855) n = 10 −0.386 (0.192) n = 25

mINL, μm 0.030 (0.960) n = 24 0.259 (0.497) n = 38 0.111 (0.702) n = 76 0.079 (0.799) n = 28 0.039 (0.960) n = 51 0.369 (0.674) n = 10 0.255 (0.478) n = 25

TMV, mm3 −0.020 (0.883) n = 25 −0.240 (0.772) n = 51 −0.411 (0.056) n = 99 −0.422 (0.478) n = 37 −0.298 (0.459) n = 64 0.390 (0.674) n = 14 −0.443 (0.478) n = 35

Follow-up OCT
measures

pRNFLT, μm −0.218 (0.478) n = 97 −0.070 (0.883) n = 60 −0.272 (0.130) n = 142 −0.047 (0.940) n = 44 −0.136 (0.674) n = 89 −0.099 (0.835) n = 16 −0.216 (0.643) n = 53

mGCIP, μm −0.068 (0.751) n = 95 −0.177 (0.563) n = 58 −0.076 (0.673) n = 137 −0.219 (0.478) n = 44 −0.066 (0.799) n = 88 −0.135 (0.809) n = 14 −0.015 (0.883) n = 49

mINL, μm 0.028 (0.883) n = 95 0.006 (0.674) n = 58 0.067 (0.960) n = 137 −0.065 (0.883) n = 44 0.021 (0.883) n = 88 0.245 (0.799) n = 14 0.118 (0.674) n = 49

TMV, mm3 0.167 (0.674) n = 95 −0.108 (0.799) n = 62 −0.162 (0.434) n = 141 −0.182 (0.674) n = 46 −0.169 (0.632) n = 89 0.277 (0.674) n = 16 −0.152 (674) n = 52

Abbreviations: HC = healthy control; mGCIP =macular ganglion cell and inner plexiform layer thickness; mINL =macular inner nuclear layer; n-ON = nonoptic
neuritis eye; ON = optic neuritis eye; PMS = progressive MS; pRNFLT = peripapillary retinal nerve fiber layer thickness; RRMS = relapsing-remitting MS; TMV =
total macular volume.
Partial correlations coefficients corrected for age and sex are shown by eyes and were derived from linearmixedmodels to account for the interdependence
of left and right eyes. Cells show correlation coefficient (false discovery rate–corrected p values [i.e., q values]). In bold are shown q values <0.05, whereas
original p values <0.05 not surviving the false discovery rate correction are shown in italics.
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Discussion
SNfL and OCT measures have been demonstrated to be
markers of neurodegeneration in MS,7,9,27–29 but the relation-
ship between them has been scarcely investigated.39 This study
shows a significant association between sNfL, pRNFLT,
mGCIP, and TMV in the eyes unaffected by ON of patients
with MS. Whereas sNfL has been related to both MS-related
inflammation and neurodegeneration, as it increases after acute
relapses but also during disease progression,27–29 the afore-
mentioned OCT parameters seem to primarily reflect the
neurodegenerative aspects of the disease.8 Indeed, pRNFLT
reduction indicates axonal damage, whereas both GCIP and
macula are retinal areas dense with neurons and their decrease
in patients with MS, regardless of the presence of MSON his-
tory, suggests, respectively, dendrite/synapsis pruning following
soma shrinkage and neuronal loss. Multiple studies have
assessed sNfL in relation to both gray matter atrophy and
cognitive status.28,30,31 OCT has also been found to reflect brain
tissue loss.12,14 However, the direct relationship between sNfL

and OCT parameters has been reported in only one study, to
our knowledge.39 Specifically, Bsteh et al.39 detected an asso-
ciation between increased sNfL levels and annualized RNFL
loss in a group of 80 patients with RRMS without MSON
history and demonstrated that sNfL could predict 15%–20% of
the RNFL thinning variance. Our study builds on these findings,
demonstrating an association with other OCTmeasures in both
RRMS and PMS, thus supporting their role as biomarkers of
neurodegeneration in MS. Indeed, being noninvasive measures,
they are more easily obtainable and considerably less expensive
than other paraclinical outcomes currently in use, while still
having reliability and capability of providing reproducible
measures of neuroaxonal damage in MS.

Perhaps surprisingly, sNfL was not related toOCTmeasures in
the eyes affected by MSON. Furthermore, restricting correla-
tion analyses to more informative patients with substantial
sNfL change over the course of the study (as post hoc analysis,
participants > median sNfL change) yielded similar results:

Figure 1 Scatterplots showing the association between serum neurofilament light chain (sNfL) and peripapillary retinal
nerve fiber layer thickness (pRNFLT) in nonoptic neuritis (n-ON) (A) eyes (top left) and in (C) relapsing-remittingMS
(RRMS) n-ON (bottom left), and the association between sNfL andmacular ganglion cell and inner plexiform layer
thickness (mGCIP), in (B) MS n-ON eyes (top right), and in (D) RRMS n-ON (bottom right)
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sNfL was not related to OCT measures in the eyes affected
by ON.

The lower sample size of affected eyes, however, is unlikely to
be the sole cause of this seemingly unintuitive finding. The
magnitude of the correlations was roughly half for these
measures compared with those in unaffected eyes. Instead, it is
likely that the focal damage caused by MSON results in the
OCT-derived measures no longer being reflective of global
neurodegenerative status and thus the association with sNfL
resulting considerably weaker, or possibly a floor effect. This
hypothesis is supported by significantly reduced RNFL and
TMV in eyes affected by MSON compared with unaffected
eyes (results not shown). The presence of MSON was also
showed to disrupt the correlation between OCTmeasures and
gray matter volume, confirming the potential interfering effect
of focal axonal loss in the optic nerve on the relationship be-
tween brain and retinal neurodegeneration.40

Moreover, we did not detect any associations between base-
line sNfL and OCT changes over time, nor any differences in
OCT measures between the 2 time points (results not
shown). However, we were likely underpowered to detect
such changes, given the relatively small sample size of our
cohort. Future studies with larger sample sizes are warranted
to confirm or refute these findings.

We also repeated our analysis in different disease phenotypes.
Although the findings in RRMSwere largely coherent with those
obtained in the entireMS sample, we disappointingly only found
a single association between sNfL and mGCIP in the PMS
group. We were likely underpowered in this regard as well;
therefore, larger studies will be needed to elucidate this question.

Both sNfL and pRNFLT, mGCIP, and TMV were significantly
altered in patients with MS at baseline and follow-up compared
with HCs. Moreover, sNfL was significantly higher in patients
with PMS. These findings confirm previous results supporting
the role of these measures as markers of global
neurodegeneration.10,12,13,27,28 Notably, OCT measures were
significantly lower also in subjects with MS without a history of
MSON, reinforcing the notion that retinal damage occurs partly
independently from acute inflammatory attacks of the optic
nerve.19,41 These results might be justified by the presence of
subclinical MSON episodes42 and by a phenomenon of retro-
grade degeneration derived from inflammatory episodes oc-
curring within the optic nerve or along the optic pathways.43 It
needs also to be taken into consideration, as suggested by recent
studies, that a degenerative process directly affecting the retina
might occur, resulting in primary retinal pathology,12,44–46 as
confirmed by histopathologic data.47

A surprising finding was the INL thickening in PMS compared
with RRMS in MSON-affected eyes, which might have been
influenced by the small sample size. However, increased INL
thickness has been observed in the context of active retinal
inflammation in subjects with MS, as INL contains the highest

amount of retinal glial cells. It has also been demonstrated that
retinal inflammatory activity persists for months after acute
MSON44 and is present also in late disease stage,47 whichmight
support our findings. Moreover, INL thickening has been re-
lated to the presence of microcystic macular edema, a relatively
uncommon phenomenon occurring in MS, related to the dis-
ruption of the blood-retinal barrier and associated with higher
clinical disability.48 Unfortunately, information in this regard is
not available in our patients, but this phenomenon could still be
taken into account as a possible complementary explanation.

This study has limits that warrant discussion. First, the relatively
low sample size, in particular with respect to MSON-affected
eyes, has likely prevented us from detecting both significant
differences of OCT measures in RRMS vs PMS, reported in
previous studies,45 and possible associations between sNfL and
OCT measures in PMS. The same limit might have accounted
for the inability to demonstrate a possible predictive value for
sNfL in terms of OCT-derivedmeasures at follow-up except for
pRNFLT in the nonaffected eyes when considering the MS
sample as a whole. Larger studies are needed to overcome these
issues. Second, information regarding visual acuity and color
vision was not available, which might have given a more ex-
haustive clinical picture of the study subjects, especially with
respect to residual visual disability after ON. However, the
primary aim of this study was not to investigate OCTmeasures
or sNfL with respect to visual function but to characterize their
relationship in MS.

In conclusion, our study further confirms the ability of sNfL
to detect neuroaxonal damage in MS and advocates for the
inclusion of sNfL and OCT measures in future clinical
trials.
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Abstract
Objective
To determine whether virally suppressed HIV neuropathogenesis, a chronic neuro-
inflammatory state, promotes abnormal brain amyloid deposition.

Methods
A total of 10 men with virally suppressedHIV-associated neurocognitive disorder (HAND), aged
46–68 years, underwent 11C-labeled Pittsburgh compound B PET. Data from the Australian
Imaging, Biomarkers and Lifestyle (AIBL), including 39 cognitively normal individuals (aged
60–74 years), 7 individuals with mild cognitive impairment (MCI) (aged 64–71 years), and 11
individuals with Alzheimer disease (AD) (aged 55–74 years), were used as reference. Apart from
more women, the AIBL cohort was demographically comparable with the HIV sample. Also, the
AIBL PET data did not differ by sex. Cerebellum standardized uptake value ratio amyloid values
within 22 regions of interest were estimated. In the HIV sample, apolipoprotein E (APOE) was
available in 80%, CSF biomarkers in 60%, and 8–10 years of long-term health outcomes in 100%.

Results
HAND and the AIBL group with no cognitive deficits had similar amyloid deposition, which
was lower than that in both the MCI and AD groups. At the individual level, one HAND case
showed high amyloid deposition consistent with AD. This case also had a CSF-AD–like profile
and an E4/E4 for APOE. Clinically, this case declined over 18 years with mild HAND
symptoms first, followed by progressive memory decline 8–9 years after the study PET, then
progression to severe dementia within 2–3 years, and lived a further 6 years. Another HAND
case showed increased amyloid deposition restricted to the hippocampi. Two other HAND
cases showed abnormally decreased amyloid in subcortical areas.

Conclusions
Relative to cognitively normal older controls, brain amyloid burden does not differ in virally
suppressed HAND at the group level. However, individual analyses show that abnormally high
and low amyloid burden occur.
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The neuropathogenesis of HIV is commonly characterized by
chronic neuroinflammation in people living with HIV in-
fection (PLHIV) who are aging and virally suppressed on
combination antiretroviral treatment (cART).1 Both age and
HIV-associated chronic inflammation may be associated with
a higher risk of developing neurodegenerative disease such as
Alzheimer disease (AD),1 especially as PLHIV are entering
age where dementia starts to rise in the general population.2

AD and other forms of dementia and predementia syndromes
are often characterized by abnormal deposition of cortical
amyloid.3,4 This neuropathologic process may be used as
a way to identify aging PLHIV at risk of dementia and may
represent one of the endpoints of HIV-related chronic neu-
roinflammation. One of the most efficient detection methods
for brain amyloid deposition in the living brain is the β-am-
yloid radioligand 11C-labeled Pittsburgh compound B (11C-
PiB) positron emission tomography (PET).5 To date, there is
no clear evidence that middle-aged PLHIV are more at risk of
developing AD than their HIV-negative (HIV−) counterparts.
In particular, it remains unclear whether HIV leads to AD or
to an AD-like neurodegeneration for the following reasons.

Evidence from the literature remains limited and inconsistent.
Achim et al.6 studied 40–65-year-old HIV+ participants
using the molecular imaging probe 2-(1-{6-[(2-[F-18]fluo-
roethyl)(methyl) amino]-2-naphthyl} ethylidene)malononitrile
(FDDNP)-PET and found increased binding of β-amyloid and
tau protein aggregates in the posterior cingulate gyrus and the
parietotemporal areas in three cases with mild neurocognitive
disorder (MND). Furthermore, immunohistochemistry of the
neocortex, subcortical white matter, and basal ganglia in HIV+
patients on cART found that 34 of 35 of these cases had intra-
neuronal deposition of β-amyloid. Tau and α-synuclein were also
abundant with the distribution following axonal tracts. APOE
genotyping, themajor genetic AD risk factor, was not performed,
and there were no concomitant neurocognitive data. Another
study by Ances et al.7 that included 10 cognitively unimpaired
HIV+ individuals (mean age 52 years, age range 46–58 years,
50%men) did not show an overall increased amyloid deposition
using 11C-PiB/PET compared with 20 HIV− controls (age
range 41–53 years, 80% men). This was despite 4 of 10 partic-
ipants having low CSF amyloid beta (Aβ) 42 levels. The same
research group led by Ances et al.8 also found no significant
evidence of pathologic amyloid deposition with 11C-PiB/PET
when compared with HIV− community age-comparable con-
trols (88% men) in 5 HIV-associated neurocognitive disorder

(HAND) cases (82% men) and 11 cognitively unimpaired
HIV+ patients (100%men) aged in their 40s. The HIV+ groups
had a significantly lower amyloid deposition than 11 AD cases
aged in their 70s (55% men). APOE genotyping was conducted
in >90% of theHIV+ participants, and 45%–50% has at least one
APOE 4 allele, but this was not associated with increased amy-
loid deposition. Analyses of CSF-ADmarkers were conducted in
77% of the HIV+ sample, with 5 HIV+ participants found to
have low CSF-Aβ42 levels (<500 pg/mL). CSF-Aβ42 levels
were not found to be associated with increased amyloid de-
position. A larger study of 26 HIV+ adults aged 26–67 years old,
reported as part of a review, found no difference in 11C-PiB PET
amyloid deposition andCSF-Aβ42 levels between theHIV+ and
the HIV− patients aged 32–62 years old.9 This study did not
provide APOE genotyping, and levels of cognitive performance
were not reported. Finally, a case study of an HIV-infected
(HIV+) 71-year-old man with an undetectable plasma viral load
found a combined diagnosis of HAND and probable AD.10 This
was based on a multidisciplinary examination including neuro-
psychological testing, brain imaging, CSF-AD markers, fluo-
rodeoxyglucose PET, and florbetaben PET.

Overall, 11C-PiB PET was the most commonly used method
for detecting brain amyloid deposition. All studies conducted
have focused on middle-aged PLHIV, mostly without HAND.
All studies but one9 reported that most patients were on
cART, although the degree of viral suppression was variable or
not clearly reported. This represents a major caveat because
detectable viral load has been found to be associated with
increased Aβ-plaque in the hippocampus in a recent National
NeuroAIDS Tissue Consortium (NNTC) analysis.11 APOE
genotyping was conducted in only one study.8 While APOE4
status has been associated with HAND in some studies12,13

this has not always been replicated,14 although this result may
be influenced by cohorts that included PLHIV of relatively
young age, who were not virally suppressed and clinically
stable.14 Nevertheless, APOE4 status is a major risk factor for
AD and other dementias14 and, thus, remains relevant in aging
PLHIV cohorts that could be at higher risk of coincidental
AD. Also, APOE4 is a strong modulator of 11C-PiB PET data.
In a cohort of 497 cognitively normal (NL) middle- and older
aged participants with 11C-PiB PET,15 a greater proportion of
APOE4 carriers developed amyloid-β pathology, at an earlier
age, and with faster amyloid-β accumulation. Furthermore,
a recent and large neuropathologic study from the NNTC
showed that APOE4 and age were strong independent

Glossary
AAL = Automated Anatomical Labeling; Aβ = amyloid beta; AD = Alzheimer disease; AIBL = Australian Imaging, Biomarkers
and Lifestyle; ANI = asymptomatic neurocognitive impairment; APOE = apolipoprotein E; 11C-PiB = 11C-labeled Pittsburgh
compound B; cART = combination antiretroviral therapy; HAD = HIV-associated dementia; HAND = HIV-associated
neurocognitive disorder; MCI = mild cognitive impairment; MND = mild neurocognitive disorder; MSK = Memorial Sloan
Kettering; NNTC = National NeuroAIDS Tissue Consortium; PLHIV = people living with HIV infection; PSP = progressive
supranuclear palsy; PVE = partial volume effect; ROI = region of interest; SUVR = standardized uptake value ratio.
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predictors of the deposition of 4G8-Aβ plaques in the frontal
neocortex, evident in 29% of a selected sample.

11C-PiB PET has high affinity and selectivity for fibrillar Αβ in
plaques and extracellular amyloid deposits.5 It may thus lead to
lower binding in PLHIV and patients with HAND for whom
plaques have been found to be more often diffuse and
intracellular.16–18 However, these neuropathologic findings were
derived from cohorts that included relatively young patients,
active AIDS, as well as many without full viral control and
sometimes significant alcohol and drug use comorbidity.17–19 In
addition, the detection of abnormal amyloid deposition in the
oldest PLHIV with HAND using 11C-PiB PET is important, as
AD may be coincidental. On the other hand, the diffuse type of
plaques may only reflect the early phase of the disease.

This study aimed to compare brain amyloid deposition
quantified by 11C-PiB PET in 10 formally diagnosed HAND
cases who were part of the Australian HIV and Aging Cohort.
HAND cases were screened for hepatitis C infection, non-
HIV neurologic conditions, alcohol and drug use to minimize
non–HIV-related neuroinflammation, and other forms of
brain pathology.20 These were compared with 39 NL cases, 7
cases with mild cognitive impairment (MCI), and 11 AD
cases aged 55–74 years old, all from the Australian Imaging,
Biomarkers and Lifestyle (AIBL) cohort.5,21 Because of the
relatively small sample size and heterogeneous pattern of
amyloid deposition in the HIV+ group, we also conducted
a series of case analyses. Finally, we collected long-term health
outcomes 8–10 years after the end of the PET data collection
to determine dementia progression.

Methods
The University of New South Wales, St. Vincent’s Hospital,
and Austin Health Human Research Ethics Committees ap-
proved this research protocol (HREC/08/096). Informed
written consent or the guardian consent when appropriate
was obtained from all participants.

Participants
Ten HIV+ men formally diagnosed with HAND (table 1)
were enrolled in a study to quantify brain amyloid deposition
using the β-amyloid radioligand 11C-PiB as part of the Aus-
tralian HIV and Brain Aging Cohort Study between 2009 and
2011. The inclusion/exclusion criteria have been described in
detail previously.22 All were on cART with undetectable
plasma and CSF viral load (<50 copies/mL). Seven of 10
underwent a lumbar puncture and blood tests to determine
CSF-AD markers and HIV markers, respectively, and 8 of 10
had APOE genotyping. All HAND cases underwent neuro-
psychological testing, and a high-resolution T1-weightedMRI
scan was obtained for each person; these methods have been
reported in detail elsewhere.13,22,23 Five cases had mild
HAND, including 4 cases with asymptomatic neurocognitive
impairment (ANI) and 1 case with MND. The 5 other cases

had HIV-associated dementia (HAD) along its clinical spec-
trum (Memorial Sloan Kettering [MSK] scale24), including 1
case with mild HAD (MSK1), 2 with moderate HAD
(MSK2), and 2 with severe HAD (MSK3). Note that on the
MSK scale, MND is classified as MSK1.

AIBL data
A request was made to access the summed digital imaging and
communications in medicine PET AIBL data on August 28,
2018, at aibl.csiro.au/research/support/ and was approved on
August 30, 2018. These data were collected by the AIBL study
group following a published protocol.25 The AIBL study
methodology has also been reported previously.5,21 AIBL sub-
jects aged between 55 and 74 years with a PET scanning pro-
tocol closest to that of the HIV+ sample were retained (that is
PET scan with a duration of 1,200 seconds: 57/103). De-
mographic and clinical characteristics of the retained AIBL co-
hort are presented in table 1. The AIBL sample has comparable
demographics with the HIV sample except for more women,
which is typical of an elderly cohort, because women have
a higher survival rate and are more represented in AD cases21;
HIV in Australia remains most prevalent in men who have sex
with men.22 It is important that there was no significant dif-
ferences between sexes in the AIBL PET data (t test p values
>0.50). Although HIV infection was not formally diagnosed in
those controls, the AIBL exclusion criteria were stringent and
included a wide range of neurologic, psychiatric, and medical
conditions in addition to laboratory test abnormalities.5,21 Evi-
dence of immune compromise would therefore have been
detected. Furthermore, the age and demographics of this cohort
limits the risk of HIV infection because older age and late di-
agnosis are more common in non–Australian-born people.26

See examples of AIBL PET data in figure e-1 and e-3, links.lww.
com/NXI/A248, in supplemental material.

PET data acquisition in the HIV+ sample
All PET scanning took place at the AustinHealth PETCentre in
Melbourne (VIC, Australia). Patients were flown from Sydney
and back, with their carer as appropriate. They were requested
to fast for at least 6 hours before scanning. PET scans for the
β-amyloid radioligand 11C-PiB were acquired using a Philips
Allegro PET camera with a resolution of 5.0 × 5.0 × 6.5 mm3

(x y z). A transmission scan was performed for attenuation
correction. PET images were reconstructed using a 3D row
action maximum likelihood algorithm with a voxel size of 2.0 ×
2.0 × 2.0 mm3 (x y z). Summed images from the 40- to 70-
minute time frame were used in each study. Each participant
received 370-MBq 11C-PiB IV over 1 minute. A 30-minute
acquisition (6 × 5-minute frames) in a 3D mode starting 40
minutes after injection of 11C-PiB was performed (total PET
scan duration of 1,800 ms).

PET processing and analyses in HIV and
AIBL data
All imaging data sets were processed using the PETPVE12
toolbox27 for SPM12 (v6906; Wellcome Trust Centre for
Neuroimaging, London, UK; fil.ion.ucl.ac.uk/spm) in Matlab

Neurology.org/NN Neurology: Neuroimmunology & Neuroinflammation | Volume 7, Number 4 | July 2020 3

https://aibl.csiro.au/research/support/
http://links.lww.com/NXI/A248
http://links.lww.com/NXI/A248
http://www.fil.ion.ucl.ac.uk/spm
http://neurology.org/nn


r2012b (Mathworks Inc., Sherborn, MA), which has im-
proved functions to handle amyloid PET partial volume
effects (PVEs) compared with previous versions. First, all T1-
weighted images were segmented and skull stripped using
default parameters. Second, all PET images were coregistered
to their associated T1 images using the toolbox’s default
parameters. PVE correction was performed using the Mul̈ler-

Gar̈tner method,28 and the intensity of the PVE-corrected
PET images was normalized to the average intensity of all
cerebellar regions (cerebellum standardized uptake value ratio
[SUVRc]) from the Automated Anatomical Labeling (AAL)
atlas.29 The inverse deformation parameters from the seg-
mentation step were used to transform all AAL regions from
theMontreal Neurological Institute to native space, separately

Table 1 Demographic and clinical characteristics of the study samples

HIV+ AIBL NL AIBL MCI AIBL AD

N 10 39 7 11

Age, y (range) 55.5 (46–68) 68 (60–74) 69 (64–71) 67 (55–74)

Male (%) 100 49 57 55

Education, y (range) 15 (8–19) — — —

Urban dwelling MSM (%) 100 — — —

HIV duration, y (range) 13.8 (9.2–29.7) — — —

Ethnicity (% white ESB) 100 — —

Current cART duration, mo (range) 18.5 (6–120) — — —

Nadir CD4 count, cells/mL (range) 203 (11–350) — — —

Current CD4 count, cells/mL (range) 488 (210–1,008) — — —

Current CD8 count, cells/mL (range) 1,074 (420–1914) — — —

Predicted WAIS-III VIQ (range) 109.6 (84.6–121.1) — — —

GDS (range) 1.7 (0.6–4.7) — — —

Mini State Mental Examination (range) — 30 (26–30) 27 (24–30) 22 (6–28)

Clinical Dementia Rating (range) — 0 (0–0.5) 0.5 0.5 (0.5–3)

ANI, MND (count) 4, 1 — — —

HAD: MSK1, 2, 3 (count) 1, 2, 2 — — —

Historical AIDS (%) 70 — — —

Plasma HIV RNA undetectable (<50 copies/mL) (%) 100 — — —

CSF HIV RNA undetectable CSF (<50 copies/mL) (%) 100 — — —

Median CSF Aβ-42, pg/mL (range) 525.2 (142.5–663.3) — — —

Median CSF t-tau, pg/mL (range) 207.5 (73.6–538.5) — — —

Median CSF p-tau, pg/mL (range) 61.9 (22.6–115.9) — — —

CSF-AD profile, % (count) 43 (3/7) — — —

APOE («3/«2)/«4, % (count) 37.5 (3/8) 28.2 (11/39) 28.5 (2/7) 40 (4/10)

APOE «4/«4, % (count) 25 (2/8) 5.1 (2/39) 28.5 (2/7) 40 (4/10)

Abbreviations: AD = Alzheimer disease; AIBL = Australian Imaging, Biomarkers and Lifestyle; ANI = asymptomatic neurocognitive impairment; ESB = English-
speaking background; GDS = global deficit score; HAD = HIV-associated dementia; MCI = mild cognitive impairment; MND = mild neurocognitive disorder;
MSM = men who have sex with men; NL = cognitively normal; VIQ = WAIS-III Verbal IQ.
The AIBL is an Australian cohort that has recruitedwell-educated participants of white and English-Speaking background similar to that of the HIV cohort (see
references 5 and 21 for further details).
Continuous data are presented as median and (range), unless otherwise specified. Percentage values provided for categorical data.
AIDS classification based on the Centers for Disease Control and Prevention (CDC) 1993 HIV disease staging system.
n = 7 HIV+ participants consented to lumbar puncture for CSF analysis.
n = 8 HIV+ participants were genotyped for APOE.
CSF-AD profiles are based onour publication13 andwere (1) t-tau >350 andAβ1-42 <530 pg/mL; (2) p-tau >60 and Aβ1-42 <530 pg/mL; and (3) t-tau >350 pg/mL
and Aβ1-42/p-tau <6.5.
Memorial Sloan Kettering (MSK) scale.24 Note that the MSK1 = MND as per Frascati criteria.
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for all participants. Finally, SUVRc values were extracted for
each region of the AAL atlas in native space. To reduce the total
number of regions of interest (ROIs), the 116 regions from the
AAL atlas were arranged based on a previous atlas nomencla-
ture29 and averaged out to result in 22 final ROIs. Twenty-six
regions related to the cerebellum and the vermis were used as
the cerebellum reference. The remaining 90 regions were col-
lapsed into the 22 ROIs. The algorithm used to collapse these
regions was developed by M.S.K., neuroanatomist (see sup-
plementary file table e-5, links.lww.com/NXI/A248).

Statistical analyses

Amyloid uptake and deposition distributions in the
HIV+ sample
Two HIV cases had abnormal 11C-PiB uptake (figure e-4,
links.lww.com/NXI/A248) in which the PiB uptake was
higher in the skull and some parts of the white matter com-
pared with cortical regions. These were subsequently ex-
cluded based on the recommendation of the Austin PET
team. As a result, 8 HIV cases were considered in the fol-
lowing analyses. The SUVRc data were not normally dis-
tributed for any of the study groups. Therefore, all analyses
were based on nonparametric statistics.

Group analyses
Study groups (HIV, NL, MCI, and AD) were compared using
the Kruskal-Wallis test followed by the Steel-Dwass method
to compare all pairs. There were no covariates entered in the
analyses. Although the sex ratio did not significantly differ in
the AIBL data (p > 0.50, and showed a slightly wider variance
when women were included, table 2), the analyses were re-
peated excluding only the female participants in the AIBL NL
group (N = 19) compared with the HIV sample, to account
for a residual effect of sex. Owing to the limited sample size,
this was not performed in the MCI (male = 4) and AD (male
= 6) groups. These statistical analyses were conducted using
the statistical package JMP 13 (SAS Institute Inc).

Case analyses
Case 2, on visual inspection, clearly exhibited high amyloid
deposition across the entire brain. To quantify how significant
the amyloid deposition was in this case, we ran case analysis
statistics using the program Singlims_ES.exe30–32 against the
AD, MCI, and NL groups (AIBL women included).

Case 1 had increased amyloid deposition in the hippocampus
on visual inspection. Based on this, a single-case analysis was
run for this ROI against the AD, MCI, and NL groups. Two
other cases (cases 3 and 5) had a noticeable decrease in am-
yloid deposition across the basal ganglia. To quantify any
significant differences, case statistics were run for these 2 cases
for the cingulum, caudate, pallidum, putamen, and thalamus
against the AD, MCI, and NL groups.

Long-term clinical outcomes in the HIV+ sample
We collected long-term clinical information from medical
records located at St. Vincent’s Hospital (Sydney, NSW,

Australia) and by contacting the participant's primary physi-
cians. This allowed determination as to which patients had
progressive dementia and other relevant comorbid conditions
8–10 years after the PET data collection.

Data availability
The HIV sample data are available on the UNSW Australia
repository: ros.unsw.edu.au/ (search by author “Cysique” and
title of the current study). The AIBL data are available upon
request to the AIBL group at aibl.csiro.au.

Results
Group analyses
The HIV group did not differ statistically from the entire
AIBL NL group on any comparisons. The HIV group showed
a statistically lower amyloid deposition than the entire MCI
group in the caudate and pallidum nuclei. Furthermore, the
HIV group obtained a statistically lower amyloid deposition
than the entire AD group in all regions, except for the hip-
pocampi, amygdala, temporal pole, and thalamus. On all
ROIs, the AD groups exhibited higher amyloid deposition
than the NL group. The MCI group obtained higher amyloid
deposition than the NL group on all regions, except for the
thalami, hippocampi, occipital, parietal, and superior temporal
regions (table 2 and figure 1). The analyses including only
male participants produced similar results (table 2). Although
because of a slightly more restricted variance in the AIBL NL
male subgroup, we found a significantly lower amyloid de-
position in the HIV sample in the medial frontal and superior
parietal cortex.

Case analyses
On individual inspection, case 2 (aged 66 years) had high
amyloid deposition consistent with AD (whole-brain SUVRc

= 2.83) (figures 1 and 2). On quantitative single-case analysis,
case 2 showed a significantly increased deposition compared
with the NL group, but no difference when compared with the
MCI and AD cases. When including only men in the analyses,
significant differences were again found between case 2 and
the NL and AD groups, but not compared with the MCI
group. These results are compiled in table 3, and individual
11C-PiB PET images are provided (figure 2) and show that
case 2 had the highest amyloid deposition compared with all
the other groups. As described in table 3, case 2 was APOE e4
homozygous with a CSF profile, based on standard cutoff
values, consistent with AD. A detailed clinical history and
neuropsychological profile for case 2 is presented in table 2. It
shows a mix of mild and moderate impairment in cognitive
domains affected by HIV-related brain injury (attention/
working memory and speed of information processing), but
not for motor functions. The memory profile was consistent
with probable AD with moderate to severe impairment.

Case 1 (aged 62 years) had elevated amyloid deposition in
both hippocampi (table e-1, links.lww.com/NXI/A248).
Single-case analysis showed that there was no significant
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increase in deposition compared with the MCI and AD
groups, but there was a trend compared with the NL group
(p = 0.06; table 2 and figure 2). This individual was also
APOE e4 homozygous; however, CSF biomarkers were
not consistent with an AD profile (CSF Aβ-42 = 168.21
pg/mL; t-tau = 132.18 pg/mL; and p-tau = 36.23 pg/mL).
Neuropsychological deficits included mildly impaired
speed of information processing and working memory and
moderately impaired motor functions with preserved
verbal fluency and memory.

Case analysis statistics, as well as demographic, neuro-
psychological, HIV, CSF, and APOE data for case 3 (aged
52 years) and case 5 (aged 54 years) are presented in table
e-2, links.lww.com/NXI/A248, and e-3, links.lww.com/
NXI/A248, respectively, and in figure 2. There was a sig-
nificant decrease in amyloid deposition for both cases in all
areas tested (range p < 0.04–p < 0.0001), except for the
cingulum and putamen when compared with the NL group
(p = 0.15–0.07). Furthermore, case 5 was identified as
having an AD-like CSF profile. Both were cases with se-
vere HAD.

Long-term follow-up
The 2 patients who originally had clinically severe HAD
(MSK3) and 1 who had clinically moderate HAD (MSK2)

and had normal amyloid died because of other comorbidities
(see table e-4, links.lww.com/NXI/A248). Case 2 who had
clinically moderate HAD + AD (MSK2) and significantly
elevated amyloid also died after progression to severe de-
mentia. Case 1 who had ANI, with elevated amyloid in the
hippocampi, developed a progressive supranuclear palsy
(PSP)-like illness, which has remained static. Case 1 also
showedmicroinfarcts and hyperintensities of the white matter
consistent with vascular injury on MRI and evidence of cog-
nitive decline reaching an MND (MSK1) diagnosis within 3
years after study. Other cases, which had normal amyloid,
included 1 ANI case (case 9), who did not progress clinically
according to their physicians and are currently living in-
dependently. Case 6, who had MND (MSK1) at entry, has
been cognitively stable despite a series of cancers, which have
been successfully treated. Case 7, who had clinically mild
HAD (MSK1) at entry, has been mostly stable except for
progressing peripheral neuropathy. Of the 10 cases, 2 cases
(cases 8 and 10) showed abnormal PiB PET uptake (figure
e-4, links.lww.com/NXI/A248). Case 8 had ANI at entry that
progressed clinically displaying worsening mood changes and
behavioral problems with subsequent cognitive decline con-
sistent with MND (MSK1). Case 10 also progressed clinically
by reporting increasing cognitive difficulties in line withMND
(MSK1). These 2 cases have not reached the HAD stage and
still live independently.

Figure 1 PiB SUVRc in the 22 ROIs in the study samples and individually in the HAND cases

The HIV+ group data are represented by the black line, the AIBL NL group data are represented by the blue line, the AIBL MCI group is represented by the
yellow line, and the AIBL ADgroup is represented by the red line.Mean and SEwere provided for all 22 brain regions and total brain SUVRc. Individual HIV data
were also represented by the green line, with the case who had amyloid deposition in line with AD in a bolded green line. AD = Alzheimer disease; AIBL =
Australian Imaging, Biomarkers and Lifestyle; HAND = HIV-associated neurocognitive disorder; MCI = mild cognitive impairment; NL = cognitively normal;
ROI = region of interest; SUVRc = standardized uptake value ratio with reference to the cerebellum.
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Discussion
Consistent with previous studies,7–9 there was no statistical
difference in amyloid deposition between the HIV group and
NL cases (combining men and women) from the AIBL.
However, the NL cases, as part of the AIBL study, were older
than those in previous referenced studies. When repeating the
analyses with only NL male participants from the AIBL, we
found abnormally low amyloid deposition in the HIV group in
the medial frontal and superior parietal cortex. This indicates
that HIV may be associated with abnormally low amyloid
deposition when compared with an older NL cohort. Our
study has a small HIV sample size, yet it was a data-rich

sample composed of well-characterized HIV+ cases aged 55.5
(46–68) years old, with formally diagnosed HAND, long-
term HIV disease clinical stability, viral suppression, and low
neurologic and psychiatric confounds. Critically, the sample
had long-term follow-up of the participants over years (table
e-4, links.lww.com/NXI/A248). This is unique compared
with previous HIV PET studies. The small HIV sample size
was amenable to a case analysis strategy, which showed ab-
normal increases of amyloid deposition in 2 HAND cases.

Case 2 had an overall deposition of amyloid consistent with AD
supported on single-case analysis. The typical AD-like CSF
profile and progressive cognitive impairment with a mixed

Table 2 Comparisons of amyloid deposition on the study groups

ROI HIV+ AIBL NL AIBL NL male AIBL MCI AIBL AD p1 p2
p < 0.05 on
Steel-Dwass

Total 1.04 (0.12) 1.08 (0.22) 1.08 (0.13) 2.17 (0.70) 2.40 (0.43) <0.0001 0.37 d, e, f

Central region 0.95 (0.07) 1.01 (0.16) 1.00 (0.14) 1.78 (0.84) 1.91 (0.37) <0.0001 0.22 d, f

Lateral frontal 0.92 (0.04) 0.99 (0.30) 1.00 (0.17) 2.44 (0.86) 2.73 (0.42) <0.0001 0.11 d, e, f

Medial frontal 0.87 (0.09) 1.02 (0.29) 1.03 (0.31) 2.25 (0.79) 2.49 (0.35) <0.0001 <0.05 d, e, f

Orbitofrontal 1.13 (0.27) 1.14 (0.21) 1.13 (0.20) 2.71 (0.53) 2.92 (0.53) <0.0001 0.87 d, e, f

Superior temporal 0.96 (0.08) 1.02 (0.17) 1.03 (0.16) 2.19 (0.91) 2.36 (0.68) <0.0001 0.46 d, f

Middle temporal 1.05 (0.13) 1.11 (1.16) 1.10 (0.15) 2.64 (1.04) 2.84 (0.72) <0.0001 0.20 d, e, f

Inferior temporal 1.15 (0.14) 1.18 (0.21) 1.19 (0.19) 2.36 (0.82) 2.51 (0.64) <0.0001 0.87 d, e, f

Superior parietal 0.77 (0.14) 0.91 (0.30) 0.99 (0.23) 2.36 (1.65) 2.32 (0.52) 0.0001 0.04 d, f

Inferior parietal 0.87 (0.11) 1.02 (0.26) 1.04 (0.12) 2.62 (1.34) 2.62 (0.54) <0.0001 0.02 d, f

Precuneus 0.98 (0.05) 1.10 (0.28) 1.12 (0.20) 2.66 (1.16) 2.69 (0.49) <0.0001 0.10 d, e, f

Lateral occipital 1.07 (0.15) 1.12 (0.28) 1.07 (0.19) 1.95 (0.86) 1.88 (0.60) <0.0001 0.15 d, f

Medial inferior occipital 1.09 (0.11) 1.11 (0.16) 1.11 (0.21) 1.55 (0.63) 1.65 (0.39) <0.0001 1.0 d, f

Temporal pole 1.03 (0.03) 1.05 (0.14) 1.06 (0.18) 1.69 (0.45) 2.24 (0.71) <0.0001 0.79 e, f

Cingulum 1.14 (0.17) 1.22 (0.21) 1.23 (0.19) 2.42 (0.78) 2.71 (0.27) <0.0001 0.15 d, e, f

Hippocampi 1.34 (0.21) 1.32 (0.14) 1.32 (0.16) 1.42 (0.24) 1.31 (0.25) 0.07 0.63 f

Parahippocampi 1.14 (0.07) 1.14 (0.10) 1.13 (0.09) 1.25 (0.23) 1.36 (0.20) 0.0008 0.67 e, f

Insula 1.10 (0.13) 1.18 (0.26) 1.16 (0.16) 2.14 (0.38) 2.28 (0.62) <0.0001 0.91 d, e, f

Amygdala 1.14 (0.11) 1.15 (0.09) 1.15 (0.08) 1.50 (0.25) 1.65 (0.40) <0.0001 0.67 e, f

Caudate 1.10 (0.48) 0.99 (0.30) 0.95 (0.33) 1.66 (0.53) 1.37 (0.59) <0.0001 0.59 b, d, e, f

Putamen 1.21 (0.26) 1.19 (0.25) 1.15 (0.15) 2.33 (0.40) 2.56 (0.46) <0.0001 0.42 d, e, f

Pallidum 1.31 (0.49) 1.15 (0.33) 1.13 (0.28) 2.02 (0.25) 2.07 (0.73) <0.0001 0.25 b, d, e, f

Thalamus 1.24 (0.44) 1.11 (0.23) 1.11 (0.25) 1.35 (0.34) 1.22 (0.37) 0.03 0.25 f

Abbreviations: AD = Alzheimer disease; AIBL = Australian Imaging, Biomarkers and Lifestyle; MCI = mild cognitive impairment; NL = cognitively normal; ROI =
region of interest; SUVRc = standardized uptake value ratio with reference to the cerebellum.
SUVRc values presented as median (IQR).
p1 is the overall p value extracted from the Kruskal-Wallis tests.
p2 is the Wilcoxon p value for the comparison between the HIV sample and male NL from AIBL.
p < 0.05 on the all pairs, Steel-Dwassmethodmultiple comparisons: (a) NL vs HIV; (b)MCI vsHIV; (c) MCI vs AD; (d) HIV vs AD; (e) NL vsMCI; and (f) NL vs AD; ns =
not significant at p < 0.05 on all comparisons.
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Table 3 Case 2with a probable AD andMND neuropsychological profile concomitant to the PET examination and clinical
history

Demographic and clinical data

Age, y 66

Education, y 18

HIV duration, y 24.6

Current cART duration, mo 21

Nadir CD4 count, cells/mL 18

Current CD4 count, cells/mL 210

Current CD8 count, cells/mL 882

Predicted WAIS-III VIQ 121.1

GDS 1.25

Historical AIDS Yes

CSF Aβ-42 142.5

CSF t-tau 328

CSF p-tau 71.7

CSF-AD–like profile Yes

APOE e4/e4

Total SUVRc vs NL <0.0001 (3.60) (2.77–4.52)a

Total SUVRc vs MCI 0.11 (1.31) (0.30–2.45)

Total SUVRc vs AD 0.07 (1.60) (0.72–2.60)

Total SUVRc vs NL (males only) 0.002 (3.30) (2.12–4.57)a

Total SUVRc vs MCI (males only) 0.10 (1.58) (0.08–3.40)

Total SUVRc vs AD (males only) 0.04 (2.18) (0.71–3.96)a

Neuropsychological data

Cognitive domains Degree of cognitive impairment

Attention/working Mild impairment

Speed of information processing Mild impairment

Mental flexibility Mild to moderate impairment

Verbal learning Mild to moderate impairment

Verbal active retrieval Moderate to severe impairment

Verbal memory retention Moderate to severe impairment

Verbal fluency Within normal range

Motor Within normal range

Abbreviations: AD = Alzheimer disease; GDS = global deficit score; HAND = HIV-associated neurocognitive disorder; MCI = mild cognitive impairment; MND =
mild neurocognitive disorder; NL = cognitively normal; SUVRc = cerebellum standardized uptake value ratio; VIQ = WAIS-III Verbal IQ.
Case statistics reported as 1-tailed p value (t value) (confidence interval).
The reported neuropsychological data were normed against local normative data.22

This case has been in the clinical care of Sydney St. Vincent’s Hospital HIV clinics formore than 25 years. His cognitive declinewas documented across 18 years
through standard neurologic (CSF, blood, andMRI/MRS examinations) and neuropsychological examinations at the neurology department. In 2001, this case
was diagnosed with mild HAND in which symptoms remained stable for the next 10 years (mild learning and mild mental flexibility impairment). His
premorbid abilities were in the superior range. His progressive memory decline started 8–9 years after his initial HAND diagnosis (;1 year ahead of the PET)
as shown in the table above. At this time, he showed no apraxia, no agnosia, and no reasoning deficits (data from a standard clinical neuropsychological
assessment performed during this period), in addition to no language and nomotor deficits for the research examination as shown in the table. It is not until
the PET examination that AD was suspected. Within 2–3 years, he progressed to severe dementia; this started with a decline in attention/working memory,
speed processing, and further learning/memory decline. He lived for 6 years at this stage.
a p < 0.05.
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picture of typical AD and HAND deficits supported a probable
dominant AD diagnosis. It is important that case 2 was APOE
E4 homozygous and was the second oldest participant in the
sample (66 years of age). This is consistent with potential
coexistence of HAND and AD in an advanced HIV+ patient, as
previously described.10 From an AD prevalence perspective, it
is logical that some HIV+ patients will develop AD based on
genetic and other predisposing factors. It is, however, not clear
whether the start of neurodegeneration may be earlier because
of HIV. It is also uncertain whether amyloid deposition may
have a faster deposition rate,33 although this is certainly possible
given that this case had the highest amount of amyloid de-
position across all our comparisons. Also, we noted that the
cognitive profile was unusual compared with HAND (sparing
of motor functions and long-term stability of psychomotor
speed) and AD profiles (restricted memory deficits with no
agnosia, apraxia, or language deficits except toward the end
stage).34 From a clinical perspective, it has been argued that
HAND and AD can be distinguished to some degree.2 How-
ever, an extensive test battery with the inclusion of agnosia,
apraxia, and language would be needed in addition to the usual
cognitive domains assessed in HAND to better address this

question. It has been noted that 11C-PiB PET, which has high
affinity and selectivity for fibrillar Αβ in plaques and extracel-
lular amyloid deposits,5 may lead to lower binding in PLHIV
and patients withHAND for whomplaques have been found to
bemore often diffuse and intracellular.16–18 In this study, case 2
shows that such an interpretation may not be correct in aging
PLHIV with a possible coincidental AD pathology and profile.

A role for HIV in the dysregulation of brain amyloid is bi-
ologically plausible. Hypotheses include recent research into
the antimicrobial activity of amyloid35,36 in which increased
amyloid may reflect a long-term response to the presence of
HIV infection in the brain (potentially in brain cellular res-
ervoirs). Supporting this, Bourgade et al.37,38 suggest that
β-amyloid can inhibit herpes simplex virus 1 and is associated
with overproduction of amyloid more generally in infection-
related neurologic diseases.

Although case 1 showed no statistical overall increase in amy-
loid deposition, a trend toward abnormal binding in the hip-
pocampus was observed. The CSF biomarker profile was also
not consistent with an AD-like profile. Recent literature on AD

Figure 2 Raw PiB PET data in the 8 HIV-associated neurocognitive disorder cases

Raw PiB PET data are presented in the 8 HIV cases. Case 2 is the case with high amyloid deposition. Case 1 is the case with a trend for higher hippocampi
binding comparedwith the Australian Imaging, Biomarkers and Lifestyle NL group. Cases 3 and 5were the cases with the lowest amyloid deposition across all
groups. Note that case example for the NL, MCI, and Alzheimer disease groups is presented in supplemental material in figures e-1, e-2, and e-3, respectively,
links.lww.com/NXI/A248. MCI = mild cognitive impairment; NL = cognitively normal.
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suggests that, even subthreshold increases in amyloid levels can
result in memory deficits, and in some cases it is the rate of
amyloid accumulation, rather than the overall amyloid level,
that more accurately predicts worsening memory.39,40 How-
ever, case 1 had a PSP-like illness, the pathologic underpinning
of which in the context of HIV is unknown at present. None-
theless, it is interesting that he was homozygous for APOE E4.
There is evidence that progression into a PSP-like illness is
associated with a homozygous APOE E4 genotype.41

In this study, 2 of the 3 cases (cases 3 and 5) with severe HAD
(pre-cART) who survived on cART showed low amyloid de-
position. These cases were the most vulnerable and died within
8–10 years of the study’s long-term outcomes collection. All
were younger than 65 years with long HIV duration (>25
years). Cases 3 and 5 exhibited major subcortical atrophy,
consistent with severe HIV-related brain injury.42–45 This level
of subcortical atrophy potentially biased the measurement of
amyloid in the basal ganglia. Nevertheless, there is at least 1
plausible mechanism for the abnormally low level of amyloid.
Microglia and astrocytes primed by HIV may play important
roles in engulfing and purging Aβ plaques from the brain.46 In
severe HAD with a disrupted blood-brain barrier, amyloid
clearance may be enhanced in some individuals. Also, in treated
PLHIV, amyloid clearance may occur through HIV-1 Tat
priming and activation of microglia.47 Case 5 had a CSF bio-
marker profile that supported AD (T-tau >350 Ab42/P-tau
<6.5), but the PET scan did not confirm increased amyloid
deposition suggesting caution in the clinical use of CSF for AD
diagnosis in patients with HIV, especially those with HAND.
Finally, we cannot exclude that in these younger cases, the
plaques may have been diffuse rather than fibrillar, and this may
have contributed to a lower 11C-PiB PET signal.16–18

Although our study does not provide statistical evidence of an
overall increase in amyloid in PLHIV with HAND, it highlights
the importance of interindividual variations in patients with
chronic HIV and HAND and the need to focus the research on
favorable and unfavorable phenotypic and/or biotypic clus-
ters.48 In this small sample, we were able to detect cases with
high, focused (albeit trending) and very low brain amyloid. Such
complex phenotypes if already apparent in a pilot study suggest
a need to focus on long-term individual phenotypic analyses.
Future longitudinal studies monitoring amyloid deposition as
PLHIV age are crucial in understanding the relationship be-
tween abnormal amyloid levels and HAND as well as other
comorbidities. It is noteworthy that all the HIV+ patients in this
study also had a large number of medical comorbidities (See
table e-4). How exactly such comorbidities played a role in their
amyloid pattern and then clinical progression or lack thereof
remains to be fully elucidated. Althoughwe used a PETprotocol
that retained the individual neuroanatomy, it would be impor-
tant that larger studies use a multimodal imaging strategy be-
cause abnormal brain aging in HIV can be detected by using
volumetric MRI.49

Our study had some limitations. The controls used in this
study were obtained from AIBL and included a mix of male
and female participants differing from theHIV+ sample whowere
all men. The sex difference had a minimal effect on the cases with
AD + HAD, when specifically investigated. We also had missing
data for the APOE genotyping and CSF profiles and recognize
this, just as for previous studies have, as a limitation. Although 50%
of the HAND cases had HAD as per Frascati criteria at study
entry, it is important to note that theMSK clinical staging was well
represented as well as those with mild HAND as per Frascati
criteria. Finally, our pilot sample size and case series analyses yield
indicative rather than definitive findings. It remains unclear why 2
HAND cases had no cortical amyloid uptake. Despite a thorough
search, we could not find reports of similar issues in the HIV or
non-HIV literature. There was no PET scan technical issue
reported by the Austin Health PET Centre examiners.

In conclusion, relative to NL older controls, brain amyloid
burden does not differ in virally suppressed HAND at the
group level. However, individual analyses show that abnor-
mally high and low amyloid burden occur. These results in-
dicate that focus on individual phenotypes in longitudinal
analyses in the HIV-aging cohort is needed.
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Abstract
Objective
To characterize patients with neurosarcoidosis within the University of Utah healthcare system,
including demographics, clinical characteristics, treatment, and long-term outcomes.

Methods
We describe the clinical features and outcomes of patients with neurosarcoidosis within the
University of Utah healthcare system (a large referral center for 10% of the continental United
States by land mass). Patients were selected who met the following criteria: (1) at least one
International Classification of Diseases Clinical Modification, 9th revision code 135 or In-
ternational Classification of Diseases Clinical Modification, 10th revision code D86* (sarcoidosis)
and (2) at least one outpatient visit with a University of Utah clinician in the Neurology
Department within the University of Utah electronic health record.

Results
We identified 56 patients meeting the study criteria. Thirty-five patients (63%) were women,
and most patients (84%) were white. Twelve patients (22%) met the criteria for definite
neurosarcoidosis, 36 patients (64%) were diagnosed with probable neurosarcoidosis, and 8
patients (14%) were diagnosed with possible neurosarcoidosis. A total of 8 medications were
used for the treatment of neurosarcoidosis. Prednisone was the first-line treatment in 51
patients (91%). Infliximab was the most effective therapy, with 87% of patients remaining stable
or improving on infliximab. Treatment response for methotrexate and azathioprine was mixed,
and mycophenolate mofetil and rituximab were the least effective treatments in this cohort.

Conclusions
This is a comprehensive characterization of neurosarcoidosis within a single healthcare system
at the University of Utah that reports long-term response to treatment and outcomes of patients
with neurosarcoidosis. Our results suggest the use of infliximab as a first-line therapy for
neurosarcoidosis.
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Sarcoidosis is a rare systemic inflammatory disease character-
ized by the formation of noncaseating granulomas (and occa-
sionally caseating granulomas, but in such cases, extra
investigation must definitively rule out tuberculosis and other
infectious etiologies of caseating granulomas). With an average
age of onset from 20 to 40 years old, sarcoidosis affectsmen and
women equally.1,2 In the United States, the prevalence varies
based on race, with a range of 3–10/100,000 in whites and up
to 35–80/100,000 among African Americans.3,4 Although
sarcoidosis most commonly affects the lungs, skin, and eyes,
nervous system involvement is seen in 5%–15% of patients.2

Neurologic manifestations commonly include cranial neurop-
athies, aseptic meningitis, peripheral neuropathy, myelopathy,
intraparenchymal mass lesions, and hydrocephalus, all of which
can lead to significant morbidity and mortality.1,5

There are no FDA-approved therapies for the treatment of
neurosarcoidosis. Historically, corticosteroids and immuno-
suppressants, such as azathioprine and methotrexate, have
been used for treatment.6–8 In recent years, biologic therapies
have shown promise in the treatment of neurosarcoidosis,
with class IV evidence supporting the use of infliximab,
a chimeric monoclonal antibody biologic drug targeting tu-
mor necrosis factor-alpha (TNFα).9 Here, we review the long-
term follow-up of a neurosarcoidosis patient population at
a tertiary referral center, including a report of the various
treatments used and the response to therapy.

Methods
We performed a retrospective chart review of patients seen at
the University of Utah between July 1, 2010, and August 24,
2018. Patients were included if they fulfilled both the fol-
lowing criteria: (1) at least one instance of a diagnostic code
for sarcoidosis in their medical record (International Classifi-
cation of Diseases Clinical Modification, 9th revision code 135
or International Classification of Diseases Clinical Modification,
10th revision code D86*) and (2) at least one outpatient visit
with a University of Utah clinician in the Neurology De-
partment within the University of Utah electronic health re-
cord. A total of 135 charts were reviewed. Demographics,
medical history, laboratory data, imaging, biopsy results, and
response to treatment were collected for each patient.

Definite, probable, and possible neurosarcoidosis designations
were determined using the consensus diagnostic criteria.10 Per
these criteria, a “possible” neurosarcoidosis diagnosis requires
a clinical presentation and diagnostic evaluation suggestive of
neurosarcoidosis without pathologic evidence. A “probable”
neurosarcoidosis diagnosis requires pathologic confirmation of

systemic granulomatous disease consistent with sarcoidosis, and
“definite” neurosarcoidosis criteria require nervous system pa-
thology consistent with sarcoidosis.10 Sarcoidosis is identified
histologically by the presence of noncaseating granulomas, but
rarely caseating granulomas may be present. We excluded
patients who were subsequently diagnosed with common
variable immune deficiency (CVID) based on pretreatment
immunoglobulin levels because they are diagnosed as “CVID-
associated granulomatous disease” and should be treated dif-
ferently than patients with neurosarcoidosis (given underlying
immunodeficiency), although the granulomas in CVID are
pathologically indistinguishable from sarcoid granulomas.11

Seventy-six charts did not meet the diagnostic criteria as outlined,
and 4 charts were excluded for insufficient data. Patient response
to treatment was characterized as “improved,” “stable,” “failed,”
and “unknown.”Response to treatmentwas determined based on
clinical symptoms and MRI. An initial improvement or stabili-
zation of disease followed by disease progression was deemed
a treatment failure. The presence of medication side effects did
not play a role in determining the treatment success or failure.
Owing to the variety of clinicians and long duration of follow-up
for many patients, there was not a uniform interval of time to
determine treatment response. We report descriptive statistics,
including count and percentage, for patients in our cohort.

Standard protocol approvals, registrations,
and patient consents
The study was approved by the institutional review board.

Data availability
The corresponding author has full access to all the data in the
study. She takes full responsibility for the integrity of the data, the
accuracy of the data analysis and interpretation, and the conduct
of the research. The authors have the right to publish any and all
data, separate and apart from the guidance of any sponsor.

Results
Fifty-six patients met the diagnostic criteria for definite,
probable, or possible neurosarcoidosis. Patients were followed
between 1 month and 19 years, with a median duration of 3
years and 1 month. Table 1 summarizes the patient pop-
ulation demographics. Thirty-five patients (63%) were
women, and most patients (84%) were white. Of the 15
patients with only peripheral nervous system (PNS) in-
volvement, all patients were Caucasian. The mean age at
presentation of the first neurologic symptom was 49 years
(range 22–77). Six patients (11%) had a family history of
sarcoidosis, and 15 patients (27%) had a family history of an

GLOSSARY
ACE = angiotensin-converting enzyme; CVID = common variable immune deficiency; PNS = peripheral nervous system;
TNFα = tumor necrosis factor-alpha.
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autoimmune disorder. Pulmonary involvement was the most
common non-neurological manifestation of sarcoidosis, fol-
lowed by lymphadenopathy, arthropathy, and ocular in-
volvement. Ocular sarcoidosis in our cohort was characterized
by panuveitis (4 patients), posterior uveitis (3 patients), and
anterior uveitis (1 patient).

Twelve patients (22%) met the criteria for definite neuro-
sarcoidosis, whereas 36 patients (64%) were diagnosed with

probable neurosarcoidosis and 8 patients (14%) with possible
neurosarcoidosis. CNS involvement was common, affecting 80%
of patients, compared with 27% exhibiting evidence of PNS in-
volvement. Of the patients with PNS involvement, 2 were di-
agnosed with definite neurosarcoidosis, 12 met the criteria for
probable neurosarcoidosis, and 1 person met the criteria for
possible neurosarcoidosis. Eight patients (14%) developed only
neurosarcoidosiswithout evidence of systemic sarcoidosis. Thirty-
six patients (64%) presentedwith neurologic involvement as their
initial symptom of sarcoidosis, as summarized in table 2. Limb
sensory changes were the most common symptom, followed by
cranial neuropathies, headache, and peripheral neuropathy. Only
1 patient had a documented optic nerve granuloma of the 5
patients with CN 2 neuropathy. Fatigue was the most common
associated symptom, affecting 57% of patients.

Diagnosis was achieved by a combination of history, exami-
nation, MRI, CSF analysis, and biopsy. Evidence of neuro-
sarcoidosis was seen on 63% of brain MRIs, 23% of cervical
spine MRIs, 27% of thoracic spine MRIs, and 7% of lum-
bar spine MRIs. MRI findings include leptomeningeal

Table 1 Patient characteristics

Characteristic N (%)

Male 21 (37)

Female 35 (63)

Mean age at symptom onset, y 49

Neurologic symptoms first 36 (64)

Ethnicity

Caucasian 47 (84)

African Descent 5 (9)

Hispanic 3 (5)

Asian 1 (2)

Deceased 2 (4)

Family history

Autoimmunity 15 (27)

Sarcoidosis 6 (11)

Diagnosis

Definite 12 (22)

Probable 36 (64)

Possible 8 (14)

Neurologic involvement

CNS 45 (80)

PNS 15 (27)

Systemic involvement

Pulmonary 28 (50)

Lymphadenopathy 25 (45)

Joint 15 (27)

Ocular 8 (14)

Cutaneous 4 (7)

Liver 2 (4)

Cardiac 2 (4)

Bone 1 (2)

Abbreviation: PNS = peripheral nervous system.

Table 2 Presenting symptoms

Symptom N (%)

Limb sensory disturbance 19 (34)

Cranial neuropathies 17 (30)

CN 2 5 (9)

CN 3 1 (2)

CN 4 2 (4)

CN 5 5 (9)

CN 6 5 (9)

CN 7 3 (5)

CN 8 4 (7)

CN 9 1 (2)

CN 10 0

CN 11 0

CN 12 1 (2)

Headache 12 (21)

Peripheral neuropathy 12 (21)

Imbalance 11 (20)

Weakness 8 (14)

Vertigo 4 (7)

Memory/cognitive deficits 3 (5)

Tremor 3 (5)

Aseptic meningitis 2 (4)

Seizures 2 (4)
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enhancement (figure 1, A and B), cranial nerve enhancement
(figure 1, C andD), enhancing supratentorial masses (figure 2),
and spinal cord enhancement (figure 3). Twenty patients
(36%) had spinal cord involvement on MRI. Of these 20
patients, 6 patients (30%) had discrete solitary lesions, 5
patients (25%) displayed a patchymultifocal lesion pattern, and
8 patients (40%) demonstrated a tumefactive pattern. Five
patients exhibited more than 1 pattern on imaging. Fourteen of
these 20 patients (70%) displayed gadolinium enhancement of
the spinal cord, and 6 of these patients (30%) showed lep-
tomeningeal enhancement.

CSF analysis was performed on 29 patients, but chart docu-
mentation of these laboratory values was incomplete. A pleo-
cytosis (>5 white blood cells) was present in 13 of 26 patients
(50%), with a lymphocyte predominance in 17 of 19 patients
(89%) for whom a differential cell count was available. Low
CSF glucose (<50 mg/dL) was found in 8 of 26 patients
(31%); however, the lack of contemporaneous serum glucose
values limits the interpretation of these data. An elevated CSF
protein level (>50 mg/dL) was present in 16 of 29 patients
(55%), and oligoclonal bands were present in 6 of 21 patients
(29%). IgG index was elevated (ratio >0.66) in 2 of 13 patients

(15%). CSF angiotensin-converting enzyme (ACE) was ele-
vated (>2.5 U/L) in 4 of 16 patients (25%). Biopsy tissue
consistent with sarcoidosis was obtained in 49 patients, with the
most commonly biopsied sites, including lymph nodes (28
patients), brain (8 patients), and lung (7 patients).

Over the nearly 2 decades covered in this study, numerous
medications were tried for treatment of neurosarcoidosis.
Prednisone monotherapy was the first-line treatment in 51
patients (91%), followed by methotrexate (2 patients), aza-
thioprine (1 patient), and infliximab (1 patient). Of the 51
patients started on prednisone monotherapy, 7 patients began
the initial prednisone monotherapy as planned lead-in for
infliximab. One patient with probable neurosarcoidosis pre-
senting as peripheral neuropathy chose not to receive treat-
ment. Prednisone monotherapy resulted in improvement in
19 of 51 patients and stabilization of 13 patients. Eight
patients required long-term adjunctive steroids in addition to
immunosuppressants to stabilize their disease. Two of the 3
medically significant side effects (Common Toxicity Criteria
grade 3) were seen in patients on 60 mg prednisone tapers.
One patient developed sepsis due to cellulitis, and another
patient was hospitalized with diabetic ketoacidosis. The third

Figure 1 Leptomeningeal and cranial nerve involvement on MRI

(A) Axial contrast-enhanced T1-weighted MRI at the
level of the lateral ventricles shows abnormal en-
hancement in the right lateral ventricle posteriorly
and along the anterior margin of the left lateral ven-
tricle atrium in a 52-year-old woman with probable
neurosarcoidosis. (B) Axial contrast-enhanced T1-
weighted MRI shows diffuse leptomeningeal en-
hancement in a 37-year-old woman with probable
neurosarcoidosis. Diffuse pachymeningeal (dural)
enhancement is also present. Images (C) and (D) of
a 50-year-oldmanwith definite neurosarcoidosis and
cranial neuropathies. (C) Axial postcontrast T1-
weighted image at the level of the optic nerves shows
marked enhancement and enlargement of the pre-
chiasmatic optic nerves. (D) Axial postcontrast T1-
weighted image at the level of the pons shows
marked enhancement of the cisternal portions of the
trigeminal nerves bilaterally.
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medically significant side effect was osteomyelitis/septic joint
in a patient on infliximab. There were no life-threatening side
effects in any treatment group.

As summarized in table 3, infliximab was the most effective
treatment, with 11 of 23 patients experiencing improvement
and 9 patients with stabilization of symptoms. Infliximab was
overall tolerated well in our cohort; however, 4 of 23 patients
(17%) developed infusion reactions, and 2 of 23 patients
(9%) developed increased frequency of infections, including
osteomyelitis/septic joint. Methotrexate and azathioprine
monotherapy led to more treatment failures than successes.
None of the patients in this series improved on rituximab or
mycophenolate mofetil. Cyclophosphamide and hydroxy-
chloroquine sulfate were the least used medications. Overall,
peripheral neuropathy was the clinical presentation most re-
sponsive to treatment, whereas thoracic cord lesions tended
to be the least responsive.

More recently, the University of Utah providers have fre-
quently increased the dosing interval of infliximab to every
3–4 weeks, rather than the more typical 6–8 weeks between
maintenance infusions based on the half-life of infliximab for

refractory patients and added low-dose methotrexate to
(theoretically) prevent the development of antibodies against
infliximab, as seen in the treatment of rheumatologic dis-
eases.12 However, these patients were not included given the
short follow-up and relatively low numbers of patients on this
dual therapy.

Discussion
Neurosarcoidosis is a heterogeneous disease capable of affect-
ing all aspects of the nervous system. A previous meta-analysis
reported average neurosarcoidosis patient population de-
mographics as 62% Caucasians and 29% African-ancestry.13

Owing to the demographics of our referral base, our patient
population reflects the phenotype of a predominantly (83%)
Caucasian population. Interestingly, only Caucasian patients in
our cohort presented with PNS symptoms without CNS in-
volvement. Manifestations of PNS involvement included distal
sensorimotor polyneuropathy and mononeuropathies. Sixty-
four percent of our patients presented with neurologic symp-
toms, similar to the 50%–70% reported in the existing litera-
ture.8 Eight patients (14%) developed only neurosarcoidosis

Figure 2 Thalamic and cerebellar masses in a patient with neurosarcoidosis

A 48-year-old man with probable neurosarcoidosis
and parenchymal involvement on MRI. (A) Axial con-
trast-enhanced T1-weightedMRI shows an enhancing
lesion in the thalamus along the inferior third ven-
tricle. (B) Coronal contrast-enhanced T1-weighted
MRI shows the same enhancing lesion along the in-
ferior third ventricle. (C) Axial fluid-attenuated in-
version recovery MRI at the level of the thalamus
shows marked bilateral edema surrounding the en-
hancing lesion. (D) Axial contrast-enhanced T1-
weightedMRI in the samepatient shows anadditional
enhancing lesion in the left cerebellar hemisphere
along the posterior fourth ventricle.
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without systemic disease, consistent with the 17% of patients
reported in a previous study.14 CNS involvement was signifi-
cantly more common than PNS (80% vs 27%). The 27% of
patients with PNS involvement in our patient population was
somewhat higher than the 17% of patients with PNS symptoms
reported in previous studies.13 Although cranial neuropathies
tend to be the most common presenting neurologic symptom
in the existing literature, the most common presenting symp-
toms in our cohort were limb sensory changes, followed by
cranial neuropathies, headache, and peripheral neuropathy.

Diagnosis of possible, probable, or definite neurosarcoidosis
was achieved through a combination of history, physical ex-
amination, CSF analysis, imaging, and biopsy. Serum and CSF
ACE levels were not routinely checked in our patients because
of the limited utility in diagnosis, particularly when involvement
outside the nervous system was absent or limited.15 Previous
studies have also used gallium-67 scintigraphy to identify the

areas for possible biopsy.13 These studies were not performed
in our patients because of the high sensitivity and availability of
CT andMRI as well as fluorodeoxyglucose PET when needed.

No established treatment guidelines exist for neuro-
sarcoidosis. The general consensus among neurologists has
been to initially treat with high-dose corticosteroids, often
oral prednisone, followed by transition to immunosup-
pressants, such as methotrexate or azathioprine.6–8 More re-
cently, infliximab has been identified as an effective treatment
option for patients, including those with disease previously
refractory to other immunosuppresants.9 In this study,
infliximab was the most effective therapy with 87% of patients
remaining stable or improving. This robust response is be-
cause of TNFα’s critical role in the granuloma formation and
supported by the high recurrence rate seen after stopping the
medication.9 The treatment response to monotherapy with
either methotrexate or azathioprine was mixed but overall

Figure 3 Spinal cord involvement on MRI

A 52-year-old woman with probable neuro-
sarcoidosis and extensive spinal cord involvement on
MRI. (A) Sagittal T2-weighted image shows edema
throughout the cervical spinal cord. (B) Sagittal post-
contrast T1-weighted images shows enhancement
along the entire dorsal aspect of the cervical spinal
cord. Enhancement is also present along the poste-
rior spinous processes at C7 and T1 related to sarcoid
enthesopathy. (C) Axial T2-weighted image shows
hyperintensity related to edema within the central
cervical cord with relative sparing of the peripheral
fibers. (D) Axial postcontrast T1-weighted image
shows intramedullary enhancement along the dorsal
aspect of the spinal cord.
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suboptimal with 46% and 54% failing treatment, respectively.
Mycophenolate mofetil (N = 8) and rituximab (N = 4) were
the least effective treatments with no patients improving on
these medications. The inferiority of mycophenolate mofetil
to methotrexate has been reported previously, and our results
support this conclusion.16 No patients died due to neuro-
sarcoidosis or systemic manifestations of sarcoidosis, but 2
patients died of causes not directly related to sarcoidosis
(amyotrophic lateral sclerosis/bladder cancer and septic
shock/disseminated intravascular coagulation).

In addition to expanding a very limited existing literature on
neurosarcoidosis, strengths of this study include size, duration
of time, followed after diagnosis and well-documented re-
sponse to treatments. Owing to the retrospective nature of
chart review, limitations of this study include incomplete
medical chart documentation. Our study is the first to char-
acterize the neurosarcoidosis patient population of the
Mountain West and their response to treatment. With the
overwhelming (albeit not prospective) improvement on
infliximab, our patients’ success supports the use of infliximab
as maintenance therapy for neurosarcoidosis. Additional
studies are needed to determine whether low-dose metho-
trexate in addition to infliximab improves outcomes and
decreases the rate of antibodies against infliximab. Ultimately,
this rare but frequently disabling condition would greatly
benefit from a prospective, multicenter randomized treatment
trial including infliximab.
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Abstract
Objective
We examined expression of aryl hydrocarbon receptor nuclear translocator 2 (ARNT2), a basic-
loop-helix transcription factor implicated in neuronal development and axonal health, in oli-
godendrocyte (OL) cultures and over the course of chronic experimental autoimmune en-
cephalomyelitis (EAE), the murine model of multiple sclerosis (MS).

Methods
We assessed OL ARNT2 expression in EAE compared with sham-immunized controls and also
in OL primary cultures and over the course of dibutyryl cyclic adenosine monophosphate
(dbcAMP)-mediated maturation of the immortalized Oli-neu cell line. We also tested the
functional role of ARNT2 in influencing OL characteristics using small interfering RNA
(siRNA).

Results
ARNT2 is localized to Olig2+ cells in healthy spinal cord gray and white matter. Despite
a significant expansion of Olig2+ cells in the white matter at peak disease, ARNT2 is reduced by
almost half in OLs, along with a reduction in the percentage of ARNT2+/Olig2+ cells. Mature
OLs in mixed cortical cultures or OLs matured from embryonic progenitors express negligible
ARNT2. Similarly, Oli-neu cells express high levels of ARNT2, which are reduced following
dbcAMP maturation. siRNA-mediated knockdown of ARNT2 affected OL viability, which led
to an enrichment of myelin-producing OLs.

Conclusion
The analysis of ARNT2 expression in OLs demonstrates that OL ARNT2 expression is altered
in EAE and during OL maturation. Findings point to ARNT2 as an important mediator of OL
viability and differentiation and warrant further characterization as a target for intervention in
demyelinating disorders such as MS.
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Multiple sclerosis (MS) is the most prevalent chronic in-
flammatory disease of the CNS, predominantly affecting
young adults.1,2 Pathologic hallmarks of MS include in-
flammatory infiltrates, oligodendrocyte (OL) loss, and de-
myelination leading to axonal damage and lapses in action
potential conduction.3,4 Axonal neurodegeneration is ob-
served very early in the disease course and is believed to be
the primary cause of debilitating physical symptoms in-
cluding sensory alterations, loss of balance, disturbances of
vision or speech, extreme fatigue, muscle weakness, and
paralysis, in addition to mental health issues including de-
pression and cognitive impairment.1,5–7 The disease course
of MS is typically relapsing-remitting, characterized by al-
ternating clinical attacks and periods of stability with com-
plete or partial recovery, which typically transitions into
secondary progressive MS as deterioration progresses.8

Neuroprotection in MS is the strategic prevention of irre-
versible damage to neuronal and glial cell populations and
the promotion of neural regeneration.9 Most existing MS
therapies are immunomodulatory in nature and add support
to the hypothesis that inflammation drives the neuro-
degeneration observed.8,10 Immune-mediated damage is
amplified by neurodegeneration in damaged axons including
anterograde or retrograde axonal or transsynaptic de-
generation, synaptic pruning, and neuronal or OL death.11

OL development begins when neural progenitor cells in the
ventricular zone are exposed to environmental signals in-
cluding platelet-derived growth factor (PDGF), fibroblast
growth factor-2, insulin-like growth factor-I, and epidermal
growth factor to differentiate into highly proliferative, mi-
gratory, and bipolar OL precursor cells (OPCs).12–14 These
growth factors also promote the widespread migration and
proliferation of OPCs throughout the entirety of the
CNS.13,15 OPC molecular markers include neural/glial anti-
gen 2 and PDGF receptor α and the expression of transcrip-
tion factors Olig1 and Olig2.16 Contrary to the factors that
support OPC proliferation, thyroid hormone tri-
iodothyronine (T3), neuregulin-1 and transforming growth
factor-β1, ciliary neurotrophic factor (CNTF), and cyclic
adenosine monophosphate (cAMP) promote OPC
maturation.17–21 Hallmarks of OL maturation and myelina-
tion include expression of OL surface proteins O1 and O4,
29,39-cyclic nucleotide 39-phosphodiesterase (CNPase), my-
elin basic protein (MBP), proteolipid protein, myelin

oligodendrocyte glycoprotein (MOG), and myelin-
associated glycoprotein (MAG) and expression of tran-
scription factors Olig1 and Olig216,22; transcription factors
that influence gene expression (by driving or repressing
transcription) may also be relevant to these processes. It is
apparent that there are many complex timing and molecular
factors in OL maturation, ultimately leading to myelination
of neurons. Understanding and capitalizing on these mat-
uration mechanisms has tremendous potential for neuro-
protective and neuroregenerative MS therapies, as
improving myelination processes in OLs could decrease
axonal loss and ultimately translate to an improved prog-
nosis for patients with MS.

Aryl hydrocarbon receptor nuclear translocator 2 (ARNT2)
is a member of the basic helix-loop-helix (bHLH) PAS
transcription factor family, which forms heterodimers to
regulate target gene expression and is highly responsive to
environmental and physiologic signals.23 It is highly
expressed in the CNS and plays an important role in neu-
ronal development. ARNT2 has been linked to neuro-
protection:Arnt2 gene transcript levels declined significantly
following 2 hours of postischemic reperfusion, preceding
neuronal death at 24 hours.24 ARNT2 was thought to pro-
tect against apoptosis, with small interfering RNA (siRNA)-
mediated downregulation of ARNT2 driving apoptosis of
PC-12 cells, and rapid and strong downregulation of ARNT2
before oxidative stress–induced death.24 A lack of hypotha-
lamic neuroendocrine lineage formation, impaired regula-
tion of hypoxia inducible factor-1 target genes, and thymic
defects contribute to perinatal death of Arnt2 homozygous
knockout mice and rats within the first day to 2 weeks after
birth.25–28

Previous work from our group has shown that neuronal
ARNT2 expression is upregulated in response to certain
stressors, whereas declining ARNT2 expression is associated
with a decrease in cellular health/viability.29,30 ARNT2 ex-
pression decreased at peak disease in the brains and spinal
cords of mice immunized for experimental autoimmune en-
cephalomyelitis (EAE), the prototypical model of MS. In
those studies, we observed ARNT2 expression in astrocytes.29

This study examines ARNT2 expression in OLs during EAE
and characterizes its expression through differentiation in
vitro and its functional relevance to OL maturation.

Glossary
ARNT2 = aryl hydrocarbon receptor nuclear translocator 2; bHLH = basic helix-loop-helix; cAMP = cyclic adenosine
monophosphate; CFA = complete Freund adjuvant; CNPase = 29,39-cyclic nucleotide 39-phosphodiesterase; CNTF = ciliary
neurotrophic factor; dbcAMP = dibutyryl cyclic adenosine monophosphate; EAE = experimental autoimmune
encephalomyelitis; FDR = false discovery rate; GFAP = glial fibrillary acidic protein; GM = gray matter; HIF-1α = hypoxia
inducible factor-1 alpha; IgG = immunoglobulin G; L2F = log2 fold; MAG = myelin-associated glycoprotein; MBP = myelin
basic protein;MOG = myelin oligodendrocyte glycoprotein;Npas4 = neuronal PAS domain 4;OL = oligodendrocyte;OPC =
OL precursor cell; PDGF = platelet-derived growth factor; siRNA = small interfering RNA; WM = white matter.
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Methods
EAE induction
Female C57BL/6 mice (Jackson Laboratories, 6–8 weeks of
age) were immunized for chronic progressive EAE as de-
scribed31 with 200 μg of MOG35-55 peptide (MEVG-
WYRSPFSRVVHLYRNGK; Stanford Pan Facility, Stanford,
CA) in incomplete Freund adjuvant boosted with 4 mg/mL
Mycobacterium tuberculosis (H37Ra, now complete Freund
adjuvant [CFA]), whereas control or sham-immunized mice
were immunized with CFA only. All mice received pertussis
toxin (List Biologicals, Campbell, CA) intraperitoneally that
day and 2 days later. Mice were weighed biweekly and scored
daily on a scale from 0 to 5 for severity of clinical symptoms:
0–0.5 indicated no disease/distal limp tail, 1.0 limp tail, 2.0
weakness in one or 2.5 in both hind limbs/slipping on bars,
3.0–3.5 paralysis in one or both hind limbs, 4.0–4.5 hind limb
paralysis plus weakness in one or in both forelimbs, and 5 for
moribund animals. Sections spanning different levels of the
spinal cord (T1/2, T5/6, T12/13, and L5/6) were examined
in 6 CFA sham-immunized mice and 5 EAE mice at peak
disease (day 18) to total 22–28 sections per treatment group.
All sections of the EAE spinal cords showed evidence of im-
mune infiltration in mice whose disease severity scores aver-
aged 3.25 ± 0.67 and ranged from 2.5 to 4.0. Animal use was
approved by the University of British Columbia Animal Care
Committee (certificate #A130281) and per CCAC guidelines.

Processing of EAE tissues
for immunohistochemistry
Mice were transcardially perfused with PBS, followed by 10%
buffered formalin, while under anesthesia with a ketamine/
xylazine cocktail.29 After 3–5 days postfixation, spinal cords
were removed and cryoprotected in 30% sucrose solution.
After trimming into 5-mm sections and embedding in optimal
cutting temperature compound (VWR, Radnor, PA), 5-μm
sections were prepared on a cryostat. Sections were per-
meabilized with 0.1% triton X-100 (Fisher) and blocked be-
fore incubation with antibodies to ARNT2, glial fibrillary
acidic protein (GFAP), Olig2, and immunoglobulin (IgG)
control antibodies overnight (see supplementary table e-1,
links.lww.com/NXI/A253). After incubation with secondary
antibody and nuclear staining with DAPI, Zeiss software Zen
(Version 2.0.0.0) was used for image analysis. Nuclei positive
for Olig2 (2 SDs greater than the mean intensity measured in
central canal ependymal (Olig2 negative) cells and negative
for GFAP (SD of GFAP mean intensity less than 700) were
selected: the average fluorescence intensity per pixel for
ARNT2 over the area of the positive nucleus was measured.
ARNT2 intensities were first normalized to the average value
for ARNT2 mean intensity in 10 random nucleus-free regions
of the gray matter on each section to account for any back-
ground staining between sections. Cells were considered
ARNT2 positive when ARNT2 mean intensity over the area
of the nucleus was 2 SDs above the average background in-
tensity from 10 gray matter areas. The number of OLs in the
gray (GM) or white matter (WM) was assessed and

normalized to the surface area of the WM or GM mask to
obtain cell number per mm2.30

Primary cortical neuronal-enriched or
OPC cultures
Embryonic day 18 (E18) rat cortices were provided by Dr.
Shernaz Bamji (University of British Columbia, Vancouver,
BC) and cultured as previously described32 in Neurobasal®
media (Thermo Fisher Scientific, Waltham) supplemented
with B-27 (Gibco, Thermo Fisher Scientific). Primary mouse
oligospheres and OPCs were generated from mouse neuro-
spheres as described33 and maintained in proliferation me-
dium (DMEM/F12, 25 μg/mL insulin, 100 μg/mL
apotransferrin, 20 nm progesterone, 60 μm putrescine, and
30 nm sodium selenite, 20 ng/mL PDGF-AA, 20 ng/mL
bFGF) as oligospheres in suspension or as adherent OPCs.
For differentiation experiments, OPCs were maintained in
OPC proliferation medium for 5 days and then cultured in
differentiation medium (neural culture medium containing 10
ng/mL CNTF [Peprotech], 5 μg/mL N-acetyl-L-cysteine,
and 50 nM triiodothyronine) for 5 days.

Immortalized OPC cultures and siRNA-
mediated knockdown of ARNT2
A useful in vitro model of OPC maturation is the
immortalized O-2A OPC cell line Oli-neu,34 which can be
matured into myelinating OLs using dibutyryl cAMP
(dbcAMP) or neuronal culture media.35 Oli-neu cells (neu-
immortalized OPC cells, provided by C. Pallen in collabora-
tion with R. Kothary, University of Ottawa, Canada) were
maintained in growth medium: DMEM medium containing
SATO supplement (1% horse serum, Invitrogen; 10 μg/mL
holo-transferrin, Sigma; 10 μg/mL insulin, Sigma; 0.1 mM
putrescine, Sigma; 0.2 μM progesterone, Sigma; 0.5 μM T3
hormone, Sigma; 0.22 μM sodium selenite, Sigma; 0.52 μM L-
thyroxine, Sigma) at 5% CO2 and 37°C. At day 3, cells re-
ceived differentiation medium: DMEM containing SATO
supplement and 1 mM dbcAMP (Sigma). For siRNA
knockdown, Oli-neu cells were plated in a 96-well plate as
above, and on day 3, cells received a media change or received
the differentiation medium (DMEM, SATO supplement and
1 mM dbcAMP). At day 6, cells were transfected with
a scramble siRNA 5’rCrUrArArCrGrCrGrArCrUrArUr-
ArCrGrCrGrCrArArUrArUrGrGrU39 5’rCrArUrArUr-
UrGrCrGrCrGrUrArUrArGrUrCrGrCrGrUrUAG39 or
a siRNA targeting ARNT2 5’rCrUrGrArUrGrArGrArUrCr-
GrArGrUrArCrGrUrCrArUrCTG39 5’rCrArGrArUr-
GrArCrGrUrArCrUrCrGrArUrCrUrCrArUrCrArGrArG3’
(3 pmol per well) using the Lipofectamine transfection re-
agent RNAiMAX (0.1 μL per well) (Invitrogen) and analyzed
48–72 hours later with immunocytochemistry.

Immunocytochemistry
After fixation, cells were permeabilized with 0.1% Triton
X-100 (Fisher) and blocked with normal serum before in-
cubation with primary antibodies or IgG controls (supple-
mentary table 1, links.lww.com/NXI/A253) overnight and
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then washed with PBS and incubated with secondary anti-
bodies for 1 hour at room temperature. After washing with PBS
and staining nuclei with Hoechst or DAPI, cells were visualized
as for immunohistochemistry. Twenty images were taken of
different regions in each well, with at least 3 technical replicates.
ARNT2 expression in cells was assessed by quantifying the
mean intensity of ARNT2 over the area of the nucleus and then
compared between all nuclei or nuclei surrounded by MAG.

RNA-seq
Cells treated for siRNA-mediated knockdown were harvested
after 48 hours of knockdown with a scramble or ARNT2-
specific siRNA. After washing, cells were lysed and processed
with RNAzol and confirmed for ARNT2 knockdown of
70%–80% in each paired sample set. Sample quality control
was performed using the Agilent 2100 Bioanalyzer. Qualifying
samples were then prepared following the standard protocol
for the NEBNext Ultra II Stranded mRNA (New England
Biolabs). Sequencing was performed on the Illumina NextSeq
500 with paired end 42 × 42bp reads. Sequencing data were
demultiplexed using Illumina’s bcl2fastq2 and aligned to the
Mus musculus (mm10) reference genome using the STAR
aligner.36 Assembly and gene counts were generated using
Cufflinks37 through bioinformatics apps available on Illumina
Sequence Hub. Differential expression between scramble and
ARNT2-targeted knockdown was determined with DESeq2
lfcShrink on genes with a minimum of 10 reads across sam-
ples. Enrichment analysis of Gene Ontologies and Kyoto
Encyclopedia of Genes and Genomes pathways was calcu-
lated using the Database for Annotation, Visualization, and
Integrated Discovery v6.8.38 Benjamini-Hochberg false dis-
covery rate (FDR) correction for multiple testing was used for
gene expression profiling and pathway analysis.

Statistical analysis
All statistical analysis and graphing were performed using
GraphPad Prism (version 8, La Jolla, CA). For analysis of
ARNT2 intensities in Oli-neu and analysis of different sec-
tions of the spinal cord or different siRNA knockdown
approaches, 2-way analysis of variance were performed, fol-
lowed by the Sidak multiple comparisons test. For analysis of
ARNT2 intensity in cortical neuronal-enriched primary cul-
tures and ARNT2 mean intensity analysis in WM and GM,
the Mann-Whitney t test was performed.

Data availability
Data not provided in the article because of space limitations
can be shared at the request of other investigators for pur-
poses of replicating procedures and results.

Results
OL number and ARNT2 expression change
during EAE disease course
A transcriptome database shows that ARNT2 expression is
decreased sequentially when comparing OPCs with newly

formed OLs and then with myelinating OLs in mouse cor-
tical populations (figure 1). We next characterized the ex-
pression of ARNT2 in OLs of EAE and sham-immunized
mice. At peak disease, thoracic and lumbar spinal cord sec-
tions from EAE mice showed a significant increase in the
number of Olig2+ cells (GFAP− OLs and OPCs) within
spinal WM regions compared with sham-immunized mice
(figure 2A). The mean OL/OPC count in the thoracic
(258.3 ± 142.4 cells/mm2, n = 12) and lumbar (383.8 ±
212.3 cells/mm2, n = 10) regions of WM of EAE mice in-
creased compared with WM of sham mice in the thoracic
(140.2 ± 32.2 cells/mm2, n = 14) and lumbar (175.1.0 ± 40.4
cells/mm2, n = 13) regions, respectively (p = 0.0352 and p =
0.0003). No significant differences in OPC/OL count were
observed in the cervical WM or any GM spinal regions
(figure 2A).

Olig2+ cells expressing ARNT2 could be detected
throughout the WM and GM of sham-immunized mice
(figure 2B–C). Although 90%–100% of Olig2+ cells in the
WM and GM at each level of sham-immunized animals are
positive for ARNT2, the percentage of Olig2+ cells positive
for ARNT2 was significantly lower at the thoracic and
lumbar spinal cord levels of EAE animals; this was evident in
both WM regions (thoracic: sham %88.4 ± 5.7, n = 14 vs
EAE %51.7 ± 18.7, n = 12; p < 0.0001; lumbar: sham%92.3 ±
5.6, n = 13 vs EAE %61.3 ± 16.3, n = 8; p < 0.0001) and GM
regions (thoracic: sham %93.0 ± 4.1, n = 14 vs EAE %56.0 ±
21.4, n = 13; p < 0.0001; lumbar: sham %94.9 ± 3.6, n = 13 vs
EAE %50.6 ± 20.1, n = 8; p < 0.0001). Similarly, ARNT2
intensities of OLs/OPCs (Olig2+/GFAP− cells) were sig-
nificantly lower in EAE animals than sham-immunized ani-
mals in both WM (1.56 ± 0.47 vs 2.67 ± 0.43, p < 0.0001)
and GM regions (1.54 ± 0.66 vs 3.56 ± 0.58; p < 0.0001)
(figure 2D) examined.

Primary OL cultures display low
ARNT2 expression
We next examined ARNT2 expression in OLs within mature
neuronal-enriched cortical cultures. Our DIV14 cultures
showed few contaminating CNPase+ mature OLs, yet those
detected were consistently low or negligible for ARNT2 ex-
pression (figure 3A–C), particularly compared with the av-
erage and range in intensities of the mixed population of
neurons, astrocytes, and few contaminating microglia, which
were also present: OLs 1,850 ± 30.1 vs other cell types 4,455 ±
60.1 (p < 0.0001). We also examined ARNT2 expression in
primary enriched cultures of murine OPCs (figure 3D–E) and
compared expression in these OPCs with OLs that had been
matured with growth factors (figure 3F–I). Although ARNT2
was readily apparent in primary OPCs (figure 3D–E), it was
not detected in MBP+ cells despite being very prominent in
GFAP+ astrocytes. Both OL cultures exhibited low or negli-
gible ARNT2 expression compared with that observed in
OPCs or surrounding neuronal or astrocytic populations
(figure 3F–I).
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Neutralizing ARNT2 expression limits the
expansion of immature cells and enriches for
mature Oli-neu cells
The Oli-neu cell line was used to examine the functional
relevance of ARNT2 expression to the process of OL mat-
uration. Immortalized Oli-neu cells are OPCs, which can
undergo differentiation in vitro to produce myelin compo-
nents integrated within complex cytoplasmic processes in-
cluding MAG34,35 and CNPase.39,40 Immature Oli-neu cells
were compared with mature cells following 5 days of treat-
ment with dbcAMP where mature cells are distinguished by
MAG positivity on complex arbors extending from the cell
body. Immature Oli-neu cells express moderate to high levels
of ARNT2, which drop significantly by 5 days of maturation
with dbcAMP (figure 4A). Maturation with dbcAMP re-
duced ARNT2 mean intensity in the presence of scramble
siRNA (scr) from 1.26 ± 0.12 (scr−dbcAMP) to 1.19 ± 0.045
(scr+dbcAMP) (p < 0.0001) (figure 4C). ARNT2-targeting
siRNA reduced the intensity of ARNT2 expression in im-
mature and mature cultures significantly (−dbcAMP scr 1.26
± 0.12 vs ARNT2 0.99 ± 0.06, p < 0.0001; +dbcAMP scr 1.19
± 0.045 vs ARNT2 1.02 ± 0.06, p < 0.0001) (figure 4C). We
further found that siRNA-mediated knockdown of ARNT2
affected the density of immature and mature Oli-neu signif-
icantly, lowering density, and likely proliferation over the
knockdown period from 185.4 ± 63.9 to 62.3 ± 43.6 cells/
mm2 (p < 0.0001) for the immature culture and from 160.1 ±
99.1 to 554.3 ± 47.5 cells/mm2 for the mature culture (p <
0.0001), a drop of 33% and 34%, respectively (figure 4B).
SiRNA-mediated knockdown of ARNT2 had no significant
effect on the proportion of mature MAG-expressing Oli-neu
cells maintained in proliferation media (lipofectamine re-
agent alone—LP 0.2 ± 0.7% vs scr 0.2 ± 1.2% vs ARNT2 0.7
± 3.7%) (figure 4D) suggesting that ARNT2 knockdown
alone is not sufficient to drive full Oli-neu maturation/MAG

expression. In contrast, the percentage of mature OLs was
nearly doubled with ARNT2 knockdown 5 days after the
start of maturation with dbcAMP to 20.6 ± 12.4% mature
cells in the culture compared with 13.6 ± 9.5% with matu-
ration in the presence of LP alone or 12.2 ± 8.2% in the
presence of LP plus scramble siRNA (p < 0.0001). In this
regard, elimination of ARNT2 significantly enriched the
percentage of MAG+ mature cells in cultures that received
dbcAMP.

Targeting ARNT2 alters myelin and
differentiation pathways
Transcriptome analyses of Oli-neu cells treated with
siRNA-targeted ARNT2 knockdown (n = 3) showed sig-
nificant differences in expression for 12 genes (FDR < 0.05,
log2 fold (L2F)>|0.5|) compared with scramble-treated
cells (n = 3) (figure 5A). In addition to changes in gene
expression, we noted a change in morphology with an
elongated shape and increased numbers of processes (figure
5B) that mirror changes observed in OPC differentiated ex
vivo in previous studies.41 Pathway analysis of 195 genes
with a p value of <0.05 before correction and L2F > |0.5|
identified enrichment in pathways related to axon guidance,
cell adhesion, CNS myelination as well as extracellular
matrix–receptor interactions, and PI3K-Akt signaling
pathways (figure 5C).

Discussion
Given the importance of myelin to neuronal saltatory con-
duction and axonal support,42 strategies that support OPC
maturation into myelinating OLs also have promise as
neuroprotective therapies.43 The transcription factor
ARNT2 is highly expressed in neurons and has a critical

Figure 1 RNA expression in mouse cortex cells determined by RNA-seq

ARNT2 mRNA was detected in neurons and glia.
Transcription of ARNT2 mRNA is highest in OL
precursor cells and progressively decreased as
they developed into newly formed OLs and then
matured into myelinating OLs.60 ARNT2 = aryl
hydrocarbon receptor nuclear translocator 2;
FPKM = Fragments per kilobase of transcript per
million mapped reads; OL = oligodendrocyte.
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function in neuronal development.44 Here, we demonstrate
that ARNT2 is expressed in OPCs and OLs from 3 sources:
mouse spinal cords, primary rodent cells, and immortalized

Oli-neu cells. This description of ARNT2 expression in OLs
or their precursors provides insight into a potential differ-
entiation pathway for myelin production that may be

Figure 2 OL ARNT2 expression is decreased during peak EAE disease

(A) The number of Olig2+/glial fibril-
lary acidic protein cells (OLs) was
significantly increased in the WM
regions of EAE mice compared with
sham-immunized mice. “C” denotes
the cervical, “T” the thoracic, and “L”
the lumbar spinal section. No signifi-
cant differenceswere observed in the
cervical or GM spinal regions. (B) The
percentage of Olig2+ cells positive for
ARNT2 is reduced in the thoracic and
lumbar regions in both WM and GM
of EAE mice. (C) IHC of mouse spinal
cord sections from sham-immunized
(upper) and EAE (lower) mice shows
a visible decrease in ARNT2-express-
ing Olig2+ OLs (yellow). (D and E)
ARNT2 intensity decreased in WM
and GM in pooled thoracic and lum-
bar spinal regions inmice at peak EAE
disease relative to sham-immunized
mice. *p < 0.05, ***p < 0.001, ****p <
0.0001, mean ± SD is shown. (A–B)
Two-way ANOVA, followed by the
Sidak multiple comparisons test. (D
and E) Mann-Whitney t test. ANOVA =
analysis of variance; ARNT2 = aryl
hydrocarbon receptor nuclear trans-
locator 2; EAE = experimental auto-
immune encephalomyelitis; GM =
gray matter; OL = oligodendrocyte;
WM = white matter.
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influenced by ARNT2. Mature Oli-neu cells showed de-
creased ARNT2 expression compared with immature Oli-
neu cells. Consistent with these findings, low ARNT2 expression
was also observed in primary culture mature OLs compared with
surrounding cells in neuronal-enriched rat cortical culture. Our
findings demonstrate differential ARNT2 expression between
mature and immature OL cells, although further studies are nec-
essary to determine whether ARNT2 regulation plays a direct
functional role in OL maturation and myelination processes.
ARNT2 knockdown in Oli-neu cultures showed increases in
Cntn1, Olig1, and Smoc1 by 2 days after treatment, each of which
shows factors which in vivo have the highest relative expression in
cortical OPCs and decline successively in newly myelinating OLs
andmatureOLs.45 These early increases inCntn1 and Smoc1 after
ARNT2 knockdownmirror those in a functional genomic analysis
of OL differentiation performed ex vivo on rat OPCs where early
increases in Smoc1 and Cntn1 were detected over the first 2–3
days.41 This suggests that decreases in ARNT2 expression in vivo
may be coinciding with an OPC mobilization and early stages of
differentiation necessary for myelination in later stages.

Differences in OL ARNT2 protein expression were
revealed between the GM and WM of sham and EAE mice,

suggesting that pathologic processes in EAE may be the
driver of altered ARNT2 expression in OLs. Our own work
in EAE showed that the degree of inflammatory infiltration,
demyelination, and axonal damage all correlated with re-
duced levels of ARNT2 in neurons,30 and the same corre-
lations may exist here. The thoracic and lumbar
spinal sections of EAE mice exhibited reduced GM andWM
OL ARNT2 expression and an increased number of WM
OL cells. However, these changes were not detected in
cervical regions of the cord, likely because pathology (ax-
onal loss, demyelination, and inflammation) is greater in the
lower regions of the cord in this model of ascending pa-
ralysis.46 Our in vitro studies revealed that maturation of
primary cultures and immortalized OPC cultures gave way
to reduced ARNT2 expression, which matched the RNA-
seq data that showed sequentially lower levels of RNA
message in mouse cortical samples comparing OPCs to
immature OLs to myelinating OLs (per figure 1). Although
our data showed enrichment of myelinating cells in the
presence of maturation signals and ARNT2 knockdown,
ARNT2 knockdown alone did not enhance maturation
as measured by MAG expression at the time we examined
shortly after knockdown. This is likely because MAG and

Figure 3 Mature OLs display low ARNT2 expression relative to surrounding neural cells

(A–C) Mature OLs identified as CNPase+ cells in DIV14 neuronal-enriched primary cortical cultures exhibited lower ARNT2 expression relative to surrounding
CNPase− cells that were typically neurons or astrocytes. (D and E) Primary murine OL precursor cells enriched from neuronal progenitor populations were
typically high expressors of ARNT2 as shown by frequent coexpression of Olig2 and ARNT2. Followingmaturation with growth factors (F–I), increases inMBP+

cells with numerous complex cell processeswere observed; these cells were typically negligible for ARNT2 comparedwithGFAP+ astrocyte (G) and rareMAP2+

neurons (I), which expressed ARNT2. ****p < 0.0001, mean ± SD is shown, Mann-Whitney t test. ARNT2 = aryl hydrocarbon receptor nuclear translocator 2;
CNPase = 29,39-cyclic nucleotide 39-phosphodiesterase; GFAP = glial fibrillary acidic protein; MBP = myelin basic protein; OL = oligodendrocyte.
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other myelin proteins are expressed at a later stage in the
differentiation process.41 Oli-neu could not be followed for
longer than 3 days due to reduced viability after ≥75% de-
crease in ARNT2 expression. Because ARNT2 knockdown
tended to limit the expansion of ARNT2+ Oli-neu (and
because immature Oli-neu also had higher levels of ARNT2
at the outset), our results may also be explained by the
association of ARNT2 with cell proliferation and cell cycling
pathways.24 Indeed, the combination of reduced pro-
liferation and early signals to differentiate may be what
enables enrichment of mature OLs in our cultures and in
turn may drive maturation in vivo.

Given that ARNT2 has been proposed as an inhibitor of
apoptosis, it may be that the loss of ARNT2 puts OLs at
risk of increased apoptosis and ultimately loss in response
to inflammatory mediators or other stressors in the EAE
lesion. Furthermore, mutations in ARNT2 that were

thought to influence neuronal development may instead
contribute to failures to generate mature OLs or to mo-
bilize OPCs at times of need and failures to myelinate, as
observed in affected members of a family with ARNT2
frameshift mutations: children had normal brain volume at
birth, but all subsequently developed secondary micro-
cephaly within months. This progressive neurodegenera-
tive condition may be attributed to decreased dendritic
connection or activity of a (near) normal number of
neurons,47 but could rather be linked to greater demon-
strated degrees of hypomyelination or immature myelin by
MRI.48

Finally, recent studies have shown that unlike the typical
homo- or heterodimerization patterns observed in bHLH
family members where dimerization drives transcription of
a set of downstream target genes, ARNT2 may act as
a repressor that when bound to any of its partners acts as

Figure 4 siRNA-mediated knockdown of ARNT2 affects cell viability

(A) Immature Oli-neu cells express high levels of
ARNT2 (yellow, −dbcAMP), which are reduced as
cells are exposed tomaturationmedia (+dbcAMP
for 5 days). (B) siRNA specific to ARNT2 limits the
expansion of immature andmatureOli-neu cells.
(C) siRNA-mediated ARNT2 knockdown decrea-
ses the mean ARNT2 intensity of both immature
and mature Oli-neu cells in culture, where 1 is
negative or the value observed with the isotype
control. (D) The percentage of mature/myelin-
associated glycoprotein–expressing Oli-neu cells
was significantly higher when treated with
ARNT2 siRNA compared with scramble siRNA.
****p < 0.0001, mean ± SD is shown. Two-way
ANOVA, followed by the Sidak multiple compar-
isons test. ANOVA= analysis of variance; ARNT2 =
aryl hydrocarbon receptor nuclear translocator
2; dbcAMP = dibutyryl cyclic adenosine mono-
phosphate; siRNA = small interfering RNA.
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a block to transcription rather than a driver. ARNT2 is the
major heterodimeric partner of neuronal PAS domain 4
(NPAS4) in the brain49,50; NPAS4/ARNT2 complexes
regulate brain-derived neurotrophic factor transcription,
a major mediator of physiologic functions including
activity-dependent functions, axonal growth, and a key
molecule in neuronal and axonal survival with impact on
memory, learning, and neurogenesis.51–55 Recently, a re-
pressor role in this pairing was described in neurons,56 and
given that other potential partners of ARNT2 may be
expressed by OLs at different stages of differentiation,
identifying additional partners and downstream targets are
a key priority in characterizing functional roles for ARNT2
in OL development. Because ARNT2 deletion limited
expansion but did not drive maturation to the extent that
myelin proteins were significantly increased, we proposed
that it may be serving to fine tune gene expression in OLs
as well, perhaps to limit timing when maturation or dif-
ferentiation might otherwise occur. This may explain
why ARNT2 expression is reduced in EAE, as a means to

allow and more precisely orchestrate myelination and thus
repair. Notably,Cntn1 and other contactin familymembers are
involved in OL membrane extension and myelination, in-
cluding the signaling between axons and myelinating glial
cells for radial and longitudinal organization of myelinated
axons.57 Of interest, ARNT2 does exhibit the ability to interact
with hypoxia inducible factor-1 alpha (HIF-1α) and induce
hypoxia element-driven gene expression58; this observation
links the high metabolic demands of OLs to environmental
regulation of myelinating processes described previously
through HIF-1α.59

To discern these possibilities, targeted knockdown of ARNT2
to OLs at key time points in the onset and progression of
disease in vivo will be required. Similarly, targeting ARNT2 in
either immature or mature OL populations will help discern
ARNT2’s potential for therapeutic intervention as a means to
influence remyelinating and reparative processes that ulti-
mately may benefit those affected by demyelinating disorders
such as MS.

In summary, this study characterizes ARNT2 protein ex-
pression in OLs in vivo and in vitro. We propose that
reduction of OL ARNT2 expression is an important
mechanism to orchestrate OPC maturation and remyeli-
nation based on higher ARNT2 expression in immature
OLs that decreases as cells mature. Although further
studies are needed to understand the specific in-
flammatory cells or mediators that regulate OPC and
OL ARNT2 expression during chronic inflammatory set-
tings, the potential for ARNT2 and its partners to in-
fluence reparative processes warrants its consideration as a
target for intervention in demyelinating disorders such
as MS.
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Figure 5 ARNT2 knockdown alters myelin and differentia-
tion pathways

(A) Heatmap of normalized transform gene expression (log2(n + 1)) in Oli-
neu cells after treatment with scramble or ARNT2-targeted small in-
terfering RNA (L2F > |0.5|, FDR < 0.05). (B) Oli-neu cells show elongated cell
bodies and greater spreading with greater processes associated with de-
creased ARNT2 expression (yellow) following ARNT2 knockdown (KD). (C)
Pathway analysis of 195 genes with a p value of <0.05 and L2F > |0.5|
secondary to ARNT2 KD in Oli-neu cells. ARNT2 = aryl hydrocarbon re-
ceptor nuclear translocator 2; ECM = extracellular matrix; FDR = false dis-
covery rate; KEGG = Kyoto Encyclopedia of Genes and Genomes; L2F = log2
fold; Scr = scramble.
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Güell, PhD

University of British
Columbia Vancouver,
Canada

RNA-seq analyses

Jacqueline
Quandt,
PhD

University of British
Columbia Vancouver,
Canada

Designed and conceptualized
the study; major role in the
acquisition of data and
analyses; and drafted and
oversaw the manuscript for
intellectual content and
accuracy

10 Neurology: Neuroimmunology & Neuroinflammation | Volume 7, Number 4 | July 2020 Neurology.org/NN

http://neurology.org/nn


55. Patterson SL, Abel T, Deuel TA, Martin KC, Rose JC, Kandel ER. Recombinant
BDNF rescues deficits in basal synaptic transmission and hippocampal LTP in BDNF
knockout mice. Neuron 1996;16:1137–1145.

56. Sharma N, Pollina EA, Nagy MA, et al. ARNT2 tunes activity-dependent gene ex-
pression through NCoR2-mediated repression and NPAS4-mediated activation.
Neuron 2019;102:390–406 e399.

57. Colakoglu G, Bergstrom-Tyrberg U, Berglund EO, Ranscht B. Contactin-1 regulates
myelination and nodal/paranodal domain organization in the central nervous system.
Proc Natl Acad Sci U S A 2014;111:E394–E403.

58. Sekine H, Mimura J, Yamamoto M, Fujii-Kuriyama Y. Unique and overlapping
transcriptional roles of arylhydrocarbon receptor nuclear translocator (Arnt)
and Arnt2 in xenobiotic and hypoxic responses. J Biol Chem 2006;281:
37507–37516.

59. Yuen TJ, Silbereis JC, Griveau A, et al. Oligodendrocyte-encoded HIF function couples
postnatal myelination and white matter angiogenesis. Cell 2014;158:383–396.

60. Zhang Y, Chen K, Sloan SA, et al. An RNA-sequencing transcriptome and splicing
database of glia, neurons, and vascular cells of the cerebral cortex. J Neurosci 2014;34:
11929.

Neurology.org/NN Neurology: Neuroimmunology & Neuroinflammation | Volume 7, Number 4 | July 2020 11

http://neurology.org/nn


ARTICLE OPEN ACCESS

Serum neurofilament light chain is a useful
biomarker in pediatric multiple sclerosis
Marie-Christine Reinert, MD, Pascal Benkert, PhD, Jens Wuerfel, MD, Zuzanna Michalak, PhD,

Esther Ruberte, PhD, Christian Barro, MD, Peter Huppke, MD, Wiebke Stark, MD, Harald Kropshofer, PhD,

Davorka Tomic, PhD, David Leppert, MD, Jens Kuhle, MD, PhD, Wolfgang Brück, MD, and Jutta Gärtner, MD
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Abstract
Objective
To investigate serum neurofilament light chain (sNfL) as a potential biomarker for disease
activity and treatment response in pediatric patients with multiple sclerosis (MS).

Methods
In this retrospective cohort study, sNfL levels were measured in a pediatric MS cohort (n = 55,
follow-up 12–105 months) and in a non-neurologic pediatric control cohort (n = 301) using
a high-sensitivity single-molecule array assay. Association of sNfL levels and treatment and clinical
and MRI parameters were calculated.

Results
Untreated patients had higher sNfL levels than controls (median 19.0 vs 4.6 pg/mL; CI [4.732,
6.911]), p < 0.001). sNfL levels were significantly associated with MRI activity (+9.1% per
contrast-enhancing lesion, CI [1.045, 1.138], p < 0.001; +0.6% per T2-weighted lesion, CI [1.001,
1.010], p = 0.015). Higher values were associated with a relapse <90 days ago (+51.1%; CI [1.184,
1.929], p < 0.001) and a higher Expanded Disability Status Scale score (CI [1.001, 1.240], p =
0.048). In patients treated with interferon beta-1a/b (n = 27), sNfL levels declined from 14.7 to 7.9
pg/mL after 6 ± 2 months (CI [0.339, 0.603], p < 0.001). Patients with insufficient control of
clinical or MRI disease activity under treatment with interferon beta-1a/b or glatiramer acetate
who switched to fingolimod (n = 18) showed a reduction of sNfL levels from 16.5 to 10.0 pg/mL 6
± 2 months after switch (CI [0.481, 0.701], p < 0.001).

Conclusions
sNfL is a useful biomarker for monitoring disease activity and treatment response in pediatric MS.
It is most likely helpful to predict disease severity and to guide treatment decisions in patients with
pediatric MS. This study provides Class III evidence that sNfL levels are associated with disease
activity in pediatric MS.
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Pediatric multiple sclerosis (MS) is characterized by a higher
relapse rate but better clinical remission than adult-onset
MS.1,2 Time to secondary progression in pediatric MS is
longer, but irreversible disability is reached on average at an
age 10 years younger.3

Chronic disability in patients withMS is assumed to mainly be
caused by neuroaxonal damage correlating with functional
worsening and irreversible impairment.4,5 MRI mainly detects
focal lesions, whereas axonal degeneration or involvement of
gray matter as major causes of permanent disability are only
partially reflected.6 Identification of diffuse brain parenchymal
damage, subclinical disease activity, and neuroaxonal injury
requires additional, new-generation biomarkers.

Neurofilament light chain (NfL) has recently been shown to be
a promising biomarker in numerous neurologic diseases in
adults7–12 and children.13–18 In adult-onset MS, NfL is a marker
of disease activity and severity with higher serum NfL (sNfL)
levels associated with an increased MRI disease activity, higher
Expanded Disability Status Scale (EDSS) score, and recent
relapses.19–23 sNfL was shown as predictor of disease worsening
and brain and spinal cord atrophy19,24,25 and revealed to be
prognostic for conversion from radiologically or clinically iso-
lated syndrome to definite MS.12,26,27 Disease-modifying ther-
apies (DMTs) led to sNfL reductions.19,28

To improve disease monitoring and treatment decisions in
pediatric MS, a biomarker reflecting subclinical disease activity
and neuroaxonal damage is needed.9 The aim of this study was
to investigate sNfL as potential biomarker for disease activity
and treatment response in pediatric MS. We hypothesized el-
evated sNfL levels in children with MS compared with controls
and correlation with clinical parameters such as EDSS score and
MRI. We also hypothesized lower sNfL levels in pediatric than
in adult controls due to age dependency.

Methods
Research questions
With this study, we want to answer the following questions:

1. Do pediatric patients with MS have higher sNfL levels
than non-neurologic pediatric controls?

2. Do sNfL levels in pediatric patients with MS correlate
with clinical disease activity?

3. Do sNfL levels in pediatric patients with MS correlate
with MRI disease activity?

4. Can sNfL levels in pediatric patients with MS be used to
monitor disease activity and treatment effects?

Classification of evidence is Class III evidence.

Patients and samples
We analyzed a cohort of pediatric patients with MS (n = 55)
and non-neurologic pediatric controls (n = 301) recruited in
the Department of Pediatrics and Adolescent Medicine,
University Medical Centre Göttingen, Germany.

Patients with MS fulfilled the following inclusion criteria: (1)
confirmed diagnosis of MS according to the McDonald cri-
teria 2017, (2) disease onset <18 years, and (3) retrospective
clinical data and serum samples available for ≥12 months of
follow-up. We defined 2 treatment cohorts:

1. Interferon (IFN) group (n = 27): patients treated with
IFN beta-1a or -1b during complete follow-up.

2. Switching DMT group (n = 28): patients switched from
IFN, glatiramer acetate (GA), natalizumab, or dimethyl
fumarate to fingolimod during follow-up. As a subgroup,
we defined the fingolimod group (n = 18, treatment
switch from IFN/GA to fingolimod).

We collected serum samples at baseline (first contact in our
clinic) and follow-up visits (usually every 6 months and ad-
ditional visits due to relapses) between May 2003 and March
2018 and stored at −20°C. Study size was determined by the
number of patients fulfilling the criteria of the switch group
and then completed by a comparable number of IFN patients.
Loss of follow-up was due to reaching adulthood or switching
to another treatment center and was accepted if at least 3
samples were available for this study.

The patients of the control cohort attended the hospital be-
cause of non-neurologic diseases between November 2017
and May 2018. The blood sample was taken unrelated to the
study. Patients with severe/life-threatening diseases or on
medication with chemotherapeutics were excluded. Di-
agnoses of the controls are shown in table e-1 (links.lww.
com/NXI/A251).

Standard protocol approvals, registrations,
and patient consents
Patients and parents or guardians of children younger than 18
years provided written informed consent. The study was ap-
proved by the local ethics committee.

Measurements of sNfL with Simoa technology
We measured sNfL levels using the high-sensitivity single-
molecule array (Simoa) NF-Light Advantage Kit (Quanterix,
Lexington, MA) according to the manufacturer’s instructions.
We analyzes all samples in duplicate within one assay. Interassay

Glossary
CEL = contrast-enhancing lesion; CV = coefficient of variation; DMT = disease-modifying therapy; EDSS = Expanded
Disability Status Scale; GA = glatiramer acetate; IFN = interferon; sNfL = serum neurofilament light chain.
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coefficients of variation (CVs) for 3 native serum samples were
below 10%. The mean intra-assay CV of duplicate determi-
nations for concentration was 5.0%. We did repeat measure-
ments for few samples with intra-assay CV above 20%. Analyses
were performed blinded to clinical or MRI data.

Clinical data
The EDSS score was rated during the regular clinical follow-
up visits by a pediatric neurologist, but not during a relapse.
We defined relapses as neurologic symptoms that could not
be explained otherwise for lasting at least 24 hours and with
the last relapse at least 30 days ago.

Cerebral MRI
In the MS cohort, we performed cerebral MRI at baseline and
at follow-up visits. We quantitatively analyzed MRIs in a spe-
cialized imaging clinical research organization (Medical Image
Analysis Centre, Basel, Switzerland) in a blinded manner.
Lesions weremarked and segmented in a standardized fashion
using Amira (Mercury Computer Systems Inc., Chelmsford)
by expert raters and subsequently confirmed by board certi-
fied neuroradiologists. We quantified contrast-enhancing le-
sion (CEL) in all available cerebral MRIs and T2-weighted
(T2w) lesions as a cumulative parameter only once a year for
each patient.

Statistical analysis
We described continuous and ordinary variables by median
and interquartile range and categorical variables as counts and
percentages. The EDSS score was not reported for some visits
due to relapses and incomplete data and therefore imputed for
51 of 366 visits by using the EDSS value of the previous visit
when available (otherwise of the subsequent visit).

We did the analyses involving only baseline samples using
ordinary linear regression models. Thereby, the dependent
variable NfL was log transformed. In the longitudinal anal-
yses, we modeled the drop in NfL levels during the follow-up
in the IFN and the switching DMT group using linear
generalized estimating equation models with log(NfL) as the
dependent variable. To handle repeated measures within
patients, we clustered data points to account for within-
subject correlation, thereby assuming an exchangeable cor-
relation structure. With the combined data set using all
patients, we investigated 2 separate models: (1) a clinical
model with EDSS score, age, sex, recent relapse, and treat-
ment status and (2) an MRI model with age, number of T2w
lesions, and number of CELs (table e-2 links.lww.com/NXI/
A252). All estimates were back transformed to the original
scale and therefore represent multiplicative effects on the
geometric mean of sNfL.

Data availability
The anonymized data can bemade available on a research basis.
Interested scientists can submit a request to the corresponding
author. Requests for access will be reviewed, and a data access
agreement will be required.

Results
Baseline characteristics
Baseline demographics and patient characteristics are shown in
the table. In the switching DMT group, most patients (19 of 28,
67.9%) switched to fingolimod due to ongoing clinical (5
patients) orMRI disease activity (5 patients) or both (9 patients)
under previous treatment with IFN, GA, or dimethyl fumarate.

Eight patients (28.6%) switched from natalizumab to fingoli-
mod: 7 due to increasing risk of progressive multifocal leu-
koencephalopathy (antibodies against JC virus and natalizumab
treatment duration ≥2 years) and 1 due to an allergic reaction to
natalizumab. For sNfL analysis under treatment, we focused on
patients switching from injectables (IFN/GA) to fingolimod
(fingolimod group, n = 18).

sNfL in a pediatric control cohort
In the control group (n = 301, median age 10.1 years, range 3
months–17.9 years, 50.5% female), median sNfL was 5.1 pg/
mL (3.7, 6.7). Age had a significant effect on sNfL levels (CI
[0.963, 0.985], p < 0.001), with higher sNfL levels in younger
children (figure 1). In controls covering the age range of
patients with MS (n = 212; median age 12.5 years, range
6.5–17.9 years, 52.8% female), median sNfL was 4.6 pg/mL
(3.5, 6.0). In these children, there was no significant effect of
age on sNfL levels (CI [0.998, 1.026], p = 0.092). Percentiles of
controls covering the age range of patients with MS are shown
in figure 1. We only used these 212 patients and the percentiles
calculated from their data for comparison with the patients
with MS.

sNfL levels in patients with MS at baseline
In the MS cohort, 43 of 55 patients (78.2%) were untreated at
baseline. Untreated patients had significantly higher sNfL val-
ues at baseline than controls (figure 2). Twenty-six of them
(60.5%) had a relapse within the last 90 days associated with
higher sNfL levels (30.4 pg/mL [13.3, 68.6] vs 15.9 pg/mL
[12.1, 24.7]; CI [1.089, 3.711], p = 0.027).

Using a logistic regression model to predict future treatment
switch in patients untreated and recently diagnosed (n = 39)
with NfL as a predictor, we found an OR of 2.596 of need for
higher potent drugs (fingolimod and natalizumab) during
follow-up in patients with sNfL above 99th percentile of con-
trols at baseline (CI [0.695, 5.614], p = 0.024).

Association of sNfL and cerebral MRI lesions
(MRI model)
In the longitudinal analysis, sNfL levels were strongly asso-
ciated with the number of T2w lesions and with the number of
CELs (figure 3B; table e-2 links.lww.com/NXI/A252).

Association of sNfL levels and clinical aspects
(clinical model)
The clinical model (table e-2 links.lww.com/NXI/A252, figure
e-1 links.lww.com/NXI/A250) showed associations of sNfL
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and clinical aspects. The longitudinal analysis revealed a sig-
nificant effect of a relapse ≤90 days ago on sNfL levels. During
follow-up, higher sNfL levels were associated with higher EDSS
scores, whereas treatment was associated with lower sNfL
levels. There was also an association between sNfL and age
with higher levels in younger children.

sNfL under disease-modifying treatment
with IFN-β
In the IFN group (figure 4A), patients had elevated sNfL
levels at baseline with median sNfL >99th percentile of
controls and sNfL >90th percentile in 20 of 24 (83%)
patients. sNfL levels decreased significantly already after 6 ±

Table 1 Baseline data and patient characteristics

Overall IFN group Switching DMT group

N 55 27 28

Age 14.9 (12.7, 15.6) 14.9 (12.7, 15.7) 14.3 (12.8, 15.6)

Sex (female/male) 34/21 (62/38) 16/11 (59/41) 18/10 (64/36)

EDSS score 0.0 (0.0, 1.0) 0.0 (0.0, 1.0) 0.0 (0.0, 0.0)

Disease duration (mo) 0.0 (0.0, 4.5) 0.0 (0.0, 1.0) 2.0 (0.0, 10.0)

Relapes <90 d ago 31 (56.4) 16 (59.3) 15 (53.6)

Follow-up time (mo) 31.8 (24.2, 48.9) 30.8 (26.4, 42.9) 38.0 (23.3, 55.0)

T2w lesion number available 35 (63.6) 20 (74.1) 16 (57.1)

No. of T2w lesions

0–1 2 (5.6) 2 (10.0) 0 (0.0)

2–9 11 (33.3) 9 (45.0) 3 (18.8)

>9 22 (61.1) 9 (45.0) 13 (81.2)

CEL lesion number available 39 (70.9) 22 (81.5) 17 (60.7)

No. of CELs

0 16 (41.0) 10 (45.5) 6 (35.3)

1 5 (12.8) 4 (18.2) 1 (5.9)

2 6 (15.4) 3 (13.6 3 (17.6)

≥3 12 (30.8) 5 (22.7) 7 (41.2)

Treatment at baseline

Untreated 43 (78.2) 25 (92.6) 18 (64.3)

IFN/GA 10 (18.2) 2 (7.4) 8 (28.6)

Nat 2 (3.6) — 2 (7.1)

Treatment sequence
during follow-up

IFN 27 (49.1) 27 (100) —

IFN/GA—FTY 18 (32.7) — 18 (64.3)a

IFN/GA—DF—FTY 1 (1.8) — 1 (3.6)

IFN/GA—Nat—FTY 5 (9.1) — 5 (17.9)

FTY—Nat 1 (1.8) — 1 (3.6)

Nat—FTY 3 (5.5) — 3 (10.7)

Abbreviations: CEL = contrast-enhancing lesion; DF = dimethyl fumarate; DMT = disease-modifying therapy; EDSS = Expanded Disability Status Scale; FTY =
fingolimod; GA = glatiramer acetate; IFN = interferon; Nat = natalizumab.
Data are presented as median with interquartile range and as numbers with percent. The switching DMT group includes patients with different treatment
sequences as presented in the table
a Marks fingolimod group (n = 18 patients who switched from IFN/GA to fingolimod during follow-up).
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2 months of treatment. During follow-up under IFN treat-
ment, sNfL levels stayed decreased but did not reach values
of controls, i.e., patients’median sNfL levels remained above
the 80th percentile of controls up to 30 ± 2months of follow-
up. Figure 5, A and B are examples of 2 individual disease
courses.

sNfL during treatment switch to fingolimod
In the fingolimod group (figure 4B), patients had elevated sNfL
levels with a median sNfL >99th percentile of controls and
sNfL >90th percentile in 94% of patients before switch from
IFN/GA to fingolimod. After treatment switch, median sNfL
levels decreased significantly after 6 ± 2 months of fingolimod

Figure 1 sNfL in a control cohort

Data for sNfL vs age in neurologically healthy
controls (n = 301). Vertical lines denote the age
range covered by the MS cohort. Specific percen-
tiles were calculated from these samples within
the MS age range (n = 212) and are shown as
horizontal lines with sNfL percentile values in pg/
mL. A nonparametric smoothing line (loess) is
shown in blue. There is an age dependency of sNfL
with lower levels in younger children (CI [0.963,
0.985], p < 0.001) that is not shown for the controls
covering the age range of the MS cohort (CI [0.998,
1.026], p = 0.092). Percentiles are not stratified by
sex because there was no significant effect on
sNfL. sNfL = serum neurofilament light chain.

Figure 2 Untreated pediatric patients with MS show elevated sNfL levels compared with controls

Untreated patients at baseline (n = 43) reveal elevated sNfL levels compared with controls of the same age range (n = 212; CI [4.732, 6.911], p < 0.001) with
amedian sNfL of 19.0 pg/mL [11.7, 43.8] vs 4.6 pg/mL [3.5, 6.0]. Data are shown as boxplots withmedian and interquartile range. sNfL = serumneurofilament
light chain.
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treatment but remained >80th percentile of controls during 12
months of follow-up. Figure 5, C and D shows 2 individual
disease courses.

There were no differences in the sNfL levels between patients
with (9 patients, sNfL 16.5 pg/mL [10.4, 21.7]) or without
a relapse within 90 days before switch from IFN/GA to

Figure 3 sNfL and MRI data

(A) sNfL levels correlate with the number of T2-weighted (T2w) lesions. MRI data vs sNfL levels are shown stratified by the number of T2w lesions. Most
MRIs showmore than 9 lesions. sNfL levels are strongly correlated with the number of T2w lesions with an average increase in sNfL of 0.6% per lesion
(CI [1.001, 1.010], p = 0.015). (B) sNfL levels correlate with the number of contrast-enhancing lesions (CELs). MRI data vs sNfL levels are shown
stratified by the number of CELs. Most MRIs do not show CELs. sNfL levels are strongly correlated with the number of CELs with an average increase in
sNfL of 9.1% per lesion (CI [1.045, 1.138], p < 0.001). Data are shown as boxplots with median and interquartile range. sNfL = serum neurofilament
light chain.
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Figure 4 sNfL during DMT

(A) sNfL levels decrease under DMT with IFN. In the IFN group, patients with IFN treatment show elevated sNfL levels at baseline (median 14.7 pg/mL [9.5,
43.0]). sNfL levels decreased significantly under DMT with IFN already after 6 ± 2months of treatment (7.9 pg/mL; CI [0.339, 0.603], p < 0.001), but median
sNfL levels stays above the 80th percentile of controls during follow-up. (B) sNfL levels decrease after switch from IFN/GA to fingolimod. Patients switching
from IFN or GA to fingolimod during follow-up (fingolimod group) mostly had sNfL levels above the 99th percentile of controls before treatment switch.
After treatment switch, sNfL levels decreased significantly from 16.5 pg/mL (12.8; 26.7) to 10 pg/mL (9.5; 43.0) after 6 ± 2months of fingolimod treatment
(CI [0.481, 0.701], p < 0.001) but stayed above the 80th percentile of controls during follow-up. All data are shown as boxplots with median and
interquartile range. Percentiles of controls aremarked by lines. DMT = disease-modifying therapy; GA = glatiramer acetate; IFN = interferon; sNfL = serum
neurofilament light chain.
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Figure 5 Individual disease courses demonstrate potential prognostic value of sNfL as a biomarker

(A) Patient 61, IFN group. Diagnosed at age 15.3
years, treatment with IFN, follow-up for 30
months. No relapses and only 1 CEL were
detected after 12 months. sNfL levels never
droppedbelow the 90th percentile and only once
(after 12 months) below the 99th percentile. (B)
Patient 78, IFN group. Diagnosed at age 7.5 years,
IFN treatment, follow-up for 105 months. The
patient had 1 relapse 6 months after treatment
start and after that no clinical or MRI disease
activity anymore. sNfL levels were increased be-
fore treatment start and dropped under DMT;
levels at follow-up were always below the 80th
percentile of controls. (C) Patient 14, fingolimod
group. Diagnosed at age 7.2 years, initial IFN
treatment for 6 years with a relapse rate of 0.5
per year and in the first 3 years each 1 CEL at 3
time points. sNfL levels were always above the
90th percentile apart from 1 measurement after
35 months. After treatment switch to fingolimod
after 66 months due to ongoing clinical and MRI
disease activity, there was no relapse or cranial
CEL during 12 months of follow-up. sNfL levels
dropped below the 90th percentile after 6
months and below the 80th percentile after 12
months of fingolimod treatment. (D) Patient 33,
fingolimod group. Diagnosed at age 14.3 years,
initial IFN treatment. At age 15.6 years, treatment
switch to fingolimod due to ongoing clinical and
MRI disease activity. Follow-up under treatment
with fingolimod was 22 months without any re-
lapse or CEL detection. sNfL levels were elevated
at the time point of switch and decreased under
fingolimod treatment; levels below the 90th
percentile were reached 22 months later. sNfL
levels are shown as (x) connected with a broken
line, EDSS levels are shown as blue numbers,
numbers of CELs are marked with red asterix (*),
green lines show the 50th and 90th percentiles of
controls, and red arrows (↑) mark relapses. CEL =
contrast-enhancing lesion; DMT = disease-mod-
ifying therapy; EDSS = Expanded Disability Status
Scale; sNfL = serum neurofilament light chain.
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fingolimod (8 patients, 17.4 pg/mL [13.1, 29.4]; CI [0.365,
2.080], p = 0.738).

sNfL in patientswithMSwithout clinical orMRI
disease activity
There were 191 samples from patients withMSwith noCEL in
cranial MRI at the time of sampling and no recent relapse
within 90 days before sampling. These patients without clinical
or MRI disease activity had a median sNfL level of 7.2 pg/mL
[5.5, 11.9] with a range from 3.0 to 65.5 pg/mL. Hence, there
are patients without clinical orMRI disease activity but elevated
sNfL levels (figure 5A).

Discussion
In adult-onset MS and other neuroinflammatory and neuro-
degenerative diseases, sNfL appears to be a promising bio-
marker for disease activity and disability prognosis.9 In this
study, we showed that sNfL may be a useful biomarker for
disease activity and treatment monitoring in pediatric MS.

In healthy children, we revealed lower sNfL levels than those in
adult cohorts described in the literature.19,25,28,29 It has been
demonstrated that NfL levels in healthy adults are age de-
pendent with an annual increase in sNfL of 2.2%.19,25,28 In our
study, we also showed an age dependency but with higher sNfL
levels in younger healthy children (figure 1). This could reflect
cell migration and cell differentiation including neuronal
remodeling processes in the developing brain as recently shown
for neurofilament heavy chain in infants.30 Furthermore, a cor-
relation with the development of the blood-brain barrier and
CSF flow rate is conceivable. The albumin quotient, a well-
known CSF diagnostic marker, shows a similar dynamic with
high levels after birth, a decrease in childhood, and increasing
levels in older individuals.31,32 In the age range covering the MS
cohort, there were no age-dependent differences in the controls.
Further analysis involving young adults will identify the age at
which the age-associated increase in NfL levels may begin.

Because of high comparability offered by studies with the NF-
Light Advantage Kit (Quanterix), our percentiles for sNfL in
pediatric controls (figure 1) are usable for future sNfL inves-
tigations not only in pediatric MS but also for other childhood-
onset neuroinflammatory and neurodegenerative diseases.

We showed associations of sNfL levels with MRI and clinical
disease activity (figures 2 and 3 and figure e-1, links.lww.com/
NXI/A250). However, because of low EDSS values in pediatric
MS in general, the EDSS data need careful interpretation and
the scoremay only roughly reflect the clinical status. Alternative
scores or methods to record clinical status in pediatric MS may
improve future studies.

Whereas we did not see an age dependency in the controls
covering the MS age range, in the MS cohort, we observed an
association between sNfL and age with higher sNfL levels in

younger patients (figure e-1, links.lww.com/NXI/A250). This
finding is consistent with histologic observations for pediatric
MS lesions, where the amount of acutely damaged axons in-
versely correlated with the patients’ age.33 In addition, earlier
studies on CSF biomarkers showed age correlations of NfL
with highest levels in younger children with neurologic dis-
eases.16 On the other hand, phenomena such as regression to
the mean or function of treatment effect could be involved
here. For investigating whether there is higher disease activity
in children with very early MS diagnosis (age <10 years) in
general, a larger cohort has to be analyzed.

In clinical settings, treatment decisions and the question
whether the effect of a DMT is sufficient are one of the great
challenges. In pediatric MS, IFN and GA continue to be the
standard first-line immunomodulatory treatments.34 According
to the high level of inflammation and due to the large pro-
portion of >40% of children with highly active MS, these first-
line therapies are often not sufficient.35 However, treatment
decisions, especially switching to higher potent second-line
drugs, are complicated by the fact that most of the new and high
potent immunomodulatory drugs are not approved for chil-
dren and long-term efficacy and safety data are missing. Nev-
ertheless, the introduction of higher-efficacy drugs such as
fingolimod or natalizumab has improved the clinical course of
pediatric patients with highly active MS.35–37 Decision criteria,
preferably based on signs of current disease activity and
expected disease course, will help to weigh the benefits of more
potent therapy and the risks of potential side effects for in-
dividual patients and improve individualized treatment. Our
study shows that sNfL levels decrease significantly under DMT
(figure 4A). Because an untreated pediatricMS control group is
missing and cannot be investigated for ethical reasons, we
cannot exclude the possibility that sNfL levels will decrease
over time even in untreated patients. In patients with ongoing
clinical or MRI disease activity under DMT with IFN/GA,
reflected by elevated sNfL values, switching to a more potent
drug (from IFN/GA to fingolimod) led to a significant decline
in sNfL (figure 4B). The same was already shown for adult
patients with MS.28 In addition, our data show a tendency
toward a later escalation of therapy with higher NfL values at
the time of diagnosis.

For an additional benefit over MRI and clinical evaluation
alone, a serum biomarker should detect subclinical disease ac-
tivity. We found 3 aspects supporting that sNfL is able to do so:
(1) Patients under DMT did not reach sNfL levels observed in
controls, even when effective clinical and MRI disease control
was observed. In the IFN group with satisfying clinical andMRI
disease control, median sNfL levels stayed above the 80th
percentile during 30 months of follow-up (figure 4A). We
showed the same for patients in the fingolimod group up to 12
months after switch from IFN/GA to fingolimod (figure 4B),
with the limitation that long-term data are missing for this
group. (2) In patients switching from IFN/GA to fingolimod,
sNfL levels at the time point of switch were elevated but not
significantly influenced by a relapse less than 90 days ago. (3) In
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patients with no acute clinical or MRI disease activity, the
median sNfL level was above the 80th percentile of controls
with a range from 3.0 to 65.5 pg/mL. These results underline
that there is subclinical disease activity with ongoing neuro-
axonal damage reflected by sNfL measurements.

Nevertheless, it is possible to normalize sNfL values under
DMT. Figure 5 describes individual disease courses and gives
an idea how sNfL could be used in clinical practice. It is
possible to detect treatment responder (figure 5, B and D)
and nonresponder (figure 5C) and especially patients with
subclinical disease activity (figure 5A).

One limitation of our study is the retrospective design and
therefore a missing standardized treatment and follow-up. In
addition, as a national center for pediatric MS, we probably
see a disproportionally high number of patients with more
severe disease courses potentially leading to a bias exagger-
ating differences between controls and MS population.
Moreover, cohorts for highly active MS treated with natali-
zumab, rituximab, alemtuzumab, and others are not or only
insufficiently included and should be analyzed in further
studies. To investigate the potential long-term prediction of
sNfL for disease course, brain atrophy, cognition, and EDSS
worsening, as shown for adult patients,19,21,24,25,38 long-term
studies covering the transition from pediatric to adult medical
care are needed.

Recently, van der Vuurst de Vries et al.27 showed that CSF
NfL is a promising predictive marker for disease course in
children with CIS and later MS diagnosis. In addition to these
findings, the results of this study highly suggest that sNfL is
also a useful biomarker for monitoring disease activity and
treatment response in pediatric MS. Access via blood samples,
made possible by the Simoa technology,39,40 with high cor-
relations to CSF measurements19,28,41,42 is an important step
toward everyday clinical practice implementation, especially
in the pediatric setting. sNfL has the potential to guide
treatment decisions to an individualized treatment regime,
especially in patients with highly active disease course and the
necessity of change in therapy due to ongoing or recurring
disease activity. A treatment goal of reaching sNfL levels, e.g.,
below the 90th percentile could be a possible strategy for
future individualized treatment decisions, yet the clinical rel-
evance of a certain threshold should first be evaluated in long-
term studies. In addition, in the case of particularly high sNfL
values at disease onset, this biomarker might be the basis to
directly start a highly potent immunomodulatory therapy.
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Abstract
Objective
To describe the clinical and radiologic neurologic characteristics of patients with cytotoxic
T-lymphocyte antigen-4 (CTLA4) haploinsufficiency.

Methods
Three patients from 2 families had neurologic manifestations in the context of CTLA4 hap-
loinsufficiency. Their clinical and MRI findings are presented.

Results
A 16-year-old boy with a previous diagnosis of combined immunodeficiency presented with
severe recurrent episodes of headaches, motor deficit, and seizures associated with waxing and
waning gadolinium-enhancing FLAIR cortical/juxtacortical hyperintensities. His sister, who
also had combined immunodeficiency, had a brain MRI when she was aged 13 years due to
recent headaches and transient right hemianopsia. It revealed a gadolinium-enhancing left
occipital white matter hyperintensity. Another 49-year-old woman had progressive visual loss
and cerebellar ataxia in the context of recurrent pulmonary infections. All 3 patients were found
to have inherited CTLA4 haploinsufficiency. Patient 1’s general condition and neurologic
manifestations were completely controlled with abatacept (CTLA4-Ig).

Conclusions
These cases suggest that in addition to the variable clinical penetrance and wide spectrum of
CTLA4 haploinsufficiency, its neurologic spectrum is broad, ranging from recurrent tume-
factive lesions to progressive deficits including cerebellar ataxia and optic atrophy with leu-
koencephalopathy. These phenotypes must be recognized, and should lead to a complete
immunologic workup, because potentially effective targeted immunotherapy exists.

*X. Ayrignac and R. Goulabchand contributed equally to this manuscript as first coauthors.

From the Department of Neurology (X.A., C.C.-D., P.L.), Montpellier University Hospital, INSERM, Univ Montpellier, Montpellier; Internal Medicine Department (R.G.), Caremeau
University Hospital, Nimes; Department of Paediatrics (E.J.), Montpellier University Hospital, INSERM, Univ Montpellier; Médecine interne multi-organes (P.R., P.G.), Montpellier
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Cytotoxic T-lymphocyte antigen-4 (CTLA4) is a major nega-
tive regulator of T-cell immune response.1,2 It has recently been
shown that heterozygousmutations in theCTLA4 gene can lead
to CTLA4 insufficiency, characterized by a wide range of clinical
manifestations including autoimmune diseases, infections, and
lymphoproliferation.3–5 Neurologic manifestations can occur in
almost 30% of cases.5 Nevertheless, their clinical and radiologic
characteristics have never been thoroughly described, notably in
adult patients.5,6

We hereby report on 3 patients from 2 separate families with
CTLA4 insufficiency who harbored distinct clinical charac-
teristics, suggesting that its neurologic spectrum is broader
than previously suggested.

Methods
Patients were identified from the reference center for adult-
onset inherited leukoencephalopathies, Department of Neu-
rology, Montpellier University Hospital, Montpellier, France.

Clinical and MRI data were analyzed and are described in the
article.

Standard protocol approvals, registrations,
and patient consents
Montpellier University Hospital Institutional Review Board
approved this study.

Date availability
Anonymized data will be shared by the corresponding author
on reasonable request from any qualified investigator.

Results
Case reports

Patient 1
A 16-year-old boy (figure 1A, III6) had a previous diagnosis of
combined immunodeficiency characterized by autoimmune
diseases, repeated skin infections and bacterial pneumonias,
and lymphoproliferative disorder (table and figure 1B). The

Figure 1 Family 1

(A) Family 1 pedigree: the arrow indicates patient 1, squares = males, circles = females, black-filled symbol = symptomatic patients, gray-filled symbol =
asymptomatic carrier, and strikethrough = deceased patients. (B) Patient’s abdominal and pelvic CT showing enlarged liver and lymph nodes (arrow) (left
panel), which decreased (respectively from 213 mm to 190 mm and 23 mm to 18 mm) after abatacept therapy (right panel). (C) Regular brain MRI scans
repeated from age 16 to 25 years disclosed multiple nodular cortical/juxtacortical FLAIR hyperintensities (C.a–C.d) with gadolinium enhancement (C.e–C.h).
(C.i) Spinal cord MRI evidenced diffuse conus medullaris hyperintensities. (D) Patient 1’s sister aged 15 years. The MRI showed an infiltrative occipital white
matter lesion with gadolinium enhancement.

Glossary
CTLA4 = cytotoxic T-lymphocyte antigen-4; ITP = immune thrombocytopenia.
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Table Characteristics of all 3 patients with neurologic involvement

Patient Patient 1 (III6) Patient 2 (III8) Patient 3

Age at onset 5 2 42

Age at onset of autoimmune
manifestations

11 2 —

Autoimmune and inflammatory
manifestations

ITP Type 1 diabetes

Type 1 diabetes Evan syndrome

Bilateral uveitis

Vitiligo

Aseptic meningitis

Autoimmune ovaritis

EBV lymphoproliferative disease

Autoantibodies Langerhans islet cell antibodies, antinuclear, antithyroperoxidase,
antithyroglobulin, anticardiolipin antibodies, and Coombs test

Rheumatoid factor

Immunologic profile IgA and IgM insufficiency; low IgG2 and IgG4 subclasses; low T and NK
lymphocyte count; low levels of antimeasles and antimumps antibodies

IgG and IgM insufficiency, unmeasurable
IgA level; low B and NK lymphocyte count

IgA and IgM insufficiency; reduced IgG2 level and
unmeasurable IgG4 level; low B, T, and NK lymphocyte
count

Age at onset of repeated infections 5 2 42

Infections Molluscum contagiosum Myocarditis (parvovirus) ENT

Dermatophytosis Zona Lung (bronchiectasis)

Pneumonias Pneumococcal meningitis Papillomavirus

Anal abscess Recurrent bacterial pneumonia

Septic arthritis

Balanitis

Lymphoproliferative disorder Yes Yes No

Hepatomegaly and splenomegaly Hepatomegaly and splenomegaly —

Multiple lymph node enlargement Multiple lymph node enlargement —

Interstitial pneumonitis Kidney infiltrates

Interstitial pneumonitis
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immunologic profile was consistent with a combined im-
mune deficiency (table). When he was aged 16 years, he
presented with severe recurrent headaches, but a complete
workup including a brain MRI was normal. Since that epi-
sode, he had recurrent headaches: at age 21 years, a new
brain MRI disclosed multiple hyperintense cortical and
juxtacortical FLAIR lesions with gadolinium enhancement
(figure 1C). Repeated CSF studies disclosed a high white
blood cell count (40–150 cells/μL, lymphocytes) and a high
protein level (72–81 mg/dL).

Because of immune thrombocytopenia (ITP), he received
repeated courses of oral steroids associated with rituximab.
This strategy remained ineffective: his global health status
remained unstable with recurrent mucocutaneous bleeding
and epistaxis. Two years later, he presented with lower limb
weakness and right partial motor seizures. Multiple brain
MRIs revealed recurrent brain and spinal cord lesions (figure
1C). A gene panel analysis identified a heterozygous deletion
(c.109+1093_558-513del) in the CTLA4 gene.

He was then treated with abatacept (CTLA4-Ig), and his gen-
eral condition progressively improved (complete remission of
ITP and bleedings, along with a dramatic reduction in the
volume of lymph nodes and liver (figure 1B). Subsequent brain
MRI follow-up did not reveal any additional lesions (42months’
follow-up, image not shown).

Patient 2
Patient 1’s sister (figure 1A, III8), who carried the same
mutation, had unexplained brain lesions (figure 1D) identified
in the context of headaches and transient hemianopsia treated
with steroid pulse when she was aged 13 years. From age 2
years, she had been having severe lymphoproliferation, au-
toimmune manifestations, and multiple infections (table).
She was thus diagnosed with combined immunodeficiency.
However, for years, multiple immunosuppressive therapies
including cyclophosphamide, rituximab, and immunoglobulin
supplementation remained ineffective on her global health
status. She died at age 16 years due to severe pneumococcal
sepsis.

It should be noted that several of their relatives (figure 1A)
including their brother and their unaffected father carried the
same mutation.

Patient 3
A 54-year-old woman presented with walking difficulties as-
sociated with bilateral axonal optic neuropathy and bladder
urgency. Although optic neuropathy progressively worsened,
resulting in severe bilateral vision loss (from 160/200 and
140/200 to 30/200 bilaterally within 4 years), she pro-
gressively developed severe upper limb dysmetria and
speech/swallowing disorders. Clinical examination showed
spastic tetraparesis with unsteadiness, marked dysmetria, and
head tremor. Cognitive testing was normal. A brain MRI
performed at age 55 years identified subtle white matter andTa
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deep basal ganglia FLAIR hyperintensities, as well as cere-
bellar atrophy and optic atrophy (figure 2, A–D). Another
MRI performed 5 years later disclosed a dramatic increase in
FLAIR hyperintensities (figure 2, E–H). A complete workup
looking for autoimmune, paraneoplastic, and infectious causes
was negative. CSF analysis disclosed normal cell count and
protein level with 4 CSF-specific oligoclonal bands. A mini-
exome analysis identified a heterozygous stop codon within
exon 2 of the CTLA4 gene (c.151C>T; p.Arg51*).

The patient’s previous family history was unremarkable. How-
ever, her own medical history revealed recurrent infections
going back to when she was aged 40 years. A complete im-
munologic workup identified both IgA and IgG deficiency. She
thus began monthly supplementation with IV immunoglobulin
at age 50 years. This treatment regimen contributed to reduce
the frequency of ear, nose, and throat as well as lung infections.
Treatment with abatacept was initiated in August 2019.

Discussion
We report a complete description of the clinical and radiologic
characteristics of neurologic involvement in the context of
CTLA4 gene haploinsufficiency. These features may occur
from the onset of adolescence to late adulthood, either as
infiltrating lymphoproliferative lesions or, more surprisingly,
as progressive symptoms mimicking genetic neurodegenera-
tive disorders, including progressive cerebellar ataxia and
inherited leukoencephalopathies.5

Although CNS lesions have been described in almost 30% of
patients with CTLA4 insufficiency, the neurologic spectrum
seems to be broad, ranging mainly from autoimmune encepha-
litis and perivascular lymphocytic infiltration to inflammatory
disorders, optic neuritis, and lymphoproliferative disorders

with CNS infiltration.3–7 Whether our patients’ neurologic in-
volvement, notably in patients 1 and 2, is caused by an auto-
immune reaction or by a lymphoproliferative process is not clear.
Unfortunately, despite the presence of subtle inflammatory CSF
changes in patients 1 and 3, it is difficult to favor 1 mechanism,
notably in the absence of EBV PCR and pathologic analysis.

Surprisingly, the clinicoradiologic phenotype seen in patient 3
was clearly different from previously published cases, as it was
mainly characterized by (1) the progressive development of
cerebellar ataxia and visual loss and (2) the presence of bilateral
and symmetrical white matter changes, reminiscent of those
seen in inherited leukodystrophies/leukoencephalopathies.8,9

Although we cannot exclude the highly unlikely presence of 2
very rare genetic disorders in a same patient, multiple panel gene
excluded the main known causes of inherited leukoencephal-
opathy, cerebellar ataxia, and mitochondrial diseases.

Although our patients had been diagnosed with combined
immunodeficiency years before neurologic manifestations, it is
noticeable that in patient 3, the onset of symptoms occurred in
her 40s and only preceded neurologic involvement by 5 years.
Moreover, it has been suggested that neurologic symptoms can
reveal CTLA4 insufficiency in almost 5% of patients.5,7 Con-
sequently, irrespective of the neurologic phenotype (which can
be extremely varied), CTLA4 insufficiency and other inherited
immunodeficiency should be suspected, whatever the temporal
relationship between the onset of systemic and neurologic
symptoms. A complete examination and a blood immunologic
workup, including a complete lymphocyte phenotyping and
IgG subclass measurement, should thus be performed to gather
evidence in favor of a potential inherited immunodeficiency.

In addition, the search for CTLA4 insufficiency is strongly
justified by the possibility of using targeted therapy,

Figure 2 Patient 3’s MRI findings

MRI revealed diffuse white matter and basal ganglia
FLAIR hyperintensities (A–C and E–G) and cerebellar
atrophy (D and H), which progressively worsened
from age 52 years (upper panel) to 56 years (lower
panel).
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i.e., abatacept. Patients 1 and 3 were treated with abatacept, as
recently proposed.5,10 In patient 1, this resulted in a marked
improvement of systemic and biological conditions associ-
ated with stability of the CNS MRI lesion load. Unfortunately,
patient 3’s follow-up was too short to identify any meaningful
neurologic improvement, but the IV immunoglobulin
supplementation could be stopped shortly after the be-
ginning of abatacept treatment.

Our cases suggest that the range of neurologic manifes-
tations associated with CTLA4 insufficiency may be
wide and not merely restricted to lymphoproliferative/
autoimmune systemic manifestations. Any unexplained
neurologic condition consistent with those presented
herein, notably in the context of lymphoproliferative
disorder, autoimmunity, or immunodeficiency, should
benefit from extended workup to identify inherited
combined immunodeficiency that can benefit from today’s
available potentially effective therapy.
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Abstract
Objective
To determine whether potential breast milk exposure to interferon-beta (IFN-β) or glatiramer
acetate (GA) is safe for the infant.

Methods
We identified 74 infants born to 69 women with MS who breastfed under IFN-β (n = 39), GA
(n = 34), or both (n = 1). Women had been enrolled into the German Multiple Sclerosis and
Pregnancy Registry during pregnancy. Data were obtained from standardized, telephone-
administered questionnaires completed by the mother during pregnancy and at 1, 3, 6, and 12
months postpartum and the infant’s take-home medical record.

Results
The median duration of exposed breastfeeding was 8.5 months (wide interquartile range:
4.9–12.7 months). Physical growth curves during the first year of life were consistent with
national, sex-specific growth curves. Median body measurements were consistent with national
medians. Most children (n = 71, 96%) had normal motor and language development. Gross
motor delay was reported in 3 children, of whom 1 remained delayed at last follow-up (3.9 years
old) and 2 were normal by 0.9 and 4.1 years old. The proportion of children hospitalized at least
once (girls n = 2, 7%, and boys n = 6, 14%) and the proportion of children with at least one
episode of systemic antibiotic use during the first year of life (girls n = 7, 23%, and boys n = 8, 18%)
are consistent with national averages.

Conclusion
Potential breast milk exposure to IFN-β or GA did not increase the risk of common adverse
infant outcomes in the first year of life. Taken together with the benefits of breastfeeding and
low biological plausibility of risk, women with MS who wish to resume IFN-β or GA post-
partum can be encouraged to breastfeed.

From the Department of Neurology (A.I.C., S.T., R.G., K.H.), St. Josef Hospital, Ruhr-University Bochum; Institute of Clinical Pharmacy and Pharmacotherapy (A.I.C.), Heinrich-Heine-
University, Dusseldorf, Germany; Department of Neurology (A.L.-G.), Southern California Permanente Medical Group/Kaiser Permanente, Los Angeles Medical Center; Department
of Paediatrics (A.S.), St. Josef Hospital, Ruhr-University Bochum; and Centre of Paediatrics and Youth Medicine (A.Q.-W.), Johannes Gutenberg University of Mainz, Germany.

Go to Neurology.org/NN for full disclosures. Funding information is provided at the end of the article.

The Article Processing Charge was funded by the authors.

This is an open access article distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivatives License 4.0 (CC BY-NC-ND), which permits downloading
and sharing the work provided it is properly cited. The work cannot be changed in any way or used commercially without permission from the journal.

Copyright © 2020 The Author(s). Published by Wolters Kluwer Health, Inc. on behalf of the American Academy of Neurology. 1

http://dx.doi.org/10.1212/NXI.0000000000000757
mailto:k.hellwig@klinikum-bochum.de
https://nn.neurology.org/content/7/4/e757/tab-article-info
http://creativecommons.org/licenses/by-nc-nd/4.0/


Exclusive breastfeeding is recommended for at least the first 6
months of life by the World Health Organization due to its
multiple infant and maternal health benefits.1 Before the in-
troduction of MS disease-modifying therapies (DMTs),
breastfeeding rates among women with MS were similar to
their reference populations2 but dropped significantly
thereafter.3,4 Women with MS feared an increased risk of
relapse in the early postpartum period and were counseled to
choose between breastfeeding and resuming DMTs due to
the lack of safety data.5

Two decades later, data on breastfeeding under DMTs are
scarce with only few case reports, even for DMTs with low
biological plausibility of adverse infant effects (interferon-beta
[IFN-β] or glatiramer acetate [GA]).6–8 IFN-β and GA are
large-molecule self-injectables, and both are unlikely to be
absorbed by the child to a significant amount.9,10 Investigating
the safety of these DMTs during breastfeeding is important
because it is plausible that the health risks of withholding
breastfeeding may outweigh any theoretical risks of DMT
exposure through breast milk. In this prospective cohort
study, we aimed to assess a wide array of early life outcomes in
children who were breastfed while their mothers took IFN-β
or GA.

Methods
Study population
Women who enrolled between 2011 and March 2018 were
selected from the German Multiple Sclerosis and Pregnancy
Registry (DMSKW).11Women are recruited to the registry by
physicians, nurses, or advertisements. Inclusion criteria were
enrollment in the DMSKW during pregnancy, live birth, at
least 1 day of IFN-β or GA use while breastfeeding, and
a follow-up of at least 1 year. We collect detailed information
on medical history, MS activity, medications, pregnancy
complications and outcomes, breastfeeding, child de-
velopment, and health from a standardized telephone-
administered questionnaire in each trimester after enroll-
ment, 1, 3, 6, and 12 months postpartum and annually
thereafter up to age 6 years.

The mothers are asked to reference the child’s take-home
medical record (yellow booklet)12 to provide information on
weight, length, head circumference, selected developmental
milestones (gross and fine motor and cognition/language/
social skills), chronic conditions, and documented anomalies.
Every child in Germany receives a yellow booklet at birth in
addition to an immunization booklet where the pediatrician
documents these outcomes during well-baby visits at age 1

week and months 1, 4, 7, 12, 24, 36, 48, and 64. The booklet
remains with the child’s caregiver and a copy with the pedi-
atrician. The majority (97.2%) of children participate in all
checkups from birth to age 5 years.13 Photocopies of the
yellow booklets were obtained for verification in all cases with
reports of developmental delay or other abnormalities. For 35
(50%) of those where no development delays were reported,
copies of the booklet were provided confirming the statement
of the mother. Where a copy of the booklet was not provided,
we used the data reported during the interviews. Congenital
anomalies (CAs) were rated and classified in accordance with
the guidelines of EUROCAT (European surveillance of CAs)
by a teratologist (A.Q.-W.).

Standard protocol approvals, registrations,
and patient consents
The DMSKW is approved by the Institutional Review Board
of the Ruhr-University Bochum (18-6474-BR). All women
gave informed consent.

Exposure
Breastfeeding under IFN-β or GA was defined as breast-
feeding (exclusively or nonexclusively) for at least 1 day while
being on IFN-β or GA treatment. Exclusive breastfeeding was
defined as breastfeeding for at least 2 months without sup-
plemental feedings.4 Nonexclusive breastfeeding was defined
as breastfeeding but with replacement of a meal within the
first 2 months postpartum.4 Infants who were DMT exposed
during the 3rd trimester or longer (i.e., 3rd, 2nd and 3rd, or
continuously during pregnancy) and breastfed were consid-
ered exposed via breast milk directly from the first day of life.

For the German reference groups for infant outcomes, data on
breastfeeding were lacking. No stratified analyses for breastfed
infants were provided.

Outcomes
Preterm birth (yes/no) was defined as birth before completed
37th week of gestation. Outcomes included weight (in
grams), length/height (in centimeters), and head circumfer-
ence (in centimeters) as continuous variables at birth and at
the 7th and 12thmonths’ checkups. Physical growth delay was
defined as falling below the 3rd percentile on at least 1 body
measurement (yes/no) on at least 1 checkup (failure to thrive
[FTT]). Development delays (yes/no) were defined as de-
velopment delays reported by the mother during the tele-
phone interviews and confirmed by the treating pediatrician
(yellow booklet). Hospitalization within the first year of life
was defined as overnight admission (yes/no) including hos-
pitalizations directly after delivery (yes/no). Antibiotic use
was defined as antibiotic treatment used independently of

Glossary
CA = congenital anomaly;DMT = disease-modifying therapy; FTT = failure to thrive; IFN-β = interferon-beta;GA = glatiramer
acetate; RID = relative infant dose.
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route of administration (yes/no). For infants with at least 1
antibiotic use in the first year, only systemic treatments were
included, as in the reference population.14 Hospitalizations
and antibiotic uses were reported by the mother during the
interviews.

Statistical analysis
To identify potential FTT, we compared the median weight,
length, and head circumference—separately of the total co-
hort and the 3rd trimester or longer cohort—with age- and
sex-specific values obtained from the general German pedi-
atric population.15 Preterm births were excluded from the
growth analyses, as was done in the reference population.15

The percentages of infants with at least 1 hospitalization or 1
systemic antibiotic treatment in the first year of life or de-
velopmental delay after being exposed to IFN-β or GA for at
least 1 day during breastfeeding were compared with German
pediatric populations (for hospitalizations and antibiotic use
separated by sex as in the reference populations).14,16,17

A 2-sided t test was used to compare mean values and SDs, the
Wilcoxon rank-sum test was used for nonnormally distributed
variables, and the χ2/Fisher test was used for differences in
categorical variables. Statistical significance was set at p < 0.05.

We used multivariate logistic regression to estimate the crude
OR of 3rd trimester or longer exposure to IFN-β/GA during
pregnancy (yes/no) with 95% CIs for the following out-
comes: hospitalization in the first year of life, antibiotic use in
the first year of life, and FTT. Models were adjusted in-
dividually and mutually for exclusive breastfeeding (yes/no),
duration of breastfeeding under IFN-β/GA (days), and
mother’s age at the time of conception (years). Logistic re-
gression of the 3rd trimester or longer was used also for the
outcomes preterm birth (adjusted for mother’s age at the time
of conception [years]) and hospitalization directly after de-
livery (adjusted for mother’s age at the time of conception
[years] and preterm birth [yes/no]). We included and
retained predefined known and biologically plausible con-
founders in our models.

Analyses were conducted with the total cohort (IFN-β– and
GA-exposed infants together) and separately stratified into 2
groups for type of drug exposure. FTT, antibiotic treatments,
and hospitalizations occurring before IFN-β/GA breast milk
exposure were not included in the analyses. There were no
developmental delays detected before breast milk exposure.

Cases with missing data were excluded only for the respective
analysis. All statistical analyses were conducted using SAS
version 9.4 (SAS Institute, Cary, NC).

Data availability
No deidentified patient data will be shared. No related study-
related documents will be shared. Reasonable requests from
any qualified investigator for anonymized data will be con-
sidered by the corresponding author.

Results
We identified 73 pregnancies resulting in 74 live births among
69 women who reported breastfeeding while taking IFN-β or
GAwith at least 1-year follow-up from the 1,702 prospectively
captured pregnancies in the DMSKW between 2011 and
March 2018. Median postpartum follow-up was 21.6 months
(interquartile range 14.4–27.6 months). General character-
istics of the cohort are shown in table 1.

The majority of infants (n = 72, 97%) had some pregnancy
exposure to DMTs. Notably, 17 (23%) infants were exposed
to IFN-β (n = 12) or GA (n = 5) uninterrupted throughout
the entire pregnancy. Most infants were exposed to DMTs
during the 1st trimester (n = 72, 97%), after which 73% (n =
54) discontinued DMTs (median 33, range 0–140 days after
the last menstrual period). Treatment was restarted during
the 2nd or 3rd trimester in 9 women (IFN-β [n = 3] and GA
[n = 6], including 1 twin pregnancy), only one of whom
resumed because of an MS relapse.

The median duration of IFN-β/GA-exposed breastfeeding
was 8.5 months, with a very wide range of 0.50–28.5
months. The median duration of total breastfeeding was
10.8 months (range 1.1–28.8 months), with most infants
(n = 57, 77%) being breastfed exclusively for a median
duration of 5.9 months (range 2.1–14.1 months). Following
delivery, INF-β/GA was continued uninterrupted in all 26
cases exposed to DMTs during the 3rd trimester or longer.
Among the other 48 infants, DMT was resumed with a median
of 1.0 month (range 0.0–9.2 months) postpartum (GA: n = 23,
IFN-β: n = 25).

Thirty-nine (53%) infants were exposed to IFN-β during
lactation, 34 (46%) to GA, and 1 to both (table 1). Most
women (n = 63) continued their therapy from before preg-
nancy during breastfeeding. Those who were on no or a dif-
ferent DMT before pregnancy switched as follows: dimethyl
fumarate, 3 switched to IFN-β and 1 to GA; fingolimod, 2
switched to GA; and no DMT, 2 to switched IFN-β and 1
to GA.

Pregnancy and neonatal outcomes
Twenty-five of 74 (34%) infants were born by cesarean sec-
tion. Mean gestational week at birth was 39.3 (SD, 1.75).
Seven infants (9%) were born premature, including 1 pair of
twins. All premature births were exposed to DMTs during
pregnancy (4 during the 1st trimester and 3 whose mothers
restarted treatment during the 3rd trimester) compared with
97% (42 during the 1st trimester, 6 whose mothers restarted
treatment during the 3rd trimester, and 17 with continuous
pregnancy exposure during pregnancy) of full-term births (p
= 1.00). IFN-β/GA exposure during the 3rd trimester or
longer was not associated with an increased risk for preterm
birth compared with those with no or early pregnancy DMT
exposure only in crude (OR 1.44, 95% CI 0.30–7.0, p = 0.65)
or adjusted (OR 1.01, 95% CI 0.17–6.27, p = 0.99) models.
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Seven infants (9%) were hospitalized immediately after de-
livery: 2 for premature birth and the remaining for neonatal
infection, hypoglycemia, fever, icterus neonatorum, or
hemorrhagic diarrhea. Five were exposed during the 1st
trimester only and 2 from the 2nd trimester onward. Expo-
sure to DMTs during the 3rd trimester or longer was not
associated with an increased risk of hospitalization imme-
diately after delivery (crude OR 0.72, 95% CI 0.13–3.98, p =
0.70; adjusted OR 0.41, 95% CI 0.06–3.07, p = 0.39) com-
pared with no or only 1st trimester DMT exposure. Three
infants had minor CAs: ankyloglossia (n = 1, entire preg-
nancy exposure), undescended testicle (n = 1), and ovarian
cyst (n = 1), both 1st trimester exposure. No major CAs
were detected.

One-year infant outcomes
Median body weight, length, and head circumference of full-
term infants are displayed in the percentiles of the German
population at birth and the 7- or 12-month checkup (figure).
Seven full-term infants (3 girls and 4 boys) fell below the 3rd
percentile on at least 1 body measurement at at least 1
checkup. However, this was not associated with either IFN-
β/GA exposure during breastfeeding or pregnancy (tables 2
and 3). Available data on body measurements are shown in
table 4.

Four mothers reported development delays in their offspring
during the first year, 3 of which were confirmed by the pe-
diatrician. These 3 (4%) had developmental delays in motor
skills noted during checkups at 7 and 12 months. Two chil-
dren caught up during the follow-up period so that by 12 and
48 months of age their motor skills were normal. One girl was
reported as clumsy regarding gross motor skills and still re-
ceived physiotherapy at 48 months (last follow-up). One re-
port of language delay was not confirmed by the pediatrician.
The percentage of developmental delay did not differ from the
reference population (4% vs 5.5% in the reference population,
p = 0.59).17

Eight infants (11%) with breast milk DMT exposure were
hospitalized in the first year of life. Reasons included infec-
tions or fever (n = 5), surgical correction of retracted testicle,
hypoglycemia, and premature birth. The percentage of infants
with at least 1 hospitalization did not differ significantly from
the German reference population (girls 7% vs 14.9%, p =
0.21/boys 14% vs 18.7%, p = 0.39).16 No chronic illnesses
were reported.

Fifteen (20%) infants received at least 1 antibiotic treatment by
age 1 year, 14 (88%) as outpatients, and 2 (12%) while hospi-
talized for pyelonephritis and febrile lymphadenopathy. There
were 24 antibiotic treatments in total, 22 (92%) were adminis-
tered systemically. Five infants received more than 1 antibiotic
treatment. Reasons for outpatient antibiotic use included bron-
chitis (n = 8), otitis media (n = 4), conjunctivitis (n = 2), and
other infections (n = 8). Longer exposure during breastfeeding

Table 1 Characteristics of the study population

Characteristics Values

Mean (SD)

Age at conception, y 33.5 (3.36)

Education No. (%)

Completed university studiesa 48 (66)

Completed vocational traininga 22 (30)

No completed vocational traininga 2 (3)

Body mass index at the
beginning of pregnancy

24.4 (5.06)

Disease duration at conception, y 5.98 (5.03)

Median (range)

No. of relapses in the 2 y
preceding conception

0 (0–5)

Gestational week at
entry into the cohort

10.71 (1.00–39.71)

DMT exposure No. (%); median
(range)

At conception

IFN-β 35 (47)

GAb 30 (41)

Dimethyl fumarate 4 (5)

Fingolimod 2 (3)

No treatment 3 (4)

During pregnancy

First trimester only 46 (62)

Resumed during the
2nd/3rd trimesterb

9 (12)

Entire pregnancy 17 (23)

None (breastfeeding exposure only) 2 (3)

During lactation

IFN-β; duration of exposed
breastfeeding (mo)

39 (53); 9.2 (1.6–28.5)

IFN β-1a SC 3×/wk 15 (21)

IFN β-1a IM weekly 12 (16)

IFN β-1b SC every other day 8 (11)

Peginterferon β-1a SC every 2 wk 1 (1)

IFN-β not specified 3 (4)

GA daily; duration of exposed
breastfeeding (mo)

34 (46); 7.8 (0.5–19.9)

GA daily and IFN β-1b SC every other day 1 (1)

Abbreviations: DMT = disease-modifying therapy; GA = glatiramer acetate;
IFN-β = interferon-beta.
a Based on the number of cases with available data.
b Twin pregnancy.

4 Neurology: Neuroimmunology & Neuroinflammation | Volume 7, Number 4 | July 2020 Neurology.org/NN

http://neurology.org/nn


was not associated with more antibiotic use. The percentage of
infants in our cohort with at least 1 systemic antibiotic treatment
(girls 23% vs 24.8%, p = 0.85/boys 18% vs 27.2%, p = 0.18) did
not differ significantly from the German population.14

Table 2 shows the number of infants with and without adverse
outcomes (total cohort and subcohorts stratified for duration
of exposure during pregnancy [3 groups]). There were no
significant differences between the different exposure groups

Figure Infants physical growth during 1st year of life

Total cohort = d, infants exposed
to DMT during the 3rd trimester or
longer = ■. Medians with 3rd and
97th percentiles of body weight,
length, and head circumference of
the total cohort and infants who
were exposed do disease-modify-
ing therapy during the 3rd tri-
mester or longer (separated by
sex; excluding preterm infants of <
completed 37th week of gestation)
at checkups directly after birth, 7
months of age, and 12 months of
age in comparison to the German
pediatric population.19
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during pregnancy, nor between breastfeeding duration. The
duration of IFN-β/GA-exposed breastfeeding was similar
among children with and those without adverse outcomes.
Table 3 depicts crude and adjusted OR for adverse infant
outcomes for the duration of exposed breastfeeding, the
group exposed to IFN-β or GA during pregnancy, and the
exclusive breastfeeding group. Hospitalization and antibiotic
use were considered for girls and boys together. Neither the
duration of IFN-β/GA-exposed breastfeeding nor 3rd tri-
mester or longer IFN-β/GA exposure increased the odds of
hospitalization or systemic antibiotic use in the first year of life
(table 3). Exclusively breastfed babies were less likely to be
hospitalized or receive antibiotics after adjustment for other
factors, but this did not reach statistical significance (table 3).
Of interest, boys who received at least 1 course of systemic
antibiotics were more likely to have been exposed to IFN-
β/GA during the 3rd trimester or longer (n = 5 [n = 1 con-
tinuous and n = 4 2nd and/or 3rd trimester], 62.5%) com-
pared with those boys of our cohort without systemic
antibiotic use (n = 12, 33.3%, p = 0.01) (columns 5 and 6 of
table 2). Analyses with the separate IFN-β or GA subgroups
showed no further statistical differences between either group
and the reference populations.

Discussion
In our cohort, a broad array of infant outcomes in the first year
of life did not seem to have been negatively influenced by
maternal exposure to IFN-β or GA during breastfeeding, al-
though the sample size was too small to rule out rare adverse
events. Physical growth curves lay within expected percentiles
of the general German population.15 The observed percent-
age of children with developmental delay (4%) was consistent
with the general pediatric population (5%–6%).17 Exposure
to an immune modulator might raise concerns about an ele-
vated occurrence of infections, but the percentage of infants
with at least 1 systemic antibiotic treatment in the first year
and the percentage of infants with at least 1 hospitalization we
observed are consistent with the reference population.14,16

Data on early child development even independent of DMT
exposure during pregnancy or breastfeeding in offspring of
women with MS are scarce. Three studies with 1st trimester
exposure of IFN-β18,19 or GA20 compared with unexposed19,20

found no increase in delay of reaching major milestones for
both groups up to the age of 118 and 2.119,20 years, but 218,19

reported lower birth weight. In 2 small (n = 21) case series with

Table 2 One-year infant outcomes and exposure to IFN-β or GA during breastfeeding or pregnancy

n
(%)

IFN-β/GA-exposed breastfeeding Pregnancy IFN-β/GA exposure

Duration of IFN-β/GA-exposed breastfeeding
in the 1st year of life, days median (range)

p
Value

Continuous,
n (%)

2nd and/or 3rd
trimester, n (%)

1st
trimester
only, n (%)

p
Value

Growth
retardation

7
(9)

230 (110–365) 0.47 3 (18) 0 (0) 4 (9) 0.49

Normal physical
growth

67
(91)

245 (14–365) 14 (82) 9 (100) 42 (91)

Development
delay

3
(4)

110 (82–169) 0.09 1 (6) 1 (11) 1 (2) 0.29

Normal
development

71
(96)

254 (14–365) 16 (94) 8 (89) 45 (98)

≥1 hospitalization
(girls)

2
(7)

365 (56–365) 0.90 0 (0) 0 (0) 2 (10) 1.00

0 hospitalizations
(girls)

28
(93)

257 (14–365) 6 (100) 3 (100) 18 (90)

≥1 hospitalization
(boys)

6
(14)

229 (137–365) 0.92 1 (9) 2 (33) 3 (12) 0.44

0 hospitalizations
(boys)

38
(86)

216 (44–365) 10 (91) 4 (67) 23 (88)

≥1 antibiotic use
(systemic) girls

7
(23)

259 (56–365) 0.96 0 (0) 0 (0) 6 (30) 0.26

0 antibiotic use
(systemic) girls

23
(77)

254 (14–365) 6 (100) 3 (100) 14 (70)

≥1 antibiotic use
(systemic) boys

8
(18)

294 (110–365) 0.35 1 (9) 4 (67) 3 (12) 0.01

0 antibiotic use
(systemic) boys

36
(82)

214 (44–365) 10 (91) 2 (33) 23 (88)

Abbreviations: IFN-β = interferon-beta; GA = glatiramer acetate.
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GA6,7 and IFN-β6 exposure throughout pregnancy and lacta-
tion, children developed normally up to the age of 1 year7 and
6 months6 apart from 1 child with inadequate language per-
formance.7 Limitations were nonstandardized developmental
follow-up6 and small case size.6,7

The observed lack of negative effects in breastfed children is
biologically plausible because the drug amount of IFN-β and
GA in breast milk is expected to be very low8,21 and the oral
bioavailability limited.9,10 The drug amount in breast milk
depends on the combination of the drugs’ molecular weight,
maternal plasma levels, which are low for IFN-β,22 and other
chemical properties.23–26 IFN-β and GA are large molecules
with average molecular weights of 20 kDa9 and 5,000–9,000
Da,21 respectively. Drugs larger than 800 Da pass into breast

milk in at best trace amounts.23 In addition, low lipophilicity27

and high albumin binding28 further decrease the likelihood for
GA to pass into breast milk.

Apart from the transfer into breast milk, the drug’s oral ab-
sorption is crucial for an effect on the child. Drugs that are
poorly orally absorbed like IFN-β and GA are not likely to enter
the child’s blood system and cause pharmacologic effects.25 The
poor oral bioavailability of proteins like IFN-β and the synthetic
polypeptide GA10 arises from denaturation and proteolytic
degradation in the gastrointestinal tract.9 Perhaps the strongest
evidence for poor oral bioavailability of IFN-β and GA comes
from randomized controlled trials of oral formulations in adults
that showed no effect on MS disease activity.29,30

It is thus not surprising that in a case series of 6 women, IFN
β-1a was detected in very low levels with a relative infant dose
(RID) of 0.006%8 in breast milk. The RID is used to assess the
possible risk from a drug for a breastfed child. It is calculated by
dividing the infant dose (mg/kg per day) by the maternal dose
in (mg/kg per day). RIDs of <10% are considered probably safe
for a healthy child.23 No data on GA excretion into human
breast milk are available, owing most likely to technical diffi-
culties in distinguishing it from naturally occurring peptides.27

The findings from this study are reassuring for women with
MS who are afraid of staying untreated yet wish to breastfeed.
Breast milk provides all nutritional and immunologic com-
ponents a child needs to grow.31 Breastfeeding is associated
with positive health outcomes for mother and child and rec-
ommended by the World Health Organization.32 Beside the
instant transfer of maternal antibodies and protection from
infections in the neonatal period—as seen in our cohort with
fewer hospitalizations and antibiotic use in exclusively

Table 3 Association IFN-β or GA exposure through breastfeeding, in utero exposure, or exclusive breastfeeding and
physical growth retardation, hospitalizations, or systemic antibiotic use in the first year of life

Duration of IFN-β/GA-exposed breastfeeding In utero IFN-β/GA exposurea Exclusive breastfeedingb

OR (95% CI) p Value OR (95% CI) p Value OR (95% CI) p Value

Growth retardation

Crude OR 1.00 (1.00–1.01) 0.27 1.50 (0.31–7.36) 0.62 2.00 (0.22–17.98) 0.54

Adjusted OR 1.00 (1.00–1.01) 0.14 2.1 (0.37–12.01) 0.40 1.21 (0.11–12.75) 0.88

≥1 hospitalization

Crude OR 1.00 (1.00–1.01) 0.86 1.12 (0.25–5.12) 0.88 0.45 (0.10–2.11) 0.31

Adjusted OR 1.00 (1.00–1.01) 0.39 1.74 (0.32–9.42) 0.52 0.33 (0.06–1.87) 0.21

≥1 antibiotic use (systemic)

Crude OR 1.00 (1.00–1.00) 0.81 0.91 (0.27–3.00) 0.87 0.51 (0.15–1.78) 0.29

Adjusted OR 1.00 (1.00–1.00) 0.98 0.62 (0.16–2.41) 0.49 0.41 (0.11–1.54) 0.19

Abbreviations: GA = glatiramer acetate; IFN-β = interferon-beta.
a Third trimester or longer.
b For at least 2 months.

Table 4 Available data on body measurement

Sex
Well-baby
visit

Body measurement

Weight,
n (%)

Length,
n (%)

Head
circumference, n (%)

Girl

Birth 28 (100) 28 (100) 27 (96)

7 mo 19 (68) 19 (68) 19 (68)

12 mo 25 (89) 25 (89) 25 (89)

Boy

Birth 39 (100) 39 (100) 34 (87)

7 mo 21 (54) 21 (54) 20 (51)

12 mo 34 (87) 34 (87) 34 (87)
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breastfed children—longer benefits could include protection
from autoimmune diseases later in life.33 Maternal benefits
include protective effects against breast34 and ovarian
cancer,34,35 type 2 diabetes,34 and rheumatoid arthritis.35

Suspected short-term maternal benefits of exclusive breast-
feeding include a reduced risk of early postpartum relapses.3,4

Breastfeeding also appears to improve childhood cognitive
performance. The National Longitudinal Study of Adolescent
Health investigated 4,425 siblings and found a higher cognitive
ability in breastfed children than in their nonbreastfed sib-
lings.36 Even in children at high risk of cognitive impairment
from in utero valproate exposure, breastfed children had higher
intelligent quotients and verbal abilities compared with those
who were not breastfed37 despite continued exposure to val-
proate through breast milk. These data indicate that forgoing
breastfeeding should be recommended only if the mother
needs a treatment where there is evidence or strong biological
plausibility that it will adversely affect the breastfed infant.

The main limitation of our study is the overlap between
IFN-β/GA therapy during pregnancy and breastfeeding.
Because most infants had at least some exposure during
pregnancy in addition to breastfeeding, it precludes making
precise conclusions about the safety of exposure through
breast milk alone. However, this overlap would be expected
to increase the risk of adverse events making our findings
even more reassuring because we found no increased risk of
adverse outcomes compared with the general population.
As we captured only infections resulting in antibiotic use,
we cannot determine differences regarding the number of
uncomplicated infections. Another limitation is the rela-
tively small sample size due to which only common (ad-
verse) effects would have been observed. Rare negative
effects cannot be excluded from present analysis, and more
data have to be collected over time. Continued safety
studies are recommended to address these limitations.
Recall bias or overreporting is unlikely to affect our findings
as we collect data prospectively and at short intervals.38 We
plan to proceed with follow-up of the children to capture
potential behavioral abnormalities not detectable in the first
year of life.

Strengths of this study include the importance of the question,
the prospective follow-up, and the wide range of outcomes
potentially influenced by exposure to immunologic medi-
cations studied.

Our findings, taken together with the lack of biological
plausibility of adverse infant effects, indicate that it is overly
conservative to recommend foregoing breastfeeding to con-
tinue or resume IFN-β or GA. On the one hand it remains
unclear whether rare negative effects on infants are to be
expected or if continuing IFN-β or GA through pregnancy or
resuming DMTs in the early postpartum period reduces the
risk of postpartum relapses.39 On the other hand there is
strong evidence that recommending withholding the well-

established infant and maternal health benefits of breast-
feeding may be harmful.1 Our findings can help mothers and
neurologists adopt a new perspective when considering IFN-β
or GA treatment during lactation.40
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Abstract
Objective
To address concerns regarding the effect of MS disease-modifying therapies (DMTs) on the
expression of coronavirus 2019 (COVID-19).

Methods
Review of the current state of knowledge regarding the viral etiology of COVID-19, mecha-
nisms of injury by SARS-CoV-2 infection, and the effect of individual DMTs on the risk of
infection and COVID-19 disease expression.

Results
Although data are limited, MS DMTs do not obviously increase the risk of acquiring symp-
tomatic SARS-CoV-2 infection. The severe morbidity and mortality of SARS-CoV-2 appear to
be largely the consequence of an overly robust immune response rather than the consequence
of unchecked viral replication. The effects of specific MS DMTs on the immune response that
may increase the risk of impaired viral clearance and their potential counterbalancing beneficial
effects on the development of COVID-19–associated acute respiratory distress syndrome are
reviewed.

Conclusion
Although there is currently insufficient real-world experience to definitively answer the question
of the effect of a specific MS DMT on COVID-19, registries presently in nascent form should
provide these answers. This review provides an approach to addressing these concerns while the
data are being accumulated. Early insights suggest that the risk of infection and associated
morbidity of COVID-19 in this population is little different than that of the population at large.
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The dangers in life are infinite, and among them is safety.1

Johann Wolfgang Goethe, German poet, novelist, and scientist
(1749–1832)

In the treatment of MS, choosing the appropriate disease-
modifying therapy (DMT) requires a balance between the
benefits of the agent in suppressing disease activity and pre-
venting progression and the risks associated with its adminis-
tration, chiefly the potential for infectious disease that arises
from the immunosuppressive or immunomodulatory effects.
MS DMT use during the current coronavirus 2019 (COVID-
19) pandemic has sparked growing concern among patients
with MS and physicians alike.

The calculation regarding DMT risk in the face of COVID-19
can be distilled to the following: “risk of active disease conse-
quent to DMT discontinuation relative to the risk of acquiring
the infection and the risks of developing more aggressive
COVID-19 once infection is acquired while on DMT, partic-
ularly the potentially life-threatening acute respiratory distress
syndrome (ARDS) requiring ICU care and ventilatory sup-
port”. Few elements of this equation are truly quantifiable with
available data. However, knowledge of clinical prognostic
factors and risks for rebound MS activity with DMT
discontinuation2–5 should be considered and melded with
insights into COVID-19 pathophysiology and the biology of its
causative virus, SARS-CoV-2.

With respect to acquisition of the SARS-CoV-2 virus, the
risk to individuals with MS who are not on DMT is likely
similar to that of the general population. Viral infection is
dependent on exposure, which may be difficult to avoid, as it
spreads through communities, especially as carriers may be
asymptomatic yet infectious. Whether treatment of patients
with MS with a given DMT confers an increased risk of
becoming infected with the virus and whether it affects the
risk of developing severe COVID-19 complications are
currently unknown.

Importantly, severe SARS-CoV-2–mediated disease, including
ARDS, appears to be the consequence of a robust and dysre-
gulated immune response rather than an immune-deficient
state with unchecked viral replication.6,7 This observation
parallels that noted with the related virus, SARS-CoV-1, in
which the severe acute respiratory syndrome (SARS) appeared
to be mediated by a massive proinflammatory response in
infected lungs with an elaboration of cytokines and chemokines
and recruitment of inflammatory cells leading to tissue damage,
vascular leakage, and pulmonary fibrosis,8 in addition to com-
plement activation.9

In this review, we attempt to combine the known risk of in-
fectious diseases with the various DMTs and their mechanism
of action with emerging knowledge of the virus to provide
a framework to address the effect of DMTs on the morbidity
and mortality of COVID-19 in treated patients with MS.

Potential risks of COVID-19 to
patients with MS
First, as with any infectious disease, there is a theoretical pos-
sibility that this pandemic virus may exacerbate MS disease
activity10 regardless of DMT use. Second, many DMTs confer
their benefit inMS by limiting aspects of the immune response,
which could, in theory, allow for greater viral replication and
potentially worse infection.11 This same DMT effect may ac-
tually be beneficial by limiting the overly aggressive immune
response occasioned by SARS-CoV-2 infection, which is
thought to underlie its severe complications. Third, a sub-
stantial number of individuals with MS are older than 60 years,
a population with a demonstrated increased risk of severe
morbidity and mortality from COVID-19.12,13 Estimates in-
dicate that up to 14% of persons with MS are aged ≥65 years14

often with comorbidities, such as cardiac and respiratory dis-
ease, that are now known in the general population to magnify
the mortality risk of this infection.13 Whether the increased
mortality in older patients with COVID-19 reflects impaired
regulation of immune responses and whether this may be ac-
centuated in patients with MS with some immune regulatory
deficits remain unknown.

The pathogen for COVID-19,
SARS-CoV-2
Coronaviruses are enveloped viruses with a positive-sense
single-stranded RNA genome and a nucleocapsid of helical
symmetry. Coronaviruses are named for their appearance by
electron microscopy, resembling a crown created by viral spike
peplomers. This group of viruses is a well-known cause of
respiratory diseases (e.g., the common cold) as well as SARS
and Middle East respiratory syndrome. The coronavirus re-
sponsible for COVID-19 appears to have crossed from an an-
imal to humans in the markets of Wuhan, China, where the
disease was first recognized toward the end of 2019. The viral
genome is 29,903 bases long with 96% homology with bat
coronavirus, indicating that it may have originated as a bat virus
with an intermediate host in another animal.15 Like SARS-
CoV-1, SARS-CoV-2 uses its spike proteins to attach to

Glossary
ARDS = acute respiratory distress syndrome;COVID-19 = coronavirus 2019;CTL = cytotoxic T lymphocyte;DMT = disease-
modifying therapy; JCV = JC virus; NK = natural killer; PML = progressive multifocal leukoencephalopathy; SARS = severe
acute respiratory syndrome.
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angiotensin-converting enzyme receptor type 2 expressed on
cells of the respiratory tract15 in addition to other tissues, in-
cluding the brain.16

As of April 13, 2020, there were nearly 2,000,000 confirmed
COVID-19 infections worldwide, with more than 115,000
deaths and 185 countries of 192 in the world affected.17 The
United States leads the world with more than one half million
infected persons.17 Current estimates of the prevalence of MS
in the United States indicate that there aremore than 1,000,000
people with MS.18 To date, to our knowledge, there are no
publications of the effect of COVID-19 onMS and none on the
effects of DMTs on the course of the COVID-19.

At the time of presentation, COVID-19 is clinically in-
distinguishable from the flu with fever in up to 90%, cough in
approximately 70%, myalgia and fatigue in about 50%,15

headache in 8%,15 and diarrhea in less than 5%.19 Anosmia and
ageusia may be heralding manifestations.20 Symptoms develop
after a median incubation period of 4 days.19 Most patients are
diagnosed with pneumonia, and in 1 study from China, me-
chanical ventilation was required in 6.1% of patients,19 although
rates of ARDS as high as 29% have been reported. A study of
262 confirmed cases revealed that 17.6% had severe disease,
whereas 73.3% were assessed as mild, 4.2% nonpneumonic,
and 5.0% asymptomatic,21 although widespread testing would
likely reveal far higher numbers of asymptomatic or mildly
symptomatic persons. Mortality rates by country have varied
greatly,22 but average about 3%.

Innate and adaptive immune
responses to viral infections in general
Both innate and adaptive immune responses are important in
blocking viral infection. Viral infection is prevented by type I
interferons and natural killer (NK) cells as part of innate im-
munity. Recognition of viral RNA or DNA by Toll-like
receptors located in the endosome activates pathways that lead
to the release of type I interferons that inhibit viral replication in
both infected and uninfected cells. NK cells, which are released
from their baseline inhibited state by the absence of Class I
major histocompatibility complex expression, are induced in
virally infected cells and are able to kill these infected cells.23

With respect to the adaptive immune response to viral in-
fection, there are 2 convergent paths combatting viral infection,
namely, immunity generated by antibodies and that of cyto-
toxic T lymphocytes (CTL) that kill infected cells.23 Neutral-
izing antibodies that have developed from prior infection or
from vaccination are effective only when the virus remains
extracellular before the infection of the cell or at the time of
their release. CTLs, typically CD8+ T lymphocytes, are re-
sponsible for eliminating viruses that reside within cells by
recognizing viral peptides presented by Class I major histo-
compatibility complex molecules on dendritic cells that are
either infected or have phagocytosed infected cells.

DMTs and the SARS-CoV-2 elicited
cytokine storm
As morbidity and mortality in COVID-19 seem to be the
consequences of an overwhelming immune response triggered
by the virus, the immunomodulatory and immunosuppressive
effects of some DMTs may actually be beneficial. Using SARS-
CoV-1 infection as a model for SARS-CoV-2 infection, the
chemokines and cytokines expressed include IL-1β, IL-2, IL-6,
IL-10, G-CSF, MCP1, MIP1A, TNFα, and CCL2.12,24,25 These
and other cytokines and chemokines recruit neutrophils and
cytotoxic T cells, leading to tissue damage. This immune re-
sponse leads to permanent pulmonary injury.26 The effects of
DMTs on the expression of these chemokines and cytokines
and their ability to block trafficking of inflammatory cells into
the lung are largely unknown, but where possible, comment on
the effect of each will be included herein.

The potential effects of DMTs on
immune responses to SARS-CoV-2
infection
The approvedMSDMTs, for themost part, preferentially target
the adaptive rather than the innate immune system. Conse-
quently, the innate immune system’s interferon type I response
to infection and the clearance of viral-infected cells by NK cells
are less likely to be affected in the patient with MS, regardless of
treatment. It is their effect on adaptive immunity of DMTs that
could potentially increase the risks associated with COVID-19.
As a novel virus, most humans would not be expected to harbor
preexisting antibodies to SARS-CoV-2, and whether antibodies
to related coronaviruses cross-react and provide some pro-
tection remains uncertain. On the other hand, many DMTs
have a potential to reduce the CTL response to viruses, which,
in part, explains an increased risk of developing certain infec-
tions, e.g., recrudescent herpes infections and progressive mul-
tifocal leukoencephalopathy (PML), in patients treated with
certain MS DMTs. In this review, the DMTs will be system-
atically evaluated for l risk of magnifying COVID-19 infection
and recommendations made regarding management of patients
with MS during this pandemic.

Interferon-β (Avonex, Betaseron, Extavia,
Plegridy, and Rebif)
Interferon-βs belong to the type I interferons and should the-
oretically be protective for COVID-19, given their antiviral
properties.27,28 Interferon-β may be protective against re-
spiratory viruses,29 and of all the DMTs, interferon-β and gla-
tiramer acetate are associated with the lowest risk of
infections.30 One study in an MS population showed a salutary
effect of interferon-β on human herpes virus type 6 compared
with control groups.30,31 Similarly, 1 study found that JC virus
(JCV) DNA was detected less frequently in the blood of in-
terferon-β–treated patients32; however, another study found no
effect of interferons on urinary JCV excretion.33 On rare
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occasions, leukopenia and lymphopenia may occur with in-
terferon-β,34 which could increase themorbidity of SARS-CoV-
2 infection, but in their absence, there is low concern with
respect to interferon-β administration in MS during the
COVID-19 pandemic.

Following administration for 6 months, interferon-βs down-
regulate both pro- and anti-inflammatory cytokines.35 A de-
crease in several of the cytokines found to be elevated with
COVID-19, including IL-1β, IL-6, and TNFα, has been dem-
onstrated within 24–48 hours of injection.36 It has been dem-
onstrated to prevent cytokine-induced neutrophil infiltration in
a stroke model,37 but the role in lung and other organ injury
remains unknown. Together, these effects would suggest that
the use of IFN-β need not be a concern in the context of
COVID-19 andmay even confer some benefits, although direct
data are lacking.

Glatiramer acetate (Copaxone and Glatopa)
Glatiramer acetate has been proposed to shift a proin-
flammatory to an anti-inflammatory responses with respect to
both T helper cells (Th1 to Th2)38 and macrophages (M1 to
M2).39,40 There appears to be no significant deleterious effect
on immune surveillance or the defense against infectious dis-
ease, and there are no suppressive effects on NK cells, CD4+ or
CD8+ lymphocytes.e1 (links.lww.com/NXI/A258) There is no evi-
dence of enhanced infectious risk during treatment with gla-
tiramer acetate.30

The shift from a Th1 (proinflammatory) to a Th2 response
with glatiramer acetatee2 could be beneficial in COVID-19.
Furthermore, glatiramer acetate has been shown to block
IFNγ-mediated activation ofmacrophages,e3 which are thought
to be essential for the development of COVID-19 ARDS.e4

Dimethyl fumarate (Tecfidera)
The therapeutic mechanisms of action of dimethyl fumarate in
MS remain incompletely elucidated and may be mediated by
both nuclear factor erythroid-derived 2–related factor (Nrf2)-
dependent and independent pathways.e5 DMF treatment
results in a degree of lymphocyte losses (CD8+ T cells more so
than CD4+ T cells and memory more than naive T cells and
B cells)e6–e9 and anti-inflammatory modulation of B-cell
responses.e10 Pivotal phase 3 trials with DMF showed little
difference in infection risk between active treatment and pla-
cebo, although grade 3 lymphopenia (499–200 cells) was ob-
served in 5%–7% of treated patients.e11,e12 Although there
appears to be no association between overall infection and the
degree of lymphopenia in DMF-treated patients,e11, the oc-
currence of PML with DMF has largely, although not exclu-
sively, occurred with lymphocyte counts below 500 cells/mm3

sustained for >6 months in JCV antibody index seropositive
individuals.11

Dimethyl fumarate blocks proinflammatory cytokine pro-
ductione13 and can inhibit macrophage function in vitro,
thereby suppressing inflammation.e14 Furthermore, DMF has

been demonstrated to ameliorate lung fibrosis in pulmonary
arterial hypertension.e15 Despite the potential of an increased
risk of infection, dimethyl fumarate’s immune modulatory ac-
tion is not likely to be harmful andmay even be beneficial in the
context of COVID-19.

Teriflunomide (Aubagio)
Teriflunomide, an active metabolite of leflunomide, selectively
and reversibly inhibits pyrimidine de novo synthesis by
blocking the mitochondrial enzyme dihydroorotate de-
hydrogenase. This inhibition results in a reduced proliferation
of activated T and B lymphocytes by interrupting the S phase of
the cell cycle.e16,e17 Clinical trials with teriflunomide in MS
reveal a mean decrease of leukocyte counts of about 15% from
baseline.e18–e20 Long-term follow-up of patients on teri-
flunomide revealed that upper respiratory tract infections and
influenza were among themore commonly reported infections;
e21 however, there was no overall increased risk of serious
infection or resultant increased morbidity or mortality with
teriflunomide compared with placebo.e22 Despite the decrease
in activated lymphocytes and associated mild lymphopenia,
infection risk (apart from tuberculosis) appears low, suggesting
a limited effect on innate and adaptive immune response to
infectious pathogens.e23 Furthermore, there is evidence that
leflunomide and teriflunomide possess antiviral activity for
some viruses.e24–26

Literature on the effects of teriflunomide on cytokines and
activated macrophages is sparse; however, it is the active me-
tabolite of leflunomide, which downregulates IL-1, IL-6, and
TNFα from activated macrophages in some tissues.e27,28

Caution may be warranted as leflunomide-induced interstitial
lung disease has been reported,e29 and there is at least 1 case
report of leflunomide initiating a macrophage activation syn-
drome in a patient with rheumatoid arthritis.e30

S1P modulators (fingolimod [Gilenya],
siponimod [Mayzent], and ozanimod [Zeposia])
Fingolimod, siponimod, and ozanimod are sphingosine receptor
(S1PR) modulators, which limit lymphocyte egress from lymph
nodes, thereby preventing recirculation of
peripheral lymphocytes thought to limit trafficking of pathologic
immune cells to the CNS. All S1PR modulators reduce the total
mean circulating lymphocyte count by preferentially sequester-
ing the naive and central memory lymphocytes rather than ef-
fector memory T cells.e31,e32 Phase 3 trials of fingolimod
revealed an average reduction of the peripheral lymphocyte
count by 73% from baseline within 1 month and conferred an
increased risk of mild infections, mainly involving the lower
respiratory tract (bronchitis and pneumonia).e33 In addition,
herpes virus infections were more common with fingolimod and
siponimod but possibly not ozanimod.e33–36 The greater con-
cern, although low, regarding infectious diseases with fingolimod
has been for certain opportunistic infections including Crypto-
coccus, JCV, varicella zoster, and human papillomavirus. A large
register-based cohort study from Sweden with data on 6,421
patients collected over 7 years indicated that the risk of infection
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with fingolimod did not appear to be significantly higher than
with platform therapies when adjusted for confounders, e.g., age,
sex, and disability.30 There is some concern for increased risk due
to SARS-CoV-2 infection with S1P modulator treatment mainly
because of sequestration of crucial lymphocyte populations, but
also, possibly to a lesser degree, related to effects on pulmonary
functione37 (mild dose-dependent decreases in lung function
and exhaled volumes in the first month after therapy initiation).
The potential for aggressive rebound of MS activity with ces-
sation of S1P modulator therapy should be balanced against any
risk in the face of SARS-CoV-2.

Indeed, blunting of the immune response with an S1P modu-
lator has been considered as a possible treatment of COVID-
19–associated ARDS, and a clinical trial has been registered on
the NIH website (clinicaltrials.gov/ct2/show/NCT04280588).
The authors are aware of at least 1 anecdotal case from Italy that
observed unanticipated improvement with fingolimod during
COVID-19 and another case in which fingolimod was associ-
ated with the more severe COVID-19 ARDS outcome. Re-
cruitment of monocytes and macrophages during inflammation
is attributed more to effects through the S1PR3,e38 raising the
possibility that the different S1PR modulators that include the
less selective fingolimod and the more (S1PR1 and S1PR5)-
selective siponimod and ozanimod may differ in their potential
salutary effects in COVID-19.

Cladribine (Mavenclad)
Oral cladribine is a purine nucleoside analog prodrug, which
interferes with cellular metabolism, inhibits DNA synthesis and
repair, and induces apoptosis preferentially in lymphocytes.e39

This results in a rapid and persistent reduction in CD4+ and
CD8+ T cells with a significant effect also on B cells and more
minor and transient effects on innate immune cells such as
neutrophils, monocytes, and NK cells.e39,e40 Lymphopenia
(most often mild to moderate) was an expected and common
adverse event in both the initial phase III clinical trial and ex-
tension study with rare cases of severe neutropenia. One year
after the initial dosing of cladribine, ≥grade 2 lymphopenia
(<800 cells/μL) prohibited the scheduled retreatment in 8%.e41

After both cycles of therapy, median absolute lymphocyte
counts recover to normal and CD19+ B cells to threshold values
by week 84, although often at levels below baseline values.e42

NK cells are transiently reduced after administration of cla-
dribine.e43 Overall risk of infection with cladribine was com-
parable to placebo except for higher rates of reactivated herpes
virus infections in patients with grade 3 or 4 lymphopenia.e44,e45

The incidence of infectionwas higher in patients with the lowest
absolute lymphocyte count.e44,e45 With respect to other infec-
tions, there was 1 fatal case of reactivation of latent tuberculosis
in a cladribine-treated patient. Given the substantial and sus-
tained effect on lymphocyte count, there is a theoretical concern
for increased SARS-CoV-2 infectionwith oral cladribine, but the
real-world experience suggests that infectious risk is low. The
published literature presently precludes meaningful comment
on the potential effects of cladribine on the immune mecha-
nisms underlying COVID-19 ARDS.

Natalizumab (Tysabri)
Natalizumab, an α4β1 and α4β7 integrin inhibitor,
blocks lymphocyte and other cell binding to the adhesion
molecules, VCAM and MAdCAM, respectively. VCAM is
chiefly expressed on brain endothelial microvasculature and
MAdCAM on gut endothelial microvasculature; hence, natali-
zumab’s beneficial effects on MS and inflammatory bowel dis-
ease. The impairment of neuroimmunosurveillance is, in large
measure, responsible for the increased risk of PML with nata-
lizumab.e46,e47 The same effect on neuroimmunosurveillance
may contribute to the rare occurrence of other opportunistic
infections of the nervous system with natalizumab, chiefly,
herpes virus infections.e48–e54 Systemic opportunistic infections
(Pneumocystis carinii pneumonia, pulmonary Mycobacterium
avium intracellulare, and bronchopulmonary aspergillosis) have
been observed in patients treated with natalizumab for Crohn
disease in combination with other immunosuppressive therapy.
Upper respiratory tract infections, bacterial pneumonias, and
urinary tract infections have been associated with natalizumab
use, although most trials reveal an infection risk no different
than with placebo.e55 A registry-based cohort study30 found no
significant increase in general risk of infection with natalizumab
compared with platform therapies. Therefore, we do not believe
that there is a significant increased risk of infection with SARS-
CoV-2 in patients with MS treated with natalizumab.

Natalizumab has been associated with a marked reduction of
inflammatory cytokines and chemokines in the CSF of patients
with MS, as expected given the important role of VLA4 in
immune cell adhesion to CNS barriers,e56 Although VCAM
expression can be induced in pulmonary endothelial cells
stimulated by TNFα,e57 the predominant adhesion molecules
expressed on pulmonary endothelia are ICAM and PeCA-
M,e58,e59 suggesting that natalizumab may not be particularly
beneficial in preventing ARDS with COVID-19.

Anti-CD20 monoclonal antibodies
(ocrelizumab [Ocrevus] and
rituximab [Rituxan])
Rituximabe60 and ocrelizumabe61,e62 are anti-CD20 mono-
clonal antibodies that reduce B cells and demonstrate signifi-
cant efficacy in limiting MS relapses. These monoclonal
antibodies reduce proinflammatory B-cell cytokines,e63 de-
crease the number of antigen producing cells,e63 and have an
effect on a subset of CD20-expressing CD4+ and CD8+

T cells.e64,e65 Although anti-CD20 treatment in patients with
MS has been shown to reduce memory CD8+ T cells targeting
certain myelin epitopes, it had no effect on influenza epit-
opes.e66 A significantly higher risk of infection was reported
with rituximab compared with the platform therapies in the
treatment of MS in Sweden,30 and reactivation of hepatitis B
may occur as reported in patients receiving rituximab for
malignancy.e67 In the phase III clinical trial of ocrelizumab for
primary progressive MS, upper respiratory infections were
more common (10.9%) with ocrelizumab vs 5.9% in the pla-
cebo group.e68 Death from community-acquired pneumonia
and aspiration pneumonia was noted in 1 patient from each
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treatment group.e68 The overall infection rates between ocre-
lizumab and placebo were fairly similar, 71.4% and 69.9%,
respectively.e68 Similarly, serious infections were not obviously
overrepresented in the ocrelizumab group at 6.2% vs 5.9% in
the placebo group.e68 In the 2 phase III trials for relapsing-
remitting MS, infection rates were only slightly higher with
ocrelizumab compared with interferon β-1a (56.9% vs 54.3%,
respectively, and 60.2% vs 52.5%, respectively).e61

As expected, ocrelizumab has been demonstrated to partially
blunt antibody responses to vaccine including to influenza.e69

As the SARS-CoV-2 infection is novel, a lessened antibody
response would not be, in and of itself, expected to increase the
risk of infection, nor would anti-CD20 monoclonal antibody
therapy be expected to affect responses of the innate immune
system, which are critical for initial viral control. With pro-
longed use, hypogammaglobulinemia may be observed, but is
rarely associated with severe infection.e70 It is unclear whether
there will be an effect of anti-CD20 therapies on infection with
SARS-CoV-2, but the lack of an increased risk with influenza is
heartening. The effects of the anti-CD20 monoclonal anti-
bodies on macrophage activation and the relevant cytokines for
COVID-19–associated ARDS remain unknown.

Alemtuzumab (Lemtrada)
Alemtuzumab is a fully humanized IgG1 directed against CD52
that depletes both T and B lymphocytes by inducing antibody-
dependent cellular cytotoxicity and complement dependent
cytotoxicity and activating proapoptotic pathways on CD52-
expressing cells. Following rapid depletion, recovery of
total lymphocyte counts to lower limit of normal range aver-
aged 12.7 months (range of 8.8–18.2 months), with B cells 7.1
months (range of 5.3–9.5 months) and CD8+ and CD4+

T cells 20 and 35 months, respectively.e71 Treatment results in
substantial and prolonged lymphopenia requiring prophylaxis
against herpes virus and PCP for 2months after therapy or until
CD4 T-cell counts equal or exceed 200 cells/μL.e55 As with the
anti-CD20 monoclonal antibodies, reactivation of chronic
hepatitis B infection may occur. The incidence of infection is
highest after the first treatment ranging from 56.1% to 63.2% in
the pivotal studies; however, the rate of serious infection was
<3%.e72 Herpes simplex was the most common infection ob-
served, followed by varicella zoster.e72 In light of the known
significant infectious risks with alemtuzumab, we believe that
there may be a higher risk of SARS-CoV-2 infection following
treatment with alemtuzumab (particularly in the first 2 years
following treatment). The effects of alemtuzumab on macro-
phage activation and the relevant cytokines for COVID-19
ARDS remain unknown.

Conclusion
To date, there are no conclusive data regarding the effect of
DMTs on the frequency and course of SARS-CoV-2 including
the serious COVID-19 complications including ARDS. As noted
on the National Multiple Sclerosis Society website, many

individuals and organizations have made recommendations
regarding DMTs and COVID-19, which are at times con-
flicting and may cause confusion.e73 This review was created
to provide some relevant background that may help guide
considerations around DMT use during this uncertain time.
The accompanying table compiles DMT information in-
cluding presumed mechanism and duration of action, known
effects on innate and adaptive immunity, salient infection
risks, and our current assessment of DMT risk on COVID-19
(table). More data are emerging, including through the in-
stitution of organized registries,e74 which should provide
greater evidence-based insights moving forward.

Reassuringly, initial anecdotal reports suggest that patients
with MS, including those on commonly used DMTs, are at no
higher risk of contracting symptomatic SARS-CoV-2 viral
infection, nor at a higher risk of severe COVID-19 compli-
cations, compared with the population at large. There are
theoretical reasons to consider that several MS DMTs might
even have a mitigating effect with respect to the development
of COVID-19 ARDS.

In general, and in keeping with the Institute for Multiple
Sclerosis Research (IMSF) report, we recommend that most
patients withMS continue on their DMT, particularly those on
platform therapy for whom the risk of SARS-CoV-2 infection
and COVID-19 is minimal.e75 Providers will have to tailor
decisions to individual patients, particularly for patients with an
increased risk of either acquiring infection (e.g., health care
workers) or for the more serious COVID-19 complications
(e.g., the elderly, those with relevant medical comorbidities).
For those on DMT deemed to be possibly higher risk but with
infrequent dosing (alemtuzumab and cladribine), there may be
no option except for aggressive riskmitigation strategies such as
social isolation and frequent hand washing. For anti-CD20
therapies, there remains an option to delay infusion and
monitor B-cell counts. The risks of stopping or delaying DMT
must be balanced against the risk of reemergence and even
rebound of MS activity after cessation, as has been reported
with fingolimod3,e76 and natalizumab.4,5,e77

Challenging decisions will need to be made for patients with
newly diagnosed MS and need for DMT initiation, particularly
those who appear to have active/aggressive disease. Even
without a high index of concern for several of the commonly
used DMTS, clinicians should inform patients of the possible
risk of initiating these treatments during the COVID-19 pan-
demic. For those with highly active MS, use of natalizumab can
be considered, given its rapid onset of action and relative safety
in the short term with respect to infections. For those who are
JCV antibody seropositive and thus at an increased risk of PML
with prolonged natalizumab use, this strategy should be used
merely as a bridge to alternate therapies that are thought to
pose higher or uncertain risk with respect to SARS-CoV-2
infection. For patients with slowly progressive disease and little
evidence for recent inflammatory activity (clinical relapses or
radiographic activity), it is reasonable to consider postponement
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of DMT. Last, it is important to ensure that usual safety
monitoring of these DMTs continues to diminish risks
(e.g., lymphocyte monitoring) while considering the risk
of exposing patients to the health care system for labora-
tory and radiographic screening.

MS care has become increasingly complex, particularly with
the availability of many effective therapies that carry with
them additional risks, requiring closer monitoring and risk
mitigation strategies. DMT decisions typically require
a thoughtful consideration of such risks and benefits, and joint
decision making between the patient and the provider is
paramount. The unclear effect of DMTs on SARS-CoV-2
infection and the serious COVID-19 complications poses
a unique challenge to our field, but practice can be guided by
current knowledge of DMTs and emerging data from other
parts of the world.
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Table DMTs and risk of COVID-19

Agent MOAe16 Risk of infectious disease

Potential beneficial effect by
limiting immune responses
mediating severe COVID-19
complication (e.g., ARDS)

Predicted potential to
increase the risk of
severe COVID-19
complication (e.g.,
ARDS)

Interferon
β-1a and β-1b

Decreases immune cell activation
through IFN receptor binding;
decreased trafficking

No increased risk of infection11 Downregulation of
proinflammatory cytokines35

None

Glatiramer
acetate

Promotes Th1→Th2 shift; induces
suppressor T cells and anti-
inflammatory myeloid cells

No increased risk of infection11 Shift from Th1 and M1
(proinflammatory) to Th2 and
M2 (anti-inflammatory)

None

Dimethyl
fumarate

Promotes Th1-Th2 shift; induces
mild apoptosis of memory T cells
and B cells; neuroprotective effect
by upregulation of Nrf2-
dependent antioxidant response

Potential risk of PML11 Block proinflammatory cytokine
productione13 and inhibit
macrophage functione14

Probably low

Teriflunomide Inhibits proliferation of activated T
and B lymphocytes by inhibiting
DHODH

Potential reactivation of
tuberculosis11

Downregulation of IL-1, IL-6, and
TNFα from activated
macrophagee27,e28

Probably low

S1P
modulators

Prevent lymphocyte egress from
lymph nodes by binding S1P
receptor

Potential increased risk of some
opportunistic infections (PML,
Cryptococcus, VZV, and HPV);
slight increased risk of lower
respiratory infectionse33

Block recruitment of monocytes
and macrophages via S1P3
receptor modulatione38 (only
with nonspecific S1Pmodulator)

Probably low

Cladribine Sustained reduction of T and B
cells by interfering with DNA
synthesis and repair

Slight increased risk of herpes
infections with grade 3 or 4
lymphopeniae44,e45

Uncertain, main effects on
lymphocytes

Probably low

Natalizumab Prevents entry of T cells and
others into the brain

Potential risk of PML11 Uncertain, probably none Probably low

Anti-CD20
monoclonal
antibodies

Binds CD20 resulting in B-cell
cytotoxicity

Potential increased risk of
URIse68; reactivation of chronic
hepatitis B

Uncertain; main effects on B
cells/de novo plasmablasts

Probably low

Alemtuzumab Depletes B and T cells by binding
to CD52

Reactivated herpes infection (HSV
and VZV)e72,e78; listeriae79; HPVe78

Uncertain Probably low except
during the first months
after infusione80

Abbreviations: ARDS = acute respiratory distress syndrome; COVID-19 = coronavirus 2019; DHODH = dihydroorotate dehydrogenase; DMT = disease-
modifying therapy; HPV = human papillomavirus; PML = progressivemultifocal leukoencephalopathy; URI = upper respiratory infection; VZV = varicella zoster
virus.
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Abstract
Objective
To test the hypothesis that antidrug antibodies (ADAs) against alemtuzumab could become
relevant after repeated treatments for some individuals, possibly explaining occasional treat-
ment resistance.

Methods
Recombinant alemtuzumab single-chain variable fragment antibody with a dual tandem
nanoluciferase reporter linker was made and used to detect binding ADAs. Alemtuzumab
immunoglobulin G Alexa Fluor 488 conjugate was used in a competitive binding cell-based
assay to detect neutralizing ADAs. The assays were used to retrospectively screen, blinded,
banked serum samples from people with MS (n = 32) who had received 3 or more cycles of
alemtuzumab. Lymphocyte depletion was measured between baseline and about 1 month
postinfusion.

Results
The number of individuals showing limited depletion of lymphocytes increased with the
number of treatment cycles. Lack of depletion was also a poor prognostic feature for future
disease activity. ADA responses were detected in 29/32 (90.6%) individuals. Neutralizing
antibodies occurred before the development of limited depletion in 6/7 individuals (18.8% of
the whole sample). Preinfusion, ADA levels predicted limited, postinfusion lymphocyte
depletion.

Conclusions
Although ADAs to alemtuzumab have been portrayed as being of no clinical significance,
alemtuzumab-specific antibodies appear to be clinically relevant for some individuals, although
causation remains to be established. Monitoring of lymphocyte depletion and the antidrug
response may be of practical value in patients requiring additional cycles of alemtuzumab. ADA
detection may help to inform on retreatment or switching to another treatment.
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MS is an immune-mediated, demyelinating disease of the
CNS. Memory T and B lymphocytes are key in the patho-
physiology of MS, and these cell types are targeted by an
increasing number of disease-modifying treatments (DMTs)
capable of inhibiting relapsing MS. These DMTs are admin-
istered continuously or given as a pulsed immune re-
constitution therapy to produce long-term disease inhibition.1

Alemtuzumab was the first biological immune reconstitution
therapy licensed for the treatment of people with MS
(PwMS).1,2 This depletes lymphocytes in vivo and in vitro by
a number of mechanisms, including complement fixation and
antibody-dependent cellular cytotoxicity,1,2 and has been
shown to be highly efficacious in suppressing relapses in
PwMS (Comparison of Alemtuzumab and Rebif Efficacy in
Multiple Sclerosis Study One and Two [CARE MS I and
II]).3,4 However, a small number of people appear to be un-
responsive to alemtuzumab and continue to experience clin-
ical relapses despite treatment.5

Although alemtuzumab was the first humanized mono-
clonal antibody engineered with the aim of reducing im-
munogenicity to the founding rodent molecule,6

surprisingly, it is one of the most immunogenic therapeutic
proteins7,8 generating antidrug antibodies (ADAs), which
may be either binding or neutralizing.8 Yet, these have
been reported to be of minimal clinical significance.9–11

Indeed, the dosing schedule of alemtuzumab9–12 avoids
issues of ADA, which occur with high frequency (;85%)
within 2 years of treatment.13–15 Using the currently rec-
ommended treatment schedule, the infusion cycle ends
before primary and secondary antibody responses will be
generated, and the recommended interval of at least 12
months between treatment cycles allows ADA levels to
subside.7,13 Neutralizing ADAs were not mentioned in the
pivotal trial reports.10–12 These only occurred in 0.6% of
PwMS before the second infusion cycle,7 so would be in-
frequently problematic within the original 2-year treat-
ment cohort.1,10,11 However, as additional treatment
cycles were shown to be efficacious in people not ade-
quately responding to 2 cycles,3,4,15 the European Medi-
cines Agency supported the use of third and fourth
treatment cycles in 2017. However, predose binding and
neutralizing ADA become far more prevalent following the
second treatment cycle (75% and 31% at 24 months, re-
spectively), a factor which may limit the biological and
clinical efficacy of the subsequent treatment cycles.7,8 In
this study, we investigated the hypothesis that ADAs be-
come increasingly problematic after successive cycles of
alemtuzumab treatment and that the ADA levels may be
associated with diminished treatment effectiveness.

Methods
ADA assays
To monitor PwMS in our care, we developed an in-house
luminescence-based, antiglobulin detection assays for
binding anti–alemtuzumab-specific antibodies.16 In brief,
a recombinant single-chain variable fragment based on
alemtuzumab variable heavy and light chains was engi-
neered as a fusion protein with 2 nanoluciferase reporter
domains (GloBody). In the presence of ADAs, GloBody-
ADA complexes form which are captured on immobilized
protein-G and the retained luciferase activity measured.16 In
addition, competitive binding of Alexa Fluor 488–labeled
alemtuzumab to adherent human CD52-expressing Chinese
hamster ovary cells, coupled with serial dilutions of serum,
was used as a neutralizing assay.17 Detailed methodology
has been reported previously.16,17

Ethical approval
Samples were collected with informed consent and ethical
approval (Research Ethics Committee approval references:
19/WA/0058 and 05/WSE01/11).

Alemtuzumab treatment
People received 5 daily 12 mg infusions at baseline and 3
daily 12 mg infusions where administered 12 months
later11. Following disease activity (typically ≥1 relapse and/
or ≥2 unique lesions defined as either new/enlarging T2
hyperintense and/or gadolinium-enhancing brain and/or
spinal cord lesions via MRI), additional cycles of 3 daily
12 mg infusions could be administered at least 12 months
apart.3,4

Samples
The assays were applied to bioarchived serum samples
from 32 PwMS who had all received 3 or more cycles of
alemtuzumab.5 Samples were obtained from the Welsh
Neuroscience Research Tissue Bank (WNRTB) and had
been donated as part of a long-running population study of
MS, which has previously been described.18 Analysis of
ADA was performed blinded to clinical and laboratory data
from the WNRTB. Individuals had received 3 (n = 24), 4
(n = 3), 5 (n = 4), or 6 (n = 1) cycles of alemtuzumab.
Absolute lymphocyte counts, taken from routine labora-
tory reports where available, from time points immediately
before, and 1–2 month after each infusion, were used to
calculate relative depletion rates. Apparent lymphocyte
depletion was defined as ≥ 35% reduction in
absolute lymphocyte count pre- to postinfusion and/or
depletion below the lower limit of normal.

Glossary
ADA = antidrug antibody; DMT = disease-modifying treatment; EDSS = Expanded Disability Status Scale; PwMS = people
with MS; WNRTB = Welsh Neuroscience Research Tissue Bank.
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Statistical analysis
Statistical analysis was performed using the t test/Mann-
Whitney U tests using Sigmaplot Software (Systat, San
Jose, CA).

Data sharing
Anonymous data are available on request.

Results
Cohort characteristics
At the time of sample requisition from the WNRTB, 137
people had received alemtuzumab within the South Wales
cohort. In total, 40 people had received 3 or more treatment
cycles of alemtuzumab. The rates of receiving a third (or
subsequent treatment) in this cohort was 49% (39/80) of
people followed up to 5 years and 50% (15/30) of people
followed up to 10 years. Archived blood samples were avail-
able from 32 of the total 40 individuals who had ever received
a third cycle of treatment. The 32 people who had donated
blood samples were 28 female (88%) and had a mean age at
MS onset of 29 years (range 10–44 years). All PwMS received
alemtuzumab as first-line treatment; the first cycle was ad-
ministered after a mean duration of 4.5 years (range 0.6–17
years) from symptom onset.

Individuals do not deplete lymphocytes on
repeated infusion of alemtuzumab
Lymphocyte depletion data were available for 32 of 32 (cycle
1), 32 of 32 (cycle 2), and 31 of 32 (cycle 3). At the population
level, lymphocyte depletion was marked and significant (p <
0.001) compared with precycle treatment levels for cycle 1 to
cycle 3 (figure 1). However, at an individual level, 31 of 32
people (97%) showed apparent lymphocyte depletion follow-
ing cycle 1, 30 of 32 (94%) after cycle 2, and 27 of 31 (87%)
after cycle 3 in PwMS (figure 1). Of the 4 people who did not

show apparent lymphocyte depletion after cycle 3, 2 had pre-
viously shown limited depletion after cycle 2. Lymphocyte
subset analysis was not available. Although it is recognized that
these counts will reflect a composite of depleted and repopu-
lating cells,7 whose composition may change due to the dif-
ferent reconstitution kinetics of distinct lymphocyte subsets,7

relative lack of depletion may be an indicator for the lack of
efficacy of alemtuzumab due to antibody neutralization.

ADA responses occur with high frequency
Baseline serum samples were available for 17/32 PwMS.
Using a binding ADA assay,16 low titers 751 ± 1,399 Lux were
evident in subjects before the first infusion (figure 2). How-
ever, 29/32 (90.6%) people generated binding ADA with
a titer > 2 SDs above the baseline mean (>3,549 Lux) during
their subsequent follow-up (figure 2). Some people demon-
strated very high ADA titers (mean 1,288,805 ± 2,773,146
Lux with a range 1,296–9,965,386 Lux) following alemtuzu-
mab treatment (figures 2 and 4). A standard monoclonal anti-
alemtuzumab immunoglobulin G (Bio-Rad HCA-199) spiked
into control serum at;50 μg/mL generated a signal of 21,159
± 6,468 Lux. The maximum blood concentration range of
alemtuzumab immediately after the third infusion is 2.3 ±
0.8 μg/mL14; ADA values in the range of the spiked standard
would be theoretically at least 16-fold molar excess of the
circulating levels of the drug.

Relationship between lymphocyte depletion,
ADAs, and treatment response
ADAs were clearly present in 6/7 individuals before poor
depletion occurred. Binding ADA titers were boosted with
each cycle of treatment, and the binding ADA became per-
sistent in some individuals (figure 3, A–D). This was associ-
ated with increasing levels of antibody neutralization (figure 3,
A–D). One individual appeared to demonstrate
limited lymphocyte depletion despite an absence of neutral-
izing ADA (figure 3E). However, in this case, month 1

Figure 1 Lymphocyte depletion following alemtuzumab treatment

PwMS received 3 cycles (n = 31). Few of these individuals
received 4 cycles (n = 7) of alemtuzumab. The figures rep-
resent the mean and SD of absolute peripheral blood lym-
phocyte count and the individual levels before and after
treatment for each treatment cycle. Those with depletion
that perhaps suggests atypical/insufficient (low change or
absolute depletion level above the lower limit of normal)
depletion (red) compared with those depleting (gray) are
indicated. In some individuals (black filled star), postdose
blood counts were more than 2 months from infusion. Sta-
tistical analysis was performed using the t test/Mann-Whit-
ney U tests. PwMS = people with MS.
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postinfusion lymphocyte data were unavailable. Lymphocyte
levels were first measured more than 2.5 months postinfusion,
so we cannot exclude the possibility that depletion, followed by
rapid repletion, occurred within this time window. Six of 7
individuals who depleted poorly exhibited disease activity within
2 years of infusion. In contrast, it was evident that only 13/28
PwMS with apparent lymphocyte depletion demonstrated dis-
ease activity after 3 cycles, with 14/16 people without disease
activity having >5 years of follow-up. People receiving 4 cycles
(figure 3 n = 7/7) of alemtuzumab subsequently exhibited
disease activity in this cohort. This study was not designed to
monitor the clinical significance of antibody neutralization.
However, when comparing baseline and 5-year Expanded Dis-
ability Status Scale (EDSS) scores, those who neutralized the
alemtuzumab response after 3 cycles of treatment showed
a median 1.0 point EDSS worsening (range 0.5–2.0, n = 5),
whereas those who did not develop neutralizing antibodies
showed a median improvement of 0.5 EDSS points (range −2.0
to 2.5, n = 26). This may suggest that antibody neutralization
has clinical significance, but further studies are warranted.

Predose ADA responses may detect
subsequent lymphocyte depletion responses
As it is known that most people generate ADA that wanes over
time (figure 3, B–D),7,8,14 precycle ADA levels and the
subsequent lymphocyte depletion level will be most informative
on the significance of ADA.7,8 However, only 23 serum samples
from 19 different individuals with lymphocyte depletion data
were taken less than 2 months before infusion. This included 5
predose samples from poor-depleting individuals whose ADA
titers were 2.7 × 104, 2.8 × 104, 8.9 × 104, 1.2 × 105, and 1.0 × 106

Lux units (figure 3). Many people who depleted lymphocytes
exhibited low-titer (below 1.5 × 103 Lux units) antibody

responses (figure 4A); however, there were individuals who had
relatively high titers (5.8 × 104 and 1.1 × 105 Lux units) of
binding ADA but exhibited notable depletion (1.4–0.2, 1.8 to
0.4 cells 109/L. Figure 4A) and did not relapse for at least 4 and
7 years after infusion. However, these individuals did not exhibit
neutralizing potential (figure 4, B and C). Therefore, binding
(<15,000 Lux) and neutralizing (≥10 titer for virtually complete
neutralization) titers perhaps could be adopted to suggest poor
depleters and depleters (figure 4A). It remains to be established
whether this can be applied prospectively, but the data suggest
that it is possible that predose ADA titer limits may be set that
can exclude potential futile treatments.

Discussion
Alemtuzumab is a potent immune reconstitution therapy;
however, up to 40%–50% of people receiving alemtuzumab for
MS require 3 or more cycles of treatment.5,15 Third and sub-
sequent cycles are often followed by a sustained remission of
disease activity,4,15 but cases are recognized to occur where
people are unresponsive to alemtuzumab and continue to ex-
perience clinical relapses despite treatment. During the clinical
development of alemtuzumab, the effect of neutralizing anti-
bodies was not mentioned, and ADAs have been repeatedly
portrayed as being clinically insignificant.11,12,19

However, our study suggests that some people develop persistent
neutralizing antibody responses to alemtuzumab and that this is
associated with limited lymphocyte depletion and disease activity.
Although it is not possible to prove cause and effect, it seems likely
that high-titer neutralizing responses would blunt or inhibit
the lymphocyte depletion response. In this study, 6/32 (18.8%)
developed high titers of both binding and neutralizing ADAs and
showed subsequent evidence of relative lack of lymphocyte de-
pletion. This is aligned with other reports in the literature of
disease activity requiring further infusions associated with lack
of lymphocyte depletion, which prompts switching to another
DMT.20 However, there are alternative explanations to ex-
plain poor depletion and disease breakthrough, such as alemtu-
zumab treatment leading to the emergence of CD52-
negative lymphocytes.21,22 This may have contributed to poor
depletion despite limited ADA response in 1 individual. Fur-
thermore, pharmacogenomics, such as Fc receptor genetic var-
iants, linking to antibody-dependent cellular cytotoxicity,may also
be relevant, particularly if antibody titers become limiting.1,23–25

Although the precise molecular mechanisms that cause the
formation of ADA remain to be defined, it is evident that the
majority of people produce CD52-specific ADA following
alemtuzumab infusion.7,13 This probably relates to a number
of factors that include the dose, dosing schedule, biology of
alemtuzumab, CD52 expression profile, and the repopulation
kinetics of ADA forming cells and CD52-expressing regula-
tory subsets.26 These ADAs are boosted with an increasing
number of infusions such that they become relatively persis-
tent in some individuals.7,13 Further prospectively collected

Figure 2 High-titer ADAs develop in most people following
alemtuzumab treatment

Alemtuzumab GloBody was used to detect binding ADA in sera from PwMS
who had received alemtuzumab. The results show individual baseline
responses before the initial infusion (blue; n = 17), the response to a 50 μg/
mL alemtuzumab ADA monoclonal antibody standard (Bio-Rad HCA-199,
green; n = 32), and the highest titer for each individual (red; n = 32) in any of
4–6 samples/individual banked during treatment. The mean ± SD group
scores are shown. ADA = antidrug antibody; PwMS = people with MS.
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Figure 3 Alemtuzumab neutralizing responses appear before PwMS apparently fail to deplete lymphocytes

The (A.a–E.a) binding and (A.b–E.b) neutralizing responses of 5 individuals treated with alemtuzumab. (A.a–E.a) The results show the time of the beginning of
each alemtuzumab infusion cycle, the absolute lymphocyte numbers, and the binding ADA titer or the neutralizing responses. (A.a–E.a) Lower limit of normal
of lymphocyte number (dashed line). In (A.b–E.b), samples 1–6 or 1–4 are from the same individual at sequential time points during follow-up. Year 0 indicates
1 January of the year of the initial dosing and the time of treatments and sampling during the year are indicated. ADA = antidrug antibody; PwMS = peoplewith
MS.
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data may help to validate and extend our findings and identify
the important perturbations of the immune networks that
facilitate ADA formation.7 Importantly, reevaluation of sam-
ples and data fromCARE-MS and their extension studies,7,8,19

which contains immunophenotyping and ADA data,7 may
provide further valuable insights into the relationship between
both binding and neutralizing (inhibitory) antibody titers and
the associated laboratory/clinical data. This may be particu-
larly enhanced if events within lymphoid tissues can be also
monitored, as they are the probably the source of ADA-
forming cells and are likely to deplete and repopulate differ-
ently to the peripheral blood.27,28 Previous reports of a lack of
association between ADA and lymphocyte depletion at the
population level10,12,15 are misleading because population
analyses are insensitive to low frequency events, as demon-
strated here. The influence of neutralizing ADAs alone has yet
to be reported from the pivotal trial extension data, but people

with the highest quartile of predose ADA producers deplete
their lymphocytes postdose less efficiently than people in the
lower 75% percentile,19 and suggests that analysis of the
neutralizing response may be informative for treatment re-
sponse in some individuals. Therefore, the neutralizing ADA
data from the pivotal trial extension studies should be
reported. Future work may also further define levels of ADAs
that are predictive of disease activity.

The lack of general awareness of the potential of alemtuzumab
to induce neutralizing antibodies, coupled with the sugges-
tion that disease activity is not related to lymphocyte levels,29

may contribute to viewing lymphocyte depletion data as being
unimportant. However, a failure of lymphocyte depletion is
likely to imply that alemtuzumab is less effective. Once an
individual failed to deplete, this was often seen in subsequent
treatment cycles. Although it will be the case that only a small

Figure 4 Alemtuzumab binding and neutralizing responses in people treated with alemtuzumab to predict treatment
response

Alemtuzumab GloBody and alemtuzumab Alexa Fluor 488 conjugates were used to detect (A) a combination of binding and neutralizing ADA or (B–D)
neutralizing ADA in sera from PwMS who had received alemtuzumab. (A) The binding ADA response in individual samples taken within 2 months before
infusion and the level of lymphocyte depletion within 2 months postinfusion compared with the preinfusion level from cycles 1–4. The neutralizing response
was tested in individuals with a binding ADA level <15,000 lux (green) and >15,000 lux (red and blue). Those with a titer above a 1:10 serum dilution that
essentially completely neutralized the alemtuzumab Alexa Fluor 488 binding response are indicated (red). Poor depleters were classified, before analysis, as
those exhibiting less than a 0.4 × 109 cells/L depletion. Individuals with high-titer binding ADA who depleted peripheral blood lymphocytes (blue) were found
(B and C) to lack notable neutralizing ADA responses, seen in individuals exhibiting poor depletion (red. 4D). ADA = antidrug antibody; PwMS=peoplewithMS.
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subset of lymphocytes will be clinically important and these will
not be accurately monitored by simply measuring lymphocyte
numbers, a lack of absolute lymphocyte depletion should
prompt extra vigilance.

Our study provides important preliminary data that pre-
infusion binding ADA titers >15,000 and/or complete neu-
tralization at >10 fold dilution may be associated with poor
postinfusion lymphocyte depletion. Furthermore, this appears to
be a predictor for future disease activity and the need for further
alemtuzumab infusions. Therefore, monitoring ADA before the
second or subsequent infusion cycles may be valuable in guiding
treatment decisions. The ADA detection technology used here
could also be applied to other monoclonal antibody treatments
to inform whether to retreat or to switch therapy. Identifying
people who are at risk of ineffective treatment responses might
save them from undergoing an expensive and futile treatment
and ensure cost-effective use of alemtuzumab.
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Abstract
Objective
To evaluate the value of serum immunoglobulin G (IgG) and immunoglobulin M (IgM)
antibodies reactive with phosphatidylcholine (PC) and lactosylceramide (LC) as biomarkers
in MS.

Methods
We developed an ultrasensitive ELISA technique to analyze serum IgG and IgM antibodies to
LC and PC, which we used to analyze samples from 362 patients withMS, 10 patients with non-
MS myelin diseases (Non-MSMYDs), 11 patients with nonmyelin neurologic diseases (Non-
MYNDs), and 80 controls. MS serum samples included clinically isolated syndrome (CIS,
n = 17), relapsing-remitting MS (RRMS, n = 62), secondary progressive MS (SPMS, n = 50),
primary progressive MS (PPMS, n = 37), and benign MS (BENMS, n = 36).

Results
We detected higher levels of serum IgM antibodies to PC (IgM-PC) in MS than control
samples; patients with CIS and RRMS showed higher IgM-PC levels than patients with SPMS,
PPMS, and BENMS and controls. MS and control samples did not differ in serum levels of IgM
antibodies reactive with LC, nor in IgG antibodies reactive with LC or PC.

Conclusions
Serum IgM-PC antibodies are elevated in patients with MS, particularly during the CIS and
RRMS phases of the disease. Thus, serum IgM-PC is a candidate biomarker for early in-
flammatory stages of MS.

Classification of evidence
This study provides Class III evidence that serum antibodies to PC are elevated in patients with
MS. The study is rated Class III because of the case control design and the risk of spectrum bias:
antibody levels in patients with MS were compared with healthy controls.
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L.), Hospital Cĺınico San Carlos, Madrid, Spain; and The Broad Institute of Harvard and MIT (F.J.Q.), Cambridge, MA.

Go to Neurology.org/NN for full disclosures. Funding information is provided at the end of the article.

The Article Processing Charge was funded by the NIH.

This is an open access article distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivatives License 4.0 (CC BY-NC-ND), which permits downloading
and sharing the work provided it is properly cited. The work cannot be changed in any way or used commercially without permission from the journal.

Copyright © 2020 The Author(s). Published by Wolters Kluwer Health, Inc. on behalf of the American Academy of Neurology. 1

http://dx.doi.org/10.1212/NXI.0000000000000765
mailto:mariacruz.sadabaargaiz@ceu.es
mailto:fquintana@rics.bwh.harvard.edu
http://NPub.org/coe
https://nn.neurology.org/content/7/4/e765/tab-article-info
http://creativecommons.org/licenses/by-nc-nd/4.0/


The high prevalence of immunoglobulin G (IgG) and im-
munoglobulin M (IgM) oligoclonal bands in the CSF has
guided multiple studies focused on the identification of an-
tibody targets in MS.1,2 Lipids are a major component of
myelin, the main target of the autoimmune response in MS.3

New antigen microarray techniques have allowed the de-
tection of lipid-reactive antibodies in the CSF of patients
with MS.4,5 Indeed, IgG antibodies to sulfatide, ganglioside
GM4, and galactocerebroside6–9 worsen disease pathogen-
esis in MS experimental models.4 In addition, patients with
MS harboring CSF IgM reactive with phosphatidylcholine
(PC) develop a more severe disease course.6,7,10–12 More-
over, serum IgG antibodies to lactosylceramide (LC) are
associated with cerebral tissue damage in patients with MS.13

These data suggest that lipid-reactive antibodies may con-
tribute to disease pathogenesis and constitute useful as
biomarkers in MS.

In this study, we evaluated the potential of lipid-reactive
antibodies as biomarkers in MS. We detected increased levels
of serum IgM antibodies to PC (IgM-PC) in patients with
MS. In contrast, we did not detect differences in serum IgG
antibodies to PC (IgG-PC), nor IgM or IgG to LC (IgM-LC
and IgG-LC, respectively) between MS and controls. Thus,
serum IgM-PC is a candidate biomarker for MS.

Methods
Study design
We developed an ELISA technique to study IgG and IgM
antibodies reactive with LC and PC in patients with MS. This
Class III retrospective cohort control study included indi-
viduals from different cohorts (United States and Spain).
The study included a narrow spectrum of persons with MS,
non-MS myelin diseases (Non-MSMYDs) and nonmyelin
neurologic diseases (Non-MYNDs) with a retrospective
longitudinal follow-up, and without neurologic disease
(controls). The MS patient and control samples analyzed are
described in table 1. The samples were analyzed by ELISA by
an investigator blinded to disease status; the diagnostic test
results and disease status were determined by different team
members. Clinical information was provided from a clinical
database of the different patients with associated biobanks
(blood and CSF samples).

Patients
Samples were obtained from the Comprehensive Longitu-
dinal Investigation of Multiple Sclerosis (CLIMB, Boston,

MA) and EPIC (San Francisco, CA), as part of the SUMMIT
consortium14,15; from the Servicio de Neurologia Hospital Vir-
gen del Rocio (Sevilla, Spain); from the Servicio de Inmunoloǵıa
del Hospital Cĺınico San Carlos (Madrid, Spain); and from the
Servicio de Neuroloǵıa del Hospital Universitario Quirónsalud
(Madrid, Spain). The classification and clinical data of all sam-
ples analyzed are summarized in table 1.

Peripheral blood samples from patients with MS (362),
patients with Non-MSMYD (10), patients with Non-MYND
(11), and from 80 individuals without neurologic diseases
(control group) were collected. Patients were free of relapses
at the time of blood sample collection. Sera samples were
aliquoted and stored at −80°C until analyzed.

ELISA assay
To detect IgG and IgM antibodies reactive with LC
(Matreya, State College, PA) and PC (Sigma-Aldrich, St.
Louis, MO), 96-well plates were first coated with LC diluted
in dimethyl sulfoxide and PC diluted in methanol at 10 μg/
mL. After washing 3 times with phosphate-buffered saline,
the wells were treated with blocking solution. Serum sam-
ples were diluted (1/50, 1/100, 1/200) in blocking solution
and pipetted into the wells because we obtained the higher
signal and a lower background. IgG or IgM antibodies were
detected with anti-human IgG biotin and anti-human IgM
biotin, respectively (Jackson ImmunoResearch, West
Grove, PA), followed by avidin–horse peroxidase (Sigma-
Aldrich). Finally, we used TMB-one (Kementec, Taastrup,
Denmark) as substrate. Plates were read at 450 nm using an
Infinite 200 PRO spectrophotometer (Tecan instrument,
Zürich, Switzerland). We classified a serum as positive when
the optic density was higher than mean ± 2 × SEM of the
control group.

Statistics
Statistical analyzes were performed with GraphPad Prism
(version 6.0) and IBM SPSS 24 statistical packages.
p Values <0.05 were considered statistically significant. We
used the Mann-Whitney U test for comparisons between
2 groups and the Kruskal-Wallis test for multiple group
comparisons. To analyze the fraction of individuals har-
boring lipid-reactive antibodies, we used the Fisher test
for comparisons between MS and control group and
the Pearson χ2 test for comparisons among different
MS types. OR and 95% CI were used to estimate the as-
sociation between the presence of antibodies and the
disease.

Glossary
BCR = B-cell receptor; BENMS = benign MS; CIS = clinically isolated syndrome; IgG = immunoglobulin G; IgG-PC = IgG to
PC; IgG-LC = IgG to LC; IgM = immunoglobulin M; IgM-LC = IgM to LC; IgM-PC = IgM to PC; LC = lactosylceramide;
Non-MSMYD = non-MS myelin disease; Non-MYND = nonmyelin neurologic disease; PC = phosphatidylcholine; PPMS =
primary progressive MS; RRMS = relapsing-remitting MS; SPMS = secondary progressive MS.
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Standard protocol approvals, registrations,
and patient consents
The study was approved by the Bioethics Committees of the
participant hospitals. All the participants gave verbal and
written informed consent for sample collection.

Data availability
The corresponding authors will provide anonymized
data of this study on reasonable request from any

qualified investigator, following relevant data protection
regulations.

Results
Increased serum IgM antibodies to PC in MS
We first analyzed serum IgG and IgM antibodies to PC and
LC in patients with MS and controls. We detected higher IgM

Table 1 Demographic and clinical data from patients with MS, Non-MSMYD, and Non-MYND and control group

Figure Cohorts Females Age Disease duration EDSS score Treatment

1, 2 Controls (80) 0 (0%)

United States (60) 47 (78.3%) 44 (25–63)

Spanish (20) 17 (85%) 58 (28–88)

MS (362) 246 (70.7%) 48 (19–92) 13 (0–57) 3.0 (0–9) 120 (33%)

United States (235) 173 (73.6%) 47 (19–92) 13 (0–51) 2.2 (0–9) 113 (48%)

Spanish (127) 73 (57.5%) 49 (19–77) 15 (2–57) 4.4 (0–9) 7 (6%)

3, 4 CIS (17) 10 (58.8%) 44 (19–76) 10 (2–36) 1.9 (0–6) 0 (0%)

RR (63) 43 (70.5%) 49 (23–92) 15 (2–56) 2.0 (0–7) 4 (6%)

SP (50) 31 (62.0%) 59 (37–79) 22 (8–57) 6.4 (3–9) 7 (14%)

PP (37) 18 (48.6%) 54 (31–75) 12 (4–27) 6.0 (2–9) 0 (0%)

Benign (36) 20 (55.6%) 48 (34–61) 22 (4–42) 2.7 (0–8) 6 (17%)

Control (80) 64 (80%) 48 (25–88) 0 (0%)

5 Non-MSMYD (10) 4 (40%) 41 (25–59)

Myelitis (4)

Polyneuropathy (2)

Optic neuritis (2)

Autoimmune myelopathy (1)

Secondary myelopathy to tumor (1)

5 Non-MYND (11) 8 (72.7%) 38 (2–78)

Intracranial hypertension (2)

Lymphocytic meningitis (1)

Schizophrenia (1)

Cerebellar syndrome (1)

Non-Hodgkin lymphoma (1)

Ataxia telangiectasia (1)

Cephalea (2)

ELA (1)

Meningoencephalitis (1)

Abbreviations: CIS = clinically isolated syndrome; EDSS = ExpandedDisability Status Scale; IFN = interferon;Non-MSMYD=non-MSmyelin disease; Non-MNYD
= nonmyelin neurologic disease; PP = primary progressive; RR = relapsing-remitting; SP = secondary progressive.
Females: number of cases analyzed and the percentage in the group. Age, disease duration, and EDSS score: mean (minimum and maximum). Treatment:
number and percentage of treated patients. Patients in figure 1 were treated with IFN-beta (84), glatiramer acetate (24), and natalizumab (6). Treatment used
for the RR patients was IFN (5); SP patients were treated with IFN (1), glatiramer acetate (3), and natalizumab (3), and benign patients were treated with IFN (3)
and natalizumab (3). PP patients were not treated.
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reactivity against PC (IgM-PC) in MS serum samples (95%
CI 0.03–0.15; 95% CI 0.04–0.17; United States and Spain
cohorts, respectively) (figure 1A). Serum IgM-PC levels were
not related to sex, age, or disease duration (table e-1, links.
lww.com/NXI/A265). In a preliminary study, we detected
lower serum IgM-PC levels in patients with MS treated with
natalizumab than in those untreated (data not shown). We
did not detect significant differences in serum IgM to LC
(IgM-LC) nor in IgG reactivity to PC (IgG-PC) or LC (IgG-
LC) between patients with MS and controls (figure 1B and
not shown).

IgM-PC antibodies are associated with disease
course and subtype
We then analyzed serum IgM-PC levels at different MS
phases. We detected higher serum IgM-PC levels in clini-
cally isolated syndrome (CIS) (95% CI 0.17–0.31; 95% CI
0.12–0.29), relapsing-remitting MS (RRMS) (95% CI
0.16–0.25; 95% CI 0.10–0.23), secondary progressive MS
(SPMS) (95% CI 0.09–0.22; 95% CI 0.03–0.20), and pri-
mary progressive MS (PPMS) (95% CI 0.00–0.06; 95% CI
0.04–0.14) samples compared with benign MS (BENMS)
or controls, respectively (figure 2A). Moreover, we detec-
ted higher serum IgM-PC antibody levels in CIS (95% CI
−0.02 to 0.19; 95% CI 0.04–0.19) and RRMS (95% CI
−0.01 to 0.10; 95% CI 0.02–0.13) samples than in SPMS or
PPMS samples; controls harbored higher serum IgM-PC
levels than BENMS (95% CI 0.00–0.07). We did not ob-
serve differences in IgM-PC serum antibodies between CIS
and RRMS samples, nor between SPMS and PPMS sam-
ples. We detected increased IgM-PC levels (above per-
centile 50) in 23% of control, 89% of CIS, 87% of RRMS,
48% of SPMS, 59% of PPMS, and 8% of BENMS samples.
We did not detect differences in IgM-LC levels when

we analyzed samples taken from different MS subtypes
(figure 2B).

To further investigate the value of IgM-PC antibodies as
biomarkers, we analyzed the fraction of IgM-PC positive
samples, which was higher in the MS group than in con-
trols (OR 4.66; 95% CI 2.40–9.07) (table 2). The fraction
of IgM-PC positive samples was higher in the CIS (OR
22.50; 95% CI 4.53–111.90), RRMS (OR 24.00; 95% CI
8.78–65.63), SPMS (OR 4.14; 95% CI 1.78–9.62), and
PPMS (OR 4.40; 95% CI 1.77–10.91) groups than in
controls. We also observed significant differences between
CIS (OR 60.00; 95% CI 9.87–364.90), RRMS (OR 64.00;
95% CI 17.38–235.60), SPMS (OR 11.05; 95% CI
1.39–36.02), or PPMS (OR 11.73; 95% CI 3.43–40.13)
and BENMS. CIS (OR 5.43; 95% CI 1.12–26.34) and
RRMS (OR 5.79; 95% CI 2.20–15.22) showed the highest
fraction of IgM-PC compared with SPMS. We also
detected significant differences in the frequency of IgM-
PC positive serums between CIS (OR 5.11; 95% CI
1.02–25.72) or RRMS (OR 5.45; 95% CI 1.95–15.19) and
PPMS (figure 3).

IgM-PC antibodies in other neurologic diseases
Finally, we analyzed serum IgM-PC levels in samples from
patients affected by other neurologic diseases. Patients with
MS exhibited higher IgM-PC levels compared with the Non-
MSMYD group (95% CI 0.02–0.23); these differences were
larger compared with CIS samples (95% CI 0.09–0.34);
similar IgM-PC levels were detected between MS or CIS
samples and Non-MNYD (figure 4A).

We detected IgM-PC (above percentile 50) in 30% of Non-
MSMYD and 63.7% Non-MNYD samples. In addition, we

Figure 1 Serum IgM-PC and IgM-LC in patients with MS and controls

(A) Serum IgM-PC controls. Boxes represent the median of OD ± percentiles 25–75, and whiskers include 100% of the patients. Percentile 25 = 0.0559.
Percentile 75 = 0.2416. (B) Serum IgM-LC. Boxes represent the median of OD ± percentiles 25–75, and whiskers include 100% of the patients. Percentile 25 =
0.0559. Percentile 75 = 0.2416. TheMann-WhitneyU test was used to compare different groups. C = control group; IgM-LC = IgM to lactosylceramide; IgM-PC =
IgM to phosphatidylcholine; NS = nonsignificant; OD = optic density.
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also detected significant differences in the fraction of IgM-
PC–positive MS (OR 5.179; 95% CI 1.40–19.18) or CIS (OR
25.00; 95% CI 3.52–177.60) and Non-MSMYD samples
(figure 4B).

Discussion
In this work, we report the detection by ELISA of IgM serum
antibodies reactive with PC in patients with MS. Microarray-
based assays detected lipid-reactive serum antibodies in
patients with MS, potentially associated with different disease
processes.13 Serum antibodies to gangliosides have been de-
scribed in 13–50% of patients with MS and about 40% of
patients affected by other autoimmune diseases.16 IgM anti-
bodies reactive with cholesterol have also been detected in
patients with MS, but their roles as biomarkers were not in-
vestigated.17 Our study differs from these reports in that we
analyzed serum antibody reactivity directed against antigens
different from those previously investigated; in particular, we
focused on IgM serum antibodies reactive with PC detected
by ELISA. In addition, we analyzed different disease stages
and found that most of the patients in the first relapse or
during the relapsing-remitting phase present IgM-PC.

Technical problems related to antigen solubility, accessibility of
reactive groups, and the requirement of auxiliary lipids are
linked to the detection of lipid-reactive antibodies.17,18 More-
over, the detection of IgG oligoclonal bands is cumbersome,
among other reasons because it requires CSF collection, and
the sensitivity achieved varies between laboratories, ranging
from 91% to 69%.19 We detected increased serum IgM-PC in
most MS patient samples, with a sensitivity comparable to that

Figure 2 IgM-PC and IgM-LC in different MS phases

(A) Serum IgM-PC. Boxes represent the median of OD ± percentiles 25–75, and whiskers include 100% of the patients. Percentile 25 = 0.0559. Percentile 75 =
0.2416. (B) Serum IgM-LC. Boxes represent themedianofOD±percentiles 25–75, andwhiskers include 100%of the patients. Percentile 25 = 0.0559. Percentile
75 = 0.2416. The Kruskal-Wallis test was used for multiple group comparisons, and when significances were detected, Mann-Whitney U test to compare 2
groups. BEN = benign; C = control group; CIS = clinically isolated syndrome; IgM-LC = IgM to lactosylceramide; IgM-PC = IgM to phosphatidylcholine; NS =
nonsignificant; PP = primary progressive; RR = relapsing-remitting; SP = secondary progressive.

Table 2 IgM-PC and IgM-LC in patients with MS, Non-
MSMYD, and Non-MYND and control group

IgM-PC IgM-LC IgM-LIP

CIS 15 (88.2%) 5 (29.4%) 16 (94.1%)

RR 55 (88.7%) 4 (6.5%) 55 (88.7%)

SP 29 (58.0%) 10 (20.0%) 29 (58.0%)

PP 22 (59.5%) 6 (16.2%) 23 (62.2%)

BEN 4 (11.1%) 3 (8.3%) 7 (19.4%)

Control 13 (25.0%) 7 (13.5%) 16 (30.8%)

Non-MSMYD 3 (30.0%)

Non-MYND 7 (63.6%)

Abbreviations: BEN = benign; CIS = clinically isolated syndrome; IgM-LC =
sera positive for IgM-LC; IgM-LIP = sera positive for IgM-PC or IgM-LC; IgM-PC
= sera positive for IgM-PC; LC = lactosylceramide; LIP = lipids; Non-MSMYD =
non-MS myelin disease; Non-MYND = nonmyelin neurologic disease; PC =
phosphatidylcholine; PP = primary progressive; RR = relapsing-remitting; SP
= secondary progressive.
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of IgG oligoclonal bands. The ELISA assay described in our
article showed a sensitivity of 87.5% and a specificity of 77.2%.
Although we detected IgM-PC in some control group non-
myelin neurologic disease samples, these pathologies are not
usually mistaken forMS during the differential diagnosis. Thus,
the analysis of serum IgM-PC may complement other prog-
nostic markers such as CSF antibodies.12 Future studies should
analyze the relevance of IgM-PC for MS pathology and
diagnosis.

It should be kept in mind that other lipids may also be
relevant antibody targets in MS. Moreover, as we already
mentioned, we also detected serum IgM-PC in some control
and Non-MSMYD and Non-MYND samples. The detection

of IgM-PC in patients with MS and also in Non-MYND
samples suggests that IgM-PC antibodies are generated in
the context of CNS damage. Indeed, we did not detect a high
prevalence of IgM-LC antibodies, probably reflecting the
fact that PC, and not LC, is one of the main components of
myelin. These findings are in line with the generation of IgM
reactive with PC in response to its release from damaged
myelin. However, it is still unclear whether IgM-PC con-
tributes to disease pathology.

The presence of B cells in blood reactive with brain anti-
gens has been linked to disease relapses in MS.20 Con-
versely, B cell–targeting therapies are efficacious in the
management of MS.21 We detected higher serum IgM-PC

Figure 3 Percentage of positive IgM-PC serums in MS and control group

Bars represent the percentage of positives or
negatives in relation to the total number of
individuals analyzed in each group. Dot bars:
IgM-PC negative. Crossed bars: IgMP-PC positive.
The Pearson χ2 test was used for comparisons
among different MS types. BEN = benign; CIS =
clinically isolated syndrome; IgM-PC = IgM to
phosphatidylcholine; NS = nonsignificant; OD =
optic density; PP = primary progressive; RR = re-
lapsing-remitting; SP = secondary progressive.
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levels in patients with CIS and RRMS than patients with
SPMS and PPMS, suggesting that serum IgM-PC reflects
ongoing inflammation and myelin destruction driven by
peripheral immune cells. These data are in agreement
with a central role for CNS intrinsic mechanisms during
the progressive phase of MS.22,23 Indeed, we previously
reported that lipid-reactive IgM OCBs in CSF persist
during disease course,10 and we also detected IgM and IgG
antibodies deposited on axons and oligodendrocytes in MS
CNS samples,24 suggesting that these antibodies are pro-
duced locally within the CNS, probably in meningeal
follicle-like structures.25–28 Although pathogenic activities
have been assigned to some lipid-reactive antibodies,4 the
role of IgM-PC antibodies in MS pathogenesis is still un-
clear, and they may simply reflect the release of target lipids
as a result of myelin destruction.4,29–31

PC-reactive IgMs are part of the natural antibody repertoire,
which provides protection against multiple pathogens.32–34

Natural autoantibodies are produced in a T cell–independent
manner by B-1 cells35,36 and usually do not undergo isotype
switching to IgG.37 One mechanism thought to drive the
generation of natural antibodies is the ability of their target
antigens to trigger signaling via the B-cell receptor (BCR) as
well as additional stimulatory pathways in B cells.38 Because
PC is reported to modulate multiple aspects of B-cell
biology,39,40 it is possible that PC released from myelin in
the context of inflammation simultaneously activates PC-
reactive B-1 cells via the BCR and additional pathways to
expand preexisting natural antibody responses. Indeed, in-
creased serum levels of the myelin components GM1 and
GD1a are detected in patients with RRMS.41 Moreover, our
finding of increased serum IgM-PC suggests that B-1 cell
hyperactivity may also contribute to MS pathology,42 as

reported in other autoimmune diseases such as rheumatoid
arthritis and idiopathic thrombocytopenic purpura.43 Indeed,
the number of B-1 cells in the CSF is linked to poor prognosis
in patients with MS.12

In conclusion, our results identify IgM-PC antibodies as po-
tential biomarkers for MS. Future studies should extend these
observations to additional patient cohorts, analyze the effect of
disease-modifying therapies on serum concentration of IgM-
PC antibodies, and investigate the role of these immunoglo-
bulins in MS pathogenesis.
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Figure 4 IgM-PC in patients with MS, Non-MSMYD, and Non-MYND and control group

(A) Serum levels of IgM-PC in MS, clinically isolated syndrome, Non-MSMYDs, and Non-MYNDs. Boxes represent the median of OD ± percentiles 25–75, and
whiskers include 100% of the patients. Percentile 25 = 0.0559. Percentile 75 = 0.2416. (B) Percentage of positive IgM-PC serums in patients with MS, Non-
MSMYD, and Non-MYND. Bars represent the percentage of positives or negatives in relation to the total number of individuals analyzed in each group. Dot
bars: IgM-PC negative. Crossed bars: IgMP-C positive. The Fisher test was used for comparisons betweenMS or CIS groups and patients with other neurologic
diseases. CIS = clinically isolated syndrome; IgM-PC = IgM to phosphatidylcholine; Non-MSMYD = non-MSmyelin disease; Non-MYND = nonmyelin neurologic
disease; NS = nonsignificant; OD = optic density.
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Úrsula Muñoz,
PhD

Facultad de Medicina,
Instituto de Medicina
Molecular Aplicada
(INMA), Universidad San
Pablo-CEU, CEU
Universities, Madrid,
Spain

Provided unique reagents
and discussed and
interpreted findings

Cristina Sebal,
PhD

Facultad de Medicina,
Instituto de Medicina
Molecular Aplicada
(INMA), Universidad San
Pablo-CEU, CEU
Universities, Madrid,
Spain

Performed experiments

Esther
Escudero, PhD

Facultad de Medicina,
Instituto de Medicina
Molecular Aplicada
(INMA), Universidad San
Pablo-CEU, CEU
Universities, Madrid,
Spain

Provided unique reagents
and discussed and
interpreted findings

Pia Kivisäkk,
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San Carlos, Madrid, Spain

Provided unique reagents
and discussed and
interpreted findings

Rohit Bakshi,
MD

Ann Romney Center for
Neurologic Diseases,
Brigham and Women’s
Hospital, Harvard Medical
School, Boston, MA

Provided unique reagents
and discussed and
interpreted findings

Howard L.
Weiner, MD

Ann Romney Center for
Neurologic Diseases,
Brigham and Women’s
Hospital, Harvard Medical
School, Boston, MA

Provided unique reagents
and discussed and
interpreted findings

Francisco J.
Quintana,
PhD

Ann Romney Center for
Neurologic Diseases,
Brigham and Women’s
Hospital, Harvard Medical
School, Boston, MA; The
Broad Institute of Harvard
and MIT, Cambridge, MA

Provided unique
reagents, discussed and
interpreted findings, and
wrote the manuscript

8 Neurology: Neuroimmunology & Neuroinflammation | Volume 7, Number 4 | July 2020 Neurology.org/NN

https://nn.neurology.org/content/3/2/e200/tab-article-info
http://neurology.org/nn


20. Hohmann C, Milles B, Schinke M, et al. Categorization of multiple sclerosis relapse
subtypes by B cell profiling in the blood. Acta Neuropathol Commun 2014;2:138.

21. Sabatino JJ, Zamvil SS, Hauser SL. B-cell therapies in multiple sclerosis. Cold Spring
Harb Perspect Med 2019;9:a032037.

22. Thompson AJ, Baranzini SE, Geurts J, Hemmer B, Ciccarelli O. Multiple sclerosis.
Lancet 2018;391:1622–1636.

23. Baecher-Allan C, Kaskow BJ, Weiner HL. Multiple sclerosis: mechanisms and im-
munotherapy. Neuron 2018;97:742–768.
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Abstract
Objective
To determine serologic characteristics, frequency, phenotype, paraneoplastic associations, and
electrodiagnostic and histopathologic features accompanying contactin-1 autoimmunity.

Methods
Archived sera known to produce synaptic tissue-based immunofluorescence patterns were
reevaluated, and contactin-1 specificity was confirmed by recombinant protein assays.
Screening of 233 chronic/relapsing demyelinating neuropathies for additional cases was
performed.

Results
We identified 10 contactin-1 IgG seropositive cases. Frequency of contactin-1 immunoglobulin
(Ig) G among tested Mayo Clinic chronic/relapsing demyelinating neuropathies was 2%.
Sensory predominant presentations (n = 9, 90%), neuropathic pain (n = 6, 60%), and subacute
progression (n = 5, 50%) were commonly encountered among contactin-1 neuropathies. Two
patients had chronic immune sensory polyradiculopathy-like phenotype at presentation.
Electrodiagnostic studies were consistent with demyelination (slowed conduction velocities
and/or prolonged distal latencies) without conduction block. Markedly elevated CSF protein
(median 222 mg/dL, range 69–960 mg/dL), thickening/gadolinium enhancement of nerve
roots (4/5), and subperineural edema on nerve biopsy (4/4) were other characteristic features.
Three cases were diagnosed with paraneoplastic demyelinating neuropathies (thymoma, n = 1;
breast cancer, n = 1; plasmacytoma, n = 1). Four of the 9 patients treated with IV immuno-
globulin demonstrated initial clinical improvement, but the favorable response was sustained in
only 1 case (median follow-up, 60 months). Sustained clinical stabilization or improvement was
observed among 3 of the 6 cases in whom second-line therapies (rituximab, cyclophosphamide,
and azathioprine) were used.

Conclusion
Contactin-1 IgG has a distinct sensory predominant presentation commonly associated with
neuropathic pain, with demyelinating changes on electrophysiologic studies. A paraneoplastic
cause should be considered. Testing of contactin-1 IgG among cases with similar presentations
may guide immunotherapy selection, especially second-line immunotherapy consideration.
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A minority of chronic inflammatory demyelinating poly-
radiculoneuropathy (CIDP) cases have been demonstrated to
have antibodies targeting paranodal antigens such as
neurofascin-155 and contactin-1.1–5 Herein, we provide
a retrospective clinical review of 10 contactin-1 neuropathy
cases identified: (1) in the course of evaluation of consecu-
tively acquired specimens in the Neuroimmunology Labora-
tory, Mayo Clinic, and (2) by screening serums from a CIDP
cohort.

Methods
Standard protocol approvals, registrations,
and patient consents
The Mayo Clinic Institutional Review Board (#08–006647)
approved human specimen acquisition and chart retrospec-
tive review.

Study population and laboratory methods
As previously described,6 between January 1, 1993, and June
1, 2019, the Mayo Clinic Neuroimmunology Laboratory
tested 616,025 serum and CSF specimens submitted for
service testing for autoimmune neurologic disorders by tissue-
based indirect immunofluorescence assay (IFA). Of those,
368 samples (serum, n = 334; CSF, n = 34) produced diffuse
neural-restricted synaptic staining by IFA. From that speci-
men cohort, sera from 4 patients with available medical
records produced an identical unique staining pattern (sup-
plementary figure 1A, links.lww.com/NXI/A261). Contactin-
1 was determined to be the autoantigen (previously de-
scribed3) by immunoprecipitation and mass spectrometry
(supplementary methods, links.lww.com/NXI/A262). Anti-
gen specificity was confirmed by Western blot, cell-based
assays (transfected HEK293 cells; Euroimmun [supplemen-
tary figure 1B, links.lww.com/NXI/A261]), and confocal
microscopy.

An additional 5 patients were identified among 233 stored
specimens from patients diagnosed with chronic/relapsing
demyelinating neuropathy were tested (CIDP, n = 225 [sera,
n = 210; CSF, n = 15]; chronic immune sensory poly-
radiculopathy [CISP], n = 8). Another contactin-1
immunoglobulin (Ig) G-seropositive case (Western blot,
Washington University Laboratory) with insufficient sample
for cell-based assay testing was included.

We also evaluated stored sera from 39 patients withmonophasic
acute inflammatory demyelinating polyradiculoneuropathy

(AIDP, n = 25) or polyneuropathy, organomegaly, endocrin-
opathy,M-protein, and skin changes (POEMS, n = 14). Clinical
outcome was assessed by the Inflammatory Neuropathy Cause
and Treatment disability score.7

Data availability
All methods are available above, and data are published in this
article.

Results
Demographic and clinical findings
Five of the 10 contactin-1 IgG-seropositive cases were men,
and the median symptom onset age was 61 years (range,
19–82 years). The frequency of contactin-1 seropositivity
among Mayo Clinic acquired demyelinating neuropathy co-
hort was 2% (5/233).

All 10 had inflammatory demyelinating neuropathy di-
agnosis. Symptom onset to nadir was <8 weeks in 5 of
the 10 patients, leading to their initial diagnosis of AIDP
(n = 4) or subacute inflammatory demyelinating poly-
radiculoneuropathy (n = 1).8 Two of the 10 cases were
diagnosed of CISP-like phenotype at initial presentation
(table).

Paraproteinemic and oncologic associations
Four of the 10 cases hadmonoclonal gammopathies (IgM, n = 2;
IgG, n = 2) detected by serum protein electrophoresis. Bone
marrow biopsy in 1 patient demonstrated clonal proliferation
consistent with plasmacytoma. A mediastinal lymph node in
another patient led to a diagnosis of Rosai-Dorfman disease.
In addition, solid tumors were detected in 2 of the 9 patients
within 6 months onset of neuropathy symptoms (breast
cancer, n = 1; thymoma, n = 1).

Sensory predominant presentations
Nine patients reported initial sensory symptoms (numbness
and paresthesia) preceding the onset of weakness. Weakness
was noticed a few days later by 7 of those 9 patients (median
interval 14 days; range 1–4 weeks). However, 2 patients
lacked objective evidence of weakness on neurologic exam-
ination; a diagnosis of CISP (figure 1, A and B) was sus-
pected.9 Weakness in 3 cases started in the arms
(asymmetric) and spread to a lower extremity. Three
patients additionally reported cranial nerve palsies at initial
presentation (cranial nerve [CN] VII, n = 1; CN III and XII,
n = 1; CN V, n = 1). Nine patients had sensory ataxia with

Glossary
AIDP = acute inflammatory demyelinating polyradiculoneuropathy; CIDP = chronic inflammatory demyelinating
polyradiculoneuropathy; CISP = chronic immune sensory polyradiculopathy; CN = cranial nerve; IFA = immunofluorescence
assay; Ig = immunoglobulin; IVIG = intravenous immunoglobulin; NCS = nerve conduction study; SSEP = somatosensory
evoked potential.
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proprioception loss noted on examination. Pseudoathetosis
was observed in 2 cases. Six patients reported burning neu-
ropathic pain involving the extremities or face at disease
onset.

CSF and radiology evaluations
CSF analysis at initial presentation (n = 7) demonstrated
markedly elevated protein (median 222mg/dL, range 69–960
mg/dL). One patient had lymphocytic pleocytosis (median 1
cell/mm3, range 0–68 cell/mm3). Diffuse enhancement and
thickening of nerve roots were detected in 4 of 5 patients who
had MRI studies performed at initial presentation (figure
1, C–F).

Neurophysiologic and pathologic studies
Electrodiagnostic studies were consistent with demyelinating
polyradiculoneuropathy (slowed conduction velocities and/or
prolonged distal latencies by nerve conduction study [NCS]).
Two patients with CISP-like presentation had normal initial
NCS. Both of them had prolonged somatosensory evoked po-
tential (SSEP; figure 1, A and B). None of the 10 available NCS
reports demonstrated conduction block.

Closely approximated osmium-fixed teased nerve fibers in 1
case’s fascicular root biopsy demonstrated widened nodes
of Ranvier with demyelination (figure 2A); sural nerve bi-
opsy from 2 patients (figure 2, C–E) demonstrated axonal
degeneration, including empty nerve strands (decreased
density of myelinated fibers). Semithin preparations of
fascicular root and both sural nerve biopsies showed sub-
perineurial edema (figure 2, D–F) without onion bulb
formation10 or significant epineurial or endoneurial in-
flammatory infiltrates.11 One patient with enlarged proxi-
mal nerves on MRI underwent femoral nerve segment
resection, but biopsy only revealed significant sub-
perineurial and endoneurial edema without evidence of
nerve sheath neoplasm.

Immunotherapy and clinical outcomes
All except 1 patient (9/10) was treated with intravenous
immunoglobulin (IVIG). Other first-line therapies in-
cluded plasmapheresis (4/9) and IV corticosteroids (2/9).
Four of the 9 patients who received IVIG as first-line im-
munotherapy improved, but 3 of those 4 relapsed within 4
weeks and became refractory to retreatment with IVIG.
Among 3 patients with undetectable subtype anti-
contactin IgG4 in our series, 2 received IVIG and 1 re-
ceived plasmapheresis as first-line immunotherapy. None
of these 3 cases had a sustained response to first-line
therapy and had a relapsing or progressive course.

Six of the 10 contactin-1 neuropathy cases received second-
line immunosuppressive agents (rituximab, n = 2; mycophe-
nolate mofetil, n = 2; cyclophosphamide, n = 1; azathioprine,
n = 1). Two of those patients stabilized (cyclophosphamide
and azathioprine) and 1 (infused with rituximab) improved.
Five patients were using a wheelchair for ambulation at last
follow-up. The median follow-up period was 60 months
(range, 4–180 months).

Discussion
This study demonstrates a 2% frequency of contactin-1 IgG
seropositivity in a US-based tertiary care cohort of patients
with diverse immune-mediated demyelinating neuropa-
thies, similar to the frequency reported in a Japanese pop-
ulation (2%).12 In addition, our systematic screening of
specimens referred for diverse clinical indications confirms
that contactin-1 IgG is highly specific for demyelinating
neuropathy.

Table Clinical, CSF, electrodiagnostic, and MRI
characteristics of contactin-1 neuropathies

Characteristics
Contactin-1 neuropathies
(n = 10)

Median age at onset, y (range) 61 (19–82)

Female (%) 5 (50)

Acute/subacute progression
to nadir (%)

5 (50)

Sensory symptoms preceding
weakness (%)

9 (90)

Cranial neuropathy at
presentation (%)

3 (30)

Neuropathic pain at onset (%) 6 (60)

Sensory ataxia on examination (%) 9 (90)

Pseudoathetosis (%) 2 (20)

Weakness on examination (%) 8 (80)

Onset of weakness in upper
extremities (%)

3 (30)

Tremors (%) 1 (10)

Dysarthria (%) 0

Malignancies identified (%) 3 (30)

Monoclonal gammopathies (%) 4 (40)

Median CSF protein (range) 222 (69–960)

Nerve root thickening and
enhancement on initial MRI (%)

4/5 (80)

Demyelinating features on
NCS or SSEP (%)

10 (80)a

Conduction block (%) 0

Subperineurial edema on nerve
biopsy (%)

4/4 (100)a

Wheelchair dependent at last
follow-up (%)

5 (50)

Abbreviations: NCS = nerve conduction study; SSEP = somatosensory
evoked potential.
a Two patients with chronic immune sensory polyradiculopathy-like pre-
sentation had normal initial NCS, but SSEPs consistent with demyelinating
sensory polyradiculopathies.

Neurology.org/NN Neurology: Neuroimmunology & Neuroinflammation | Volume 7, Number 4 | July 2020 3

http://neurology.org/nn


Most of the seropositive patients we identified had a dis-
tinctive sensory predominant presentation, some with
neuropathic pain. Prolonged SSEPs (figure 1, A and B)
consistent with the patient’s sensory ataxia localized to
sensory roots. However, involvement of dorsal root gan-
glia as previously reported cannot be excluded.12 One-
third of our cases had cranial nerve involvement, and half
of the cases had aggressive disease progression. Oncologic
associations in 3 cases included thymoma, breast cancer,
and plasmacytoma. One was diagnosed with Rosai-
Dorfman disease. Previous descriptions of patients with
contactin-1 neuropathy have demonstrated electrophysi-
ologic characteristics mimicking seronegative CIDP.12

However, our electrophysiologic studies demonstrated
only slowing of conduction velocity and no conduction
blocks. Electrophysiologic features we encountered have
been typically associated with POEMS syndrome rather
than CIDP.13

The nerve biopsy finding of subperineural edema is sup-
portive of altered blood-nerve barrier and suggests poly-
radicular localization.9,14 Consistent with a previously
reported sural nerve biopsy from a single case of autoimmune
contactin-1 neuropathy,15 the teased preparation of a fascic-
ular root biopsy of one of our patients revealed segmental
demyelination (figure 2A) and absence of onion bulbs.

The majority of cases either failed to improve following IVIG
therapy or soon relapsed after initial transient improvement,
but 1 patient had sustained clinical improvement (figure 1, A
and B). The long-term wheelchair dependence of 5 of our 10
cases underscores the higher morbidity associated with au-
toimmune contactin-1 neuropathy compared with idiopathic
CIDP.16 Retrospective design and small number of seropos-
itive cases limit our assessment of optimal chronic immuno-
therapy selection. However, the described phenotypic,
electrodiagnostic, and histopathologic features we describe
may guide clinicians in considering serologic evaluation for
contactin-1 IgG in patients with demyelinating neuropathy.

Study funding
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Figure 1 Somatosensory evoked potentials (A and B) andMRIs (C–F) of 2 contactin-1 IgG patients demonstrating favorable
response to immunotherapy

Right median somatosensory evoked potential demonstrating prolongation of N9 (arrow) to N13 (arrowhead) interval consistent with cervical sensory root
involvement (A), which improves after treatment with IV immunoglobulin (B). Enhancement of the cauda equina on (C) sagittal and (D) axial postgadolinium T1
sequences, which resolves postimmunotherapy (E and F). IVIG = IV immunoglobulin; IVMP = intravenous methylprednisolone; MMF = mycophenolate mofetil.
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Figure 2 Nerve pathology of contactin-1 IgG neuropathy is distinct from classic-CIDP

Three example patients with contactin-1 auto-
immunity are shown (A–F). Closely approximated
osmium-fixed teased nerve fibers from a fascic-
ular biopsy demonstrate widened nodes of
Ranvier with demyelination (A) compared with 2
sural nerve biopsies (C and F) where axonal in-
jury is prominent including with early (asterisk)
and late (arrowhead) degenerative stages in-
cluding with empty nerve fibers (arrow) (E).
Semithin sections stained with toluidine blue in
all patients had distinct prominent subperineural
edema (asterisk) without onion bulb formation
as is typical in CIDP. Axonal degeneration was
most prominently seen in (D, F-arrowheads).
CIDP = chronic inflammatory demyelinating
polyradiculoneuropathy.
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Abstract
Objective
Immunotherapy revolutionized melanoma treatment; however, immune-related adverse
events, especially neurotoxicity, may be severe and require early and correct diagnosis as well as
early treatment commencement.

Methods
We report an unusual severe multiorgan manifestation of neurotoxicity after treatment with the
anti-PDL1 immune checkpoint inhibitor, nivolumab, and the anticytotoxic T-lymphocyte-
associated antigen 4 immune checkpoint inhibitor, ipilimumab, in a 47-year-old male patient
with metastatic melanoma.

Results
The patient developed immune-mediated synovitis and cranial neuritis, followed by longitu-
dinal transverse myelitis, encephalitis, and optic neuritis. Early treatment with high-dose ste-
roids and maintenance therapy with rituximab resulted in a favorable neurologic outcome.

Conclusions
The frequency of spinal cord involvement and neuronal toxicity after cancer immunotherapy is
very low and requires an extensive diagnostic workup to differentiate between disease pro-
gression and side effects. Immune checkpoint inhibitors should be discontinued and treatment
with corticosteroids should be initiated early as the drug of first choice. Therapy may be
escalated by other immune-modulating treatments, such as rituximab.
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We report the case of a 47-year-old male patient diagnosed
with metastatic melanoma (T3a N1a M0, stage IIIB, tumor
thickness 2.2 mm, Clark Level IV) on his back in July 2017.
The molecular histology was BRAFV600E-positive and
N-RAS-negative. Sentinel node biopsy was positive, requiring
axillary lymphnode dissection. From September 2017, he was
put on adjuvant therapy with interferon 2α therapy. In May
2018, lymph node and subcutaneous metastatic lesions were
detected (T3a N3c M0, stage IIIC) and treatment with
nivolumab 3 mg/kg IV was initiated in July 2018. In February
2019 (after 13 cycles of nivolumab), the disease progressed
with new lymph node and subcutaneous metastases. Conse-
quently, in March 2019, immunotherapy was switched to
ipilimumab 3 mg/kg IV every 3 weeks.

After the third ipilimumab infusion, the patient developed
pain in his left knee and because an immune-mediated sy-
novitis was diagnosed, therapy with ipilimumab was stopped.
Fourteen days later, he developed a right-sided peripheral
facial palsy. MRI showed enhancement of the cranial nerves
(figure 1A), the cervical nerve roots C2/C3, and the cauda
equine. CSF analysis revealed elevated protein (110 mg/dL),
normal glucose, and mild pleocytosis (40 cells/μL), with
lymphocytic activation;1 IgG index was within the normal
range, figure 2. In 3 consecutive lumbar punctures, each with
an interval of 2 weeks between no malignant cells were
detected, the imaging findings were interpreted to be
immune-mediated, and the patient was put on methylpred-
nisolone (MP) 80 mg orally per day with tapering doses. After
steroid treatment, the facial palsy recovered completely. Five
weeks later, the cranial follow-up MRI scan revealed sub-
ependymal and nodular parenchymal contrast-enhancing
(CE) lesions without clinical deterioration (figure 1B). CSF
analysis showed improvement, so the presumptive diagnosis
was a dual pathology with metastatic subependymal tumor
spread and immune-related side effects. The tumor board
decision was to switch therapy to a BRAF/mitogen-activated
extracellular signal-regulated kinase (MEK) inhibitor treat-
ment. A month later, the patient presented acutely to the
emergency department complaining of weakness and par-
esthesias in both legs with progressive immobility and a high
grade paraparesis as well as urinary retention and fecal in-
continence. He also reported a blurred vision showing a loss
of visual acuity to 0.25 on the left eye and an exacerbation of
rheumatological condition affecting the ankle joints and the
knee. Steroid dose at this time point was MP 20 mg. Cerebral
and spinal MRI showed an extensive T2-hyperintense signals
and CE of the entire spinal cord and progressive periven-
tricular lesions with CE (figures 1B and 3A). In contrast to

these findings, the CE of the cranial nerves was regressive. A
repeated CSF analysis revealed increasing pleocytosis (120
leukocytes/μL, predominantly lymphocytes); no malignant
cells were detected by CSF cytology. Oligoclonal bands and
serum antiaquaporin-4 (AQP4) and antimyelin oligoden-
drocyte glycoprotein antibodies were negative. Whole body
fluorodeoxyglucose-PET/CT showed no evidence for tumor
progression.

Based on these findings, an immune-mediated encephalo-
myelitis with optic neuritis (ON) was diagnosed and the pa-
tient was put on high dose IV MP with 1 g for 5 consecutive
days, whereas BRAF/MEK inhibitors were continued. Con-
sequently, his neurologic condition, including vision and
spinal symptoms, MRI (figures 1C and 3B), and CSF findings
(protein 35 mg/dL, 55 cells/μL) markedly improved within 2
weeks. Owing to relapsing disease despite 20 mg MP and
a steroid-induced diabetes mellitus, rituximab treatment
(1,000 mg total dose, 2 times with an interval of 14 days) was
initiated in July 2019. At the last visit in April 2020, the patient
showed complete neurologic recovery and complete re-
gression of the imaging findings, but still active arthritis af-
fecting both ankles requires treatment with methotrexate.
CSF analysis is within normal limits except for oligoclonal
bands which were detected in October 2019 for the first time,
IgG Index stayed within normal range. A follow-up PET scan
documented a complete resolution of all tumor lesions, and
BRAF/MEK inhibitors were stopped after 4 months therapy.
Currently (April 2020), the patient is without melanoma
treatment.

Discussion
The manifestation of different organ systems of immune-
related adverse events (irAEs) at different time points makes
this case very instructive.

First, after the third ipilimumab infusion, an immune-
mediated synovitis was diagnosed and exacerbated after
BRAF/MEK inhibitor treatment. Because musculoskeletal
irAEs may last up to 1 year,2 these side effects may subside
deferred to the initiation of rituximab treatment.

Two weeks afterward, our patient developed cranial neuritis,
which responded very well to oral steroids, but was rapidly
complicated by longitudinal extensive transverse myelitis
(TM), encephalitis, and ON. In general, neurologic side
effects following immune checkpoint inhibitor and BRAF/
MEK inhibitor treatment are rare, occurring in <1% of

Glossary
AQP4 = aquaporin-4; CE = contrast enhancing; CTLA-4 = cytotoxic T-lymphocyte–associated antigen 4; irAE = immune-
related adverse event;MP = methylprednisolone;NMOSD = neuromyelitis optica spectrum disease;ON = optic neuritis; PD-
1 = programmed death 1; TM = transverse myelitis.
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patients in large clinical trials.3 However, a recent evaluation
of 59 trials reported a higher incidence of 3.8% in patients
receiving anticytotoxic T-lymphocyte-associated antigen 4
(CTLA-4) antibodies, 6.1% in patients receiving anti-
programmed death 1 (PD-1) antibodies, and 12% in patients
receiving combination therapies,4 questioning the possibility
of a cumulative effect of consecutive immune checkpoint
inhibitor treatments, followed by BRAF/MEK inhibitors in
the pathophysiology of neurologic adverse effects. It has
been suggested that BRAF/MEK inhibition might upregu-
late inflammatory genes in macrophages and T cells and
synergize PD-1 blockade.5 Given that this new symptoms
appeared 1 month after the most recently introduced BRAF/
MEK treatment, the possibility of an additive neurotoxic
ocular adverse effect6 and worsening of ankle and knee pain
from these treatments has to be considered.7–9 However,
BRAF/MEK inhibitors were not stopped and recovery oc-
curred during treatment with these agents.

Most neurologic complications involve the peripheral nervous
system rather than the CNS. Central inflammation is rare and
includes, in addition to typical demyelination, several antibody-
mediated and paraneoplastic conditions such as anti-NMDA
receptor encephalitis.10 A recent review11 on irAEs and neuro-
toxicity including 29 articles encompassing 38 patients identi-
fied 11 patients with CNS toxicity. TM has only been reported
in 5 cases so far (table e-1, links.lww.com/NXI/A268).

IrAEs occur when T-cell activation exceeds its normal range and
induces inflammation.12 The pathophysiologic pathway remains
only partially understood, but immune checkpoints play an im-
portant role in immune homeostasis, preventing autoimmunity
and promoting self-tolerance. Ipilimumab is directed against
CTLA-4, whereas nivolumab and pembrolizumab are directed
against PD-1.13 Inherent to the mechanism of action, these
agents upregulate immunity by blocking inhibitory T-cell
receptors enhancing antitumor immunity.14 It is known that

Figure 1 Cerebral MRI

(A) T1-contrast enhanced images
show a contrast enhancement of the
12th and fifth cranial nerve as well as
the geniculate ganglion. (B) A follow-
up MRI scan revealed subependymal
and nodular parenchymal contrast-
enhancing (CE) lesions. (C) The cranial
MRI scan after high-dose corticoste-
roid treatment shows complete dis-
appearance of all CE lesions.
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both PD-1 and CTLA-4 inhibition can stimulate antibody pro-
duction leading to antibody-mediated autoimmune diseases,
especially in patients with pre-existing autoimmunity or auto-
immune susceptibility.15

Rapid diagnosis and treatment initiation are crucial because
severe neurologic sequelae can result from spinal neurotox-
icity. A thorough and periodic neurologic examination, a spi-
nal MRI, usually complemented by cerebral MRI, blood

Figure 2 Timeline of symptoms

Figure 2 provides a timeline of symptoms, CSF, and radiologic findings.

Figure 3 Spinal MRI

(A) Spinal MRI shows extensive T2-hyperintense signal and
contrast enhancement of the entire spinal cord. (B) Recovery
of all lesions after high-dose corticosteroid treatment.
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laboratory analysis (including HIV, rapid plasma regain test,
vitamin B12, thyroid-stimulating hormone, antinuclear anti-
bodies, Ro/La, and AQP4 antibodies), and CSF studies (in-
cluding cytology and immunocytological studies) are the
cornerstone of diagnostics. We furthermore want to underline
that the severe neurologic manifestations (TM and ON) oc-
curred under low doses of steroids (20 mg of MP) and were
first detected by MRI. Therefore, a close monitoring, not only
clinically but also with CSF analysis and MRI studies during
irAEs, is suggested because MRI might show new abnormal-
ities that might precede the appearance of severe clinical
manifestations. Consequently, this might give the opportunity
of an early therapeutic change, such as reincrease of steroids,
slower tapering, or consideration of high-dose IV steroids that
might have prevented or decrease the severity of CNS
involvement.

The clinical manifestation of TM and ON in our patient may
cast suspicion for neuromyelitis optica spectrum disease
(NMOSD). The patient however does not meet the revised
criteria for NMOSD without AQP4 antibodies because the
required imaging findings were not met. Still, the number of
reported cases of iatrogenic demyelination of the CNS is on
the rise.11

Oncologic societies have released guidelines on the treatment
of these irAEs. The European Society of Medical Oncology4

and the American Society of Clinical Oncology guidelines16

recommend MP 2 mg/kg body weight for moderate toxicity;
however, as soon as activities of daily living are affected, high-
dose IV MP (1 g, 3–5 days) is recommended and treatment
with immune checkpoint inhibitors should be stopped.

In our patient, we administered rituximab because anti-CD20
treatment proved to be particularly beneficial in NMOSD and
symptoms occurred after ongoing MP and severe side effects
had occurred.

In summary, we present a case with irAEs affecting the mus-
culoskeletal system, the cranial nerves, and the brain and
spinal cord in a metastatic melanoma patient treated with
nivolumab followed by ipilimumab and BRAF/MEK inhib-
itors. The frequency of spinal cord involvement and neuronal
toxicity in general in cancer immunotherapy is very low and
requires an extensive diagnostic workup including MRI,
a number of laboratory tests, and CSF analyses to exclude
a broad spectrum of differential diagnoses such as menin-
geosis carcinomatosa. Differentiation between disease pro-
gression and side effects may be difficult and treatment
decisions should be discussed in a multidisciplinary team.
Immune checkpoint inhibitors should be discontinued and
treatment with corticosteroids should be initiated early as the
drug of first choice. Therapy may be escalated by other
immune-modulating treatments, such as rituximab.
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Abstract
Objective
To determine what kappa free light chain (KFLC) metric has the highest capacity to separate
healthy patients from patients with MS, we evaluated the sensitivity, specificity, and the overall
diagnostic accuracy of 4 different KFLC metrics. To assess the usefulness of KFLC in the
diagnostics of MS, we compared the different KFLC metrics with oligoclonal bands (OCBs),
the current gold standard biochemical method to demonstrate intrathecal antibody production.

Methods
CSF and plasma were collected from patients with confirmed or suspected MS, other neuro-
logical diseases, as well as symptomatic and healthy controls between May 2017 and May 2018
(n = 335) at the Department of Neurology, Karolinska University Hospital, as part of routine
diagnostic workup. KFLC analysis and isoelectric focusing for the detection of oligoclonal
bands (OCB) were determined and correlated with diagnosis. Receiver operating characteristic
(ROC) curve analysis was used to determine accuracy.

Results
OCBs yielded a sensitivity of 87% and a specificity of 100%. All KFLC metrics showed a high
sensitivity (89%–95%) and specificity (95%–100%). Using the optimal cutoff according to the
Youden Index resulted for the KFLC intrathecal fraction in a cutoff of −0.41 with a sensitivity of
95% and a specificity of 97% and for CSF KFLC/CSF albumin with a cutoff of 1.93 × 10−3 with
a sensitivity of 94% and specificity of 100%.

Conclusion
All evaluated KFLC metrics have excellent accuracy, and both KFLC intrathecal fraction and
CSF KFLC/CSF albumin are at least as good as OCB in separating patients with MS from
a control group.

Classification of evidence
This study provides Class III evidence that CSF KFLC accurately distinguishes patients with
MS from healthy controls.

MORE ONLINE

Class of Evidence
Criteria for rating
therapeutic and diagnostic
studies
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MS is a chronic neuroinflammatory disease where the in-
flammatory process comprises both cellular and humoral
immune components. With 2.5 million people estimated to
live with MS globally, it is one of the most common diseases
of the nervous system. According to the most recent 2017
revision of the McDonald criteria,1 oligoclonal bands
(OCBs) can substitute for dissemination in time, which
previously required either another clinical relapse or sup-
port by MRI findings, thereby contributing to shortening
diagnostic lag times. Especially in patients presenting with
a first single clinical episode consistent with MS (clinically
isolated syndrome [CIS]), an earlier diagnosis of MS is
advantageous because early start of disease modulatory
treatment is important to slow down further progression of
disability and cognitive impairment.2,3 Selective OCB in
CSF by isoelectric focusing (IEF), alongside an elevated
IgG index, is the current gold standard biochemical method
to demonstrate intrathecal antibody production. However,
inherent characteristics of IEF make the procedure
difficult to standardize and therefore prone to be affected
by methodological factors such as gel quality, assessor
bias, or presence of M-components. Alternative technical
approaches circumventing these caveats without a pro-
nounced loss of sensitivity or specificity are therefore
warranted.

The fact that kappa free light chains in CSF (CSF KFLC) are
increased in patients withMS has been known since 1974,4 and
automated immunoassays for measurement of free light chains
(FLCs) have been available for almost 2 decades. There is
a growing body of evidence suggesting that determination of
CSFKFLC is a valuable quantitative alternative or complement
to the qualitative assessment of OCB.5–16 But KFLC can be
presented in many different ways, as the pure CSF concen-
tration or in more complex metrics where the permeability of
the blood-brain barrier and the different kinetics of the mole-
cules passing that barrier is taken into account. There is cur-
rently no consensus as to which metric to be used in a clinical
setting. The hypothesis is that a more complex metric taking
albumin index and other parameters into account will have
a higher diagnostic accuracy than the pure CSF concentration
of KFLC and that the diagnostic accuracy of KFLC will be
comparable to OCB in the diagnosis of MS.

In this context, the primary objective of the current study is to
define the KFLC metric with the highest diagnostic accuracy
for MS; the second objective is to compare the diagnostic
accuracy of KFLC and OCB for the same diagnosis.

Methods
Study population
All patients attending the Department of Neurology, Kar-
olinska University Hospital, Sweden, between May 2017 and
May 2018, where the analysis of KFLC in CSF had been
performed (n = 410), were included. This also included some
patients from the neurologic inpatient care. From this cohort,
duplicates (n = 39), patients lacking a final diagnosis (n = 33),
and patients where no plasma sample was available (n = 3)
were excluded, resulting in the final study cohort (n = 335,
table 1). Laboratory data were retrospectively collected from
the laboratory’s central electronic database. All CSF and
blood samples were handled according to the consensus
guidelines.17 Samples derived from the same sampling occa-
sion were used for all analyses, i.e., when CSF was sampled,
different aliquots were collected fresh and sent simulta-
neously to the laboratory for analysis. A clinical follow-up
where the final diagnosis was set was performed on all
patients after the time of testing. Chart review of all patients’
medical history was performed by 2 MS-specialized neurol-
ogists. The chart review included initial and follow-up visits to
identify and collect information about demographics, disease,
and clinical characteristics at the time of sampling (table 1).
The cohort was categorized according to the definitions and
names proposed by the BioMS-eu consortium,18 and the
diagnosis of relapsing-remitting MS (RRMS) was revised
according both to the 2017 and the 2010 revision of the
McDonald criteria.1,19 The 2017 revision was chosen in the
definition of the whole cohort. This resulted in 7 subgroups:
healthy controls (HCs), symptomatic controls (SCs), non-
inflammatory neurologic disease controls (NINDCs), periph-
eral inflammatory neurologic disease controls (PINDCs),
central inflammatory neurologic disease controls (CINDCs),
CIS or radiologically isolated syndrome, and MS (table e-1,
links.lww.com/NXI/A259, displays a more in-depth definition
of all patient groups). The control group was defined as HC
and SC combined. When comparing OCB and KFLC, a sub-
cohort of patients with MS was defined to ensure that the MS
diagnosis was set based only on clinical and/or radiologic cri-
teria for dissemination in space and time. That resulted in
a control group (n = 60) and a group with RRMS (n = 62)
defined by the revised McDonald criteria from 2010, herein-
after referred to as the STARD cohort. Brain MRIs, and when
judged clinically relevant also MRIs of the spinal cord, were
performedwith 1.5 or 3 T scanners in all but a few patients. The
scanning protocol included, but was not limited to, T2- and T1
sequences with and without contrast, fluid attenuation

Glossary
CINDC = central inflammatory neurologic disease control; CIS = clinically isolated syndrome; FLC = free light chain; HC =
healthy control; IEF = isoelectric focusing; IF = intrathecal fraction; KFLC = kappa free light chain; NINDC =
noninflammatory neurologic disease control; OCB = oligoclonal band; P Alb = plasma albumin; PINDC = peripheral
inflammatory neurologic disease control; Q Alb = albumin quotient; SC = symptomatic control.
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inversion recovery, and diffusion-weighted sequences. All
images were read independently by 2 neuroradiologists.

The index test
Paired CSF and plasma nephelometric measurements of
KFLC were generated using a latex-enhanced immunone-
phelometry using a Dade Behring BNII nephelometric sys-
tem with the N Latex FLC kappa reagent kit (Siemens,
Marburg, Germany). The results are based on the pro-
portion of light scatter from an antigen-antibody interaction.
The lower detection limit was 0.034 mg/L. The reference
interval of KFLC in plasma was 6.7–22.4 mg/L and in CSF
was <0.34 mg/L according to the kit insert provided by the
manufacturer. In the cases where multiple analyses of KFLC
had been made on the same patient, the earliest KFLC result
was chosen.

The reference standard
OCBs were analyzed in 280 patients in 1 of 2 laboratories. A
majority of the samples (n = 232) were analyzed in the in-house
laboratory of the Neurology Department, Karolinska Univer-
sity Hospital, with IEF.20 Briefly, levels of IgG in plasma and
CSF were quantified before the IEF to dilute the CSF and
plasma samples equally. When the electrophoresis had been
performed, the OCBs (if any) were visualized by immuno-
blotting in 3 steps. First, rabbit anti-human IgG Fc (Cat No IgG
Q0331; Agilent, Santa Clara, CA) was added, followed by in-
cubation with a biotinylated goat anti-rabbit IgG antibody (Cat
No 65-6140; Thermo Fisher, Waltham, MA). Last, avidin-
biotin-peroxidase complex was added with peroxidase staining
with 3-amino-9-ethylcarbazole (Cat No 2122-10; BioVision,
Milpitas, CA) as a substrate. The remaining samples (n = 48)
were analyzed at the Karolinska University Laboratory with
Hydragel CSF isofocusing (Sebia, Evry, France). In line with
the McDonald criteria from 2017,1 0–1 selective OCB was
considered OCB negative, and 2 or more selective OCBs were
consideredOCB positive.1 For the remaining 55 samples in the
cohort, no OCB assessment was requested and therefore not
further investigated. Clinical information and index test result
were available to the assessor of the reference standard. The
same CSF and plasma samples were used for the analysis of the
index test and the reference standard.

Other measurements
Quantitation of albumin in CSF (CSFAlb) and plasma (P Alb)
was performed using standard operating procedures using
nephelometry (Dade Behring BNII; Siemens) and immuno-
turbidimetry (Cobas 8000 c701; Roche Diagnostics, Risch-
Rotkreuz, Switzerland), respectively.

Statistical analysis
The descriptive statistics and the ROC curve analyses were
performed using GraphPad Prism 5® (GraphPad Software Inc.,
San Diego, CA) and Microsoft Excel®. Optimal cutoffs were
estimated using the Youden Index, prioritizing sensitivity and
specificity equally. The Youden Index was chosen because it is
one of themost commonly used statistics used for summarizing
the performance of a diagnostic test. The classification of evi-
dence assigned to the primary research question is based on the
information from the review.

Standard protocol approvals, registrations,
and patient consents
The use of clinical and laboratory data was approved by the
Regional Ethical Review Board in Stockholm (Diary number:
2014/1201-31-1 and 2009/2107-31-2, respectively), but also
included another study involvingHC(Diary number: 2010/879-
31-1). All study participants provided written informed consent.

Data availability
Anonymized data will be shared by request from any qualified
investigator.

Results
Patient demographics and clinical characteristics for the study
cohort (n = 335) are shown in table 1. TheHC group consisted
of a younger population compared with the NINDC, PINDC,
andCINDC groups, and the NINDC group also differed in age
from the MS group. All groups except the PINDC group
comprised a larger proportion of females, but the sex distri-
bution across groups did not show any notable difference.
Standards for Reporting of Diagnostic Accuracy Studies
(STARD) protocol is presented in figure 1.

Table 1 Patient demographics and clinical characteristics (n = 335)

Patient group Short description n Age, mean (range) Sex, M/F

HCs Healthy controls 13 29 (23–51) 4/9

SCs Symptomatic controls 56 45 (19–83) 17/39

NINDCs Noninflammatory neurologic disease controls 105 56 (20–97) 48/57

PINDCs Peripheral inflammatory neurologic disease controls 10 53 (29–78) 7/3

CINDCs Central inflammatory neurologic disease controls 27 49 (28–77) 12/15

CIS/RIS Clinically or radiologically isolated syndrome 20 42 (19–75) 6/14

MS Multiple sclerosis 104 43 (19–81) 37/67
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KFLC concentrations and indices
Medians of KFLC metrics, albumin quotient (Q Alb), and OCB
in the STARD cohort are shown in table 2. The distribution of
KFLC intrathecal fraction (KFLC IF, for the definition of
KFLC IF, see table e-2, links.lww.com/NXI/A259) and CSF
KFLC/CSF Alb in the 6 different patient subgroups in the
whole cohort is shown in figure 2. There was a big overlap in
plasma KFLC (P KFLC) and P Alb between the control group
and the patients with MS.

Age and sex
When dividing our material into different age groups, a notable
difference was observed in median interquartile range with
higher CSF Alb median concentrations in men for all age groups
(figure e-1, links.lww.com/NXI/A259). No considerable sex- or
age-relateddifferenceswere found forCSFKFLC(datanot shown).

Diagnostic performance
The AUC for KFLC IF, CSFKFLC/CSFAlb, KFLC index, and
CSF KFLC was 97%, 96%, 96%, and 97%, respectively (figure
3). OCB yielded a sensitivity of 87% (54 of 62) and a specificity
of 100% (0 of 60) (tables 2 and 3). Using the Youden Index, all

KFLC metrics showed a higher sensitivity and a comparable
specificity compared withOCB (table 3). The optimal cutoff for
KFLC IF was −0.41 for a sensitivity of 95% and a specificity of
97%, and for CSF KFLC/CSF Alb, the optimal cutoff was 1.93
× 10−3 for a sensitivity of 94% and a specificity of 100%.

Elevated Q Alb
Elevated Q Alb serves as a proxy for blood-brain barrier damage.
When looking only at the samples with an elevated Q Alb, control
group (n = 14), and patients with MS (n = 16), the AUCs of the
ROC curves for KFLC IF, CSFKFLC/CSFAlb, KFLC index, and
CSF KFLC were all 100% (data not shown). Using the Youden
Index cutoffs in this cohort gave 2 false-negative testswithOCBand
KFLC index and1 false-positive testwithCSFKFLC.KFLCIF and
CSF KFLC/CSF Alb could fully separate the 2 groups (table 4).

Discrepant results
Discrepant results for OCB and KFLC IF were present in 5
patients with MS, all of whom where OCB negative. Three of
them had KFLC IF > 0, and 2 had KFLC IF > −0.41. There was
a tendency toward milder MRI lesions (smaller and fewer
lesions).

Figure 1 STARD flow diagramof index test kappa free light chain intrathecal fraction (KFLC IF) and reference standard OCB
resulting in a control group (n = 60) compared with patients with MS (n = 62)

KFLC IF below −0.5 = negative index test, KFLC IF −0/5 to 0 = inconclusive index test, KFLC IF above 0 = positive index test. n = 122 including inconclusive index
test. CIS = clinically isolated syndrome; OCB = oligoclonal band; PPMS = primary progressive MS; SPMS = secondary progressive MS.
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Discussion
The primary objective of this study was to define the KFLC
metric with the highest diagnostic accuracy for MS. Because
most of the previously conducted studies have been retrospective
involving analysis of archival samples in non–real-time clinical
conditions, the aim was to do this evaluation in a prospective
setting. Ourmain finding is that KFLC IF, CSF KFLC/CSF Alb,
KFLC index, and CSF KFLC all have a higher sensitivity com-
pared with OCB in discriminating patients with MS from the
control group without pronounced, if any, loss of specificity. The
2 metrics showing the highest sensitivity are KFLC IF and CSF
KFLC/CSF Alb with 95% and 94%, respectively.

According to Presslauer et al.,6 KFLC IF with 0 as a cutoff is the
most efficient metric to separate patients with MS from controls.

In a pilot study, which preceded this study (n = 75, data not
shown), the optimal cutoff forKFLC IFwas found to be−0.5. For
this reason, a cutoff of 0 with a gray zone from −0.5 to 0 was used.
The optimal cutoff for KFLC IF in this cohort was −0.41, which is
well within our previously established gray zone. A cutoff for
a KFLCmetric giving priority to sensitivity over specificity would
result in clinicians being able to establish signs of intrathecal
immunoglobulin production in a larger fraction of patients ful-
filling clinical and neuroradiologic criteria of MS. However, this
would affect negatively on specificity and the risk of false-positive
result. Therefore, it seems sensible to use a gray zone.

One theoretical advantage of KFLC IF over CSF KFLC/CSF
Alb is that it considers the difference in molecular sizes be-
tween the free kappa chain and albumin using a nonlinear
relation of KFLC influx into the CSF relative to the Q Alb.21

The advantages of CSF KFLC/CSF Alb are that the cost is
reduced by half compared with KFLC IF and that no serum
sample is needed. However, a disadvantage is that this metric
will not correct for spontaneous methodological variations,
a problem that is reduced inmetrics where the samemethod is
used to analyze parameters found in both the nominator and
the denominator (such as KFLC IF and KFLC index).

Of interest, while largely overlapping, there was a small frac-
tion of patients with OCB-negative MS with elevated or gray
zone concentrations of KFLC IF. The relatively mild MRI
lesions in these patients could indicate a low disease burden.
We therefore hypothesize that the discrepancy could repre-
sent a higher sensitivity of KFLC IF compared with OCB.
Additional studies are needed to establish the immunologic
basis for this discrepancy including continuously sam-
pled CSF.

A sex difference in Q Alb has recently been demonstrated.22

We confirm that CSF Alb is affected not only by age but also

Table 2 Median values of KFLC metrics and routine
diagnostics in the STARD cohort including the
control group (n = 60) andpatientswithMS (n = 62)

Metric Control group Patients with MS

CSF KFLC (mg/L) 0.15 (0.01 to 0.21) 2.06 (0.88–4.27)

P KFLC (mg/L) 14.00 (11.10 to 17.60) 12.80 (10.70–15.60)

KFLC index 2.00 (1.47 to 2.68) 29.5 (15.7–58.0)

CSF KFLC/CSF albumin 0.67 (0.52 to 0.95) 8.61 (4.26–16.30)

KFLC IF −1.72 (−2.47 to −1.07) 0.82 (0.64–0.91)

n OCB positivea 0 of 60 (0%) 54 of 62 (87.1%)

Q albumin (×103) 5.10 (3.66 to 7.50) 5.40 (4.01–7.19)

Abbreviations: IF = intrathecal fraction; KFLC = kappa free light chain; OCB =
oligoclonal band; P KFLC = plasma KFLC.
Values reported as median (IQR).
a Values are given as quantity (%).

Figure 2 Distribution of KFLC in 6 different patient subgroups in the whole cohort (n = 335)

(A) KFLC IF. Scatterplots show (A) KFLC
IFwith the gray zone (−0.5 to 0)marked
with a redsquare and (B) CSFKFLC/CSF
albumin for 6 different patient sub-
groups in the whole cohort (n = 335).
Bars show medians and interquartile
ranges. CINDC = central inflammatory
neurologic disease control; CIS = clini-
cally isolated syndrome; IF = in-
trathecal fraction; KFLC = kappa free
light chain; NINDC = noninflammatory
neurologic disease control; PINDC =
peripheral inflammatory neurologic
disease control; RIS = radiologically
isolated syndrome.
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by sex, with men in general having higher levels of CSF Alb
compared with females. In the subcohort with elevated Q Alb,
OCB and KFLC index resulted in 2 false-negative tests each
and CSF KFLC resulted in 1 false-positive test. Although this
subcohort is too small to draw any conclusions from, these
findings along with the confirmed variations of Q Alb due to
age and sex stress the importance of including a parameter
controlling for blood-brain barrier leakage in the equation.

A limitation of the study was that a small proportion of the
patients lacked OCB status. Also, the sizes of the non-MS
populations were relatively small, making conclusions in these
patient groups less reliable. Another limitation was that the
results are obtained from a single laboratory, and the general-
izability of the cutoff values is limited to this setting, making it
necessary to adjust for the performance of local analytical
equipment. Also, it is important to note that intrathecal pro-
duction of KFLC is a nonspecific marker of neuroinflammation

or B-cell activity, similar to the intrathecal presence of IgG or
a positive OCB status. Diagnostic sensitivity and specificity of
KFLC in patients with MS are therefore expected to decrease
when comparisons are made across different inflammatory
neurologic diseases (figure 2). Furthermore, kinetics of CSF
KFLC are not known in detail. For example, reduced glo-
merular filtration rate, dialysis, presence of anM-component of
light chains, or multiple myeloma may in theory affect the level
of P KFLC, and as a consequence also the CSF KFLC con-
centration, which may have an impact on the interpretation of
the KFLC metrics. Despite this, the fact that a higher pro-
portion of patients fulfilling clinicalMS criteria were positive for
intrathecal immunoglobulin production with KFLC than OCB
is highly encouraging. Importantly, in contrast to OCB, KFLC
also has the capacity to detect IgM-producing cell clones
common in early inflammatory responses and possibly also
having a prognostic significance inMS.23,24 A further advantage
is the possibility to more reliably quantify intrathecal immu-
noglobulin production, which may be relevant when moni-
toring certain disease-modulating treatments, in particular
those involving depletion of B-cell subsets. Finally, KFLC is
faster and more cost effective than standard techniques used to
determine OCB status.

To answer our first objective of what KFLC metric has the
highest diagnostic accuracy for MS, we found that all 4 evalu-
ated KFLCmetrics had excellent accuracies with AUC of ROC
curves above 95%. The 2 metrics showing the highest sensi-
tivities without considerable, if any, loss in specificity were
KFLC IF (sensitivity 95% and specificity 97%) and CSF
KFLC/CSF Alb (sensitivity 94% and specificity 100%).

To answer our second objective regarding the comparison of
OCB and the KFLC metrics, we found that all 4 evaluated
KFLC metrics had equal or higher sensitivities compared with
OCB in discriminating patients with MS from the control
group without considerable, if any, loss of specificity.

Compared with OCB, KFLC has the added advantages of
being objective, easier to standardize, faster, and less costly. We
therefore suggest KFLC IF or CSF KFLC/CSF Alb as a valid
substitute for OCB in the diagnostics of MS. When choosing

Table 3 Sensitivity, specificity, PPV, and NPV for OCB and 4 different KFLC metrics separating the control group (n = 60)
from patients with MS (n = 62) in the STARD cohort

Cutoff Sensitivity, % Specificity, % PPV, % NPV, %

OCB — 87 (76–94) 100 (94–100) 100 88

CSF KFLC (mg/L) 0.47 89 (78–95) 98 (91–100) 98 89

CSF KFLC/CSF albumin 1.93 × 10−3 94 (84–98) 100 (94–100) 100 94

KFLC index 7.15 90 (80–96) 100 (94–100) 100 91

KFLC IF −0.41 95 (87–99) 97 (88–100) 97 95

Abbreviations: IF = intrathecal fraction; KFLC = kappa free light chain; NPV = negative predictive value; OCB = oligoclonal band; PPV = positive predictive value.
All cutoffs according to the Youden Index. Sensitivity and specificity reported with 95% CI in parenthesis.

Figure 3 ROC curves of 4 different KFLC metrics in the
STARD cohort

ROC curves for KFLC IF, KFLC index, CSF KFLC, CSF KFLC/CSF albumin, and
oligoclonal band (OCB) from samples in the prospective cohort with values
for all metrics including OCB. ROC analysis performed for the control group
(n = 60) vs patientswithMS (n = 62). AUC reported as percentagewith 95%CIs
in parentheses. AUC = area under the curve; IF = intrathecal fraction; KFLC =
kappa free light chain; ROC = receiver operating characteristic.
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what KFLC metric to use in the clinical setting, one must take
methodological, economical, and to some extent also theoret-
ical aspects into account. Additional studies are needed to
provide the comparative performance of KFLC in other in-
flammatory and noninflammatory diseases.
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Stiff person syndrome (SPS) is a rare neurologic disorder characterized by progressively
worsening rigidity and spasms of the axial and limb muscles. Dyspnea has been recently
recognized as a common symptom in SPS,1 and life-threatening respiratory crises have been
occasionally reported and suspected to be responsible for sudden death in these patients.2,3 The
pathophysiologic mechanisms of these respiratory manifestations remain unclear. Some
authors have hypothesized that rigidity and/or spasm of the muscles of the trunk could prevent
normal rib cage movements and excursion of the diaphragm.1

Here, we report the clinical history of a 55-year-old woman affected by SPS since about 10 years,
presenting with crises of severe dyspnea in the past 2 years. The woman also bore several
autoimmune comorbidities illustrated in table.

The clinical onset presented with stiffness of the trunk, with exaggerated lumbar lordosis and
neck hyperextension, causing postural instability and progressively worsening difficulties in
walking until wheelchair dependence. A few months after onset, diffuse painful muscle spasms,
mainly induced by voluntary movements or precipitated by external stimuli, appeared in the
proximal and distal muscles of the 4 limbs. Spasms slowly worsened over time, being re-
sponsible for repeated episodes of muscle and tendon tears. The clinical picture was completed
by progressive urinary retention requiring bladder catheterization, likely due to urethral
sphincter spasm,4 myoclonic jerks of the abdominal and lower limb muscles, mainly triggered
by the attempt to stand up, moderate dysphagia and, finally, acute respiratory crises. The
respiratory crises were triggered by cough, laughter, or activities requiring increased respiratory
efforts, and they were characterized by a sudden onset and severe dyspnea with mild desatu-
ration (SpO2 range of 85%–90%) as assessed by pulse oximetry. Neurologic examination was
remarkable for hyperreflexia in all 4 limbs and positive bilateral Hoffman signs.

MRI examination of the brain and spinal cord was unremarkable. Paraneoplastic profiles were
negative. Laboratory tests revealed positive antibodies against glutamic acid decarboxylase
(4.7 U/mL, >1.0 U/mL positive), a common finding in subjects with SPS. The diagnosis of SPS
was corroborated by electromyographic evidence of continuous motor unit activity in agonist
and antagonist muscles, inconstant 3- to 4-Hz pseudorhythmic myoclonic EMG discharges in
the lower limbs, and long-latency reflexes evoked by innocuous sural nerve stimulation in the
lower limbs.

The patient was unsuccessfully treated with oral prednisone (0.5–1.5 mg/kg/d), several IV
immunoglobulin infusions (400 mg/kg/d ×5 days), and immunosuppressive therapy, initially
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with azathioprine (up to 3 mg/kg/d) and subsequently with
cyclosporine A (up to 4 mg/kg/d). Lately, rituximab (375
mg/m2 IV for 4 doses) was added to the corticosteroid
treatment, which induced a complete depletion of CD20+

B-Cells, but no clinical improvement. Oral diazepam (10–15
mg/d) and baclofen (75 mg/d) were used to control muscle
spasms, with partial benefit. Diazepam doses were not in-
creased beyond 15 mg because of side effects, including
daytime sleepiness and forgetfulness. Over the previous 2
years, respiratory crises occurred with increasing frequency
(up to 2 per week) and severity of dyspnea, thus becoming
a major concern that often required prompt sanitary inter-
ventions and multiple accesses to the emergency department.
In many cases, dyspnea crises could be interrupted only with
IV administration of diazepam. In the attempt to find an
effective alternative therapy for the acute management of re-
spiratory crises, we hospitalized the patients for testing the
efficacy and usability of midazolam (5 mg/1 mL concentra-
tion) via the nasal route.

Midazolam is a short-acting benzodiazepine (BZD), roughly
1.5–2 times more potent than diazepam. When administered
intranasally, midazolam is rapidly absorbed and acts very
quickly, with possible superiority over the IV route when
considering the time needed to place an IV catheter.5,6 In-
tranasal midazolam is both effective and well tolerated in the
acute treatment of status epilepticus. This BDZ has been
approved by the FDA for seizure clusters inMay 2019. Recent
studies have confirmed its safety profile and support the fea-
sibility of intranasal administration as a potential alternative
for the out-of-hospital treatment of seizure emergencies.7

Video 1 shows a representative respiratory crisis observed
during hospitalization. The crisis was almost immediately
interrupted by the nasal administration of midazolam 2.5 mg
(0.5 mL) into each nostril by means of a mucosal atomization
device. Immediately after treatment, the patient experienced
a mild feeling of drowsiness that resolved within 2 hours, but
no other side effects. Systolic and diastolic blood pressure
moderately decreased for a few hours after treatment, but
the values remained within physiologic limits. The average

oxygen saturation levels were maintained within the normal
range.

After we assessed safety and efficacy of treatment in 4 different
occasions in the hospital setting, we trained the patient’s rela-
tives to administer the drug at home. Until now, more than 20
respiratory crises have been effectively and safely treated, with
a frequency of about one administration every 2 weeks.

In conclusion, based on our multiple observations in a single
case, intranasal midazolam administration appears an easily
applicable and rapidly effective alternative treatment for re-
spiratory crises due to spasms of the axial muscles in SPS,
especially when an IV route is not available.

Classification of evidence
This is a single observational study without control and pro-
vides Class IV evidence.
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Table Past or concurrent autoimmune comorbidities experienced by the patient

Autoimmune disease Notes

Idiopathic/immune thrombocytopenic
purpura

Onset in childhood, with spontaneous remission.

Antiphospholipid syndrome with high
anticardiolipin IgG (ACA) titres

Concurrent disease responsible for recurrent venous thrombosis episodes in the lower limbs, treated
with warfarin.

Undifferentiated connective tissue disease Concurrent disease. Positive antinuclear antigen, ANA (1:160). Capillaroscopy showing microvascular
abnormalities.

Myasthenia gravis Diagnosed about 20 years ago based on clinical symptoms (muscle weakness with fatigue, fluctuating
diplopia, and ptosis), presence of antiacetylcholine receptor (AChR) antibody and electrophysiologic
abnormalities (single fiber EMG). At present considered in remission based on clinical symptoms,
negative AChR antibody testing, and normal electrophysiologic assessment (single fiber EMG and
repetitive nerve stimulation) on 2 different occasions. Multiple chest CT scans were negative for thymic
abnormalities.

Insulin-dependent diabetes mellitus Concurrent disease.
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Alemtuzumab is approved for the treatment of relapsing-remitting MS and is used off-label for
patients with chronic lymphocytic leukemia and as induction and antirejection therapy in
kidney transplant recipients.1 Guillain-Barré syndrome (GBS) or chronic inflammatory de-
myelinating polyradiculoneuropathy (CIDP) complicating alemtuzumab treatment was
reported in 9 patients with hematologic malignancy or MS.1–3 The risk of GBS or CIDP in solid
organ transplant recipients treated with alemtuzumab is unknown.

Rabbit antithymocyte globulin (rATG) is another T cell–depleting drug used to treat acute kidney
allograft rejection. Only 1 patient was reported who developed GBS after rATG treatment for
aplastic anemia.4 We found no reports of GBS or CIDP complicating rATG treatment in kidney
transplant recipients. Here, we investigated the frequency, type, and outcome of GBS and CIDP in
a single-center cohort of kidney transplant recipients treated with either alemtuzumab or rATG.

Methods
Study design
A retrospective analysis was performed of a cohort of kidney transplant recipients who received
either alemtuzumab (Campath, Sanofi-Genzyme, Cambridge, MA) or rATG (Thymoglobulin,
Sanofi-Genzyme) between 2002 and 2018 in the Erasmus MC, Rotterdam. Alemtuzumab was
administered as a single dose of 30mg subcutaneously and rATG in a dose of 4mg/kg and nog g/kg.

Statistical methods
Continuous variables are presented as median and interquartile ranges (IQRs). The 95% CIs
were calculated with the modifiedWald method. For statistical analysis, SPSS version 21 (SPSS
Inc., Chicago, IL) was used.

Standard protocol approvals, registrations, and patient consents
The study was approved by the Erasmus MCMedical Ethical Review Board (number 2018-1430).

Results
Between 2002 and 2018, 2,788 patients received a kidney transplant at our center. Alemtu-
zumab was administered to 143 (5.1%) patients and rATG to 108 (3.9%) patients. The total
follow-up period of patients treated with alemtuzumab was 3.0 years (IQR 1.7–4.1 years) for
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Table Clinical characteristics, diagnosis, and outcome of patients with GBS and CIDP after alemtuzumab

Case 1 (GBS) 2 (GBS) 3 (CIDP)

Sex Male Female Male

Age at onset symptoms (y) 54 57 63

Primary kidney disease Polycystic kidney disease Reflux nephropathy Polycystic kidney disease

CMV status at transplantation Seropositive Seronegative Seropositive

Induction therapy Alemtuzumab (30mg, 30 days before transplantation, IVIg 0.4 g/kg on the day of
transplantation), immunoabsorption

Basiliximab Basiliximab

Antirejection therapy None Alemtuzumab (30 mg) Alemtuzumab (30 mg)

Immunosuppressive treatment at onset
symptoms

Tacrolimus/MMF/prednisolone 5 mg/d Tacrolimus/MMF/prednisolone 2.5 mg/d Tacrolimus/MMF/prednisolone 5 mg/d

Diagnosis GBS, level 2 of Brighton classification (no electrophysiologic studies available) GBS (AIDP), level 1 of Brighton
classification

CIDP (fulfillment of clinical criteria and
definite electrophysiologic criteria EFNS/PNS
2010)

Interval between alemtuzumab
treatment and symptoms (mo)

4 8 42

Onset to maximum severity (d) 21 10 90

Maximum mRS score (range 0–6) 4 5 4

Maximum GBS disability score (range 0–6) 4 5 —

EGOS (range 0–7) 3.5 6.5 —

Treatment IVIg (0.4 g/kg) for 5 days IVIg (0.4 g/kg) for 5 days 2× IVIg (0.4 g/kg) for 5 days, 4 sessions of
plasma exchange, methylprednisolone (3×
1000 mg), prednisone 5 mg daily
(maintenance)

mRS score after treatment 1 6 1

GBS disability score after treatment of GBS 1 6 —

Neurologic outcome at the last follow-up Partial recovery (follow-up 1 year) Death (6 months later, due to
malignancy)

Full recovery (follow-up 3 years)

Abbreviations: AIDP = acute inflammatory demyelinating polyradiculoneuropathy; CIDP = chronic inflammatory demyelinating polyradiculoneuropathy; EGOS = Erasmus GBS Outcome Score; GBS = Guillain-Barré syndrome;
IVIg = IV immunoglobulin; MMF = mycophenolate mofetil; mRS = modified Rankin Scale.
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a total of 444.3 person-years. A tacrolimus-based immuno-
suppressive regimen was given to 92% of patients. Three
patients (2.1%, 95% CI 0.4%–6.3%) developed GBS or CIDP
after alemtuzumab. Two patients fulfilled the diagnostic cri-
teria for GBS, and 1 fulfilled the diagnostic criteria for CIDP.
The clinical presentation and diagnostic findings of these
patients are presented in the table. Laboratory tests, including
clinical chemistry, serology, and virology, demonstrated no
alternative diagnoses, and there was no recent Campylobacter
jejuni or cytomegalovirus infection (PCR negative for cyto-
megalovirus). The total follow-up period for rATG-treated
patients was 8.2 (IQR 6.3–11) years for a total of 829.4
person-years. Seventy-eight percent of patients received
a tacrolimus-based immunosuppressive regimen. None of the
patients treated with rATG (0%, 97.5% CI 0–4.1%) de-
veloped GBS or CIDP.

Discussion
This study shows that 2.1% of patients treated with alemtu-
zumab developed GBS or CIDP. This is higher than the in-
cidence rate of these neuropathies in the general population
and of kidney transplant recipients not treated with
alemtuzumab.5–7 Secondary autoimmunity after alemtuzumab
appears to be mainly B cell driven. A mismatched re-
constitution of T and B cells after alemtuzumab can lead to an
expansion of B cells in the absence of appropriate T-cell reg-
ulation. This may enable the escape of autoreactive B cells and
production of pathogenic autoantibodies to self-antigens,
which can lead to secondary autoimmunity, such as thyroid-
itis, idiopathic thrombocytopenic purpura, GBS, or CIDP.1

None of the patients treated with rATG developed GBS or
CIDP. A possible explanation for the difference in the risk of
developing these neuropathies with alemtuzumab is that the
depletion of immune cells lasts longer after alemtuzumab.1

Alternatively, rATG may protect from GBS and CIDP.

Limitations of the current study are that we were unable to
define the frequency of GBS and CIDP in kidney transplant
recipients not treated with T cell–depleting therapy. Second,
no causality between alemtuzumab and the risk of GBS or
CIDP was demonstrated, and our findings may therefore relate
to chance. Third, cytomegalovirus could have played a role in
the development of GBS or CIDP because patients 1 and 3
were seropositive for cytomegalovirus at the time of trans-
plantation. However, no signs of a reactivation were observed
at the time the patients were diagnosed with GBS and CIDP.
Fourth, we cannot exclude that the increased incidence of GBS
and CIDP among alemtuzumab-treated patients may relate to
the fact that in this group, more patients used tacrolimus as
maintenance immunosuppression compared with the rATG
cohort. Fifth, this observation is based on kidney transplant
recipients who have several reasons to have an underlying
neuropathy (i.e., renal insufficiency and diabetes mellitus), and
it is uncertain whether it is also applicable to patients with MS.

In conclusion, alemtuzumab therapy in kidney transplant
recipients may be associated with the development of GBS
and CIDP. Clinicians should be alert for these neurologic
complications in kidney transplant recipients treated with
alemtuzumab.
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Anaplastic lymphoma kinase (ALK) inhibitors have been used in patients with non-small cell
lung cancer (NSCLC) harboring EML4-ALK fusion gene.1 Severe skeletal muscle adverse
events of ALK inhibitors, such as muscle weakness, have seldom been reported.2,3 Herein, we
describe a patient who showed a severe skeletal muscle deficit after the administration of the
ALK inhibitor, alectinib, and was successfully treated by corticosteroids without withdrawal
from the cancer therapy.

Case report
A 55-year-old woman was diagnosed with stage IV (cT1 cN pM1c) lung adenocarcinoma
harboring EML4-ALK translocation, which was confirmed by the fluorescent in situ hybrid-
ization analysis. Metastases in brain, liver, and kidney were found at the time of primary
diagnosis. She first received crizotinib for 1 month but showed resistance to it. Therefore, it was
replaced by alectinib (600 mg/d) combined with whole brain radiation therapy (30 Gy). The
treatment led to regression of the tumors, maintaining her good general status. However, 7
months after change of the treatment, she presented slowly progressive weakness of axial and
proximal muscles and mild posterior neck pain. On examination, she showed head drop and
could not raise her arms above her head nor stand up from a squatting position. Neurologic
examination revealed no further abnormal signs of muscle bulk, cranial nerves (in particular, no
ptosis), cerebellar, sensory, and autonomic systems. Serum creatine kinase (CK) levels were
elevated to 1342 U/L (normal: <171). Myositis-specific/associated autoantibodies were neg-
ative as far as tested: SRP, TIF1γ, Mi-2, Jo-1, cN1A, RNP, Sm, Ro/SS-A, LA/SS-B, and Scl-70.
Antinuclear antibodies (MPO and PR3) and paraneoplastic and myasthenic autoantibodies
were also not detected: Hu, Yo, Ri, CV2, amphiphysin, recoverin, SOX1, Ma2, titin, acetyl-
choline receptor, MuSK, VGCC (N and PQ), and MAG. M protein was not detectable in her
serum. Tumor enlargement or tumor marker elevation was not observed. Skeletal muscle MRI
showed edematous changes in the posterior neck muscles, which were enhanced by
gadolinium (figure, A–E). EMG demonstrated myopathic changes with fibrillation
potentials and positive sharp waves in cervical paraspinal muscles. A repetitive nerve
stimulation test was normal. There were no abnormal findings in cardiac and respiratory
tests. Biopsy of left semispinalis capitis muscle was performed, revealing overt inflammatory
changes with marked fibrosis (figure, F–M). Many fibers were atrophic and showed
overexpression of major histocompatibility complex class I. A few necrotic fibers were
observed. Inflammatory cells were diffusely present and formed several clusters consisting of
predominantly CD20-positive cells. Sarcolemmal C5b-9 complement deposition on non-
necrotic fibers was scattered. Because inflammatory myopathy was shown, corticosteroid
treatment was started (150 mg/d [;2mg/kg body weight/day] with prednisolone for 3 days,
followed by 80 mg/d and gradually tapered to 7 mg/d for 2 months). The treatment was
effective, leading to recovery of head drop and relief of neck pain within 2 weeks and
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normalization of muscle power in 4 limbs within a few weeks.
Two months after the initiation of corticosteroid treatment,
serum CK levels were decreased to 272–341 U/L. Eventu-
ally, under corticosteroids, the patient tolerated continua-
tion of cancer therapy well.

Ethical statement
Informed consent was obtained from the patient. The
Charité Ethics Committee (EA2/163/17) granted ethical
approval.

Figure MRI and pathology of skeletal muscles

(A–E) 3 T MRI of the cervical spine. Upper row shows the initial status at presentation (A–C): marked bilateral muscular edema was observed in
trapezius, splenius (arrow), and semispinalis (arrowhead) muscles in sagittal and axial fat-suppressed T2-weighted imaging (A and B: FS-T2WI).
IV contrast administration shows vivid enhancement in the same region in sagittal subtracted T1-weighted imaging (C: Gd-T1WI). These findings are
suggestive of inflammation of the muscles. Lower row shows improvement of the inflammatory change 7 weeks after initiation of corticosteroid
treatment in sagittal and axial FS-T2WI (D and E). (F–M) Pathology of the biopsied semispinalis capitis muscle. Most fibers are atrophic, and marked
endomysial fibrosis is present (F: modified Gömöri trichrome stain [mGT]. The arrow and the asterisk indicate a myofiber and fibrous tissue,
respectively. Bar: 50 μm). Overexpression of major histocompatibility complex class I is observed on sarcolemma of many fibers (arrow), whereas
major histocompatibility complex class II is not overexpressed on myofibers (G and H: immunohistochemistry for major histocompatibility complex
classes I and II [MHC I and II]). Myofibers showing C5b-9 complement deposition predominantly on sarcolemma of non-necrotic fibers (arrow) are
scattered in <3% of the total number of myofibers (I: immunohistochemistry for C5b-9 complements [membrane attack complex]). There are several
clusters of mononuclear cells, which consist of predominantly CD20-positive cells (J: hematoxylin and eosin stain [H&E]. K: immunohistochemistry for
CD20). Focal infiltration of CD8− (L) or CD68− (M) positive cells are observed both in perimysium and endomysium, immunohistochemically. These
staining results argue in favor of a B-cell mediated process, likely to interfere with the interferon-mediated pathways, accompanied by a solid T-cell
response within the tissue as well.

2 Neurology: Neuroimmunology & Neuroinflammation | Volume 7, Number 4 | July 2020 Neurology.org/NN

http://neurology.org/nn


Discussion
This patient with advanced NSCLC had developed severe proxi-
mal and axial muscle weakness after ALK inhibition therapy,
characteristically showing head drop. The agents included alectinib
and crizotinib, but, considering the clinical course, alectinib was
more likely responsible for the onset of symptoms. According to
the reports of the Food and Drug Administration in the United
States, severe (grade 3, based on the Common Terminology
Criteria for Adverse Events)myalgia ormusculoskeletal pain and
CK elevation occurred in 1.2% and 4.6%, respectively, of patients
treated with alectinib.4 For crizotinib, there was no description of
severe myalgia or any level of CK elevation.5 A report regarding
sequential therapy with crizotinib followed by alectinib did not
mention any muscular adverse event.3 Severe adverse muscular
events causing obvious muscle weakness are rare, but still, the
present case raises the possibility that ALK inhibitors, especially
alectinib, can cause it. The etiology of the muscle weakness is
inflammatory as shown by myopathological analysis and good
response to corticosteroid therapy. It should be noted that the
muscle affection was so responsive to corticosteroids that the
patient could tolerate the cancer therapy and thereby kept her
daily activity level. The clinical presentation of this case is par-
tially similar to what has been described in myositis as an
immune-related adverse event due to PD-1 immune checkpoint
inhibitors (e.g., head drop and efficacy of corticosteroids).6,7

Increased fibrotic tissue was striking, which may be due to the
nature of paraspinal muscles and enhanced by radiotherapy.
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for their excellent technical assistance.

Study funding
No targeted funding reported.

Disclosure
The authors report no disclosures relevant to the manuscript.
Go to Neurology.org/NN for full disclosures.

Publication history
Received by Neurology: Neuroimmunology & Neuroinflammation
February 3, 2020. Accepted in final form April 7, 2020.

References
1. Peters S, Camidge DR, Shaw AT, et al. Alectinib versus crizotinib in untreated ALK-

positive non-small-cell lung cancer. N Engl J Med 2017;377:829–838.
2. Hou H, Sun D, Liu K, et al. The safety and serious adverse events of approved ALK

inhibitors in malignancies: a meta-analysis. Cancer Manag Res 2019;11:4109–4118.
3. Ito K, Hataji O, Kobayashi H, et al. Sequential therapy with crizotinib and alectinib in

ALK-rearranged non-small cell lung cancer- a multicenter retrospective study.
J Thorac Oncol 2017;12:390–396.

4. U.S. Food and Drug Administration. Drugs@FDA: FDA-Approved Drugs.
208434Orig1s000. Alecensa/alectinib. Reference ID: 3859130. Available at: access-
data.fda.gov/drugsatfda_docs/nda/2015/208434Orig1s000SumR.pdf. Accessed
January 30, 2020.

5. U.S. Food and Drug Administration. Drugs@FDA: FDA-Approved Drugs.
202570Orig1s000. XALKORI/crizotinib. Reference ID: 3007072. Available
at: accessdata.fda.gov/drugsatfda_docs/nda/2011/202570Orig1s000SumR.
pdf. Accessed January 30, 2020.

6. TouatM,Maisonobe T, Knauss S, et al. Immune checkpoint inhibitor-relatedmyositis
and myocarditis in patients with cancer. Neurology 2018;91:e985–e994.

7. Seki M, Uruha A, Ohnuki Y, et al. Inflammatory myopathy associated with PD-1
inhibitors. J Autoimmun 2019;100:105–113.

Appendix Authors

Name Location Contribution

Akinori
Uruha, MD,
PhD
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Berlin, Germany

Revising the manuscript
for intellectual content,
data acquisition, and
analysis and
interpretation of data

Carsten
Dittmayer,
MD
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Universitätsmedizin Mainz,
Germany

Revising the manuscript
for intellectual content,
data acquisition, analysis
and interpretation of
data, and study
supervision

Alexander
Dressel,
MD

Carl-Thiem-Klinikum Cottbus,
Germany

Drafting and revising the
manuscript, study
concept and design, data
acquisition, analysis and
interpretation of data,
study supervision,
accepting responsibility
for conduct of
research, and final
approval

Werner
Stenzel,
MD
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At the time of this writing, healthcare systems are facing worldwide the pandemic of the coro-
navirus severe acute respiratory coronavirus 2 (SARS-COV-2) and its associated disease, named
cronavirus disease 19 (COVID-19). This virus is a new human pathogen, and currently, there are
no specific treatment options.1 COVID-19 mostly affects the respiratory system, ranging from
mild flu-like symptoms to severe pneumonia, but extrarespiratory multisystemic involvement has
also been reported.2 Li et al.3 recently described the neuroinvasive potential of COVID-19, but, to
our knowledge, no case of acute dysimmune neuropathy has been described so far. Here, the
authors report the case of an acute and severe peripheral nervous system disorder possibly related
to COVID-19 infection.

A 71-year-old male patient was referred to the emergency department for subacute onset of
paresthesia at limb extremities, followed by distal weakness rapidly evolving to a severe, flaccid
tetraparesis over the previous 3 days. In the previous week, he had low grade fever for a few days.
Relevant conditions at his medical history included hypertension, abdominal aortic aneurysm
treated with endovascular repair in 2017, and lung cancer treated with surgery only (without
additional chemotherapy or radiotherapy) in 2017 with negative oncological follow-up; no
previous neurologic history was reported. Neurologic examination showed normal conscious-
ness and language, no cranial nerve deficit, symmetric limb weakness (Medical Research Council
score 3/5 at upper limbs and 2/5 at lower limbs), symmetric and extensive stocking-and-glove
hypesthesia at the 4 limbs (more pronounced at lower limbs), absent deep tendon reflexes, and
normal plantar response. The patients complained of severe paresthesia in both hands and feet.
Moderate dyspnea andmoderate low back pain were present at the time of the first evaluation. He
showed hemodynamic disturbances with severe drug-resistant hypertension. Arterial blood gases
indicated severe hypoxia (paO2 65 mm Hg without supplemental oxygen). Brain CT scan was
normal, whereas chest CT scan showed multiple bilateral ground glass opacities and con-
solidations, typical of COVID-19 pneumonia. Nasopharyngeal swab tested positive for SARS-
CoV-2. Lumbar puncture was performed urgently and showed a mild increase in the protein
content (54 mg/dL) and mild leukocytosis (9 cells/μL); CSF was negative for SARS-CoV-2.
Electroneurography showed the absence of both the sural nerve sensory nerve action potential
(SAP) and the tibial nerve compound muscle action potential (CMAP), markedly increased
common peroneal CMAP distal latency, markedly decreased velocity, moderately decreased
CMAP amplitude (with spatial and temporal dispersion) for the same nerve, and decreased ulnar
SAP amplitude. F waves were not performed at lower limbs for the reduced amplitude of the
evocable CMAP and not performed at upper limbs for intolerance at the stimulation. See table for
a summary of nerve conduction studies results.
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Overall, these findings were interpreted as a severe form of
acute polyradiculoneuritis with prominent demyelinating fea-
tures. Diagnosis of Guillain-Barré syndrome (GBS) associated
with COVID-19 was made. High-dose IV immunoglobulins
(0.4 g/kg/d for 5 days) were started few hours after admission,
together with high-flow 60%–80% oxygen via nonrebreather
mask, antiviral therapy (lopinavir + ritonavir), and hydroxy-
chloroquine. Despite these efforts, severe respiratory failure
developed during the first 24 hours after admission, un-
responsive to continuous positive airway pressure ventilation
and prone positioning. The patient died a few hours later be-
cause of progressive respiratory failure.

The authors report a possible correlation between acute
COVID-19 infection and GBS, a condition that in recent years
has been linked to other emergent infections, such as Zika
virus.4 Our case suggests that COVID-19 may cause peripheral
nervous system involvement, even before the resolution of
pneumonia, meeting the diagnostic criteria of an acute sensory
and motor polyradiculoneuritis. Dysregulation of the immune
system due to COVID-19 is not that surprising because
McGonagle et al.5 recently described systemic hyper-
inflammation in COVID-19 patients with a macrophage acti-
vation syndrome, also known as secondary hemophagocytic
lymphohistiocytosis; notably, Quin et al.6 also retrospectively
evaluated a cohort of 452 patients with COVID-19 observing
alterations in lymphocytes.

Early respiratory support, including ICU admission, is in-
dicated but not always feasible during the current pandemic.

The authors agree that a close attention to neurologic com-
plications of COVID-19 is needed, as recently suggested by
Mao et al.7 The Italian Society of Neurology is currently
proposing a multicenter nationwide observational study on

neurologic presentations and complications of COVID-19.
Similar efforts by other neurologic societies worldwide will
benefit both neurologists and patients at a global level.
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Table Nerve conduction study parameters

Nerve SAP amplitude (microV) Velocity (m/sec)

Sensory recordings

Sural Absent Absent

Ulnar 4.0 52.4

Radial 6.4 51.3

Nerve Distal latency (msec) CMAP distal amplitude (mV) CMAP proximal amplitude (mV) Velocity (m/sec)

Motor recordings

Tibial Absent Absent Absent Absent

Common peroneal 16.0 1.3a 0.3a,b 23.7

Ulnar 3.75 5.6a 4.3a 46.3

Radial 6.05 0.4a 0.1a,b 38.5

Abbreviations: CMAP = compound muscle action potential; SAP = sensory action potential.
Abnormal parameters are highlighted in bold.
a Spatial and temporal CMAP dispersion.
b Conduction block.
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In December 2019, a novel coronavirus causing an infectious respiratory disease (COVID-19)
was identified, which since then has developed into a pandemic with higher rates of mortality in
older individuals and those with underlying medical conditions.1 Multiple sclerosis (MS) is an
immune-mediated neurologic disease which requires long-term treatment with immuno-
therapies that have been shown to increase the risk of infections.2 As a result, there is significant
anxiety among patients and neurologists during the pandemic regarding the infection outcome
in this patient population. We present a patient with MS treated with fingolimod who was
diagnosed with COVID-19 and had a favorable outcome.

Case presentation
A 42-year-old woman who was diagnosed with relapsing-remitting MS according to the
McDonald criteria in 2001 and had been treated with methotrexate (2 years; discontinued
because of elevated liver enzymes), interferon beta 1-a (13 years; discontinued because of disease
activity), and recently on fingolimod (since 4 years ago) presented with muscle aches, gait
difficulty, sensory disturbances, and weakness on the right side. Her other comorbidities included
major depression disorder, hypothyroidism, recurrent urinary tract infection, and histories of
pulmonary embolism on direct oral anticoagulation and myasthenia gravis (diagnosed 5 years
before MS and status after thymectomy). At her most recent follow-up in September 2019, her
expanded disability status scale (EDSS) score was 1.0 for a positive Babinski sign on the right side.
MRI was notable for moderate disease burden in the brain and the presence of 2 right-sided
cervical cord lesions. Her lymphocyte count at this visit was 842.4/μL.

On March 1, 2020, she started experiencing the symptoms that gradually worsened over the
next few days. She sought medical attention on March 5 and was seen at the outpatient MS
clinic. Neurologic examination revealed decreased sensation, reduced muscle strength (4/5),
and brisk reflexes on the right and right positive Babinski sign (EDSS of 4). These findings
were consistent with new relapse or recrudescence of old symptoms (pseudoexacerbation).
She was then admitted for a relapse workup and treatment on the same day. On arrival, she
was afebrile with vital signs within normal limits. Initial laboratory investigations were notable
for C-reactive protein of 76 mg/L and erythrocyte sedimentation rate of 46 mm, raising
suspicious for an underlying infectious etiology. There was also a decrease in absolute lym-
phocyte count (601.6/μL), which was attributed to fingolimod. Methylprednisolone IV 1,000
mg/d was initiated for 3 days for the treatment of a possible relapse. As part of the infectious
workup, chest X-ray showed a ground glass opacity (figure, A), which raised a possibility of
community-acquired pneumonia for which she was started on azithromycin 500 mg daily
because she is allergic to fluoroquinolones. On March 7, she developed dry cough, dyspnea,
and fever (38.7°C). She also had tachycardia (122), increased respiratory rate (30), and slight
decrease in blood pressure (100/70 mmHg) and in oxygen saturation (89%) with a decrease
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in lymphocyte counts to 440.8/μL. Fingolimod was stopped
because of concern for sepsis. Ceftriaxone 1 g twice daily was
added and started on oxygen via a nasal cannula. Chest CT
was performed to rule out pulmonary embolism, given her
history; however, it was indicative of ground glass opacities
(figure, B).3 Given the clinical and imaging findings,
COVID-19 was suspected, and a nasopharyngeal swab was
obtained and sent to the Isfahan University of Medical Sci-
ences reference laboratory for real-time PCR testing for
COV. She was transferred to the special COVID ward and
received a combination of hydroxychloroquine, oseltamivir
(to cover for influenza), and piperacillin/tazobactam,
whereas ceftriaxone and azithromycin were discontinued.
Three days later (11th March), she felt well and vital signs
were stabilized, and she became afebrile and the lymphocyte
counts increased to 510.3/μL. On March 12, the COVID-19
test was reported positive, and all other medications except
hydroxychloroquine were discontinued. The symptoms of
cough and dyspnea together with neurologic symptoms
gradually improved. She was discharged after a 13-day ad-
mission and started on glatiramer acetate to avoid potential
MS rebound after the discontinuation of fingolimod (lym-
phocyte count: 1,000.5/ul). Until the last televisit (30
March), she has been self-quarantined at home with no re-
spiratory or neurologic symptoms. Given that she did not get
a new MRI during the admission because of hemodynamic
instability and also testing positive for COVID, it remains
unclear whether her neurologic symptoms were because of
the new disease activity (relapse) or worsening of pre-
existing symptoms (pseudorelapse).

Discussion
Because most patients with immune-mediated disorders such
as MS are treated with immunosuppressive agents, it is hy-
pothesized that this patient population is at a higher risk for
developing severe COVID-19. Consensus statements mostly
recommend cautious in the use and initiation of high-efficacy
medications and deem the lower-efficacy medications safer

during the pandemic.4 Therapeutic decision-making is more
challenging in patients with active COVID-19 in whom dis-
continuation of immunotherapies could lead to rebound
disease activity (e.g., fingolimod).5,6

In our patient, despite multiple comorbidities, the COVID-19
was resolved with good outcome, and there was no need for
intensive care unit or intubation. Of note is that the initial
presentation of COVID-19 was worsening of neurologic
symptoms, which is commonly seen in patients with MS in
context of infections.7 As a result, pseudoexacerbations or
relapses without a clear etiology should prompt COVID-19
testing during the pandemic.
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Figure Lung imaging findings suggestive of COVID-19

(A) Chest x-ray of the patient on the first day of hospitaliza-
tion showing a ground glass opacity on the base of the right
lung. (B) CT scan of the chest on the fourth day of hospital-
ization showing ground glass opacities/consolidation with
crazy paving appearance highly suggestive for COVID-19.
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Progressive multifocal leukoencephalopathy (PML) secondary to John Cunningham (JC)
virus infection remains as yet an untreatable viral infection. Plasmapheresis, adoptive T-cell
therapyies, and immune reconstitution strategies have all been used with variable success.
Cortese et al.1 showed that pembrolizumab, a programmed cell death protein-1 (PD-1)
checkpoint inhibitor, increases CD4+ and CD8+ activities and thereby reduces JC viral load.
Five of their 8 patients did well, but the remainder, despite effective PD-1 suppression, failed
to establish an anti–JC virus T-cell response. Recently, Kuepper et al.2 published a case of
primary immunodeficiency with PML who demonstrated a dramatic reduction in PD-1
expression with pembroluzimab, but the patient still died.

Here, we propose that treating the initial lymphopenia before targeting PD1 expression on
T-cells is more effective in clinical outcomes. We used the IL-2 therapy to boost the T-cell
CD4/CD8 populations before treatment with pembrolizumab.3

Case 1
A 33-year-old woman presented with progressive cerebellar syndrome on a 4-month history
of stage IV diffuse large cell B lymphoma (DLBCL, stage IV) and chemotherapy with
rituximab-cyclophophamide, doxorubicin hydrochloride, pncovin, prednisolone (6 cycles)
and intrathecal methotrexate (4 cycles). Over the course of 2 weeks, she developed pro-
gressive gait ataxia, with multiple falls, and dysarthria. A brain MRI revealed a T2/fluid-
attenuated inversion recovery hyperintense lesion in the cerebellar peduncle, and PML was
confirmed after brain biopsy with JC virus–positive oligodendrocytes (SV40 staining and
RNASeq) and CSF (JC virus DNA 449 copies/mL). Initially, the patient received
granulocyte-colony stimulating factor without improvement in CD4+ and CD8+ counts.
Subsequently, IL-2 was commenced as a subcutaneous (s.c.) injection (IL-2: 50,000 units/
m2, followed by 1 million units/m2 maintenance dose, figure, A). After 5 days, IL-2 was
switched to IV infusions (same dose). During the initial applications, an infusion reaction
with increased temperatures and confusion occurred, and no severe side effects were ob-
served. A total of 19 doses of IL-2 followed by one dose of pembrolizumab (200 mg, iv) were
administered based on elevated PD-1+ CD4+70% and PD-1+ CD8+79% compared with age-
matched controls of PD-1+ CD4+ 8% and PD-1+ CD8+ 10%. On treatment, her T-cell counts
increased (CD4+ before: 24/μL, after: 77/μL; CD8+ before: 4/μL, after: 89/μL) and her JC
virus titer decreased to 98 copies/mL. Her MRI (figure, C) and her clinical symptoms
stabilized; however, unfortunately, her original lymphoma reoccurred a month later, and
a decision was made not to retreat.
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Case 2
A 60-year-old man presented with a frontal lobe syndrome,
cognitive impairment, and personality change subsequent to
treatment with 6 cycles of R-CHOP for DLBCL (stage IIIS)
diagnosed 12 months before presentation. MRI demonstrated
a progressive PML lesion in the frontal lobe (figure, D), and the

CSF JCV DNA titer was 309 copies/mL. Treatment was ini-
tially commenced on daily s.c. IL-2: 50,000 units/m2 for 5 days
and subsequently increased to 1million units/m2. On dose
increase, he developed fevers, confusion, and tremors, which
resolved with dose reduction back down to 50,000 units/m2

and periinfusion paracetamol and chlorphenamine. After 8
days, the route of administration was switched to i.v., then

Figure Antiviral immune response and PML lesion evolution after treatment with IL2 and pembrolizumab for case 1 and 2

Shown is the percentage of PD-1+ in CD4+ and CD8+ T-cells in blood and the JC virusDNA titer in CSF (A andB) and lymphocyte subpopulations in blood (case 1:
A, case 2: B) (C) case 2 PD-1+ % in blood vs age-matched control (control PD-1+) and JC virus DNA titer in the CSF. Evolution of the PML lesion in MRI (D) case 1,
(E) case 2, top: T2/FLAIR, middle: T2/FLAIR lesion area pseudocolored in yellow, differential increase (red), differential reduction (green), bottom: B1000 DWI.
Treatment bar: brown for IL2 and yellow for PD1. *Marks drop in lymphocyte subpopulations in case 2 secondary to dose escalation of IL-2 to 2.07 million
units/m2. JC = John Cunningham; PD-1 = programmed cell death protein-1; PML = Progressive multifocal leukoencephalopathy.
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escalated to 1 million units/m2 and later to 2.07 million units/
m2. The latter resulted in a sudden drop in lymphocyte subsets,
and the dose was quickly reduced back down to 1 million
units/m2 leading to recovery (figure, B). A total of 99 doses
of IL-2 were given, followed by 2 doses of pembrolizumab
(175 mg, iv). JC virus DNA levels decreased and were
undetectable by the end of treatment (figure, C). Lym-
phocyte populations increased (CD4+ before: 245/μL,
after: 398/μL; CD8+ before: 192/μL, after: 300/μL; figure,
B), and MRI showed stabilization of the PML lesion
(figure, D). On discharge, he was fully independent for all
activities of daily living.

PML in cases of significant lymphopenia is particularly difficult
to manage. The overall immune response is hampered because
of the deficient immune cell interactions and a failure to mount
an effective T-cell immune response.4,5 Using IL-2 first to boost
the native lymphocyte population is a key strategy to mounting
an effective immune response to JC virus.3 This can sub-
sequently be consolidated using a PD-1 antagonist, such as
pembrolizumab, to maintain the activity. To our knowledge,
this is the first report of a combined treatment with IL-2, fol-
lowed by pembrolizumab for PML.

Indeed, the CD4+ and CD8+ profiles fluctuate with the IL-2
treatments, as do their PD1 expression, suggesting that the
artificial boosting of these cell subsets is closely related to the
individual injections. Interestingly, there was also favorable
improvement of other immune subsets, including CD19 and
CD56; CD56 being more robust. Data on the relative distri-
bution and activity of different immune cells are unknown, with
CD4+ lymphopenia being considered critical in PML emer-
gence.6 Moreover, sustained expression of PD-1 on their cell
surfaces has been linked to T-cell exhaustion.7 It is therefore
critical to deploy a dual strategy not only stimulating the
intrinsic lymphocyte pool but also sustaining their activity. We
found that the PD1 expression in the age-matched healthy
controls wasmuch lower and less prone to variation (figure, C).
Despite an initial downward trend in PD-1 expression in case 1
after pembroluzimab, the levels did increase again. There is
a growing appreciation that although PD-1/PD-L1 therapy can
result in dramatic therapeutic responses, treatment is only ef-
fective in a subset of patients, andmany patients are only partial
responders. Indeed, some patients do not respond to initial
therapy, whereas others, despite showing a robust initial re-
sponse to therapy, go on to develop progressive disease. The
mechanisms for this resistance are being uncovered, but it is
becoming clear that a patient’s individual environmental and
genetic factors, together with previous treatments create an
evolving therapeutic environment that may be in play here.8
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Patients with nodal/paranodal antibodies represent a specific subgroup of inflammatory pe-
ripheral neuropathies, whose clinical presentation with a prolonged subacute phase, additional
symptoms such as ataxia and tremor, and poor treatment response to IV immunoglobulin
(IVIG) often differs from classic Guillain-Barré syndrome (GBS) or chronic inflammatory
demyelinating polyneuropathy (CIDP).1

Previous studies on nodo/paranodopathies mainly focused on adult patients, whereas the
clinical spectrum of pediatric patients is less well established. We reviewed the clinical pre-
sentation of 54 children with GBS (n = 42) and CIDP (n = 12) and retrospectively screened for
antibodies against neurofascin155 (NF155), NF186, NF140, contactin-1 (CNTN1), contactin-
associated protein1 (CASPR1), and glycine-receptor (GlyR) using cell-based assays2,3; 1 pa-
tient was additionally tested with CNTN1-ELISA.4 All cases with sufficient serum were tested
for ganglioside-IgG-, IgA-, and IgM-antibodies against GM1 (n = 42), GD1a (n = 18), GD1b (n
= 23), and GQ1b (n = 21).5 Clinical and paraclinical information of all patients is summarized
in the table. The study was approved by the ethics committee (EK1773/2016).

Children with classic GBS
Of 42 children with GBS, 26 were classified as acute inflammatory demyelinating poly-
neuropathy (AIDP), 7 as acute motor/motor-sensory axonal neuropathy (AMAN/AMSAN)
by nerve conduction velocity according to Hadden criteria,6 4 as Miller-Fisher syndrome
(MFS), and 2 as MFS/GBS overlap. Three patients with GBS could not be classified because of
lack of nerve-conduction studies. In 25 of 35 patients (71.4%), an infection was reported within
4 weeks before symptom onset (13 gastrointestinal, 4 respiratory, and 8 unspecified). Eight
patients had IgG-ganglioside antibodies (19.0%), 6 IgM (14.2%), and 1 IgA (2.4%). Nodal/
paranodal antibodies were not detected. Patients with AMAN/AMSAN (5/7 with reported
infection: 1 campylobacter jejuni, 1 varicella-zoster virus, and 3 unspecified) were more often
ganglioside antibody positive (6/7) than patients with AIDP (4/26; likelihood ratio 12.419) or
MFS (2/4).
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Berlin, Germany; Paediatric Neurology (O.A.-M.), Great Ormond Street Hospital for Children, London, United Kingdom; Dubowitz Neuromuscular Centre (P.M.), Great Ormond Street
Hospital for Children, London, United Kingdom; Nuffield Department of Clinical Neurosciences (S.R.), University of Oxford and Oxford University Hospitals NHS Foundation Trust;
Department of Paediatric and Adolescent Medicine (C.S.), St Joseph Hospital, Berlin, Germany; Department of Pediatrics and Adolescent Medicine (M.F., M.B., R.S.), Medical University
of Vienna, Austria; Department of Neurology (M.R., J.W.), Medical University of Innsbruck, Austria; Neuromuscular Diseases Unit (C.L., L.Q.), Hospital de la Santa Creu i Sant Pau,
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Table Clinical and paraclinical data of patients with GBS and CIDP

GBS (42) CIDP (12)

Ganglioside abs pos.
(IgG/IgM/IgA) Seronegative

Nodal/paranodal
antibodies pos. Seronegative

No. of patients 15 27 5 7

Age mean (range) 11.6 (4–17) 10.22 (1–18) 7.9 (3–11) 10.4 (4–18)

Gender m:f 9:6 15:12 3:2 4:3

AIDP 4 22

AMAN/AMSAN 6 1

MFS/MFS overlap 3/1 1/1

GBS no NCS 1 2

GM1+ 6 — 0 0

GD1a+ 1 0 0

GD1b+ 1 0 0

GM1+GD1b+ 4 0 0

GQ1b+ 1 0 0

GM1+GD1a+ GQ1b+ 1

GD1a+GQ1b+ 1

Pan-neurofascin+ — — 2 0

NF155+ 1 0

CNTN1+ 2 0

CSF mean cell count/μL (range) 3.15 (0–11) 2.92 (0–11) 4.6 (0–21) 3.8 (1–9)

CSF mean total protein mg/dL (range) 98.08 (10–250) 118.59 (19–401) 292.4 (75–619) 107.7 (24–288)

Infection (data available from 45/54) 11 (2 C. jejuni; 1 VZV; 8
unspecified)

14 (2 C. jejuni; 3 VZV; 1 EBV; 8
unspecified)

1 2

GI 6 7 1 0

Respiratory 2 2 0 2

Other 3 5 0 0

Infection d prior mean (range) 9 (1–14) 11.6 (3–28) 0 4.8 (1–10)

Days hospitalization mean (range) 13.43 (3–30) 20.73 (0–135) 13 (2–28) 10.4 (2–16)

Cranial nerve involvement 3 7 1 2

Autonomic dysfunction 1 2 0 0

Tremor/ataxia 3 3 5 1

OutcomemRS (available from 32/42 GBS
and 11/12 CIDP)

11mRS 0–1; 1mRS 2–4;
1 mRS >1;

15mRS 0–1; 4mRS 2–4; 1mRS
5–6; 5 mRS >1;

2 mRS 0–1; 3 mRS 2–4;
3 mRS >1;

2 mRS 0–1; 4 mRS
2–4; 4 mRS >1;

Severity at nadir HS (available from 41/
42 GBS and 12/12 CIDP)

2 HS1; 8 HS2; 1 HS3; 2
HS4; 1 HS5

2 HS1; 5 HS2; 7 HS3; 6 HS4; 6
HS5; 1 HS6

3 HS3; 2 HS4 2 HS1; 1 HS2; 4 HS4

Abbreviations: AIDP = acute inflammatory demyelinating polyneuropathy; AMAN = acute motor axonal neuropathy; AMSAN = acute motor and sensory
axonal neuropathy; C. jejuni = campylobacter jejuni; CIDP = chronic inflammatory demyelinating polyneuropathy; EBV = Epstein-Barr virus; GBS = Guillain-
Barré syndrome; GI = gastrointestinal; HS = Hughes score; MFS =Miller-Fisher syndrome; mRS =modified Rankin Scale; NCS = nerve-conduction study; VZV =
varicella-zoster-virus.
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Children with nodal/
paranodal antibodies
Five of 12 children, who met the EFNS/PNS criteria for CIDP,
had nodal/paranodal antibodies: 2 pan-neurofascin (NF155/
NF186/140 triple positive), 1 NF155, and 2 CNTN1-
antibodies. The IgG-subclass distribution was determined by
flow cytometry analysis.7 IgG4 was the predominant subclass in
all patients and ranged from 75% to 100%. In addition, 1 patient
with pan-neurofascin-antibodies tested positive for GlyR-
antibodies but did not develop stiff-person syndrome or pro-
gressive encephalomyelitis with rigidity, and the significance of
this finding needs further investigation. The mean age was 7.9
years (range 3–11), and the male:female ratio was 3:2. The
median duration of hospitalization was 13 days (range 2–28).
One pan-neurofascin-patient was initially diagnosed as GBS and
reclassified as CIDP during disease course, the other patients
had a chronic onset with slow progression over months or years.
One child had a gastrointestinal infection before symptom
onset. One CNTN1-patient showed cranial nerve involvement
and optic neuritis during disease course. All children had ataxia,
4 neuropathic pain (all except 1 pan-neurofascin), and 3 (2
CNTN1, and 1 pan-neurofascin) tremor. At the peak of disease,
3 children needed a walking aid (Hughes 3) and 2 were bed-
ridden (Hughes 4). None of the children had renal dysfunction.
The mean CSF white cell count was 4.6 μL (range 0–21), and
the mean CSF protein was 292.4 mg/dL (range 75–619).

The mean time of follow-up was 32 months (range 17–57).
The 2 CIDP patients with pan-neurofascin-antibodies initially
showed no or only partial response to IVIG and therefore
received corticosteroids, 1 along with plasma exchange and the
other with mycophenolate. Both recovered only very slowly
over up to 4 years with a modified Rankin Scale (mRS) score of
1 at the last follow-up. The NF155-patient did not respond to
IVIG and corticosteroids and subsequently received immu-
noadsorption and rituximab, leading to significant clinical im-
provement. After 8 months, he relapsed in association with
normalization of the CD19/20 ratio and again rapidly im-
proved after another dose of rituximab, with amRS score of 2 at
the last follow-up. One patient with CNTN1-antibodies
worsened despite monthly IVIG and corticosteroids given
over 4 months. After treatment was switched to rituximab, he
improved rapidly in the following weeks and remained stable
since then. The second child with CNTN1-antibodies showed
only partial response to IVIG with relapses in conjunction with
infections. This child improved significantly after rituximab
application with a mRS score of 2 at the last follow-up.

In summary, our study demonstrates that nodal/paranodal
antibodies occur in a subgroup of paediatric patients with
CIDP, but not GBS. Children with AMAN/AMSAN fre-
quently have ganglioside antibodies. Children with CIDP and
atypical/prolonged disease course with high Hughes score
(>2), sensory ataxia, prominent neuropathic pain, and tremor
may have nodal/paranodal antibodies. These patients often

do not sufficiently respond to IVIG, whereas in our case series,
rituximab led to prompt improvement in 3 children. Optimal
treatment strategies for children with nodal/paranodal anti-
bodies have to be further determined in larger studies.
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PhD

Hospital de la Santa Creu i
Sant Pau, Universitat
Autónoma de Barcelona,
Barcelona, Spain

Acquisition of data and
interpretation of data

Appendix (continued)

Name Location Contribution

Günther
Bernert, MD

Kaiser-Franz Josef Hospital
with Gottfried von Preyer
children Hospital, Vienna,
Austria

Acquisition of data and
critical review for
important intellectual
content

Klaus-Peter
Wandinger,
MD, PhD

University Hospital
Schleswig-Holstein, Kiel/
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Since December 2019, a novel coronavirus, also called severe acute respiratory syndrome CoV-2
(SARS-CoV-2), emerged in Wuhan, China, and caused a pandemic disease (COVID-19). Re-
spiratory impairment is the most common symptom in patients with confirmed COVID-19;
however, neurologic symptoms were documented in approximately 36%, including headache,
disturbed consciousness, and paresthesia.1 The virus can take different pathways to involve the
CNS: in oneway through hematogenous or lymphatic route and in another way via the cribriform
plate close to the olfactory bulb. Very few studies have shown CNS abnormalities related to
COVID-19 on MRI. Herein, we report a case of SARS-CoV-2 brain lesions suggesting an acute
demyelination.

Case
A 54-year-old woman was admitted in the emergency department for a respiratory distress. She
had an unremarkablemedical history except for a treatedmild arterial hypertension. No history of
toxic substances was found. She presented with an 8-day history of fever, asthenia, and respiratory
symptoms. On admission, her respiratory rate was 35–40 with an oxygen saturation of 75%. The
patient’s Glasgow Coma Scale score was 14 with altered mental status but without focal neu-
rologic deficit. Blood investigation showed an increased C-reactive protein (346 mg/L), hyper-
ferritinemia, and elevated liver enzymes. A reverse transcriptase polymerase chain reaction
(RT-PCR) test for SARS-CoV-2 was positive in nasopharyngeal swab. Her CSFwas hemorrhagic
because of a traumatic lumbar puncture but without any other abnormality. RT-PCR screening
for neurotropic agents was negative. A CT of the lungs demonstrated pathologic findings
compatible with a severe COVID infection. Endotracheal intubation with mechanical ventilation
in prone position led to a rapid improvement of the respiratory distress. Hydroxychloroquine in
combination with azithromycin and amoxicillin/clavulanic acid treatment was initiated. After
stopping sedation at day 2, the patient presented with wake-up delay and her GSC score was 6. A
CT scan of the brain demonstrated hypodense lesions involving supratentorial white matter and
pallidum bilaterally. Initially, an embolic cause was suspected but cardiac ultrasound and ECG
were normal. EEG showed a slowed background activity. At day 7, a brain MRI revealed lesions
with restricted diffusion without any hemorrhage or enhancement after gadolinium injection
(figure). The thalamus, the striatum, and the posterior fossa were spared. The intracranial vessels
were without abnormalities on time-of-flight and postcontrast 3D T1-weighted black-blood
images. No sinovenous thrombosis was noted. At day 9, a second lumbar puncture was per-
formed, and it was shown that no relevant alterations and RT-PCR for SARS-CoV-2 remained
negative. Although the consciousness slightly improved, a hemiplegia on the right side was
observed at day 10. A follow-up MRI showed no new lesions. However, all lesions had ho-
mogenous contrast enhancement without any sign of hemorrhage. A spinal cord MRI was
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without abnormalities. Steroid treatment was initiated after
negative nasopharyngeal PCR on day 12.

Discussion
The first radiologic description of neurologic complications
due to SARS-CoV-2 infection was described by Poyiadji et al.2

with a case of acute necrotizing encephalopathy (ANE),
probably related to virus-induced cytokine storm. The most
characteristic finding in ANE is the bilateral and symmetrical
thalamus involvement with possible restricted diffusion or
hemorrhage. Then, meningitis and encephalitis associated with
SARS-CoV-2 were also described3 with leptomeningeal en-
hancement, perfusion abnormalities, and ischemic stroke.
Several mechanisms are supposed to lead to CNS involvement
such as toxic encephalopathy, inflammatory, and autoimmune
or hypoxia injuries.4 In our case, the distribution of bilateral but
asymmetrical lesions with periventricular and deep white
matter involvement is rather suggestive of an acute de-
myelination. In a murine model, the mouse hepatitis corona-
virus can cause an acute demyelination5 with probable
implication of astrocytes, microglia, and endothelial cells. In
2004, Ann Yeh et al.6 described the first case of pediatric acute
disseminated encephalomyelitis (ADEM) associated with
a coronavirus. However, some findings such as sparing the
infratentorial white matter, the restricted diffusion, and the
prominent involvement of the pallidum are unusual for ADEM.
Besides demyelination, the associated punctiform lesions might

be consistent with ischemic lesions because of small-vessel
vasculitis. SARS-CoV-2 infects the host using the angiotensin-
converting enzyme 2 receptor that is expressed in several
organs, especially in endothelial cells. Recently, Varga et al.7

have showed direct viral infection of the endothelial cell and
diffuse endothelial inflammation. This endothelial dysfunction
can lead to vasoconstriction and break of the blood-brain
barrier with cerebral ischemia and inflammation. Although
mechanisms remain obscure, our case shows the importance of
the MRI in the exploration of neurologic symptoms in
COVID-19. Demyelination or small-vessel CNS vasculitis
might be a rare but silent complication of sedated patients with
COVID-19.
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Figure Brain MRI of SARS-CoV-2-related lesions

Multiple supratentorial punctiform and tumefactive lesions involving the white matter bilaterally and showing hypersignal on coronal fluid attenuation and
inversion recovery (FLAIR; A), axial T2-weighted images (B), and diffusion-weighted imaging (C) with low apparent diffusion coefficient (ADC; D). Some lesions
are periventricular or involve the corpus callosumwith amass effect on the left lateral ventricle (*). Note the restricted diffusion with hyperintensity on FLAIR
imageswithin the globus pallidumbilaterally (black arrows). On a follow-up brainMRI, the lesions demonstrate avid enhancement on postgadolinium coronal
and axial T1-weighted images (E).
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Abstract
Objective
To review currently available data on the transfer of monoclonal antibodies (mAbs) in the
breastmilk of women receiving treatment for neurologic and non-neurologic diseases.

Methods
We systematically searched the medical literature for studies referring to 19 selected mAb
therapies frequently used in neurologic conditions and “breastmilk,” “breast milk,” “breast-
feeding,” or “lactation.” From an initial list of 288 unique references, 29 distinct full-text studies
met the eligibility criteria. One additional study was added after the literature search based on
expert knowledge of an additional article. These 30 studies were reviewed. These assessed the
presence of our selected mAbs in human breastmilk in samples collected from a total of 155
individual women.

Results
Drug concentrations were typically low in breastmilk and tended to peak within 48 hours,
although maximum levels could occur up to 14 days from infusion. Most studies did not
evaluate the breastmilk to maternal serum drug concentration ratio, but in those evaluating this,
the highest ratio was 1:20 for infliximab. Relative infant dose, a metric comparing the infant with
maternal drug dose (<10% is generally considered safe), was evaluated for certolizumab (<1%),
rituximab (<1%), and natalizumab (maximum of 5.3%; cumulative effects of monthly dosing
are anticipated). Importantly, a total of 368 infants were followed for ≥6 months after exposure
to breastmilk of mothers treated with mAbs; none experienced reported developmental delay
or serious infections.

Conclusions
The current data are reassuring for low mAb drug transfer to breastmilk, but further studies are
needed, including of longer-term effects on infant immunity and childhood development.
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Monoclonal antibodies (mAbs) are increasingly used to treat
autoimmune conditions that affect women who may become
pregnant or breastfeed. These conditions span various sub-
specialties, and many are neurologic including migraine, my-
asthenia gravis, MS, neuromyelitis optica spectrum disorder
(NMOSD), and autoimmune encephalitis.1–6 However, the
optimal treatment of these women during the peripartum pe-
riod remains uncertain.7 Although immunoglobulin (Ig) A is
the primary immunoglobulin in human breastmilk due to
transportmechanisms,8,9 IgG-basedmAbs with largemolecular
sizes and limited transport mechanisms are largely precluded
from transfer into breastmilk.9 Most immunoglobulins have
low oral bioavailability, which reduces the likelihood of ab-
sorption by breastfeeding infants8 to less than 25%.10 It is
generally recognized that secretory IgA, the primary class of Ig
in human breastmilk, is stable against enzymatic degradation.10

The neonatal Fc receptor (FcR) could allow passage of some
undigested IgG molecules into the neonatal circulation, al-
though it may be stripped from the IgG during passage through
the gut.11 Limited safety data on the use of mAbs during
breastfeeding have resulted in women being advised to either
forego breastfeeding despite strong evidence for maternal and
neonatal benefits from breastfeeding12 or forego treatment
until weaning.

Recently, several studies investigated this research gap and
provided evidence-based recommendations for women who
may benefit from treatment with mAbs in the peripartum pe-
riod and concluded that biologic therapies used in in-
flammatory bowel disease (IBD) are compatible with
breastfeeding.13,14 Here, we performed a narrative review to
assess current knowledge about the transfer of mAbs in
breastmilk.

Methods
The bibliographic databases PubMed and EMBASE were
queried from inception through April 7, 2019. The reference
lists from each medication entry in the Drugs and Lactation
Database (LactMed) were also reviewed from inception
through May 11, 2019. The search located terms in either the
article title or abstract contents in PubMed and EMBASE. We
included mAbs used in the treatment of neurologic autoim-
mune diseases, as well as other non-neurologic conditions such
as rheumatoid arthritis (RA) or IBD. The following mAb
search terms were included: “adalimumab,” “alemtuzumab,”
“bevacizumab,” “certolizumab,” “daclizumab,” “eculizumab,”
“erenumab,” “fremanezumab,” “galcanezumab,” “golimumab,”

“infliximab,” “natalizumab,” “ocrelizumab,” “ofatumumab,”
“rituximab,” “satralizumab,” “tocilizumab,” “ustekinumab,” and
“vedolizumab.” The term “monoclonal antibody” was also
searched in an effort to find additional articles discussing the
aforementioned mAbs, additional mAbs, and general concepts
pertaining to mAbs. The following search terms were used in
combination with each of the mAb terms previously listed:
“breastmilk,” “breast milk,” “breastfeeding,” or “lactation.” A
medical librarian assisted with the structure of this search.

Studies were included if they examined the use of mAb
therapies in human breastmilk, published in English with full
text available. Studies with data derived solely from animal
models, or available only in abstract form, were excluded.

When available, we extracted the following data: (1) absolute
average and (2) maximum absolute mAb dose to the infant in
a 24-hour period and (3) relative infant dose (RID)15 (see
table 1 for calculations). Data on the clinical condition stud-
ied, treatment details, breastfeeding details, and pregnancy
and infant outcomes were collected when available.

Results
The search yielded a total of 529 references (figure). One
additional study was added after the literature search based on
expert knowledge of an additional article published after May
11, 2019. After duplicates were removed, 289 references were
screened by title and abstract review (S.L. and R.B.). A total of
62 full-text studies were assessed for eligibility, and 30 studies
were included (S.L. and R.B.). Data were extracted (A.A.) and
checked (R.B. and K.K.) for individual study-level information
relating to measurement of mAb in breastmilk (table 2). No
relevant studies were found for the following mAbs: alemtu-
zumab, daclizumab, erenumab, fremanezumab, galcanezumab,
ocrelizumab, ofatumumab, and satralizumab. Data on the use of
ipilimumab (IPI) and ranibizumab were found in the process of
study review.

CD20 inhibitors: rituximab
A single case study of 1 mother with granulomatosis with pol-
yangiitis and a prospective registry, which included 9 mothers
with MS, investigated the presence of rituximab (RTX) in
breastmilk.16,17 Across both studies, 5 mothers conceived within
6 months of their last RTX infusion; all 10 women resumed or
initiated RTX within 1.5–11 months after delivery. All 10
women provided breastmilk, a total of 34 samples (5 with serial
samples), collected from 8 hours to 90 days postinfusion. Six

Glossary
ADA = adalimumab; BVZ = bevacizumab; FcR = Fc receptor; GOL = golimumab; IBD = inflammatory bowel disease; IPI =
ipilimumab; mAb = monoclonal antibody; NAT = natalizumab; NMOSD = neuromyelitis optica spectrum disorder; RA =
rheumatoid arthritis; RBZ = ranibizumab; RID = relative infant dose; RTX = rituximab; TNFi = TNF inhibitors; TCZ =
tocilizumab; UST = ustekinumab; VDZ = vedolizumab.
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mothers elected to continue breastfeeding after RTX
treatment.16,17 Although present in all samples, the concentra-
tion of RTX was minimal, with the maximum concentration of
0.6 μg/mL observed 8 days postinfusion.16 One study de-
termined a low milk/serum ratio of 1:240 of RTX in breastmilk
relative to maternal serum.16 The maximum RID of 0.33% was
observed in a single sample provided 11 days postinfusion, al-
though among women with serial samples, the median RID was
0.08% (range 0.06–0.10%), and estimated 24-hour infant dose
was 9.4 μg/kg/d (based on Cavg in breastmilk).

17 Five of the 6
infants breastfed after maternal treatment with RTX were fol-
lowed between 8 and 18 months with normal development, no
serious infections, and routine vaccination (vaccination sched-
ule only reported for 4 infants17).

Complement protein C inhibitors: eculizumab
One prospective study of eculizumab during pregnancy and
breastfeeding followed 75 pregnancies in 61 mothers with
paroxysmal nocturnal hemoglobinuria.18 Forty-five of 46
mothers treated before conception continued treatment

throughout pregnancy, and 29 mothers initiated eculizumab
during the second or third trimester and continued post-
partum. Measurable eculizumab was detected in 7 of 20 cord
blood samples with a concentration ranging from 11.8 to
21.2 μg/mL. Twenty-five infants were breastfed following
maternal eculizumab treatment, and 10 mothers provided
a single breastmilk sample posttreatment: none showed de-
tectable eculizumab (5 μg/mL lower limit of detection). Sixty-
four infants were formally followed up to 12 months of age;
the number of these infants breastfed following maternal
treatment was not specified. All infants were healthy and
reached normal developmental milestones with the exception
of 2 infants: one with asymptomatic neutropenia after delivery
and another with slightly delayed speech, and for whom
breastfeeding status was not reported.

CTLA-4 inhibitors: ipilimumab
IPI during breastfeeding was prospectively evaluated in 1
woman treated for metastatic melanoma.19 A course of 4 IPI
infusions administered at 3 mg/kg every 3 weeks was initiated
postpartum, and breastfeeding was temporarily discontinued
until 3 weeks after the final infusion. The mother provided
breastmilk serially sampled up to 25 days postinitiation of
treatment. Although IPI was detectable in all samples, the
concentration reached a Cmax of 0.147 μg/mL at 4 days after
the second infusion (21 days posttreatment initiation) with
a notable increase at repeat infusion.19 An estimated infant
exposure of 53.481 μg/d was calculated based on the average
IPI concentration available in breastmilk and average breast-
milk intake by infants within 24 hours. Based on this potential
exposure, a concern for cumulative toxicity was noted, given
that over the course of 12 weeks of treatment, the potential
infant exposure would reach approximately 4500 μg/mL.

Integrin inhibitors: vedolizumab (α4β7) and
natalizumab (α4)

Vedolizumab
Two cohort studies prospectively followed a combined 13
pregnancies in women with IBD treated with vedolizumab
(VDZ) during breastfeeding.20,21 All 13 mothers elected to
continue breastfeeding after VDZ treatment, and 10 provided
breastmilk, serially sampled between 30 minutes and up to 15
days postinfusion. Before the infusion at which breastmilk
collection occurred, all mothers had received infusions at an
earlier time point. Minimal concentrations of VDZ were ob-
served in all samples, with the highest concentration of

Table 1 Calculations used to measure antibody content in breastmilk

Measure Calculation

Absolute average monoclonal antibody dose to the infant in a 24-hour period Multiply Cavg by 150 cc/kg/d.

Maximum absolute monoclonal antibody dose to the infant in a 24-hour period Multiply Cmax by 150 cc/kg/d.

Relative infant dose (RID), which estimates the infant’s exposure to monoclonal
antibody as a percentage of the maternal dose over a 24-hour period

Multiply Cavg in mg/L, by 0.15 L/kg/d of breastmilk and by the
maternal weight, then divide by the maternal dose.1

Figure Flow diagram of study identification and inclusion
as according to PRISMA 2009 guidelines

The database search yielded a total of 529 references, which were screened
for duplicates, full-text availability, and content; 30 studies screened eligible
for inclusion in the review.
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Table 2 Summary of studies reporting measurement of monoclonal antibody (mAb) therapies in breastmilk in women
with chronic conditions treated during pregnancy and breastfeeding

mAb (target)
Neurology
use Study types Condition Na

Cmax in BM (range)
μg/mL

Infant dose
from BM

Adalimumab (TNF-α) NA Case report31 CD NA NR Not detected in infant
serum at 3 months

Case report32 CD 1 0.031 (NA) NR

Prospective24 IBD 21 0.71 (0.45–0.71) NR

Prospective33 IBD 2 0.00488 (0.00483–0.00488) 8.4 μg/mL in infant
serum at 1 dayb

Bevacizumab (VEGF-A) Glioblastoma Case report43 CNV NA NR NR

Case report44 CNV 1 Not detected NR

Case series45 CNV 2 Not detected NR

Certolizumab (TNF-α) NA Case report35 RA 1 Not detected Not detected in infant
serum at 3 days

Case series36 RA/SpA 2 Not detected NR

Cohort study34 RA/CD/
axSpA/PsA

17 0.076 (0.032–0.076) RID (range) 0.15%
(0.04–0.30)

Prospective24 IBD 13 0.29 (0.27–0.29) NR

Eculizumab (C5) MG/NMOSD Prospective18 PNH 10 Not detected NR

Golimumab (TNF-α) NA Prospective24 IBD 1 Not detected NR

Ipilimumab (CTLA-4) NA Case report19 Melanoma 1 0.147 (NA) Estimated infant
dose 53.48 μg/d

Infliximab (TNF-α) Neurosarcoidosis Case Report37 CD 1 Not detected NR

Case report38 CD 1 Not detected Cmax in infant
serum 39.5 μg/mL

Case report39 Psoriasis NA NR NR

Case series40 IBD 3 0.300 (0.130–0.300) Absolute infant
dose 0.15 mg/kg/d

Case series41 CD 3 Not detected Not detected in
infant serum

Cohort study42 CD 3 0.105 (0.02–0.105) NR

Prospective24 IBD 29 0.74 (0.15–0.74) NR

Prospective33 IBD 2 0.2 (0.120–0.2) Infant serum 5 d
post-IFX 1.7 μg/mL

Natalizumab (α-4 integrin) MS Case report22 MS 1 2.83 (NA) RID 1.74% (Cavg);
5.30% (Cmax)

Cohort study23 MS 4 0.412 (0.02–0.412) NR

Prospective24 IBD 2 0.46 (NA) NR

Ranibizumab (VEGF-A) Glioblastoma Case report44 CNV NA NR NR

Rituximab (CD20) MS/NMOSD/
MG/AE

Case report16 GPA 1 0.6 (NA) NR

Prospective17 MS 9 0.074 (0.061–0.29) RID (range) 0.08%
(0.06–0.10%)

Tocilizumab (IL-6 receptor) NMOSD Case report25 AOSD 1 0.215 (NA) Not detected in infant
serum at 4 weeks

Case series26 RA 2 0.148 (0.068–0.148) NR

Continued
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0.478 μg/mL observed 3 to 4 days postinfusion.21 The ratio of
maximum vedolizumab concentration in breastmilk was cal-
culated to be less than 1% of the concentration in maternal
serum.20 All 13 infants were followed up to 10 months of age
and were found to have normal development, routine vacci-
nations, and no serious infections.20,21

Natalizumab (IgG4)
Unlike most other mAbs, natalizumab (NAT) is an IgG4
subclass. There are 3 prospective studies of safety of NAT
during breastfeeding in women treated for MS22,23 or
IBD.24 Cumulatively, 13 infants were breastfed following
maternal resumption of NAT postpartum. Seven of these
nursing mothers provided breastmilk samples between 1
hour and up to 50 days following the first postpartum in-
fusion; several mothers gave multiple samples after 2 and
up to 5 maintenance infusions. NAT was detectable as early
as 12 hours,24 and a notable increase in concentration over
time with repeat infusions was observed.22,23 The highest
concentration, 2.83 μg/mL, was observed 21 days after
a second postpartum NAT infusion (and 50 days after the
first infusion).22 In this study, maximal RID was calculated
as 5.30% (based on the peak concentration) and 1.74%
(based on the average concentration).22 A risk for accu-
mulation of NAT in breastmilk in women receiving mul-
tiple infusions was identified in 2 studies, providing
a rationale for longer duration of follow-up.22,23 Longitu-
dinal infant outcomes at 12 months were assessed in
a pooled cohort comparing development and infection rate
according to breastfeeding status in 824 infants whose
mothers were treated with various mAbs, including 12

treated with NAT, 8 of whom breastfed posttreatment, with
no significant risk observed overall.24

Interleukin inhibitors: tocilizumab (IL-6) and
ustekinumab (IL-12 and IL-23)

Tocilizumab
Three prospective studies evaluated the safety of tocilizumab
(TCZ) during pregnancy and breastfeeding for a total of 7
pregnancies in women treated for RA and adult-onset Still
disease.25–27 In all 7 women, TCZ was either stopped during
the first trimester or continued throughout pregnancy; all
resulted in term delivery of healthy infants. Infant serum was
collected at delivery in 1 pregnancy with a low, but detectable,
TCZ concentration attributed to placental transfer.25 All 7
mothers breastfed their infants while receiving TCZ post-
partum and provided serially sampled breastmilk between 11
hours and up to 34 days postinfusion. TCZ was present at low
concentrations in all samples, with the highest reported
concentration at 0.215 μg/mL 2.8 days postinfusion.25 Only 2
studies longitudinally followed 3 infants within a range of 6 to
13 months with normal development, routine vaccinations,
and no severe infections noted.25,26

In addition, a retrospective study evaluated TCZ treatment
in 61 pregnancies in 53 mothers treated for chronic in-
flammatory conditions (RA, systematic idiopathic arthri-
tis, polyarticular juvenile idiopathic arthritis, and
multicentric Castleman disease)28; 2 mothers breastfed
while receiving TCZ postpartum, but further details were
not reported.

Table 2 Summary of studies reporting measurement of monoclonal antibody (mAb) therapies in breastmilk in women
with chronic conditions treated during pregnancy and breastfeeding (continued)

mAb (target)
Neurology
use Study types Condition Na

Cmax in BM (range)
μg/mL

Infant dose
from BM

Retrospective28 RA/SJIA/
PJIA/MCD

NA NR NR

Cohort study27 RA/AOSD 4 0.113 (0.068–0.205) NR

Ustekinumab
(IL-12 and -23)

NA Case report30 Psoriasis NA NR NR

Case report29 CD 1 3.2 (NA) NR

Prospective24 IBD 6 1.57 (0.72–1.57) NR

Vedolizumab (α4β7) NA Cohort study21 IBD 5 0.478 (0.108–0.478) NR

Cohort study20 IBD 5 0.318 (0.196–0.318) Maxabs 24-hour infant dose
0.048 mg/kg

Abbreviations: AE = autoimmune encephalitis; AOSD = adult-onset Still disease; axSpA = axial spondyloarthritis; BF = breast feeding; BM = breastmilk; CD =
Crohn disease; CNV = choroidal neovascularization; GA = gestational age; GPA = granulomatosis with polyangiitis; IBD = inflammatory bowel disease; IFX =
infliximab; mAb =monoclonal antibody; MCD =multicentric Castleman disease; MG =myasthenia gravis; NA = not applicable; NMOSD = neuromyelitis optica
spectrum disorder; NR = not reported or not performed; PJIA = polyarticular juvenile idiopathic arthritis; PNH = paroxysmal nocturnal hemoglobinuria; PsA =
psoriatic arthritis; RA = rheumatoid arthritis; RID = relative infant dose; SJIA = systemic juvenile idiopathic arthritis; SpA = spondyloarthritis; TNF = tumor
necrosis factor; UC = ulcerative colitis; URTI = upper respiratory tract infection; UTI = urinary tract infection; VEGF-A = vascular endothelial growth factor A.
All therapies are IgG1 subclass except eculizumab (hybrid IgG2/G4) and natalizumab (IgG4). Full details are available in table e-1, links.lww.com/NXI/A260.
a Number of who provided breastmilk samples.
b Gestational exposure.
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Ustekinumab
Two case reports and 1 registry prospectively followed a com-
bined 9 pregnancies in 8 mothers treated with ustekinumab
(UST) for IBD24,29 or psoriasis.30 Across all 3 studies, 8 infants
were breastfed during maternal UST treatment. Two studies
collected breastmilk from 7mothers, sampled serially between 1
hour and up to 16 weeks postinfusion; some samples were
collected after maintenance infusions. UST was detectable in
breastmilk within the first 48 hours after infusion.24 The highest
reported concentration in breastmilk, 3.2 μg/mL, occurred 1
day postmaintenance infusion (and 16 weeks posttreatment
initiation), but was observed to steadily decrease over time
despite repeat infusions.29 One infant breastfed after maternal
treatment was followed to 12 months of age with normal de-
velopment and no severe infections.29 Longitudinal infant
outcomes at 12 months were also assessed in a pooled cohort
comparing development and infection rate according to
breastfeeding status in 824 infants whose mothers were treated
with various mAbs, including 6 mothers who all breastfed
posttreatment with UST, with no significant risk observed
overall.24

TNF-α inhibitors: adalimumab, certolizumab,
golimumab, and infliximab

Adalimumab
Three case reports and 2 prospective registries evaluated
a combined 141 pregnancies in women treated with adalimu-
mab (ADA) for psoriasis30 or IBD.24,31–33 ADA was given
during pregnancy in 5 mothers with no adverse pregnancy
complications; however, 2 of these infants hadmeasurable ADA
at delivery in the cord and 1 day postpartum in serum,
respectively.30–33 At 3 months of age, ADA was no longer de-
tectable in the infant with measurable levels in cord blood de-
spite breastfeeding after maternal treatment,31 and another
breastfed infant had no measurable concentration in serum at 9
days.33 Cumulatively, 102 infants were breastfed during ma-
ternal ADA treatment; 24 mothers provided breastmilk samples
between 1 hour and up to 9 days posttreatment, and ADA was
only detectable in 17 of these samples. Concentrations in
breastmilk were minimal, with the highest observed level of
0.71 μg/mL between 12 and 48 hours posttreatment.24 In
longitudinal follow-up between 7 and 18 months, 3 infants who
breastfed had no serious developmental delays or elevated rate
of infection.31,33 In an additional, pooled cohort comparing
development and infection rate according to breastfeeding
status in 824 infants whose mothers were treated with various
mAbs, including 136 treated with ADA, of which 99 continued
breastfeeding, there was no significant risk observed overall.24

Certolizumab
Certolizumab is an IgG1 antibody whose FcRn transporter has
been removed by the manufacturer. One study suggests that
transport in the last trimester was largely blocked34—an in-
vestigation important because of the potential for prenatal
transplacental exposure to confound assessment of relative
monoclonal levels in the serum of mothers and nursing infants

postpartum. Two case studies and 2 prospective studies have
evaluated 103 pregnancies in women treated with certolizumab
for chronic inflammatory diseases (RA, spondyloarthritis, Crohn
disease, axial spondyloarthritis, and psoriatic arthritis).24,34–36

More than 60 women elected to breastfeed after resuming cer-
tolizumab (CZP); 33 mothers provided 1 or several breastmilk
samples between 1 hour and up to 28 days posttreatment.24,34–36

Only 16 mothers had samples with measurable CZP, reaching
the highest observed concentration, 0.29 μg/mL, within 12–48
hours posttreatment.24 One study calculated an RID (range) of
0.15 (0.04–0.3)%.34 No increased risk of developmental delays
or elevated rate of infection was observed in 54 infants breastfed
after maternal treatment with CZP in a pooled cohort com-
paring 12-month outcomes by breastfeeding status in 824 infants
whose mothers were treated with various mAbs.24

Golimumab
In 1 prospective registry following 824 women treated with
several different mAbs for IBD,24 1 mother was treated with
golimumab (GOL) postpartum and provided serially sampled
breastmilk between 1 hour and up to 7 days posttreatment.
GOL was not detectable in any samples. The mother elected
not to breastfeed posttreatment.

Infliximab
Eight studies prospectively followed 242 pregnancies in women
treated with infliximab for IBD or psoriasis.24,33,37–42 Mothers
with infliximab (IFX) treatment during pregnancy delivered
healthy infants with no long-term developmental delays or in-
creased rate of infection.37–41 One hundred seventy-nine
mothers continued breastfeeding after resuming IFX post-
partum; 1 mother discontinued breastfeeding after IFX was
detected in infant serum 5 days following maternal treatment,
but 3 other breastfed infants had no measurable IFX in
serum.33,41 One other infant had IFX detected in serum at 6
weeks postpartum, and breastfeeding was temporarily stopped
and later resumed, with decreasing infant IFX concentrations
despite maternal retreatment and continued breastfeeding,
suggesting that this was due to placental rather than breastmilk
transfer.38 Forty-two mothers provided 1 or more (serial)
breastmilk samples between 1 hour and up to 13 weeks post-
treatment resumption; 27 women had detectable IFX levels.
The highest measured concentration in breastmilk, 0.74 μg/mL,
occurred within 24–48 hours after treatment.24 One case report
noted a formal immunologic evaluation of 1 infant breastfed
after maternal IFX treatment at 6 months of age with
normal lymphocyte subsets, IgG, IgM, IgA, and immune re-
sponse to vaccines.38 No developmental delays or elevated rate
of infection were observed in longitudinal follow-up of 175
breastfed infants.24,33,38,41

VEGF-A inhibitors: bevacizumab
and ranibizumab
One case report and 2 case series investigated the use of bev-
acizumab (BVZ) and ranibizumab (RBZ) during pregnancy and
breastfeeding for 8 pregnancies in 7 mothers treated for cho-
roidal neovascularization.43–45 In 7 of the 8 pregnancies,
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mothers were treated with intravitreal BVZ injections during
pregnancy, and treatment was resumed postpartum in all 8. All
pregnancies resulted in full-term, live births. Two studies
reported on breastfeeding status, noting 2 infants breastfed
following maternal treatment with BVZ,43,44 one of which was
later switched to RBZ.44 Three mothers provided breastmilk
sampled serially between 1 and up to 42 days postinjection; 2
mothers received several BVZ treatments, and 1 changed
treatment to RBZ after 1 infusion.44 Samples were only analyzed
for BVZwith no detectable concentration at any time point.44,45

One study analyzed the vascular endothelial growth factor A
concentration after maternal treatment with BVZ and later
RBZ, noting vascular endothelial growth factor A depletion in
breastmilk post-BVZ but not RBZ.44 One of 2 infants that were
breastfed aftermaternal treatment had normal development and
no serious infections at follow-up at 12 months of age.43

Discussion
In this review, we identified a total of 30 distinct studies
assessing the presence of mAbs (11 IgG1, 1 hybrid IgG2/G4,
and 1 IgG4 subclass) in human breastmilk in samples collected
from a total of 155 individual women. To summarize the general
trends for IgG1 mAbs evaluated (NAT differs in that it is an
IgG4 subclass molecule), drug concentrations were typically
low in breastmilk and drug concentrations tended to peak
within 48 hours, although maximum levels could occur up to 14
days from infusion. Most studies did not evaluate the
breastmilk/serum drug concentration ratio, but in those evalu-
ating this, the highest ratio was 1:20 for infliximab. RID is
a useful metric to compare the infant with maternal drug dose,
although this was only evaluated in 2 studies, evaluating certo-
lizumab and RTX, but was reassuringly <1% in both. An RID
less than 10% has generally been considered safe for an infant to
breastfeed, although toxicity of the particular drug should also
be considered.15 Importantly, the RID for NAT, while below
the 10% commonly considered acceptable level, was estimated
to be as high as 5.3%,22 and cumulative effects of monthly
dosing are anticipated as the drug had not reached steady state
by the time of the last breastmilk sample in this study. Given
this, the safety of breastfeeding during NAT treatment is un-
clear. IgG subclass appears to be important in determining drug
transfer into breastmilk, as there is greater IgG4 than IgG1 in
mature breastmilk,46 explaining greater observed transfer of
NAT than IgG1mAbs such as RTX. Furthermore, a total of 368
infants were followed for at least 6 months after exposure to
breastmilk of mothers treated with mAbs; none were reported
to experience developmental delay or serious infections.

There were a number of limitations in this review. First, data on
mAb use were largely derived from case reports and case series,
restricting the quality rating for the evidence provided. Second,
although studies were consistent in the concentrations reported
across various mothers’ samples, there was an overall low
sample size for most mAbs studied. Third, relevant measures
such as maximal concentration and RID were often unavailable.

Fourth, mAb concentrations were measured in maternal milk
but usually not measured in the serum of exposed infants. More
research is needed to better understand the transfer of IgG
compounds across the infant’s gut and potential systemic ex-
posure.47 In addition, potential exposure during pregnancy
should also be considered when measuring antibody levels in
infant serum postpartum. Last, exposed infants were typically
followed for up to 12 and 18 months, but not further into
childhood and adolescence. Although the shorter-term data
were reassuring, longer-term sequelae cannot be excluded.

Several mAbs were recently approved for the treatment of neu-
rologic conditions, such asmigraine, and thus far, there are limited
data available to inform their presence in breastmilk, as is the case
for many therapies used in neurologic conditions.7 For example,
there is an increased risk of MS relapses in the postpartum
period,48,49 and early resumption of effectivemAb therapies could
represent 1 approach to reducing this relapse risk. Along with
RTX and NAT, alemtuzumab50,51 and ocrelizumab52 are 2 other
highly effective mAbs approved for the treatment of MS, and to
date, there are no published data about their presence in breast-
milk. Although 3 cases of ocrelizumab exposure during lactation
were reported in abstract form, concentration in breastmilk was
not reported.53 Similarly, in 2018, several mAbs acting against
calcitonin gene-related peptide (CGRP), or its receptor, were
approved for the treatment of migraines,3,54,55 a condition that
affects young adults56 and can commonly worsen during the first
trimester postpartum after a period of relative quiescence. As
additional mAbs are approved for the treatment of other con-
ditions affecting women of childbearing age, such as NMOSD,
their presence in breastmilk will also need to be ascertained.

In contrast to the limited data and lack of guidelines for use of
mAbs in pregnancy or breastfeeding for neurologic con-
ditions, prospective registries in other disciplines have im-
proved understanding of mAb safety during breastfeeding
such as the PIANO registry, in which mAb content in
breastmilk of 72 women with inflammatory bowel disorders
was measured.24 These findings were included in the Amer-
ican Gastrointestinal Association Institute’s 2019 Clinical
Decision Support Tool that recommends that biologics can
be continued during breastfeeding.14 Similarly, the American
College of Rheumatologists, representing another medical
subspecialty that commonly prescribes mAbs, issued guide-
lines recommending continuation of tumor necrosis factor
inhibitors (TNFi) and RTX during breastfeeding, and to
consider starting or continuing non-TNFi biologics.13

Registries combining assessments of similar mAbs across
disciplines and clinical indications (neurology, oncology,
gastroenterology, and rheumatology), as well as compulsory
postmarketing registries monitoring women who become
pregnant or elect to breastfeed on treatment, could increase
the number of samples available for analysis. Furthermore,
these samples could also be used to determine whether the
immune and metabolic profile of breastmilk differs in women
with and without chronic conditions.57 Once additional data
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are available for mAb transfer into breastmilk when used in
neurologic disorders, this should be incorporated into treat-
ment guidelines in neurology. While awaiting additional
studies, data presented here may provide some reassurance
for low mAb transfer to breastmilk, although study of
breastmilk transfer of individual therapies and effects on
children is needed.
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CORRECTION

Clinical approach to the diagnosis of autoimmune encephalitis in the
pediatric patient
Neurol Neuroimmunol Neuroinflamm 2020;7:e730. doi:10.1212/NXI.0000000000000730

In the article “Clinical approach to the diagnosis of autoimmune encephalitis in the pediatric
patient” byCellucci et al.,1 first published online January 17, 2020, the text under the question in
the top left box in figure 1 should read, “Previously healthy patient presenting with at least 2 of
new focal or diffuse neurologic deficits, cognitive difficulties, movement abnormalities, psy-
chiatric symptoms and/or seizures.”The bolded header of the box directly below it should read,
“Possible pediatric AE.” The text in the 4th box down on the left should read, “Consider
initiating immune therapy, if not already started.” The corrected figure 1 appears below. The
authors regret the errors.

Reference
1. Cellucci T, Van Mater H, Graus F, et al. Clinical approach to the diagnosis of autoimmune encephalitis in the pediatric patient. Neurol

Neuroimmunol Neuroinflamm 2020;7:e663. doi:10.1212/NXI.0000000000000663.

Copyright © 2020 American Academy of Neurology 1

Copyright © 2020 American Academy of Neurology. Unauthorized reproduction of this article is prohibited.
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CORRECTION

Neurologic syndromes related to anti-GAD65: Clinical and serologic
response to treatment
Neurol Neuroimmunol Neuroinflamm 2020;7:e733. doi:10.1212/NXI.0000000000000733

In the article “Neurologic syndromes related to anti-GAD65: Clinical and serologic response to
treatment” byMuñoz-Lopetegi et al.,1 published onlineMarch 2, 2020, the y-axis label for figure
5’s right graph should be “CSF anti-GAD65 concentration (IU/mL).” The editorial office
regrets the error.

Reference
1. Muñoz-Lopetegi A, de Bruijn MAAM, Boukhrissi S, et al. Neurologic syndromes related to anti-GAD65: Clinical and serologic response

to treatment. Neurol Neuroimmunol Neuroinflamm 2020;7:e696. doi: 10.1212/NXI.0000000000000696.

Copyright © 2020 American Academy of Neurology 1
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