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Open Access

e670 Encephalitis with radial perivascular emphasis: Not
necessarily associated with GFAP antibodies
J. Wickel, H.-Y. Chung, K. Kirchhof, D. Boeckler, S. Merkelbach,
P. Kuzman, W.C. Mueller, C. Geis, and A. Günther

Open Access

e671 Bilateral retinal pathology following a first-ever
clinical episode of autoimmune optic neuritis
C.A. Wicki, P. Manogaran, T. Simic, J.V.M. Hanson, and S. Schippling

Open Access

e672 Pharmacodynamics of natalizumab extended interval
dosing in MS
L. Zhovtis Ryerson, X. Li, J.D. Goldberg, T. Hoyt, A. Christensen,
R.R. Metzger, I. Kister, and J. Foley

Open Access

e673 CSF microRNAs discriminate MS activity and
share similarity to other neuroinflammatory
disorders
O. Perdaens, H.A. Dang, L. D’Auria, and V. van Pesch

Open Access

e674 International multicenter examination of MOG
antibody assays
M. Reindl, K. Schanda, M. Woodhall, F. Tea, S. Ramanathan,
J. Sagen, J.P. Fryer, J. Mills, B. Teegen, S. Mindorf, N. Ritter,
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Editor’s Corner Volume 7, Number 2, March 2020
Neurology.org/NN

Josep Dalmau, MD, PhD, FAAN, Editor, Neurology® Neuroimmunology & Neuroinfammation

How DIRS is refining concepts
Neurol Neuroimmunol Neuroinflamm March 2020 vol. 7 no. 2 e677. doi:10.1212/NXI.0000000000000677

Like the elaboration of good wine, which is dependent on excellent materials, well-honed
techniques, and the passage of time, the evolution of our understanding of diseases and syn-
dromes is dependent on similar features. The recognition of many neuroimmunologic diseases
associated with autoantibodies is relatively recent. With time and experience (e.g., more patients
and controls), concepts about disease mechanisms or even the syndromes associated with some
autoantibodies are being refined ormanifest the need for an extensive redefinition. In the current
issue of N2, we have some articles on this theme.

The concept that in any autoimmune encephalitis the associated immune response needs to be
orchestratedwithin theCNSmay seemobvious, but the view that theCNS has no role other than
to passively have the effects of systemic autoantibodies is still frequently encountered. Among all
the autoimmune encephalitides, anti-LGI1 is the one most frequently associated with this view.
This is seemingly supported by the limited or infrequent presence of inflammatory changes in
patients’ CSF and the uncommon presence of intrathecal synthesis of antibodies. In this issue,
Lehmann-Horn et al.1 used paired CSF and peripheral blood (PB) mononuclear cells from 6
patients with anti-LGI1 encephalitis and 2 patients with other neurologic diseases and applied
deep B-cell immune repertoire sequencing (DIRS) on immunoglobulin heavy chain transcripts
from CSF B cells and sorted PB B cells. The findings showed a restricted CSF repertoire with
frequent extensive clusters of clonally related B cells connected to mature PB B cells. These
clusters displayed intensive mutational activity of CSF B cells, suggesting an independent CNS-
based antigen-driven response in patients with this disease. Thus, the findings suggest a more
complex mechanism than that suggested by the simplistic view of “passive antibody transfer
across the BBB and subsequent binding to the target.” The study does not address the antigen
specificity of the intrathecal B-cell response; therefore, it remains to be determined whether the
expanded CSF clones are directed against LGI-specific epitopes. Another question to address is
the lack of CSF LGI1 antibodies in 2 patients despite intense intrathecal somatic hypermutation
events. The authors raise the interesting questions of whether DIRS provides a more sensitive
measure of B-cell activity thanmeasuring CSF antibodies titers and whether abrogating these cell
responses could attenuate disease activity, prevent relapses, and improve long-term outcomes.
These interesting findings and several “food for thought questions” await future studies that may
have important implications for the treatment of this disease.

In another study, Wickel et al.2 describe 2 patients with autoimmune steroid-responsive
meningoencephalomyelitis with linear perivascular enhancement in brain MRI. One of the
patients had glial fibrillary acidic protein (GFAP) antibodies, and the other was antibody neg-
ative, but both cases responded to immunotherapy. The authors argue that the clinical and
radiologic picture of these patients are similar to the disorder coined as anti-GFAP astrocyt-
opathy, raising the question of whether these antibodies are disease specific. The authors suggest
that the indicated clinical-radiologic syndrome may result from diverse immunologic disorders
and that the presence of GFAP is not obligatory. Moreover, they also indicate that it is unclear
whether the presence of GFAP antibodies in some patients is just an immunologic
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accompaniment or whether these patients represent a partic-
ular subgroup with a specific pathophysiology targeting the
astrocyte. Two facts to add to these comments are the de-
tection of GFAP antibodies in patients without the indicated
syndrome (meningoencephalitis and radial perivascular en-
hancement)3 and the coexistence of GFAP antibodies with
other more relevant antibodies (such as NMDA receptor
[NMDAR] or aquaporin 4 [AQP4]) and their corresponding
trigger (e.g., ovarian teratoma in anti-NMDAR).4,5 In these
cases, the resulting syndromes are usually driven by the other
antibodies (NMDAR and AQP4) instead of the GFAP im-
mune response.3,4 In a study of 42 patients with anti-NMDAR
encephalitis and concurrent antibodies, 17 had antibodies
against myelin oligodendrocyte (MOG) protein, 10 against
GFAP, 3 against AQP4, 6 against the AMPA receptor, 5 against
the GABAa receptor, and 1 against the GABAb receptor. In
addition to symptoms related to theNMDAR antibodies, most
patients had clinical or MRI features typically related to the
concurrent antibodies, except those with GFAP antibodies:
none of the 10 patients with these antibodies developed clinical
or radiologic features of GFAP astrocytopathy, and they only
had features of anti-NMDAR encephalitis.6 As suggested by
Wickel et al. and other investigators,2,3 it is time to clarify the
disease specificity and clinical significance of GFAP antibodies.

In another study, Möhn et al.7 examined the changes in im-
munoglobulin production that occur in the serum and CSF of
patients after treatment with alemtuzumab. This humanized
monoclonal antibody binds toCD52, which is highly expressed
on the surface of T and B cells and at lower levels on the surface
of monocytes and macrophages. Studies on repopulation dy-
namics indicate that B lymphocyte numbers return to baseline
levels much earlier than T lymphocyte numbers and that some
of the adverse effects of the drug, such as autoimmune dis-
orders, likely result from these different dynamics of recovery
according to cell subtype (e.g., faster repopulation of B cells in
the absence of effective T-cell regulation). In the current study,
based on 38 patients, the authors found reduced concen-
trations of all immunoglobulin classes assessed (IgG, IgM, and
IgA) in serum and CSF at 12 and 24 months after 2 courses of
alemtuzumab. Patients who required a third course of treat-
ment developed further decrease in IgG levels compared with
matched patients treated with just 2 courses. Reduced IgG
concentrations were associated with an increase in pneumonia,
otitis, and sinusitis, suggesting that serum IgG levels should be
monitored, particularly in patients receiving more than 2
courses of alemtuzumab. Decreased intrathecal IgG pro-
duction was also noted in CSF, suggesting effective suppres-
sion of the autoimmune process within the CNS. Based on the
current findings, the authors suggest that patients be consid-
ered for pretreatment pneumococci vaccination. Limitations of
the study include the retrospective analysis of data and limited
number of patients treated with a third course of alemtuzumab,
indicating that the current findings should be verified in future
investigations.

In another study, Cobo-Calvo et al.8 examined 685 consecutive
patients with MS for MOG antibodies. Patients were aged 18
years or older, and all had a definite diagnosis of MS according
to 2010 McDonald criteria. Serum samples were tested with
a live cell-based assay, and positive cases were reassessed in
another laboratory with a second assay using the same plasmid
and different secondary antibody. Overall, the median age of
the patients at disease onset was 28 years, and the median
disease duration at serum sampling was 11.5 years. Only 2
patients (0.03%) had MOG antibodies, consistent with the
antibody specificity reported in previous studies,9,10 although
the current study included different subtypes of MS. Besides
noting the high specificity of the methods used, the authors
conclude that in clinical practice, patients fulfilling the 2010
McDonald criteria of MS (with typical features) do not need
MOG antibody testing. As limitations of the study, the authors
indicate the cross-sectional design (potentially missing cases
that could have had detectable antibodies at different stages of
the disease) and the use of steroids and long-term treatments
that could have altered the antibody levels.

In addition to these studies, the March issue of N2 contains
a position paper on the clinical approach to the diagnosis of
autoimmune encephalitis in pediatric patients by Cellucci et al.
and other interesting articles that I hopewill catch your attention.
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The chronic involvement of the afferent visual system in multiple sclerosis (MS) is a powerful
model to understand the temporal course and functional relevance of neurodegeneration
because it is very well distinguishable from neighboring structures and offers quantifiable
structural and functional metrics. Optical coherence tomography (OCT) of the retina and
diffusion tensor imaging (DTI)-based tractography of the optic radiation have proven to
provide sensitive markers for neurodegeneration of the visual pathway in MS.1,2 OCT-derived
neuroaxonal retinal damage, represented by thinning of the retinal nerve fiber layer (RNFL)
and ganglion cell/inner plexiform layer (GCIPL), has been reported in patients with MS with
a history of optic neuritis (ON) and—to a lesser extent—also independent of ON episodes.1

RNFL and GCIPL show strong associations with visual function in MS, especially with low-
contrast visual acuity.3 Both layer thicknesses are associated with brain atrophy: this association
being stronger in the eyes without a history of ON.3

DTI facilitates the reconstruction and analysis of white matter tracts and can thereby reveal
microstructural changes of the optic radiation as the most frequently affected white matter
pathway in MS.2 Although fractional anisotropy (FA) is considered as a marker of micro-
structural integrity, higher radial diffusivity (RD) can be caused by demyelination and axial
diffusivity (AD) changes are suggested to be associated with axonal damage.2

In this issue of Neurology® Neuroimmunology & Neuroinflammation, Pawlitzki et al.4 describe
retinal neuroaxonal loss and microstructural changes in the optic radiation in MS, using OCT
and DTI-based tractography. In this cross-sectional study, 17 patients with a history of a single
unilateral ON episode and a sex- and age-matched cohort of 11 patients without an ON episode
were included. Pawlitzki et al. found more retinal atrophy and microstructural damage of the
optic radiation in patients with a history of ON—measured by thinning of the RNFL and
GCIPL as well as FA, AD, and RD changes in the optic radiation. This clearly describes the
pronounced damage in the visual system after a single ON episode. Furthermore, by reporting
associations of RNFL and GCIPL thickness with DTI parameters, the study is an important
confirmation of long-term anterograde and retrograde neuroaxonal loss in the afferent visual
system. Interestingly, the thickness of the primary visual cortex was neither associated with
optic radiation DTI parameters nor with RNFL and GCIPL thinning.4

DTI and retinal atrophy have emerged as important outcome measures in clinical MS research.1

However, to widely implement OCT and DTI for the individual monitoring of disease pro-
gression and treatment response, we still lack important pathologic and technical considerations.

The great advantages of OCT parameters include the rigorous and uniform quality control
criteria, the reproducible correlation with visual function, and the measurability of even small
degrees of atrophy.1,5 However, there is evidence that the test-retest reliability is associated with
scan protocols, scan quality, rater bias, or physiologic variation of common OCT parameters6,7

while keeping in mind that OCT is not histopathology. Dead and nonfunctional ganglion cells
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might also have a volume effect; meanwhile, other cells such as
astrocytes could contribute to thickness measurements. There
is evidence that edema—associated with chronic
inflammation—occurs in the RNFL, one of the most common
OCT outcome parameters.8 Thus, the effect of pseudoatrophy,
as we know it from MRI-based brain volume measurements,
might also be present in the RNFL.

The same applies to DTI-based metrics.2 In contrast to OCT,
the protocols for DTI acquisition and postprocessing are still
very heterogeneous, which substantially limits the use of DTI
as a potential biomarker.2,9 Furthermore, the diffusion tensors
in the optic radiation are influenced by optic radiation lesions
and (Wallerian) neurodegeneration resulting from optic
nerve damage.2 So far, researchers have not succeeded in
untangling these effects. In addition, the study of Pawlitzki
et al.4 does not shed light on this enigma: the frequency of
lesions in the optic radiation is lower in the non-ON group,
and the extent of ON-independent visual pathway damage in
this cohort could not be evaluated because the study did not
include healthy controls.

The lack of normal reference values, confounded with the
wide range of physiologic variation, challenge the in-
terpretation of imaging markers and, thus, their application
for individualized monitoring in MS. In the future, improving
OCT- and DTI-based metrics and combining their applica-
tion with newer methods such as the volumetric analyses of
the lateral geniculate nucleus will implement a gapless as-
sessment of structure and function in the afferent visual sys-
tem and thereby new pathophysiologic insights.10 For
example, it is currently controversially discussed whether ON-
independent retinal atrophy in MS is a result of subclinical
ON episodes, ongoing widespread inflammation and de-
myelination, trans-synaptic retrograde neurodegeneration
from lesions in the white matter pathway or a primary retinal
degeneration. None of these hypotheses is mutually exclusive,

and each of these may partially contribute to our observation.
Closing the gap between these metrics by applying ongoing
methodical advancements of afferent visual system research in
longitudinal studies will expand our pathophysiologic un-
derstanding and the differentiation of normal and disease-
related neurodegeneration in the afferent visual system of
patients with MS.
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Abstract
Objective
To address the frequency of myelin oligodendrocyte glycoprotein (MOG) antibody (Ab) in an
unselected large cohort of adults with MS.

Methods
This is a cross-sectional study in 2 MS expert centers (Lyon and Strasbourg University Hos-
pitals, France) between December 1, 2017, and June 31, 2018. Patients aged ≥18 years with
a definite diagnosis of MS according to 2010 McDonald criteria were tested for MOG-Ab by
using a cell-based assay (CBA) in Lyon and subsequently included. Positive samples were
tested by investigators blinded to the first result with a second assay in a different laboratory
(Barcelona, Spain) by using the same plasmid and secondary Ab.

Results
Serum samples from 685 consecutive patients with MS were analyzed for MOG-Ab. Median
disease duration at sampling was 11.5 (interquartile range, 5.8–17.7) years, and 72% were
women. Two (0.3%) patients resulted to be MOG-Ab-positive. The 2 patients were women
aged 42 and 38 at disease onset and were diagnosed with secondary and primary progressive
forms of MS, respectively. This positive result was confirmed by the CBA in Barcelona.

Conclusion
Our findings indicate that MOG-Ab are exceptional in MS phenotype, suggesting that the
MOG-Ab testing should not be performed in typical MS presentation.
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In adults, myelin oligodendrocyte glycoprotein (MOG)
antibodies (Ab) are mainly found in patients with a neuro-
myelitis optica clinical phenotype, i.e., optic neuritis (ON) or
myelitis isolated or in combination.1

A recent review pooling patients from all available MOG-Ab
studies found that 24 of 1,608 (1.5%) and 105 of 1771 (6%)
patients with a confirmed diagnosis of MS had MOG-Ab by
using cell-based assays (CBAs) with immunofluorescence or
fluorescence-activated cell sorting (FACS), respectively.2

However, the sample size of patients with MS included as
controls in these studies is limited, patients were usually pre-
selected, and most importantly, such studies have not been
designed to ascertain the specific value of MOG-Ab in patients
with a definite diagnosis of MS.3–6 Thus, to draw definitive
conclusions about antibody, specificity should be prevented.
The only study aimed at determining the frequency of MOG-
Ab in MS included 200 selected patients with MS, all primary
or secondary progressive forms, and all tested negative.7

Therefore, whetherMOG-Ab can be present inMS and in what
proportion has never been precisely evaluated.

In the present study, we addressed the frequency of MOG-Ab
in a large sample of unselected patients withMS using a highly
specific assay.

Methods
Study design
We performed a cross-sectional study in 2 MS expert centers
(Lyon and Strasbourg University Hospitals, France) between
December 1, 2017, and June 31, 2018. All patients aged ≥18
years with a definite diagnosis of MS according to 2010
McDonald criteria. Patients included were visited consecutively
as part of their routine clinical practice in the day care unit.8

Clinical information was provided in specific case report
forms by a neurologist with expertise in neuroinflammatory
disorders and entered in the Eugene Devic Foundation
against Multiple Sclerosis (EDMUS) database.9 De-
mographic data (sex and Caucasian ethnicity) and age at the
onset of disease and disease duration at sampling were col-
lected. MS disease subtype (clinically isolated syndrome,
relapsing-remitting, secondary or primary progressive MS)
was also reported. Relapses within the month before sam-
pling, as well as corticosteroids and disease-modifying
treatments (DMTs) at the time of sampling, were col-
lected. Patients on anti-CD20 were considered on-treatment
in the 6 months after the last infusion. Medical charts of

MOG-Ab-positive cases were reviewed in detail by expert
clinicians (A.C.-C., R.M., and J.D.S.).

Live CBAs
HEK293 cells were transfected with pEGFP-N1-hMOG
plasmid. Serum samples were used at a dilution of 1:640.
Allophycocyanin-Goat IgG-Fcγ fragment-specific was used as
a secondary antibody and signal intensity evaluation was
performed with FACS. As recommended,10 positive samples
were tested by investigators blinded to the first result with
a second assay in Barcelona by using the same plasmid and
secondary antibody4 (supplementary data, links.lww.com/
NXI/A169).

Standard protocol approvals, registrations,
and patient consents
All participants included in the present study belong to the
national French registry designated as Observatoire Français
de la Sclérose En Plaques9 and signed informed consent to
have their medical data collected in routine practice used after
anonymization and aggregation for research purposes. MOG-
Ab were performed as part of the clinical routine evaluation;
thus, no other specific consent was required.

Data availability
Anonymized data can be made available on reasonable re-
quest to the corresponding author.

Results
Serum samples from 685 patients with MS were analyzed for
MOG-Ab during the period of this study. The median age at
disease onset was 28.4 (interquartile range [IQR], 22.1–37.2)
years, and the median disease duration at sampling was 11.5
(IQR, 5.8–17.7) years. Seventy-two per cent were women,
and 80.6% Caucasians (table 1). Fifty (7.3%) patients had
relapsed within the month before sampling. Forty-six (6.7%)
and 440 (64.2%) had received corticosteroids and DMTs
within the month previous to sampling, respectively. Addi-
tional characterization of the MS cohort is depicted in table 1
and table e-1, links.lww.com/NXI/A171.

Two (0.3%) female patients, aged 42 and 38 at MS onset,
were foundMOG-Ab-positive after 26 and 11 years of disease
duration, respectively. One patient was diagnosed with a sec-
ondary progressive MS and the other with a primary pro-
gressive MS, with no history of ON or myelitis. Clinical
information of MOG-Ab-positive patients is shown in table 2
and figure e-1, links.lww.com/NXI/A170.

Glossary
Ab = antibody; CBA = cell-based assay; DMT = disease-modifying treatment; EDMUS = Eugene Devic Foundation against
Multiple Sclerosis; IQR = interquartile range; MOG = myelin oligodendrocyte glycoprotein; NMO = neuromyelitis optica;
OFSEP = Observatoire Français de la Sclérose En Plaques; ON = optic neuritis.
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Discussion
n the present cohort of unselected definite patients with MS,
only 2 (0.3%) were found MOG-Ab-positive, among 685
patients tested.

Differential diagnosis at the onset of disease in patients with
MOG-Ab-positive and in those with MS is challenging

because a proportion may present with overlapping features,
i.e., ON involvement, short myelitis, or MS-like brain lesions.
Such an overlap raises the question of whether patients with
MS should be tested widely for MOG-Ab. The use of accurate
antibody assays is highly recommended to discriminate true
positive cases. Currently, live CBA using human full-length
MOG and restricting with IgG1 or IgG-Fcγ fragment-specific
as a secondary antibody is the most accurate detection
method.10 By using these techniques, we achieved full
agreement between Lyon and Barcelona laboratories. Both
centers used similar approaches except for the antibody lec-
ture: FACS in Lyon and immunocytochemistry in Barcelona.

The present study was conducted by 2 French referral centers
for neuroinflammatory disorders that follow internationally
well-validated criteria for MS diagnosis and have a recognized
expertise in other less frequent CNS demyelinating diseases.
Therefore, if we consider this high clinical sensibility to dis-
criminate rare diseases from typical MS and the fulfillment of
2010 McDonald criteria in all the patients included, we could
assume that the 2 MOG-Ab-positive patients yielded a false
positive result. Indeed, both patients had no typical symptoms
of MOG-Ab-associated disease1 but a genuine progressive
phenotype with typical MS features. Our results are in line with
those recently obtained by the Oxford and Mayo group dis-
playing 100% and 99.6% of specificity, respectively, although
a preselected MS cohort was included in this study.6 The only
study evaluating the frequency of MOG-Ab in progressive MS
did not find any positive result by using a similar method than
us.7 However, this is the first study focused on different MS
subtypes whose major strength lies on the large sample size
allowing for a well-powered investigation. Therefore, the ab-
sence of a positive result in 99.7% of patients with typical MS
together with the agreement of the results between centers in
the MOG-Ab-positive cases supports the high specificity of the
antibody testing methodology.

Certain limitations must be addressed. MOG-Ab titers may
vary depending on the phase of the disease being higher during
relapse and lower in the remission phase.1 This fluctuation over
time may underestimate the real frequency of MOG-Ab and
increase the risk of false negative result when performing cross-
sectional studies. Moreover, corticosteroids or long-term
treatment might also have an influence over titers.

In conclusion, the present study revealed low (0.3%) frequency
for MOG-Ab positivity in patients with MS by using highly
specific assays. Our results have important clinical implications
for neurologists in daily clinical practice, and we do not rec-
ommend MOG-Ab testing in patients with MS fulfilling 2010
McDonald criteria, with typical features.
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Table 1 Epidemiologic and clinical features of the MS
cohort

Demographic and clinical features
Total MS cohort
N = 685

Female, n (%) 498 (72.7)

Age at MS onset, y median (range) 28.4 (3.3–77.8)

Disease duration at sampling, y median (range) 11.5 (0–45.7)

Caucasian, n (%) 552 (80.6)

Others 133 (19.4)

Type of MS, n (%)

Clinically isolated syndrome 35 (5.1)

Relapsing-remitting 421 (61.5)

Secondary progressive 132 (19.2)

Primary progressive 97 (14.1)

Symptom at the onset of disease, n (%)

Isolated ONa 99/635 (15.6)

Isolated brainstem 70/635 (11)

Isolated long tract 320/635 (50.4)

Combination of symptoms 138/635 (21.7)

Other symptoms 8/635 (1.3)

EDSS at sampling, mean (SD) 3.8 (2.3)

Patty criteria at sampling, n (%) 657/660 (99.5)

CSF-OCB, n (%) 443/488 (90.8)

Relapse 30 d before sampling, n (%) 50 (7.3)

IV or oral MTP 30 d before sampling, n (%) 46 (6.7)

Long-term treatment 30 d before sampling, n (%) 440 (64.2)

Immunosuppressantsb 29 (6.6)

MS-disease-modifying drugsc 411 (93.4)

MOG-Ab-positive patients, n (%) 2 (0.29)

Abbreviations: CSF- OCB = oligoclonal bands in CSF; EDSS = expanded dis-
ability status scale; MTP = methylprednisolone; MOG-Ab = myelin oligo-
dendrocyte glycoprotein antibodies; ON = optic neuritis.
a The side of the optic nerve involvement was collected in 70 of the 99
patients: 63 (90%) and 7 (10%) presented with unilateral and bilateral in-
volvement, respectively.
b Immunosuppressants comprised mycophenolate mofetil, azathioprine,
cyclophosphamide, and mitoxantrone.
c MS-disease-modifying drugs comprised beta-interferon, glatiramer acetate,
dimethyl fumarate, teriflunomide, natalizumab, alemtuzumab, and biotin.
Rituximab and ocrelizumab were included as MS-disease-modifying drugs.

Neurology.org/NN Neurology: Neuroimmunology & Neuroinflammation | Volume 7, Number 2 | March 2020 3

http://neurology.org/nn


Study funding
This work was conducted using data from the Observatoire
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Abstract
Objective
To describe the neuropathologic features and the molecular data of phosphorylated tau (pTau)
in a new case of anti-IgLON5 disease.

Methods
Review of clinical data, postmortem neuropathologic examination. Biochemical analyses of
pTau were performed in brain samples from the present case and from a previously described
patient with anti-IgLON5 with the characteristic brainstem tauopathy.

Results
The patient was a 71-year-old man with a clinical syndrome consisting of sleep disturbance and
bulbar symptoms. IgLON5 antibodies of predominant IgG4 subtype were detected in serum
and CSF. He carried the HLADRB1*10:01-DQB1*05:01 haplotype. Despite treatment with IV
immunoglobulins, he unexpectedly died during sleep 2 years after disease onset. Histology
showed neurofibrillary pathology and β-amyloid deposits consistent with Alzheimer disease
(AD) of intermediate severity. pTau deposits were absent in the brainstem. There were few
perivascular CD8+ T-cell infiltrates in the posterior hypothalamus, amygdala, and brainstem
with microglial activation. The pTau immunoblot showed a pattern of bands consistent with
AD, which was different from that observed in the patient with anti-IgLON5 with brainstem
tauopathy who presented a differential band around 56 KDa.

Conclusion
The absence of pTau deposits in the brainstem of the present patient suggests that the
tauopathy of patients with anti-IgLON5 disease may be a late, secondary event. The anti-
IgLON5 brainstem tauopathy has a specific molecular signature different from primary tauo-
pathies. pTau deposits restricted to the hippocampus/limbic regions of patients with anti-
IgLON5 may represent an age-related comorbidity.
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Anti-IgLON5 disease is a recently characterized disorder
associated with antibodies against the neuronal cell-adhesion
protein IgLON5. Main clinical features include a sleep dis-
order with non-rapid eye movement and rapid eye move-
ment parasomnias, obstructive sleep apnea, and stridor,
along with oculomotor and bulbar symptoms, and gait in-
stability.1 Initial neuropathologic findings disclosed a novel
neuronal 3- and 4-repeat tauopathy with preferential in-
volvement of the brainstem tegmentum.2 Since the initial
descriptions, the brain biopsy in 2 cases and the autopsy in
another have not shown these particular tauopathy.3–5 We
present the neuropathologic features and the molecular data
of phosphorylated tau (pTau) in a new anti-IgLON5 patient.

Methods
Neuropathology
Immediately after removal of the brain, fresh samples from the
frontal cortex, hippocampus, and brainstem were snap frozen
and stored at −80°C for further biochemical studies. Selected
formalin-fixed and paraffin-embedded samples of the brain
including all lobes, basal ganglia, hippocampus, brainstem,
cerebellum, and spinal cord were cut at 4-μm-thick sections
and stained with hematoxylin and eosin or processed for
immunohistochemistry as previously described.1

Immunoblot of pTau
Sarkosyl-insoluble fraction proteins were prepared from frozen
samples of the hippocampus, hypothalamus, and midbrain per-
iaqueductal gray matter of the patient, the brainstem of a pre-
viously reported anti-IgLON5 case (patient 7 described in
Lancet Neurology)1 fulfilling the postmortem diagnostic criteria
of IgLON5 tauopathy, and the prefrontal cortex of a patient with
Alzheimer disease (AD). Briefly, samples were homogenized and
centrifuged twice at 20,000g. The supernatants were combined
and incubated with 1% N-lauroylsarcosine (wt/vol) for 1 hour
and centrifuged at 100,000g to get the sarkosyl-insoluble pellets
that were subjected to immunoblot.

Immunoblots were run following denaturing standard pro-
cedures, proteins were transferred to a nitrocellulose mem-
brane, and strips were incubated with anti-pTau (AT8,
Thermo-Scientific, Rockford), anti-3Rtau (Merck-Millipore,
Billerica, MA), and anti-4Rtau (Cosmo Bio, Tokyo, Japan)
antibodies, appropriate secondary antibodies, and the results
were visualized by enhanced chemiluminescence.

Results
Case report
A 71- year-old man began to present mild forgetfulness in
September 2016, followed by gait disturbance, weight loss,

and dysphagia. In the previous 2 years, he had had insomnia,
and he woke up confused and presented enuresis. On neu-
rologic examination, cognition was normal. There was dys-
arthria, palpebral ptosis, velopalatine and oromandibular
dyskinetic movements, spontaneous myoclonus and pos-
tural tremor in upper limbs. He fell backward on pull test,
and his walking was slow, with limited arm swing. Cranial
magnetic resonance, CSF analysis, EEG, and electromyo-
gram were normal. Polysomnography showed very poorly
differentiated sleep graph elements. In addition, desatura-
tions and central hypoventilations were identified. Video-
registry showed abnormal pseudo-rhythmic movements at
0.7 Hz, cramps, and complex movement automatisms during
rapid eye movement and non-rapid eye movement phases.
IgLON5 antibodies were detected in serum and CSF, and
they were predominantly IgG4 subclass. Other autoanti-
bodies against neuronal surface antigens were negative. The
patient carried the HLA DRB1*10:01- DQB1*05:01 haplo-
type. Treatment with IV immunoglobulins did not improve
the symptoms. The patient unexpectedly died during sleep,
24 months after the first symptoms began.

Neuropathology
Unfixed brain weight was 1,200 g. Gross examination was
unremarkable. Histology showed a moderate pTau neurofi-
brillary pathology (AT8 immunohistochemistry) accentuated
in temporomedial regions with frequent dystrophic neurites
around amyloid plaques and few tangles and neuropil threads
in cortical areas. Neurofibrillary pathologywasmore prominent
in the amygdala, entorhinal and transentorhinal region, sub-
iculum, and to a mild extent in the CA1 sector of the hippo-
campus and the temporo-occipital cortex (figure 1, B and C).
There was mild involvement of the anterior thalamic and
posterior hypothalamic nuclei. In the brainstem, obvious neu-
ronal loss was absent. There were scarce neurofibrillary tangles
and neuropil threads in the periaqueductal gray matter and
raphe nuclei (figure 1D), with no involvement of the substantia
nigra, pontine base, medulla oblongata or cerebellum, and
absent pTau deposits in brainstem tegmentum (figure 1, E
and F). A moderate density of diffuse and compact (mature/
cored) Aβ deposits was detected in cortical areas, limbic
system, basal ganglia, superior colliculi, and periaqueductal
gray (figure 1A) along with mild amyloid angiopathy, con-
sistent with AD neuropathologic changes of intermediate
severity (Braak neurofibrillary stage III, Thal amyloid phase
4, CERAD moderate neuritic plaque score [A3, B2, C2]).
No alpha-synuclein or pTDP43 protein aggregates were
identified. There were few perivascular and parenchymal
lymphocytic infiltrates in the posterior hypothalamus,
amygdala, hippocampus, and brainstem regions, mainly
composed of CD8+ T cells (figure 1,G–I) and an increase of
activated HLA-DR+ microglia (figure 1G).

Glossary
AD = Alzheimer disease; PART = primary age-related tauopathy; pTau = phosphorylated tau.
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pTau immunoblot
The present anti-IgLON5 case showed sarkosyl-insoluble
pTau bands consisting of 3R and 4R isoforms with the same
pattern observed in the hippocampus of a patient with AD. In
contrast, the immunoblot of the brainstem of a previously
described patient with anti-IgLON5 with extensive brainstem
pathology presented a different pattern of pTau with a dif-
ferential band around 56 KDa (figure 2).

Discussion
The neuronal, brainstem-predominant tauopathy de-
scribed in the initial series of anti-IgLON5 disease was not

identified here, but a moderate AD-related pathology and
a mild T-cell dominated inflammatory infiltration in the
hypothalamus, hippocampus, and brainstem. This was
unexpected, as the patient displayed a very suggestive
clinical syndrome, IgLON5 antibodies in serum and CSF,
and the characteristic HLA DRB1*10:01-DQB1*05:01
haplotype, which is present in;60% of patients with anti-
IgLON5 disease.6 In addition, the pTau immunoblot of the
hippocampus was also in accordance with a pattern of AD
pathology, whereas it was different from that of the pre-
viously described patient with anti-IgLON5 with the pre-
dominant brainstem tauopathy that showed a novel
pattern of pTau bands not described in other primary
tauopathies.7

Figure 1 Neuropathologic findings of the reported patient

(A–F) Neurodegenerative changes are characterized by amoderate density of βA4-amyloid plaques (A, magnification ×2) associatedwith aggregates of phospho-
Tau. These aremainly observed in the hippocampus and are composed of dystrophic neurites related to neuritic plaques (B, magnification ×100), neurofibrillary
tangles, and neuropil threads (C, magnification ×100). These changes are consistent with those observed in Alzheimer pathology. There are only isolated NFT in
raphe (D, magnification ×100) and locus coeruleus (E, magnification ×100) and are absent in the medulla oblongata (F, magnification ×100). (G–H) Mild in-
flammatory changes are detected in the hippocampus, hypothalamus, and brainstem. There aremild perivascular lymphocytic cuffsmainly composed of CD3+/
CD8+ T-lymphocytes (G, magnification ×200) and to a lesser extent of CD20+ B cells. In some areas, particularly in the hypothalamus, brainstem (H, magnification
×100), and hippocampus (I, magnification ×400), CD8. CD8+ lymphocytes infiltrate the brain parenchyma and have direct contact with individual neurons (I).
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Absence of brainstem pTau pathology was also previously
reported in the autopsy of a 69-year-old woman with IgLON5
antibodies.5 She had mild neuronal pTau pathology preferen-
tially in temporomedial regions suggestive of primary age-
related tauopathy (PART).8 Similar to our case, CD4 and CD8
perivascular T-lymphocytes and few CD20 B-lymphocytes
were found in the thalamus, basal ganglia, and mesencephalon.
In addition, pTDP43 deposits in neurons and microglia were
reported. In 2 other IgLON5 positive cases, neuropathologic
reports were derived from brain biopsy.3,4 Perivascular CD3+

T-lymphocytes and CD68+ and CD163+ microglia were ob-
served but no pTau deposits. Although biopsies do not rep-
resent the whole pathologic picture, particularly the typical
brainstem pathology, the reported findings suggest that early
neuropathologic features of IgLON5 disease may include
a variable inflammatory reaction, as we have also observed in
the present case.

Although it remains speculative, as no supportive experi-
mental data exist so far, a plausible explanation for the ab-
sence of pTau deposits in our patient with typical clinical,
serologic, and HLA findings of anti-IgLON5 disease is that
the immune-mediated mechanisms antedate the pTau pa-
thology, which would represent a secondary event.9 It is not
clear whether the mild inflammatory infiltrates represent an
epiphenomenon, a perimortem phenomenon, or are even
related to AD pathology.

Immunoblot studies of brain tissue accumulating insoluble Tau
contribute to a further categorization of tauopathies, particu-
larly the band pattern of pTau fragments might give better
insight into the distribution of taumolecular species.7 Although
we could study only 2 cases, our findings suggest that the anti-
IgLON5 brainstem tauopathy has a specific molecular signa-
ture and further confirms that this tauopathy is different from
those previously characterized.7 In addition, the immunoblot
study in the patient reported here emphasizes that pTau
deposits restricted to the hippocampus/limbic regions of

patients with anti-IgLON5 (e.g., as also reported in reference
5) may represent an age-related (PART or early AD) comor-
bidity.8 The expanded spectrum of neurologic symptoms of
anti-IgLON5 disease along with the absence of brainstem pTau
pathology in this and other patients makes necessary to de-
scribe more cases to settle the frequency of tauopathy in this
entity and the convenience of redefining the clinical and neu-
ropathologic profiles,10 as it has been the case for other auto-
immune encephalitis.
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Garćıa de Gurtubay, and T. Tuñón report no disclosures. F.
Graus receives royalties from Euroimmun for the use of
IgLON5 as an autoantibody test and honoraria for Assistant
Editor of MedLink Neurology. E. Gelpi reports no dis-
closures. Go to Neurology.org/NN for full disclosures.

Publication history
Received by Neurology: Neuroimmunology & Neuroinflammation
September 15, 2019. Accepted in final form November 7, 2019.

Figure 2 Biochemical characterization of pTau in anti-
IgLON5 brains

Immunoblot of insoluble tau aggregates extracted from (1) Alzheimer dis-
ease prefrontal cortex tissue, (2) hippocampus of the patient with anti-
IgLON5 described in the main text, and (3) brainstem of a previously de-
scribed patient with anti-IgLON5 with the characteristic brainstem tauop-
athy. Note that the pattern of bands obtained with anti-phospho-tau
antibodies clearly differentiates the 2 IgLON5 cases. In the patient with the
brainstem pathology, the 74-KDa band is more intense and appears a dif-
ferential band around 56 KDa that immunoreactswith the 4R antibody. Both
IgLON5 cases have 3R and 4R pTau isoforms. pTau = phosphorylated tau.

Appendix Authors

Name Location Role Contribution

Maria
Elena Erro,
MD, PhD

Neurology
Department,
Complejo Hospitalario
de Navarra, IdiSNA,
Pamplona, Spain

Author Conception and design
of the study, data
analysis, and
manuscript drafting
for intellectual content

Lidia
Sabater,
MD, PhD

Neuroimmunology
Program, IDIBAPS,
Barcelona, Spain

Author Analysis of pTau by
immunoblot and
revision of the
manuscript for
intellectual content

Laura
Mart́ınez,
MD

Neurology
Department,
Complejo Hospitalario
de Navarra, IdiSNA,
Pamplona, Spain

Author Acquisition of clinical
data, analysis and
interpretation of the
data, and revision of
the manuscript for
intellectual content

Maŕıa
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Abstract
Objective
To assess the feasibility of a structured telephone interview examining the long-term cognitive
and functional status in anti–leucine-rich, glioma-inactivated 1 (LGI1) encephalitis.

Methods
Telephone interviews were conducted with 37 patients after a median follow-up of 87 months
from disease onset and 23 healthy controls matched for age and sex. Cognitive status was
assessed with the telephone Mini-Mental State Examination (t-MMSE) and 3 tests exploring
verbal memory, fluency, and executive function. Functional status was evaluated with the
Functional Activities Questionnaire and the modified Rankin Scale (mRS). Patients were
classified as normal, with mild cognitive impairment (MCI), or with dementia based on
cognitive and functional status. Assessment of the cognitive reserve was performed with
a structured questionnaire. Logistic regression analysis was applied to identify predictors of
cognitive impairment.

Results
Telephone interviews were successful in 36/37 (97%) patients. Cognitive impairment was
detected in 27 (75%) including 17 withMCI and 10 with dementia. Eight (29%) patients would
have been misclassified using only the t-MMSE. Twenty-six (72%) patients were functionally
independent according to the mRS, but only 9 (35%) were cognitively normal. Independent
predictors for long-term cognitive impairment were a low cognitive reserve (OR = 1.36, 95%
CI: 1.05–1.76; p = 0.02) and bilateral hippocampal hyperintensity at initial MRI (OR = 27.03,
95% CI: 1.87–390; p = 0.02).

Conclusions
Telemedicine is a feasible tool to assess the cognitive and functional outcome in patients with
anti-LGI1 encephalitis. Cognitive impairment is often missed if only functional scales are used.
Premorbid cognitive reserve and MRI with bilateral hippocampal hyperintensity were pre-
dictors for long-term cognitive impairment.
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Anti–leucine-rich, glioma-inactivated 1 (LGI1) encephalitis is
the second most frequent autoimmune encephalitis with an
estimated annual incidence of 0.83 cases per million.1 Patients
with LGI1 antibodies develop subacute onset of memory
impairment, behavioral changes, and hyponatremia. The en-
cephalitic phase is frequently preceded by a variable period
where patients have isolated seizures including, among others,
faciobrachial dystonic seizures.1,2 Symptoms usually respond
to corticosteroids, and nearly 70% of patients have good
functional recovery. However, only a third of patients return
to their baseline premorbid status.1,3

Clinical assessment using only functional scales, such as the
modified Rankin Scale (mRS) score, may overlook cognitive
deficits that limit the return to previous activities and affect
quality of life. However, studies that evaluate cognitive out-
come in anti-LGI1 encephalitis are scarce and do not go be-
yond 2 years of follow-up. Previous research suggested that
patients showed a marked impairment on memory, executive
function, and processing speed at presentation, whereas some
patients remained with residual deficits mainly observed on
verbal memory.1,4–7 In addition, the role of premorbid cog-
nitive reserve that probably is relevant in the recovery of
elderly patients after acute neurologic events has not been
previously explored in cases of anti-LGI1 encephalitis.8

Telemedicine is a novel discipline that offers high-quality pa-
tient care through numerous applications and services that fa-
cilitate a direct, cost-effective exchange of information between
patients and physicians.9 In the case of rare diseases or patients’
with restricted access to subspecialty care, such as autoimmune
encephalitis, the use of telemedicine may be useful to assess
cognitive performance in more detail over time.10

In this study, we assessed the feasibility of using a structured
telephone interview to examine long-term cognitive perfor-
mance and functional status of patients with anti-LGI1
encephalitis.

Methods
Patients
We reviewed all Spanish patients with anti-LGI1 encephalitis
diagnosed at the Neuroimmunology laboratory of the Institut
d’Investigació Biomèdica August Pi i Sunyer (IDIBAPS),
Hospital Clinic (Barcelona, Spain), between September 1998
and June 2014. Patients were included if they fulfilled the fol-
lowing criteria: (1) age ≥18 years; (2) evidence of cognitive
deterioration at diagnosis demonstrated by direct patient ex-
amination by one of the authors or provided by the referring
physicians through a structured written questionnaire; and (3)

minimum clinical follow-up of 4 years. We initially identified 49
patients, and 37 were finally included in the study. Reasons for
exclusion were death (7 patients, 2 of them with dementia),
severe dementia that precluded the telephone interview (3), and
lost to follow-up (2). All 37 patients were invited by their re-
ferring physicians to participate in the study. After the patient’s
agreement to participate, one of the authors contacted the pa-
tient directly to explain the goals of the study and obtain in-
formed verbal consent, witnessed by a relative. Appointments
for the structured telephone interview were scheduled accord-
ing to dates and times that were convenient for patients and
relatives. Information on symptom onset and main syndromes,
ancillary studies, treatment response to immunotherapy, and
functional outcome at 24 months was previously reported.3

Telephone intervention characteristics
Each telephone interview was performed by the same neu-
rologist (N.S.) and lasted approximately 60 minutes. This
included a structured interview with the patient about current
clinical status, presence of comorbidities,11 the cognitive re-
serve questionnaire, and the Functional Activities Question-
naire (FAQ). Patients answered all the questions, and the
answers were corroborated by a family member. The cogni-
tive reserve questionnaire measured 8 different aspects of the
premorbid intellectual activity (educational level and training
courses, educational level of parents, work occupation per-
formed throughout life, musical education, and ability to
speak several languages) and cognitive-stimulating activities
such as reading and practicing intellectual games (table 1).
The final score was the sum of the scores for each item
(maximum 25 points, best cognitive reserve).12 The FAQ is
a standardized assessment of instrumental activities of daily
living (11 items). Functional dependence is considered with
scores ≥6 points.13,14 Based on the aforementioned data, the
mRS score was obtained, as this is the most widely used
clinical outcome for measuring the degree of disability or
dependence of patients with neurologic disability. The mRS is
an ordered scale coded from 0 (no symptoms) through 5
(severe disability) and 6 (death). This scale has been shown to
be reliable when obtained by telephone, and the Spanish
version has been previously validated. Bad functional out-
come was defined when the mRS score was ≥3.15,16

Before starting the brief cognitive battery, the family member
was asked to leave the room and remove any calendars, clocks,
or devices that could interfere with the cognitive evaluation.
The brief cognitive battery comprised the Spanish telephone
version of the Mini-Mental State Examination (t-MMSE) and
evaluation of 3 specific cognitive domains: verbal memory,
executive function, and language. The Spanish version of the
t-MMSE score ranges from 0 to 26, and cognitive impairment

Glossary
AUC = area under the curve; FAQ = Functional Activities Questionnaire; LGI1 = leucine-rich, glioma-inactivated 1.
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is defined when the score is ≤21 points.17,18 Verbal memory
was evaluated using the Free and Cued Selective Reminding
Test modified fromBuschke.19 Briefly, this test consists of one
immediate recall task in which participants have to recall as
many as 16 words (first free and then using a semantic clue)
and a delayed recall task after 30 minutes. Only the delayed
recall score (the sum of free and facilitated) was used for the
memory index, as this score was highly correlated with the
immediate recall score in our study population (list recall: rho
= 0.84, p < 0.001). Executive function was assessed using the
oral Trial Making Test A and B.20,21 In this test, participants
are asked to count from 1 to 25 as quickly as possible (part A)
and count again, but switching between numbers and alpha-
bet letters until 13 (part B). The final score is the time in
seconds needed to complete task B. Language was explored
evaluating the verbal fluency asking the participants to say as
many words as possible in 1 minute from a semantic category
(e.g., fruits and vegetables), and the final score was the total
number of words provided.

The brief cognitive battery was initially tested in a group of 23
healthy controls to ensure the feasibility to perform it by
telephone and to obtain reference values for the cognitive
tests. Controls had a median age of 74 years (interquartile
range [IQR], 64–80) and 9 (39%) were male. No significant
difference was observed in demographic variables or educa-
tional level between patients and healthy controls. To com-
pare the cognitive performance across patients, raw scores
from individual tests were converted to z-scores. Mild cog-
nitive impairment (MCI) was considered when one or more
cognitive domains showed a z-score below −1.5 SD of the
healthy controls’ distribution without interference in the ac-
tivities of daily living.22 Dementia was considered when these
cognitive changes had a negative impact on the activities of
daily living.

At the end of the telephone interview, all participants were
assessed by the Hospital Anxiety and Depression Scale (score
≥11 points identified patients with mood disturbances) and
the Pittsburgh Sleep Quality Index questionnaire (a score ≥6
points was indicative of poor quality of sleep).23,24 Partic-
ipants were also verbally assessed with the five-level version of
the EuroQoL-5 dimensions instrument, which measures

Table 1 Cognitive reserve questionnaire12

Item Points

Educational level

No formal schooling 0

Self-taught to read/write 1

Basic (<6 years) 2

Primary (>6 years) 3

Secondary (>9 years) 4

Higher (e.g., college and university) 5

Educational level of parents (best educational level)

No formal schooling 0

Basic or primary 1

Secondary or higher 2

Training courses

None 0

1 or 2 1

Between 2 and 5 2

More than 5 3

Work occupation outside the home

None 0

Manual labor 1

Nonmanual labor (secretarial and technical) 2

Professional (requiring graduate or superior school) 3

Director/executive manager 4

Musical formation education

No musical skills (does not play an
instrument or listen to music frequently)

0

Plays an instrument (amateur) or listen to music
frequently

1

Received musical training 2

Ability to speak different languages

Only maternal languagea 0

2 languagesa 1

1 or 2 languagesa + 1 foreign 2

1 or more languagesa + more than 1 foreign 3

Reading skills

Illiterate 0

Occasional (include newspapers/1 book per year) 1

Between 2 and 5 books per year 2

Between 5 and 10 books per year 3

More than 10 books per year 4

Table 1 Cognitive reserve questionnaire12 (continued)

Item Points

Practice of intellectual games
(chess, puzzles, and crosswords)

Never or sometimes 0

Occasional (between 1 and 5 per month) 1

Frequently (more than 5 per month) 2

a An officially recognized language in Spain (e.g., Spanish, Catalan, Gallego,
or Euskera).
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health-related quality of life. This instrument comprises the
European quality (EQ) index value divided into 5 dimensions
(mobility, self-care, usual activities, pain/complaints, and
anxiety/depression) and the visual analog score (EQ-VAS).25

Standard protocol approvals, registrations,
and patient consents
The ethics committees of the Hospital Clinic approved the
study. All patients or proxies gave written informed consent
for the storage and use of serum, CSF, and clinical information
for research purposes. All patients and healthy controls gave
consent to participate in the telephone interview.

Statistics
Descriptive statistics were computed as median (IQR) unless
otherwise noted. Differences among groups based on cogni-
tive performance were studied using the χ2 test and Mann-
WhitneyU test as convenient, with a significance level set to p
< 0.05). Binary logistic regression was performed to identify
predictors of cognitive impairment (MCI and dementia).
Accuracy of the potential predictive value of clinical variables
to detect patients with cognitive impairment was analyzed by
the area under the curve (AUC). Statistical analyses were
performed using SPSS version 25.0 (SPSS Inc, Chicago, IL)
software.

Data availability
Data from the patients reported within the article are available
and will be shared anonymously by request from any qualified
investigator.

Results
Feasibility of telephone intervention and
demographic characteristics
The telephone interview was successful in 36/37 (97%)
patients. Only one patient complained about the length of the
interview before starting the brief telephone cognitive battery
and did not agree to continue. Clinical and demographic
features of the 36 patients are summarized in table 2. The
median age at diagnosis was 65 years (IQR: 56–74 years), and
23 (64%) were male. At the time of diagnosis of anti-LGI1
encephalitis, patients had a median mRS score of 4 (IQR:
3–4). All patients were treated with first-line immunotherapy
(steroids ± IV immunoglobulin), and 18 (50%) also received
second-line (11) or chronic (7) immunotherapy. At 2 years,
28 (78%) were functionally independent (mRS score <3). At
the last visit, 12 (33%) patients were still on antiepileptic
drugs, but only 3 patients (8%) had experienced seizures
during the preceding year.

Long-term cognitive and functional status
Long-term evaluation of patients was analyzed after a median
follow-up of 87 months (IQR: 63–136 months). Patients
performed significantly worse in all cognitive tests compared
with healthy controls (table 3), and 27/36 (75%) were con-
sidered to have cognitive impairment that was classified as

MCI in 17 (63%) and dementia in 10 (37%). The t-MMSE
and the assessment of specific cognitive domains showed
moderate agreement in the detection of cognitive impairment
(kappa coefficient = 0.54; 95% CI: 0.30–0.78; p < 0.001).
Nineteen of the 36 (53%) patients were considered cognitive
impaired using t-MMSE and the assessment of specific cog-
nitive domains, and 8 (29%) of 27 patients were classified as
MCI by the brief cognitive battery despite performing well on
the t-MMSE. In contrast, none of the patients who performed
well in the cognitive evaluation had a low score in the
t-MMSE. Patients with dementia showed worse results in
executive functioning and verbal fluency compared with
patients with MCI (p < 0.001 in both domains) (figure).
Overall, the most frequently affected cognitive domain was
verbal fluency (N = 19, 53%), followed by verbal memory (N
= 18, 50%) and executive functioning (N = 11, 31%).

Patients showed higher degrees of anxiety and/or depression
and worse sleep quality than healthy controls (table 2). Six
(17%) patients had symptoms of emotional distress, and 14
(39%) referred to poor quality of sleep. Quality of life per-
ceived by the patients was not different from that of controls
with the exception of the 10 patients with dementia (median
EQ-VAS score: 69% vs 80% of controls; p = 0.03).

Twenty-six of the 36 patients (72%) were considered func-
tionally independent (FAQ < 6 points). Eleven of them
(42.3%) were functionally normal (mRS score = 0), 4
(15.4%) had symptoms without significant disability (mRS
score = 1), and 11 (42.3%) were independent but unable to
perform premorbid activities (mRS score = 2). Despite the
good functional status, 17/26 (65%) patients had evidence of
MCI. The remaining 10 (28%) patients were functionally
dependent (FAQ ≥ 6) with an mRS score ≥3, and all had
dementia.

Predictors of long-term cognitive outcome
Compared with cognitively normal patients, the estimated
premorbid cognitive reserve of the 27 patients with cognitive
impairment was lower (median [IQR]: 9 [7–13] vs 16 [9–17]
points; p = 0.02), more frequent bilateral hippocampal
hyperintensity on initial MRI (67% vs 11%; p = 0.009), poor
response to first-line treatment (52% vs 11%; p = 0.03), re-
quired second-line treatment (41% vs 0%; p = 0.02), and had
worse an mRS score at 2 years (mRS score ≥3 = 70% vs 33%; p
= 0.049). No differences were observed regarding age at di-
agnosis, the presence of distinct clinical or paraclinical features,
the delay to first-line treatment, the occurrence of relapses, or
the time of follow-up. In the logistic regression analysis, in-
cluding age, time of follow-up, and the existence of comor-
bidities as covariates, the estimated premorbid cognitive reserve
(OR = 1.36, 95% CI: 1.05–1.76, p = 0.02) and the presence of
bilateral hippocampal hyperintensity at the initial MRI (OR =
27.03, 95% CI: 1.87–390, p = 0.02) were independent pre-
dictors for long-term cognitive impairment. In fact, an esti-
mated premorbid cognitive reserve cutoff point of 14.5 points
was able to discriminate patients who developed cognitive
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impairment from those who did not (sensitivity 0.67, specificity
0.89, and accuracy AUC = 0.75, 95%CI = 0.53–0.98, p = 0.03).

Discussion
This study shows the advantages and feasibility of using a struc-
tured telephone interview to assess the cognitive and functional
status of patients who had anti-LGI1 encephalitis. Our findings
show that the outcome evaluation of autoimmune encephalitis

only based on the mRS score is not optimal and oftenmisses the
detection of cognitive deficits. Concerning the long-term out-
come of patients with anti-LGI encephalitis, we found that 75%
had cognitive deficits, ranging from MCI to dementia, and that
the estimated premorbid cognitive reserve and presence of bi-
lateral MRI hippocampal hyperintensity at disease onset are
independent predictors for long-term cognitive impairment.

The use of our structured telephone intervention provides
more reliable information than that obtained only assessing
the functional status according to the impression of patients’
physicians or relatives, and it is particularly useful for patients
with rare diseases who often come from distant geographical
locations or patients whose clinical status limits follow-up
visits.9 The observed moderate agreement between the
t-MMSE and the cognitive battery of tests suggests that it is
worth including the t-MMSE in the routine outcome assess-
ment of autoimmune encephalitis, although it does not cap-
ture all cases withMCI (29%missed in this study). Adding the
indicated cognitive battery of tests increases the length of the
interview but provides relevant information on distinct cog-
nitive functions, which may potentially be affected differently
depending on the type of autoimmune encephalitis.26

As far as the evaluation of the functional status is concerned, the
inclusion of the FAQ helps to confirm the mRS score. The

Table 2 Demographic and clinical description of 36
patients with anti-LGI1 encephalitis who
completed the telephone interview

Characteristics
Anti-LGI1 encephalitis
(N = 36)

Male, n (%) 23 (64)

Actual age, in years, median (IQR) 74 (63–81)

Age at onset, in years, median (IQR) 65 (56–74)

Cognitive reserve score, median (IQR) 11 (8–14.8)

Symptoms at diagnosis, n (%)

Memory deficit 36 (100)

Seizures 27 (75)

Faciobrachial dystonic seizures 9 (25)

Mood/behavior 28 (77.8)

Sleep disorders 13 (36.1)

Othera 5 (13.9)

Hyponatremia, n (%) 14/31 (38.9)

MRI at disease onset, n (%)

Unilateral hippocampal hyperintensity 10 (28)

Bilateral hippocampal hyperintensity 19 (53)

Normal 7 (19)

CSF pleocytosis, n (%) 5 (13.9)

Treatment delay, in days, median (IQR) 125 (45–188)

First-line immunotherapy (steroids ± IVIG) 36 (100)

Second-line immunotherapy 11 (30.6)

Chronic immunotherapy 7 (19.4)

Relapses, n (%) 12 (33.3)

mRS score at 24 months, median (IQR) 2 (0–2)

Comorbiditiesb 26 (72)

Abbreviations: IQR = interquartile range; IVIG = IV immunoglobulin; LGI1 =
leucine-rich, glioma-inactivated 1; mRS = modified Rankin Scale.
a Other: daily headache (N = 1), anorexia (N = 1), hyperphagia (N = 2), weight
loss (N = 1), dysautonomia (N = 2), and cramps in lower limbs (N = 1).
b Comorbidities that may have a functional impact in daily living: cardio-
vascular disease (N = 19), pulmonary disease (N = 2), endocrine disorder (N =
3), eye disorder (N = 2), and rheumatologic disease (N = 1).

Table 3 Results of the brief cognitive battery and related
assessments obtained by telephone interview

Test (data expressed in
median [IQR])

Patients
(N = 36)

Healthy
controls
(N = 23)

p
Value

Telephone MMSE score 21 (15–22) 23 (22–24) 0.02

Verbal memory

FCSRT free delayed recall 2.5 (0–6) 7 (4–9) 0.001

FCSRT total delayed recall 7 (5–11) 11 (8–13) 0.02

Executive function

Oral TMT-A 8.2
(7.6–10.1)

7.3 (6.3–8.4) 0.005

Oral TMT-B 60.2
(41.2–180)

46.6
(33.8–55.4)

0.01

Verbal fluency 14 (10.5–16) 19 (17–22) <0.001

HADS score 5.5 (3–9) 2 (0–5) 0.01

PSQI score 4 (3–6.5) 2 (2–4) 0.001

EQ-5D-5L score

Index value score 0.9 (0.7–1) 0.9 (0.8–0.9) 0.05

Quality of life, % 80 (60–90) 74 (60–100) 0.61

Abbreviations: EQ-5D-5L = five-level EuroQoL 5D dimensions; FCSRT = free
and cued selective reminding test; HADS = Hospital Anxiety and Depression
Scale; IQR = interquartile range; MMSE = Mini-Mental State Examination;
PSQI = Pittsburgh Sleep Quality Index; TMT = Trial Making Test.
The Mann-Whitney U test was used for statistical analysis.

Neurology.org/NN Neurology: Neuroimmunology & Neuroinflammation | Volume 7, Number 2 | March 2020 5

http://neurology.org/nn


FAQ is focused on the ability to perform the activities of daily
living (e.g., preparing meals or managing personal finances)
that are affected at early stages of dementia development,
probably before the mRS score is affected.27 Other comor-
bidities could affect the mRS score but not specific items of
FAQ. In our study, 72% of patients had a good functional status
(mRS score <3) after a median follow-up of 7 years. This figure
would decrease to 67% if we include the 3 patients with severe
dementia that could not carry out the interview. In any case, the
frequency is similar to that reported in a Dutch series (67%)1

and our own series (71%)3 in which the follow-up was 2 years.

Among the 26 patients who were functionally independent,
only 9 (35%) had normal cognitive function emphasizing the
need to include a formal cognitive evaluation to assess the full
effect of anti-LGI1 encephalitis in patients’ outcome. We
detected lower scores in cognitive domains beyond memory
deficits.5 A similar result, including visuospatial memory
deficits, was identified in a series of 30 patients examined
a median of 2 years after onset of anti-LGI1 encephalitis.4

Another series consisting of 11 patients with a good mRS
score (0–2) who had neuropsychological assessment after

a median of 44 months from disease onset showed that
visuospatial recognition memory was the main residual defi-
cit.1 This cognitive domain could not be assessed in our
telephone interview, suggesting that the frequency of cogni-
tive impairment could be even higher than that reported here.

Our study shows that a lower estimated premorbid cognitive
reserve and the presence of bilateral MRI hippocampal
hyperintensity at disease onset are 2 independent predictors of
long-lasting cognitive impairment. Cognitive reserve is defined
as the adaptability of cognitive processes to brain aging, pa-
thology, or insult. It is influenced by innate individual differ-
ences and the exposure to different socio-occupational factors
such as early life education, profession, leisure activities, and/or
social engagement.28,29 Among several different approaches to
assess cognitive reserve, we used a questionnaire that assesses
a limited number of intellectual activities to ease the telephone
interview, but the activities selected are among the most im-
portant.12 High cognitive reserve has been found associated
with a reduced rate of cognitive decline and dementia.30 Pro-
spective longitudinal studies of patients who developed mild
cognitive impairment or Alzheimer showed that a higher

Figure Comparison among the z-scores of patients with anti–leucine-rich, glioma-inactivated 1 encephalitis with normal
cognitive function, mild cognitive impairment, and dementia

The graph represents the median and interquartile
range of the z-score in each cognitive domain for
patients with normal cognitive function (closed circle),
mild cognitive impairment (closed square), and de-
mentia (closed triangle).
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premorbid cognitive reserve delayed the onset of cognitive
decline, although this decline accelerated as soon as the
symptoms of dementia started.31 A high educational level, the
most commonly assessed cognitive reserve indicator, has been
associated with a reduced risk of postoperative cognitive dys-
function or better cognitive outcome after traumatic brain
injury.32,33 Therefore, it is likely that a high cognitive reserve
also influences the outcome in patients with anti-LGI1
encephalitis.

The cognitive deficits of patients with anti-LGI1 encephalitis
have been found associated with the presence of residual
structural damage to the hippocampus as evaluated by MRI.4

We postulate that patients with bilateral hippocampal MRI
abnormalities at disease onset probably have more brain in-
flammation than those with unilateral lesions or normal MRI
and are at risk to eventually develop more severe hippocampal
atrophy explaining the association we found with poor cog-
nitive outcome.

Our study has several limitations. First, we used a transversal
design that prevents ascertaining if the long-term cognitive
changes result from the acute stage of the encephalitis or from
a prolonged, albeit mild, inflammatory activity that contrib-
utes to irreversible deficits. Moreover, considering the median
age of patients with anti-LGI1 encephalitis, the worsening
cognitive status over time of some patients could potentially
have been influenced by unrelated comorbidities (e.g., neu-
rodegenerative processes) that were unmasked or aggravated
by the autoimmune inflammatory changes. Telephone as-
sessment could only be performed to patients with good fa-
miliar support and accessible by phone, which may limit the
assessment of institutionalized patients or with advanced
dementia downplaying the real impact of anti-LGI1 enceph-
alitis in the cognitive status. Last, we could only explore the
cognitive reserve by partially assessing various aspects of life
experience but the concept of reserve also accounts for in-
dividual differences in susceptibility to age-related brain
changes that could not be assessed in this study.28

A comprehensive evaluation of the long-term outcome of
patients with anti-LGI1 encephalitis is essential for a better
knowledge of the cognitive domains predominantly affected
by the disease and optimal assessment of the efficacy of
immunotherapies. We have demonstrated that telemedicine
through a structured telephone interview is feasible and
provides a good instrument to address these issues. Future
studies are encouraged to confirm these results and to validate
the brief cognitive battery for its standard use in the evaluation
of anti-LGI1 and other autoimmune encephalitis, and it
should be considered, along with the mRS, for the long-term
assessment of autoimmune encephalitides.
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Abstract
Objective
To determine whether basing the decision to initiate immediate vs delayed disease-modifying
therapy (DMT) on extent of recovery after initial relapse affects long-term disability accu-
mulation in a multiple sclerosis (MS) evidence-based setting.

Methods
We analyzed the double-blind, placebo-controlled interferon beta-1a 30 mc once a week in
clinically isolated syndrome and 10-year-follow-up extension trial. Good recovery after pre-
senting relapse was defined as (1) full early recovery within 28 days of symptom onset (Ex-
panded Disability Status Scale [EDSS] score of 0 at enrollment maintained ≥6months) and (2)
delayed good recovery (EDSS score > 0 at enrollment and improvement from peak deficit to
6th-month or 1-year visit ≥median). Time from recovery assignment to future disability (EDSS
score ≥ 2.5 or ≥4.0) was studied on a relapse-recovery-stratified age axis and immediate vs
3-year delayed treatment initiation with Kaplan-Meier statistics and hazard ratios (HRs).

Results
One hundred seventy-five/328 patients had good recovery (94 immediate and 81 delayed
treatment); 153 did not have good recovery (77 immediate and 76 delayed treatment). HRs
for EDSS score ≥2.5 outcome were: delayed treatment without good recovery as reference
(HR = 1.0), delayed treatment with good recovery (HR6th-month: 0.67, p = 0.207; HR1st-year:
0.40, p = 0.027), immediate treatment without good recovery (HR6th-month: 0.56, p = 0.061;
HR1st-year: 0.40, p = 0.011), and immediate treatment with good recovery (HR6th-month: 0.43,
p = 0.014; HR1st-year: 0.48, p = 0.034). Placebo patients were switched to long-term treatment
after 3 years, and insufficient EDSS score ≥4.0 outcome events were available to study.

Conclusions
In patients with MS presenting without good recovery after the initial relapse, immediate DMT
initiation favorably influences the likelihood of more ambulatory-benign disease akin to patients
with good recovery after the initial relapse.

Classification of evidence
This study provides Class III evidence that for patients withMSwithout good recovery after the
initial relapse, immediate DMT initiation increases the likelihood of a benign disease course.
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Class of Evidence
Criteria for rating
therapeutic and diagnostic
studies
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In multiple sclerosis (MS), partial recovery from relapses leads
to residual disability.1 Limited recovery from early clinical
relapses also situates patients with MS for an earlier onset of
progressive disease.2 A single, partially recovered, symptomatic
or asymptomatic, critically located lesion in the high cervical
spinal cord is sufficient to set a patient up for progressive
disease.3,4 Despite this critical role of relapse recovery in long-
term prognosis in MS, relapse recovery has not been suffi-
ciently modeled into clinical trials in earlyMS. Few studies have
used relapse recovery as an outcome measure hypothesizing
that disease-modifying treatments (DMTs) will help recovery
from ensuing relapses after treatment initiation.5,6 A common
real-world practice in deciding immediate vs delayed DMT
initiation in early MS often involves the extent and rapidity of
a patient’s recovery from early relapses, a decision for which
there is no evidence from a clinical trial setting.

Relapse recovery worsens as a patient gets older.1,7–11 Re-
covery from early relapses seems to be similar within an in-
dividual patient, pointing to individual specific factors
responsible for a “good” vs “poor” recovery paradigm.2 In
a population-based cohort, we recently showed that when
controlling for inherent individual factors by paired analyses
of early and late relapses from the same patient, there is
a relatively linear decline in clinical recovery after a relapse
with aging.12 We also showed that improvement from the
maximum disability reached during the first clinically evident
relapse (i.e., clinically isolated syndrome [CIS]) can be
measured by a change in the Expanded Disability Status Scale
(EDSS) score as a clinically useful metric of recovery.12

Age of a patient is also a critical factor in developing progressive
MS, which peaks around the fifth decade.13–15 The same de-
cade coincides with a pathologic shift to smoldering plaques
associated with the progressive phase in MS.16 DMT efficacy
declines with older age,17 likely reflecting a natural decrease in
relapses with age, a natural increase in progressiveMS with age
but also the natural decline in relapse recovery potential with
age. This lower endogenous recovery potential later in life
makes it easier to observe a change with exogenous recovery
intervention in older patients in a clinical trial setting.18

To understand the interaction between relapse recovery and
DMT efficacy and given the impact of early relapses on long-
term outcome in MS, the best approach would be a placebo-
controlled, double-blind trial in CIS with stratification by
relapse recovery at enrollment. However, use of DMTs in CIS
and early MS is a well-established practice, and the feasibility
of a future longitudinal trial could be challenging for recruiting
sufficient size of an untreated population with CIS.

We used a unique opportunity to analyze the clinical and
imaging data from the double-blind, placebo-controlled trial
of Interferon beta-1a 30 mc once a week (Avonex) in CIS and
its 10-year follow-up extension.19,20 These studies originally
established the benefit of DMTs in delaying further relapses
after a CIS event. We studied the interaction of relapse re-
covery at the time of CIS with immediate vs delayed initiation
of Avonex in determining long-term disability worsening.

Methods
Standard protocol approvals, registrations,
and patient consents
All patients originally consented for the Controlled High-Risk
Avonex MS Prevention Study (CHAMPS) and Controlled
High-Risk Avonex® MS Prevention Study in Ongoing Neu-
rological Surveillance (CHAMPIONS).19,20 No patient
identifiers were available for the current analyses.

Study population
CHAMPS was a multicenter, double-blind, placebo-
controlled study of IM interferon beta-1a in patients with
CIS.14 At the time of original enrollment, patients’ ages
ranged from 18 to 50 years, and all had experienced a unilat-
eral optic neuritis, transverse myelitis, or brainstem-cerebellar
syndrome. The baseline requirement was ≥2 additional
asymptomatic brain lesions with typical characteristics of an
MS lesion. All patients received 3 days of 1 g IV methyl-
prednisolone per day followed by a 15-day oral prednisone
taper within 14 days of onset of their symptoms. All patients
got randomized to treatment (30 μg of IM interferon beta-1a,
N = 193) or placebo (N = 190) arms within 27 days of
symptom onset. The CHAMPS study period was 3 years.
Ninety-three percent of patients on the original active treat-
ment arm and 99.5% of patients on the original placebo arm
complied with drug dosing over 80% of the time.14,15

The CHAMPIONSwas a 2-phase extension study.15 After the
completion of the CHAMPS, all patients were offered active
treatment for an additional 2 years to complete 5 years. In the
second extension phase, all patients were offered an additional
5 years of active treatment to complete 10-year follow-up. The
goal was to assess the impact of immediate treatment initia-
tion (10 years active treatment) vs delayed treatment initia-
tion (3 years placebo +7 years active treatment) on long-term
disability outcome.

Definition of clinical variables
The presenting relapse was defined as originally described in
the clinical trial setting.14 However, some of these patients

Glossary
CHAMPIONS = Controlled High-Risk Avonex MS Prevention Study in Ongoing Neurological Surveillance; CHAMPS =
Controlled High-Risk Avonex MS Prevention Study; CIS = clinically isolated syndrome; HR = hazard ratio.
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would have been classified as relapsing-remitting MS with
contemporary diagnostic criteria, which appeared after the
original study design.21 Therefore, we refer to the original
event as the initial relapse rather than CIS.

Degree of clinical recovery was defined as the improvement
from the peak deficit of a relapse to stabilized baseline after at
least 6 months, a conservative time frame, because most re-
covery takes place within the first 3 months or less.1,22,23 Based
on our recent publication,12 we chose to use the improvement
in the EDSS score as our clinical recovery metric appropriate
for our analyses. Because we studied the initial relapse, all
patients were assumed to have an EDSS score of 0 before the
index event. We took the EDSS score at enrollment, which was
recorded within 28 days of symptoms onset, as representative
of the peak deficit associated with the initial relapse.

Good recovery from the initial relapse is defined as fulfilling
one of the 2 following criteria: (1) when the peak deficit at
enrollment within the 28 days of symptom onset is the EDSS
score of 0 and the EDSS score of 0 is maintained through the
6th-month visit, the patient is assumed to have already re-
covered fully at enrollment, or (2) when the peak deficit at
enrollment within the 28 days of symptom onset is EDSS
score >0, the patient is assumed to have good recovery if the
EDSS score improvement from peak deficit to 6th-month visit
was equal to or better than the median of the group. We used
median over mean values, as the EDSS is a composite ordinal
scale, and further categorical definitions of good vs not good
recovery were introduced. Given that some patients did not
have 6th-month visits, we also repeated the analyses by using
the 1st-year visit to assign good recovery.

Data analyses
We tested the hypothesis that patients with insufficient re-
covery with delayed DMT initiation do worse than patients
with insufficient recovery and immediate DMT initiation or
patients with good recovery regardless of timing of DMT
initiation. This study provides Class III evidence that for
patients with MS without good recovery after the initial re-
lapse, immediate DMT initiation increases the likelihood of
a benign disease course.

Baseline demographics and clinical, imaging, and recovery
metrics were compared between immediate vs delayed treat-
ment groups using the Kruskal-Wallis rank-sum test, linear
model analysis of variance, trend test for ordinal variables, or
Pearson χ2 test as appropriate to the variable. We studied 2
long-term disability outcomes: (1) reaching an EDSS score of
2.5 or higher or (2) reaching an EDSS score of 4.0 or higher.
Time from assigning recovery status (6 months or 1 year from
enrollment) to reaching EDSS outcomes was studied and
shown on an age axis initially stratified for immediate vs delayed
treatment groups. The analyses were repeated further stratify-
ing each intervention group by the relapse recovery metric.
Kaplan-Meier statistics were used to calculate hazard ratios
(HRs) and CIs for relapse recovery treatment interaction

variables, using the worst outcome group as reference. Finally,
we studied the independence of our observations by Cox re-
gression analyses including baseline demographics, baseline
clinical characteristics, baseline radiologic characteristics, and
the relapse recovery and intervention groups. We report ad-
ditional HRs and CIs for variables that remained independently
significant in the Cox regression analyses.

Data availability
All data from the original CHAMPS and CHAMPIONS trials
were made available for analyses without any constraints.

Results
In table 1, we recapitulate the demographics of the study
population according to years from initial enrollment. We
noted no shift in distribution of baseline characteristics of
patients according to years of follow-up.

In table 2, we show subclinical disease burden at enrollment,
disability burden at enrollment, and initial relapse recovery
according to the intervention group. Except for a previously
known (from the original published studies) difference in
brain parenchymal fraction, there were no differences be-
tween intervention groups regarding baseline characteristics.

Of the 383 patients at enrollment, 55 (22 immediate treat-
ment and 33 delayed treatment) did not have the EDSS score
recorded. Of the remaining 328 patients, at the time of en-
rollment within 28 days of their initial relapse event, 114 (56
immediate treatment and 58 delayed treatment) had an EDSS
score of 0, and 214 had an EDSS score of >0.

Of the 114 patients who had EDSS score = 0 at enrollment, 57
remained EDSS score = 0 at 6 months, therefore established
as having already fully recovered within the first 28 days be-
fore enrollment. Of the 214 patients with EDSS score > 0 at
enrollment, 118 patients had an EDSS score improvement ≥1
point from peak deficit to 6th-month visit. Therefore, at the
6th month from enrollment, we were able to qualify 175
patients (57 + 118) as having good recovery (94 immediate
treatment and 81 delayed treatment) and 153 patients as not
having good recovery (77 immediate treatment and 76
delayed treatment—table 2).

The number of patients available for scheduled follow-up visits is
shown in figure 1. Between all phases of the study, 171 patients
were seen 6 times, and 155 patients were seen 12 times. There
were a total of 2,940 EDSS measurements to establish disability
accrual through the study. The median EDSS score throughout
the study was 1.0 (minimum 0.0–maximum 8.0).

Patients who did not have a 6th-month visit and those who
had already reached the disability outcome within the first 6
months and sustained it later were excluded, leaving 266
patients for EDSS score ≥2.5 outcome and 330 patients for
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EDSS score ≥ 4.0 outcome analyses. For the second model of
1st-year visit to assign good recovery, we had 229 patients for
EDSS score ≥ 2.5 outcome and 265 patients for EDSS score ≥
4.0 outcome analyses (figure 2).

EDSS score ≥ 2.5 outcome
We used the worst combination outcome of delayed treat-
ment without a good initial relapse recovery as our reference

(HR = 1.0). Using the 6th-month visit to define good re-
covery, the delayed treatment with the good initial relapse
recovery group had an HR of 0.67 (95% CI [0.36–1.25], p =
0.207), the immediate treatment without the good initial
relapse recovery group had an HR of 0.56 (95% CI
[0.31–1.03], p = 0.061), and the immediate treatment with
the good initial relapse recovery group had an HR of 0.43
(95% CI [0.22–0.84], p = 0.014).

Table 1 Patient demographics according to follow-up duration

Enrollment 1st year 5th year 10th year

Total (%) 383 (100%) 286 (74.7%) 200 (52.2%) 127 (33.2%)

Female (%) 289 (75.5%) 216 (75.5%) 151 (75.5%) 94 (74.0%)

Age (mean years ± SD) 33.0 ± 7.4 35.0 ± 7.3 38.9 ± 7.4 43.8 ± 7.4

Syndrome at onset

Optic nerve (%) 192 (50.1%) 140 (49.0%) 97 (48.5%) 65 (51.2%)

Brainstem/cerebellar (%) 108 (28.2%) 82 (28.7%) 53 (26.5%) 33 (26.0%)

Spinal cord (%) 83 (21.7%) 64 (22.4%) 50 (25.0%) 29 (22.8%)

Treatment group

Immediate (Avonex) (%) 193 (50.4%) 151 (52.8%) 99 (49.5%) 68 (53.5%)

Delayed (placebo) (%) 190 (49.6%) 135 (47.2%) 101 (50.5%) 59 (46.5%)

Table 2 Subclinical disease and disability burden at enrollment and from the initial relapse according to the treatment
group

Immediate treatment
(Avonex)

Delayed treatment
(placebo)

p
Valuea,b,c,d

N 193 190

MRI burden at enrollment

T2W lesion no. (median; IQR) 13.5 (2.0–103.0) 13.0 (2.0–55.0) 0.661a

Gd+ lesion no. (median; IQR) 0.0 (0.0–7.0) 0.0 (0.0–12.0) 0.132a

T2W lesion volume (mm3) (mean ± SD) 3,628.8 (3,785.2) 3,242.6 (4,055.0) 0.347b

Gd+ lesion volume (mm3) (mean ± SD) 88.2 (264.9) 69.5 (312.1) 0.538b

Disability burden at enrollment (EDSS score within the 1st month of
symptom onset):

EDSS score <4.0 (N) 191 (99.0%) 186 (97.9%) 0.174c

EDSS score ≥4.0 (N) 1 (0.5%) 4 (2.1%)

Not available 1 (0.5%) 0 (0.0%)

Clinical recovery

eGood recovery (%) 94 (55.0%) 81 (51.6%) 0.540d

Not available (N) 22 (11.4%) 33 (17.4%) 0.096d

Abbreviations: EDSS = Expanded Disability Status Scale; IQR = interquartile range.
a Kruskal-Wallis rank-sum test.
b Linear model analysis of variance.
c Trend test for ordinal variables.
d Pearson χ2 test.
e Good recovery is defined as EDSS = 0 at 1st month that is maintained through the 6th-month visit or being equal to or better than the median EDSS score
improvement from peak deficit to 6-month visit.
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Using the same reference of delayed treatment without a good
initial relapse recovery, but 1st-year visit to define good re-
covery, the delayed treatment with the good initial relapse
recovery group had an HR of 0.40 (95% CI [0.18–0.90], p =
0.027), the immediate treatment without the good initial re-
lapse recovery group had an HR of 0.40 (95% CI [0.20–0.81],
p = 0.011), and the immediate treatment with the good ini-
tial relapse recovery group had an HR of 0.48 (95% CI
[0.24–0.94], p = 0.034).

These findings were maintained independently in the multi-
variable Cox regression analyses (table 3). For the EDSS score
≥2.5 outcome, the delayed treatment with the good initial
relapse recovery group, the immediate treatment without the
good initial relapse recovery group, and the immediate
treatment with the good initial relapse recovery group
maintained their independent positive effect compared with
delayed treatment without a good initial relapse recovery.

The presence of gadolinium-enhancing lesions at enrollment
had a negative impact on disability outcome independent of
relapse recovery treatment interaction variable.

EDSS score ≥ 4.0 outcome
In this analysis, although we found HRs to be similar to EDSS
score ≥2.5 outcome analysis, event rates were low (as shown in
figure 2), and the results did not reach statistical significance in

either 6th-month or 1st-year definitions of recovery in uni-
variate or multivariable analyses (data not shown).

Discussion
We provide, to our knowledge, the first clinical trial evidence
to support the practice of deciding immediate vs delayed
DMT initiation in early MS based on how poorly a patient
recovers from their initial relapse. Based on our study, fol-
lowing practical numbers can be summarized: patients with
good recovery and immediate initiation of DMT after their
first relapse have ;65% chance of remaining at a minimal
disability level by age 45 years. On the other hand, patients
with poor recovery and delayed DMT initiation have ;20%
chance of remaining at a minimal disability level of EDSS
score <2.5 by age 45 years. Patients with poor recovery but
immediate DMT initiation or patients with good recovery but
delayed DMT initiation similarly have ;50% chance of
remaining at a minimal disability level of EDSS score <2.5 by
age 45 years. Therefore, delaying initiation of DMTs, espe-
cially after a poorly recovered relapse, further hampers the
likelihood of remaining relatively disability-free by critical age
45 years, beyond which there is a higher likelihood of de-
veloping progressive MS.13–15 Although the study focused on
a single DMT, it would be reasonable for such analyses to be
conducted in other DMT trials in CIS setting.

Figure 1 Number of patients available for scheduled patient assessments in CHAMPS, CHAMPIONS, and CHAMPIONS
extension illustrating repeat enrollment with rerecruitment of patients lost to follow-up during previous phases

CHAMPIONS = Controlled High-Risk Avonex MS Prevention Study in Ongoing Neurological Surveillance; CHAMPS = Controlled High-Risk Avonex MS Pre-
vention Study.
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As we had recently shown the impact of aging on relapse re-
covery with the clinical relapse recovery metrics in a population-
based cohort,12 we used age rather than time from disease onset
for modeling relapse recovery and treatment interaction in MS.
Without our recent findings, such modeling would have been
premature at the time of original CHAMPS trial design, and it
seems timely that we have carried our findings from the
population-based, natural history study to a clinical trial set-
ting now.

Choice of disability cutoffs in our study was dictated by the
availability of data in a trial setting as opposed to natural
history studies. Given that all patients were placed on DMT
throughout the extension phase of the trial, event rates for
moderate-to-severe disability levels were low. Our hypothesis

dictated that any interaction between good relapse recovery
and immediate treatment should result in benign outcomes.
The clinical trial standard in MS has been the EDSS as is
which was available for us to use in our analyses. Maintaining
an EDSS score of <2.5 is generally accepted as having an
ambulatory-benign MS while clearly not reflecting cognitive
dysfunction that may still occur.24 However, most practicing
and academic MS specialists would agree that maintaining
a mild disability level or better (≤EDSS score 2.5) is generally
accepted as a benign disease course in MS. Hence, our chosen
primary outcome of EDSS score 2.5 cutoff was a good match
for testing our hypothesis.

We also explored EDSS4 as a cutoff. As patients who reach
EDSS4 have amore linear disability accumulation afterward,25–27

Figure 2 Probability of long-term disability accumulation along the age axis is shown

Groups are defined according to good recovery from the initial relapse at 6th-month and treatment intervention. Figure is shown with the age axis
started and truncated at the point where every analysis group is still required to have ≥1 patient in the study. Patients with good recovery and
immediate initiation of DMT after their first relapse have about 65% chance of remaining at a minimal disability level of EDSS score <2.5 by age 45
years. On the other hand patients with poor recovery and delayed DMT initiation have about 20% chance of remaining at a minimal disability level by
age 45 years. Patients with poor recovery but immediate DMT initiation have about 50% chance of remaining at a minimal disability level by age 45
years similar to patients with good recovery but delayed DMT initiation. CHAMPS = Controlled High-Risk Avonex MS Prevention Study; CHAMPIONS =
Controlled High-Risk Avonex MS Prevention Study in Ongoing Neurological Surveillance; DT = delayed treatment with randomization to placebo at
CHAMPS enrollment with switch to disease-modifying therapy (DMT) with Avonex at CHAMPIONS enrollment; IT = immediate treatment with ran-
domization to Avonex at CHAMPS enrollment and maintained on DMT throughout CHAMPIONS; good recovery is defined as EDSS score = 0 at 1st
month that is maintained through the 6th-month visit or being equal to or better than the median EDSS score change from peak deficit to 6-month
visit.

6 Neurology: Neuroimmunology & Neuroinflammation | Volume 7, Number 2 | March 2020 Neurology.org/NN

http://neurology.org/nn


using EDSS4 gave us a window into the future of moderate-to-
severe disability accumulation in the study groups. However,
using the EDSS4 cutoff, there were insufficient events in our
analyses as shown in figure 2, reasonably consistent with the
premise that early initiation of DMTs in MS delays moderate-
to-severe disability, likely through delaying further clinical and
radiologic events.

Another challenge related to using the EDSS score both as an
outcome and as a relapse recovery metric. We have recently
shown that it is suitable to use the EDSS score to measure
recovery after the first clinical relapse in MS.12 In an ideal study
design, patients should be enrolled in a treatment arm after the
recovery is given sufficient time to stabilize before assigning good
vs poor recovery. Because the CHAMPS17 was designed without
this metric in mind, we had only 1 month after the index
relapse and before the randomization. Therefore, we had
to compromise at several levels. We accepted as “already re-
covered” anyone with an EDSS0 at the time of randomization
and whomaintained that level at the time of 6th-month or 1st-
year recovery assessment. On the other hand, we excluded
patients who had already reached and thereafter maintained
the outcome measure at the time of randomization
(i.e., EDSS2.5 or EDSS4.0) from the study because any re-
covery afterward would potentially be biased by the active arm
of the trial. Although we recognize a lack of definitive evidence
for the possibility of DMT impact on relapse recovery, using
a similar metric of EDSS change as our study to assess re-
covery outcome in MS, patients on natalizumab treatment
attained a less severe peak deficit during a subsequent relapse
than patients on placebo, and, expectedly, patients on nata-
lizumab achieved better recovery than placebo at the 6-month
time point.5 In another post hoc study using the EDSS metric
as above, patients treated with peginterferon beta-1A had
better 6th-month postrelapse recovery while on treatment
than those who received placebo.6 These studies suggest that
DMTs, potentially through a dampening effect on the peak
severity of a relapse, improve odds of recovery from that
relapse. Of interest, in our study, although the 1st-year relapse
recovery assessment captured an independent positive effect
of good recovery despite delayed treatment, the 6th-month

assessment did not. This observation could support the hy-
pothesis of a modest impact of early DMT initiation on overall
relapse recovery even if initiated after a relapse.

Our good recovery definition was based on a median EDSS
score change, which can be fine tuned in a future study by
good, average, or poor recovery if functional system scores are
used to assess recovery.2,12 Unfortunately, we did not have
raw functional system scores available from the time of en-
rollment in this trial.

Finally, we observed that having subclinical active disease, as
evidenced by baseline active MRI findings, affected disability
outcome independently of relapse recovery treatment in-
teraction variables. However, in this study, follow-up imag-
ing or electrophysiology-based recovery metrics were not
collected specifically to assess subclinical improvement in
patients, limiting our analyses to clinical recovery metrics alone.
As it has been illustrated in the RENEW trial with Opicinumab
(anti-LINGO-1) in acute optic neuritis (NCT01721161),
where recovery was the actual outcome measure, subclinical
recovery assessment exemplified by full-field visual evoked
potential latency was found relevant as a potential confounder
of outcome.18 Therefore, we suggest that inclusion of such
subclinical metrics of recovery also be considered in a definition
of good-versus-poor recovery stratification at enrollment in
addition to clinical recovery metrics.

A better understanding of the biology underlying relapse re-
covery in MS is of utmost importance in generating better
animal models of recovery, in developing better recovery
agents, in more optimal timing of administration of recovery
agents in future recovery trials, and in defining the clinical/
subclinical metrics appropriate for the recovery measurement.
At the moment, several such agents are moving along different
phases of development and clinical trials.18,28 Our current
analyses, together with our previous observation that a poor
early relapse recovery significantly shortens the time to pro-
gressive MS onset,2 raise awareness of the importance of re-
lapse recovery as a predictive factor of long-term outcomes
in MS.

Table 3 Independently significant variablesa in Cox regression analyses of impact on EDSS score ≥ 2.5 disability outcome

6th-month recovery 1st-year recovery

HR (95% CI) p HR (95% CI) p

New Gd+ lesion number 1.53 (1.19–1.98) 0.001 1.40 (1.01–1.93) 0.042

Delayed treatment with good recoveryb 0.71 (0.38–1.32) 0.277 0.42 (0.19–0.93) 0.033

Immediate treatment without good recoveryb 0.40 (0.21–0.79) 0.008 0.31 (0.14–0.66) 0.002

Immediate treatment with good recoveryb 0.39 (0.20–0.77) 0.007 0.41 (0.20–0.84) 0.014

Abbreviations: Gd+ = presence of gadolinium enhancement; HR = hazard ratio.
a Variables included but were not significant or did not maintain significance in themultivariable analyses in either the 6th-month or 1st-year recoverymodel
were sex, new T2 lesion number, T2 lesion volume, Gd+ lesion volume, brain parenchymal fraction, and syndrome at onset.
b Referenced to delayed treatment (placebo at enrollment) without good recovery.
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Approaches to promote remyelination to prevent long-term
progression should be initiated early in the disease course at
the time of the first or second relapse. For example, a suc-
cessful remyelinating therapy used to return disability back to
normal during a relapse might prevent long-term progression,
likely by protecting axons through ensheathment.29

In summary, we believe that the analyses presented in this
work support 2 important findings about relapse recovery:
first, that it should be a variable controlled at inclusion in
clinical trials, and second, that it should be an early decision
factor for DMT initiation. Because relapse recovery in-
dependently influences long-term disease outcomes, we rec-
ommend that it be assessed routinely as part of MS clinical
trials with more precisely timed EDSS and FSS measurements
around the clinical relapses. It is very likely that DMTs and
medications stimulating relapse recovery will be used con-
comitantly, and clinical or subclinical metrics that can assess
such interactions will be further relevant in future clinical
trials.
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Abstract
Objective
The use of alemtuzumab, a humanized monoclonal anti-CD52 antibody has changed the
therapy of highly active relapsing-remitting MS (RRMS). Alemtuzumab infusion depletes
most lymphocytes in peripheral blood, whereas differential recovery of immune cells, probably
those with a less CNS-autoreactive phenotype, is supposed to underlie its long-lasting effects.
To determine whether alemtuzumab significantly reduces immunoglobulin levels in blood and
CSF of treated patients, we analyzed blood and CSF samples of 38 patients with MS treated
with alemtuzumab regarding changes in immunoglobulin levels.

Methods
Blood and CSF samples of patients were collected at the beginning of alemtuzumab treatment
and at 12, 24, and 36 months after the first administration of the drug. Specimens were analyzed
regarding immunoglobulin concentrations in blood and CSF.

Results
We observed significant and dose-dependent reductions of immunoglobulin levels (IgG, IgM,
and IgA) in serum and CSF 12 and 24 months following 2 courses of alemtuzumab. Patients
with persistent or returning disease activity who were treated with a third course of alemtu-
zumab exhibited even further decrease in IgG levels compared with matched controls treated
twice. Here, alemtuzumab-treated patients with IgG levels below the lower limits of normal
were more susceptible to pneumonia, sinusitis, and otitis, whereas upper respiratory tract and
urinary tract infections were not associated therewith.

Conclusions
Our results suggest to monitor IgG levels for safety reasons in patients treated with
alemtuzumab—in particular when additional treatment courses are required—and to consider
preventive action in critical cases.

Classification of evidence
This study provides Class IV evidence that for patients with RRMS alemtuzumab reduces
immunoglobulin levels.
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Alemtuzumab was approved for therapy of active relapsing-
remitting MS (RRMS) in Europe in November 2014.1–3 The
humanized monoclonal antibody selectively binds CD52,
a human glycosylphosphatidylinositol-anchored protein. CD52
is highly expressed on the surface of T and B lymphocytes and,
at lower levels, on cells of the innate immune system, namely
monocytes and macrophages.4–6 Consequently, alemtuzumab
administration leads to rapid depletion of circulatory CD52-
positive cells through antibody-dependent cell-mediated cy-
tolysis and complement-dependent cytolysis.7 Subsequent to
depletion, immune cells derived from hematopoietic stem cells
slowly repopulate. The repopulation dynamics are distinct for
different immune cell types with B lymphocytes recovering
faster than T cells. B lymphocyte numbers return to the base-
line level after approximately 3 months; after 12 months, they
can even exceed baseline levels.8,9

The trade-off for clinical efficiency of alemtuzumab is the
occurrence of frequent and sometimes serious adverse
events.10 The most interesting and not yet fully understood
adverse events are secondary autoimmune phenomena.11

Several case reports also described either viral or complex
bacterial or fungal infections, highlighting consequences of
T-cell depletion.12 Common and usually noncomplicated
infections, such as pneumonia or bacterial upper respiratory
tract infections fostered by hypogammaglobulinemia, have
received much less attention to date. Because of new reports
of immune-mediated and partly fatal cardiovascular adverse
events, the EuropeanMedicines Agency (EMA) restricted the
use in April 2019.

Autoantibody production leading to consecutive autoimmune
phenomena after alemtuzumab treatment has already been
reported; however, physiologic immunoglobulin production
following alemtuzumab administration has not yet been an-
alyzed in greater depth.

Methods
Study design and setting
Between January 2015 and December 2016, 38 patients with
diagnosed active RRMS were treated with at least 2 cycles of
alemtuzumab at the Neurology Clinic of the University
Hospital Münster. Serum (n = 38) and CSF (n = 24) samples
were collected at treatment start and at 12, 24, and 36 months
after the first alemtuzumab administration. None of the
patients had received previous immunosuppressive or
B cell–depleting therapy, had any history of chronic (auto-
immune or infective) disease other than RRMS, or experi-
enced a clinical relapse within the 4 weeks before sample

collection. Patients were interviewed and clinically examined
in regular 3-monthly follow-up visits (table 1).

This study provides Class IV evidence that long-term treat-
ment with alemtuzumab can reduce immunoglobulin levels in
patients with RRMS.

Participants
Demographic data collected included age, sex, duration of
MS before alemtuzumab therapy, baseline EDSS score,
number of previous disease-modifying therapies (DMTs),
and number of MS relapses within the 2 years before
alemtuzumab therapy. Diagnostic data included analysis of
CSF cell count, CSF protein levels, CSF lactate, serum/CSF
albumin ratio, CSF and serum analysis of immunoglobulin
concentrations (IgG, IgA, and IgM) including serum/CSF
immunoglobulin ratios as an indicator for intrathecal syn-
thesis of IgG, IgA, and IgM, and oligoclonal bands (OCB) as
an indicator for intrathecal IgG synthesis. During alemtu-
zumab treatment cycles, patients were examined for op-
portunistic infections, and data on disease activity and MS
relapses were gathered.

Standard protocol approvals, registrations,
and patients consents
Patients gave written informed consent for data publication,
and the study was approved by the institutional review boards
at both centers (University of Muenster, 2014-398-f-S;
Hannover Medical School, 3142-2016).

Table 1 Baseline characteristics of the study cohort

Patients, no. 38

Blood samples available, no. (%) 38 (100)

CSF samples available, no. (%) 24 (63.2)

Age, yr, median (range) 33 (18–58)

Male sex, no. (%) 18 (47.3)

MS duration, yr, median (range)

Since manifestation 4 (0–27)

Since diagnosis 4 (0–17)

Previous DMTs, no., median (range) 2 (0–6)

Baseline EDSS score, median (range) 2.5 (0–6)

Relapses within past 2 years, median (range) 3 (0–9)

OCBs positive at baseline (%) 22 (79)

Abbreviations: DMT = disease-modifying therapy; EDSS = Expanded Dis-
ability Status Scale; OCB = oligoclonal band.

Glossary
DMT = disease-modifying therapy; OCB = oligoclonal band; RA = rheumatoid arthritis; RRMS = relapsing-remitting MS.
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CSF and serum analysis
CSF and serum were analyzed using routine methods.13 Im-
mediately after CSF sampling via lumbar puncture, CSF cell
count, total protein, and lactate were analyzed. CSF cells were
counted manually with a Fuchs-Rosenthal counting chamber.
For further analyses, the residual CSFwas centrifuged (145g for
15 minutes), and the supernatant was frozen at −80°C. The
corresponding serum was also frozen at −80°C. CSF total
protein was determined by a Bradford dye-binding procedure.
Albumin, IgG, IgA, and IgM were examined in serum and CSF
in the same latex-enhanced assay by kinetic nephelometry
(Siemens BN ProSpec, Münster; Beckman Coulter IMMAGE,
Hannover) according to the guidelines by the manufacturer.
The function of the blood-CSF barrier was estimated as CSF-
serum albumin quotient (QAlbumin). The age-adjusted upper
reference limit of QAlbumin (QAlb) was calculated using the
formula QAlb = 4 + (age in years/15). Intrathecal synthesis of
immunoglobulins (IgG, IgA, and IgM) was calculated based on
the method of Reiber-Felgenhauer, referring IgG, IgA, and IgM
quotients to the albumin quotient.14 CSF and serum OCBs
were determined by isoelectric focusing (Pharmacia Biotech)
in polyacrylamide gels (EDC) with consecutive silver staining
(GE Healthcare) according to the manufactures’ recom-
mendations. Five patterns of OCBs were distinguished fol-
lowing the recommendations of the first European consensus
on CSF analysis in MS, whereas the type 2 and 3 pattern is an
indicator for intrathecal IgG synthesis.15

To analyze immunoglobulin changes after 3 courses of alemtu-
zumab, we thawed serum samples obtained immediately before
additional courses. Those samples were processed differently to
samples from the previous time point and were eventually not
comparable to previous values. We therefore decided to also an-
alyze matched samples from patients with MS with ongoing
natalizumab therapy and treatment-naive patients withMS, which
underwent a similar thawing process to exclude process-related
effects on serum immunoglobulin concentrations. To compare
between groups, patients were matched for age, sex, disease du-
ration since manifestation, and storage duration of samples. In
accordance with the inclusion criteria for alemtuzumab-treated
patients, none of the controls had received previous immuno-
suppressive or B cell–depleting therapy, and samples were
obtained minimally 4 weeks after the last clinical relapse.

Statistical analysis
To compare between the groups at treatment start and at 24
months, the Mann-Whitney rank-sum test was used. To
compare samples from 36 months after treatment start with
respective controls, the Kruskal-Wallis test for multiple-group
comparison including the Dunn post-test was used. Contin-
uous variables (e.g., quantitative fraction of intrathecal IgG
synthesis over time) were analyzed using the Wilcoxon paired
test. To test categorical variables (proportion of patients with
positive OCBs at different time points), The McNemar test
with Edwards correction was applied. Statistical analysis was
performed using SPSS 25 (IBM, CA). p Values below 0.05
were considered 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. Data will be shared on request from any quali-
fied investigator.

Results
Patient characteristics
In total, we analyzed blood samples of 38 patients treated with
alemtuzumab. For 24 patients, additional CSF samples were
available. The patient characteristics at baseline are summa-
rized in table 1.

Serum IgG, IgM, and IgA concentrations of
alemtuzumab-treated patients are reduced
after 12 and 24 months
We measured serum immunoglobulin before the first ad-
ministration of alemtuzumab and at 12 and 24 months. All
patients received at least 2 cycles of alemtuzumab therapy
according to SmPC. Eight patients required a third course 24
months after the first infusion due to ongoing disease activity.
We measured immunoglobulin concentrations before start of
each therapy course, respectively. We found a statistically
significant decrease of immunoglobulin concentrations com-
pared with baseline values for each subgroup (IgG, IgM, and
IgA; figure 1, A–C). In all examined immunoglobulin sub-
groups, we found a stronger reduction after 24 months than
after 12 months. All median values and p values are listed in an
additional table (table e-1, links.lww.com/NXI/A172).
Within the IgA group, 3 outliers with noticeably increased
values could be identified before and 12 months after the first
administration of alemtuzumab. At 24 months, no outliers
remained. Notably, the majority of patients showed IgG levels
within the normal range. At 24 months after therapy start,
only 6 patients presented with IgG levels under 7 g/L (normal
value >7 g/L).

Intrathecal IgG synthesis decreases during
alemtuzumab therapy
For the majority of cases, we observed a significant decrease
of the quantitative fraction of intrathecal IgG synthesis at 12
and 24 months after the first alemtuzumab administration.
Except for 1 case, the decrease was progressive over time. We
identified 3 patients with rising intrathecal IgG synthesis
between therapy initiation and 12 months. For these 3
patients, synthesis significantly decreased thereafter. Fur-
thermore, median CSF IgG, IgM, and IgA concentrations
significantly decreased over time. All median values and p
values are listed in an additional table (table e-2, links.lww.
com/NXI/A172). At baseline, 79% of all patients exhibited
positive OCBs in the CSF. At 12 and 24 months after
therapy start, their percentage amounted to 75% (p = 1.000)
and 71% (p = 0.0662), respectively. In fact, for 2 patients,
OCBs were no longer detectable at 24 months (figure e-1,
links.lww.com/NXI/A172).
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Patients exhibit reduced serum IgG levels after
the third course of alemtuzumab
Eight patients required a third course of alemtuzumab due to
sustained disease activity (new relapses: 4/8; EDSS progression:
1/8, cMRI with new/enlarging T2 lesions: 7/8). We measured
serum immunoglobulin levels 12 months after the third course
of alemtuzumab (36 months after initiation of therapy). Unlike
previous measurements, those samples underwent freezing and
thawing before analysis, and our quality control indicated slight
differences in 4 samples. We performed a quality control mea-
surement of 4 samples that were both freshly analyzed stored
and found slight differences in IgG levels (5%). We therefore
decided not to perform comparison between 36-month samples
and other time points but compared our findings with similarly
processed samples from patients having not received a third
course. In addition, we included samples from naive patients
with MS as further control.

Compared with patients treated twice and treatment-naive
patients with MS (table e-3, links.lww.com/NXI/A172),
patients with a third alemtuzumab course showed further,
significant reduction of serum IgG levels, ranging from 5.0 to 7.
5 g/L (p = 0.006 compared with patients with 2 courses). The
majority of controls presented with serum IgG levels of about
10.0 g/L at 36 months. For the other immunoglobulin sub-
groups (IgM and IgA), no differences were detectable. Because
specimens were thawed and serum immunoglobulin levels
were measured afterward, values are comparable among each
other but not with regard to reference values.

Patients with reduced immunoglobulin levels
were more likely to have otitis, sinusitis,
and pneumonia
In adults, the lower limit of normal for serum IgG levels is about
7 g/L. For lower values, IgG deficiency is diagnosed. For the 38

Table 2 Frequency of different infections during alemtuzumab treatment

Total events with qualified
IgG measurement

Serum IgG >7 g/L in closest
proximity to event

Serum IgG <7 g/L in closest
proximity to event

Time from last course of
ALEM, range (months)

Upper respiratory
tract infection

57 50 7 3–35

Otitis media 9 3 6 13–32

Sinusitis 10 2 8 11–26

Pneumonia 3 0 3 14–26

Skin infection 2 2 0 5–12

Urinary tract
infection

48 42 6 2–30

Abbreviation: ALEM = alemtuzumab.
Patients with serum IgG levels >7 g/L were compared with patients with serum IgG levels <7 g/L. Numbers in columns 1-3 represent observed events.
Bold numbers indicate infections associated with hypogammaglobulinemia.

Figure 1 Measurement of serum immunoglobulin (IgG, IgA, and IgM) levels in alemtuzumab-treated patients

Serum IgG (A), IgM (B), and IgA (C) levels (in g/L) were analyzed before the first alemtuzumab course and at 12 and 24 months. Stars represent levels of
significance (**p < 0.01; ***p < 0.001).
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alemtuzumab-treatedpatients,wedocumentedany infectionsasevents in
a 3-year follow-up. In 36/38 patients (95%) of patients, we observed
infections as adverse events. Mainly, patients had upper respiratory tract
or urinary tract infections (44% and 37% of all events, respectively).
Several cases of otitis and sinusitis were also observed. Three indi-
viduals had pneumonia, and 2 had soft tissue infections. We an-
alyzed IgG levels when patients presented to the neurologic
department for their regular 3-monthly visit after alemtuzumab
treatment. Some patients required repeated measurement. We
evaluated all events for which serum IgG levels were available
within a 3-month period before reported infections. We checked
whether preexisting IgG deficiency was associated with an in-
creased susceptibility toward different types of infections. In case
of multiple measurements within the specified time, we included
the measurement closest to onset of infection.

Within the group of patients with upper respiratory tract
infections and urinary tract infections, IgG levels were above 7
g/L in themajority of cases. Patients having otitis, pneumonia,
or sinusitis frequently exhibited reduced serum IgG levels
during their previous examination.

Discussion
Administering alemtuzumab leads to rapid depletion of circulat-
ing CD52–positive immune cells. However, immune cells in
lymphoid organs are less affected.16 T cells recover within 11–12
months, whereas the B-lymphocyte count typically normalizes
within 6 months posttreatment. However, Jones and colleagues
observed early T-cell recovery after alemtuzumab treatment,
largely driven by homeostatic expansion of cells that escaped
depletion. Furthermore, they demonstrated that homeostatic
proliferation increased the risk of secondary autoimmunity.17

Between 30% and 41% of alemtuzumab-treated patients develop
thyroid autoimmune disease. Less common, but potentially more
critical, are immune thrombocytopenia and glomerulonephritis.11

A possible mechanism behind secondary autoimmunity is the
faster repopulation of B cells in the absence of effective T-cell
regulation in individuals with genetic susceptibility for autoim-
munity.18 However, T cell–mediated secondary autoimmune
phenomena have also been described19 and the mechanisms of
reeducation of immune regulatory networks after CD52 de-
pletion remain largely elusive.20

Figure 2 Measurement of CSF immunoglobulin (IgG, IgA, and IgM) levels in alemtuzumab-treated patients

CSF IgG (A), IgM (B), and IgA (C) con-
centrations (in mg/L) were analyzed
before the first alemtuzumab course
and at 12 and 24 months. In addition,
quantitative fraction of intrathecal IgG
synthesis over time is shown (D). Stars
represent levels of significance (**p <
0.01; ***p < 0.001). OCB = oligoclonal
band.
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Despite the faster recovery of B cells, our results demonstrate
significantly decreased immunoglobulin levels in alemtuzumab-
treated patients 12 and 24 months after administering the first
dose (figure 1). The levels even further decrease after a third
therapeutic cycle. In patients without a third course, IgG but not
IgM and IgA concentrations increased 36 months after therapy
initiation (figure 3). The ongoing reduction of immunoglobulin
levels despite normalized B-cell counts indicates a decrease of
immunoglobulin concentrations in serum independent from
B-lymphocyte repopulation. Recently, it has been shown that
B-cell distribution shifts toward a naive phenotype following
alemtuzumab treatment. CD19+CD24hiCD38hi and CD19+PD-
L1hi cells, which are deficient in peripheral blood of patients with
RRMS, increase after alemtuzumab administration.21 These cells
are known for supporting an anti-inflammatory environment by
limiting Th1 and Th17 differentiation and maintaining regulatory
T cells.22 This may serve as an explanation for continuously low
immunoglobulin concentrations. Wray and colleagues found that
patients in phase 2 (CAMMS223) and phase 3 (CARE-MS I and
CARE-MS II) studies exhibited similar absolute counts of CD4+

T-cell, CD8+ T-cell, and CD19+ B-cell subsets whether they de-
veloped an infection or not. This finding was common to all time
points examined.23 The authors hypothesized that unchanged
concentrations of immunoglobulins to common viruses, as shown
by Clark and colleagues,24 result from CD52-negative antibody-
secreting long-lived plasma cells.25 While we did not measure
specific antibodies, the total immunoglobulin concentration de-
creased in our patient cohort.

The ongoing reduction of IgG levels in peripheral blood seems
to be of clinical relevance. Among our 38 patients, thosewith IgG
values below 7 g/L showed a higher susceptibility to develop
infections such as pneumonia, sinusitis, and otitis (table 2),
whereas the more common infections such as upper respiratory
tract and urinary tract infections were not related to reduced
serum IgG levels. It has to be noted that we did not differentiate
betweenmild hypogammaglobulinemia (defined as IgG<7 g/L)

and severe hypogammaglobulinemia (defined as IgG<4 g/L). In
a study of 389 patients with secondary hypogammaglobulinemia,
Blot and colleagues detected no significant difference between
patients with mild and severe hypogammaglobulinemia re-
garding their infectious risk,26 which indicates that hypo-
gammaglobulinemia generally increases the risk of infection.
However, Furst stated that very low levels of IgG are indeed
associated with a heightened risk of infections, but he also
demonstrated that less severe hypogammaglobulinemia (>5 g/
L) appears to be tolerated in most subjects.27

Within our cohort, pneumonia, sinusitis, and otitis were ob-
served much later following alemtuzumab compared with uri-
nary tract infections and upper respiratory tract infections, which
occurred early after infusions. This could indicate differences in
underlying pathophysiology. Hypogammaglobulinemia is also
known as a relevant risk factor for infections with cytomegalo-
virus (CMV). Recently, few case reports have described CMV
infections in alemtuzumab patients.12,28 Although an increased
risk of infections is clearly acknowledged in phases around
infusions, a clear signal for an increased risk of infections has not
been reported to date. Other depleting antibodies used to treat
autoimmune diseases, such as the anti-CD20 antibody ritux-
imab, also lead to a significant decrease of blood immunoglob-
ulin levels during therapy.29 However, several studies on patients
with rheumatoid arthritis (RA) treated with rituximab could
demonstrate that patients with below normal immunoglobulin
levels did not have more serious infections than patients with
normal immunoglobulin levels.29–32

Our results appear to be in contrast to the findings of McCarthy
et al.33 who performed a pilot study regarding immunologic
memory to common viruses and responses to vaccinations in 24
patients with prior alemtuzumab treatment. Their patients
exhibited a normal humoral response to diphtheria, tetanus, and
poliomyelitis vaccine, haemophilus influenzae type b and me-
ningococcal group C conjugate vaccine, and pneumococcal

Figure 3 Serum immunoglobulin levels of patients with third alemtuzumab course comparedwith controls and treatment-
naive patients with MS

Sampleswere collected 36months after initiation of therapy; serum IgG (A), IgM (B), and IgA (C) levels (in g/L) weremeasured. Controls had received 2 courses
of alemtuzumab treatment andwerematched to third-course patients. Samples taken from third-course patients and treatment-naive patientswithMSwere
analyzed after thawing. Stars represent levels of significance (**p < 0.01 vs control).
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polysaccharide vaccine with normal IgG titers. One possible
explanation might be that in contrast to the McCarthy cohort,
most of our patients had received multiple immunomodulatory
therapies before alemtuzumab administration. Being a real-
world cohort with patients including complex history of MS
treatment despite exclusion of patients with a history of
mitoxantrone, azathioprine or anti-CD20 therapy might also
explain why the observation of developing hypo-
gammaglobulinemia has not been made in the phase 3 trials
and their respective extension studies.23 Age-dependent effects
in our cohort are rather unlikely as the median even undercuts
the median age of patients from CARE-MS II. However, real-
world cohorts have shown different frequencies or even entities
of adverse events following immunomodulatory treatment with
progressive multifocal leukoencephalopathy following natali-
zumab treatment being rapidly present in one’s mind.34

If immunoglobulin levels would be monitored during and fol-
lowing alemtuzumab therapy, especially in patients withmultiple
previous DMTs, patients with markedly reduced IgG levels
could be identified, and possibly, a prophylactical antibiotic
treatment or immunoglobulin substitution therapy could be
initiated to prevent serious infections in those patients. Besides
McCarthy et al., another group assessed antigenic responses
following influenza, polyvalent pneumococcus vaccine (PPV23)
and combined diphtheria/tetanus/poliovirus vaccines in patients
with RA who had been treated with alemtuzumab 20 years ago.
Similar levels of seroprotection following poliovirus (P1-P3),
tetanus, and diphtheria vaccination were observed for
alemtuzumab-treated patients and controls.35 As the nature of
the observed infections in our cohort (pneumonia, otitis, and
sinusitis) indicates that encapsulated bacteria such as Strepto-
coccus pneumoniae might be responsible, PPV23 vaccination
before alemtuzumab induction seems reasonable.

An interesting aspect of our study is the parallel measurement
of CSF immunoglobulins, in addition to the periphery. Because
of the decrease of serum IgG concentrations, reduction of IgG
levels measured in CSF is to be expected. Of interest, the
percentage of intrathecal IgG synthesis itself is lowered in
nearly all patients (figure 2). This indicates that reduction of
CSF IgG is not merely a consequence of decreased serum IgG
concentrations and could suggest that alemtuzumab inhibits
the autoimmune process within the CNS. This is also reflected
by the disappearance of OCBs in 2 patients (figure 2).

Within our cohort, 8 patients required a third treatment cycle
because of ongoing/returning clinical or paraclinical disease
activity. They exhibited significantly reduced serum IgG
concentrations compared with matched controls who re-
ceived only 2 treatment cycles and also with treatment-naive
patients with MS (figure 3). Therefore, the decrease in serum
IgG concentrations is not merely a consequence of thawing
the specimens. The fact that patients with 3 treatment courses
presented with lower IgG concentrations is not surprising, as
they received a higher overall dose of alemtuzumab and their
last treatment took place only 12 months ago. Of interest,

other immunoglobulin subgroups were not affected. In ad-
dition, it can be observed that serum IgG levels of alemtu-
zumab patients without a third treatment course obviously
normalized over time, as they do not differ from IgG con-
centrations of untreated patients with MS (figure 3).

Our study has several limitations. First, this work is based on
a retrospective analysis of clinical data. Because of the nature of this
investigation, no causal relations can be interpreted.Moreover, the
number of cases especially of patients with a third alemtuzumab
course is limited, and their samples have been thawed before the
analysis of immunoglobulin levels. As a result, the findings need to
be verified in larger samples. In addition, real-world cohorts are
needed to determine the exact temporal expansion of hypo-
gammaglobulinemia following alemtuzumab treatment.

Conclusion
We could demonstrate reduced concentrations for all immu-
noglobulin subgroups at 12, 24, and 36 months after initiation
of alemtuzumab therapy. Patients requiring a third treatment
cycle due to ongoing disease activity had the most severe drop
in IgG concentrations. Reduced IgG concentrations were as-
sociated with an increase in pneumonia, otitis, and sinusitis. We
therefore suggest that serum IgG levels should be monitored at
least in those patients receiving more than 2 treatment courses
of alemtuzumab. In addition, we recommend a pretreatment
pneumococci vaccination. The decreased intrathecal IgG pro-
duction in the CSF suggests that alemtuzumab effectively
suppresses the autoimmune process within the CNS.
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Abstract
Objective
To use diffusion basis spectrum imaging (DBSI) to assess how damage to normal-appearing
white matter (NAWM) in the corpus callosum (CC) influences neurologic impairment in
people with MS (pwMS).

Methods
Using standard MRI, the primary pathologies in MS of axonal injury/loss, demyelination, and
inflammation are not differentiated well. DBSI has been shown in animal models, phantoms,
and in biopsied and autopsied human CNS tissues to distinguish these pathologies. Fifty-five
pwMS (22 relapsing-remitting, 17 primary progressive, and 16 secondary progressive) and 13
healthy subjects underwent DBSI analyses of NAWM of the CC, the main WM tract con-
necting the cerebral hemispheres. Tract-based spatial statistics were used to minimize mis-
alignment. Results were correlated with scores from a battery of clinical tests focused on deficits
typical of MS.

Results
Normal-appearing CC in pwMS showed reduced fiber fraction and increased nonrestricted
isotropic fraction, with the most extensive abnormalities in secondary progressive MS (SPMS).
Reduced DBSI-derived fiber fraction and increased DBSI-derived nonrestricted isotropic
fraction of the CC correlated with worse cognitive scores in pwMS. Increased nonrestricted
isotropic fraction in the body of the CC correlated with impaired hand function in the SPMS
cohort.

Conclusions
DBSI fiber fraction and nonrestricted isotropic fraction were the most useful markers of injury
in the NAWM CC. These 2 DBSI measures reflect axon loss in animal models. Because of its
ability to reveal axonal loss, as well as demyelination, DBSI may be a useful outcome measure
for trials of CNS reparative treatments.
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MS is a common inflammatory CNS disorder, affecting over
600,000 people in the United States.1 Irreversible axonal in-
jury and loss are believed to be the main causes of permanent
neurologic impairments in MS. Yet, standard MRI does not
measure axonal loss.2 To address the need for a noninvasive
method to detect and discriminate axonal loss from other
pathologies, such as inflammation and demyelination, we
developed diffusion basis spectrum imaging (DBSI) to accu-
rately detect and distinguish components of white matter
(WM) pathologies in MS.3 Using preclinical models, we
previously showed that DBSI quantitatively assessed apparent
axonal density (anisotropic diffusion tensor fraction), appar-
ent cellularity (restricted isotropic diffusion tensor fraction),
and edema and tissue loss (nonrestricted isotropic diffusion
tensor fraction).3–5

We hypothesized that DBSI metrics reflecting axon damage in
normal-appearing WM (NAWM) would correlate with neu-
rologic impairment in people with MS (pwMS). The corpus
callosum (CC) is a major WM structure connecting the 2
cerebral hemispheres that is frequently affected by MS pa-
thology.6 We used DBSI and tract-based spatial statistics
(TBSS), a widely used approach to avoid registration errors,7

to assess NAWM of the CC in pwMS and healthy controls
(HCs). We compared DBSI analysis on a TBSSWM skeleton
between cohorts representing the 3 main clinical subtypes of
MS.8 DBSI findings at the voxel level and region of interest
level were examined for correlations with results of stan-
dardized tests of cognition and physical function.

Methods
Human subjects
Procedures were approved by the Institutional Review Board
of Washington University. Each participant provided written
informed consent. Thirteen HC subjects and 55 pwMS with
clinical subtypes confirmed by 2 investigators, including 22
with relapsing-remitting MS (RRMS), 16 with secondary
progressive MS (SPMS), and 17 with primary progressive MS
(PPMS), were enrolled between 2014 and 2017. Knowing
that the subjects with SPMS and PPMS would be older, we
purposefully recruited older subjects with RRMS so that the
MS clinical subtype cohorts would be of similar ages to reduce
the confounding effect of age on MRI findings.

Clinical evaluation
All subjects, including HCs, completed a battery of clinical
tests within 5 days of imaging, administered by trained
examiners who were blinded to DBSI findings. Tests in-
cluded the Expanded Disability Status Scale (EDSS),
a global composite of neurologic function with particular
emphasis on gait and considered as a “gold standard” in
MS, and the Multiple Sclerosis Functional Composite
(MSFC, comprising 9-Hole Peg Test [of upper extremity
function], Timed 25-Foot Walk [test of gait and leg
function], and 3- and 2-second Paced Auditory Serial
Addition Test [PASAT2, PASAT3, test of attention,
working memory, and auditory processing speed]). Be-
cause more than 50% of pwMS are impaired in the cog-
nitive domains of processing speed, and learning and
memory,9 additional tests of cognition were performed:
the Symbol Digit Modalities Test (to assess attention and
visuospatial processing speed) and the Brief Visuospatial
Memory Test-Revised, total and delayed recall (to assess
visuospatial memory and processing speed), and Selective
Reminding Test total and delayed recall (to assess verbal
memory, new learning, and recall). Published normative
results were used to calculate z-scores.9

MRI acquisition
Subjects underwent MRI at 3.0T (Trio; Siemens, Erlangen,
Germany) using a 32-channel head coil. T1 weighted
magnetization-prepared rapid gradient-echo (MPRAGE) scan
with an isotropic 1 mm3 resolution was used for identification of
structural landmarks and for coregistration (repetition time
[TR] = 2,400ms, echo time [TE] = 3.16ms, inversion time [TI]
= 1,000 ms, matrix = 256 × 224, field of view [FOV] = 256 ×
224 mm2, resolution = 1 × 1 × 1 mm3). A fluid-attenuated
inversion recovery (FLAIR) scanwas acquired to quantify visible
WM lesions (TR = 7,500 ms, TI = 2,500 ms, TE = 210 ms, TI =
2,500ms,matrix = 256 × 256, FOV= 256 × 256mm2, resolution
= 1 × 1 × 1 mm3). Diffusion-weighted images (DWIs) were
collected with a 99-direction multi-b-value diffusion encoding
scheme by single-shot spin-echo echo-planar imaging sequence
with the following key parameters: voxel size = 2 × 2 × 2 mm3;
maximum b value = 1,500 seconds/mm2; acquisition time = 16
minutes. Two transverse non–diffusion-weighted images (b =
0 s/mm2) with opposite polarity of the phase encoding direction
(AP and PA) were acquired for image processing.

Glossary
AD = axial diffusivity; BBB = blood-brain barrier; BVMT-R = Brief Visuospatial Memory Test–Revised;CC = corpus callosum;
DBSI = diffusion basis spectrum imaging; dMRI = diffusion MRI; DTI = diffusion tensor imaging; DWI = diffusion-weighted
image; EDSS = Expanded Disability Status Scale; FA = fractional anisotropy; FLAIR = fluid-attenuated inversion recovery; Fr =
fraction; FSL = Functional MRI of the Brain Software Library; FTW = foot walk;HC = healthy control.HPT = Hole Peg Test;
IQR = interquartile range; MPRAGE = magnetization-prepared rapid gradient-echo sequence; MSFC = MS Functional
Composite; NAWM = normal-appearing white matter; PPMS = primary progressive MS; pwMS = people with MS; RD = radial
diffusivity; RRMS = relapsing-remitting MS; SDMT = Symbol Digit Modalities Test; SPMS = secondary progressive MS; SRT =
Selective Reminding Test;TBSS = tract-based spatial statistics;TFCE = threshold-free cluster enhancement;WM = white matter.
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Image processing and lesion mapping
DWIs were preprocessed to minimize motion and susceptibility
artifact due to nonzero off-resonance fields. The FSL-based
“TOPUP” tool, which estimates the susceptibility-induced off-
resonance field from pairs of images, with reversed phase-
encode blips and distortions going in opposite directions,10 and
the Functional MRI of the Brain Software Library (FSL)-based
“EDDY” tool, which corrects image distortions by combining
the correction for susceptibility and eddy currents/movements,
were used. Both B0 and FLAIR images were aligned to
MPRAGE using an affine registration. WM lesions were man-
ually traced on FLAIR. Subsequently, each lesion mask was
nonlinearly transformed onto a common WM skeleton and
lesions removed to reveal NAWM before statistical analysis.

DBSI
DBSI metric maps were estimated on the preprocessed DW
images using the in-house software developed using MAT-
LAB. DBSI models diffusion-weighted MRI signals as a linear
combination of multiple tensors describing both the discrete
anisotropic axonal fibers and an isotropic diffusion spectrum
encompassing the full range of diffusivities,3 equation 1.

Sk = +NAniso

i = 1 fie
−j bk!j×λ’i e−j bk

!j×ðλjji−λ’iÞ×cos2ψik

+
Zb

a

f ðDÞe−j bk
!j×DdD ðk = 1; 2; …; KÞ (1)

where Sk and jbk
⇀
j are the normalized signal and b value of the

kth diffusion gradient, NAniso is the number of anisotropic
tensors, ψik is the angle between the k

th diffusion gradient and
the principal direction of the ith anisotropic tensor, λjji and λ’i

are the axial diffusivity (AD) and radial diffusivity (RD) of the
ith anisotropic tensor, fi is the signal intensity fraction for the
ith anisotropic tensor, and a and b are the low and high dif-
fusivity limits for the isotropic diffusion spectrum f(D). The an-
isotropic diffusion component describes water molecules inside
and immediately outside myelinated or nonmyelinated axons.
DBSI-derived anisotropic signal intensity fractions (fi, i.e., fiber
fraction) can also be defined as apparent axonal density in WM.
DBSI-derived AD and RD retain the pathologic specificity for
axonal injury and demyelination as previously proposed but with
fewer confounds from coexisting MS pathologies using DBSI.

Cellular and axonal packing plays a crucial role in extracellular and
extra-axonal diffusion characteristics. Less restricted or non-
restricted isotropic diffusion components represent water mole-
cules in less densely packed environments, such as areas of tissue
disintegration or edema or nonrestricted water within CSF.3,11,12

The DBSI-derived “restricted” isotropic diffusion fraction (ADC
≤0.3 μm2/ms) has been shown to reflect cellularity.3

Quantification of dMRI metrics on
WM skeleton
Whole-brain WM, voxel-wise statistical analysis of the images
was performed in blinded fashion on a commonWM skeleton
created using TBSS with the following steps.7 First, fractional

anisotropy (FA)maps were computed for each subject. Next, all
FAmaps from all subjects were aligned to standard-space image
(JHU-ICBM-FA-1 mm in Montreal Neurological Institute 152
space) using the FSL nonlinear image registration tool
FNIRT.13 The aligned FAmaps were then averaged to produce
a group mean image, thus generating an FA skeleton to high-
light the tracts common to the entire group. For each subject, an
FA threshold of 0.2 was used before projecting the aligned FA
map onto this skeleton. For subjects with MS, lesions were
manually demarcated on anatomical MRI and then excluded
before any statistical analysis. Resulting skeletonized FA maps
became the WM skeletons for subsequent analyses comparing
subtypes. All DBSI metrics were projected onto this WM
skeleton for voxel-based and for region-based statistical analyses.

The proportions of the CC that were significantly different
from the HC group were calculated by equation 2 and in-
dicated in figure 1.

Affected volumesð%Þ = voxels with significant difference
total voxel numbers

(2)

Statistical analysis
Two types of analyses, voxel-level and region-level analyses,
were performed on the WM skeleton of the CC.

Voxel-based group comparison
Nonparametric permutation tests were used for voxel-wise
statistical analysis of the skeletons between HC and pwMS.7

The threshold-free cluster enhancement (TFCE) method was
applied to the statistical maps to enhance cluster-like structures
within the images and produce output images in which the
voxel-wise values represent the amount of cluster-like local
spatial support.14 This combination of permutation testing and
TFCEproduced a “smooth” (i.e., continuous)map of corrected
p values, 1 per voxel, that took into account spatial dependency
in the data. The significance level was set at p≤ 0.05 after family-
wise error correction for multiple comparisons. The statistical
analyses were performed using the FSL tool RANDOMIZE.15

Region-based analyses
Median values of diffusion metrics within each region, in-
cluding the whole CC and its subregions, were compared
among patient subtypes. Subregions of the CC (splenium,
body, and genu) were based on the WM parcellations defined
in ICBM-DTI-81 WM labels.16 Kruskal-Wallis one-way
nonparametric analysis of variance was used to test for any
differences between MS subtypes. A post hoc nonparametric
test using the Fisher least significant difference method with
Holm-Bonferroni correction indicated the existence of sig-
nificant differences between subtypes. The statistical analyses
were performed using software R.

Correlations of median regional DBSI values with clinical test
scores and subtypes were assessed using Spearman rank
correlation analysis. The significance level was set at p ≤ 0.05
after Benjamini-Hochberg correction for multiple
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comparisons. Individual participants were considered as in-
dependent. HCs were excluded from analyses of dMRI cor-
relations with clinical tests. The statistical analyses were
performed using software R.

Data availability
Anonymized data will be shared upon reasonable request.

Results
Clinical characteristics
The HC (n = 13), RRMS (n = 22), PPMS (n = 17), and SPMS
(n = 16) subjects were similar in age (table 1). As expected, the
RRMS cohort performed better on neurologic tests than sub-
jects with PPMS, who performed better than subjects with
SPMS on motor and cognitive tests (table 1).17,18

Voxel-based assessments of NAWM in CC using
DBSI metrics
DBSI-derived fiber fraction (indicator of apparent axonal den-
sity) was lower in a significantly larger percentage of voxels in the
normal-appearing CC among all clinical MS subtypes, relative to
HC, with variable spatial distributions. Overall, the median fiber
fraction of the CC inHC subjects was 0.67 (table 2). RRMS and
PPMS each had a slightly lower median overall fiber fraction
(0.63 and 0.63, respectively) compared with HC (table 2).
Subjects with SPMS had the lowest median fiber fraction of 0.57
(table 2). In addition, the spatial extent of reduced DBSI fiber
fraction in the normal-appearing CC varied, with 75% of the
normal-appearing CC being reduced in the SPMS cohort, 50%
in the PPMS cohort, and 3% in the RRMS cohort (figure 1).

DBSI-derived nonrestricted isotropic fraction (indicator of
tissue loss or edema) was significantly higher in the vast

majority of voxels in the normal-appearing CC of all 3 clinical
subtype cohorts compared with HC (78%, 77%, and 98% for
RRMS, PPMS, and SPMS subtypes, respectively, figure 1).
Compared with HC, DBSI-derived restricted fraction (in-
dicator of apparent cellularity) was lower in a significantly
larger percentage of voxels of the normal-appearing CC in
SPMS but not in RRMS or PPMS.

DBSI-derived FA (of residual fiber tracts) was reduced
compared with HC in the normal-appearing CC, with this
reduction encompassing variable proportions of the CC
depending on the MS subtype (31%, 15%, and 45% in RRMS,
PPMS, and SPMS, respectively). The spatial extent of voxels
with reductions in FA were consistent with increased DBSI-
derived RD covered 43%, 26%, and 47% of the normal-
appearing CC in RRMS, PPMS, and SPMS, respectively
(figure 1). No statistically significant changes in DBSI-AD
were observed in the normal-appearing CC in any of the MS
subtypes (table 2).

Region-based DBSI metrics of the whole CC
The DBSI-derived metrics from the whole CC were
extracted. The median values for the CC were compared
among the MS clinical subgroups and to the values of HC
(figure 2). Consistent with voxel-based analyses, the SPMS
group was notable for having the most reduced fiber fraction
and the most increased nonrestricted isotropic fraction of
the MS subgroups.

DBSImetricsof thenormal-appearingCCcorrelate
with cognitive andmotor test scores in MS
Reduced DBSI fiber fraction correlated with worse cognitive
test scores (figure 3). DBSI-derived nonrestricted isotropic
fraction correlated negatively with cognitive test scores and

Figure 1 TBSS-based DBSI of normal-appearing corpus callosum revealed widespread abnormalities in fiber fraction,
nonrestricted fraction, fractional anisotropy, and radial diffusivity compared with healthy controls

DBSI metrics in the three clinical
subgroups of RRMS, PPMS, and SPMS
were compared with healthy controls
(HCs). Regions in red or blue repre-
sent regions with a significant in-
crease or decrease in that diffusion
metric in pwMS compared with HC,
respectively. The proportion of the
CC volumes that were significantly
different from the HC group is in-
dicated at the upper left corner of
each map. In the figures, the TBSS
skeleton was thickened for better
visibility. CC = corpus callosum; DBSI
= diffusion basis spectrum imaging;
PPMS = primary progressive MS;
pwMS = people with MS; RRMS = re-
lapsing-remitting MS; SPMS = sec-
ondary progressive MS; TBSI = tract-
based spatial statistics.
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with MSFC. Reduced isotropic restricted fraction had modest
correlations with worse scores on some cognitive tests. DBSI-
derived RD, AD, and FA showed minimal or no correlations
with any clinical test results (figure 3). DBSI parameters from
all subregions of the CC revealed correlations with cognitive
test scores, but not withmeasures of physical function (figure 3,
B–D). The only correlation between EDSS and any of the
DBSI metrics was with the nonrestricted isotropic fraction and
only in the SPMS group (r = −0.7, p < 0.01, data not shown).

Discussion
MRI studies have historically been very useful for the non-
invasive diagnosis of MS and to better understand the changes
over time in this chronic disease. MRI has been increasingly

used to assess the relationship between the distribution and
extent of pathology in the MS CNS and neurologic impair-
ment. However, correlations of T2-weighted brain MRI ab-
normalities with neurologic impairment in MS are weak.19 At
least part of this lack of correlation is due to the nonspecific
nature of abnormalities seen on standard MRI modalities.19

This is especially true in progressive MS, where CNS in-
flammation becomes dissociated from BBB damage such that
gadolinium enhancement is far less useful to detect it.20,21

In this study, the main goal was to use DBSI, which is path-
ologically more specific than standard MRI, to help un-
derstand how damage to NAWM in the CC influences
neurologic disability in MS. Subjects of each of the 3 main
clinical subtypes were recruited to be of similar ages so that

Table 1 Clinical and test characteristics of HCs and the 3 cohorts of pwMS

HC (n = 13) RRMS (n = 22) PPMS (n = 17) SPMS (n = 16)

Sex (M/F) 7/6 7/15 5/12 3/13

Age 50.8 ± 12.4 53.0 ± 8.3 54.2 ± 10.7 56.7 ± 7.5

EDSS score 0 (0 to 0) 2.75 (2.00 to 3.38) 6 (4.50 to 6.50) 6 (5.25 to 6.50)

MSFC 0.61 (0.33 to 0.67) 0.44 (−0.12, 0.53) −0.39 (−1.04 to 0.09) −0.35 (−0.67 to −0.20)

PASAT3 0.29 (−0.15 to 0.52) 0.18 (−1.04 to 0.57) −0.28 (−1.19 to 0.34) −0.99 (−1.91 to 0.08)

PASAT2 −0.12 (−0.96 to 0.36) −0.38 (−1.59 to 0.78) −0.54 (−0.91 to 0.78) −1.27 (−1.85 to −0.75)

9HPT 0.67 (0.26 to 1.01) 0.15 (−0.13 to 0.47) −0.6 (−2.13 to 0.14) −0.75 (−1.21 to −0.22)

25FTW 0.49 (0.43 to 0.50) 0.45 (0.38 to 0.49) −0.09 (−0.35 to 0.11) −0.12 (−0.67 to 0.09)

SDMT 0.18 (−0.38.0.55) −0.9 (−1.36,-0.13) −1.04 (−2.07,-0.66) −2.02 (−2.74,-1.20)

BVMTR Tot 0.14 (−0.38 to 1.00) 0.05 (−0.64 to 0.66) −0.55 (−2.10 to −0.21) −0.98 (−2.28 to −0.38)

BVMTR Del 1.12 (−0.06 to 1.12) 0.53 (−0.65 to 0.53) −0.06 (−0.65 to 0.53) −1.24 (−3.15 to −0.65)

SRT Tot −0.48 (−1.44 to 0.62) −0.27 (−1.37 to 0.45) −0.89 (−2.12 to −0.34) −1.51 (−2.88 to −0.68)

SRT Del −1.14 (−2.10 to 0.29) −0.19 (−0.67 to 0.76) −0.67 (−2.10 to −0.19) −1.14 (−2.69 to −0.67)

Abbreviations: BVMTR = Brief Visuospatial Memory Test–Revised; EDSS = Expanded Disability Status Scale; FW = foot walk; HC = healthy control; HPT = Hole
Peg Test; MSFC = Multiple Sclerosis Functional Composite; PASAT = paced auditory serial addition test; PPMS = primary progressive MS; RRMS = relapsing-
remitting MS; SDMT = Symbol Digit Modalities Test; SPMS = secondary progressive MS; SRT = Selective Reminding Test.

Table 2 DBSI metrics within normal-appearing corpus callosum suggest axonal loss in patients with MS

HC (n = 13) RRMS (n = 22) PPMS (n = 17) SPMS (n = 16)

Fiber fraction 0.67 (0.60–0.69) 0.63 (0.59–0.70) 0.63 (0.57–0.66) 0.57 (0.49–0.67)

Restricted fraction 0.19 (0.17–0.20) 0.18 (0.16–0.19) 0.18 (0.15–0.22) 0.14 (0.12–0.16)

Nonrestricted fraction 0.12 (0.11–0.19) 0.19 (0.13–0.22) 0.16 (0.14–0.27) 0.26 (0.20–0.38)

DBSI FA 0.84 (0.83–0.87) 0.84 (0.81–0.86) 0.85 (0.82–0.87) 0.84 (0.83–0.87)

DBSI AD 1.96 (1.93–2.04) 2.04 (1.94–2.17) 1.99 (1.91–2.10) 2.06 (1.89–2.12)

DBSI RD 0.27 (0.25–0.30) 0.30 (0.26–0.37) 0.26 (0.24–0.31) 0.29 (0.24–0.33)

Abbreviations: AD = axial diffusivity; HC = healthy control; FA = fractional anisotropy; PPMS = primary progressiveMS; RD = radial diffusivity; RRMS = relapsing-
remitting MS; SPMS = secondary progressive MS.
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age-related pathologic findings would not be a confounding
factor. Patients with SPMS have more damage and less
remyelination and a greater brain lesion load compared with
patients with PPMS.22 People with RRMS are considered to
have the least axon loss, although neuropathologic confir-
mation of this is sparse.23 The motor and cognitive test results
on our 3 patient cohorts reflected the expected hierarchy, with
subjects with SPMS performing worst, subjects with RRMS
performing best, and subjects with PPMS scoring in between
on the tests. We had hypothesized that axon damage in
NAWM, as detected by DBSI, would correlate with worse
scores on clinical tests of functions most often impaired in
pwMS. We found that reduced fiber fraction and increased
nonrestricted isotropic fraction correlated with cognitive
dysfunction and, to a far lesser extent, motor impairment. As
the fiber fraction reflects the apparent axonal density, and the
nonrestricted isotropic fraction is increased in regions of axon
fiber loss, the DBSI results supported our hypothesis. The
results indicated abnormalities in the NAWM of the CC in
pwMS suggesting loss of axons and also reflected the expected
hierarchy of severity among MS subtypes.

As MS treatments become greater in number and as the field
moves toward reparative therapies, it is increasingly important
to elucidate the presence of preserved but demyelinated axons
to identify those pwMS who can best respond to potential
remyelinating therapies. Increased DBSI RD, reflecting de-
myelination of surviving axons, suggested that 26–47% of
NAWM of the CC in our MS cohort was demyelinated. En-
rollment of subjects with much demyelination and relative

axon sparing, as could be shown by DBSI metrics, would
enhance the ability to detect efficacy in future trials of putative
remyelinating agents. Identification of those who would
benefit most from remyelination treatments might be further
improved by application of DBSI to other major WM tracts
beyond the CC, such as the internal capsules, cerebral
peduncles, and centrum semiovale regions, which we plan to
do in future studies.

DTI has been used previously to investigate pathologic
changes in the NAWM.24,25 However, DTI findings are
confounded by coexisting pathologies, making it pathologi-
cally less specific than DBSI.12 DTI works better when
studying strongly coherent WM tracts, such as mouse models
of MS and human optic neuritis. Studying these tracts, re-
duced AD determined by DTI was associated with patho-
logically verified axon injury in mice and worse outcomes in
humans.26,27

In the present study, we focused on the normal-appearing CC.
We assessed not only the degree of alteration of each DBSI
metric but also the volume of abnormal tissue within the non-
lesioned CC. The volume of abnormal tissue (compared with
a healthy cohort) within the normal-appearing CC reached
77%–98% for nonrestricted isotropic fraction in all 3 clinical
subtypes. These results likely reflect the well-known finding that
in pwMS, NAWM is often not normal.30 Notably, reduced axon
density in the normal-appearing CC has been shown by several
groups usingMR spectroscopy in living people with RRMS and
progressive MS.28 In the present studies, decreased DBSI fiber

Figure 2 Comparisons of DBSI parameters within normal-appearing CC among HC and MS clinical subtypes

The horizontal line within each box
indicates themedian, thedot indicates
mean, and the box encompasses the
IQR between Q1 (25th percentile) and
Q3 (75th percentile). Whiskers of the
boxes are defined as Q1 − 1.5 × IQR or
Q3 + 1.5 × IQR. Group comparisons
performed using Kruskal-Wallis one-
way nonparametric ANOVA and post
hoc nonparametric tests were com-
pared using the Fisher least significant
difference (LSD) method. p values
were adjusted using Holm-Bonferroni
correction for multiple comparisons.
*p < 0.05, **p < 0.01, ***p < 0.001.
ANOVA = analysis of variance; CC =
corpus callosum; DBSI = diffusion ba-
sis spectrum imaging; HC = healthy
control.
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fraction (putative marker of apparent axonal density, figure 1)
was seen most extensively in SPMS, followed by PPMS then
RRMS, consistent with the accepted hierarchy of severity of
axon loss among MS subtypes.29

Axonal loss is believed to be a critical mechanism of irre-
versible neurologic disability.30–32 Thus, it was not surprising
that fiber fraction, as a surrogate of axon density, correlated
with disability in pwMS (table 1, median of EDSS: RRMS
2.75, PPMS 6, and SPMS 6).

Cognitive impairment affects 40%–70% of pwMS and has
substantial negative consequences.33–35 Although motor
deficits are the principal measures for disease severity scales,36

cognitive impairment is the strongest predictor of work re-
duction or leaving the workforce.37 Previous studies using
DTI also revealed WM tract injury to be strongly associated
with cognitive dysfunction in patients with MS.24,38,39 Focal
abnormalities, particularly in the CC, have been related to
impaired calculation, sequence learning, and memory.24,40–44

It was not unsurprising that abnormal fiber fraction and
nonrestricted isotropic fraction correlated best with impaired
cognitive performance in our studies, as they are thought to
reflect axonal loss and loss of tissue integrity, respectively.

Previous attempts to correlate DTI metrics with the EDSS
yielded conflicting results, with some studies finding signifi-
cant correlation45–47 and others not.48 We only observed
a correlation between the DBSI and EDSS for the non-
restricted isotropic fraction and only in the SPMS group. We
surmise that the inability to find correlations with the EDSS is
due to the dependency of the EDSS on ambulation, and we
expect to see much greater correlations with the EDSS when
in the future we extend DBSI to the spinal cord.

Limitations to our study include that the number of pwMS
enrolled was only 55. The subjects who were enrolled had well-
defined clinical subtypes and were of similar mean ages.
However, our RRMS cohort was older than a typical RRMS
cohort, perhaps resulting in a “benign” group of subjects with
RRMS in this study. Another limitation relates to the TBSS
methodology. TBSS assumes that the effect of interest occurs in
voxels where the local FA is highest and thus may lose sensi-
tivity in detecting pathologic changes in areas of low FA.49

In summary, we used DBSI to assess NAWM integrity within
the CC in RRMS, SPMS, and PPMS cohorts. The DBSI
metric that best indicates axonal loss (fiber fraction) reflected
the expected hierarchy of axonal loss among clinical subtypes.

Figure 3Graphic illustration of correlation coefficients of clinical test scores with DBSI metrics from the normal-appearing
CC

Graphic illustration of the correlations inMS subjects of clinical test scores (columns)with individualDBSImetrics from the normal-appearing CC (rows) for the
(A) entire CC, (B) genu, (C) body, and (D) splenium. Red circles have a positive correlation, and blue circles have a negative correlation with test scores, with the
size of the circle reflecting the magnitude of the correlation. Data are only shown when the corresponding significant level is p < 0.05, after Benjamini-
Hochberg correction for multiple comparisons. CC = corpus callosum; DBSI = diffusion basis spectrum imaging; Fr = fraction.

Neurology.org/NN Neurology: Neuroimmunology & Neuroinflammation | Volume 7, Number 2 | March 2020 7

http://neurology.org/nn


Fiber fraction also correlated with cognitive test results. DBSI
might be useful for quantitatively monitoring the CNS of
individual pwMS, as an outcome measure in clinical trials and
as an aid in recruiting appropriate subjects for future trials of
potential neuroreparative MS therapies.
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Abstract
Objective
To investigate molecular changes in multiple sclerosis (MS) normal-appearing cortical gray
matter (NAGM).

Methods
We performed a whole-genome gene expression microarray analysis of human brain autopsy
tissues from 64 MS NAGM samples and 42 control gray matter samples. We further examined
our cases by HLA genotyping and performed immunohistochemical and immunofluorescent
analysis of all human brain tissues.

Results
HLA-DRB1 is the transcript with highest expression in MS NAGMwith a bimodal distribution
among the examined cases. Genotyping revealed that every case with the MS-associated HLA-
DR15 haplotype also shows high HLA-DRB1 expression and also of the tightly linked HLA-
DRB5 allele. Quantitative immunohistochemical analysis confirmed the higher expression of
HLA-DRB1 in HLA-DRB1*15:01 cases at the protein level. Analysis of gray matter lesion size
revealed a significant increase of cortical lesion size in cases with high HLA-DRB1 expression.

Conclusions
Our data indicate that increasedHLA-DRB1 and -DRB5 expression in the brain of patients with
MS may be an important factor in how the HLA-DR15 haplotype contributes to MS patho-
mechanisms in the target organ.
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Multiple sclerosis (MS), the most common inflammatory
neurologic disease affecting young adults, is a chronic auto-
immune demyelinating disease of the CNS. If untreated, MS
leads to disability in a substantial proportion of patients. The
etiology of MS includes a complex genetic trait and several
environmental risk factors, which act in concert and con-
tribute to the main pathomechanisms including autoimmune
inflammation, de- and remyelination, axonal and neuronal
loss, astroglia activation, and metabolic changes.1 The
relative severity of these factors leads to the enormous
heterogeneity of MS with respect to clinical signs, course,
and response to treatment, but also pathologic composi-
tion of demyelinated lesions. The pathologic hallmark of
MS is the formation of focal areas of myelin loss in the
CNS. Besides the most commonly described white matter
lesions, extensive gray matter lesions can be found in the
MS cerebral cortex.2 In addition to the well-described
demyelinated gray matter lesions also diffuse gray matter
abnormalities in nonlesional normally myelinated areas have
been described.3–5 At the molecular level, little is known about
changes in normal-appearing cortical graymatter (NAGM) and
gray matter lesions in MS. In the last years, several tran-
scriptome studies ofMS brain tissues have been performed, and
a number of possible pathomechanisms could be identified such
as mitochondrial dysfunction, metabolic changes in astrocytes,
inflammation, and oxidative stress.3,6–8 A limitation of all these
studies is the low number of tissue samples and cases and
consequently the limited statistical power. The problem is
further accentuated by the heterogeneity ofMS, reflected by the
variable clinical course, different clinical symptoms and imaging
findings, and variability in pathology. As part of our published
studies,8–10 we collected a large number of well-characterized
human brain tissue samples from control and MS cases.

Here, we compared the expression pattern ofMSNAGMwith
control gray matter (GM) to understand if there are alter-
ations that may underlie or contribute to the formation of the
widespread cortical lesions as an important aspect of MS
pathology.

Methods
Tissue selection and characterization
MS and control tissue samples were provided by the UK MS
Tissue Bank (UK Multicentre Research Ethics Committee,
MREC/02/2/39), funded by the MS Society of Great Britain
and Northern Ireland registered charity 207495, or obtained
from the archives of the Institute of Neuropathology at the
University Medical Centre Göttingen. Additional control

samples were provided by the Pathology Department of the
University Hospital Basel. All cases were routinely screened
by a neuropathologist to confirm diagnosis of MS and to
exclude other confounding pathologies.11 In total, 104 gray
matter tissue blocks from 34 control cases and 101 NAGM
tissue blocks from 51 MS cases were used for this study
(table 1, further details in table e-1, links.lww.com/NXI/
A173). Criteria of in- and exclusion are described in figure
1A. Tissues were characterized further by staining for neuronal
nuclei (NeuN) (neurons), oligodendrocyte transcription factor
2 (oligodendrocytes), myelin oligodendrocyte glycoprotein
(MOG) (myelin), and CD68 (microglia) (figure 1B). Cryostat
sections (12 μm) from fresh-frozen tissue blocks were stained
as described before.8,10 Antibodies and detailed protocols are
described in table e-2, A and B (links.lww.com/NXI/A173).

Ethical approvals
Ethical approvals for all human tissues used were given
by the UK Multicentre Research Ethics Committee,
MREC/02/2/39 for the cases from London, by the Ethics
Committee of the University Hospital Basel for all cases
from Basel, and by the ethical review committee of the
University Medical Center Göttingen (#19/09/10) for all
cases from Göttingen.

RNA isolation and quality assessment
Total RNA from gray matter tissue was isolated using the
Zymo ZR RNA Microprep Kit (Zymo Research, Irvine, CA)
as described before.8 Degraded (RNA integrity index < 6)
and/or contaminated (260/280 nm ratio < 1.8; 230/280 nm
ratio < 1.8) samples were excluded from the study.

Microarray analysis and statistical analysis
From initially 151 NAGM and control gray matter samples,
35 were excluded due to the RNA integrity index being
below the threshold of 6, 8 samples were excluded due to
incongruence between the sex stated in the case reports and
Y-chromosome linked gene expression, and 2 samples were
excluded for being clear outliers in the principal component
analysis. In total, 42 tissue samples from 14 control and 64
tissue samples from 25 MS cases were used for the gene
expression analysis between NAGM and control GM (table
1 and table e-1, links.lww.com/NXI/A173). To minimize
experimental bias, microarray experiments were performed
together. All samples used for the gene expression study
originated from the UK MS Tissue Bank. Gene expression
profiling was performed using the Illumina complementary
DNA–mediated annealing, selection, extension, and liga-
tion assay according to the manufacturer’s protocol12 (Part
No. 15018210, Revision history D, April 2012, Illumina, San

Glossary
GM = control gray matter; HLA = human leukocyte antigen; MOG = myelin oligodendrocyte glycoprotein; MS = multiple
sclerosis; NAGM = normal-appearing cortical grey matter; NeuN = neuronal nuclei; OLIG2 = oligodendrocyte transcription
factor 2; SNP = single nucleotide polymorphism.
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Table 1 Patient data

Cases Sex Cause of death
p.m.
time (h) Age (a)

Disease
duration
(a)

MS
type

HLA-DRB1*
15:01

No. of brain
tissue blocks

No. of samples
microarray
NAGM-GM

Control samples

C01 M Myocardial infarction 8 70 Others 1

C02 M Cardiac failure and
pneumonia

14 65 Others 5

C04 F Acute pancreatitis 20 58 15:01 6

C07 M Rectal cancer and pneumonia 9 89 Others 1 1

C09 F Pneumonia 10 95 15:01 2 1

C10 F Esophagus cancer 9 85 Others 3

C11 F Bronchopneumonia and
cerebrovascular accident

9 93 Others 1 1

C13 M Cardiogenic shock 21 73 Others 4 2

C14 M Lung cancer, metastasized 26 77 Others 3 3

C15 M Myocardial infarction 18 64 Others 4 4

C17 F Congestive cardiac failure 24 84 Others 4 3

C18 M Carcinoma of the tongue 22 35 15:01 6 4

C20 F Ovarian cancer 13 60 Others 5 5

C21 M Cerebrovascular accident and
pneumonia

17 75 Others 4 9

C22 M Prostate cancer, metastasized 22 88 Others 1

C25 M Bladder cancer and
pneumonia

5 84 Others 3 4

C26 F Breast cancer, metastasized 12 87 Others 1 2

C27 M Renal failure and multiple
myeloma

24 75 Others 1 2

C28 F Cardiac failure 21 60 15:01 4

C29 M Pneumonia 20 60 Others 4

C30 M Pericardial tamponade 7 68 Others 4

C31 M Anaphylaxis 14 72 15:01 4

C32 F Pneumonia 16 71 15:01 4

C33 F Cardiac failure 12 83 Others 4

C37 F Pneumonia 14 72 Others 4

C38 F Pneumonia 3 88 Others 2

C39 M Acute cardiac death 10 69 15:01 6

C44 F Multiorgan failure 9 72 15:01 4

C45 M Cardiopulmonary
degeneration and prostate
cancer

22 77 Others 1 1

C47 M Cardiac failure and acute
erosive enteritis

15 53 Others 2

C48 M Asphyxia 11 61 15:01 2

Continued
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Table 1 Patient data (continued)

Cases Sex Cause of death
p.m.
time (h) Age (a)

Disease
duration
(a)

MS
type

HLA-DRB1*
15:01

No. of brain
tissue blocks

No. of samples
microarray
NAGM-GM

C49 F Cardiac failure 16 77 Others 2

C50 M Cardiac failure 21 75 15:01 2

14 F
19 M

Ø = 15.0 Ø = 73.2 10 15:01
23 others

104 42

Cases Sex Cause of death
p.m.
time (h) Age (a)

Disease
duration
(a) MS type

HLA-DRB1*
15:01

No. of brain
tissue blocks

No. of samples
microarray
NAGM-GM

MS samples

M01 F Breast cancer and
pneumothorax

8 56 31 SPMS Others 7 5

M02 F Peritonitis 16 58 22 PPMS Others 5 2

M03 F NA 18 78 14 SPMS Others 3 1

M04 F Respiratory failure 21 42 18 SPMS 15:01 1

M05 F Sepsis 19 74 26 SPMS 15:01 1

M06 F Pneumonia 6 58 21 PPMS 15:01 6 10

M07 F Pulmonary embolus
and pneumonia

17 45 20 PPMS Others 2

M09 M Aspiration pneumonia 8 75 38 SPMS Others 1 1

M10 F Pneumonia 8 72 41 SPMS Others 1 2

M11 M Pneumonia 26 66 31 SPMS Others 1

M12 F NA 11 69 31 NA 15:01 3

M13 M Pneumonia 11 63 39 SPMS Others 2

M14 F Pneumonia 9 77 31 PPMS Others 4 3

M15 F MS 15 51 21 SPMS Others 2 2

M16 F Adenocarcinoma of
unknown primary

6 56 17 PRMS 15:01 1 1

M17 F Respiratory infection 10 49 19 SPMS Others 1

M18 F Pneumonia 13 66 30+ NA 15:01 3

M20 F Pneumonia 21 86 56 NA Others 2

M21 F Pneumonia 11 86 36 SPMS Others 1

M22 F MS 21 77 22 PPMS 15:01 1 1

M23 F Lung cancer,
metastasized

5 78 42 SPMS 15:01 4 5

M24 F Renal failure 31 49 18 SPMS Others 2 1

M26 F Bowel blockage and
heart failure

24 71 35 SPMS 15:01 1

M27 F Pneumonia 9 49 25 SPMS Others 1

M28 F Pneumonia 22 54 20 SPMS 15:01 3

M30 F Pneumonia 7 77 21 SPMS Others 2 1

M31 M Urinary tract infection
and MS

12 53 11 SPMS Others 1

Continued
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Diego, CA). BeadChips were scanned by the iScan Array
scanner (Illumina). All subsequent data analyses were
performed using the statistical software R (R core de-
velopment Team 2008; R version 3.5.0). Specifically, the
Bioconductor packages beadarray (version 2.30.0) and
illuminaHumanWGDASLv4.db (version 1.26.0) were used
for reading-in data files and for probe annotation (probes n
= 48,107). Between-array normalization was performed by
variance stabilizing transformation followed by a quantile
normalization using functions from the Bioconductor

package lumi (version 2.32.0). Only probes mapping to an
ENTREZ gene ID were retained. Probes with quality status
“bad” were removed. “Bad quality probes” are probe matches
repeat sequences, intergenic or intronic regions, or is unlikely
to provide specific signal for any transcript (according
to illuminaHumanWGDASLv4 annotation). Because the
resulting probes (n = 25,081) were still not unique, we selected
the probe with the highest variance across all samples,
neglecting sample values, which fall into the expression
range of negative control probes. This way, each gene is

Table 1 Patient data (continued)

Cases Sex Cause of death
p.m.
time (h) Age (a)

Disease
duration
(a) MS type

HLA-DRB1*
15:01

No. of brain
tissue blocks

No. of samples
microarray
NAGM-GM

M32 F Pneumonia 18 39 21 PRMS 15:01 1 4

M33 M Pneumonia 19 38 17 PRMS Others 2 1

M34 M NA 9 92 54 PPMS 15:01 1 2

M36 M Pneumonia 16 44 16 SPMS 15:01 2

M40 M Respiratory failure 10 40 9 SPMS 15:01 3

M42 F MS 12 50 31 SPMS Others 2

M43 F Pneumonia 12 34 NA SPMS 15:01 1

M44 F Small bowel
obstruction

13 80 36 SPMS Others 2 1

M46 F Multiorgan failure and
sepsis

28 45 6 SPMS 15:01 2 3

M47 M Intestinal obstruction 12 37 27 PPMS Others 2

M48 F Pneumonia 24 78 47 SPMS Others 1 2

M51 F Pneumonia 12 59 27 PPMS Others 3 2

M52 M Pneumonia 24 45 25 SPMS 15:01 1

M53 F Sepsis and pneumonia 16 47 17 SPMS 15:01 4 4

M54 M MS 9 45 18 SPMS 15:01 1

M55 F MS 26 37 17 SPMS Others 2

M56 F Pneumonia 22 88 32 PPMS 15:01 1 2

M57 F COPD 17 58 16 PPMS Others 2 3

M58 F MS 7 80 37 SPMS 15:01 1

M59 F MS 13 42 11 SPMS 15:01 2

M60 F Respiratory failure 9 59 4 PPMS 15:01 2 3

M61 M Pancreatic cancer 10 61 26 SPMS 15:01 1 2

37 F
12 M

Ø = 14.8 Ø = 59.9 Ø = 25.5 32 SPMS
11 PPMS
3 PRMS
3 NA

24 15:01
25 others

101 64

Abbreviations: COPD = chronic obstructive pulmonary disease; GM = control graymatter; NA = not available; NAGM = normal-appearing cortical graymatter;
p.m. time = postmortem time (hours); PPMS = primary progressive multiple sclerosis; PRMS = progressive-relapsing multiple sclerosis; SPMS = secondary
progressive multiple sclerosis.
The table shows the patient characterization and the use of the patient samples in the different experiments. A more detailed table is given in the
supplements (table e-1, links.lww.com/NXI/A173). HLA-DRB1*15:01 is highlighted in bold.
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represented by the probe, which contains most information
on potential expression differences, but ignores probes,
which appear artificially regulated due to false-negative

regulation introduced by single nucleotide polymorphisms
(SNPs). This strategy gave rise to 17,908 unique gene-level
probes.

Figure 1 Tissue processing for microarray and tissue characterization

(A) Flowchart to illustrate the process from the patient’s death to statistical analysis of the gene expression microarray. After dissection of the brain and
exclusion of confounding pathologies, the tissue blocks were sent to Basel, Switzerland. There, an immunohistochemical characterization was performed,
any tissue with bad preservation was excluded, and regions of interest were selected. After RNA isolation, the RIN was measured, and samples with RIN
smaller than 6 were excluded. Sample mix up was checked by wrong sex and by principal component analysis. (B) Representative images of control cortical
graymatter (case C30) andMSNAGM (caseMS08, asterisk delineates themeninges, I–VI indicate the 6 neuronal layers). NAGMwas defined as no loss ofMOG,
NeuN, or OLIG2 (inset, arrows) staining comparedwith control cases and no increase in CD68 comparedwith controls; i.e., occasional CD68+ staining intra- or
perivascular (inset, arrowheads) and nearly no CD68+ staining in the tissue. Scale bars: 250 μm; inset Olig2: 20 μm, inset CD68: 10 μm. IHC = immunohis-
tochemistry; MOG =myelin oligodendrocyte glycoprotein; NAGM = normal-appearing cortical graymatter; NeuN = neuronal nuclei; OLIG2 = oligodendrocyte
transcription factor 2; PCA = principal component analysis; RIN = RNA integrity index.
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HLA genotyping
Human leukocyte antigen (HLA) genotyping was performed
by Histogenetics (NY). Allelic variants were typed by se-
quencing at high resolution (3-field). Alleles bearing suffix
“G” in the A locus have identical sequences in exon 2 and exon
3 antigen recognition sites. Alleles bearing suffix “G” in the
DRB locus have identical sequences in exon 2 antigen rec-
ognition sites. Genotypes are shown in table e-3 (links.lww.
com/NXI/A173).

Immunofluorescence colocalization
Immunofluorescent colocalization was performed as de-
scribed before (table e-2A, links.lww.com/NXI/A173).8,10 As
tissue preservation is not optimal in fresh-frozen tissues, fur-
ther paraffin-embedded tissue blocks were stained for coloc-
alization. Paraffin-embedded tissue sections (2–3 μm) were
deparaffinized in xylene, rehydrated, and transferred to 3%
H2O2 in phosphate buffered saline (PBS) for 20 minutes at
4°C to block the endogenous peroxidase. After 3 washing
steps with PBS, the sections were incubated with blocking
buffer (10% fetal calf serum in PBS) for at least 20 minutes to
reduce unspecific antibody binding. Primary antibodies (table
e-2A) were diluted in blocking buffer and incubated overnight
at 4°C and then washed 3 times with PBS. Secondary anti-
bodies were incubated for 1–2 hours (table e-2A).

Histologic quantification
HLA-DRB1 protein expression was measured with Fiji (image
processing package including ImageJ)13 using the count objects
algorithm with the following parameters: lower threshold 0,
upper threshold 120 in green channel of red-green-blue color
space, size of objects 10 μm2–100 μm2, and circularity 0.25–1.00.
Cortical lesions were defined as areas with complete loss of anti-
MOG staining or areas with reduced myelin density clearly
demarcated from surrounding normal-appearing tissue. Only
cortical gray matter ranging from the white matter to the me-
ninges andwith all 6 neuronal layers visible in the adjacentNeuN
staining was used. NAGM and gray matter lesion areas were
outlined in Adobe Photoshop CS6 (version 13.0 x64; Adobe
Systems, CA), exported, and evaluated for area (in squared
millimeters) in ImageJ software (references 13 and 14, version
1.51s, Fiji distribution, NIH,Maryland). A schematic drawing is
shown in figure 4C.

Statistical analysis
All statistical analyses were performed using R.15 A p value
or false detection rate-adjusted p value smaller than 0.05 was
considered statistically significant. Expression data were ana-
lyzed using R and the Bioconductor package limma (version
3.36.5). Statistical analysis was performed using a linear model
with disease group and sex as factors. Because some patients
contributed multiple tissue samples (tissue blocks), we addi-
tionally distinguished these “technical” replicates from true bi-
ological replicates (patients) in the model to avoid a potential
inflation of significance by pseudoreplication. Specifically, the
duplicateCorrelation function of the limma package was used to
estimate a consensus correlation between technical replicates

and this value together with patient ID as a block factor entered
into the model fit function. To test the correlation between
HLA-DRB1 and HLA-DRA gene expression, a linear model
was used (figure 2J). To test the influence of the HLA-
DRB1*15:01 genotype and the HLA-DRB1 gene expression on
the demyelinated gray matter lesion area per total gray matter
area, p values were derived from a linear model weighted by
number of tissue blocks per patient (figure 4D). For all other
statistical tests, a 2-sided Welch t test was used.

Data availability
The gene expression data discussed in this publication have
been deposited in NCBI’s Gene Expression Omnibus,16 ac-
cession number GSE131282, ncbi.nlm.nih.gov/geo/query/
acc.cgi?acc=GSE131282.

Results
HLA-DRB1 is significantly upregulated in MS
NAGM compared with control GM
We investigated the gene expression inMSNAGMand control
cases. All tissues were characterized histopathologically, and
tissues with signs of possible confounding pathologies were
excluded (figure 1A). As a result, only tissues without signs of
demyelination, neuronal degeneration, oligodendrocyte loss,
and without signs of inflammation such as microglia activation
and macrophage infiltration were included in the microarray
study (figure 1B). Differential gene expression analysis between
MS NAGM and control GM revealed HLA-DRB1 as the
most significant differentially regulated gene (figure 2A)
(fold-change [FC] = 4.62, adj. p value = 0.013). Besides
HLA-DRB1, we detected a trend toward upregulation for the
integrin subunit beta-1-binding protein 1 (ITGB1BP1), pro-
tein kinase cAMP-dependent type 1 regulatory subunit alpha
(PRKAR1A), long intergenic nonprotein coding RNA 115
(LINC00115), mitogen-activated protein kinase kinase kinase
7, also known as TGF1 (MAP3K7), and SLIT-ROBO Rho
GTPase activating protein 2 (SRGAP2) (figure 2A).

Further analysis of HLA-DRB1 expression showed that the
distribution of HLA-DRB1 expression was bimodal within
both the MS and the control group (figure 2B). Of special
interest is that the majority of individuals with high HLA-
DRB1 expression were in the MS group. As HLA genes often
show tight linkage disequilibrium patterns,17 we further in-
vestigated the expression of DRB5, DQA1, and DQB1, as
certain alleles of these genes were reported to form a tight
linkage group within the DR15 haplotype.18 The MS-
associated DR15 haplotype consists of 5 alleles, namely
DRA*01, DRB1*15:01, DRB5*01:01, DQA1*01:02, and
DQB1*06:02. Although not significantly differentially
expressed between MS and control cases (FC = 4.45, adj.
p value = 0.529), we also identified a bimodal distribution for
HLA-DRB5 (figure 2C). HLA-DQA1 and HLA-DQB1 ex-
pression levels were normally distributed (figure 2, D and E),
with HLA-DQB1 expression at the lower detection limit.
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Figure 2 Differential gene expression in MS NAGM vs control case cortical gray matter

(A) Volcano plot of the differential gene expression analysis between MS NAGM and control gray matter (GM) revealed HLA-DRB1 as the most significant
differentially regulated gene (FC = 4.62, adj. p value = 0.013, marked in red). Differentially expressed genes with an adjusted p value between 0.05 and 0.1 are
marked in black. This was the case for ITGB1BP1 (FC = 1.67, adj. p value = 0.065), PRKAR1A (FC = 1.93, adj. p value = 0.065), LINC00115 (FC = 1.5, adj. p value =
0.065), MAP3K7 (FC = 1.34, adj. p value = 0.067), and SRGAP2 (FC = 1.5, adj. p value = 0.067). Boxplots show the log2 gene expression of HLA-DRB1 (B), HLA-
DRB5 (C), andHLA-DQA1 (D) andHLA-DQB1 (E) betweenMSNAGMandGM. HLA-DRB1 is significantly differentially expressed betweenMSNAGMandGM (B).
Both, HLA-DRB1 (B) and HLA-DRB5 (C) show a bimodal expression pattern in MS and control tissue, whereas the expression of HLA-DQA1 (D) was normally
distributed within the sample groups, and HLA-DQB1 (E) was at the lower detection limit. (F) Boxplots show log2 of the HLA-DRB1 gene expression in all
tissue samples and in all cases used for the microarray analysis. All cases with the HLA-DRB1*15:01 genotype show a high HLA-DRB1 expression (red dots).
(G) HLA-DRB1 expression between samples from cases carrying the HLA-DRB1*15:01 or other HLA-DRB1 alleles. Boxplot shows that all HLA-DRB1*15:01
tissue samples belong to the HLA-DRB1 high expresser group. (H) HLA-DRB3, 4, and 5 expression of all samples. (I) Comparison of hetero- and homozygote
carriers of the HLA-DRB1*15:01 allele. (J) Correlation of HLA-DRB1 with HLA-DRA within the HLA-DRB1*15:01 positive samples. (H and I) p Values are derived
from a 2-sided Welch t test. (J) p Value is derived from a linear model.
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High cortical HLA-DRB1 expression is
associated with the HLA-DRB1*15:01 haplotype
The bimodal HLA-DRB1 expression pattern prompted us to
investigate whetherHLA-DRB1 expression in all tissue samples
from 1 individual shows this mode of expression. This analysis
revealed that single cases either expressed HLA-DRB1 at high
or low levels in bothMS and control cases (figure 2F). AsHLA-
DRB1*15:01 is strongest associated with MS risk19,20 and
HLA-DRB5 showed a similar expression distribution, we
genotyped all cases for HLA-DRB1, 3, 4, and 5 at a 3-field
resolution (table e-3, links.lww.com/NXI/A173). As expected,
we detected a trend toward higher frequency of the HLA-
DRB1*15:01 allele among theMS cases compared with control
cases (Fisher exact test, p = 0.083, OR = 4.5, 95% CI =
[0.8–50.2]).21 Gene expression analysis based on the HLA-
DRB1 genotype revealed that the bimodal distribution was
linked to the HLA-DRB1 genotype with individuals with the
HLA-DRB1*15:01 allele always showing high transcriptional
expression of HLA-DRB1 (n = 106 samples, figure 2, F andG).
In contrast to HLA-DRB1, which is expressed in every case,
only 11 MS and 1 control case turned out to carry the HLA-
DRB5 gene (table e-3). As expected, all individuals genotyped
positively for HLA-DRB5*01:01 allele were also positive for
HLA-DRB1*15:01 (table e-3). Compared with HLA-DRB3
and -DRB4 alleles in other DR haplotypes, HLA-DRB5*01:01
always showed a higher expression (p < 0.001, df = 79.33, for
DRB3, figure 2H; p < 0.001, df = 89.58 for DRB4, figure 2H).
Notably, there were no significant differences in HLA-DRB1
gene expression levels between hetero- and homozygotic car-
riers of the HLA-DRB1*15:01 allele (p = 0.379, df = 22.01,
figure 2I). Beside the cases carrying the HLA-DRB1*15:01
allele, 5 MS and 3 control cases also showed high HLA-DRB1
expression (figure 2F). Of these cases, one MS case was het-
erozygote for the HLA-DRB1*04:01 allele, and another case
was heterozygote for the HLA-DRB1*08:01:01G allele. Of
interest, both alleles have been associated with risk of MS.19,20

All 3 control cases were heterozygote for theHLA-DRB1*03:01
allele, also previously shown to be associated with MS19 (table
e-3, risk genes marked in bold). Of the other 3 MS cases
with high HLA-DRB1 expression, 2 did not carry a MS-
associated allele (HLA-DRB1*01:01:01, *01:01:01G, *01:03,
and *07:01:01G), and in 1 case, genotyping failed.

We did not detect any systematic differences between the
HLA-DRB1*15:01 cases compared with the other cases con-
cerning age at death, age at disease onset, and disease duration
(figure e-1, A–C, links.lww.com/NXI/A173). Also, we did
not detect any differences between the HLA-DRB1 high
expressing cases compared with the low expressing cases
concerning age at death, age at disease onset, and disease
duration (figure e-1, D–F).

HighHLA-DRB1expression correlateswithhigh
expression of HLA-DRA
Functional HLA-DR molecules are heterodimers of a DRA-
encoded alpha chain and a beta chain encoded by DRB1 or
DRB3,4,5, respectively. Therefore, we investigated whether

high HLA-DRB1 expression correlates with high HLA-DRA
gene expression in HLA-DRB1*15:01 carriers. Indeed, high
HLA-DRB1 gene expression correlated with high HLA-DRA
(r = 0.79, p < 0.001) gene expression in HLA-DRB1*15:01
cases, supporting the idea of a biologically functional upre-
gulation of MHCII in MS NAGM of HLA-DRB1*15:01 cases
(figure 2J).

HLA-DRB1 is expressed by microglia in human
cortical gray matter
To determine which cell types are expressing HLA-DRB1 in
NAGM, a confocal immunofluorescence colocalization anal-
ysis of fresh-frozen and paraffin-embedded human brain tis-
sues was performed (figure 3). We detected that HLA-DRB1
colocalized with microglia in MS NAGM and control GM
(figure 3A). No colocalization could be detected in astrocytes
(figure 3B), neurons (figure 3C), oligodendrocytes (figure
3D), or blood vessels (figure 3E).

HLA-DRB1 protein expression is elevated in
HLA-DRB1*15:01-positive cases
Quantitative immunohistochemical analysis was performed to
determine whether HLA-DRB1 gene and protein expression
are associated with each other (figure 4A). We detected
a higher protein expression in high vs low HLA-DRB1 gene
expressers (p = 0.052, df = 46.9, n = 49) (figure 4B) and
a trend toward higher expression in MS and control cases
carrying the HLA-DRB1*15:01 allele compared with non-
carriers (p = 0.097, df = 60.5, n = 74). HLA-DRB1 protein
expression varied considerably from case to case (figure 4B).

HLA-DRB1*15:01 genotype and increased
expression of HLA-DRB1 is associated with
increased cortical demyelination
We hypothesized that the HLA-DRB1*15:01 genotype and
the increased HLA-DRB1 gene- and protein expression might
be related to meningeal inflammation and cortical microglia
activation, previously described inMS,22 and hencemight also
correlate with increased levels of cortical demyelination.

We thus investigated all available tissue blocks from MS cases
with cortical lesions (table e-1, links.lww.com/NXI/A173)
and stained for MOG, delineated cerebral cortical area con-
taining all 6 layers (identified by NeuN) (figure 4C), and
quantified the fraction of demyelinated vs whole cortical area
(figure 4D). Areas of demyelination in MS cases carrying the
HLA-DRB1*15:01 allele, and respectively cases with a high
HLA-DRB1 gene expression, were significantly larger than in
HLA-DRB1*15:01-negative cases (p = 0.052, df = 23, n = 25)
and, respectively, cases with low HLA-DRB1 gene expression
(p = 0.014, df = 21, n = 23) (figure 4D).

HLA-DRB1*15:01 carrier status associates with
higher expression of 9 genes in cortical NAGM
in both MS and controls
We investigated the effect of the HLA-DRB1*15:01 allele by
analyzing the differential gene expression data after grouping
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the cases intoDRB1*15:01 positive or negative. We detected
9 genes to be differentially regulated. Most interestingly, our
data show an upregulation of interleukin 18 receptor 1
(IL18R1; FC = 1.73, adj. p value = 0.004) and leukocyte
immunoglobulin like receptor B1 (LILRB1; FC = 1.54, adj. p
value = 0.032). The highest fold change was detected for
long intergenic nonprotein coding RNA 01119
(LINC01119, FC = 4.35, adj. p value < 0.0001). We further
detected differentially expressed transcripts of protein
O-fucosyltransferase 2 (POFUT2; FC = 1.86, adj. p value
< 0.001), G protein subunit beta 5 (GNB5; FC = −2.20, adj.
p value = 0.003), epithelial stromal interaction 1 (EPSTI1;
FC = 1.50, adj. p value = 0.005), DExD/H-box helicase
60 (DDX60; FC = 1.25, adj. p value = 0.010),
N-acetylneuraminic acid phosphatase (NANP; FC = 1.47,
adj. p value = 0.012), and kinesin family member 25 (KIF25;
FC = −1.37, adj. p value = 0.049).

Discussion
Our results demonstrate that HLA-DRB1 is significantly
higher expressed in MS NAGM and shows a bimodal dis-
tribution with more MS cases showing a high expression

compared with control cases. Genotyping of the HLA locus
revealed an almost exclusive high expression of all HLA-
DRB1*15:01 allele carriers and of a few other MS-associated
risk alleles. Consistent with the gene expression analysis,
HLA-DRB1 protein expression is increased in HLA-
DRB1*15:01-positive cases in gray matter on microglia
based on immunofluorescence colocalization. The HLA-
DRB1*15:01 genotype and high HLA-DRB1 gene expres-
sion are associated with larger gray matter lesions in MS.
Furthermore, it is important to note that the second DR
allele, DRB5*01:01, which is tightly linked withDRB1*15:01
in the MS-associated DR haplotype is also expressed at
higher levels.

These findings hint at a link between the strongest genetic
risk factor for MS and an important pathologic hallmark,
namely demyelinated lesions in the cerebral cortex. We hy-
pothesize that the HLA-DRB1*15:01 genotype and the in-
creased HLA-DRB1 and-DRB5 gene expression together
with meningeal and parenchymal inflammation may lead
to larger demyelinated lesions. The correlation between
inflammation, cortical demyelination, and the HLA-
DRB1*15 allele has already been described in autopsy tissue

Figure 3 HLA-DRB1 colocalization in MS cortical gray matter

Immunofluorescent colocalization of
HLA-DRB1 with cellular markers for
resident cells of the cortical gray
matter. HLA-DRB1 colocalized with
CD68, a marker for microglia (A,
arrows). No colocalization with
astrocytes (B, GFAP, arrowhead),
neurons (C, NeuN, arrowhead), oli-
godendrocytes (D, OLIG2, arrow-
head), and blood vessels (E, CD34,
arrowhead) could be found. Scale
bar: 50 μm. GFAP = glial-fibrillary
acidic protein; NeuN = neuronal nu-
clei; OLIG2 = oligodendrocyte tran-
scription factor 2.
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by Yates et al.,23 who have detected more parenchymal,
perivascular, and meningeal T-cell inflammation and larger
motor cortical lesions in HLA-DRB1*15 carriers compared
with carriers of other alleles. Although MRI detection of
cortical gray matter lesion is improving, widespread subpial
demyelination is still difficult to detect.24 A recent MRI study
of 85 patients with MS did not reveal a statistically significant

difference between HLA-DRB1*15:01 carriers and non-
carriers; however, the authors point out the limited power
due to the small number of cases.25 Furthermore, meningeal
inflammation and follicle-like structures in the meninges
have been linked to microglia activity22 and larger subpial
cortical gray matter lesions.26 Regarding expression of the
2 DR15 alleles, higher messenger RNA expression of

Figure 4 HLA-DRB1 protein expression in MS and control cases and cortical gray matter lesion size in MS cases associate
with HLA-DRB1*15:01 allele

Representative image of immuno-
histochemical stainings for HLA-
DRB1 protein in a HLA-DRB1*15:01
positive (M6) and negative (M11) MS
case (A). Most HLA-DRB1*15:01 posi-
tive cases show an evenly distributed
staining of cells with microglia-like
morphology (arrow) throughout the
cerebral cortex (top panel), whereas
cases with other alleles may show
similar staining or no staining at all
(bottom panel, extreme case with no
staining). Scale bars: 500 μm, inset:
25 μm. Boxplots of the quantification
of the HLA-DRB1 immunohisto-
chemical staining (B) show MS and
control cases carrying the HLA-
DRB1*15:01 allele (left plot) or with
a high HLA-DRB1 gene expression
(right plot). Higher overall HLA-DRB1
protein expression was detected in
HLA-DRB1*15:01 positive cases and
high expressers compared with car-
riers of other alleles and low
expressers, respectively. Detection of
gray matter lesions in MS cases was
performed by immunohistochemical
staining for MOG (C shows repre-
sentative images of a 15:01 positive
[M28] and a negative [M3] MS case).
NAGM is demarcated by a black dot-
ted line and gray matter lesions by
a red dotted line; orange straight
lines demarcate the meninges. Scale
bar: 1,000 μm. Quantification of cor-
tical gray matter lesion size as frac-
tion of demyelinated vs total cortical
gray matter is shown (D). Both HLA-
DRB1*15:01 carriers (left plot) and
HLA-DRB1 high gene expressers
(right plot) show a larger mean lesion
size compared with carriers of other
alleles or low expressers, re-
spectively. (B and D) p Values are
derived from a 2-sided Welch t test.
MOG = myelin oligodendrocyte
glycoprotein.
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DRB5*01:01 compared with DRB1*15:01 in MS lesions and
normal-appearing white matter have already been observed
previously supporting our findings; however, much fewer
cases and neither gray matter nor the extent of de-
myelination had been studied.27

HLA class II molecules present processed peptides to CD4+

T lymphocytes. In MS, the strongest genetic association
maps to the HLA-DRB1 gene, whereas the association with
DRB5*01:01 has so far largely been ignored because the
SNPs, which have been used for determining DR types from
SNP typing, are not sufficiently tightly spaced in the HLA
region on chromosome 6 to allow assignment of the specific
HLA-DR3*, -4*, and -5* alleles.20 The HLA-DRB1*15:01
allele was reported to increase the risk for developing MS
about threefold.28 The higher HLA-DRB1 expression in the
cortical gray matter in HLA-DRB1*15:01 cases may there-
fore be involved in local activation of autoreactive CD4+

T cells. For CD4+ T-cell activation to occur, an interaction
between the T-cell receptor and major histocompatibility
complex (MHC) class II/peptide (pMHC) complexes is
required.29 The amount of antigen loaded on MHC class II
molecules of antigen-presenting cells and the level of MHC
class II expression determine the activation of CD4+ T-cell
activation, and higher pMHC ligand densities enhance this
process.30 Similar to the ectopic expression of HLA class II in
autoimmune thyroid disease,31 higher HLA-DRB1 expres-
sion by microglia in the brain may therefore affect the
pMHC concentration and consequently lead to an increased
probability of T-cell activation and brain inflammation. This
hypothesis is further supported by the finding that the level
of HLA-DR expression in transgenic mice is an important
prerequisite for developing spontaneous experimental au-
toimmune encephalomyelitis.32

Besides their expression levels, the nature of the peptide
repertoire that is presented by the 2 HLA-DR alleles in
the MS-associated DR15 haplotype, i.e., DRB1*15:01 and
DRB5*01:01,27 probably also plays an important role for the
activation of autoreactive T cells.33,34 Finally, autoreactive- and
virus-specific, brain-infiltrating CD4+ T cells may recognize
peptides in the context of both DR alleles of the DR15 haplo-
type, indicating that the expression of the 2 DRmolecules may
increase the likelihood of T-cell activation further.35,36

A bimodal expression pattern of HLA-DRB1 and -DRB5 has
been described in lymphoblastoid cell lines.37 The authors
analyzed expression quantitative trait loci in the tag of the
HLA-DRB1*15:01 allele associating with high HLA-DRB1,
DRB5, and DQB1 gene expression. They concluded that
a higher gene expression alone does not sufficiently explain
the MS-associated risk of the HLA-DRB1*15:01 allele. At
present, it is not clear which molecular pathomechanisms are
responsible for the high vs lower expression in some indi-
viduals, but differences in gene regulation, for instance by
different activation of the class II transactivator, is one
possibility.38

Regarding the potential functional involvement of the
DRB1*15:01 haplotype, the higher DRB1- and DRB5 ex-
pression in MS brains raises questions beyond peptide pre-
sentation to autoreactive T cells. The brain is considered an
immune privileged site, and besides shielding of the CNS
from the peripheral immune system via specialized barriers,
low MHC expression is considered an important aspect of
this CNS immune privilege.39 Aberrant and increased ex-
pression of HLA-DRB1 and -DRB5 may contribute to
breaking immune tolerance in this tissue that is exquisitely
vulnerable to damage and endowed with cells that are ter-
minally differentiated and not replaceable. The in-
terpretation of recent genome-wide association studies in
MS, which found almost exclusively immune system-related
genes, has been that MS develops from outside, i.e., the
peripheral immune system, in as opposed to starting by
damage within the CNS and then involving peripheral im-
mune cells, i.e., inside-out hypothesis.40 Our data, although
preliminary and not addressing functional aspects in human
brain tissue, might indicate that increased HLA-DR expres-
sion in the brain, if it preceded peripheral immune T-cell
activation, could play a role both within and later also out-
side the brain.

Regarding gene expression in cortical gray matter, several
studies have been performed with a relative small set of
NAGM tissue samples3,6,7 including ours.8 The present study
with a much larger number of cases and tissues did not show
the same gene expression alterations as the previous studies.
Possible reasons are the different gene expression platforms,
tissue preparation (fresh frozen vs paraffin embedded), the
statistical methods, and, most relevant, differences in the pa-
tient samples, which is a critical aspect in a heterogeneous
disease like MS.

The gene expression analysis further revealed 9 genes to be
differentially expressed in HLA-DRB1*15:01-positive vs
-negative samples. Among the detected genes, IL18R1 gene
and protein expression have previously been shown to be
elevated in MS in CSF and peripheral blood mononuclear
cells compared with controls.41 The highest fold change was
detected for LINC01119, a long intergenic non–protein-
coding RNA. Research on noncoding RNAs is rapidly
evolving, and somemembers have already been shown to play
a role in immune system regulation.42 We further detected
LILRB1, a receptor for class I MHC antigens expressed by
different leukocyte lineages that may downregulate monocyte
activation signals. EPSTI143 and DDX6044 have previously
been shown to be differentially regulated on interferon sig-
naling in HLA-B27-transgenic rats, an animal model de-
veloping spontaneous autoimmune-mediated multisystem
inflammatory disease.45 The other genes we detected were
POFUT2,46 GNB5,47 NANP,48 and KIF25.49 To the best of
our knowledge, these genes have not been described to date in
the context of MS or HLA-DRB as possibly linked to the
HLA-DRB1*15:01 allele. The power of this particular analysis
is however limited by the sample heterogeneity and needs
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further experimental investigation to evaluate the possible
impact of the detected differential expression.

In conclusion, our results demonstrate elevated DR ex-
pression in the cortical gray matter of a subset of patients
with MS positive for the HLA-DR15 haplotype and rarely
also other DR types. HLA-DRB1 expression by microglia
in the brain might play a role as vulnerability factor to
develop or sustain MS. Further studies on DR expression
in the brain, its causes, and consequences would therefore
be of great interest for a better understanding of MS
pathogenesis.
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Abstract
Objective
To report the presence of a new neuronal surface antibody against the metabotropic glutamate
receptor 2 antibody (mGluR2-Ab) in 2 patients with paraneoplastic cerebellar ataxia.

Methods
mGluR2-Abs were initially characterized by immunohistochemistry on the rat brain and
confirmed by immunofluorescence on HEK293 cells transfected with mGluR2. Additional
studies included analysis of potential cross-reactivity with other mGluRs, expression of mGluR2
in patients’ tumors, and the effects of mGluR2-Abs on cultures of rat hippocampal neurons.

Results
Patient 1 was a 78-year-old woman with progressive cerebellar ataxia with an initial relapsing-
remitting course who developed a small-cell tumor of unknown origin. Patient 2 was a 3-year-
old girl who presented a steroid-responsive acute cerebellitis preceding the diagnosis of an
alveolar rhabdomyosarcoma. Patients’ serum and CSF showed a characteristic immunostaining
of the hippocampus and cerebellum in rat brain sections and immunolabeled the cell surface of
live rat hippocampal neurons. HEK293 cells transfected with mGluR1, 2, 3, and 5 confirmed
that patients’ antibodies only recognized mGluR2. mGluR2-Abs were not detected in 160
controls, 120 with paraneoplastic, autoimmune, or degenerative ataxias, and 40 with autoim-
mune encephalitis and antibodies against mGluR5 or unknown antigens. Expression of
mGluR2 in tumors was confirmed by immunohistochemistry using a commercial mGluR2-Ab.
Incubation of live rat hippocampal neurons with CSF of patient 2 did not modify the density of
surface mGluR2 clusters.

Conclusions
mGluR2-Abs are a novel biomarker of paraneoplastic cerebellar ataxia. The potential patho-
genic effect of the antibodies is not mediated by downregulation or internalization of neuronal
surface mGluR2.
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In autoimmune encephalitis, there are many autoantibodies
against neuronal cell surface or synaptic receptors that associate
with a good response to immunotherapy.1 However, in auto-
immune cerebellar ataxias, the occurrence of similar autoanti-
bodies is rare. Only 2 antibodies against neuronal surface
antigens, and therefore potentially pathogenic, have been con-
sistently reported: the antibodies against voltage-gated calcium
channels in patients with small-cell lung cancer and the anti-
bodies against the metabotropic glutamate receptor (mGluR) 1
in patients with autoimmune ataxia.2 Here, we report 2 patients
with cerebellar ataxia and cancer who presented mGluR2 anti-
bodies (mGluR2-Abs).

Methods
Immunologic studies
Serum and CSF from the 2 patients were examined by immuno-
histochemistry on frozen sections of the rat brain and by indirect
immunofluorescence on cell-based assays (CBAs) using unfixed
HEK293 cells transfected with plasmids encoding mGluR1, 2, 3,
and 5 as reported.3,4 In addition, serum or CSF from 160 patients,
120with cerebellar ataxias (paraneoplastic: 58; pediatric cerebellitis:
32; degenerative: 20; with mGluR1 antibodies: 10), 10 patients
with autoimmune encephalitis with mGluR5 antibodies, and 30
patients with autoimmune encephalitis and antibodies against un-
known antigens were tested with CBA of mGluR2. mGluR2-Ab
effects were examined in cultures of rat hippocampal neurons. CSF
(dilution 1:10 in culture medium) of patient 2 or control CSF was
added to the culturemedia for 48 hours. After removing themedia,
neurons were sequentially incubated with mGluR2-Ab–positive
CSF(1:50) for 1 hour at 37°C, followedby a secondary anti-human
Immunoglobulin G (IgG) Alexa Fluor 488 (Invitrogen A11013, 1:
1,000) and themGluR2 clusters quantified as previously described.5

To demonstrate the expression of mGluR2 in the tumor,
paraffin sections were deparaffinized, incubated with a com-
mercial mGluR2-Ab (Cell Signaling Technology), and de-
veloped with the avidin-biotin technique (Vector Labs).
Specificity of the tumor immunoreactivity was confirmed by
adsorption of the antibody with HEK293 cells transfected
with mGluR2 or with plasmids without insert.

Standard protocol approvals, registrations,
and patient consents
The Ethic Committee of the Hospital Clinic approved the
study. All patients or proxies gave written informed consent
for the storage and use samples and clinical information for
research purposes.

Data availability
All data are reported within the article and available anony-
mized by request from qualified investigators.

Results
Patient 1
A 78-year-old woman presented with a 3-year history of
cerebellar ataxia. During the first 2 years, she had relapsing
episodes of gait instability and dysarthria that spontaneously
improved in a few days. In the last year, she developed
progressive ataxia that did not respond to IV immunoglo-
bulins or corticosteroids and only partially to 1 cycle of
rituximab. The brain MRI showed focal hyperintense cere-
bellar lesions in T2-weighted images that later evolved to
diffuse involvement of the cerebellar white matter (figure 1).
Three years after symptom onset, a right inguinal adenop-
athy was identified, which biopsy demonstrated a small-cell
neuroendocrine cancer of unknown origin. Despite palliative
chemotherapy, the patient died a few months after tumor
diagnosis.

Patient 2
In September 2018, a 3-year-old girl presented with a 3-day
history of fever, nausea, and vomiting, followed by somnolence
and gait instability. Neurologic examination disclosed irrita-
bility, dysarthria, horizontal right-beating nystagmus, limb and
truncal ataxia, and broad-based gait requiring bilateral support.
The CSF was normal, and brain MRI showed patchy gadoli-
nium enhancement in the cerebellar folia. She was treated with
IV methylprednisolone and immunoglobulins with full re-
covery. In January 2019, she was diagnosed with alveolar
rhabdomyosarcoma of the right axillary region with positive
regional lymph nodes but without distant metastasis. The pa-
tient did not present a relapse of the cerebellar ataxia.

Immunologic findings
Serum and CSF of the 2 patients showed an identical staining
of the cerebellum and hippocampus and immunolabeled the
cell surface of live rat hippocampal neurons. In the cerebel-
lum, the staining was limited to the granular cell layer with
robust immunoreactivity of neuronal processes along with
dendrites from cells immediately below the Purkinje cells
extending into the molecular layer. In the hippocampus, there
was a strong staining of the stratum moleculare with the ex-
ception of its innermost part, the stratum lacunosum molec-
ulare, the stratum pyramidale of CA3, and CA4, and the hilus
(figure 2, A–C). This immunohistochemical pattern had not
been previously seen during the screening of more than 4,000
samples that we receive annually for the detection of neuronal
antibodies. In contrast, we found that the immunostaining
was very similar to that shown by a commercial mGluR2-Ab
(figure 2, D and E).6 Serum and CSF of the 2 patients were
reactive with HEK293 cells expressing mGluR2 but not with
cells expressing mGluR1, 3, or 5 (figure 2, F–I). IgG subclass
analysis showed that IgG1 was the predominant type in the 2

Glossary
CBA = cell-based assay; mGluR2-Ab = metabotropic glutamate receptor 2 antibody.
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patients. None of the 160 controls were positive in the CBA of
mGluR2.

Expression of mGluR2 was observed in both tumors as
a granular immunoreactivity that was probably located in the
membrane and cytoplasm (figure 3, B and D). This reactivity
was not observed when the commercial mGluR2-Ab was
preadsorbed with HEK293 cells transfected with mGluR2
(figure 3, A and C). Incubation of rat hippocampal neurons

with patients’ CSF for 48 hours did not result in a change of
surface density of mGluR2 clusters (data not shown).

Discussion
This study characterizes a novel neuronal surface anti-
body against mGluR2 in patients with cerebral ataxia and
cancer. mGluR2-Abs probably recognize epitopes in the

Figure 1 Brain MRI findings in patient 1

Brain MRI obtained in 2016 showed multiple FLAIR
hyperintensities that did not enhance with gadoli-
niumand involved the inferior partof the cerebellar
hemispheres (A). A follow-up MRI in 2018 showed
a more diffuse FLAIR hyperintensity in the white
matter of the cerebellar hemispheres (B).

Figure 2 Reactivity of patients’ antibodies with rat brain and HEK293 cells transfected with metabotropic glutamate
receptors (mGluR)

Sagittal section of rat brain immunolabeled with CSF of patient 1 (A and B). Note the intense staining of the molecular layer (Mo), stratum lacunosum
molecular (SL), and hilus (Hi), as well as the stratum pyramidale of CA3 and CA4 of the rat hippocampus. In the paraformaldehyde-perfused rat cerebellum,
CSF of patient 1 shows reactivity with granular layer (Gr) neurons and dendrites extending into the molecular layer (Mo) (C). Identical immunoreactivity with
the hippocampus and cerebellum is observed with a commercial mGluR2-Ab (D and E). Immunostaining of live HEK293 cells expressing mGluR2 with serum
frompatient 2 (P2) or a healthy control (HC) is shown in panels F andG. P2 serum intensely labelsmGluR2-expressing cells (in red; F), whereas the HC serum is
negative (G). P2 serum did not react with HEK293 cells transfected with mGluR1, mGluR3, or mGluR5, all 3 tagged with green fluorescent protein (GFP) (H–J).
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extracellular region of the receptor as supported by the
immunolabeling of live nonpermeabilized neuronal cultures.
Unlike classical paraneoplastic cerebellar degeneration as-
sociated with onconeural antibodies against intracellular
antigens, the clinical symptoms of patient 2 responded to
immunotherapy suggesting a potential pathogenic role of
mGluR2-Abs.

There are 8 subtypes of mGluRs divided in 3 subgroups
according to amino acid homologies and interaction with
intracellular second messengers. Group I includes mGluR1
and 5, and both are autoimmune targets in cerebellar ataxia
and encephalitis associated with Hodgkin lymphoma,
respectively.5,7 Group II comprises mGluR2 and 3, whereas
group III includes the remaining subtypes.8 The main physi-
ologic role of mGluR2 is to modulate glutamatergic and
GABAergic synaptic transmission.8 mGluR2-Abs could po-
tentially alter these functions resulting in cerebellar ataxia.
Different from autoantibodies directed against ion channel
coupled receptors (e.g., N-methyl D-aspartate receptor),
which cause internalization of the corresponding targets, our
patients’ mGluR2-Ab did not cause reduction of the surface
receptor. An alternative possibility is that the antibodies block
the function of the channel as has been proposed for other
metabotropic receptors such as the gamma-aminobutyric acid
b receptor.1 Future studies should determine whether passive
transfer of antibodies to animals causes ataxia, as demon-
strated with anti-mGluR1-Ab.7 Interestingly, rats lacking
mGluR2 display behavioral symptoms but not cerebellar
ataxia, suggesting that mGluR2-Ab and genetic deletion of
mGluR2 may have different effects. There is precedence for

this; for example, genetic and immunologic models of anti-
LGI1 have different phenotypes. Although the genetic abro-
gation of LGI1 associates with a lethal epileptic phenotype,
animals infused with LGI1 antibodies develop severe memory
deficits without clinical seizures.9

mGluRs are overexpressed in several types of cancer, partic-
ularly primary brain tumors, and they seem to be implicated in
the regulation of cancer cell proliferation.10 Our studies show
that mGluR2 was expressed by the tumor of both patients. In
line with our findings, mGluR2 expression has also been
found expressed in lung cancer and rhabdomyosarcoma cell
lines.10

The task for the future is to confirm our findings with addi-
tional patients and elucidate the pathogenic role of mGluR2-
Ab. However, the current study has practical clinical impli-
cations: (1) mGluR2-Abs may occur in patients with auto-
immune cerebellar symptoms, (2) detection of these
antibodies suggest that the syndrome may respond to im-
munotherapy, and (3) patients should be examined for the
presence of an underlying tumor.
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Abstract
Objective
To determine the frequency of anti-NMDA receptor encephalitis without detectable serum
NMDAR antibodies and to compare the clinical features of these patients with those with
NMDAR antibodies in serum and CSF.

Methods
This is a retrospective assessment of serum antibody status and clinical features of 489 patients
with anti-NMDAR encephalitis, defined by the presence of NMDAR antibodies in the CSF, and
available paired serum/CSF samples examined at Hospital Cĺınic-Institut d’Investigacions
Biomèdiques August Pi I Sunyer, Barcelona, between January 2007 and December 2017.
NMDAR antibodies were determined with rat brain immunostaining, in-house cell-based assay
(CBA), and a commercial CBA. Patients were considered seronegative if NMDAR antibodies
were undetectable with the 3 indicated techniques.

Results
Serum NMDAR antibodies were not detected in 75 of 489 (15%) patients. Compared with the
414 seropositive patients, the seronegative were older (23.5 years [interquartile range (IQR):
17–43] vs 20.5 [IQR: 14–31]; p < 0.0001) and less frequently women (39 [52%] vs 313 [76%];
p < 0.001) and had less tumors (6 [9%] vs 128 [32%]; p < 0.001). In multivariate analysis, older
age at diagnosis (odds ratio [OR]: 1.35 [per decade]; 95% confidence interval [CI]:
1.10–1.67), absence of tumor (OR: 0.14; 95% CI: 0.05–0.43), and less need for intensive care
unit admission (OR: 0.35; 95% CI: 0.18–0.69) were independent variables associated with the
absence of serum NMDAR antibodies. Time to diagnosis, treatment with immunotherapy,
relapses, and outcome were similar in seronegative and seropositive patients.

Conclusions
NMDAR antibodies are not detected in the serum of 15% of the patients with anti-NMDAR
encephalitis. These patients appear to be older and have milder neurologic symptoms with less
frequency of tumors.
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Early recognition of anti-NMDA receptor encephalitis can be
challenging because the initial symptoms may resemble viral
encephalitis or a primary psychiatric disorder.1 Although the
need to test the CSF for NMDAR antibodies has been em-
phasized in previous reports and several guidelines, NMDAR
antibodies are often determined only in the serum.2,3 A previous
study showed that serumNMDAR antibody testingwas negative
in 14% of the patients with anti-NMDAR encephalitis who had
NMDAR antibodies in the CSF, but the associated symptoms
and potential prognostic implications were not investigated.4

Here, we first determined the frequency of seronegative anti-
NMDAR encephalitis, and we then assessed whether the clinical
features and outcomes of these patients were different from
those with NMDAR antibodies in the serum and CSF.

Methods
Patients
We retrospectively assessed from our database in Hospital
Cĺınic-Institut d’Investigacions Biomèdiques August Pi I
Sunyer (IDIBAPS), Barcelona, cases of patients with anti-
NMDAR encephalitis studied between January 2007 and
December 2017, who had (1) clinical features of anti-NMDAR
encephalitis and positive NMDAR antibodies in the CSF,2 (2)
paired serum-CSF samples obtained before the onset of im-
munotherapy, and (3) available clinical information. Clinical
information was obtained at different time points during the
course of the disease using written questionnaires as reported.1

NMDAR antibody determination
NMDAR antibodies were detected using 3 different techni-
ques: (1) immunohistochemistry on frozen sections of rat
brain postfixed with paraformaldehyde (serum dilution 1/
200), (2) in-house cell-based assay (CBA) with fixedHEK293
cells transfected with NMDAR GluN1/N2B subunits (serum
dilution 1/40), and (3) commercial CBA with fixed HEK293
cells (serum dilution 1/10) following the manufacturers’
instructions (Euroimmun, Lübeck, Germany). Details of each
technique have been reported in the indicated studies.4–6 All
samples were initially tested with brain immunohistochem-
istry and in-house CBA by investigators blinded to the results
of each technique. Those that were NMDAR antibody neg-
ative by immunohistochemistry and in-house CBA were ad-
ditionally evaluated by a commercial CBA. A serum was
considered negative for NMDAR antibodies if it was found
negative with all 3 techniques.

Statistical analysis
Demographic information and clinical and immunologic
features comparing seronegative and seropositive patients

were analyzed with Fisher exact test, χ2 test, or Mann-
Whitney U test when appropriate. Outcome analysis at the
last follow-up was assessed with the modified Rankin Scale
(mRS) by an investigator blinded to the result of the serologic
studies. Patients were considered to have a good outcome if
the mRS score at the last follow-up was 0–2 and a poor
outcome if the mRS score was higher than 2. Variables as-
sociated with seronegativity on univariate analysis (p-value <
0.05) were included in a multivariate binary logistic regression
model and approached by a forward stepwise procedure;
variables were considered independent when they remained
statistically significant. Odds ratio with 95% confidence in-
terval was used to measure the effect of independent variables.
Stata version 13.1 statistical software (StataCorp LP, TX) was
used for the analyses.

Standard protocol approvals, registrations,
and patient consents
Patients’ serum and CSF samples are deposited in the col-
lection of biological samples named “Neuroinmunoloǵıa”
registered in the Biobank of IDIBAPS. The Ethics Committee
of the Hospital Cĺınic approved the study. All patients or
proxies gave written informed consent for the storage and use
of serum, CSF, and clinical information for research purposes.

Data availability
All data are reported within the article and available anony-
mized by request from qualified investigators.

Results
Seventy-five (15.3%) of 489 patients with well-defined anti-
NMDAR encephalitis did not have antibodies in the serum
(only had antibodies in the CSF), and the other 414 (84.7%)
had antibodies in both serum and CSF (seropositive). Among
these 414 cases, 340 (82%) had antibodies in the serum using
brain immunohistochemistry and in-house CBA, 57 (14%)
with only 1 of these 2 techniques, and 17 (4%) were negative
with both techniques but positive with the commercial CBA.
A summary of the clinical characteristics of both cohorts is
shown in table. Compared with seropositive patients, the
seronegative cases were older at disease onset (median age at
disease onset: 23.5 years [interquartile range (IQR): 17–43]
vs 20.5 years [IQR: 14–31]; p < 0.0001), less frequently
women (39 [52%] vs 313 [76%]; p < 0.001), and with a lower
frequency of tumors: 6 (9%) vs 128 (32%); p < 0.001. During
the course of the disease, seronegative patients were less likely
to develop seizures (44 [60%] vs 294 [73%]; p = 0.028),
movement disorders (52 [69%] vs 355 [86%]; p < 0.001), and
central hypoventilation (12 [16%] vs 132 [32%]; p = 0.008).

Glossary
AChR = acetylcholine receptor; CBA = cell-based assay; CI = confidence interval; ICU = intensive care unit; IDIBAPS =
d’Investigacions Biomèdiques August Pi I Sunyer; mRS = modified Rankin Scale; OR = odds ratio.

2 Neurology: Neuroimmunology & Neuroinflammation | Volume 7, Number 2 | March 2020 Neurology.org/NN

http://neurology.org/nn


Intensive care unit (ICU) admission was also less frequently
required in the seronegative cohort: 27 (43%) vs 283 (69%);
p < 0.001(table). In multivariate analysis, older age at di-
agnosis (OR: 1.35 [per decade]; 95% CI: 1.10–1.67), absence
of tumor (OR: 0.14; 95% CI: 0.05–0.43), and less need for
ICU admission (OR: 0.35; 95% CI: 0.18–0.69) were in-
dependent variables associated with the absence of NMDAR
antibodies.

Discussion
We retrospectively identified that 15% of the patients with
anti-NMDAR encephalitis did not have antibodies in the se-
rum, only had antibodies in the CSF, and that these patients
were less likely to be women, have an underlying tumor, and

develop seizures, movement disorders, central hypo-
ventilation, or admission to ICU.

In a routine clinical diagnosis, the frequency of seronega-
tive cases may even increase because samples are usually
tested by a single technique without the expertise of a ref-
erence laboratory. There are 2 possible explanations for the
apparent absence of NMDAR antibodies in the serum. The
first is that the titer of NMDAR-abs is below the threshold
of detection using the indicated techniques.4 There is
precedence for this in a subset of patients with myasthenia
gravis who did not have detectable acetylcholine receptor
(AChR) antibodies by routine commercial radioimmuno-
assays, but the antibodies could be detected by a CBA that
expressed AChRs clustered by rapsyn.7 Alternatively, se-
ronegative patients, or a subset of them, may have NMDAR

Table Demographic, clinical characteristics, and outcomes of thewhole series of anti-NMDARencephalitis and according
to anti-NMDAR serostatus

All (n = 489) (%) Seronegative (n = 75) (%) Seropositive (n = 414) (%) p Value

Median age (IQR), y 20.5 (14–31) 23.5 (17–43) 20.5 (13–29) <0.0001

Female sex 352 (72) 39 (52) 313 (76) <0.001

Caucasian ethnicity 219 (46) 39 (55) 180 (45) 0.118

Median interval between symptom onset
and antibody testing (IQR), d

35 (21–60) 30 (21–60) 35 (21–63) 0.3792

Prodromal symptomsa 230 (51) 39 (56) 191 (51) 0.437

Main symptoms

Behavioral and cognitive 466 (95) 71 (95) 395 (95) 0.779

Memory impairment 337 (74) 53 (78) 284 (73) 0.429

Speech disorder 374 (79) 53 (77) 321 (80) 0.591

Seizures 338 (71) 44 (60) 294 (73) 0.028

Decreased level of consciousness 330 (69) 53 (74) 277 (69) 0.392

Movement disorder 407 (83) 52 (69) 355 (86) <0.001

Autonomic dysfunction 248 (51) 34 (47) 214 (52) 0.420

ICU stay 310 (65) 27 (43) 283 (69) <0.001

Abnormal brain MRI 147 (32) 30 (43) 117 (30) 0.025

Median (IQR) CSF white blood cell count per mm3 19 (3–52) 17 (4–50) 20 (3–54) 0.9896

Normal EEG 71 (16) 13 (19) 58 (15) 0.632

Tumor 134 (29) 6 (9) 128 (32) <0.001

Teratoma 125 (27) 4 (6) 121 (31) <0.001

Second line treatment 117 (41) 23 (38) 94 (43) 0.498

Median (IQR) delay to treatment (in d) 21 (14–35) 22 (14–35) 21 (14–35) 0.5443

Relapses 37 (12) 9 (16) 28 (11) 0.307

Bad outcome (mRS > 2) at 12 months 68 (26) 8 (19) 60 (27) 0.265

Abbreviations: ICU = intensive care unit; IQR = interquartile range; mRS = modified Rankin Scale.
a Fever, headache, flu-like symptoms, or gastrointestinal symptoms (vomiting/diarrhea).

Neurology.org/NN Neurology: Neuroimmunology & Neuroinflammation | Volume 7, Number 2 | March 2020 3

http://neurology.org/nn


antibodies only in the CSF after systemically activated
T and B cells cross the blood-brain barrier and orchestrate
the synthesis of NMDAR antibodies in the brain, reflected
by an almost constant presence of intrathecal NMDAR
antibody synthesis and plasma cells in perivascular, in-
terstitial, and Virchow-Robin spaces.8,9 These patients
could potentially have transient low levels of antibodies in
the serum, which become rapidly negative or below the
threshold of detection. Against the later possibility is the
presence, although with a lower frequency compared with
seropositive patients, of a systemic NMDAR-expressing
tumor, such as a teratoma (usually infiltrated by lympho-
cytes that can synthesize NMDAR antibodies) in 6% of the
seronegative patients, and the observation in previous
studies that the presence of a teratoma associates with
higher titers of serum NMDAR antibodies.4

We postulate that seronegative patients have a less robust
immune response in the CNS, probably reflecting the more
benign clinical features of the disease. A similar observation
was made in patients with apparently seronegative myasthenia
gravis (antibodies detected by CBA with clustered AChR)
who also had milder symptoms compared with overly sero-
positive patients.10 A task for the future is to determine
whether seronegative patients have lower titers of CSF anti-
bodies compared with seropositive cases.

Our findings increase awareness of a subset of patients with
anti-NMDAR encephalitis who are antibody negative in the
serum and appear to have a milder form of the disease. Thus,
the absence of serum NMDAR antibodies in patients with
suspected anti-NMDAR encephalitis does not rule out this
diagnosis, and these patients should be tested for CSF anti-
bodies. Because the outcome and frequency of relapses at 12
months were similar to those of seropositive patients, the
current findings suggest that until larger and prospective
studies become available, the seronegative NMDAR antibody
patients with anti-NMDAR encephalitis should be treated
similarly as the seropositive ones.

Acknowledgment
The authors thank Mrs. Esther Aguilar and Mrs. Eva
Caballero for her excellent technical support.

Study funding
This study was supported in part by 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 (ISCIII-FEDER;
PI18-00486, TA; 17/00,234, JD); the Mutua Madrileña
Foundation (AP162572016, TA); Pla estratègic de recerca i
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Abstract
Objective
Despite frequent use of fingolimod (FTY) and dimethyl fumarate (DMF), studies comparing
clinical efficacy and withdrawal rates of DMF and FTY concerning different pretreatment
situations are rare. The aim of our study was to compare relapse occurrence and withdrawal
rates of DMF and FTY in different pretreatment situations.

Methods
Patients from 4 European centers were retrospectively identified and followed until the 1st
relapse after treatment start or if no relapse occurred for a maximum of 2 years. Cox regression
analyses adjusted for relapsing-remitting MS (RRMS) disease duration, sex, and region were
performed for the following pretreatment situations: treatment naive or injectables or DMF/
FTY or natalizumab.

Results
Seven hundred thirty-two patients with RRMS (female/male: 2.4:1.0; DMF n = 409, FTY n =
323) were analyzed. Compared with FTY-treated patients, DMF-treated patients discontinued
treatment more frequently mainly because of side effects (DMF/FTY: 29.3%/20.7%). Clinical
relapses occurred in 24.5% of the patients within 24 months. Survival analysis demonstrated
that compared with FTY treatment, DMF treatment was associated with an adjusted hazard
ratio (aHR) for occurrence of relapse of 1.9 (95% CI 1.4–2.6, p < 0.001, n = 732). Stratification
into pretreatment groups unmasked a higher relapse risk in DMF patients pretreated with
natalizumab (aHR [95% CI] 4.5 [1.9–10.8], p = 0.001, n = 122) or to a lesser extend also in
treatment-naive patients (aHR [95% CI] 1.9 [1.01–3.6], p = 0.045, n = 230). No differences
were observed in patients pretreated with injectables or the respective other oral drug
(injectables: p > 0.05, n = 341; other oral: p > 0.05, n = 39).

Conclusions
DMF treatment was associated with higher clinical disease activity compared with FTY
treatment. A subgroup analysis suggested beneficial effects of FTY in treatment-naive and
patients pretreated with natalizumab.
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Fingolimod (FTY) and dimethyl fumarate (DMF) are oral
immunotherapies approved to treat patients with relapsing-
remitting MS (RRMS).1,2 Several studies have retrospectively
compared clinical efficacy between DMF and FTY, demon-
strating mostly a similar efficacy.3–6 Moderate differences
between DMF/FTY were present concerning MRI disease
activity and treatment tolerability, which was superior in FTY-
treated patients. In addition, focusing on the outcome pa-
rameter “no evidence of disease activity-3” (NEDA-3), which
was reached in DMF- and FTY-treated patients with com-
parable frequencies, a subgroup analysis, however, unmasked
a superiority of FTY in patients switching from self-injectable
drugs to the respective oral substance.6 This different clinical
efficacy was not present in treatment-naive patients. Stratifi-
cation into other pretreatment groups (e.g., pretreatment with
natalizumab or the other oral drug) is missing.6

Our study will provide real-world data comparing discontinu-
ation rates and clinical efficacy of DMF and FTY concerning
the following pretreatment situations: treatment naive, inject-
ables, the other oral drug DMF or FTY, and natalizumab.

Methods
Patient groups studied
We conducted a retrospective observational study over 24
months including 732 patients with RRMS of the 4 partici-
pating European centers (figure) who had been treated with
DMF (n = 409) or FTY (n = 323). Identification of eligible
patients was performed using the following search terms “MS
and fingolimod or Gilenya or FTY” in the centers Aarau,
Athens, and Bern and “MS and Tecfidera or dimethyl fuma-
rate or fumarate or DMF” in all 4 participating centers to
search local clinical information systems within the following
time frames for Bern, Aarau, and Athens January 2011–
December 2018 and for Bochum January 2011–January 2016.
No additional selection criteria were set. All patients identified
with this search algorithm were included. MS diagnosis was in
accordance with the 2010 McDonald criteria.7 Definition of
clinical MS relapse followed national guidelines. The follow-
ing variables were extracted from medical records: date of
birth, year of MS diagnosis, sex, previous MSmedication, date
of the adverse event, date of drug withdrawal, date of treat-
ment initiation of DMF or FTY, date of the 1st relapse under
DMF or FTY treatment, or if no relapse during the 2-year
follow-up occurred date of the last follow-up visit.

Statistical analysis
Categorical data are presented as frequencies and continuous
data as means and 95% confidence intervals (95% CI) and

compared using for continuous variables Mann-Whitney test
and for categorical variables χ2 test. Survival analyses with the
outcome “clinical relapse” were performed using Cox re-
gression analysis adjusted for sex, RRMS disease duration, and
region (Switzerland vs Europe). Survival analysis was per-
formed for different pretreatments: (1) treatment naive, (2)
previous treatment with injectables (interferon or glatiramer
acetate), (3) previous treatment with DMF or FTY, or (4)
previous treatment with natalizumab. Level of significance
was set to p < 0.05.

Ethical approvals
The respective ethic committees Aarau (2016-02233), Bern
(2017-01369), Eginition Hospital Athens (1272018-511),
and Bochum (5408-15) approved the analysis.

Data availability
Anonymized source data are available on reasonable request
via the corresponding author.

Results
Baseline demographics are shown in table 1. The primary reason
for beginning with FTY was disease activity (DMF: 71/409,
17.4% vs FTY: 108/323, 33.4%, p < 0.001). Adverse events
during previous immunotherapies were the main reason for
beginning with DMF (DMF: 113/409, 27.6% vs FTY: 58/323,
18.0%, p < 0.001). Drug discontinuation was more common in
DMF- than in FTY-treated patients (DMF: 120/409, 29.3% vs
FTY: 67/323, 20.7%, p = 0.008). Adverse events were the most
common reason for withdrawal (table 1). Despite clinical disease
activity occurred in 20.4%–27.6% (FTY: 66/323 vs DMF: 113/
409) of the patients, in only 33.6%–47.0% (DMF: 38/113 vs
FTY: 31/66) of these patients, disease activity let to FTY/DMF
withdrawal (table 1). The mean time to the 1st relapse was
shorter in DMF-treated patients (years mean [95% CI]: DMF:
0.6 [0.5–0.6], n = 113 vs FTY: 1.0 [0.8–1.1], n = 66; p < 0.001),
and this differences was the highest in the group pretreated with
injectables (years mean [95% CI]: DMF: 0.6 [0.3–0.7], n = 30
vs FTY: 1.1 [0.9–1.3], n = 42; p < 0.001, table 1).

Compared with patients treated with FTY, patients treated
with DMF had a higher adjusted hazard ratio (aHR) for oc-
currence of clinical relapse (aHR [95% CI] 1.9 [1.4–2.6], p <
0.001, n = 732, table 1). Stratification into pretreatment groups
highlighted a higher relapse risk in DMF-treated patients pre-
treated with natalizumab (aHR [95% CI] 4.5 [1.9–10.8], p =
0.001, n = 122, table 1) or to a lesser extent in treatment-naive
patients (aHR [95% CI] 1.9 [1.01–3.6], p = 0.045, n = 230,
table 1). No differences were observed in patients pretreated

Glossary
aHR = adjusted hazard ratio; DMF = dimethyl fumarate; FTY = fingolimod; NEDA-3 = no evidence of disease activity-3;
RRMS = relapsing-remitting MS.
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with injectables or the respective other oral drug (injectables: p
> 0.05, n = 341; other oral: p > 0.05, n = 39, table 1).

Discussion
We present a comparison of discontinuation rates and clinical
efficacy data of DMF- and FTY-treated patients with RRMS
over a follow-up period of 24months. Taking advantage of the
FTY label as 1st-line MS treatment in Switzerland, this study
provides a unique patient population for head-to-head com-
parison of the clinical efficacy of DMF vs FTY in different
pretreatment situations including treatment-naive patients.8

In general, FTY appears to be less frequently withdrawn and
clinically more effective in terms of relapse activity in our
study. This increased clinical efficacy was present in
treatment-naive and in patients pretreated with natalizumab,
whereas patients pretreated with injectables or switching from
DMF to FTY or vice versa demonstrated to have an equal
clinical response to treatment.

In line with previous reports, we demonstrated that discon-
tinuation was more common in DMF- than in FTY-treated
patients with adverse drug events being the main reason for
drug withdrawal.5 Concerning disease activity, previous
studies reported an equal efficacy3,4 or a trend toward a higher
efficacy of FTY compared with DMF.5,6 The latter was also
present in our study; however, our work provides additional
evidence for different drug efficacy in regard to previous im-
munotherapy. Patients switching from natalizumab and to
a lesser degree also treatment-naive patients with MS
benefitted from FTY in terms of the outcome “occurrence of

relapse”, whereas no differences for occurrence of relapses
were seen in patients pretreated with injectables or the re-
spective other oral drug.

Prosperini et al.6 found a superiority of FTY in patients pre-
treated with injectables, whereas—different to ours—this was
not present in treatment-naive patients. Reasons for different
findings may be the different end points used and the different
drug labels of each study country. Prosperini et al.6 in-
vestigated NEDA-3 status, whereas our investigation purely
focused on clinical relapses. Analysis of NEDA-3 status was
not possible in our study because of different MRI protocols,
frequencies of MRI assessments, and clinical visits between
participating centers making a structured end point compar-
ison for MRI and disability readouts prone to centrum biases.

The limitations of our retrospective study will be addressed in
the following. Adjustment of the Cox regression analysis for
each center was not possible because of small patient and
event numbers in each single center, respectively (supple-
mentary table 1, links.lww.com/NXI/A174), creating a limi-
tation of our analysis. We therefore adjusted for region
(Switzerland vs EU), as recommended in such cases by the
European Medicine Agency.9 Adjustment for region is justi-
fied by the country-specific label of FTY considering 1st-
(Switzerland) vs 2nd-line treatment (Europe: Germany and
Greece), which might have had the greatest influence on our
analysis.10 Patients were identified in the centers using pre-
defined terms to search the existing local clinical information
systems (figure). No other selection criteria were set.
Whether in general, the setting of university and large aca-
demic MS centers creates a selection bias, cannot be

Figure Study flowchart

Some patients of this cohort included in (1) Diem et al. TAND 2018 doi: 10.1177/1756286418791103 and (2) Miclea et al. J Neurol 2016 doi: 10.1007/s00415-
016-8175-3. Locally used clinical information systems were i-pdos (Phoenix Technologies, Milpitas) in Bern, Orbis (Agfa HealthCare, Mortsel, Belgium) in
Bochum, in-house “Demyelinating Diseases Database 1st Department of Neurology” in Athens, and KISIM (Cistec AG, Zürich, Switzerland) in Aarau. DMF =
dimethyl fumarate; FTY = fingolimod.
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Table 1 Description of fingolimod (n = 323) or DMF (n = 409) treated patients andCox regressionmodels to predict clinical
disease activity

FTY DMF p Value

N (%) 323 (44.1) 409 (55.9)

Centre, N (%)

Aarau 144/323 (44.6) 48/409 (11.7) NA

Athens 99/323 (30.7) 41/409 (10.0) NA

Bern 80/323 (24.8) 204/409 (49.9) NA

Bochum 0/323 (0.0) 116/409 (28.4) NA

Female, N (%) 226/323 (70.0) 292/409 (71.4) 0.674

Age in years, mean (95% CI) 39.6 (37.5–40.0) 40.0 (38.8–41.2) 0.271

Disease duration in y, mean (95% CI) 6.8 (6.1–7.5) 5.9 (5.7–6.6) 0.001

MS treatment before DMF or FTY, N (%)

Treatment naive 66/323 (20.4) 164/409(40.1) <0.001

Injectables 183/323 (56.7) 158/409 (38.6) <0.001

DMF 12/323 (3.7) NA NA

Fingolimod NA 27/409 (6.6) NA

Natalizumab 62/323 (19.2) 60/409 (14.7) 0.103

Primary reasons for beginning with DMF or FTY, N (%)

PML risk during NTZ 79/323 (24.5) 52/409 (12.7) <0.001

Medication adverse effects 58/323 (18.0) 113/409 (27.6) <0.001

Disease activity 108/323 (33.4) 71/409 (17.4) <0.001

Postpregnancy 1/323 (0.3) 1/409 (0.2) 0.980

Treatment naive 66/323 (20.4) 162/409 (39.6) <0.001

Unknown 11/323 (3.4) 10/409 (2.4) 0.439

Discontinuation of DMF/FTY, N (%) 67/323 (20.7) 120/409 (29.3) 0.008

Disease activity 31/323 (9.6) 38/409 (9.3) 0.888

Medication adverse effects 27/323 (8.4) 64/409 (15.6) 0.005

Pregnancy 4/323 (1.2) 9/409 (2.2) 0.328

Unknown 5/323 (1.5) 9/409 (2.2) 0.522

Mean time to discontinuation of DMF/FTY, y (95% CI) 1.5 (1.2–1.8) 0.8 (0.7–1.0) <0.001

Treatment naive 0.8 (0.5–1.1) 0.7 (0.5–0.9) 0.157

Injectables 2.0 (1.5–2.5) 1.1 (0.7–1.4) 0.005

Other oral (e.g., DMF → FTY) 1.1 (0.5–1.7) 1.0 (0.2–1.7) 0.307

Natalizumab 0.8 (0.3–1.5) 0.8 (0.3–1.1) 0.905

Clinical relapse within 12 mo, N (%) 37/323 (11.5) 95/409 (23.2) <0.001

Clinical relapse within 24 mo, N (%) 66/323 (20.4) 113/409 (27.6) 0.025

Mean time to first relapse in y, mean (95% CI) 1.0 (0.8–1.1) 0.6 (0.5–0.6) <0.001

Treatment naive 0.8 (0.5–1.1) 0.6 (0.5–0.7) 0.375

Injectables 1.1 (0.9–1.3) 0.6 (0.3–0.7) <0.001

Continued
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sufficiently answered, and should be kept in mind when
interpreting our data.

In addition, other limitations are the relatively small sample
size in the group pretreated with DMF or FTY and the
nonstandardized treatment approach within the 4 participat-
ing centers, e.g., different washout periods between medica-
tion switch, different intervals of MRI, and clinical
investigations. However, as we present a real-world study, the
latter limitation, which interferes with data analysis, mainly
reflects the clinical situation of most neurologists treating
patients with MS.

Considering the growing armamentarium of immuno-
therapies for patients with MS and the known effects of
medication withdrawal and switch during MS disease course,
our study, which provides evidence for decision-making
processes, may guide physicians throughout clinically chal-
lenging treatment options.

Study funding
No targeted funding reported.

Disclosure
L. Diem received travel grants from Merck, Biogen, Roche,
and Bayer Schweiz. A. Daponte reports no disclosures. O.
Findling received compensation for consulting and travel
from Bayer, Biogen, Roche, Teva, Sanofi Genzyme, Merck,
Allmirall, and Novartis. A. Miclea reports no disclosures. M.
Briner received travel grants from Merck and Biogen. A.
Salmen received speaker honoraria and/or travel com-
pensation for activities with Almirall Hermal GmbH, Bio-
gen, Merck, Novartis, Roche, and Sanofi Genzyme, none
related to this work. R. Gold received speaker’s and board

honoraria from Biogen Idec, Baxter, Bayer Schering, Chu-
gai Pharmaceuticals, Merck Serono, Novartis, Roche,
Sanofi-Aventis, Talecris, and Teva. He also received sci-
entific grant support from Biogen Idec, Bayer Schering,
Genzyme, Merck Serono, and Teva. C. Kilidireas has re-
ceived travel grants and consulting fees from Biogen,
Sanofi, Novartis, Roche, Teva, and Serono. A. Chan has
received compensation for activities with Actelion, Almir-
all, Bayer HealthCare, Biogen, Celgene, Genzyme, Merck,
Novartis, Sanofi-Aventis, and Teva Neuroscience, all for
university research funds, and research support from Bio-
gen, Genzyme, and UCB. M.E. Evangelopoulos has re-
ceived travel grants and consulting fees from Biogen,
Novartis, Genzyme, Teva, Merck, and Roche. R. Hoepner
received research and travel grants from Novartis and
Biogen Idec. He also received speaker’s honoraria from
Biogen, Novartis, Merck, and Almirall. Go to Neurology.
org/NN for full disclosures.

Publication history
Received by Neurology: Neuroimmunology & Neuroinflammation June
17, 2019. Accepted in final form November 22, 2019.

Table 1 Description of fingolimod (n = 323) or DMF (n = 409) treated patients and Cox regressionmodels to predict clinical
disease activity (continued)

FTY DMF p Value

Other oral (e.g., DMF → FTY) 0.9 (−1.1–3.1) 0.6 (0.1–1.2) 0.865

Natalizumab 0.5 (0.0–3.0) 0.4 (0.2–0.6) 0.979

aHR (95% CI) N p Value

All patients 1.9 (1.4–2.6) 732 <0.001

Treatment naive 1.9 (1.01–3.6) 230 0.045

Injectables 1.5 (0.9–2.5) 341 0.085

Other oral (e.g., DMF → FTY) 1.4 (0.2–8.3) 39 0.736

Natalizumab 4.5 (1.9–10.8) 122 0.001

Abbreviations: aHR = adjusted hazard ratio; DMF = dimethyl fumarate; DMT = disease-modifying treatment; EU = European Union; FTY = fingolimod;
injectables = interferon or glatiramer acetate; NA = not applicable; NTZ = natalizumab; PML = progressive multifocal leukoencephalopathy.
Statistics: for continuous variables, the Mann-Whitney test was used, and for categorical variables, the χ2 test was used. Cox regression was adjusted for sex,
disease duration, and region (Switzerland vs EU). aHRs are displayed for DMF compared with fingolimod. Significant p values are written in bold letters.
Clinical information systems in use were i-pdos (Phoenix Technologies, Milpitas) in Bern, Orbis (Agfa HealthCare, Mortsel, Belgium) in Bochum, in-house
“Demyelinating Diseases Database of 1st Department of Neurology” in Athens, and KISIM (Cistec AG, Zürich, Switzerland) in Aarau.
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Abstract
Objective
To update the causal estimates for the effects of adult body mass index (BMI), childhood BMI,
and vitamin D status on multiple sclerosis (MS) risk.

Methods
We used 2-sample Mendelian randomization to determine causal estimates. Summary statistics
for SNP associations with traits of interest were obtained from the relevant consortia. Primary
analyses consisted of random-effects inverse-variance-weighted meta-analysis, followed by
secondary sensitivity analyses.

Results
Genetically determined increased childhood BMI (ORMS 1.24, 95%CI 1.05–1.45, p = 0.011) and
adult BMI (ORMS 1.14, 95% CI 1.01–1.30, p = 0.042) were associated with increased MS risk.
The effect of genetically determined adult BMI on MS risk lessened after exclusion of 16 variants
associated with childhood BMI (ORMS 1.11, 95%CI 0.97–1.28, p = 0.121). Correcting for effects
of serum vitamin D in a multivariate analysis did not alter the direction or significance of these
estimates. Each genetically determined unit increase in the natural-log-transformed vitamin D
level was associated with a 43% decrease in the odds of MS (OR 0.57, 95% CI 0.41–0.81,
p = 0.001).

Conclusions
We provide novel evidence that BMI before the age of 10 is an independent causal risk factor for
MS and strengthen evidence for the causal role of vitamin D in the pathogenesis of MS.
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Environmental risk factors for multiple sclerosis (MS) include
low serum 25(OH)D3, obesity, Epstein-Barr virus infection, and
smoking.1 However, associations from observational studies are
subject to confounding and reverse causation. Mendelian ran-
domization (MR) is a type of analysis that sets out to exploit the
associations between genetic variants and traits to make causal
inferences about exposure-outcome associations. In MR analy-
ses, genetic variants associated with a trait are combined to form
an instrumental variable which acts as a proxy for the trait; this
can then be used to determine causal associations with outcomes
of interest. Classical epidemiologic approaches to studying risk
factors, such as cohort and case-control designs, are liable to
biases because of confounding and reverse causation. Because
genetic variants are randomly allocated and (generally) invariant
throughout an individual’s lifetime, MR provides a means of
mitigating the biases inherent in classic epidemiologic studies.
This makes it a useful tool in helping to disentangle true causal
relationships from epiphenomena.

PreviousMR studies have shown causal relationships between low
vitamin D, adult body mass index (BMI), and MS risk2,3 with
conflicting results for childhood BMI.4,5 Larger genome-wide as-
sociation study (GWAS) are now available, permitting more
precise estimations of effect sizes. Where associations of single
nucleotide polymorphisms (SNPs) with both the risk factor of
interest and a putative confounding variable are available,6,7 mul-
tivariateMR can control for confounding.We set out to refine the
estimates of the impact of BMI and vitamin D status on MS risk
using univariate and multivariate MR to control for confounding.

Methods
Genetic datasets
The Early Growth and Genetics consortium meta-analysis
(35,668 Europeans) found 15 independent loci explaining 2%
of the variance in childhood BMI.8 The TheGenetic Investigation
of ANthropometric Traits (GIANT) consortium meta-analysis
(>700,000 Europeans) found 941 near-independent SNPs
explaining 6% of the variance in BMI.9 The SUNLIGHT con-
sortium GWAS (79,366 Europeans) discovered 6 loci associated
with 25(OH)D3, explaining 38% of SNP-heritability.10 Data from
an earlierGIANTmeta-analysis were usedwhen correcting for the
effect of vitamin D-associated SNPs on BMI.11

The International Multiple Sclerosis Genetics Consortium dis-
covery phase GWAS (14,802 MS, 26,703 controls) revealed 200
non-major histocompatibility complex (MHC) loci associated
with MS explaining 19.2% of heritability.12 SNPs within the
MHC are highly pleiotropic, and therefore, for reverse causation
analyses, we used non-MHC SNPs with p <5 × 10−8, yielding 69

independent SNPs. No SNPs associated with vitamin D or
childhoodBMIwere locatedwithin theMHC. For adult BMI, we
excluded MHC SNPs in a secondary sensitivity analysis.

Statistical methods
SNPs were “clumped” using the PLINK clumping algorithm. For
SNPs within a physical window of 10,000 kb or in significant
linkage disequilibrium (r2 >0.001), only the SNPwith the smallest
p value was retained for the analysis. Estimation of causal effects
was performed using the random-effects inverse-variance weighted
(IVW) approach followed by secondary sensitivity analyses.

MR-Egger regression was used to check for bias in the IVW
estimate occurring because of unbalanced horizontal pleiotropy.
Multivariate MR was carried out using the residual-based
method.13 MR analyses were implemented in R v3.6.0 using the
TwoSampleMR package.14 Linkage disequilibrium score re-
gression was implemented using the ldsc software.15,16 Results
are presented as ORs and 95% CIs.

Data availability
We would like to thank the relevant consortia for making their
data available. MS GWAS data were taken from the MS Chip
discovery summary statistics. International Multiple Sclerosis
Genetics Consortium summary statistics are not publicly avail-
able and were obtained through request on the website:
nettskjema.no/answer/imsgc-data-access.html. Adult BMI
GWAS data from the GIANT consortium data were down-
loaded from the website: portals.broadinstitute.org/collabora-
tion/giant/index.php/GIANT_consortium_data_files. Data on
the childhood BMI trait have been contributed by the Early
Growth and Genetics consortium and have been downloaded
from egg-consortium.org. Vitamin D GWAS data were down-
loaded through the link provided in he study: drive.google.
com/drive/folders/0BzYDtCo_doHJRFRKR0ltZHZWZjQ.
We would like to thank theMR-Base collaboration for making
their TwoSampleMR package publicly available.

Standard protocol approvals, registrations,
and patient consents
1. This study did not involve any experiments on human

subjects. All analyses were conducted using publicly
available data sources.

2. There was no direct patient contact in this study, and
therefore, there was no requirement for written informed
consent.

Results
Each genetically determined unit increase in childhood SD-
score-adjusted BMI (SDS-BMI) was associated with ORMS

Glossary
BMI = body mass index; IVW = inverse-variance weighted; MR = Mendelian randomization; SDS-BMI = SD-score-adjusted
BMI.
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1.24 (95% CI 1.05–1.45, p = 0.011, figure 1 and figure s1,
links.lww.com/NXI/A175; table 1, tables s1, links.lww.com/
NXI/A178, and s4, links.lww.com/NXI/A181). There was

no evidence of significant unbalanced horizontal pleiotropy
(MR-Egger intercept 0.006, p = 0.80). A leave-one-out
analysis revealed that exclusion of rs7132908 yielded

Figure 1 (A) Relationship between genetically determined childhood BMI and MS: Forest plot shows individual SNP Wald
ratios for effect of genetically-determined childhood BMI on MS risk

(B) Relationship between genetically determined vita-
min D andMS: Forest plot of individual SNPWald ratios
for the effect of genetically determined vitaminD onMS
risk. IVW = inverse-variance weighted; SDS-BMI = SD-
score-adjusted BMI.
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a nonsignificant overall effect of similar magnitude (ORMS

1.18, 95% CI 0.99–1.40, p = 0.060, figure s1). Genetically
determined MS risk was not associated with childhood BMI
(OR 1.02, 95% CI 0.98–1.06, p = 0.39).

The genetic architecture of childhood BMI and vitaminD status
is not strongly correlated (rg = −0.015, p = 0.79). The effect of
childhood BMI on MS attenuated slightly but remained sig-
nificant after conditioning on vitamin D (ORMS 1.15, 95% CI
1.00–1.33, p = 0.044, figure 2A). Because the genetic determi-
nants of childhood and adult BMI are closely correlated (rg =
0.67, p = 5.4 × 10−109), we did not attempt to correct for the
effects of these variants on adult BMI. All variants had con-
cordant effects on adult and childhood BMI.

Each genetically determined unit increase in adult BMI was
associated with ORMS 1.14 (95% CI 1.01–1.30, p = 0.042;
figure s2, links.lww.com/NXI/A176; tables s2, links.lww.com/
NXI/A179 and s5, links.lww.com/NXI/A182). There was no
evidence of significant unbalanced horizontal pleiotropy (MR-
Egger intercept 0.004, p = 0.081). Exclusion of the 16 variants
associated with childhood BMI (n = 293, α = 0.05, p < 1.71 ×
10−4 = 0.05/293) yielded a diminished causal estimate (ORMS

1.11, 95% CI 0.97–1.28, p = 0.121, figure 2B). Including only

these 16 variants yielded an increased causal estimate (OR 1.48,
95% CI 1.03–2.13, p = 0.036, figure 2B).

The genetic architectures of adult BMI and vitamin D status are
not strongly correlated (rg = −0.021, p = 0.47). Controlling for
the effects on vitamin D status revealed a residual effect of BMI
on MS risk (ORMS 1.19, 95% CI 1.04–1.35, p = 0.009, figure
2B). Excluding SNPs lying within the MHC gave a similar
magnitude of effect but less precision (ORMS 1.12, 95% CI
0.98–1.28, p= 0.084, figure 2B). Genetically determinedMSwas
not associated with BMI (ORBMI 1.01, 95% CI 1.00–1.02, p
= 0.15).

Each genetically determined unit increase in log-transformed
25(OH)D3 was associated with ORMS 0.57 (CI 0.41–0.81, p =
0.001, figures 1B and 2C, figure s3, links.lww.com/NXI/A177;
tables s3, links.lww.com/NXI/A180 and s6, links.lww.com/
NXI/A183). There was no evidence of significant unbalanced
horizontal pleiotropy (MR-Egger intercept −0.018, p = 0.24).
Conditioning on adult BMI did not alter the direction or sig-
nificance of the causal estimate (OR0.71, 95%CI 0.52–0.98, p=
0.037). There was a significant effect of genetically determined
MS risk on vitamin D status (OR 0.99, 95% CI 0.98–1.0, p
0.008), implying that MS may reduce vitamin D levels.

Discussion
We showed that genetically determined increased childhood
BMI is a causal risk factor for MS independent of vitamin D.
Importantly, there was no evidence of significant pleiotropy in
this estimate. Although we cannot exclude that this causal
effect is mediated through adult BMI, adult BMI is a function
of early life BMI, and therefore, we would argue this is a case of
vertical, rather than horizontal pleiotropy which does not
invalidate the MR assumptions.17

In keeping with previous studies,18,19 we demonstrated that
each genetically determined unit increase in adult BMI is as-
sociated with a 14% increase in the odds of MS, increasing to
19% on correcting for the effects on the serum 25(OH)-D3
status. Excluding variants associated with childhood BMI
attenuates this, raising the possibility that this is mediated by
the effects of BMI-associated SNPs on childhood BMI. Alter-
natively, variants associated with both phenotypes may be
those with largest effect sizes, removal of which reduces power.

Finally, we demonstrated that each genetically determined
unit increase in log-transformed serum 25(OH)D3 is asso-
ciated with a 43% reduction in the odds of MS, which is
consistent with previous studies.2,5,18 This persists after cor-
rection for confounding by effects on BMI. There is an ad-
ditional small but significant reverse causation effect—MS
predisposes to lower serum 25(OH)D3.

Our work is not without limitations. First, combining sum-
mary statistics from 2 separate populations (adults and

Table 1 Illustrative OR of MS according to BMI or serum
vitamin D levels

SDS-BMI (age and
gender-specific z
score)

BMI at
age 10 (F)

OR MS (standardised to BMI
16 at age 10 for females)

23.5 12
(underweight)

0.53

20.5 16 (healthy
range)

1.00 (reference)

1.2 20
(overweight)

1.42

2.3 24 (obese) 1.77

Adult BMI
OR MS (standardised
to OR at BMI 22.5)

18 (underweight) 0.55

22.5 (healthy range) 1.00 (reference)

27.5 (overweight) 1.96

32.5 (obese) 3.84

37.5 (morbidly obese) 7.52

Serum vitamin D (nmol/L)
OR MS (standardised
to 10 nmol/L)

10 (severe deficiency) 1.00 (reference)

20 (deficiency) 0.68

40 (insufficient) 0.46

75 (sufficient) 0.33

Abbreviations: BMI = body mass index; SDS-BMI = SD-score-adjusted BMI.

4 Neurology: Neuroimmunology & Neuroinflammation | Volume 7, Number 2 | March 2020 Neurology.org/NN

http://links.lww.com/NXI/A176
http://links.lww.com/NXI/A179
http://links.lww.com/NXI/A179
http://links.lww.com/NXI/A182
http://links.lww.com/NXI/A177
http://links.lww.com/NXI/A180
http://links.lww.com/NXI/A183
http://links.lww.com/NXI/A183
http://neurology.org/nn


children) may introduce bias from population stratification,
which cannot be mitigated. Exclusively using GWAS derived
from participants with European ancestry minimizes stratifi-
cation because of ancestral differences. Second, estimates
derived from MR assume linear relationships between risk
factors and outcome, which may not be true in certain cases.
For instance, it is conceivable that the effect of vitamin D on
MS risk is a “threshold” effect, whereby vitamin D repletion
above a cutoff is protective, but no further protective benefit
above this point. Third, both BMI and vitamin D are dynamic
phenotypes that likely influence MS risk in a time-varying
manner. This is difficult to capture with MR because GWAS
estimates assume static phenotypes. Fourth, MR effects are
averaged at a population level; individual effects, such as sex
and age-specific effects of risk factors are missed. Finally, MR
depends on the assumption that the instrumental variable
only affects the outcome by the exposure of interest. In our

study, as an example, this is equivalent to saying that the
vitamin D genetic instrument only influences MS by its effect
on vitamin D levels. This assumption—that there is no hor-
izontal pleiotropy—is now recognized to be the exception
rather than the rule because most GWAS hits are in exonic
regions of the genome that influence multiple traits. However,
we tested for the presence of unbalanced horizontal pleiot-
ropy in all of our analyses using the MR-Egger test and con-
firmed that it was not present to a degree that would bias the
IVW estimate (our primary analysis).

Strengths of our study included the use of multivariate MR to
control for confounding, the use of novel large GWAS datasets
to improve power, and the alignment of our results with pre-
vious epidemiologic and MR studies in MS. Our study has
implications for our understanding of the pathogenesis of MS
and may have implications for prevention studies.

Figure 2 (A) Genetically determined childhood BMI, (B) genetically determined adult BMI, and (C) genetically determined
serum vitamin D

BMI = body mass index; cBMI = childhood BMI.
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However, it is important to note that MS is a complex disease
caused by interactions between genetic and environmental
factors and the effect sizes we have demonstrated are small.
Based on our analysis, the approximate numbers needed to
treat, based on an incidence of 80 cases per 100,000 person-
years, are very large (estimated number needed to treat per unit
decrease in SDS-BMI: 5,214; number needed to treat per unit
increase in log (vitamin D): 2,908). It must be noted that these
numbers needed to treat are purely statistical constructs, and
therefore, they should not be taken as clinically meaningful,
rather they provide a further estimate of the magnitude of effect.

Although it is clear that targeting childhood obesity and low
vitamin D on a population level are not effective prevention
strategies for MS, it is likely that addressing these risk factors
in early life among high-risk individuals (e.g., those with
strong family history and therefore have a higher baseline
incidence) will have a more pronounced effect. In this study,
we enrich findings from previous cohort studies and provide
evidence from MR that vitamin D and BMI—in adulthood
and childhood—are independent causal risk factors for MS.
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Abstract
Objective
Autoimmune encephalitis (AE) is an important and treatable cause of acute encephalitis.
Diagnosis of AE in a developing child is challenging because of overlap in clinical presentations
with other diseases and complexity of normal behavior changes. Existing diagnostic criteria for
adult AE require modification to be applied to children, who differ from adults in their clinical
presentations, paraclinical findings, autoantibody profiles, treatment response, and long-term
outcomes.

Methods
A subcommittee of the Autoimmune Encephalitis International Working Group collaborated
through conference calls and email correspondence to consider the pediatric-specific approach
to AE. The subcommittee reviewed the literature of relevant AE studies and sought additional
input from other expert clinicians and researchers.

Results
Existing consensus criteria for adult AE were refined for use in children. Provisional pediatric
AE classification criteria and an algorithm to facilitate early diagnosis are proposed. There is also
discussion about how to distinguish pediatric AE from conditions within the differential
diagnosis.

Conclusions
Diagnosing AE is based on the combination of a clinical history consistent with pediatric AE
and supportive diagnostic testing, which includes but is not dependent on antibody testing. The
proposed criteria and algorithm require validation in prospective pediatric cohorts.
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Autoimmune encephalitis (AE) refers to an increasingly rec-
ognized group of inflammatory brain diseases. Children with
AE present with acute or subacute onset of neuropsychiatric
symptoms due to an underlying abnormal immune response
to the CNS.1,2 Many AE associate with antibodies directed
toward extracellular antigens, such as synaptic receptors and
ion channels.2,3 Autoantibodies that bind to extracellular
antigens are generally pathogenic, whereas antibodies that
bind intracellular antigens are not considered pathogenic,
instead general markers of autoimmunity.

A number of different antibodies have been described in
children with AE.4–21 Currently, the most common auto-
antibodies in children target the N-methyl-D-aspartate re-
ceptor (NMDAR), myelin oligodendrocyte glycoprotein
(MOG), and glutamic acid decarboxylase 65 (GAD65).5–12 It
is also recognized that not all children with a clinical pheno-
type of AE have a known autoantibody.1,4

Diagnosing AE is challenging because of overlap in clinical pre-
sentations between the types of AE, other inflammatory brain
diseases, infections, metabolic diseases, and psychiatric disorders.1

It is especially difficult in children because of the complexity of

normal behavioral changes during childhood and the limited ca-
pacity of younger children to describe their symptoms.1 Compared
to adults with AE, children may manifest important differences in
symptoms, paraclinicalfindings, comorbidities, treatment response,
and prognosis.4–7,22–24 There is an urgent need to recognize pe-
diatric AE because treatment delays worsen prognosis and increase
the risk of permanent neurocognitive deficits.6,25,26

In this article, we build on existing consensus criteria for adult AE
by refining them for use in children.27 We propose provisional
pediatric AE classification criteria and an algorithm to facilitate early
diagnosis. Diagnosing AE is based on the combination of a clinical
history consistent with the disease and supportive diagnostic test-
ing, which includes but is not dependent on antibody testing. We
also discuss the differential diagnosis in childrenwith suspectedAE.

Methodology
At the 2014 Autoimmune Encephalitis Alliance (AEalliance.org)
conference in North Carolina, the Autoimmune Encephalitis
International Working Group was formed and initiated dis-
cussions around developing diagnostic criteria for AE. A sub-
committee of pediatric neurologists and rheumatologists

Glossary
AE = autoimmune encephalitis; Caspr2 = contactin-associated protein-like 2; FIRES = febrile infection-related epilepsy
syndrome; GABAAR = gamma-aminobutyric acid A receptor; GAD65 = glutamic acid decarboxylase 65; HE = Hashimoto
encephalopathy; LGI1 = leucine-rich glioma-inactivated protein 1;MOG = myelin oligodendrocyte glycoprotein; NMDAR =
N-methyl-D-aspartate receptor; PANDAS = pediatric autoimmune neuropsychiatric disorders associated with streptococcal
infections; PANS = pediatric acute-onset neuropsychiatric syndrome; VGKCC = voltage-gated potassium channel complex.
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identified that adult-focused criteria may not apply well to chil-
dren. As a result, this subcommittee collaborated through con-
ference calls and email correspondence to consider the pediatric-
specific approach to AE. The subcommittee reviewed the litera-
ture on relevant AE studies and sought additional input from
other experts. The first author (T.C.) developed a draft based on
the preceding discussions that was subsequently reviewed and
modified by all authors.

Existing diagnostic criteria for AE
The International Encephalitis Consortium 2013 diagnostic
criteria for encephalitis of presumed infectious or autoimmune
etiology require patients to have altered mental status lasting
more than 24 hours with no alternative cause identified.28

Confirmation of this diagnosis requires at least 3 minor criteria,
including fever within 72 hours of presentation; new onset focal
neurologic findings; CSF leukocytosis; acute new neuro-
imaging abnormality suggestive of encephalitis; or EEG ab-
normalities consistent with encephalitis.28 These criteria do not
differentiate autoimmune from infectious encephalitis.

More recently, an international group developed diagnostic
criteria for early diagnosis of AE in adults, which require (1)
subacute onset over less than 3 months of working memory
deficits, altered mental status, or psychiatric symptoms; (2) at
least one of the following: new focal CNS findings, seizures not
explained by a preexisting disorder, CSF pleocytosis, and/or
MRI features suggestive of encephalitis; and (3) reasonable
exclusion of alternative causes.27 Specific neurologic syndromes
were given criteria, including limbic encephalitis, anti-NMDAR
encephalitis, and autoantibody-negative AE.27

These AE criteria requiredmodification to be applied to children.
For example, deficits in working memory are challenging to
identify in younger children. Also, children are less likely to
present with a well-defined neurologic syndrome and, even in
anti-NMDAR encephalitis, the sequence of symptom de-
velopment may differ from adults.5–7 Furthermore, the differen-
tial diagnosis for a child presenting with temporal lobe seizures
and cognitive slowing is broad, whereas this presentation in adults
suggests limbic encephalitis or acquired temporal pathology.

Clinical features distinguishing adults
and children with AE
Typically, children with AE are previously healthy and present
with rapid onset of neuropsychiatric symptoms. Prodromal
symptoms including fever occur in over 50% of patients.2,4–6

Between disease onset and initiation of therapy, symptoms typ-
ically persist over time. This distinguishes AE from pediatric
acute-onset neuropsychiatric syndrome (PANS), where patients
often experience a relapsing-remitting course with rapid pro-
gression to maximum symptom severity and rapid return to
previous function over hours or days, sometimeswithout therapy.

Neurologic manifestations of AE include altered level of con-
sciousness, confusion, disturbed sleep, movement disorders and
seizures. Seizures are the most common feature in AE and may
be the predominant manifestation.4–7,10–21 Seizures may be
focal or generalized and are often multifocal.4–7,10–21 Over one
third of patients with AE have abnormal movements, such as
ataxia, chorea, dystonia, myoclonus, or tremor.4–7,13,15 Both
seizures and movement disorders can be highly refractory to
standard treatments in children with AE.10,14,16,24 Some degree
of cognitive impairment is seen in the overwhelmingmajority of
AE patients and is considered a cardinal symptom.4,5,13,14,16,19,21

As such, a diagnosis of AE would be highly questionable in
patients with documented normal cognition, again differenti-
ating AE from PANS where cognition is often preserved.
Assessing memory deficits in young children may be challeng-
ing; however, developmental regression, language loss or speech
impairments may be presenting features of pediatric AE.5–7,29

Behavioral changes, such as repetitive or stereotypical behav-
iors, irritability, hyperactivity, hypersexuality, insomnia and
anger outbursts, are common in pediatric AE.4–7 Psychiatric
symptoms may range from mood swings and mild personality
changes to fulminant psychosis and occur in over 50% of AE
patients.4–7 New-onset psychosis in children younger than 13
years is uncommon and considered a red flag for an underlying
medical, rather than primary psychiatric, condition. It is critical
to assess for cognitive changes, seizures, movement abnor-
malities, or other neurologic symptoms in children with acute
psychiatric symptoms, as these symptoms are suggestive of AE.

Children with AE likely differ from adults in their clinical
presentations due to evolution of neuronal circuits, neuro-
receptor densities and myelination during normal de-
velopment. Children with AE are more likely to present with
multifocal neuropsychiatric symptoms, rather than isolated
clinical syndromes. For example, children with GAD65 anti-
bodies may not present with the classic stiff-person syndrome
or cerebellar degeneration seen in adults.11,12,22 Children with
anti–NMDAR-associated encephalitis are more likely to pres-
ent withmovement abnormalities, agitation, insomnia, seizures,
speech deficits, ataxia, and/or hemiparesis, whereas memory
deficits, psychiatric manifestations, and central hypoventilation
are more common in adults with the same antibody.5–7 Pedi-
atric AE is less associated with tumors compared with adults.4–7

Diagnostic evaluation of children and
teenagers with suspected AE
Although no single investigation is diagnostic of pediatric AE,
the presence of a suggestive clinical phenotype and supportive
paraclinical testing is essential to diagnose an underlying in-
flammatory process and to exclude alternative diagnoses. Initial
investigations to be considered for any child with suspected AE
are listed in table 1, although diagnostic workup should be
tailored to the individual.
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Blood tests are helpful to assess for systemic inflammatory
changes, autoantibodies associated with systemic autoim-
mune diseases, vitamin B12 deficiency, markers of infection,
elevated lactate due to metabolic conditions, and recreational
drug use. Erythrocyte sedimentation rate, C-reactive protein,
leukocyte counts, and platelet counts may be normal in chil-
dren with AE.1,4–21

CSF pleocytosis and/or elevated protein levels may be seen at
diagnosis or during disease course, but are not uniformly
present.1,4–21 Recommended tests to assess for infectious en-
cephalitis were based on population-based studies in California
and England (table 1).30,31 However, workup for infectious

etiologies varies depending on the season and region where the
patient lives or has traveled. A recent report suggests that anti-
NMDAR encephalitis may bemore common in children than any
specific infectious encephalitis, further highlighting the importance
of considering AE when evaluating for infectious encephalitis.32

CSF neopterin is a useful but not rapidly accessible biomarker that
is frequently elevated in anti-NMDAR encephalitis and other
encephalitides, but normal in PANS.33 There is evidence that AE
(particularly anti-NMDAR encephalitis) may be triggered by
herpes simplex virus encephalitis and Japanese encephalitis.34

All patients should have a brain MRI with and without
gadolinium. Over half of patients with AE will have a normal

Table 1 Recommended investigations for children with suspected AE

A. Initial investigations for patients with
possible AE

Diagnostic imaging Brain MRI with gadolinium (including T1, T2, FLAIR, and diffusion-weighted sequences)

Consider adding spine MRI if neurologic abnormalities potentially mediated by spinal cord involvement

Blood tests Complete blood cell count and differential

Erythrocyte sedimentation rate, C-reactive protein, and ferritin

Vitamin B12 level and vitamin D level

Serum lactate

Thyroid-stimulating hormone, free thyroxine, and thyroid autoantibodies (e.g., antithyroid peroxidase,
antithyroglobulin, and anti–thyroid-stimulating hormone receptor)

Serologic testing for infectious causes (dependent on regional epidemiology)

Consider antinuclear antibodies and specific antinuclear antibodies (e.g., anti–double-stranded DNA and
anti-Smith) if indicated by clinical presentation

Consider serum complement and immunoglobulin levels if personal or family history of autoimmunity or
immune deficiency

Urine tests Testing for recreational drugs (e.g., marijuana, cocaine, and opioids)

Lumbar puncture Opening pressure

CSF cell counts, protein, lactate, oligoclonal bands, and neopterin (if available)

Infectious testing dependent on regional epidemiology, but often includes PCR for enterovirus, herpes
simplex virus, and varicella zoster viruses

Save 5–10 mL of CSF for future testing

Respiratory tests Nasopharyngeal swab for respiratory viruses and mycoplasma PCR

EEG Assess for focal or generalized seizures, epileptiform discharges, and changes in background activity

B. More specific investigations for
patients with possible AE

Blood tests Serum testing for antibodies associated with AEa

Lumbar puncture CSF testing for antibodies associated with AEa

Neurocognitive tests Assess for cognitive deficits affecting memory, attention, problem solving, language, and cognitive
processing

Consider using symbol digit modalities test to screen for cognitive dysfunction

Other tests Consider if available and/or if required based on initial investigations: PET and SPECT

Abbreviations: AE = autoimmune encephalitis; FLAIR = fluid-attenuated inversion recovery.
a See tables 2 and 3 for details regarding neural antibodies identified in children.
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brain and spine MRI at diagnosis.4–7,16,21,22 Inflammatory
lesions (high signal on T2 and fluid-attenuated inversion
recovery sequences) may develop over time, and cerebral
atrophy may occur months later.4,6,7,15 MRI lesions are most
likely to be present in those with antibodies to MOG or the
gamma-aminobutyric acid-A receptor (GABAAR).

9,14,15

Neuroimaging findings are not limited to the temporal lobe
or cortex.1,5–21 A normal MRI lessens suspicion for CNS
vasculitis, demyelinating diseases, infections, and malig-
nancies.1 In contrast, restriction on diffusion-weighted im-
aging reduces the likelihood of pediatric AE and should
prompt consideration of other etiologies, such as infection-
associated encephalopathies and vasculitis.1 Small retro-
spective adult AE studies have proposed that functional PET
and SPECT studies may demonstrate brain dysfunction, but
experience is limited in pediatric AE.35,36

A normal EEG is unusual in children with AE during ac-
tive disease, although prolonged EEG may be needed for

improved sensitivity. Therefore, focal or generalized seiz-
ures, epileptiform discharges, and encephalopathic changes,
such as diffuse or focal slowing, may help to distinguish AE
from primary psychiatric disorders or PANS. Adults with
AE are more likely to have EEG changes predominantly
involving the temporal lobes, whereas EEG findings in
children may be more generalized.4–7,14–21 Specific EEG
features, such as the “delta brush” pattern and extreme
spindles, have been linked to anti-NMDAR encephalitis, but
sensitivity is low.6,22,23

Neurocognitive testing may identify deficits in memory, at-
tention, problem solving, language, and processing speed,
particularly in younger children. A change in neurocognitive
function supports a diagnosis of pediatric AE and may dif-
ferentiate these patients from those with primary psychiatric
disorders. However, interpretation of neurocognitive testing at
diagnosis should be undertaken with caution, as there is often
no premorbid testing for comparison.

Table 2 Antibodies that are commonly identified in pediatric AE

Antibody target
(localization) Typical clinical features in children

GAD6510212

(intracellular)
Frequency Common in AE, but only pathologic if high titers in serum and present in CSF

Clinical Encephalitis with memory loss, cognitive impairment, cerebellar ataxia, and temporal lobe seizures

MRI May be normal initially often progresses to lesions in the limbic system, cerebellum, and cortices with possible
atrophy

EEG Epileptiform discharges may be multifocal

Other CSF leukocytosis may be mild with oligoclonal bands
Associated personal or family history of autoimmunity
Often resistant to immunotherapy

MOG8,9,42,45–47

(extracellular)
Frequency Common in AE

Clinical Acute disseminated encephalomyelitis including encephalopathy, optic neuritis, or transverse myelitis (but not
typical MS); cortical encephalitis with seizures; brainstem encephalitis; and meningoencephalitis without
demyelination

MRI Focal or multifocal white matter lesions, longitudinally extensive myelitis and optic neuritis

EEG Nonspecific slowing

Other Serum antibody testing preferable to CSF
Higher titers of antibodies in younger children
Persistent antibodies in relapsing disease

NMDAR5–7

(extracellular)
Frequency Most common antibody target in pediatric AE

Clinical Encephalitis with movement disorder, seizures, psychiatric symptoms, reduced verbal output/mutism,
developmental regression (in younger children), sleep dysfunction (mainly insomnia), and autonomic instability

MRI Normal in at least 65% of patients; T2/FLAIR lesions may be identified in the cortex, white matter, cerebellum, or
basal ganglia; reversible cerebral atrophy is a late finding

EEG Abnormal in over 90% of patients—most have generalized slowing, but may see focal epileptic activity, focal
slowing, or “prolonged spindles/delta brush pattern”

Other CSF antibody testing preferable to serum
Increased association with tumors in females and in patients older than 12 y

Abbreviations: AE = autoimmune encephalitis; FLAIR = fluid-attenuated inversion recovery; GAD65 = glutamic acid decarboxylase 65; MOG = myelin oligo-
dendrocyte glycoprotein; NMDAR = NMDA receptor.

Neurology.org/NN Neurology: Neuroimmunology & Neuroinflammation | Volume 7, Number 2 | March 2020 5

http://neurology.org/nn


Other diagnostic tests may be considered. Most children
with AE do not require brain biopsy. However, a targeted
brain biopsy of MRI abnormalities may be needed when the
diagnosis remains uncertain after initial workup. The di-
agnostic yield of brain biopsy is higher in pediatric patients
than in adults.37

Antibody testing and interpretation in
children and teenagers with
suspected AE
Antibodies associated with pediatric AE are listed in tables
2 and 3. Each antibody is associated with characteristic

Table 3 Antibodies that are identified less frequently in pediatric autoimmune encephalitis

Antibody target
(localization) Typical clinical features in children

Dopamine-2 receptor13

(extracellular)
Frequency Very uncommon

Clinical Encephalitis with predominant movement disorders, psychiatric symptoms, sleep disturbance, mutism, and
decreased consciousness

MRI Abnormal in 50% of patients, usually symmetric selective involvement of basal ganglia

EEG No consistent pattern reported

Other Variable CSF findings, sometimes lymphocytic pleocytosis or oligoclonal bands

GABAA receptor14,15

(extracellular)
Frequency Uncommon

Clinical Encephalitis with refractory seizures, status epilepticus, or epilepsia partialis continua

MRI Multifocal T2/FLAIR lesions in cortical/subcortical areas

EEG Epileptiform activity and generalized slowing

Other Most patients have CSF leukocytosis
Often associated with GAD or thyroid autoantibodies

GABA-B receptor16,17

(extracellular)
Frequency Very uncommon

Clinical Encephalitis with focal or generalized seizures and mixed movement disorder

MRI Abnormal in over 50%with increased T2/FLAIR signal in themedial temporal lobe (may bemultifocal andmay
be associated with changes on diffusion-weighted imaging)

EEG Diffuse slowing and epileptiform discharges

Other CSF abnormal in up to 90% with lymphocytic pleocytosis
Pediatric cases not linked to infection or tumor

Glycine receptor18,19

(extracellular)
Frequency Uncommon

Clinical Progressive encephalomyelitis with rigidity and myoclonus; encephalitis; and other brainstem syndromes

MRI Frequently normal (70% reported cases)

EEG Abnormal in approximately 70%, usually slowing

Other Variable CSF findings of lymphocytosis, elevated protein, and oligoclonal bands
May be associated with antibodies to other targets (e.g., GAD)

m-GluR520,21

(extracellular)
Frequency Very uncommon

Clinical Encephalitis with psychiatric symptoms

MRI Variable MRI findings, often T2/FLAIR

EEG Variable EEG findings, typically absent epileptiform discharges

Other CSF lymphocytic pleocytosis

Abbreviations: FLAIR = fluid-attenuated inversion recovery; GABA = gamma-aminobutyric acid; GAD = glutamic acid decarboxylase; m-GluR5 =metabotropic
glutamate receptor 5.
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symptoms, seizure types, and other clinical findings.
However, there is significant overlap between the different
disorders and so testing a panel of neural autoantibodies is
recommended for any child with suspected AE. The most
common autoantibodies identified in children target
NMDAR, MOG, GAD65, and GABA

A
R. Given the rarity of

other autoantibodies, further testing should be considered
only if antibodies to these targets are negative and suspi-
cion of AE persists (table 3).

Antibody testing should be performed in both CSF and serum to
avoid false-negative and false-positive results. For example, testing
for NMDAR antibodies typically has higher sensitivity in CSF
compared with serum, with up to 15% of patients having negative
serum results.5–7 In contrast, MOG autoantibodies have higher
sensitivity in serum.9

Interpretation of antibody test results should carefully consider
the child’s clinical presentation, especially when more than 1
antibody is identified. For example, GAD65 antibodies tend to be
associated with personal or familial autoimmunity and low titers,
such as those seen in type 1 diabetes mellitus, are not neurolog-
ically relevant.22 The presence of more than 1 antibody in some
patients with AE has been recognized andmay be associated with
overlapping syndromes. Antibody specificity is also important
when interpreting antibody test results. For instance, only IgG
isotype antibodies to theGluN1 subunit of theNMDARon a cell-
based assay are specifically associated with AE.5,38

In adults with AE, most antibodies to the voltage-gated potas-
sium channel complex (VGKCC) do not bind to the channel,
but to proteins in the complex, particularly leucine-rich
glioma-inactivated protein 1 (LGI1) and contactin-

Table 4 Proposed classification criteria for possible, definite antibody-positive andprobable antibody-negative pediatric AE

Categorical features of AE Specific diagnostic features

Diagnostic categories

Possible
AE

Probable
antibody-
negative AE Definite antibody-positive AE

1. Evidence of acute or
subacute symptom onset

Onset of neurologic and/or psychiatric symptoms over
≤3 mo in a previously healthy child

Yes Yes Yes

2. Clinical evidence of
neurologic dysfunction

Features include: ≥2
features
present

≥2 features
present

≥2 features present

Altered mental status/level of consciousness or EEG
with slowing or epileptiform activity (focal or
generalized)

Focal neurologic deficits

Cognitive difficultiesa

Acute developmental regression

Movement disorder (except tics)

Psychiatric symptoms

Seizures not explainedby apreviously known seizure
disorder or other condition

3. Paraclinical evidence of
neuroinflammation

Features include: Not
available

≥1 features
present

≥1b features present

CSF inflammatory changes (leukocytosis >5 cells/mm3

and/or oligoclonal banding)

MRI features of encephalitis

Brain biopsy showing inflammatory infiltrates and
excluding other disorders

4. AE serology Presence in serum and/or CSF of well-characterized
autoantibodies associated with AE

Not
available

No Yes

5. Exclusion of other
etiologies

Reasonable exclusion of alternative causes, including
other causes of CNS inflammation

Yes Yes Yes

Abbreviation: AE = autoimmune encephalitis.
a Severe cognitive dysfunction that is not attributable to a primary psychiatric syndrome as documented by a qualified clinician (e.g., neurologist, psychiatrist,
and neuropsychologist) or a significant drop in IQ (>20 points).
b When antibodies against NMDA receptor, gamma-aminobutyric acid A receptor, or glutamic acid decarboxylase 65 are present in CSF, further paraclinicalmarkers of
neuroinflammation are not required to diagnose definite AE. When only serum antibodies are present, one or more paraclinical marker(s) of neuroinflammation is
required.
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associated protein-like 2 (Caspr2).39 In children, VGKCC
antibodies rarely target LGI1 or Caspr2.40,41 It has been
argued that VGKCC antibodies without specific binding to
LGl1 or Caspr2 have limited clinical significance.40

Proposed classification criteria and
algorithm for diagnosis of pediatric AE
Wemodified the criteria for adult AE and propose provisional
classification criteria for possible pediatric AE, probable
antibody-negative pediatric AE, and definite antibody-positive
pediatric AE in table 4.27 A diagnostic algorithm is also pro-
vided in figure. The provisional criteria and algorithm should
be assessed prospectively in future cohorts.

A diagnosis of pediatric AE should be considered in previously
healthy children who present with acute or subacute (less than
3 months) onset of new focal or diffuse neurologic deficits,
cognitive difficulties, developmental regression, movement
abnormalities, psychiatric symptoms, and/or seizures. Al-
though children with preexisting developmental delay or
chronic behavior/psychiatric abnormalities may develop AE,
alternative diagnoses, such as genetic, metabolic, or neurode-
generative etiologies, should be considered in these patients.

Children with a clinical presentation suggestive of AE should
have serum and CSF examined for neuronal antibodies, un-
dergo paraclinical testing for neuroinflammation, and have
disease mimics excluded (tables 1 and 4). EEG is not included

Figure Algorithm for diagnostic workup of children with suspected AE using provisional criteria

AE = autoimmune encephalitis.
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as paraclinical evidence of neuroinflammation because EEG
cannot differentiate AE from other encephalopathies. How-
ever, EEG encephalopathic features are allowable as an alter-
native for clinical features of encephalopathy. If a patient fulfills
criteria for possible pediatric AE (table 4) and is functionally
impaired, therapy may be started while awaiting the results of

antibody and other testing, given the importance of early
treatment to improve outcomes.4,25,26 If a patient with possible
AE subsequently does not have positive antibodies or para-
clinical testing for neuroinflammation, a diagnosis of AE is not
supported. For these children, careful further consideration of
the differential diagnosis is warranted, and additional immune

Table 5 Differential diagnosis of AE in children and adolescents

Primary CNS inflammatory AE, including HE

Primary or secondary CNS vasculitis

Demyelinating diseases: acute disseminated encephalomyelitis, MS, and neuromyelitis optica

Rasmussen encephalitis

Systemic inflammatory Autoimmune diseases: antiphospholipid syndrome, celiac disease, Behçet disease, sarcoidosis, systemic
lupus erythematosus, and Sjögren syndrome

Autoinflammatory diseases: interferonopathies and hemophagocytic lymphohistiocytosis

Infectious Bacteria: Borrelia burgdorferi, Listeria monocytogenes, Mycoplasma pneumoniae, Mycobacterium tuberculosis,
and Treponema pallidum

Viruses: adenovirus, enterovirus, Epstein-Barr virus, HSV, HIV, influenza, JC virus, measles, rabies, varicella
zoster virus, and West Nile virus

Parasites: malaria

Postinfectious or infection-associated
encephalopathy

Postmycoplasma basal ganglia encephalitis

Post-HSV encephalitis movement disorder

Poststreptococcal neuropsychiatric disorders (including Sydenham chorea)

Encephalitis lethargica

Diseases with immune mechanisms
under review

FIRES

ANE

AESD

PANDAS

PANS

Metabolic Genetic/inherited diseases: leukodystrophies, mitochondrial diseases, mucopolysaccharidoses, organic
acidurias, and Wilson disease

Hepatic encephalopathy

Neoplastic Primary CNS tumors (e.g., lymphoma, glioma, and astrocytoma)

Metastatic disease (e.g., neuroblastoma and leukemia)

Nutritional Vitamin B12 deficiency

Psychiatric New onset schizophrenia, bipolar disorder, conversion disorder, childhood disintegrative disorder, and
psychogenic seizures

Toxic Recreational drugs (e.g., alcohol, marijuana, synthetic cannabinoids, cocaine, opioids, and
methamphetamines)

Ingestions (e.g., ethylene glycol, methanol, and inhalants)

Medications, such as metronidazole and cyclosporine

Other Child abuse and neglect

Abbreviations: AE = autoimmune encephalitis; AESD = acute encephalopathy with biphasic seizures and diffusion restriction; ANE = acute necrotizing
encephalopathy; FIRES = febrile infection-related epilepsy syndrome; HE = Hashimoto encephalopathy; HSV = herpes simplex virus; PANDAS = pediatric
autoimmune neuropsychiatric disorders associated with streptococcal infections; PANS = pediatric acute-onset neuropsychiatric syndrome.
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therapy should only be undertaken with caution (table 5,
figure).

Children may have AE caused by antibodies that have not yet
been identified and may meet criteria for probable antibody-
negative pediatric AE (table 4). These patients will have 1 or
more positive paraclinical tests for neuroinflammation, but
negative antibody testing. Children who meet the criteria for
definite antibody-positive pediatric AE will have positive anti-
body testing. If CSF antibodies are present (e.g., NMDAR and
GAD65), no other paraclinical evidence of neuroinflammation
is required for a diagnosis of definite AE (table 4). If only serum
antibodies are present, 1 or more paraclinical tests of neuro-
inflammation must be abnormal. There should be caution in
diagnosing AE when only serum antibodies (particularly
NMDAR, GABAAR, and glycine receptor) are found in the
absence of paraclinical evidence of neuroinflammation.

The proposed pediatric AE criteria differ from the adult criteria in
several ways (table 4, table e-5, links.lww.com/nxi/A184).27 First,
the pediatric criteria include both acute and subacute time frames
for symptomonset, reflecting the range in disease course observed
in children. Adult AE criteria were developed for several well-
defined syndromes (i.e., limbic encephalitis, acute dis-
seminated encephalomyelitis [ADEM], and anti-NMDAR
encephalitis) and the associated algorithm focuses on
whether patients meet criteria for these syndromes.27 In
contrast, many pediatric patients with AE do not present
with a well-defined syndrome and so the pediatric criteria
were devised to capture the breadth of clinical and para-
clinical findings reported in children. Similarly, the pedi-
atric AE algorithm (figure) does not focus on syndrome
identification, but is intended to guide a clinician in
assessing clinical features and in paraclinical and antibody
testing, so as to determine whether an AE diagnosis is
appropriate. The adult AE criteria group clinical and par-
aclinical markers together, whereas the pediatric criteria
distinguish clinical evidence of neurologic dysfunction
from paraclinical evidence of neuroinflammation.

Patients with definite AE may benefit from continued or ad-
vanced immunosuppressive therapy, although specific protocols
are not yet validated. Identification of an antibody associated
withAEmay facilitate counseling regarding expected course and
outcomes. Timing of clinical responses to immunotherapy in
children with AE may vary from immediate to months after
starting.5–7,24,42 Therefore, using response to therapy as con-
firmatory support for a diagnosis of AE may be misleading.

Approach to clinically
recognizable syndromes
Anti-NMDAR encephalitis
Anti-NMDAR encephalitis is the most common pediatric AE.
The current adult diagnostic criteria for anti–NMDAR-
associated encephalitis have been tested and apply well in

children.43 However, children are more likely to present with
neurologic symptoms, instead of psychiatric symptoms, and
may not present with the classic sequence of symptoms de-
scribed in adults—for example, movement disorders and au-
tonomic dysfunction occur earlier in children.5–7

AE associated with antibodies to MOG,
including acute disseminated
encephalomyelitis
The most common autoantibody associated with autoimmune
demyelination targets MOG.8,9,42 Patients who have ADEM as-
sociated withMOG autoantibodies aremore likely to exhibit large
globular lesions and long segment myelitis compared with those
without these antibodies.44 Children with MOG antibodies are
also less likely to have oligoclonal bands than those with MS.42,44

However, the spectrum of brain disease associated with MOG
antibodies in adults and children has broadened to include
ADEM, meningoencephalitis, cortical encephalitis with seizures,
brainstem encephalitis, and mimics of vasculitis.45–47 Some of
these patients will evolve into more typical demyelinating phe-
notypes, such as ADEM; therefore, MOG antibodies should be
considered in pediatric AE presentations beyond ADEM.45–47

MOG autoantibodies are typically transient in monophasic
ADEM, but remain positive in relapsing phenotypes.8,9,42

Limbic encephalitis
The clinical, EEG, and radiologic features of limbic encephalitis
are uncommon in children.48 Autoantibodies associated with
adult limbic encephalitis include those that target LGI1, GAD65,
alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid re-
ceptor, gamma-aminobutyric acid-B receptor, Caspr2, Hu, and
Ma2.3With the exception ofGAD65, these specific antibodies are
rare in children.48

Hashimoto encephalopathy
Hashimoto encephalopathy (HE) presents with nonspecific
neuropsychiatric symptoms accompanied by antithyroid anti-
bodies, which are considered markers of autoimmunity, rather
than pathogenic. Patients may develop seizures, altered mental
status, cognitive decline, psychosis, paranoia, focal neurologic
defects, and movement disorders.49,50 Over 70% of children
with HE have a normal brain MRI, CSF rarely shows pleocy-
tosis, and EEG often shows generalized or focal slowing
without seizures.49,50 Most children have normal thyroid
function despite having antithyroid antibodies.49,50 Thoughtful
interpretation is required because serum thyroid autoanti-
bodies have been identified in healthy children.49,50

Approach to probable antibody-
negative pediatric AE
Children with a clinical phenotype of AE and paraclinical
findings of neuroinflammation, but negative testing for neural
antibodies, may meet criteria for probable antibody-negative
pediatric AE (table 4). It is well recognized that not all neural
autoantibodies have been identified. Having CSF and serum
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testing in a research laboratory may identify patients who have
antibodies against neural cell surface antigens of yet unknown
identity and who may respond to immunotherapy.

Probable antibody-negative AE is one of the most challenging
clinical scenarios. It is appropriate that a child presenting with
new onset encephalopathy, neuropsychiatric features, and
changes in function be investigated for possible AE. However,
the differential diagnosis in children is arguably broader than in
adults, and so it is important to ensure that other diagnoses
have been excluded before giving an AE diagnosis. Pathologic
entities that often cause diagnostic difficulty are cortical dys-
plasias and genetic epilepsies presenting with fever-provoked
symptomatic focal seizures, infection-provoked encephalopa-
thy and PANS. In these syndromes, CSF pleocytosis or oli-
goclonal bands are usually absent, and MRI is either normal or
demonstrates alternative pathology. Therefore, critical exami-
nation of paraclinical tests for evidence of CNS inflammation is
mandatory to avoid unnecessary immune suppression. A di-
agnosis of probable antibody-negative pediatric AE should also
be reassessed in children with atypical features.

Differential diagnosis of AE
The spectrum of inflammatory brain diseases in children has
rapidly expanded as new diseases and new etiologies for existing
conditions have been described. The underlying pathogenic
mechanisms that lead to CNS inflammation may involve vessel
wall inflammation, demyelination, or an immune response di-
rected against neurons and supporting structures.1,3 In-
flammation may also occur secondary to infection, malignancy,
or a systemic inflammatory disease. Diagnosing pediatric AE is
especially challenging because of the clinical overlap between
conditions in the differential diagnosis (table 5) and the clinical
heterogeneity within patients having the same disease.

Specific conditions within the differential
diagnosis of AE
Comprehensive evaluation is required to distinguish children
with AE from those who have other inflammatory brain diseases.
For example, children with large-vessel CNS vasculitis typically
demonstrate a stroke phenotype, including paresis and speech
deficits, and may be distinguished by the presence of ischemic
changes on MRI and angiographic abnormalities, such as aneu-
rysm and beading.51 In contrast, children with small-vessel CNS
vasculitis present with cognitive dysfunction, seizures, vision ab-
normalities, and bilateral nonischemic lesions on MRI and have
inflammatory vessel wall changes identified on brain biopsy.51

Infection-associated encephalopathy disorders include febrile
infection-related epilepsy syndrome (FIRES), acute necrotizing
encephalopathy, mild encephalopathy with reversible splenium
lesion, and acute encephalopathy with biphasic seizures and
diffusion restriction.52 These syndromes have typical clinical and
radiologic features, often with diffusion restriction on imaging,
which may infer cytotoxicity and distinguish these patients from
those with AE. For example, children with FIRES develop

a nonspecific febrile illness followed by sustained refractory
status and then progress to chronic, drug-resistant epilepsy with
neuropsychological impairment.52 Neuroimaging and brain bi-
opsy in FIRES are usually normal.52 The pathogenesis of these
diseases is unresolved, but may include genetic vulnerability
leading to an infection-triggered “cytokine storm.”52

Other diagnoses within the differential are PANS and pediatric
autoimmune neuropsychiatric disorders associated with strep-
tococcal infections (PANDAS). These conditions describe an
idiopathic or postinfectious onset of obsessive-compulsive dis-
order, eating restriction, other emotional syndromes, tics, loss of
skills, or personality change.53 Both clinical phenotypes lack
robust biomarkers, and pathogenesis remains disputed; how-
ever, there is some evidence of immune mediation and immu-
notherapy responsiveness.53,54 Although patients may appear to
have an acquired brain syndrome, most children with PANDAS
or PANS would not fulfill the proposed pediatric AE criteria.

Also, monogenic autoinflammatory syndromes may involve the
brain, such as the genetic interferonopathies, vasculopathies, and
hemophagocytic lymphohistiocytosis.55 These disorders typi-
cally present in early childhood, result in chronic progressive
disease, often involving increasing spasticity, intracranial calcifi-
cations andmicrocephaly, and are associatedwith persistentCSF
immune activation.55 These syndromes are distinguished from
AE by the presence of non-neurologic features, such as skin
lesions, cytopenias, hepatosplenomegaly, and lung disease.55

Finally, neuropsychiatric symptoms are common in pediatric
AE and are also the hallmark of primary psychiatric disorders.
Delusions, hallucinations, reduced speech, sleep disturbance,
and cognitive difficulties may be seen in both disease groups.
Features that distinguish patients with AE from those with
psychiatric disease include autonomic instability, hyperkinesia,
dyskinesia, rapid progression of psychosis despite therapy,
seizures, slowing or epileptic activity on EEG, CSF pleocytosis,
CSF oligoclonal bands, and MRI abnormalities.56

Discussion
Proposed pediatric AE criteria are intended to address differ-
ences in clinical presentations, paraclinical findings, and auto-
antibody profiles between children and adults. The
accompanying algorithm aims to guide diagnostic workup and
facilitate earlier initiation of therapy.
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Abstract
Objective
To assess the changes in disease activity after tick-borne encephalitis (TBE) vaccination in
patients with multiple sclerosis (MS) on a variety of disease-modifying drugs and to assess the
immunogenicity, safety, and clinical tolerability of the vaccine in this patient group.

Methods
We conducted a prospective, multicenter, nonrandomized observational study. We enrolled 20
patients with MS receiving TBE vaccination who had been on disease-modifying treatment
(DMT) for at least 6 months. Serum samples were obtained before and after 4 weeks of
vaccination to determine the specific TBE antibody response. MS disease activity (Expanded
Disability Status Scale and relapse rates) was evaluated for 1 year after immunization. Local and
systemic adverse events were registered.

Results
In 20 subjects with TBE vaccination, the annualized relapse rate decreased from 0.65 in the year
before vaccination to 0.21 in the following year. Expanded Disability Status Scale remained
stable during the 2-year period before vaccination and 1 year after vaccination (range:
1.50–1.97). The geometric mean titer (GMT) increased from 169 Vienna units per milliliter
(VIEU/mL) to 719 VIEU/mL 4 weeks after vaccination (p = 0.001), and 77.8% had protective
antibody titers after vaccination. In 9 patients treated with beta interferons, GMT increased
from 181 VIEU/mL to 690 VIEU/mL (p = 0.018). Three subjects treated with glatiramer
acetate developed a 2- to 9.6-fold increase. Patients treated with fingolimod developed the
lowest increase in antibody titer.

Conclusion
TBE vaccination showed good tolerability and was safe in patients with MS. MS disease activity
was not increased, and annualized relapse rates decreased after vaccination. Vaccine response
differs according to the underlying DMT.

Trial registration
ClinicalTrials.gov, clinicaltrials.gov, Identifier: NCT02275741.
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Tick-borne encephalitis (TBE) is an infection of the humanCNS
caused by the TBE flavivirus (TBEV). It is predominantly
transmitted by tick bites and is endemic in Eurasia were 0.1%–5%
of ticks harbor TBEV.1 The TBE attack rate for travelers to
endemic areas in Europe is 0.5–1.3 per 100,000 for the exposed
at-risk population.2Most infected subjects do not develop clinical
symptoms. However, up to 25% of those exposed exhibit CNS
involvement—mainly meningitis and meningoencephalitis with
a case fatality rate between 0.5% and 2% in Europe.3 Because of
the lack of treatment options available, vaccination and tick-bite
prevention are eminent strategies in populations at risk.4 Reports
of potentially detrimental effects on the course of multiple scle-
rosis (MS) have prompted both patients and their physicians to
adopt a more cautious attitude toward the use of vaccines. Im-
munocompromised patients may mount a lower immune re-
sponse and also exhibit a more rapid antibody decline after
vaccination.5 Special consideration must be given to adequate
immune protection against vaccine-preventable diseases before
and during immunomodulatory therapy of MS.6

The aim of this study was to evaluate the safety and immu-
nogenicity of licensed TBE vaccines in MS.

Methods
This prospective, multicenter, nonrandomized observational
study at specialized outpatient MS care centers included
patients with MS aged between 18 and 70 years who had been
on disease-modifying treatment (DMT) for at least 6 months
and who had an indication for TBE vaccination. Patients with
MS relapse or other disease activity during the previous 6
months were excluded.

All patients who received TBE vaccination on a routine basis
were offered to participate in this study. Baseline character-
istics were collected along with details of the MS disease.
Subjects received a single dose of 1 of the 2 available inacti-
vated TBE vaccines (FSME Immun, TBEV Neudoerfl strain;
Encepur, TBEV K23 strain) in the deltoid muscle in an open-
label manner.

Serum samples were obtained before and 4 weeks after vacci-
nation. Serology for the TBE immunoglobulin G-antibody
response was performed in duplicate using an enzyme
immunoassay (FSME immunoglobulin G ELISA; IBL
International, Hamburg, Germany) according to the
manufacturer’s protocol. Titers were expressed in Vienna
units per milliliter (VIEU/mL) and rated according to the
manufacturer’s protocol: <63 VIEU/mL negative, 63–126
VIEU/mL borderline, and >126 VIEU/mL positive.

Subjects had follow-up visits after 1, 3, 6, and 12 months. Local
and systemic adverse events (AEs)were registered after 1month.

Safety and immunogenicity were analyzed in the intention-to-
treat population. Samples below the cutoff titer were set to 25
VIEU/mL for statistical analysis.

All statistical analyses were performed using Prism 5 (5.04,
GraphPad Software Inc.). Values were expressed as mean ±
SD. Mann-Whitney U test was used to compare annualized
relapse rates. Where otherwise appropriate, the Wilcoxon
rank test was used. All reported p values are 2 sided; values
of 0.05 or less were considered to indicate statistical
significance.

Table Characteristics of the enrolled subjects

Group
Total
N = 20

Age (y) ± SD 41.6 ± 10.1

Sex

Men 3/20 (15%)

Women 17/20 (85%)

Mean duration of disease ± SD (y) 6.3 ± 6.2 (min 0.5; max 19)

Mean EDSS at vaccination ± SD 1.9 ± 1.4 (min 0; max 5.5)

MS disease course

RR-MS 18 (90%)

SP-MS 2 (10%)

Current DMD at vaccination

Interferon beta 10 (50%)

Interferon beta 1b 4 (20%)

Interferon beta 1a s.c. 3 (15%)

Interferon beta 1a i.m. 3 (15%)

Glatiramer acetate 5 (25%)

Fingolimod 2 (10%)

Natalizumab 1 (5%)

Cyclic GCS pulse 1 (5%)

No treatment 1 (5%)

Previous use of DMD 9/19 (47.4%)

Abbreviations: DMD = disease modifying drug; EDSS = Extended Disability
Status Scale; GCS = glucocorticosteroids; RR-MS = relapsing-remitting MS;
SP-MS = secondary progressive MS.

Glossary
AE = adverse event; DMT = disease-modifying treatment; EDSS = Expanded Disability Status Scale; GMT = geometric mean
titer; TBE = tick-borne encephalitis; TBEV = TBE flavivirus; VIEU/mL = Vienna units per milliliter.
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Standard protocol approvals, registrations,
and patient consents
The study was approved by the local ethics committee
(Rostock HV 2010-0002) and registered at ClinicalTrials.gov
(NCT02275741). The study was conducted in accordance
with the International Conference on Harmonization Guide-
lines for GoodClinical Practice and theDeclaration ofHelsinki.

Data availability
Anonymized data on individual patient level will be shared by
request from any qualified investigator.

Results
In total, 20 patients with MS aged between 25 and 65 years
received the TBE vaccine and were included in this study
(table).

The annualized relapse rate was 0.5 two years before vacci-
nation and 0.65 in the year before vaccination. After vacci-
nation, 3 relapses occurred: (1) 62 days after vaccination, (2)
between month 4 and 6, and (3) between month 7 and 12,
resulting in a reduction of the annualized relapse rate to
0.2143 (p = 0.0459) (figure 1A). Mean Expanded Disability
Status Scale (EDSS) remained stable during the 2-year period
before vaccination and 1-year period after vaccination. The

mean EDSS at vaccination was 1.88, and there was a non-
significant decrease in (1.62 and 1.50) 3 and 6 months after
vaccination (figure 1B).

Four of 20 subjects reported local side effects (pain, in-
duration); none reported systemic AEs during the 4 weeks
after vaccination. No additional autoimmune disease was
registered during the 1-year of follow-up.

Prevaccination and postvaccination serum samples were
available for 18 of 20 subjects. Four of these subjects received
a covaccination against tetanus/diphtheria and 2 others re-
ceived a covaccination against seasonal influenza at the time of
TBE vaccination.

Geometric mean titers (GMTs) in these 18 patients increased
from169 to 719VIEU/mL4weeks after vaccination (p= 0.001),
and 14/18 (77.8%) developed protective antibody titers.

Among the subjects without detectable antibody titers before
vaccination (4/18 subjects), only 1 developed detectable,
though not protective, antibody titers. In those 14 subjects
with detectable antibody titers before vaccination, GMT in-
creased from 732 to 3,416 VIEU/mL (p = 0.001) (figure 2).
Among 9 patients treated with beta interferons, GMT in-
creased from 181 VIEU/mL to 690 VIEU/mL (p = 0.018).

Figure 1 Annualized relapse rates (A) and mean EDSS (B)

*p = 0.0459 (year −1 vs year +1). (A) Annualized relapse rates during
the 2-year period before and 1-year period after TBE vaccination.
(B) Mean EDSS during the 2-year period before and the 1-year
period after TBE vaccination. EDSS = Extended Disability Status
Scale; TBE = tick-borne encephalitis.
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Two patients treated with interferon beta-1a i.m. for 6 months
(38-year-old man, EDSS 1.0) and 112 months (46-year-old
woman, EDSS 2.0) showed no antibody response. Another
patient treated with interferon beta-1a i.m. developed a 2-fold
antibody titer increase after TBE vaccination.

Three of 5 subjects treated with glatiramer acetate had pro-
tective titers before vaccination and developed a 2-, 3.6-, and
9.6-fold increase, respectively. Two other patients with gla-
tiramer acetate treatment developed insignificant antibody
titers and both were vaccinated with TBE and another vac-
cination (influenza or tetanus/diphtheria).

Two patients treated with fingolimod developed the lowest
antibody increase compared with other treatment groups
(1.76- and 1.59-fold, respectively).

Discussion
The use of TBE vaccination may be influenced by concerns of
vaccination-associated induction or deterioration of MS. Data
on patients with MS in the context of TBE vaccination are
scarce. One randomized controlled trial showed no increase in
MRI activity in 15 patients with MS 6 weeks after TBE

vaccination.7 In our cohort, no altered clinical disease activity
was detected after vaccination. Annualized relapse rates de-
creased and relapses were rare. The first relapse occurred 62 days
after vaccination, making a relationship to the vaccine unlikely.

The long-held concerns that some vaccines might induce au-
toimmune diseases or lead to an aggravation of existing auto-
immune diseases such as MS are unfounded.8,9 In our cohort,
neither neurologic complications nor autoimmune diseases nor
other systemic AEs were reported during the follow-up. Al-
though reporting or recall biases cannot be excluded, overall
AEs were low. In healthy vaccinees, seroconversion after vac-
cination is reported in 92%–100%.4 All subjects with protective
antibody titers mounted an adequate immune response irre-
spective of the underlying DMT are studied.

The 2 subjects on fingolimod treatment had a low TBE an-
tibody increase as compared to subjects treated with other
DMT. However, because of the small number of patients,
conclusions regarding responses in patients on individual
DMT must be viewed cautiously.

A comparably low antibody response in fingolimod treatment
was described after influenza vaccination.10 In 6 of 18 subjects,
TBE was given simultaneously with other vaccines (influenza,
tetanus/diphtheria). Notably, 3 of 4 subjects who did not
respond to the TBE vaccine received a covaccination. How-
ever, interference between vaccines given simultaneously has
not yet been adequately evaluated.

Overall, patients developed a 4.26-fold GMT increase.
However, 4 subjects did not respond to TBE vaccination.
TBE antibody response monitoring might be advisable in
patients with DMT. A drawback of this study is its small
sample size without randomization. A correlation between
clinical disease activity and MRI may have been desirable;
however, this study was performed under routine clinical care
and routine cerebral imaging is not the standard of care in
asymptomatic patients. In addition, the intrascanner and
interscanner variability of MRI would have likely led to in-
consistent results in this multicenter setting. We therefore
focused on clinical findings. Moreover, neither classic im-
munosuppressive treatments, nor dimethyl fumarate or teri-
flunomide, nor recently licensed monoclonal antibody
therapies (e.g., ocrelizumab or alemtuzumab) against MS
were represented in our cohort. However, real-world clinical
data on MS activity for relatively long periods of prevaccina-
tion and postvaccination were taken into account. In con-
clusion, this pilot study and available literature make it likely
that TBE vaccine is safe in patients with MS. However, MS
treatment with recently licensed drugs, not covered in this
study, need further investigation.
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Abstract
Background
The visual pathway is commonly involved in multiple sclerosis (MS), even in its early stages,
including clinical episodes of optic neuritis (ON). The long-term structural damage within the
visual compartment in patients with ON, however, is yet to be elucidated.

Objective
Our aim was to characterize visual system structure abnormalities using MRI along with optical
coherence tomography (OCT) and pattern-reversal visual evoked potentials (VEPs)
depending on a single history of ON.

Methods
Twenty-eight patients with clinically definitiveMS, either with a history of a singleON (HON) or
without such history and normal VEP findings (NON), were included. OCTmeasures comprised
OCT-derived peripapillary retinal nerve fiber layer (RNFL) and macular ganglion cell/inner
plexiform layer (GCIPL) thickness. Cortical and global gray and white matter, thalamic, and T2
lesion volumes were assessed using structural MRI. Diffusion-weighted MRI-derived measures
included fractional anisotropy (FA), mean (MD), radial (RD), and axial (AD) diffusivity within
the optic radiation (OR).

Results
Mean (SD) duration afterONwas 8.3 (3.7) years. Comparedwith theNONgroup,HONpatients
showed significant RNFL (p = 0.01) and GCIPL thinning (p = 0.002). OR FA (p = 0.014), MD
(p = 0.005), RD (p = 0.007), and AD (p = 0.004) were altered compared with NON. Global gray
and white as well as other regional gray matter structures did not differ between the 2 groups.

Conclusion
A single history of ON induces long-term structural damage within the retina and OR sug-
gestive of both retrograde and anterograde neuroaxonal degeneration.
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Diffuse inflammatory demyelination of CNS axons and neu-
roaxonal injury, both within the lesioned white matter (WM)
and the so-called normal-appearing WM (NAWM) have been
described histologically as pathologic hallmarks in patients with
multiple sclerosis (MS), next to focal inflammatory lesions and
axonal transection.1 Both focal and nonfocal pathology appear
associated with neuronal loss2 and long-term disability.3

However, the long-term impact of any acute clinical episode
with a focally demyelinating lesion on specific neuronal net-
works involving several synapses within a confined functional
system is less well understood. In addition, the impact of any
such acute event may well be confounded by the occurrence of
subclinical demyelination located within such networks.

Diffusion-weighted MRI (dMRI) measures and volumetry
studies derived from structural MRI T1 sequences have
shown good sensitivity in MS for detecting and quantifying
NAWM damage in vivo4 as well as (deep) gray matter (GM)
volume loss.5 Combining structural and quantitative MRI
with optical coherence tomography (OCT), which allows
rapid in vivo quantification of both neuronal (ganglion cell
layer [GCL]) and axonal (retinal nerve fiber layer [RNFL])
retinal tissues, nearly the entire visual pathway can be probed
both in the presence and in the absence of an acute in-
flammatory event that manifests clinically as optic neuritis
(ON). As a consequence, the visual pathway could represent
an ideal model to assess trans-synaptic degeneration in MS6–8

as a model system for different functional CNS loops.

To date, combined OCT and MRI studies in MS have not
considered the timespan after the clinical episode of ON9,10 or
have focused on short-term structural changes within the WM,
such as the optic radiation (OR)8,11 or global GM,12 as well as
cortical abnormalities.13 In addition, the sensitivity and re-
liability of volumetric measures of deep GM were lower when
MRIs had been acquired on 1.5 T scanners14 and OR results
depended critically on the fiber tracking techniques
applied.15–17 In a recent previous study, we have already
documented significant changes in retinal structures and dif-
fusion values within the OR by comparing patients with MS
with healthy controls.18

The aim of our current study was to characterize and quantify
long-term structural abnormalities spanning from the retina to
the primary visual cortex using OCT and high-resolution

conventional and quantitative MRI at 3 T in patients with and
without a history of ON.

Methods
Participants
Twenty-eight patients with a confirmed diagnosis of clinically
definite relapsing-remitting MS according to the 2010
McDonald criteria19 were enrolled in this study. Participants
were prospectively recruited at the Department of Neurology,
Otto von Guericke University Magdeburg, Germany. Disease
duration was defined as the time between diagnosis of MS and
the MRI performed for the purpose of this study.

Inclusion criteria for patients were defined as follows: patients
with a single history of unilateral ON (HON) which occurred
more than a year ago. Patients without a history of ON (NON)
were defined by the absence of clinical or subclinical (normal
visual evoked potential [VEP] latency) evidence of ON.
Clinical disability was assessed using the Expanded Disability
Status Scale (EDSS).20 Visual acuity measurements were taken
by an ophthalmologist (M.W.). Participants with a history of
ophthalmologic diseases other than HON or a refractive error
≥ ±5.0 dpt. were not included.

Standard protocol approvals, registrations,
and patient consents
The study was approved by the local ethics committee of the
Otto von Guericke University Magdeburg, Germany (No 74/
14), and all participants provided written informed consent.

Pattern-reversal VEPs
VEPs were recorded in a dimly lit room with gold-cup elec-
trodes at Oz referenced to Fz.21 The ground electrode was
attached to Fpz. The EEG was amplified with a physiologic
amplifier (Grass, 50.000 x), analog filtered in the range of
0.3–100 Hz and digitized at a rate of 1 kHz with 12-bit reso-
lution. For visual stimulation, black-and-white checkerboard
patterns (stimulus contrast: 98%; mean luminance: 110 cd/m2;
visual field: 19° × 15°; check sizes: 0.22°, 0.39°, and 0.79°) were
presented monocularly at a viewing distance of 114 cm in pat-
tern reversal mode (2 reversals per second). Left and right eyes
were stimulated in separate blocks while the respective fellow
eye was patched. The blocks, comprising 40 repetitions per
check size, were presented in a balanced interleaved sequence

Glossary
5tt = 5-tissue-type; ACT = anatomically constrained tractography; AD = axial diffusivity; BPV = brain parenchymal volume;
dMRI = diffusion-weightedMRI;EDSS = Expanded Disability Status Scale; FA = fractional anisotropy; FOD = fiber orientation
distribution; GCIPL = ganglion cell/inner plexiform layer; GCL = ganglion cell layer; GM = gray matter; GMV = gray matter
volume; HON = history of optic neuritis; IPL = inner plexiform; LPA = lesion prediction algorithm; MD = mean diffusivity;
NAWM = normal appearingWM;NON = no history of optic neuritis;OASIS =Open Access Series of Imaging Studies;OCT =
optical coherence tomography; ON = optic neuritis; OR = optic radiation; RD = radial diffusivity; RNFL = retinal nerve fiber
layer; TIV = total intracranial volume; VEP = visual evoked potential; WM = white matter; WMV = white matter volume.
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(“a-b-b-a”–scheme). Stimulation (frame rate 75 Hz) and re-
cording used the “EP2000 Evoked Potentials System”
(michaelbach.de/ep2000.html) running on a G4 Power Mac-
intosh. This program presented the stimuli while stepping
through the check size sequence, acquired the signals, displayed
them online, checked for and discarded artifacts (using an
amplitude window of generally ±50 μV and repeating sweeps
where this was exceeded), displayed online averages, and saved
the records for offline processing. To ensure subject alertness,
random digits from 0 to 9 appeared in random intervals at the
center of the screen and were reported by the subjects. The
subjects were instructed to maintain fixation at a central target
(1.5° radius) and wore optimal refractive correction. The offline
analysis was performed using IGOR 5.0 (WaveMetrics, Inc.,
OR). The VEPs were digitally low-pass filtered (40 Hz cutoff)
after averaging across repetitions of the same conditions (i.e., a
total of 80 trials per condition). As an indicator of neuritis-
related VEP changes, the VEPs for 0.79° check size entered
further analysis, i.e., P100 amplitude and peak-time were de-
termined according to the International Society for Clinical
Electrophysiology of Vision-VEP standard.22 Pathologic VEPs
were defined as P100 latency times of more than 120 ms.

Optical coherence tomography
OCTs were entirely performed by an experienced ophthal-
mologist (M.W.) on undilated eyes using a spectral domain
OCT device (Heidelberg Spectralis®, Heidelberg Engineering,
Heidelberg, Germany). All scans underwent rigid quality con-
trol according to the validatedOSCAR-IB criteria23 at theOCT
reading center at the University Hospital of Zurich (Neuro-
OCT), Zurich, Switzerland (S.S.). All participants were ex-
amined using the peripapillary ring scan, which measures the
RNFL thickness around the optic nerve head with an angle of
12°, resulting in a diameter of 3.4 mm. The macula scan con-
sisted of a custom-made scan comprising 61 vertical B-scans
(each with 768 A-Scans, automatic real-time = 13 frames) with
a scanning angle of 30° × 25° focusing on the fovea. Based on
the macular scan, ganglion cell/inner plexiform layer (GCIPL)
thickness was computed using a beta software provided by
Heidelberg Engineering that used a multilayer segmentation
algorithm, previously described by Oberwahrenbrock et al.24

GCL and inner plexiform (IPL) layers were combined
(GCIPL), given the minimal contrast between the 2 layers.
Thicknesses of RNFL and GCIPL are given in μm.

MRI

Acquisition and data preprocessing
All imaging data were acquired on a Siemens MAGNETOM
Prisma 3 Tesla MRI scanner with syngo MR D13D software
and a 20-channel head coil. For further details of the MR
protocol, see the method section of our previous work.18

The FMRIB software library (FSL; University of Oxford, fsl.
fmrib.ox.ac.uk) version 5.0.9 was used for preprocessing. To
correct for eddy current-induced distortions, the diffusion-
weighted imaging (DWI) images were registered to

a corresponding b = 0 image based on a 12-dof affine trans-
formation using eddy_correct with spline interpolation.25 To
account for head movement, we computed an affine trans-
formation from each block’s nondiffusion-weighted volume to
the first b = 0 image using FLIRT.26 The DWI images as
corresponding diffusion gradient vectors of each block were
then realigned based on these transformations. Geometric
distortions induced by magnetic field inhomogeneity were
corrected based on the GRE field map, and the diffusion data
were registered to the corresponding structural scan. These
steps, EPI distortion correction and EPI-to-magnetization
prepared rapid acquisition gradient echo (MPRAGE) regis-
tration, were performed simultaneously using epi_reg.

Diffusion tensors were fitted with dtifit to obtain the eigenvalues
and eigenvectors for each voxel from which the fractional an-
isotropy (FA),mean diffusivity (MD), axial diffusivity (AD), and
radial diffusivity (RD)were calculated. FA describes the strength
of orientation in the regional random motion of the water
molecules in the brain; it can be measured for each voxel in-
dicating fiber density and thus the degree of myelination of WM
tracts.27 In addition, MD describes the total diffusion within
a voxel. It comprises the average of the 3 eigenvalues of the
diffusion tensor and indicates both axonal integrity and the de-
gree of myelination ofWMbundles. By contrast, AD defines the
mean diffusion coefficient of watermolecules diffusing parallel to
the WM tract within the voxel and RD describes the magnitude
of water diffusion perpendicular to the tract. Lower compared
with higher FA values represent a loss of WM integrity, whereas
lower compared with higher MD and RD values indicate better
preservation of myelination of WM tracts.28 For AD, increased
values were observed in chronically damaged WM fibers and
seem to mirror the degree of mainly lesional axonal loss.29

WM lesion segmentation and volume measurements
In addition, the WM lesions were segmented by the lesion pre-
diction algorithm (LPA) implemented in the LST toolbox ver-
sion 2.0.15 (statistical-modelling.de/lst.html) for SPM12
(University College London, fil.ion.ucl.ac.uk/spm), as first de-
scribed by Schmidt et al.30 The DWI coregistered MPRAGE
image was used as a reference image. LPA is based on a binary
classifier in the form of a logistic regression model trained on the
data of 53 patients with MS with lesions from the Department of
Neurology, Technische Universität München (Munich, Ger-
many). We used LPA to compute a voxel-wise estimate of lesion
probability for each subject.30 The resulting subject-specific lesion
probability maps were binarized using a probability threshold of
0.3 to obtain binary lesion maps. All automatically segmented
lesions were manually corrected by 2 experienced investigators
(M.H., M.P.). Moreover, MRI scans were examined for the de-
tection of lesions within the anterior visual pathway (optic nerve,
chiasm, and optic tract). Lesion volumes are given in ml.

Fiber tracking of OR
For the fiber tracking procedure, we applied the MRtrix3 soft-
ware package,31 which we described in our previous work in
detail.18 In short, using dwi2response (with the “dhollander”
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algorithm for multishell data),32 we estimated response func-
tions from the preprocessed diffusion-weighted images. These
were then used to estimate fiber orientation distributions
(FODs) based on 8th order constrained spherical deconvolu-
tion (CSD) using dwi2fod.33 Specifically, we used themsmt_csd
algorithm, which facilitates the computations of 3 separate
FODs for WM, GM, and CSF based on multishell data. For
fiber tracking, we then used tckgen with the iFOD2 (improved
2nd order integration over FODs) algorithm. The anatomically
constrained tractography (MRtrix/ACT) option was applied,
which facilitates biologically plausible fiber reconstruction of the
OR in patients with MS than anatomically unconstrained
tracking procedures (figure 1).18 MRtrix/ACT needs a 5tt (5-
tissue-type) file to stay within anatomically meaningful borders.
It was computed from the high resolutionMPRAGE image with
5ttgen_fsl using the FSL segmentation tools FIRST and in-
cluded partitions of CSF, WM, GM, and subcortical GM. Pre-
viously determined FLAIR-lesion maps were than integrated
into this file. The MRtrix/ACT was run in a one-way direction
with a maximum angle between successive steps of 90° and
a fixed step size of 0.5 mm. A tract density image was computed
from the generated tracks and then thresholded to the median
to get binary masks. The last step was to read out the mean
microstructural data (FA, MD, RD, and AD) from these masks
over the computed OR regions of interest using fslstats.

Brain and thalamic volume measurements
T1 MPRAGE images were segmented into probabilistic
tissue class images of GM, WM, and CSF using a combined
segmentation and registration approach (unified segmenta-
tion)34 as implemented in the Statistical Parametric Mapping
12 (SPM12, 2013) software package. GM and WM volumes
(GMV and WMV) were determined by an integration of all
voxels of the corresponding probabilistic tissue class images.
Brain parenchymal volume (BPV) was defined as the sum of
GMV and WMV. The total intracranial volume (TIV) was
defined as the sum of GMV, WMV, and CSF.

GMV and WMV as well as BPV correlate with TIV and
age.35 Therefore, the brain volumes were adjusted for TIV by
computing the residuals with a linear regression function
(we regressed out the confounder TIV). The linear re-
gression function was estimated based on brain volumes
obtained from the T1-weighted MR images of a cohort of
316 healthy control subjects provided by the Open Access
Series of Imaging Studies (OASIS).36 Furthermore, a non-
linear regression technique was applied to the brain volumes
of the 316 healthy control subjects from publicly available
OASIS database to derive the age-volume trajectory of
physiologic aging as described recently.37 Subsequently, in-
dividual TIV-adjusted brain volumes were adjusted for age
by computing the residuals regarding the estimated age-
volume trajectories.

Thalamic volume was obtained by a fully automated seg-
mentation pipeline (FSL-FIRST, v. 5.0; The Analysis Group,
Oxford, UK). All values are given in cm3.

Figure 1 Visualization of the OR using MRtrix3 with ana-
tomically constrained tracking

Example from an anatomically constrained tractography of the right OR of
a patients with MS with lesion inside the optic radiation (directions are color
scaled). OR = optic radiation

Table 1 Unless otherwise reported mean (SD) (range)
is given

NON (N = 11) HON (N = 17)
p Value, NON
vs HON

Age (y) 44.3 (9.9)
(33–61)

40.6 (11.0)
(25–66)

0.7

Female N (%) 8 (72) 13 (76) 1.0

Disease
duration

6.8 (5.0) (1–13) 10.4 (6.9) (1–26) 0.1

Visual acuity 1.00
(0.85–1.25)

1.00 (0.85–1.25) 0.6

Median EDSS 2.5 (1–7) 2.5 (0–5.5) 0.5

Treatment
N (%)

8 (73) 16 (94) 0.8

OR lesion
volume

0.15 (0.22)
(0–0.72)

0.68 (0.81)
(0.04–3.26)

0.045

VEP Lat 101.0 (6.5)
(88.5–110.3)

109.8 (10.61)
(95.2–136.0)

0.022

VEP Amp 12.2 (6.9)
(3.5–23.5)

7.2 (4.6)
(1.9–19.4)

0.03

BPV 1,022 (59)
(904–1,111)

1,021 (73)
(898–1,159)

0.8

GMV 645 (44)
(573–735)

647 (40)
(592–723)

0.7

WMV 376 (36)
(296–421)

374 (38)
(306–464)

1.0

Abbreviations: Amp = amplitude; BPV = brain parenchymal volume; EDSS =
Expanded Disability Status Scale; GMV = gray matter volume; HON = history
of optic neuritis; Lat = latency; NON = non history of optic neuritis; OR = optic
radiation; VEP = visual evoked potentials; WMV = white matter volume.
Disease duration was defined as the timespan between symptomonset and
MRI measure. Lesion volume is given in ml. Brain volumes are given in cm3.
VEP latency is given in ms. Groups were compared about categorical (using
a c2-test) and continuous variables (using a t-test or Mann-Whitney U test).
p values < 0.05, indicated in bold, were deemed to be statistically significant.
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Regional cortical thickness
Cortical reconstruction, volumetric segmentation, and thick-
ness measures (mm) of the primary visual cortex (V1) were
performed with established software of FreeSurfer.38

Statistics
In general, axons originating from GCL neurons partially cross
to the contralateral hemisphere within the chiasm, and thus, the
OR consists of axons from both eyes. Therefore, we calculated
mean values for VEP (P100 latency, amplitude), OCT (RNFL
and GCIPL) from both the eyes, and MRI values (FA, MD,
RD, and AD of OR; thalamic volume V1 thickness) from both
the brain hemispheres. Statistical analysis was performed using
SPSS 21 (IBM). For differences between groups (HON vs
NON), basic demographic and clinical (e.g., age, disease du-
ration, and EDSS) as well as global visual (visual acuity, VEP
latency, and amplitude) and MRI measures (e.g., BPV, GMV,
and WMV) were compared with the respective categorical
(using a χ2-test) and continuous variables (using a t test or
Mann-Whitney U test).

Subsequently, an analysis of variance with the OR lesion vol-
ume as a covariate was conducted with RNFL, GCIPL, tha-
lamic volume, V1 and FA, MD, RD, and AD of OR as
respective dependent variable and group as independent binary
variable.

The associations between EDSS, VEP, OCT, and MRI results
were explored using Spearman correlations (rho). Because all
MRI metrics and OCT values as well as VEP measurements
are inter-related and because of the exploratory nature of the
study, no correction for multiple comparisons was performed.

Data availability
Any data not published within the article are available, and the
anonymized data will be shared by request from any qualified
investigator.

Results
Baseline demographics of the cohort and clinical data are
given in table 1. Twenty-three (82%) patients were on im-
munomodulatory treatment, comprising (n) glatiramer ace-
tate (5), interferon beta-1a (7), fingolimod (4), dimethyl
fumarate (3), teriflunomide (1), and natalizumab (3). Sev-
enteen patients were grouped as HON, whereas 11 patients
had no ON history including normal VEP measures.

P100 latency and amplitude of VEP differed significantly
between both groups (p = 0.022, p = 0.03). Mean (SD) time
since ON was 8.3 (3.7) years. Age and sex were not different
between HON and NON groups. In addition, HON and
NON groups did not differ regarding median visual acuity,
disease duration, and median EDSS (table 1). No patient
presented MRI lesions along the anterior visual pathway
(from chiasm to thalamus). The BPV, WMV, and GMV did
not differ between the NON and HON groups.

Functional visual and MRI data related to visual pathway struc-
tures are detailed in table 2. Our analysis revealed significant
mean (SD) reductions of GCIPL (p = 0.002) and RNFL
thickness (p= 0.01) inHONcomparedwithNONpatients. Our
MRI measures showed reduced OR FA (p = 0.014) and in-
creased OR MD (p = 0.005), RD (p = 0.007), and AD (p =
0.004) in HON patients compared with NON (figure 2). Tha-
lamic volume andV1 thickness did not differ between the groups.

When considering the whole sample, we found significant
correlations between the GCIPL and OR values as well as
between the latter and thalamic volume. However, neither
VEP nor OCT orMRI values correlated with clinical disability
(EDSS) (table 3).

Discussion
We aimed to investigate long-term structural visual pathway
abnormalities among patients with MS with a single and
without a history of clinical ON using a combined VEP, OCT,
and quantitative MRI approach. We identified significant
changes for retinal measures (peripapillary RNFL and macular
GCIPL) andOR FA,MD, RD, and ADwhen comparingHON
and NHON patients. Our results suggest that structural dam-
age to the optic nerve following ON is associated with MRI
abnormalities along theWMof the OR and significant thinning

Table 2 Unless otherwise reported mean (SD) (range)
is given

NON (N = 11) HON (N = 17)
p Value, NON
vs HON

RNFL 98.8 (10.8)
(70–113.5)

86.8 (8.7)
(67.5–110.5)

0.01

GCIPL 90.1 (7.8)
(72.9–96.3)

77.9 (5.2)
(63.1–88.5)

0.002

FA of OR 0.52 (0.02)
(0.48–0.55)

0.49 (0.04)
(0.39–0.54)

0.014

MD of OR 0.76 (0.03)
(0.73–0.82)

0.85 (0.09)
(0.75–1.12)

0.005

AD of OR 1.25 (0.03)
(1.22–1.33)

1.35 (0.10)
(1.26–1.60)

0.004

RD of OR 0.62 (0.03)
(0.59–0.67)

0.71 (0.09)
(0.60–0.98)

0.007

Thalamic
volume

7.20 (0.91)
(5.9–8.7)

6.85 (1.03)
(5.0–8.2)

0.4

Primary visual
cortex

1.62 (0.1)
(1.4–1.8)

1.62 (0.1)
(1.4–1.8)

1.0

Abbreviations: AD = axial diffusivity; FA = fractional anisotropy; HON = history
of optic neuritis;MD=meandiffusivity;NON=nohistoryof opticneuritis;OR=
optic radiation; RD = radial diffusivity; RNFL = retinal nerve fiber layer.
Retinal layer thickness is given inμm.Thalamic volume is given in cm3. Cortical
thickness is given in cm. MD, RD and AD are given in mm2/s * 10−3. For con-
tinuous variables independent-samples t test was conducted.
p values of <0.05, indicated in bold, were deemed to be statistically
significant.
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of the RNFL and macular GCIPL. These findings were un-
related to differences in clinical baseline data, OR lesion load,
and global brain volumes between ON and NON groups.
Moreover, thalamic structural damage correlated with diffusion
changes within OR. Taken together, our findings are indicative
of both retrograde (RNFL, GCIPL) and anterograde, trans-
synaptic degeneration (OR FA, MD, RD and AD) following
episodes of ON.

A number of combined OCT/MRI studies have already been
conducted in patients with MS.9,11,12,39,40 However, most
investigations have focused mainly on associations between
neuronal and axonal loss within the retina and global brain at-
rophy, suggesting the favorable role as a potential biomarker for
neurodegeneration in MS.6,7,9,12,39,40 Retinal thinning appears to
correlate with global GM andWMvolume loss, and in particular
a relationship to directly connected deep and cortical GM
compartments has also been demonstrated.10,41,42 In addition,
regional subcortical volume loss with reduced thalamic volume
was previously reported in patients withMS42 andwas correlated
with OR pathology and GCIPL thinning in our cohort. The
missing thalamic volume difference between our groups might
be explained by the central position not only within the visual
pathway that renders it vulnerable to both retrograde and
anterograde trans-synaptic neurodegeneration.43 However, a re-
cent study confirmed relevant volume loss also in thalamic lateral
geniculate nucleus in patients with MS.42

We did not document differences of cortical thickness within
V1 between both groups. However, as we reported previously,
there were no differences between our patients with MS
compared with healthy subjects,18 either, in contrast to few
previous investigations.13,44 Such conflicting findings re-
garding regional cortical changes may be explained by a larger
WM lesion burden within the OR13 or larger sample sizes.45

In addition, studies using higher MRI field strengths6 or se-
lective magnetization transfer ratio46 could identify occipital
GM thinning after HON in contrast to healthy controls.

Alterations within the OR were also shown by several inves-
tigators and are associated with visual disability,15,45 however,
often referred to as OR lesions burden.29,47 Owing to both the
frequent affection of the OR by WM lesions and the wide
spread of WM tracts29 and GM changes, the sensitivity to
identify the OR in general and in particular the MS-related
neuroinflammatory damage depends on the fiber tracking
method applied.16,18 Because our tracking procedure specifi-
cally takes advantage of the available anatomical and lesion
information during tracking, a reliable localization of the OR
and a higher sensitivity to detect MS-related structure loss
could be realized.18

In conclusion, the diffusion alterations identified within the
OR of HON patients’ lesions within the postchiasmatic visual
pathway further strengthen the concept of anterograde trans-
synaptic degeneration in inflammatory autoimmunity in-
volving the visual pathway.45 In addition to previous results

Figure 2 Diffusion-weighted MRI-derived measures within
the OR

MD, RD, and AD are given in mm2/s * 10−3. Boxes indicate the interquartile
range, bars indicate median values, and whiskers present the 95% CI. The
dots present the individual values. Group comparisons were conducted
using analysis of variance with the OR lesion volume as a covariate. p values
< 0.05 were deemed to be statistically significant. Corrections for type-I
errors were performed using the Holm-Bonferroni method on the resulting
p values. Diffusion tensor imaging derived FA, MD, RD, and ADwithin the OR
of ON group were altered compared with NON. AD = axial diffusivity, FA =
fractional anisotropy, HON = history of optic neuritis, MD =mean diffusivity,
NON = no history of optic neuritis, RD = radial diffusivity; ON = optic neuritis;
OR = optic radiation.
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documenting trans-synaptic degeneration within 1 year after
an ON,8,11 we have shown that a single clinical ON episode
can also induce long-term (mean [SD] duration after ON was
8.3 [3.7]) WM alterations, which have also been related to
neuronal damage in longstanding disease course.39

Retinal damage has also been shown in large cohorts com-
paring NON eyes with healthy controls but was less severe
compared with HON eyes.48 However, changes within un-
affected MS eyes, particularly the GCIPL, correlated with
delayed cortically generated visual evoked responses,49 OR

Table 3 Spearman rho correlation for the whole group

EDSS RNFL GCIPL
VEP
Lat

Thalamic
volume FA of OR

MD of
OR

AD of
OR

RD of
OR

Primary visual
cortex

EDSS

Spearman rho 1.000 0.257 −0.056 −0.145 −0.112 −0.161 0.062 −0.131 0.155 −0.027

p Value 0.248 0.803 0.460 0.571 0.414 0.752 0.506 0.431 0.892

RNFL

Spearman rho 0.257 1.000 0.673 −0.055 0.389 0,526 20.521 20.483 20.509 −0.134

p Value 0.248 0.001 0.809 0.074 0.012 0.013 0.023 0.016 0.553

GCIPL

Spearman rho −0.056 0.673 1.000 −0.193 0.351 0.582 20.563 20.469 20.596 −0.090

p Value 0.803 0.001 0.390 0.110 0.004 0.006 0.028 0.003 0.689

VEP Lat

Spearman rho −0.145 −0.055 −0.193 1.000 −0.201 20.424 0.508 0.473 0.463 −0.103

p Value 0.460 0.809 0.390 0.305 0.025 0.006 0.011 0.013 0.601

Thalamic volume

Spearman rho −0.112 0.389 0.351 −0.201 1.000 0.535 20.507 20.383 20.625 0.130

p Value 0.571 0.074 0.110 0.305 0.003 0.006 0.044 0.001 0.510

FA of OR

Spearman rho −0.161 0.526 0.582 20.424 0.535 1.000 20.852 20.586 20.928 0.264

p Value 0.414 0.012 0.004 0.025 0.003 0.001 0.001 0.001 0.174

MD of OR

Spearman rho 0.062 20.521 20.563 0.508 20.507 20.852 1.000 0.906 0.962 0.038

p Value 0.752 0.013 0.006 0.006 0.006 0.001 0.001 0.001 0.848

AD of OR

Spearman rho −0.131 20.483 20.469 0.473 20.383 20.586 0.906 1.000 0.794 0.213

p Value 0.506 0.023 0.028 0.011 0.044 0.001 0.001 0.001 0.277

RD of OR

Spearman rho 0.155 20.509 20.596 0.463 20.625 20.928 0.962 0.794 1.000 −0.093

p Value 0.431 0.016 0.003 0.013 0.001 0.001 0.001 0.001 ,639

Primary visual
cortex

Spearman rho −0.027 −0.134 −0.090 −0.103 0.130 0.264 0.038 0.213 −0.093 1.000

p Value 0.892 0.553 0.689 0.601 0.510 0.174 0.848 0.277 0.639

Abbreviations: AD = axial diffusivity; EDSS = Expanded disability status scale; FA = fractional anisotropy; GCIPT = retinal ganglion cell-inner plexiform layer
thickness; HC = healthy controls; HON = history of optic neuritis; MD = mean diffusivity; NON = no history of optic neuritis; OR = optic radiation; RD = radial
diffusivity; RNFL = retinal nerve fiber layer; VEP = visual evoked potentials.
p values of <0.05, indicated in bold, were deemed to be statistically significant.
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diffusion metrics,9,17 and brain volume reductions39,40 and
revealed coexisting ongoing (silent) neurodegeneration. Nev-
ertheless, retrochiasmatic pathology, e.g., the OR lesion load or
subclinical inflammation within optic nerve, could be suggested
as the main drivers of such progressive retinal injury.

Limitations of the present study include the cross-sectional
nature and the relatively small sample size. Future studies
should compare acute with chronic ON histories to better
characterize the temporal dynamics of trans-synaptic de-
generation. Another limitation is the absence of measures of
other WM tracts (e.g., corticospinal tract), which also may
affect thalamic integrity and could confound the association
between optic nerve damage and thalamic volume. Moreover,
alterations of diffusion values such as the AD are additionally
caused by focal inflammation e.g., OR lesions.29 Thus, long-
term changes within the OR after ON could be analyzed e.g.,
in neuromyelitis optica spectrum disorder, which is typically
not characterized by high OR lesion load.50 Long-term follow-
up of these patients is required to evaluate correlations be-
tween dMRI measures and clinical state.
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Abstract
Objective
To study intrathecal B-cell activity in leucine-rich, glioma-inactivated 1 (LGI1) antibody en-
cephalitis. In patients with LGI1 antibodies, the lack of CSF lymphocytosis or oligoclonal bands
and serum-predominant LGI1 antibodies suggests a peripherally initiated immune response.
However, it is unknownwhether B cells within the CNS contribute to the ongoing pathogenesis
of LGI1 antibody encephalitis.

Methods
Paired CSF and peripheral blood (PB) mononuclear cells were collected from 6 patients with
LGI1 antibody encephalitis and 2 patients with other neurologic diseases. Deep B-cell immune
repertoire sequencing was performed on immunoglobulin heavy chain transcripts from CSF
B cells and sorted PB B-cell subsets. In addition, LGI1 antibody levels were determined in CSF
and PB.

Results
Serum LGI1 antibody titers were on average 127-fold higher than CSF LGI1 antibody titers.
Yet, deep B-cell repertoire analysis demonstrated a restricted CSF repertoire with frequent
extensive clusters of clonally related B cells connected to mature PB B cells. These clusters
showed intensive mutational activity of CSF B cells, providing strong evidence for an in-
dependent CNS-based antigen-driven response in patients with LGI1 antibody encephalitis but
not in controls.

Conclusions
Our results demonstrate that intrathecal immunoglobulin repertoire expansion is a feature of
LGI1 antibody encephalitis and suggests a need for CNS-penetrant therapies.
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Leucine-rich, glioma-inactivated 1 (LGI1) antibody encepha-
litis is characterized by rapidly progressive cognitive impair-
ment, frequent seizures, most characteristically faciobrachial
dystonic seizures, psychiatric disturbances, and sleep
alterations.1,2 These distinctive clinical features, alongside in
vitro and in vivo studies,3,4 and the often rapid response of
seizures to immunotherapies all strongly suggest that LGI1
antibodies are pathogenic.2 However, LGI1 antibody enceph-
alitis can often result in residual cognitive impairment and
neurologic disability: this represents an unmet medical need.2,5

Although CSF LGI1 antibodies are detected in around 90% of
cases, this condition is infrequently associated with CSF
lymphocytosis or oligoclonal bands.2,6,7 Therefore, the CSF
B-cell response has received limited consideration as con-
tributor to pathogenesis or as a potential therapeutic target.
Indeed, very little is known about B cells that participate in the
autoimmune response against LGI1, either in the periphery or
CSF. Here, we applied deep B-cell immune repertoire se-
quencing (DIRS) on sorted peripheral blood (PB) B-cell
subsets and CSF and found strong evidence for intrathecal
antigen-driven immune responses in patients with LGI1 an-
tibody encephalitis. These observations inform disease bi-
ology and suggest CNS B cells as a candidate therapeutic
target in these patients.

Methods
Patient samples
Six patients with LGI1 antibody encephalitis from the Uni-
versity of California, San Francisco (UCSF) Autoimmune
Encephalopathy Clinic underwent collection of paired PB (40
mL) and 10–25 mL of CSF. B-cell subsets were isolated as
described previously.8 As controls, 2 patients with other
noninflammatory neurologic diseases from the same center
were included in the study and their PB and CSF samples
collected accordingly.

Standard protocol approvals, registrations,
and patient consents
The study was approved by the Institutional Review Board of
the UCSF. Written informed consent was obtained from all
participants in the study.

Cell staining and sorting
Ficoll-density separated peripheral blood mononuclear
cells were stained with the following antibodies: CD19
(APC Cy7), immunoglobulin D (IgD) (PE Cy7), CD27

(Qdot605), CD38 (PerCP Cy5.5), and CD3 (Pacific blue)
as previously described.8 B-cell subsets were sorted using
a FACS Aria III (BD Biosciences, Franklin Lakes, NJ) into
naive (CD19+IgD+CD27−), unswitched memory (CD19+

IgD+CD27+), switched memory (CD19+IgD−CD27+

CD38−), double negative (CD19+IgD−CD27−), and
plasmablasts/plasma cells (CD19+IgD−CD27hiCD38hi).
Sorted cells were immediately lyzed in RLT buffer (RNeasy
kit; Qiagen, Hilden, Germany) and stored at −80°C. To
preserve the far lower CSF lymphocyte frequencies,
unfractionated pelleted CSF cells were studied.

ImmunoglobulinmessengerRNAamplification
and immunoglobulin repertoire sequencing
Sequencing work flow was performed as previously described,9

with modifications to sequence human samples. In brief, total
RNA was isolated from CSF cells and PB B-cell subsets, fol-
lowed by reverse transcription into complementary DNA
(cDNA). Next, immunoglobulin G (IgG) heavy chain variable
region (VH) and immunoglobulin M (IgM) VH were ampli-
fied by PCR using the following primers: IgG 39 primer: 59-
GGGAAGACSGATGGGCCCTTGGTGG-39; IgM 39
primer: 59-GCTCGTATCCGACGGG-39; an equimolar mix of
7 VH family 59 primers: VH1: 59-GAARRTYTCCTGCAAG-
GYWTC-39; VH2: 59-CACRCTGACCTGCACCKTCTC-39;
VH3: 59-KARACTCTCCTGTRCAGCCTB-39; VH4: 59-
GTCCCTCACCTGCRCTGTCTM-39; VH5: 59-GAR-
GATCTCCTGTAAGGGTTC-39; VH6: 59-CTCACT-
CACCTGTGCCATCTC-39; VH7: 59-GAAGGT-
TTCCTGCAAGGCTTC-39. PCR conditions were (1)
95°C, 60 seconds; (2) 95°C, 30 seconds; 66.6°C, 30
seconds; 72°C, 60 seconds (33 or 45 cycles); and (3)
72°C, 7 minutes. Specific PCR products were gel purified
and mixed to create 15 pM cDNA libraries, which were
analyzed by Ion Torrent semiconductor sequencing.

Sequence analysis
IGHV and IGHJ gene segment usage, complementarity
determining region (CDR)1-3 amino acid sequence, and
number of somatic hypermutation (SHM) events were
determined as previously described.8,9 Briefly, CDR3
amino acid sequences were determined using a custom-
made pipeline adapted from the AbMining tool,10 and
identified CDR3 regions were related to IGHV and IGHJ
germline genes using IgBlast. To calculate SHM profiles,
sequencing reads with identical CDR1 to CDR3 nucleotide
sequences were grouped as nonredundant (unique) reads,
and SHMs were quantified for this entire region based on
the alignment of reads with germline gene segments.

Glossary
BBB = blood-brain barrier; BCR = B-cell receptor; cDNA = complementary DNA; DIRS = deep B-cell immune repertoire
sequencing; IgD = immunoglobulin D; IgG = immunoglobulin G; IgM = immunoglobulin M; LGI1 = leucine-rich, glioma-
inactivated 1; NMDAR = NMDA receptor; PB = peripheral blood; SHM = somatic hypermutation; SM = switched memory;
UCSF = University of California, San Francisco; VH = heavy chain variable region.
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Compartmental connectivity via bicompartmental clustering
of IgM-VH or IgG-VH from CSF and PB B-cell subsets was
performed as previously described.8 Briefly, clonally related
Ig-VH sequences were identified based on H-CDR3 similarity
(hamming distance of H-CDR3 amino acid sequence less
than 2) and usage of identical Ig germline segments. For
lineage analysis, only Ig-VH sequences with in-frame H-CDR3
and which spanned at least from the 59 end of H-CDR1 to the
39 end of H-CDR3 with a contiguous reading frame were used;
IgTree11 (kindly provided by Dr. Ramit Mehr, Bar-Ilan Uni-
versity, Ramat-Gan, Israel) was used to map the lineage.8 Pu-
tative germline nodes are inferred, and lineage intermediates
not found by DIRS were calculated by IgTree.

Data availability
All next-generation sequencing data and computer code other
than software packages are available from the corresponding
author on reasonable request.

Results
Serum LGI1 antibodies titers were on average 127-fold higher
than CSF LGI1 antibody titers by live cell–based assay using
a membrane-tethered LGI1 construct in all 6 patients with
LGI1 antibody encephalitis (table), none of whom were
asymptomatic at follow-up.12 None of the 6 patients showed
a CSF lymphocytosis or oligoclonal bands on routine CSF
analysis. There was no abnormal enhancement on brainMRI in
any of the patients following the administration of gadolinium,
consistent with no substantial blood-brain barrier (BBB)
opening. DIRS of IgG-VH and IgM-VH was performed from
paired CSF and B-cell subsets sorted from peripheral blood
mononuclear cell samples of the 6 LGI1 antibody encephalitis
patients, and a median of 600,707 sequences per sample (range

165,369–1,586,974) were generated. As expected, circulating
naive B cells had limited somatic mutations and as cells acquired
the postgerminal centermarkerCD27, and class-switched to IgG,
mutations accumulated (figure 1A). These findings are a valida-
tion that DIRS reliably reflects the conventional B-cell matura-
tion stages and suggests that CSF B cells in LGI1 encephalitis
have undergone antigen-driven maturation (figure 1A).

Overall, across all 6 patients, all B-cell subsets of IgG and IgM
isotypes showed high degrees of sequence connectivity in both
PB and CSF compartments (figure 1B). A striking link existed
between PB IgG-expressing SM cells/plasmablasts/plasma
cells and the IgG-expressing CSF B cells, suggesting that class-
switched mature B-cell compartments are consistently con-
nected across the BBB. The CSF B cells often represented
a discrete number of highly expanded clusters (figure 1C).
Indeed, this restriction of the CSF B-cell repertoire was also
evident at the level of the heavy V gene family usage. In contrast
to the peripheral SM and plasmablast/plasma cell IgG com-
partments, which were diverse and highly comparable, the CSF
IgG repertoire was distinct and restricted (figure 1D).

Next, clusters shared between the CSF and PB were examined
more closely. These shared CSF/PB clusters on average had
990.3 (range 110–1,749) unique sequences. In this analysis, each
unique sequence was represented by a dot and a line joining
neighboring sequences represented a mutational (Hamming)
distance of 1 in their CDR3 region (figure 2A). By definition,
there is at least 1 PB (red) and 1 CSF (blue) sequence in each
cluster. Many shared clusters were dominated by peripheral
B cells and were related to only a small number of CSF B cells.
Also, of interest, several clusters highly dominated by CSF
sequences were apparent and often showed a PB sequence in the
center, representing a more proximal sequence with fewer

Table Patient characteristics of 6 patients with LGI1 encephalitis and 2 controls (bottom 2 rows)

Age Sex
Clinical
presentation

Months from
symptom onset
to DIRS

Response to
glucocorticoid ±
IVIG therapya

CSF WBC
(per 106/
L) OCB

CSF
LGI1
Abs

Serum
LGI1
Abs

Total CSF
IgG
sequencesb

CSF sequences
per shared
clusterc

63 F S, C, A 28 5 to 2 5 0 1:2 1:80 411 8.3

70 M S 8 3 to 2 4 0 1:10 1:1,280 1,749 7.7

72 M S, C, A 22 4 to 2 4 0 1:30 1:2,560 1,604 10.8

57 M S, C, A 51 5 to 2 4 0 ND 1:40 110 3.1

48 F C, A 11 3 to 1 0 0 ND 1:320 1,223 7.8

60 M S, C, A 27 3 to 1 0 0 1:10 1:2,560 845 6.3

35 M Migraine NA NA 0 0 NA NA 43 1.1

58 F Headache NA NA 1 0 NA NA NA NA

Abbreviations: A = amnesia; Abs = antibody levels; C = confusion; DIRS = deep B-cell immune repertoire sequencing; IgG = immunoglobulin G; IVIG = IV
immunoglobulin; LGI1 = leucine-rich, glioma-inactivated 1; NA = not applicable; ND = not detectable; OCB = oligoclonal band (defined as >5 CSF-specific
bands); S = seizure; WBC = white blood cell.
Serum and CSF LGI1 antibody levels are expressed as end-point dilutions on live cell–based assays.
a Modified Rankin score.
b Total number of unique IgG sequences found in the CSF compartment, which are part of clusters connecting the peripheral blood and CSF compartments.
c Mean count of unique CSF sequences in clusters shared across peripheral blood and CSF compartments.
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Figure 1 In patients with leucine-rich, glioma-inactivated 1 antibody encephalitis, deep immune repertoire sequencing of
the immunoglobulin heavy chain variable region (Ig-VH) shows connectivity of class-switched mature peripheral
blood (PB) B cells to clonally expanded CSF B cells/clusters

One representative patient of 6 patients is shown in A–D. (A) Cumulative number of somatic mutations (x-axis) in the IGHV gene nucleic acid sequence
excluding the CDR3 region in nonredundant sequences (count; y-axis) of sorted PB B-cell subsets and CSF B cells are shown for IgM (left panels) and IgG (right
panels). (B) Connectivity of the various PB and CSF B-cell compartments based on clonal relationship is illustrated. While the size of the boxes correlates with
the number of reads in each compartment, the thickness of the connecting line correlates with the number of related sequences between the 2 compart-
ments it connects. For better display, all lines connecting to the CSF IgG compartment are depicted in red, whereas all others are in black. IgG = immuno-
globulin G; IgM = immunoglobulin M; N = naive; PC = plasmablast/plasma cell; SM = switched memory; USM = unswitchedmemory. (C) All clusters of clonally
related Ig-VH that have at least 1 sequence in one of the PB compartments and 1 in the CSF compartments (shared PB andCSF clusters) are depictedwith their
respective size (number of nonredundant sequences) on the y-axis. (D) Frequency of used IGHV genes in the IgG CSF, PB plasmablast/plasma cell, and PB SM
cell subsets.
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Figure 2 Intrathecal somatic hypermutation in patients with leucine-rich, glioma-inactivated 1 (LGI1) antibody encephalitis

(A) Data from1 representative patient of 6 LGI1 patients showing all clusters of clonally related immunoglobulin heavy chain variable region, which are shared
between peripheral blood (PB) and CSF B cells. Each red dot represents ≥1 identical PB sequence, and each blue dot ≥1 identical CSF sequence. Two dots
connected by a line differ from each other by a Hamming distance of 1 in their CDR3 region on the nucleotide sequence level. Clusters of related sequences
are grouped together. (B) Two Ig lineage trees of CSF B cells from1 patient are shown. Each dot represents 1 sequence, and its size correlates with the number
of times this sequence could be found. Two dots connected by a line differ from each other by 1 nucleotide in the CDR3 region unless marked otherwise.
Putative germline nodes are labeled; lineage intermediates not found in the sequencing data were calculated and are labeled in gray.
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mutations from which surrounding CSF sequences may have
descended. More detailed analysis of Ig lineage trees from
clonally relatedCSF IgG-VHdemonstrated intensivemutational
activity, again suggesting intrathecal SHM (figure 2B).

In contrast to all LGI1 antibody encephalitis cases, 2 patients
ultimately diagnosed with noninflammatory neurologic dis-
eases (1 with headache and 1 with chronic migraine), which
were analyzed following the same protocol, did not show
comparable intrathecal B-cell activity. In 1 of the 2 controls,
we were unable to amplify enough CSF IgG RNA for se-
quencing, indicating very few CSF IgG transcripts; in the other,
we were able to detect 43 unique sequences in the CSF, which
were parts of shared CSF/PB clusters compared with 990.3
(mean; range 110–1,749) in LGI1 antibody encephalitis.
Shared clusters in the control were overwhelmingly PB domi-
nated and had on average 1.2 CSF IgG sequences (range 1–3),
whereas shared clusters in patients with LGI1 antibody en-
cephalitis had larger CSF fractions with a mean of 8.1 CSF IgG
sequences (range: mean value per patient 3.4–11.9; minimum/
maximum value per patient across all 6 patients 1/465).

Taken together, DIRS demonstrated high sensitivity in detecting
an intrathecal B-cell response and marked interconnectivity be-
tween the PB and CSF compartments in LGI1 antibody en-
cephalitis, particularly of the more mature B-cell subsets.
However, the antigen specificity of the clonally expanded in-
trathecal B cells remains unclear. Peripheral B-cell expansions
infrequently reached the CSF, but those which did commonly
lead to intrathecal B-cell expansions, consistent with secondary
intrathecal B-cell receptor (BCR) diversification in LGI1 anti-
body encephalitis but not in noninflammatory controls.

Discussion
Here, we examined the potential paradox between the limited
detectable CSF activity in routine clinical assessments (e.g., CSF
cell count and oligoclonal bands), alongside the presence of
pathogenic CNS-active autoantibodies in patients with LGI1
antibody encephalitis. For the first time, using DIRS, we dem-
onstrate highly active intrathecal B-cell activity in LGI1 antibody
patients and show that B-cell repertoires, particularly from post-
germinal center B cells on both sides of the BBB, may actively
mutate and mature in patients with LGI1 antibody encephalitis.

Because, for methodological reasons, our study could not address
the antigen specificity of the intrathecal B-cell response, it
remains to be determined whether these expanded clones rec-
ognize LGI1-specific epitopes, and it is likely that some of these
represent non–LGI1-specific B cells. LGI1-specific CSF B cells
are more likely to exist in the patients in which intrathecal LGI1
antibodies were detectable. However, it cannot be excluded that
LGI1 antibodies have passively diffused to the CSF.

In our studies, we found PB plasmablast/plasma cell IgG-
VHs, which underwent SHM and were related to expanded

clusters of CSF B cells. This pattern closely resembles findings
in MS, suggesting that it may be a generic mechanism across
CNS autoimmune conditions,8,9,13 and accordingly, we did
not observe this phenomenon in noninflammatory controls.
Yet, these observations appear different to the more limited
intrathecal expansions observed in neuromyelitis optica
spectrum disorder and the very low mutational load in CSF
B cells from patients with NMDA receptor (NMDAR) anti-
body encephalitis.14,15 Hence, it may be that several different
immunologic mechanisms operate across these autoantibody-
mediated conditions. Our study did not aim to examine the
antigen-specific population or correlate intrathecal B-cell
responses with clinical outcome. Of interest, it has recently
been observed that intrathecal LGI1 antibody synthesis cor-
relates with a poorer prognosis.16 However, the lack of CSF
LGI1 antibodies in some of our patients with striking in-
trathecal SHM may suggest that DIRS provides a more sen-
sitive measure of B-cell activity.

In general, the majority of autoimmune encephalitis syn-
dromes are considered to be IgG mediated.2,7,16,17 However,
we also found evidence for extensively activated IgM-
expressing peripheral B cells, which share similar or identi-
cal BCR heavy chains to intrathecal IgG-expressing B cells.
The immunopathologic relevance of this IgM response is
unknown, but may indicate an ongoing germinal center
reaction-mediated stimulation of B cells as has been proposed
in patients with NMDAR antibody encephalitis, where IgM
NMDAR-reactive autoantibodies can be detected.18,19

A major question is whether interrupting these responses
could potentially mitigate disease activity, prevent relapses,
and improve long-term cognitive outcomes. Yet, only a subset
of patients with LGI1 antibody encephalitis have been
reported to respond favorably to rituximab, which targets—
mainly peripheral—CD20-expressing B cells and has little
effect on LGI1 antibody production.20 Our findings suggest
that plasmablasts and plasma cells (which do not express
CD20) are active in the CSF, and therefore, novel drugs that
actively target these prolific protein synthesizers in the CNS
compartment might be more effective than selective anti-
CD20 treatments. Conversely, given that affinity maturation
is an ongoing process in LGI1 antibody encephalitis and could
result in increasingly efficient pathogenic antibodies, thera-
peutic depletion of CD20-expressing B-cell populations early
in this disease might prevent development of chronic or
progressive clinical phenotypes. Accordingly, early diagnosis
of intrathecal immune activation in patients with mild clinical
signs would be highly desirable.
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Abstract
Objective
Autoimmune steroid-responsive meningoencephalomyelitis with linear perivascular gadoli-
nium enhancement in brain MRI is regarded as glial fibrillary acidic protein (GFAP) astro-
cytopathy characterized by anti-GFAP antibodies (ABs). We questioned whether anti-GFAP
ABs are necessarily associated with this syndrome.

Methods
Two patients with a strikingly similar disease course suggestive of autoimmune GFAP astro-
cytopathy are reported. Clinical examination, MRI, laboratory, and CSF analysis were per-
formed. Neuropathologic examination of brain tissue was obtained from one patient. Serum
and CSF were additionally tested using mouse brain slices, microglia-astrocyte cocultures, and
a GFAP-specific cell-based assay.

Results
Both patients presented with subacute influenza-like symptoms and developed severe neuro-
cognitive and neurologic deficits and impaired consciousness. MRIs of both patients revealed
radial perivascular gadolinium enhancement extending from the lateral ventricles to the white
matter suggestive of autoimmune GFAP astrocytopathy. Both patients responded well to high
doses of methylprednisolone. Only one patient had anti-GFAP ABs with a typical staining
pattern of astrocytes, whereas serum and CSF of the other patient were negative and showed
neither reactivity to brain tissue nor to vital or permeabilized astrocytes. Neuropathologic
examination of the anti-GFAP AB-negative patient revealed infiltration of macrophages and
T cells around blood vessels and activation of microglia without obvious features of
clasmatodendrosis.

Conclusions
The GFAP-AB negative patient had both a striking (para)clinical similarity and an immediate
response to immunotherapy. This supports the hypothesis that the clinical spectrum of steroid-
responsive meningoencephalomyelitis suggestive of autoimmuneGFAP astrocytopathy may be
broader and may comprise also seronegative cases.
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First described in 2016, autoimmune glial fibrillary acidic
protein (GFAP) astrocytopathy has been characterized as
a rare CNS disorder, typically manifesting as a steroid-
responsive encephalitis, meningitis, myelitis, or meningoen-
cephalomyelitis. Neurologic symptoms such as (sub)acute
encephalopathy, blurred vision, postural tremor, and seizures
often occur following an initial prodromal phase with
influenza-like symptoms.1,2 A characteristic feature in brain
MRIs is a linear perivascular gadolinium enhancement in the
white matter extending radially outward from the ventricles.
In addition, extensive lesions of the spinal gray matter may be
detected.1 No definite diagnostic criteria have been estab-
lished yet.3 For diagnosis of autoimmune GFAP astrocytop-
athy, detection of GFAP antibodies (ABs) in the patient’s
CSF or serum is required.1 CSF cell count and CSF protein
level are usually abnormal. Disease onset has been reported
after influenza-like symptoms, a preceding herpes simplex
encephalitis, and varicella zoster encephalitis, respectively.1,4

Other ABs, e.g., NMDA receptor IgG and aquaporin-4 IgG
may also be detected in autoimmune GFAP astrocytopathy.
Furthermore, the disease can be related to an underlying
malignancy, with ovarian teratoma being the most common.1

The majority of patients improve after treatment with im-
munotherapy, especially corticosteroids.2 Yet, the patho-
physiology of autoimmuneGFAP astrocytopathy is unknown.
Here, we compare clinical, radiologic, and serologic findings
of two patients with a very similar disease course suggestive of
GFAP astrocytopathy. Despite intriguing similarity, only one
patient harbored anti-GFAP ABs in serum and CSF. We here
discuss that the characteristic clinical syndrome of autoim-
mune meningoencephalomyelitis with linear perivascular
gadolinium enhancement may not necessarily be associated
with anti-GFAP ABs.

Case report 1
During winter season, a 53-year-old Caucasian man was ad-
mitted to hospital due to influenza A infection. In the fol-
lowing weeks, the patient developed cognitive impairment,
ataxia, tremor, and a left gaze–evoked nystagmus (for details,
see table 1). Cranial MRI revealed areas with diffuse peri-
ventricular T2 hyperintensities and linear perivascular gado-
linium enhancement in the supratentorial white matter
extending radially outward from the ventricles (figure, A).
CSF diagnostics revealed 86 cells/μL and 1,075mg/L protein.
High titers of anti-GFAP IgG ABs (titer 1:320) were found in
CSF and serum. A typical staining pattern restricted to
astrocytes could be detected after incubation of mouse brain
slices and astrocyte andmicroglia cocultures with the patient’s
CSF. A confirmatory cell-based assay with the GFAPα isoform
(Euroimmun, Lübeck, Germany) was positive when

incubated with the patient’s CSF (figure, B). After other dif-
ferential diagnoses were ruled out (table 2), autoimmune
GFAP astrocytopathy was diagnosed. The patient was treated
with methylprednisolone 1000 mg/d for 5 consecutive days.
A rapid clinical improvement and a reduction of anti-GFAP
IgG AB titers (CSF 1:100, serum 1:100) could be observed.
MRI follow-up revealed regressive gadolinium enhancement
and decreased periventricular T2 hyperintensities. In addi-
tion, EEG follow-up showed improvement with basal alpha
activity. When the daily oral prednisolone dose was reduced
to less than 20 mg during the following months, the patient’s
condition deteriorated again as he developed tremor. We
therefore initiated 6 cycles of immunoadsorption and sub-
sequently started rituximab treatment. This led to a clinical
improvement with almost complete remission of clinical
symptoms within 2 weeks.

Case report 2
In the same month, a 63-year-old Caucasian man presented
with influenza-like symptoms. He later developed cognitive
impairment, aggressive behavior, ataxia, and apraxia (for details,
see table 1).MRI revealed pronounced T2 hyperintensities and
gadolinium enhancement extending radially along the vessels
within the supratentorial white matter (figure, C). CSF analysis
revealed 53 cells/μL and 2,130mg/L protein. Repetitive testing
for antineuronal, anti-myelin oligodendrocyte glycoprotein,
and anti-GFAP ABs was negative including incubation of both
the patient’s serum and CSF inmouse andmonkey brain slices,
vital respectively fixed glia cocultures after permeabilization,
and a GFAP cell-based assay (figure, D). As most differential
diagnoses were ruled out (table 2), the patient underwent
frontal brain biopsy. Biopsy featured parenchymal blood vessel
associated infiltration of macrophages and T cells. Brain tissue
itself showed activation of microglia, infiltration of macro-
phages, and astrogliosis (figure, E). Although not specific,
histopathologic findings are compatible with the few available
histology reports of proven cases of autoimmune GFAP
astrocytopathy in the literature.5 We did not observe direct
signs of clasmatodendrosis or loss of aquaporin-4 (not shown),
which is typically seen in anti–aquaporin-4 AB-positive neu-
romyelitis optica spectrum disorder.

Following treatment with IV immunoglobulins, the patient’s
condition deteriorated as he developed brainstem symptoms
including dysarthria, dysphagia, and impaired consciousness.
Artificial ventilation was required. Following methylprednis-
olone pulse therapy of 1000 mg/d for 5 consecutive days,
a rapid clinical improvement was observed, and the patient
could be extubated and was able to eat and walk again. Brain
MRI confirmed a significant regression of T2 lesions and

Glossary
AB = antibody; GFAP = glial fibrillary acidic protein; IgG = Immunglobulin G.
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decreased radial perivascular gadolinium enhancement. Thus,
oral prednisolone treatment was continued and tapered over the
next months. EEG follow-up showed a significant improvement
with basic alpha but still intermittent bifrontal delta activity. CSF
measurement 3 months after first hospital admission revealed
lower but still increased cell count (33 cells/μL) and protein
levels (1,100 mg/L protein). Thereafter, 5 cycles of immu-
noadsorption were initiated with subsequent clinical improve-
ment. However, after tapering prednisolone to less than 10 mg
daily symptoms reoccurred, MRI demonstrated radial peri-
vascular gadolinium enhancement, and CSF showed a persis-
tent pleocytosis of 31 cells/μL. Additional treatment with
azathioprine was initiated, and prednisolone was increased to
80 mg again and tapered over the following months.

Discussion
Detection of anti-GFAP ABs and typical MRI findings are
regarded as essential features in the diagnosis of autoimmune
GFAP astrocytopathy. We here compare two patients with
a similar disease course suggestive of autoimmune GFAP
astrocytopathy. Yet, only in one patient, anti-GFAP ABs were

detected. Recent reports questioned the relevance of anti-
GFAP ABs in this clinical syndrome.3,6 In line with these
reports, we here support the hypothesis that autoimmune
meningoencephalomyelitis with characteristic MRI findings
and steroid responsiveness may present with diverse immu-
nologic findings, and the presence of anti-GFAP ABs is not
obligatory. So far, it is not clear whether the presence of
anti-GFAP-ABs in some patients with this disorder is just an
immunologic accompaniment or whether these patients with
anti-GFAP-ABs represent a particular subgroup with a specific
pathophysiology targeting the astrocyte.

Because anti-GFAP ABs bind to astrocytic cytosolic in-
termediate filaments and ABs are not internalized, a direct
pathophysiologic relevance of these ABs is unlikely. As known
from autoimmune encephalitis and neuromyelitis optica spec-
trum disorders, pathophysiologically relevant ABs usually tar-
get membrane surface proteins.7 In contrast, in paraneoplastic
disorders, specific onconeuronal ABs to intracellular antigens
are not pathogenic but excellent biomarkers.7 In autoimmune
GFAP astrocytopathy, a role of autoreactive T cells triggering
a GFAP-specific autoimmune response has been suggested.3 In

Table 1 Clinical characteristics of case reports 1 and 2

Case report 1 (GFAP AB positive) Case report 2 (GFAP AB negative)

53-year-old man 63-year-old man

Prodromal symptoms

Upper respiratory tract infection with dry cough for several
weeks (laboratory confirmed influenza A)

Upper respiratory tract infection with dry cough for 3 weeks during
influenza season

Weight loss (10 kg in 4 weeks) Weight loss (6 kg in 3 weeks)

Fever and night sweats Fever

Fatigue Fatigue

Neuropsychiatric symptoms

Progressive personality change for several months with apathy Progressive personality change for several months with apathy,
confabulations, and aggressive behavior

Neurologic symptoms

Left gaze–evoked nystagmus, ataxia in arms and legs, gait ataxia,
intention and resting tremor of the upper limbs, and repetitive aphasia

Ataxia of arms and legs, gait ataxia, dysarthria, dysphagia, decreased
consciousness, and apraxia

Neurocognitive symptoms

Deficits in attention, word fluency, and memory Deficits in attention, word fluency, abstraction ability, learning, and
memory

Treatment

Response to methylprednisolone Deterioration after IVIG

Relapse after methylprednisolone tapering; stabilization additional treatment
with immunoadsorption and rituximab

Response to methylprednisolone

Relapse after methylprednisolone tapering

Stabilization with immunoadsorption; additional treatment with
azathioprine

Abbreviations: GFAP = glial fibrillary acidic protein; IVIG = intravenous immunoglobulin.
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Figure Patients’ MRIs, immunofluorescence, and histologic findings

Patient 1: (A.a) T2-weighted imagesdemonstratediffuseperiventricular hyperintense lesions (thick arrows, A.a). Axial (A.b) and sagittal (A.c) T1-weighted imageswith
gadolinium show linear perivascular enhancement extending radially through the periventricular white matter (thin arrows). (B) Characteristic staining pattern of
GFAP-positive astrocytes in mouse brain slices incubated with CSF of patient 1 (B.a: hippocampus, coronal; magnification ×100; (B.b): Cerebellum, sagittal; magni-
fication ×200). Incubation of astrocyte-microglial cocultureswithCSF of patient 1 showed characteristic staining of astrocytes in fixed cells after permeabilization (B.c;
magnification×400), butnot in vital cells (B.d;magnification×200). Incubationof a cell-basedassay transfectedwith theGFAPα isoformwith thepatient’sCSF revealed
a positive staining pattern (B.e; magnification ×200). Scale bars: 50 μm each. Patient 2: (C) brain MRI shows similar features as shown in A with periventricular T2
lesions (thick arrows, C.a) and linear perivascular gadolinium enhancement (thin arrows, C.b, C.c). (D) Immunofluorescence stains with CSF of patient 2 revealed no
specific staining in brain tissue (D.a: Hippocampus, coronal; magnification ×100; D.b: cerebellum, sagittal; magnification ×200) nor in permeabilized (D.c; magnifi-
cation ×400) and vital cells (D.d; magnification ×200) in astrocyte-microglial coculture. Incubation of a cell-based assay transfected with the GFAPα isoformwith the
patient’s CSF did not show binding (D.e; magnification ×200). Scale bars: 50 μm each. (E) Histological analysis of patient 2 brain biopsy showed blood ves-
sel–associated infiltration by hematopoietic cells (E.a; hematoxylin and eosin stain; magnification ×200; E.d; CD5-positive T lymphocytes; magnification ×200). Only
scattered infiltration by single cytotoxic T cells was observed (E.b; CD8; magnification ×200). The majority of infiltrating cells were identified as macrophages (E.c;
CD68;magnification ×200). Brain tissue showedmicroglial activation (E.e; CD68;magnification ×200) and astrogliosis (E.f; GFAP;magnification ×200), but no obvious
signs of clasmatodendrosis. Scale bars: 50 μm each. GFAP = glial fibrillary acidic protein.
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a rat model, CD3+ T cells have been shown in close proximity
to GFAP-positive astrocytes, thereby inducing an immune re-
sponse with production of IgG ABs to GFAP.8 This might be
a first direct link of how the humoral response is initiated. Of
note, in our patients and also in others, an observational link
exists between viral infections, e.g., influenza A, herpes simplex,
and varicella zoster and subsequent GFAP autoimmunity.1 The
association of viral CNS infections and other forms of auto-
immune encephalitis is well established. Here, antigen pre-
sentation due to neuronal damage caused by viral inflammation
or virus-induced costimulation of immune cells is favored to be
a pathophysiologic mechanism involved in promoting en-
cephalitis.9 Although influenza A infection does not necessarily
lead to neuronal damage in the CNS, it may be a predisposing
factor to develop GFAP autoimmunity.

The specificity of anti-GFAP ABs for meningoencephalomyelitis
needs to be clarified in further studies, as serum anti-GFAP ABs
can also be found in other diseases, e.g., traumatic brain injury,
vascular dementia, and astrocytoma, or even in healthy controls.10
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virus, Chlamydia trachomatis, Mycoplasma pneumoniae, and dengue virus),
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CSF
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Initially, synthesis of IgG, IgM, und IgA; oligoclonal bands positive in CSF
only

Initial intrathecal IgM and IgA synthesis; oligoclonal bands negative

Normal soluble IL2 receptor; negative viral DNA (CMV, HSV, VZV, EBV, and
HHV6)

Normal soluble IL2 receptor; normal protein 14–33, JC virus PCR negative;
negative viral DNA (CMV, HSV, VZV, EBV, and HHV6)

Autoimmune and onconeuronal ABs
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Abstract
Objective
This longitudinal study aimed to assess changes in retinal structure and visual function fol-
lowing a first-ever episode of acute optic neuritis (ON).

Methods
Clinical and optical coherence tomography (OCT) data obtained over a period of 12 months
were retrospectively analyzed in 41 patients with a first-ever clinical episode of acute ON. OCT
scans, high-contrast visual acuity (HCVA), and low-contrast visual acuity (LCVA) were ac-
quired at baseline and at 1, 3, 6, and 12 months thereafter. Macular ganglion cell and inner
plexiform layer (GCIP), peripapillary retinal nerve fiber layer (pRNFL), and macular inner
nuclear layer (INL) thicknesses were assessed by OCT. Linear mixed-effects models were used
to analyze OCT variables of ipsilateral ON and contralateral non-ON (NON) eyes over time.

Results
The mean change of GCIP thickness in ON eyes was significant at all follow-up time points,
with nearly 75% of the total reduction having occurred by month 1. In ON eyes, thinner GCIP
thickness at month 1 correlated with lower LCVA at month 3. Mean pRNFL thickness in ON
eyes differed significantly from NON eyes at all postbaseline time points. INL thickness was
significantly increased in ON eyes (month 1) but also in contralateral NON eyes (month 12).

Conclusions
Retinal structural damage develops rapidly following acute ON and is associated with sub-
sequent functional visual deficits. Our results also suggest bilateral retinal pathology following
unilateral ON, possibly caused by subclinical involvement of the contralateral NON eyes.
Moreover, our data may assist in clinical trial planning in studies targeting tissue damage in
acute ON.
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Optic neuritis (ON) is an acute inflammation of the optic nerve
and a frequent clinical manifestation of MS.1–3 Within the
retina, ON-associated neuroaxonal damage manifests as peri-
papillary retinal nerve fiber layer (pRNFL) and macular gan-
glion cell layer thinning, which can be detected in vivo using
optical coherence tomography (OCT).4–7 Studies have found
that pRNFL and the combined macular ganglion cell and inner
plexiform layer (GCIP) thickness strongly correlated with
functional visual outcomes in ON.8,9 A multicenter study re-
cently found that pRNFL thickness below a certain threshold
was predictive of a more disabling disease course.10 In addition
to the inner retina, changes to the outer retina (e.g., inner
nuclear layer [INL]) have been observed after ON.11–13

Of interest, previous studies have found that the clinically
unaffected contralateral eye may display some degree of
dysfunction following unilateral ON.14–16 Structural data to
date are only available for the outer retina over 6 months after
ON17 or for the inner retina over 12 months.18 Although
a number of cross-sectional OCT studies in ON have been
published,8,19 longitudinal studies are still scarce.12,17,18

The primary goal of this study was to describe the temporal
dynamics and magnitude of retinal structural and functional
visual damage in patients with a first-ever ON in the affected
and unaffected eyes. Further objectives included investigating
the association between early macular damage and visual
outcomes and exploratory analysis of sex-specific differences
during ON.

Methods
Study design
Forty-one patients with a first-ever acute ON were identified
retrospectively by chart review, and their clinical and OCT
data were analyzed longitudinally over a period of 12 months
following the episode. Patient data were acquired at baseline
(defined as symptom onset ±28 days maximum after onset of
ON) and, relative to baseline, at 1 (24–38 days), 3 (79–107
days), 6 (158–214 days), and 12 (310–434 days) months
thereafter between 2014 and 2017.

Standard protocol approvals, registrations,
and patient consents
The study was approved by the Ethics Committee of the
Canton of Zurich, Switzerland (reference KEK-ZH-Nr.2013-
0001), and all patients signed a general informed consent form.

Patients eligibility
Patients with a first-ever episode ofON, including idiopathicON
and ON in the context of MS (diagnosed according to the 2010
revised McDonald criteria20), were included in the study. ON
was diagnosed by experienced clinicians from the Departments
of Neurology and Ophthalmology at the University Hospital
Zurich, Switzerland. Patients were included if OCT and visual
acuity assessments were performed at baseline and at least one
more of the predefined time points. Exclusion criteria included
previous clinical history of ON in either eye, retinal pathology
(visible on ophthalmologic or OCT examination) or any other
ocular or systemic disease, which could affect vision or retinal
structure (e.g., diabetesmellitus and uncontrolled hypertension),
refractive error ≥6.0 diopters, and history of eye surgery.

Visual acuity
High-contrast visual acuity (HCVA) and low-contrast visual
acuity (LCVA)were recorded at each visit with habitual refractive
correction. HCVA was tested using Early Treatment Diabetic
Retinopathy Study charts (100% contrast), and LCVAwas tested
with Sloan letter charts (2.5% contrast). For both, the number of
correctly identified letters was recorded and specified with the
logarithm of the minimum angle of resolution (logMAR) scale.21

Optical coherence tomography
OCTwas performed using a single Heidelberg Spectralis OCT
device (Software version 1.9.10.0; Heidelberg Engineering,
Heidelberg, Germany) by 3 experienced OCT operators. The
device is equipped with a TruTrack eye tracking program.
OCTs were performed without pupillary dilation in a darkened
room. Scans were acquired at baseline and at 1, 3, 6, and 12
months after ON. The macular volume protocol was per-
formed in high-resolution mode and involved 19 consecutive
vertical B scans (25 automatic real-time tracking, 1,536 A-scans
per B scan, 240 μmbetween B scans) crossing the macula using
an integrated macular volume protocol (“PPoleV”). The
pRNFL thickness protocol involved a high-resolution peri-
papillary ring scan (12° diameter, 30 automatic real-time
tracking) centered over the optic nerve head (ONH). For
postprocessing, retinal layer segmentation was performed au-
tomatically using the built-in Heidelberg retina angiograph/
Spectralis Viewer Module (v.6.3.4.0). The mean thickness of
the macular ganglion cell layer, inner plexiform layer, and INL
was calculated by centering the 1.00-mm, 2.22-mm, 3.45-mm
Early Treatment Diabetic Retinopathy Study grid on the fovea
and averaging the thickness of all quadrants. GCIP thickness
was the summation of the ganglion cell layer and inner plexi-
form layer. The software calculated the mean pRNFL

Glossary
DMT = disease-modifying therapy;GCIP = ganglion cell and inner plexiform layer;HCVA = high-contrast visual acuity; INL =
inner nuclear layer; LCVA = low-contrast visual acuity; logMAR = logarithm of the minimum angle of resolution; MME =
microcystic macular edema; NMOSD = neuromyelitis optica spectrum disorder; NON = nonoptic neuritis; OCT = optical
coherence tomography;ON = optic neuritis;ONH = optic nerve head; pRNFL = peripapillary retinal nerve fiber layer; RGC =
retinal ganglion cell; VEP = visual evoked potential.
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thickness, 360° around the ONH. All ONH scans fulfilled the
OSCAR-IB quality consensus criteria.22 All scans were
reviewed by a single author (C.A.W.) and, when necessary,
segmentation boundaries manually corrected. OCT data have
been reported in line with the Advised Protocol forOCT Study
Terminology and Elements recommendations (APOSTEL).23

Statistics
Statistical analyses were performed using R version 3.3.1 (R
Core Team, 2016; r-project.org). To assess whether time
between symptom onset and baseline examination may in-
fluence the OCT analysis, an unpaired, 2-sample t test was
used to compare the mean baseline GCIP thickness of the ON
eyes between early (≤7 days) and late (>7 days) presenting
patients. All retinal layers derived from OCT measurements
were analyzed independently of each other. For each layer,
a linear mixed-effects model was used to assess the differences
between ipsilateral ON eyes and contralateral non-ON
(NON) eyes over time. The response variable of the model
was the DGCIP, DpRNFL, or DINL (the difference between
the retinal layer thickness of an ON eye at each time point and
the retinal layer thickness of the corresponding NON eye at
baseline). All comparisons were made to the baseline of the
NON eyes assuming that the baseline of the NON eyes is
nonpathologic and therefore suitable as an intraindividual
control. This approach is further supported by previous
studies suggesting that analysis of intereye thickness differ-
ences is more accurate in detecting retinal ganglion cell
(RGC) damage than absolute thicknesses24 and that within-
patients comparisons are more sensitive than comparisons to
a healthy control group.25,26 All models included time points,
age, sex, disease duration, steroid treatment (yes/no), and
disease-modifying therapy (DMT) (yes/no) as fixed effects
and a random effect accounted for intraindividual compar-
isons; furthermore, the model is known to efficiently handle
missing values.27 The residuals of the model were tested for
normality with the Shapiro-Wilk test and by inspection of the
residuals and Q-Q plots. The relationship between GCIP
thickness and LCVA in ON eyes was assessed by Spearman
rank correlations. All p values were Bonferroni corrected for
multiple comparisons. p Values ≤0.05 were considered sta-
tistically significant.

Data availability
All data from this study will be available (in anonymized form)
on reasonable request from any qualified investigator.

Results
Patient demographics and
clinical characteristics
Patient demographics and clinical characteristics obtained at
baseline clinical evaluation are detailed in table 1. In total, 41
patients (28 women and 13 men; mean age: 32.4 years) were
included in the study. Thirty patients (73.2%) had anON in the
context of MS, whereas 11 cases (26.8%) were diagnosed with

idiopathic ON. In cases with bilateral ON (n = 2), the more
severely affected eye at baseline was classified as the ON eye.
From the less severely affected eye, only baseline results were
analyzed and used to calculate intereye differences over time,
whereas the follow-up data were excluded. The mean time from
clinical onset of ON to baseline examination was 10 days. The
average GCIP thickness in ON eyes was not significantly dif-
ferent (p = 0.13) between patients presenting early or late for
baseline examination. One patient had a clinical ON event
during follow-up, affecting the contralateral eye at month 12;
the data for this eye at month 12 were excluded from analysis.

Structural retinal damage following ON
GCIP thickness in NON eyes remained stable, whereas GCIP
thickness in ON eyes decreased over time. The mean
DGCIP differed significantly in ON eyes at all time points

Table 1 Patient demographics and clinical characteristics
at baseline examination

Total Female Male

No. of patients 41 28 13

Mean age (SD) [y] 32.4 (9.4) 32.0 (10.8) 33.3 (5.4)

Mean disease duration (SD) [d]

Median [d] 184 (730) 207 (873) 134 (234)

Minimum [d] 2 2 2

Maximum [d] 4,611 4,611 804

Cause of ON

Idiopathic ON 11 8 3

CIS 7 6 1

RRMS 22 14 8

PPMS 1 0 1

ON presentation

Unilateral 39 27 12

Bilateral 2 1 1

Mean time from clinical onset
of ON to baseline scan (SD) [d]

10 (7) 11 (8) 8 (4)

Patients treated with
corticosteroids

37 25 12

Patients treated with DMT 17 11 6

Ethnicity

European 38 27 11

South Asian 1 0 1

West African 1 0 1

North American 1 1 0

Abbreviations: CIS = clinically isolated syndrome; DMT = disease-modifying
therapy; ON = optic neuritis; PPMS = primary progressive MS; RRMS = re-
lapsing-remitting MS.
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(p < 0.0001) post-ON (figure 1, table 2). ON eyes had a mean
GCIP reduction over the 12-month follow-up period of
14.1 μm (SD: 3.2 μm), with 74.5% of the change occurring
within the first month and 100% within 3 months following
ON (figure 1, table 2). Except for time points, none of the
covariates (age, sex, disease duration, steroid treatment, and
DMT) appeared to have a significant effect on the response
variables (DGCIP, DpRNFL, or DINL), but were neverthe-
less included in the statistical model, as preplanned. In com-
parison, the mean longitudinal GCIP thickness in NON eyes
showed an absolute reduction of 1.1 μm (SD: 2.2 μm) over
the same period (table 3).

Although we observed numerical differences between men
and women in terms of GCIP reduction after 12 months
(men: −19.8 μm, SD: 4.9 μm vs women: −10.3 μm, SD:
4.1 μm), these differences did not reach statistical significance
(tables e-1 and e-2, links.lww.com/NXI/A187).

Mean baseline pRNFL thickness in ON eyes was 116.2 μm
(SD: 29.3 μm) and had an average thickness difference of
+18.2 μm (SD: 4.8 μm) compared with contralateral NON
eyes (table 2, figure 1). The mean DpRNFL was significantly
different at months 1 (p < 0.05), 3 (p < 0.0001), 6 (p <
0.0001), and 12 (p < 0.0001) post-ON. Although most of the
total pRNFL reduction (87.8%) occurred within the first 3
months post-ON, thickness continued to slowly decline up
until month 12 (table 1). In NON eyes, mean pRNFL
thickness values between 96.0 μm and 99.0 μm were reported
over the 12-month period (table 3). At baseline, women had
a mean pRNFL thickness of 113.9 μm (SD: 31.3 μm) in ON
eyes and a difference of +15.79 μm (SD: 6.1 μm) compared
with their respective NON eyes, whereas the ON eyes in men
had a mean pRNFL thickness of 121.0 μm (SD: 24.9 μm) and
a difference of +23.4 μm (SD: 7.4 μm) compared with the
respective NON eyes. By month 6, women and men had
almost identical mean pRNFL thicknesses. Subsequent to
month 6, pRNFL thickness stabilized until month 12 in
women, whereas men experienced a further decline (tables
e-1 and e-2, links.lww.com/NXI/A187).

The baseline mean INL thickness was similar in NON and
ON eyes (table 2, figure 1). However, a significant intereye
difference between month 1 macular INL thickness in ON
eyes and baseline contralateral INL thickness (p < 0.05) was
found (figure 1).

The INL thickness in ON eyes showed more pronounced
changes over time in men than in women. At month 1 fol-
lowing ON, mean INL thickness was similar in men and
women. In female ON eyes, mean INL thickness remained
nearly unchanged up to month 12, whereas in male ON eyes,
mean INL thickness increased by 3.0 μm (SD: 1.6 μm) at
month 12 (tables e-1 and e-2, links.lww.com/NXI/A187).

In NON eyes, almost no change in mean INL thickness was
observed at months 1, 3, and 6, but there was a significant

increase at month 12 (+1.4 μm, SD: 1.1 μm, p < 0.05) com-
pared with baseline (table 3). Although small in magnitude,
this increase nevertheless represents a change of +3.9% by
month 12 compared with the baseline examination.

Visual functional changes following ON
Visual acuity of ON eyes was lowest at the acute phase of ON
and was worse compared with that of NON eyes (figure 2,
table e-3, links.lww.com/NXI/A187). Subsequently, visual
acuity recovered partially; although HCVA improved rapidly
in ON eyes and was comparable to measurements in the
NON eyes already at month 3, LCVA never reached the level
of NON eyes during the entire observation period (figure 2).
Namely, ON eyes displayed a mean LCVA intereye difference
of 0.23 logMAR, corresponding to 11–12 letters at month 12.

Association between macular damage and
visual outcomes
Thinner GCIP thickness at month 1 was correlated with lower
LCVA at month 3 (rho = −0.63, p = 0.01) in ON eyes. No
statistically significant relationship was found between GCIP
thickness and LCVA at month 6 or 12. Furthermore, no
associations were observed betweenGCIP thickness at month
1 and HCVA at any time point.

Discussion
We found that an episode of acute ON can result in extensive
neuroaxonal retinal damage of the ipsilateral eye, confirming
previous longitudinal reports.17,18 Significant GCIP thinning
was already detectable at 1 month after ON and also at all
subsequent time points.

The status of the retina distal to GCIP beyond 6 months
post-ON has previously not been documented. We mea-
sured a small but significant increase in INL thickness in the
clinically (seemingly) unaffected NON eyes at month 12,
suggestive of bilateral retinal pathology in clinically unilat-
eral ON.

Similarly, a significant intereye difference between month 1
INL thickness in ON eyes and baseline contralateral INL
thickness was observed. Although the detected changes are
numerically small, the INL thickness increase in the ON eyes
recorded was similar in magnitude to previous findings, in-
cluding a large meta-analysis.12 All these previously reported
changes to INL thickness, including the current findings, are
below the axial resolution of the OCT device used in this
study (;5 μm); however, several studies have recorded that
the detection limit for retinal layer thickness changes is ap-
proximately 1 μm.28,29 Thus, it is likely that the observed INL
thickening is meaningful. Nevertheless, it may be prudent to
be cautious when interpreting such findings at the individual
patient level. Recently, it has been suggested that the INL
shows promise as a possible marker of MS inflammatory
disease activity and response to treatment, with INL
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Figure 1 Longitudinal retinal thickness in ON

(A) Reduction in mean macular GCIP thickness in ON
eyes at baseline and in the subsequent 12 months
compared with baseline mean GCIP thickness in NON
eyes (****p < 0.0001). (B) Mean pRNFL thickness in NON
and ON eyes at baseline and in the subsequent 12
months (*p < 0.05, ****p < 0.0001). (C) Intereye differ-
ence between macular INL thickness in ON eyes and
baseline contralateral INL thickness (*p < 0.05). Intraeye
difference in macular INL thickness in NON eyes over
time (**p < 0.05). Error bars represent SDs. GCIP =
ganglion cell and inner plexiform layer; INL = inner nu-
clear layer; NON = nonoptic neuritis; ON = optic neuritis;
pRNFL = peripapillary retinal nerve fiber layer.
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thickening being associated with more active or breakthrough
disease.7,29–31 Therefore, INL thickening in ON eyes may be
due tomechanisms related to inflammation within or affecting
the INL.7,29,30 Increased INL thickness has also been associ-
ated with the presence of microcystic macular edema (MME),
particularly in patients with a history of MS-related ON or
neuromyelitis optica spectrum disorders (NMOSDs).31,32 In

our cohort, signs of MME were only observed in 1 patient, in
whom only pRNFL data were analyzed. Moreover, none of
the 11 idiopathic ON cases could be confirmed as NMOSD33

(8 were seronegative for aquaporin-4 antibodies [AQP4-IgG],
whereas the other 3 were untested). Neither MME nor
NMOSD appears to explain the mean INL increase we
detected.

Table 2 Retinal thickness in NON eyes at baseline and in ON eyes over a 12-month period

NON ON

M0 M0 M1 M3 M6 M12

Macular GCIP

Mean (SD) [μm] 85.0 (7.4) 84.0 (8.0) 74.5 (8.0) 70.7 (11.2) 73.6 (9.6) 70.8 (11.4)

Absolute change (SD) [μm] NA −0.9 (1.8) −10.5 (2.1) −14.3 (2.5) −11.4 (2.4) −14.1 (3.2)

No. of eyes 40 36 21 25 22 15

pRNFL

Mean (SD) [μm] 98.0 (8.9) 116.2 (29.3) 103.2 (14.7) 88.4 (14.3) 89.7 (10.2) 87.1 (14.9)

Absolute change (SD) [μm] NA 18.2 (4.8) 5.3 (3.4) −9.6 (3.2) −8.2 (2.6) −10.9 (4.1)

No. of eyes 41 41 22 25 22 15

Macular INL

Mean (SD) [μm] 35.8 (2.9) 35.5 (2.6) 36.7 (3.1) 36.5 (3.1) 36.4 (2.6) 37.7 (3.8)

Absolute change (SD) [μm] NA −0.4 (0.6) 0.8 (0.8) 0.7 (0.8) 0.6 (0.7) 1.9 (1.1)

No. of eyes 40 36 21 25 22 15

Abbreviations: GCIP = ganglion cell and inner plexiform layer; INL = inner nuclear layer; M0 = month 0; M1 = month 1; M3 = month 3; M6 = month 6; M12 =
month 12; NA = not applicable; NON = nonoptic neuritis eye; ON = optic neuritis, pRNFL = peripapillary retinal nerve fiber layer.

Table 3 Retinal thickness in NON eyes over a 12-month period

M0 M1 M3 M6 M12

Macular GCIP

Mean (SD) [μm] 85.0 (7.4) 87.1 (7.0) 83.6 (9.0) 84.0 (8.3) 83.9 (7.0)

Absolute change (SD) [μm] NA 2.1 (1.9) −1.4 (2.1) −0.9 (2.1) −1.1 (2.2)

No. of scans 40 21 24 21 15

pRNFL

Mean (SD) [μm] 98.0 (8.9) 99.0 (7.6) 96.0 (9.5) 98.0 (9.9) 98.2 (9.4)

Absolute change (SD) [μm] NA 1.1 (2.1) −2.0 (2.4) 0.0 (2.5) 0.2 (2.8)

No. of scans 41 21 24 21 15

Macular INL

Mean (SD) [μm] 35.8 (2.9) 35.1 (2.4) 36.0 (2.6) 35.9 (2.4) 37.2 (3.8)

Absolute change (SD) [μm] NA −0.7 (0.7) −0.2 (0.7) 0.1 (0.7) 1.4 (1.1)

No. of scans 40 21 24 21 15

Abbreviations: GCIP = ganglion cell and inner plexiform layer; INL = inner nuclear layer; M0 = month 0; M1 = month 1; M3 = month 3; M6 = month 6; M12 =
month 12; NA = not applicable; NON = nonoptic neuritis eye; pRNFL = peripapillary retinal nerve fiber layer.
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The change in INL thickness in the NON eyes may indicate
subclinical involvement of the fellow eyes in our patients with
ON. Although this structural finding is novel in the literature,
we may draw parallels with 2 results from functional studies
and data from a clinical trial in ON. Schnurman et al.15

showed abnormalities of the ONH component of the multi-
focal electroretinogram in ON eyes but also, to a lesser extent,
in the NON eyes of the same patients. In a substudy of a re-
cent clinical trial assessing the monoclonal anti-LINGO-1
antibody opicinumab in acute ON, fellow eyes of placebo-
treated, but not opicinumab-treated, patients showed pro-
gressive multifocal visual evoked potential (VEP) amplitude
loss over 8 months.34 Similarly, Raz et al.16 found changes to
the latency of late peaks of the VEP of NON eyes, which were
not attributable to demyelination; the authors attributed these
changes to an adaptive mechanism to maximize preservation
of stereopsis in their patients with unilateral ON. We are
unable to reach firm conclusions as to the etiology of our INL
thickness changes, but we suggest subclinical inflammation of
the fellow eye as a potential candidate. Alternatively, given the
proposed role of the INL as a marker for global inflammatory
disease activity in MS, the increased INL thickness in NON
eyes at month 12 may be indicative of ongoing or future
disease activity independent of ON. However, the fact that
Balk et al.35 did not observe a significant annualized change in
INL volume in MS eyes without a recent history of ON may
argue against this hypothesis.

By month 12, the magnitude of macular GCIP thinning was
−16.6% in ON eyes relative to the baseline of contralateral
NON eyes. An important finding of our study is the extremely
rapid evolution of macular GCIP atrophy in affected eyes,
with nearly 75% of the entire reduction observed over 12
months occurring within the first month of presentation and
100% occurring by month 3. Gabilondo et al.17 described

comparable temporal dynamics of GCIP atrophy subsequent
to ON, reporting 57.2% of the total reduction in thickness
occurring within the first 2 months and 73.4% within the first
3 months. Our results have important implications for future
interventions and clinical trial design: as the magnitude of
change is most pronounced early in the course of ON, very
early, if not prophylactic intervention, may be the best strategy
to prevent tissue damage in acute ON. Moreover, sample size
calculations for future clinical trials may be based on the data
presented here. Notably, NON eyes had some level of RGC
degeneration above thresholds of physiologic aging,36 con-
sistent with a recent report on longitudinal retinal changes in
NON eyes among patients with MS and again suggesting
subclinical involvement of the contralateral eye in ON.17

pRNFL thickness of ON eyes was increased at baseline ex-
amination, most likely indicative of inflammatory edema. At
month 1, peripapillary thickening was still evident but had
reduced substantially. Subsequently, pRNFL reduced in
thickness, reaching most of its total reduction (87.8%) by
month 3 and showing a moderately sustained decline until
month 12, in line with previous studies.18,37

To ensure that our data regarding the temporal course of
GCIP, pRNFL, and INL thickness changes are not artifactual
(due to assessing different patients at different time points),
we performed a subanalysis of patients who had both baseline
and month 12 examinations. The results of this subanalysis
confirmed GCIP and pRNFL thinning, as well as INL thick-
ening, 1 year after ON (data not shown).

Treatment with corticosteroids (mean time between onset of
ON and administration: 10 days) was included as a di-
chotomous variable in the statistical model and was found to
have no significant influence on the OCT measures assessed.

Figure 2 Longitudinal visual acuity in ON

Best-corrected mean HCVA (A) and LCVA (B) measures in ON eyes and NON eyes over a 12-month period. Error bars represent SDs. HCVA = high-contrast
visual acuity; LCVA = low-contrast visual acuity; logMAR = logarithm of the minimum angle of resolution; NON = nonoptic neuritis; ON = optic neuritis.
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In NMOSD, the effect of steroids on visual outcomes appears
to depend critically on the timing of application, with an
optimal effect being achieved with administration ≤4 days
after onset.38 Yet, in MS-associated ON, both timing and
overall impact of steroid treatment have not been shown
conclusively. Future studies may consider including temporal
information on steroid treatment as a continuous variable in
the statistical models.

A profound reduction in HCVA and LCVA was observed in
ON eyes at baseline. AlthoughHCVA recovered rapidly in the
majority of patients, with the mean reaching the level of the
unaffected eye at month 6, LCVA remained impaired for the
entire study period, with a clinically relevant9 intereye dif-
ference of 11–12 letters.

We also addressed a putative link between early changes to
macular architecture after ON and subsequent visual functional
loss. LCVA at month 3 tended to be worse in ON eyes with
GCIP thinning at month 1. The lack of a significant association
between early GCIP thickness and LCVA at months 6 or 12
may be due to diminished statistical power with smaller sample
sizes at these time points. No correlation was found between
early GCIP thickness and HCVA at any time point during
follow-up, which is unsurprising, given the functional im-
provement in HCVA up to the level of the contralateral eye at
month 6. Together, these results illustrate the importance of
LCVA monitoring to properly identify functional visual re-
covery in MS-associated ON.

An exploratory objective of the study was to analyze sex-
specific differences in the outcome of acute ON episodes.
Female preponderance is well known in MS. However, pre-
vious studies have reported that once the disease manifests,
men are more severely affected than women, characterized by
a more rapid disease progression and worsening of clinical
outcomes.39 To date, few studies have looked into potential
influences of sex effects on visual outcomes in ON.18,40 Those
studies that have analyzed the effects of sex on recovery after
ON have suggested poorer outcomes in men.18,40 Although
our raw data were consistent with these previous findings
(men demonstrated greater structural changes in GCIP,
pRNFL, and INL thickness compared with women), our
analyses did not reveal statistically significant effects of sex.
This may be due to the low number of males included in our
study (n = 13). As previous work did not state explicitly
whether results were corrected for multiple testing,18,40 it
remains possible that our negative findings regarding sex also
reflect differences in statistical analysis methods.

Our study has a number of limitations. As a consequence of its
retrospective nature, data were not available for all patients at
each follow-up time point, resulting in a smaller sample size at
follow-ups compared with baseline and also in a slightly dif-
ferent cohort at each time point. In addition, the study lacked
a dedicated healthy control group. Although all comparisons
were made to the baseline of the NON eyes based on the

assumption that the baseline of the NON eyes is non-
pathologic, it cannot be completely ruled out that NON eyes
previously experienced retinal pathology following subclinical
ON. The latter also holds true for the ON eyes.

The characterization of temporal dynamics underlying neu-
roaxonal damage in ON and factors associated with a poor
functional outcome is important for optimizing timing, pa-
tient selection, and mechanisms to target in future inter-
ventions. Thus, future prospective studies in ON including
the contralateral eyes are needed to confirm the findings
reported here in larger cohorts. Such studies may also add
clinical relapse rate or radiologic disease activity as outcomes
to better assess the clinical significance of the OCT findings
reported and to further improve our understanding of the
basic mechanisms underlying tissue damage in ON. Such
results may pave the way for targeted interventions with the
aim of reducing functional visual sequelae.

Overall, our results indicate that macular structural damage
develops rapidly in patients with acute ON in affected eyes
and correlates with functional visual outcomes. LCVA re-
covery is incomplete following an episode of acute ON. We
also provide preliminary evidence for structural pathology
involving the contralateral, clinically unaffected eyes, which
may be explained by subclinical involvement of the fellow eye
in ON. Our results further strengthen the importance of early
intervention when planning for clinical trials targeting tissue
protection in acute ON.
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Abstract
Objective
To determine if the concentration and saturation of natalizumab (NTZ) administration at
extended interval dosing (EID; every 5–8 weeks) over 18months is able to be maintained in the
range considered adequate to sustain the clinical efficacy of NTZ.

Methods
In a cross-sectional assessment of patients with multiple sclerosis (MS) who received standard
interval dosing (every 4 weeks) or EID, serum NTZ concentrations were measured using
ELISA, and α4-integrin receptor saturations were analyzed via cytometry, in blood samples
obtained at trough timepoints.

Results
Trough serum concentration was above the “therapeutic” concentration of 2.0 μg/mL in 72% of
EID patients. Trough saturation was above the “therapeutic” 50% threshold in 79% of EID-
treated patients. Our model predicted that at least 9 NTZ infusions/year are required to
maintain adequate trough saturation and concentration levels. Higher body mass index (BMI)
was a predictor of suboptimal trough saturation on EID NTZ.

Conclusions
Trough α4-integrin receptor saturation >50% correlated with high clinical efficacy of NTZ in
previous studies. A continual treatment with EID maintains receptor saturation and concen-
tration that are in the “therapeutic range” for most patients. This finding provides biological
plausibility for the clinical efficacy of NTZ EID. Patients with higher BMI may require closer
clinical and MRI follow-up.
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Natalizumab (NTZ) administered at extended interval dosing
(EID, 5–8 weeks) instead of the approved standard interval
dosing (SID, every 4 weeks) demonstrates reduction of risk of
NTZ-associated progressive multifocal leukoencephalopathy
(PML) in patients with multiple sclerosis (MS).1 This finding
raises the important question of whether NTZ should be
infused at EID. However, high-level evidence that supports
the efficacy of NTZ EID is presently lacking.

The biological plausibility of EID efficacy depends on its
pharmacodynamic properties. Previous studies indicated that
clinical and radiologic disease activity correlate with the level
of NTZ saturation of lymphocyte α4-integrin receptor sites.2

The standard 4-week dosing (SID) was chosen to ensure
continuous “maximal” (defined as >80%) α4-integrin receptor
saturation.3 This strategy achieves adequate blockade of
autoreactive lymphocytes from entering the CNS but may
compromise immune surveillance against JC virus infection of
glial cells in the CNS, thereby placing patients at risk of PML,
a well-known complication of NTZ. By 8 weeks post-
administration, saturation generally declines to “submaximal
levels” of 50%–80%.4 “Receptor desaturation”, defined as
saturation <50%, is usually observed only after 8 weeks
postinfusion when NTZ serum concentrations fall below
1 μg/mL.5 The serum concentration of 2 μg/mL has been
postulated to be adequate to maintain efficacy in most NTZ-
treated patients because it corresponds to α4-integrin receptor
saturation in the 70%–100% range.6 These data are consistent
with the observation that the return of MS clinical and ra-
diologic activity occurs approximately 10 weeks following
NTZ withdrawal.7 Dosing of NTZ in the intermediate
range—less frequently than every 4 weeks, but more fre-
quently than every 10 weeks—may result in acceptable re-
duction of trough concentration and saturation of NTZ.8

The objective of this study was to determine whether the
steady-state pharmacologic parameters of NTZ EID, de-
termined after at least 18 months of continuous EID treat-
ment, would maintain α4-integrin saturation in the
submaximal but “therapeutic” (>50%) range and serum
concentration ≥2 μg/mL. Our secondary objective was to
define the minimal number of infusions per year (NI) that is
required to maintain NTZ concentration/saturation levels
that are consistent with NTZ efficacy, based on thresholds
inferred from findings of previous studies.4–9

Methods
NTZ-treated patients with MS from the NYU MS Care
Center (New York, NY) and RockyMountainMSClinic (Salt

Lake City, UT) were offered enrollment if their NTZ infusion
history satisfied requirements for EID and SID as defined
below. This study was approved by the respective institutional
review boards.

EID was defined as having received ≤15 infusions in the
previous 18 months of treatment (548 days), with the EID
schedule maintained for at least 12 months. Patients received
SID for ≥6 months before receiving EID. SID was defined as
≥16 infusions in the previous 18 months. All patients had
more than 18 months of NTZ except for 14 patients in the
SID cohort who were treated for more than 12 months with
frequency of infusions >0.833/y. Patients with “dosing gaps”
(infusions >12 weeks apart) or “overdoses” (infusions <3
weeks apart) were excluded.

In a cross-sectional assessment, the blood was collected on the
day of and before the scheduled NTZ infusion. Serum NTZ
concentrations were measured using ELISA (Covance, Prince-
ton, NJ), and α4-integrin saturation on circulating lymphocytes
was analyzed via flow cytometry of whole blood (LabCorp,
Burlington, NC).

Demographic and clinical characteristics were summarized
using descriptive statistics. Means of concentration and sat-
uration were compared between the EID and SID groups
using 2-sided t tests with a Bonferroni adjustment for the 2
comparisons (significance level 0.025). Multivariable linear
regression was used to compare concentration and saturation
levels between 2 groups with adjustments for age, sex, and
body mass index (BMI). Linear regressions were also used to
investigate the relationships of concentration and saturation
vs BMI for the 2 groups. Polynomial regressions for con-
centration and saturation vs the NI were used to determine
the minimum number of EID infusions per year that yields
concentration higher than 2 μg/mL and α4-integrin saturation
higher than 50%.

Data availability
Anonymized data will be shared by request from any qualified
investigator.

Results
Two hundred fourteen NTZ-treated patients with MS from
the NYUMS Care Center (n = 19) and Rocky Mountain MS
Clinic (n = 195) were available for analysis. The average age of
patients was 47.7 (SD = 11.2) years; 71% were female. No
differences between the 2 dosing groups were observed with
respect to age, sex, and BMI. The mean duration of treatment

Glossary
BMI = body mass index; EID = extended interval dosing; NI = number of infusions per year; NTZ = natalizumab; PML =
progressive multifocal leukoencephalopathy; SID = standard interval dosing.
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for EID was 4.3 years (SD = 2.1; range 1.8–9.2 years) and for
SID was 3.44 years (SD = 1.2; range 1.0–10.3 years), p = 0.08.

Trough concentration and saturation for the SID and EID
groups are presented in figure 1, A and B. Trough concen-
tration and saturation were significantly higher in the SID
group compared with the EID group. The mean concentra-
tion in SID was 30.5 μg/mL (SD = 17) and in EID was
10.8 μg/mL (SD = 11.5), p < 0.001. The mean saturation in
SID was 87.5% (SD = 8.9) and in EID was 67.3% (SD = 26.7),
p = 0.004. NTZ trough concentrations >2.0 μg/mL were
observed in 99% of SID patients and 72% of EID patients. α4-
integrin saturation levels of ≥50% were observed in 99% of
SID and 79% of EID patients.

Concentration levels inversely correlated with BMI for each
group, but the slope of the decline did not differ between the
2 groups (difference between slopes of 0.62, 95% CI: −0.54
to 1.79). Saturation levels inversely correlated with BMI for
both groups, but the slope of decline was significantly lower

in the EID group compared with the SID group (differences
in slope of −2.25, 95% CI: −3.05 to −1.44; p < 0.001) (figure
1, C and D). In multivariable regression analyses with ad-
justment for age, sex, and BMI, only BMI was a significant
predictor of NTZ concentration and saturation (BMI: p <
0.001).

We also performed stepwise regression on log (concentration)
vs polynomial functions of the NI to model the minimum NI
needed to achieve the desiredNTZ concentration (≥2.0 μg/mL).
The best-fittingmodel selected by the stepwise procedurewas log
(concentration) = −15:4372 + 2:8161pNI − 0:1057pNI2 with
adj-R2 = 0.29. Based on this model, patients require at least
8.3363 infusions/year (1 infusion every 6.2 weeks) to ensure
NTZ trough concentration levels >2 μg/mL (figure 2A). A
similar procedure was used to model saturation as a function of
NI. The best-fitting model was log (saturation) =
−316:3271 + 113:3868 ×NI−14:9466 ×NI2 +NI3−0:0189 ×
NI4 with adj-R2 = 0.46. Based on this model, patients require at
least 8.6505 infusions/year (1 infusion every 6.0 weeks) to ensure

Figure 1 Concentration and saturation in patients on SID and EID schedules

Distribution of (A) serum CONC (μg/mL) and (B) α4-integrin SAT (%) at dosing trough in patients on EID and SID. (C) CONC vs BMI (EID group equation: 26.0 −
0.58 * BMI; SID equation: 63.2 − 1.20 *BMI); (D) SAT vs BMI (EID group equation: 130.5 − 2.47 * BMI; SID equation: 93.2 − 0.20 *BMI) in SID and EID patients. BMI
= body mass index; CONC = concentration; EID = extended interval dosing; SAT = saturation; SID = standard interval dosing.
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saturation levels of greater than 50% (figure 2B). Therefore, we
recommend that at least 9NTZ infusions per year are required to
maintain adequate trough saturation and concentration level.

Discussion
Findings from previous studies suggest anNTZ concentration
of at least 2.0 μg/mL, and an α4-integrin saturation of at least
50%, to maintain clinical and MRI efficacy.4–9 Using these
thresholds, we have shown that 72% of patients on continual
EID maintained NTZ concentration above the “therapeutic”
threshold of 2.0 μg/mL, and 79% of EID patients maintained
“therapeutic” α4-integrin saturation higher than 50%. These
results provide pharmacodynamic support for the clinical ef-
ficacy of EID NTZ and are consistent with previous retro-
spective observational studies of EID NTZ efficacy.10

Another conclusion of our study is that approximately 8.5 infu-
sions per year are needed to maintain “therapeutic” NTZ con-
centration and saturation. This dosing frequency, 1 infusion every
6weeks, fits well with the chosen frequency of EID in the ongoing
clinical trial, in which the efficacy of every 4-week NTZ dosing is
comparedwith every 6-week dosing (NCT03689972). However,
because our multivariable regression analysis identified higher
BMI as a predictor if subtherapeutic concentration and saturation,
overweight patients may require personalized dosing regimen
and closer clinical and MRI follow-up to ensure efficacy.

Limitations of our study include cross-sectional rather than longi-
tudinal design and relatively small number of patients on
continuous EID treatment schedule. Despite these limitations, the
data provide biological plausibility for the clinical efficacy of EID
NTZ,which is being tested in the ongoing randomized clinical trial.
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Figure 2 Modeling of minimum frequency of infusions per year

(A) Polynomial regression of log of concentration vs NI. (B) Polynomial regression of log of saturation vs NI. NI = number of infusions/year.
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Abstract
Objective
To perform a comprehensive multicompartment analysis of microRNA (miRNA) expression in
multiple sclerosis (MS) linked to disease activity and compared with other neuroinflammatory
diseases through a retrospective cross-sectional study.

Methods
One hundred twenty-seven miRNAs were measured by PCR arrays on pooled CSF, serum, and
peripheral blood mononuclear cell (PBMC) samples of 10 patients with relapsing MS and 10
controls. Sixty-four miRNAs were then measured by quantitative PCR on individual CSF
samples of patients with relapsing or remitting MS and controls (n = 68). Fifty-seven miRNAs
were analyzed in the CSF from a second cohort (n = 75), including patients with MS, neu-
roinfectious, or neuroinflammatory diseases and controls. MiRNAs significantly dysregulated in
the CSF were analyzed on individual serum/PBMC samples (n = 59/48) of patients with
relapsing or remitting MS and controls. Post hoc analysis consisted of principal component
analysis (PCA), gene set, and pathway enrichment analysis.

Results
Twenty-one miRNAs were differentially expressed, mainly upregulated in the CSF during MS
relapses. Relapsing MS and neuroinfectious/inflammatory diseases exhibited a partially over-
lapping CSF miRNA expression profile. Besides confirming the association of miR-146a-5p/
150-5p/155-5p with MS, 7 miRNAs uncharacterized for MS emerged (miR-15a-3p/124-5p/
149-3p/29c-3p/33a-3p/34c-5p/297). PCA showed that distinct miRNA sets segregated MS
from controls and relapse from remission. In silico analysis predicted the involvement of these
miRNAs in cell cycle, immunoregulation, and neurogenesis, but also revealed that the signaling
pathway pattern of remitting MS is more akin to controls rather than patients with relapsing
MS.

Conclusions
This study highlights the CSF-predominant dysregulation of miRNAs in MS by identifying
a signature of disease activity and intrathecal inflammation among neuroinflammatory
disorders.
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Multiple sclerosis (MS) is characterized by multifocal in-
flammatory lesions inducing myelin sheath damage and axonal
degeneration. MS results from a complex interplay between
genetic susceptibility and environmental and epigenetic factors,
but its molecular determinants remain elusive. A predominance
of patients present initially with a relapsing-remitting disease
course.1

MicroRNAs (miRNAs) are single-stranded noncoding RNAs
regulating posttranscriptionally the expression of a large
spectrum of genes during various biological processes.2 Sev-
eral miRNAs have been associated withMS, but only few were
linked to disease activity.3,4 Most studies were performed in
small cohorts, in single biological compartments, rarely
compared with other neurologic disorders or were not repli-
cated, hence large heterogeneity between study populations
and analysis methods. Few studies have focused on CSF
miRNAs,5 although these might be more relevant to un-
derstanding disease regulation.

We sought to characterize miRNA expression in 3 biological
compartments, i.e., CSF, serum, and peripheral blood
mononuclear cells (PBMCs) of patients withMS according to
disease activity compared with that of controls and other
neurologic disorders in the CSF. MiRNAs known for their
involvement in immunity, inflammation, neurodegeneration,
and lipid metabolism were measured by quantitative PCR
(qPCR). Finally, a principal component analysis (PCA) and
a pathway enrichment analysis were performed, altogether
leading to a comprehensive multicompartment characteriza-
tion of the miRNA expression profile in MS.

Methods
Patients
CSF and blood samples were collected at the Cliniques Uni-
versitaires Saint-Luc (Brussels) between March 2005 and March
2018, processed according to international guidelines within 1
hour before storage at −80°C until miRNA extraction.6,7 PBMCs
paired with serum were processed as previously described.8 The
study was conducted stepwise (figure 1). A group size of at least 9
patients was calculated using the CSF fold changes of relapsing
MS vs controls in the 2 miRNA arrays, with alpha error at 0.05
and power of 0.80 (stat.ubc.ca/;rollin/stats/ssize/n2.html).
Patient cohorts were classified according to the BioMS-eu

consortium definitions (table e-1, links.lww.com/NXI/A188).9

The 2017 McDonald criteria10 were used for MS diagnosis. Re-
lapsewas defined clinically and/or by the presence of gadolinium-
enhancing lesions (GELs) on MRI for 93%–100% of patients,
depending on the cohort.11 Remitting patients were clinically
stable for 1 month up to 21 years. To reduce bias, patients were
age and sex matched to controls, and none of the patients with
MS were under any disease-modifying treatment (DMT). None
of the relapsing patients had received high-dose IV methylpred-
nisolone before sample collection. Clinical and paraclinical fea-
tures of the patients are summarized in tables 1 and e-1.12,13

Diagnoses of other disease categories are listed in table e-2. Data
were collected between February 2015 and July 2018.

MiRNA isolation
MiRNAs were isolated from CSF (400 μL) and serum (200
μL) using the miRNeasy Serum/Plasma Kit, and from 11-
13.106 PBMCs using the miRNeasy Mini Kit, following the
manufacturer’s protocol (Qiagen, Hilden, Germany). Caeno-
rhabditis elegans miR-39 mimic (Qiagen) was added to CSF
and serum samples as spike-in control for relative quantifi-
cation. MiRNA extraction, reverse transcription (RT), and
PCR were performed sequentially.

MiRNA PCR array
MiRNA profiling was kindly performed by the manufacturer
with “Inflammatory Response & Autoimmunity” and “T-cell
& B-cell Activation” miScript miRNA PCR Arrays (Qiagen)
on a pool of 10 patients with relapsing MS and 10 symp-
tomatic controls (SCs, for CSF) or 10 healthy controls (HCs)
(for serum and PBMCs).

RT, preamplification, and qPCR
RT was performed on 5 μL of miRNA using the miScript II RT
Kit. One microliter of complementary DNA was preamplified
using themiScript PreAmpPCRKit following themanufacturer’s
recommendations (Qiagen). The spike-in controlC. elegansmiR-
39 mimic was not preamplified. qPCR reactions were performed
in duplicate, except for miR-24-3p in CSF, a putative internal
reference gene,14 which was assayed in triplicate. Patients’ sub-
groups and controls were equally distributed across each run to
minimize interrun bias for a single miRNA target.

qPCR analysis
Sample selection was based on Ct variability within duplicates of
a same sample and between samples, as well as melt curve

Glossary
DMT = disease-modifying treatment; EAE = experimental autoimmune encephalomyelitis; EV = extracellular vesicle; FDR =
false discovery rate; GEL = gadolinium-enhancing lesion; HC = healthy control; IgG = immunoglobulin G; Infect-ND =
infectious neurologic disorder; Inflam-ND = inflammatory neurologic disorder; KEGG = Kyoto Encyclopedia of Genes and
Genomes; miRNA = microRNA; mRNA = messenger RNA; MS = multiple sclerosis; OCB = oligoclonal band; PBMC =
peripheral blood mononuclear cell; PCA = principal component analysis; qPCR = quantitative PCR; ROC = receiver operating
characteristic; RRMS = relapsing-remitting MS;RT = reverse transcription; SC = symptomatic control; SiPa = signaling pathway;
Treg = regulatory T-cell.
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morphology. Ct was set at 40 in case of inefficient amplification.
The miRNA transcripts were normalized using references (ex-
ogenous miR-39 for CSF/serum or intracellular RNU6B [small
nuclear ribonucleoprotein U6B, later referred to as RNU] for
PBMCs). Relative expression was determined by the compar-
ative Ct method to the mean of the SCs or HCs (2−DDCt with
DDCt = DCt [target-reference]sample − DCt [target-refer-
ence]mean of controls).

15 Extraction efficiency was considered by
comparing the mean Ct of miR-39 or RNU amplification be-
tween subgroups andmiRNA extraction series.When extraction
efficiency appeared variable, results were expressed relative to
the mean of controls extracted using the same RT enzyme lot.

Gene target prediction and pathway
enrichment analysis
Kyoto Encyclopedia of Genes and Genomes (KEGG) path-
ways were investigated for miRNAs displaying a statistically
significant relative expression difference above 1.5-fold be-
tween disease categories. MiRNAs were grouped in sets
according to the disease subgroup and biological compart-
ment. Two (table e-6, links.lww.com/NXI/A188) or three
(figure 5) databases were combined comprising predicted and
validated miRNA targets, namely mirPath v.3 by DIANA
TOOLS based on TarBase v7.0 (filtered with Pathway Union
and false discovery rate [FDR] correction; snf-515788.vm.

okeanos.grnet.gr/), miRNet (filtered with a 2.0 cutoff degree
and using a hypergeometric Fisher exact test algorithm;
mirnet.ca/), and enrichment using the Cytoscape stringApp
(with data set from the filtered miRNet analysis and a con-
fidence score cutoff set at 0.6). The miRNA-gene network
was generated from the miRNet database, filtered (2.0 cutoff
degree of analysis and 40.0 betweenness) and sketched in the
Cytoscape stringApp to show the most representative genes.

Statistical analysis
For statistical analysis, a nonparametric 1-way analysis of
variance Kruskal-Wallis test of all relative miRNA expression
levels across subgroups was performed using GraphPad Prism
5.0, followed by a Dunn post-test for a 2-by-2 comparison of
the subgroups. Dunn p values, with a significance threshold
set at ≤0.05, were calculated and corrected by the Benjamini-
Hochberg FDR method (astatsa.com/KruskalWallisTest/).
Differential expression of miRNAs was considered only if
statistically significant for both post-tests.

PCA of continuous variables obtained from the CSF miRNAs
screening was performed using the R FactoMineR program.
The presence/absence of oligoclonal bands (OCBs), MRI
lesion load, presence/absence of GELs, and diagnostic cate-
gory were analyzed as illustrative qualitative variables. The

Figure 1 Workflow summary of different study steps

AUC = area under the curve; HC = healthy control;
Infect/Inflam-ND = patients with infectious or in-
flammatory neurologic disorders; KEGG = Kyoto
Encyclopedia of Genes and Genomes; mRNA =
messenger RNA; miRNA = microRNA; PBMC = pe-
ripheral blood mononuclear cell; PCA = principal
component analysis; qPCR = quantitative PCR; Rel
MS = relapsing MS; RemMS = remitting MS; ROC =
receiver operating characteristic; RRMS = relapsing-
remitting MS; SC = symptomatic control.
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missing values were replaced by the mean value of the sub-
group to which the sample belonged to.16 Results were
plotted using Rcmdr (cran.r-project.org/web/packages/
Rcmdr/index.html). For miR-146a-5p, -150-5p, and -155-5p
in CSF, the receiver operating characteristic (ROC) curves
were calculated providing a cutoff with an optimal compro-
mise between sensitivity and specificity to discriminate MS
from SC.

Standard protocol approvals, registrations,
and patient consents
Patients sign a charter upon hospital admission stating that
the residual CSF and serum samples, collected for routine
diagnostic procedures or patient care, can be used for retro-
spective academic research, without an additional informed
consent (ethical approval 2007/10SEP/233). PBMCs and
paired serum were collected separately under a distinct

Table 1 Baseline characteristics of patients and controls included in the CSF microRNA study

CSF

MS vs SC

n (% ♀) 68 (64.7)

Mean age (±SD) 35.1 (±10.8)

Rel MS Rem MS SC

n (% ♀) 40 (72.5) 13 (46.2) 15 (60)

Mean age (±SD) 34.5 (±11.7) 38.2 (±11.5) 33.1 (±7.1)

Disease duration in months: mean (±SD) 5 (±16) 65 (±83) NA

Relapse phenotype (%)

1: Spinal 1: 32.5

2: Brainstem/cerebellum 2: 20.0

3: Optic neuritis 3: 27.5 NA NA

4: Supratentorial 4: 10.0

5: Multifocal 5: 10.0

EDSS score: median [range] 2.25 [0–3.5] 2.0 [0–3] NA

No. of relapses since disease onset: median [range] 1 [1–2] 2 [0–3] NA

Proportion of patients with a 1st clinical event (%) 75.0 30.8 NA

Barkhof criteriaa scores 3 and 4 (%) 85.0 75, n = 12 NA

GELs on brain MRI: mean (±SD) 2 (±1.7), n = 35 0, n = 8 NA

Proportion of patients with spinal cord lesions on MRI (%) 82.5, n = 33 81.8, n = 11 NA

GELs on spinal cord MRI: mean (±SD) 0.3 (±0.6), n = 19 0, n = 8 NA

Proportion of patients with at least 1 GEL on brain or spinal cord MRI (%) 94.6, n = 37 0, n = 9 NA

No. of CSF cells/mm3: mean (±SD) [range] 5.6 (±5.3) [0–22] 3.8 (±2.9) [0–8] 0.8 (±1.3) [0–4]

Proportion of patients with CSF-specific IgG OCBs or CSF FKLCs (%) 87.5 92.3 0

Proportion of patients with IgG intrathecal synthesis (%) 67.5 53.8 0

% IgG intrathecal synthesisb: mean (±SD) 24.9 (±23.4) 26.8 (±30.5) 0

Proportion of patients with IgM intrathecal synthesis (%) 37.5 38.5 0

% IgM intrathecal synthesisb: mean (±SD) 15.1 (±23.3) 19.5 (±28.3) 0

Abbreviations: % ♀ = percentage of female; EDSS = Expanded Disability Status Scale; FKLC = free kappa light chain; GEL = gadolinium-enhancing lesion; IgG =
immunoglobulin G; IgM = immunoglobulin M; NA = not applicable; OCB = oligoclonal band; SC = symptomatic control.
Number of patients for which data are available is indicated by “n.”
a Barkhof criteria was assessed to reflect the lesion load (for definition, see reference 13).
b IgG and IgM intrathecal fractions were calculated using Reiber formulas (see reference 12, normal value is 0%). Patients with relapsing-remitting MS were
disease-modifying treatment naive. Furthermore, none of the patients had received high-dose IVmethylprednisolone. According to the consensus definition
(see reference 9), SCs are patients with neurologic symptoms, but without any objective clinical or paraclinical findings to support the diagnosis of a specific
neurologic disease.
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research protocol upon signature of an informed consent
(ethical approval 2007/31AOUT/222).

Data availability
Raw PCR files and detailed in silico and statistical outputs are
not included in this article. Any unpublished and anonymized
data will be shared upon request from a qualified investigator.
Strengthening the Reporting of Observational Studies in
Epidemiology guidelines have been respected.

Results
Multicompartment screening of immune-
related miRNAs from a pool of patients with
relapsing MS vs SCs/HCs
To investigate whether miRNA expression was modified in
MS, particularly during relapses, we first performed a screen-
ing on a pool of CSF, serum, or PBMCs obtained from 10
patients with MS in relapse and 10 age- and sex-matched SCs
or HCs (table e-1, links.lww.com/NXI/A188). The expres-
sion of 164 miRNAs was assessed using the “Human In-
flammatory Response & Autoimmunity” and the “T-Cell &
B-Cell Activation” miScript miRNA PCR Arrays. Thirty-
seven miRNAs were assayed in both arrays. Absolute ex-
pression differences ranging between 3- (DCt = 1.59) and
148-fold (DCt = 7.21) were observed for 49 miRNAs, of
which 35 originated from CSF, 9 from serum, and 8 from
PBMCs. Of note, somemiRNAs were found dysregulated in 2
compartments (miR-181c-5p and miR-210-3p in CSF and
PBMCs; miR-34c-5p and miR-184 in PBMCs and serum).
Most CSF miRNAs were overexpressed in the relapsing MS
pool in comparison to the SC pool (DCt < 0), except miR-
101-3p and miR-17-5p. Twenty-three miRNAs were dis-
carded from subsequent analysis because of low expression
levels (Ct ≥ 30) (figure e-1).

QuantificationofmiRNAs in the CSF of patients
with relapsing and remitting MS vs SCs
AsmostmiRNAswere found dysregulated in the CSF, we aimed
to confirm these trends in individual CSF samples of patients
with MS, according to disease activity (n = 40 in relapse and n =
13 in remission) and compared with age- and sex-matched SCs
(n = 15) (table 1). In total, 64 miRNAs were amplified from
individual CSF samples (table e-3, links.lww.com/NXI/A188).
Those were either selected from the differentially expressed
targets identified in the screening arrays, from previously pub-
lished studies in MS or for their involvement in immunity, in-
flammation, lipid metabolism, or neurodegeneration.

Eighteen miRNAs were differentially expressed in at least 1
subgroup, with statistically significant (p ≤ 0.05) median fold
changes ranging from −4.17 to 5.41 (figure 2A, figure e-2 and
table e-4A, links.lww.com/NXI/A188). MiR-150-5p and miR-
155-5p were upregulated, whereas miR-15a-3p, -34c-5p, and
-297 were downregulated in patients with MS, irrespective of
disease activity in comparison to SCs. Most miRNAs (n = 8)

were upregulated in patients with relapsing MS compared with
patients with remitting MS or SCs, except miR-124-5p, which
was downregulated compared with SCs. Three miRNAs (miR-
20a-5p, -33a-3p, and -214-3p) were downregulated in patients
with remitting MS compared with patients with relapsing MS
and/or SCs, whereas miR-149-3p was upregulated. In addition,
miR-24-3p was differentially regulated in patients with MS and
could therefore not be used as an internal reference gene in this
setting.

Specificity of the differentially expressed CSF
miRNAs for MS
qPCR was performed for 57 miRNAs (table e-3, links.lww.com/
NXI/A188) on individual CSF samples of 14 patients having
infectious neurologic disorders (Infect-NDs), 12 patients having
inflammatory neurologic disorders (Inflam-NDs), 15 patients
with relapsing MS, 9 patients with remitting MS, and 25 SCs.

Twenty-four miRNAs were differentially expressed in at least
1 subgroup reaching a statistically significant threshold of 0.05
following Benjamini-Hochberg correction (table e-4B, links.
lww.com/NXI/A188). These were all upregulated in Infect-
ND compared with SC except miR-22-3p.

The levels ofmiR-21-5p, -142-3p, -223-3p, -342-3p, -423-5p, and
let-7f-5p were increased in the CSF of both Infect- and Inflam-
ND vs SC, whereas miR-15b-5p, -29b-3p, and -29c-3p were
upregulated in Infect-ND, Inflam-ND, and relapsing MS com-
pared with SC. miR-150-5p was the only miRNA upregulated in
all disease subgroups in comparison to SC. The profile of
overexpressed miRNAs in these disease categories was strikingly
similar except for the expression levels that were 2- to 6-fold
higher in the Infect-ND subgroup and even 14-fold higher for
miR-150-5p compared with relapsing MS (figure 3).

In addition, 46 of these miRNAs were investigated on CSF
samples of 16 patients having neurodegenerative disorders
and 17 patients with peripheral nervous system disorders, but
no differences in expression levels were found, except com-
pared with Infect-ND (data not shown).

Quantification of miRNAs in the serum of
relapsing and remitting MS vs HCs
To determine whether the dysregulatedmiRNAs identified in the
CSF were also differentially expressed in peripheral compart-
ments, qPCRwas performed for 24miRNAs (table e-3, links.lww.
com/NXI/A188) on individual serum samples of 20 patientswith
relapsing MS, 19 patients with remitting MS, and 20 HCs.

Relative quantification of 6 miRNAs reached statistical signifi-
cance, with fold change in the median miRNA expression level
ranging between −3.23 and −1.47 (figure 2B and table e-4A,
links.lww.com/NXI/A188). Five miRNAs (miR-15a-3p, -24-
3p, -126-3p, -146a-5p, and -181c-5p) were downregulated in
both relapsing and remitting MS compared with HC, whereas
miR-214-3p was downregulated in relapsing MS compared
with HC only.
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Quantification ofmiRNAs in PBMCs of patients
with relapsing and remitting MS vs HCs
qPCR was performed for 24 miRNAs (table e-3, links.lww.
com/NXI/A188) on individual PBMC samples of 18 patients
with relapsing MS, 16 patients with remitting MS, and 14
HCs. Only 1 miRNA, miR-34a-5p, was significantly down-
regulated in relapsing MS compared with remitting MS with
a fold change of −1.89 (table e-4A).

PCA and correlation with CSF parameters
To identify the combination of variables that best explain
the differences between patients with MS and SCs, we
performed a PCA on upregulated CSF miRNAs that
showed more than 1.5-fold variation between these groups.
Significantly upregulated miRNAs in patients with MS
(miR-150-5p, -155-5p, -146a-5p, -21-5p, and -149-3p)
accounted for 40.32% of the sample population variance,
whereas other numerical variables such as the immuno-
globulin G (IgG) or immunoglobulin M intrathecal frac-
tions and CSF pleocytosis accounted for 18.43% of the
variance, allowing an excellent discrimination between
patients with MS and SCs (figure 4, A and B). The relative
contribution of selected miRNAs to the variability of the
population was significant as indicated by their cos2 value,
with the most significant miRNAs being miR-146a-5p and miR-
150-5p (table e-5A, links.lww.com/NXI/A188). Conversely, the
analysis performed with the miRNAs that were significantly

downregulated in MS vs SC (miR-15a-3p, -20a-5p, -33a-3p,
-34c-5p, -124-5p, -214-3p, and -297) accounted only for 31.95%
of the sample population variance (data not shown). ROC
curves were plotted for miR-150-5p, -146a-5p, and -155-5p, with
an area under the curve of 0.88, 0.82, and 0.8, respectively (p <
0.0001). Relative cutoff value for miR-150-5p was 1.9, with
a sensitivity of 80% and a specificity of 81% for MS diagnosis
(figure 4C). In addition, miR-150-5p expression levels were
moderately correlated with CSF pleocytosis, but not with other
CSF parameters, both in the MS vs control cohort and in the
cohort of different Infect-NDs/Inflam-NDs (Spearman r = 0.47
and r = 0.58, respectively, p < 0.0001). miR-150-5p levels were
also significantly upregulated in patients with CSF-specific IgG
OCBs (data not shown).

PCA on miRNAs whose expression was modified in
patients with relapsing vs remitting MS (miR-20a-5p, -145-
5p, -214-3p, -27a-3p, -27b-3p, -24-3p, and -29c-3p), using
the presence/absence of GELs as illustrative variable for
disease activity, showed a good separation between patients
with relapsing and remitting MS. This miRNA combination
accounted for 77.52% of the population variance (figure 4,
D and E), with the most representative miRNAs being miR-
24-3p, -27a-3p, and -145-5p (table e-5B, links.lww.com/
NXI/A188). Adding miR-149-3p, which is decreased 2-fold
in relapsing vs remitting MS, did not improve disease ac-
tivity discrimination (data not shown).

Figure 2 miRNA expression fold change in MS according to disease activity

Differences in CSF (A) and serum (B)miRNA expression levels. The fold change is calculated as the ratio between themedian of the relativemiRNA expression
level of the respective subgroups. HC = healthy control; miRNA = microRNA; Rel = relapsing MS; Rem = remitting MS; SC = symptomatic control.
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Biological significance and targeted genes of
the differentially expressed miRNAs in MS
To obtain insight regarding the functions of the dysregulated
miRNAs, we performed pathway enrichment analysis for the
differentially expressed miRNA sets (more than 1.5-fold differ-
ence with corrected p value ≤ 0.05) between subgroups, as de-
fined below and in figure 5. Some pathways were affected,
independently from disease activity, such as cancer (p53 sig-
naling pathway [SiPa], glioma, or chronic myeloid leukemia),
cell cycle and proliferation (Wnt), immune (transforming
growth factor beta and FoxO), cellular adhesion (focal adhesion
and adherens junction) SiPas.We nevertheless observed that the
enrichment score (defined as the -log10[p value])

17 was always
stronger for the relapsing vs remitting (Rel/Rem) subgroup
compared with the 2 other subgroups. More strikingly, some
pathways were found specifically in relapsing patients (neuro-
trophin, mTOR, and ErbB) compared with the 2 other groups,
suggesting some relevance of these pathways in modulating
disease activity. On the other hand, nuclear factor kappa-light-
chain-enhancer of activated B cells was shown as general sig-
naling for relapsing-remitting MS (RRMS). Some pathways
were only affected in the Rel/Rem subgroup (axon guidance and

insulin) or specifically in the Rel/SC subgroup (tumor necrosis
factor alpha) (figure 5A). The comparison between up- and
downregulated miRNAs in the different compartments showed
a parallelism between pathways targeted by miRNAs upregu-
lated in the CSF of relapsing MS and downregulated in the CSF
of remitting MS (table e-6, links.lww.com/NXI/A188). In ad-
dition, the most representative genes retrieved from the analysis
of all differentially expressed miRNAs in the CSF were in-
troduced in a miRNA-gene interaction network. Several genes
(MYC, VEGFA, MKN2, BCL2, PMAIP1, KIAA1551, XIAP,
NFAT5, E2F3, WEE1, STAT3, CCND1, SMAD4, TMEM167A,
and LRRC58) were targeted by at least 4 miRNAs species from
the 3 different sets, revealing possibly important miRNA-related
genes affected in MS (figure 5B).

Discussion
CSF-predominant miRNA dysregulation and
miRNA species newly associated with MS
This study sought to perform a comprehensive analysis of the
differential expression of carefully preselected miRNAs in

Figure 3 Comparative CSF miRNA expression profile of MS vs neuroinfectious/neuroinflammatory diseases and controls

Relative CSF miRNA expression levels in the different subgroups. Of note, values exceeding the graph scale were of 25.66, 61.48, and 85.94 for miR-15b-5p,
-146a-5p, and -150-5p, respectively. Infect-ND = infectious neurologic disorder; Inflam-ND = inflammatory neurologic disorder; miRNA = microRNA; Rel =
relapsing MS; Rem = remitting MS; SC = symptomatic control.
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patients with RRMS, according to disease activity, vs controls in
3 different biological compartments. Patients were free of DMT
and devoid of high-dose steroids. A second CSF cohort was
analyzed to compare the MS miRNA profile with that of other
neurologic diseases. Strikingly, we observed 18 significantly
dysregulatedmiRNAs in the CSF vs 6 in the serum and only 1 in
PBMCs, pointing toward specific intrathecal processes ongoing
in MS and confirming the results of the preliminary miRNA
array analysis performed on pooled samples. We have identified

7 miRNAs, namely miR-15a-3p, -124-5p, -149-3p, -29c-3p, -33a-
3p, -34c-5p, and -297 that have not yet been described in MS to
the best of our knowledge, but rather found in cancer either as
tumor suppressors or as oncogenes.18 Other miRNA species
(miR-21-5p, -27b-3p, -145-5p, -146a-5p, -150-5p, -155-5p, -20a-
5p, -214-3p, -24-3p, -27a-3p, and -125b-5p) were previously
described as differentially expressed in RRMS in at least 1 of the
following sample types: PBMCs or immune cell subpopulations,
serum, whole blood, or active brain lesions.3 Moreover, this

Figure 4 Patient stratification according to diagnosis or disease activity by PCA

PCA was applied using the significantly upregulated CSF miRNAs in patients with MS and other CSF parameters (IgG or IgM IF, CSF pleocytosis). PCA can
distinctly separate MS from SC (A) in a 2-dimensional representation comprising in total 58.75% of sample population variability. The upregulated miRNA
panel (i.e., miR-21-5p, -146a-5p, -149-3p, -150-5p, and -155-5p) segregates fromother diagnostic criteria (Barkhof imaging criteria, IgM and IgG IF). Cos2 values
for each variable are plotted in abscissa and ordinate (B). They represent the strength of the individual variables in indicating population variability according
to each dimension (significant above 0.5). ROC curves are plotted (C) for miR-150-5p, -146a-5p, and -155-5p as diagnostic biomarkers for MS with respective
areas under the curve of 0.87, 0.82, and 0.8, respectively (p < 0.0001). PCA can also partially separate patientswith RelMS frompatientswith RemMS (D) in a 2-
dimensional representation comprising in total 77.52% of sample population variability. MiR-20a-5p, -24-3p, -27a-3p, -27b-3p, and -145-5p segregate from
miR-29c-3p and miR-214-3p (E). AUC = area under curve; GEL = gadolinium-enhancing lesion; IF = intrathecal fraction; IgG = immunoglobulin G; IgM =
immunoglobulinM;miRNA =microRNA; PCA = principal component analysis; Rel = relapsingMS; Rem= remittingMS; ROC = receiver operating characteristic;
SC = symptomatic control.
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study suggests that a specific set of miRNAs could serve as
potential biomarkers for MS disease activity.

The CSF miRNA profile parallels the extent of
intrathecal inflammation, but is not specific
to MS
Although studies on CSF miRNAs in MS are sparse, several
miRNAs identified in this study were previously described by
other groups either in the CSF or other sample types.4 Our
work emphasizes, however, the predominance of CSFmiRNA
dysregulation in MS, in concordance with its pathogenesis.
Furthermore, our results highlight the partially overlapping
profile of CSF-upregulated miRNAs in infectious and in-
flammatory CNS disorders compared with relapsing MS. The
CSF miRNA expression level was related to pleocytosis, as it
was higher in Infect-NDs than in relapsing MS, especially
regarding miR-150-5p expression, which was also associated
with the presence of OCBs.

The upregulation of CSF miR-150-5p in MS is in agreement
with the previously published studies by Quintana et al. and

Bergman et al.19,20 The expression of this miRNA is also
increased in serum and exosomes from activated lymphocytes
and is therefore considered as a sensor for activation of
adaptive immunity.21 In this study, however, miR-150-5p was
not upregulated in peripheral compartments, again suggesting
the predominance of intrathecally mediated immune pro-
cesses. We illustrated by PCA that miR-150-5p, -146a-5p, and
-155-5p could significantly segregate patients with RRMS
from controls. ROC curve analysis was the strongest for miR-
150-5p, with a sensitivity and specificity of 80% and 81%,
respectively, an even stronger result than previously shown19

and comparable to ROC curves of kappa free light chains for
MS diagnosis.7

The set of miRNAs (miR-20a-5p, -145-5p, -214-3p, -27a-3p,
-27b-3p, -24-3p, and -29c-3p) whose expression was modified
according to disease activity could be sufficient to segregate
patients with relapsing MS from patients with remitting MS.
Further studies, in larger independent cohorts, should in-
vestigate whether these miRNAs could serve as biomarkers of
disease activity.

Figure 5 Predicted signaling pathways (SiPas) and genes targeted by dysregulated CSF miRNAs in MS

(A) Top enriched canonical pathways associated with the differentially expressed CSF miRNAs between each subgroup (Rel/Rem [orange bars], Rel/SC [blue
bars], or Rem/SC [yellow bars]) are illustrated. Indicated pathways were found by performing Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis
using the miRNet, mirPath, or Cytoscape stringApp databases. The columns on the left side of the graph indicate the number of databases from which
a determined pathway was retrieved. The pathways retrieved by specific databases are indicated by the aforementioned color code (a void line indicates that
a pathway was not found in the database from the corresponding column). On the right side, results are expressed as mean ± standard error of the
enrichment score (−log10 of adjusted p value) obtained from the 3 databases, giving a score for the relative weight of a given SiPa between experimental
subgroups; the dotted line designates the threshold of 1.3 (representingp value at 0.05).We identified SiPas consistentwithMSpathogenesis such as cell cycle
or apoptosis (Insulin, mTOR, Wnt, and ErbB SiPas with the following gene targets:MYC, CCND1, LMNB2, CDKN1A, MDM2, E2F3, TP53, NRAS, WEE1, MKNK2, BTG2,
PMAIP1, TAOK1, DDI2, and NUFIP2), immunoregulation (TNF-α, NF-κB, TGF-β, FoxO SiPas, and gene targets: SMAD4, NFAT5, SP1, MYC, CCND1, SLC1A5, STAT3,
BCL2, and XIAP), neuroprotective and neurodegenerative processes (axon guidance, ErbB, and neurotrophin SiPas with BCL2, TP53, VEGFA, EGFR, ZBTB18,
PLAGL2, and TOR1AIP2 as targeted genes), and cancer-related SiPas (only glioma andmyeloid leukemia were selected). (B) Cytoscape network representation
of interactions between the 18 MS-associated miRNAs in the CSF and a panel of targeted genes extracted from the miRNet database. The resulting network
comprises 47 nodes (the 18 dysregulated miRNAs with the 29 most represented genes) and 176 direct edges. The color code refers to the sets of miRNAs
according to their differential expression across subgroups, as in A.miRNA =microRNA; NF-κB = nuclear factor kappa-light-chain-enhancer of activated B; Rel
= relapsing MS; Rem = remitting MS; SC = symptomatic control TGF-β = transforming growth factor beta; TNF-α = tumor necrosis factor alpha.
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MiRNA profile in the serum and PBMCs of
patients with MS
Five miRNAs were downregulated in the serum of both
relapsing and remitting MS (miR-15a-3p, -24-3p, -126-3p,
-146a-3p, and -181c-5p), whereas miR-214-3p was down-
regulated in the serum of relapsing MS only. Remarkably,
only downregulation of miR-15a-3p was consistent in both
serum and CSF, whereas miR-24-3p, -146a-5p, and -214-3p
were found upregulated in the CSF. Comparably, miR-126-
3p was downregulated in whole blood MS samples.22 Other
miRNAs (miR-122-5p, -196b-5p, -301a-3p, and -532-5p)
found in extracellular vesicles (EVs) were also decreased in
the serum of patients with relapsing MS.23 This discrepancy
between the CSF and peripheral compartments was also
shown in Alzheimer disease and intracerebral hemorrhage,
but is yet not understood.24,25 The expression patterns of
miR-181c-5p remain controversial, as some have described
its upregulation in the CSF and in active MS lesions.5,26 In
our hands, the levels of miR-181c-5p were however too low
to allow quantification in the CSF, but it was down-
regulated in the serum of patients with MS compared with
controls. Finally, in agreement with the decrease of miR-
34a-5p levels in CD4+ T cells of patients with MS, we found
its expression significantly downregulated in the PBMCs of
patients with relapsing MS.27

Target analysis of miRNAs dysregulated in MS
To generate hypothesis regarding the functional role of
the identified miRNAs in CSF, we performed a pathway
enrichment analysis on several KEGG pathway databases
to reveal the most affected SiPas according to disease ac-
tivity, but also in serum and PBMCs. As a single miRNA
species is not sufficient to account solely for the disease, as
discussed above, we grouped the different miRNAs in sets.
For CSF miRNAs, we first observed the highest enrich-
ment score for several cancer SiPas, but we only presented
the results for glioma and chronic myeloid leukemia be-
cause (1) these pathways are relevant for the (neuro)im-
munopathologic aspect of MS disease and (2) most of the
miRNAs were extensively investigated in cancer research,
which naturally biases most analysis toward cancer-related
pathways. Besides cancer-related SiPas, the score com-
parison of the different subgroups of patients (relapsing,
remitting MS and SC vs each other) and the Cytoscape
miRNA-messenger RNA (mRNA) network representa-
tion obtained from CSF showed pathways consistent with
MS pathogenesis such as cell cycle or apoptosis, immu-
noregulation, neuroprotective, and neurodegenerative
processes.

MiRNA molecular function prediction by gene ontology
provided the highest score to several negative regulators of
transcriptional activity through targeting of CCND1, STAT3,
the E2Ffamily, MYC, SP1, ZBTB18, and PLAGL2 among
others (findings obtained by miRNet; data not shown). This
result confirms previous studies on the impact of miRNAs on
the transcriptional network in MS pathogenesis.23,28–31

Our research demonstrates for the first time that the CSF
profile of remitting MS (Rem) is more closely related to the
profile of controls than relapsing MS (Rel) because (1) the
SiPas target analysis scores were the lowest (if not absent) for
the miRNAs differentially expressed between Rem vs SC
(Rem/SC), whereas the scores were the highest for the ones
between Rel/Rem and (2) that no common SiPas specifically
stood out for the dysregulated miRNAs in Rel and Rem
compared with controls. At the mRNA level, it is worth noting
that, unlike most of the genes regulated by miRNAs from all
groups, PLAGL2 and LMNB2 were specifically clustered to
the Rel/Rem and Rem/SC subgroups. Of interest, LMNB2
was related to 2 miRNAs not previously associated with MS,
namely miR-149-3p and miR-33a-3p. PLAGL2 is a transcrip-
tion factor regulating Wnt signaling, and thus leading to the
inhibition of neural stem cell differentiation.32 It could
therefore be relevant for reparative processes during re-
mission. LMNB2 codes for a member of the lamin family
and was found 5-fold downregulated in CD4+ T cells of
patients with remittingMS compared with HCs.33 Altogether,
the pathway enrichment analysis with the miRNA sets
identified in this study remarkably pinpoints to impor-
tant pathways and miRNA-gene interactions pertinent
to MS pathogenesis, as evidenced in earlier studies. The
differentially expressed miRNAs have relevant mRNA inter-
actions, especially in regard to the modulation of the immune
response. For instance, miR-155-5p promotes Th17 and
regulatory T-cell (Treg) differentiation, Th17 function, and
microglia-mediated immune responses, through expression of
interleukin (IL-) 6, tumor necrosis factor alpha, and iNOS, by
targeting SOCS-1.34,35 MiR-155-5p also alters blood-brain
barrier permeability and enhances leukocyte adhesion to en-
dothelial cells, whereas miR-126-3p and miR-146a-5p coun-
teract this by modulating the expression of brain endothelial
ICAM1, VCAM1.36–38 Moreover, miR-146a-5p exerts its im-
munoregulatory effect by blocking Th17 differentiation
through repression of TRAF6 and IRAK1, which are trans-
ducers of nuclear factor kappa-light-chain-enhancer of acti-
vated B cells and thus reduces IL-6 and IL-21 expression.39

MiR-27b-3p inhibits Treg differentiation but not their func-
tion, by downregulating SMAD4 and TGFBR1.40 MiR-21-5p
represses lymphocyte migration through STAT3 regulation.41

The deletion of miR-150-5p in experimental autoimmune
encephalomyelitis (EAE) mice affects CD3+, CD4+, and
CD8+ cells and mRNA expression of proinflammatory cyto-
kines compared with wild-type EAE, likely by regulating
CMYB.42

Cellular source and carriers of CSF miRNAs
Although our study did not investigate the cellular source of
the CSF-associated miRNAs, according to the cell-specific
miRNA catalogue, nearly all immune cell subpopulations
express the miRNAs found in our study.43 Yet, some miRNA
species might be more specific of certain cell types, as EVs of
Treg cells were specifically enriched with miR-21-5p, -146-5p,
and -150-5p, whereas those of Th1 and Th17 cells preferen-
tially expressed miR-155-5p.44
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Whether miRNAs are carried exclusively by EVs such as exo-
somes in the CSF is still an open question. However, miRNAs
were enriched in exosomal fractions of CSF.45 The number of
CSF EVs increases during MS relapses and GELs on brain or
spinal cord MRIs were associated with an increase in CSF EVs
expressing markers of CD8+ memory T cells, Th2 and Th1
cells.46 The cellular source of miRNAs from the CSF and their
carriers should be then further investigated in the setting of MS.

Study limitations
The strength of this study resides in the comprehensive stepwise
strategy used, the large CSF sample size, the use of a confirma-
tory cohort for the CSF, the comparison between compart-
ments, and finally the comparison with miRNA expression in
other disease categories. Moreover, patients were systematically
sex- and age-matched to controls. However, there is inevitable
heterogeneity between reports on miRNA expression analysis in
MS due to discrepancies in sample numbers, collection and
storage procedures, patient characteristics, study design, molec-
ular biology techniques (microarray or qPCR, with or without
preamplification, TaqMan vs SYBR Green), data analysis
(quantificationmethod, choice of reference gene), and finally the
type of statistical tests. These factors, altogether or separately,
possibly affect results. In this study, qPCRs fromCSF and serum
were normalized with an external reference, as an internal ref-
erence could not be identified. Future studies could possibly
combine a panel of nonsignificantly altered miRNAs as nor-
malizers. Some selected miRNAs were below the PCR detection
level, preventing further analysis. The targeted selection of
miRNAs based on the literature and immune-related miRNA
PCR arrays does not exclude that other miRNA species are also
dysregulated in MS. Finally, the patient cohort from a single
academic center may not be representative of a more global MS
cohort. An international and multicentric study that includes
miRNA sequencing could provide novel miRNA targets that
would refine our current results.

In conclusion, we have demonstrated that 21 miRNAs were
differentially expressed in RRMS, mostly in the CSF, which is
at the core of the inflammation, 7 of which were never asso-
ciated with MS so far. The miRNA expression profile varied
according to disease activity. It was associated with the extent
of intrathecal inflammation, notably CSF pleocytosis, not only
in MS but also in neuroinfectious and other neuro-
inflammatory diseases. Considering this, a single miRNA is
unlikely to be considered as a MS biomarker, but a set of
miRNAs could rather be investigated for that purpose. The
strength of this work resides in (1) the study of different
disease categories, (2) the comprehensive miRNA analysis
performed on 3 biological compartments in patients with MS,
and (3) the validation of CSF results by our second cohort
and some miRNAs already described in other studies. Our
work emphasizes the potential of a miRNA set to reflect in-
trathecal inflammation and MS disease activity. The miRNA
expression profile was in concordance with their known
effects on immune and neuroinflammatory processes at play
in MS. In silico analysis provided a view on affected SiPas,

warranting further studies into their function, cellular source,
and carriers, especially for the newly found miRNAs associ-
ated with MS. Ultimately, the present report will help fun-
damental research onMS by paving the way for the functional
characterization of miRNAs and unraveling novel pathways
for possible therapeutic intervention.
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Université Catholique
de Louvain
(UCLouvain), Brussels,
Belgium

Author Performed the
technical procedures;
collected and analyzed
the data; performed
statistical analysis;
performed in silico
analysis; and drafted
the manuscript and
revised it for
intellectual content

Hong Anh
Dang, MS

IoNS, UCLouvain,
Brussels, Belgium

Author Technical procedures
and data collection and
drafted the Methods
section

Ludovic
D’Auria,
PhD

IoNS, UCLouvain,
Brussels, Belgium

Author Performed in silico
analysis and drafted
and revised for
intellectual content

Vincent
van Pesch,
MD, PhD

IoNS, UCLouvain,
Brussels, Belgium;
Cliniques
Universitaires Saint-
Luc, Brussels, Belgium

Author Designed and
conceptualized the
study; performed
principal component
analysis; and drafted
and revised for
intellectual content

Neurology.org/NN Neurology: Neuroimmunology & Neuroinflammation | Volume 7, Number 2 | March 2020 11

https://www.fondation-charcot.org/en
https://uclouvain.be/fr/chercher/fondation-louvain
https://www.frs-fnrs.be/fr/
https://nn.neurology.org/content/7/2/e673/tab-article-info
http://neurology.org/nn


References
1. Reich DS, Lucchinetti CF, Calabresi PA. Multiple sclerosis. N Engl J Med 2018;378:

169–180.
2. Zheleznyakova GY, Piket E,Marabita F, et al. Epigenetic research inmultiple sclerosis:

progress, challenges, and opportunities. Physiol Genomics 2017;49:447–461.
3. Martin NA, Illes Z. Differentially expressed microRNA inmultiple sclerosis: a window

into pathogenesis. Clin Exp Neuroimmunol 2014;5:149–161.
4. Dolati S, Marofi F, Babaloo Z, et al. Dysregulated network of miRNAs involved in the

pathogenesis of multiple sclerosis. Biomed Pharmacother 2018;104:280–290.
5. Haghikia A, Haghikia A, Hellwig K, et al. Regulated microRNAs in the CSF of patients

with multiple sclerosis: a case-control study. Neurology 2012;79:2166–2170.
6. Teunissen CE, Tumani H, Bennett JL, et al. Consensus guidelines for CSF and blood

biobanking for CNS biomarker studies. Mult Scler Int 2011;2011:246412.
7. Bayart JL, Muls N, van Pesch V. Free Kappa light chains in neuroinflammatory

disorders: complement rather than substitute? Acta Neurol Scand 2018;138:352–358.
8. Muls NG, Dang HA, Sindic CJ, van Pesch V. Regulation of Treg-associated CD39 in

multiple sclerosis and effects of corticotherapy during relapse. Mult Scler 2015;21:
1533–1545.

9. Teunissen C, Menge T, Altintas A, et al. Consensus definitions and application
guidelines for control groups in cerebrospinal fluid biomarker studies in multiple
sclerosis. Mult Scler 2013;19:1802–1809.

10. Thompson AJ, Banwell BL, Barkhof F, et al. Diagnosis of multiple sclerosis: 2017
revisions of the McDonald criteria. Lancet Neurol 2018;17:162–173.

11. Lublin FD, Reingold SC, Cohen JA, et al. Defining the clinical course of multiple
sclerosis: the 2013 revisions. Neurology 2014;83:278–286.

12. Reiber H. Flow rate of cerebrospinal fluid (CSF)—a concept common to normal
blood-CSF barrier function and to dysfunction in neurological diseases. J Neurol Sci
1994;122:189–203.

13. Barkhof F, Filippi M,Miller DH, et al. Comparison of MRI criteria at first presentation
to predict conversion to clinically definite multiple sclerosis. Brain 1997;120:
2059–2069.

14. Baraniskin A, Kuhnhenn J, Schlegel U, et al. Identification of microRNAs in the
cerebrospinal fluid as marker for primary diffuse large B-cell lymphoma of the central
nervous system. Blood 2011;117:3140–3146.

15. Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-time
quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods 2001;25:402–408.
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Abstract
Objective
To compare the reproducibility of 11 antibody assays for immunoglobulin (Ig) G and IgM
myelin oligodendrocyte glycoprotein antibodies (MOG-IgG and MOG-IgM) from 5 in-
ternational centers.

Methods
The following samples were analyzed: MOG-IgG clearly positive sera (n = 39), MOG-IgG low
positive sera (n = 39), borderline negative sera (n = 13), clearly negative sera (n = 40), and
healthy blood donors (n = 30). As technical controls, 18 replicates (9 MOG-IgG positive and 9
negative) were included. All samples and controls were recoded, aliquoted, and distributed to
the 5 testing centers, which performed the following antibody assays: 5 live and 1 fixed
immunofluorescence cell-based assays (CBA-IF, 5 MOG-IgG, and 1 MOG-IgM), 3 live flow
cytometry cell-based assays (CBA-FACS, all MOG-IgG), and 2 ELISAs (both MOG-IgG).

Results
We found excellent agreement (96%) between the live CBAs for MOG-IgG for samples
previously identified as clearly positive or negative from 4 different national testing centers. The
agreement was lower with fixed CBA-IF (90%), and the ELISA showed no concordance with
CBAs for detection of humanMOG-IgG. All CBAs showed excellent interassay reproducibility.
The agreement of MOG-IgG CBAs for borderline negative (77%) and particularly low positive
(33%) samples was less good. Finally, most samples from healthy blood donors (97%) were
negative for MOG-IgG in all CBAs.

Conclusions
Live MOG-IgG CBAs showed excellent agreement for high positive and negative samples at 3
international testing centers. Low positive samples were more frequently discordant than in
a similar comparison of aquaporin-4 antibody assays. Further research is needed to improve
international standardization for clinical care.
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Immunoglobulin (Ig) G antibodies to myelin oligodendrocyte
glycoprotein (MOG-IgG) are found in adults and children who
present with a spectrum of CNS features that include optic
neuritis, acute disseminated encephalomyelitis (ADEM), mye-
litis, seizures, encephalitis, brainstem, and/or cerebellar in-
volvement. In addition, the presence of MOG-IgG can
discriminate these disorders from MS.1 Numerous studies have
used different immunoassays for MOG-IgG detection, but it is
now clear that native full-length human MOG as an assay sub-
strate is crucial to make this clinical distinction. When measured
using first generation assays (ELISA and Western blot), MOG-
IgG are prevalent and have been identified in healthy individuals
and patients with a wide variety of clinical presentations. Thus,
their detection was initially considered to have little clinical
utility. However, when measured by live cell-based assays
(CBAs), an association between MOG-IgG antibodies and
a non-MS demyelinating phenotype has been established. This
understanding has driven the establishment of different variants
of MOG-IgG assays with native MOG substrates in multiple
centers worldwide. There are limited data on assay re-
producibility between these centers. In this study, we compared
themost frequently used assays forMOG-IgG detection, such as
live and fixed immunofluorescence cell-based assays (CBA-
IF),2–17 live flow cytometry cell-based assays (CBA-
FACS),4,18–27 and ELISA.28,29

Methods
Patients and controls
The clinical laboratories (Innsbruck, Mayo Clinic, Oxford,
and Sydney; centers 1–4) sent the following groups of coded
serum samples and clinical information to the Institute for
Quality Assurance (IfQ; Lübeck, Germany):

1. Phase I: 89 coded samples sent to centers 1–4 and center
5 (Euroimmun) for testing (figure 1)
1. MOG-IgG clearly positive: 39 blinded samples from all

laboratories with a previously determined clearly
positive MOG-Ab serostatus (high titers or
fluorescence-activated cell sorting [FACS] binding
ratios, supplementary methods, table e-2, links.lww.
com/NXI/A189), all of them diagnosed with in-
flammatory demyelinating diseases known to be
associated with MOG-IgG (such as ADEM,
aquaporin-4 [AQP4] antibody–negative neuromyelitis
optica spectrum disorder (NMOSD), optic neuritis,
myelitis, and other demyelinating diseases).

2. MOG-IgG clearly negative (negative or very low titers
or FACS binding ratios, supplementary methods, table

e-2, links.lww.com/NXI/A189): 40 blinded samples from
all laboratories with a previously determined clearly
negative MOG-Ab serostatus. Eighteen of the 40 samples
were from people who also presented with clinically
overlapping features such as optic neuritis, myelitis,
ADEM, or encephalitis. The other samples were from
controls (7 from people with MS, 5 from people with
other neurologic diseases, and 10 from healthy controls).

3. Ten technical controls (humanizedmonoclonalMOG-
Ab 8-18-C5,30 5 samples IgG1, and 5 samples IgM
(kappa) in different dilutions, but of unknown IgG or
IgM concentration, contributed by center 5.

2. Phase II: 100 coded samples sent to 5 centers for testing
(18 repeat and 82 new, figure 1)
1. Nine positive and 9 negative samples from phase I were

sent out a second time to assess interassay variations.
2. Thirty healthy blood donors were contributed by the

IfQ. No clinical information was available, and samples
were not pretested for antibodies against MOG or
other autoantigens.

3. MOG-IgG low/borderline positive: 39 blinded sam-
ples from all laboratories with a previously determined
low positive MOG-IgG serostatus (just above the
individual cutoff values, supplementary methods, table
e-2, links.lww.com/NXI/A189). Thirty-six of these
samples were from people with inflammatory de-
myelinating diseases associated with MOG-IgG and 3
were from patients with MS.

4. MOG-IgG borderline negative: 13 blinded samples
from all laboratories with a previously determined
borderline negative MOG-IgG serostatus (just below
the individual cutoff values, supplementary methods,
table e-2, links.lww.com/NXI/A189). Five of these
samples were from patients with inflammatory de-
myelinating diseases associated with MOG-IgG and 8
were from controls (3 from people withMS and 5 from
people with other neurologic diseases).

Standard protocol approvals, registrations,
and patient consents
The present study was approved by the ethical committees of
Medical University of Innsbruck (AM3041A and AM4059),
Oxford (REC 16/SC/0224), Mayo Clinic (institutional re-
view board 08-007810), and Sydney (NEAF 12/SCHN/
395). All samples were anonymized before sending to center
IfQ for blinding.

Laboratory methods and analysis
All samples and controls were recoded, aliquoted, and dis-
tributed by an investigator not involved in antibody testing

Glossary
ADEM = acute disseminated encephalomyelitis; AQP4 = aquaporin-4; CBA = cell-based assay; FACS = fluorescence-activated
cell sorting; IF = immunofluorescence; IfQ = Institute for Quality Assurance; Ig = immunoglobulin; MOG = myelin
oligodendrocyte glycoprotein; NMOSD = neuromyelitis optica spectrum disorder.
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from the IfQ, Lübeck, Germany, to the 5 testing centers, which
performed the 7 live CBAs (4 CBA-IF and 3 CBA-FACS), 1
fixed CBA-IF forMOG-IgG, 1 live CBA-IF for MOG-IgM, and
2 ELISAs for MOG-IgG in the 2 study phases (figure 1, table 1
and supplementary methods, links.lww.com/NXI/A189).

Statistical analysis
Upon completion of the testing, the assay results from each
center were entered onto a web-based database. The data were
then unblinded and analyzed. Statistical analyses were performed
using IBM SPSS software (release 24.0; IBM, Armonk, NY) or

Figure 1 Flowchart showing phases I and II of this study

Center 1 (Innsbruck) performed 5 assays (live CBA-IF MOG-IgG (H + L), live CBA-IF MOG-IgG(Fc), live CBA-FACS MOG-IgG(Fc), live CBA-IF MOG-IgM, and ELISA
MOG-IgG); center 2 (Mayo Clinic) performed 1 assay (live CBA-FACS MOG-IgG1); center 3 (Oxford) performed 2 assays (live CBA-IF MOG-IgG (H + L) and live
CBA-IFMOG-IgG1); center 4 (Sydney) performed 1assay (live CBA-FACSMOG-IgG (H + L)), whichwas repeated twice; center 5 (Euroimmun) performed 2 assays
(fixed CBA-IFMOG-IgG(Fc) and ELISAMOG-IgG(Fc)). CBA = cell-based assay; FACS = fluorescence-activated cell sorting; IF = immunofluorescence; IfQ = Institute
for Quality Assurance; Ig = immunoglobulin; MOG = myelin oligodendrocyte glycoprotein.
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GraphPad Prism 8 (GraphPad, San Diego, CA). Correlation of
parameters was analyzed with Spearman nonparametric corre-
lation. Kappa statistics were used to assess the concordance
between assays. All graphs were created using GraphPad Prism.

Data availability
The data set used and analyzed during the current study is
included in the main text and the supplementary files.

Results
CBAs forMOG-IgG showa very good agreement
on clear positive and negative samples
In the first phase of this study (figure 1, phase 1), all centers
analyzed samples sent as clearly positive (n = 39) or negative

(n = 40) by centers 1–4 (figure 2A, table e-3, links.lww.com/
NXI/A189). In general, there was a very good agreement for
the 8 MOG-IgG CBAs (figure 2B): 39/40 (97.5%) samples
sent as negative were negative in all 8 CBAs. This agreement
was 100% if the fixed commercial CBA was excluded. For the
samples submitted as positive, 32/39 (82%) samples were
concordant across all 8 CBAs; again, this improved to 92%
(36/39) if the fixed CBA was excluded. Overall, there was
96% concordance across all samples when tested on live
platforms in 4 international testing centers. The concordance
dropped to 90% if the results of the fixed CBA tested in-house
at center 5 were included.

MOG-IgM antibodies at a titer ≥ 1:160 were a rare finding in
samples sent as clear positive (5/39, 13%). One of these 5

Table 1 Description of immunoassays used for the measurement of MOG-IgG and MOG-IgM antibodies

Center Assay Description of assay

1 1 Live CBA-IF IgG (H + L): HEK293 cells transiently transfected with a recombinant plasmid expression vector for human full-length MOG
fused to EGFP. Screening was performed at 1:20 and 1:40 dilutions, and bound MOG-IgG was detected using an anti-human IgG (H + L)
secondary antibody. The cutoff value for seropositivity was a titer ≥ 1:160. This assay was performed as described before.2,5

1 2 Live CBA-IF IgG(Fc): HEK293 cells transiently transfectedwith a recombinant plasmid expression vector for human full-lengthMOG fused
to EGFP. Screening was performed at 1:20 and 1:40 dilutions, and boundMOG-IgGwas detected using an anti-human IgG(Fc) secondary
antibody. The cutoff value for seropositivity was a titer ≥1:640 (see supplementary methods).

1 3 Live CBA-FACS IgG(Fc): HEK293 cells transduced using a recombinant adeno-associated virus expressing human full-length MOG fused
to EGFP. Screeningwasperformed at 1:100 dilution, andboundMOG-IgGwas detected using an anti-human IgG(Fc) secondary antibody.
DMFI (MOGMFI – controlMFI) valueswere normalized by a control serum (binding ratio). The cutoff value for seropositivitywas a binding
ratio ≥ 5 (see supplementary methods).

2 4 Live CBA-FACS IgG1: HEK293 transiently transfected with a recombinant plasmid expression vector for human full-length MOG fused to
AcGFP. Screening was performed at 1:20 dilution, and bound MOG-IgG was detected using an anti-human IgG1(Fc)-specific secondary
antibody. The cutoff value for seropositivity was a binding ratio (transfected: nontransfected cells) ≥ 2.5. This assay was performed as
described before.4,19,27

3 5 Live CBA-IF IgG (H + L): HEK293 cells transiently transfected with a recombinant plasmid expression vector for human full-length MOG.
Screening was performed at 1:20 dilution, and bound MOG-IgG was detected using an anti-human IgG (H + L) secondary antibody. The
cutoff value for seropositivity was a titer ≥1:200. This assay was performed as described previously.3

3 6 Live CBA-IF IgG1: HEK293 cells transiently transfected with a recombinant plasmid expression vector for human full-length MOG.
Screening was performed at 1:20 dilution, and bound MOG-IgG was detected using an anti-human IgG1(Fc) secondary antibody. The
cutoff value for seropositivity was a score ≥1. This assay was performed as described previously.3,4

4 7 Live CBA-FACS IgG (H + L): HEK293 transduced with a lentivirus expressing human full-length MOG separated from ZsGreen with an
internal ribosome entry site. Screening was performed at 1:50 dilution, and boundMOG-IgG was detected using an anti-human IgG (H +
L) secondary antibody. Results are expressed in DMFI (MOG MFI – control MFI) with a cutoff set at 3 SD above the mean of 24 age-
matched controls. Samples were reported positive if they were above the threshold in at least 2 of 3 experiments. This assay was
performed as described before.18,22,26

5 8 Fixed CBA-IF IgG(Fc): HEK293 transiently transfected with a recombinant plasmid expression vector encoding humanMOG X11 isoform
and fixed with formaldehyde. Screening was performed at 1:10 dilution, and bound MOG-IgG was detected using a fluorescein-labeled
anti-human IgG(Fc) secondary antibody according to the manufacturer’s instructions (Euroimmun, Lübeck, Germany).

1 9 Live CBA-IF IgM: HEK293 cells transiently transfectedwith a recombinant plasmid expression vector for human full-lengthMOG fused to
EGFP. Screening was performed at 1:20 and 1:40 dilutions, and bound MOG-IgM was detected using an anti-human IgM secondary
antibody. The cutoff value for seropositivity was a titer ≥1:160 (see supplementary methods).

1 10 ELISA IgG (commercial ELISA): screeningwasperformedat1:40dilutions, andboundMOG-IgGwasdetectedusingananti-human IgGsecondary
antibody according to the manufacturer’s instructions (Anaspec, Fremont, CA, USA). The cutoff value for seropositivity was ≥ 150 ng/mL.

5 11 ELISA IgG(Fc): a proprietary soluble MOG isoform X11 variant produced in HEK293 cells purified under nondenaturing conditions was
used to coat Nunc Maxisorp ELISA plates. The cutoff value was determined by the mean optical density plus 3 SD of randomly selected
plasma samples of healthy blood donors. Screening was performed at 1:100 dilution, and bound MOG-IgG was detected using
a peroxidase-labeled anti-human IgG(Fc) secondary antibody.

Abbreviations: AcGFP = Aequorea coerulescens green fluorescent protein; CBA = cell-based assay; center 1 =Medical University of Innsbruck, Austria; center 2 =
Mayo Clinic, USA; center 3 = University of Oxford, UK; center 4 = University of Sydney, Australia; center 5 = Euroimmun AG, Germany; EGFP = enhanced green
fluorescent protein; FACS = fluorescence-activated cell sorting; IF=immunofluorescence; Ig = immunoglobulin; MOG = myelin oligodendrocyte glycoprotein;
ZsGreen = Zoanthus sp green fluorescent protein; DMFI = delta median fluorescence intensity.
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Figure 2 Agreement of MOG-Ab assays on clear positive and negative samples

(A) Heatmap of the qualitative results for samples sent as clearly positive (n = 39) or negative (n = 40). Each column is an individual assay (1–8MOG-IgG CBAs, 9
MOG-IgMCBAs, and10–11MOG-IgGELISAs), and each row is an individual serum sample. Results are based onqualitative results; negative samples are black,
and positive samples are red. The samples are shown according to their serostatus sent by the individual centers. (B) Agreement of MOG-IgG CBAs according
to the samples sent (pos = positive, neg = negative). Results (in % of all samples) are grouped according to their agreement in all 8 CBAs or in the 7 live CBAs
(red: positive in all CBAs, black: negative in all CBAs, white: discordant). (C) Quantitative results for all assays. The cutoff values for all assays except assay Nr. 7
are indicated by the dashed gray lines. For assay Nr. 7, cutoff levels for pediatric samples (blue dots) are indicated by the blue dashed line, and cutoff levels for
adult samples (red dots) are indicated by the red dashed line. The quantitative range of each assay result for its probability to be seropositive in all live CBAs is
indicated by the dotted line and shaded in darker gray (100% probability), whereas the range of discordant samples is shaded in light gray. A single sample
with high IgM titer 1:5120 and lowpositive in the IgG (H + L) and on IgG1 but not in another IgG1 and the IgG(Fc) assays is indicated by the larger white dot. BR =
binding ratio; CBA = cell-based assay; dMFI = delta mean fluorescence intensity; Ig = immunoglobulin; MOG = myelin oligodendrocyte glycoprotein.
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samples had a high MOG-IgM titer (1:5,120, figure 2C, assay
Nr. 9, large gray dot) and was low positive for MOG-IgG in 4
assays (using IgG (H + L) and IgG1 secondary antibodies),
but negative in 4 assays (using IgG(Fc) and IgG1 secondary
antibodies). The other 4 samples were positive for MOG-IgG
in all CBAs. MOG-IgMs at a titer ≥ 1:160 were absent in all
40 samples sent as negative.

Overall, there was excellent agreement between the 7 live
MOG-IgG CBAs (median kappa value 0.975, range
0.924–1.000). The agreement of the fixed MOG-IgG CBA
with the live MOG-IgG CBAs was very good (median kappa
value 0.822, range 0.821–0.847). There was no agreement
between the MOG-IgG andMOG-IgM CBAs (median kappa
value −0.003, range −0.180 to 0.103) or between the MOG-
IgG CBAs and the ELISA (median kappa value 0.112, range
0.105–0.203).

The quantitative values for all assays are provided in figure
2C. Most of the assays had a very clear separation of positive
and negative samples. The quantitative range in which an
individual sample is positive in all live CBAs is indicated by
the dotted line and shaded in darker gray (100% probabil-
ity). For example, if a result of assay Nr. 1 is positive with an
MOG-IgG titer of 1:1,280, there is 100% probability that
this result is also positive in all other live CBAs. However,
on the same assay, an MOG-IgG titer of 1:320 (light gray
area) is more likely to have discrepant results between
centers.

It is evident that there is very good correlation of quanti-
tative results for the 7 live MOG-IgG CBAs (median
Spearman correlation coefficient R = 0.866, range
0.806–0.961; figure 3A) and a lower correlation between the
fixed CBA and the live MOG-IgG CBAs (median R = 0.800,
range 0.778–0.809). There was no correlation between the
MOG-IgG and MOG-IgM CBAs (median kappa value
−0.071, range −0.134 to 0.179) or the MOG-IgG CBAs with
ELISA (median R = 0.094, range 0.060–0.273). These
correlations are shown in more details in 1 illustrative assay
per center (figure 3B, assays Nr. 2, 4, 6, 7, and 8). Although
the separation of negative and positive samples was very
good for the live CBAs (assays Nr. 2, 4, 6, and 7), the fixed
assay (Nr. 8) was negative for 5 samples clearly positive in
the live CBAs.

As a technical control, we included 10 samples containing
humanized monoclonal MOG-IgG (5) or MOG-IgM (5)
antibodies provided by center 5. Results are shown in
supplementary results (figure e-2, links.lww.com/NXI/
A189). Importantly, these humanized monoclonal anti-
bodies were not recognized by some of secondary anti-
bodies, particularly the anti-human IgG1 antibody.
Moreover, the anti-human IgG (H + L), but not the
IgG(Fc) secondary antibodies, also recognized the hu-
manized monoclonal MOG-IgM at the lowest dilution as
borderline negative for MOG-IgG.

MOG-IgG results are reproducible
within centers
All centers reproduced the MOG-IgG results from their
samples submitted for phase I and the 9 positive and 9 neg-
ative replicates that were resent blinded and integrated into
the cohort with the borderline samples in phase II (figure 3C
and supplementary results, figure e-3 and table e-3, links.lww.
com/NXI/A189).

CBAs for MOG-IgG show less agreement on low
positive and borderline negative samples
In the second phase of this study (figure 1, phase II), we
analyzed samples sent as low positive (n = 39) or borderline
negative (n = 13) by the participating centers and 30 samples
from healthy blood donors. Qualitative results obtained by the
different CBAs for MOG-IgG are shown in figure 4A and
supplementary results, table e-3, links.lww.com/NXI/A189.
In general, there was a good agreement for the 8 MOG-IgG
CBAs for the samples from blood donors: 29 of the 30
samples (97%) were negative in all 8 CBAs, and 1 sample was
positive in 4 CBAs (figure 4B).

The agreement for low positive samples was less good: 2 of the
39 samples (5%) sent as borderline positive were negative in all
8 CBAs, and only 11 samples (28%) were positive in all 8 CBAs.
Therefore, the CBAs had a complete agreement of 33%. The
remaining 26 samples (67%) were positive in 7 (n = 8), 6 (n =
2), 5 (n = 6), 4 (n = 2), 3 (n = 3), 2 (n = 2), and 1 (n = 3) assays.
The agreement for borderline negative samples was better: 10 of
the 13 samples (77%) were negative in all 8 CBAs, and no
sample (0%) was positive in all 8 CBAs. Therefore, the CBAs
had a complete agreement of 77%. The remaining 3 samples
(23%) were positive in 7 (n = 1), 3 (n = 1), and 1 (n = 1) assays.

The quantitative values for all MOG-IgGCBAs are provided in
figure 4C. From this figure, it is evident that many of the
positive signals are around the cutoff and under the quantitative
range described above for samples positive in all live CBAs.

Furthermore, MOG-IgMs at a titer ≥ 1:160 were a rare
finding in samples sent as low positive (n = 5, all 1:160) and
absent in samples sent as borderline negative or blood donors.
These 5 samples were positive forMOG-IgG in 1 (n = 1), 4 (n
= 1), 5 (=2), and 6 (n = 1) CBAs.

Samples identified as MOG-IgG positive in all
CBAs are associated with a non-MS
demyelinating disease course
None of the 13 patients with clinically definite MS in the
study or the 5 patients with other neurologic diseases were
within the 47 patients who tested positive on all live CBAs
(supplementary results, figure e-4, links.lww.com/NXI/
A189). These 47 patients had typical MOG-IgG-associated
clinical phenotypes such as optic neuritis, ADEM, myelitis,
AQP4-seronegative NMOSD, or other demyelinating phe-
notypes reported to be associated with MOG-IgG. The 32
discordant samples were from 27 patients with typical
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Figure 3 Correlation of MOG-IgG assays and reproducibility of assay results

(A) Heatmap of Spearman correlation coefficients for all correlations. (B) Correlation of illustrative live (Nr. 2, 4, 6, and 7) and fixed CBAs (Nr. 8): Nr. 2 (center 1):
CBA-IF IgG(Fc) titer (1), Nr. 4 (center 2): CBA-FACS IgG1binding ratio, Nr. 6 (center 3): CBA-IF IgG1binding score, Nr. 7 (center 4): CBA-FACS IgG (H + L) deltamean
fluorescence intensity, Nr, 8 (center 5): CBA-IF IgG(Fc) titer (1). The cutoff values for all assays except assay Nr. 7 are indicated by the dashed gray lines. For
assay Nr. 7, cutoff levels for pediatric samples (blue dots) are indicated by the blue dashed line, and cutoff levels for adult samples (red dots) are indicated by
the red dashed line. Samples that are positive in live CBAs but not the fixed CBA (assay Nr. 8) are indicated by the white dots. (C) Qualitative results for 9
positive and 9 negative samples from phase I retested in a blinded way by all assays in phase II. CBA = cell-based assay; IF = immunofluorescence; Ig =
immunoglobulin; MOG = myelin oligodendrocyte glycoprotein.
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MOG-associated clinical phenotypes mentioned above, but
also from a healthy blood donor and 4 patients with MS.
Finally, the 82 samples negative in all live CBAs were from
24 patients with typical MOG-associated clinical pheno-
types, MS (9), other neurologic diseases (10), and healthy
controls (39).

Discussion
In this study, we compared the reproducibility among the
most frequently used assays for serum MOG-IgG detection,
such as live and fixed CBA-IF, live CBA-FACS, and ELISA.
Our data clearly indicate that strong positive and clearly

Figure 4 Agreement of MOG-Ab assays on low positive and borderline negative samples and blood donors

Qualitative and quantitative results of all MOG-IgG CBAs for blood donors (BD, n = 30), low positive (n = 39), and borderline negative (n = 40) samples. (A)
Qualitative results according to the serostatus sent. Each column is an individual MOG-IgG CBA, and each row is an individual serum sample. Negative
samples are black, and positive samples are red. The samples are shown according to their serostatus sent by the individual centers. (B) Agreement of assay
results for IgG CBAs (assays 1–8). Sample are grouped according to their agreement in all 8 CBAs or in the 7 live CBAs (red: positive in all CBAs, black: negative
in all CBAs, white: discordant). (C) Quantitative results for the 8 MOG-IgG CBA-IF and CBA-FACS assays. The cutoff values for all assays except assay Nr. 7 are
indicated by the dashed gray lines. For assay Nr. 7, cutoff levels for pediatric samples (blue dots) are indicated by the blue dashed line, and cutoff levels for
adult samples (red dots) are indicated by the red dashed line. The quantitative range of each assay result for its probability to be seropositive in all live CBAs is
indicated by the dotted line and shaded in darker gray (100% probability), whereas the range of discordant samples is shaded in light gray. BD = blood donor;
bdl neg = borderline negative values just below the individual cutoff levels; CBA = cell-based assay; FACS = fluorescence-activated cell sorting; IF = immu-
nofluorescence; Ig = immunoglobulin; low pos = positive values just above the individual cutoff levels; MOG = myelin oligodendrocyte glycoprotein.
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negative samples are reproducible between centers where live
cells expressing native full-length humanMOG are used as the
assay substrate. In the 4 different national testing centers using
different live CBAs, there was 96% concordance for all sam-
ples tested. The agreement was less good when a fixed CBA-
IF (90%) tested in-house by the company (center 5) was
included, which is consistent with recent studies demon-
strating that some conformational epitopes of MOG are lost
upon fixation of MOG-expressing cells.4,16,26 Importantly,
most of these discordant negative results on the fixed MOG-
IgG assay had high MOG-IgG titers in live CBAs and were
from typical MOG-IgG-associated demyelinating syndromes.
There is utility in the commercial fixed MOG-IgG testing in
places where live MOG-IgG CBAs are unavailable, but this
assay will miss 10–15% of positive cases. A recent study
highlighted an issue with specificity in commercial MOG-IgG
testing, particularly in samples that were only positive at low
dilutions.4 Therefore, clinicians should consider retesting
unexpected MOG-IgG results at centers offering live CBAs.

Finally, ELISAs did not distinguish between the positive and
negative patient samples and showed no concordance with
CBAs for detection of human MOG-IgG conclusively dem-
onstrating that ELISAs are not suitable for the detection of
human MOG-IgG. Although this has been shown in several
studies (summarized in ref 28), some laboratories still use this
method for MOG-IgG detection. We hope that our findings
inform neurologists that only CBAs should be used for the
measurement of human MOG-IgG. Moreover, and in agree-
ment with previous studies,4,16,26 live CBAs remain the gold
standard for the detection of human MOG-IgG.

The agreement ofMOG-IgGCBAs for low positive sample was
less good (33% concordance), and MOG-IgG assays were
particularly discordant at the borderline of positivity. This raises
the pertinent question where to draw cutoff values and how
they influence the clinical interpretation of diagnostic results. If
we examine the clinical phenotype of people with high MOG-
IgG levels, which are consistently detected by all CBAs, we
identify patients with non-MS demyelinating phenotypes (such
as ADEM, NMOSD, optic neuritis, myelitis, and other de-
myelinating diseases).1 In contrast, the low positive samples
,which showed a lack of reproducibility between centers, had
a wider range of clinical phenotypes that mostly include the
same phenotypes (ADEM, NMOSD, optic neuritis, myelitis,
and other demyelinating diseases), but also a proportion of
every control group (clinically definite MS, other neurologic
diseases, and healthy individuals), making their interpretation
difficult. It is unlikely that lower levels of pathogenic antibody
cause a wider disease presentation, suggesting that some of
these phenotypes are not driven by MOG-IgG. Hence, an ar-
gument can be made that the presence of low positive MOG-
IgG is only meaningful in the correct clinical context such as in
patients with ON, myelitis, ADEM, or encephalitis but not in
the context of other diseases, particularly MS.1,19,31 This is
a circular but reasonable interpretation of low positive results,
but with caveats. There will be a false-positive rate even within

the correct clinical context that should be considered, and an
estimate of this would be useful for any test. Second, clinical
criteria are not perfect. There are individuals who fulfill criteria
forMS, but are often atypical; perhaps theMOG-IgG result has
utility in this context in ruling out MS and should not be
ignored out of hand. Importantly, when extrapolating from
experiences on the treatment of NMOSD and a recent larger
study on treatment of patients with MOG-IgG from France,
disease-modifying treatments for MS may not work in MOG-
IgG-positive patients and may even exacerbate disease.1,31–33

The third interpretation is that these low positive results that
are not reproducible between centers are not useful clinically
and in fact dilute the utility of a more specific test. Finally, as
a general consideration in samples not taken at disease onset,
other confounding factors such as preceding steroid use or
other immunosuppressive treatments and remission could
lower a positive MOG-IgG result. It is important to note that
MOG-IgG levels are often non-normally distributed in large
patient cohorts, and a skewing toward these lower MOG-IgG
titers has been observed in many studies.1

Samples scored as low positive for MOG antibodies are much
less concordant than the clearly positive samples across the 7
live MOG assays (28% vs 92%). Importantly, the MOG-IgG
low positives are also less concordant than low positive
samples in similar assays for other autoantigens such as AQP4.
In 2016, we published a European multicenter validation ex-
periment comparing 21 AQP4-IgG assays.34 In this study 5
live CBAs (3 CBA-IF and 2 live CBA-FACS) had sensitivities,
specificities, and accuracies greater than 90% similar to the 7
liveMOG-IgGCBAs in our current study. These 5 AQP4-IgG
assays were compared on 66 AQP4-Ab-positive samples,
thereof 52 were high positive (median semiquantitative score
in the live CBAs 2.5–4) and 14 low positive (median semi-
quantitative score in the live CBAs 1–2).34 The agreement for
high positive AQP4-IgG samples across all 5 live CBAs was
52/52 (100%), similar to the strong positives for the MOG-
IgG tests that were 92% concordant (36/39). Only 11/39
(28%) of the low positive MOG-IgG samples were concor-
dant on all 7 MOGCBAs in sharp contrast to the low positive
AQP4-IgG samples that remained strongly concordant across
tests: 11/14 (79%) were positive on all 5 tests, and the 3
discordant samples were positive on 4/5 assays. Thus, the
confidence in the reproducibility of a low positive result be-
tween centers by live CBA for MOG-IgG is much lower than
that of a low positive AQP4-Ab result.

Overall, only 10 samples were MOG-IgG and MOG-IgM dou-
ble positive: 4/47 (9%) were positive by all 7 live CBAs, all of
them with non-MS demyelinating syndromes, and 6/32 (19%)
had discordant results, 5 of them with non-MS demyelinating
syndromes and 1 with MS. This frequency of double-positive
patients is comparable to findings recently reported by Pedreno
et al.35 (11/97, 11%) and Tea et al.26 (13/281, 5%). In addition,
MOG-IgM antibodies were found in 4/82 (5%) samples iden-
tified as seronegative by all 7 live CBAs. These included 1 patient
with non-MS demyelinating syndrome, 1 withMS, and 2 healthy
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controls. These data do not demonstrate a clinical utility for the
detection of MOG-IgM antibodies.

Further work is now needed to better define the most useful
clinical cutoff and to establish whether there is any added
benefit in identifying patients with low positive MOG-IgG.
We propose that this should be done in a collaborative effort.
We need to better characterize false-positive cases, such as
classical MS cases, other neurologic diseases, and healthy
individuals, and get more information on the clinical sensi-
tivity and specificity of all assays by using appropriate controls,
such as systemic autoimmune diseases, noninflammatory
neurologic controls, and healthy controls. It is of great interest
to establish how these antibodies relate to different clinical
phenotypes and whether they are a mixture of pathogenic and
bystander antibodies that all bind MOG in vitro.

To conclude, we have shown that currently used live CBAs to
measure MOG-Abs showed excellent agreement for clearly
positive and negative samples, but low positive samples were
more discordant. Further work is now required to standardize
the clinically most useful assay.
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compensation from Euroimmun AG as CEO. J. Eggert has
received personal compensation from Euroimmun as an em-
ployee of the Institute for Quality Assurance. M. Ramberger
was supported by a research grant from the Austrian Science
Promotion Agency (FFG). H. Hegen has participated in
meetings sponsored by; received speaker honoraria or travel
funding fromBayer, Biogen,Merck,Novartis, Sanofi-Genzyme,
Siemens, and Teva; and received honoraria for acting as con-
sultant for Teva. K. Rostasy has received honoraria from
Novartis andMerck as invited speaker and served as consultant
for the PARADIGM Study/Novartis. T. Berger has partici-
pated in meetings sponsored by and received honoraria (lec-
tures, advisory boards, and consultations) from pharmaceutical
companies marketing treatments for MS: Almirall, Bayer,
Biogen, Biologix, Bionorica, Genzyme, MedDay, Merck,
Novartis, Octapharma, Roche, Sanofi/Genzyme, TG Pharma-
ceuticals, Teva-Ratiopharm, and UCB. His institution has re-
ceived financial support in the last 12 months by unrestricted
research grants (Biogen, Bayer, Merck, Novartis, Sanofi/
Genzyme, and Teva-Ratiopharm) and for participation in
clinical trials in MS sponsored by Alexion, Bayer, Biogen,
Merck, Novartis, Octapharma, Roche, Sanofi/Genzyme, and
Teva. Maria Isabel Leite reported being involved in aquaporin-
4 testing, receiving support from the National Health Service
National Specialised Commissioning Group for Neuromyelitis
Optica and the National Institute for Health Research Oxford
Biomedical Research Centre, receiving speaking honoraria
from Biogen Idec, and receiving travel grants from Novartis. J.
Palace is partly funded by highly specialized services to run
a national congenital myasthenia service and a neuromyelitis
service. She has received support for scientific meetings and
honorariums for advisory work from Merck Serono, Biogen
Idec, Novartis, Teva, Chugai Pharma, Bayer Schering, Alexion,
Roche, Genzyme, MedImmune, Euroimmun, MedDay, Abide
ARGENX, UCB, and Viela Bio and grants fromMerck Serono,
Novartis, Biogen Idec, Teva, Abide, MedImmune, Bayer
Schering, Genzyme, Chugai, and Alexion. She has received
grants from the MS society, Guthrie Jackson Foundation,
NIHR, Oxford Health Services Research Committee, EDEN,
MRC, GMSI, John Fell, andMyaware for research studies. S. R.
Irani reports personal fees from MedImmune and has a patent
WO/2010/046716 entitled “Neurological Autoimmune Dis-
orders” with royalties paid. R.C. Dale was supported by re-
search grants from the National Health and Medical Research
Council (NHRMC), Multiple Sclerosis Research Australia
(MSRA), and the Sydney Research Excellence Initiative 2020
(The University of Sydney, Australia). He has received hono-
raria from Biogen Idec andMerck Serono as invited speaker. C.
Probst has received personal compensation from Euroimmun
AG as an employee. M. Probst has received personal com-
pensation from EuroimmunAG as an employee of the Institute
for Quality Assurance. F. Brilot was supported by research
grants from theNational Health andMedical Research Council
(NHRMC), Multiple Sclerosis Research Australia (MSRA), and

10 Neurology: Neuroimmunology & Neuroinflammation | Volume 7, Number 2 | March 2020 Neurology.org/NN

http://neurology.org/nn


the Sydney Research Excellence Initiative 2020 (The University
of Sydney, Australia). She has received honoraria from Biogen
Idec andMerck Serono as invited speaker. S.J. Pittock is a named
inventor on filed patents that relate to functional AQP4/NMO-
IgG assays and NMO-IgG as a cancer marker. He has a patent
pending for Septin 5, GFAP, PDE10A, Kelch-11 and MAP1B
IgGs asmarkers of neurological autoimmunity and paraneoplastic
disorders. He has consulted for Alexion, MedImmune, UCB, and
Astellas. He has received research support from Grifols, MedI-
mmune, and Alexion. All compensation for consulting activities is
paid directly toMayoClinic. PatrickWaters and the University of
Oxford are named inventors on patents for antibody assays and
have received royalties. He has received honoraria or research
funding from Biogen Idec, Mereo BioPharma, Retrogenix, and
Euroimmun AG and travel grants from the Guthy-Jackson
Charitable Foundation. Go to Neurology.org/NN for full
disclosures.

Publication history
Received by Neurology: Neuroimmunology & Neuroinflammation
November 14, 2019. Accepted in final form December 18, 2019.

Appendix Authors

Name Location Role Contribution

Markus
Reindl, PhD

Medical University
of Innsbruck, Austria

Author Designed and
conceptualized the
study; analyzed and
interpreted the data;
and drafted and
revised the
manuscript for
intellectual content

Kathrin
Schanda, MSc

Medical University
of Innsbruck, Austria

Author Analyzed the data
and revised the
manuscript for
intellectual content

Mark
Woodhall,
PhD

University of Oxford,
UK

Author Analyzed the data
and revised the
manuscript for
intellectual content

Fiona Tea, BSc
(Hons)

University of Sydney,
Australia

Author Analyzed the data
and revised the
manuscript for
intellectual content

Sudarshini
Ramanathan,
FRACP, PhD

University of Sydney,
Australia

Author Analyzed the data
and revised the
manuscript for
intellectual content

Jessica Sagen,
BA

Mayo Clinic Author Analyzed the data
and revised the
manuscript for
intellectual content

James P.
Fryer, MS

Mayo Clinic Author Analyzed the data
and revised the
manuscript for
intellectual content

John Mills,
PhD

Mayo Clinic Author Analyzed the data
and revised the
manuscript for
intellectual content

Appendix (continued)

Name Location Role Contribution

Bianca
Teegen, PhD

Euroimmun AG,
Germany

Author Analyzed the data
and revised the
manuscript for
intellectual content

Swantje
Mindorf, MSc

Euroimmun AG,
Germany

Author Analyzed the data
and revised the
manuscript for
intellectual content

Nora Ritter,
MSc

Euroimmun AG,
Germany

Author Analyzed the data
and revised the
manuscript for
intellectual content

Ulrike
Krummrei,
PhD

Euroimmun AG,
Germany

Author Analyzed the data
and revised the
manuscript for
intellectual content

Winfried
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Abstract
Objective
To assess whether serum concentrations of the anti-inflammatory cytokine growth differenti-
ation factor 15 (GDF-15) differ in patients with highly active multiple sclerosis (MS) vs patients
with stable MS and healthy controls (HCs).

Methods
GDF-15 concentrations were measured by ELISA in serum and CSF in a cross-sectional cohort
of patients with MS, patients with other inflammatory neurologic diseases (OIND), patients
with noninflammatory neurologic diseases (NIND), and healthy controls (HC). Serum GDF-
15 concentrations were measured in a longitudinally sampled cohort of clinically and radio-
logically well-characterized patients with MS and corresponding controls.

Results
Cross-sectionally measured median serum GDF-15 concentrations were significantly higher in
patients with OIND (n = 42) (600 pg/mL, interquartile range [IQR] = 320–907 pg/mL)
compared with HCs (n = 29) (325 pg/mL, IQR = 275–419 pg/mL; p = 0.0007), patients with
NIND (n = 46) (304 pg/mL, IQR = 245–493 pg/mL; p = 0.0002), or relapsing MS (n = 42)
(356 pg/mL, IQR = 246–460 pg/mL; p = 0.0002). CSF and serum concentrations of GDF-15
were correlated (r = 0.41, 95% CI = 0.25–0.56, p < 0.0001). In a longitudinally sampled cohort
of patients with MS (n = 48), deeply phenotyped with quantitative clinical and MRI assess-
ments, mean GDF-15 concentrations were significantly higher in patients with a stable disease
course (405 pg/mL, SD = 202) than in patients with intermittent MRI activity (333 pg/mL, SD
= 116; p = 0.02).

Conclusions
Serum GDF-15 concentrations are increased in patients with MS with a stable disease course.
These data suggest that GDF-15 may serve as a biomarker for disease stability in MS.
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MS is a chronic inflammatory demyelinating disease of the
CNS.1 The disease course in MS is highly heterogeneous.
Monitoring subclinical disease activity is a major challenge for
clinicians caring for patients with MS.1 Identification of bio-
markers that indicate disease activity in individual MS patients
is largely an unmet need. Immune cell migration across the
blood-brain barrier plays an important role in the pathogen-
esis of MS and depends on integrins, including lymphocyte
function-associated antigen 1 (LFA-1).2 The spatially limited
extension and temporal resolution of most MS lesions over
time3 suggest that anti-inflammatory mechanisms counteract
the proinflammatory processes during lesion evolution.

Growth differentiation factor 15 (GDF-15) is a transforming
growth factor-beta–related cytokine.4 Under homeostatic
conditions, GDF-15 expression is weak in most tissues and
increases following injury in various tissues4 including the
CNS.5 Data from animal models indicate that GDF-15
counteracts LFA-1–dependent extravasation of leukocytes
into inflamed tissues, hereby limiting tissue destruction.4 In
addition, inflammation-induced GDF-15 was recently shown
to protect tissues against inflammatory damage by promoting
a metabolic adaptation.6

In the current study, we hypothesized that increased serum
GDF-15 reflects subclinical tissue injury in MS. We therefore
measured GDF-15 concentrations in sera and also in the CSF
of various cohorts of patients with MS, including patients with
clinically stable MS with or without radiologic disease activity.

Methods
Standard protocol approvals, registrations,
and patient consents
The study was approved by the Ethical Committee Northwest
and Central Switzerland, University of Basel, Basel, Switzer-
land, and followed the tenets of the Declaration of Helsinki.
Written informed consent was obtained from all participants.

Study subjects
Serum and CSF concentrations of GDF-15 were measured
cross-sectionally in a cohort of patients with relapsing MS
(rMS) and controls during routine diagnostic workup
according to international consensus guidelines at the Uni-
versity Hospital Basel after informed consent (table 1). Serum
concentrations of GDF-15 were measured longitudinally in
a cohort of patients with rMS (table 2). All subjects provided
written informed consent, and the study was approved by the
local ethics committee.

GDF-15 measurements
GDF-15 concentrations were measured in serum with
a commercially available ELISA according to the protocol of
the manufacturer (DuoSet, Cat.Nr. DY957, R&D Systems).

Statistical analysis
Data were tested for normality with the D’Agostino-Pearson
normality test. TheMann-Whitney test was performed in case
of non-normality and/or differing variance among study
groups; the unpaired t test was performed in case of normally
distributed data. Non-normally distributed variables are pre-
sented as median with interquartile range (IQR). Correlation
of data was calculated by Pearson R. Multivariate analyses
were performed by analysis of covariance. GraphPad-Prism
v7.0b was used for statistical analyses.

Data availability
The sample collection procedure of subjects of cohort 1 has
been described earlier.7 Cohort 2 contained longitudinally
sampled patients with rMS as part of a prospective multi-
center study initiated in 2003.8 Our study included patients
with rMS who were recruited at the Neurologic Clinic and
Policlinic, University Hospital Basel (Switzerland), as part of
a prospective multicenter study.

Results
Analytical performance of the GDF-15 assay
and stability of the analyte
The mean coefficients of variation (CVs) of concentration of
duplicates (intraassay variability) ranged among the different
cohorts from 1.4% to 2.6%. There was no significant change in
measured GDF-15 concentration in sera analyzed following 5
freeze-thaw-cycles (median % CV 4.48 [1.20–5.78]). The CV
of the interassay controls ranged from 9.8% to 13.8% and thus
remained well below the widely accepted CV 20% for inter-
assay controls.

Serum concentrations of GDF-15 are increased
in CNS inflammation and correlate with
CSF concentrations
GDF-15 is well established as a biomarker for tissue damage in
cardiovascular disease.9 No information is available whether
GDF-15 is also increased during CNS inflammation. Using
samples from cohort 1, we determined GDF-15 serum con-
centrations in healthy controls (HCs; n = 29), individuals
with noninflammatory neurologic diseases (NIND; n = 46),
patients with rMS (n = 42), and in patients with other in-
flammatory neurologic diseases (OIND; n = 42). The median

Glossary
CV = coefficient of variation; GDF-15 = growth differentiation factor 15; GEL = gadolinium-enhancing lesion; HC = healthy
control; IQR = interquartile range; LFA-1 = lymphocyte function-associated antigen 1; NIND = noninflammatory neurologic
diseases; OIND = other inflammatory neurologic diseases; rMS = relapsing MS.
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Table 1 Characteristics of cohort 1

HC rMS NIND OIND

N 29 42 46 42

Age, mean (range) 38
(19–46)

39 (21–76) 40 (17–75) 56 (20–78)

Female, n (%) 18 (62) 36 (86) 32 (71) 6 (38)

EDSS score, mean (SD) NA 2.6 (+-1.1) NA NA

Median disease duration, years
(range)

NA 4.92
(1.4–8.2)

NA NA

DMT, n(%) NA NA NA

Untreated 39 (93)

Natalizumab 2 (5)

Glatiramer acetate 1 (2)

Diagnosis (n) NA rMS (42) Headache workup (n = 16) Acute inflammatory demyelinating
polyradiculoneuropathy (1)

Unexplained hypo-/
paraesthesia (n = 9)

Acute neuroborreliosis (5)

Behavioral changes or fatigue
(n = 7)

ADEM (1)

Transient hemiparesis (n = 3) Anti-Ma2 paraneoplastic limbic encephalitis (1)

Dizziness and vertigo (n = 2) Autoimmune cranial polyneuritis (1)

Radiculopathy (2) Autoimmune encephalitis (2)

Myalgia (n = 1) Autoimmune encephalo-meningo-radiculitis (1)

Extrapyramidal syndrome
(n = 1)

Autoimmune myelitis (2)

Traumatic head injury (n = 1) Autoimmune polyradiculitis (1)

Idiopathic ataxia (n = 1) Autoimmune encephalo-meningo-radiculitis (1)

Generalized weakness (n = 1) Chronic arachnoiditis (1)

Generalized epilepsy (n = 1) Disseminated herpes zoster virus infection with CNS
involvement (1)

Meralgia paresthetica (n = 1) Giant cell arteritis with abducens nerve paralysis (1)

Herpes simplex virus encephalitis (2)

Neurosarcoidosis (2)

Neurosyphilis (1)

Postinfectious encephaloradiculitis (1)

Postinfectious meningomyeloradiculitis (1)

Probable EBV myelitis (1)

Probable neuroborreliosis (1)

Ramsay-Hunt syndrome (1)

Rasmussen encephalitis (1)

Recurrent aseptic meningitis (1)

Solitary inflammatory lesion of the nucleus ruber (1)

Susac syndrome (1)

Tuberculous meningoencephalitis (3)

Continued
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GDF-15 concentration was significantly higher in patients
with OIND (600 pg/mL, IQR = 320–907 pg/mL) compared
with HCs (325 pg/mL, IQR = 275–419 pg/mL; p = 0.0007),
patients with NIND (304 pg/mL, IQR = 245–493 pg/mL;
p = 0.0002), or patients with rMS (356 pg/mL, IQR =
246–460 pg/mL; p = 0.0002) (figure 1A). No specific disease
or disease group such as autoimmune or infectious in-
flammatory neurologic disorders was associated with low or
very high concentrations of GDF-15 in serum or CSF in the
OIND group (data not shown).

In CSF, the median GDF-15 concentrations were higher in
patients with OIND (160 pg/mL, IQR = 102–238 pg/mL)
compared with patients with NIND (64 pg/mL, IQR =
38–97 pg/mL; p < 0.0001) or patients with rMS (58 pg/mL,
IQR = 47–80 pg/mL; p < 0.0001) (figure 1B). CSF and
serum concentrations of GDF-15 were correlated (r = 0.41,
95% CI = 0.25–0.56, p < 0.0001) (figure 1C), and serum
GDF-15 concentrations correlated with age in patients with
NIND (r = 0.55, p = 0.0002) and rMS (r = 0.52, p = 0.0002)

but not in patients with OIND (r = 0.27, p = 0.7) (data not
shown). No differences were noted between patients with
rMS with or without disease activity at the time point of
sampling (figure 1, D and E).

Longitudinal assessment of serum GDF-15 in
patients with MS
To assess the role of GDF-15 in MS in more detail, we mea-
sured the concentration of serum GDF-15 in patients treated
with interferon-beta that had been sampled longitudinally and
were divided into a group of patients with clinically and ra-
diologically stable disease course (n = 20) and into a group of
patients with MS with intermittent radiologic disease activity
(n = 22). MRI activity was defined as intermittently occurring
gadolinium-enhancing lesions (GELs) or appearance of one or
more new T2 hyperintense lesion(s) in MRI in comparison to
previous scans. In these patients, GDF-15 concentrations were
measured annually in all available serum samples (mean ob-
servation time 4.6 years). In the control group without radio-
logic disease activity (mean observation time 5.9 years),

Table 1 Characteristics of cohort 1 (continued)

HC rMS NIND OIND

Varicella zoster virus–associated trigeminal neuralgia (1)

Varicella zoster virus meningoencephalitis (1)

Varicella zoster virus–associated polyradiculitis (1)

Viral encephalitis (2)

Viral meningitis (1)

Abbreviations: ADEM= acute disseminated encephalomyelitis; DMT = disease-modifying therapy; EBV = Epstein-Barr virus; EDSS = ExpandedDisability Status
Scale; HC = healthy control; n = number; NA = not applicable; NIND = noninflammatory neurologic diseases; OIND = other inflammatory neurologic diseases;
rMS = relapsing MS.

Table 2 Characteristics of cohort 2 (at baseline)

MS stable MS intermittent MRI activity

N 20 22

Age, mean (SD) 46.5 (9.9) 38.5 (6.6)

Female, n (%) 17 (87) 14 (63)

EDSS score, median (range) 2.75 (0–5.5) 2 (0–4)

Median disease duration, years (range) 10.5 (1–25) 6 (1–12)

DMT, n (%)

IFNb 1a i.m. qw 4 (20) 7 (32)

IFNb 1b eod 10 (50) 8 (36)

IFNb 1a 3/w 6 (30) 7 (32)

Abbreviations: DMT = disease-modifying therapy; EDSS = ExpandedDisability Status Scale; eod = every other day; FNb = interferon-beta; HC = healthy control;
i.m. = IM; n = number; NA = not applicable; qw = once per week; 3/w = 3 times per week.
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GDF-15 concentrations were measured every other year (year 1,
year 3, and year 6 after inclusion). In patients with stable disease
course, mean GDF-15 concentrations were significantly higher
(405 pg/mL, SD = 202) than in patients with intermittent MRI
activity (333 pg/mL, SD = 116; p = 0.02) (figure 2A). In a linear
regression analysis, slopes of GDF-15 values in relation to age
differed among patient subgroups (p = 0.001), indicating that
age is not a cofounder of the observed differences. GDF-15
concentrations correlated in stable patients (r = 0.72, p< 0.0001)
but not in patients with GEL (r = −0.001, p = 0.98) or new T2
lesions (r = −0.36, p = 0.08) with age (data not shown). In
patients with GEL or T2 lesions, no difference was noted be-
tween time points with actual GEL or new T2 lesions compared
with time points without GEL or new T2 lesions, respectively
(figure 2, B and C). No correlation was found between serum
GDF-15 concentrations and the number of GELs (data not
shown). Figure 2, D and E illustrate longitudinal changes of
GDF-15 concentrations in stable patients and patients with in-
termittent T2 or GEL activity in MRI.

Discussion
Several cytokines and chemokines have been proposed as
biomarkers for inflammatory disease activity in MS. In the
current study, we found increased concentrations of the cyto-
kine GDF-15 in acute inflammatory CNS disorders. However,
we could not confirm our initial hypothesis that increased se-
rum concentrations of GDF-15 are associated with in-
flammatory disease activity in MS. On the contrary, in
longitudinally sampled, well-characterized patient groups, we
observed higher GDF-15 concentrations in those patients with
MS with no clinical or imaging signs of acute or recent in-
flammatory disease activity. Increased GDF-15 concentrations
may reflect an endogenous anti-inflammatory mechanism in
patients with stable disease, counteracting evolving in-
flammatory lesions in their early stage while being still below
the threshold for detection inMRI.Our data suggest that GDF-
15 is not involved in the pathogenesis of MS. Alternatively,
nonincreased concentrations in patients with active MS may

Figure 1 GDF-15 concentrations in serum and CSF of patients with MS and controls

Concentration of GDF-15 in healthy controls, patients with NIND, patients with rMS, and patients with OIND in serum (A) and CSF (B) (median and IQRs).
Correlationbetween serumandCSFGDF-15 concentrations inpooledpatientswithNIND, rMS, andOIND (C). ConcentrationofGDF-15 inpatientswith rMSwithor
without disease activity at the time point of sampling in serum (D) and CSF (E) (median and IQRs). ***p < 0.001. GDF-15 = growth differentiation factor 15; HC =
healthy control; IQR = interquartile range; NIND = noninflammatory neurologic diseases; OIND = other inflammatory neurologic diseases; rMS = relapsing MS.
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relate to increased GDF-15 consumption during inflammation
or less effective counterregulation due to impaired production
of GDF-15. The mechanisms resulting in changes of serum
GDF-15 in neuroinflammation remain to be determined.

Three-fold higher concentrations of GDF-15 in serum com-
pared with CSF are compatible with an endothelial or sub-
endothelial source of GDF-15 production.10 GDF-15 is
known to inhibit LFA-1–dependent adhesion of immune cells
to endothelial cells9 and would thus locally counteract im-
mune cell infiltration into the CNS.

Pending further elucidation of the mechanism underlying our
observation, our data suggest that elevated GDF-15 may serve as
an indicator for disease stability in general or for a favorable re-
sponse to disease-modifying treatments in a subgroup of patients
with MS. With the advent of more and more effective treatments

with differentmechanisms of action, biomarkers allowing to better
characterize inflammatory diseases activity are urgently needed.
Our data suggest that GDF-15 deserves being further explored as
a biomarker for stable disease or even response to treatment.
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Abstract
Objective
To explore the repertoire of glycan-specific immunoglobulin G (IgG) antibodies in treatment-
naive patients with relapsing-remitting multiple sclerosis (RRMS).

Methods
A systems-level approach combined with glycan array technologies was used to determine
specificities and binding reactivities of glycan-specific IgGs in treatment-naive patients with
RRMS compared with patients with noninflammatory and other inflammatory neurologic
diseases.

Results
We identified a unique signature of glycan-binding IgG in MS with high reactivities
to the dietary xenoglycan N-glycolylneuraminic acid (Neu5Gc) and the self-glycan
N-acetylneuraminic acid (Neu5Ac). Increased reactivities of serum IgG toward Neu5Gc
and Neu5Ac were additionally observed in an independent, treatment-naive cohort of
patients with RRMS.

Conclusion
Patients with MS show increased IgG reactivities to structurally related xenogeneic and human
neuraminic acids. The discovery of these glycan-specific epitopes as immune targets and
potential biomarkers in MS merits further investigation.
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CNS tissue damage in patients with multiple sclerosis (MS) is
mediated by both cellular and humoral immune factors, and
clonal T- and B-cell expansions within MS lesions and the
CSF suggest that the pathogenic immune responses inMS are
driven by distinct, yet incompletely defined antigens.1 A
pathogenic role for antibodies is further supported by the
marked deposition of immunoglobulin G (IgG) at least in
a subset of demyelinating MS lesions.2

Glycans, polymers of glycosidically linked sugars, represent
one of the most basic cellular components of mammals and
other organisms and exist as free glycan entities as well as
being covalently attached to proteins or lipids. During the last
decade, glycans have become increasingly recognized as par-
ticipants in neural cell interactions as well as in myelin for-
mation and maintenance. Some glycan structures, attached to
proteins and expressed on the surface of neuronal and glial
cells, are specifically enriched in the mammalian brain and
have pivotal functions in nervous system development and
regeneration following CNS tissue injury.3

Despite the paradigm that glycans are T cell–independent
antigens and the observation that antibodies recognizing car-
bohydrate epitopes in chronic immune-mediated neuropathies
such as multifocal motor neuropathy are frequently immuno-
globulin M isotypes, there is evidence that CD4+ T cells are
involved in the generation of carbohydrate-specific IgG anti-
bodies following glycovaccination,4 and switched
carbohydrate-specific IgG antibodies are universally found in
humans.5,6 Furthermore, carbohydrate epitopes in conjunction
with carrier protein-derived peptides can bind major histo-
compatibility class II molecules and stimulate glycan-specific
CD4+ T cells to produce interleukins 2 and 4—cytokines es-
sential for providing T-cell help to antibody-producing B cells.7.
Here, we used a systems-level approach combined with glycan
microarray technologies to evaluate the repertoire of
carbohydrate-specific IgG antibodies in treatment-naive
patients with relapsing-remitting MS (RRMS).

Methods
Standard protocol approvals, registrations,
and patient consents
All patients included in this study were enrolled at the De-
partment of Neurology, University Hospital Basel, Switzer-
land. Institutional review board approval was granted by the
local ethics committee, and participants provided written in-
formed consent for participation. All patients with MS were
treatment naive and had relapsing-remitting disease. Serum

and CSF samples were collected and stored at −80°C fol-
lowing standardized procedures.

Glycan microarray
IgG derived from serum and CSF samples were purified using
Protein G Sepharose 4 Fast Flow (GE Healthcare, Opfikon,
Switzerland) according to the manufacturer’s instruction, di-
alyzed in phosphate-buffered saline (PBS) (Sigma-Aldrich
Chemie GmbH, Buchs, Switzerland), and sterilized by 0.2 μM
filtration. Acrylamide gel electrophoresis, Coomassie stain-
ings, and immunoblots were performed to test IgG integrity
and purity.8 Purified IgGs derived from patients with MS,
noninflammatory neurologic diseases (NIND), and other
inflammatory neurological diseases (OIND) were pooled.
Pooled samples were adjusted to similar concentrations of
IgG molecules as determined by photometry (Nano-
Drop1000; Thermo Scientific, Basel, Switzerland), sub-
sequently screened for carbohydrate recognition on the
Consortium for Functional Glycomics (CFG) array version
5.3, and detected at 50 μg/mL using the anti-human IgGmAb
clone HP-6043-Biot (5 μg/mL) coupled to streptavidin-
Alexa633 (Invitrogen, Basel, Switzerland). Antibody binding
was quantified as relative fluorescence unit (RFU), and the
obtained data were evaluated using a systems biology ap-
proach, as described in reference 5.

Bio-Plex assay
The Bio-Plex glycan suspension assay was performed as pre-
viously described.6 Briefly, end-biotinylated glycopolymers
(Laboratory of Carbohydrate Chemistry, Shemyakin-
Ovchinnikov Institute of Bioorganic Chemistry, Russian
Academy of Sciences, Moscow, Russian Federation) were
coupled to fluorescent carboxylated beads with a distinct ratio
of red and infrared fluorescent dyes (Bio-Rad Laboratories
Inc., Hercules, CA). Antibody diluent (PBS-1% bovine serum
albumin; Sigma-Aldrich Chemie GmbH) incorporating 2,000
beads of each region/well (50 μL/well) was added to a 96-well
multiscreen HTS filter plate (Millipore Corp., Billerica, MA)
previously soaked with 100 μL of antibody diluent for 5
minutes. The plate was washed twice with 100 μL washing
buffer (PBS-0.02% Tween 20) using a vacuummanifold (Bio-
Rad Laboratories Inc.). Human serum samples were added to
wells (in antibody diluent 1:20 [50 μL/well]) and incubated
on a shaker for 1 hour at room temperature (RT) in the dark.
After incubation, the plate was washed 3 times with washing
buffer. Secondary antibodies (R-PE-conjugated goat anti-
human IgG H + L; Southern Biotechnology Associates Inc.,
Birmingham, AL, 25 ng/well) were added and incubated on
a shaker for 1 hour at RT in the dark. The plate was washed 3

Glossary
CFG = Consortium for Functional Glycomics; IgG = immunoglobulin G; NCAM = neural cell adhesion molecule; Neu5Ac =
N-acetylneuraminic acid;Neu5Gc = N-glycolylneuraminic acid;NIND = noninflammatory neurologic diseases;OIND = other
inflammatory neurologic diseases; PSA = α(2–8)polysialic acid; RFU = relative fluorescence unit; RT = room temperature;
RRMS = relapsing-remitting MS.
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times with washing buffer, and beads were resuspended and
shaken vigorously for 30 seconds in 100 μL of antibody dil-
uent. The plate was analyzed on the Bio-Plex array reader,
with which data were acquired in real time, analyzing 50 beads
by their median fluorescence intensity using Bio-Plex Man-
ager 6.1 software (Bio-Rad Laboratories Inc.).

Statistical analysis
Pearson correlation matrix, heatmap, and hierarchical clus-
tering were performed using the package gplots from “R”
(The R Foundation for Statistical Computing, version 3.0.2
[rdrr.io/cran/gplots/]). For correlation analysis and heatmap
construction, negative values were set to zero. To exclude the
observations that markedly deviate from the rest of the data,
outlier exclusion was performed via the robust regression and
outlier removal method (Q = 1%). Statistical significance of
the results was reported using 1-way analysis of variance,
followed by the Tukey multiple comparison test. A p value
<0.05 was considered statistically significant. The asterisks
depicted in the figures translate into the following grouping:
*p < 0.05, **p < 0.01,***p < 0.001. All quantitative analyses
were performed with GraphPad Prism v5.0a or 6.0c for Mac
OSX (GraphPad Software, Inc., San Diego, CA).

Data availability
Any data not published within the article will be shared by
request from any qualified investigator.

Results
Glycan array analysis indicates unique anti-
carbohydrate IgG repertoire in MS
Glycan array technology, a powerful tool to study protein-
carbohydrate interactions on a large scale, has recently been
used to examine glycan-binding profiles of IgG from healthy
donors.5 To interrogate the anti-carbohydrate IgG repertoire
in patients with MS, we first purified and pooled IgG from
serum and CSF samples derived from 25 treatment-naive
patients with RRMS and 30 patients with NIND matched by
age and sex (table). Pooled IgG samples were normalized to
concentrations of 50 μg/mL5 and screened for binding to 600
distinct glycans using the CFG glycan array version 5.3. Hi-
erarchical dendrogrammed clustering analysis was performed
to compute a reactivity matrix of IgG preparations based on
sample RFU values,5 as shown in figure 1A. The reactivity
matrix indicated that antibody repertoires between patients
with MS and NIND were distinct for at least certain glycans
(figure 1A). A relatively close relationship between glycan
recognition patterns of serum and CSF IgG was observed for
patients with MS (r = 0.81) and NIND (r = 0.86), re-
spectively. The repertoire differences between both cohorts
were confirmed by Pearson correlation (figure 1B) and radial
dendrogram computation (figure 1C). Since the chemical
structure of the terminal carbohydrate moiety has been linked
to immunogenicity and hence the IgG immune profile in
healthy individuals,5 we next determined IgG reactivities to

glycans with specific terminal carbohydrates. Although most
terminal glycan structures were recognized by both patients
with MS and NIND, high reactivities to individual terminal
N-acetylneuraminic acid (Neu5Ac) epitopes and the struc-
turally related N-glycolylneuraminic acid (Neu5Gc) were
exclusively observed in patients with MS (figure 1D).

Increased IgG reactivity to xenogeneic and
human neuraminic acids in MS
Terminal glycan recognition was further evaluated in individual
serum and CSF samples derived from our MS discovery and
NIND cohorts using an independent bead-based multiplex
glycan suspension assay. To assess whether IgG reactivities are
largely determined by inflammation ormore specifically related
to MS, we additionally recruited a cohort of 22 patients with
OIND (table). Based on the results obtained with the CFG
glycan array with exclusively increased reactivities to distinct
Neu5Ac and Neu5Gc epitopes in MS, we specifically de-
termined IgG responses to (Neu5Ac2-8)3, an α(2–8)-linked
homooligomer of Neu5Ac, hereafter termed α(2–8)Neu5Ac,
and to the Neu5Gc epitope Neu5Gcα2-3Galβ1-3GlcNAcβ,
hereafter termed α(2–3)Neu5Gc. As a reference, we addi-
tionally assessed IgG responses to the α(1–3)-linked galactose
epitope (Galα1-3Galβ1-4GlcNAcβ) because anti-Gal-α anti-
bodies are frequently detectable in immunocompetent indi-
viduals and produced throughout life as a result of continuous
antigenic stimulation by carbohydrate antigens on gastroin-
testinal bacteria of the normal flora.9

Antibody reactivities toward neuraminic acid epitopes were
significantly increased in patients with MS compared with
patients with NIND and OIND. Both serum and CSF IgG
reactivities toward α(2–8)Neu5Ac and CSF IgG responses
toward α(2–3)Neu5Gc were significantly elevated in patients
with MS (figure 2, A and B). In contrast, IgG reactivities to the
Gal-α epitope were unchanged in patients withMS (figure 2C).
To validate increased immunoreactivity to neuraminic acid
epitopes in MS, we additionally recruited an independent
second cohort of treatment-naive patients with RRMS (table)
and reperformed the Bio-Plex assay. In these patients (MS
cohort II), serum IgG reactivities to both α(2–8)Neu5Ac and
α(2–3)Neu5Gc were increased compared with NIND and
OIND, whereas CSF IgG reactivities did not differ significantly
(figure 2, D and E), indicating a systemically increased immune
response to both epitopes.We observed a strong overlap of IgG
reactivities to Neu5Ac and Neu5Gc in individual patients. In
cohort I, 73% and 92% of patients with MS with above-median
anti-Neu5Ac levels also show above-median anti-Neu5Gc lev-
els in serum and CSF samples, respectively. In cohort II, 90%
and 90% of patients with MS with above-median anti-Neu5Ac
levels also show above-median anti-Neu5Gc levels in serum
and CSF samples, respectively. Patients with high IgG reac-
tivities (above median) did not differ from patients with low
(below median) IgG reactivities to Neu5Ac and Neu5Gc
epitopes in clinical disease severity as determined by the
expanded disability status score and disease activity as defined
by having a relapse or being in remission during the time of
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blood and CSF sampling (figure 3). Altogether, these data
demonstrate that the anti-carbohydrate IgG repertoire in
patients with MS contains elevated reactivities toward both
α(2–8)Neu5Ac and α(2–3)Neu5Gc neuraminic acids.

Discussion
Our study is the first investigation to systematically in-
terrogate the carbohydrate-specific IgG repertoire in patients

with MS. We found that treatment-naive patients with early
MS differ from patients with NIND and OIND in their rec-
ognition of terminal carbohydrate moieties with increased
reactivities toward the neuraminic acid α(2–8)Neu5Ac and
the structurally related α(2–3)Neu5Gc.

The α(2–8)Neu5Ac oligomers constitute the building blocks
of α(2–8)polysialic acid (PSA), whose major carrier in ver-
tebrates is the neural cell adhesion molecule (NCAM). PSA is
widely expressed in the developing brain, absent in the adult

Table Demographic, clinical, and CSF characteristics of patient cohorts

Early MS
discovery
cohort

Early MS
validation
cohort NIND OIND

N 25 25 30 22

Female 18 21 22 7

Age (mean, median, SD) 36.1, 35.5, 10.6 34.8, 32.5, 11.7 43.9, 44.7, 13.9 55.2, 58.9, 18.7

Age range (y) 20.8–61.8 19.1–70.6 16.8–73.3 19.9–80.6

Last EDSS score before
spinal tap (mean,
median, SD),

2, 2, 0.9 1.96, 2, 0.9 NA NA

EDSS score (range) 0–4 0–3.5 NA NA

%Treatment naive 100 100 NA NA

Status at the time point
of spinal tap: (%relapse/
%stable)

60/40 64/36 NA NA

CSF leukocytes/μL
(mean, median, SD)

7.1, 5, 7 5.9, 4.6, 6.1 1.6, 1, 1.5 47.8, 34.4, 39.8

CSF total protein mg/L
(mean, median, SD)

384, 378, 138 336.6, 328, 86.1 362.1, 337.5, 116.5 892, 594, 894.2

IgG index (mean,
median, SD)

1.1, 0.9, 0.5 1.03, 0.8, 0.6 0.5, 0.5, 0.05 0.6, 0.6, 0.2

CSF OCB+
(n = positive/
n = negative/
n = borderline)

0/25/0 0/25/0 0/30/0 8/12/2

CSF Reiber IgG% (mean,
median, SD)

28.2, 31, 24.8 24.3, 17, 24.99 0, 0, 0 4.7, 0, 11

CSF Reiber IgM% (mean,
median, SD)

13.1, 0, 23.4 8.2, 0, 19.1 0.4, 0, 2 16.1, 0, 29

CSF Reiber IgA% (mean,
median, SD)

3.7, 0, 12.8 1.7, 0, 8.5 0, 0, 0 8.9, 0, 21

Clinical diagnoses Early MS
(n = 25)

Early MS
(n = 25)

Tension-type headache (n = 11), migraine
and other headache entities (n = 3),
symptoms related to paresthesia,
hypesthesia, and pain (n = 5), seizure
associated (n = 3), somatoform/
psychogenic disorder (n = 2),
neuropsychological disorder/depression
(n = 2), obstructive sleep apnea (n = 1),
vascular leukoencephalopathy
(n = 1), central vestibular disturbance (n =
1), and pseudotumor cerebri (n = 1)

Viral (meningo)encephalitis (n = 6),
neuroborreliosis (n = 4), (meningo)
encephalitis of unknown etiology (n = 4),
eosinophilic encephalitis (n = 1), giant cell
arteritis (n = 1), zoster ophthalmicus (n =
1), oligoneuritis cranialis (n = 1),
tuberculous meningoencephalitis (n = 1),
varicella zoster–associated polyradiculitis
(n = 1), neurosarcoidosis (n = 1), and
meningoradiculitis (n = 1)

Abbreviations: EDSS = expanded disability status score; IgG = immunoglobulin G; IgM = immunoglobulin M; NA = not applicable; NIND = noninflammatory
neurologic diseases; OCB = oligoclonal bands; OIND = other inflammatory neurologic diseases.
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brain, but reexpressed upon CNS injury during which it
supports repair mechanisms including cell migration, axon
guidance, and synaptic plasticity.3,10 Targeted overexpression
of PSA or administration of PSA mimetics improves neuronal
regeneration and functional recovery upon spinal cord
injuries.11,12 In MS lesions, PSA-NCAM is reexpressed on
demyelinated axons but absent from myelinated axons of the
periplaque or normal-appearing white matter, possibly in an
attempt to achieve neuroprotection following demyelinating
injury.10 We infer from these data that IgG specific for α(2–8)
Neu5Ac oligomers could also bind to NCAM decorated with
α(2–8)Neu5Ac within MS plaques.

The structurally almost identical andNeu5Ac derivativeNeu5Gc
cannot be synthesized by humans due to a loss-of-function
mutations in the gene encoding the sialic acid–modifying en-
zyme cytidine monophosphate-N-acetylneuraminic acid hy-
droxylase but is found in most nonhuman mammals and is
enriched in red meat from livestock (beef, pork, and lamb).13

Despite the absence of endogenously produced Neu5Gc, ex-
perimental studies in humans and inCmah−/−mice revealed that
dietary Neu5Gc can become incorporated into tissues in trace

amounts, essentially making Neu5Gc a dietary “xeno-auto-
antigen”, and transfer of Neu5Gc-specific polyclonal IgG anti-
bodies to Cmah−/− mice fed with Neu5Gc was shown to
promote systemic inflammation.13–16 Based on the aforemen-
tioned studies, it has been proposed that anti-Neu5Gc antibodies
may contribute to the development of various human chronic
inflammatory diseases that are not seen in great apes, such as
MS.15,17,18 Although healthy diets have been associated with
a reduced risk to develop MS,19 studies investigating red meat
consumption and risk of MS have been inconclusive so far,20–22

and it is unknown whether and to which extend dietary Neu5Gc
can be incorporated into tissues including the CNS. However,
given the structural similarity betweenNeu5Gc andNeu5Ac and
the large overlap of reactivities toward both carbohydrate epit-
opes in individual patients, systemically increased IgG responses
to both terminal glycan structures in patients with MS might
partly result from cross-reactive antibody species23: exposure to
a dietary xenoantigen expressed in peripheral tissues could elicit
immune reactivity to a self-antigen, reexpressed upon myelin
injury in MS lesions. This scenario does not necessarily depend
on intrathecal production or enhanced reactivities of glycan-
specific CSF IgG.

Figure 1 Recognition of carbohydrate structures in glycan array version 5.3 by sera and CSF of patients with MS and NIND

(A) Heatmap of glycan-binding reactivity, clustered by dendrogram algorithm. Columns represent the reactivity of each specific glycan (n = 600) at an
immunoglobulin G concentration of 50 μg/mL, and rows represent the immune profile for each patient subgroup (MS, n = 25; NIND, n = 30). (B) Pearson
correlation comparison of glycan recognition in sera and CSF among patients. (C) Circlized dendrogram for recognition of carbohydrate antigens based on
RFU. Clusters based on recognition similarity are shown in the same color. (D) Recognition of specific terminal carbohydrate moieties by sera or CSF from
patients with MS and NIND. Neu5Ac = N-acetylneuraminic acid; Neu5Gc = N-glycolylneuraminic acid; NIND = noninflammatory neurologic disease; RFU =
relative fluorescence unit.
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Limitations of our study include the small size of the cohorts
investigated. Although increased IgG reactivities to α(2–8)
Neu5Ac and α(2–3)Neu5Gc were confirmed in an

independent cohort of patients with MS, our findings clearly
require validation in larger independent studies. Patients with
OIND did not differ from patients with NIND in their serum

Figure 2 Increased reactivity to sialic acid–terminated glycan epitopes Neu5Ac and Neu5Gc in patients with MS

Recognition of α(2–8)Neu5Ac, α(2–3)Neu5Gc, andGalα1-3Galβ1-4GlcNAcβ carbohydrate structures by sera and CSF. patients withMS fromdiscovery cohort I
(A–C) and independent cohort II (D and E) compared with patients with other neurologic diseases NIND and OIND as screened by suspension array. Each dot
represents an individual patient. Bar represents median. Significant values are reported using 1-way ANOVA, followed by Tukey multiple comparison test.
*p < 0.05; **p < 0.01, ***p < 0.001. ANOVA = analysis of variance; Neu5Ac = N-acetylneuraminic acid; Neu5Gc = N-glycolylneuraminic acid; NIND =
noninflammatory neurologic disease; OIND = other inflammatory neurologic disease; RFU = relative fluorescence unit.

Figure 3High vs low IgG reactivities to Neu5Ac and Neu5Gc epitopes in relation to MS clinical disease severity and activity

Patients with MS were stratified by means of their high IgG reactivities to Neu5Ac and Neu5Gc epitopes (above median vs below median). (A) Above- and
below-median groups were compared with regard to the EDSS score and (B) clinical disease activity as defined by having a relapse or being in remission
during the time of blood and CSF sampling. Each dot represents an individual patient. SEM is depicted. Statistical analysis was performed via the (A) Mann-
Whitney test and (B) Fisher exact test. EDSS = expanded disability status score; IgG = immunoglobulin G; Neu5Ac = N-acetylneuraminic acid; Neu5Gc = N-
glycolylneuraminic acid; ns = non significant; SEM = standard error of the mean.
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and CSF immunoreactivity profile toward Neu5Ac and
Neu5Gc. However, we cannot exclude the possibility that the
increased response to the aforementioned epitopes might
result from polyclonal B lineage cell stimulation driven by
chronic inflammation without being specific for MS. Second,
the functional relevance of our findings is hypothetical, and
longitudinal studies are required to assess whether immune
reactivities to Neu5Ac and Neu5Gc are associated with MS
disease activity and progression. Whether IgG specific for
neuraminic acid–containing epitopes are germline configured
or selected for high affinity during germinal center reactions in
patients with MS and healthy individuals requires further in-
vestigation. Our findings, therefore, should provide incentive
to conduct larger prospective and experimental investigations
to examine the functional role of terminal glycan structures as
immune targets and potential biomarkers in MS.
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A 40-year-old woman developed erythematous, raised and pruritic, migratory lesions on a daily
basis affecting her whole body for the past 3 months; the appearance of the rash was consistent
with urticaria. There was associated angioedema affecting her lips and face. Her medical history
was significant for MS, diagnosed 9 years before, manifesting clinically with mobility, speech,
and cognitive impairment. Initial treatment was with β-interferon and glatiramer acetate;
however, disease relapse prompted switching to alemtuzumab, with 2 standard courses given 12
months apart (60 and 36 mg, respectively, the last dose given 12 months before the onset of
rash), and achieved remission with a new baseline Expanded Disability Status Scale of 2.

Ancillary history includes short-lived, asymptomatic, subclinical hypothyroidism before 13
years for which she was given thyroxine during pregnancy. Months after her first dose of
alemtuzumab, she developed mild symptomatic hyperthyroidism with persistent thyroglobulin
antibodies. Carbimazole was given for a year but ceased after her thyroid function tests nor-
malized. She remained persistently thyroglobulin antibody seropositive. No other subsequent
secondary autoimmune diseases manifested with otherwise normal laboratory results.

At the time of development of urticaria, she was on long-term venlafaxine and dexamphetamine
for a mood disorder. There was no history to suggest an allergic reaction to current medications.
Differential blood count, C-reactive protein, and erythrocyte sedimentation rate did not suggest
any chronic or recurrent infections triggering urticaria. Specific IgE to dust mite, grass pollen
mix, and staple food was negative.

A clinical diagnosis of chronic spontaneous urticaria (CSU) was made, and she was treated with
a maximal dose of histamine (H1/H2) receptor blockade (cetirizine 20 mg bis die and rani-
tidine 150mg bis die). Despite this treatment, she continued to have breakthrough urticaria and
required intermittent high dose prednisolone (1 mg/kg/d) while still scoring 42 on the Ur-
ticaria Activity Score over 7 Days scale. Therapy was intensified with omalizumab (300 mg
monthly), because of its demonstrated efficacy in CSU1 and low side-effect profile as compared
to other agents used in treatment of alemtuzumab-related secondary autoimmunity. This
resulted in a dramatic (but incomplete) reduction in urticaria, with burdensome breakthrough
lesions typically in the week before her next omalizumab dose.

No clinical relapses or new signs of radiologic MS activity occurred over this period; her MS
continued to improve throughout omalizumab therapy with the Expanded Disability Status
Scale score improving from 2 to 0, over 18 months of monitoring.

A skin biopsy was performed that excluded other causes of immune-mediated urticaria, securing
the diagnosis of CSU2 (see figure 1 and figure e-1, links.lww.com/NXI/A186). Montelukast
was initiated at 10 mg/d and advised to adhere to a strict 28-day dosing of omalizumab to
minimize the breakthrough period.
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Discussion
Alemtuzumab is a monoclonal antibody directed against the
CD52 antigen. It is used therapeutically in chronic lympho-
cytic leukemia and increasingly in MS. The CD52 antigen is
expressed on >95% of peripheral B and T lymphocytes,
monocytes, macrophages, and thymocytes. Binding of alem-
tuzumab to the CD52 antigen causes lysis of the target cell,
and its clinical efficacy is because of B and T lymphocyte,
monocyte, and natural killer cell depletion.3

Immune dysregulation after alemtuzumab has been reported at
rates up to 30%, with common manifestations being thyroid
diseases and autoimmune hematologic conditions.3 Autoim-
mune side effects manifested at 6 months with a peak incidence
in year 3 after the first course.4 It is postulated the autoimmune
sequelae arise from reconstitution of cells after T-cell lym-
phopenia along with additional insults including the depletion
of Tregs and overproduction of interleukin-21.5 T cells un-
dergo homeostatic proliferation to reconstitute the immune
system relying on stimulation through the T-cell receptor-self
peptide-major histocompatibility complex and leads to gener-
ation of self-reactive T cells.5

CSU is the appearance of wheals and/or angioedema for longer
than 6 weeks.1 It can be because of autoantibodies or idiopathy.2

The treatment paradigm is high-dose H1-antagonists (up to 4
times the usual recommended dose), H-2 antagonists, and
adjuvants such as leukotriene antagonists. If symptoms remain
refractory, the most effective next-line agent is omalizumab.

Omalizumab is a humanized immunoglobulinGdirected against
immunoglobulin E and is thought to not only bind serum IgE
but also downregulate its cognate receptor (Fc ƐR-1) on mast
cells; it has demonstrated efficacy in severe, autoimmune CSU.6

We believe that this is the first reported case of CSU in the
context of immune dysregulation within the typical time pe-
riod after alemtuzumab and thus adds to the expanding rep-
ertoire of alemtuzumab-related immune-mediated side
effects. Previous reports of urticaria were solely acute infusion-
related side effects.7 It is important to consider CSU as a cause
of recurrent rashes and angioedema after alemtuzumab be-
cause disease specific therapy is effective and available.
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Figure A perilesional skin biopsy showed mild, superficial,
dermal perivascular lymphocytic infiltrate and mild
dermal oedema with dilated lymphatics

Neutrophils were seen within the lumen of the vessels and scattered in small
numbers through interstitium together with occasional mast cells. The find-
ingswere consistent with chronic urticaria. No evidenceof vasculitiswas seen. Appendix Authors
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