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Séverine Boillée, PhD
Riley M. Bove, MD, MMSC
Chiara Briani, MD
Fabienne Brilot, PhD
Matthijs C. Brouwer, MD, PhD
Wolfgang Brück, MD
David B. Clifford, MD, FAAN
Anne Haney Cross, MD
Russell C. Dale, MBChB, MRCP, PhD
Thomas G. Forsthuber, MD
Kazuo Fujihara, MD
Christian Geis, MD
Jeffrey M. Gelfand, MD, MAS, FAAN
Francesc Graus, MD, PhD
Kerstin Hellwig, MD
Matilde Inglese, MD, PhD
Takahiro Iizuka, MD
Luisa Klotz, MD

Kristen M. Krysko, MD, MAS
Annette Langer-Gould, MD, PhD
Frank Leypoldt, MD
Erin Longbrake, MD, PhD
Andrew McKeon, MD
Anne Louise Oaklander, MD PhD,

FAAN, FANA
Anne-Katrin Pröbstel, MD
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EDITORIAL OPEN ACCESS

Is CSF neurofilament light chain measurement
relevant for MS?
Makoto Matsui, MD, PhD

Neurol Neuroimmunol Neuroinflamm 2020;7:e886. doi:10.1212/NXI.0000000000000886
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MS is a chronic inflammatory demyelinating disease of the CNS in which an autoimmune
etiology targeting CNS myelin is implicated. Tremendous efforts to search for biomarkers that
potentially reflect the inflammatory process in the CNS have been made, although MRI was the
only reliable clinical method for that purpose until recent findings showing the usefulness of the
measurement of neurofilaments. Neurofilament release is assumed to be a consequence of axonal
damage, with some components appearing in the CSF and then in blood at extremely low
concentrations.1 An ELISA for CSF neurofilament light chain protein (NfL) has shown to give
consistent results as a marker for MS disease activity, suggesting it may be useful as a measure of
MS treatment response.1

NfL levels in the CSF can predict a sustained status of no evidence of disease activity 3, namely,
no clinical relapse, brain MRI activity, or progression in the Expanded Disability Status Scale
(EDSS).2 Another study showed that this CSF marker not only identified patients with clini-
cally isolated syndrome who later developedMS3 but also patients with relapsing-remitting MS
(RRMS) who showed progression in the EDSS or converted to secondary progressive MS at
5-year follow-up.4 It has also been reported that the potent disease-modifying drug (DMD)
natalizumab markedly reduced axonal damage when assessed using CSF NfL levels.5 Fur-
thermore, measurement of CSF NfL levels may serve as an effective tool for monitoring the
treatment effects of fingolimod.6 Therefore, NfL in the CSF has been established as a biomarker
for the assessment of prognosis and treatment efficacy in patients with MS. However, it is still
unclear whether CSF NfL levels can be used for decision-making regarding MS treatment.

In this issue of Neurology® Neuroimmunology & Neuroinflammation, Reyes et al.7 attempted to
address some of the above-mentioned issues. These authors enrolled 203 patients with MS
(RRMS 58%, progressive MS 42%), of whom 169 (83%) were not treated with any DMD at the
time of enrollment (baseline). Study participants were assessed for disease activity in terms of
occurrence of relapse and/or sustained disability progression, MRI findings, and NfL level in the
CSF. However, although CSF NfL levels were determined, no specific algorithm for treatment
selection according to NfL results was used, and thus, the treatment decision-making process was
primarily dependent on clinical and/or MRI findings under the discretion of MS consultants.
Thus, the effect of CSF NfL measurements on treatment choice was only modest. The investi-
gators classified final treatment decisions into 2 categories: “no treatment/no escalation,” which
included patients not started with a DMD (n = 36) or those who remained with their previous
DMD (n = 26), and “treatment/escalation,” which included treatment-naive patients for whom
medication with any DMD was begun (n = 129) and patients whose DMD at study enrollment
was changed to a more potent treatment (n = 12). The EDSSwas assessed at baseline and at least
1 year after the treatment decision. The relevance of high or low levels of CSFNfL in the decision-
making process was retrospectively analyzed by comparing median values obtained among
subgroups in the 2 categories. The “no treatment” and “no escalation” subgroups showed low
median values (264.5 and 269 pg/mL, respectively), whereas the “escalation” subgroup showed
the highest median value (696 pg/mL) and the “treatment” subgroup had the intermediate values
(above or below 400 pg/mL). However, the median EDSS score at baseline did not change for at
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least 1 year within the 2 subgroups of each category: 2.5 vs 2.5
in the “no treatment/no escalation” group and 4 vs 4.75 in the
“treatment/escalation” group, with the median EDSS score
change of 0 in both. These findings suggest that results of NfL
measurement in the CSF affected treatment choice, despite
guidelines for its use were not available. In addition, those
decisions seemed to be successful in 1-year follow-up results.
This study demonstrates the potential utility of CSF NfL levels
in individual patients with MS as a biomarker for treatment
decision-making independent of clinical and MRI findings.
Because CSF samples are routinely collected during the initial
assessment or as part of the studies used in the differential
diagnosis of MS, the availability of CSF for the measurement of
NfL does not constitute a limitation.

Readers of this article may wonder about the need of NfL CSF
studies considering the fact that determination of NfL levels in
blood has been established as a feasible biomarker of MS
treatment response, based on findings of a 2-year follow-up
study8 and another study showing its use for the prediction of
10-year MRI disease activity.9 Thus, it is important to ask why
NfL levels in the CSF should also be determined. Although
the advantages of blood samples include easy collection and
repeatability, blood NfL measurements only show potentially
useful information when samples from a large number of
patients are considered, the usefulness in individual cases is
limited because of the narrow range of results assessed
(10–100 pg/mL)8–10 and a possible contribution of comor-
bidities affecting the peripheral nervous system.1 Ethnic dif-
ferences may also be a concern, although CSF and blood NfL
measurements conducted in Japanese patients with MS
showed comparable results with those of patients included in
studies from western countries.10

In summary, measurement of NfL levels in the CSF still has an
important role in MS clinics, and the value obtained from a
1-time lumbar puncture may provide guidance for initial
treatment. The work by Reyes et al. is an important first step
toward a well-designed follow-up study conducted with a

large-scale cohort over at least a 5-year period to clarify the
relevance of this unique biomarker.

Study funding
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Abstract
Objective
We assessed the comorbidity burden associated with multiple sclerosis (MS) severity by
performing a phenome-wide association study (PheWAS).

Methods
We conducted a PheWAS in 2 independent cohorts: a discovery (Boston, United States;
1993–2014) and extension cohort (British Columbia, Canada; 1991–2008). We included
adults with MS, ≥1 Expanded Disability Status Scale (EDSS) score, and ≥1 International
Classification of Diseases (ICD) code other than MS. We calculated the Multiple Sclerosis
Severity Score (MSSS) using the EDSS. We mapped ICD codes into PheCodes (phenotypes),
using a published system with each PheCode representing a unique medical condition. Asso-
ciation between the MSSS and the presence of each condition was assessed using logistic
regression adjusted for covariates.

Results
The discovery and extension cohorts included 3,439 and 4,876 participants, respectively. After
Bonferroni correction and covariate adjustments, a higher MSSS was associated with 37
coexisting conditions in the discovery cohort. Subsequently, 16 conditions, including genito-
urinary, infectious, metabolic, epilepsy, and movement disorders, met the reporting criteria,
reaching the Bonferroni threshold of significance with the same direction of effect in the
discovery and extension cohort. Notably, benign neoplasm of the skin was inversely associated
with the MSSS.

Conclusion
The phenome-wide approach enabled a systematic interrogation of the comorbidity burden
and highlighted clinically relevant medical conditions associated with MS severity (beyond
MS-specific consequences) and defines a roadmap for comprehensive investigation of
comorbidities in chronic neurologic diseases. Further prospective investigation of the
bidirectional relationship between disability and comorbidities could inform the individualized
patient management.
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People with chronic neurologic diseases such as MS exhibit
variable disease trajectories. People with MS often develop
coexisting conditions. Prior efforts relying on candidate phe-
notype approaches have linked comorbidities to diagnostic
delay, treatment delay, increased hospitalization, decreased
quality of life, and increased mortality.1,2 Thus, comorbidities
likely constitute an important facet of the individual variation
in MS.

Phenome-wide association studies (PheWASs) were origi-
nally designed to interrogate the multiple phenotypes asso-
ciated with a given genetic variant.3 A central contribution of
the PheWAS approach is the creation of a clinically in-
formative disease classification system that consolidates re-
lated International Classification of Diseases (ICD) codes for
each medical condition into a unique phenotype code (Phe-
Code).4 This approach enables a more comprehensive and
organized examination of the comorbidity burden than can-
didate approaches.

We conducted a PheWAS to systematically interrogate the
relationship between MS severity and comorbidity burden in
this proof-of-concept study. We hypothesized that this novel
application of the PheWAS approach to comprehensively
assess comorbidities could offer insights into the association
between disability and the occurrence of comorbidities and
guide future prospective studies and individualized manage-
ment strategies.

Methods
Data sources
Following a common protocol, we conducted independent
analyses using data from 2 large MS cohorts (Partners
HealthCare, Boston, United States; British Columbia [BC],
Canada). We preassigned the Boston cohort as discovery and
BC as extension for analyses.

The discovery cohort comprised patients with MS seen at the
Partners MS Center (Boston) between 1993 and 2014, in-
cluding patients enrolled in the Comprehensive Longitudinal
Investigations in MS (CLIMB) study, a well-characterized
clinic-based prospective study.5 We previously merged elec-
tronic health records (EHRs) and CLIMB research data for
these patients.6 We obtained all available inpatient and out-
patient ICD-9 codes from the Partners HealthCare EHRs.

The extension cohort comprised patients with MS registered
at MS clinics in BC between 1991 and 2004, with follow-up

until 2008. We accessed linked clinical and health adminis-
trative data. The British Columbia MS database captured
clinical data. We determined residential status in BC using
provincial health care plan registration dates and captured
demographic information from the BC Registration and
Premium Billing Files7 and all available ICD codes from the
population-based physician and hospital data (the Medical
Service Plan and Discharge Abstract Databases).8,9 ICD-10
codes were converted to ICD-9 codes.10

Standard protocol approvals, registrations,
and patient consents
The relevant Institutional Review Boards at Partners
HealthCare and University of British Columbia approved the
deidentified data usage for this study.

Eligibility criteria
We included all individuals aged ≥18 years with a neurologist-
confirmed MS diagnosis,11,12 and ≥1 recorded ICD code
other than MS, and ≥1 recorded Expanded Disability Status
Scale (EDSS) measure (assessed >3 months from a relapse
and within 3–40 years after MS symptom onset) (figure 1).

MS disease severity
We extracted relevant clinical data, including date of symptom
onset, relapsing or progressive onset, and disability (EDSS
scores from clinic visits) for all patients. We calculated the
Multiple Sclerosis Severity Score (MSSS)13 independently in
each cohort, using the EDSS scores observed at each disease
duration in the respective local cohort, and assigned a single
score to each individual using the median of their 3 most
recent MSSS measures, if available. The MSSS provides a
percentile-based cross-sectional assessment of severity that
accounts for disease duration. Ten percent of each cohort
belonged to each severity decile at each disease duration. We
included EDSS scores measured >3 months from a relapse
date (to capture measures taken during periods of stability)
and within 3–40 years after symptom onset because (1) the
MSSS is unstable for disease durations <3 years, and (2)
individuals with EDSS scores >40 years after symptom onset
were rare and differential survival of older individuals may bias
the analyses.

Coexisting conditions
We determined the occurrence of coexisting medical condi-
tions in patients with MS. Using a published disease classifi-
cation system that consolidates multiple related ICD-9 codes
of each unique medical condition,14 we mapped each ICD-9
code to a single clinically informative medical condition rep-
resented by a unique phenotype code (PheCode). To reduce

Glossary
BC = British Columbia; CLIMB = Comprehensive Longitudinal Investigations in MS; EDSS = Expanded Disability Status
Scale; EHR = electronic health record; ICD = International Classification of Diseases;MSSS = Multiple Sclerosis Severity Score;
PheWAS = phenome-wide association study.
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the potential bias from rule-out codes (e.g., billing codes en-
tered to indicate testing for, rather than confirming a medical
condition), we excluded patients with <3 of a given ICD-9
code in the discovery analysis,15,16 whereas we assigned such
patients to control status in the extension analysis due to
complete capture of codified data in BC, made possible by its
universal health care system. To mitigate double counting,
multiple counts of a given ICD code on the same day and from
the same clinic location were counted once.

Statistical analysis
In each cohort, we independently assessed associations be-
tween the MSSS and the presence (or absence) of each
PheCode, with the MSSS modeled linearly as a continuous
independent variable. The MSSS was modeled as a linear
exposure because the alternative categorical division faced at
least 2 challenges: the ideal threshold could differ for each
comorbidity, and the effect on comorbidity could be non-
monotonic, neither increasing nor decreasing. We adjusted
the model for confounders, including sex, age at symptom onset,
disease course at symptom onset, ICD code follow-up duration
(defined as the time from the first to the last available ICD code),
and disease duration (defined as the time from MS symptom
onset to the last available EDSS). We adjusted for disease du-
ration to account for comorbidities that are predicted to occur
with increasing disease duration. In the discovery analysis, we

additionally adjusted for race and ethnicity (self-reported and
grouped as non-Hispanic European ancestry, Hispanic or non-
European ancestry, and unknown), smoking status, and having a
primary care provider who practices within the same hospital
system as the EHR data. These additional covariates (race,
ethnicity, smoking status, and presence of primary care provider)
were not available in the extension cohort.

To reduce finite sample and rare event bias and prevent type I
error, we excluded medical conditions for which the observed
prevalence in each cohort was <3%.17 In both cohorts, we
defined the significance threshold as p < 0.05 after Bonferroni
correction. Our predefined reporting criteria for each finding
required that (1) the association achieved the Bonferroni
threshold of significance in both cohorts and (2) displayed the
same direction of effect.

We used a previously published PheWAS table andR package to
map ICD-9 codes into PheCodes.14 Analyses were performed
using the Statistical Package for the Social Sciences (Version
20.0; IBM Corp., Armonk, NY) and R (Version 3.0.2).18

Data availability
Code for analysis and figure generation is available at tinyurl.
com/y9lu7t3t. Summary data that support the findings of this
study as well as anonymous data from the Boston cohort that

Figure 1 Eligibility criteria for the discovery and extension study cohorts

EDSS = Expanded Disability Status Scale; ICD = International Classification of Diseases.
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were used for this study are available on request to the cor-
responding author. The data from the BC cohort that were
used for this study were accessed through PopulationData BC
(popdata.bc.ca/) and reside on a limited access secure re-
search environment. For legal reasons (Canada), the data
cannot leave this secure research environment.

Results

Comparison of the study cohorts
Patient characteristics of both cohorts were generally similar
except that the extension cohort had a longer median follow-
up duration from the first to the last EDSS value (table 1). In
the discovery cohort, 3,439 patients with MS met the eligi-
bility criteria for analysis (figure 1), whereas 109 medical
conditions met the 3% prevalence threshold. In the extension
cohort, 4,876 patients with MS met the eligibility criteria for
analysis (figure 1), whereas 365 medical conditions met the
3% prevalence threshold. In total, 78 PheCodes or medical
conditions met the 3% prevalence threshold in both cohorts.

The extension analysis (based on population-linked health
administrative data in a universal health care system) sys-
tematically capture all available ICD codes, whereas the dis-
covery analysis (based on EHRs in an open health care
system) had fewer analyzable medical conditions that met the
minimum case threshold. As such, we included the presence
of primary care provider in the same EHR system as a key
covariate in the discovery analysis. Furthermore, the longer
follow-up duration in the extension cohort contributed to
higher measured prevalence of medical conditions, which af-
fected the observability of medical conditions that reached the
threshold for inclusion in the analysis. Specifically, 287
PheCodes reached the 3% case threshold in the extension
cohort but were excluded because they failed to reach the 3%
case threshold in the discovery cohort. For comparison, 31
PheCodes reached the 3% case threshold in the discovery
cohort but were excluded due to failure to reach the 3% case
threshold in the extension cohort (supplementary material,
links.lww.com/NXI/A294).

Comorbidities meeting the reporting criteria
In the discovery cohort, a higher MSSS was significantly as-
sociated with 33 (of the 78, 42%) coexisting medical condi-
tions after Bonferroni correction and covariate adjustment. A
total of 16 (of the 33, 48%) conditions met the predefined
criteria for reporting, having reached the Bonferroni threshold
of significance (on 78 tests) and displaying a consistent di-
rection of effect in both cohorts. Table 2 provides the prev-
alence of the coexisting conditions that met the reporting
criteria as well as the effect size and p values from the dis-
covery and extension analysis.

Among the reported coexisting medical conditions associated
with a higher MSSS, the 6 genitourinary conditions (other
disorders of bladder [discovery: OR = 1.45, 95% CI =

1.39–1.52, p = 4.77 × 10−58; extension: OR = 1.25, 95% CI =
1.22–1.28, p = 1.82 × 10−78], functional disorders of bladder,
other symptoms/disorders of the urinary system, hematuria,
retention of urine, and urinary incontinence) had the stron-
gest associations with MS severity as a category. These geni-
tourinary conditions likely indicated MS-related morbidities,
rather than comorbidities (table 2). Two coexisting infections
likely result from MS immune-modifying treatments: pneu-
monia (discovery: OR = 1.33, 95% CI = 1.23–1.44, p = 2.84 ×
10−12; extension: OR = 1.16, 95% CI = 1.14–1.19, p = 1.04 ×
10−32) and fever of unknown origin (discovery: OR = 1.23,
95% CI = 1.16–1.30, p = 2.18 × 10−11; extension: OR = 1.28,
95% CI = 1.22–1.35, p = 1.89 × 10−20). Other infections are
likely consequences of worsening physical and genitourinary
function in more disabled patients: superficial cellulitis and
abscess (discovery: OR = 1.17, 95%CI = 1.09–1.25, p = 4.26 ×
10−6; extension: OR = 1.07, 95% CI = 1.05–1.09, p = 5.33 ×
10−10) and urinary tract infection (discovery: OR = 1.32, 95%
CI = 1.26–1.38, p = 7.41 × 10−33; extension: OR = 1.36, 95%
CI = 1.33–1.40, p = 5.90 × 10−11).

Beyond the genitourinary and infectious conditions, other
comorbidities meeting the predefined reporting criteria (table
2) included epilepsy (epilepsy, recurrent seizures, convulsions
[discovery: OR = 1.19, 95% CI = 1.11–1.27, p = 3.31 × 10−7;
extension: OR = 1.13, 95% CI = 1.09–1.16, p = 2.65 × 10−14],
convulsions [discovery: OR = 1.21, 95% CI = 1.12–1.30, p =
2.60 × 10−7; extension: OR = 1.23, 95% CI = 1.17–1.30, p =
2.49 × 10−15]), metabolic disturbance (disorders of fluid,
electrolyte, and acid-base balance [discovery: OR = 1.26, 95%
CI = 1.16–1.36, p = 1.08 × 10−8; extension: OR = 1.27, 95%
CI = 1.22–1.32, p = 1.41 × 10−35]), abnormal movement
(discovery: OR = 1.24, 95% CI = 1.19–1.30, p = 1.39 × 10−19;
extension: OR = 1.11, 95% CI = 1.08–1.14, p = 9.97 × 10−14),
and gastrointestinal discomfort (nausea and vomiting [dis-
covery: OR = 1.21, 95% CI = 1.12–1.30, p = 1.36 × 10−6;
extension: OR = 1.07, 95% CI = 1.04–1.12, p = 1.73 × 10−4]).
Of interest, benign neoplasm of the skin was inversely asso-
ciated with the MSSS in both cohorts (discovery: OR = 0.89,
95% CI = 0.85–0.94, p = 4.93 × 10−6; extension: OR = 0.92,
95% CI = 0.90–0.94, p = 1.67 × 10−14). The observed cor-
relations among the reported comorbidities suggest that the
predetermined Bonferroni threshold of significance was likely
conservative (figure 2), but it was important for the main
findings to adhere to the predefined reporting criteria.

Comorbidities not meeting the
reporting criteria
A number of conditions that did not meet the stringent pre-
defined reporting criteria are noteworthy. First, we found
different coexisting psychiatric conditions with greater MS
severity in the 2 cohorts. Mood disorders such as depression
(OR = 1.17, 95% CI = 1.12–1.22, p = 2.83 × 10−14) and
adjustment reaction (OR= 1.15, 95%CI = 1.10–1.20, p = 1.86
× 10−9) reached significance threshold only in the discovery
analysis (table e-1, links.lww.com/NXI/A294), whereas
schizophrenia (OR = 1.12, 95% CI = 1.07–1.16, p = 9.94 ×
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10−8) and psychosis (OR = 1.14, 95%CI = 1.08–1.19, p = 1.69
× 10−7) did so only in the extension analysis (table e-2).
Second, although osteoporosis (OR = 1.40, 95% CI =
1.30–1.51, p = 2.08 × 10−19) and osteoporosis, osteopenia,
and pathologic fracture (OR = 1.21, 95% CI = 1.16–1.27, p =
1.47 × 10−15) reached the significance threshold only in the
discovery analysis (table e-1), related conditions such as
several types of fractures (e.g., fracture of lower limb [OR =
1.11, 95% CI = 1.07–1.15, p = 2.70 × 10−9]) were also sig-
nificant in the extension analysis (table e-2). Third, several
notable vascular conditions did not meet the stringent pre-
defined reporting criteria in our study (tables e-1 and e-2).
Diabetes (discovery: OR = 1.17, 95% CI = 1.08–1.25, p = 4.20
× 10−5), cerebrovascular (extension: OR = 1.08, 95% CI =
1.04–1.11, p = 8.43 × 10−6), and peripheral vascular disease
(extension: OR = 1.15, 95% CI = 1.10–1.20, p = 1.28 × 10−8)
reached significance in only 1 cohort. Hyperlipidemia did not
reach significance in either cohort. Hypertension had oppo-
site direction of effect (discovery: OR = 1.09, 95% CI =
1.04–1.14, p = 5.50 × 10−4; extension: OR = 0.93, 95% CI =
0.91–0.95, p = 5.52 × 10−10). Finally, some comorbidities
expected in severe MS, such as physical impairment (e.g.,
other paralytic syndromes [OR = 1.42, 95% CI = 1.37–1.46, p
= 1.85 × 10−10]) and chronic ulcers (e.g., decubitus ulcers
[OR = 1.80, 95% CI = 1.66–1.94, p = 7.73 × 10−49]), reached
significance only in the extension analysis but not in the dis-
covery analysis (tables e-1 and e-2).

Independent discovery analysis
Analyzing the discovery cohort data independently, we
identified 42 (of the 109 that met the 3% prevalence thresh-
old, 39%) coexisting medical conditions that were signifi-
cantly associated with a higher MSSS after Bonferroni

correction and covariate adjustment (table e-1, links.lww.
com/NXI/A294, figures 3A and 4A). Of the 31 PheCodes
that reached the 3% case threshold in the discovery cohort
data (but were excluded from the discovery analysis due to
failure to reach the 3% case threshold in the extension co-
hort), 9 medical conditions are significantly associated with
the MSSS after Bonferroni adjustment in an independent
analysis of discovery data. Of these 9 conditions, 2 had
prevalence above 10% in the discovery cohort.

Independent extension analysis
Analyzing the extension cohort data independently, we
identified 130 (of the 365 that met the 3% prevalence
threshold, 36%) coexisting medical conditions that were sig-
nificantly associated with a higher MSSS after Bonferroni
correction and covariate adjustment (table e-2, links.lww.
com/NXI/A294, figures 3B and 4B). Of the 287 PheCodes
that reached the 3% case threshold in the extension cohort
(but were excluded from the extension analysis due to failure
to reach the 3% case threshold in the discovery cohort), we
found that 90 of these medical conditions are significantly
associated with the MSSS after Bonferroni adjustment in the
independent analysis of the BC extension cohort data. Of
these 90 medical conditions, 39 had prevalence above 10% in
the extension cohort.

Discussion
In this study of 2 large independent cohorts, we deployed a
phenome-wide approach to comprehensively assess the
comorbidity burden associated with higher disease severity in
MS. Notwithstanding the differences between the 2 cohorts

Table 1 Characteristics of the MS cohorts

Patient characteristics
Discovery cohort (Boston, United
States) N = 3,439

Extension cohort (British Columbia,
Canada) N = 4,876

Age at symptom onset, y, median (Q1–Q3) 33.0 (27.1–40.9) 31.9 (25.8–39.5)

Female, N (%) 2,524 (73) 3,535 (72)

Non-Hispanic European, N (%) 2,947 (86) Not available

Disease duration (MS symptom onset to the last EDSS), y,
median (Q1–Q3)

13.4 (8.3–20.9) 14.5 (8.7–22.7)

Unique ICD-9 code count, N, median (Q1–Q3) 7 (3–18) 17 (3–45)

Duration from the first to the last ICD-9 code, y, median
(Q1–Q3)

11.3 (6.5–15.4) 12.9 (6.0–15.5)

Duration from the first to the last EDSS value, y, median
(Q1–Q3)

6.0 (3.0–9.8) 10.5 (4.2–14.5)

Disease course, n (%)

Progressive onset 378 (11) 433 (8.9)

Relapsing onset 3,061 (89) 4,443 (91)

Abbreviations: EDSS = Expanded Disability Status Scale; ICD = International Classification of Diseases.
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(health care systems, billing practices, and data integration),
we reported 16 coexisting medical conditions that met the
predefined stringent reporting criteria for reaching the Bon-
ferroni threshold of significance and displaying the same di-
rection of effect in both cohorts. Our application of the
PheWAS approach sets the road map for comprehensive
comorbidity investigation in other chronic neurological
diseases.

Consistent with prior targeted approaches investigating pre-
determined candidate conditions,19 we found an over-
representation of genitourinary conditions among the reported
comorbidities associated with MS severity, after accounting for
conditions that are predicted to occur with increasing disease
duration. It is important to note that some of the reported
coexisting conditions, particularly the genitourinary disorders,
are known MS-related morbidities rather than independent
comorbidities. Importantly, the disproportionally large number
of genitourinary conditions that met the stringent reporting

criteria not only confirms the clinical experience of the large
impact of disease severity on the genitourinary system inMS but
also reaffirms the validity of the PheWAS approach in high-
lighting this category of conditions.

Another comorbidity category associated with a higher MSSS
was infectious diseases, including urinary tract infection, pneu-
monia, superficial cellulitis and abscess, and fever of unknown
origin (likely secondary to an underlying infection). Prior
studies reported higher prevalence of infections amongMS than
the general population,20,21 attributable to older age or the use
of disease-modifying therapies.22 Infections such as abscess and
cellulitis can also result from physical debilitation. Infections
contribute to MS mortality23 and increase MS relapse risk.24

Furthermore, relapses associated with an infection might result
in greater neurologic damage (relative to relapses without
comorbid infections) and greater long-term severity.25 Our
study again highlights infections associated with MS severity,
independent of age, while reaffirming the PheWAS approach.

Table 2 Coexisting medical conditions associated higher MS severity scores

PheCodea Reported medical conditionb,c

Discovery Extension

Prevd

(%) ORe OR 95% CI p Value
Prev
(%) OR OR 95% CI p Value

216 Benign neoplasm of skin 9.4 0.89 0.85 0.94 4.93E−06 30.2 0.92 0.90 0.94 1.67E−14

276 Disorders of fluid, electrolyte, and acid-base
balance

3.8 1.26 1.16 1.36 1.08E−08 8.9 1.27 1.22 1.32 1.41E−35

345 Epilepsy, recurrent seizures, convulsions 4.0 1.19 1.11 1.27 3.31E−07 11.4 1.13 1.09 1.16 2.65E−14

345.3 Convulsions 3.3 1.21 1.12 1.30 2.60E−07 4.0 1.23 1.17 1.30 2.49E−15

350 Abnormal movement 10.8 1.24 1.19 1.30 1.39E−19 14.9 1.11 1.08 1.14 9.97E−14

480 Pneumonia 3.6 1.33 1.23 1.44 2.84E−12 21.0 1.16 1.14 1.19 1.04E−32

591 Urinary tract infection 14.5 1.32 1.26 1.38 7.41E−33 25.8 1.36 1.33 1.40 5.90E−11

593 Hematuria 5.4 1.29 1.21 1.38 5.48E−15 5.3 1.12 1.07 1.17 1.11E−06

596 Other disorders of bladder 15.9 1.45 1.39 1.52 4.77E−58 30.9 1.25 1.22 1.28 1.82E−78

596.5 Functional disorders of bladder 15.6 1.44 1.38 1.51 1.40E−56 15.6 1.31 1.27 1.35 6.16E−69

599 Other symptoms/disorders of the urinary
system

18.8 1.33 1.28 1.38 1.81E−42 59.5 1.13 1.11 1.15 6.57E−30

599.2 Retention of urine 4.0 1.35 1.25 1.45 5.28E−14 6.8 1.32 1.26 1.38 7.61E−33

599.4 Urinary incontinence 7.9 1.40 1.32 1.48 3.83E−28 9.3 1.16 1.12 1.20 3.89E−17

681 Superficial cellulitis and abscess 4.9 1.17 1.09 1.25 4.26E−06 36.8 1.07 1.05 1.09 5.33E−10

783 Fever of unknown origin 6.1 1.23 1.16 1.30 2.18E−11 4.4 1.28 1.22 1.35 1.89E−20

789 Nausea and vomiting 3.3 1.21 1.12 1.30 1.36E−06 7.2 1.07 1.04 1.12 1.73E−04

a Related International Classification of Diseases, Ninth Revision, codes of a single medical condition are mapped to a single phenotype code or PheCode
(column 1).
b Predefined reporting criteria are meeting the Bonferroni threshold of statistical significance and having the same direction of effect in both the discovery
cohort and the extension cohort.
c Description of the PheCode or the medical condition (column 2) is directly extracted from a publicly available mapping tool without further editing by the
authors.14
d Prevalence (Prev) is defined as the percentage of the patients in the cohort having a medical condition as indicated by the PheCode.
e OR represents the estimated factor by which the odds of the presence of the givenmedical condition changes per unit increase of theMS Severity Score (on
the decile scale), holding controlled covariates constant.
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Among the reported findings, epilepsy and disorders of fluid,
electrolyte, and acid-base balance are underappreciated for
their association with MS severity, though consistent with
anecdotal clinical observation. Building on the known prev-
alence of epilepsy among MS (2%),26 our finding of epilepsy
in association with MS severity is consistent with a prior
study27 and may be due to irritation from MS lesions. Dis-
orders of fluid, electrolyte, and acid-base as a category of
comorbid metabolic disturbance also commonly occur in
patients with heart diseases or renal failure and may also re-
flect poor diet, fluid intake, or swallowing difficulties in severe
MS.28 Indeed, another reported finding is nausea and vomiting,
which could contribute to metabolic disturbance. Finally,

abnormal movement was a reported finding that warrants
targeted investigation, particularly given report of increased
frequency of movement disorder even early in MS.29

Although we set out to investigate the comorbidity burden
associated with MS severity, we found an interesting inverse
association between MS severity and certain cancers, in-
cluding benign neoplasm of the skin. Prior studies reported a
lower incidence of all-cause cancers among people with MS
relative to matched general population.30,31 Diagnostic ne-
glect, particularly in those with more severe disability, could
be contributory.30 As an alternative explanation, less sun ex-
posure and lower serum vitamin D level early in the disease

Figure 2 Correlation structure of the reported coexisting medical conditions (as indicated by PheCodes) associated with
higher MS severity scores

As shown in a heat map (A) and in a hierarchical
clustering (B) format. The color saturation and the
circle size in the heatmap both indicate the strength of
(positive or negative) correlation between 2 medical
conditions. Reporting criteria were defined as meet-
ing the Bonferroni threshold of statistical significance
and having the same direction of effect in both the
discovery cohort and the extension cohort. Strength
of association −log(p value) from the extension cohort
is shown. Refer to table 2 for explanation of each
phenotype code (PheCode).
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Figure 3 Manhattan plots of the mapped coexisting medical conditions associated with higher MS severity scores

Conditions that met the requirement of minimum cases and respective –log (p values): findings from independent analysis in the discovery cohort (A) and
extension cohort (B). Refer to table e-1 and table e-2 (links.lww.com/NXI/A294) for details of each condition. The red line indicates the threshold of significance
after Bonferroni correction and covariate adjustment; the blue line represents p = 0.05.
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course may contribute to greater MS relapse risk and greater
disease worsening in some patients with MS.32

We made several other interesting observations with respect to
the comorbidity burden in MS. First, we found comorbid
psychiatric conditions with MS severity in the 2 cohorts, al-
though the relationships are inconsistent. Of interest, a prior
study reported that the presence of psychiatric conditions in-
creased the severity of subsequent neurologic disability.33 We
could not rule out the possibility that (1) population

differences in the prevalence andmanagement of mental health
conditions within each cohort contributed to these differences,
(2) validation could be achieved with less stringent criteria, or
(3) disease severity as measured by the MSSS may not con-
sistently correlate with psychiatric comorbidities. Second, os-
teoporosis reached the significance threshold in the discovery
analysis only, whereas related conditions (e.g., several types of
fractures) were significant in the extension analysis. Together,
these findings suggest a higher risk of osteoporosis and related
complications in those with a greater MS severity, which may

Figure 4 Plot of estimated OR and cohort prevalence formapped coexistingmedical conditions associated with higherMS
severity scores (MSSS)

Findings from independent analysis
in the discovery cohort (A) and ex-
tension cohort (B). Results below
the dotted lines are inverse associ-
ations. ORs represent per unit in-
crease of the MSSS (on the decile
scale).
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be associated with vitamin D deficiency early in the disease and
reduced mobility in more disabled individuals and is consistent
with the report of higher prevalence of osteoporosis inMS than
controls.34 Third, several notable vascular conditions such as
cerebrovascular and peripheral vascular disease, diabetes, hy-
perlipidemia, and hypertension did not meet the stringent
predefined reporting criteria in our study. Vascular diseases
were previously reported to be associated with MS
severity.35–38 Finally, some comorbidities expected in severe
MS, such as physical impairment (e.g., hemiplegia and paralytic
syndromes) and chronic ulcers (e.g., decubitus ulcers), were
found only in the extension analysis but not in the discovery
analysis. Some of the inconsistencies with prior reports could
reflect differences in the study design, study population, and the
method with which comorbidities were identified, whereas
differences in reaching the stringent reporting criteria between
the 2 cohorts could be attributable to differences in billing
practices between the 2 distinct health care systems, the greater
ability to systematically capture all ICD codes in the extension
cohort (Canada) than the discovery cohort (United States),
and longer follow-up duration in the extension cohort than the
discovery cohort. Although the application of stringent
reporting criteria is a strength of our study, those medical
conditions identified only in a single cohort warrant further
investigation.

Our study had several limitations. First, the ICD system
captures a broad spectrum of diagnoses, but studies based on
ICD data inevitably encounter potential incompleteness and
misclassification. We took steps to mitigate these issues by
systematically capturing all available ICD codes, consolidating
ICD codes related to a single medical condition, and estab-
lishing minimum case requirement for each medical condi-
tion. Second, a related limitation pertinent to the discovery
cohort was that not all patients had primary care providers in
the same health care system as the source EHRs data. Primary
care providers are more likely to record all available ICD codes
in the EHRs than subspecialty physicians. In a multipayer
health care system such as the United States, incomplete
capture of ICD codes is more common for patients whose
primary care providers are not in the same hospital system
because the EHRs of one hospital system may not capture
codes for care received at outside facilities. To mitigate this
issue in the discovery analysis, we included the presence of
primary care providers within the same hospital system as the
EHRs data as a covariate. Despite these differences between
the 2 cohorts and the use of stringent reporting criteria, our
study found 16 coexisting comorbidities, which point to the
robustness of the PheWAS approach. Finally, our cross-
sectional association study does not draw causal conclusions,
and the PheWAS approach may not sufficiently distinguish
the direction of effect or the direct consequence between MS
severity and comorbidities. Indeed, we calculated theMSSS to
obtain a stable cross-sectional measure of severity based on up
to the 3 most recent EDSS scores and associated disease
durations. If we were to require the EDSS to precede (or
follow) the occurrence of an ICD code, there would be

insufficient number of events (ICD-9 codes) to permit ade-
quately powered analyses, and the analyses may have mis-
measurement of the timing of the first occurrence of an ICD-9
code due to incomplete records. Our present study paves the
way for future prospective investigations, which will be critical
to establish temporal relationships between disability assess-
ment and coexisting condition occurrence and account for all
potentially important confounders.

In summary, our novel application of the phenome-wide ap-
proach systematically identified the comorbidity burden and
informed clinically relevant and lesser appreciated comorbidities
associated with disease severity in a chronic neurologic disease,
MS. Future prospective investigation of the comorbidity burden
in relation to worsening disabilitymay help realize individualized
monitoring and management of patients with severe MS.
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Abstract
Objective
To develop a diagnostic model based on plasma-derived extracellular vesicle (EV) subpopu-
lations in Parkinson disease (PD) and atypical parkinsonism (AP), we applied an innovative
flow cytometric multiplex bead-based platform.

Methods
Plasma-derived EVs were isolated from PD, matched healthy controls, multiple system atrophy
(MSA), and AP with tauopathies (AP-Tau). The expression levels of 37 EV surface markers
were measured by flow cytometry and correlated with clinical scales. A diagnostic model based
on EV surface markers expression was built via supervised machine learning algorithms and
validated in an external cohort.

Results
Distinctive pools of EV surface markers related to inflammatory and immune cells stratified
patients according to the clinical diagnosis. PD and MSA displayed a greater pool of overex-
pressed immune markers, suggesting a different immune dysregulation in PD and MSA vs
AP-Tau. The receiver operating characteristic curve analysis of a compound EVmarker showed
optimal diagnostic performance for PD (area under the curve [AUC] 0.908; sensitivity 96.3%,
specificity 78.9%) and MSA (AUC 0.974; sensitivity 100%, specificity 94.7%) and good ac-
curacy for AP-Tau (AUC 0.718; sensitivity 77.8%, specificity 89.5%). A diagnostic model based
on EV marker expression correctly classified 88.9% of patients with reliable diagnostic per-
formance after internal and external validations.

Conclusions
Immune profiling of plasmatic EVs represents a crucial step toward the identification of bio-
markers of disease for PD and AP.

*Co–first authors.

From the Laboratory for Biomedical Neurosciences (E.V., A.K.-L., G.M.), Neurocenter of Southern Switzerland, Ente Ospedaliero Cantonale; Faculty of Biomedical Sciences (E.V., G.V.,
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To date, an effective causal treatment for Parkinson disease
(PD) is missing, and the diagnosis still relies exclusively on
motor symptoms that appear too late for a disease modifying
intervention.1 Hence, there is urgent need for biomarkers that
can stratify patients with PD for clinical trials. Furthermore,
the differential diagnosis between PD and atypical parkin-
sonisms (APs) like multiple system atrophy (MSA) is chal-
lenging.2 According to the misfolded protein aggregates
present in the brain, PD and MSA are collectively termed as
alpha-synucleinopathies and are distinct from AP with tauo-
pathies (AP-Tau).

Extracellular vesicles (EVs) are a heterogeneous population of
secreted membrane particles involved into physiologic cell-to-
cell communication and transmission of biological signals.
EVs are subdivided based on physical characteristics such as
size, into small (30–150 nm) and large (150–500 nm) vesi-
cles; members of the tetraspanin protein family (CD9, CD63,
and CD81) are considered specific markers of EVs.3 CNS
neurons release EVs4 able to cross the blood-brain barrier and
reach the peripheral blood.5 EVs express surface antigens,
which affect the cellular uptake and allow their tracking to the
cell of origin.6

So far, most of the studies on EVs in neurodegenerative
diseases focused on their possible role on transmission of
pathologic misfolded proteins and fewer on their functions
in cell-to-cell signaling. Indeed, immune system is involved
in PD, as demonstrated by neuroinflammatory changes in
brain histopathology as well as by elevated immune mark-
ers in peripheral blood, suggesting that immune system
may play a primary pathogenic role in PD.7,8 Therefore, we
hypothesized that circulating EVs carry important in-
formation on brain inflammatory immune response and
that their characterization can be exploited for diagnostic
purposes.

Methods
Study design
This was a cross-sectional, case-control study aiming (1) to
characterize distinctive EV subpopulations in plasma of pa-
tients with PD, MSA, and AP-Tau healthy controls (HCs) by
immunophenotyping 37 different membrane proteins using

an innovative flow cytometry multiplex bead-based
platform9,10; (2) to correlate the differential expression of
EV surface antigens to clinical scales of gravity; and (3) to
build diagnostic models based on distinctive EV surface
proteins through supervised machine learning algorithms.
Finally, because EVs are taken up by surrounding and distant
cells, we performed a functional evaluation of their protein
interactors with the purpose to highlight protein targets, bi-
ological pathways, and molecular functions potentially af-
fected in PD, MSA, and AP-Tau.

Subjects
Twenty-seven patients with idiopathic PD, 8 with probable
MSA, 9 with probable AP-Tau, and 19 age-matched HCs for
the PD group were consecutively enrolled from July 2015 to
January 2019. These subjects served as the training cohort for
the diagnostic model.

Patients were recruited from the movement disorders out-
patient clinic at Neurocenter of Southern Switzerland in
Lugano; HCs were recruited among patients’ partners. The
inclusion criteria for PD were (1) a definite clinical diagnosis
according to the UK Parkinson’s Disease Society Brain Bank
criteria for diagnosis1 and (2) no family history and no major
cognitive impairment or major dysautonomic symptoms in
the history. The inclusion criteria for AP were based on
published diagnostic criteria for MSA,11 progressive supra-
nuclear palsy (PSP),12 and corticobasal degeneration
(CBD).13 Each subject underwent blood collection and
clinical evaluation. Disease gravity was assessed by the Hoehn
and Yahr scale (H&Y) and Movement Disorder Society–
Unified Parkinson’s Disease Rating Scale (MDS-UPDRS)
during the off stage; cognitive profile by the Mini-Mental
State Examination (MMSE) and Montreal Cognitive As-
sessment (MoCA); mood disorder by the Beck Depression
Inventory II (BDI-II) scale; REM sleep behavior disorder
(RBD) by the RBD screening questionnaire; and olfactory
function by Burghart Messtechnik GmbH (olfactory test).
Levodopa equivalent daily dose (LEDD) was calculated for
patients with PD and AP.14

Exclusion criteria were significant comorbidities: diabetes,
renal failure, thyroid pathology, vitamin B12 deficiency, HIV
infection, syphilis, coagulopathy, fever, acute or chronic in-
flammatory diseases, and tumors.

Glossary
AP = atypical parkinsonism; AP-Tau = atypical parkinsonism with tauopathies; AUC = area under the curve; BDI-II = Beck
Depression Inventory II; CBD = corticobasal degeneration; EV = extracellular vesicle; HC = healthy control; H&Y = Hoehn
and Yahr scale; KEGG = Kyoto Encyclopedia of Genes and Genomes; LEDD = levodopa equivalent daily dose; MCSP =
melanoma-associated chondroitin sulfate proteoglycan; MDS-UPDRS = Movement Disorder Society–Unified Parkinson’s
Disease Rating Scale;MFI = median fluorescence intensity;MoCA =Montreal Cognitive Assessment;MSA = multiple system
atrophy; nMFI = normalized median fluorescence intensity; NTA = nanoparticle tracking analysis; PD = Parkinson disease;
PPI = protein-protein interaction; PSP = progressive supranuclear palsy; RF = random forest; ROC = receiver operating
characteristic; TSG101 = tumor susceptibility gene 101.
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A separate cohort of 40 subjects (20 HC, 10 PD, 5MSA, and 5
AP-Tau) served as the validation cohort for the diagnostic
model (see below the paragraph “Diagnostic modeling and
validation in an external cohort”).

Standard protocol approvals, registrations,
and patient consents
Subjects were consecutively included in the NSIPD001 study,
according to the study protocol that was approved by the
Cantonal Ethics Committee. All enrolled subjects gave writ-
ten informed consent to the study in accordance with the
Declaration of Helsinki.

Blood collection and plasma preparation
Ten milliliters of blood were collected into anticoagulant
ethylenediamine tetraacetic acid (EDTA) tubes in the
morning after 4-hour fasting, and the following protocol was
performed to obtain plasma enriched in EVs15: fresh whole
blood was centrifuged for 15 minutes at 1,600g at 10°C to
eliminate cellular components. To further deplete platelets
and cellular debris, the supernatant was centrifuged 15 mi-
nutes at 3,000g at 4°C; then, 2 consecutive centrifuges were
performed at 10,000g for 15 minutes and 20,000g for 30 mi-
nutes at 4°C, allowing the elimination of apoptotic bodies and
larger EVs (figure 1A). The obtained plasma was aliquoted
and stored at −80°C. The storage period varied among sam-
ples according to the consecutive enrollment of subjects in the
study, between July 2015 and January 2019.

Nanoparticle tracking analysis
Nanoparticle concentration and diameter were measured by
NanoSight LM10 (Malvern Instruments, Malvern, UK)
equipped with a 405-nm laser and nanoparticle tracking
analysis (NTA) 2.3 software. One microliter of plasma was
diluted 1:1,000 in particle-free phosphate buffered saline.
Three consequent videos of 60 seconds each were acquired.
Minimum expected particle size, minimum track length, and
blur setting were set to automatic, and the detection threshold
was set to 4 to reveal all particles, as previously described.16

The particle concentration and the distribution graph of the
particle size were determined per each sample by averaging
the results from the analysis of 3 independent videos.

MACSPlex exosome assay and flow
cytometry analysis
The screening approach (MACSPlex Human Exosome Kit;
Miltenyi, Bergisch Gladbach, Germany) was previously
described.9,10 Briefly, it is based on 4.8-μm diameter poly-
styrene beads, labeled with different amounts of 2 dyes (phy-
coerythrin and fluorescein isothiocyanate), to generate 39
different bead subsets discriminable by flow cytometry analysis.
Each bead subset is conjugated with a different capture anti-
body that recognizes EVs carrying the respective antigen (37
EV surface epitopes plus 2 isotype controls). The list of 37
antigens is reported in table e-1 (links.lww.com/NXI/A293).
After beads + sample overnight incubation, EVs bound to beads
are detected by allophycocyanin-conjugated anti-CD9, anti-

CD63, and anti-CD81 antibodies (figure 1A). Plasma samples
(60 μL) diluted 1:2 in buffer solution were analyzed with the
MACSQuant Analyzer-10 flow cytometer (Miltenyi). Triggers
for the side scatter and the forward scatter were selected to
confine the measurement on the multiplex beads. A blank
control composed only by MACSPlex Buffer and incubated
with beads and detection antibodies was used to measure the
background signal. Each EV marker’s median fluorescence in-
tensity (MFI) was normalized to the mean MFI for specific EV
markers (CD9, CD63, and CD81) obtaining normalized MFI
(nMFI). All analyses were based on nMFI values. Samples were
analyzed blindly to the clinical diagnosis.

To test the reliability/specificity of MACSPlex Human Exo-
some Kit for EVs, we compared the procedure described above
with andwithout EV enrichment by ultracentrifugation, and we
found no differences between procedures (figure e-1, links.lww.
com/NXI/A293). Therefore, plasma samples were directly
processed without EV enrichment by ultracentrifugation.

Technical consistency and reproducibility of the assay were
confirmed by analyzing repeatedly the same sample and by
assessing plasma from the same subject at different time
points (figure e-2, links.lww.com/NXI/A293).

Western blot analysis
Western blot analysis was performed on 100 μL of plasma
samples incubated overnight with 5 μL of MACSPlex de-
tection beads at 10°C at 800 rpm. The next day, the un-
bounded fraction was discarded, and samples were lysed with
radioimmunoprecipitation assay buffer. Total proteins were
separated on a gradient sodium dodecyl sulphate-
polyacrylamide gel electrophoresis 4%–12% gel and trans-
ferred onto polyvinylidene difluoride membrane. The blot
was incubated with the following primary antibodies: anti-Alix
(rabbit polyclonal; Abcam, Cambridge UK, 1:1,000); anti–
tumor susceptibility gene 101 (TSG101) (rabbit polyclonal;
Abcam, 1:1,000); anti-CD81 (mouse monoclonal, Thermo
Fisher Scientific, Waltham, MA, 1:300); anti–apolipoprotein
A1 (APOA1) (rabbit polyclonal; Abcam, 1:300); and anti-
GRP94 (rabbit polyclonal; Abcam, 1:500).

Network analysis of EV surface markers’
protein interactors
Protein interactors of differentially expressed EV surface
markers were retrieved by Cytoscape PESCA plugin,17 and a
global Homo sapiens protein-protein interaction (PPI) network
of 1,588 nodes and 36,984 edges was reconstructed. For each
quantitative comparison (PD vs HC, MSA vs HC, AP-Tau vs
HC), a specific PPI subnetwork was built considering the first
neighbors of each EV surface protein. Each subnetwork was
analyzed at a topological level by Cytoscape Centiscape plu-
gin18; to select putative hubs and bottlenecks, we took into
account the network size, and only nodes with all Betweenness,
Bridging, and Centroid values above the average calculated on
the corresponding whole network were retained as previously
reported.19,20 At the same time, nodes belonging to each

Neurology.org/NN Neurology: Neuroimmunology & Neuroinflammation | Volume 7, Number 6 | November 2020 3

http://links.lww.com/NXI/A293
http://links.lww.com/NXI/A293
http://links.lww.com/NXI/A293
http://links.lww.com/NXI/A293
http://neurology.org/nn


Figure 1 EV enrichment, MACSPlex exosome assay, and EV characterization

(A) Protocol for EV enrichment and MACSPlex exosome assay. Blood collected into anticoagulant EDTA tubes underwent serial centrifugation to eliminate
cellular components and larger EVs. Plasma sampleswere incubated overnight with dye-labeled capture beads coatedwith antibodies against 37 different EV
surface antigens. Detection antibodies against CD9, CD63, and CD81 were then added and incubated for 1 hour. After washing steps, samples were analyzed
by flow cytometry. (B) Nanoparticle concentration (N/mL plasma) by nanoparticle tracking analysis (NTA), stratified for diameter (smaller nanoparticles,
30–150 nm; larger nanoparticles 151–500 nm). (C) Mean median fluorescence intensity (MFI) for CD9, CD63, and CD81 at flow cytometry analysis. (D)
Correlation betweenmeanMFI of CD9−CD63−CD81 andN/mL by NTA: the regression line is reported in red, with 95% CI. (E)Western blot of samples fromHC,
PD, MSA, and AP-Tau subjects after immunocapturing comparedwith whole plasma (dilution 1:100), showing the presence of specific EVmarkers (CD81, Alix,
tumor susceptibility gene 101) and the absence of plasma contaminants (apolipoprotein A1, GRP94). Data are expressed asmedian and interquartile range; p
values < 0.05were considered significant (*p < 0.05, **p < 0.01, ***p < 0.001). AP-Tau = atypical parkinsonismwith tauopathies; EV = extracellular vesicle; HC =
healthy control; MSA = multiple system atrophy; PD = Parkinson disease.
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subnetwork were evaluated at a functional level by DAVID21

and the most enriched Kyoto Encyclopedia of Genes and Ge-
nomes (KEGG) pathway databases. Molecular functions were
extracted; specifically,H sapiens set as background, count > 5
and p < 0.001, corrected by the Bonferroni test.

Statistical analysis
Statistical analyses were performed with IBM SPSS Statistics
22.0, PYTHON 2.7, and GraphPad PRISM 7.0a. Variable
distribution was assessed by the Kolmogorov-Smirnov test.
Normally distributed variables (age) were expressed as mean
± SD and analyzed by the 1-way analysis of variance test with
the post hoc Bonferroni test for multiple comparisons. Non-
normally distributed variables (disease duration, H&Y, MDS-
UPDRS, BDI-II, MMSE, MoCA, olfactory test, RBD, LEDD,
NTA, and MACSPlex analysis) were expressed as medians
and interquartile range and analyzed using the Kruskal-Wallis
test. Categorical variables (sex) were expressed as absolute
number and percentage (%) and analyzed by χ2 or Fisher
exact tests. Univariate logistic regression analysis was per-
formed to assess the ORs. Receiver operating characteristic
(ROC) curve analysis was used to evaluate the area under the
curve (AUC) and to compare diagnostic performances of
selected variables. The Youden index (J = Sensitivity +
Specificity − 1) was calculated to determine the cutoffwith the
greater accuracy. Correlations were evaluated by the Pearson
R test and regression curve analysis; correlations were con-
sidered strong for R between |1.0| and |0.5|, moderate be-
tween |0.5| and |0.3|, and weak between |0.3 and |0.1|. A
p value less than 0.05 was considered significant.

Diagnostic modeling and validation
Machine learning supervised algorithms are exploited in clinical
practice to formulate predictions of selected outcomes based
on a given set of labeled paired input-output training sample
data.22,23 The linear discriminant analysis was used to build the
3D canonical plot (figure 2B); canonical components 1, 2, and
3 were calculated from weighted linear combinations of vari-
ables to maximize separation between the 4 groups (HC, PD,
MSA, and AP-Tau); in the plot, each patient is represented by a
point, the center of the spheres indicates the mean of (ca-
nonical 1; canonical 2; canonical 3) for each diagnosis, and
spheres include patients with a linear combination coefficient
that falls within the mean ± SD (canonical 1 ± SD; canonical 2
± SD; canonical 3 ± SD). A diagnostic model was built through
a random forest (RF) classification algorithm on the training
cohort (n = 63); the algorithm created 20 different classifica-
tion trees with a maximumnumber of 8 splits for each tree. The
diagnosis derives from the outcome of each classification tree of
the RF: for example, if at least 11 of 20 trees of the RF predict
PD, the patient will be classified as PD. The model was vali-
dated by a leave-one-out algorithm (internal validation) and in
a different cohort (n = 40) (external validation). The leave-one-
out validation was used to exclude overfitting bias and to
evaluate generalizability of the model; briefly, the algorithm is
trained on n−1 patients (where “n” is the total number of
patients), and the remaining patient is used to test the model.

The test patient is then changed and accordingly the training
subgroup. The process is repeated a total of n times, with the
test patient rotating at each round and the remaining subgroup
used for model training. The external validation was performed
with the same RF model trained on the training cohort.

Data availability
The raw data that support the findings of this article are
available on request to the corresponding author.

Results
Demographic and clinical characteristics of
study groups
Demographic data and clinical assessments for each group are
summarized in table 1. TheMSAgroup included 4MSA-C and 4
MSA-P; the AP-Tau group included 6 patients with probable
PSP and 3 with possible CBD (table e-2, links.lww.com/NXI/
A293). Subjects with AP-Tau were significantly older than HC.
Sex ratio and disease duration did not differ across groups. It is
known that AP is characterized by a more aggressive disease
course than PD; indeed, MSA and AP-Tau had a more severe
disease gravity measured by the H&Y and by theMDS-UPDRS;
in addition, they displayed a higher cognitive impairment mea-
sured by the MMSE and MoCA. Finally, subjects with AP-Tau
resulted more depressed than PD as measured by the BDI-II.
LEDD was not different between groups of patients.

The PD group shows an increased number
of EVs
NTA showed that the PD group had the highest number of
nanoparticles/mL compared with HC and AP-Tau (p =
0.001) not with MSA, whereas no differences in diameter
were found between groups (figure 1B, table e-3, links.lww.
com/NXI/A293). Because NTA is not specific for EVs, we
used the MFI of CD9/CD63/CD81 (specific markers of
EVs) by flow cytometry analysis as a measure of EV con-
centration. MeanMFI of CD9/CD63/CD81 was significantly
higher in PD compared with HC (p = 0.023) and AP-Tau (p =
0.037) not with MSA (figure 1C). Importantly, meanMFI for
CD9/CD63/CD81 correlated with nanoparticle concentra-
tion obtained with NTA analysis (figure 1D).

EVs were furtherly characterized according to current stan-
dard guidelines.3 After EV immunocapture by MACSPlex kit
capture beads, we performed a Western blot analysis showing
the presence of EV-specific luminal markers (TSG101, Alix),
EV-specific tetraspanin (CD81), and the absence of con-
taminants (APOA1 and GPR94) (figure 1E). These results
confirm the presence of EVs and the absence of relevant
contamination in samples analyzed by flow cytometry.

EV surface antigen expression differs
between groups
Among the 37 EV surface markers, 17 resulted differentially
expressed between groups. Sixteen markers differed between
PD and HC: T-cell (CD4), B-cell (CD19), leukocyte (CD45),
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and antigen-presenting cell (CD1c) related markers, 8 involved
in cell adhesion (CD2, CD11c, CD31, CD41, CD42a, CD62,
CD146, and melanoma-associated chondroitin sulfate pro-
teoglycan [MCSP]), 3 in immune cell activation (CD25, CD40,
and CD209), and the molecules of major histocompatibility
complex class I human leukocyte antigen-ABC (HLA-ABC).

Twelve markers were different between MSA and HC: T cell
related (CD4), B cell related (CD19), involved in cell adhesion
(CD29, CD2, CD11c, CD31, CD42a, CD62, CD146, and

CD209), immune cell activation (CD40), and HLA-ABC. The
AP-Tau and HC groups differ for only 4 markers: CD25, CD31,
CD40, and CD42a. No significant difference was found between
the PD and MSA groups, whereas CD2 resulted different be-
tween PD and AP-Tau. CD2 and CD19 discriminated between
patients withMSA andAP-Tau. The nMFI of each EVmarker in
all groups is reported in table e-4 (links.lww.com/NXI/A293).

The heat map (figure 2A) built on the differentially expressed
EV markers highlighted HC as a homogenous group with

Figure 2 Differential expression of extracellular vesicle (EV)-surface markers

Patients’ stratification for diagnosis
and EV surface marker expression
(expressed as normalized median
fluorescence intensity [nMFI]). (A)
Heatmap representation of the 17 EV
surface markers differentially
expressed between patients with PD,
MSA, and AP-Tau and HCs (purple =
low nMFI, yellow = high nMFI). (B)
Canonical plot showing patients
according to the diagnosis: PD, red vs
MSA, orange vs AP-Tau, gray vs HC,
blue; themodel was built considering
the 37 EV surface markers analyzed
by flow cytometry. The axes of the
plot (canonical 1, canonical 2, and
canonical 3) were calculated from
weighted linear combinations of var-
iables to maximize separation be-
tween the 4 groups. Each subject is
represented by a point, and spheres
include patients with a linear combi-
nation coefficient that falls within the
mean ± SD (canonical 1 ± SD; canon-
ical 2 ± SD; canonical ± SD). AP-Tau =
atypical parkinsonism with tauo-
pathies; HC = healthy control; MSA =
multiple system atrophy; PD = Par-
kinson disease.
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Table 1 Demographic data and clinical scores

Variable HC [n = 19] PD [n = 27]

AP

Overall p
value

Pairwise comparisons

MSA [n = 8] AP-Tau [n = 9] HCvs PD
HC vs
MSA

HC vs AP-
Tau

PD vs
MSA

PD vs AP-
Tau

MSA vs AP-
Tau

Age (y) 61 ± 8.2 66 ± 11.8 68 ± 8.6 74 ± 5.2 0.013 0.556 0.729 0.008 1.000 0.184 0.924

Sex (ref. male) 10 (52.6%) 17 (63.0%) 2 (25.0%) 4 (44.4%) 0.279 — — — — — —

Disease duration (y) — 4.0 [2.0–8.0] 5.5 [1.3–7.8] 4.0 [2.5–5.5] 0.863 — — — — — —

H&Y — 2.0 [1.0–3.0] 5.0 [4.0–5.0] 4.0 [3.0–5.5] <0.001 — — — <0.001 0.001 1.000

MDS-UPDRS — 23.0 [13.0–34.5] 42.5 [38.0–43.0] 40.5 [28.8–81.5] 0.043 — — — 0.509 0.277 1.000

BDI-II — 5.0 [3.0–8.5] 8.0 [2.8–15.8] 14.5 [11.8–19.0] 0.008 — — — 1.000 0.012 0.682

MMSE — 30.0 [29.0–30.0] 26.0 [24.0–29.0] 26.0 [22.0–28.0] <0.001 — — — 0.049 0.002 1.000

MoCA — 27.0 [23.8–29.0] 24.5 [17.3–27.0] 20.0 [14.5–23.0] 0.016 — — — 0.955 0.041 1.000

Olfactory test — 7.0 [4.0–9.0] 9.0 [7.5–10.3] 7.0 [4.8–8.8] 0.131 — — — — — —

RBD — 3.0 [1.8–5.0] 3.0 [1.0–5.8] 3.0 [0.5–4.5] 0.875 — — — — — —

LEDD — 562.5
[202.5–737.5]

375.0
[108.0–375.0]

250.0
[100.0–452.0]

0.448 — — — — — —

Abbreviations: AP = atypical parkinsonism; AP-Tau = atypical parkinsonism with tauopathies; BDI-II = Beck Depression Inventory II; HC = healthy control; H&Y = Hoehn and Yahr scale; LEDD = levodopa equivalent daily dose;
MDS-UPDRS =Movement Disorder Society–Unified Parkinson’s Disease Rating Scale; MMSE =Mini-Mental State Examination; MoCA =Montreal Cognitive Assessment; MSA =multiple system atrophy; PD = Parkinson disease;
RBD = REM sleep behavior disorder screening questionnaire.
Clinical characteristics of patients with PD, MSA, and AP-Tau compared with HCs. p Values <0.05 were considered significant and shown in bold.
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relatively low expression of EV markers, in analogy to the AP-
Tau group, whereas PD and MSA were characterized by
higher levels of expression.

Furthermore, a linear discriminant analysis model based on
differential expression of all EV markers allowed the separa-
tion of subjects according to their diagnosis, as shown in the
canonical plot (figure 2B).

Protein network hubs and functional pathway
analysis of EV surface antigens
The most relevant interactors of differentially expressed EV
markers were selected by PPI network topological analysis in
terms of hubs. Hubs refer to proteins with the greater number
of connections within the cell or occupying crucial network
positions, suggesting therefore a critical role on the control of
information flow over the network.20,24 Analysis of hubs takes
account of networks size and only nodes with values above the
average normalization for the level of connections in the total
network are selected.19,20 Hubs for PD vs HC andMSA vs HC
comparisons were coincident (SP1, MSN, ITGB2, EZR,
C1QBP, and CARL), whereas the network on AP-Tau vs HC
showed a different set of proteins (FLNA, FN1, GP1BB,
HSPA4, NFKB1, STAT3, VIM, VWF, and YWHAZ) (figure 3,
A–C, table e-5, links.lww.com/NXI/A293). Similarities be-
tween PD and MSA were observed also in terms of pathways
and molecular functions (figure 3D, table e-6). Most repre-
sented KEGG categories included immune system, signal
transduction, endocrine system, and signaling molecules and
interaction. Except for the endocrine system, they were more
enriched in PD and MSA, suggesting potential stronger acti-
vation of immune response in these groups. Of note, FoxO
signaling pathway was higher in AP-Tau.

EV surface antigens correlate with cognitive
impairment and disease gravity in PD andMSA
In PD there was a negative correlation between CD25 and
MMSE and MoCa scores, a negative correlation between
CD146 and MMSE score, whereas CD62P directly correlated
with the BDI-II (figure 4, A–D). No significant correlations
were found between EV antigen’s expression and LEDD in
the PD and AP groups (table e-7, links.lww.com/NXI/A293).
In the MSA group, mean MFI for CD9, CD63, and CD81
inversely correlated with the MoCA, whereas nanoparticle
concentration directly correlated with the disease duration
and CD31 inversely correlated with the H&Y (figure 4, E–G).
No correlations were observed in the AP-Tau group
(table e-7).

Differential EV surface antigen expression and
diagnostic outcome
Univariate logistic regression analysis, allowing the assess-
ment of associations between each EV marker and the di-
agnosis, confirmed 11 EV surface antigens as potential
discriminants for PD diagnosis, 6 for MSA, and 3 for AP-Tau
(figure e-3, links.lww.com/NXI/A293). Among markers sig-
nificantly associated with the different diagnoses, CD1c,

CD11c, CD19, CD41b, CD45, and CD146 were exclusive of
the PD group; CD29 was exclusive for the MSA group. CD2
displayed the strongest association with the diagnosis of PD
(OR = 1.191) and MSA (OR = 1.256), whereas CD40 with
AP-Tau (OR = 1.131).

ROC curve analysis of EV surface antigens
shows best performance for MSA and PD
ROC curve analysis for all pathologic groups (PD, MSA, and
AP-Tau) vs HC confirmed a reliable diagnostic performance
of each single differentially expressed EV markers (figure 5,
table e-8, links.lww.com/NXI/A293). The linear weighted
combination of the 3 markers with the highest AUC showed
better diagnostic performance respect to single markers in all
groups. The combination of all EV surface markers in 1 single
compound marker showed a further diagnostic improvement
in the PD and MSA groups.

Random forest model discriminates the
different groups
An RF diagnostic model was built using the 17 surface anti-
gens differentially expressed in plasma-derived EVs. The
forest was composed by 20 different classification trees (a
representative tree is reported in figure 6A). The model dis-
criminated patients of the 4 different groups (HC, PD, MSA,
and AP-Tau) with high accuracy (88.9%): all subjects with PD
were correctly diagnosed, and 1 MSA and 1 HC were, re-
spectively, misdiagnosed as HC and PD, whereas among 9
patients with AP-Tau, 2 were predicted as HC and 3 as PD
(figure 6B). Subsequently, pairwise comparisons were per-
formed (figure 6, C–H). The RF model was validated by the
leave-one-out algorithm, which confirmed the generalizability
of the model and excluded overfitting bias (accuracy of in-
ternal validation 63.8%, with a 72.2%–91.5% range for pair-
wise comparisons). Finally, we validated our model in an
external cohort of 40 subjects: the overall accuracy was 77.5%,
resulting in the correct diagnosis of 31 of 40 subjects (figure 6,
I and J). The accuracy after external validation was consistent
with the one resulting from the internal validation, supporting
the reliability of the diagnostic model. Demographic data of
the external cohort were similar to those of the training cohort
and are shown in table e-9 (links.lww.com/NXI/A293).

Discussion
The major finding of this study consists in the setup of a
diagnostic model for the stratification of patients with PD and
AP, based on immunologic profiling of plasmatic EV subpop-
ulations, obtained from minimally invasive peripheral blood
sampling. We systematically evaluated the diagnostic perfor-
mance of differentially expressed EV antigens, and a diagnostic
model was built using supervised machine learning algorithms.
The model showed an overall reliable accuracy, correctly pre-
dicting patient diagnosis, with the best performance for the
diagnosis of PD (97.8%) and MSA (100%) vs HC. These
results were supported by ROC curve analysis on the com-
poundmarker, originated from the linear combination of all the
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Figure 3 Extracellular vesicle (EV) surface proteins upregulated in PD, MSA, and AP-Tau and functional evaluation of their
protein interactors

PPI network showing the first neighbors of each differentially expressed EV surfacemarker in (A) PD, (B) MSA, and (C) AP-Tau vs HC. (D) Kyoto Encyclopedia of
Genes and Genomes pathways enriched by considering the first neighbors of each EV surface protein in PD, MSA, and AP-Tau vs HC; DAVID database
background: Homo sapiens, gene count >5 and p < 0.001. AP-Tau = atypical parkinsonism with tauopathies; HC = healthy control; MSA = multiple system
atrophy; PD = Parkinson disease; PPI = protein-protein interaction.
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differentially expressed EV markers, showing very high sensi-
tivity and specificity for PD and MSA (AUC 0.908 and 0.974,
respectively). Previous works have explored the utility of EVs as
biomarkers for PD by quantifying brain-derived exosomes
(AUC 0.75–0.82)25 or by measuring specific target proteins
like alpha-synuclein (αSyn) orDJ-1 in plasma neuronal-derived
exosomes (AUC 0.654, 0.724).26 The combination of multiple
markers improved the diagnostic accuracy of neuronal-derived
exosomes as shown by a recent work on quantification of both
αSyn and clusterin differentiating PD from other proteino-
pathies and fromMSAwith high accuracy (AUC 0.98 and 0.94,
respectively).27

This analysis of multiple immune surface markers of circu-
lating EVs in PD and AP shows a high diagnostic perfor-
mance, likely due to the advantage of simultaneously profiling
several EV subpopulations. First of all, we demonstrated that
plasma EV concentration was higher in patients with PD.
Previous reports have shown that the total number and size of
EVs were not augmented in serum of PD,28 whereas a more
recent study demonstrated an increased number of plasmatic
brain-derived EVs in PD.25 Methodological factors such as
isolation/extraction and quantification of EVs explain these
differences. However, at the molecular level, it is recognized
that endosome/lysosome pathway is a common defective
pathway in sporadic and genetic PD,29 and EVs are generated
and secreted by the endosomal compartment called multi-
vesicular bodies by fusion with plasma membrane. The pro-
cess of EV secretion may be enhanced when there is an

inhibition of fusion of multivesicular bodies with lysosomes,
as expected in PD,30 so that an increased production of EVs in
PD is likely.

It is difficult to track the origin of EVs because the majority of
markers are shared by several cell types and virtually any cell can
release EVs in blood. In blood normally, a large number of EVs
arises from platelets, erythrocytes, however leucocytes, endo-
thelial cells, monocytes, neutrophils and lymphocytes may re-
lease EVs.31 The flow cytometry analysis demonstrated that 16
and 12 EV markers, related to immune cells, were upregulated
respectively in PD and MSA, only 4 in AP-Tau compared with
healthy condition. In particular, PD and MSA shared 11 EV
surface markers. Considering functions and roles of EV surface
markers analyzed in this study, this result favors the hypothesis
of a major, or at least different, immune dysregulation in PD and
MSA vs AP-Tau. Despite sharing several overlapping clinical
features, synucleinopathies and tauopathies are distinguished by
distinctive neuropathologic hallmarks: deposits of aggregated
αSyn (Lewy bodies) in neurons and in glial cells in the former
group and neurofibrillary tangles of Tau in the latter as shown
by immunohistological studies.32 Although inflammatory fea-
tures have been described in patients with both synucleino-
pathies and tauopathies, by PET studies,33–36 the pathways
activated are probably different. Animal studies have shown that
the neurotoxic effects of beta-amyloid aggregates in a model of
tauopathy (Alzheimer disease) are mediated via Toll-like re-
ceptor 4–dependent glial cell activation, while αSyn aggregates
in a model of PD, activated Toll-like receptor 2 independently

Figure 4 Correlations between clinical scales and extracellular vesicle (EV) surface marker expression

Correlations between EV surface markers normalized MFI, nanoparticle concentration (N/mL plasma), and clinical parameters in patients with Parkinson
disease (circles; A-D) and multiple system atrophy (triangles; E-G). The regression line is reported together with its 95% CI (dashed line). BDI-II = Beck
Depression Inventory II; H&Y = Hoehn and Yahr scale; MFI = median fluorescence intensity; MMSE = Mini-Mental State Examination; MoCA = Montreal
Cognitive Assessment; RBD = REM sleep behavior disorder screening questionnaire.
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Figure 5 Receiver operating characteristic (ROC) curve analysis of extracellular vesicle (EV)-surface markers

ROC curves identifying the best cutoff for each EV surfacemarker, discriminating pathologic groups fromHC. The referral line is reported in gray. (A) PD vs HC;
(B) MSA vs HC; (C) AP-Tau vs HC. In each plot, ROC curves for the combination of the 3 EV surface markers with the highest AUCs and for a compound EV
marker (linearweighted combination of all EV surfacemarkers differentially expressed for each comparison) are shown (black and red lines, respectively). The
tables provide asymptotic significance AUCwith 95% CI, sensitivity, and specificity on the compound EVmarkers. p Values < 0.05 were considered significant.
AP-Tau = atypical parkinsonismwith tauopathies; AUC = area under the curve; HC = healthy control; MSA =multiple system atrophy; PD = Parkinson disease.
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from Toll-like receptor 4.37,38 Moreover a recent multicenter
study has shown higher levels of CSF inflammatory biomarkers
in PDwith dementia andMSA compared with controls and not

in AP-Tau vs controls, plus thosemarkers correlated withmotor
and cognitive impairment.39 Likewise, our analysis showed a
moderate correlation between CD25, CD146, and cognitive

Figure 6 Random forest (RF) modeling to predict diagnosis and its validation in an external cohort of subjects

RFmodeling to diagnose patients based on the combination of the 17 differentially expressed extracellular vesicle surfacemarkers. (A) Representation of 1 of
the 20 different classification trees created by the algorithm to predict the diagnosis PD vs MSA vs AP-Tau vs HC (B–H). Confusion matrix reporting real and
predicted diagnosis, accuracy, sensitivity, specificity, and internal validation by the leave-one-out algorithm for each comparison (see Methods). (I) External
validation of the RF model; 40 patients were included in the analysis (20 HC, blue; 10 PD, red; 5 MSA, orange; 5 AP-Tau, gray). AP-Tau = atypical parkinsonism
with tauopathies; HC = healthy control; MSA = multiple system atrophy; PD = Parkinson disease.
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impairment in PD suggesting a link between inflammation and a
major cognitive decline: CD25 is a costimulatory molecule
supporting immune cell activation,40 and CD146 acts as an
essential regulator of pericyte–endothelial cell communication
in the blood-brain barrier and it has been identified as a potential
key therapeutic target for cerebrovascular disorders.41 In MSA,
the concentration of EVsmeasured byNTA and flow cytometry
analysis correlated with disease duration and cognitive impair-
ment. These findings favor the hypothesis of a perpetuation of
toxic effects by circulating EVs due to chronic immune activa-
tion, even if a compensatory/neuroprotective role of EVs
in response to the progressive neurodegeneration cannot be
excluded.

Among EV markers differentially expressed in PD, CD146
and MCSP are of interest because they have been associated
with melanoma and used for detection of circulating tumor
cells.42 Consistently, a link between PD and melanoma
has been supported by many epidemiologic studies, show-
ing that patients with PD have a higher incidence of this
tumor, even if the underlying pathogenic mechanisms are
unknown.43

The network analysis of potential interactors of EV surface
markers demonstrated that functional pathways and net-
work hubs in PD and MSA were coincident and different
from those of AP-Tau. Of interest, among hubs shared by PD
and MSA, we found SP1, a transcription factor playing a key
role in regulating neuroinflammation in MS.44 The most
represented KEGG pathways were immune system, signal
transduction, signaling molecules and folding, sorting and
degradation in alpha-synucleinopathies, whereas FoxO sig-
naling pathway and some pathways of the endocrine system
were higher in AP-Tau, matching with the relation that has
been found by many authors between endocrine signaling,
tauopathies, and FoxO.45,46 However, this exploratory net-
work analysis should be interpreted with caution because
AP-Tau had less differentially expressed EV markers, con-
sequently the smaller network was a limiting factor to re-
cover potential pathways and functions in tauopathies.
Anyhow, among the identified hubs, it has been encouraging
to find some of them described in the literature: cytoplasmic
protein NCK2 was recently described as a PD-associated
gene.47 Tyrosine-protein kinase Lyn (LYN), a specific hub of
MSA, was related to enhanced microglial migration by
αSyn.48 Of note, signal transducer and activator of tran-
scription 3 (STAT3), a specific hub of AP-Tau, has been
found to be a direct target of C3 and C3a receptor signaling
that functionally mediates Tau pathogenesis.49 However,
these network analyses are hypothetical, and further vali-
dation studies are required to assess their possible roles in
causing PD and AP.

Limitations of this study are the relatively low number of
subjects, especially in AP groups, and the inclusion of patients
only with long duration of disease: larger studies and inclusion
of different cohorts of patients, especially at early stages of

disease, are strongly recommended. Moreover, a customized
panel of EV surface proteins including CNS and microglia
markers would probably increase the diagnostic model. Fi-
nally, this is an antemortem study, and it lacks the diagnostic
confirmation of postmortem brain histopathologic analysis.

In conclusion, we systematically characterized circulating EVs
in plasma of patients with PD or AP. Several EV surface
antigens were differentially expressed and correlated with
disease gravity and cognitive impairment, suggesting EVs as
potential biomarkers of disease, also in clinical trials for
disease-modifying drugs. We propose a diagnostic model built
through supervised machine learning algorithms, based on
EV-specific signature, which was able to discriminate patients
with PD and MSA with high accuracy. Finally, we provided
internal and external validations of our model, confirming
reliable diagnostic performance.

This is a highly relevant result with a potential impact on
clinical practice, allowing with a noninvasive, low-cost blood
test to identify patients with PD and MSA. Furthermore, cir-
culating EV surface protein analysis can shed light on the dif-
ferential inflammation/immunity pathways involved in
protein aggregation–related neurodegenerative disease, to be
confirmed by functional analysis in experimental models of
diseases.
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Abstract
Objective
To determine whether the punctuated administration of low-dose rituximab, temporally linked
to B-cell hyperrepopulation (defined when the return of CD19+ B cells approximates 40%–50%
of baseline levels as measured before alemtuzumab treatment inception), can mitigate
alemtuzumab-associated secondary autoimmunity.

Methods
In this hypothesis-driven pilot study, 10 patients received low-dose rituximab (50–150 mg/
m2), a chimeric anti-CD20 monoclonal antibody, after either their first or second cycles of
alemtuzumab. These patients were then routinely assessed for the development of autoimmune
disorders and safety signals related to the use of dual monoclonal antibody therapy.

Results
Five patients received at least 1 IV infusion of low-dose rituximab, following alemtuzumab
therapy, with a mean follow-up of 41 months. None of the 5 patients developed secondary
autoimmune disorders. An additional 5 patients with follow-up over less than 24 months
received at least 1 infusion of low-dose rituximab treatment following alemtuzumab treatment.
No secondary autoimmune diseases were observed.

Conclusions
An anti-CD20 “whack-a-mole” B-cell depletion strategy may serve to mitigate alemtuzumab-
associated secondary autoimmunity in MS by reducing the imbalance in B- and T-cell regu-
latory networks during immune reconstitution. We believe that these observations warrant
further investigation.

Classification of evidence
This study provides Class IV evidence that for people with MS, low-dose rituximab following
alemtuzumab treatment decreases the risk of alemtuzumab-associated secondary autoimmune
diseases.
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Alemtuzumab, a humanized anti-CD52 monoclonal antibody
that depletes circulating B and T lymphocytes, is approved in
the United States and Europe for the treatment of MS.1,2

Patients who receive alemtuzumab have an estimated 60%
rate of attaining No Evidence of Disease Activity status, which
is defined by no new clinical relapses, disease progression, or
new MRI activity in a 5-year follow-up period.3,4 Antibody-
mediated secondary autoimmune disease in patients with MS
treated with alemtuzumab approaches an incidence of
40%–50% in prolonged follow-up, with a peak incidence by
the third year following treatment initiation and waning in-
cidence thereafter.5–16

Themain adverse effect of alemtuzumab is the development of
predominantly antibody-mediated secondary autoimmune
disorders. The most common secondary autoimmune disor-
der is antibody-mediated thyroid disease; with autoimmune
hyperthyroidism being the most common and exceeding those
developing hypothyroidism.5,6 Other antibody-mediated au-
toimmune diseases have been reported, including idiopathic
thrombocytopenic purpura, anti–glomerular basement mem-
brane (GBM) disease, neutropenia, hemolytic anemia, and
vitiligo, among others. T cell–mediated autoimmunity and
granulomatous inflammatory diseases (principally sarcoidosis)
occur at a considerably lower incidence.1–16 An increased risk
of opportunistic infections continues to be an important and
potentially serious complication of all cell-depleting disease-
modifying treatment strategies, although there are a number of
systematic risk-mitigating strategies.

Cooperation between B cells and T cells is required for B-cell
differentiation and mature antibody formation, and yet it is
now well established that following alemtuzumab disease-
modifying therapy for MS, that there is a marked discordance
in B vs T lymphocyte reconstitution kinetics; with the former
being detected earlier and in considerably greater proportion,
using objective methods for characterizing peripheral blood
mononuclear cells.

Some evidence suggests that lymphocyte repopulation pat-
terns, in patients treated with alemtuzumab, are not neces-
sarily associated with the risk of developing secondary
autoimmune diseases.16,17 Instead, a compromise in the in-
tegrity of cellular regulatory networks, corroborated sto-
chastically by diminution in the regulatory signature ratios
(e.g., the clonal frequency of regulatory T cells (Tregs) to
TH-17 proinflammatory cells), could influence the functional
thresholds that determine the ignition of dynamic immune
response oscillations and their disposition toward activation
vs anergy.11 Furthermore, reduced thymopoiesis can result in

the restricted heterogeneity in the T-cell receptor repertoire,
creating conditions that can predispose to a heightened risk of
secondary autoimmunity.18 Therefore, the discrepancy be-
tween humoral and cellular immune networks appears to be
beyond the simplistic stochastic considerations.

The kinetic disparities in the development, release, and
recirculation of B and T lymphocytes may have implications
for the coordinate-regulatory mechanisms, which represent
the immune basis for self-tolerance, and the corresponding
molecular check-point verification strategies, which are im-
perative for ensuring the perpetual fidelity to discriminate
between self and non-self (i.e., tolerance and its durability in
response to challenges fundamental to its integrity, and with
time, especially with advancing age and the emergence of the
increasingly recognized property of immune senescence).

We hypothesize that anti-CD20 B-cell depletion, punctually
administered and temporally coinciding with the precocious
B-cell hyperrepopulation, may represent a viable strategy for
mitigating the risk of alemtuzumab-associated secondary
autoimmunity.

Here, we report a strategic approach, along with pilot observa-
tions, suggesting that the risk of secondary autoimmunity can
potentially be mitigated when low-dose anti-CD20 therapy is
administered during B-cell repopulation (i.e., what is referred to as
a “whack-a-mole” strategy19–23) following alemtuzumab therapy.

Methods
The study was approved by the Investigational Review Board
of the Dell Medical School at the University of Texas at
Austin. All patients consented for the off-label use of
rituximab.

Our primary research question was to ascertain whether the
punctuated administration of low-dose rituximab, temporally
linked with the discordant B-cell hyperrepopulation (when
the return of the CD19+ cells approximated 40%–50% of
baseline measures examined before alemtuzumab therapy
intervention), represents an effective strategy for mitigating
alemtuzumab-associated secondary autoimmunity (Class IV
evidence).

We examined 2 small cohorts of 5 patients each. The first
cohort (see table 1 for demographics), which was originally
treated with alemtuzumab, received at least 1 infusion of low-
dose rituximab (range 1 to >3 doses; 50–150 mg/m2) after
B-cell reconstitution began. Follow-up of these individuals

Glossary
ANC = absolute neutrophil count; EAE = experimental autoimmune encephalitis; GBM = glomerular basement membrane;
NMOSD = neuromyelitis optica spectrum disorder; Tregs = regulatory T cells.
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occurred for more than 24 months. All patients who received
alemtuzumab for treatment of MS were eligible. Patients were
not selected on the basis of prior immunotherapy. Rituximab
is an anti-CD20 monoclonal antibody therapeutic. In addition
to CD20, CD19 is also a pan B-cell marker. Anti-CD20
therapeutic monoclonal antibody interferes with the recog-
nition of the CD20 antigen. As such, the CD19+ B-cell level,
as measured by flow cytometry, was used as a proxy to mea-
sure extent of B-cell depletion following anti-CD20 therapy.24

Alemtuzumab-treated patients were scheduled to receive
rituximab when CD19+ B cells repopulated to 40%–50% of
their baseline levels. Baseline B-cell frequency was de-
termined before initiation of alemtuzumab treatments by
performing lymphocyte subset analysis on 3–4 weekly blood
draws. Rituximab dosing was predicated on insurance cov-
erage. Some dosages were delayed due to difficulties
obtaining insurance approval.

In addition to monthly monitoring of T- and B-cell
(i.e., CD3+ and CD19+) lymphocyte subsets, we also mea-
sured thyroid function, urinalysis, and complete blood counts
at baseline and monthly thereafter. This was performed in
accordance with the Risk Evaluation andMitigation Strategies

program for alemtuzumab to identify evidence of autoim-
mune thyroiditis, anti-GBM antibody disease, or immune
thrombocytopenic purpura.

The second cohort of 5 patients (demographics are shown in
table 2), whichwas originally treatedwith alemtuzumab, received
at least 1 infusion of low-dose rituximab after B-cell re-
constitution to 40%–50% of baseline. Follow-up of these indi-
viduals occurred for less than 24 months. Lymphocyte subsets,
thyroid function, urinalysis, and complete blood counts were
measured at baseline andmonthly thereafter, as described above.

Given the low number of patients in this retrospective case
series, and variations in protocol, we did not have adequate
power to perform statistical tests to determine the efficacy of
anti-CD20 therapy in preventing alemtuzumab-mediated
secondary autoimmunity.

Data availability
Deidentified data will be shared with other investigators fol-
lowing requests made to the corresponding author.

Results
Of the 5 patients with follow-up greater than 24 months
(table 1) who received low-dose rituximab infusions following
alemtuzumab, 1 patient received 2 rituximab infusions, and 1
patient received greater than 3 rituximab infusions due to
prolonged T-cell suppression. Two of the patients received
rituximab after a single cycle of alemtuzumab, and 3 of the
patients received rituximab after 2 cycles of alemtuzumab.
None of the patients received 3 cycles of alemtuzumab, given
evidence of clinical remission, and radiographic stabilization,
as confirmed on follow-up MRI investigations.

Table 1 Clinical characteristics and results of patients
with long-term follow-up

Characteristic Value

No. of patients 5

Age, mean (SD), y 47 (11)

Sex, female, % 60

Cycles of alemtuzumab, %

1a 20

2 80

Follow-up, mean (SD), mo 41 (5)

Rituximab doses, individuals

1 3

2 1

3+ 1

Rituximab timing, individuals

1st cycle 2

2nd cycle 3

Both 0

Secondary autoimmune disease 0

Shown are clinical characteristics of patients who received low-dose ritux-
imab with follow-up duration greater than 24 months characterized by age,
sex, cycles of alemtuzumab, follow-up duration, doses of rituximab, timing
of doses, and development of secondary autoimmune disease.
a One patient received only a single cycle of alemtuzumab at the patient’s
request due to disease stability.

Table 2 Clinical characteristics and results of patients
with short-term follow-up

Characteristic Value

No. of patients 5

Age, mean (SD), y 44 (13)

Sex, female, % 80

Follow-up, mean (SD), mo 14 (2)

Rituximab doses, individuals

1 2

2 3

Median time to CD19 50% baseline, mo 2

Median time to first rituximab dose, mo 3

Shown are clinical characteristics of patients who received low-dose ritux-
imabwith follow-up duration less than 24months characterized by age, sex,
follow-up duration, doses of rituximab, time to rise in CD19 count, and time
to first rituximab dose.
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For all 5 patients, the mean follow-up duration from the initial
dose of alemtuzumab was 41 months (range 34–48 months).
None of the patients developed secondary autoimmune
complications as defined by the Comparison of Alemtuzumab
and Rebif Efficacy in Multiple Sclerosis (CARE-MS) I and II
trials.3,4 Based on the results of CARE-MS I, we anticipated
that 30%–40% of patients with long-term follow-up would
have developed autoimmune thyroid disease.3,4

Of the 5 additional patients with a follow-up duration of less than
24 months (table 2) who received low-dose rituximab treatment
following alemtuzumab, 2 patients received 1 infusion of ritux-
imab, and 3 patients received 2 infusions of rituximab. The
median time to 40%–50% recovery of the CD19+ cell count was
2 months post-alemtuzumab, and the median time to the first
rituximab dose administration was 3 months post-alemtuzumab.

In this second cohort, 1 patient developed transient neu-
tropenia with an absolute neutrophil count (ANC) <500/μL
2 months after the second dose of 100 mg of rituximab. This
patient was treated with granulocyte colony-stimulating factor
and reconstituted the ANC within 1 month. Another patient
developed a urinary tract infection, and an additional patient
developed an upper respiratory tract infection after receiving
low-dose rituximab, while both B- and T-cell lymphocytes
were suppressed.

Late-onset neutropenia is a well-described phenomenon after
rituximab infusion, which has been considered to be related
to transient autoimmunity.25 Alternately, neutropenia has
also been documented in postmarketing surveillance of
alemtuzumab-treated patients, albeit at a much lower in-
cident rate when compared with the frequency of the most
common alemtuzumab-induced secondary autoimmune
conditions, particularly thyroiditis (e.g., Graves disease and
Hashimoto thyroiditis).3,4

All patients treated in both patient cohorts were on pro-
phylactic valacyclovir or acyclovir for 24 consecutive months,
including during treatment with low-dose rituximab, given
high rates of herpes reactivation in the clinical trials.

Discussion
Alemtuzumab treatment in MS is associated with an early
hyperrepopulation of B cells that emerge between 3 and 6
months following treatment, which precedes the repopulation
of T cells that occurs between 12 and 24 months following
treatment. A fundamental discordance in the return of humoral
and cellular networks is likely to play a role, at least in part, in the
incidence of the adverse event most strikingly associated with
alemtuzumab treatment; secondary autoimmunity.26–29

T-cell help is required for B-cell differentiation, isotype
switching, and antibody secretion. The interaction between
B cells and T cells is bidirectional. As such, anti-CD20 B-cell

depletion in MS and experimental autoimmune encephalitis
(EAE) promotes T-cell immune modulation characterized
by a significant reduction in proinflammatory Th1 and Th17
cells, which likely reflects a decrease in B-cell antigen-
presenting cell function.26 In this context, selective de-
ficiency of major histocompatibility complex (MHC) Class
II expression by B cells in mice eliminates both susceptibility
to EAE and the expansion of Th1 and Th17 cells.29

In the absence of T-cell help, B cells are rendered unable to
differentiate between the antigen presentation of self- vs
non–self-epitopes, at least in part secondary to a considerably
lower threshold for presentation of low-magnitude antigens,
when compared with macrophages or dendritic cells. Fur-
thermore, anti-CD20 treatment of MS and EAE promotes
T-cell immune modulation characterized by a significant re-
duction in the proinflammatory network, at least in part,
mediated by Th17.26–29 Conspicuously, B cell–specific MHC
Class II–deficient mice are rendered resistant to the de-
velopment of EAE.28

Secondary humoral autoimmunity resulting in hyper- or hy-
pothyroidism, thrombocytopenia or renal disease are well
known risks following alemtuzumab treatment of MS.5,6 We
hypothesize that anti-CD20 B-cell depletion after alemtuzu-
mab administration may mitigate the risk of secondary auto-
immunity and have investigated this possibility. Our initial
results suggest that anti-CD20 B-cell depletion is safe and
potentially efficacious. However, given the small sample size,
and unrandomized and unblinded cohort, more rigorous
studies need to be pursued before making any declaration
regarding efficacy.

Several hypotheses attempt to delineate the cause of sec-
ondary autoimmune disease associated with alemtuzumabMS
disease-modifying therapy. Unlike traditional B-cell return
after anti-CD20 therapies, B-cell repopulation occurs rapidly
following alemtuzumab treatment and is associated with
hyperrepopulation of immature and mature B cells above
baseline levels.30 Following alemtuzumab treatment, B-cell
repopulation occurs well in advance of T-cell repopulation
(;3–6 months compared with ;12–24 months, re-
spectively), which may compromise the counterbalancing of
humoral and cellular mechanisms that serve to maintain im-
mune regulation.

Notwithstanding these findings, secondary autoimmune dis-
ease after alemtuzumab treatment, exhibits a long latency
before presentation, that is well beyond the observed B-cell
hyperrepopulation, and in fact coincides more closely with
T-cell repopulation; as autoantibody production is likely CD4
T-cell dependent.31

T-cell regeneration after depletion in adults is predominantly
achieved by thymic-independent homeostatic peripheral ex-
pansion. This process, unlike T-cell regeneration in children,
which occurs primarily in the thymus, is associated with
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decreased self-tolerance, a potential molecular scaffolding on
which autoimmunity can result.31

The goal of the temporally associated administration of low-dose
rituximab is not exclusively restricted to delaying the return of
the CD19+ B-cell population or an attempt to solely synchronize
the reconstitution of B- and T-cell subsets. Data from clinical
trials that have analyzed the kinetics of humoral and cellular
subsets reveal no evidence of correlation that dichotomizes the
risk predilection for alemtuzumab-mediated secondary autoim-
munity.16 Future work should also characterize the effect of
rituximab on a unique and proinflammatory mononuclear cell,
which coexpresses both CD20 andCD3 (i.e., CD20+ T cells and
chimeric or C cells), which may serve to promote secondary
autoimmunity, and would be expected to be deleted along with
CD20+ B cells during our administration of low-dose rituximab.

A uniquemember of the immune system’smononuclear cell pool
is the CD20+ T cell (i.e., a chimeric lymphocyte or C cell; figure
1), which includes both CD4+ and CD8+ cells, with the latter
being the predominant of this cell type. Its T-cell origin has been
confirmed via the detection of CD3 encoded mRNA via reverse
transcriptase-polymerase chain reaction (RT-PCR).32,33 The
distribution of these cells is broad and includes the primary and
secondary lymphoid tissue, thymus, bone marrow, lymph node,
adenoids, liver, and cerebrospinal fluid (CSF). Conspicuously, at
resting conditions, CD20+ T cells exhibit augmented release of
cytokines vs CD20−T cells. Specifically, they release interferon γ,
interleukin (IL) 1 β, IL-2, IL-4, IL-8, IL-10, transforming growth
factor β, tumor necrosis factor α, and c-c chemokine.34

Under conditions of immune stimulation, there is an escala-
tion in cytokine production in CD20+ T cells.32 Furthermore,
enhanced expression of IL-17 is also characteristic of this
small population of lymphocytes.33 In patients with relapsing-
remitting and primary progressive MS vs healthy controls,
there is an increased frequency of CD20+T cells in peripheral
blood.35

In those with MS, there is an increased clonal frequency of
such cells in CSF when compared with the analysis of pe-
ripheral blood mononuclear cells, and the magnitude of that
clonal frequency is correlated with clinical disability in pa-
tients with MS as measured by the long-validated Expanded
Disability Status Scale score.36 Also, CD20+ T cells are
identified within chronic white matter plaque lesions derived
from the MS brain.36 In drastic contrast to the small pro-
portion of such cells from the peripheral blood of controls, the
CD20+ T-cell fraction in patients with MS represents a
striking 18.4% of all CD20+ cells including those mono-
nuclear cells that are CD19+ B cells.37

B-cell hyperrepopulation, accompanied by a reduction of
T-cell help, establishes circumstances whereby antigen pre-
sentation coordinated by B cells, renders them unable to
differentiate between self (whereby antigen presentation of
autoantigens stereotypically produces immune anergy), and

foreign epitopes (which appropriately culminates in immune
activation). Alternately, the B-cell depletion also comes with
the downregulation of inflammatory cytokines, secondary to
B-cell induction of T-cell activity and the eventual cytokine
release syndrome.

A detailed figure (figure 1) delineates our hypothetical con-
stellation of features proposed as the basis for a low-dose anti-
CD20 whack-a-mole strategy aimed at mitigating secondary
autoimmunity.

If our proposed risk mitigation strategy were to be used more
broadly, for feasibility, there would need to be a straightfor-
ward way of timing rituximab infusions. As such, figure 2
illustrates a schematic for a potential protocol using a low-
dose anti-CD20 (rituximab) whack-a-mole secondary auto-
immunity mitigation strategy post-alemtuzumab treatment
and its effect on B-cell repopulation. Specifically, we timed
low-dose rituximab infusion with a CD19+ B-cell recovery of
;50% of normal baseline. We chose this as a relatively easy
marker to measure and to ensure that patients would receive
rituximab synchronous to the B-cell hyperrepopulation phase
of post–alemtuzumab-induced bone marrow mononuclear
cell mobilization.

Alternatively, rituximab could be given at a fixed interval, such
as 3 or 4 months after alemtuzumab infusion, a common,
albeit not consistent, duration for the bone marrow mobili-
zation and peripheral repopulation of B cells. However, if
B-cell hyperrepopulation is delayed (e.g., until 4–6 months), a
fixed timing for whack-a-mole administration of low-dose
anti-CD20 therapy could predispose a significant proportion
of patients to harbor a temporal discordance between such
treatment and its intended targets, consequently producing an
ineffective depletion of both CD20+ B cells and CD20+/
CD3+ T cells (likely resulting in a potential type II error in
efficacy analyses).

Given the heterogeneity in the kinetics of B-cell repopu-
lation following alemtuzumab therapy, coupled with the
known median half-life of rituximab at 22 days (with a range
of 6.1–52 days, as per package insert), we strongly advise for
monthly lymphocyte subset analysis to precisely synchro-
nize administration of a rituximab low-dose anti-CD20
whack-a-mole therapy strategy to buffer against the dis-
cordant B-cell hyperrepopulation in the absence of ade-
quate T-cell help. In addition, this strategy will attenuate
the reemergence of the proinflammatory CD20+ T cells.
It remains to be seen if a single dose of rituximab will
be sufficient or whether multiple whack-a-mole cycles
will be required for a therapeutic effect of preventing
alemtuzumab-associated secondary autoimmunity.

It is of interest that anti-CD20 therapy achieves about a 99%
loss of peripheral blood B lymphocytes, without affecting
plasma cells or plasmablasts, the principal antibody-secreting
cells, which are devoid of cell surface CD20 expression. In
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Figure 1 A model for the mitigation of secondary autoimmunity in patients with MS post-alemtuzumab

In the upper portion of the figure, we illustrate alemtuzumab treatment and its effect on elimination of anti–self-lymphocytes by 2 principal mechanisms,
clearance through the reticular endothelial system (RES; on the left) and assembly of themembrane attack complex (MAC) facilitating the passage of C9, which
compromises cell membrane integrity, thereby culminating in cytotoxicity and cell death. The lower middle illustration emphasizes post-alemtuzumab
treatment-inducedmobilization of bonemarrow stem cells, reconstituting the immune system. B cells undergo a discordant hyperrepopulation approaching
pretreatment baseline numbers, 3–6 months following alemtuzumab treatment, whereas T-cell reconstitution is considerably delayed (12–24 months).
Hypothetically, the highly discordant hyperrepopulation of B cells plays a role in the development of secondary autoimmunity. Post-alemtuzumab treatment,
circulatingmononuclear cells are principally CD3+-naive T cells, CD19+ CD20+-naive B cells, as well as a unique population of cells that express both the B-cell
antigen CD20 and the T-cell antigen CD3. These latter cells we refer to as Chimeric lymphocytes (C cells), and they are known to express proinflammatory
cytokines, which in the absence of adequate T-cell help can foment the production of anti–self-antibodies. This can initiate corresponding autoantibody-
mediated disorders, such as those designated by green labels in the figure, as well as to T cells capable of orchestrating cellularmechanisms of autoimmunity
(designated by purple labels). To the lower left of the lower diagram, one can see an enrichment in the CD3+ CD20+ C cells simultaneouswith the discordant B-
cell hyperrepopulation (generally emerging approximately 3–6 months following alemtuzumab treatment) in the context of a deficiency in the clonal
frequency of regulatory T cells (Tregs) (i.e., identified as CD4+CD25hiFoxP3+). In the absence of T-cell help, such B cells are rendered incapable of discriminating
between self and foreign epitopes to both other B cells, thereby coordinating the development of antibodies as well as to T cells leading to T-cell receptor
maturation, with elaboration of cytokine and chemokine expression profiles commensurate to foment cellular autoimmunemechanisms. The central portion
of the diagram serves to illustrate the potential diversity of antibody-mediated secondary autoimmune states (green line paths). We also see activation of
T cells, which can mediate secondary autoimmunity (purple line paths), and granulomatous inflammatory disease, most specifically sarcoidosis. Monitoring
monthly lymphocyte subsets facilitates detection of the discordant B-cell hyperrepopulation phase of bone marrow mononuclear cell mobilization after
alemtuzumab therapy and thereby provides for the discrete and temporally punctuated administration of an anti-CD20 “whack-a-mole” strategy for
mitigating secondary autoimmunity. Specifically, we administered low-dose rituximab to orchestrate the deletionof bothCD20+B cells in conjunctionwith the
CD20+CD3+ C cells, along with their B-cell activation capabilities via the elaboration of proinflammatory cytokine and chemokine cascades. The net effect is
seen approximately 4months later (in the upper circle on the right lower side of the diagram) when there is amarked diminution of both effector/memory B
cells and autoimmunity-inducing C cells, with a corresponding expansion in the clonal frequency of Tregs.
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keeping with this observation, anti-CD20 therapy appears to
exert no impact on CSF antibody indices such as oligoclonal
banding, increased immuno gamma globulin (IgG) index,
and/or an elevation in IgG synthesis rates, characteristic ab-
normalities identified in approximately 90% of patients with
MS, when using isoelectric focusing techniques. Alternately,
the peripheral loss of B cells does correspond to a marked
reduction in the development of both T1 gadolinium-
enhancing and combined unique MS plaque lesions.38,39

In a recent study, the third-generation, glycoengineered chi-
meric anti-CD20 therapy, ublituximab, was shown to reduce
both effector and memory CD8 T-cell populations, while also
augmenting the clonal frequency of naive CD8+ T cells.38 One
of the most conspicuous observations was the identification of
a population of lymphocytes with cell surface expression of
both CD20+ and CD3+ (those designated as chimeric or C
cells in our hypothetical model; figure 1), with further char-
acterization revealing that such cells exhibit features in
keeping with memory CD8+ T cells.40

The functionally chimeric lymphocytes produce proin-
flammatory mediators, which may play a key role in the
promiscuous antigen presentation of self-motifs during the
discordant hyperrepopulation of B cells following alemtuzu-
mab treatment (figure 1). Lovett-Racke et al. categorically
characterized both the cellular identification and cytokine/
chemokine expression profiles using flow cytometric tech-
niques from 47 patients withMS treated with ublituximab and

confirmed that such treatment resulted in significantly at-
tenuated expression of proinflammatory cytokines, reduced
antigen presentation, a shift from the effector/memory phe-
notype to repopulation of naive lymphocytes, and importantly
augmentation in the clonal frequency of regulatory T cells
(Tregs).33

A primary immune defect in patients with MS is a deficiency
in Tregs. Efficacy in treating the disorder, at least in part,
involves reconstitution of the immune network’s regulatory
capabilities through the expansion of Tregs, specifically
identified as CD4+CD25hiFoxP3+.28,38 The observations
from this investigation suggest that anti-CD20 therapy is ca-
pable of provoking a skewing or immune deviation that may
be secondary, perhaps at least in part, to the deletion of
CD20+/CD3+ C cells, thereby resulting in reduced B cell–
mediated degenerate antigen presentation of self-motifs,
along with a broadening in the clonal frequency of Tregs, all of
which may be germane to our understanding of how we can
use alemtuzumab while actively reducing (vis a vis with the
application of a ‘whack-a-mole’ cell depletion strategy) the
incidence of secondary autoimmunity (figures 1 and 2).33

We successfully used low-dose rituximab 100 mg (;50–75
mg/m2) for patients with neuromyelitis optica spectrum
disorder (NMOSD) who could not afford access to higher
doses of rituximab. A 100-mg infusion depletes the CD19
population of B cells to less than 2% for an average of 99 days
(in essence, B-cell suppression is highly titratable, analogous

Figure 2 Low-dose anti-CD20 therapy post-alemtuzumab schematic illustrating a potential pilot protocol

This schematic depicts normal CD4+ and CD19+ cell reconstitution,9 as well as the theoretical CD19+ reconstitution with our proposed low-dose rituximab
protocol. Low-dose rituximab (e.g., 100 mg) is given subsequent to the detection of the precociously discordant B-cell hyperrepopulation phase of bone
marrow mononuclear cell mobilization following alemtuzumab treatment; an intervention which attenuates promiscuous antigen presentation by B cells,
capable of activating anti–self-humoral and cellular networks, while also serving to promote a more synchronized repopulation across the bone marrow
mobilization of mononuclear cell heterogeneity (i.e., achieving a more balanced return of B and T lymphocyte populations; with the added dividend of
amplifying the clonal frequency of Tregs; and observation akin to tolerance induction in patients with MS).
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to immunologic labetalol, the latter commonly used as a
highly titratable agent for management of hypertensive crises,
such as hypertensive encephalopathy, where loss of cerebro-
vascular autoregulation precludes the employment of long-
acting agents, which could result in a protracted compromise
in cerebral blood flow dynamics, predisposing to a hypoxic-
ischemic insult) in patients with NMOSD compared with 184
days for a 1,000 mg dose of rituximab.41

Low-dose rituximab is a more attractive alternative to stan-
dard doses of 1,000 mg or 375 mg/m2. First, doses of ritux-
imab as low as 1 mg/m2 suppress B cells by 97% in healthy
controls, and B cells remain suppressed to 75% of baseline
levels at 12 weeks after infusion.42,43

Second, low-dose anti-CD20 therapy does not result in pro-
longed B-cell depletion, so as not to interfere with repeat
cycles of alemtuzumab therapy.41

Third, low-dose rituximab may facilitate greater control of
B-cell repopulation and improved temporal synchronization
with T-cell repopulation.

Last, reduced dosing magnitude reduces the duration of im-
munosuppression compared with conventional doses of rit-
uximab and may eventually be shown in evidence-based
studies to demonstrate both safety and cost advantages if few
complications are identified with the low-dose regimen.

A more robust clinical trial with a primary outcome of the
development of secondary autoimmunity would not likely
require a large number of participants, given the incidence rate
of 40% of autoimmune thyroid disease in patients with MS
who have received alemtuzumab.3,4 Hence, we would esti-
mate an incidence of 40% in the control group of
alemtuzumab-only treated patients and with an assumption of
an incidence of 10% in patients who would receive adjunct
rituximab. If we assign the probability of a type I error of 5%
and a power of 80%, a trial would need approximately 80
patients total (40 in each arm), accounting for drop-outs.

In addition to our small sample size, and an unrandomized,
and unblended cohort, many physicians prescribe steroids
with rituximab infusion (methylprednisolone 250 mg before
each and every alemtuzumab infusion in our center) to pre-
vent infusion reactions. It is possible that the potential positive
effects of secondary autoimmunity prevention attributed to
rituximab are instead, or at least in part, due to steroid usage.
In addition, treatment may simply delay secondary autoim-
munity rather than preventing it, and longer periods of as-
certainment will be required to assess for this prospect.

An alternate explanation concerning the impact of rituximab
on secondary autoimmunity is that some individuals may
respond differently to low-dose anti-CD20 therapy due to the
effects of the FCGR3A polymorphism.42 We do not know the
effect of the polymorphism on low-dose rituximab kinetics;

however, binding affinity may play a larger role in low-dose
rituximab compared with conventional doses, given the lower
absolute concentration of rituximab. Such issues should be
carefully considered in the design of a larger trial, particularly
given potential effects of such factors on response character-
istics as well as on study cost.

As the field of neurology shifts from amodel of step escalation
to induction therapy for the treatment of MS, strategies that
are aimed at mitigating the risks of potent disease modifying
therapies are urgently needed.43

Only through the scientific method of subjecting our hy-
pothesis to the rigors of a controlled, adequately blinded,
prospective and adequately powered clinical trial can we
confirm or refute the hypothesis-driven question; can the
application of low-dose anti-CD20 therapy, temporally syn-
chronized with objective confirmation of B-cell hyper-
repopulation, serve to adequately reduce or even prevent
alemtuzumab-associated secondary autoimmunity?

Furthermore, the addition of anti-CD20 therapy could po-
tentially confer benefits on immune deviation that would exert
added efficacy in synergy with the alemtuzumab-mediated
mechanisms of action in the establishment of disease re-
mission, while constituting augmented and durable regulatory
properties in keeping with those achieved during the critical
period that we now recognize collectively as self-tolerance.

Buffeted by the broad dissemination of bone marrow mobili-
zation of stem cells, following alemtuzumab treatment may
promote the process of restoration and neurologic functional
reconstitution. Recent evidence has demonstrated that an
emerging biomarker for assessing tissue damage in the CNS of
patients withMS, the neurofilament light chain, is reducedmost
markedly following the administration of alemtuzumab when
compared with other disease-modifying therapies and that such
levels remain reduced to the greatest magnitude over time.44

It was once thought that a proposition such as repair and
functional recovery from MS was wholly enigmatic and un-
likely. However, we have arrived at a point in the history of our
understanding of the disorder’s pathobiology, in concert with
the corresponding derangements in immune regulatory in-
fluences, and how to remediate them. We believe our work to
represent but a single small step toward this constellation of
goals that are so important to our deserving patients, their
families, our community, and those of us who serve on those
teams who care for and about them.
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Abstract
Objective
To investigate the involvement of interleukin (IL)-26 in neuroinflammatory processes in
multiple sclerosis (MS), in particular in blood-brain barrier (BBB) integrity.

Methods
Expression of IL-26 was measured in serum, CSF, in vitro differentiated T helper (TH) cell
subsets, and postmortem brain tissue of patients with MS and controls by ELISA, quantitative
PCR, and immunohistochemistry. Primary human and mouse BBB endothelial cells (ECs)
were treated with IL-26 in vitro and assessed for BBB integrity. RNA sequencing was performed
on IL-26–treated human BBB ECs. Myelin oligodendrocyte glycoprotein35–55 experimental
autoimmune encephalomyelitis (EAE) mice were injected IP with IL-26. BBB leakage and
immune cell infiltration were assessed in the CNS of these mice using immunohistochemistry
and flow cytometry.

Results
IL-26 expression was induced in TH lymphocytes by TH17-inducing cytokines and was upre-
gulated in the blood and CSF of patients with MS. CD4+IL-26+ T lymphocytes were found in
perivascular infiltrates in MS brain lesions, and both receptor chains for IL-26 (IL-10R2 and IL-
20R1) were detected on BBB ECs in vitro and in situ. In contrast to IL-17 and IL-22, IL-26
promoted integrity and reduced permeability of BBB ECs in vitro and in vivo. In EAE, IL-26
reduced disease severity and proinflammatory lymphocyte infiltration into the CNS, while
increasing infiltration of Tregs.

Conclusions
Our study demonstrates that although IL-26 is preferentially expressed by TH17 lymphocytes, it
promotes BBB integrity in vitro and in vivo and is protective in chronic EAE, highlighting the
functional diversity of cytokines produced by TH17 lymphocytes.
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‡These authors should be considered co–last authors.
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The abundance of immune cells and their products in CNS
lesions and in the CSF of patients with multiple sclerosis (MS),
together with the genetic risk conferred by immune gene vari-
ants, supports the concept that MS is an autoimmune
disorder.1–5 It is strongly believed that myelin-reactive CD4+ T
helper (TH) lymphocytes are activated by an environmental
trigger, after which they cross the blood-brain barrier (BBB),
invade the CNS, and initiate a chronic, relapsing inflammatory
cascade leading to tissue damage.3,6–8 These TH lymphocytes
produce cytokines such as interleukin (IL)-17, IL-22, and
granulocyte macrophage colony-stimulating factor (GM-CSF);
the former 2 being involved in BBB breakdown8 and the latter
stimulating CCR2+ monocytes, which promote tissue damage.9

IL-26 was first discovered as an inducible gene in Herpesvirus
saimiri–transformed human T lymphocytes,10 but has since
been described as a TH17-associated cytokine that is regulated
by IL-1β, IL-23, and RORγt.5,11,12 IL-26 is part of the IL-10
cytokine family and binds to a heterodimeric receptor com-
posed of the IL-10R2 and IL-20R1 chains, which results in
activation of STAT1 and STAT3.13,14 Although the IL26 gene
is absent in rodents, Ohnuma et al15 have recently demon-
strated that recombinant human (rh) IL-26 can bind to and
function through the murine receptor complex. In recent
years, studies regarding the role of IL-26 in various immu-
nologic diseases have started to emerge.15–20 In chronic in-
flammatory diseases including Crohn disease, rheumatoid
arthritis, chronic hepatitis C infection, and chronic graft-
versus-host disease, IL-26 appears to play a proinflammatory
role, acting on epithelial cells, monocytes, natural killer cells,
and fibroblasts, respectively.15–17,19 It was also recently found
to be involved in antibacterial host defense.18,20–22 However,
the role of IL-26 inMS, where TH17 lymphocytes are believed
to play a major role, has not yet been investigated.

In the current study, we hypothesized that IL-26 has a
proinflammatory role and is involved in BBB disruption. We
report that the concentration of IL-26 is elevated in the serum
and CSF of untreated patients with MS compared with
healthy individuals and controls, respectively. We further
demonstrate that IL-26–expressing TH lymphocytes are
found within perivascular infiltrates in the brain of patients
with MS. In contrast to our hypothesis, we demonstrate that
the administration of IL-26 in mice with experimental auto-
immune encephalomyelitis (EAE) reduces disease severity
compared with control-treated mice. This is associated with a
barrier-promoting effect of IL-26 through upregulation of

tight junctionmolecules. Overall, our results demonstrate that
IL-26, preferentially produced by TH17 lymphocytes, has a
beneficial effect on barrier function during neuro-
inflammation and reduces clinical and pathologic disease
burden in sterile autoimmune CNS inflammation.

Methods
Ethics
Blood was obtained from patients with MS and healthy donors
(HDs) after written informed consent and ethical approval
(Centre Hospitalier de l’Université de Montréal research ethic
committee approval number BH07.001). Patients were classified
according to the 2010 McDonald’s revised criteria for MS di-
agnosis (Polman et al., 2011), as previously described (Larochelle
et al., 2012). Other neurologic disease controls (OND) consisted
of migraine, glioblastoma, and subjective neurologic symptoms
with normal neurologic examination, normal MRI, and normal
CSF analysis. With informed consent and ethical approval
(Centre Hospitalier de l’Université de Montréal research ethic
committee approval number BH07.001), human temporal lobe
material was obtained from patients who underwent surgical
treatment for intractable temporal lobe epilepsy and used for
isolation of primary BBB endothelial cells (ECs). Human fetal
brain tissue was obtained with ethical approval (Centre Hospi-
talier de l’Université de Montréal research ethic committee ap-
proval number HD07.002) for isolation of astrocytes.

All animal procedures were approved by the CHUM Animal
Care Committee in accordance with the guidelines of the
Canadian Council on Animal Care (approval number
N15035APs).

Data availability
Data not provided in the article because of space limitations
can be shared at the request of other investigators for pur-
poses of replicating procedures and results.

Results
IL-26 is preferentially expressed by
TH17 lymphocytes
To address the phenotype of TH lymphocytes expressing IL-26,
we cultured human naive (CD45RA+) TH lymphocytes from
HDs in TH1, TH2, or TH17 differentiating conditions.We found
that TH17 lymphocytes expressed the highest level of IL26

Glossary
BBB = blood-brain barrier; CLDN = claudins; DEG = differentially expressed gene; EAE = experimental autoimmune
encephalomyelitis; EC = endothelial cell; GM-CSF = granulocyte macrophage colony-stimulating factor; GSEA = gene set
enrichment analysis; HDs = healthy donors; IL = interleukin; JAM = junctional adhesion molecule; MOG = myelin
oligodendrocyte glycoprotein; mRNA = messenger RNA; OCLN = occludin; OND = other neurologic disease controls; rh =
recombinant human;TEER = transendothelial electrical resistance; TH = T helper; TJ = tight junction; ZO = zonula occludens.
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messenger RNA (mRNA) after 3 days in culture, which cor-
related with expression of IL17 (figure e-1, A and B, links.lww.
com/NXI/A295). TH1 lymphocytes also expressed IL26
mRNA, but only after 6 days in culture. To identify the cytokine
(or combination of cytokines) that induces expression of
IL26 mRNA in naive TH lymphocytes, we treated naive
TH lymphocytes from HDs with TH17-inducing cytokines
daily for 6 days.We found that the combination of IL-1β, IL-23,
and transforming growth factor (TGF)-β1 induced the highest
level of IL26 mRNA expression in these lymphocytes (figure
e-1C) and that IL-6, alone or in combination with other cy-
tokines, did not significantly affect IL26 gene expression. To
address whether IL26 is also expressed in memory
TH lymphocytes, we cultured CD45RO+TH lymphocytes from
HDs in TH1- or TH17-polarizing conditions. IL-26 mRNA
(figure e-1D) and protein (figure e-1E) expression was highest
in TH17 lymphocytes, generated from memory CD4+-

lymphocytes after 6 days in culture, when compared with
TH1 lymphocytes or ex vivomemory TH lymphocytes. Because
intracellular flow cytometry with commercially available anti-
bodies does not work in our hands, we used immunocyto-
fluorescent microscopy to analyze coexpression of IL-26 with
IL-17 and RORγt in TH17 differentiated lymphocytes of HDs
(figure e-1F). Quantification revealed a greater enrichment of
IL-26+ cells in IL-17–expressing TH lymphocytes compared
with interferon (IFN)-γ–expressing TH lymphocytes (figure
e-1G). In addition, levels of IL26 mRNA significantly corre-
lated with mRNA levels of TH17 markers IL17, IL22, RORC,
and MCAM, but not with Csf2 (figure e-1H). To investigate
whether IL-26 is primarily associated with TH17 lymphocytes
and not with other immune cells, we measured its levels via
qPCR in different ex vivo or activated/differentiated immune
cell subsets collected from HDs. The highest IL26 mRNA
levels were detected in TH17 lymphocytes polarized from
memory TH lymphocytes (figure e-2A), whereas lower IL26
mRNA levels were detected in CD8+ T cytotoxic 17
(TC17) lymphocytes and TCR-stimulated memory
TH lymphocytes without addition of polarizing cytokines.
B lymphocytes, monocytes, M1 and M2 macrophages, and
immature and mature dendritic cells (DCs) did not have de-
tectable IL26 mRNA levels.

IL-26 is elevated in the serum and CSF of
untreated patients with MS
To determine whether IL-26 is augmented in relevant bi-
ological compartments during MS disease, we measured the
concentration of IL-26 in the serum and CSF of controls and
untreated patients withMS. IL-26 was significantly elevated in
the serum of untreated patients with relapsing-remitting MS
compared with HDs (figure 1A). In addition, IL-26 was ap-
proximately twofold higher in the CSF of untreated patients
with MS compared with OND (figure 1B). Using MS
patient–derived TH17 differentiated lymphocytes, we also
found that IL26 mRNA significantly correlated with expres-
sion of IL17, IL22, RORC, and MCAM (figure 1C), as pre-
viously demonstrated using the blood of HDs. In addition,
expression of IL26 mRNA also correlated with expression of

Csf2mRNA in TH17 lymphocytes of patients with MS (figure
1C). Finally, immunohistofluorescence imaging of active MS
brain lesions (18 lesions, 6 distinct patients) revealed in-
numerable CD4+ T lymphocytes expressing IL-26 in peri-
vascular infiltrates (figure 1D).

IL-26 increases BBB tightness through
upregulation of tight junction molecules
Our group previously demonstrated that the TH17-associated
cytokines, IL-17A and IL-22, increase BBB permeability and
facilitate TH lymphocyte migration across the BBB.8 Because
IL-26 is preferentially expressed by TH17 lymphocytes, we
hypothesized that it has a similar effect on the BBB. To in-
vestigate whether BBB ECs can respond to IL-26 stimulation,
we first assessed expression of the IL-10R2 and IL-20R1 chains.
Indeed, we detected both IL-26 receptor chains on primary
cultures of human BBB ECs in vitro (figure 2A) as well as on
CNS-ECs in situ (figure 2, B and C). Inflammatory conditions
did not significantly affect the expression of either chain (figure
2A). Further investigation of the 2 receptor chains demon-
strated their spatial colocalization on ECs in situ both in
normal-appearing white matter and in MS lesions (figure 2, B
and C), suggesting that these cells can respond to IL-26.

To assess the effect of IL-26 on human BBB ECs, we in-
vestigated the transcriptome of resting (control [CTL]) vs
rhIL-26 treated BBB ECs. In total, 459 differentially expressed
genes (DEGs; false discovery rate < 0.1 & |logFC| > 0.25)
were identified, all in the 100 ng/mL condition (figure e-3, A
and B, links.lww.com/NXI/A295). To understand what
functional pathways might be associated with these tran-
scriptional changes, a ranked gene-set enrichment analysis
(GSEA) approach was used to alleviate the limitations of
setting predefined numerical thresholds of significance to
form discrete gene sets (See Methods section). Our data
demonstrate that rhIL-26 treatment resulted mostly in a
general downregulation of pathways, notably those involved
in the signaling of proinflammatory cytokines tumor necrosis
factor-α, IFN-γ, IFN-α, and IL-6, as well as in apoptosis and
adipogenesis (figure 3A, figure e-3C). The most significant
enrichment was associated with a downregulation of oxidative
phosphorylation and was consistent in both conditions (fig-
ure e-3C). This suggests that IL-26 could mediate cellular
metabolism through decrease in energy production. Of in-
terest, using the ranked approach for GSEA shows that al-
though there are no DEGs in the 10 ng/mL condition
according to predefined criteria, the pathways associated with
the transcriptomic variation is consistent with the 100 ng/mL
condition, indicating that the response in both conditions is
correlated. We indeed observe correlation between the fold
changes calculated in each condition (R = 0.62, p < 2.2 ×
10−16). Because BBB integrity is highly dependent on the
expression of tight junction (TJ) molecules (e.g., junctional
adhesion molecules [JAM], claudins [CLDN], occludin
[OCLN], and zonula occludens [ZO]),23 we hypothesized
that some of these molecules would also be downregulated on
IL-26 stimulation. Therefore, we decided to focus on the
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Figure 1 IL-26 is increased in the serum and CSF of untreated patients with MS and is expressed by CNS-infiltrating
lymphocytes

(A) IL-26 protein levels in the serum of HDs (n = 6) and untreated patients with RRMS (MS, n = 9). (B) IL-26 protein levels in the CSF of persons with OND (n = 8)
and untreated patients withMS (n = 10). (C) Relative expression of IL26mRNAplotted against the relative expression of other T helper (TH)17-associated genes
(IL17, IL22, Csf2, RORC, andMCAM) in ex vivo CD4+CD45RO+ T lymphocytes, TH1- and TH17-polarized lymphocytes (after 6 days in culture) from 5 to 18 patients
with MS. mRNA expression is relative to 18S mRNA and was assessed by qPCR. (D) Autopsy-derived MS CNS material was stained with Luxol Fast Blue/H&E
(LHE, left panel) to identify lesions (dashed line). Colocalization of IL-26 (red) with CD4+ cells (green) and TOPRO-3 (blue, nuclei) in MS lesions is shown (left
panel). As a control, CNSmaterial was stained with an isotype control and secondary antibody (red) or secondary antibody alone (green, right panel). Images
shown are representative of immunostainings on CNS samples from 6 patients withMS (3 tissue blocks per patient). Scale bars: 25 μm.Data are presented as
mean ± SEM (A and B). *p < 0.05; **p < 0.01. Statistical tests: Student 2-tailed t test (A and B) and Pearson correlation (C). HDs = healthy donors; IL = interleukin;
mRNA = messenger RNA; OND = other neurologic disease controls; RRMS = relapsing-remitting MS.
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expression profiles of specific BBB-associated TJ molecules
within the same transcriptome data. This allowed us to observe
that stimulationwith IL-26 upregulates themRNA levels ofTJP1
(ZO-1), OCLN, and CLDN18, while also downregulating F11R
(JAM-1) levels (figure 3B). CLDN5 mRNA was below the de-
tection limit. Collectively, these data indicate that unlike IL-17,
IL-26 has a unique effect on BBB ECs where it downregulates
proinflammatory pathways and upregulates TJ molecules.

To confirm our observations at the protein level, we performed
Western blot analysis on IL-26–treated BBB ECs and observed
an increase in JAM-1 protein levels compared with CTL BBB
ECs (figure 3C and figure e-4A, links.lww.com/NXI/A295, p =
0.053). The ZO-1 protein level did not change (figure e-4B, p =
0.431). To confirm that JAM-1 upregulation is due to IL-26
signaling via its heterodimeric receptor, we pretreated BBB ECs
with blocking antibodies against IL-10R2 or IL-20R1 before
rhIL-26 was added. The IL-26–induced upregulation in the
JAM-1 level in BBB ECs was prevented by pretreatments with
anti–IL-10R2 or anti–IL-20R1 (figure 3C and figure e-4A). To
investigate whether IL-26 has a functional effect on BBB in-
tegrity, we performed an in vitro permeability assay using
modified Boyden chambers. Briefly, we treated primary human
BBB ECs, grown to confluency on inserts, with rhIL-26, and
measured their permeability to 3-, 10- and 70-kDa dextrans via
spectroscopy. Of interest, rhIL-26–treated human BBB ECs
acquired a significantly lower permeability coefficient to each of
the dextrans compared with untreated BBB ECs (figure 3D),
suggesting that IL-26 indeed has a positive effect on BBB

integrity compared with IL-17 and IL-22. Consistent with these
observations, the transendothelial electrical resistance (TEER)
of human BBB ECs monolayers was also significantly and sus-
tainably increased by rhIL-26 treatment to the same extent as
the positive control (astrocyte-conditionedmedium; figure 3E).

IL-26 therapy reduces BBB permeability
during neuroinflammation
Although mice do not express IL-26, they do express a func-
tional receptor, which responds to rhIL-26.15 Previous studies
on IL-26 have shown that results obtained frommouse models
using rhIL-26 provide information, which is supportive of hu-
man in vitro or in situ studies.15,24,25 Before investigating the
contribution of IL-26 on BBB permeability in vivo, we first
sought to confirm whether rhIL-26 affects mouse BBB ECs in
vitro. Mouse brain ECs were isolated and treated with 100 ng/
mL rhIL-26, and subsequent expression of TJ molecules JAM-
1, ZO-1, and CLDN5 was assessed. In line with our afore-
mentioned observations, we found that rhIL-26–treated mouse
BBB ECs significantly upregulated the expression of both JAM-
1 and CLDN5 (figure 4A), whereas it had no effect on ZO-1
(not shown). In addition, rhIL-26 enhanced the organizational
structure of the intercellular TJ strands between mouse BBB
ECs (figure 4A). To study the impact of IL-26 on the BBB in
vivo, we analyzed its effect on BBB permeability in EAE mice
immunized with myelin oligodendrocyte glycoprotein
(MOG)35–55 and treated with 200 ng rhIL-26 daily IP from day
5–24 postimmunization. In situ analysis of endogenous serum
proteins extravasation into the CNS revealed that rhIL-26

Figure 2 Presence of IL-10R2 and IL-20R1 on BBB ECs

(A) IL-26 receptor expression on
resting (CTL) and inflamed (IFNγ and
TNFα, I/T) human BBB ECs by West-
ern blot. Representative image of n =
4 experiments is shown. (B) Autopsy-
derived MS CNS material stained for
IL-10R1 (red) and IL-20R2 (green) and
with TOPRO-3 (blue, nuclei). Repre-
sentative plots of IL-20R1 and IL-10R2
signal intensity and colocalization of
both receptor chain (upper graphs) in
areas 1 and 2 are shown for NAWM
(left) or MS lesions (right). (C) Semi-
quantitative analysis of the signal in-
tensity from 10 μm z-stack
reconstructions along the line mark-
ers in the images shown in (B), for IL-
20R1 and IL-10R2, in NAWM and MS
lesion. Mean fluorescence intensity
was averaged from 3 distinct mea-
surements on each vessel (n = 33
blood vessels). Images shown are
representative of immunostainings
on brain lesions of 6 patients with MS
(1–2 tissue blocks per patient). Scale
bars: 50 μm for lesion and 30 μm for
NAWM. Data are represented as
mean ± SEM (C). Statistical tests: Stu-
dent 2-tailed t test (C). BBB ECs =
blood-brain barrier endothelial cells;
CTL = control; IL = interleukin; NAWM
= normal-appearing white matter.
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Figure 3 IL-26 enhances BBB function in vitro

(A and B) HumanBBB ECs derived from1donor were treatedwith 0, 10, or 100 ng/mL recombinant human (rh)IL-26 in triplicate for 24 hours. RNA sequencing
was performed onmessenger RNA (mRNA) isolated from these samples. (A) A heatmap of the enrichment scores for pathways found in the hallmark curated
database is shown. Only the pathways that are significant in at least 1 condition are shown (adjusted p value < 0.25). Gray tiles are nonsignificant, and the
enrichment is not shown for clarity purposes. (B) The boxplots show the distributions of the voom-normalized expression of claudin 18 (CLDN18), ZO-1 (TJP1),
JAM-1 (F11R), and occludin (OCLN) mRNA levels using the same samples as for (A). Normalization was performed with limma/voom. (C) JAM-1 protein
expression by humanBBB ECs pretreatedwith orwithout 5μg/mL anti–IL-10R2 or 5μg/mL anti–IL-20R1. After 1 hour, 100 ng/mL rhIL-26 or control was added
for 24 hours. Samples were analyzed by Western blot (n = 3). Protein expression, relative to beta-actin, was calculated and normalized to the respective
controls (upper panels, white dotted line). (D) In vitro permeability was investigated using amodified Boyden chamber assay. The permeability coefficients of
3-kDa, 10-kDa, and 70-kDa fluorescently labeled dextran through untreated (CTL), 100 ng/mL IL-26, or 40% ACM (positive control) treated monolayer of
human BBB ECs (n = 4 experiments). Each condition was performed in triplicate. (E) Transendothelial electrical resistance of human BBB ECmonolayers was
measured continuously for 92 hours. ACM (positive control) or rhIL-26was added 24 hours after BBB EC plating (dotted line, left panel and arrow right panel).
The right panel is an enlarged representation of the insert box in the left panel. Representative graph of n = 4 experiments is shown. All conditions were
performed in triplicate. Data are represented as mean ± SEM (C and D). *p < 0.05; ***p < 0.001. Statistical tests: Student 2-tailed t test (C), a 1-way analysis of
variance (ANOVA) (D), and repeated-measures 1-way ANOVA followed by the Dunnett multiple comparison test (E). ACM = astrocyte-conditioned medium;
BBB ECs = blood-brain barrier endothelial cells; CTL = control; IL = interleukin; SEM = standard error of the mean.
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treatment significantly reduced extravasation of both IgG
(figure 4B) and fibrinogen (figure 4C) in spinal cords of EAE
animals compared withHanks balanced salt solution (control)-
treated mice.

IL-26 therapy reduces EAE severity and limits
infiltration of pathogenic T lymphocytes
To evaluate whether the protective effects of IL-26 on the
BBB in EAE translate into a clinically detectable benefit, we
monitored the symptoms of EAE mice treated with IL-26
daily for 45 days. We found that rhIL-26–treated EAE mice
experienced a less severe clinical disease course compared
with control-treated mice, particularly during the chronic
phase of the disease (figure 5, A and B), but also at the peak
of the disease. Surprisingly, this beneficial outcome was as-
sociated with an increased number of CNS-infiltrating
TH lymphocytes at peak of disease, and a decreased number
during the chronic phase, compared with control-treated
mice (figure 5C). A deeper analysis of these lymphocytes
revealed that the administration of IL-26 resulted in an in-
filtration of both conventional and regulatory
(CD4+Foxp3+CD25+) T lymphocytes (Treg) at peak of
disease (figure e-5A, links.lww.com/NXI/A295 and figure
5C). When analyzing cytokine production by different TH

subsets, we found that the proportion and number of IL-
17–expressing TH lymphocytes were significantly reduced in
the CNS of rhIL-26–treated animals, whereas the number
and proportion of IL-10–expressing TH lymphocytes were
increased compared with control animals (figure 5D). No
clear effect was observed for IFN-γ+IL-17+ TH lymphocytes,
but a tendency toward a lower proportion of GM-CSF+IL-
17+ TH lymphocytes was observed (figure 5D). In the my-
eloid compartment within the CNS at peak of disease, no
significant differences were found for the number of in-
flammatory (Ly6C+) or patrolling (Ly6C−) monocytes be-
tween IL-26–treated and control animals (figure e-5, B and
C). In addition, no differences were observed for the num-
bers of Ly6Cint neutrophils (figure e-5D). Of interest, the
number of microglia was decreased in the chronic phase of
IL-26–treated mice compared with control mice (figure
e-5E).

Discussion
Although IL-26 is suspected to be proinflammatory and
antimicrobial,15–17,19,20 the exact role of this cytokine in the
context of neuroinflammatory disorders has not been identi-
fied. Here, we demonstrated that IL-26, in contrast to IL-17 and
IL-22, produced by TH17 lymphocytes, reduced BBB perme-
ability through upregulation of TJ molecules, thereby reducing
clinical severity in EAE mice treated with rhIL-26 in vivo.

Our data demonstrate that IL26 mRNA expression was in-
duced in naive TH lymphocytes by a combination of the
TH17-polarizing cytokines IL-1β, IL-23, and TGF-β1,
whereas IL-6, a nonredundant cytokine for TH17 differenti-
ation, seems to have barely an effect on IL-26 levels. In

addition, IL26 transcript expression correlated strongly with
TH17 markers. Overall, these data support its preferential
association with the TH17 lineage, although broader regula-
tion across TH lineages cannot be ruled out, especially because
our postmortem MS brain analyses show that the majority of
TH lymphocytes in perivascular cuffs express IL-26. Together
with our data showing nondetectable mRNA levels in B cells,
monocytes, macrophages, and DCs, this suggests that
TH lymphocytes (especially TH17 lymphocytes) are the most
relevant source of IL-26 in MS.

Because both IL-17 and IL-22 have been shown to be in-
volved in BBB disruption,8 we wanted to determine whether
the same held true for IL-26. Surprisingly, IL-26 enhanced
BBB integrity by reducing permeability of BBB ECs both in
vitro and in vivo. This seemed to be a direct effect because
both IL-26 receptor chains were found to be expressed on
BBB ECs. We further demonstrated that this reduction in
leakage was due to an increased expression of TJ molecules,
especially JAM-1 and CLDN5. Although our pathway anal-
ysis indicated an increase in TJP1, this was not seen on the
protein level. A possible explanation could be that the effect
on protein levels might take longer than 24 hours. Of in-
terest, F11R levels seemed to be decreased, whereas protein
levels were increased after 24 hours of IL-26 treatment. This
could also be related to the time point of protein detection.
However, it is also possible that the translation rate is in-
creased on IL-26 treatment. Protein levels are, however, the
most important readout for TJ molecules and hold the most
biological relevance for BBB integrity. These results in
combination with the observed increase in IL-26 levels in
MS suggest a compensatory mechanism to restore BBB in-
tegrity and reduce BBB leakage.

A barrier-promoting effect was already shown for IL-10,26–28

which shares one of the receptor chains of the IL-26 receptor,
suggesting that the barrier-promoting effect of IL-26 is
established through signaling via the IL-10R2 subunit. We
have confirmed that both receptor units, IL-10R2 and IL-
20R1, are critically involved in this barrier-enhancing effect.
Because it has been shown that activation of both receptor
units signals via the STAT1/STAT3 pathway,14 the barrier-
strengthening effect of IL-26 seems to also be mediated via
this pathway. Recently, Itoh et al.29 showed a possible op-
posite effect of IL-26 on vasculature in a psoriasis model. This
difference might either be due to a secondary inflammatory
effect via the epidermal keratinocytes and dermal fibroblast or
a direct effect. To study this, they used human umbilical vein
ECs, which were able to respond to IL-26 stimulation.
However, these cells did not express the IL-20R1, which was
confirmed by the lack of p-STAT3 upregulation. Our data
show that human primary BBB ECs do express the IL-20R1
and that IL-26 signals via this receptor. The fact that both cell
types react differently to IL-26 might not be very surprising
because numerous studies have already reported differences
with regard to permeability, TEER, migration, and chemokine
production.30,31
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A previous study has shown that IL-26 is not expressed in mice,
although they do express a functional IL-26 receptor.15 There-
fore, murine cell lines or mouse models have been used to
further unravel the mechanisms of IL-26 and to study the effect
of IL-26 in vivo.15,24,25 Moreover, the results of these studies
were in line with findings obtained in human in vitro experi-
ments. To assess the role of IL-26 in vivo in the context of
neuroinflammation, we administered rhIL-26 to EAE mice
immunized with MOG35–55. Mice treated with IL-26 displayed
a milder disease course and a reduced BBB permeability. Most

surprisingly, there were a higher number of IL-10–producing
CNS-infiltrating TH lymphocytes in the IL-26–treated group. In
parallel, we also observed a reduction in CNS-infiltrating
pathogenic TH lymphocytes in IL-26–treatedmice (IL-17+IFN-
γ+). Whether these findings are the result of (1) suppression of
pathogenic TH lymphocytes by infiltratingTregs, (2) skewing of
pathogenic TH lymphocytes toward Tregs by modification in
the cytokine environment induced by IL-26, (3) a direct effect
of IL-26 on polarization of TH lymphocytes, or finally (4) an
effect of IL-26 on the expression of CAMs by BBB ECs, has yet

Figure 4 IL-26 treatment reduces fibrinogen and IgG leakage in EAE mice

(A) Monolayers of mouse BBB ECs
immunostained for tight junction
molecules JAM-A (red) and claudin-5
(green) and nuclei (blue) after treat-
ment with IFN-γ and TNF-α (I/T), 100
ng/mL IL-26, or left untreated (24
hours treatment). Representative
images of n = 4 experiments are
shown. JAM-A and Claudin-5 mean
fluorescent intensity across the
mouse BBB EC membrane was
quantified at 30 different places per
image. Three fields of view were
randomly analyzed and quantified
for each condition and for each ex-
periment (n = 240measurements per
condition). Scale bars: 100 μm. (B and
C) MOG35–55 immunized C57BL/6
mice were injected IP with either
HBSS or 200 ng recombinant human
IL-26 in HBSS daily from day 5 to day
24. Immunohistofluorescence of IgG
(green, B, central panel), fibrinogen
(green, C, central panel), and PECAM-
1 (red, left panel) was performed on
spinal cords of EAE mice at day 27
postinduction. Fluorescence of IgG
(B, right panel) and fibrinogen (C,
right panel) extravasation was quan-
tified (n = 3 animals per group and 3
sections per mouse). Scale bars:
25 μm. Data are represented as
mean ± SEM (A–C). *p < 0.05; **p <
0.01; ***p < 0.001. Statistical tests: 1-
way analysis of variance followed by
the Dunnett multiple comparison
test (A) and Student 2-tailed t test (B
and C). BBB ECs = blood-brain barrier
endothelial cells; EAE = experimental
autoimmune encephalomyelitis;
HBSS = Hanks balanced salt solution;
IL = interleukin; MOG = myelin oligo-
dendrocyte glycoprotein; SEM =
standard error of the mean.
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to be investigated. However, it is unlikely that IL-26 directly
skews TH lymphocytes toward a regulatory phenotype because
these cells do not express the IL-20R1. This is supported by our

data showing that rhIL-26 does not influence TH17 lymphocyte
polarization (figure e-6A, links.lww.com/NXI/A295). In addi-
tion, a study by Oral et al.32 also shows that IL-26 did not affect

Figure 5 IL-26 treatment ameliorates clinical symptoms of EAE

(A) MOG35–55 immunized C57BL/6mice injected IP with either 200 μL HBSS (black squares) or 200 μL containing 200 ng recombinant human IL-26 in HBSS (gray
open circles) were scored (left panel) and weighed (normalized to day 0; right panel) daily. IL-26 treatment was started at day 5 after disease induction and was
given daily until day 24. (B) Distribution and sumof the clinical scores for the 2 different treatment groups. Each dot is 1 animal. (C) The CNS of perfusedmicewas
collected, and infiltrating immune cells were isolated, counted, and analyzed by flow cytometry at onset (day 7), peak (day 15), and chronic (day 27) phases of
disease. (D) The CNS, spleen, and LN of perfusedmice were collected, and immune cells were isolated, counted, and analyzed by flow cytometry for intracellular
cytokine staining at peak (day 15) of disease. Bars to the left of the dotted line represent cell percentages (left y-axis), and bars to the right of the dotted line
represents total number of cells (right y-axis). Data are represented asmean ± SEM (A–D). *p < 0.05. Statistical analyses performed: Student 2-tailed t test of the
areaunder the curve (A); Student 2-tailed t test (B–D).Data shownare representative of 6 independent EAEexperimentswith9–30 animalsper group (AandB). n =
3 animals per group (C and D). EAE = experimental autoimmune encephalomyelitis; GM-CSF = granulocytemacrophage colony-stimulating factor; HBSS = Hanks
balanced salt solution; IL = interleukin; LN = lymph nodes; MOG = myelin oligodendrocyte glycoprotein; SEM = standard error of the mean.
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naive TH lymphocyte differentiation, proliferation, or viability.
An indirect effect on TH lymphocytes, via antigen-presenting
cells, can not be excluded. Recent studies show that IL-26 can
bind to genomic and mitochondrial self-DNA and bacterial
DNA and activate the Toll-like receptor 9 or directly activate
stimulator of interferon genes in myeloid cells.20,33 Nevertheless,
this effect of IL-26 induces IFN-α, IL-6, and IL-1β, which trigger
a proinflammatory, rather than an anti-inflammatory, response.
Alternatively, IL-26 could also act on other immune or CNS
cells, which would, in turn, skew TH lymphocytes toward an IL-
10–producing phenotype. Finally, as Tregs have been reported
tomigrate faster across BBB ECs than non-Tregs,34 we therefore
speculate that IL-26, produced by CNS-infiltrating
TH lymphocytes in the context of neuroinflammation, could
affect the recruitment of IL-10–producing TH lymphocytes
across the CNS barriers by a yet unknown mechanism. In
conclusion, our data reveal that IL-26 is a protective cytokine,
which is preferentially produced by TH17 lymphocytes on in-
flammation. During neuroinflammation, the administration of
IL-26 promotes BBB functions through upregulation of TJ
molecules, increases the number of IL-10–producing CNS-
infiltrating TH lymphocytes, and reduces the number of CNS-
infiltrating pathogenic TH lymphocytes. These findings might
have important therapeutic implications for patients with MS,
which will be validated in future studies.
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du Québec–Santé (FRQS) and is now supported by a doc-
toral scholarship from the Multiple Sclerosis Society of
Canada (MSSC). E. Peelen and S. Zandee held a postdoctoral
studentship from the FRQS/MSSC Partnership Award. B.
Broux held a postdoctoral studentship from Fonds Weten-
schappelijk Onderzoek–Vlaanderen. L. Hachehouche held
PhD studentships from the MSSC, FRQS, and Neuro-
inflammation Training Program.

Disclosure
The authors report no disclosures relevant to the manuscript.
Go to Neurology.org/NN for full disclosures.

Publication history
Received by Neurology: Neuroimmunology & Neuroinflammation
April 18, 2020. Accepted in final form July 13, 2020.

Appendix Authors

Name Location Contribution

Bieke Broux,
PhD

Neuroimmunology Unit
and Multiple Sclerosis
Clinic, The Research
Center of the Centre
Hospitalier de l’Université
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de Montréal,
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Abstract
Objective
In multiplex MS families, we determined the humoral immune response to Epstein-Barr virus
nuclear antigen 1 (EBNA-1)-specific immunoglobulin γ (IgG) titers in patients with MS, their
healthy siblings, and biologically unrelated healthy spouses and investigated the role of specific
genetic loci on the antiviral IgG titers.

Methods
IgG levels against EBNA-1 and varicella zoster virus (VZV) as control were measured. HLA-
DRB1*1501 andHLA-A*02 tagging single-nucleotide polymorphisms (SNPs) were genotyped.
We assessed the associations between these SNPs and antiviral IgG titers.

Results
OR for abundant EBNA-1 IgG was the highest in patients with MS and intermediate in their
siblings compared with spouses. We confirmed that HLA-DRB1*1501 is associated with abun-
dant EBNA-1 IgG. After stratification for HLA-DRB1*1501, the EBNA-1 IgG gradient was still
significant in patients with MS and young siblings compared with spouses. HLA-A*02 was not
explanatory for EBNA-1 IgG titer gradient. No associations for VZV IgG were found.

Conclusions
In families withMS, the EBNA-1 IgG gradient being the highest in patients withMS, intermediate
in their siblings, and lowest in biologically unrelated spouses indicates a genetic contribution to
EBNA-1 IgG levels that is only partially explained by HLA-DRB1*1501 carriership.

*Shared last authorship.

From the Department of Neurology (J.Y.M., K.L.K.); Department of Viroscience (G.P.N., A.A.E.), Erasmus MC, University Medical Center, Rotterdam, the Netherlands; and Department
of Neurology, MS Centre ErasMS, Erasmus MC, Rotterdam, the Netherlands (J.Y.M., K.L.K.).

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

The Article Processing Charge was funded by the authors.

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

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

http://dx.doi.org/10.1212/NXI.0000000000000872
mailto:k.kreft@erasmusmc.nl
https://nn.neurology.org/content/7/6/e872/tab-article-info
http://creativecommons.org/licenses/by-nc-nd/4.0/


Familial clustering in multiple sclerosis (MS) is supportive for
strong genetic determinants in MS etiology. The HLA-
DRB1*1501-containing haplotype is the strongest genetic
MS-associated genetic risk factor, whereas HLA-A*02 has a
protective effect on MS.1,2 In addition, more than 200 non-
HLA MS susceptibility loci with modest ORs have been
identified.3 The associated genetic factors are seen more often
in familial MS than in nonfamilial MS.4,5

Besides genetic factors, environmental factors contribute to
the risk of developing MS.6 A recent meta-analysis of twin
studies showed that environmental influences contribute for
21% of MS liability variance.7 The major environmental risk
factor is an infection with the Herpesviridae family member
Epstein-Barr virus (EBV).8,9 Furthermore, immunoglobulin γ
(IgG) response to EBV nuclear antigen 1 (EBNA-1) is heri-
table for 22%–43%, suggesting that host genetic factors are
important in the immune response to EBV.10–12 In relation to
EBV antibody titers in patients with MS and their twins and
siblings, only a few small-sized studies were conducted that
showed somewhat variable results.13–17

The aim of our study was to determine the influence of ge-
netic factors on humoral immune response toward EBNA-1 in
multiplex families with MS, siblings, and controls. We hy-
pothesized that because of shared genetic pool of patients
with MS, their healthy siblings might have an increased IgG
response to EBNA-1 compared with unrelated controls.
Therefore, we determined serum EBNA-1 and varicella zoster
virus (VZV) IgG as a control herpesvirus not associated with
the development of MS18 in these 3 groups and assessed the
influence of HLA-DRB1*1501 and HLA-A*02 on antiviral
titers.

Methods
Study participants
Most participants (257 patients with MS and 173 unaffected
siblings from 136 multiplex families with MS and their 135
unrelated healthy spouses) were included from the still on-
going study on gene-environment interaction in MS in the
Netherlands. In this study, multiplex families with MS are
included, in which at least one first- or second-degree relative
of an affected proband was also diagnosed with MS. The
remaining participants (44 patients with MS, 25 unaffected
siblings, and 39 healthy spouses) were included from the
Genetic Research in Isolated Populations study. Details of
ascertainment are described elsewhere.19 The diagnosis of
MS in all patients was evaluated according to the standard
diagnostic criteria.20,21

Serologic testing
Sera samples were collected and stored at −80°C. SerumEBNA-
1 IgG and VZV IgG levels were determined using well-validated
chemiluminescent assays (Liaison XL, DiaSorin) according to
themanufacturers’ instruction. In samples negative for EBNA-1,
antivirus capsid antigen (VCA) IgG (DiaSorin) was measured
to ascertain EBV seroprevalence. If antibody levels were above
the threshold of the assay, the samples were diluted 20-fold
using sample diluent (DiaSorin) and reanalyzed. EBNA-1 and
VCA double seronegative and VZV seronegative individuals
were omitted from further analyses to prevent bias.

Genotyping
Genomic DNA was isolated using standardized methods.22

MS-associated single-nucleotide polymorphisms (SNPs; table
e-1, links.lww.com/NXI/A297) were genotyped using the
Sequenom platform according to manufacturers’ instruction.
The average genotype call rate for both SNPs was 99%.

Statistical analysis
Data were analyzed using SPSS version 25.0 (SPSS Inc), and
GraphPad Prism5 (GraphPad) was used to construct the graphs.
Cases with missing data were omitted. EBNA-1 and VZV IgG
titers were not normally distributed, also not after log trans-
formation (both p < 0.001, Kolmogorov-Smirnov test). There-
fore, IgG levels were dichotomized as above or below the 75th
percentile of the levels of the spouses. We used 2-tailed t-test or
nonparametric Mann-Whitney U test to compare continuous
variables. Chi-square test or Fisher exact test were used to ana-
lyze nominal data. Generalized linear models (GLM) were used
for the pairwise comparison of the study groups in relation to
EBNA-1 and VZV titers, adjusted for gender, and household
(i.e., to which family the samples belong to). Dichotomized IgG
levels were also used to assess the ORs (OR) for the MS risk
SNPs. ORs and associated CIs were calculated using logistic
regression. The number of homozygous SNP carriers for a mi-
nor allele in both SNPs was <50; therefore, the homozygous
group was pooled with heterozygous allele carriers (table e-2,
links.lww.com/NXI/A297) to improve power. Two-sided
p-values less than 0.05 were considered significant. Significance
is indicated in the figures as *p < 0.05, **p < 0.01, ***p < 0.001.
Bonferroni correction was applied to correct for multiple testing.

Standard protocol approvals, registrations,
and patient consents
Written informed consent was obtained from all participants
with approval from the medical ethical committee of the
Erasmus MC (Rotterdam, the Netherlands).

Data availability
All data are available from the corresponding author.

Glossary
EBNA-1 = EBV nuclear antigen 1; EBV = Epstein-Barr virus; IgG = immunoglobulin; SNP = single-nucleotide polymorphism;
VCA = virus capsid antigen; VZV = varicella zoster virus.
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Results
This study included a total of 301 patients withMS, their 198
unaffected siblings, and 174 unrelated healthy spouse con-
trols (see figure 1 for the study flowchart). Table 1 shows
the clinical and demographic characteristics of the study
population.

EBNA-1 IgG titers were inversely correlated
with age
EBV seroprevalence in patients with MS was higher than in
their spouses and their siblings (table 1). No differences
were found in VZV seroprevalence between all study groups.
A one-way analysis of variance showed that the effect of age
at sampling was significant (F(2,662) = 11.3, p = 1.5 × 10−5).
Patients with MS were significantly younger than siblings
and spouses (table 1). Age was inversely correlated with
EBNA-1 IgG titers (Spearmans ρ = −0.1, p = 1.3 × 10−2), and
age at sampling was lower in the group with high EBNA-1
titers (>75th percentile) (mean age 48.3 years, 95% CI
46.8–49.8) compared with the group with low EBNA-1 IgG

titers (<75th percentile) (mean age at sampling 50.6 years,
95% CI 49.4–51.9, adjusted p = 2.0 × 10−2). Therefore, we
stratified all data into 2 age groups by using the median age,
i.e., younger than 50 (young, <50 years) and older than 50
years of age at sampling (old, >50 years). Young patients
with MS had higher EBNA-1 IgG titers compared with el-
derly patients with MS (OR = 1.7, 95% CI 1.0–2.7, adjusted
p = 3.5 × 10−2).

EBNA-1 IgG titers were highest in patients with
MS, intermediate in siblings, and lowest in
their spouses
Young patients with MS (<50 years) had an increased risk
for high EBNA-1 IgG titers (>75th percentile) compared
with spouses (figure 2A). In addition, young siblings had
an increased risk for high EBNA-1 IgG titers compared
with spouses (figure 2A). In this age group, patients with
MS were more likely to have high EBNA-1 IgG titers
compared with siblings (OR = 2.7, 95% CI 1.5–5.0, ad-
justed p = 2.0 × 10−3). In addition, elderly patients with MS
(>50 years) had an increased risk for high EBNA-1 titers

Figure 1 Flowchart of the study

Only genotyped EBV (determined as EBV nuclear antigen 1 or viral capsid antigen IgG positive individuals) and VZV IgG-seropositive individuals were included
in this study. EBV = Epstein-Barr virus; GEMS = study on gene-environment interaction in MS; GRIP = genetic research in isolated populations program; IgG =
immunoglobulin; VZV = varicella zoster virus.

Neurology.org/NN Neurology: Neuroimmunology & Neuroinflammation | Volume 7, Number 6 | November 2020 3

http://neurology.org/nn


compared with spouses and their old siblings (figure 2A).
There was no association between high VZV antibody ti-
ters and the study groups (figure 2B). EBNA-1 and VZV

antibody titers were further not associated with gender,
clinical disease course, or disease duration (data not
shown).

Table 1 Clinical and demographic characteristics of patients with MS, siblings, and spouses

MS patients N = 301 Siblings N = 198 Spouses N = 174 p Value

Gender (N)
Female:male ratio

206:95
2.2:1

93:105
0.9:1

68:106
0.6:1

1.8 × 10−10

Age at sampling (y) 46.9 ± 12.6 51.7 ± 12.2 51.1 ± 12.1 Between-groups:
1.5 × 10−5

MS vs Sibs: 6.8 × 10−5

MS vs spouses: 0.1 × 10−2

Age at disease onset (y) 33 ± 10 — — —

EDSS (median) 3.5 — — —

MSSS 4.7 ± 2.7 — — —

Disease duration (y) 15 ± 11 — — —

RR-MS 207 (68.8%) — — —

CIS 15 (5.0%)

SP-MS 41 (13.6%)

PP-MS 38 (12.6%)

EBV seropositive 300 (99.7%; 95% CI 99.0–100.0) 183 (92.4%; 95% CI 88.7–96.1) 170 (97.7%; 95% CI 95.5–99.9) 1.6 × 10−5

VZV seropositive 291 (96.7%; 95% CI 94.7–98.7) 190 (96.0%; 95% CI 93.2–98.7) 168 (96.6%; 95% CI 93.8–99.3) 0.9

Abbreviations: CIS = clinically isolated syndrome; EBV = Epstein-Barr virus; EDSS = Expanded Disability Status Scale; MSSS = MS Severity Score; N = number;
PP = primary progressive; RR = relapsing-remitting; SP = secondary progressive; VZV = varicella zoster virus.
Means and SDs are shown unless otherwise specified.

Figure 2 Patients with MS and their siblings have increased risk of high EBNA-1 titers compared with spouses

(A) OR for high EBNA-1 IgG titers (>75th percentile) is increased in patients withMS in both age categories and siblings younger than 50 years of age compared
with spouses, suggesting that patients withMS and their siblings aremore likely to have higher EBNA-1 IgG titers comparedwith spouses. (B) Nodifferences in
OR for high VZV IgG titers were found between patients with MS and siblings in comparison to the spouses. ORs were calculated by means of logistic
regression analysis and GLM were used for between-group comparisons with Bonferroni-corrected and adjusted p-values for gender, disease status, and
household. The whiskers indicate 95% CI. Dashed line in each graph represents the reference group (spouses). EBNA-1 = EBV nuclear antigen 1; GLM =
generalized linear model; IgG = immunoglobulin; VZV = varicella zoster virus.
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HLA-DRB1*1501 carriership is associated with
high EBNA-1 IgG in older patients with MS and
their siblings
The risk allele (G allele) frequency of the HLA-DRB1*1501
tagging SNP (rs9271366) was higher in patients with MS
(39%; OR = 3.1 95% CI 2.2–4.4) and siblings (28%; OR = 1.9
95% CI 1.3–2.8) when compared with spouses (17%). HLA-
DRB1*1501 was significantly associated with MS (OR = 4.2,
95%CI 2.7–6.6, adjusted p = 7.4 × 10−10). In both patients with
MS and study subjects without MS, HLA-DRB1*1501 was as-
sociated with elevated EBNA-1 IgG levels (OR = 1.6 95% CI
1.0–2.6, adjusted p = 4.4 × 10−2 and OR = 2.2, 95% CI 1.4–3.6
adjusted p = 2.0 × 10−3, respectively). By contrast, VZV IgG
titers were not associated with HLA-DRB1*1501.

HLA-DRB1*1501 risk genotype was associated with high
EBNA-1 IgG titers in older patients with MS and older sib-
lings (figure 3A).

OR for high EBNA-1 IgG titers was increased in young patients
with MS vs spouses irrespective of HLA-DRB1*1501

carriership (figure 3B). In older patients with MS compared
with controls, OR for high EBNA-1 IgG titers is only increased
in HLA-DRB1*1501-positive individuals (figure 3, A and B).

In theHLA-DRB1*1501-negative group (AA genotype), young
patients with MS had higher EBNA-1 IgG titers than elderly
patients withMS (OR= 2.7, 95%CI 1.1–6.1, adjusted p = 1.4 ×
10−2). In addition, young patients withMS had higher EBNA-1
IgG titers than siblings (OR = 4.4, 95% CI 1.7–11.2, adjusted
p = 2.0 × 10−3) and spouses (OR = 7.4, 95% CI 3.0–18.3,
adjusted p = 1.4 × 10−5).

There was no association betweenHLA-DRB1*1501 and high
VZV IgG titers (>75th percentile) in all study groups in both
age categories (figure 3C).

HLA-A*02 is not associated with MS and EBNA-1
IgG titers
The HLA-A*02 tagging SNP (rs6457110) was not associated
with MS in our study (OR = 0.9 95% CI 0.6–1.2, p = 0.4
adjusted for age, gender, household, and HLA-DRB1*1501).

Figure 3 HLA-DRB1*1501 carriership is associated with high EBNA-1 IgG titers

(A) ORs for the association betweenHLA-DRB1*1501 carriership and high EBNA-1 IgG titers were calculated for patients withMS, siblings, and spouses in 2 age
categories. HLA-DRB1*1501 carriership is associated with high EBNA-1 IgG titers in old patients with MS and siblings. (B) OR for high EBNA-1 IgG titers (>75th
percentile) is increased in young patients with MS vs spouses in both HLA-DRB1*1501-positive and negative individuals. In older patients with MS compared
with controls, OR for high EBNA-1 IgG titers is only increased in HLA-DRB1*1501-positive individuals. (C) HLA-DRB1*1501 is not associated with high VZV IgG
titers in all study groups. Logistic regression analyses were performed to calculate ORs, and GLM was used for between-group comparisons with Bonferroni
corrected and adjusted p-values for gender, disease status and household. The whiskers indicate 95% CI. EBNA-1 = EBV nuclear antigen 1; GLM = generalized
linear model; IgG = immunoglobulin; VZV = varicella zoster virus.
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The HLA-A*02 tagging SNP was also not associated with
EBNA-1 IgG and VZV titers when stratified for all study
groups and age categories (data not shown).

Risk for high EBNA-1 IgG titers is increased in
patients with MS, HLA-DRB1*1501 carriers, and
young siblings of patients with MS
Finally, we performed a multivariate analysis to assess the in-
dividual effect of havingMS or being a family member of a patient
with MS, and havingHLA-DRB1*1501, stratified for age. In both
age categories, having MS is an independent risk factor for high
EBNA-1 IgG levels, and this effect is independent of HLA-
DRB1*1501. In addition, being a young family member of a pa-
tient with MS increases the risk of abundant EBNA-1 IgG (figure
4). These results underscore the importance of the host genetics
on the humoral immune response against EBV. Moreover, it
indicates the importance of other genetic factors, for example,
other polymorphisms and epigenetic changes over time, con-
tributing to the humoral immune response against EBV in MS.

Discussion
We showed a gradient in EBNA-1 IgG being the highest in
patients with MS, intermediate in their siblings, and the lowest
in spouses. Congruent with our results, Comabella et al.14

found an increased IgG response to EBNA-1 in patients with
MS compared with healthy siblings without a biologically un-
related control group. A very small study using a nonlinear
EBNA-1 IgG quantificationmethod assessing patients withMS
and their siblings in comparison to unrelated controls showed
the results comparable with our study.17

The observed EBNA-1 IgG titer gradient in our study sug-
gests a genetic contribution of MS-related SNPs to EBNA-1
IgG titers. Indeed, in previous studies, first-degree family
members of patients with MS showed to have higher genetic
load for MS-associated risk SNPs compared with spouses.4,5

We confirmed that HLA-DRB1*1501 carriership signifi-
cantly associates with high EBNA-1 IgG titers. A recent
study showed that HLA-DRB1*1501 carriership also in
healthy controls, fully unrelated to patients with MS, is as-
sociated with enhanced EBNA-1 IgG levels.23 The high
prevalence of HLA-DRB1*1501 in patients with MS, in-
termediate in siblings, and low in spouses could partly ex-
plains the gradient observed in EBNA-1 IgG titers in the 3
groups. After stratification for HLA-DRB1*1501, the ob-
served gradient was still present in young patients with MS,
siblings and spouses. This implies that HLA-DRB1*1501 is
not the only player for the generation of the anti-EBV im-
mune response in young patients with MS. The HLA-A*02
tagging SNP was not associated with the EBNA-1 IgG titers.
Likely, other genetic factors besides HLA-DRB1*1501 con-
tribute to increased EBNA-1 IgG response.24,25 Next to
shared genetics, shared environment between patients with
MS and their siblings in early life, when EBV infection typ-
ically occurs, might partly be responsible for the found
EBNA-1 IgG gradient.

Moreover, we found that high EBNA-1 titers were associated
with low age. When stratified into study groups, EBNA-1
IgG was higher in young patients with MS compared with
elderly patients with MS. This could be due to a particular
phenomenon called immunosenescence, i.e., a gradual neg-
ative dysregulation of the immune system in the elderly.26

There is overwhelming evidence that the amount of anti-
bodies induced after an immunization response is strongly
reduced with physiologic aging and that titers decline occur
more rapidly in elderly.27,28 In our study, we found that
particularly in elderly patients and their elderly siblings, high
EBNA-1 IgG titers were associated with the presence of the
HLA-DRB1*1501. This may suggest that a certain genetic
make-up is needed to react adequately to the EBV infection
in elderly. Indeed, HLA-DRB1*1501 is strongly correlated
with EBNA-1 IgG.29 There was a limitation to our study.
Because of a moderate sample size, we limited ourselves to
testing only HLA-DRB1*1501 and HLA-A*02 loci in the
genetic association analyses in relation to viral titers. Because
of a suggestive genetic contribution on the EBNA-1 IgG
response, it would be interesting to assess how non-HLAMS
risk SNPs are involved in this process.

In summary, our study showed that EBNA-1 IgG titers were
highest in patients with MS, intermediate in siblings, and low
in spouses, which suggests a strong genetic contribution on
the EBNA-1 response that is partially associated with HLA-
DRB1*1501. Correcting for HLA-DRB1*1501 did not abro-
gate this association, which suggests that additional genetic
factors may contribute to this gradient. Further large genetic
studies assessing MS genetics and EBNA-1 IgG responses are

Figure 4 The risk of high EBNA-1 IgG is associated with age,
HLA-DRB1*1501 carriership, having MS, or being a
family member of a patient with MS

The risk of high EBNA-1 IgG is associated with age, having MS, or being a
family member of a patient with MS, and HLA-DRB1*1501 carriership. EBNA-
1 = EBV nuclear antigen 1; IgG = immunoglobulin.
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needed to determine which MS risk SNP are contributing to
the enhanced EBNA-1 IgG response in MS. In addition,
EBNA-1 IgG titers were higher in young patients with MS
compared with elderly patients with MS. To study the com-
plex interaction between environmental and genetic factors,
age needs to be considered. Potentially, this relates to the
predominant relapsing-remitting disease progression in
young compared with the more progressive disease in older
patients with MS.
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Abstract
Objective
To investigate the dynamics of immune cells recovery after treatment discontinuation of
fingolimod in real-life clinical practice, we analyzed the course of lymphocyte reconstitution and
its potential influencing factors in patients with multiple sclerosis (MS).

Methods
We analyzed leukocyte, lymphocyte, and granulocyte counts of 58 patients at 3, 6, and 12
months after fingolimod cessation and the following parameters as potential risk factors for a
prolonged lymphopenia up to 12 months: age; sex; Expanded Disability Status Scale, and
disease duration at the time of fingolimod start; type and number of previous immunomod-
ulatory treatments; fingolimod treatment duration; lymphocyte count at baseline before fin-
golimod, at fingolimod stop, and at the time of therapy switch; time interval between
fingolimod cessation and new treatment initiation; type of the follow-up immunomodulatory
treatment; and corticosteroid administration after fingolimod cessation.

Results
All patients showed a drop of the lymphocyte count under fingolimod with no relevant
leukopenia or neutropenia. One year after discontinuation, still 22% of the patients were
lymphopenic and 54% of them did not reach 80% of the baseline lymphocyte value.
Low lymphocyte counts before fingolimod start, under fingolimod, and at therapy switch,
successive treatment with rituximab, and pretreatment with mitoxantrone were significantly
associated with a prolonged immune cell recovery.

Conclusions
Prolonged lymphopenia after fingolimod cessation exists in a subgroup of patients with MS and
should be considered in clinical practice, particularly when changing treatment regimens.
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Fingolimod, a functional antagonist of sphingosine 1-phosphate
receptor, effectively reduces long-term clinical and subclinical
disease activity ofMS by preventing the egression of lymphocytes
from lymph nodes, resulting in a reduced lymphocyte count in
the peripheral blood.1,2

Despite its efficacy and good tolerability, fingolimod is dis-
continued by 29% of patients after 2 years treatment dura-
tion.3 Most of these patients require a subsequent disease-
modifying treatment; however, the treatment-free period
must be defined on an individual basis. Disease reactivation

Table 1 Baseline characteristics of all patients and of patients with normalized lymphocytes and prolonged lymphopenia
1 year after discontinuation of fingolimod

Patient characteristics
All
patients

Patients with persistent lymphopenia
after 1 y (n = 11)

Patients with recovered lymphocytes
after 1 y (n = 38)

Age (y)

Meana 38.3 ±
12.1

40.9 ± 10.2 39.3 ± 12.8

Female, n (%) 40 (69) 8 (72.7) 26 (68.4)

Time from first symptoms to
fingolimod start (y)

Mean 9.6 ± 8 8.8 ± 4.2 10.9 ± 9.1

EDSS at fingolimod startb

Median (range) 3 (0–7) 3 (1.5–6.5) 3 (0–7)

Fingolimod treatment duration (mo)

Mean 26.4 ±
17.6

33.9 ± 17.7 24.7 ± 18.7

Duration of treatment break after fingolimod
discontinuation (d)

Mean 75.8 ±
80.1

74.3 ± 97.7 67.6 ± 67.6

Previous DMT, n

Median (range) 1 (0–4) 2 (0–3) 1 (0–4)

Patients with mitoxantrone, n 4 (6.9%) 3 (27.2%) 1 (2.7%)

Patients with rituximab follow-up, n 18 (31%) 8 (72.7%) 10 (26.3%)

Patients without DMT after 1 y (%) 13 (22.4) 1 (9%) 12 (31.6%)

Patients restarting fingolimod within 1 y (%) 6 (10.3) n.a. n.a.

Lymphocyte count at baseline (× 109/L)

Mean 1.33 ± 0.5 2.18 ± 1.13

Lymphocyte count at fingolimod stop (× 109/L)

Mean 0.30 ± 0.06 0.46 ± 0.17

Lymphocyte count at therapy switch (× 109/L)

Mean 0.68 ± 0.13 1.16 ± 0.32

Abbreviations: DMT = disease-modifying treatment; EDSS = Expanded Disability Status Scale; n.a. = not applicable.
a Plus–minus values are means ± SD.
b The Expanded Disability Status Scale (EDSS) ranges from 0 to 10, with higher scores indicating greater disability. EDSS at baseline was not available in 2
patients. Patients with lymphopenia because of a follow-up treatment with alemtuzumab (n = 1) or restarting fingolimod (n = 6) were excluded.

Glossary
EDSS = Expanded Disability Status Scale.
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and rebound are potential risks in patients stopping fingolimod4;
therefore, a long treatment break should be avoided. On the other
hand, a rapid therapy switch without considering lymphocyte
recovery could be associated with an increased risk of infections.
Hence, knowledge of the lymphocyte recovery time and factors
influencing it play a crucial role in the management of patients
with MS who stop fingolimod. In clinical studies, lymphocyte
count has been described to recover to 80% of baseline value by 3
months2; however, less is known about the duration of lympho-
penia in real-life clinical practice. We aimed to analyze the course
of lymphocyte recovery and potential influencing factors in the
first year after fingolimod discontinuation in patients with MS.

Methods
Data of all patients with MS (n = 58) who stopped fingolimod
treatment and participated in the Swiss MS Cohort-Study5 in
our center were analyzed retrospectively. Only patients re-
ceiving fingolimod for at least 1 month and having available
blood tests within 1 year after fingolimod cessation were in-
cluded. Leukocyte, lymphocyte, and granulocyte counts were
analyzed at 3, 6, and 12 months after fingolimod cessation.
Lymphopenia was defined as ≤0.9 × 109/L, leukopenia as ≤3.5
× 109/L, and neutropenia as ≤1.3 × 109/L. Lymphopenia was

further divided into 3 groups: grade 1 (0.8–0.899 × 109/L),
grade 2 (0.5–0.799 × 109/L), and grade 3 (<0.5 × 109/L). The
following parameters were analyzed for their relation to
prolonged lymphopenia: age, sex, Expanded Disability Status
Scale (EDSS), and disease duration of the patients at the time
of fingolimod start; type and number of previous immuno-
modulatory regimens; fingolimod treatment duration; time
interval between fingolimod cessation and new treatment
initiation (in case of therapy switch); lymphocyte count be-
fore fingolimod, at fingolimod stop, and at the start of a
subsequent treatment; the type of follow-up immunomodu-
latory treatment after fingolimod cessation; and corticoste-
roid administration because of relapses after therapy switch.

The association between potential risk factors and lymphocyte
count at 12 months was assessed using a simple linear model.
Thereafter, significant predictors were adjusted for other
covariates in a multiple univariate model because of the small
patient number.

Standard protocol approvals, registrations,
and patient consents
All patients signed an informed consent and agreed to an
anonymous data analysis. The study was approved by the local
ethics committee (ID: 2019-02014).

Figure 1 Follow-up treatment regimens of patients within the first year after discontinuation of fingolimod

From all patients who stopped fingolimod, 13 re-
ceived no further treatment, 6 restarted fingoli-
mod, whereas the remaining patients were
switched at least once to another disease-modi-
fying treatment within the first year (A). Eleven
patients remained lymphopenic even 12 months
after fingolimod cessation, fromwhom 8 received
rituximab as the follow-up treatment (B). Inject-
ables: interferon beta-1a, interferon beta 1-b, or
glatiramer acetate.
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Data availability
Anonymous data will be shared upon request from any
qualified investigator.

Results
Baseline characteristics
Fifty-six patients with relapsing-remitting MS and 2 with
primary progressive MS were included (Supplemental figure
1, links.lww.com/NXI/A305). Treatment discontinuation
reasons included adverse events (n = 17, 29.3%), disease ac-
tivity (n = 15, 25.9%), secondary progression (n = 12, 20.7%),
pregnancy wish/confirmed pregnancy (n = 8, 13.8%), pa-
tient’s decision (n = 4, 6.9%), newly diagnosed rheumatologic
disease (n = 1, 1.7%), and unknown reason (n = 1, 1.7%).
Table 1 summarizes the baseline characteristics of the study
population.

Most patients continued with an immunomodulatory treat-
ment after fingolimod stop (figure 1).

Lymphocyte counts after fingolimod
discontinuation
Prefingolimod lymphocyte count (median 28 days [0–152]
before fingolimod start) was available in 53 patients. Three of
these patients had lymphopenia (each with grade 1, grade 2,
and grade 3, respectively): 2 of them were on interferon beta-
1b treatment, whereas 1 patient had received mitoxantrone
until 4 years before sampling. Five patients on natalizumab
showed lymphocyte counts above the upper limit of normal
(>3.3 × 109/L).

To evaluate the grade of lymphopenia under fingolimod, the
last available lymphocyte count before therapy cessation was
used. We analyzed lymphocyte, leukocyte, and granulocyte
counts at the time point of switching to a follow-up treatment
(median 1 day [0–80]), and 3 (median 81 days [28–145]), 6
(median 185 days [112–272]), and 12 months (median 369
days [250–477]) after therapy cessation. Lymphopenia be-
cause of an immunomodulatory regimen with expected re-
duction of lymphocyte count <0.5 × 109/L (fingolimod and
alemtuzumab) was not included in the analysis. With these
criteria, blood tests of 56 patients at fingolimod stop, 29 at
therapy switch, 47 for the 3 months, 46 for the 6 months, and
49 patients for the 12 months time point were analyzed.

Fingolimod resulted in a drop of lymphocyte count by 76%
compared with pretreatment; however, no leukopenia or
neutropenia was detected. Twelve months after fingolimod
stop, lymphocyte counts were normalized in 77.6% of the pa-
tients and did not reach 80% of the baseline value in 54% (after
excluding those with baseline lymphocyte counts >3.3 × 109/L
because of preceding natalizumab) (figure 2, A). One year after
fingolimod cessation, 11 patients were still lymphopenic (22%)
(figure 2, B). Prolonged lymphopenia was mostly grade 2
(Supplemental figure 2, links.lww.com/NXI/A306).

Main characteristics of patients with
prolonged lymphopenia
Table 1 shows the characteristics of the 11 patients with
prolonged lymphopenia compared with patients with
normalized lymphocyte counts. Lymphocyte count before
fingolimod start, at fingolimod stop, pretreatment with
mitoxantrone, and a following anti CD-20 depleting therapy
were associated with prolonged lymphopenia. The association
of rituximab and prolonged lymphopenia persisted when
adjusting for covariates (table 2).

Glucocorticoid treatment within 1 year after fingolimod ces-
sation showed no association with prolonged lymphopenia.
One patient in the lymphopenic group had sepsis because of
an infected toe within 1 year after fingolimod stop without any
further infections in this patient group.

Characteristics of patients with subsequent
rituximab treatment
Eight of 17 patients (47%) who were switched to rituximab
showed prolonged lymphopenia. Those patients who stayed

Figure 2 Lymphocyte recovery after discontinuation of
fingolimod

Mean lymphocyte counts (× 109/L) are represented at baseline (black), fin-
golimod stop (dark gray), and at 3 (light gray), 6 (dark blue), and 12 months
(light blue) after fingolimod discontinuation in the total study population (A)
and in the patient group with prolonged lymphopenia (B). Corresponding
tables represent mean lymphocyte counts (× 109/L), 95% confidence inter-
vals in [] and patient numbers (n). Red dotted lines represent lower limit of
lymphocytes (0.9 × 109/L). Significance level **p < 0.001, ***p < 0.0001.
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lymphopenic on rituximab had a lower EDSS score at the fin-
golimod start (median 2.5 vs 4.0), and a lower lymphocyte count
at baseline (median 1.3 vs 1.7 × 109/L) and at therapy switch
(median 0.62 vs 1.02 × 109/L) compared with those without
prolonged lymphopenia under rituximab. All patients pretreated
with mitoxantrone belonged to the lymphopenic group.

Discussion
Under standardized conditions of clinical trials, prolonged lym-
phocyte recovery after fingolimod cessation was considered as an
exception.3 However, peripheral lymphocyte reconstitution might
be prolonged after therapy withdrawal despite preserved lymph
node architecture.6,7 Our real-life analysis shows that lymphocytes
recover in most patients without—in average—further increase
from the levels attained at 3 months postcessation. However,
fingolimod-induced lymphopenia persists in 22% of patients for at
least up to 1 year after fingolimod stop. Limitations of our analysis
are the lowpatient number and the lack of a standardized follow-up.

Patients with lower lymphocyte counts before fingolimod,
under treatment, and at therapy switch, pretreated with
mitoxantrone, and on rituximab follow-up treatment seem to
be at a higher risk for prolonged lymphopenia. Because rit-
uximab primarily affects B cells and B cells constitute only a
minor percentage of lymphocytes, it is conceivable that a
prolonged lymphopenia is at least partly caused by the pre-
treatment with fingolimod.

The described characteristics may have not shown up in
clinical trials because patients were treated for a shorter pe-
riod, previous mitoxantrone treatment was an exclusion cri-
terion, and the effect of a follow-up treatment was not
analyzed. It is therefore of utmost importance to evaluate the
safety and pharmacodynamics of fingolimod in the context of
the treatment history and the future treatments of the patient.
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Table 2 Association between prolonged lymphopenia and predefined predictors

Variable OR 95% CI

Age at fingolimod start 1.01 0.96–1.07

EDSS at fingolimod start 1.05 0.70–1.55

Disease duration at fingolimod start 0.97 0.88–1.06

Fingolimod treatment duration 1.00 1.00–1.00

No. of pretreatments 1.28 0.60–2.72

Previous mitoxantrone 13.87 1.56–301.85

Follow-up with rituximab 16.87 3.53–126.71

Lymphocytes before fingolimod 0.20 0.03–0.68

Lymphocytes at fingolimod stop 0.00 0.00–0.02

Abbreviations: CI = confidence interval; EDSS = Expanded Disability Status Scale; OR = odds ratio.
OR and 95% CI are based on a simple linear model.
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Abstract
Objective
Infection with Epstein-Barr virus (EBV) has been associated with clinical activity and risk of
developing MS. The purpose of this study is to investigate the impact of glatiramer acetate (GA)
therapy on EBV-specific immune responses and disease course.

Methods
We characterized EBV-specific CD8 T lymphocytes and B cells during disease-modifying
treatments in 2 groups of patients with MS. We designed a 2-pronged approach consisting of a
cross-sectional study (39 untreated patients, 38 patients who had undergone 12 months of GA
treatment, and 48 healthy donors compatible for age and sex with the patients withMS) and a 12-
month longitudinal study (35 patients treated with GA). CD8 EBV-specific T cells and
B lymphocytes were studied using pentamers and multiparametric flow cytometry.

Results
We find that treatment with GA enhances viral recognition by inducing an increased number of
circulating virus-specific CD8T cells (p = 0.0043) and by relieving their features of exhaustion (p =
0.0053) and senescence (p < 0.0001, p = 0.0001). B cells, phenotypically and numerically tracked
along the 1-year follow-up study, show a steady decrease inmemory B-cell frequencies (p = 0.025),
paralleled by an increase of the naive B subset.

Conclusion
GA therapy acts as a disease-modifying therapy restoring homeostasis in the immune system,
including anti-EBV responses.
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Epstein-Barr virus (EBV) is a ubiquitous herpesvirus that persists
within B cells in a latency state.1 The infection is usually kept
under control by EBV-specific CD8 T lymphocytes, and it has
been suggested that the defective control of EBV by
T lymphocytes plays a role in the pathogenesis of MS,2,3 a
disease in which dysregulation of the immune system leads to
demyelination in the CNS.4,5 EBV-infected B cells are also found
in ectopic follicles in themeninges of patients withMS but not in
other inflammatory neurologic diseases.3,6 However, pathogenic
processes linking EBV infection and MS are still unclear.

During several chronic viral infections, virus-specific CD8
T cells become functionally exhausted. These cells are unable to
mount their effector activities useful to defeat the infection.7,8

This functional impairment is associated with the expression
of inhibitory receptors, which negatively regulate lymphocyte
function.9

We have previously shown that disease activity is closely
linked to the number of circulating CD8 T cells recognizing
either lytic or latent EBV antigens.10 In the present study, we
expanded the pentamers’ panel used in the previous work, and
we extended our investigations to provide a phenotypic and
functional characterization of EBV-specific CD8 T cells.

Moreover, recent studies have revealed a substantial role for
B cells in MS, which may also involve their interaction with
T cells, rather than the sole production of antibodies. Thus, we
broadened our study to include the characterization of B cells
focusing on their expression of markers of differentiation and
on their ability to interact with T cells.

Glatiramer acetate (GA) is a first-line therapeutic against the
relapsing-remitting form of MS (RRMS) in which it acts by
immunomodulatory mechanisms, which also touch T and
B cells, interfering with the disease course.11,12 Here, we show
that GA treatment revives antiviral T-cell responses and de-
termines a shift in B-cell phenotypic distribution with an in-
crease of naive and a reduction of memory cells.

Methods
Ethics statement
Peripheral blood samples were collected after obtaining
written informed consent from the study participants, in ac-
cordance with the Helsinki Declaration. The study protocol
was reviewed and approved by the local ethics committees of
the recruitment centers, San Camillo-Forlanini Hospital and
Sant’Andrea Hospital. Reference number: 2015-000922-12.

Study population and sample preparation
A total of 112 patients with a clinical diagnosis of RRMS
established according to the McDonald’s criteria (McDonald,
2017) were included in this study. Among these, 38 were
treated with GA at 20 mg for at least 1 year (range 1–5 years),
and 39 were untreated patients (i.e., free of therapy the time of
sampling for at least the previous 6 months). In addition, 35
patients with RRMS were monitored longitudinally for 1 year,
and blood was drawn at 3 (T1), 6 (T2), and 12 (T3) months
after initiation of GA therapy (40 mg), preceded by 6-month
washout from any previous therapy. Patients’ characteristics are
summarized in table 1. Patients were supervised, both clinically
and radiologically with scheduled follow-up every 6 months for
at least 1 year to define the state of remission of the disease (no
evidence of disease activity [NEDA] patients). Among the 39
untreated patients, 8 patients had evidence of disease activity
(EDA patients). EDA were defined both clinically and with
MRI in 60% of patients, whereas the remaining 40% were
assessed only clinically. The blood was always drawn immedi-
ately after ascertaining the clinical symptoms and before steroid
treatment. The control group included 48 samples from
healthy donors (HDs) matched for age and sex with patients.

Haplotype characterization, pentamer,
antibodies, and functional assays
Haplotype characterization was performed as described
in supplementary material (links.lww.com/NXI/A301).
Phycoerythrin-conjugated Pro5 (MHC) Class I Pentamers
loaded with the immunodominant peptides listed in table
e-1 (links.lww.com/NXI/A302) were used as described in
supplementary material.

To define the phenotypic and functional properties of
pentamer+ CD8 T cells and B cells, we used the antibodies
listed in supplementary material (links.lww.com/NXI/A301).

The ProMix EBV Peptide Pool (ProImmune, Oxford, United
Kingdom), consisting of the 26 peptides listed in table e-2 (links.
lww.com/NXI/A303), was used in the functional assay de-
scribed in supplementary material (links.lww.com/NXI/A301).

Statistical analysis
Statistical analyses for continuous variables were performed
using the Student t test. All variables were inspected for normal
distribution. p Value summaries of parametric variables were
calculated with ordinary 1-way analysis of variance (ANOVA),
and the Tukey post hoc test was used formultiple comparisons.
Kruskal-Wallis followed by Dunn multiple comparison tests
were used for nonparametric variables (GraphPad Prism, v6.2).
Differences between categorical variables were evaluated by the

Glossary
ANOVA = analysis of variance; CMV = cytomegalovirus; EBV = Epstein-Barr virus; EDA = evidence of disease activity; GA =
glatiramer acetate; HD = healthy donor; IFN = interferon; KLRG1 = killer cell lectin-like receptor G1; LAMP = lysosomal-
associated membrane protein 1; NEDA = no evidence of disease activity; RRMS = relapsing-remitting MS.
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Pearson χ2 test. Statistical significance was inferred for p values
less than 0.05.

Data availability
Deidentified data can be made available on request.

Results
Prevalence and frequency of virus-specific
CD8 T cells
We studied CD8 T cells specific for immunodominant peptides
deriving from latent and lytic phases of the viral EBV cycle and

restricted by the MHC class I molecules expressed by donors of
our cohort, as described in table e-3 (links.lww.com/NXI/
A304). As a control, pentamers loaded with peptides derived
from the human cytomegalovirus (CMV) pp65 and IE1 proteins
were also used.

We initially investigated the prevalence of EBV-specific CD8+

T-cell responses in our cohort (figure 1A), namely the pro-
portion of individuals with positive pentamer staining specific
for at least 1 EBV epitope.

Furthermore, to investigate on the possible correlation be-
tween anti-EBV immune response and disease exacerbations,

Table 1 Demographic and clinical characteristics of analyzed subjects

No. of
subjects

Age, y, median
(range)

Sex, females/
males (ratio)

Duration of MS, y,
median (range)

EDSS score,
median (range)

HD 48 41 (23–56) 32/18 N/A N/A

RRMS untreated (EDA n = 8; NEDA n = 31) 39 42 (23–53) 28/11 9 (1–34) 1 (0–5)

MS-glatiramer acetate 20 mg (NEDA) 38 44 (28–70) 23/15 13 (4–35) 2 (0–6.5)

MS-glatiramer acetate 40 mg (NEDA) 35 45 (28–60) 20/15 10 (4–37) 2 (1–2.5)

Abbreviations: HD = healthy donor; EDA = evidence of disease activity; EDSS = Expanded Disability Status Scale; N/A = not applicable; NEDA = no evidence of
disease activity; RRMS = relapsing-remitting MS.

Figure 1 Prevalence and frequencies of pentamer-positive individuals among patients with MS and in HDs

(A) The prevalence of individuals positive for pen-
tamers recognizing CD8 T cells specific for latent
and lytic EBVantigensaswell as forCMVantigens is
reported for patientswithRRMSwithout treatment
(n = 37, 8 EDA and 29 NEDA), patients with RRMS
receiving GA therapy (n = 35), and healthy donors
(n = 48). Total bar heights account for the per-
centage of positive subjects. p Values were calcu-
latedwith the Pearson χ2 test. (B) Box and whisker
plots show the frequencies of CD8 T cells specific
for EBV latent (number of subjects: HD = 16, EDA =
4, NEDA = 9, and GA = 23) and lytic (number of
subjects: HD = 23, EDA = 3, NEDA = 8, and GA = 14)
antigens assessed by the MHC-I pentamer tech-
nology. Also, the frequency of CMV-specific lym-
phocytes is shown (number of subjects: HD = 16,
EDA = 2, NEDA = 5, and GA = 19). Patients are
stratified according to disease activity and treat-
ment. Boxes indicate interquartile ranges,whereas
whiskers indicate total ranges. p Values were cal-
culated with the Kruskal-Wallis nonparametric test
and Dunn multiple comparison test. *p < 0.05;
**p < 0.01. CMV = cytomegalovirus; EBV = Epstein-
Barr virus; EDA = evidence of activity activity; GA =
glatiramer acetate; HD= healthy donor; NEDA = no
evidence of disease activity; nt = not treated;
RRMS = relapsing-remitting MS.
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the cohort of untreated patients with RRMS was stratified
based on disease activity (EDA and NEDA).

We find that untreated NEDA patients with RRMS are char-
acterized by a lower prevalence in positivity for both EBV latent
peptides (p = 0.012) and CMV peptides (p = 0.0026) com-
pared with GA-treated patients, whereas this difference is not
statistically significant in the response to proteins expressed
during the lytic cycle of the virus. Compared with HDs, more
GA-treated patients show detectable antiviral CD8 T cell–
mediated recognition of all antigens tested, with a percentage of
prevalence for EBV latent antigen significantly higher (p =
0.004). Although this part of the study is limited to cross-
sectional measurements, we speculate that GA may improve
immunologic reactivity to both EBV and CMV.

The frequency of virus-specific CD8 T cells in the peripheral
blood was then compared between GA-treated and untreated
patients with RRMS (figure 1B). In this set of analyses, only
pentamer+ donors were evaluated. We confirmed that the
frequency of CD8 T cells recognizing latent EBV antigens is
not significantly different between both treated and untreated
patients and HDs, whereas the frequency of CD8 T cells rec-
ognizing lytic antigens is higher in untreated EDA patients
compared with HDs (p = 0.012). The frequency of EBV-
specific CD8 T cells in GA-treated patients is also higher
compared with that found in HDs and in untreated NEDA

patients, but this difference does not reach statistical signifi-
cance. Importantly, the frequency of CMV-specific CD8T cells
is comparable in GA-treated or untreated patients and in HDs.
These results support the hypothesis that EBV reactivation, and
the consequent expansion of CD8 T cells specific for EBV lytic
antigens, may play a role in clinical relapses.

GA treatment restores normal features of EBV-
specific CD8 T cells
PD-1 expression affects the functionality of antiviral T-cell re-
sponses and is upregulated byT cells in some chronic infectious
diseases.9 We thus first measured the expression of PD-1 on
pentamer+ CD8T cells in patients with RRMSwith or without
therapy and in HDs (figure 2). We found that CD8 T cells
specific for EBV latent antigens express higher PD-1 levels in
untreated NEDA patients with MS compared with HDs and
GA-treated patients (figure 2, A and B; p = 0.0042 and p =
0.0005), suggesting that in untreated patients, these cells are at
the limit of their functionality, with up to 80% of cells
expressing PD-1. Treatment with GA seems to readjust the
fraction of exhausted cells to the levels found in HD, although
longitudinal analysis on the same patients would provide
stronger support to this evidence. Although the number of
patients in the EDA group was very low (n = 3), PD-1 ex-
pression on CD8 cells specific for lytic antigens is comparable
to that found in healthy individuals (figure e-2, A and B, links.
lww.com/NXI/A300).

Figure 2 EBV-specific CD8+ T lymphocytes show an exhausted phenotype in untreated patients with MS, which is partially
restored by GA treatment

Frequencies of PD-1+ cells within EBV-specific CD8+

T cells are shown for latent (A) and lytic (B) antigens.
PD-1 expression on total CD8+ T cells (C) is shown.
Expression of PD-1wasmeasured inNEDApatients
with RRMS without treatment, in patients receiving
GA therapy, and in healthy donors. (D) Represen-
tative plots relative to 1 HD and 2 patients with MS,
untreated or treated with glatiramer acetate. Data
for TCD3+CD8+pentamer+T cells are shown.Mean
values and SDs (error bars) are represented.
p Values were calculated with the ANOVA and
Tukey multiple comparison test. *p < 0.05;
**p < 0.01; ***p < 0.001. ANOVA = analysis of var-
iance; EBV = Epstein-Barr virus; GA = glatiramer
acetate;HD=healthy donor;NEDA=noevidenceof
disease activity; nt = not treated; RRMS = relapsing-
remitting MS.
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PD-1 expression in the general CD8 T-cell population was
comparable in all groups (figure 2C). We next asked whether
this exhausted phenotypic trait was mirrored by a dysfunctional
response to EBV antigens. To address this issue, we measured
in vitro the reactivity of CD8 T cells from HDs and untreated
patients with MS to a pool of 26 immunodominant human
leukocyte antigen-I–restricted EBV peptides. As read-outs, we
measured intracellular production of interferon (IFN)-γ cou-
pled with the measurement of degranulation (assessed by
lysosomal-associated membrane protein 1 [LAMP-1] staining)
and with the phenotypic characterization of EBV-responsive
CD8 T cells (figure 3).

Peptide stimulation induced measurable production of IFNγ
and exocytosis of lytic granules from all tested donors (figure 3,
A and B). However, although the surface display of LAMP-1
between HDs and untreated patients with RRMS is compara-
ble in the 2 groups (1.52% ± 0.8% vs 1.38% ± 0.3%), the latter

show reduced production of IFN-γ compared with HDs
(0.27% ± 0.19% vs 1.15% ± 1.02%; p = 0.0222), together with a
reduced fraction of double-positive IFNγ+ LAMP+ CD8
T cells (0.76% ± 0.6% vs 0.13% ± 0.09%; p = 0.046). Thus,
although in healthy individuals, direct cytotoxicity is strictly
correlated with IFN-γ production, these 2 effector processes
seem to be disjoined in MS.

IFNγ +CD8T cells were analyzed for the expression of CD127,
CD45RA, and killer cell lectin-like receptor G1 (KLRG1)
(figure 3C). The data show that the KLRG1+CD45RA+
CD127-subpopulation, representing cytotoxic/terminally dif-
ferentiated and senescent cells,13 is more represented in patients
with RRMS compared with HDs (p = 0.0164).

We confirmed this finding also in the pentamer experimental
setup, by showing that the senescent phenotype of EBV-
reactive (i.e., IFNγ+) cells may be present also in nonactivated

Figure 3 Phenotypic and functional characterization of EBV-specific CD8 T cells

The frequency of degranulating (i.e., LAMP-1+)
and IFNγ-producing (i.e., IFNγ+) CD8 T cells after
18 hours of in vitro stimulation with a mixture of
26 MHC-I restricted EBV peptides was measured
by flow cytometry. (A) Pseudocolor plots show
the expression of LAMP-1 and IFNγ on total CD8
T cells in 1 representative stimulated and unsti-
mulated HD and 1 representative stimulated
patient with RRMS. (B) Frequencies of CD8+

T cells producing IFNγ or LAMP-1 alone or both
are compiled and graphed for 10 HDs and 9 un-
treated patients with RRMS tested. p Values were
calculated with the t test. (C) Pie charts and box
plots portray the distribution of KLRG1, CD45RA,
and CD127 molecules among EBV-responsive,
IFNγ+ CD8+ T cells. IFNγ+ cells, successively gated
for the 3 markers, are phenotypically inspected
by Boolean/combinatorial analysis. In the pie
charts, the area of each slice indicates the rela-
tive representation of each one of the 8 combi-
natorial subsets obtained, whereas the same
results are conveyed as medians (black lines)
with interquartile ranges (boxes) in the adjacent
box plot. p Values were calculated with the Wil-
coxon rank test. *p < 0.05. EBV = Epstein-Barr
virus; GA = glatiramer acetate; HD = healthy do-
nor; IFN = interferon; KLRG1 = killer cell lectin-like
receptor G1; LAMP = lysosomal-associated
membrane protein 1; NEDA = no evidence of
disease activity; RRMS = relapsing-remitting MS;
stim = stimulation.
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pentamer+ lymphocytes (figure 4 and figure e-1, C and D,
links.lww.com/NXI/A299). We find that in untreated patients
with RRMS, a significant fraction of CD8+ cells specific for both
latent and lytic EBV antigens are CD127- KLRG1+, the phe-
notype that identifies senescent cells. This phenotype com-
pletely reversed in GA-treated patients (figure 4, B and C; p <
0.0001). This, together with the data on PD-1 expression,
points to a possible positive effect of GA therapy on the anti-
EBV T-cell response.

Phenotypic characterization of B cells during
GA therapy
We next asked whether the therapy also modulates B cells,
which are the direct targets of EBV and whose role in MS is
underscored by the successful B cell–depleting therapeutic
approaches; in addition, recent data in the literature suggest
that this drug modulates B-cell function and activity.14,15

We monitored a group of patients before and after 3 (T1), 6
(T2), and 12 months (T3) of GA therapy. The absolute B-cell
count shows no significant changes at all time points (data not
shown). The ligand of PD-1, PD-L1, is equally expressed on
B lymphocytes from patients before GA treatment and HD
(figure 5A and figure e-2, links.lww.com/NXI/A300). However,
treatment with GA gradually and significantly reduces PD-L1
expression on B lymphocytes after 6 months (T2) and 12
months (T3) of therapy (figure 5B; p = 0.0003). At the same
time points, B-cell activation is alsomodulated: before treatment,
a significantly higher fraction of B cells from patients express

CD69 comparedwithHDs (figure 5C; p< 0.0001); after 3 and 6
months of GA therapy (p = 0.0087), however, there is a signif-
icant reduction of CD69 expression (figure 5D), particularly
affecting the subsets of the memory and effector memory B cells
(data not shown). We also noticed an increase in CD25 ex-
pression, which, however, does not reach statistical significance
in any subpopulation of B cells (figure e-2), altogether indicating
a lower level of activation of B cells during GA treatment.

We next asked whether GA directly modulates the expression
of these receptors on preexisting cells or whether it induces
modifications in the overall composition of B cells. To answer
this question, we monitored the percentages of naive, memory,
and effector B cells during therapy (figure 5, E–G), and we
measured the frequency of B cells expressing the proapoptotic
molecule FAS/CD95 (figure 5, H and I and figure e-2, links.
lww.com/NXI/A300). The results show that along with a de-
crease in PD-L1 and CD69 expression on B cells, there is also a
strong decrease of memory B cells (figure 5F; p = 0.025),
paralleled by a significant increase of effector memory B cells
(figure 5G; p = 0.015). The naive B-cell subset, on the other
hand, tends to increase during treatment with GA, but this
increase does not reach statistical significance using ANOVA,
whereas it results significant with a Student t test (figure 5E; T0
vs T2 p = 0.003; T0 vs T3 p = 0.0148). Moreover, the ex-
pression of FAS, which appears not to be modulated by GA
therapy in total B cells (figure 5H), is upregulated on the
memory B cell subset at 6 months (T2) (figure 5I; Student t
test p = 0.0049) and decreases thereafter.

Figure 4 GA decreases the fraction of senescent EBV-specific CD8+ T lymphocytes

Patients’ and healthy donors’ cells were labeled
withCD3, CD8, pentamers, KLRG1, andCD127 and
analyzed by flow cytometry. (A) Representative
plots showing the KLRG1/CD127 expression pat-
tern in pentamer + CD8 T cells from 1 HD, 1 un-
treated NEDA patient with MS, and 1 GA-treated
patient with RRMS. Senescent cells are defined as
CD127- KLRG1+. (B and C) Cumulative data rela-
tive to senescent cells.Mean values and SDs (error
bars) are conveyed. p Values were calculated with
the ANOVA and Tukey multiple comparison test.
***p < 0.001; ****p < 0.000. ANOVA = analysis of
variance; EBV= Epstein-Barr virus;GA= glatiramer
acetate; HD = healthy donor; KLRG1 = killer cell
lectin-like receptor G1; NEDA = no evidence of
disease activity; nt = not treated; RRMS = re-
lapsing-remitting MS.
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The longitudinal study of the B-cell phenotype in HDs and in
untreated patients was not performed, unfortunately. This
could have ruled out the possibility that the modulation of the
receptors is due to time rather than to therapy; however, our
finding that all these changes occur together after 6 months of
therapy (T2) suggests that treatment with GA has an effect
also on the B-cell compartment.

Discussion
EBV infection is usually kept in check by virus-
specific lymphocytes, and here, we show that in patients
with MS, these cells have features of exhaustion and are de-
fective in their cytotoxic machinery. Thus, they may fail to
effectively control EBV-infected autoreactive B cells, which
might then accumulate in the CNS. Moreover, we show that
GA, commonly used in the treatment of the disease, modu-
lates antiviral immune responses, including the response
against EBV infection, and we hypothesize that it favors the
conditions for effective control of viral infection through a
positive action on EBV-specific CD8 T cells. In GA-treated

patients, these cells are found in over 60% of patients, and
they show reduced levels of PD-1 and KLRG1 expression,
indicating that the cellular effectors of the EBV-specific re-
sponse are up and running. On the contrary, untreated pa-
tients are consistently the group with the lowest prevalence
for antiviral positivity, and the positive patients have a sig-
nificantly higher quota of antigen-specific T cells expressing
markers of exhaustion (PD-1) or senescence (KLRG1)
compared with both HDs and GA-treated patients.

All patients undergoing treatment with GA experienced
disease stability, as evaluated both clinically and radiologi-
cally, supporting a role for effective EBV-specific T cells in
the maintenance of immune homeostasis. In this study, we
did not measure markers of EBV reactivation, but we and
others have shown that CD8+ EBV-specific T cells are pre-
sent in active brain lesions of patients with MS, where an-
tigens of the lytic activity are also detected.10,16 Thus, it is
conceivable that during disease activity, EBV reactivation is
taking place, finding a weakened and senescent antigen-
specific T-cell population, which is unable to contrast the
viral infection.

Figure 5 Phenotypic characterization of B cells during GA therapy

Surface density of PD-L1 on B lym-
phocytes, measured by median fluo-
rescence intensity, is reported for HDs
and patients with RRMS before com-
mencing GA therapy (A, mean values
and SDs are indicated) and through-
out a 1-year-long longitudinal study
(B). Baseline levels were compared
with those obtained in samples taken
at 3 (T1), 6 (T2), and 12 (T3) months of
GA therapy. (C) Cumulative data on
the percentage of CD69+ B cells in
patients with MS at baseline and HDs.
(D) The same measurement as in C
(mean values and SDs are indicated) in
the follow-up study. Cumulative data
are reported for the percentage of
naive B cells (E), memory B cells (F),
and effector B cells (G) at 3 (T1), 6 (T2),
and 12 (T3)months of GA therapy. The
percentage of CD95/FAS+ cells among
total B cells and among memory B
cells of treated patients with MS is
reported in (H) and (I), respectively. In
the follow-up study, boxes indicate
interquartile ranges, whereas whis-
kers indicate total ranges. (A, C, E, and
I) p Values were calculated with the
Student t test. (B, D, F, and G) p Values
were calculated with the ANOVA and
Tukey multiple comparison test. *p <
0.05; **p < 0.01; ***p < 0.001; ****p <
0.000. ANOVA = analysis of variance;
GA = glatiramer acetate; HD = healthy
donor; RRMS = relapsing-remitting
MS.

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

http://neurology.org/nn


Functional data showed that EBV-specific T cells from un-
treated patients display signs of exhaustion and senescence,
with low IFNγ production and reduced cytotoxic de-
granulation compared with healthy donors, whereas B cells on
the contrary are significantly activated.

T-cell exhaustion has been shown to underlie T-cell dysfunc-
tion in chronic viral infections,17 including HIV.18 Exhausted
virus-specific T cells show reduced proliferative potential and
cytokine production, and this immunologic feebleness may
favor viral persistence.19 In viral infection and tumors, a crucial
marker that correlates with exhaustion is PD-1.9 We found a
high expression of this marker on EBV-specific CD8T cells and
a concomitant high expression of its ligand, PD-L1, on B cells of
untreated patients with RRMS. This state of immune break-
down, however, seems to be opposed by the action of GA
because patients undergoing treatment show both a decrease in
PD-1 expression levels on virus-specific CD8 T cells and a
decrease in the expression of PD-L1 on B cells.

Lymphocytes’ senescence involves the reduced ability to re-
spond to new antigens and in general to support an effective
immune response.20,21 Immunosenescence is due to the general
aging of the organism, to the overall history of antigenic expo-
sure, to the infectious load, and above all to chronic or latent
infections, which engage antigen-specific cells in a never-ending
battle. Immunosenescent cells can be identified through the
combined evaluation of the expression KLRG1, an inhibitory
receptor expressed on natural killer cells and on terminally
differentiated T lymphocytes, and CD127 (interleukin-7 re-
ceptor).13 We find that patients treated with GA show a clear
decrease in the fraction of senescent EBV-specific CD8+

T lymphocytes compared with untreated patients, suggesting
that this treatment could revive or at least protect the antiviral
immune response by reducing T-cell exhaustion.

Several studies in MS and in its animal model, experimental
autoimmune encephalomyelitis, suggest that GA treatment is
associated with an immunomodulatory effect acting broadly on
cells of both the innate and adaptive immune system. For in-
stance, GA therapy reduces the fraction of activated CD8+

T cells,22 remodels the composition of the B- and T-cell com-
partment, and influences cytokine secretion and immunoglob-
ulin production following modulation of antigen-presenting
cells’ functions.23–25 Our data show that after treatment, there
are clear changes within the B-cell subset: naive B cells increase
as opposed to memory B cells, and this occurrence is preceded
by the expression on the FAS receptor on memory B cells. FAS
is expressed by activated lymphocytes and induces apoptosis
through activation-induced cell death. This process is thought to
limit lymphocyte expansion and to eliminate anergic and
autoreactive cells. Thus, the decreased frequency of potentially
infected B cells, which continuously stimulate EBV-specific
CD8 T lymphocytes, may affect also this cell compartment.

In conclusion, the results of the present study confirm that GA
therapy acts as a disease-modifying therapy restoring homeostasis

in the immune system, including anti-EBV responses. Suppression
of inflammation is the most frequent mechanism of action of
disease-modifying drugs inMS, but this can potentially lead also to
unwanted suppression of antiviral immunity, which could then
expose the patient to infection. Given the increased number of
circulating virus-specific CD8 T cells and their decreased features
of exhaustion and senescence, coupled with the increase of the
fraction of naive B cells, it is possible that GA is safe also for use in
patients with MS who have a proven viral infection.26
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Abstract
Objective
Cladribine tablets were tested against placebo in randomized controlled trials (RCTs). In this
study, the effectiveness of cladribine vs other approved drugs in patients with relapsing-
remitting MS (RRMS) was compared by matching RCT to observational data.

Methods
Data from the pivotal trial assessing cladribine tablets vs placebo (CLARITY) were propensity
score matched to data from the Italian multicenter database i-MuST. This database included
3,150 patients diagnosed between 2010 and 2018 at 24 ItalianMS centers who started a disease-
modifying drug. The annualized relapse rate (ARR) over 2 years from treatment start and the
24-week confirmed disability progression were compared between patients treated with cla-
dribine and other approved drugs (interferon, glatiramer acetate, fingolimod, natalizumab, and
dimethyl fumarate), with comparisons with placebo as a reference. Treatment effects were
estimated by the inverse probability weighting negative binomial regression model for ARR and
Cox model for disability progression. The treatment effect has also been evaluated according to
baseline disease activity.

Results
All weighted baseline characteristics were well balanced between groups. All drugs tested had an
effect vs placebo close to that detected in the RCT. Patients treated with cladribine had a
significantly lower ARR compared with interferon (relapse ratio [RR] = 0.48; p < 0.001),
glatiramer acetate (RR = 0.49; p < 0.001), and dimethyl fumarate (RR = 0.6; p = 0.001); a
similar ARR to that with fingolimod (RR = 0.74; p = 0.24); and a significantly higher ARR than
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natalizumab (RR = 2.13; p = 0.014), confirming results obtained by indirect treatment comparisons from RCTs (network meta-
analyses). The relative effect of cladribine tablets 10 mg (cumulative dose 3.5 mg/kg over 2 years) was higher in patients with
high disease activity vs all treatments except fingolimod and natalizumab. Effects on disability progression were largely
nonsignificant, probably due to lack of power for such analysis.

Conclusion
In patients with RRMS, cladribine tablets showed lower ARR compared with matched patients who started interferon,
glatiramer acetate, or dimethyl fumarate; was similar to fingolimod; and was higher than natalizumab. The beneficial effect of
cladribine tablets was generally amplified in the subgroup of patients with high disease activity.

Classification of evidence
This study provides Class III evidence that for patients with RRMS, cladribine-treated patients had lower ARR compared with
interferon, glatiramer acetate, or dimethyl fumarate; similar ARR compared with fingolimod; and higher ARR compared with
natalizumab.

Relapsing-remitting MS (RRMS) is characterized by periodic
exacerbations of disease symptoms followed by periods of
remission, in which symptoms are either partially or com-
pletely absent. Disease-modifying drugs (DMDs) are able to
decrease the frequency and duration of relapses and some-
times to slow the progression of the disease.1

Cladribine tablet is hypothesized as an immune reconstitution
therapy that targets specific subsets of the adaptive immune
system.2 As demonstrated in the CLARITY phase 3 ran-
domized controlled study, a short-course treatment (8–20 d/y)
with cladribine tablets provided a sustained treatment benefit
for patients with RRMS.3 In particular, the 2 tested doses of
cladribine (3.5 and 5.25 mg/kg [3.5 mg/kg is the approved
dose]) were superior to placebo in suppressing relapse activity
and increasing the probability of remaining relapse-free. In the
CLARITY extension, the clinical benefits of 2 years of treat-
ment with cladribine tablets were shown to be sustained,
without the need for retreatment.4

In this study, we conducted a propensity score (PS)-matched
analysis of observational data from the CLARITY trial data set
and the Italian multicenter database i-MuST, which includes
3,150 patients diagnosed between 2010 and 2018 at 24 Italian
MS centers who started a DMD.

We aim to fill in the gap in the current RRMS treatment
landscape, as no direct head-to-head comparisons of cladribine
with other common immunotherapies have yet been con-
ducted. In particular, we try to define the role of cladribine
tablets in the context of the other available therapies for MS by
an individual-level comparative efficacy analysis of cladribine

tablets vs other common immunotherapies, such as interferon
beta (IFN β-1a and β-1b), glatiramer acetate (GA), fingolimod
(FTY), natalizumab (NTZ), dimethyl fumarate (DMF), and
teriflunomide (TERI), as first-line therapies for RRMS in Italy.

Methods
Patients
This is an observational retrospective study merging 2 data sets.
Details on the study design of the CLARITY data set can be
found in the article reporting the clinical trial results,3 and details
about the i-MuST database collection can be found in previous
publications.5 This study takes advantage of the availability of
the placebo arm of the CLARITY study, thus providing a ref-
erence to which each treatment can be compared.

Briefly, in the CLARITY study 1,326 patients were randomly
assigned in a 1:1:1 ratio to receive 1 of 2 doses of cladribine
tablets (either 3.5 mg or 5.25 mg/kg of body weight) or pla-
cebo. Patients randomized to the 3.5 mg/kg cumulative dose
received a first treatment course at weeks 1 and 5 of the first
year and a second treatment course at weeks 1 and 5 of the
second year. Patients were eligible if they had received a di-
agnosis of RRMS (according to the McDonald criteria, 20016),
had lesions consistent with MS on MRI, had had at least 1
relapse within 12 months before study entry, and had a score of
≤5.5 on the Expanded Disability Status Scale (EDSS).

The i-MuST data set is a multicenter, retrospective database,
involving 24 Italian MS centers. The data set used for this
analysis included 3,006 patients with RRMS. From these,

Glossary
ARR = annualized relapse rate;DMD = disease-modifying drug;DMF = dimethyl fumarate; EDSS = ExpandedDisability Status
Scale; FS = functional system; FTY = fingolimod; GA = glatiramer acetate; HAD = high disease activity; HR = hazard ratio;
IFN = interferon; IPW = inverse probability weighting; NMA = network meta-analysis; NTZ = natalizumab; PS = propensity
score; RRMS = relapsing-remitting MS; SC = subcutaneous; TERI = teriflunomide.
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patients satisfying the same inclusion/exclusion criteria as
CLARITY were extracted. Inclusion criteria were age over 16
years, diagnosis of RRMS (2001 International Panel Di-
agnostic Criteria and the 2010 revision6,7), and initiating a
DMD between January 2010 and June 2017. There were no
exclusion criteria. The EDSS score8 was collected for all pa-
tients at therapy start; at therapy switch (if any); every 6–12
months, depending on the center; and at the last follow-up.

Only treatment-naive patients were selected in the CLARITY
data set because all the patients enrolled in i-MuST were at
their first therapy. As a consequence, the study population was
defined as all enrolled patients in CLARITY who did not
receive any prior DMD and all the patients enrolled in
i-MuST who satisfied the inclusion criteria of CLARITY.

The following variables were common to the 2 data sets and
were merged: age at treatment start, disease duration since
onset, baseline EDSS score, presence of gadolinium-enhancing
(active) lesions at baseline, sex, relapses in the previous year, first
therapy, and date of first therapy start. First relapse, time to first
relapse, time to a progression event confirmed at 3 months, and
time to a progression event confirmed at 6 months were also
extracted fromCLARITY and calculated in the i-MuST data set.

The study population was split into the following treatment
groups: placebo, cladribine 3.5 mg/kg, cladribine 5.25 mg/kg,
IFN β-1a (subcutaneous [SC]), IFN-1a (SC), IFN β-1b, GA,
FTY, NTZ, DMF, and TERI. For treatment comparisons, the
IFNs were merged in a single IFN group and the 2 cladribine
tablets arms in a single cladribine-treated group. Therefore,
unless differently specified, the term IFN indicates the 3 IFNs
pooled together, and the term cladribine tablets indicates the
2 cladribine arms pooled together.

Standard protocol approvals, registrations,
and patient consents
The study was approved by the Ligurian Region ethical com-
mittee (258REG2016). All the centers involved in the study asked
for written permission of the use of anonymized personal clinical
data for research purposes, and written informed consent was
obtained from all study patients included in this study. CLARITY
registration—ClinicalTrials.gov number NCT00213135.

Outcomes
The primary end point for the Class III comparative effec-
tiveness analysis was annualized relapse rate (ARR) over 2
years. The secondary end point was time to onset of 24-week
sustained disability progression over 2 years. Patients in
i-MuST were censored at their treatment switch or at year 2,
whichever happened first.

Definition of relapses in i-MuST followed clinical trial criteria:
change in the EDSS score, with an increase of ≥0.5 points on
the total score, or an increase of 1 point on 2 functional systems
(FSs) or 2 points on 1 FS, excluding changes involving bowel/
bladder or cerebral FS. In CLARITY, the definition of relapses

closest to those defined in i-MuST was identified to be that of
“qualifying relapses,” and this variable was used for the analysis.

The ARR for each treatment group was calculated as the total
number of relapses experienced in the group divided by the
total number of patient-years on study.

The time to onset of 24-week confirmed disability pro-
gression is defined as the time from baseline to the first
disability progression that is confirmed at the next visit ≥24
weeks after the initial disability progression. Disability pro-
gression was defined by 1 of the following: an EDSS score
increase of ≥1.5 points from a baseline EDSS score of 0 that
is sustained for ≥12 weeks and an EDSS score increase of
≥1.0 point from a baseline EDSS score of 1.0–5.5 (inclusive)
for ≥24 weeks.

The date of the initial EDSS assessment at which the mini-
mum increase in the EDSS score is met was the date of onset
of the progression. The progression was defined as confirmed
when this minimum EDSS change was present on the next
study visit occurring after 24 weeks or longer from the onset
of the progression. EDSS assessments ≤30 days after a
protocol-defined relapse were not used for confirmation of
disability progression. If a patient met the defined criteria of
confirmed progression and was also having a relapse, the
patient was required to meet the defined minimum criteria at
the subsequent visit.

Patients without a confirmed progression based on the above
rules were censored. The censor date was the date of last EDSS
assessment in the study. Patients who withdrew from the study
after the baseline visit but before the first clinical evaluation
scheduled visit were censored at baseline.

Statistical methods
Baseline was defined for the i-MuST database as the start of
therapy date and for the CLARITY database as the randomi-
zation date. Baseline disease and demographic characteristics
were summarized by group and overall before any adjustment,
using descriptive statistics, and were compared between treat-
ment groups using the standardized mean difference as calcu-
lated according toCohen d effect size. ACohen d effect size >0.1
denotes meaningful imbalance in the baseline covariates.9–14

Tomitigate the baseline differences between compared groups,
the inverse probability weighting (IPW) approach based on PS
was used. The weights correspond to the inverse of the con-
ditional PS of receiving the treatment. The PSwas calculated by
modeling on the baseline characteristics the probability of re-
ceiving each treatment vs another one by a logistic regression
model applied to each treatment group in the i-MuST study vs
the overall CLARITY study population (since the assignment
to cladribine tablets or placebo was randomized). The logistic
regression model had treatment group as the dependent vari-
able (placebo/cladribine tablets vs other drug) and the fol-
lowing baseline variables as independent covariates: age,
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disease duration since onset, baseline EDSS score, sex, and
relapses in the previous year.

We used stabilized trimmed weights (weights that exceeded a
specified threshold are each set to that threshold15) to mitigate
the impact of extremely higher or lower weights on the vari-
ability of the estimated treatment effect.15 The threshold was
based on the quantiles of the distribution of the weights (1st to
5th and 95th to 99th percentiles).15,16 For each treatment pair,
we choose to trim the weights at the percentile giving the
highest reduction of standardized Cohen d differences.

An IPW negative binomial regression model was used to
assess differences between treatments on relapse rate over 2
years. The relapse count was used as a dependent variable,
the treatment group as an independent variable, and the log
of follow-up duration as an offset variable.

The semiparametric IPW Cox regression model was used
to assess treatment effect differences on time to disability
progression. Cumulative probability to be progression-
free during follow-up was calculated and graphically
displayed by mean of Kaplan-Meier survival curves. The
estimates of treatment effect were expressed as hazard
ratios (HRs) and reported with 95% CIs and p values. Stata
(v.14; StataCorp., College Station, TX) was used for the
computation.

Subgroup analyses
A subgroup analysis assessed the relative treatment effect of
each drug vs cladribine tablets in subgroups of patients de-
fined according baseline disease activity. The definition of
patients with high disease activity (HDA) at baseline was the
one used in a previous article,4 as patients with ≥2 relapses
during the year before study entry, whether on DMD. The
definition including patients with previous relapses while on
treatment was not applied here because only naive patients
were included in the analyzed cohorts.

All the analyses run on the overall population were rerun on
subgroups of patients with and without HDA at baseline. The
significance of the difference in treatment effects between
subgroups was assesses by interaction tests. The results were
displayed by forest plots.

Sensitivity analyses
The following sensitivity analyses were run: (1) analyses with a
PS and IPW calculated including baseline MRI information,
run on a reduced sample; (2) analyses including patients
treated with cladribine tablets 3.5 mg/kg only; (3) analyses
adjusted by a 1:1 PS matching and a variable ratio ≤3:1 PS
matching; and (4) analysis contrasting cladribine tablets vs each
IFN separately.

Data availability
CLARITY and i-MuST data would be available on reasonable
request.

Results
Descriptive analysis
A total of 2,204 patients from i-MuST and 945 patients from
CLARITY were included in the final analysis. Supplementary
figure e-1 (links.lww.com/NXI/A298) presents the flowchart
for selecting patients from the i-MuST andCLARITY data sets.

In the i-MuST data set, a total of 1,168 patients were treated
with IFN, 402 with GA, 113 with FTY, 149 with NTZ, 295
with DMF, and 77 with TERI. In the CLARITY data set, 305
were in the placebo arm, 322 received the cladribine 3.5 mg/
kg dose, and 318 received the cladribine 5.25 mg/kg dose.

The unweighted characteristics of all patients included in the
analysis, according to the treatment group in the i-MuST da-
tabase and in CLARITY, are presented in table e-1 (links.lww.
com/NXI/A298). In CLARITY, patients were randomized
among treatment arms; therefore, data are presented here for
the overall CLARITY study, according to the IPW approach
used. The baseline characteristics detailed for each treatment
arm are reported in table e-2.

Patients included in i-MuSTwere generally younger (excluding
patients treated with GA, who were in the same age range, and
patients treated with TERI, who were older) than patients
included in CLARITY. EDSS levels were generally well bal-
anced (small standardized differences in range of 0.20–0.37)
between CLARITY patients and patients treated with FTY,
NTZ, and TERI, whereas patients treated with IFN, GA, and
DMF had lower EDSS baseline scores. Disease duration was
generally lower in i-MuST compared with CLARITY patients
with mild to moderate differences. Patients enrolled in i-MuST
(especially FTY, NTZ, and DMF) showed a higher frequency
of active lesions at baseline compared with trial data. Follow-up
duration was lower in i-MuST for patients treated with FTY,
DMF, and TERI. The mean time between visits with the EDSS
was 157 days with amedian of 109 days. Baseline characteristics
for each treatment and for CLARITY study after IPW are
presented in table 1. The 3 arms of CLARITY are shown
separately and compared with each treatment in tables e-3 to
e-8 (links.lww.com/NXI/A298).

The weighted characteristics were well balanced between each
treatment group from the i-MuST and CLARITY data sets. A
residual unbalance persisted for the EDSS in the IFN and GA
arms (with standardized difference in range of 0.25–0.34).

Comparative effectiveness analyses

Annualized relapse rate
The IPW-adjusted ARR for each treatment arm is reported in
table 2. Treatment with cladribine tablets was associated with
a statistically significant reduction in ARR of 52% vs IFN, 51%
vs GA, and 40% vs DMF. The reduction of ARR vs FTY was
not statistically significant (p = 0.24); NTZ was superior to
cladribine tablets, and the ARR ratio of cladribine vs NTZ was
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Table 1 Inverse probability-weighted demographic and clinical characteristics

Panel A: IFN, GA, and FTY vs CLARITY study

CLARITY
(n = 945)

IFN (n =
1,168)

Standardized mean
difference IFN vs CLARITY

CLARITY
(n = 945) GA (n = 402)

Standardized mean
difference GA vs CLARITY

CLARITY
(n = 945) FTY (n = 113)

Standardized mean
difference FTY vs CLARITY

Age, y, mean (SD) 37.3 (10.1) 36.6 (10.7) 0.071 38.8 (10.2) 39.5 (11.8) 0.07 38.4 (10.3) 38.1 (11.6) 0.025

Females, n (%) 629 (66.5) 768 (65.7) 0.018 629 (66.5) 269 (66.9) 0.008 614 (65) 69 (61.1) 0.08

EDSS score, mean
(SD); median (IQR)

2.46 (1.25); 2
(1.5–3.5)

2.11 (1.17); 2
(1–3)

0.29 2.71 (1.28);
2.5 (2–3.5)

2.28 (1.32); 2
(1–3)

0.33 2.86 (1.28);
2.5 (2–4)

2.81 (1.23);
2.5 (2–3.5)

0.04

Disease duration,
mean
(SD); median (IQR)

2.46 (4.45);
0.52 (0.2–2.6)

2.75 (4.68);
0.7 (0.2–2.9)

0.062 3.38 (5.05);
1.2 (0.3–4.6)

3.10 (5.57);
1.00 (0.17–3)

0.052 4.08 (5.36);
1.95 (0.5–5.8)

3.90 (6.11);
1.79 (0.3–5.6)

0.03

ARR in previous
year,
mean (SD)

1.32 (0.56) 1.33 (0.58) 0.013 1.33 (0.58) 1.32 (0.56) 0.024 1.35 (0.6) 1.36 (0.57) 0.01

Active lesions, n (%) 306 (32.4) 435/1,023
(42.5)

0.21 290 (30.7) 146/376
(38.7)

0.17 294 (31.1) 48/90 (53.3) 0.46

Panel B: NTZ, DMF, and TERI vs CLARITY study

CLARITY
(n = 945) NTZ (n = 149)

Standardized mean
difference NTZ vs
CLARITY

CLARITY
(n = 945)

DMF
(n = 295)

Standardized mean
difference DMF vs
CLARITY

CLARITY
(n = 945) TERI (n = 77)

Standardized mean
difference TERI vs
CLARITY

Age, y, mean (SD) 37.9 (10.4) 36.6 (10.9) 0.12 38.3 (10.3) 38.1 (10.2) 0.015 39.1 (10.4) 39.3 (11.8) 0.019

Females, n (%) 609 (64.4) 84 (56.4) 0.17 617 (65.3) 197 (66.8) 0.03 614 (65) 45 (58.4) 0.13

EDSS score, mean (SD);
median (IQR)

2.87 (1.28); 3
(2–4)

2.74 (1.10); 2.5
(2–3.5)

0.10 2.68 (1.30);
2.5 (1.5–3.5)

2.38 (1.23);
2.5 (1.5–3)

0.23 2.87 (1.28); 3
(2–4)

2.56 (1.34); 2
(1.5–3.5)

0.24

Disease duration,
mean (SD); median
(IQR)

3.87 (5.19);
1.8 (0.5–5.3)

3.28 (5.10);
0.95
(0.17–4.58)

0.11 3.84 (5.12);
1.79
(0.51–5.5)

3.59 (5.61);
0.76 (0.3–4.4)

0.045 4.23 (5.50);
2.06
(0.57–5.97)

3.76 (5.88);
1.05
(0.54–3.98)

0.08

ARR in previous year,
mean (SD)

1.36 (0.61) 1.42 (0.66) 0.089 1.32 (0.57) 1.29 (0.53) 0.068 1.33 (0.58) 1.32 (0.57) 0.017

Active lesions, n (%) 299 (31.7) 89/128 (69.5) 0.82 293 (31) 134/276
(48.6)

0.36 287 (30.4) 19/72 (26.4) 0.088

Abbreviations: ARR = annualized relapse rate; DMF = dimethyl fumarate; EDSS = Expanded Disability Status Scale; FTY = fingolimod; GA = glatiramer acetate; HDA, high disease activity; IFN = interferon β; IQR = interquartile
range; NTZ = natalizumab; TERI = teriflunomide.
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Table 2 ARR after IPW adjustment in all the analyzed treatment groups

IPW clinical variables IPW clinical + MRI variables

ARR (95% CI)

ARR ratio (95% CI)

ARR (95% CI)

ARR ratio (95% CI)

IFN vs placebo Cladribine vs IFN IFN vs placebo Cladribine vs IFN

Placebo 0.321 (0.275–0.367) 0.76 (0.64–0.91); p = 0.002 0.48 (0.41–0.57); p < 0.001 0.319 (0.273–0.365) 0.79 (0.66–0.95); p = 0.011 0.46 (0.38–0.55); p < 0.001

Cladribine 0.118 (0.101–0.134) 0.116 (0.099–0.132)

IFN 0.246 (0.222–0.269) 0.252 (0.226–0.279)

GA vs placebo Cladribine vs GA GA vs placebo Cladribine vs GA

Placebo 0.318 (0.254–0.382) 0.78 (0.57–1.08); p = 0.13 0.49 (0.36–0.68); p < 0.001 0.318 (0.254–0.383) 0.79 (0.57–1.09); p = 0.14 0.49 (0.36–0.68); p < 0.001

Cladribine 0.123 (0.099–0.147) 0.122 (0.098–0.147)

GA 0.249 (0.187–0.311) 0.250 (0.187–0.313)

FTY vs placebo Cladribine vs FTY FTY vs placebo Cladribine vs FTY

Placebo 0.320 (0.257–0.383) 0.54 (0.32–0.89); p = 0.016 0.74 (0.45–1.22); p = 0.24 0.321 (0.257–0.385) 0.47 (0.28–0.79); p = 0.005 0.84 (0.50–1.41); p = 0.51

Cladribine 0.127 (0.103–0.150) 0.127 (0.103–0.150)

FTY 0.171 (0.091–0.252) 0.151 (0.078–0.223)

NTZ vs placebo Cladribine vs NTZ NTZ vs placebo Cladribine vs NTZ

Placebo 0.326 (0.261–0.391) 0.18 (0.10–0.34); p < 0.001 2.13 (1.17–3.88); p = 0.014 0.329 (0.265–0.394) 0.17 (0.09–0.32); p < 0.001 2.28 (1.23–4.24); p = 0.009

Cladribine 0.128 (0.104–0.152) 0.128 (0.104–0.152)

NTZ 0.060 (0.026–0.094) 0.056 (0.023–0.089)

DMF vs placebo Cladribine vs DMF DMF vs placebo Cladribine vs DMF

Placebo 0.312 (0.246–0.377) 0.65 (0.44–0.97); p = 0.036 0.60 (0.41–0.89); p = 0.001 0.322 (0.256–0.387) 0.64 (0.43–0.94); p = 0.024 0.63 (0.43–0.93); p = 0.02

Cladribine 0.123 (0.099–0.147) 0.129 (0.104–0.154)

DMF 0.204 (0.135–0.272) 0.204 (0.136–0.273)

Abbreviations: ARR = annualized relapse rate; DMF = dimethyl fumarate; FTY = fingolimod; GA = glatiramer acetate; IFN = interferon β; IPW = inverse probability weighting; NTZ = natalizumab.
Results are presented after IPW adjustment with clinical variables (left columns) and with clinical variable + MRI variables (right columns).
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2.13 (p = 0.014) (table 2). Cladribine tablets compared with
TERI was not analyzed because the TERI arm was too small
(n = 77) to drawmeaningful conclusions. The treatment effects
vs placebo were close to those observed in randomized con-
trolled trials and estimated in previous network meta-analyses
(table e-9 and figure e-2, links.lww.com/NXI/A298)17–19 with
largely overlapping CIs for all the drugs. In this study, NTZ
showed a reduction in the ARR vs placebo of 82% (with very
large CIs)—higher than that observed in the AFFIRM study
(ARR ratio vs placebo = 68%) and reestimated in the network
meta-analyses, but with overlapping CIs. Similar results were
obtained for the analysis including baseline MRI activity in the
PS calculation on the subgroup of patients with available MRI
information at baseline (table 2, second column). Forest plots
for these 2 analyses are presented in figure 1. Similar results
were obtained when considering the 2 different doses of cla-
dribine tablets separately (table e-10).

Our results of the effects of cladribine tablets vs other drugs on
ARR were compared with those reported by a previous net-
work meta-analysis (NMA) (figure e-3, links.lww.com/NXI/
A298).20 All the cladribine effects vs the other DMDs were
within the CIs of those estimated in the NMA.20

Disability progression
TheHRs for comparisons of disability progression are reported
in table 3 and displayed in figure e-4 (links.lww.com/NXI/
A298). A small proportion of patients had missing data on
follow-up EDSS. Excluded patients in each group were 40
(3.42%) for IFN; 23 (5.72%) for GA; 5 (4.4%) for FTY; 15
(10%) for NTZ; and 33 (11.2%) for DMF. A significant dif-
ference in favor of cladribine tablets on time to disability pro-
gression was observed only for GA (−36%; p = 0.045).

The survival curves for progression-free probability of each
treatment vs cladribine tablets 3.5 mg/kg are shown in figure

e-5 (links.lww.com/NXI/A298), whereas the HRs for com-
parisons of disability progression, considering the 2 different
doses of cladribine tablets separately, are reported in table e-11.

Figure 1 ARR ratio of cladribine vs other treatments

ARR = annualized relapse rate; DMF = dimethyl fumarate; FTY = fingolimod; GA = glatiramer acetate; IFN = interferon β; NTZ = natalizumab.

Table 3 Risk of 24-week disability progression of
cladribine vs other drugs

IPW clinical
variables

IPW clinical + MRI
variables

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

IFN (n = 1,128) vs
placebo

0.72 (0.55–0.94);
p = 0.017

0.75 (0.57–0.99);
p = 0.046

Cladribine vs IFN 0.86 (0.68–1.09);
p = 0.22

0.81 (0.62–1.05);
p = 0.11

GA (n = 379) vs
placebo

0.93 (0.58–1.47);
p = 0.74

1.00 (0.63–1.59);
p = 0.99

Cladribine vs GA 0.64 (0.41–0.99);
p = 0.045

0.58 (0.38–0.90);
p = 0.015

FTY (n = 108) vs
placebo

0.61 (0.30–1.27);
p = 0.19

0.65 (0.32–1.30);
p = 0.23

Cladribine vs FTY 0.89 (0.44–1.83);
p = 0.76

0.84 (0.42–1.67);
p = 0.62

NTZ (n = 134) vs
placebo

0.45 (0.22–0.92);
p = 0.028

0.35 (0.16–0.78);
p = 0.01

Cladribine vs NTZ 1.20 (0.59–2.42);
p = 0.61

1.51 (0.69–3.33);
p = 0.31

DMF (n = 262) vs
placebo

0.54 (0.29–1.00);
p = 0.051

0.68 (0.38–1.19);
p = 0.18

Cladribine vs DMF 1.07 (0.59–1.94);
p = 0.83

0.80 (0.46–1.39);
p = 0.43

Abbreviations: DMF = dimethyl fumarate; FTY = fingolimod; GA = glatiramer
acetate; HR = hazard ratio; IFN = interferon β; IPW = inverse probability
weighting; NTZ = natalizumab.
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Subgroup analyses
The effect of cladribine tablets vs other drugs was tested in
subgroups defined according to baseline disease activity.
The weighted baseline characteristics for each treatment
by subgroup (HDA vs non-HDA) are presented in tables
e-12 and e-13 (links.lww.com/NXI/A298). The same
characteristics are reported in tables e-14 to e-18 with the
3 arms of CLARITY presented separately. Results on ARR
are shown in figure 2. The effect of cladribine tablets was
generally amplified in the HDA subgroup and the same
was true for cladribine 3.5 mg alone (table e-19). The
subgroup analysis run on time to disability progression is
presented in tables e-20 and e-21. The same trend for a
higher efficacy of cladribine tablets is observable in the
HDA subgroup.

Sensitivity analyses

PS matching 1:1
Baseline characteristics of patients after 1:1 PS matching are
reported in table e-22 (links.lww.com/NXI/A298). A good
balance with standardized differences <0.10 for almost all
characteristics and treatments was observed. The ARR ratio
between cladribine tablets and single treatment arms after 1:1
PS matching (table e-23) confirmed in general the results
observed with the IPW approach.

PS matching 3:1
The characteristics of matched samples after up to 3:1 PS
matching are reported in table e-24 (links.lww.com/NXI/
A298). Here also a good balance was observed between the

Figure 2 Relapse rate ratio of cladribine vs each other treatment according to HDA subgroups

ARR = annualized relapse rate; CLAD = cladribine; DMD = disease-modifying drug; DMF = dimethyl fumarate; FTY = fingolimod; GA = glatiramer acetate; HDA,
high disease activity; IFN = interferon β; NTZ = natalizumab; RR = relapse ratio.
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compared groups. The ARR ratio between cladribine tablets
and single treatment arms after 3:1 PS matching (table e-25)
confirmed the results observed with the IPW approach.

Stratification of IFN arms
The IPW-weighted baseline characteristics of the 3 IFN arms
split are reported in table e-26 (links.lww.com/NXI/A298).
Good balance with standardized differences <0.10 was ob-
served for almost all characteristics across the 3 arms compared
with CLARITY. Theweighted ARR ratio (table e-27, links.lww.
com/NXI/A298) showed a higher effect of cladribine tablets in
IFN-1b and IFN-1a SC compared with IFN-1a IM.

Discussion
This study presents a novel approach, matching individual pa-
tient data from the CLARITY randomized controlled phase III
trial with those included in a large multicenter observational
study in newly diagnosed patients. The presence of the placebo
arm from CLARITY allowed us to compare, as a first step, the
effectiveness of each drug from the observational study vs pla-
cebo with the effect reported in randomized clinical trials. The
effect of each treatment vs placebo was close to that observed in
the clinical trials except for NTZ, where a larger effect in the
drug vs placebo was seen (ARR ratio 82% vs 68% reported in
the AFFIRM trial21), even if the large CIs of the estimate
obtained in this study limit the interpretation of such result.

The results from comparative effectiveness showed a superi-
ority of cladribine tablets vs IFN, GA, and DMF on the relapse
rate in the first 2 years. No significant differences were ob-
served with FTY, whereas NTZ was shown to be superior.

Similar results were observed in a previous observational study22

on comparative effectiveness of cladribine conducted in a cohort
of patients from the MSBase International Registry. A small
cohort of patients treated with cladribine vs FTY, NTZ, and IFN
showed a superiority of cladribine vs IFN and a superiority of
NTZ on cladribine on hazard of first relapse. On the same
outcome, no significant differences between cladribine and FTY
were detected. No comparisons vs GA or DMFwere performed.

A recent NMA20 compared the effects of various DMDs on
ARR and confirmed disability progression in active and highly
active RRMS, including 41 studies. Cladribine was ranked in
fourth position on a scale of efficacy for ARR reduction after
alemtuzumab, NTZ, and ocrelizumab. In the same NMA, a
significant reduction of ARR with cladribine, estimated around
40% vs GA and up to 48% vs IFN, was reported and was close
to that observed in our study. When compared with DMF, the
ARR reduction due to cladribine was not significant and lower
than that observed in our study (22%; 95% CI 43%–7%) in
NMA vs 36% in our study; our data are therefore consistent
with those reported in NMA). The ARR under cladribine was
comparable to FTY and higher than the ARR under NTZ, even
if the difference was not significant.

In the NMA,20 cladribine was statistically similar to the other
DMDs on confirmed disability progression. In our study, the
superiority of cladribine was detected only vs GA.

Cladribine is approved and indicated mainly for the treatment
of patients with highly active RRMS. Having individual pa-
tient data, we were able to perform a subgroup analysis, which
indicated a higher efficacy of cladribine vs other DMDs in
patients with HDA, with ARR reduction close to 70% vs IFN,
GA, and DMF in this specific subgroup of patients.

Study limitations
This study carries all the well-known limitations of non-
randomized comparisons, with the advantage of a placebo arm
giving a benchmark for comparisons.23 In addition, the sample
size for all the comparisons on disability progression was low,
giving estimates with large CIs. To mitigate the potential bias
due to the lack of randomization, we applied an IPW in the
main analysis as well as several sensitivity analyses with different
matching algorithms.

With our comparative results, based on a wide national data-
base (i-MuST) and the CLARITY data set, we simulated a
scenario representing the complexity of management of pa-
tients with MS, which confirms the effectiveness of cladribine
tablets in treating RRMS. Our approach let us overcome the
lack of direct head-to-head comparisons of cladribine tablets to
other common DMDs. We confirmed the superiority of cla-
dribine tablets in reducing relapse rate, during the first 2 years,
compared with its major competitors, such as IFN, GA, and
DMF; NTZ data were still superior as given in the results.
Finally, having individual patient data, we were able to show
the higher efficacy of cladribine in the subgroup of patients
with HDA.
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Abstract
Objective
To evaluate the use of CSF neurofilament light chain (NfL)measurements in clinical practice as
well as their effect on treatment strategies and outcomes in patients with MS.

Methods
This was an observational cohort study of patients with MS who had a CSF NfL measurement
between December 2015 and July 2018 as part of their routine clinical care. Treatment strat-
egies were classified as “No Treatment/No Escalation” (no treatment or no escalation of
treatment) or “Treatment/Escalation” (first-line injectable/oral disease-modifying therapies
(DMTs), highly active DMTs, or treatment escalation). Change in Expanded Disability Status
Scale (EDSS) scores was evaluated after 1-year follow-up.

Results
Of 203 patients with MS, 117 (58%) had relapsing-remitting MS. Disease activity was most
frequently indicated by elevated CSF NfL (n = 85), followed by clinical (n = 81) and MRI
activity (n = 65). CSF NfL measurements were independently associated with clinical (p =
0.02) and MRI activity (p < 0.001). Of those with elevated CSF NfL as the only evidence of
disease activity (n = 22), 77% had progressive MS (PMS). In patients with PMS, 17 (20%) had
elevated CSF NfL as the sole indicator of disease activity. Elevated CSF NfL resulted more
frequently in Treatment/Escalation than normal CSFNfL (p < 0.001). Median EDSS change at
follow-up was similar between patients receiving No Treatment/No Escalation and
Treatment/Escalation decisions (p = 0.81).

Conclusions
CSF NfL measurements informed treatment strategies, alongside clinical and MRI measures.
CSFNfL levels were the only indicator of disease activity in a subset of patients, which wasmore
pronounced in patients with PMS. Elevated CSF NfL was associated with more Treatment/
Escalation strategies, which had an impact on EDSS outcomes at 1 year.

*These authors contributed equally to the manuscript.

From the The Blizard Institute (S.R., I.S., D.H., K.C.-L., T.C., L.B., F.A., M.M., K.S., G.G., S.G.), Centre for Neuroscience, Surgery & Trauma, Barts and The London School of Medicine and
Dentistry, Queen Mary University of London; and Clinical Board Medicine (Neuroscience) (S.R., I.S., B.T., M.M., K.S., G.G., S.G.), The Royal London Hospital, Barts Health NHS Trust,
London, UK.

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

The Article Processing Charge was funded by the authors.

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

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

http://dx.doi.org/10.1212/NXI.0000000000000880
mailto:s.gnanapavan@qmul.ac.uk
https://nn.neurology.org/content/7/6/e880/tab-article-info
http://creativecommons.org/licenses/by-nc-nd/4.0/


The availability of new and more effective disease-modifying
therapies (DMTs) has increased the complexity of MS
management.1 Moreover, the clinical and pathologic hetero-
geneity throughout the disease course of MS poses major
challenges for treatment decisions.2 Treatment strategies in
MS are largely based on clinical activity (including relapses)
and MRI findings (new or enlarging T2 lesions and/or
gadolinium [Gd]-enhancing lesions).3,4 However, it is not
possible to capture the full extent of disease activity with these
measures, and the correlation between MRI measures and
clinical disability remains limited.5–7 As a result, treatment
strategies based solely on these disease activity markers may
fail to deliver the best possible long-term outcomes.5

Personalization of MS management is a key goal for all MS
practices. There is, thus, an unmet need for additional bio-
markers that enable neurologists to further stratify treatment
strategies and improve outcomes for individual patients. As
elevated CSF neurofilament light chain (NfL) measurements
can indicate ongoing inflammation and neuroaxonal de-
generation in MS,8,9 measurement of CSF NfL may represent
an additional tool to assist in the treatment decision-making
process. CSF NfL measurements have been shown to correlate
with clinical and radiologic disease activity and predict disability
progression.9–11 Moreover, reduction of CSF NfL measure-
ments also indicates response to treatment.12–14 However, the
utility of CSF NfL measurement in day-to-day clinical practice
remains largely unexplored. Specifically, we do not know what
form this will take over and above that of clinical and MRI
activity and whether using CSF NfL in the treatment decision-
making process has any impact on outcomes.

At our center, CSF NfL testing has been provided to assist
treatment decision making since December 2015. In this
cohort study, we aimed to (1) characterize the distribution of
disease activity as measured by CSF NfL, clinical activity, and
MRI activity, (2) evaluate the influence of CSF NfL mea-
surements on treatment strategies, (3) evaluate the impact of
CSF NfL-based treatment strategies on disability outcomes,
and (4) evaluate the impact of the CSF NfL on our clinical
practice following its introduction.

Methods
Study design and participants
This was an observational cohort study based at Barts Health
NHS Trust, London, United Kingdom. Patients with either
relapsing-remitting MS (RRMS) or progressive MS (PMS)
who underwent CSF NfL measurements between December
2015 and July 2018 were identified from our institutional

database. Inclusion criteria were age ≥18 years, having a
treatment decision that took into account CSF NfL mea-
surements, clinical and MRI assessments, and having an Ex-
panded Disability Status Scale (EDSS) score obtained at least
1 year after the treatment decision.

Standard protocol approvals, registrations,
and patient consents
This study was approved by the London City and East Re-
search Ethics Committee (REC ref: 20/LO/0023). Informed
and signed consent for lumbar puncture was obtained from all
patients. This study was conducted according to the
Strengthening the Reporting of Observational Studies in
Epidemiology (STROBE) reporting guideline.15

Demographics and MS disease characteristics
Demographics and disease characteristics were extracted from
the participants’ electronic medical record as follows: age, sex,
type of MS (RRMS or PMS), current DMT status, disease
duration, clinical and radiologic disease activity at baseline,
baseline EDSS score, follow-up EDSS score, and EDSS
change. Disease duration was defined as the number of years
from the first episode of focal neurologic dysfunction sug-
gestive of demyelination. The baseline EDSS score was
assessed within 1 year before treatment decision, and the
follow-up EDSS score was assessed at least 1 year after the
treatment decision. EDSS change was calculated by sub-
tracting the follow-up EDSS score from the baseline EDSS
score. Clinical activity was defined as relapses (the occurrence
of new or recurrent neurologic symptoms) and/or sustained
disability progression (i.e., sustained increase from the base-
line EDSS score of ≥1.0. over a ≥3-month period). Radiologic
activity was defined as (1) at least 1 clearly identifiable new
lesion and/or increase in size of a preexisting lesion on T2-
weighted MRI and/or (2) at least 1 Gd-enhancing lesion on
contrast-enhanced T1-weighted MRI.

CSF NfL measurements
CSF samples were obtained by lumbar puncture using an
atraumatic procedure16 and collected in polypropylene tubes.
CSF samples were centrifuged at 400 rpm for 10 minutes and
aliquoted and stored at −80°C until use. CSF NfL measure-
ments were measured in the neuroimmunology laboratory at
the Blizard Institute, Queen Mary University of London,
London, United Kingdom, using the commercially available
and validated solid-phase sandwich ELISA from UmanDiag-
nostics (Umeå, Sweden).17 The test used 2 highly specific
noncompeting monoclonal antibodies: an NfL-capturing an-
tibody coated to the solid phase of a strip plate and a tracer
antibody conjugated to horseradish peroxidase for the de-
tection of captured NfL protein.17

Glossary
DMT = disease-modifying therapy; EDSS = Expanded Disability Status Scale; Gd = gadolinium; IQR = interquartile range;
NEDA = no evident disease activity;NfL = neurofilament light chain; PMS = progressive MS; RRMS = relapsing-remitting MS.
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CSF NfL measurements (pg/mL) were calculated using a
standard curve according to the manufacturer’s instructions.18

The detection limit of the ELISA was 33 pg/mL. Intra- and
interassay coefficients of variation were below 10%. All NfL
analyses were performed in duplicate. CSF NfL measure-
ments were categorized as normal or elevated according to
age-related reference values defined by the manufacturer.18

These reference ranges have been established in 50 volunteers
that had no apparent neurologic disease based on interviews
by a research nurse and MRI. The healthy subjects were di-
vided into 3 age groups, and the reference levels were defined
as median NfL level + 2 SDs. In patients aged <30 years (n =
17), the cutoff was 290 pg/mL (median 186.4 pg/mL, 2 SD
100), in patients aged between 30 and 39 years (n = 15) 380
pg/mL (median 288.4 pg/mL, 2 SD 94.5), and in patients
aged between 40 and 59 years (n = 18) 830 pg/mL (median
490.6 pg/mL, 2 SD 340).18

Treatment strategies
The Barts MS center has implemented a local strategy of
treating to a target of no evident disease activity (NEDA).
Although we used CSF NfL measurements for NEDA as-
sessment in MS, there was no specific algorithm for DMT
selection based on NfL testing at our center. The decision on
which DMT to prescribe was at the discretion of each MS
consultant. Treatment strategies were classified as follows
based on NHS England treatment algorithm and local pre-
scribing policies19: (1) “no treatment”when patients were not
started on any DMT, (2) “no escalation of treatment” when
previously treated patients continued on the same DMT, (3)
“first-line injectable and oral DMTs” when treatment naive
patients received beta-interferons, glatiramer acetate, teri-
flunomide, or dimethyl fumarate, (4) “highly active DMTs”
when naive patients received high efficacy oral (fingolimod),
subcutaneous cladribine or infusion therapies (natalizumab,
ocrelizumab, or alemtuzumab), and (5) “treatment escala-
tion” when previously treated patients according to (2) and
(4) were escalated to more effective DMTs. We defined
treatment strategies (1) and (2) as “No Treatment/No Es-
calation” and (3), (4) and (5) as “Treatment/Escalation.”

Statistical analysis
Categorical variables were described as frequency and
percentages and continuous and ordinal variables by me-
dian and interquartile range (IQR). CSF NfL levels were
tested for normality using the Shapiro-Wilk test. As they
were not normally distributed, pairwise comparisons were
conducted with the Kruskal-Wallis test. Frequencies of
grouped treatment strategies per year were compared using
the χ2 test. Two-way analysis of variance was performed to
model CSF NfL measurements as a function of MRI and
clinical activity taking into account covariates that were
significantly associated with CSF NfL measurements. We
checked for significant interactions between MRI and
clinical activity and performed a sensitivity analysis in
which extreme NfL values were replaced by the mean ± 3
SDs. A nominal significance threshold (p = 0.05) was

applied, and all tests were 2 sided. All analyses were per-
formed using the statistical package R v3.6.1.

Data availability
All data included in these analyses will be shared as anony-
mized data via request from any qualified investigator.

Results
Patient characteristics
A total of 203 patients with MS were included in the study,
with a median age of 44 years (IQR 33–52 years), 123 (61%)
were female and 117 (58%) had RRMS. The median EDSS
score was 3 (IQR 1.5–6), and themedian disease duration was
6 years (IQR 2–13 years). At baseline, 169 (83%) patients
were not treated with any DMT (table 1).

The distribution of disease activity as
measured by CSF NfL, clinical activity, and
MRI activity
There was no evidence of clinical or MRI activity or elevated
CSF NfL in 64 patients, whereas in 139 patients, at least 1
category signaled active disease (figure 1). Among those with
disease activity, all 3 parameters were present in 21 patients
(15%), while the frequency of disease activity was in the order
of elevated CSF NfL (n = 85) > clinical activity (n = 81) >
MRI activity (n = 65). In those without clinical activity, dis-
ease activity was still demonstrated in 39 patients through
elevated CSF NfL and in 36 patients having an active MRI,
with 17 patients displaying both (figure 1). CSF NfL was
associated with MRI activity (p < 0.01) and with Gd-
enhancing lesions (p < 0.001) (figure 2, A and B). CSF NfL
was also associated with clinical activity (p < 0.001) and with
relapses (p < 0.01) (figure 2, C and D).

When integrating both MRI and clinical variables in the same
model, we demonstrated that NfL measurements were in-
dependently associated with clinical (b = 391.49, p = 0.02)
and MRI activity (b = 766.31, p < 0.001) (figure 2E). No
statistically significant interaction between MRI activity and
clinical activity was observed in the model (p = 0.06). These
results survived a sensitivity analysis (clinical activity: b =
252.96, p = 0.03; MRI activity: b = 566.94, p < 0.001). CSF
NfL measurements were significantly higher in men than in
women (p < 0.001) and were also associated with current
treatment status (p < 0.01), which were both controlled for in
the regression analysis.

The influence of CSF NfL measurements on
treatment strategies
In 22 patients with MS (11%), the only evidence of disease
activity used in the treatment decision-making process was
their elevated CSF NfL measurement (“CSF NfL only” pa-
tients). The majority (77%) of these had PMS compared with
42% in the “MRI activity only” and 48% in the “clinical activity
only” subgroup (table 1). CSFNfL only patients had amedian
disease duration of 8 years (IQR 4–10.8 years) and a median
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Table 1 Baseline characteristics of the study cohort by disease activity statusa

Characteristicb

Patients
with MS
(N = 203)

“NfL only”
patients with
MS (n = 22)

“MRI activity
only” patients
with MS (n = 19)

“Clinical activity
only” patients
with MS (n = 27)

“NfL and clinical
activity” patients
with MS (n = 25)

“NfL and MRI
activity” patients
with MS (n = 17)

“Clinical and MRI
activity” patients
with MS (n = 8)

“NfL, MRI activity, and
clinical activity”
patients withMS (n = 21)

“No activity”
patients with
MS (n = 64)

Sex, no. (%)

Female 123 (60.6) 6 (27.3) 13 (68.4) 19 (70.4) 16 (64) 10 (58.8) 6 (75) 11 (52.4) 42 (65.6)

Male 80 (39.4) 16 (72.7) 6 (31.6) 8 (29.6) 9 (36) 7 (41.2) 2 (25) 10 (47.6) 22 (34.4)

Age, median (IQR) 44 (33–52) 46 (38.3–57) 46 (39–53) 49 (44.5–59) 33 (29.5–45.5) 35 (27–49.5) 38.5 (33.5–44.5) 33 (28–41) 47 (40–54)

Type of MS, no. (%)

RRMS 117 (57.6) 5 (22.7) 11 (57.9) 14 (51.9) 19 (76) 12 (70.6) 7 (87.5) 17 (81) 32 (50)

PMS 86 (42.4) 17 (77.3) 8 (42.1) 13 (48.1) 6 (24) 5 (29.4) 1 (12.5) 4 (19) 32 (50)

Disease duration,
median (IQR)

6 (2–13) 8 (4–10.8) 8 (2.25–11) 9 (2–16.5) 4 (1–7) 5 (1–14) 3.5 (2.5–4.5) 2 (1–10) 9 (4–18)

Baseline EDSS score,
median (IQR)

3 (1.5–6) 6 (4–6.5) 3 (1.5–6) 3 (2–5.3) 3 (1.5–5.3) 2 (1–4.3) 1.3 (1–1.5) 2 (1–3.5) 4 (2–6.5)

DMTs, no. (%)

None 169 (83.3) 21 (95.5) 17 (89.4) 23 (85.2) 24 (96) 15 (88.2) 7 (87.5) 17 (81) 45 (70.3)

Alemtuzumab 1 (0.5) — — — — — — — 1 (1.6)

Beta-interferon 1 (0.5) — — — — — — — 1 (1.6)

Cladribine
(subcutaneous)

6 (3.0) 1 (4.5) 1 (5.3) 2 (7.4) — — — 1 (4.8) 1 (1.6)

Dimethyl fumarate 8 (4.0) — — 1 (3.7) — 1 (5.9) 1 (12.5) 2 (9.5) 3 (4.7)

Fingolimod 11 (5.4) — 1 (5.3) 1 (3.7) 1 (4) — — 1 (4.8) 7 (10.9)

Glatiramer acetate 1 (0.5) — — — — — — — 1 (1.6)

Natalizumab 6 (3.0) — — — — 1 (5.9) — — 5 (7.8)

Abbreviations: DMT = disease-modifying therapy; EDSS = Expanded Disability Status Scale; IQR = interquartile range; NfL = neurofilament light chain; PMS = progressive MS; RRMS = relapsing-remitting MS.
a NfL only, MRI only, and clinical only correspond to patients with MS who had only elevated CSF NfL, clinical activity, or MRI activity, respectively. Combined disease activity groups are also provided.
b Each characteristic’s percentage represents their respective weight among the total patients in each disease activity group.
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baseline EDSS score of 6 (IQR 4–6.5). Distribution of de-
mographic characteristics by disease activity status is sum-
marized in table 1.

In patients with PMS, 62 of 86 (72%) had treatment strategies
including elevated CSFNfLmeasurements in the process, and
in 17 (20%) an elevated CSF NfL measurement was the only
evidence of disease activity used in the treatment decision-
making process. In patients with RRMS, 75 of 117 (64%) had
treatment strategies integrating elevated CSF NfL measure-
ments with other measures, and in 5 (4%), elevated CSF NfL
measurements were the only disease activity criterion used in
the treatment decision-making process.

Treatment strategies consisted of No Treatment/No Esca-
lation decisions in 62 patients (30.5%) and Treatment/
Escalation decisions in 141 patients (69.5%) (table 2). Higher
median CSF NfL measurements were observed for patients
ultimately receiving a Treatment/Escalation decision (612
pg/mL) compared with No Treatment/No Escalation pa-
tients (264.5 pg/mL) (p < 0.001) (table 2, figure 3A). In the
No Treatment/No Escalation group, there was little differ-
ence between median CSF NfL measurements of patients for
whom we decided not to treat (264.5 pg/mL) compared with
those whose treatment was not escalated (269 pg/mL). In the
Treatment/Escalation group, there was a stepwise increase in
median CSF NfL values from patients put on first-line in-
jectable and oral DMTs (369 pg/mL), to those started on
highly active DMTs (411 pg/mL), and those whose treatment
was escalated (696 pg/mL).

The impact of CSF NfL-based treatment
strategies on disability outcomes
Of the 95 patients in the No Treatment/No escalation group,
the median baseline EDSS score was 2.5 (IQR 1.5–6), and the
median follow-up EDSS score was 2.5 (IQR 1.5–6). Of the

108 patients in the Treatment/Escalation group, the median
baseline EDSS score was 4 (IQR 1.75–6), and the median
follow-up EDSS score was 4.75 (IQR 2–6). The median
EDSS change was 0 (IQR 0–0.5) in both the No Treatment/
No Escalation and the Treatment/Escalation group. The
change in the EDSS was not found to be different at follow-up
between the 2 treatment groups (p = 0.81) (figure 3B).

CSF NfL test experience (December
2015–July 2018)
The learning effect and adoption of the CSF NfL test was
evaluated over the period of December 2015 through to July
2018 based on clinical documentation. The proportion of
Treatment/Escalation vs No Treatment/No Escalation
strategies did not differ from year to year in patients with
elevated CSFNfLmeasurements (p = 0.99) (figure S1A, links.
lww.com/NXI/A307); while in patients with normal CSF
NfL measurements the proportion of No Treatment/No
Escalation strategies significantly increased toward 2018 (p <
0.02) (figure S1B).

Discussion
In the present study, we evaluated the use of CSF NfL mea-
surements to assist treatment strategies for patients with MS
in clinical practice. Although CSF NfL has gained traction in
research as a tool to identify disease activity in MS, it is not
known whether the same applies for clinical practice, partic-
ularly that of personalized care. We explored the utility of the
CSF NfL test in real-life practice.

In our cohort, we found that CSF NfL measurements were
elevated in 42% of samples tested. Although CSF NfL closely
aligned with clinical disease activity and MRI activity, all 3
parameters were present together in only a small proportion
of patients (15%). CSF NfL measurements have been shown
to reflect both inflammatory and neurodegenerative compo-
nents of MS,8,9,12,20,21 which is supported by our finding that
CSF NfL was not only associated with relapses and Gd-
enhancing lesions on MRI but also with our composites of
clinical and radiologic disease activity. However, modeling
CSF NfL with the other 2 disease activity parameters showed
that these associations were largely independent of each
other. Recently, both CSF and serumNfLmeasurements have
been shown to correlate not only with current but also with
previous clinical and MRI activity in RRMS.22,23 Although
assessments of disease activity (i.e., CSF NfL testing and
clinical and radiologic assessments) were deemed to take
place within a similar time frame, no predefined time intervals
were set for this real-word study. This may explain the lack of
association between CSF NfL measurements and some clin-
ical andMRImeasures evaluated in our study. The reasons for
the association between sex and CSF NfL measurements
found in our study remain uncertain. However, our findings
are in line with the results of other studies showing that CSF
NfL levels are significantly higher in men compared with

Figure 1 Venn diagram illustrating the distribution of dis-
ease activity among patients with MS in our co-
hort (n = 203)

NfL = neurofilament light chain.
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women in healthy individuals and several neurodegenerative
diseases.24

Most of the patients demonstrating an elevated CSF NfL
measurement as the only evidence of disease activity had a
progressive disease course. This observation was less apparent
when looking at the clinical activity only or MRI activity only
subgroups. Similarly, an elevated CSF NfL measurement was
the only evidence of disease activity used in the treatment
decision-making process in one-fifth of the patients with PMS
within this cohort. This suggests that there is a subgroup of

patients with MS with disease activity that may be missed by
relying on clinical activity or MRI disease activity markers
alone.7,25 Although a number of publications report on ele-
vated CSF NfL during relapse in RRMS, subclinical in-
flammatory disease activity in PMS is often overlooked.7

Elevated CSF NfL in isolation may therefore still be acted on
and has the potential to be much more than an aid for
prognostication or treatment response.

Although CSF NfL measurements were only 1 of the 3 pillars
in assessing disease activity during the treatment decision-

Figure 2 CSF NfL is associated with clinical and radiologic activity

Box plots demonstrating the relationship between CSF NfL (n = 203) and (A) MRI activity (new/enlarging lesions and/or Gd-enhancing lesions), (B) Gd-
enhancing lesions, (C) clinical activity (relapses and/or progression), and (D) relapses. (E) Regression modeling NfL measurements as a function of clinical
activity (relapses and/or progression) and MRI activity (new/enlarging lesions and/or Gd-enhancing lesions). Box-whisker plots represent median, quartiles,
and 1.5 × interquartile range. Gd = gadolinium; NfL = neurofilament light chain.
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making process, patients with elevated CSF NfL were more
likely to be directed toward Treatment/Escalation strategies
in our study. The EDSS outcomes at follow-up between the
No Treatment/No Escalation and Treatment/Escalation
strategies did not differ significantly in this study, suggesting
counterpoise. This is in line with current evidence that more
aggressive treatment strategies lead to better clinical out-
comes and higher rates of NEDA.5,26 Moreover, early treat-
ment in MS has been found to reduce the risk of converting
from RRMS to PMS.27–29 As CSF measurements of NfL
predict future disability progression in patients with MS,11

adding CSFNfLmeasurements in the workup of patients with
MS, starting with the diagnostic lumbar puncture, may help

refine treatment strategies (highly active vs first-line
therapies).

A key hurdle for any new biomarker or treatment is the
adoption in clinical practice, which is dependent on evi-
dence combined with the willingness and feasibility to in-
troduce the novelty.30 In our center, we did not detect a
meaningful change in treatment strategies in those with
elevated CSF NfL over time, whereas more No Treatment/
No Escalation decisions were documented in those with
normal CSF NfL measurements toward the end of the study
period. Arguably, although an important reason for the
adoption of CSF NfL has been to identify patients with

Figure 3 The influence of CSF NfL on treatment strategies and disability outcomes

Box plots representing (A) the influence of CSF NfL on No Treatment/No Escalation vs Treatment/Escalation strategies. The horizontal black line indicates the
age-specific reference value for CSFNfL (<30: 290 pg/mL, 30–39: 380 pg/mL, 40–59: 830 pg/mL). (B) EDSS change at 1-year follow-up as a function of treatment
strategies (i.e., No Treatment/No Escalation vs Treatment/Escalation) (n = 203). Box-whisker plots representmedian, quartiles, and 1.5 × interquartile range. p
Values were obtained using the Kruskal-Wallis test. EDSS = Expanded Disability Status Scale; NfL = neurofilament light chain.

Table 2 Treatment strategies according to CSF NfL measurements

Treatment strategy

Elevated CSF NfL
measurements (n = 85)

Normal CSF NfL
measurements (n = 118) All patients (N = 203)

No. (%)
Median CSF
NfL (pg/mL) No. (%)

Median CSF
NfL (pg/mL)

Median CSF
NfL (pg/mL)

No treatment/escalation 4 (4.7) 701 58 (49.2) 239 264.5

No treatment 1 (1.2) 861 35 (29.7) 264 264.5

No escalation of treatment 3 (3.5) 453 23 (19.4) 246 269

Treatment/escalation, no. (%) 81 (95.3) 971 60 (50.8) 297 612

First-line injectable and oral DMTs 15 (17.6) 808 18 (15.3) 169 369

Highly active DMTs 61 (71.8) 996 35 (29.7) 295 411

Treatment escalation 5 (5.9) 682 7 (5.9) 335 696

Abbreviations: DMT = disease-modifying therapy; NfL = neurofilament light chain.
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active disease for DMT escalation, the test might also have
the beneficial effect of reducing the escalation to highly
active treatments in those with lower disease activity.
However, more detailed qualitative work is needed to ex-
plore this in greater detail.

The main limitation of our study is the observational nature of
the recorded data. Data regarding treatment strategies were
retrieved from the electronic medical records and are there-
fore prone to reporting bias. Therefore, the influence of
comorbidities, intolerance, or poor adherence to prior treat-
ments and preferences of patients and neurologists on treat-
ment strategies could not be accounted for in our analysis.31

An additional limitation of our study may lie in our catego-
rization of treatment strategies, which was based on NHS
England treatment algorithms and local policies.19 Some of
the patients with higher levels of disability received off-label
subcutaneous cladribine. Therefore, our results may not al-
ways be generalizable to practices elsewhere. We further ac-
knowledge that normative data for CSF NfL age-related
cutoffs were based on a small group of individuals. However,
CSF collection is relatively invasive precluding the conduction
of large-scale validation studies with healthy volunteers.
Moreover, CSF NfL age-related cutoffs reported by Uman-
Diagnostics are in line with CSF NfL measurements reported
by others and have also been used in different research
settings.20,32 Finally, this was not a randomized study, and we
therefore acknowledge that the differences of baseline char-
acteristics between groups may not be randomly distributed.
As such, future studies should aim to balance groups to pre-
vent such differences.

Taken together, the findings from this study demonstrate
that CSF NfL measurements can be adopted in routine
clinical practice in MS. They complement established
markers of disease activity to guide treatment strategies.
The test may have a specific utility in patients with PMS
where both clinical and MRI activity are more likely to be
stable. The CSF NfL test has been adopted into our practice
and has an impact on clinical outcomes based on EDSS
progression.
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Abstract
Objective
To determine the observed and expected incidence rates of paraneoplastic neurologic syn-
dromes (PNSs) and autoimmune encephalitides (AEs) diagnosed in France between 2016 and
2018, we conducted a population-based epidemiologic study.

Methods
Observed incidence rates were stratified by sex, age groups, region of care, year of diagnosis, and
disease subgroups. National expected incidence rates were calculated based on rates obtained in
the area directly adjacent to the Reference Center using a mixed Poisson model and compared
with observed incidence rates.

Results
Six hundred thirty-two patients with definite PNS or AE met the inclusion criteria. The
observed incidence rate of definite PNS and AE in France was 3.2 per million person-years
(CI95%: 2.9–3.4) compared with an expected incidence rate of 7.1 per million person-years
(CI95%: 3.9–11.4). The national observed incidence rate for the antibody-positive AE subgroup
increased from 1.4 per million person-years (CI95%: 1.2–1.7) in 2016 to 2.1 per million person-
years (CI95%: 1.7–2.4) in 2018, thus surpassing the incidence rate of classical PNS (1.2 per
million person-years [CI95%: 1.0–1.5]) of 2018.

Conclusions
There was a significant widespread year-to-year increase in the incidence of diagnoses regis-
tered with the Reference Center for all subgroups of PNS and AE studied. The national
observed incidence rate is likely underestimated due to underdiagnosis and underreporting.
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Paraneoplastic neurologic syndromes (PNSs) and autoim-
mune encephalitides (AEs) are neuroimmune disorders that
are both characterized by the presence of autoantibodies that
target the nervous system.1,2 Even if PNSs and AE appear to
be rare, their recognition is essential because immunomodu-
latory treatments have been associated with marked im-
provements and even resolution of symptoms in a significant
proportion of cases.3–6 Despite their associated human3 and
economic costs,7 these neuroimmune disorders have seldom
been the subject of epidemiologic studies. The annual in-
cidence per million person-years has been estimated at 8.9 for
PNS in Northeastern Italy,8 5 for antibody-positive AE in
Olmsted County, MN,9 0.83 for leucine-rich glioma inacti-
vated 1 (LGI1) encephalitis in the Netherlands,10 and 0.9 to
2.2 for pediatric N-methyl-D-aspartic acid (NMDAr) en-
cephalitis in the United Kingdom and Hong Kong.11,12 All of
these studies have reported year-to-year increases in incidence
in a context of increased diagnostic abilities and improved
recognition of clinical syndromes.9,11,12

The main objective of this study was to measure the incidence
of PNS and AE and their subgroups registered with the
French National Reference Center between 2016 and 2018
inclusively. The secondary objectives were to evaluate the
regional heterogeneity in incidence of declaration and quan-
tify underreporting by providing an expected incidence rate
based on the predicted rates calculated for the area sur-
rounding the Reference Center.

Methods
Population and patients
France has a population of 66,992,699 inhabitants (source:
Institut national de la statistique et des études économique
[INSEE] January 1, 2019). The French National Reference
Center for PNS and AE is located in Lyon, the second most
populous metropolitan area of France. The Reference Center
directly cares for patients diagnosed with PNS and AE in the
surrounding Rhône-Ain-Isère region (3,798,135 inhabitants
on January 1, 2019). In addition to clinical care, this center
provides countrywide guidance via telemedicine and anti-
body testing for suspected cases of PNS or AE. Although it is
conceivable that patients be diagnosed locally with commer-
cially available diagnostic panels (thus bypassing reporting to
the reference center), the share of such underreporting was
felt to be small and was mitigated by agreements between the
Reference Center and private providers of autoimmune test-
ing for reporting antibody-positive cases. Clinical information
on patients referred to the center or obtained through our
partners was collected and kept in a database onsite.

Cases from the Reference Center database diagnosed in France
between January 1, 2016, and December 31, 2018, that met the
following criteria were included: (1) definite AE,2 except for
patients with negative or atypical antibody testing, or (2) definite
PNS,1 excluding cases of dermatomyositis, Lambert-Eaton my-
asthenic syndrome (LEMS), or with antibodies targeting P/Q-
type voltage-gated calcium channel antibodies, SOX1, myelin
oligodendrocyte glycoprotein, or aquaporin 4. Atypical antibody
testing was defined as positive immunofluorescence with neu-
ronal staining without target identification. Also excluded were all
cases with missing biospecimens or missing information on lo-
cation of care (figure e-1, links.lww.com/NXI/A308). Antibody
positivity was confirmed using at least 2 different techniques
(i.e., tissue-based immunofluorescence and cell-based assay or
Western blot/immunodot) according to the antibody type.13

Both serum andCSFwere tested whenever available. For specific
antibodies (e.g., GAD65), other additional techniques (ELISA)
were adopted, using serum titers >250 IU/mL as a cutoff.14

Diagnostic classification
The cases included in this study were collectively referred to as
definite PNS and AE—further emphasizing the exclusion of
patients with negative/atypical antibody testing without an
associated cancer. We used the following classification for
subgroup analysis: (A) the PNS subgroup included patients
who had a neurologic syndrome associated with a malignant
tumor (including malignant thymoma but excluding teratoma)
or who tested positive for a classic onconeural antibody
(namely, anti-amphiphysin, -CV2/CRMP5, -Delta/Notch-like
epidermal growth factor-related receptor, -Hu [ANNA1], -Ri
[ANNA2], -Yo [PCA1], or -Ma2 antibody)1; (B) the classical
PNS subgroup included only patients who tested positive for
one of the aforementioned typical onconeural antibodies; (C)
the antibody-positive AE subgroup included patients with
an antibody typically associated with AE (anti-AK5, -alpha-
amino-3-hydroxyl-5-methyl-4-isoxazolepropionic acid receptor
[AMPAr], -CASPR2, -dipeptidyl-peptidase-like protein 6,
-LGI1, -D2R, -gamma aminobutyric acid-A receptor, -gamma
aminobutyric acid-B receptor, -glycine receptor, -immuno-
globulin-like cell adhesion molecule 5, -glutamic acid decar-
boxylase, -glial fibrillary acidic protein, -LGI1, -mGluR1,
-mGluR5, or -NMDAr antibodies15,16) and having 2 of the 3
following criteria2: (1) subacute encephalopathy; (2) MRI with
bitemporal T2 fluid attenuated inversion recovery abnormali-
ties; and (3) CSF pleocytosis or EEG with epileptic or slow-
wave activity involving the temporal lobes; and (D), (E), and
(F) subgroups included patients who tested positive for, re-
spectively, anti-NMDAr, -LGI1, and -Hu antibodies. Patients
who tested positive for an AE antibody andwere diagnosed with
a concomitant cancer were referred to as paraneoplastic AE and
were included concurrently into the PNS and antibody-positive

Glossary
AE = autoimmune encephalitides; CRC = colorectal cancer; LEMS = Lambert-Eaton myasthenic syndrome; PNS =
paraneoplastic neurologic syndrome; SCLC = small-cell lung cancer.
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AE subgroups. All cancer diagnoses included occurred within 5
years of symptom onset for classical PNS and 2 years for other
PNS.1 For patients testing positive to more than 1 onconeural
antibody, the antibody the most consistent with their clinical
presentation was assigned.

Patients’ characteristics
For patients included in the study, the following characteristics
were extracted from the database: age, sex, associated neo-
plasm, region of care, year of diagnosis, and results of antibody
panel testing. We then described these characteristics for each
subgroup—using absolute and relative frequency for qualita-
tive characteristics, and median and range for quantitative
characteristics. We described the distribution of cases using sex-
age pyramids. Testing for all aforementioned antibodies was
available throughout the study period, except for glial fibrillary
acidic protein, which became available in 2017.

Estimate and modeling of incidence rates
We stratified the cases and corresponding population strata by
sex, age group, region of care, and year of diagnosis. We then
calculated the person-years spent at risk—the average size of
the population estimated between January 1st of that year and
the following year17—in each stratum using population data
from the INSEE. We used the region of care as a surrogate for
region of residence. Because all regions of France, with the
exception of Corse, can count on at least 1 tertiary care center
within their borders, the tendency for patients to seek care
outside of their region of residence was felt to be minimal. We
tested the soundness of this premise for the Rhône-Ain-Isère
region—which was assumed to have the highest rate of non-
resident diagnosis due to the location of the national reference
center within its walls—and we found that only 12% of the
patients diagnosed within the Rhône-Ain-Isère region were
nonresidents. We estimated crude incidence rates by sex, age
group, region, year of diagnosis, and for the entire French
population over the period 2016–2018 with 95% CIs built
using an exact method based on a Poisson distribution.

We used log-linear mixed models to model the case count
according to sex and age groups.We put a random intercept on
the variable region, specified an age-sex interaction as fixed
effect, and used the logarithm of the number of person-years as
an offset.18 To account for nonlinearity, we modeled the age
effect using a cubic spline with 3 knots.19We used the predicted
relative incidence rates for the regions to quantify the in-
terregional heterogeneity of the incidence rate taking into ac-
count the heterogeneity due to sample size variability and
adjusting for sex and age. These predicted relative incidence
rates corresponded to the exponential of the best linear un-
biased predictors of the mixed models and were relative to the
mean incidence rate. We used maps to represent the national
distribution of the relative incidence rates.

We also used a model with year of diagnosis specified as fixed
and random effect to investigate the effect of the variable year
of diagnosis on the incidence rates.

Expected number of cases and incidence rates
in France
We considered the Rhône-Ain-Isère region the reference area
in terms of completeness of case declaration because of its
proximity to the Reference Center. We estimated the expec-
ted number of cases of definite PNS and AE over the period
2016–2018 by applying the predicted incidence rates
obtained from the mixed model for the reference area to the
person-years of each stratum of the French population. We
aggregated that the expected numbers of cases were by sex, 4
age groups (0–19, 20–39, 40–59, and ≥60 years), and the
entire French population. The expected incidence rates cor-
responded to the ratio of the expected number of cases to the
number of person-years. We obtained 95% CIs for the
expected numbers of cases and incidence rates using a bias-
corrected and accelerated bootstrap method.

We conducted all statistical analyses with R version 3.6.0 (R
Core Team, Vienna, 2019), using the glmmPQL function in
package NLME18 for the mixed Poisson models. The pack-
ages ggplot2,20 rgdal,21 and broom22 were used for mapping
the relative incidence rates.

Standard protocol approvals, registrations,
and patient consents
The Ethics Review Board of the Hospices Civils de Lyon
(19–85) approved this study, which is registered with Clin-
icalTrials.gov (No. NCT03957616). The French Commission
nationale de l’informatique et des libertés also approved the
study for data collection (Commission nationale de l'informa-
tique et des libertés [CNIL] authorization number: 19–147).

Data availability
Anonymized data will be shared by request from any qualified
investigator for purposes of replicating procedures and results.

Results
Definite PNS and AE
Among 13,442 referred cases, 632 patients had a diagnosis of
definite PNS or AE: 175/3,376 (5.1%) in 2016, 218/4,445
(5.0%) in 2017, and 239/5,621 (4.3%) in 2018. The distri-
bution of cases showed a bimodal age distribution with a first
peak at ages 15–19 years (predominantly female patients
with antibody-positive AE) and a second higher peak at ages
65–69 years (high proportion of males, predominantly PNS
cases) (figure 1A). As hypothesized, the most commonly
identified antibodies were anti-NMDAr, followed by anti-
LGI1, and anti-Hu (table 1; figure e-2, links.lww.com/NXI/
A309). The proportion of females among Yo-, NMDAr-, and
glutamic acid decarboxylase-positive patients was signifi-
cantly above 50%, whereas it was below 50% among LGI1-,
Ma2-, and CASPR2-positive patients (figure 2). Fifteen
(2%) patients tested positive for 2 antibodies: 9 had dual
antibodies against CV2 and Hu, 5 against LGI1 and
CASPR2, and 1 against CV2 and Yo.
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Among the patients with definite PNS or AE diagnosis, 243
(38.4%) had an associated diagnosis of cancer. In descending
order, these cancers were lung cancer (59/243, 24%, small-
cell lung cancers [SCLCs], and 47/243, 19%, non–small-cell
lung cancers), gynecologic cancers (34/243, 14%), breast
cancer (29/243, 12%), malignant thymoma (15/243, 6%),
lymphoma (13/243, 5%), renal cell carcinoma (11/243,
5%), and prostate cancer (10/243, 4%). Less than 10 cases
were found for each of leukemia, colorectal cancer (CRC),
testicular, thyroid, skin, neuroendocrine, pancreatic, liver,
head and neck, and bladder cancers.

The crude incidence rates of definite PNS or AE were 3.2 per
million person-years (CI95%: 2.9–3.4; the incidence rates for the
different subgroups are shown in table 2). For all subgroups, a
yearly increase in crude incidence rates was observed. The highest
crude incidence rates were seen in overseas regions ofMartinique
and Guadeloupe, followed by the Rhône-Ain-Isère region (table
e-1, links.lww.com/NXI/A310). After modeling of incidence
rates, significant regional heterogeneity remained (interregional
SD = 0.26, figure 3). The Rhône-Ain-Isère region (site of the

National Reference Center) had the highest predicted relative
incidence rate (i.e., 2 times themean rate), followed by Aquitaine
(1.3x) and Martinique and Guadeloupe (1.2x). The mean in-
cidence rate increased significantly with the year of diagnosis
(relative year-on-year incidence rate = 1.20x, CI95% = 1.18–1.22).

Expected numbers of cases and incidence rates
We estimated the crude incidence rate of definite PNS and AE
in the Rhône-Ain-Isère region at 7.5 per million person-years
(CI95%: 6.0–9.3). We estimated the expected number of cases
in France at 1,411 (CI95%: 774–2,272) and the national in-
cidence rate of definite PNS and AE at 7.1 per million person-
years (CI95%: 3.9–11.4). We estimated the expected national
rate of definite PNS and AE per million person-years among
females at 7.7 (CI95%: 2.3–10.1) and 6.4 amongmales (CI95%:
2.6–11.9). Looking at age groups, we estimated the expected
national incidence rates per million person-years at 2.5
(CI95%: 0.9–5.6) in the 0–19 age group, 3.1 (CI95%: 1.2–6.7)
in the 20–39 age group, 8.3 (CI95%: 3.4–16.7) in the 40–59
age group, and 13.9 (CI95%: 5.5–28.9) in patients older than
60 years.

Figure 1 Sex-age pyramids by subgroup

(A) Definite paraneoplastic neurologic syndromes and autoimmune encephalitides. (B) Paraneoplastic neurologic syndromes. (C) NMDAr-positive patients.
(D). LGI1-positive patients.
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Paraneoplastic neurologic syndromes
Of the 317 patients diagnosed with PNS, 195met the criteria for
classical PNS, and 82 had atypical/negative testing for antibodies
with associated cancers. Forty patients were diagnosed with
paraneoplastic AE (figure e-1, links.lww.com/NXI/A308). The
proportion of female patients within the PNS subgroup—
slightly above 50%—remained relatively constant throughout all
age groups (figure 1B). The most commonly diagnosed tumor
types were lung cancer (32% of all cancer cases), gynecologic
cancer (15%), and breast cancer (14%).

The 70–74 age group had the highest crude incidence rate of
PNS: 5.7 per million person-years (CI95%: 4.3–7.6), whereas no
cases were recorded in the 5–9 age group (CI95%: 0.0–0.3 per
million person-years). After modeling of incidence rates, the
incidence of PNS showed a significant heterogeneity between
regions (SD of the distribution of the random intercept = 0.35).

The antibodies detected in the classical PNS subgroup were Hu
(84/195, 43%), Yo (37/195, 19%),CV2/CRMP5 (31/185, 15%),

Ma2 (19/195, 9%), Delta/Notch-like epidermal growth factor-
related receptor (12/195, 6%), Ri (11/195, 5%), and amphiphysin
(5/195, 2%). The median age of the patients with classical PNS
was 66.1 years (range: 0–93 years). Of the 84Hu-positive cases, 43
(52%) were female, and their median age was 66.5 years (range:
41–93 years), near the median age of the overall PNS subgroup.
Cancer was present in 62 patients (74%) of the Hu-positive sub-
group: 34 SCLC, 20 NSCL, 2 prostate cancers, 1 breast cancer, 1
CRC, 1 bladder cancer, and 1 uterine cancer.

Antibody-positive autoimmune encephalitis
Within the antibody-positive AE subgroup, the sex distribu-
tion differed markedly according to age: while a female pre-
dominance was noted in patients younger than 50 years, males
were more commonly diagnosed in patients older than 50
years. Of the 40 patients with paraneoplastic AE (11.3% of the
total antibody-positive subgroup; table 1), there were 11 with
gamma aminobutyric acid-B receptor, 11 with anti-LGI1, and
9 with CASPR2 antibodies. Compared with overall antibody-
positive AE cases, patients with paraneoplastic AE were older

Table 1 Patients’ characteristics

Characteristic Definite PNS and AE PNS Antibody-positive AE

All patients, n (%) 632 317 355

Female patients, n (%) 357 (56.5) 171 (53.9) 202 (56.9)

Age, median (range) 62.1 (0–94) 65.9 (0–93) 54.9 (0–94)

Associated cancers, n (%)a 243 (38.5) 243 (77%) 40 (11.3)

Antibodies, n (%)

Anti-NMDAr 106 (16.7) 1 (0.3) 106 (33.0)

Anti-LGI1 85 (13.3) 11 (3.4) 85 (26.5)

Anti-Hu 84 (13.2) 84 (26.2) 0 (0.0)

Negative/atypical 78 (12.3) 78 (24.3) 0 (0.0)

Anti-GAD 71 (11.2) 4 (1.2) 71 (2.2)

Anti-Yo 37 (5.9) 37 (11.7) 0 (0.0)

Anti-CASPR2 37 (5.8) 9 (2.8) 37 (11.5)

Anti-CV2 31 (4.9) 31 (9.7) 0 (0.0)

Anti-GFAP 21 (3.3) 1 (0.6) 21 (6.5)

Anti-Ma2 19 (3.0) 19 (5.9) 0 (0.0)

Anti-GABAbR 18 (2.8) 10 (5.6) 18 (5.6)

Anti-DNER 12 (1.9) 12 (3.7) 0 (0.0)

Anti-Ri 11 (1.7) 11 (3.4) 0 (0.0)

Others 22 (3.5)b 9 (2.5)c 16 (5.0)d

Abbreviations: AE = autoimmune encephalitis; DNER = Delta/Notch-like epidermal growth factor-related receptor; GABAbR = gamma aminobutyric acid-B
receptor; GAD = glutamic acid decarboxylase; GFAP = glial fibrillary acidic protein; LGI1 = leucine-rich glioma inactivated 1; NMDAr =N-methyl-D-aspartic acid;
PNS = paraneoplastic neurologic syndrome.
a Excluding 22 cases of teratomas.
b AK5: 3; AMPAr: 4; amphiphysin: 5; IgLON5: 3; mGluR1: 3; mGluR5: 1; GlyR: 1; GABAa: 1; and D2R: 1.
c AMPAR: 2; amphiphysin: 5; IgLON5: 1; and mGlur5: 1.
d AK5: 3; AMPAr: 4; GABAa: 1; GlyR: 1; IgLON5: 3; mGluR1: 3; and mGluR5: 1.
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(median age: 64.8 vs 54.9 years; p < 0.001) and less likely to be
female (40% vs 57%; p = 0.03). The incidence rate of
antibody-positive AE again showed significant interregional
heterogeneity (SD of the distribution of random intercept
= 0.32).

The median age of the NMDAr subgroup was 22.3 years
(range: 0–80 years; figure 1C), significantly lower than the
median age of the whole antibody-positive AE subgroup (vs
54.9 years; p < 0.005). In this subgroup, 79% were females,
which is also significantly higher than the percentage in the
whole antibody-positive AE subgroup (57%; p < 0.005).
Twenty-one cases (20%) had teratoma, and 1 had Hodgkin
lymphoma.

The LGI1-positive patients were older (median age: 67.4 vs
54.9 years; range: 33–86, p < 0.001; figure 1D) and more
likely to be males (males = 40% vs 57%; p = 0.005) than the
whole antibody-positive AE subgroup. Only 11 cases of
cancer (13%) were found in these patients (6 malignant
thymomas, 3 prostate cancer, 1 breast cancer, and 1 lung
cancer).

Discussion
We report on the epidemiologic features of PNS and AE
diagnosed on the French territory and registered with the
French National Reference Center between 2016 and 2018.
Despite widespread advances made in the recognition and
referral of these disorders, the discrepancy between the high
incidence rates observed in the immediate vicinity of the
Reference Center and the rest of France suggests that

underdiagnosis and underreporting still exist and highlights
the need for uniform diagnostic procedures on a national
scale. The regional heterogeneity in reported incidence rates
may be partially explained by a combination of region-
dependent underrecognition of these disorders, varying ex-
haustiveness in reporting, border effects with some university
health centers located close to regional borders, and differ-
ences in referral patterns. Differences in regional racial com-
position are also a potential factor of heterogeneity: we indeed
found higher crude incidence rates of definite PNS and AE in
Martinique and Guadeloupe, regions with high proportions of
inhabitants with African ancestry. This is akin to results by
Dubey et al.9 who reported higher incidence rates of AE
among Blacks in Olmsted County, MN. Finally, the contri-
bution of geographic factors to regional incidence heteroge-
neity was felt to be minimal given the absence of clear regional
clustering (figure 3).

The crude incidence rates of antibody-positive AE (3.6 per
million person-years) and PNS (4.1 per million person-years)
in Rhône-Ain-Isère region were lower than rates found in,
respectively, Olmsted County (5.0 per million person-years)9

and Northeastern Italy (8.9 per million person-years).8 These
differences more likely reflect the increased challenge of
achieving exhaustiveness in larger populations rather than
true differences in incidence. Even when considering the area
to the Rhone-Ain-Isère region only, the population at risk was
3,798,135 vs 155,285 for Olmsted County and 983,190 for
Northeastern Italy.8,9 Another potential cause of this lower
incidence rate is the exclusion of patients with certain PNS
(dermatomyositis and LEMS) and those harboring antibodies
targeting P/Q-type voltage-gated calcium channel antibodies,
SOX1, myelin oligodendrocyte glycoprotein, or aquaporin 4.

Figure 2 Proportion of females by antibody type
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Table 2 Incidence rates of PNS and AE in France and Rhône-Ain-Isère region, 2016 to 2018

Subgroup and period

Whole France Rhône-Ain-Isère region

Cases, n Crude incidencea (95% CI) Cases, n Crude incidenceb (95% CI)

Definite PNS and AE

2016 175 2.6 (2.3–3.1)

2017 218 3.3 (2.9–3.7)

2018 239 3.6 (3.1–4.1)

2016–2018 632 3.2 (2.9–3.4) 85 7.5 (6.0–9.3)

PNS

2016 94 1.4 (1.1–1.7)

2017 114 1.7 (1.4–2.0)

2018 113 1.7 (1.4–2.0)

2016–2018 317 1.6 (1.4–1.8) 46 4.1 (3.0–5.4)

Antibody-positive AE

2016 95 1.4 (1.2–1.7)

2017 121 1.8 (1.5–2.2)

2018 139 2.1 (1.7–2.4)

2016–2018 355 1.8 (1.6–2.0) 41 3.6 (2.6–4.9)

Classical PNS

2016 52 0.8 (0.6–1.0)

2017 68 1.0 (0.8–1.2)

2018 82 1.2 (1.0–1.5)

2016–2018 199 1.0 (0.9–1.1) 19 1.7 (1.0–2.6)

Hu

2016 21 0.3 (0.2–0.5)

2017 31 0.5 (0.3–0.7)

2018 31 0.5 (0.3–0.7)

2016–2018 83 0.4 (0.3–0.5) 11 1.0 (0.5–1.7)

NMDAr

2016 28 0.4 (0.3–0.6)

2017 35 0.5 (0.4–0.7)

2018 43 0.6 (0.5–0.9)

2016–2018 106 0.5 (0.4–0.6) 10 0.9 (0.4–1.6)

LGI1

2016 24 0.3 (0.2–0.5)

2017 23 0.4 (0.2–0.5)

2018 38 0.6 (0.4–0.8)

2016–2018 85 0.4 (0.3–0.5) 7 0.6 (0.2–1.3)

Abbreviations: AE = autoimmune encephalitides; LGI1 = leucine-rich glioma inactivated 1; NMDAr = N-methyl-D-aspartic acid; PNS = paraneoplastic neu-
rologic syndrome.
a The numbers of person-years spent at risk for whole France were 66,439,735 in 2016; 66,574,069 in 2017; 66,676,327 in 2018; and 199,690,131 for period
2016–2018.
b The number of person-years spent at risk for Rhône-Ain-Isère for period 2016–2018 was 11,291,348.
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The fact that antibody-positive AE is now at least as com-
monly diagnosed as PNS suggests that there was a rapid, albeit
heterogeneously distributed, heightened awareness of the
condition. In fact, classical PNS—a group whose antibodies
were described in the 1980s and 1990s—now represents only
about a third of all definite PNS and AE cases. Part of the
increased incidence seen in this subgroup may be attributable
to more widespread use of immune checkpoint inhibitors in
oncological practice, as already observed for specific central23

and peripheral nervous system disorders,24 including anti-
Hu25 and anti–Ma2-associated syndromes.26

To address the aforementioned limitations of exhaustiveness
and referral patterns, future incidence studies should
strengthen interhospital collaborations and ensure increased
reporting of these conditions to the National Reference
Center in Lyon. Including information on the location of
residence of the patients would allow for a more in-depth
analysis of the possible role of geographic factors on the in-
cidence of PNS and AE.

The population-based design of this study showed a relatively
accurate epidemiologic picture. We hope that this study will
lead to increased recognition and reporting of these neuro-
immune disorders in regions of France with lower rates of
declaration, possibly through targeted educational activities.
Our data will serve as a comparator for future studies of in-
cidence of PNS and AE, monitoring their incidence in space
and time—concurrently with improvements in clinicians’
diagnostic capabilities.26
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MDCM, MSc

Hospices Civils de Lyon,
Lyon, France; Université
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Claude Bernard Lyon 1,
Lyon, France

Acquisition of the data
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Abstract
Objective
To assess whether IV immunoglobulins (IVIgs) as a first-line treatment for chronic in-
flammatory demyelinating polyneuropathy (CIDP) have a regulative effect on natural killer
(NK) cells that is related to clinical responsiveness to IVIg.

Methods
In a prospective longitudinal study, we collected blood samples of 29 patients with CIDP before
and after initiation of IVIg treatment for up to 6 months. We used semiquantitative PCR and
flow cytometry in the peripheral blood to analyze the effects of IVIg on the NK cells. The results
were correlated with clinical aspects encompassing responsiveness.

Results
We found a reduction in the expression of several typical NK cell genes 1 day after IVIg
administration. Flow cytometry furthermore revealed a reduced cytotoxic CD56dim NK cell
population, whereas regulatory CD56bright NK cells remained mostly unaffected or were even
increased after IVIg treatment. Surprisingly, the observed effects on NK cells almost exclusively
occurred in IVIg-responsive patients with CIDP.

Conclusions
The correlation between the altered NK cell population and treatment efficiency suggests a
crucial role for NK cells in the still speculative mode of action of IVIg treatment. Analyzing NK
cell subsets after 24 hours of treatment initiation appeared as a predictive marker for IVIg
responsiveness. Further studies are warranted investigating the potential of NK cell status as a
routine parameter in patients with CIDP before IVIg therapy.

Classification of evidence
This study provides Class I evidence that NK cell markers predict clinical response to IVIg in
patients with CIDP.
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Chronic inflammatory demyelinating polyneuropathy (CIDP)
is an acquired chronic autoimmune disorder of the peripheral
nervous system.1,2 A broad spectrum of subtypes has been
described, and its heterogeneity poses challenges to diagnos-
tics, treatment, and pathogenic concepts.3,4 Although etiopa-
thogenesis and autoimmune targets have not been fully
elucidated, there is strong evidence for the involvement of
cellular and humoral immune responses.5–7

Immunomodulatory therapies can improve clinical signs, and up
to 80% of patients respond to 1 of the 3 first-line treatments:
corticosteroids, plasma exchange, and IV immunoglobulins
(IVIgs).8 Although IVIg is therapeutically efficacious in close to
70% of patients, it takes 2–6 months before nonresponders can
be identified.9 Although key opinion leaders in the field tend to
switch to the next treatment option even within the first 3
months of ineffective treatment, there is an underestimated time
window in IVIg nonresponding patients without effective ther-
apy. Given the heterogeneity of therapeutic response, patients
would greatly benefit from the availability of prognostic markers
and surrogate markers, which predict treatment response.10,11

Reduced numbers of natural killer (NK) cells or a diminution
in cytotoxic NK cell activity has been reported in various
autoimmune conditions such as MS, systemic lupus eryth-
ematosus, rheumatoid arthritis, or type I diabetes.12,13 How-
ever, the pathophysiologic contribution of NK cells in the
context of CIDP has not been addressed in detail.

To further understand the mode of action of IVIg in patients
with CIDP and to decipher the alterations, which are re-
sponsible for its therapeutic effect, we took a prospective
longitudinal approach to collect blood samples of patients
with CIDP before and after treatment initiation with IVIg and
investigated immune cell populations in detail.

Methods
Standard protocol approvals, registrations,
and patient consents
The study was performed in accordance with the principles
of the Declaration of Helsinki, and the local ethics commit-
tees approved the study plan (Ethics Committee University
of Essen and Ethics Committee University of Düsseldorf).
Participants who provided written informed consent were in-
cluded. All participants were older than 18 years. A total of 29
patients with CIDP were investigated.

Diagnosis and classification of patientswith CIDP
A total of 29 patients withCIDP (age range 34–78 years, mean age
55 years) consented to be enrolled, and peripheral blood samples
were obtained before treatment initiation and 1, 2, 3, and 6months
after the first infusion of IVIg. CIDP was diagnosed according to
the European Federation of Neurological Societies/Peripheral
Nerve Society criteria.14 All patients had not received treatments
other than methylprednisolone or plasma exchange before sam-
pling and had been without immunomodulatory or immunosup-
pressive treatment for at least 4 weeks before sampling. Patients
were observed in monthly intervals for up to 2 years. Samples of
patients were excluded when they did not meet quality standards
(cell viability, messenger RNA [mRNA] quality, and false-negative
or false-positive controls during measurements of the samples).

Summed Inflammatory Neuropathy Cause and Treatment
(INCAT) disability scores were assessed as previously described
at each visit.15 Briefly, the INCAT disability score assesses
functional disability on an ordinal scale ranging from 0 (no
disability) to 5 (no purposeful movement possible) for upper
and lower extremities. The summed INCAT score is added
from both values and can thus range from 0 to 10. Patients were
classified as responders if the INCAT sum score declined at least
1 point during 6 months of treatment. Furthermore, they were
classified as responders if they stabilized under IVIg treatment
with a progression of at least 2 points of the INCAT sum score
over a period of 6 months before IVIg initiation.

Peripheral bloodmononuclear cell preparation
Ethylenediaminetetraacetic acid (EDTA) tubes were used to
collect peripheral blood mononuclear cells (PBMCs) and
PAXgene tubes to collect RNA. Fresh blood samples in
EDTA tubes were purified using Ficoll (Invitrogen, Man-
nheim, Germany) gradient centrifugation according to the
manufacturer’s protocol on the day of collection. Cells were
divided into aliquots; one was freshly used for flow cytometry
analyses, and the others were stored in 10% dimethyl
sulfoxide/fetal calf serum in liquid nitrogen until further use.

Real-time PCR
Total RNA was isolated using the PAXgene preparation kit
according to the manufacturer’s instructions and quantified
(Nanodrop 2000; Thermo Scientific, Waltham, MA). Syn-
thesis of complementary DNA (cDNA) was performed using
1 μg of total RNA with Moloney murine leukemia virus re-
verse transcriptase, RNAse OUT, deoxynucleoside triphos-
phates, and oligo dT primer (all Invitrogen).

Glossary
ADCC = antibody-dependent cytotoxicity; ANOVA = analysis of variance; BNB = blood-nerve barrier; cDNA =
complementary DNA; CIDP = chronic inflammatory demyelinating neuropathy; DC = dendritic cell; EAE = experimental
autoimmune encephalomyelitis; EDTA = ethylenediaminetetraacetic acid; IFNγ = interferon gamma; INCAT = Inflammatory
Neuropathy Cause and Treatment; IVIg = IV immunoglobulin; mRNA = messenger RNA; NCAM1 = neural cell adhesion
molecule 1; NK = natural killer; PBMC = peripheral blood mononuclear cell; TNFα = tumor necrosis factor alpha.
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For real-time PCR, the thermal cycler (AbiPrism7000; Ap-
plied Biosystems, Foster City, CA) was set to run for 2 mi-
nutes at 50°C and 10 minutes at 95°C; 40 cycles for 15
seconds at 95°C; and 1 minute at 60°C using Power SYBR
Green PCR Master Mix (Applied Biosystems). cDNA was
amplified in the presence of a final concentration of 0.625 μM
for each primer (sequences in the table). To affirm the
specificity of the product, PCR was followed by a melting
curve analysis. The housekeeping gene GAPDH was used as
the control gene to relate mRNA content.

Flow cytometry
Cells were surface stained using antibodies according to
standard procedures.16 For extracellular staining, 1 × 106 cells
were stained, and fluorescence of cells was analyzed using the
FACSCanto II flow cytometer with BD FACSDiva 8.0 soft-
ware (BD Biosciences, Heidelberg, Germany). Distinct cell
populations were analyzed using FlowJo 10.0 (LCC, Eugene,
OR). For intracellular stainings of cytokines, the BD Cytofix/
Cytoperm Plus kit (BD Biosciences) was used after extra-
cellular staining according to the manufacturer’s protocols.
Intracellular staining was performed using FoxP3 Fixation/
Permeabilization (Thermo Fisher).

The following fluorescently labeled antibodies were used:
CD4 (RPA-T4), CD8 (RPA-T8), CD16 (3G8), CD19
(SJ25C1), and CD56 (NCAM16.2; all BD Biosciences); CD3
(Okt 03), CD25 (M-A251), CD107a (H4-A3), CD161 (HP
3G10), CD335(9E2), FOXP3 (150D), interferon gamma
(IFNγ) (4S.B3), and tumor necrosis factor alpha (TNFα)
(MAb11; all BioLegend, San Diego, CA); and NKG2A
(REA110), NKG2C (REA205), and NKG2D (BAT221; all
Miltenyi, Bergisch Gladbach, Germany).

Cytotoxicity assay
2 × 105 PBMCs were preincubated for 16 hours before the
K562 cell line was cocultivated for an hour to stimulate NK
cell activity in the presence of CD107a antibody (H4-A3;
BioLegend). Cultivation was prolonged for 4 hours in the
presence of GolgiStop and GolgiPlug (BD Biosciences). After
cultivation, cells were harvested and flow cytometry analyzed
as described before. Shortly, cell populations were determined
as well as CD107 degranulation and expression of the in-
tracellular cytokines IFNγ and TNFα.

Statistics
The primary research questions of this prospective study were
whether IVIg as a first-line treatment for CIDP have a regula-
tory effect on NK cells and their markers and whether these
changes are related to clinical responsiveness. The classification
of evidence assigned to these questions is Class I. The Shapiro-
Wilk test was applied to assess normal distribution. The Mann-
Whitney U test was performed for unrelated (unpaired) sam-
ples, theWilcoxon rank test was performed for related (paired)
samples, the Kruskal-Wallis analysis of variance (ANOVA) was
performed for multiple testing, and the Dunn-Bonferroni post
hoc test was used to test for statistically significant differences.

Correlation analysis was performed by calculation of Spearman
ρ. Differences were considered significant at p values <0.05 with
a CI of 95%. GraphPad Prism version 7.0 (GraphPad Software,

Table Primer sequence

Gene
name
(protein) Sequence

Product
length (nt)

ACTB FWD CTG GGA GTG GGT GGA GGC 57

ACTIN REV TCA ACT GGT CTC AAG TCA GTG

FCGRA FWD GTG TCA CTG TCC CAA GTT GC 205

CD16A REV GCT ACA CAG GAA TTA GAT ATT
GAA GC

IL2RA FWD ACG GGA AGA CAA GGT GGA C 89

CD25 REV TGC CTG AGG CTT CTC TTC A

NCAM1 FWD TGT GTG ATG TGG TCA GCT CC 162

CD56 REV TGC CCT CAC AGC GAT AAG TG

KLRD1 FWD CTC TTA CAG TGA GGA GCA CAC C 92

CD94 REV TTG TAT TAA AAG TTT CAA ATG
ATG GAA

KLRB1 FWD AAA TGC AGT GTG GAC ATT CAA 91

CD161 REV CTC GGA GTT GCT GCC AATA

NCR1 FWD CCC ACA GAG GGA CAT ACC GAT 109

CD335 REV AGG CTG GTG TTC TCA ATG TCG

FOXP3 FWD CTT CCT TGA ACC CCA TGC 70

FOXP3 REV GAG GGT GCC ACC ATG ACT A

GAPDH FWD TGG ACC TGA CCT GCC GTC TA 150

GAPDH REV AGG AGT GGG TGT CGC TGT TG

IL10 FWD TGA AAA CAA GAG CAA GGC CG 83

IL-10 REV CACTCATGGCTT TGTAGATGCC

KLRC1 FWD ACC TAT CAC TGC AAA GAT TTA
CCA

144

NKG2A REV GGA AGA ATT GTT GTG CCT CTG

KLRC2 FWD CAA AAT CCT TCC CTG AAT CAT C 89

NKG2C REV ACC TCG GCA GTG AGC TTC T

KLRK1 FWD GCTTCGAAGAACTCTGATCTGC 101

NKG2D REV TTC GTT TAG TTC AAA TGG CAA C

KLRC3 FWD GCA GGC CTG TGC TTC AAA GA 131

NKG2E REV CCC ATG GAT GAT GAC TGC TG

KLRC4 FWD ACT GCA AAG GTT TAC TGC CAC 137

NKG2F REV AAA ATT GTT CTG CTC CAG TAC
TCC

Abbreviations: FWD = forward; REV = reverse.
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San Diego, CA) and SPSS version 25 (IBM Corp. 2017,
Armonk, NY) were used for statistical analysis.

Data availability
All data generated or analyzed during this study are included
in this published article.

Results
Treatment of patients with CIDP with IVIg
reduces NK cell frequency, but not the
frequency of T cells and B cells
Administration of IVIg is known to have strong effects on
various subpopulations of leukocytes in human blood. To
investigate distinct changes, flow cytometry of peripheral

blood cells was performed before and 24 hours after IVIg
administration.

Lymphocytes were identified based on size and granularity
(figure 1A). Gated on this population staining with CD3 vs
CD56 allowed the discrimination of NKT cells (CD3+/
CD56+) vs NK cells (CD3−/CD56+). NK cells were further
subclassified using CD16 and CD56. NK cells with regulatory
functions express CD16−/CD56bright, whereas predominantly
cytotoxic NK cells are CD16+, but expression of CD56 is only
intermediate (CD16+/CD56dim). The frequency of total NK
cells (CD3−/CD56+) was reduced after IVIg infusions in al-
most all patients (figure 1B; p < 0.001). Subdivision of NK
cells into CD16−/CD56bright and CD16+/CD56dim NK cells
demonstrated that significant reduction is mainly due to

Figure 1 Treatment with IVIg reduces NK cell frequency, but not the frequency of T cells and B cells

Flow cytometry analysis of PBMCs from patients with CIDP (n = 14) before treatment initiation and 24 hours after IVIg treatment. (A) Representative gating
strategy to define NK cells. Lymphocytes were identified based on the size and granularity of cells. To exclude NKT cells, CD56 and CD3 costaining was
performed. Gated on CD56+/CD3− cells, subpopulations of CD16+/CD56dim and CD16−/CD56bright NK cells were determined. (B) Changes in NK cells gated on
lymphocytes in individual IVIg-naive patients and 24 hours after IVIg infusion. (C) Proportion of CD56bright and CD56dim NK cell subpopulations within
lymphocytes. Depicted ismean ± SEM of the analyzed patients. (D) Changes in CD56bright subpopulation gated onNK cells in individual IVIg-naive patients and
24 hours after IVIg infusion. (E) Changes in frequencies of T cells and B cells gated on lymphocytes in individual IVIg-naive patients and 24 hours after IVIg
infusion. (F) Depicted are changes in the ratio of lymphocytes and monocytes within the leukocyte population in individual IVIg-naive patients and 24 hours
after IVIg infusion (asterisks indicate significance: ***p < 0.001; nonparametric distribution; Wilcoxon rank test for paired samples). CIDP = chronic in-
flammatory demyelinating neuropathy; IVIg = IV immunoglobulin; NK = natural killer; PBMC = peripheral blood mononuclear cell.
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reduction within the CD16+/CD56dim populations (figure
1C), whereas the smaller CD16−/CD56bright population in
most patients increased 24 hours after IVIg treatment (figure
1D; p < 0.001).

In contrast, IVIg treatment had no significant effect on the
proportion of CD3+ T cells and CD19+ B cells (figure 1E),
and lymphocyte/monocyte ratios remained stable as well
(figure 1F), indicating no specific expansion/reduction of the
investigated subpopulations of cells. In single patients, no
significant changes were observed, but a slight trend toward
increase or reduction was detectable.

INCAT correlates with NK cells and theirmarkers
We next addressed the question as to whether disease severity
correlates with the NK cell population size (figure 2). Patients
were subgrouped according to the INCAT score (0–3) and
the percentage of NK cells within the lymphocyte pop-
ulation (figure 2A), and the relative expression of NK
cell–specific genes in peripheral blood (figure 2B) was
graphed. Patients with low motor disabilities (INCAT = 0)
had higher NK cell number in tendency compared with
patients with a higher disability (INCAT = 3). Significant
differences were obtained for mRNA expression. Relative
mRNA expression of neural cell adhesion molecule 1
(NCAM1) (CD56) and KLRD1 (CD94) were significantly
lower in patients with higher INCAT score (figure 2B;
Spearman ρ −0.465, p = 0.017 for KLRD1 and −0.467, p =
0.014 for NCAM1). In line with the reduced NK cell
numbers, patients with a higher disease severity also had
lower NK cell–specific transcription levels detectable in the
peripheral blood.

Treatment with IVIg reduces NK cells and NK-
specific markers, but values recover between
IVIg administrations
To validate the flow cytometry data and additionally investigate
functional markers of NK cells, the relative mRNA expression of
differentNKcell geneswasmeasured in patientswithCIDPbefore
and 24 hours after IVIg infusion (figure 3A). NK cell–specific
markers NCAM1 (CD56), KLRD1 (CD94), KLRB1 (CD161),
and NCR1 (CD335) were analyzed as well as functional NKG
family receptors either with activating (KLRC2 [NKG2C] and
KLRK1 [NKG2D]) or inhibiting (KLRC1 [NKG2A]) function or
with unknown function (KLRC4 [NKG2F]).

The relative expression of NCAM1 was significantly reduced 24
hours after the first IVIg infusion (p = 0.0038, reduction observed
in 12 of 16 patients). The same reduction of relative expression of
NK cell–specific markers was detected regarding KLRD1 (p =
0.0012) andKLRB1 (p = 0.0087) transcripts. Diminished relative
expression ofNCR1wasmost prominent amongNK cell–specific
markers and was observed in 15 of 16 patients (p < 0.001). The
relative reduction was also significant for most of the NKG family
members (KLRC2, p = 0.0239 and KLRC4, p = 0.0348). The
KLRC1marker was decreased in tendency after 24 hours of IVIg
infusion. In summary, transcripts ofNKcellmarkers and receptors
were diminished 24 hours after IVIg infusion.

In contrast to that, we did not find relevant changes in longitudinal
analysis of samples prior treatment initiation compared with 1, 2, 3,
and 6 months of treatment (data not shown), neither with flow
cytometry nor transcriptional analysis. To further understand the
observations of the 24-hour samples, we confirmed that changes are
reversible within the monthly treatment intervals. Therefore,
changes of different NK cell genes were analyzed over 3 months in
3 responding patients, and representative data of 1 patient are
depicted in figure 3B. As expected, the relative expression of the
analyzed genes was markedly reduced 24 hours after infusion.
However, the levels returned to the initial value between the

Figure 2 Correlation of INCAT with NK cells and their
markers

Correlation of the INCAT score with the percentage of NK cells within lym-
phocytes (A, n = 16) and the expression level of NK-specific genes CD56 and
CD94 (B, n = 27). Patients were classified in terms of the INCAT disability
score. Depicted is mean ± SD and correlation with Spearman correlation
coefficient r, significance level p is as stated. INCAT = Inflammatory Neu-
ropathy Cause and Treatment; NK = natural killer.
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treatments andwere again lowered after subsequent infusions.Over
a period of 3 months, patients revealed a stable recurring pattern.

In treatment-naive patients, no difference in
NK cell marker expression is detectable
between responders and nonresponders
Patients with CIDP differ in their responsiveness to IVIg. Ret-
rospectively, enrolled patients were subdivided into responders
and nonresponders after 3–6 months of IVIg treatment. NK cell
lineage and functional markers were compared between the 2
groups before IVIg treatment initiation (responders: dark gray
bars; nonresponders: light gray bars, figure 4). Flow cytometry
analysis of NK cells and relevant NK cell markers (figure 4A)
revealed no significant differences between the 2 groups. Fre-
quencies of NK cell lineage–specific markers were in a compa-
rable range, and also, functional receptors did not differ in IVIg
responders vs nonresponders. These results were confirmed on
the mRNA level (figure 4B) and revealed no significant differ-
ence in NK cell markers. In summary, treatment-naive re-
sponders vs nonresponders had no distinct NK cell profile. NK
cell function was tested in an ex vivo assay and in line with the

above described results. Neither the cytotoxicity measured by a
CD107 flow cytometry assay nor the cytokine production of
TNFα and IFNγ after stimulation with K562 target cells was
different between responders and nonresponders (figure e-1).

Reduction of NK cell marker expression 24
hours after IVIg treatment initiation is more
pronounced in responding patients
We further analyzed whether the changes within the NK cell
population differed in responders and nonresponders. Therefore,
frequency changes of NK cell were compared in responders and
nonresponders 24 hours after IVIg infusion (figure 5A). Com-
pared with naive samples, we found a significant increase of the
regulatory CD56bright population within the NK cells after IVIg
infusion, whereas the frequency did not increase in nonre-
sponders. Most interestingly, this difference is significant between
responders and nonresponders (p = 0.0047). Within
the lymphocytes, the regulatory CD56bright population even de-
creased in nonresponders. In general, the frequencies of NK cells
were reduced in responders and nonresponders with higher re-
duction in responders. This decrease of NK cells within

Figure 3 Treatment with IVIg reduces NK cells and NK-specific markers in a reversible manner

Analysis of changes in relative expression levels
of the indicated typical NK cell–specific genes in
PBMCs from patients with CIDP before treat-
ment initiation and 24 hours after IVIg treatment.
(A) Depicted are changes of relative expression
of indicated genes in individual patients (n = 17)
related to the house keeping gene GAPDH (2−DCt,
asterisks indicate significance: *p < 0.05, **p <
0.01, ***p < 0.001; nonparametric distribution,
Wilcoxon rank test for paired samples). Changes
of the indicated genes. (B) Representative ex-
pression levels of the indicated genes of a rep-
resentative patient over time before IVIg
treatment initiation and 24 hours after monthly
infusion of IVIg. CIDP = chronic inflammatory
demyelinating neuropathy; IVIg = IV immuno-
globulin; NK = natural killer; PBMC = peripheral
blood mononuclear cell.
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the lymphocyte population was also confirmed on the mRNA
expression level (figure 5B). The majority of NK cell genes were
significantly downregulated in responders, whereas in nonre-
sponders, only a moderate downregulation could be detected or
even an upregulation of some mRNA transcripts (KLRB1,
KLRK1, and KLRC4) 24 hours after IVIg infusion. This resulted
in a significant difference in responders and nonresponders
(KLRB1: p = 0.027, KLRK1: p = 0.031, KLRC4: p = 0.024).

To better discriminate responders from nonresponders, 2
candidate markers were depicted for representative single
responding and nonresponding patients (figure 5C). Although
most of the responding patients showed decreased KLRC2
mRNA expression after IVIg treatment, in nonresponders, the
shift was not as pronounced, or the expression was even slightly

increased. In most of the responding patients, CD56bright NK
cells were strongly increased, whereas this phenomenon could
not be observed in the nonresponder cohort.

To predict the responsiveness of IVIg, a combinational approach
of more than 1 candidate marker could increase the significance.
To test this hypothesis, CD56bright flow cytometry data where
combined with KLRB1 and KLRK1 transcriptional data. For the
adjustment of multiple testing, we performed 1-way Kruskal-
Wallis ANOVA. In this model, responders were significantly
discriminated from nonresponders (F = 6.974, p = 0.013). In
pairwise comparisons with the Dunn-Bonferroni post hoc test,
CD56bright showed the highest significance level (p = 0.007),
followed by KLRK1 (p = 0.010) and KLRB1 (p = 0.027). Thus,
the combination of these 3 candidate markers increases the level

Figure 4 In treatment-naive patients, no difference in NK cell marker expression is detectable between responders and
nonresponders

Comparison of NK cell markers of
PBMCs from patients with CIDP be-
fore IVIg treatment that were sub-
sequently classified as responders (n
= 11) or nonresponders (n = 6)
depending on the treatment efficacy
of IVIg. Depicted is mean ± SEM. (A)
Changes of frequencies of NK cells,
CD56bright and CD56dim NK cell sub-
populations, and CD161+ and
NKG2A+ populations in patients with
CIDP. In addition, mean fluorescence
intensity was analyzed of surface
protein expression levels of CD161
and CD335. (B) Longitudinal changes
in transcriptions levels of the in-
dicated genes after real-time qPCR
analysis was performed on mRNA
preparations of PBMCs. CIDP =
chronic inflammatory demyelinating
neuropathy; IVIg = IV immunoglobu-
lin; NK = natural killer; mRNA = mes-
senger RNA; PBMC = peripheral
blood mononuclear cell.
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of significance for CD56bright and KLRK1, improving prediction
for the responsiveness of IVIg.

Discussion
Despite generally high efficacy of IVIg, a significant proportion of
patients with CIDP fail to respond to this treatment. In these
instances, treatment failure is confirmed after 3–6 months of
unaltered disease progression. Patients refractory to IVIg treat-
ment would highly benefit from surrogates capable of predicting
treatment efficacy earlier. Although amajority of patients respond
well to treatment with IVIg (responders), around 30% of patients
do not benefit at all (nonresponders).9 Here, we demonstrate
changes within the lymphocyte populations in patients with
CIDP, induced by IVIg treatment and—furthermore—a distinct
change in the NK cell profile 24 hours after treatment depending
on clinical responsiveness to IVIg treatment. The effect was
predominantly observed within NK populations and for NK cell
receptors. IVIg responders had a relative reduction of CD16+/

CD56dim cells in the peripheral blood and a relative increase in
CD16−/CD56bright cells. In nonresponders, these effects were
less pronounced or absent. We did not check for IgG4 subclasses
or antibodies to paranodal antigens. Because up to 10% of the
nonresponders have antibodies against paranodal antigens,17

some of our patients may not relate to NK transcripts but rather
to a different autoantibody status. To increase the prediction of
IVIg responsiveness, we tested a combinatorial approach of 3
strong candidate markers. The combination of CD56bright flow
cytometry data with the transcriptional data of KLRB1 and
KLRK1 increased the level of significance, improving prediction
for the responsiveness of IVIg. Nevertheless, establishing a test in
the clinical routine could be an ambitious goal.

The role of NK cells was not investigated so far in context of
autoimmune neuropathies. NK cells are innate immune cells and
recognize virus-infected or pathologically altered cells. Target
cells are either eliminated by release of cytolytic granules or se-
crete cytokines to regulate the immune response. NK cells are
also involved in limiting immune response after inflammatory

Figure 5 Reduction of NK cell marker expression after 24-hour IVIg treatment is more pronounced in responding patients

(A) Changes of frequencies of relevant NK cell markers in
PBMCs of patients with CIDP 24 hours after IVIg infusion
related to baseline in responders (n = 11) and nonre-
sponders (n = 6). Frequency of CD56bright NK cells was de-
termined within the total NK cell population and within
lymphocytes. Asterisks above bars indicate significant
changes after IVIg treatment compared with control (*p <
0.05, **p < 0.01, ***p < 0.001; nonparametric distribution,
Wilcoxon rank test for paired samples). Asterisks between
bars indicate significant changes between the responder
and nonresponder cohort. Depicted is mean ± SEM (*p <
0.05, **p < 0.01; nonparametric distribution, unpaired;Mann-
Whitney U test). (B) Changes of the transcription level of rel-
evant NK cell genes in PBMCs of patients with CIDP 24 hours
after IVIg infusion related to baseline in responders (n = 11)
and nonresponders (n = 6). Asterisks above bars indicate
significant changes after IVIg treatment compared with con-
trol (*p < 0.05, **p < 0.01; nonparametric distribution, Wil-
coxon rank test for paired samples). Asterisks between bars
indicate significant changes between the responder and
nonresponder cohort. Depicted ismean ± SEM (*p < 0.05, **p
< 0.01; nonparametric distribution, unpaired; Mann-Whitney
U test). (C) Changes in PBMCs of patients with CIDP after 24
hours of IVIg infusion in representativemarkers of NK cells on
gene expression and surface expression in the individual pa-
tients related to baseline (responders n = 8, nonresponders n
= 6). CIDP = chronic inflammatory demyelinating neuropathy;
IVIg = IV immunoglobulin; NK = natural killer; PBMC = pe-
ripheral blood mononuclear cell.
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reactions.18 Several NK cell receptors activate or inhibit their
activity (such as the NKG2 receptor family), and subpopulations
can be identified via the expression level of the surface molecule
CD56 (encoded by NCAM1). The CD56dim cell subpopulation
has cytotoxic activity, whereas CD56bright cells fulfill regulatory
functions partly via cytokine secretion.19

IVIgs achieve their anti-inflammatory effect through a broad range
of target mechanisms.20 The therapeutic effect of IVIgs is in part
mediated via the Fc gamma receptor, which is also expressed on
NK cells. Another mode of action that has been proposed is the
upregulation of target cell killing by antibody-dependent cytotox-
icity (ADCC).20 There is also evidence for a reduction of cytotoxic
NK cells immediately after IVIg treatment in patients with CIDP
most likely due to lowering of the number of circulatingNK cells.21

The possible link between IVIg efficacy and NK cells appears
obvious but has not been further investigated in CIDP.

One possible mechanism of the IVIg effect on NK cells is the
activation/induction of their cytotoxic phenotype. In our study,
particularly CD56dim NK cells were reduced in peripheral blood,
predominantly in responders. It is known that recruitment of
CD56dim cells into inflamed tissue is mandatory for limiting
immune reaction in experimental autoimmune encephalomyelitis
(EAE).12,22 An increased fraction of CD56dim cytotoxic cells
migrating into inflamed tissue could therefore lead to a local
reduction of autoreactive T cells, eliminated via cytotoxic lysis by
the NK cells.23 This mechanism is well known; thus, recruitment
of CD56dim NK cells is a potent defense mechanism against
inflammation in various tissues. It influences dendritic cell (DC)
activation, regulates the adaptive immune system, and reduces
local tissue destruction.24,25 Although mature DCs are protected
by an upregulation of major histocompatibility complex class I
molecules,26 NK cells are known to lyse immature DCs.27 IVIg
enhances lysis of mature DCs via CD16+/CD56dim NK cells and
ADCC.28 This may terminate autoimmune reactions due to
limited T-cell activation via restricted DC antigen presentation.

We and others have shown6,29 that patients with CIDP display
changes in their T-cell receptor repertoire, but these alterations do
hardly explain the treatment effect of IVIg and do not answer the
question why a distinct group of patients with CIDP do not re-
spond to therapy. It is known froman animalmodel ofMS thatNK
cells are crucial for the therapeutic effect of IVIg. NK cell depletion
in EAE leads to a loss of IVIg efficacy.30 Furthermore, a recent
study on the CSF of patients with inflammatory neuropathies
revealed a distinctive increase in NK cell numbers—indicating an
underestimated role of NK cells in inflammatory neuropathies.31

One limitation of the study is the comparable low INCAT score of
1.42. This can be explained by the fact that the study mainly
included patientswith a newly diagnosedCIDP. Still, an INCATof
2 is a relevant functional limitation for patients, and INCATmainly
reflects motor symptoms. Because the INCAT score is a well-
established scale, we choose this motor functional score to classify
response and clinical course.

Our observations add evidence of an IVIg-induced migration of
cytotoxic CD16+/CD56dim NK cells into the inflamed peripheral
nerve where they might induce suppression of autoreactive im-
mune cells and therefore limit autoimmunity. However, in non-
responders, concurrent homing of CD56bright NK cells may
augment autoimmune reactions, counteracting this mechanism.
In addition,NKcell–mediated lysis of activatedmacrophages32 or
autoreactive T cells33 may further curtail autoimmune reactions
following IVIg treatment. The observation of the monthly re-
covery of NK cell markers is of high interest, and further studies
will correlate the NK cell course with the clinical end-of-dose
effect in IVIg-treated patients.34 In addition, monitoring the NK
transcripts during the treatment interval of 3–4 weeks will add
knowledge to the role of NK cells in pathophysiology of CIDP.

Taken together, this comprehensive study provides evidence for
a so far unknown relevant contribution of NK cells to the
pathogenesis of CIDP. Furthermore, the differential response of
subpopulations of NK cells in responders and nonresponders to
IVIg treatmentmay serve as a surrogatemarker in predicting the
outcome of IVIg treatment in patients with CIDP after re-
production of the results in an independent cohort.
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Abstract
Objective
To explore the hypothesis that serum neurofilament light chain (sNfL) indicative of neuro-
axonal damage may improve precise disease profiling with regard to cognition and neuropsy-
chiatric symptoms, we analyzed potential associations of sNfL levels with cognitive test scores,
fatigue, depression, and anxiety.

Methods
Patients with relapsing-remitting and secondary progressive MS (SPMS) underwent an elab-
orated assessment including MRI, various cognitive tests, and patient-reported outcomes. We
determined sNfL levels by single molecule array (Simoa) assay. Relationships between sNfL,
cognition, neuropsychiatric symptoms, and demographical data were analyzed using correla-
tions, group comparisons, and regressions.

Results
In 45 clinically stable patients with MS (Expanded Disability Status Scale = 2.73 ± 1.12, disease
duration = 10.03 ± 7.49 years), 40.0% were cognitively impaired. Mean sNfL levels were 16.02 ±
10.39 pg/mL, with higher levels in the SPMS subgroup (p = 0.038). sNfL levels did reliably link
neither with the investigated cognitive and affective parameters nor with fatigue levels. The only
relationship found in a small subgroup of patients with SPMS (n = 7) with visuospatial learning (r
= −0.950, p = 0.001) and memory (r = −0.813; p = 0.026) disappeared when further controlling
for age, educational level, and sex.

Conclusions
In patients with stable MS at less advanced disease stages, sNfL did not convincingly relate to
cognitive performance, fatigue, depression, or anxiety and thus may not serve as a surrogate
biomarker for neuropsychological status in such populations.
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In patients with MS, symptoms such as cognitive impair-
ment (CI), fatigue, and mood disturbances have a detri-
mental influence on working ability and quality of life, even
at early disease stages.1,2 Neuroaxonal damage, leading
toward the disruption of structural and functional neuro-
nal networks, contributes to the development and pro-
gression of irreversible disability including cognitive
deterioration in patients with MS.3,4 Widespread axonal
damage and the resulting disconnection of neuronal cir-
cuits has also a prominent role in the pathogenesis of fa-
tigue and affective symptoms such as depression.5,6 Yet, in
standard clinical care, accurate and regular cognitive and
neuropsychiatric assessment is often not incorporated
despite its clinical importance due to limited time and
financial resources.7 Disease activity and burden is instead
approached by traditional measures such as the Expanded
Disability Status Scale (EDSS), the Multiple Sclerosis
Severity Score, or the Multiple Sclerosis Functional
Composite, which do not sufficiently mirror cognitive and
neuropsychiatric status. New biomarkers are therefore
needed that easily and sensitively assess tissue damage at
the axonal level and thereby might predict clinically rele-
vant outcomes such as cognition, fatigue, and mood
disturbances.

Neurofilament light chain (NfL) is a promising molecular
surrogate marker that indicates neuroaxonal injury in
various diseases because it is released into CSF and blood
as a subunit of a cytoskeletal protein in case of neuro-
axonal damage.8,9 In MS, CSF NfL levels correlate with
classical relapses and disability.10–12 Recently, the single
molecule array (Simoa) immunoassay technology13 with
unprecedented analytical sensitivity enabled the detection
of subtle NfL levels even in serum samples14 and suc-
cessfully linked serum NfL (sNfL) to neuroaxonal damage
and therapy effects in MS.15,16 Few studies though spe-
cifically explored NfL as a biomarker of cognitive perfor-
mance and fatigue in MS.17–22 Importantly, most of them
measured NfL levels in CSF, although studies on sNfL
levels and cognition, fatigue, depression, or anxiety are
rare.

Here, we investigated whether we could confirm previous
results relating CSF NfL and cognitive performance in MS
by sNfL testing. We additionally examined whether sNfL is
related to fatigue, depression, and anxiety in our sample of
patients with MS with mild clinical deficits.

Methods
Patient population
We consecutively recruited patients with RRMS and SPMS
from local ambulatory settings during October 2016–
September 2018. All patients had a confirmed MS diagnosis
according to the revised McDonald 2010 criteria, had an
EDSS score of ≤5.0, were aged between 18 and 60 years, were
fluent in German language, and were free of relapses for at
least the past 60 days. Diagnoses and disease courses were
documented in patients’most recent medical records by their
referring neurologists and were all reviewed and verified by
the authors (O.A. and A.R.). Patients were required to present
at least with mild CI, defined as a Symbol Digit Modalities
Test (SDMT) z score of ≤−0.5 and >−3.0, which was con-
firmed during the neuropsychological assessment. Exclusion
criteria covered any acute neurologic (other than MS), sys-
temic inflammatory, oncologic, or psychiatric condition, se-
vere visual or hearing impairment not otherwise corrected, or
upper extremity deficits that could interfere with neuro-
psychological testing performance. The final sample consisted
of 45 patients.

Neuropsychological assessment
and procedures
Demographical and clinical information was sampled by a
trained neuropsychologist. Table 1 displays the cognitive
tests and self-report questionnaires comprised in subsequent
neuropsychological testing. Two psychologists double-
checked data transfer from paper record sheets into elec-
tronical databases to avoid data entry errors and to ensure
data quality.

Neurologic assessment, MRI, and
measurement of sNfL
A clinical visit for standard neurologic examinations, MRI
scanning, and blood sampling all in 1 day was scheduled in the
context of the neuropsychological assessment, and most par-
ticipants were seen within 4 weeks. A certified neurologist of
the Department of Neurology scored each participant on the
EDSS according to established standards.23 In a 3T MRI sys-
tem (Siemens Skyra, Erlangen, Germany), we acquired sagittal
T1-weighted sequences (magnetization-prepared rapid acqui-
sition with gradient echo [MPRAGE]) with 1 mm isotropic
resolution (repetition time [TR] = 2,300 ms, echo time [TE] =
2.98 ms, field of view [FoV] = 256 × 256 mm, and 192 slices)
and sagittal fluid–attenuated inversion recovery sequences with

Glossary
BICAMS = Brief International Cognitive Assessment for MS; BVMT-R = Brief Visuospatial Memory Test—Revised; CBV =
cortical brain volume;CI = cognitive impairment;CIS = clinically isolated syndrome;CV = coefficient of variation;DGV = deep
gray matter volume; FoV = field of view; FSL = FMRIB Software Library; MPRAGE = magnetization-prepared rapid
acquisition with gradient echo; NBV = normalized brain volume; NfL = neurofilament light chain; SDMT = Symbol Digit
Modalities Test; sNfL = serum NfL; T2-LL = T2 lesion load; TE = echo time; TR = repetition time.
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1mm3 resolution (TR = 5,000ms, TE = 386.00ms, FoV = 256
× 256 mm, and 192 slices). T2 lesion load (T2-LL) was
assessed by using the SPM lesion segmentation toolbox (Label
Propagation algorithm24). After lesion filling with the FMRIB
Software Library (FSL25) lesion filling toolbox, normalized
brain volume (NBV), cortical brain volume (CBV), and deep
gray matter volume (DGV) were assessed from MPRAGE
images using SIENAX (FSL).

Serum samples were labeled following a pseudonymized
algorithm (4-eye principle for the encoding) and stored at
−80°C before blinded evaluation. Samples were shipped on
dry ice to the Department of Neurology, University Hos-
pital of Ulm, where sNfL concentrations were determined

by digital immunoassay using the Simoa NF-light Advan-
tage Kit (Quanterix Corporation, Lexington, MA) on our
previously described setup.26 Preparation of samples in-
cluding dilution steps was performed according to the
manufacturer’s instructions, and NfL levels were de-
termined in duplicates, using the corresponding standard
curve. The intra-assay coefficient of variation (CV) was
assessed by measuring a quality control serum, with a
resulting CV below 5%. We accepted results of duplicates as
valid if the CV of both measurements was below 20%, which
was true for all samples.

Statistical analysis
Cognitive performances below the fifth percentile according
to each test’s manual were identified as impaired. Global CI
was defined as impairment in at least 2 cognitive domains.
Performance in the Brief International Cognitive Assessment
for MS (BICAMS) battery was considered impaired if at least
1 subtest score was below the fifth percentile.27

We first examined the relationships of sNfL levels with
demographical, clinical, imaging parameters, cognitive,
and patient-reported outcomes by Pearson’s correlation
coefficient or Spearman’s rank correlation. Whether sNfL
levels differ along with categorical variables (sex and CI)
was examined through group comparisons. Partial corre-
lations were calculated to adjust for potential subtype ef-
fects. In a next step, 2 groups (low and high sNfL based on
median split) were separated and compared on their
performance in each test and questionnaire, as well as on
global CI, and other demographical and clinical parame-
ters using Student t tests or the Fisher exact test for
parametric and using Mann-Whitney U tests for non-
parametric variables. Group comparisons were also con-
trolled for age, educational level, sex, and MS subtype
using analyses of covariance. Finally, we conducted linear
regression analyses with test and questionnaire scores, as
well as the number of impaired cognitive tests and do-
mains as the dependent and sNfL as the independent
variable. Logistic regression models were analyzed like-
wise to predict impairment in each cognitive and affective
domain including fatigue, impairment in BICAMS, and
global CI. In all models, age, educational level, sex, and MS
subtype were entered as covariates. In addition, outliers
with standardized residuals >3 or <−3 were excluded from
the analyses. Despite being clearly aware that the sub-
sample sizes of patients with RRMS vs SPMS in this work
are not appropriate to draw general conclusions, we con-
ducted separate correlational analyses as described pre-
viously in the 2 disease subtypes. We therefore aimed at
exploring whether there are potential differences in the
association of sNfL with demographical, clinical, cogni-
tive, and neuropsychiatric parameters according to the MS
phenotype.

Analyses were performed with IBM SPSS 25, with a signifi-
cance threshold set at p = 0.05.

Table 1 Neuropsychological assessment

Domain Test/questionnaire

Information processing speed SDMTa

TMT-A

Short-term memory and learning VLMT direct recalla

BVMT-R direct recalla

Digit span forward

Corsi block forward

Long-term memory VLMT delayed recall

VLMT recognition

BVMT-R delayed recall

BVMT-R recognition

Working memory Digit span backward

Corsi block backward

Verbal fluency RWT phonetic condition

RWT semantic condition

Executive functions TMT-B

RWT switching condition

DKEFS TASb

Subjective cognitive problems PDQ-20

Fatigue FSMC

Anxiety HADS A

Depression HADS D

Abbreviations: BVMT-R = Brief Visuospatial Memory Test—Revised; DKEFS
TAS = Delis-Kaplan Executive Function System Tower Test Total Achieve-
ment Score; FSMC = Fatigue Scale for Motor and Cognitive Functions;
HADS = Hospital Anxiety and Depression Scale; PDQ-20 = Perceived Deficit
Questionnaire; RRMS = relapsing-remitting MS; RWT = Regensburger
Verbal Fluency Test; SDMT = Symbol DigitModalities Test; SPMS = secondary
progressive MS; TMT = Trail Making Test; VLMT = Verbaler Lern- und
Merkfaehigkeitstest.
a Components of Brief International Cognitive Assessment for MS.
b Missing data on DKEFS TAS for 12 patients with RRMS and 2 patients with
SPMS.
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Standard protocol approvals, registrations,
and patient consents
All patients participated voluntarily in the study and provided
written informed consent. The study was approved by the Ethics
Committee of the Heinrich Heine University (study number:
5531R, registration-ID: 2016055083) and was conducted in
accordance with the principles of the Declaration of Helsinki.

Data availability
Anonymized data will be made available by the corresponding
author on reasonable request from any qualified investigator.

Results
Patient and sNfL characteristics
Demographical and clinical characteristics of the final sample
are shown in table 2. Importantly, no participant experienced
a relapse or changed immunomodulatory treatment within
the past 2 months before blood sampling. The mean EDSS
score was 2.73 (RRMS: mean = 2.62 [SD = 1.09], SPMS:
mean = 3.36 [SD = 1.18]; t(43) = −1.63, p = 0.110, r = 0.242),
while EDSS data of the total sample were distributed unim-
odally and without any outliers. T2-LL (RRMS: median =

Table 2 Main demographical and clinical characteristics

Variable Total sample (N = 45)

Age, y, mean ± SD (median; range; IQR) 45.63 ± 10.53 (47.61; 18.06–60.11; 16.49)

Sex, female, n (%) 39 (86.7)

Education, n (%)

Low 4 (8.9)

Middle 9 (20.0)

High 32 (71.1)

Disease course, n (%)

RRMS 38 (84.4)

SPMS 7 (15.6)

Age at onset, y, mean ± SD (median; range; IQR) 35.10 ± 9.87 (35.97; 14.94–53.19; 15.5)

Disease duration, y, mean ± SD (median; range; IQR) 10.03 ± 7.49 (8.08; 0.51–28.27; 12.20)

EDSS, mean ± SD (median; range; IQR) 2.73 ± 1.12 (3; 0–5; 1.5)

Immunotherapy classification, n (%)

None 7 (15.6)

First line 24 (53.3)

Second line 14 (31.1)

Time since last relapse, mo, mean ± SD (median; range; IQR)a 37.91 ± 40.97 (21.84; 2.89–158.85; 41.33)

Time since last immunotherapy change, mo, mean ± SD (median; range; IQR) 40.65 ± 47.86 (24.89; 1.86–220.06; 41.22)

T2-LL, cm3, mean ± SD (median; range; IQR)b 10.17 ± 10.18 (5.97; 0.99–36.43; 11.75)

NBV, cm3, mean ± SD (median; range; IQR)b 1,441.92 ± 69.41 (1,455.23; 1,256.01–1,554.36; 111.45)

CBV, cm3, mean ± SD (median; range; IQR)b 591.15 ± 37.16 (591.77; 517.37–687.93; 45.14)

DGV, cm3, mean ± SD (median; range; IQR) 42.31 ± 6.29 (42.78; 24.98–53.02; 8.17)

sNfL, pg/mL, mean ± SD (median; range; IQR) 16.02 ± 10.39 (13.8; 4.55–51.6; 11.98)

BICAMS impaired, n (%) 18 (40.0)

Global CI, n (%) 28 (62.2)

Abbreviations: BICAMS = Brief International Cognitive Assessment for MS; CBV = cortical brain volume; CI = cognitive impairment; DGV = deep gray matter
volume; EDSS = Expanded Disability Status Scale; educational level low = ≤10 years, medium= 11 years, and high = ≥12 years; first-linemedication = induction
approach drug (moderate efficacy, high safety), incl. interferon-β (n = 4), glatiramer acetate (n = 6), dimethyl fumarate (n = 13), and cyclophosphamide (n = 1);
IQR = interquartile range; NBV = normalized brain volume; RRMS = relapsing-remitting MS; second-linemedication = escalation approach drug (high efficacy,
more safety risks), incl. natalizumab (n = 5), fingolimod (n = 6), alemtuzumab (n = 1), rituximab (n = 1), and daclizumab (n = 1); sNfL = serumneurofilament light;
SPMS = secondary progressive MS; T2-LL = lesion load.
a Missing information on time since last relapse for 1 patient with SPMS.
b Missing information on lesion load, normalized brain volume, and cortical brain volume for 1 patient with RRMS.
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6.06 cm3, SPMS: median = 5.89 cm3, U = 116.00, p = 0.683, r
= −0.065), NBV (RRMS: mean = 1,443.29 cm3 [SD = 72.33],
SPMS: mean = 1,434.64 cm3 [SD = 55.41]; t(42) = 0.30,
p = 0.766, r = 0.046), CBV (RRMS:mean = 592.00 cm3 [SD =
40.23], SPMS: mean = 586.66 cm3 [SD = 12.48]; t(32.11) =
0.66, p = 0.516, r = 0.115), and DGV (RRMS: median = 43.31
cm3, SPMS: median = 41.53 cm3, U = 99.00, p = 0.301, r =
−0.159) did not differ between patients with RRMS and
SPMS. CI according to the BICAMS battery was present in
40% of all participants (RRMS: 42.1%, SPMS: 28.6%; p =
0.684 using the Fisher exact test, r = 0.100) and in accordance
with the definition of global CI in 62.2% of the total sample
(RRMS: 65.8%, SPMS: 42.9%; p = 0.399 using the Fisher
exact test, r = 0.171). The mean sNfL level was 16.02 pg/mL,
with higher levels in patients with SPMS (RRMS: median =
12.00 pg/mL, SPMS: median = 20.00 pg/mL; U = 67.0, p =
0.038, r = −0.308).

Association of sNfL levels with demographical
and clinical parameters
We did not find any correlation between sNfL and age, sex,
educational level, EDSS score, age at disease onset, subtype,
immunotherapy classification, time since last relapse, time
since last change in immunomodulatory treatment, T2-LL,
NBV, CBV, or DGV in each subsample (RRMS and SPMS)
separately (table 3). In partial correlation analyses of the
total sample adjusting for the MS subtype, we observed a
tentative relationship with disease duration (rp = 0.272, p =
0.074), T2-LL (rp = 0.285, p = 0.064), and CBV (rp = −0.260,
p = 0.093).

When comparing patients with low sNfL values to patients
with high sNfL values, groups differed with respect to DGV,
meaning that patients with high sNfL values had lower DGV.
Taking effect sizes into consideration, associations were also
indicated for CBV, age, and disease duration (table 5). We
observed no other notable difference between patients with
low sNfL values compared to high sNfL values with respect to
all other demographical and clinical variables.

Association of sNfL levels with cognition and
neuropsychiatric parameters
In the RRMS sample, sNfL levels did correlate neither signifi-
cantly with any of the investigated cognitive performance mea-
sures or self-report questionnaires on fatigue, depression, and
anxiety nor with the number of impaired tests or impaired do-
mains. With reference to effect sizes, sNfL is suggested to relate
with SDMT performance albeit not reaching significance (see
table 4 for detailed results). We did not find differences in sNfL
levels related to CI in BICAMS (not impaired: median = 12.00
pg/mL, impaired: median = 12.40 pg/mL, U = 154.00, p =
0.529, r = −0.106) and in the overall test battery (not impaired:
median = 10.40 pg/mL, impaired: median = 13.80 pg/mL, U =
140.00, p= 0.504, r= −0.112). The same applies to the subgroup
of 7 patients with SPMS for BICAMS (not impaired: median =
19.50 pg/mL, impaired: median = 29.40 pg/mL, U = 2.00, p =
0.381, r = −0.609) and the overall test battery (not impaired:
median = 18.40 pg/mL, impaired: median = 20.00 pg/mL, U =
5.00, p = 0.857, r = −0.134). We observed, however, negative
correlations with the Brief Visuospatial Memory Test—Revised
(BVMT-R) direct recall, BVMT-R delayed recall, and Delis-

Table 3 Correlations between sNfL levels and demographical and clinical parameters

sNfL

RRMS (n = 38) SPMS (n = 7)

r p Value r p Value

Age, y 0.216 0.194 −0.126 0.789

Educational level −0.163 0.329 −0.316 0.490

Disease duration, y 0.291 0.077 0.139 0.766

Age at disease onset, y 0.046 0.785 −0.135 0.773

EDSS 0.124 0.457 −0.019 0.968

Immunomodulatory treatment classification 0.109 0.516 0.144 0.758

Time since last relapse, mo −0.017 0.921 0.531 0.279

Time since last change in DMT, mo 0.084 0.631 0.802 0.407

T2-LL, cm3 0.305 0.067 0.180 0.700

NBV, cm3 −0.229 0.172 −0.229 0.622

CBV, cm3 −0.262 0.117 −0.408 0.363

DGV, cm3 −0.191 0.250 −0.485 0.270

Abbreviations: CBV = cortical brain volume; DGV =deep graymatter volume; EDSS = ExpandedDisability Status Scale; NBV =normalized brain volume; RRMS=
relapsing-remitting MS; sNfL = serum neurofilament light; SPMS = secondary progressive MS; T2-LL = lesion load.
Reported are Pearson’s correlation coefficients (combination with interval variable) or Spearman’s rank correlation (association with ordinal variable).
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Kaplan Executive Function System Tower Test Total Achieve-
ment Score in this subtype (see table 4 for detailed statistics).

When adjusting correlations in the total sample for MS sub-
type, we still found a negative relation between sNfL levels
and BVMT-R performance with a moderate effect size, al-
though not significant (direct recall: rp = −0.285, p = 0.060;
delayed recall: rp = −0.283, p = 0.062). When adjusting cor-
relations for further variables that potentially influence cog-
nitive performance (age, educational level, sex, and subtype),

correlation coefficients diminished and none of the examined
relationships turned out significant.

In the total sample, patients with high sNfL levels performed
worse on the BVMT-R delayed recall (and direct recall by
tendency) than patients with low sNfL levels (table 5). De-
spite considerable effect sizes, group differences according to
sNfL status were no longer detectable when controlling for
variables potentially influencing cognitive performance (age,
sex, educational level, and subtype).

Table 4 Correlations between sNfL levels and neuropsychological parameters

sNfL

RRMS (n = 38) SPMS (n = 7)

r p Value r p Value

Cognitive test scores

SDMT −0.296 0.071 0.320 0.484

VLMT direct recall −0.106 0.526 0.023 0.962

VLMT delayed recall −0.126 0.452 0.113 0.809

VLMT recognition 0.072 0.668 0.122 0.794

BVMT-R direct recall −0.214 0.197 −0.950 0.001**

BVMT-R delayed recall −0.228 0.169 −0.813 0.026*

BVMT-R recognition 0.087 0.604 −0.742 0.056

TMT-A 0.094 0.368 −0.075 0.872

TMT-B 0.120 0.415 −0.245 0.597

Digit span forward 0.150 0.969 0.247 0.593

Digit span backward −0.136 0.309 0.035 0.941

Block span forward −0.006 0.574 0.395 0.381

Block span backward −0.170 0.472 0.416 0.353

RWT phonetic 0.079 0.636 0.160 0.732

RWT semantic −0.036 0.830 0.155 0.740

RWT switching 0.045 0.789 0.087 0.853

DKEFS TAS −0.191 0.350 −0.901 0.037*

No. of impaired tests −0.044 0.793 0.327 0.474

No. of impaired domains −0.060 0.721 0.327 0.474

Questionnaires

FSMC total −0.051 0.763 −0.562 0.189

HADS A −0.185 0.267 −0.526 0.225

HADS D 0.012 0.941 −0.410 0.361

PDQ-20 total −0.044 0.791 −0.499 0.254

Abbreviations: BVMT-R = Brief Visuospatial Memory Test—Revised; DKEFS TAS = Delis-Kaplan Executive Function System Tower Test Total Achievement
Score; FSMC = Fatigue Scale for Motor and Cognitive Functions; HADS = Hospital Anxiety and Depression Scale; PDQ-20 = Perceived Deficit Questionnaire;
RRMS = relapsing-remitting MS; RWT = Regensburger Verbal Fluency Test; sNfL = serum neurofilament light; SDMT = Symbol Digit Modalities Test; SPMS =
secondary progressive MS; TMT = Trail Making Test; VLMT = Verbaler Lern- und Merkfaehigkeitstest.
Reported are Pearson’s correlation coefficients. Interpretation of p values: *p < 0.05 and **p < 0.01.
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Table 5 Demographics and neuropsychological test scores of patients with low and high sNfL levels (mean ± SD [range];
or percentages for CI frequencies)

Variable Low sNfL (n = 22) High sNfL (n = 23) p Value r

Demographics (selected)

Age, y 43.37 ± 10.03 (26.74–57.73) 47.80 ± 10.77 (18.06–60.11) 0.069 −0.270

Disease duration, y 7.71 ± 5.75 (0.51–20.86) 12.25 ± 8.37 (0.79–28.27) 0.084 −0.257

EDSS 2.70 ± 0.97 (1–4) 2.76 ± 1.27 (0–5) 0.817 −0.035

T2-LL, cm3 7.67 ± 8.44 (0.99–35.21) 12.66 ± 11.31 (1.21–36.43) 0.127 −0.230

NBV, cm3 1,458.05 ± 72.51 (1,256.01–1,554.36) 1,425.78 ± 63.74 (1,303.04–1,503.66) 0.124 0.235

CBV, cm3 600.73 ± 39.05 (517.37–687.93) 581.58 ± 33.32 (525.68–645.16) 0.087 0.261

DGV, cm3 43.62 ± 6.88 (24.98–53.02) 41.06 ± 5.52 (28.83–51.74) 0.048* −0.294

Cognitive test scores

SDMT 44.68 ± 8.22 (24–58) 41.74 ± 8.76 (26–61) 0.252 0.174

VLMT direct recall 56.50 ± 10.80 (27–73) 51.43 ± 11.49 (23–70) 0.135 0.226

VLMT delayed recall 11.50 ± 3.17 (3–15) 10.70 ± 3.20 (2–15) 0.302 −0.154

VLMT recognition 13.18 ± 2.13 (9–15) 12.65 ± 2.39 (8–15) 0.326 −0.146

BVMT-R direct recall 24.27 ± 5.88 (12–34) 20.61 ± 7.88 (2–34) 0.085 0.259

BVMT-R delayed recall 9.73 ± 2.88 (2–12) 8.13 ± 3.21 (0–12) 0.029* −0.326

BVMT-R recognition 5.45 ± 1.34 (0–6) 5.09 ± 2.04 (−1 to 6) 0.849 0.028

TMT-A 37.75 ± 15.21 (18.65–90.74) 42.60 ± 14.20 (25.08–82.24) 0.200 −0.191

TMT-B 84.30 ± 30.71 (33.53–168.94) 98.49 ± 50.50 (40.29–256.78) 0.467 −0.108

Digit span forward 7.05 ± 2.01 (3–11) 7.57 ± 1.67 (4–10) 0.278 −0.162

Digit span backward 7.18 ± 1.97 (2–10) 6.39 ± 1.70 (3–9) 0.127 −0.228

Block span forward 8.36 ± 1.62 (5–11) 8.48 ± 1.62 (6–12) 0.835 −0.031

Block span backward 7.59 ± 1.97 (4–11) 7.74 ± 2.12 (2–11) 0.730 −0.051

RWT phonetic 19.32 ± 5.68 (5–28) 19.17 ± 9.10 (4–37) 0.937 −0.012

RWT semantic 31.59 ± 7.62 (14–41) 28.91 ± 9.74 (12–42) 0.488 −0.103

RWT switching 20.82 ± 4.00 (11–29) 20.61 ± 4.65 (12–28) 0.964 −0.007

DKEFS TAS 19.36 ± 3.37 (13–25) 17.35 ± 3.84 (12–23) 0.175 −0.202

No. of impaired tests 2.68 ± 2.98 (0–9) 3.00 ± 2.63 (0–11) 0.363 −0.136

No. of impaired domains 1.91 ± 1.82 (0–6) 2.22 ± 1.45 (0.5) 0.312 −0.151

BICAMS CI 36.36% 43.48% 0.763 0.073

Global CI 54.55% 69.57% 0.365 0.155

Questionnaires

FSMC total 72.32 ± 12.76 (50–97) 70.23 ± 14.47 (36–87) 0.829 −0.032

HADS A 7.86 ± 3.58 (1–15) 6.48 ± 3.67 (2–16) 0.154 −0.213

HADS D 5.82 ± 4.50 (1–15) 5.78 ± 4.35 (0–15) 0.945 −0.010

PDQ-20 total 31.27 ± 12.94 (5–53) 31.74 ± 12.16 (10–57) 0.946 −0.010

Abbreviations: BICAMS =Brief International Cognitive Assessment forMS; BVMT-R = Brief VisuospatialMemory Test—Revised; CBV = cortical brain volume; CI
= cognitive impairment; DGV = deep gray matter volume; DKEFS TAS = Delis-Kaplan Executive Function System Tower Test Total Achievement Score; EDSS =
Expanded Disability Status Scale; FSMC = Fatigue Scale for Motor and Cognitive Functions; HADS = Hospital Anxiety and Depression Scale; NBV = normalized
brain volume; PDQ-20 = Perceived Deficit Questionnaire; RWT = Regensburger Verbal Fluency Test; sNfL = serum neurofilament light; SDMT = Symbol Digit
Modalities Test; T2-LL = lesion load; TMT = Trail Making Test; VLMT = Verbaler Lern- und Merkfaehigkeitstest.
Reported are results of Student t tests, Mann-WhitneyU tests, and the Fisher exact test. Interpretation of p values: *p < 0.05; r = correlation coefficient as effect
size measure.
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Finally, in the regression analyses, sNfL did not predict cog-
nitive performance, fatigue, depression, or anxiety levels
(neither the continuous performance scores in linear models
nor categorical impairment in logistic models) (figure).

Discussion
In this study, we investigated whether and how sNfL levels are
associated with cognitive and neuropsychiatric status in pa-
tients with MS.

In the examined group of patients with RRMS and SPMS, sNfL
levels were comparable with previous studies using the same
methodology,26,28 supporting the reliability of our results and
of the applied assay analysis method. The observed prevalence
rate of CI of 40% according to BICAMS and 62.2% when
considering all assessed domains in this study alsomatches with
former investigations.29,30 Notably, these percentages might
have been overestimated because of the inclusion criteria of an
SDMT scoring of at least z ≤−0.5. Mean performance scores of
other tests (for instance of Verbaler Lern- und Merkfae-
higkeitstest and BVMT-R) were average compared with nor-
mative values, albeit our sample was heterogeneously

distributed considering demographical variables (such as age
and educational level) to resemble patient populations in real-
life settings. Patients with SPMS moreover did not differ from
patients with RRMS in any of the cognitive test scores (details
not reported), altogether suggesting that this sample’s cognitive
functions were only mildly to moderately affected. The same
can be noted for physical disability, as patients’ mean EDSS
score was less than 3 (withmaximum values not greater than 5)
and did not differ between RRMS and SPMS. It can be pre-
sumed that only patients with relatively preserved clinical
functioning, feeling capable of bearing a comprehensive testing,
and making their way autonomously to and between the test
centers registered for the study. Our MRI data compared with
data from studies that particularly examined patients at higher
functioning levels (i.e., patients with minimal physical disability
or without CI) finally support the assumption that our sample
has not been exposed to high neuronal disease activity on
average.31,32

Regarding demographical and clinical variables, we found
sNfL to relate by tendency with age, disease duration, and
imaging measures of lesion load and brain atrophy (T2-LL,
CBV, and DGV). This agrees with the idea of sNfL potentially
indicating axonal damage and neuronal degeneration in

Figure Scatter plots depicting correlations between sNfL levels, selected cognitive tests, and patient-reported outcomes

Row A: single tests of the Brief International Cognitive Assessment for MS battery. Row B: fatigue, depression, and anxiety questionnaire scores. Circled data
points stem from patients with relapsing-remitting MS and squared data points from patients with secondary progressive MS. Included regression lines and
correlation coefficients refer to the total sample’s data. BVMT-R = Brief Visuospatial Memory Test—Revised; FSMC = Fatigue Scale for Motor and Cognitive
Functions; HADS = Hospital Anxiety and Depression Scale; SDMT = Symbol Digit Modalities Test; sNfL = serum neurofilament light chain; VLMT = Verbaler
Lern- und Merkfaehigkeitstest.
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accordance with other numerous studies,15 although effect
sizes were rather small.

Regarding cognitive performance and neuropsychiatric mea-
sures, sNfL was only related to visuospatial learning and
memory. This seems to be mainly driven by patients with
SPMS because correlational analyses in separate MS subtypes
were significant only in this subgroup. These results align with a
recent study that also examined BICAMS (with NfL from
CSF) and observed the only domain-specific, tentative relation
between NfL and BVMT-R performance. Besides, the authors
did not find an association of BICAMS test performance within
the subgroup of patients with RRMS as opposed to progressive
patients. They argued that this might be traced to greater gray
matter degeneration, expressed in higher NfL levels, in the
progressive subtype.19 Visuospatial learning and memory were
indeed defined within 1 cognitive cluster along with in-
formation processing speed, both being frequently and severely
affected in the course of the disease and thus constituting
sensitive domains for cognitive screening, particularly in
SPMS.33,34 Other studies correspondingly observed in-
formation processing speed to be linked with NfL derived from
plasma,35 CSF,17,18 and serum.36 Despite approaching a me-
dium effect size, this association did not reach significance in
our sample though. Jakimovski et al.36 for instance specifically
measured sNfL with the same technique as in this study. They
found sNfL to correlate with information processing speed in a
considerably mixed sample of patients with relapsing and
progressive MS, but not in patients with clinically isolated
syndrome (CIS).

The results within the subsample of patients with SPMS in our
study should be interpreted with caution because of the very
small group size that potentially has biased statistical analyses
and effect size estimations. In parallel, the overall sample size
entails risk for lacking power in trying to detect associations
between sNfL and demographical, clinical, cognitive, or neu-
ropsychiatric parameters (i.e., type II error). We also need to
emphasize that, given the exploratory nature of our study, the
reported results are not corrected formultiple testing. In case of
p-level adjustments, however, the observed associations would
largely lose statistical significance. When controlling for factors
that could additionally influence cognitive functioning (such as
age, educational level, and sex), observed relationships likewise
disappeared and sNfL did not predict any of the assessed
cognitive and neuropsychiatric parameters, indicating that
other parameters explain more variance of the outcome.

Taken together, we did not explore a clear link between sNfL
and any cognitive test score, fatigue, depression, or anxiety
levels. From a methodological perspective, these results can
barely be attributed to an overly narrow selection of assessment
scales and tools. We applied an extensive neuropsychological
battery, not only covering various cognitive tests but also fa-
tigue and affective self-report scales, assessing largely every
neuropsychological domain NfL could potentially be associ-
ated with. Of interest, there are also other investigations that

did not find CSF or sNfL to relate with cognitive
performances20,22 or with baseline fatigue.21 Of note, they all
examined cohorts consisting of patients with CIS or patients
with recently diagnosed RRMS suggestive of low disease ac-
tivity, in contrast to the studies mentioned above showing
positive results. In this context, it should be highlighted that
NfL was seen as a measure of acute inflammation, given its
transitory increase during relapses.37 Most of our patients
though were currently treated with DMTs known to effectively
reduce disease progression and bloodNfL levels.35,38We found
cognitive performance (especially in the domains of attention
and information processing, as well as verbal and visuospatial
learning and memory) instead to be correlated with MRI var-
iables, with much stronger effect sizes than relations between
sNfL and cognition or between sNfL andMRI (table e-1, links.
lww.com/NXI/A311). Measures such as lesion load and at-
rophy of brain structures reflect accumulated damage over time
and therefore might constitute better predictors of functional
outcomes, which are assessed in the absence of acute disease
activity. A recent study further indicated that NfL concentra-
tions derived from CSF better mirror MS-related neuronal
damage and degeneration than sNfL measures.39 Of note, the
authors investigated a cohort with a similar size as compared to
our population. AsHåkansson and colleagues state “… levels of
brain-derived markers in the blood still constitute a proxy for
the levels in [the] CSF where CNS pathology may be better
represented, at least in smaller cohorts….”

Considering all discussed aspects together, our results suggest
that for populations with rather modest clinical manifestations
and no acute disease activity, NfL measured from serum does
not seem to be a surrogate biomarker for cognitive perfor-
mance and neuropsychiatric symptoms. With the perspective
of being applied in clinical contexts, the sensitivity of sNfL as a
single measure for such complex functional outcomes par-
ticularly within small samples outside of large scientific trials is
questioned and needs to be further examined in future studies.
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Abstract
Objective
Our aim was to identify patients with probable anti-NMDA receptor encephalitis among
historical medical cases.

Method
A case report published in leading Hungarian-, German- and Italian-language medical journals
in the early 1840s was revisited.

Results
In 1830, an 18-year-old, healthy woman suffered epileptic seizures, followed by a 6-day-long
state characterized by catalepsy, unresponsiveness, motionless, and light breathing. Her
symptoms regularly returned in the following 1.5 years. Meanwhile, a progressively growing
huge abdominal tumor appeared. One day, she suddenly started vomiting a large amount of
foul-smelling pus mixed with blood, accompanied by bone fragments. Pus mixed blood with
some membranous substance was also evacuated through the anus and vagina. After this event,
she completely recovered; 1.5 years later, she married and later gave birth to 3 healthy children.
The patient remained healthy during the 11-year follow-up.

Conclusions
We suggest that in the description of a paraneoplastic case, an anti-NMDA receptor enceph-
alitis can be dated back as far as to the 19th century, with an especially rare type of resolution:
the disappearance of the symptoms after the spontaneous elimination of an ovarian teratoma.
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Anti-NMDA receptor encephalitis was discovered by Dalmau
et al.1,2 in 2005/2007, although cases were probably described
already in 1997.3,4 Moreover, because of revisiting published
cases dating back as far as the 19th century, more and more
cases are suggested to be of anti-NMDA receptor encephalitis
etiology. Merwick et al.5 pointed out that from the case series
published by Bickerstaff—in which Bickerstaff encephalitis
was described—in one patient, the symptoms were indicative
of anti-NMDA receptor encephalitis. In the late 1800s,
ovariotomy (Battey’s operation) was introduced as a treat-
ment of—among others—“histeroepilepsy.”6 In the course of
the recent revisitation of these published cases, symptoms can
also be attributed to anti-NMDA receptor encephalitis in
more than one patient; this suggestion is also supported by
the observation of Battey, namely that “cystic degeneration”
was common in the resected ovaries.6 This is the most
common autoimmune encephalitis, where 80% of patients are
women with a median age of 21.7 Epileptic seizures occur in
76%,8 catatonia-like episodes in 70%,9 whereas hypo-
ventilation in 66% of patients.8 In adult women patients, anti-
NMDA receptor encephalitis is associated with ovarian tera-
toma in 58% of cases.7 Other tumors are rare: in paraneo-
plastic cases, 94% of the underlying tumor is ovarian
teratoma.7

We found an interesting case report published in leading
Hungarian-, German- and Italian-language medical journals
referring to a presentation at the 3rd Meeting of the Italian
Scientists in Florence held in 1841.10–12 We suggest that the
description of an anti-NMDA receptor encephalitis can be
dated back as far as to the 19th century.

Case
On September 17, 1841, the case was presented by Dr.
Odoardo Linoli (figure).10–12 In 1830, an 18-year-old, hith-
erto healthy female patient suffered epileptic seizures, fol-
lowed by a strange 6-day-long state characterized by a
“catalepsy” pose and an unresponsive motionless state. The
only sign of life was a very light breathing. Epileptic seizures
and the catalepsy regularly returned in the following 1.5 years.
Meanwhile, a progressively growing huge abdominal tumor
appeared, which reached the level of the chest on the left side.
One day, she suddenly started vomiting a large amount of
coffee-colored liquid. Two weeks later, she vomited a foul-
smelling pus mixed with blood. This was accompanied by
more than 100 bone fragments. Some of these fragments were
flat, others were long- or ball-shaped. Pus-mixed blood with
some membranous substance was also evacuated through the
anus and vagina. After this event, both epileptic seizures and
“catalepsy” states disappeared, and she apparently became
healthy again; 1.5 years later, she married and later gave birth
to 3 healthy children. At the time of Dr. Linoli’s presentation
(11 years after the disease onset), she was in excellent health.
During the discussion, Dr. Linoli argued that the abdominal
tumor was probably a “fetal cyst” or “fetus in fetu.” Prof. Carlo

Burci—the chairman of the section—suggested that the tu-
mor could have been a “skin cyst,” whereas others speculated
that it could have been an extrauterine pregnancy.

Discussion
The medical language in the first half of the 19th century was
certainly different from today. The reliability of the de-
scription is enhanced by the fact that the case has been de-
scribed in 3 different languages in the 1840s.10–12 The case
was presented by Odoardo Linoli (1801–1886), a well-known
surgeon from Pietrasanta,13 and discussed by Carlo Burci,14

who was the professor of surgery at the University of Pisa,
indicating that the case was observed and discussed by the
most prestigious professionals of that time.

We tried to interpret this case report according to today’s
medical concepts. Although catatonia was not described as
such until 1874, the described motionless and unresponsive
state accompanied by catalepsy meet the criteria of a catato-
nia.15 Another issue is the type of the described huge ab-
dominal tumor that contained bone fragments.

According to Dr. Linoli’s interpretation, it was a “fetus in
fetu.” Fetus in fetu is extremely rare in adulthood16 and should
contain vertebral axis or limbs, otherwise it should classify as
teratoma.17 Dr. Burci suggested that the tumor was a “skin
cyst.” According to today’s nomenclature, dermoid cyst
(i.e., skin-like cyst) is a synonym for teratoma. The presence
of bone is not unusual in teratoma.18 Based on the presence of
bone, a teratoma was diagnosed during a paleopathological
examination of a female skeleton from the late Roman age.19

Ovarian teratomas without treatment can reach a huge size,
some of them can be up to 30 cm in diameter.18 Not only the
size, localization, and the presence of bone but also the strange
elimination of the tumor through the gastrointestinal system
and vagina may also support the concept of teratoma. Tera-
tomas (dermoid cysts) can perforate into the adjacent organs
including bowel and vagina.20–23 For example, Flood et al.22

reported a 23-year-old woman who discovered teeth-like
structures in her underwear, which were the contents of an
ovarian teratoma excreted in the vagina through a fistula.
Mitui et al.23 reported a 72-year-old womanwhose diarrhea, in
which she found hair, was caused by an ovarian teratoma
perforating into the bowels.

Summarizing our interpretation, a young woman had newly
onset seizures, followed by catatonia-like symptoms and
hypoventilation. This was associated with an abdominal tu-
mor, which was probably a teratoma. The symptoms dis-
appeared after the spontaneous elimination of the tumor, and
the patient remained healthy during the 11-year follow-up.

According to a recent position study, new-onset seizures and
altered mental status (unresponsive state) with subacute
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onset meet the criteria for “possible autoimmune encepha-
litis.”24 Epileptic seizures, altered mental status, abnormal
posturing, and hypoventilation meet the symptoms criteria
for “possible anti-NMDA receptor encephalitis.”24 The
young age and female sex as well as the presence of ovarian
teratoma also strengthen our assumption that Dr. Linoli’s
case study might be the first description of anti-NMDA re-
ceptor encephalitis.

In paraneoplastic anti-NMDA receptor encephalitis, the
symptoms usually resolve after tumor removal, may that be
either ovarian or extraovarian.7,25 Regarding Dr. Linoli’s pa-
tient, the symptoms were present when the tumor was present
and disappeared after the tumor also disappeared. Thus, we
state that the description of a paraneoplastic story can be
dated back as far as to 1830, ahead of the description of
Trousseau’s syndrome in 1865.26
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Kovács, MD,
PhD, DSc
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Abstract
Objective
To clarify the differences in clinical characteristics between anti-GQ1b antibody-positive and
antibody-negative Bickerstaff brainstem encephalitis (BBE).

Methods
We compared 73 anti-GQ1b antibody-positive BBE cases with 10 antibody-negative cases.
Their clinical information and sera were collected from various hospitals throughout Japan
between 2014 and 2017. The anti-GQ1b antibody was examined in each serum sample by
ELISA.

Results
We identified the distinctive findings of anti-GQ1b antibody-positive BBE compared with the
antibody-negative cases: (1) upper respiratory infection and sensory disturbance were more
common, (2) the cell count or protein concentration was lower in the CSF, (3) the abnormal
findings on brain MRI were less, and (4) the consciousness disturbance disappeared earlier.
Furthermore, IV immunoglobulin (IVIG) was more frequently administered to the anti-GQ1b
antibody-positive cases of BBE compared with the antibody-negative cases.

Conclusions
BBE with anti-GQ1b antibody has homogeneous features. IVIG is the treatment used preva-
lently for BBE with anti-GQ1b antibody in Japan.
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Bickerstaff brainstem encephalitis (BBE) is an immunologic
disease characterized by the acute onset of external oph-
thalmoplegia, ataxia, and consciousness disturbance, mostly
subsequent to infection. BBE is considered to be a variant of
Fisher syndrome (FS), which also exhibits external oph-
thalmoplegia and ataxia. The IgG anti-GQ1b antibody is fre-
quently present in the acute phase sera of patients with BBE, and
in FS. However, few clinical studies of a large number of patients
with BBE have been reported because it is a rare disease. Re-
cently, Koga et al.1 conducted a nationwide survey of the Japa-
nese population and reported the epidemiologic features and
nosological position of BBE among brainstem encephalitis.
Furthermore, they proposed the criteria for the diagnosis of BBE,
in which BBE was divided into 2 categories (i.e., definite and
probable) and suggested that definite BBE, which is defined as
having typical clinical features and positive anti-GQ1b antibody,
showed rather homogeneous characteristics compared with
probable BBE. In this study, we focused on patients with anti-
GQ1b antibody-positive BBE, either definite or probable, and
compared them with patients with antibody-negative BBE to
clarify the clinical significance of the anti-GQ1b antibody in BBE.

Methods
Patients and serum samples
A total of 641 serum samples from patients diagnosed with
either BBE or suspected BBEwere sent to our laboratory from
various hospitals throughout Japan for testing for anti-
glycolipid antibodies between 2014 and 2017. We excluded
481 cases from the present study because the clinical findings
apparently did not fulfill the criteria for BBE. To evaluate the
details of the remaining 160 cases (53 suspected of definite
BBE and 107 suspected of probable BBE), we sent the
questionnaires to the attending physicians. Finally, we re-
ceived responses for 112 cases, which comprised 83 cases of
BBE (50 with definite BBE and 33 with probable BBE) di-
agnosed based on the proposed criteria1 and 29 cases with
other diseases, including infectious meningoencephalitis,
malignant lymphoma, anti-Ma2-associated encephalitis,
neuro-Sweet disease, and acute disseminated encephalomy-
elitis. Finally, the 83 patients with BBE were enrolled in the
study. We identified patients who met the following criteria as
having BBE.1 Definite BBE was defined by typical clinical
features (presence of the neurologic triad and an acute self-
limited clinical course) and positivity for the IgG anti-GQ1b
antibody. By contrast, probable BBE was defined by atypical
clinical features (unevaluated ataxia because of severe limb
weakness or consciousness disturbance, unconfirmed re-
covery of the symptoms, laterality of the ophthalmoplegia, or

long tract sign instead of consciousness disturbance)1 and
positivity for the IgG anti-GQ1b antibody or typical clinical
features and negativity for the IgG anti-GQ1b antibody.

Antibody testing (ELISA and
combinatorial glycoarray)
IgG antibodies against GQ1b were investigated by ELISA, as
described previously.2 Moreover, anti-GQ1b-negative sam-
ples on conventional ELISA were examined by ELISA using
tris-buffered saline (TBS) with added Ca2+ cations and
combinatorial glycoarray3–6 to detect Ca2+-dependent anti-
bodies and antiglycolipid complex antibodies.

Statistical analysis
The differences in proportions were examined by the χ2 test or
Fisher exact probability, and the differences in the median
values were assessed using theMann-WhitneyU test. A 2-tailed
p value < 0.05 was considered significant. All analyses were
performed using the SPSS software (IBMCorp., Armonk,NY).

Study approval and patient consents
This study was approved by the Internal Review Board of
Kindai University Faculty of Medicine. All participants pro-
vided written informed consent.

Data availability
Anonymized data not published within the article will be
shared by request from any qualified investigator.

Results
Study profile
Of the 33 cases with probable BBE, 22 were positive for the
anti-GQ1b antibody by conventional ELISA. The remaining 11
cases were tested by ELISA using TBS with added Ca2+ cations
and combinatorial glycoarray. Because only one of these cases
was positive in either method, the number of anti-GQ1b
antibody-positive cases with probable BBE was 23 (23 of 33,
70%). In total, the positive ratio of anti-GQ1b antibody in BBE
was 88% (73 of 83). We compared the characteristics of 73
anti-GQ1b antibody-positive BBE cases (50 definite and 23
probable) with those of 10 antibody-negative cases (figure 1).

Comparison of patient characteristics
The proportion of patients who presented ophthalmoplegia,
ataxia, and consciousness disturbance was not different be-
tween the 2 groups because most patients with the anti-GQ1b
antibody and all the patients without the anti-GQ1b antibody
exhibited the triad, according to the diagnostic criteria.
However, the proportion of patients with antecedent

Glossary
BBB = blood-brain barrier; BBE = Bickerstaff brainstem encephalitis; FG = functional grade; FS = Fisher syndrome; IVIG = IV
immunoglobulin;MMP =matrix metalloproteinase;NCS = nerve conduction study; PP = plasmapheresis;TBS = Tris-buffered
saline.
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respiratory infection and sensory disturbance was higher in
the anti-GQ1b antibody-positive group than it was in the
antibody-negative group (p < 0.01, respectively). The pres-
ence of muscle weakness, pyramidal signs, autonomic dys-
function, and need for mechanical ventilation was not
different between the 2 groups (table 1).

Patients with BBE without the anti-GQ1b antibody showed
significantly higher cell count and protein levels in the CSF than
did those with the anti-GQ1b antibody. Abnormal findings in the
brainMRI weremore frequently observed in patients without the
anti-GQ1b antibody. Brain MRI in those patients revealed such
findings as high-intensity abnormalities onT2-weighted images or
fluid attenuated inversion recovery in the midbrain or medulla
oblongata (n = 2), in the corpus callosum (n = 1), around the
ventricle (n = 1), or in the temporal pole (n = 1), whereas
patients with BBE with the anti-GQ1b antibody showed the
abnormalities in the deep white matter (n = 3), in the left thal-
amus (n = 1), or in the bilateral pyramidal tracts (n = 1). The
remaining one was not referred in the questionnaire (table 2).

A nerve conduction study (NCS) was performed in 55 patients
with BBE with the anti-GQ1b antibody and in 6 patients
without the anti-GQ1b antibody. The results showed that
“unclassified” was common and “acute inflammatory de-
myelinating polyneuropathy” or “acute motor axonal neurop-
athy” were very uncommon according to the criteria by Ho.7

The 2 groups exhibited no significant differences in electro-
diagnosis (data not shown).

Comparison between probable BBE with and
without the anti-GQ1b antibody
In this study, probable BBE comprised antibody-positive and
antibody-negative patients. The differences between probable
BBE with and without the anti-GQ1b antibody are shown in
table 3. Similar to the results reported above for the whole
cohort of BBE, the proportion of patients who had antecedent
respiratory infection was higher among anti-GQ1b antibody-
positive cases compared with antibody-negative cases (p =
0.02). Moreover, patients with probable BBE without the anti-
GQ1b antibody exhibited higher cell count and protein levels in

Figure 1 Study profile

BBE = Bickerstaff brainstem encephalitis.
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the CSF and more frequent abnormal findings on brain MRI
than did the antibody-positive patients (p < 0.01, respectively).

Comparison between definite and probable
BBE in anti-GQ1b antibody-positive BBE
To confirm the homogeneity of anti-GQ1b antibody-positive
BBE, we compared definite cases with probable cases among
anti-GQ1b antibody-positive BBE. No differences were found
in the proportion of patients who had antecedent respiratory
infection, dysesthesia, abnormal CSF findings, or abnormality
on brainMRI and also in a median time until the improvement
of the consciousness disturbance. The reasons why some pa-
tients with anti-GQ1b antibody were categorized into probable
BBEwere as follows: impossible to evaluate their ataxia because
of severe limb weakness or consciousness disturbance in 5,
unconfirmed recovery of the symptoms or remarkable laterality
of external ophthalmoplegia in 17, and long tract sign instead of
impaired level of consciousness in one.

Treatments and responses
Overall, most of the patients (79 of 83, 95%) received immu-
nologic treatments, such as IV immunoglobulin (IVIG), cor-
ticosteroids, plasmapheresis (PP), or a combination of any of
them. Among the remaining 4 patients, 2 recovered sponta-
neously and no information on treatment was obtained for 2
cases. Acyclovir or vitamin B12 was added at the discretion of
the treating neurologists.

The immunologic treatments administered to the 70 patients
with the anti-GQ1b antibody were as follows: IVIG alone in 25,
corticosteroids alone in 8, PP alone in 1, combination of IVIG
and corticosteroids in 33, and combination of IVIG, corticoste-
roids, and PP in 3 patients. The 9 patients without the anti-
GQ1b antibody were treated as follows: IVIG alone in 3, corti-
costeroids alone in 4, combination of IVIG and corticosteroids in
1, and combination of IVIG, corticosteroids, and PP in 1 patient.
Among patients for whom treatment information was available,

Table 1 Clinical features of patients with Bickerstaff brainstem encephalitis

Anti-GQ1b antibody-positive (n = 73) Anti-GQ1b antibody-negative (n = 10) p Value

Age (Median [range]) 40 [15–80] 50 [19–84] n.s.

Sex (male/female) 43/30 5/5 n.s.

Preceding infection, n (%) 65 (89) 5 (50) <0.01

Respiratory infection 51 (70) 2 (20) <0.01

Gastrointestinal infection 11 (15) 0 (0) n.s.

Ataxia, n (%) 68 (93) 10 (100) n.s.

Cerebellar ataxia 39 (53) 6 (60) n.s.

Sensory ataxia 9 (12) 0 (0) n.s.

Undeterminable 20 (27) 4 (40) n.s.

Muscle weakness, n (%) 45 (62) 6 (60) n.s.

Tendon reflex, n (%)

Brisk 17 (23) 3 (30) n.s.

Normal 13 (18) 2 (20) n.s.

Decreased 14 (19) 2 (20) n.s.

Absent 29 (40) 3 (30) n.s.

Pathologic reflex, n (%) 35 (48) 2 (20) n.s.

Sensory disturbance, n (%) 41 (56) 1 (10) <0.01

Dysesthesia 32 (44) 0 (0) <0.01

Superficial sense impairment 8 (11) 0 (0) n.s.

Pain 2 (3) 1 (10) n.s.

Deep sense impairment 8 (11) 0 (0) n.s.

Autonomic dysfunction, n (%) 26 (36) 4 (40) n.s.

Mechanical ventilation, n (%) 15 (21) 2 (20) n.s.

Abbreviation: n.s. = not significant.
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anti-GQ1b antibody-positive cases received IVIG more fre-
quently than did antibody-negative patients (86% [61 of 71] vs
50% [5 of 10], p = 0.021).

We defined it as a favorable response, when each treatment
improved the functional grade (FG) by one ormore points and
FG reaches no more than 2 at the final visit.8,9 The proportion
of favorable responses to representative treatments were 80%
(20 of 25) in IVIG alone, 75% (6 of 8) in corticosteroids alone,
and 91% (30 of 33) in IVIG added with corticosteroids in
patients with anti-GQ1b antibody, whereas those were 100% (3
of 3), 75% (3 of 4) and 100% (1 of 1), respectively, in those
without anti-GQ1b antibody. There were no differences in
response rate in these treatments between the 2 groups.

Severity and prognosis
The disease severity was not significantly different between anti-
GQ1b antibody-positive and anti-GQ1b antibody-negative cases.
The median of the FG at the nadir was 4 (bedridden or chair-
bound) and those at the final visit were 1 in both groups. The
median time to the nadir was 4 days in antibody-positive cases and

6 days in antibody-negative cases.We focused on the time required
for improvement of the symptom triad. Although no significant
difference was found between the groups regarding oph-
thalmoplegia and ataxia, the consciousness disturbance disappeared
earlier in the anti-GQ1b antibody-positive cases than in the
antibody-negative cases (10 days vs 23 days, p = 0.014) (figure 2).

Discussion
This study was designed to investigate the clinical differences
between anti-GQ1b antibody-positive and anti-GQ1b-negative
BBE. Overall, we found that anti-GQ1b antibody-positive BBE
exhibited distinctive findings. In the antibody-positive group,
preceding upper respiratory infection and sensory disturbance
were more common, cell count or protein concentration in the
CSFwere lower, and abnormal findings on brainMRI were rarer
compared with the antibody-negative group. Therefore, the
patients with anti-GQ1b antibody-positive BBE included in this
study had clinical features that were similar to those of the pa-
tients with definite BBE reported previously (who all had the
anti-GQ1b antibody according to the diagnostic criteria).1

Table 3 Comparison between probable BBE with and without the anti-GQ1b antibody

Probable BBE with the anti-GQ1b antibody
(n = 23)

Probable BBE without the anti-GQ1b antibody
(n = 10) p Value

Preceding infection, n (%) 21 (91) 5 (50) 0.02

Respiratory infection 16 (70) 2 (20) 0.02

Gastrointestinal infection 4 (17) 0 (0) n.s.

Dysesthesia, n (%) 8/23 (35) 0 (0) n.s.

Pleocytosis (>5/μL), n (%) 8/23 (35) 6/9 (67) n.s.

Median [range] 12.5 [8–45] 75.9 [11–251] 0.01

Elevated protein (≥45 mg/dL), n (%) 6/23 (26) 8/9 (89) <0.01

Median [range] 68 [48.9–129] 159 [59–381] n.s.

Brain MRI abnormal findings, n (%) 0/23 (0) 5/10 (50) <0.01

Abbreviations: BBE = Bickerstaff brainstem encephalitis; n.s. = not significant.

Table 2 CSF and radiologic findings in patients with Bickerstaff brainstem encephalitis

Anti-GQ1b antibody-positive (n = 73) Anti-GQ1b antibody-negative (n = 10) p Value

Duration (d), median [range] 3 [1–23] 5.5 [1–22] n.s.

Pleocytosis (>5/μL), n (%) 34/71 (48) 6/9 (67) n.s.

Median [range] 12.5 [5.3–90] 75.9 [11–251] <0.01

Elevated protein (≥45 mg/dL), n (%) 20/71 (28) 8/9 (89) <0.01

Median [range] 63.5 [47–132] 159 [59–381] <0.01

Brain MRI abnormal findings, n (%) 6/73 (8) 5/10 (50) <0.01

Abbreviation: n.s. = not significant.
Duration, days from onset to conduct of lumbar puncture.
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Moreover, similar clinical features were also found in the anti-
GQ1b antibody-positive probable BBE. This indicates that the
anti-GQ1b antibody may play significant pathogenetic roles in
BBE and determine its clinical characteristics. The treatment
modalities and responses did not differ significantly between the
2 groups; however, IVIG alone or IVIG combined with other
immunologic treatments were the most prevalent therapies.

The positive ratio of anti-GQ1b antibody was higher than that
reported by previous studies.1,10,11 Even if they had the typical
symptom triad of BBE, some of the patients without the anti-
GQ1b antibody were not finally diagnosed as having BBE.
Thus, we should take into consideration that patients without
the anti-GQ1b antibody may be affected by other diseases.

It is noteworthy that dysesthesia was more frequently found in
anti-GQ1b antibody-positive BBE. Dysesthesia could be char-
acteristic in this condition and rarely found in the other brain-
stem encephalitis. Thus, we speculate that the anti-GQ1b
antibodies play an important role in the appearance of the dys-
esthesia. The potential mechanisms of dysesthesia associated
with anti-GQ1b antibodies has been supported by previous
studies in patients with FS, in which the decreased level of
sensory nerve action potential in NCS and the axonal damage in
a nerve biopsy was demonstrated.12,13

In addition, this was the first study to show that consciousness
disturbance exhibited an earlier improvement in anti-GQ1b
antibody-positive BBE compared with antibody-negative BBE.
The median time to the disappearance of the consciousness dis-
turbance was only 10 days, suggesting that the CNS disturbance
observed in anti-GQ1b antibody-positive BBE ismostly functional,
rather than organic. By contrast, there was no significant difference
in the improvement of ophthalmoplegia and ataxia between anti-
GQ1b antibody-positive and anti-GQ1b antibody-negative BBE.

Although the mechanism of consciousness disturbance has not
been clarified, a previous report has shown that humoral fac-
tors, such as matrix metalloproteinase-9 (MMP-9), might be
involved in the pathology of BBE.MMP-9, which is secreted by
brain microvascular endothelial cells, was significantly in-
creased after exposure to the sera obtained from patients with
BBE, whereas it was not changed after exposure to the sera
obtained from patients with FS. Moreover, this change of
MMP-9 was reversed after the application of MMP inhibitor.14

These findings could explain the reason why the blood-brain
barrier (BBB) is disturbed and the level of consciousness is
decreased in patients with BBE. The spontaneous recovery of
consciousness disturbance in anti-GQ1b antibody-positive
BBE might be due to the reversible dysfunction of BBB.

ELISA using TBS with added Ca2+ cations and combinatorial
glycoarray detected only one additional case of anti-GQ1b
antibody-positive BBE. This may explain the observation that
antibody activity in BBE is not enhanced by such techniques,
which could be a characteristic finding of anti-GQ1b antibody-
positive BBE. Recently, we demonstrated that the positive ratio
of the antibody against GQ1b-related antigens increased from
57% to 73% in Guillain-Barré syndrome with ophthalmoplegia,
whereas no such increase was observed in BBE.15

Although a previous study reported that corticosteroids and PP
were mainly administered in BBE,11 we found that, recently,
IVIG or IVIG combined with corticosteroids were the most
prevalent treatments in our cohort. However, we have no ev-
idence of the optimal treatment of BBE, which should be in-
vestigated in future studies.

The methods of this study had several limitations. First, the
number of patients with BBE was small because this is a very rare
disease. Second, we could not avoid selection biases by attendant
physicians. In fact, approximately half of the cases that were sus-
pected of having probable BBE were excluded because of the lack
of response to our questionnaires. Third, coexistent other auto-
antibodies against neuronal surface antigens, such as anti-NMDA
receptor antibody,were not examined in all cases. Forth, the clinical
information of each patient was retrospectively collected using a
questionnaire. Thus, the severity of consciousness disturbance
could not be evaluated. In addition, the usage of IVIG in BBE
might be due to the preference of the primary physicians in Japan.

In conclusion, our findings indicate that anti-GQ1b antibody-
positive BBE has homogeneous features possibly because of
the pathogenetic roles of anti-GQ1b antibodies. IVIG alone
and IVIG combined with corticosteroids are the most prev-
alent recent treatments of BBE with anti-GQ1b antibody in
Japan. A further prospective research enrolled a larger pop-
ulation is needed to elucidate the pathogenic mechanisms and
identify the optimal treatment in BBE.
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Abstract
Objective
To evaluate postpartum MRI activity in patients with MS and a completed pregnancy and to
compare these results to an age-matched untreated nonpregnant MS cohort.

Methods
Patient with MS from a tertiary care MS center between 2006 and 2015, with prepartum and
postpartum neurologic follow-ups and MRI scans were analyzed. Clinical activity and in-
flammatory brain MRI activity (new T2-hyperintense or gadolinium-enhancing [Gd+] lesions)
were assessed peripartum. The results were compared with untreated reproductive-age patients
with MS from the placebo arm of the clinical trials.

Results
A total of 123 pregnancies in 123 women (median Expanded Disability Status Scale 1.0) were
analyzed. Approximately 7.2% relapsed during pregnancy and 48.7% relapsed postpartum. Of
pregnancies with prepartum and postpartum gadolinium (Gd)-enhanced MRI (n = 112), 8%
had Gd+ lesions prepartum and 33% had new Gd+ lesions postpartum. Overall, 54.4% had
either new T2 or Gd+ lesions postpartum. Seventy-nine percent of subjects with postpartum
relapse had new MRI activity compared with 37.1% without relapse (p < 0.001). Twenty-five
percent had both clinical and radiographic activity and only 24.9% maintained no evidence of
disease activity status postpartum. There was no association between postpartum MRI activity
and disease-modifying treatments (DMTs) (p > 0.5). MRI and clinical outcomes were also
assessed for 126 nonpregnant untreated female patients with MS. Comparing pregnancy and
no pregnancy groups, there was no difference in MRI activity at follow-up.

Conclusions
There was a high level of inflammatory radiographic disease activity which was related to
relapses in postpartum patients with MS. Further studies are needed to determine whether
hormonal fluctuations vs extended time off DMTs may be the underlying cause of our
observations.
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MS affects 3 times more women than men, typically during
the childbearing years.1,2 Reciprocal interactions between sex
hormones and immune function may alter MS risk and
course.3,4 Reproduction is an important consideration for
women with MS, and over the past 20 years, pregnancy rates
in patients with MS have been increasing.5 Clinical disease
activity is reduced in pregnancy, likely because of the immu-
notolerant state of pregnancy.4 In the postpartum period, the
clinical attack rate increases up to 3-fold, with up to one-third
of women experiencing relapses.6 In women prospectively
observed after the diagnosis of radiologically isolated syn-
drome (RIS), pregnancy was associated with a significantly
shorter time to clinically definite MS.7 A tendency for re-
bound activity after discontinuation of certain highly effica-
cious disease-modifying therapies (DMTs) (e.g., fingolimod
and natalizumab) has contributed to an increased relapse rate
during pregnancy in some women.8,9

Neuroimaging has the advantage of detecting acute in-
flammation and distinguishing between true MS-related ac-
tivity and other peripartum causes of neurologic changes.10,11

Increased inflammatory activity after pregnancy on MRI has
been reported in a small study of 28 Finnish women with MS
and in women who became pregnant in the RIS cohort.7,12 In
addition, failed assisted reproductive treatments can be fol-
lowed by increased MS clinical and MRI activity, possibly
implicating abrupt hormonal changes and loss of immuno-
tolerance in promoting inflammation.13

To date, there are no large studies characterizingMRI-defined
disease activity in the postpartum period. Our objectives were
to describe the effects of completed pregnancy on MRI MS
activity in a single academic center, to correlate clinical and
MRI findings in the postpartum period, and to compare these
results to a cohort of nonpregnant, untreated women
with MS.

Methods
Sample selection

Cohort 1: Pregnancies
Medical records were reviewed to identify all reproductive-age
adult women (18–45) with a diagnosis of MS by the 2005
McDonald criteria14 and a completed pregnancy who re-
ceived care at Partners Multiple Sclerosis Center between
January 1, 2006, and December 31, 2015. Our standard pro-
tocol for managing women with MS includes a baseline
clinical andMRI examination before conception attempts and

clinical and MRI follow-up within the first 6–12 months
postpartum. The 10-year study period was selected to assure
MRI platform and scan acquisition consistency. Participants
were included if they became pregnant and had a live birth
after MS diagnosis, had a clinical evaluation by their neurol-
ogist, and MRI scans within 12 months of pregnancy and
postpartum. Of the 257 pregnancies in 255 patients with MS,
132 (51%) were excluded because of pregnancy loss or ter-
mination or because of multiple missing data points. A total of
123 participants with 125 pregnancies met the study inclusion
criteria for the pregnancies cohort (PC) (table 1). Two par-
ticipants had 2 pregnancies each, separated by ;2 years. To
avoid confounding outcomes with potential effects of pre-
vious pregnancies, only the first pregnancies (123) were
considered for analysis. None of the subjects received DMT
during pregnancy.

Cohort 2: No pregnancies
To isolate the effect of pregnancy vs untreated status on MRI
activity in the postpartum period in cohort 1 and to avoid the
potential bias toward “benign MS” inherent to patients not
receiving DMTs in the clinical setting, we identified a second
cohort of age-matched nonpregnant women with MS from
the placebo arms of prospective, double-blind clinical trials.
The baseline characteristics of this no pregnancies cohort
(NPC) are shown in table 1. The ALLEGRO and BRAVO
phase III trial data for laquinimod were provided by Teva
Neuroscience.15,16 Enrollment criteria for both trials included
age 18–55 years, a diagnosis of relapsing-remitting MS by the
2005 McDonald Criteria, a score of no more than 5.5 on the
Expanded Disability Status Scale (EDSS), and a disease du-
ration of at least 6 months14,17 Patients were eligible for the
trials if they were on no DMTs and if they satisfied strict
clinical and MRI activity trial entry criteria.15,16

All participants underwent 12 scheduled assessments at the
study sites during the double-blind phase of the study.
Clinical scores were recorded every 3 months, and brain
MRI scans were obtained annually. None of the participants
became pregnant during the trial. The NPC female partici-
pants for our study were selected from this data set based on
their untreated (placebo) status on unblinding, age 18–45
years, and the availability of both baseline and follow-up
MRI scans.

Data collection

Cohort 1: PC
MS clinical history was extracted from medical records, in-
cluding disease duration and MS type at conception, EDSS

Glossary
CIS = clinically isolated syndrome; DMT = disease-modifying therapy; EDSS = Expanded Disability Status Scale; Gd =
gadolinium; IFN = interferon; IL = interleukin; NEDA = no evidence of disease activity; NPC = no pregnancies cohort; PC =
pregnancies cohort; RIS = radiologically isolated syndrome; Th2 = T helper 2.
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score at each visit, DMT use before and after pregnancy, and
the number of clinical relapses (in the year before pregnancy,
during pregnancy, and in the 12 months after delivery). We
also collected data on treatment with monthly IV steroids
(given in lieu of DMT postpartum) and maternal breast-
feeding status in the 12 months postpartum.

There are many factors that contribute to a woman’s decision
to breastfeed or resume DMT postpartum. During our study
period, breastfeeding women were strongly advised to not
take DMTs. We confirmed that none of the breastfeeding
women were on DMT at the time of postpartum MRI. We
also confirmed specific DMT exposures for nonbreastfeeding
subjects. Breastfeeding status was assumed to be nonexclusive
unless specifically noted in the medical records. We did not
have precise data on the timing of discontinuing DMTs before
conception or restarting DMTs in relationship to breast-
feeding discontinuation.

Reports and images of the brain and cervical and thoracic
spine MRI scans were reviewed. All but 2 neuroimaging scans
were performed at the Brigham and Women’s Hospital and
included assessment for the presence of new T2-weighted
hyperintense lesions relative to previous MRI and
gadolinium-enhancing (Gd+) lesions when contrast was ad-
ministered. The study PI (M.H.) reviewed all images when
reports indicated new T2 or Gd+ lesions for confirmation of
findings. Lesion counts were not formally performed, but the

results were categorized based on the number of new T2 of
Gd+ lesions indicated in the neuroradiology report (none, 1,
2, or greater than 2; figure).

Clinical relapses

A clinical relapse was prospectively recorded by the treating
neurologist using a standardized definition of acute or sub-
acute neurologic symptoms, with clinical evidence of at least 1
CNS lesion, lasting more than 24 hours and in the absence of
fever or other signs of infection.18 A relapse was defined as
occurring after a stable neurologic state for at least 30 days.
Participants could have received steroid therapy for moderate
to severe relapses (typically, IV methylprednisolone: 1 g/d for
3–5 consecutive days), but steroid treatment was not required
for relapse confirmation.

Disability evaluation

The EDSS score17 was documented at the prepartum visit, at
the postpartum visit, and during any neurologic relapse in
pregnancy. Confirmed disability progression was defined as
an increase in the EDSS score of at least 1.0 point from
baseline if the baseline score was between 0 and 5.0 or an
increase of at least 0.5 points if the baseline score was 5.5 or
more, with the increase sustained for at least 3 months.
Clinical outcomes also included the proportion of participants
with a documented postpartum relapse and the proportion of

Table 1 Demographic/clinical characteristics of the 2 cohorts

Cohort 1: PC (N = 123) Cohort 2: NPC (N = 125) p Value

Age, y, mean ± SD (min, max) 32.8±5.0 (18, 44) 32.2±7.2 (18, 44) 0.46

Disease duration, y, mean ± SD (min, max) 7.7±5.3 (0, 27) 3.4±4.6 (0.1, 22) <0.001

Baseline EDSS, median (IQR; range) Prepartum visit: 1 (0–2; 0–6.5) Clinical trial enrollment visit: 1.5
(1–1.5; 0–1.5)

0.07a

End of study period EDSS, median (IQR; range) Postpartum visit: 1.5 (1–2; 0–8) 24 mo trial data point: 1.5 (1–1.5; 0–6) 0.92a

Disease type, n (%)

RRMS 111 (90.2) 125 (100)

CIS 9 (7.3)

SPMS 3 (2.4)

MRI intervals, d, mean ± SD (min, max)

Interval between baseline MRI (1) and pregnancy 162.3 ± 125.4 (3, 578); N = 117 N/A

Interval between pregnancy and postpartum MRI (2) 107.6 ± 96.7 (3, 513); N = 123 N/A

Interval between MRI 1 and MRI 2 522.0 ± 163.4 (189, 1,088); N = 116 730 ± 18.8 (550, 762); N = 113 <0.001

Abbreviations: CIS = clinically isolated syndrome; EDSS = Expanded Disability Status Scale; IQR = interquartile range; max = maximum; min = minimum; N =
number of subjects; N/A = not applicable; NPC = no pregnancies cohort; PC = pregnancies cohort; RR = relapsing-remittingMS; SPMS = secondary progressive
MS.
PC had a longer disease duration and shorter MRI interval than NPC. See table 3 and the figure for a comparison of baseline Gd status between groups. MRI/
pregnancy time intervals were calculated for subjects with available data points. In NPC, the MRI 2 data point was available for 113 subjects because of 12
subjects withdrawing from clinical trials.
a Wilcoxon rank-sum test was used for the comparison of EDSS values (2-sample t tests used for other comparisons).
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participants with a documented EDSS change at the post-
partum visit.

MRI acquisition

During the analysis time frame, clinical brain and spinal cord
MRI scans were routinely performed at 1.5 T including brain
axial dual fast spin-echo, axial fluid-attenuated inversion re-
covery, and axial T1 spin-echo both before and 5minutes after
injection of 0.1 mmol/kg of Gd. Spinal cord MRI included
T2-weighted sagittal and axial fast spin-echo images, and T1-
weighted sagittal and axial post-Gd images. There were a few
cases for whom Gd was not administered (see below).
Breastfeeding patients who received Gd were instructed to
subsequently discard breastmilk for 24 hours as per the
standard of clinical care.

MRI outcomes

MRI outcomes included new T2 or new Gd+ lesions in the
brain or spinal cord in the postpartum period. An active scan
was defined by the presence of either new T2 or new Gd+
lesions.

Prepartum MRI data were available for 115 subjects (93.4%),
and 114 scans (99.1%) were performed with Gd; postpartum
MRI data were available for 122 subjects (99.2%), 120 of
which (98.3%) were performed with Gd; 2 scans performed
without contrast were performed at the outside imaging fa-
cilities. For these, the results were obtained from clinical
neurology follow-up notes. Both prepartum and postpartum
MRI studies were available for 113 of 123 partici-
pants (91.8%).

Cohort 2: NPC
MS clinical history was extracted from the ALLEGRO and
BRAVO trial data provided by Teva Neuroscience.15,16,19

Clinical data

The same definition of relapse was used for cohort 2, as for
cohort 1 (see above). The same definition for confirmed
EDSS disability progression was used for the NPC as for PC
(see above). Clinical outcomes included the proportion of
participants with a documented relapse and/or a change in
EDSS at the 24-month study point.

MRI measures and outcomes

Imaging protocols for ALLEGRO and BRAVO clinical
trials used brain imaging only on scanners with a minimum
field strength of 1.5 T. Axial fast/turbo spin-echo proton
density and T2-weighted images were obtained in addition
to axial T1-weighted images both before and 5 minutes
after injection of 0.1 mmol/kg of Gd. Imaging outcomes
included the number of new T2 lesions and new Gd+ le-
sions at month 24. We selected the MRI at 2 years (730
days) as the closest comparison time point to the PC
(table 1).

Standard protocol approvals, registrations,
and patient consents
This work was approved by the institutional review board at
Brigham and Women’s Hospital.

Data availability
Anonymized data will be shared upon request with any
qualified investigator.

Statistical analysis
For the primary analysis involving Cohort 1, PC, we detailed
intrapartum and postpartum disease activity by estimating the
proportion of subjects who had different types of disease ac-
tivity and calculating an exact binomial confidence interval for
the proportion. The associations between postpartum and
prepartum radiologic disease activity (new T2 or Gd+ le-
sions) was assessed using a χ2 test and logistic regression to
adjust for age and disease duration. The association between
breastfeeding, treatment changes, steroid use, and disease
activity postpartum were assessed using a χ2 test. To assess if
the timing of the postpartum MRI was associated with the
presence of a new T2 lesion postpartum, the duration of time
until the MRI was compared between subjects with and
without radiologic disease activity using a 2-sample t test. To
ensure that our conclusions were robust to the normality
assumption of the 2-sample t test, we also compared the
groups using the Wilcoxon rank-sum test and the results were
similar (data not shown). The association between EDSS
prepartum and EDSS postpartum and the presence of a new
T2 lesion postpartum was assessed using a Wilcoxon rank-
sum test. In group comparisons of on-study MRI activity, we

Figure Gd MRI activity: Baseline vs follow-up

Comparison of all subjects from the PC and the NPC regarding the MRI Gd
number of lesions at baseline and f/u. The number of Gd lesions per subject
is binned as none, 1, 2, or greater than 2 (2+). Although the PC started the
study as less active than the NPC, at f/u, the PC showed marked increased
activity, whereas the NPC remained active to a similar extent to baseline.
After adjustment for disease duration and MRI interval, there was no group
difference in the follow-up Gd+ lesion counts. See table 3 for the number of
subjects and more details. f/u = follow-up; Gd = gadolinium; NPC = no
pregnancies cohort; PC = pregnancies cohort.
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used unadjusted logistic regression models and adjusted lo-
gistic regression models accounting for disease duration and
time between scans. Alpha was set at 0.05, and all tests were
2-sided. All analyses were performed with R version 3.6.3
(r-project.org).

Results
Cohort 1: PC
Baseline preconception demographic, clinical characteristics,
and Gd MRI characteristics are reported in table 1 and the
figure. All participants discontinued DMTs before concep-
tion. Information about postpartum DMT was available for
120 participants (table 2). Sixty-three participants (52.5%)
changed their treatment status in the postpartum period.
Changes included DMT escalation to higher efficacy DMT
(n = 23) and substitutions within the general DMT category
such as within injectable DMTs (n = 10), first time DMT
initiation (n = 21), or failure to resume any DMT (n = 9).
None of the participants de-escalated to less efficacious
treatment after pregnancy.

Clinical and MRI postpartum outcomes
Ten of 123 participants (8.1%) had a documented clinical
relapse during pregnancy (all patients received intrapartum
steroids for relapse). Two participants were taking fingoli-
mod, and one was on natalizumab prepartum. The remaining
subjects with intrapartum relapses received glatiramer acetate
(n = 3), interferon (IFN) (n = 2), or were untreated (n = 2)
before pregnancy. All subjects discontinued treatment before
pregnancy in accordance with product label recommenda-
tions. Information on clinical postpartum relapses was avail-
able for 121 patients. Fifty-nine pregnancies (48.8%) were
followed by a clinical relapse within 6 months postpartum
(95% CI 39.6%–58.0%).

The MRI results in the PC group are detailed in table 3 and
figure. OnMRI, these subjects were largely inactive at baseline
with;92% showing no Gd+ lesions. However, at the follow-
up postpartum scans, ;54% developed MRI-defined disease
activity (either a new T2 or Gd+ lesion) (95% CI
44.8%–63.3%), and 41 of 120 (34.2%) demonstrated Gd+
lesions (95% CI 25.8%–43.4%).

Furthermore, when specifically considering subjects in the PC
group who were Gd− at baseline, 32% developed Gd+ lesions
at the follow-up. Regarding new T2 lesions, these were noted
in;44% of subjects with PC at the follow-up; in addition, this
same rate of new T2 lesions was noted in subjects with PC
who were Gd− at baseline.

PrepartumMRI activity was not associated with an increase in
the likelihood of postpartum activity. Seventeen of 32 subjects
with prepartum activity had postpartum activity compared
with 44 of 80 subjects without prepartum activity had post-
partum activity (χ2 test p = 0.86). After adjusting for age and
disease duration, the association remained weak (OR 0.88;
95% CI 0.38–2.03; p = 0.76). When the association between a
relapse and anyMRI change was assessed, 71.9% (41 of 57) of
subjects with a relapse hadMRI activity compared with 37.1%
(23 of 62) of subjects without a relapse (p < 0.001, χ2 test).
Furthermore, only 24.9% of patients satisfied disease-free
status or no evidence of disease activity (NEDA) criteria at the
time of postpartum evaluation.20–22

Pregnancies cohort sensitivity analyses: Association
between clinical factors and risk of inflammatory
activity postpartum
We assessed whether the variability in duration between
delivery and the postpartum MRI was associated with the
risk of developing new T2 lesions between MRI scans 1 and
2. The 54 subjects with a new T2 lesion at the follow-up scan
had 554 (175) days between scans compared with the 62
subjects without a new T2 lesion who had a time between
scans of 494 (149) days (estimated mean difference = 59;
95% CI −1.2 to 119.3; p = 0.055). There was no association
between EDSS recorded at prepregnancy baseline or post-
partum visits and new MRI activity postpartum (p > 0.05;
Wilcoxon rank-sum test).

Table 2 DMTs prepartum and postpartum in the
pregnancies cohort at the time ofMRI acquisition

DMT (within 12 mo pre/
postpartum)

Prepartum DMT
(N = 123)

Postpartum DMT
(N = 120)

None, n (%) 36 (29.3) 36 (30)

Any, n (%) 87 (70.7) 84 (70)

Injectables, n (%) 65 (52.8) 41 (34.1)

Beta interferons 37 20

Glatiramer acetate 28 21

Infusions, n (%) 15 (12.2) 22 (18.3)

Natalizumab 12 15

Daclizumab 2 0

Cyclophosphamide 1 3

Rituximab 0 4

Orals, n (%) 7 (5.7) 21 (17.5)

Fingolimod 6 12

Dimethyl fumarate 0 9

Methotrexate 1 0

Methylprednisolone, 1 g
monthly, n (%)

12 (9.8) 19

With DMT 7 3

Without DMT 5 16

Abbreviation: DMT = disease-modifying therapy.
There was an increase in the utilization of oral and infusion DMTs in the
postpartum period. Over 50% of participants changed their treatment sta-
tus (started a new DMT or escalated to more efficacious DMT) postpartum.
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DMT prepartum and postpartum treatment information was
available for 120 subjects (table 2). We assessed whether
DMT use preconception was associated with inflammatory
activity on postpartumMRI and found no association (treated
n = 84 (70.0%), untreated n = 36 (30.0%), and the presence of
either postpartum new Gd+ lesions (p = 0.73) or new T2
lesions (p = 0.94). Given the recent reports of increased re-
bound MS activity peripartum after certain DMTs
discontinuation,8,9 we further categorized DMTs as self-
injectable (n = 62) vs oral and infusion (n = 20) and found no
association between prepartum DMT category and post-
partum new Gd+ lesion (p = 0.32) or new T2 lesion (p =
0.61). The number of participants in the oral and infusion
groups was too small to further stratify and analyze by specific
DMT (fingolimod + natalizumab vs others). Similarly, there
was no association between postpartum DMT use and MRI
changes.

76 of 121 subjects (62.8%) had postpartum MRI assessment
before restarting DMTs, and the others received various
DMTs concurrent with postpartum imaging. There was no

correlation betweenDMT type or status and postpartumGd+
(p = 0.84) or new T2 (p = 0.56) MRI activity.

In addition, we evaluated whether prophylactic steroid use
(1 g IV methylprednisolone monthly) postpartum (n = 19)
was associated with MRI activity. Steroid exposure was only
recorded if they were administered as monthly treatments in
lieu of conventional DMT therapy. They were commenced
after delivery and discontinued at the time of DMT initiation.
There was no association between steroid use and postpartum
new Gd+ (p = 0.21) or new T2 (p = 0.57) lesions.

Finally, breastfeeding information (assumed nonexclusive)
was available for 120 patients. Eighty-five (71%) breastfed for
any length of time; 42 (49%) of those breastfed for 6 months
or more. Thirty-five (41%) breastfed for 3 months or less, and
8 (9%) breastfed between 3 and 6 months. We found no
association between breastfeeding status and MRI activity in
our sample. Specifically, there was no difference between a
duration of breastfeeding greater or less than 3 months and
new T2 (p = 0.66) or Gd+ (p = 0.84) lesions. We also found

Table 3 MRI activity in the PC vs NPC

N

No. (%) of participants with lesions

Unadjusted OR: PC vs NPC Adjusted OR: PC vs NPC0 1 2 2+

MRI time point 1

Gd+ lesions

PC 114 105 (92.1) 5(4.4) 2 (1.8) 2 (1.8) 0.08 (0.04–0.18); p < 0.001 0.08 (0.03–0.18); p < 0.001

NPC 125 62 (49.6) 30 (24) 12 (9.6) 21 (16.8)

MRI time point 2

Gd+ lesions

PC (all) 120 79 (62.7) 20 (18.1) 7 (6.3) 14 (12.7) 0.53 (0.31–0.90); p = 0.018 0.60 (0.28–1.28); p = 0.19

NPC (all) 113 57 (50.4) 25 (22) 11 (9.7) 20 (17.6)

PC (Gd2 at baseline) 103 70 17 5 11 0.92 (0.46–1.83); p = 0.81 0.999 (0.40–2.49); p = 0.99

NPC (Gd2 at baseline) 56 37 11 3 5

PC (Gd+ at baseline) 8 5 1 1 2 0.43 (0.10–1.79); p = 0.25 0.10 (0.01–2.13); p = 0.14

NPC (Gd+ at baseline) 57 20 14 8 15

New T2 lesions

PC (all) 122 66 (57.3) 19 (13.1) 14 (10.6) 23 (18.8) 0.37 (0.21–0.62); p < 0.001 0.65 (0.30–1.41); p = 0.27

NPC (all) 113 34 (30) 14 (12.3) 11 (9.7) 54 (47.7)

PC (Gd2 at baseline) 104 58 18 11 17 0.55 (0.29–1.07); p = 0.077 0.97 (0.39–2.38); p = 0.95

NPC (Gd2 at baseline) 56 23 8 3 22

PC (Gd+ at baseline) 9 4 1 1 3 0.30 (0.07–1.30); p = 0.11 0.26 (0.02–3.48); p = 0.31

NPC (Gd+ at baseline) 57 11 6 8 32

Abbreviations: Gd = gadolinium-enhancement status; N = number of subjects available for analysis; NPC = no pregnancies cohort; PC = pregnancies cohort.
The adjustedOR is froma logistic regressionmodel controlling for disease duration (allmodels) and timebetween scans (all timepoint 2models), with 95%CIs
shown as well.
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no difference between breastfeeding for 6 months or longer vs
fewer than 6 months and new T2 (p = 0.43) or new Gd+ (p =
0.17) lesions. In addition, baseline (prepartum) MRI status
was not associated with subsequent breastfeeding choices;
specifically, there was no association between the prepartum
presence of Gd+ MRI lesions and ever breastfeeding (p =
0.85), breastfeeding for 3 or more months vs less or none (p =
34), or breastfeeding for 6 or more months vs less or none
(p = 43).

Cohort 2: NPC and comparison with PC
From the phase III pivotal trials described above, 126 par-
ticipants were selected to serve as a nonpregnant untreated
control group (table 1). They were matched for sex, age, and
EDSS to assure inclusion of reproductive age females. The
cohorts were different by disease duration and MRI interval.
NPC had a shorter disease duration and a longerMRI interval.
The 2 cohorts were also different in the baseline level of
inflammatory MRI activity, with more patients in the NPC
cohort exhibiting Gd+ lesions compared with subjects with
PC (p < 0.01) (table 3, figure).

As shown in table 3, and the figure, comparing the 2 cohorts in
the on-study level of MRI activity, the NPC was significantly
more active at the follow-up on both on Gd+ and new T2
lesions in unadjusted analysis. For example, 57% of those in
PC vs 30% in NPC had no new T2 lesions at follow-up.
However, in analyses adjusted for disease duration and MRI
interval, these differences became nonsignificant. Given the
baseline difference in Gd+ status between groups, we com-
pared the groups in 3 ways as shown in table 3: (1) all subjects,
(2) Gd+ at baseline, and (3) Gd− at baseline. In the subgroup
Gd− at baseline, 32% of the PC and ;34% of the NPC had
Gd+ activity on follow-up MRI. The estimated OR for the
comparison of the 2 groups was OR 0.92 (95% CI 0.46–1.83;
p = 0.81). After adjusting for disease duration and time be-
tween scans, the adjusted OR was 1.00 (95% CI 0.40–2.49;
p = 0.99). Similarly, in comparing the PC and NPC groups,
considering all participants regardless of baseline Gd status,
there was no difference in Gd+ or new T2 lesions at follow-up
when adjusting for disease duration and time between scans.

Discussion
Previous smaller studies suggested an increase in postpartum
MRI activity in patients with MS and a higher rate of con-
version from RIS to clinically isolated syndrome (CIS) after
pregnancy.7,12

We report the first large observational study of MRI-defined
disease activity in patients with MS postpartum, with com-
parison to an age-matched nonpregnant female cohort of
reproductive potential from placebo arms of 2 clinical trials.
We assessed postpartum relapses and MRI activity (new Gd+
or new T2 lesions) compared with baseline prepregnancy
MRI. Considering the abundant literature addressing clinical
relapses peripartum,6,23,24 this was not specifically analyzed in

our study. Our findings of postpartum clinical disease activity
agree with those studies. However, we also found a high level
of MRI disease activity. We focused on new Gd+ lesions
because of their known transience.25 Over 50% of participants
had active disease, as defined by either clinical relapses or new
T2 or Gd+ lesions and 25% had both new clinical and ra-
diographic activity postpartum. In addition, this study sug-
gests a significant association (p < 0.001) between postpartum
clinical and MRI changes. Interestingly, most (63%) active
postpartum MRI scans were from participants with inactive
disease prepregnancy. Furthermore, 15% of clinically stable
patients, with no postpartum relapses, had a new Gd+ lesion.
Peripartum EDSS scores showed no relationship with MRI
activity postpartum. These observations underscore the im-
portance of MRI surveillance in the postpartum period, re-
gardless of clinical status.

A report from Kaiser Permanente suggested a lower pre-
partum and postpartum clinical disease activity than our
study.26 Thirty-eight percent of Kaiser subjects were un-
treated before pregnancy, making effects of high-efficacy
therapies on outcomes less likely. Nearly 15% of partici-
pants in the Kaiser study had CIS, and many patients were
diagnosed with clinically definite MS based on a single
relapse and MRI changes, rather than recurrent relapses.
The Kaiser community-based, neurologically “healthier”
catchment would seem to have overall milder disease
compared with more complex, tertiary referrals to
university-based academic centers such as ours. The Kaiser-
integrated care delivery system may also differ in resources
and treatment protocols from a more common fee-for-
service model. These differences may make direct com-
parisons of outcomes across studies more challenging to
interpret.27

A high number of participants with postpartum active MRI
and breakthrough on NEDA status in our study was un-
expected. Although clinical predictors of postpartum relapses
have been suggested,24,28,29 there is no information on
whether these predictors would link to MRI-defined post-
partum inflammation. Many pregnancy-specific immunologic
factors have been implicated in both disease stabilization
intrapartum and a higher probability of disease worsening
postpartum. During pregnancy, there is an increase in anti-
inflammatory T helper 2 (Th2) immune responses and a
decrease in Th1 and Th17 immune responses and their cor-
responding cytokines30,31 such as IFN-γ, tumor necrosis fac-
tor-α, interleukin (IL)-17, and regulatory cytokines (IL-10).
This shift promotes protolerogenic state between the mother
and genetically foreign fetal-placental unit.32 It may also pro-
vide an immunologic benefit for pregnant patients with MS,
which is rapidly lost on delivery, resulting in an increased
probability of an inflammatory response in the postpartum
state.

Estradiol, estriol, and progesterone increase gradually during
pregnancy and peak in the third trimester. Both in vivo and in
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vitro observations have demonstrated that estriol, the estro-
gen made by the fetal placenta, may support the shift from
Th1 to Th2.33 Patients with MS treated with exogenous es-
triol are reported to have decreased numbers of Gd+ lesions
during treatment, but their MRI activity returned to baseline
within 3 months after discontinuation of estriol.33 Abrupt
declines in estriol levels immediately on delivery may mimic
the observations made in early phase clinical trials and simi-
larly manifest as increased inflammatory activity postpartum.
Gd+ activity is a more sensitive marker of CNS inflammation
than relapses alone.34 It has been used as a primary outcome
measure in early phase clinical trials.35 Therefore, it is rea-
sonable to expect that in a cohort showing postpartum disease
activity, inflammatory MRI changes will be more frequent
than clinical activity alone.

There are several limitations to this study. In PC, we only
included full-term pregnancies that resulted in a live birth.
This could introduce a sampling bias toward a healthier co-
hort because some of the reasons for stopping or losing a
pregnancy (terminations or miscarriages) may have included
worsening neurologic disease. However, the finding of in-
creased inflammatory activity in our sample is not predicted,
based on this possible bias.

We did not find any significant correlation between DMT use
peripartum and on-study MRI changes. However, only a few
of our participants received high-efficacy treatments before
pregnancy and our sample was not sufficiently powered to
perform a comparative analysis of DMT subtypes (e.g., oral vs
infusion medications). All participants discontinued DMTs
within historically appropriate FDA-recommended guide-
lines, thus making a direct impact of DMTs on disease activity
in the postpartum period less likely. However, we do not have
the exact timing of DMT discontinuation before pregnancy,
and this is a limitation of our data set. Exposures to any DMT
within 1–2 years before pregnancy is associated with a lower
risk of postpartum relapse.24 We did not observe this re-
lationship with postpartum relapses or inflammatory MRI
activity.

We were not able to ascertain exclusive vs nonexclusive
breastfeeding status in our cohort. Furthermore, because of
the lack of precise information on the timing of breastfeeding
and DMT usage in the postpartum period, we felt that the
data were not suitable to perform a multivariate analysis
assessing the contribution of these 2 factors to postpartum
MRI activity.

Several studies have suggested that breastfeeding may in-
fluence postpartum relapse rate. Exclusive breastfeeding in
MS is protective against postpartum relapses.36 Nonexclusive
breastfeeding studies failed to reproduce these findings.37 A
recent systematic review and meta-analysis reported a 43%
reduction in the postpartum MS relapse rate in women who
breastfed exclusively.38 Therefore, exclusive breastfeeding
status ascertainment is important.

Finally, we must consider extended time off DMT as a pos-
sible explanation for high postpartum inflammatory MS ac-
tivity. The time off DMTs is inherent to the state of
pregnancy, especially with DMT labeling instructions and
DMT pregnancy exposure warnings concurrent with our
study time frame.

In an effort to separate the effect of pregnancy from the long-term
untreated state, we obtained a control group of reproductive age
untreated women with MS. Although selecting this cohort from
our Center might have allowed better baseline matching, there
would likely be a bias toward “benignMS” inwomenopting for no
DMTs. Thus, it is important to recognize that, although our 2
comparator cohorts were well matched by age and EDSS, they
had different characteristics, i.e., disease duration andMRI interval.
NPChadmore active radiographic disease at baseline. The PC, on
the contrary, had mostly stable disease prepregnancy, as expected
and advised for patients starting a family. We adjusted for these
baseline factors in our analysis, which changed the results: the on-
study differences between the 2 cohorts in the number ofGd+ and
new T2 lesions became nonsignificant. This may suggest that
pregnancy and the postpartum period collectively resembles an
untreated MS observation sample in its MRI activity.

However, despite very few patients with prepartum Gd+ MRI
activity in PC, we observed a remarkable increase in the
number of patients with new MRI-defined inflammation
postpartum. Subjects from NPC, although more active at
baseline, did not substantially change their level of MRI activity
over 2 years. This underscores the possible effect of the preg-
nancy to the postpartum period on the increase in in-
flammatory activity. Although this observation warrants further
investigation, we cannot positively conclude whether an in-
crease in postpartum MRI disease activity in PC is related to
pregnancy, the postpartum state, or the extended time off
DMT because of the baseline differences between the 2 groups.

Another important limitation of our analysis is that we do not
know if new T2 lesions occurred during pregnancy or post-
partum. In addition, in the pregnancy cohort, the risk of new
lesion formation between the prepartum MRI and the post-
partumMRI is not uniformly distributed, whereas it should be
uniformly distributed during the placebo arm of a clinical trial.
This is a major limitation of comparing the 2 cohorts.

Previous studies suggest no correlation between postpartum
relapse rates and long-term increases in MS disability.28,35,39,40

It is not known whether an increase in postpartum MRI ac-
tivity, in addition to an increase in clinical activity, or as a
separate metric, may be associated with long-term disability
changes. Further studies are needed for clarification.

This is the first large observational study investigating MRI-
defined disease activity in the postpartum period. Our find-
ings demonstrate higher levels of disease activity, by both
clinical and neuroimaging measures, than previously reported,
suggesting that postpartum period may remain a vulnerable
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time. MRI provides a sensitive tool to assess disease activity
postpartum. Further research is needed to evaluate how MRI
and clinical activity is influenced by early vs delayed re-
sumption of treatment and how the effects of breastfeeding
modulate such activity.
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Abstract
Objective
To analyze the cost of autoimmune encephalitis (AE) in China for the first time.

Methods
Patients who were newly diagnosed with antibody-positive AE (anti-NMDA receptor
[NMDAR], anti-γ aminobutyric acid type B receptor [GABABR], antileucine-rich glioma-
inactivated 1 [LGI1], and anticontactin-associated protein-2 [CASPR2]) at West China
Medical Center between June 2012 and December 2018 were enrolled, and a cost-of-illness
study was performed retrospectively. Data on clinical characteristics, costs, and utilization of
sources were collected from questionnaires and the hospital information system.

Results
Of the 208 patients reviewed, the mean direct cost per patient was renminbi (RMB) 94,129
(United States dollars [USD] 14,219), with an average direct medical cost of RMB 88,373
(USD 13,349). The average inpatient cost per patients with AE was RMB 86,810 (USD
13,113). The direct nonmedical cost was much lower than the direct medical cost, averaging
RMB 5,756 (USD 869). The direct cost of anti-LGI1/CASPR2 encephalitis was significantly
lower than that of anti-NMDAR encephalitis and anti-GABABR encephalitis. The length of stay
in the hospital was significantly associated with the direct cost.

Conclusions
The financial burden of AE is heavy for Chinese patients, and there are significant differences
between different types of AE.
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Autoimmune encephalitis (AE) is an immune-mediated neuro-
logic disorder1 associatedwith autoantibodies against intracellular
neuronal antigens (e.g., Hu and Ma2) and autoantibodies to the
neuronal surface or synaptic antigens (e.g., anti-NMDA receptor
[NMDAR], antileucine-rich glioma-inactivated 1 [LGI1], anti-γ
aminobutyric acid type B receptor [GABABR], and anticontactin-
associated protein-2 [CASPR2]).2 An epidemiologic study in the
United States indicated that the incidence rate of AE from 1995
to 2015 was 0.8 of 100,000.3 A study in China showed that the
relative frequencies of NMDAR, LGI1, GABABR, and CASPR2
antibodies in patients with AE were 79.7%, 12.8%, 5.6%, and
1.3%, respectively.4

Previous studies, including ours, showed that 16.7%–38.0% of
patients with anti-NMDAR encephalitis had underlying neo-
plasms, such as ovarian teratomas,5,6 and 32.0%–50.0% of patients
with anti-GABABR encephalitis had coexisting small cell lung
cancer and other types of tumors.7,8 Most patients with AE re-
spond to immunotherapy; however, some require long-term
hospitalization and intensive care resources.5,9 Themedical severity
and long-term disabilities associated with patients with AE that
would inevitably burden society and families have also been
reported.5,10,11 Therefore, it is important to assess the economic
burden of AE for the rational allocation of medical resources.
However, few studies on such an issue have been conducted. One
study in the United States12 reported the hospitalization cost of
definite AE and probable AE. However, this finding does not
represent the status of China. To provide baseline data for evalu-
ating the economic impact of AE in western China, we studied the
direct medical and direct nonmedical cost of the main types of AE
(anti-NMDAR, anti-LGI1/CASPR2, and anti-GABABR encepha-
litis) among Chinese patients for the first time. Notably, the costs
assessed did not include indirect costs because of failure to work,
sick leave for family members, and so on. The cost presented did
not exclude medical insurance reimbursement. Medical insurance
coverage is high in China (96.3% in 2018).13 However, only some
patients use medical insurance mainly because of the complicated
refund procedure (some patients do not know how to obtain a
refund).13Medical insurance in China can reimburse only a part of
the hospitalization costs (from 30.0% to 70.0%, depending on
different medical insurance systems) and not outpatient and
nonmedical costs, whichwould impose a heavy burdenonpatients.

Methods
Subjects and interviews
Patients with a discharge diagnosis of AE between June 2012
and December 2018 (financial year 2012–2018) at the

inpatient department of neurology, West China Medical
Center, were identified from the hospital information system
by searching the following terms: “autoimmune,” “autoimmu-
nity,” “autoimmune encephalitis,” “antibodies,” “NMDAR,”
“GABABR,” “CASPR2,” or “LGI1.”We included patients who
satisfied the criteria for definite (antibody-positive) AE
according to definitions of AE from a recent consensus state-
ment.1 These patients met the following diagnostic criteria for
AE1: (1) rapid onset (<3 months) of 1 or more of the 6
following symptoms—abnormal (psychiatric) behavior or
cognitive dysfunction, speech dysfunction, seizures, movement
disorder, decreased level of consciousness, and autonomic
dysfunction or central hypoventilation and (2) positive results
for one of the antibodies (anti‐NMDAR, GABABR, and LGI1/
CASPR2 antibodies) in the CSF. The exclusion criteria were as
follows: (1) patients with laboratory evidence of infectious
encephalitis, for example, viral (TORCH immunoglobulin M),
bacterial (CSF smear and culture), mycobacterium tuberculo-
sis (acid‐fast stain), parasitic (antibody detection), or fungal
and cryptococcus (CSF smear, culture and ink stain); (2) pa-
tients diagnosed with toxic‐metabolic encephalopathy, brain
tumor or metastasis, vitamin deficiency or alcohol‐related en-
cephalopathy, epilepsy, and/or another nervous system disease
before the onset of AE; (3) patients with positive antibodies for
other AEs, such as a-amino-3-hydroxy-5-methyl-4-isoxazol-
propionic acid receptors, dipeptidylpeptidase-like protein 6, or
lgLON5, or with neurologic paraneoplastic antibodies (anti-
Hu, anti-Ri, anti-Yo, anti-CV2, anti-Ma, anti-amphiphysin, anti-
Tr, Purkinje cell cytoplasmic antibody type 2, and anti-glutamic
acid decarboxylase); (4) patients with encephalitis of unknown
cause; (5) patients diagnosed with AE who received treatment
previously in another hospital; and (6) patients who did not
agree to participate in the survey.

Resource utilization of the direct medical costs included the
number of diagnostic and therapeutic services, length of stay
(LOS) in the hospital, and duration of immunotherapy (IV
methylprednisolone [IVMP], IV immunoglobulin [IVIG],
rituximab, and cyclophosphamide). To determine contribu-
tors to a prolonged LOS, 2 neurologists (Z.H. and D.Z.)
independently reviewed the charts of all prolonged (≥20.0
days) hospitalizations, with any discrepancies resolved by
further review and discussion. The following categories were
defined: (1) delay in diagnosis of ≥7.0 days from admission,
defined as lack of a secure diagnosis resulting in a delay in the
initiation of immune treatment for AE; (2) duration of in-
patient immunotherapy ≥7.0 days; (3) lack of a response,
defined as neurologic deterioration or a lack of neurologic

Glossary
AE = autoimmune encephalitis; CASPR2 = contactin-associated protein-2; GABABR = γ-aminobutyric acid receptor type B;
ICU = intensive care unit; IQR = interquartile range; IVIG = IV immunoglobulin; IVMP = IV methylprednisolone; LGI1 =
leucine-rich glioma-inactivated 1; mRS = modified Rankin Scale; NMDAR = NMDA receptor; RMB = renminbi; USD =
United States dollars.
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improvement after the completion of immunotherapy and
resulting in ≥7-day additional stay in the hospital; (4) com-
plications (i.e., pneumonia, sepsis, and gastrointestinal
bleeding) resulting in ≥7-day stay in hospital; (5) modified
Rankin Scale (mRS) on admission; and (6) tumor condition.

Resource utilization of direct medical costs, direct medical
costs, and clinical characteristics were extracted from the
hospital information system. Direct nonmedical costs and
resource utilization of direct nonmedical costs were assessed
by a questionnaire designed for this study. The questionnaire
included 2 parts. Part A requested basic information about the
patient, such as sociodemographic details and distance to our
clinic. Part B assessed the means of transportation to the clinic
and AE-related clinic travel expenses, costs of professional
care, and diet during hospitalization. “Professional care” in-
dicated private nurse care out of the hospital. Most of the
patients in this study had visited our center outside of their
hometown. The travel expenses included transportation and
accommodation.

Standard protocol approvals, registrations,
and patient consents
Written informed consent was obtained from the individuals
or their caregivers before enrollment in the study. This study
was approved by the Research Ethics Committee of West
China Medical Center of Sichuan University.

Estimation of costs
In our study, the total expenditures for each patient were
calculated as the sum of the direct medical costs and direct
nonmedical costs due to AE-related clinic visits (whether
inpatient or outpatient visits) in our center. There are 3 kinds
of medical security systems, namely, urban basic medical in-
surance, basic medical insurance for urban residents, and new
rural cooperative medical care. Because reimbursement by the
different systems is highly variable in China, as stated in the
Introduction section, costs as listed by the hospital before
reimbursement were counted.

Direct medical costs included all inpatient and outpatient
costs. Inpatient costs were grouped as treatment (immu-
notherapies [IVMP, IVIG, rituximab, and cyclophospha-
mide], antiepileptic drugs, antipsychotic drugs, anti-infective
drugs, other treatment, etc.) cost, tests (MRI of the brain,
EEG, antibody examination, lumbar puncture, biomedical
assays, etc.), and other costs (room cost, nursing-related
cost, etc.). The cost of tumor treatment was not included in
these calculations. Direct nonmedical costs involved pro-
fessional care, diet during hospitalization and travel expenses
to the clinic, which were accessed by face-to-face question-
naire investigations.

Notably, only AE-related resource use was recorded. The
initial valuation of cost items was in the Chinese currency
renminbi (RMB), and the exchange rate was converted into
United States dollars (USD) for reference, with an average

exchange rate equaling USD 1 = RMB 6.62 for 2018. The
demographic and clinical characteristics, LOS, and inpatient
costs of our cohort were compared to those of the United
States cohort.12

Statistical analysis
SPSS 20.0 (SPSS Inc., Chicago, IL), as well as GraphPad
Prism 8.0 (GraphPad Software Inc., San Diego, CA), was used
for the statistical analyses. The χ2 test was used for categorical
variables. The Kruskal-Wallis test was used for continuous
variables. Linear regression analysis was conducted to com-
pare direct inpatient cost and time after applying logarithmic
transformation. For univariate regression analyses, 6 variables
were preselected by 2 experienced neurologists (Z.H. and
D.Z.) to examine their associations with direct costs (age, sex,
tumor condition, mRS, LOS, and AE-related neurologic care
visit), and 11 variables were preselected to examine associa-
tions with LOS (age, sex, antibody type, MRI abnormality,
EEG abnormality, tumor condition, mRS at admission,
complications, delay in diagnosis, lack of a response, and
prolonged immune treatment). The ordinary least squares
method was used.

Data availability
The authors confirm that the data supporting the findings of
this study are available within the article and from the cor-
responding author upon reasonable request.

Results
Demographic and clinical characteristics
of patients
A total of 217 patients who met the study criteria were retro-
spectively reviewed. Nine patients with NMDAR encephalitis
declined to participate in the survey. Ultimately, 208 patients
were enrolled (table 1). There were 155 patients in the anti-
NMDAR encephalitis group, 26 in the GABABR group and 27
in the LGI1/CASPR2 group. The details of anti-LGI1/
CASPR2 patients are shown in table e-3 (links.lww.com/
NXI/A315). Overall, the median age at admission was 29 years
(102 [49.0%] males and 106 [51.0%] females). Some of the
patients (40.9%) chose to use medical insurance. Thirty-eight
of 208 patients (18.3%) had neoplasms. Of these 38 patients,
only 1 patient with anti-GABABR encephalitis knew about the
neoplasm before inpatient admission for AE. A total of 134 of
the 208 patients (64.4%) had other complications, and detailed
information on the complications is shown in table e-2.
Twenty-two of the 208 patients (11.0%) were admitted to the
intensive care unit (ICU) during their hospitalization, all of
whom had ICU stays >48 hours. The mRS of admitted patients
in the LGI1/CASPR2 group was better than that in the
NMDAR and GABABR groups. Only 1 patient died during
hospitalization due to multiple organ failure, while 18 died
during follow-up investigations. There was no significant dif-
ference in sex, complications, MRI, EEG, ICU rate or discharge
disposition between the different subgroups.
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Resource utilization

Neurologic care
There were 295 hospitalizations for the 208 patients, with an
average number of 1.4 per patient (range 1–7). The annual
number for each patient was 0.6 (range 0.14–2). There were
516 outpatient visits for the 208 patients after their first
hospitalization, with an average number of 2.5 (range 0–27)
and 0.9 outpatient visits per year per patient (range 0–10).
The median LOS was 24.0 days. The total number of di-
agnostic and therapeutic activities (outpatient and hospitali-
zation) for each AE category is depicted in table 2. The
highest mean number (5.3 per patient) of medical visits was
incurred by patients with anti-LGI1/CASPR2 encephalitis,
while patients with anti-NMDAR encephalitis had the lowest
mean number (3.5 per patient) of diagnostic and therapeutic
interventions. Regarding diagnostic tests, a total of 277 EEG
tracings, 293 MRI scans, 312 lumbar punctures, and 257 an-
tibody examinations were performed during hospitalizations.

Immunotherapy during hospitalization
In total, 119 of the 208 (57.2%) patients were receiving
IVMP, 170 (81.7%) were receiving IVIG, and 85 (40.9%)
were receiving first-line immunotherapy containing IVMP
and IVIG. Only 6 of the 208 (2.9%) patients received second-

line immunotherapy (rituximab or cyclophosphamide). The
proportion of patients receiving IVIG was significantly higher
in the NMDAR group than in the GABABR (87.7% vs 65.4% p
< 0.05) and LGI1/CASPR2 (87.7% vs 63.0% p < 0.05)
groups. The average days of IVIG use was highest in the
NMDAR group (5.8 days), followed by the GABABR group
(5.4 days) and the LGI1/CASPR2 group (3.7 days). The
mean number of days of IVMP use was highest in the
GABABR group (3.6 days), followed by the NMDAR group
(3.5 days) and the LGI1/CASPR2 group (2.3 days).

Transportation and nonneurologic care
The mean distance from the location of residence to our
hospital was 250.1 ± 402.4 km, and all patients used trans-
portation tools (taxi or bus) to travel to our neurology clinic.
Sixty of the 208 (29.0%) patients claimed to ask for pro-
fessional care services during hospitalization. Thirty-four of
the 208 (16.3%) patients claimed to choose accommodations
in Chengdu at the time of their outpatient visits.

Economic burden of AE
The financial burden of AE patients is shown in table 3. The
total direct cost contained direct medical costs (inpatient
costs and outpatient costs) and direct nonmedical costs. The
average direct medical cost was RMB 88,373 (SD ±87,909),

Table 1 Demographic and clinical characteristics of patients

Variable
Anti-NMDAR (N = 155
[74.5%])

Anti-GABABR (N = 26
[12.5%])

Anti-LGI1/CASPR2 (N = 27
[13%])

Total (N = 208
[100%])

p
Value

Sex, male 75/155 (48.4%) 14/26 (53.8%) 13/27 (48.1%) 102 (49.0%) 0.87

Age, median (IQR), y 25 (19–37) 55 (41–62) 44 (32–58) 29 (20–44) <0.001

Insurance, yes 60/155 (38.7%) 10/26 (38.5%) 15/27 (55.6%) 85/208 (40.9%) 0.25

Tumor 28/155 (18.1%) 9/26 (34.6%) 1/27 (3.7%) 38/208 (18.3%) 0.014

Complication 103/155 (66.5%) 17/26 (65.4%) 14/27 (51.9%) 134/208 (64.4%) 0.34

MRI, abnormality 63/155 (40.6%) 9/26 (34.6%) 9/27 (33.3%) 81/208 (38.9%) 0.7

EEG, abnormality 108/155 (69.7%) 15/26 (57.7%) 17/27 (63%) 140/208 (67.3%) 0.4

ICU admission 19/155 (12.3%) 2/26 (7.7%) 1/27 (3.7%) 22/208 (10.6%) 0.27

mRS on admission, median
(IQR)

4 (4–5) 4 (3–4) 3 (2–4) 4 (3–5) <0.001

mRS at discharge, median
(IQR)

2 (2–3) 2 (1–3) 1 (1–2) 2 (2–3) <0.001

Discharge disposition 0.12

Home 101/155 (65.2%) 21/26 (81.8%) 23/27 (85.2%) 145/208 (69.7%)

Other hospital 53/155 (34.2%) 5/26 (19.2%) 4/27 (14.8%) 62/208 (29.8%)

Inpatient death 1/155 (0.6%) 0/29 (0) 0/33 (0) 1/208 (0.5%)

Abbreviations: GABABR = γ-aminobutyric acid receptor type B; ICU = intensive care unit; IQR = interquartile range; mRS = modified Rankin Scale; NMDAR =
NMDA receptor.
Tumors included teratoma (18), lung cancer (7), adrenal adenoma (2), choriocarcinoma (1), pituitary tumor (1), renal cancer (1), diffuse glioma (1), thyroid
tumor (1), mucinous cystadenoma (1), bladder cancer (1), hysteromyoma (1), pancreatic cancer (1), rectal cancer (1), and ovarian cancer (1).
Anti-LGI1/CASPR2 represents antileucine-rich glioma-inactivated 1 (n = 19), contactin-associated protein-2-positive (n = 3), and dual antibody (n = 5)-positive
encephalitis.
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which accounted for a major (93.9%) proportion of the total
direct cost (RMB 94,129 [SD ±93,427]) (figure 1). Themean
hospitalization cost was RMB 86,810, and the average out-
patient cost was RMB 1,563. The cost of immunotherapy
(81.6%) accounted for a major proportion of the treatment
cost, and the mean treatment for each patient cost more than
RMB 45,000. The average direct nonmedical cost was RMB
5,756. The average travel expense (RMB 571), diet (RMB
2,286), and professional care (RMB 2,899) accounted for
only 9.9%, 39.7%, and 50.4% of the direct nonmedical costs,
respectively (figure 1). It can be seen in table 3 that the

pattern of resource use in the different categories is almost
uniform. Except for the test and other costs, the main ex-
penditure was immunotherapy, followed by anti-infective
drugs and professional care.

The costs associated with outpatients differed only slightly
across AE categories, in contrast with the costs associated with
inpatients. The total direct cost was highest in the NMDAR
group (RMB 101,863 or USD 15,387), followed by the
GABABR group (RMB 91,455 or USD 13,815) and the
LGI1/CASPR2 group (RMB 52,301 or USD 7,900).

Table 2 Diagnostic and therapeutic services per patient by type

Anti-NMDAR
(N = 155)

Anti-GABABR
(N = 26)

Anti-LGI1/CASPR2
(N = 27)

Total
(N = 208)

p
Value

Hospitalizations, mean ± SD, number 1.3 ± 0.7 1.7 ± 1.2 1.6 ± 0.8 1.4 ± 0.8 0.08

Annual hospitalizations, mean ± SD,
number

0.5 ± 0.5 0.8 ± 0.5 0.7 ± 0.4 0.6 ± 0.5 0.002

LOS in the hospital, median (IQR), d 24.0 (17.0–34.0) 26.0 (13.0–36.0) 17.0 (15.0–24.0) 24.0
(16.0–33.0)

0.43

IVMP, mean ± SD, d 3.5 ± 3.4 3.6 ± 4.2 2.3 ± 2.5 3.3 ± 3.4 0.31

IVIG, mean ± SD, d 5.8 ± 3.7 5.4 ± 5.3 3.7 ± 3.3 5.5 ± 3.9 0.02

Rituximab, mean ± SD, d 0.4 ± 3.2 1.1 ± 5.5 0 0.4 ± 3.3 0.4

Cyclophosphamide, mean ± SD, d 0.1 ± 0.7 0 0 0.07 ± 0.6 1

Outpatient visits, mean ± SD, number 2.1 ± 4.1 3.5 ± 5.1 3.7 ± 4.5 2.5 ± 4.3 0.01

Annual outpatient visits, mean ± SD,
number

0.7 ± 1.2 1.6 ± 2.3 1.8 ± 2.7 0.9 ± 1.7 0.003

MRI, mean ± SD, number 1.3 ± 0.5 1.7 ± 0.9 1.6 ± 0.7 1.4 ± 0.6 0.04

1–2 checks, proportion of patients 97.4% 76.9% 92.6% 94.2% 0.001

3–4 checks, proportion of patients 2.6% 23.1% 7.4% 5.8%

EEG, mean ± SD, number 1.3 ± 0.5 1.5 ± 0.8 1.3 ± 0.4 1.3 ± 0.5 0.27

1–2 checks, proportion of patients 99.4% 92.3% 100% 98.6% 0.2

3–4 checks, proportion of patients 0.6% 7.7% 0 1.4%

Lumbar, mean ± SD, number 1.5 ± 0.8 1.4 ± 0.8 1.6 ± 0.6 1.5 ± 0.8 0.41

1–2 checks, proportion of patients 91.6% 92.3% 96.3% 92.3% 0.9

3–4 checks, proportion of patients 7.7% 7.7% 3.7% 7.2%

5–6 checks, proportion of patients 0.7% 0 0 0.5%

Antibody examination, mean ± SD,
number

1.2 ± 0.5 1.3 ± 0.5 1.4 ± 0.5 1.2 ± 0.5 0.01

1–2 checks, proportion of patients 98.1% 96.2% 100% 98.1% 0.5

3–4 checks, proportion of patients 1.4% 3.8% 0 1.4%

5–6 checks, proportion of patients 0.5% 0 0 0.5%

Outpatient death, proportion of patients 5.8% 34.6% 0 9.1% <0.001

Abbreviations: GABABR = γ-aminobutyric acid receptor type B; IVIG = IV immunoglobulin; IVMP = IVmethylprednisolone; LOS = length of stay; NMDAR =NMDA
receptor.
Anti-LGI1/CASPR2 represents antileucine-rich glioma-inactivated 1 (n = 19), contactin-associated protein-2-positive (n = 3), and dual antibody (n = 5)-positive
encephalitis.
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Age, sex, tumor condition, mRS, and AE-related neurologic
care visit were preselected as variables for the univariate re-
gression analyses. LOS was strongly associated with the log10
total direct cost (LOS r2 = 0.54, p < 0.001) (figure e-1, links.
lww.com/NXI/A315). Age, sex, tumor condition, mRS, and
AE-related neurologic care visit did not improve the proportion
of variance explained. The average cumulative direct medical
expenses per patient increased significantly from first admission
to 3 months in patients with all types of encephalitis, while the
cumulative direct medical expenses increased slightly from 3
months to 36months (figure 2A).Moreover, the direct medical
cost of anti-LGI1/CASPR2 encephalitis was significantly lower
than that of anti-NMDAR and anti-GABABR encephalitis.

The average inpatient cost per patient in China showed a
downward trend over time (figure 2B). The mRS for patients
did not significantly change over time (data not shown). The
cost for each examination, treatment and stay item did not

significantly change over time (data not shown). The number
of targeted tests also did not change over time. LOS exhibited
a linear relationship with the financial year (r2 = 0.84, figure
2C), which might explain why the inpatient cost per patient in
China decreased over time.

Contributors to prolonged LOS in the hospital
Of the 136 patients with an LOS ≥20.0 days, 102 were in the
NMDAR group, 18 were in the GABABR group, and 16 were in
the LGI1/CASPR2 group. The factors contributing to the pro-
longed LOS included mRS on admission ≥4 (n = 113, p = 0.02),
complications (n = 101, p = 0.03), delay in diagnosis (≥7 days, n =
89, p = 0.04), lack of a response (n = 48, p = 0.04), prolonged
immune treatment that required inpatient immunotherapy lasting
≥7 days (n= 46, p= 0.03), and tumor condition (n= 31, p= 0.04).

Of the 89 hospitalizations with a delay in establishing the
diagnosis of AE, 68 patients were in the NMDAR group, 10

Table 3 Economic costs per patient by type

Variable Anti-NMDAR (N = 155) Anti-GABABR (N = 26)
Anti-LGI1/CASPR2 (N =
27) Total (N = 208) p Value

Total 101,864 ± 101,834
(10,452–722,859)

91,455 ± 74,568
(10,963–323,652)

52,301 ± 23,296
(10,872–108,382)

94,129 ± 93,427
(10,452–722,859)

0.002

Direct
nonmedical

6,316 ± 7,220 (804–40,250) 4,711 ± 3,504 (896–13,970) 3,549 ± 2,366
(1,104–10,300)

5,756 ± 6,479 (804–40,250) 0.27

Professional
care

3,564 ± 6,200 (0–32,200) 1,262 ± 2,937 (0–10,800) 659 ± 1,646 (0–5,800) 2,899 ± 5,595 (0–32,200) 0.01

Diet 2,298 ± 1,274 (600–8,050) 2,539 ± 2,103 (550–11,300) 1,976 ± 1,214 (850–6,700) 2,286 ± 1,395 (550–11,300) 0.32

Travel 455 ± 1,019 (0–7,495) 911 ± 1,827 (0–8,000) 913 ± 1,856 (0–8,100) 571 ± 1,284 (0–8,100) 0.4

Direct medical 95,548 ± 95,527
(9,452–690,609)

86,744 ± 72,295
(10,067–309,682)

48,753 ± 22,599
(9,768–100,710)

88,373 ± 87,909
(9,452–690,609)

0.001

Outpatient 1,254 ± 3,451 (0–29,030) 3,156 ± 8,645 (0–43,395) 1,798 ± 2,437 (0–10,135) 1,563 ± 4,362 (0–43,395) 0.01

Inpatient 94,293 ± 95,012
(9,452–690,609)

83,588 ± 72,379
(9,162–309,679)

46,955 ± 21,964
(9,768–100,710)

86,810 ± 87,520
(9,162–690,609)

0.001

Treatment 50,090 ± 34,667
(3,490–231,653)

48,334 ± 47,029
(304–179,319)

26,722 ± 19,416
(65–71,332)

46,837 ± 35,631
(65–231,653)

0.001

Immunotherapy 39,954 ± 25,495
(1,700–173,750)

42,051 ± 44,135
(0–177,000)

24,572 ± 19,467 (0–69,000) 38,219 ± 28,193
(0–177,000)

0.04

AEDs 2,362 ± 4,853 (0–37,178) 1,098 ± 1,262 (54–4,860) 202 ± 212 (0–765) 1,924 ± 4,282 (0–37,178) 0.002

Antipsychotic
drugs

573 ± 802 (0–5,666) 355 ± 467 (0–1,944) 205 ± 442 (0–2,095) 498 ± 740 (0–5,666) 0.003

Anti-infective
drugs

3,981 ± 6,808 (0–33,489) 2,922 ± 4,228 (0–16,530) 690 ± 2,022 (0–9,945) 3,422 ± 6,196 (0–33,489) <0.001

Other treatment 3,221 ± 6,111 (0–58,028) 1,909 ± 3,234 (0–12,046) 1,052 ± 1,562 (0–5,560) 2,775 ± 5,476 (0–58,028) 0.019

Test and other 44,203 ± 69,739
(5,498–531,082)

35,254 ± 37,287
(8,858–191,114)

20,233 ± 9,353
(9,555–41,386)

39,973 ± 62,163
(5,498–531,082)

0.15

Abbreviations: AED = antiepileptic drug; GABABR = γ-aminobutyric acid receptor type B; NMDAR = NMDA receptor.
Numbers represent the mean ± SD and ranges are shown in parentheses. Costs are shown in renminbi.
Anti-LGI1/CASPR2 represents antileucine-rich glioma-inactivated 1 (n = 19), contactin-associated protein-2-positive (n = 3), and dual antibody (n = 5)-positive
encephalitis.
Immunotherapy included IV methylprednisolone, IV immunoglobulin, rituximab, and cyclophosphamide.
Test and other included MRI of the brain, EEG, an antibody examination, lumbar puncture, biomedical assays, room cost, and nursing-related cost.
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were in the GABABR group, and 11 were in the LGI1/
CASPR2 group. Among the 46 patients with prolonged im-
mune treatment, 36 had anti-NMDAR encephalitis, 9 had
anti-GABABR encephalitis, and 1 had anti-LGI1/CASPR2
encephalitis.

Discussion
To the best of our knowledge, this is the first study to provide data
on the cost of AE in China. A modest estimate of the mean direct
cost of AE in China based on this study was RMB 94,129 (USD
14,219) per person. The direct cost varied widely, with an SD of
USD 14,113. The mean annual income per person in Sichuan
Provincewas RMB20,580 (USD3,109),14 while themean annual
income per person in China was RMB 25,974 (USD 3,924).15

Thus, AE is a cost-intensive disorder, and its economic burden on
both patients and the healthcare system is heavy in China.

In the present study, the nonmedical direct costs were much
lower than the direct medical costs, consistent with a recent
economic survey on encephalitis in Canada16 and our previous
study on epilepsy.17 However, different conditions have been
reported by a previous study on MS patients with spasticity in
Sweden,18 indicating that the largest share of total costs was
direct nonmedical costs (accounting for 60.0% of the total
costs). The high proportion of direct nonmedical costs (ac-
counting for 58.0% of total costs) has also been represented in a
cost-of-illness study on stroke in Italy.19 These discrepancies
could be explained by differences among the diseases in nature
and progression. Composition proportions of AE costs (figure

1) were analyzed in the present study but not yet by any other
study of AE to our knowledge. Inpatient costs accounted for a
major proportion (92.0%) of the total direct costs, consistent
with the findings of 2 surveys on West Nile encephalitis.16,20

Notably, immunotherapy, which is not normally covered by
insurance and imposes a heavy economic burden on patients,
accounted for 40.6% of the total direct cost and 44.0% of the
inpatient cost in our study. Our study also compared the cost of
different kinds of AE. The direct cost was lower in anti-LGI1/
CASPR2 encephalitis than in the other 2 kinds of AE. The
reason for this difference may be as follows: patients in the
LGI1/CASPR2 group had the shortest LOS in the hospital
(median of 17.0 days, interquartile range [IQR] of 15.0–24.0),
in agreement with a previous study indicating that LOS was
significantly related to cost.12

Previous studies in the United States21–24 reported a shorter
LOS in the hospital but more inpatient costs for patients with
encephalitis of all causes than patients with AE in China in the
present study. The average LOS in the hospital was 10.6–15.1
days.21–24 The median inpatient cost was $48,852 (IQR
$23,831–$104,835) during 1998–2010,21 and the mean in-
patient expenditure was $60,181 (SD $130,276) during
2010–2014.22 Specific comparisons of the disease burden of
AE in American12 and Chinese hospitals were performed
(table e-1, links.lww.com/NXI/A315). The total LOS was 1.6
times greater for patients in China than for patients in the
United States12 (median of 24.0 days vs median of 15.0 days
per patient). However, the inpatient cost for patients with AE
in the United States12 was 7.7 times greater than that for
patients with AE in China (median of 74,319 USD

Figure 1 Resource components of the cost

The resource components of the cost are shown in all series. AED = antiepileptic drug.

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

http://links.lww.com/NXI/A315
http://neurology.org/nn


[37,569–173,020] vs mean of 13,113 USD or median of 9,636
USD [6,707–13,625]), which may mostly be due to the dif-
ferent price levels. However, the fact that the average annual
income per person in China is only 6.6% of that in the United
States should not be ignored. The lower proportion of females
and lower tumor rate in anti-NMDAR encephalitis and anti-
GABABR encephalitis compared with those in the United
States are consistent with previous studies from our center
and other centers in China6,8,25–30 and may be due to the
different genetic backgrounds. In addition, the lower ICU rate
in anti-GABABR encephalitis is consistent with previous
studies from our center8 and other centers30 in China. This
study focused on antibody-positive AE, while the United
States study did include antibody-negative patients.12

According to the United States study,12 antibody-negative
patients may incur a prolonged LOS in the hospital and in-
creased medical costs given that they typically undergo con-
sideration of other diagnoses and therefore more work-up and
empiric therapy. Only 11.0% of patients were admitted to the
ICU (compared to other cohorts, 43.0%–77.0%5,12,31), which
may be related to the different medical environments and
economic burdens of patients, since the severity of patients in
the admission stage was similar between our cohort and the
American cohort5,12,31 based on the mRS evaluation. In ad-
dition, only 2.9% of patients in our cohort received a second-

line immunotherapy agent, which is very different from that in
United States studies (17.0%–27.0% of patients).5,32 This
phenomenon observed in our cohort may be due to the
economic reasons of patients, off-label use of second-line
immunotherapy for AE in China, and concerns about side
effects by doctors and patients.33 In addition, the inpatient
cost of each AE patient in America12 has remained roughly
constant over time. The average inpatient cost per patient in
China has shown a downward trend over time (figure 2B).
However, the change in the average inpatient cost per patient
over time for specific kinds AE (such as GABABR and LGI1/
CASPR2) needs further study due to the limited number of
patients. The health care costs and per capita disposable in-
come of residents has increased over time in China (figure e-2,
links.lww.com/NXI/A315). The shortened LOS, which may
be due to earlier diagnosis and treatment, could partly explain
the reduced costs in China. However, given the low number of
patients per year and the difference in patient types over time,
this phenomenon needs further verification. The difference
between the above 2 countries may be explained by the dif-
ferent observation periods (financial years 2006–2015 in
America12 vs financial years 2012–2018 in the present study).

Notably, although a general practitioner was normally avail-
able within 5 km from their residence, most patients chose to

Figure 2 Trend in autoimmune encephalitis cost and length of stay over time

(A) The mean cumulative average di-
rect medical cost in renminbi (RMB)
per patient with different kinds of en-
cephalitis (anti-NMDR receptor
[NMDAR] encephalitis [green circle],
antileucine-rich glioma-inactivated 1
[LGI1]/anticontactin-associated pro-
tein-2 [CASPR2] [blue triangle] en-
cephalitis, and anti-γ aminobutyric
acid type B receptor [GABABR] en-
cephalitis [purple square]) and all se-
ries (red triangle) from onset over
time is shown. The whiskers show the
standard error of the mean. (B) The
mean inpatient cost (log10) per pa-
tient with different kinds of encepha-
litis and all series from fiscal years
2012–2018. The log10 inpatient cost
exhibited a clear linear relationship
with time for all series (r2 = 0.74, p =
0.03) and patients with anti-NMDAR
encephalitis (r2 = 0.71, p = 0.03). The
log10 inpatient cost per patient with
anti-GABABR encephalitis (r2 = 0.54, p
= 0.20) and anti-LGI1/CASPR2 en-
cephalitis (r2 = 0.32, p = 0.30) over time
are shown. (C) Length of stay (LOS) per
patient over time. LOS exhibited a
clear linear relationship with time (r2 =
0.84, p = 0.01). LGI1/CASPR2 repre-
sents antileucine-rich glioma-inacti-
vated 1 (n = 19), contactin-associated
protein-2-positive (n = 3), and dual
antibody (n = 5)-positive encephalitis.
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travel more than 200 km for medical consultations with
specialists at our tertiary center. These long trips contributed
to the direct nonmedical costs of AE. This phenomenon may
result from the lack of identification of AE by general prac-
titioners in primary hospitals in developing countries and the
lack of confidence among patients in doctors in primary
hospitals, since similar results were also reported in our epi-
lepsy economic burden study in China17 and in a previous
study in India34 but not in developed countries.

The limitations of this study should be noted. First, the present
study was a single-center study. However, our tertiary center is
one of the largest local hospitals. Patients came from Sichuan
Province and the surrounding provinces of western China,
which are characterized by average socioeconomic levels.
Hence, the results from our study should, in general, represent
the situation of the target population. Second, the cost pre-
sented here did not exclude medical insurance reimbursement.
Notably, in Sichuan Province, China, some examinations, such
as PET CT, and some treatments, such as IVIG, must be fully
paid for by patients themselves (even inpatients), imposing a
heavy burden on patients. Third, a total of 217 patients met the
study criteria, and 208 patients were enrolled. The limited
number of patients with no responsemay have led to significant
bias. Finally, due to the small numbers of patients with anti-
LGI1 and anti-CASPR2 encephalitis, we merged the 2 types of
encephalitis for analysis, although the literature suggests that
they are separate entities.35 A larger sample size study on the
economic burden of anti-LGI1 encephalitis, anti-CASPR2 en-
cephalitis and dual antibody-positive encephalitis is necessary
for further details on these entities.

Moreover, it is possible that the actual cost for AE patients was
underestimated. First, assistance provided by family members
was not included due to the difficulty in valuing such efforts.
Only a small proportion of families (29.0%) turned to pro-
fessional care during hospitalization or after discharge, even
though the patients needed personal assistance, which may be
based on economic and cultural factors. Second, the cost of
tumor treatment was not included in these calculations.
Third, our investigation did not involve indirect costs, which
included sick leave, early retirement, unemployment and loss
of income, for patients and individuals who accompanied the
patient to the clinic because of the difficulty of accessing or
evaluating such factors. Fourth, patients who received care at
multiple centers and were therefore excluded from our study
may have even higher costs. Finally, we did not look at how
many had outpatient treatment only nor knew about costs of
outpatient-only treatment or rehab costs.

In summary, this study is the first to provide information on
the economic burden of AE patients in China. This research is
critical for the rational allocation of medical resources to pa-
tients and healthcare payers. Future research on the strategies
of the early application of targeted immune-based treatment
and how to decrease LOS in the hospital is needed. It is likely
that improvements in more effective and targeted immune-

based treatment strategies will improve patient outcomes and
decrease the economic burden of AE accordingly.
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Abstract
Objective
To test the hypothesis that the intrathecal synthesis of free light chain kappa (FLC-k) can be
used as a CSF biomarker to differentiate patients with myelitis due to multiple sclerosis (MS),
myelitis due to neuromyelitis optica spectrum disease (NMOSD), and noninflammatory
myelopathy, we analyzed FLC-k in 26 patients with MS myelitis, 9 patients with NMOSD
myelitis, and 14 patients with myelopathy.

Methods
This is a retrospective monocentric cohort study. FLC-k were analyzed using the nephelometric
Siemens FLC-k kit in paired samples of CSF and sera. Intrathecal fraction (IF) of FLC-k was
plotted in a FLC-k quotient diagram.

Results
Ninety-six percent of patients with MS myelitis had an intrathecal synthesis of FLC-k in
comparison with 55.6% for NMOSD and 14.3% of patients with noninflammatory myelopathy.
The locally synthesized absolute amount of FLC-k was significantly higher in patients with
myelitis due to MS than in patients with NMOSD (p = 0.038) or noninflammatory myelopathy
(p < 0.0001). The sensitivity of FLC-k synthesis to detect inflammation in patients with myelitis
is 85.7%. Using a receiver operating characteristic analysis, FLC-k IF >78% can discriminate
patients with myelitis due to MS and NMOSD with a sensitivity of 88.5% and a specificity of
88.9%

Conclusions
With the hyperbolic reference range in quotient diagrams for FLC-k, it is possible to distinguish
inflammatorymyelitis from noninflammatory myelopathies. An FLC-k IF >78% can be a hint to
suspect myelitis due to MS rather than NMOSD.
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The causes of myelopathies can be manifold, and there is a
broad range of differential diagnoses. Besides compressive my-
elopathy, the most frequent causes of myelopathy are in-
flammatory disorders such as MS or neuromyelitis optica
spectrum disease (NMOSD).1 Although neuroimaging is es-
sential for the evaluation of myelopathy, overlap in the imaging
appearance is a challenging issue.1 The additional analysis of
CSF can provide useful information on further etiologic
determination.1–3 In noninflammatory myelopathies, CSF
analysis seldom reveals signs of inflammation, such as pleocy-
tosis or intrathecal immunoglobulin (Ig) G synthesis.3 In MS,
there is a high prevalence of oligoclonal band (OCB) in ap-
proximately 95%,4 in contrast toNMOSD,where the absence of
OCB is a supportive evidence for the correct diagnosis, although
sensitivity and specificity are modest.5 It has been shown that
the analysis of free light chain kappa (FLC-k) can be used in the
diagnostic process of MS with equal sensitivity to OCB analy-
sis.6 Methodologically, its use provides the advantage of an easy-
to-use, commercially available nephelometric assay for a rapid
and quantitative evaluation of intrathecal inflammation.7 Up to
date, no study analyzed the diagnostic performance of FLC-k
intrathecal synthesis for the discrimination between patients
with MS myelitis, NMOSD myelitis, and noninflammatory

myelopathies. The prespecified hypothesis stated that the in-
trathecal synthesis of FLC-k in CSF is the highest in patients
with MS associated myelitis, lower in myelitis due to NMOSD,
and absent in non-inflammatory myelopathies.

Methods
This is a retrospective monocentric cohort study. Patients were
identified for analysis based on diagnosis in medical records.
Paired CSF and serum samples were acquired between 2008 and
2020 from patients of the Department of Neurology, University
Medicine Greifswald, Germany. Between 2008 and 2016 sam-
ples were stored at −80°C. The samples acquired between 2016
and 2020 have been measured either as part of other study
cohorts7–9 or for the purpose of this study without being stored.
Patients were grouped by the clinical diagnosis according to the
corresponding criteria (MS: modified Mc Donald criteria10;
NMOSD: criteria proposed by Wingerchuk et al.5).

Laboratory analysis
Laboratory analyses were performed in the Interdisciplinary
CSF laboratory of the University Medicine Greifswald as
described previously.7,11

Table 1 Baseline characteristics and cerebrospinal fluid results

Myelitis due to MS or CIS NMOSD Noninflammatory myelopathya p Valueb

n (%) 26 (53.1) 9 (18.4) 14 (28.6)

Age, y 35.5 (29.75; 49.25) 56 (47.5; 63) 58 (46.25; 74) <0.0001

Female, n (%) 15 (43.3) 5 (44.4) 7 (50) 0.926

Immunotherapy, n (%) 0 4 (44.4)c

QAlb 5 (4.13; 7.19) 17.02 (4.495; 24.12) 10.58 (7.09; 12.1) 0.001

CC, /μL 9 (3; 21) 2 (1; 4) 1 (1; 2) 0.001

FLC-k serum, mg/L 11.8 (9.85; 14.8) 17.9 (15.3; 36.15) 13.8 (9.67; 23.35) 0.006

FLC-k CSF, mg/L 4.22 (1.29; 7.92) 1.04 (0.43; 8.88) 0.39 (0.15; 0.72) 0.0001

FLC-k index 63.71 (19.39; 154.999) 5.81 (1.07; 13.35) 2.05 (1.43; 2.52) <0.0001

FLC-k IF, % 94.8 (84.2; 97.9) 34.5 (0; 76.6) 0 (0; 0) <0.0001

OCB CSF, n (%) 23 (88.5) 3 (33.3) 0 (0) <0.0001

Abbreviations: Ab = antibody; CC = cell count; CIS = clinically isolated syndrome; FLC-k = free light chains kappa; IF = intrathecal fraction; neg = negative;
NMOSD = neuromyelitis optica spectrum disease; OCB = oligoclonal band; pos = positive; QAlb = albumin quotient; SCT = stem cell transplantation.
Continuous data are expressed as median (1st; 3rd quartile); nominal data are given as percentages.
a Compressivemyelopathy (n = 6), vascularmyelopathy (n = 5), radiationmyelopathy (n = 1), and unknown etiology, but no signs of inflammation either in CSF
nor in MRI (n = 2).
b Statistical significance p value ≤0.05.
c Immunotherapy patient 1: anti-AQP-4 Ab pos/OCB pos/IF FLC-k 75.6% rituximab 9 months before CSF analysis; patient 2: anti AQP-4 Ab pos/OCB neg/IF
FLC-k 34.5% Allo-SCT 16months before CSF analysis; patient 3: anti-AQP-4 Ab pos/OCB neg/IF FLC-k 0 rituximab 2months before CSF analysis; patient 4: anti-
AQP-4 Ab pos/OCB neg/IF FLC-k 49.1% methylprednisolone 1 mg/kg per os at the time of CSF analysis.

Glossary
CIS = clinically isolated syndrome; FLC-k = free light chain kappa; IF = intrathecal fraction; Ig = immunoglobulin;NMOSD =
neuromyelitis optica spectrum disease; OCB = oligoclonal band; ROC = receiver operating characteristic.
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FLC-k in sera and CSF were measured by nephelometry with
the N Latex FLC kappa kit (Siemens Healthcare Diagnostics
Products GmbH, Marburg, Germany) according to the
manufacturers protocol on the BN Prospec analyzer. CSF
predilution was set to 1:1; serum predilution was set to 1:100.
The lower limit of quantification was 0.034 mg/L and was
given by the manufacturer (details are provided in table e-1,
links.lww.com/NXI/A316).

The hyperbolic reference range and the amount of intrathecal
synthesized FLC-k was calculated according to the formulas
defined by Reiber et al.11

Statistical analysis
SPSS 25.0 (IBM Co., Armonk, NY) and RStudio (R version
3.5.1 2018-07-02) were used for statistical and graphical
processing of the data. Statistical significance was assessed
using χ2 test or Fisher exact test for nominal data. Intergroup
comparison was performed using the Kruskal-Wallis analysis
of ranks test. For statistical group comparison, the FLC-k
intrathecal fraction (IF) and the locally synthesized absolute
amount of FLC-k was calculated in relation to the Qmean. The
sensitivity and specificity of FLC-k IF was displayed in a re-
ceiver operating characteristic (ROC) curve. The optimal
cut-off to discriminate patients with myelitis due to MS and

NMOSD was determined using the Youden index. p Values
≤0.05 were regarded as statistically significant.

Standard protocol approvals, registrations,
and patient consents
The study has been approved by the institutional review board
(BB019/18).

Data availability
Anonymized data will be shared by request from any qualified
investigator.

Results
Forty-nine patients were retrospectively identified for analy-
sis. Twenty-six patients (53.1%) with myelitis as manifesta-
tion of MS/clinically isolated syndrome (CIS), 9 patients
(18.4%) with a myelitis due to NMOSD, and 14 patients with
a noninflammatory myelopathy (28.6%) (table 1).

FLC-k values in quotient diagrams
Figure 1A shows the IF of FLC-k values in quotient diagrams.
Ninety-six percent (n = 25/26) of the FLC-k quotients in
patients with myelitis due to MS/CIS are above the upper
discrimination line Qlim representing intrathecal FLC-k

Figure 1 Data of the cohort in a double logarithmic FLC-k Reibergram and ROC analysis

(A) Data of the FLC-k quotients in a double logarithmic FLC-k Reibergram. The black line showsQFLC-k(lim); the red line shows theQFLC-k(mean). The green line is
the lower limit of the reference range QFLC-k(low). Ninety-six percent of the FLC-k quotients in patients with myelitis due to MS or CIS are above the upper
discrimination line Qlim. Fifty-five of the patients with a myelitis due to NMOSD showed FLC-k quotients > Qlim. Approximately 85.7% of patients with a
noninflammatory myelopathy had FLC-k values < Qlim. (B) ROC analysis in respect to FLC-IF > Qlim. The AUC is 0.915. With a cut-off of 78.6% IF, sensitivity is
88.5%, specificity 88.9% to discriminate patients with MS/CIS and NMOSD. Box plots: The locally synthesized absolute amount of FLC-k (Kloc = [Qkappa(total) −
Qkappa(mean)] × Skappa [mg/L]) is significantly higher in patients with myelitis due to MS than in patients with NMOSD (p = 0.038). AUC = area under the curve;
CIS = clinically isolated syndrome; FLC-k = free light chains kappa; IF = intrathecal fraction; NMOSD= neuromyelitis optica spectrumdisease; OCB = oligoclonal
band; Q = quotient; ROC = receiver operating characteristic.
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synthesis. Sensitivity for OCB detection in CSF in this cohort
is 88.5%.

In contrast to myelitis due to MS/CIS, only 5 of 9 (55.6%)
patients diagnosed with a NMOSD myelitis showed in-
trathecal FLC-k synthesis (table 1, figure 1). Of interest is the
clinical course of 1 patient whose OCB became transiently
negative after stem cell transplantation, although FLC-k
quotients remained > Qlim (figure 2).

The sensitivity of FLC-k synthesis to detect inflammation in
patients with myelitis (due to MS/CIS and NMOSD) is
85.7%, in comparison with 74.3% for OCB detection.

All patients diagnosed with a noninflammatory myelopathy
were OCB negative and 2 had FLC-k values > Qlim (14.3%).

The total amount of intrathecal FLC-k
synthesis discriminates MS myelitis from
NMOSD myelitis
The locally synthesized absolute amount of FLC-k is sig-
nificantly higher in patients with MS myelitis than in pa-
tients with NMOSD myelitis (p = 0.038) or
noninflammatory myelopathy (p < 0.0001) in post hoc
analysis. Using a ROC analysis, FLC-k IF >78.6% can dis-
criminate between patients with myelitis due to MS and
NMOSD with a sensitivity of 88.5% and a specificity of
88.9% (figure 1B).

Discussion
The determination of FLC-k and interpretation in quotient
diagrams11 reached a sensitivity of 96% to confirm intrathecal
inflammation in patients with a MS myelitis in comparison
with 55.6% in patients with NMOSD myelitis and 14.3% in
patients with noninflammatory myelopathies. Sensitivity to
detect intrathecal inflammation in both cohorts of in-
flammatory myelitis (MS/CIS and NMOSD) was higher than
the OCB analysis as the current gold standard (88.5% for
myelitis due to MS/CIS and 33.3% for NMOSD,
respectively).

One explanation is that FLC-k probably represents other as-
pects of inflammation, for example higher values of FLC-k can
also reflect intrathecal IgM or A synthesis in contrast to OCB
which represents IgG.

Another aspect is the analytical sensitivity of OCB detection
in cases with low intrathecal IgG synthesis. As evidenced by
case studies with no or small amounts of OCB bands in iso-
electric focusing,8 patients with inflammatory diseases and
negative OCB still present an FLC-k IF >0%.

The only other study so far describing FLC-k values to dis-
criminate patients with MS and NMOSD obtained compa-
rable results with our study cohort.12 Although using the index
method for FLC-k interpretation with the known risk of false

Figure 2 Data of FLC-k quotients of a patient with NMOSD in a double logarithmic FLC-k Reibergram

See also the legend of figure 1. Inverted triangle: CSF
analysis 07/2008 before immunotherapy, IF 95.1%; tri-
angle: CSF analysis 02/2013 12 months after autologous-
SCT, IF 12.5%; square: CSF analysis 06/2013, IF 34.5%;
rectangle CSF analysis 02/2017, IF 77.8; circle CSF analysis
02/2017 IF 88.3% (new disease activity). FLC-k = free light
chains kappa; IF = intrathecal fraction; neg = negative;
NMOSD = neuromyelitis optica spectrum disease; OCB =
oligoclonal band; pos = positive; Q = quotient; SCT = stem
cell transplantation.
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positive or negative values11 and not restricting the cohort of
MS to myelitis manifestation, the highest FLC-k index values
were seen in patients with MS in comparison to NMOSD.12

An advantage of FLC-k analysis is the quantification in
comparison with the qualitative OCB analysis. We could
identify an IF of 78.6% with a sensitivity of 88.9% and a
specificity of 88.5% to discriminate patients with myelitis due
to MS and NMOSD.

One major limitation of this study is the small sample size of
the patient and the control cohort due to the rarity of the
described diagnoses. The proposed FLC-k IF to discriminate
patients with MS myelitis and NMOSD myelitis has to be
validated preferably in a prospective multicenter study with a
larger cohort.

With the hyperbolic reference range in quotient diagrams for
FLC-k, it is possible to distinguish inflammatory myelitis from
noninflammatory myelopathies. The additional measurement
of FLC-k can support the diagnosis in patients with a sus-
pected inflammatory origin of myelitis. A FLC-k IF >78% can
be a hint to suspected MS myelitis rather than NMOSD
myelitis in clinically unclear cases, in consideration of other
surrounding diagnostic results, such as MRI and antibody
status.
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Abstract
Objective
To investigate the pathophysiologic mechanism of encephalopathy and prolonged comatose or
stuporous state in severally ill patients with coronavirus disease 2019 (COVID-19).

Methods
Eight COVID-19 patients with signs of encephalopathy were tested for antibodies to severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) in the serum and CSF using a Food
and Drug Administration-approved and independently validated ELISA. Blood-brain barrier
(BBB) integrity and immunoglobulin G (IgG) intrathecal synthesis were further tested using
albumin and IgG indices. The CSF was also tested for autoimmune encephalitis antibodies and
14-3-3, a marker of ongoing neurodegeneration.

Results
All patients had anti–SARS-CoV-2 antibodies in their CSF, and 4 of 8 patients had high titers,
comparable to high serum values. One patient had anti–SARS-CoV-2 IgG intrathecal synthesis,
and 3 others had disruption of the blood-brain barrier. The CSF in 4 patients was positive for
14-3-3-protein suggesting ongoing neurodegeneration. In all patients, the CSF was negative for
autoimmune encephalitis antibodies and SARS-CoV-2 by PCR. None of the patients, apart
from persistent encephalopathic signs, had any focal neurologic signs or history or specific
neurologic disease.

Conclusions
High-titer anti-SARS-CoV-2 antibodies were detected in the CSF of comatose or encepha-
lopathic patients demonstrating intrathecal IgG synthesis or BBB disruption. A disrupted
BBB may facilitate the entry of cytokines and inflammatory mediators into the CNS en-
hancing neuroinflammation and neurodegeneration. The observations highlight the need for
prospective CSF studies to determine the pathogenic role of anti–SARS-CoV-2 antibodies
and identify early therapeutic interventions.
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Coronavirus disease 2019 (COVID-19) may present with or
cause severe neurologic disorders with the most commonly
reported strokes, Guillain-Barré syndrome, and encephalopa-
thies. In particular, several intensive care unit (ICU)-treated
patients—despite respiratory improvement or sedation
withdrawal—display encephalopathic signs and difficulty or
inability to regain consciousness.1,2 Whether this is related to
viral neuroinvasion,3 systemic metabolic effects,4 or disruption
of the blood-brain barrier (BBB) and leakage into the brain of
peripherally circulating inflammatory mediators is still unclear.
To address this issue, we conducted a clinical and laboratory
study in critically ill, ICU-hospitalized, COVID-19 patients
exhibiting signs of encephalopathy focusing on CSF analysis,
BBB dysfunction, and COVID-19 CSF antibody production.

Methods
A total of 47 patients, positive for severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) by PCR, were hos-
pitalized in the ICU of a University Hospital in Athens,
Greece, between April 15 and June 15. Eight of these patients
(4 men and 4 women, age range 57–84) are presented in this
study because they had signs of encephalopathy, including
altered mental status, confusion, delirium, stupor, or coma,
either before intubation or after sedation withdrawal when
their respiratory status had improved.

Matching serum and CSF samples, synchronous to the neu-
rologic assessments, were tested for anti-SARS-CoV-2 im-
munoglobulin G (IgG) antibodies using a recently Food and
Drug Administration-approved and independently validated
ELISA method (Euroimmun, Lübeck, Germany) according
to the manufacturer’s instructions.5 Furthermore, the albumin
and IgG indices were calculated to determine BBB perme-
ability and total IgG intrathecal synthesis. The CSF was also
tested for (1) SARS-CoV-2 genetic determination with PCR;
(2) autoimmune encephalitis autoantibodies, including anti-
NMDAr, AMPAr, GABAbr, CASPR2, DPPX, and LGI1, us-
ing a cell-based assay (Euroimmun); and (3) for 14-3-3
protein, a marker of neurodegeneration, using Western Blot
and an anti-14-3-3 polyclonal antibody (Millipore, Darmstadt,
Germany). The results were correlated with the patients’
neurologic status and subsequent outcome.

Standard protocol approvals, registrations,
and patient consents
The study protocol was reviewed and approved by the in-
stitutional review boards of each center per local regulations.
All patients or legally accepted representatives of the patients
provided written informed consent before study entry for the

present analysis. The study was conducted in compliance with
the ethical principles of the Declaration of Helsinki.

Data availability
Anonymized data will be made available to qualified external
researchers, with requests reviewed and approved by an in-
dependent review panel on the basis of scientific merit.

Results
None of the 8 patients had any neurologic history or focal
neurologic signs including any apparent conditions that could
lead to BBB disruption. All patients had increased C-reactive
protein (>0.5 mg/dL) on admission. Their basic laboratory and
clinical parameters, including comorbidities and COVID-19–
related symptoms, are presented in the table e-1 (links.lww.
com/NXI/A317). The average disease duration was 45.6 days,
and the average SOFA score was 8.87 (range 7–11). All patients
had typical pulmonary imaging of diffuse infiltrates and ground
glass opacities requiring intubation. Four of 8 patients (50%)
eventually developed renal failure, and 1 of 8 patients (12.5%)
had hepatic failure. Patient 1 (table 1) presented with agitated
confusion; none of the others had any neurologic symptoms at
hospital admission. After prolonged ICU stay (36.7 days on
average) and despite pulmonary improvement or successful
extubation, 3 patients remained comatose and 3 stuporous,
whereas 2 others still required sedation. Three patients even-
tually died. No specific neurologic signs, especially focal vascular
events, were observed either before intubation or after sedation
withdrawal.

All patients had high titer of anti–SARS-CoV-2 IgG antibodies in
their serum (table 1). Their CSF also contained anti–SARS-CoV-
2 IgG antibodies in all the patients at 1:10 dilution, but in none of
20 control CSF samples from other CNS diseases. In 4 of 8
patients, the CSF antibody titers were very high, comparable to
the serum titers, detectable at 1:100 dilution. In all study patients,
the CSF were PCR-negative for SARS-CoV-2.

In 1 patient (3, table 1), the serum and CSF antibodies were
initially negative, but both became positive within 12 days as the
patient clinically deteriorated. Another patient (6, table 1) was
initially only seropositive, but 1 week later, after clinical worsening,
a repeated CSF sample had become SARS-CoV-2 antibody posi-
tive. Albumin and IgG indices showed that 1 patient (1, table 1)
had IgG index of 1.85 (normal <0.77) denoting intrathecal syn-
thesis, whereas 3 others (2, 3, 8) had albumin index >20 × 10−3

(normal <10 × 10−3) denoting BBB disruption. The CSF in 4
patients was positive for 14-3-3-protein suggesting the onset of
neurodegeneration. All patients were negative for autoimmune

Glossary
BBB = blood-brain barrier; COVID-19 = coronavirus disease 2019; ICU = intensive care unit; IgG = immunoglobulin G;
SARS-CoV-2 = severe acute respiratory syndrome coronavirus 2.
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encephalitis antibodies. Routine CSF analysis was normal, ex-
cluding any known infectious processes.

Discussion
We report the detection of anti–SARS-CoV-2 antibodies in
the CSF, performed with a validated ELISA assay, in con-
junction with BBB permeability analysis. The study demon-
strates that the CSF in all encephalopathy patients was
positive for anti-SARS-CoV-2 antibodies, but 50% of them
have high CSF antibody titers and disrupted BBB or increased
intrathecal IgG synthesis. The patients’ CSF was otherwise
normal and SARS-CoV-2 negative by PCR, consistent with
most published studies,6,7 excluding the possibility of direct
SARS-CoV-2 neuroinvasion. The cause and consequence of
disturbed BBB needs to be elucidated. The widely reported
high levels of circulating proinflammatory cytokines due to
SARS-CoV-2 infection possibly disrupt the BBB allowing for
antibodies and other inflammatory mediators to enter the
brain parenchyma, as recently shown.8 Systemic effects re-
lated to multiorgan failure may be additional factors facili-
tating BBB disturbance. Endothelial cells, which are a
structural part of the BBB, can also be directly affected by the
virus or the circulating cytokines resulting in endotheliaitis,
which further compromises the BBB integrity. The anti–
SARS-CoV-2 antibodies entering or produced in the CNS
compartment can directly induce or perpetuate neurologic

damage by mobilizing complement or guiding SARS-CoV-
2–infected macrophages.9

Apart from the inferred role of neuroinflammation, there is also
evidence of ongoing neurodegeneration in some of our en-
cephalopathic patients, as supported by the noted 14-3-3 CSF
positivity in patients with poor outcome. This is also consistent
with a recent finding of elevated neuronal injury markers in the
sera of COVID-19 patients,10 suggesting that search for such
markers in the CSF is warranted. In more than 60% of patients
with prolonged encephalopathy and stupor, brain MRI has
been uninformative; however, in other series vascular or ne-
crotic lesions have been observed suggesting that in addition to
elevated markers of systemic inflammation, virus-induced hy-
percoagulable states, multiorgan system dysfunction, or hyp-
oxemia may also play a role.1,11

Despite the lack of imaging studies, the study’s main limita-
tion due to apparent difficulties in obtaining brain MRI’s in
severely ill COVID-19 ICU patients, the demonstration of
disturbed BBB with high-titers anti-SARS-CoV-2 antibodies
in the CSF is important in understanding the mechanism of
encephalopathies in these patients. These observations
highlight the need for future prospective CSF studies from
severely ill COVID-19 patients to determine the role of CSF
antibodies in triggering neuroinflammation, exploring mark-
ers of neurodegeneration, and initiating proper therapeutic
interventions.

Table 1 Anti-SARS-CoV-2 antibodies in serum and CSF, intrathecal synthesis, blood brain barrier disturbance and
neurologic status of patients

Patient
samples

Serum IgG (1:100
dilution) >1.1a

CSF 1:
100 >1.1

CSF 1:
10 >1.1

IgG index
normal <0.77

Albumin
index >20 ×
1023

14-
3-3

Autoimmune
encephalitis

Main CNS
clinical
findings Outcome

1 9.81 2.87 8.64 1.85 4 × 10−3 POS NEG Coma: GCS 4 Death

2 9.45 1.50 5.35 0.36 24 × 1023 POS NEG Coma: GCS 9 ICU

3 NEG NEG NEG 0.41 5 × 10−3 NEG NEG Under sedation ICU

3’ (12
d later)

8.62 1.53 6.42 0.39 25 × 1023 POS NEG — —

4 9.68 NEG 2.39 0.46 3 × 10−3 NEG NEG Somnolence:
GCS 15

ICU

5 8.33 NEG 2.10 0.29 4 × 10−3 NEG NEG Somnolence:
GCS 6

Death

6 7.95 NEG NEG 0.27 4 × 10−3 NEG NEG Under sedation ICU

6’ (7
d later)

8.62 NEG 1.83 0.27 4 × 10−3 NEG NEG — —

7 7.17 NEG 1.56 0.44 3 × 10−3 POS NEG Somnolence:
GCS 13

ICU

8 7.80 2.23 5.13 0.37 25 × 1023 NEG NEG Coma: GCS 7 Death

Abbreviations: GCS = Glasgow Coma Scale; ICU = intensive care unit; IgG = immunoglobulin G; NEG = negative; POS = positive; SARS-CoV-2 = severe acute
respiratory syndrome coronavirus 2.
Numbers in bold indicate above the normal range.
a Index is calculated by dividing absorbance of samples @450 nm (1:100 or 1:10 dilution) to absorbance of calibrator @450 nm according to the manufac-
turer’s instructions. The cutoff for antibody positivity is >1.1.

Neurology.org/NN Neurology: Neuroimmunology & Neuroinflammation | Volume 7, Number 6 | November 2020 3

http://neurology.org/nn


Study funding
No targeted funding reported.

Disclosure
The authors report no relevant disclosures.Go to Neurology.
org/NN for full disclosures.

Publication history
Received by Neurology: Neuroimmunology & Neuroinflammation
July 22, 2020. Accepted in final form August 25, 2020.

References
1. Koralnik IJ, Tyler KL. COVID-19: a global threat to the nervous system. Ann Neurol

2020;88:1–11.
2. Moriguchi T, Harii N, Goto J, et al. A first case of meningitis/encephalitis associated

with SARS-Coronavirus-2. Int J Infect Dis 2020;94:55–58.
3. Puelles VG, Lutgehetmann M, Lindenmeyer MT, et al. Multiorgan and renal tropism

of SARS-CoV-2. N Engl J Med 2020;383:590–592.
4. Benussi A, Pilotto A, Premi E, et al. Clinical characteristics and outcomes of inpatients

with neurologic disease and COVID-19 in Brescia, Lombardy, Italy. Neurology 2020;
95:e910–e920.

5. Stringhini S, Wisniak A, Piumatti G, et al. Seroprevalence of anti-SARS-CoV-2 IgG
antibodies in Geneva, Switzerland (SEROCoV-POP): a population-based study.
Lancet 2020;396:313–319.
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Abstract
Objective
To study whether glucocorticoid (GC) resistance delineates disease-relevant T helper (Th)
subsets that home to the CNS of patients with early MS.

Methods
The expression of key determinants of GC sensitivity, multidrug resistance protein 1 (MDR1/
ABCB1) and glucocorticoid receptor (GR/NR3C1), was investigated in proinflammatory Th
subsets and compared between natalizumab-treated patients with MS and healthy individuals.
Blood, CSF, and brain compartments from patients with MS were assessed for the recruitment of
GC-resistant Th subsets using fluorescence-activated cell sorting (FACS), quantitative poly-
merase chain reaction (qPCR), immunohistochemistry, and immunofluorescence.

Results
An MS-associated Th subset termed Th17.1 showed a distinct GC-resistant phenotype as
reflected by high MDR1 and low GR expression. This expression ratio was further elevated in
Th17.1 cells that accumulated in the blood of patients withMS treated with natalizumab, a drug
that prevents their entry into the CNS. Proinflammatory markers C-C chemokine receptor 6,
IL-23R, IFN-γ, and GM-CSF were increased in MDR1-expressing Th17.1 cells. This subset
predominated the CSF of patients with early MS, which was not seen in the paired blood or in
the CSF from patients with other inflammatory and noninflammatory neurologic disorders.
The potential of MDR1-expressing Th17.1 cells to infiltrate brain tissue was confirmed by their
presence in MS white matter lesions.

Conclusion
This study reveals that GC resistance coincides with preferential CNS recruitment of patho-
genic Th17.1 cells, which may hamper the long-term efficacy of GCs in early MS.
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Early MS is characterized by waves of brain-infiltrating immune
cells that drive inflammation within the CNS, resulting in de-
myelination and eventually neurodegeneration.1 Glucocorticoids
(GCs) are broad-spectrum immunosuppressive drugs that are
used as standard regimen to dampen acute exacerbations inMS.2

Although GCs effectively relieve clinical symptoms, these drugs
do not halt subsequent exacerbations or disease progression.3 Of
interest, blood cells of patients with relapsing-remitting MS
(RRMS) show reduced sensitivity to GCs,4,5 indicating a limited
window of opportunity for inducing long-term efficacy of thisMS
treatment. To achieve this, more insights into the underlying
mechanisms of GC insensitivity are required in early MS.

On binding its ligand, the glucocorticoid receptor (GR/
NR3C1) hyperphosphorylates, forms dimers with other nu-
clear receptors, and translocates into the nucleus.2 Within the
nucleus, these dimers recognize GR elements in promoter
regions or interact with transcription factors to transactivate
or repress proinflammatory gene expression.2 Apart from
binding to the GR, GCs can be excreted out of the cell by the
multidrug resistance protein 1 (MDR1/ABCB1).6

In experimental autoimmune encephalitis (EAE) mice, the ther-
apeutic efficacy of GCs depends on the suppression of CNS
recruitment of proinflammatory CD4+ T helper (Th) cells.7,8

Because GCs are unable to induce long-term protective effects in
MS, it is tempting to speculate that certain pathogenic Th cells
avoid GC-mediated suppression and thereby contribute to re-
current disease activity.9 C-C chemokine receptor 6 (CCR6) ex-
pression onmemory Th cells promotes their recruitment into the
CNS and is essential for the induction of EAE.10,11 In patients with
RRMS, blood-derived CCR6+ and not CCR6− memory Th cells
show increased proinflammatory capacity in response to myelin
peptides.12 Previously, our group revealed that a human patho-
genic CCR6+ Th subset commonly termed Th17.1 (interleukin
(IL)-17lowinterferon (IFN)-γhighgranulocyte-macrophage colony-
stimulating factor (GM-CSF)high) is associated with early
MS.13–17 Of interest, we and others found that Th17.1 cells from
healthy individuals express high levels of ABCB1,13,15 which en-
codes for MDR1 and links to the reduced GC sensitivity found in
patients with RRMS.4

In this study, we addressed howMDR1 and GR are expressed
among memory Th subsets including Th17.1 and whether
this coincides with their potential to infiltrate the CNS of
patients with early MS.

Methods
Patients and sampling
Treatment-naive patients with clinically isolated syndrome and
RRMSwere diagnosed based on theMcDonald 2017 criteria and
included at the MS Center ErasMS, Erasmus MC. We collected
fresh CSF and blood from these patients and patients with
noninflammatory and other inflammatory neurologic diseases
(table 1). Postmortem blood, meninges, and white matter tissues
were obtained from autopsied MS donors (Netherlands Brain
Bank, Amsterdam; table 1) and freshly processed as previously
described.18 Furthermore, blood samples were collected from
patients with RRMS treated with natalizumab for 12 months and
frozen down until further use. The use of primary material and
experimental procedures were approved by the medical ethics
committee of each respective center.

Antibodies and flow cytometry
The anti–human monoclonal antibodies used for flow cytometry
are described in supplementary table 1A (links.lww.com/NXI/
A325). For MDR1 surface staining, cells were taken up in Roswell
Park Memorial Institute (RPMI) 1640 medium (Thermo Fisher
Scientific) containing 2% fetal calf serum and 25 μMcyclosporin A
(Sigma-Aldrich, St Louis, MO), which allows for a conformational
change exposing the epitope19 or absolute ethanol (Merck,
Schiphol-Rijk, TheNetherlands) as a vehicle control. Subsequently,
MDR1 (Biolegend, London, UK) antibody was added, and cells
were incubated for 20 minutes at 37°C and 5% CO2. Cells were
stained using Fixable Viability (L/D) Stain 700 (BD Biosciences,
Erembodegem, Belgium), eFluor 506, or eFluor 520 (Thermo
Fisher Scientific, Landsmeer, The Netherlands) in the dark for 15
minutes at 4°C. Other surface markers were stained in the dark for
30 minutes at 4°C. Cy5.5-Annexin V (BD Biosciences) was added
in the presence of calcium chloride to define early apoptotic
(Annexin V+Live/Dead−) and late apoptotic (Annexin V+Live/
Dead+) memory CD4+ Th cells. Cells were measured using the
LSRII-Fortessa or FACSAria-III flow cytometer and analyzed using
FACSDiva software (Version 8.0.1; BD Biosciences).

Cell sorting
CD4+ cells were isolated from fresh healthy blood donors
(Sanquin, Amsterdam, The Netherlands) using CD4 microbe-
ads and the autoMACS Pro Separator (both Miltenyi Biotec,
Bergisch Gladbach, Germany) and were frozen down until fur-
ther use. After thawing, CCR6+ memory Th populations
(CD3+CD4+CD8−CD25lowCD45RA−CD45RO+) were iso-
lated using a FACSAria-III machine. CCR6+ memory Th

Glossary
CCR6 =C-C chemokine receptor 6; EAE = experimental autoimmune encephalitis; FACS = fluorescence-activated cell sorting;
GC = glucocorticoid; GM-CSF = granulocyte-macrophage colony-stimulating factor; GR = glucocorticoid receptor; HPA =
hypothalamus-pituitary-adrenal; IFN = interferon; IL = interleukin; MDR1 = multidrug resistance protein 1; qPCR =
quantitative polymerase chain reaction; Rh123 = rhodamine 123; RORγt = RAR-related orphan nuclear receptor γt; RPMI
1640 = Roswell Park Memorial Institute 1640 medium; RRMS = relapsing-remitting MS; STAT3 = signal transducer and
activator of transcription 3; T-bet = T-box transcription factor; Th = T helper.
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subsets were further defined based on differential expression of
CXCR3 and CCR4; Th17 (CCR6+CXCR3−CCR4+), Th17
double-positive (“DP”; CCR6+CXCR3+CCR4+) and Th17.1
(CCR6+CXCR3+CCR4−/dim).14 Freeze-thawing effects on
CCR6 and CXCR3 expression are displayed in supplementary
figure 1A (links.lww.com/NXI/A323).

RNA isolation and quantitative PCR
RNA isolation, complementary DNA synthesis, and real-time
quantitative PCRs were performed as previously described.13

Primer-probe sets were designed using the Universal ProbeLi-
brary (Roche Applied Science, Penzberg, Germany). Apart from
IFNG and CSF2, which were measured after Phorbol 12-
myristate 13-acetate and ionomycin stimulation, gene expression
was measured in unstimulated cells.13 An overview of all used
primer sequences can be found in supplementary table 1B (links.
lww.com/NXI/A325). RNA samples containing less than 75 ng
total RNA were excluded from the analysis.

In vitro proliferation and apoptosis assay
CD4+ cells from healthy blood donors were thawed and la-
beled with 0.075 μM CellTrace carboxyfluorescein succini-
midyl ester according to the manufacturer’s instructions
(Thermo Fisher Scientific). After washing, Th17 and Th17.1
memory cells were purified using FACS, as described above.
SortedTh17 andTh17.1 cells were plated at 2.5 × 105 cells/mL

and activated with aCD3/CD28 dynabeads (1:5; Thermo
Fisher Scientific) for 3 days. Cells were cultured in RPMI 1640
supplemented with 1% penicillin/streptomycin (Lonza, Verv-
iers, Belgium), 5% human AB serum (Sanquin), and 75 μM
methylprednisolone sodium succinate (Pfizer, Capelle a/
d IJssel, The Netherlands) or a vehicle control. A similar
concentration is given as IV pulse therapy to dampen acute MS
relapses.20 To compare differences in proliferation, the fre-
quencies of viable, carboxyfluorescein succinimidyl ester-
negative cells were analyzed using flow cytometry. For the
apoptosis assay, CD4+ cells were plated out, activated, and
exposed to methylprednisolone in a similar manner as de-
scribed above. As a positive control for apoptosis induction, 1 ×
106 healthy donor peripheral blood mononuclear cells were
exposed to a temperature of 65°C for 20 minutes, put on ice,
and mixed with the same amount of nonexposed cells.

Rhodamine efflux and MDR1 shift assay
We combined a rhodamine 123 (Rh123) efflux and MDR1
shift assay to measure both the efflux potential and MDR1
expression of each Th17 subset.15,19 Peripheral blood mono-
nuclear cells were thawed and resuspended in RPMI 1640
containing 2% fetal calf serum. Cells were resuspended at a
concentration of 1 × 107 cells/mL and were incubated with
Rh123 (0.5 μg/mL) or a vehicle control (ethanol; both Sigma-
Aldrich) in the dark and on ice for 30 minutes. Cells were

Table 1 Patient characteristics

Peripheral blood Ex vivo analysis In vitro analysisa

Cohort HC RRMS, NTZ treatedb,c HC RRMS, NTZ treatedb,c

Individuals, n 9 18 5 11

Females, n (%) 4 (44) 13 (72) 3 (60) 8 (72)

Age in years, median (range)d 47 (23–53) 36 (19–53) 46 (29–62) 36 (19–49)

Disease duration in months, median (range)e NA 100 (12–202) NA 59 (12–151)

CNS compartment CSF, ex vivo Brain/meninges, ex vivo Brain tissue, in situ

Cohort CISb,f RRMSb,f NIND/OINDg,f MS (postmortem) MS (postmortem)

Patients, n (paired blood) 4 (4) 11 (10) 8 (4) 8 (5) 3

Females, n (%) 2 (50) 5 (45) 5 (63) 6 (86) 2 (67)

Age in years, median (range)d 38 (25–42) 32 (18–40) 57 (26–68) 65 (51–70) 49 (48–58)

Follow-up time in months, median (range) 11 (1–22) 6 (2–56) NA NA NA

Disease duration in months, median (range)e 3 (0–4) 3 (0–55) NA NA NA

PMD in hours, median (range)h NA NA NA 7:08 (5:10–8:20) 09:20 (08:30–10:45)

Abbreviations: CIS = clinically isolated syndrome; HC = healthy control; MDR1 = multidrug resistance protein 1; NA = not applicable or available; NIND =
noninflammatory neurologic disease; NTZ = natalizumab; OIND = other inflammatory neurologic diseases; PMD = postmortem delay; RRMS = relapsing-
remitting MS.
a Rhodamine efflux and MDR1 shift assay.
b Diagnosis according to the McDonald 2017 criteria.
c Ex vivo analyses: 11 clinical responders and 7 clinical nonresponders. In vitro analyses: 5 clinical responders and 6 clinical nonresponders.
d At the time of sampling.
e Time from CIS or if applicable RRMS diagnosis to sampling.
f Patients did not receive glucocorticoids before sampling.
g Diagnosis: myelopathy, ulnar neuropathy, neuro-Behçet disease, neurosarcoidosis, B-cell lymphoma, vasculitis, capillary telangiectasia, and neurosyphilis.
h Depicted as hour:minutes.
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washed and supplemented with and without cyclosporin A
(25 μM). Next, MDR1 antibody (supplementary table 1A,
links.lww.com/NXI/A325) was added to all tubes for 2 hours
at 37°C and 5% CO2, after which cells were stained with Th17
subset-defining antibodies as described above. In this way, we
could analyze the efflux potential in one tube (Rh123 without
cyclosporin A) and both the blocking of this efflux and MDR1
surface expression in another tube (Rh123 with cyclosporin A)
for each subset.

In vitro transmigration assay
Memory Th cells (CD3+CD8−CD25lowCD45RA−) were
separated from fresh, MACS-sorted CD4+ cells using FACS.
Trans-endothelial migration was assessed using 5 × 105

memory Th cells and transwell plates coated with a conflu-
ent monolayers of human brain endothelial cells (hCMEC/
D3 cell line) as previously described.13,21,22 Migration was
performed for 4 hours at 37°C and 5% CO2. All experiments
were performed in duplicate. The average percentages of
CCR6+ Th subsets were compared before and after
migration.

Immunohistochemistry and
multiplex immunofluorescence
Immunohistochemistry was performed with an automated,
validated, and accredited staining system Ventana Benchmark
ULTRA using the OptiView Universal DAB Detection Kit
(both VentanaMedical Systems, Oro Valley, AZ). In brief, after
deparaffinization and heat-induced antigen retrieval, 7-μm-
thick brain sections were incubated with the antibody of in-
terest for 32 minutes. This was followed by a hematoxylin II
counter staining for 12 minutes and the addition of a blue
coloring reagent for 8 minutes according to the manufacturer’s
instructions (both Ventana Medical Systems). To assess
MDR1 expression on Th cells, immunofluorescent staining for
MDR1 andCD4was performed using the automatedmultiplex
platform BenchmarkDiscovery (VentanaMedical Systems). In
short, brain sections were deparaffinized and antigen retrieved
with cell conditioning 1 (Ventana Medical Systems) for 32
minutes. Tissue slides were incubated withMDR1 antibody for
32 minutes at 37°C, followed by detection with fluorescein
amidite (Roche Applied Science). Antibody denaturation was
performed using CC2 (Ventana Medical Systems) for 8 mi-
nutes at 100°C. Subsequently, CD4 antibody was incubated for
32 minutes at 37°C, followed by detection with Cy5 (Roche
Applied Science). Finally, slides were washed in phosphate-
buffered saline and mounted with Vectashield containing 4',6-
diamidino-2-phenylindole (Vector laboratories, Peterborough,
UK). For detailed information of the used antibodies, see
supplementary table 1A (links.lww.com/NXI/A325).

Statistical analysis
Statistical tests were performed using GraphPad Prism 5
software and are described in each figure legend. Results are
displayed as individual data points with/without the standard
error of the mean or as a box and whiskers plot. For all tests, a
p value of <0.05 (*) was considered significant.

Data availability
On request from qualified investigators, any acquired data not
published within this article are available. If desired, please
contact the corresponding author of this article.

Results
High ABCB1 and low NR3C1 expression defines
GC-resistant Th17.1 cells with enhanced
proinflammatory capacity
GCsensitivity is determinedby the expressionofABCB1 (MDR1)
and NR3C1 (GR) (figure 1A). Using an MDR1 shift assay, we
found that MDR1 was predominantly expressed on CCR6+ vs
CCR6−memoryTh cells within the bloodof healthy individuals (p
< 0.001; figure 1, B and C), indicating that highMDR1 expression
is not associated with Th1 cells. After subdivision of CCR6+

Th cells into functionally distinct subsets based on CXCR3
and CCR4 expression, MDR1 was abundant on Th17.1
(CCR6+CXCR3+CCR4−/dim; IL-17lowIFN-γhighGM-CSFhigh)
compared with Th17 (CCR6+CXCR3−CCR4+; IL-17highIFN-
γnegGM-CSFdim) and Th17 DP (CCR6+CXCR3+CCR4+; IL-
17dimIFN-γlowGM-CSFdim) cells13,14 from the same blood donors
(p < 0.001 and p < 0.01; figure 1, D and E). Subsequently, we
sorted these populations and analyzed coexpression of MDR1
(ABCB1) with GR (NR3C1). NR3C1 was selectively down-
regulated in Th17.1 cells (p< 0.05; figure 1F), resulting in strongly
elevated ABCB1/NR3C1 expression ratios (p < 0.001; figure 1G).
In vitro experiments confirmed that proliferating Th17.1 cells and
MDR1+ fractions in particular were less sensitive to methylpred-
nisolone compared with paired Th17 cells (figure 1H). This is
probably not related to apoptotic effects because methylprednis-
olone hardly induced early and late apoptosis of memory Th cells
under similar conditions (supplementary figure 2A, links.lww.
com/NXI/A323).23,24 Th17.1-associated genes IL-23 receptor
(IL23R), IFN-γ (IFNG), and GM-CSF (CSF2)13,14 displayed
elevated expression inMDR1+ vsMDR1− fractions ofTh17.1 (p<
0.01 vs p < 0.05, respectively; figure 1I). In contrast to DNAX
accessory molecule 1, expression levels of adhesion molecules
P-selectin glycoprotein ligand 1 and very late antigen 4 were in-
creased on MDR1+ vs MDR1− Th17.1 cells (see supplementary
figure 1B, links.lww.com/NXI/A323). These findings show that
Th17.1 cells have a distinctive GC-resistant phenotype, which
probably contributes to their role in MS disease activity.13

Th17.1 cells trapped in the blood of
natalizumab-treated patients with MS show
increased ABCB1 and reducedNR3C1 expression
In our previous study, Th17.1 cells were found to selectively
accumulate in the blood from patients with MS who clinically
responded to natalizumab treatment.13 This peripheral entrap-
ment makes it possible to analyze the GC resistance profile of
Th17.1 cells that infiltrate the CNS during early MS. After
sorting of these and other CCR6+ memory Th cells from the
blood, we found selectively increased ABCB1 expression in
Th17.1 cells from 11 patients with RRMS who clinically
responded to natalizumab treatment vs 9 age- and sex-matched
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healthy controls (p < 0.05; figure 2A). This was not found in
patients who experienced clinical relapses despite natalizumab
therapy (nonresponders; n = 6; figure 2A). Despite the fact that
all nonresponders were female, sex did not affect expression
profiles within the whole group of patients and controls (data
not shown). NR3C1 was reduced in all CCR6+ Th subsets

analyzed from these patients, which was only significant in
nonresponders and mainly found in Th17.1 (figure 2A). As a
result, ABCB1/NR3C1 expression ratios were enhanced espe-
cially in natalizumab responders compared with healthy controls
(figure 2A). Although the frequencies of MDR1+ Th17.1 cells
were elevated in the responders (p < 0.05), we did not find

Figure 1 High ABCB1 and low NR3C1 expression in Th17.1 cells from healthy blood donors

(A) Simplistic illustration of glucocorticoid regulation within an immune cell. GCs diffuse through the plasma membrane and bind to GR (NR3C1) within the
cytoplasm. On binding, GRs form dimers and translocate into the nucleus to regulate proinflammatory gene expression. However, GCs can also be
transported out of the cell by MDR1 (ABCB1). (B) Representative FACS dot plots with the gating strategy and MDR1 surface expression for thawed CCR6− and
CCR6+ memory Th (CD3+CD4+CD8−CD25−CD45RA−) cells. (C) Frequencies of MDR1-expressing cells within paired CCR6− and CCR6+ memory Th cells from
healthy blood donors (n = 6). Data were compared using paired t tests. (D and E) Representative gating, percentages, andmedian fluorescence intensity (MFI)
of MDR1 expression for MDR1-expressing cells within each CCR6+ Th subset. Cells were obtained from 6 healthy blood donors and analyzed using a 1-way
analysis of variance (ANOVA)with aNewman-Keulsmultiple comparison test. Relative expression ofNR3C1 (F) and their ABCB1/NR3C1 ratios (G) were analyzed
for paired Th17, Th17 DP, and Th17.1 cells using qPCR (n = 7–8). Data were compared using a repeated measurement 1-way ANOVA with a Newman-Keuls
multiple comparison test. (H) In vitro effects of methylprednisolone (MP; 75 μM) on the proliferation of Th17 and Th17.1 cells (left) and MDR1− and MDR1+

fractions of Th17.1 (right) of 6 healthy blood donors. The percentage of CSFE-labeled cells was compared with vehicle controls after anti-CD3/CD28
stimulation for 3 days. Data were compared using paired t tests. (I) IL23R (IL-23 receptor), IFNG (IFN-γ), and CSF2 (GM-CSF) expression relative to 18S in paired
MDR1+ vsMDR1− Th17.1 cells from 6 to 8 healthy donors. Data were analyzed usingWilcoxon and paired t tests. *p < 0.05, **p < 0.01, ***p < 0.001. CCR6 = C-C
chemokine receptor 6; GC = glucocorticoid; GR = glucocorticoid receptor; MDR1 = multidrug resistance protein 1; Th = T helper.
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differences in MDR1 surface expression (supplementary figure
1C, links.lww.com/NXI/A323) or Rh123 dye efflux (figure 2, B
and C) for Th17.1 cells between these groups. CSF-homing
marker CCR6 was higher expressed on MDR1+ vs MDR1−

Th17.1 cells from the blood of natalizumab-treated patients with
MS (p < 0.0001), which was not seen for CXCR3 (figure 2D).
These data show that GC-resistant Th17.1 cells have a pheno-
type associated with preferential recruitment to the CSF in
early MS.

MDR1+ Th17.1 cells are enriched in the CSF of
patients with earlyMS and not in patients with
other neurologic disorders
Ex vivo flow cytometric analysis of paired blood and CSF
samples from treatment-naive patients with early MS (n = 9,
table 1) revealed a significant rise in MDR1-expressing CD4+

(p < 0.0001) and not CD8+ T memory cells, resulting in
increased CD4/CD8 ratios (p < 0.001) within the CSF
(figure 3A). CCR6-expressing memory Th cells were in-
creased in paired CSF vs blood samples from patients with
early MS (p < 0.0001; supplementary figure 1D, links.lww.
com/NXI/A323) and expressed higher surface levels of
MDR1 than CCR6− memory fractions in MS CSF (p <
0.0001; figure 3B). Th17.1 predominated the CSF of patients
with early MS compared with Th17 and Th17 DP cells (n =
15, table 1 and p < 0.001, figure 3C). This selective enrich-
ment was not found in paired blood samples or in the CSF of
8 patients with other inflammatory or noninflammatory
neurologic disorders (table 1 and figure 3C). The pre-
dominance of Th17.1 cells in early MS CSF was even more
apparent when analyzing MDR1-expressing proportions (p <
0.001; figure 3D). Within the blood of these patients, CCR6
and not CXCR3 was enriched on MDR1+ compared with
MDR1− Th17.1 cells (p < 0.0001 and p < 0.01; figure 3E).
MDR1+ Th17.1 cells in the CSF showed higher CXCR3 levels
than their counterparts in the blood (p < 0.05; figure 3E). The
enhanced recruitment of MDR1+ Th17.1 cells to early MS
CSF shows that this subset preferentially migrates across
blood-CNS barriers, which was confirmed in vitro (supple-
mentary figure 2B and C, links.lww.com/NXI/A323).

MDR1-expressing CD4+ T cells are recruited to
MS brain tissue and show a Th17.1 phenotype
To study whether MDR1high Th17.1 cells also infiltrate the
inflamed MS brain, we first performed in situ analyses of
postmortem white matter tissues from 3 late-stage MS do-
nors showing a high number of perivascular infiltrates. Im-
munohistochemical analysis for MDR1 and CD4 revealed
their coexistence in perivascular areas of active lesions
(figure 4, A and B). Besides the expected presence of MDR1
in other CNS-resident cells,25 we were able to validate the
coexpression of MDR1 with CD4 using confocal micros-
copy (figure 4C). To address how MDR1 was expressed
among MS brain-infiltrating CCR6+ Th subsets, we ana-
lyzed ex vivo single-cell suspensions of postmortem blood,
meninges, and white matter tissues from 8 late-stage MS
donors using flow cytometry (figure 4, D and E). Although a

trend increase was seen for the amount of CCR6+ memory
Th cells in the brain and meninges compared with blood,
this was not significant (Supplementary figure 1E, links.lww.
com/NXI/A323). CXCR3+ memory Th cells were enriched
in brain vs meningeal and blood samples and showed
highest MDR1 expression in brain tissues (p < 0.05; Sup-
plementary figure 1F, links.lww.com/NXI/A323). CD8+

memory T cells showed a similar trend, yet not significant
(Supplementary figure 1G, links.lww.com/NXI/A323). In
contrast to Th17 and Th17 DP cells, frequencies of MDR1+

Th17.1 cells were significantly increased in brain tissue
compared with meninges (p < 0.05) and blood (p < 0.0001;
both figure 4E). Although not significant, Th17.1 also
seemed to be more present in the meninges than in the
blood and were more abundant than Th17 DP cells in brain
tissues. Overall, these findings support the use of MDR1 as a
marker to delineate CNS-homing, potentially pathogenic
Th cells in patients with early MS.

Discussion
CSF from patients with early MS is characterized by increased
numbers of CD4+ and not CD8+ T cells.18,26 Because GCs are
used to dampen acute MS relapses, we examined GC re-
sistance features among different pathogenic CD4+ Th cell
subsets during early MS. Our results demonstrate that Th17.1
cells display a unique GC-resistant (ABCB1highNR3C1low)
phenotype, which is accompanied by a selective enrichment in
the CSF from patients with early MS and not in patients with
other neurologic diseases. The fact that this potentially GC-
resistant Th subset is also localized inMS white matter lesions
puts Th17.1 cells and particularly MDR1 forward as a
promising target for predicting and boosting GC treatment
efficacy in early MS.

Several factors may be responsible for the selective upregu-
lation of ABCB1 (MDR1) and downregulation of NR3C1
(GR) in Th17.1 cells. A pathogenic feature of MS is chronic
activation of the hypothalamus-pituitary-adrenal (HPA) axis,
resulting in elevated levels of the natural GC cortisol.5 Be-
cause GCs can also upregulate MDR127 and downregulate
GR,28–30 such increased levels may trigger GC-resistant,
brain-homing Th17.1 cells in MS. Chronic inflammation was
also found to upregulate MDR1 expression on lymphocytes
via activation of signal transducer and activator of transcrip-
tion 3 (STAT3) protein.31 Consistently, STAT3 drives the
expression of RAR-related orphan nuclear receptor γt
(RORγt), which inhibits GC action32 and is highly abundant
in Th17.1 cells.13 This probably also explains our finding that
the MDR1+ subset of Th17.1 expresses high levels of GM-
CSF, which is directly controlled by RORγt.33 Of note, ste-
roid receptor coactivators, which control GR responses,34

have been recently linked to RORγt-dependent pathogenic
Th17 differentiation.35 In addition, IL-2 is not only an im-
portant trigger of GM-CSF in Th memory cells from patients
with MS36 but is also able to reduce GR expression.37 In EAE,
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Figure 2 Increased frequencies ofMDR1+Th17.1 cells in the blood of natalizumab-treated patientswithMS comparedwith
healthy controls

(A) ABCB1, NR3C1, and ABCB1/NR3C1 expression ratios for Th17, Th17 DP, and Th17.1 cells from thawed peripheral blood mononuclear cells of patients with
MSwho clinically responded (n = 10–11) or did not respond (n = 5–7) to natalizumab treatment and age- and sex-matchedhealthy controls (n = 6–9). Datawere
analyzed using Kruskal-Wallis tests. (B) Representative FACS plot showing Rh123 efflux in Th17, Th17 DP, and Th17.1 cells. (C) Frequencies of MDR1+ Th17,
Th17 DP, and Th17.1 cells within Th cells (top) and percentages of Rh123-negative cells within each subset (bottom) for 11 natalizumab-treated patients with
MS and 5 healthy controls. Data were compared using Kruskal-Wallis tests. (D). CCR6 and CXCR3 expression (MFI) on MDR1− vs MDR1+ Th17.1 cells from 11
natalizumab-treated patients with MS. Data were analyzed using paired t tests. *p < 0.05, **p < 0.01, ****p < 0.0001. HC = healthy control; MDR1 =multidrug
resistance protein 1; NR = did not respond; NTZ= natalizumab; R = responded; Rh123 = rhodamine 123; Th = T helper.
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macrophage migration inhibitor factor induced GC resistance
of Th cells via upregulation of T-box transcription factor
(T-bet),38 another Th17.1-associated transcription factor.13

In parallel with this, we found that T-bet-dependent IFN-γ
was upregulated in MDR1+ Th17.1 cells. Together, these
studies indicate that the GC-resistant phenotype of Th17.1
may be induced by combined effects of a hyperactive HPA axis
and chronic inflammation in patients with MS.

For MDR1, transcript levels were selectively increased in
Th17.1 cells that accumulated in the blood from clinical re-
sponders to natalizumab. This also corresponds to the in-
creased very late antigen 4 expression on MDR1+ vs MDR1−

Th17.1 cells. MDR1 surface expression was not increased on
Th17.1 cells from responders. One limitation of this study is
that we did not analyze total protein levels of MDR1, which
could explain this discrepancy. Furthermore, posttranslational

Figure 3 Selective enrichment of MDR1+Th17.1 cells in the CSF of treatment-naive patients with early MS

(A) Percentages and ratios of MDR1-expressing CD4+ and CD8+memory fractions within CD3+ T cells in fresh blood and CSF samples from patients with early
MS (n = 9). Data were analyzed using paired t tests. (B) Percentages of MDR1-expressing cells within paired CCR6− and CCR6+ memory Th cells from early MS
CSF samples (n = 9). Data were analyzed using paired t tests. (C) Top panel: percentages of CCR6+ subsets within thememory Th pool in the blood (left panel, n
= 14) andCSF (right panel, n = 15) of patientswith earlyMS. Bottompanel: same itemsdisplayed for patientswithNINDorOIND (see table 1; n = 4 for blood and
n = 8 for CSF). Data were compared by a repeated measurement 1-way ANOVA with a Newman-Keuls multiple comparison test. (D) Percentages of MDR1+

CCR6+ Th subsets in the CSF (left) and MDR1+ Th17.1 frequencies in the CSF vs blood (right) from patients with early MS (n = 9–10). Data sets were analyzed
using a 1-way ANOVA with a Newman-Keuls multiple comparison test and a paired t test, respectively. (E) CCR6 and CXCR3 expression levels (MFI) on paired
MDR1+ vsMDR1− Th17.1 cells frompatientswith earlyMS (n = 7). (E) CXCR3 expression (MFI) on CSF- and blood-derivedMDR1+ Th17.1 cells frompatientswith
early MS (n = 7). (E) Data were analyzed using paired t tests. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. CCR6 = C-C chemokine receptor 6; MDR1 =
multidrug resistance protein 1; NIND = noninflammatory neurologic disease; OIND = other inflammatory neurologic disease; Th = T helper.

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

http://neurology.org/nn


regulation of MDR1 such as altered intracellular trafficking and
localization may be different, especially after induction by
cyclosporin A.39 For GR, expression levels were downregulated
in all CCR6+ Th subsets from the blood of natalizumab re-
sponders and were further reduced in nonresponders. A pos-
sible explanation for this is that HPA axis hyperactivity is more
pronounced in patients with progressive MS such as patients

not responding to natalizumab, thus decreasing GR levels.40

Another limitation of this study is that the frequencies and
phenotype of Th17.1 were not analyzed before natalizumab
treatment, which possibly differs between responders and
nonresponders. GR can also be alternatively controlled post-
transcriptionally, but remains a challenge to detect at the pro-
tein level, let alone in distinct Th subsets.

Figure 4 Presence of MDR1+Th17.1 cells in postmortem white matter tissue of patients with MS

Representative immunohistochemical staining for CD4 and MDR1 (A) as well as human leukocyte antigen II (HLA-II), myelin oligodendrocyte glycoprotein
(MOG), microtubule-associated protein 2 (MAP2) (B) in formalin-fixed, paraffin-embeddedwhitematter lesions of 3MS donors. Images were taken with a ×20
digital magnification, and lesions were classified as active and postdemyelinating (MS-1), active and demyelinating (MS-2), and mixed active/inactive and
demyelinating (MS-3).48 (C) Coexpression of CD4 (red) and MDR1 (green) in 4',6-diamidino-2-phenylindole (blue)-positive cells in these brain tissues, as
determined by immunofluorescence staining. (D) Representative gating of ex vivo CCR6+ Th subsets andMDR1+ fractions of Th17.1 (CCR6+CXCR3+CCR4−/dim)
in the blood, meninges, and brain tissue from the same MS donor. (E) Frequencies of MDR1+ Th17, Th17 DP, and Th17.1 cells in freshly isolated single-cell
suspensions from postmortem blood, meninges, and brain tissues from 8 late-stage MS donors, as determined by FACS. A total of 14 brain tissues from 8
donorswere analyzed. Datawere compared using a nonrepeatedmeasurement 2-way ANOVAwith a post hoc Bonferronimultiple comparison test. *p < 0.05
and ****p < 0.0001. MDR1 = multidrug resistance protein 1; Th = T helper.
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Apart from the role of MDR1 and GR in GC resistance, both
molecules also play a critical role in the induction of neu-
roinflammation. Increased GR signaling in pathogenic
T cells protects from CNS autoimmunity, whereas deletion
of GR abrogates this phenomenon in EAE.8,41 Deletion of
ABCB1 resulted in a similar protective phenotype.42 These
studies at least suggest that the low GR and high MDR1
expression in brain-homing Th17.1 drives neuro-
inflammation. Quantification of in situ localization of
MDR1+ Th cells also for patients with other neurologic
diseases should be performed to better interpret their role in
MS brain pathology. Because of their involvement in GC
resistance and local inflammation, MDR1 and GR are
promising targets to improve GC efficacy in early MS. The
need for improving this efficacy is underlined by the in-
creased MDR1-mediated efflux ratio of methylpredniso-
lone,43 the standard treatment of acute MS relapses.

A recent study showed that low vitamin D levels are associated
with GC-resistant relapses in patients with MS.20 Although
controversial results were obtained from clinical trials with re-
spect to disease activity, increasing vitamin D levels improved
GC efficacy and suppressed EAE induction in mice via Th-cell
intrinsic upregulation of NR3C1.20 Because vitamin D also
downregulates CCR6 on Th cells,17 this steroid hormone may
be exploited to enhance GC efficacy in MS by sensitizing
Th17.1 cells. MDR1 activity can also be blocked by other types
of steroids44 and even by anti-CD20 antibodies.45 The selective
targeting of MDR1 is further supported by its additional role in
proinflammatory cytokine excretion46 and trafficking47 of
T cells across the blood-brain barrier. However, the imple-
mentation of such strategies should also be taken with care
because MDR1 is expressed by many other cell types. In-depth
analysis of Th17.1 cells by currently available single-cell plat-
forms would reveal additional targets that can be used for the
design of small-molecule therapeutics. The predominance of
Th17.1 in the CSF of patients with early MS could set the stage
for its use as a marker to predict disease activity.
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Abstract
Objective
This cross-sectional study aims to assess the association between neuroaxonal damage assessed
by serum neurofilament light chain (sNfL) and the Timed Up and Go (TUG)—a reliable and
rapid measure of global neurologic disability—in patients with MS.

Methods
A total of 41 consecutive patients with MS (38.0 ± 10.4 years; 57% women) with low level of
disability (Expanded Disability Status Scale [EDSS] score 0–3) (EDSS score 1.0, interquartile
range [IQR] 0.0–2.0) were included in this study. The TUG and sNfL were measured in a
6-month interval, together with a comprehensive neuropsychological and quantitative gait
evaluation. The association of sNfL (dependant variable) with TUG, and other gait, cognitive,
and behavioral measures (independent variables) were evaluated with multiple linear regressions
adjusted for age, sex, and EDSS score.

Results
The sNfL concentration was 23.51 pg/mL (IQR 16.51–32.21 pg/mL), and the mean TUGwas
9.27 ± 1.70 seconds. Only the TUG was associated with sNfL (β = 0.021; 95% CI 0.003–0.037;
p = 0.022) (after adjusting for age, sex, and EDSS score), whereas this was not the case for gait
and neuropsychological measures.

Conclusions
The TUG—an easy and unexpansive measure of disability—is associated with the degree of
neuroaxonal damage, as measured by sNfL, in patients with MS with low level of disability.
These findings confirm the validity of the TUG as a reliable bedside measure of global neu-
rologic disability as a result of neuroaxonal damage.
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The TimedUp and Go (TUG) is a rapidly operable and widely
used test of mobility and risk of falls in neurologic settings and
has been recently validated in MS as a measure of functional
mobility.1 The TUG is correlated with common measures of
functional mobility inMS, such as the timed 25-foot walk or the
Multiple Sclerosis Walking Scale-12 score. In comparison to
other measures of functional mobility, the TUG captures ele-
ments of the everyday life, such as sitting, standing, and turning
around,1 and can be quickly performed by clinicians during the
neurologic examination even in a limited office space. In a
previous study, we have demonstrated that the TUG was
correlated with gait parameters, as well as with cognitive per-
formances, and is considered a sensitive marker for quantifying
disability in early stage of MS.2 The TUG has been associated
with gray and white matter atrophy in patients with MS,3 but
the relationship between the TUG andmarkers of neuroaxonal
damage has not been evaluated.

Neurofilament light chain (NfL), a product of the scaffolding
proteins of the neuronal cytoskeleton, represents a biomarker
of axonal damage.4 Serum NfL (sNfL) has been validated as a
reliable marker for present and potentially future disability in
MS,5 including clinically isolated syndrome and early MS.6

However, the association between sNfL and a bedside clinical
test of disability, such as the TUG, has never been tested in
patients with MS with low disability.

This cross-sectional study aims to assess the association be-
tween a biological marker of neuroaxonal damage (assessed
by sNfL) and disability (measured by the TUG) in patients
with MS with low disability. As the TUG represents a good
measure of gait and cognitive disability, and sNfL has been
associated with fully established disability in MS, we aimed at
evaluating whether the TUG will be associated with sNfL in
early phases of disability. Establishing the association between
sNfL and TUG in patients with MS with low level of disability
will provide an important clue for clinicians to quickly eval-
uate the level of disability associated with axonal damage.

Methods

Participants
Forty-one consecutive outpatients with relapsing-remitting
MS (38.0 ± 10.4 years; 57% female) were included in the
protocol. Exclusion criteria were acute medical illness in the
past month, neurologic and psychiatric diseases except MS,
orthopedic or rheumatologic condition affecting walking,
Expanded Disability Status Scale (EDSS) score >3, and an
interval of >6 months between sNfL measurement and clin-
ical assessment. All patients were stable under the same

treatment for at least 3 months before clinical assessment
(table 1).

Serum sampling and sNfL measurements
Serum samples were centrifuged at 2,000g for 10 minutes at
room temperature and stored at −80°C within 2 hours of
collection. Serum NfL levels were determined by single
molecule array assay as previously described.7

TUG test
The main outcome variable was the mean ± SD of the time
(seconds) of the TUG described by Podsiadlo and Richard-
son. The TUG was performed at self-selected speed in a well-
lit environment: the patients were asked to stand up, walk 3m,
turn around, walk back to the chair, and sit down.

Gait and neuropsychological assessment
Patients were asked to walk on a 10-m walkway at their self-
selected speed, as previously described.8 Spatiotemporal gait
parameters were computed usingMatlab 2015b (MathWorks,
Natick, MA) based on the trajectories of heel reflective
markers (14 mm) recorded at 100 Hz by an optoelectronic
system (12 cameras, Vicon Mx3+; Vicon Peak) and recon-
structed by Nexus 1.8.5 (Vicon Peak).

The neuropsychological assessment focused on the cognitive
domains commonly disturbed in MS: memory (Selective
Reminding Test ), executive functions (verbal fluency task,
Stroop, Trail Making Test (TMT) B, and divided attention
and working memory subtests from Test of Attention Per-
formance), attention (digit span and symbol digit modalities
test from theWechsler Adult Intelligence Scale-III, Stroop dot
condition, and TMT A), fear of falling by the 16-item Falls
Efficacy Scale–International, anxiety and depression assessed
by the Hospital Anxiety and Depression scale, and were
assessed by the same neuropsychologist.

Statistics
The participants’ characteristics were summarized using mean
values and SDs or frequencies and percentages, as appropri-
ate. Multiple linear regressions were performed to examine
the association between the sNfL (independent variable) and
TUG, and other gait, cognitive, and behavioral parameters
(dependent variables) adjusted for age, sex, and EDSS score.
All statistics were performed using SPSS (version 22.0; SPSS,
Inc., Chicago, IL).

Standard protocol approvals, registrations,
and patient consents
The Geneva University Hospitals Committee on Human
Research approved the research protocol, and informed
consent was obtained from all participants.

Glossary
EDSS = Expanded Disability Status Scale; IQR = interquartile range; NfL = neurofilament light chain; sNfL = serum NfL;
TMT = Trail Making Test; TUG = Timed Up and Go.
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Data availability
Anonymized data that are not published in this article will be
made available on request from any qualified investigator after
the approval by the Institutional Review Board of the Geneva
University Hospitals.

Results
Clinical characteristics of the 41 patients with MS are summa-
rized in table 1. The median EDSS score was 1.0 (interquartile
range [IQR] 0.0–2.0), with a mean disease duration of less than
3 years (time since diagnosis: 33.2 ± 34.7 months). The sNfL
concentration was 23.51 pg/mL (IQR 16.51–32.21 pg/mL),
without any difference between male and female (p = 0.229).
Gait parameters were normal (gait speed: 1.30 ± 0.18m/s; stride
time variability: 1.75% ± 1.10%). The mean TUG was 9.27 ±
1.70 seconds. Cognitive and behavioral performances are
reported in table e-1 (links.lww.com/NXI/A318).

Among spatiotemporal gait parameters, cognitive and behavioral
performances, only the TUG was associated with sNfL in the
univariable model; this association was sustained after adjusting
for age, sex, and EDSS score (β = 0.021; 95% CI 0.003–0.037;
p = 0.022) (table 2)—an increase of 1 pg/mL of NfL concen-
tration was associated with a TUG increase of 0.02 seconds.

Discussion
We show that sNfL, a promising serum biomarker of neu-
roaxonal damage in MS, is associated with the TUG. We

observed this association in patients with MS with low
disability.

Estimating the extent of neuroaxonal damage in very early
disease stages represents a challenge. Here, we provide evi-
dence that the duration of the TUG is associated with the
severity of neuroaxonal injury quantified by sNfL.4 CSF NFL
levels have been associated with attentional control in patients
with MS.9 Also, attentional performances are associated with
the duration of the TUG in older adults and in patients with

Table 2 Association between serum neurofilament light
chain levelsa (independent variable) and Timed
Up and Go, and other gait, cognitive, and
behavioral variables (dependent variables)
adjusted for age, sex, and EDSS score (n = 41)

Multivariable

β 95% CI p Value R2

Timed Up and Go 0.021 0.003 to 0.037 0.022 0.30

EDSS score 0.009 −0.002 to 0.019 0.112 —

Gait

Gait speed −0.001 −0.002 to 0.001 0.568 —

Stride time 0.000 −0.001 to 0.001 0.529 —

Stride time variability 0.012 −0.001 to 0.024 0.060 —

Stride length 0.000 −0.002 to 0.001 0.576 —

Step width 0.000 −0.000 to 0.000 0.587 —

Cognition

Memory −0.011 −0.027 to 0.005 0.168 —

Executive functions −0.093 −0.210 to 0.023 0.112 —

Attention 0.080 −0.014 to 0.173 0.092 —

Behavior

Fatigue 0.234 −0.189 to 0.657 0.267 —

Fear of falling 0.000 −0.043 to 0.042 0.993 —

Anxiety −0.017 −0.060 to 0.025 0.413 —

Depression 0.007 −0.027 to 0.042 0.670 —

Abbreviations: EDSS = Expanded Disability Status Scale; IQR = interquartile
range; SRT = selective reminding test; TMT = Trail Making Test.
Bold text indicates significant p values.
Memory domain includes SRT; we only present the regression with the SRT
(delayed recall) because other tests assessing the memory domain were
also not significant.
Executive functions include verbal fluency (semantic andphonemic), Stroop,
and TMT part B; we only present the regression with the semantic verbal
fluency because other tests assessing the executive function domain were
also not significant.
Attention includes Wechsler Adult Intelligence Scale-III (digit span and
symbol digit modalities test) and TMT part A (TMT-A); we only present the
regression with the TMT-A because other tests assessing the attention do-
main were also not significant.
Fatigue was assessed by the modified fatigue impact scale.
Fear of falling was assessed by 16-item Falls Efficacy Scale–International.
Anxiety and depression were assessed by the Hospital Anxiety and De-
pression Scale.
a Serumneurofilament light chain (median):23.51pg/mL(IQR16.51–32.21pg/mL).

Table 1 Clinical characteristics of patients with relapsing-
remitting MS (n = 41)

Age, y, mean ± SD 38.0 ± 10.4

Female, n (%) 26 (57)

Education,a y, mean ± SD 15.2 ± 2.6

EDSS score (/10), mean ± SD (range) 1.13 ± 0.98 (0–3)

Disease duration, mo, mean ± SD

Since diagnosis 33.2 ± 34.7

Since first symptoms 52.5 ± 44.1

Treatment, n (%)

Fingolimod 17 (41)

Natalizumab 8 (20)

Dimethyl fumarate 6 (15)

Interferon β-1a 5 (12)

Glatiramer 1 (2)

None 5 (12)

Abbreviation: EDSS = Expanded Disability Status Scale.
a Assessed with the number of years at school.
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MS,2 in addition to its strong associationwith the EDSS score and
gait disability.1 The multimodality of the TUG that integrates
several components of both gait and cognitive parameters may
explain why the TUG is the only one measure (among spatio-
temporal gait parameters and cognitive performances) that was
associated with sNfL in our study. Key phases of the TUG, such
as the turn-to-walk and turn-to-sit phases, are associated with
specific cognitive domains, such as executive function and
visuospatial performance.10 The TUG, which can be performed
in the doctor office without any expansive equipment other than
a stopwatch, provides important insight to the clinician to the
extent of axonal damage in their patients with MS.

Our study has some limitations.Weonly include patientswithMS
with lowdisability (EDSS score≤3), preventing the generalization
of the study findings to the entire MS population. Although the
association between sNfL andTUGhas been adjusted on age, sex,
and EDSS score, the small number of participants prevents to
adjust our association on other variables, such as falls or fear of
falling. Future studies should verify whether this association be-
tween sNfL and TUG remains significant for patients with MS
with increased levels of disability (EDSS score >3).

In conclusion, we demonstrated an association between a
biological marker of neuroaxonal damage—measured by
sNfL—and the TUG in patients with MS with low disability.
These findings may help the clinicians to estimate and mon-
itor the progression of the disease.
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Abstract
Objective
To use the case-only gene-environment (G × E) interaction study design to estimate in-
teraction between pregnancy before onset of MS symptoms and established genetic risk factors
for MS among White adult females.

Methods
We studied 2,497 female MS cases from 4 cohorts in the United States, Sweden, and Norway
with clinical, reproductive, and genetic data. Pregnancy exposure was defined in 2 ways: (1) ≥ 1
live birth pregnancy before onset of MS symptoms and (2) parity before onset of MS symp-
toms. We estimated interaction between pregnancy exposure and established genetic risk
variants, including a weighted genetic risk score and both HLA and non-HLA variants, using
logistic regression and proportional odds regression within each cohort. Within-cohort asso-
ciations were combined using inverse variance meta-analyses with random effects. The case-
only G × E independence assumption was tested in 7,067 individuals without MS.

Results
Evidence for interaction between pregnancy exposure and established genetic risk variants,
including the strongly associatedHLA-DRB1*15:01 allele and a weighted genetic risk score, was
not observed. Results from sensitivity analyses were consistent with observed results.

Conclusion
Our findings indicate that pregnancy before symptom onset does not modify the risk of MS in
genetically susceptible White females.
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MS is a demyelinating autoimmune disease of the CNS with
both environmental and genetic risk factors.1 This progressive
disease results in significant disability and decreased quality of
life.2 MS is more prevalent among females than males, and
symptoms typically emerge during child-bearing ages, often
soon after pregnancy.2,3 This has led many to hypothesize that
female-specific exposures, such as those related to re-
production, pregnancy, and lactation, have a role in MS.
Pregnancy appears to have short-term beneficial effects on
existing MS symptoms,4 but there is no agreement in the
scientific literature about the effect of pregnancy onMS risk in
general or among women with genetic susceptibility to MS.1,5

Gene-environment (G × E) interactions, for which the effect
of an environmental exposure is modified by specific geno-
type(s), are believed to contribute substantially to complex
disease risk, and discovery of these interactions can identify
subgroups with higher risk of disease.6 Studies of pregnancy
and MS risk have yielded conflicting results; however, no
studies, to date, have investigated interaction between preg-
nancy and genetic susceptibility for risk of MS.7–16

We used case-only G × E methods to evaluate interaction
between pregnancy before symptom onset and known genetic
risk factors for MS, including HLA-DRB1*15:01. Study par-
ticipants included 2,497 White individuals from 4 established
MS cohorts based in California, Sweden, and Norway. Anal-
yses were conducted separately within each cohort and then
combined with meta-analytic methods. A separate cohort of
females without MS was used to test the case-only G × E
independence assumption.

Methods
Study participants
Participants were selected from the Kaiser Permanente
Northern California (KPNC) MS Research Program, the
Kaiser Permanente Southern California MS Sunshine Study,
the Norwegian MS Registry and Biobank (NOR), and 2
Swedish MS studies, the Epidemiological Investigation of
Multiple Sclerosis (EIMS) and the Genes and Environment in
Multiple Sclerosis (GEMS) study.17–20 MS diagnoses were
confirmed by independent neurologists according to the 2005
revised (KPNC, NOR, and EIMS/GEMS) or the 2010 re-
vised McDonald diagnostic criteria (MS Sunshine).21,22 Ad-
ditional non-MS female members of KPNCwere also studied;
these individuals were derived from the Genetic Epidemiol-
ogy Research on Adult Health and Aging (GERA) study.23

KPNC and KPSC are integrated health services systems and
are the largest health care providers in California. Their
membership is largely representative of their catchment area
populations; however, persons of lower socioeconomic status
are underrepresented.24,25

Standard protocol approvals, registrations,
and patient consents
All study participants provided written informed consent, and
the Institutional Review Boards of KPNC and KPSC, regional
ethical review boards in Norway and Sweden, and the Uni-
versity of California, Berkeley, approved the study protocols.

KPNC participants
Study recruitment is described in detail elsewhere.17 Briefly,
study participants were recruited from KPNC membership
between 2006 and 2014. Prevalent MS cases were the focus of
recruitment. Participants were aged between 18 and 69 years
and were KPNC members at initial contact.

MS Sunshine participants
MS Sunshine is a multiethnic case-control study of incident
MS and first demyelinating event.18 Participants in this study
were recruited from KPSC membership between 2011 and
2014. At the time of initial contact, participants were KPSC
members, aged 18 years or older, and diagnosed with MS
within 1.5 years or had MS symptom onset within the 3 years
before recruitment.

NOR participants
NOR participants were recruited from the Oslo MS Registry
and DNA biobank in 2011–2012.20 The Oslo MS Registry
and biobank was established in 1990 and includes clinical
data and DNA samples from a population-based MS cohort.

EIMS/GEMS participants
EIMS and GEMS are Swedish population-based case-control
studies. At enrollment, EIMS participants were aged 18–70
years and had recently (within 2 years) confirmedMS. GEMS
participants were identified from the Swedish National MS
registry and recruited between 2009 and 2011. All EIMS
participants were distinct from the GEMS study. Details have
been described elsewhere.19

GERA participants (noncases)
GERA participants are a subsample of the Research Program
on Genes, Environment, and Health longitudinal cohort.23

Participants were respondents to a mailed health survey that
was sent to all adult members of KPNC in 2007 who had been

Glossary
EIMS = Epidemiologic Investigation of Multiple Sclerosis; G × E = gene-environment; GEMS = Genes and Environment in
Multiple Sclerosis; GERA = Genetic Epidemiology Research on Adult Health and Aging; GWAS = genome-wide association
study; KPNC = Kaiser Permanente Northern California;MAF = minor allele frequency; NOR = Norwegian MS Registry and
Biobank; PCA = principal component analysis; wGRS = weighted genetic risk score.
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members of KPNC for at least 2 years and were aged 18 years
or older. After providing informed consent, participants were
asked to submit a saliva sample for DNA genotyping. Addi-
tional phenotypic and health condition data were obtained
from International Classification of Diseases, Ninth Revision
codes from KPNC electronic health record data. Participants
included in this study were confirmed to not haveMS or other
autoimmune disease.

Ancestry determination
KPNC, MS Sunshine, and GERA participants with average
European ancestry proportions greater than 80% estimated
from ancestry informative markers who did not did not self-
report Hispanic ethnicity were included.26 ALL NOR and
EIMS/GEMS participants had self-reported White ancestry.
Population outliers were identified with principal compo-
nents analysis (PCA) and excluded.27

Genotype and exposure assessment
All participants in this study completed an interview or self-
reported questionnaires related to MS disease events,
reproductive history, and environmental exposures.17–20 Par-
ticipants provided blood or saliva samples for genotyping.
Genome-wide single nucleotide polymorphism (SNP) geno-
typing was performed using the Illumina Infinium 660K
BeadChip Array and Human Omni Express Array (KPNC, MS
Sunshine), Illumina ImmunoArray BeadChip Array (NOR,
EIMS/GEMS), and Affymetrix Axiom Array (GERA).
Genome-wide SNP imputation was performed using
SHAPEIT2 and IMPUTE2.28 HLA alleles were imputed using

SNP2HLA.29 Participants with missing genotypes that met QC
thresholds (info score >0.8, missingness per SNP <0.05, miss-
ingness per cohort <0.05, and minor allele frequency [MAF] >
0.05) were imputed using the average MAF within each cohort.

Pregnancy exposure was evaluated as dichotomous variable,
having at least 1 live birth pregnancy before reported age at
first MS symptom onset, and as an ordinal variable, the
number of live birth pregnancies before reported age at first
MS symptom onset (table 1). Age of pregnancy was defined as
mother’s age at birth, and age at symptom onset for MS cases
was determined through review of medical records and/or
comprehensive clinical histories for each participant collected
through interview or questionnaire.

Candidate genes and weighted genetic
risk score
To maximize power and to identify variants with functional
relevance to MS, we conducted a 2-tiered analysis. In the
primary analysis, we assessed G × E interaction between
pregnancy exposure and (1) a weighted genetic risk score
(wGRS) comprised of recently established non-HLA MS
genome-wide association study (GWAS) risk variants, (2)
HLA-DRB1*15:01 alleles, and (3)HLA-A*02:01 alleles.30 We
also evaluated evidence for effect modification of the in-
teraction between HLA-A*02:01 and HLA-DRB1*15:01 for
MS susceptibility by pregnancy exposure.31 In the secondary
discovery analysis, we individually tested established MS-
associated variants (HLA: 2 variants) and (non-HLA: 144
variants) that passed QC criteria in all 4 cohorts. Individual

Table 1 Characteristics of multiple sclerosis cases (N = 2,497)

KPNC MS Sunshine NOR EIMS/GEMS

n 814 151 119 1,413

Age at onset, mean (SD) 33.1 (9.1) 39.9 (11.5) 33.4 (9.4) 34.4 (10.1)

Year of onset, median (IQR) 1991 (1983, 1997) 2011 (2009, 2013) 1992 (1986, 1997) 2005 (2001, 2008)

Age first pregnant,a mean (SD) 24.6 (5.3) 25.9 (5.8) 27.1 (6.0) 27.2 (5.1)

≥1 pregnancya before symptom onset, n (%) 428 (51.7) 95 (60.1) 69 (58.0) 668 (47.3)

No. pregnanciesa before symptom onset, n (%)

0 400 (48.3) 63 (39.9) 50 (42.0) 745 (52.7)

1 146 (17.6) 26 (16.5) 25 (21.0) 180 (12.7)

2 198 (23.9) 41 (25.9) 30 (25.2) 350 (24.8)

3 67 (8.1) 21 (13.3) 14 (11.8) 106 (7.5)

≥4 17 (2.1) 7 (4.4) 0 (0.0) 32 (2.3)

HLA-DRB1*15:01 carrier, n (%) 446 (53.9) 74 (46.8) 71 (59.7) 789 (55.8)

wGRSb median [IQR] 23.3 (22.7, 23.9) 23.2 (22.7, 23.8) 18.0 (17.5, 18.6) 22.6 (22.0, 23.3)

Abbreviations: EIMS = Environment inMultiple Sclerosis; GEMS =Genes Environment inMultiple Sclerosis; HLA = human leukocyte antigen; IQR = interquartile
range; KPNC = Kaiser Permanente Northern California; NOR = Norway; wGRS = weighted genetic risk score.
a Pregnancy defined as pregnancy resulting in live birth.
b wGRS calculated from 182 MS risk loci for KPNC, MS Sunshine, EIMS/GEMS, and 144 MS risk loci for NOR cases.
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genotypes were modeled assuming a linear effect of each
additional risk allele (0, 1, or 2 risk alleles).

The wGRS was derived by multiplying the log OR for each
risk allele from recent GWAS by the number of risk alleles
carried by each participant and summing across GWAS variants
(table e-1, links.lww.com/NXI/A320).30 Scores for each individual
were calculated using non-HLA risk variants that passed genotypeQC
thresholds within each cohort (KPNC, MS Sunshine, and EIMS/
GEIMS: 182 non-HLA risk variants, NOR: 144 non-HLA risk vari-
ants, andGERA: 161non-HLA risk variants).Within each cohort, the
wGRS was modeled as a continuous variable and with categorical
quartiles (reference: 1st quartile).

Statistical analysis
Genome-wide SNP genotyping data were available for 990
KPNC, 409MS Sunshine, 153 NOR, and 1,462 EIMS/GEMS
female MS cases. Following exclusion of MS cases with Eu-
ropean ancestry proportions <80% (KPNC and MS Sun-
shine) and population outliers identified from PCA analysis
(NOR and EIMS/GEMS), 814 KPNC, 151 MS Sunshine,
119 NOR, and 1,413 EIMS/GEMS cases had age at onset
≥ 18 years, complete pregnancy history data, and genome-
wide genetic profiles. The final data set for G × E analysis
included 2,497 MS cases (table 1, figure e-1, links.lww.com/
NXI/A319).

Case-only G x E models rely on the assumption that the
genotype and environmental exposure are uncorrelated in the
source population. If that assumption is valid, the association
between genotype and exposure in a case-only model esti-
mates the departure of the joint of effects on the OR scale. If
the disease is rare and the above assumption is valid, the case-
only model estimates the departure of joint effects on the risk
ratio scale.32 We used logistic regression to model having at
least 1 live birth pregnancy before symptom onset as a func-
tion of genotypes or wGRS:

logit½PðE = 1jGÞ� = β0 + βG

E is an indicator for having at least 1 live birth pregnancy
before symptom onset or not, G is 0, 1, or 2 alleles for a risk
variant or continuous wGRS, and β is the estimate of the
interaction parameter measuring the departure of the joint
effects of E and G on the multiplicative scale.32

Proportional odds regression was used to model parity before
symptom onset,32 where the probability of an equal or less
than k number of pregnancies before symptom onset, E ≤ k, to
the probability of more than k number of pregnancies, E > k; as
a function of genotypes or wGRS:

log
PðE ≤ kjGÞ
PðE > kjGÞ = γk − γG; for k20; 1; 2; 3; 4

E is the number of live birth pregnancies before MS symptom
onset, G is 0, 1, or 2 alleles for a risk variant or continuous

wGRS, k is the threshold for live birth pregnancies before
symptom onset for each ordinal comparison, and γ is the
estimate of the interaction parameter measuring the departure
of the joint effects of E and G on the multiplicative scale.32

G × E interaction was estimated within each study, and
combined estimates of G × E interaction were obtained with
random-effects meta-analysis using restricted maximum like-
lihood estimation with weights proportional to the inverse of
the variance for each cohort-specific association. I2%was used
to study assess heterogeneity between within-study associa-
tion. All models were adjusted for age at MS onset and
population stratification using components from PCA. wGRS
quartiles were modeled using dummy variables with the first
quartile as the reference category. Secondary discovery anal-
ysis p values were adjusted for the false discovery rate using
the Benjamini-Hochberg method, and adjusted p values <0.05
were considered significant.33

Effect modification of the interaction between HLA-A*02:01
and HLA-DRB1*15:01 by pregnancy exposure was evaluated
separately by stratifying case-only regression models for
pregnancy exposure and HLA-DRB1*15:01 by the absence
and presence of HLA-A*02:01 alleles adjusting for age at MS
onset and population stratification.

We tested the assumption of G × E independence between
genotype and pregnancy using healthy female GERA partic-
ipants (N = 7,067).6 Logistic and proportional odds re-
gression models described above were used to test for
associations betweenMS genetic risk factors, including wGRS
and HLA-DRB1*15:01, and having ≥ 1 pregnancy or not and
parity. All statistical analyses were conducted using Plink 1.9
and R 3.5.1.

Sensitivity analyses
We estimated G x E association between live or non–live birth
pregnancy before symptom onset (binary and ordinal mod-
els) and genetic variants among KPNC and MS Sunshine
cases (data not available for NOR and EIMS/GEMS) to
identify bias from exclusion of non–live birth pregnancies in
primary analyses. To determine whether there was a short-
term effect of pregnancy on MS risk, we altered the definition
of pregnancy exposure to only consider first pregnancies that
occurred within 5 years before age at onset as exposed. Next,
to rule out reverse causality from MS disease latency or recall
bias, we considered age at symptom onset at 5 years before
reported age at onset. To check for bias from differing num-
bers of variants used in wGRSs between cohorts, G x E in-
teractions for wGRSs derived from risk variants only found in
NOR data (144 variants, table e-1, links.lww.com/NXI/
A320) were estimated for each cohort and combined with
meta-analysis.

Data availability
Anonymized data used in this study from KPNC, MS Sun-
shine, NOR, and EIMS/GEMSwill be shared upon request by
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any qualified investigator pending Institutional Review Board
approval at each site. GERA data are publicly available on
dbGaP (phs000674.v2.p2).

Results
haracteristics of MS cases are summarized in table 1. Age at
MS onset among the cohorts that recruited predominantly
prevalent cases (KPNC, NOR, and EIMS/GEMS) was
similar (mean = 33.1, 33.4, and 34.4 years, respectively), but
occurred later among the cohort that recruited incident cases

only (MS Sunshine, mean = 39.9 years). Year of symptom
onset occurred earlier among KPNC and NOR (median =
1992) than EIMS/GEMS (median = 2005) and MS Sun-
shine (median = 2011). The average age at first pregnancy
(live birth) ranged between 24.6 and 27.2 years, with KPNC
and MS Sunshine participant pregnancies occurring earlier
than NOR and EIMS/GEMS. More than half of cases were
HLA-DRB1*15:01 carriers; NOR and EIMS/GEMS had a
higher proportion of carriers (60% and 56%, respectively)
than KPNC and MS Sunshine (54% and 47%, respectively).
The median wGRS was similar across KPNC, MS Sunshine,
and EIMS/GEMS. NOR cases had lower scores than the
others, which is likely because fewer SNPs were available to
calculate the NORwGRS. Approximately half (49.8%) of the
cases had a live birth pregnancy before onset of MS symp-
toms. Parous cases were most likely to have 2 live births
before symptom onset.

In this study, the ORs from case-only regression models
estimate the departure of the multiplicative joint effects of E
and G on the risk ratio scale for susceptibility to MS. We did
not find evidence for G × E interaction between pregnancy
exposure and primary genetic risk factors (wGRS, HLA-
DRB1*15:01, and HLA-A*02:01) (table 2, figure e-2, links.
lww.com/NXI/A319). Point estimates were close to the null
or had CIs that contained the null. Estimates were similar for
both pregnancy exposures. Significant evidence for effect
modification of interaction between HLA-DRB1*15:01 and
pregnancy exposure by carriage of HLA-A*02:01 alleles was
not observed, although estimates indicate possible pro-
tective effects (presenceHLA*02:01: OR: 0.89, 95% CI 0.70,
1.13; absence HLA*02:01: OR: 1.09, 95% CI 0.71, 1.66)
(table 3). No variants tested in the secondary discovery
analysis had multiple testing adjusted p values <0.05 (tables
e-2 and e-3, links.lww.com/NXI/A320).

Among GERA controls, the wGRS and HLA-DRB1*15:01
were not associated with having at least 1 pregnancy or with
parity (table 4), and none of the MS GWAS loci were sig-
nificantly associated with pregnancy in GERA after correcting
for multiple testing (results not shown). Results from sensi-
tivity analyses investigating live or non–birth pregnancy,
pregnancy within 5 years of MS onset, and bias from latent
disease were consistent with observed results (table 5). Esti-
mates for interaction between pregnancy exposures and the
wGRSs derived from variants present in NOR data were
similar to observed results (table e-2 and e-3, links.lww.com/
NXI/A320).

Discussion
We hypothesized that pregnancy before MS symptom onset
modifies the risk ofMS in genetically susceptible females. Using
data from 4 study populations, we did not find evidence to
support G × E interaction between established genetic risk
factors for MS and exposure to pregnancy before symptom

Table 2 Results from case-onlymeta-analyses estimating
multiplicative interaction between HLA-DRB1*15:
01, HLA-A*02:01, andweighted genetic risk scores
with pregnancy before symptom onset

Variant

Crude Adjusted

ORa 95% CI ORa 95% CI

≥1 live birth before
symptom onsetb

HLA-DRB1*15:01 0.93 0.82, 1.07 0.98e 0.77, 1.25

HLA-A*02:01 1.06 0.93, 1.21 0.93 0.79, 1.09

wGRSc 0.95 0.87, 1.04 1.04e 0.89, 1.21

wGRS Q1d Ref Ref

wGRS Q2 1.07 0.86, 1.34 1.15 0.88, 1.50

wGRS Q3 1.07 0.85, 1.33 1.25 0.95, 1.64

wGRS Q4 0.90 0.72, 1.12 1.11 0.84, 1.45

Parity before
symptom onsetb

HLA-DRB1*15:01 0.96 0.85, 1.07 1.01e 0.84, 1.21

HLA-A*02:01 1.04 0.93, 1.18 0.92 0.81, 1.05

wGRSc 0.97 0.89, 1.05 1.05 0.96, 1.15

wGRS Q1d Ref Ref

wGRS Q2 1.09 0.88, 1.34 1.18 0.94, 1.48

wGRS Q3 1.12 0.91, 1.37 1.29 1.00, 1.66

wGRS Q4 0.90 0.73, 1.11 1.06 0.84, 1.33

Abbreviations: HLA = human leukocyte antigen; OR = gene-environment
interaction odds ratio; wGRS = weighted genetic risk score.
a ORs estimate the departure of the multiplicative joint effects of pregnancy
and risk variants on the risk ratio scale for susceptibility to MS. Cohort-
specific associations were combined with inverse variance meta-analysis
with random effects.
b ≥1 pregnancy before symptom onset cohort-specific ORs and 95% CIs
estimated with logistic regression models. Parity before symptom onset co-
hort-specific ORs and 95% CIs estimated with proportional odds regression
models. Adjustedmodels included age atMS onset and principal components
for genetic ancestry.
c wGRS was modeled as a continuous variable. For KPNC, MS Sunshine, and
EIMS/GEMS cases, wGRS calculated from 182 non-HLA MS risk variants and
for NOR wGRS calculated from 144 non-HLA risk variants.
d wGRSmodeled with categorical quartiles with the first quartile used as the
reference category.
e 25% ≤ I2 < 50%.
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onset. TheHLA-A*02:01 ± stratified point estimates indicate a
protective effect of HLA-A*02:01 alleles in the relationship
between HLA-DRB1*15:01 and pregnancy exposure, but our
study was not sufficiently powered to detect these associations.
Evidence for interaction between pregnancy and non-HLA or
HLA variants considered individually was also not observed.

Although we considered pregnancy as a single environmental
exposure, pregnancy is a complex and heterogeneous com-
bination of physiologic changes that result in weight gain,
increases in lipid levels, and changes in basal metabolic rate,
among others.5 These physiologic changes are the product

of pregnancy-induced modifications in hormones, such as
estriol, progesterone, prolactin, early pregnancy growth
factor, alpha-fetoprotein, and leptin as well as elevated
levels of other growth factors. There are increases in cir-
culated regulatory T cells and B cells, increased Th2 re-
sponses, and decreased Th-1 and Th-17 immune
responses.5 These immune changes are important for fetal
tolerance, as the maternal immune system and endocrine
pathways respond to fetal antigens that circulate in the
mother.34 Following pregnancy, hormone levels and im-
mune adaptions quickly return to prepregnancy states.35

The reduction of MS relapse rate during pregnancy is

Table 3 Estimates of multiplicative interaction between HLA-DRB1*15:01 and pregnancy exposure stratified by the
presence and absence of HLA-A*02:01 alleles

HLA-A*02:01 alleles

Crude Adjusted

ORa 95% CI ORa 95% CI

≥1 live birth before symptom onsetb

HLA-DRB1*15:01 + 0.85 0.70, 1.03 0.89 0.70, 1.13

− 1.08d 0.78, 1.48 1.09d 0.71, 1.66

Parity before symptom onsetb

HLA-DRB1*15:01 + 0.91 0.76, 1.09 0.97 0.80, 1.18

− 1.01c 0.83, 1.23 1.04d 0.77, 1.41

Abbreviations: OR = multiplicative interaction odds ratio; HLA = human leukocyte antigen.
a ORs estimate the departure of the multiplicative joint effects of pregnancy exposure and HLA-DRB1*15:01 on the risk ratio scale for susceptibility to MS
stratified by the absence and presence of HLA-A*02:01 alleles. Cohort-specific associations were combined with inverse variance meta-analysis with random
effects.
b ≥1 pregnancy before symptom onset cohort-specific ORs and 95% CIs estimated with logistic regression models. Parity before symptom onset cohort-
specific ORs and 95% CIs estimated with proportional odds regression models. Adjusted models included age at MS onset and principal components for
genetic ancestry.
c 25% ≤ I2 < 50%.
d 50% ≤ I2 < 75%

Table 4 Evidence for G × E independence among n = 7,067 healthy genetic epidemiology research on aging participants

Crude Adjusted

ORa 95% CI p Value ORa 95% CI p Value

≥1 live birth pregnancy or notb

HLA-DRB1*15:01 0.93 0.81, 1.11 0.37 0.89 0.77, 1.04 0.15

wGRSc 1.02 0.93, 1.11 0.71 1.04 0.95, 1.13 0.41

No. of live birth pregnanciesb

HLA-DRB1*15:01 0.95 0.86, 1.04 0.23 0.92 0.84, 1.01 0.08

wGRSc 0.95 0.90, 1.00 0.04 0.96 0.91, 1.01 0.14

Abbreviations: G × E = gene-environment; HLA = human leukocyte antigen; OR = gene-environment interactionodds ratio; wGRS =weighted genetic risk score.
Results from crude and adjusted regression analyses for association between weighted genetic risk score and HLA-DRB1*15:01 and having at least 1 live birth
pregnancy or not and number of live birth pregnancies.
Results from crude and adjusted regression analyses for association between weighted genetic risk score and HLA-DRB1*15:01 and having at least 1 live birth
pregnancy or not and number of live birth pregnancies.
a ORs estimate the departure of themultiplicative joint effects of pregnancy exposure andwGRS/HLA-DRB1*15:01on the risk ratio scale for susceptibility toMS
among healthy female controls from Genetic Epidemiology Research on Aging participants.
b ≥1 pregnancy before symptom onset ORs and 95% CIs estimated with logistic regression models. Parity before symptom onset ORs and 95% CIs estimated
with proportional odds regression models. Adjusted models included principal components for genetic ancestry.
c wGRS calculated 161 non-HLA risk variants inGenetic Epidemiology Research onAdult Health andAging data afterQCandmodeled as a continuous variable.
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attributed to the dynamic immune and endocrine alter-
ations that result from maternal-fetal crosstalk during
pregnancy.36 Little is known about how physiologic
changes during pregnancy affect the risk of developing MS,
but it is hypothesized that the pregnancy-induced changes
in endocrine pathways and immune system have protective
effects.5

Epidemiologic studies investigating the effect of pregnancy on
MS risk have reported conflicting results.1 Five studies
reported a protective association between parity and risk of
MS; however, 2 of these studies attributed their protective
associations to reverse causality from reduced fertility and
increased likelihood of miscarriage among women with latent
MS.7,8,10,11,15 Five additional studies reported no association
between pregnancy and risk of MS.9,12–14,16 A recent study
investigating breastfeeding, ovulatory years, and risk of MS
found evidence that cumulative duration of breastfeeding is
associated with a decreased risk of MS.37 The authors suggest
that breastfeeding duration confounds the association be-
tween parity/pregnancy and risk of MS and may explain
previously reported conflicting findings.

Genes within the HLA complex contribute substantially to
MS, with the HLA-DRB1*15:01 allele conferring the largest
known genetic risk for disease.30 Interactions between this
allele and established environmental exposures such as to-
bacco smoking, Epstein-Barr Virus infection, and adolescent
obesity have previously demonstrated large effect sizes.1 A
recent GWAS identified approximately 200 non-HLA genetic
variants associated with MS risk.30

Previous research reported that protective associations be-
tween pregnancy and MS onset were attributable to reverse
causality and that pregnancy was more likely among women
with less severe disease or without latent disease.7,8 However, a
registry-based study in Norway found that pregnancies among
women with MS before symptom onset have birthweights and
outcomes similar to those in women without MS.38 Further-
more, changes in counseling and availability of safer disease-
modifying therapies and new diagnostic criteria that allow for
earlier MS diagnosis have likely contributed to a recent
reported increase in the rate of pregnancy among women with
MS.39,40 Results from our sensitivity analyses did not indicate
evidence for bias from latent disease. Furthermore, restricting

Table 5 Sensitivity analysis results for pregnancy defined as live or non–live birth pregnancy, first pregnancy within 5
years before symptom onset, and latent MS onset models

Variant/risk score Model

≥1 live birth before symptom onset Parity before symptom onset

ORa 95% CI ORa 95% CI

HLA-A*02:01 Observedb 0.93 0.79, 1.09 0.92 0.81, 1.05

Live or nonlivec 0.84g 0.53, 1.34 0.93 0.76, 1.13

Short termd 0.96 0.76, 1.21 0.84 0.69, 1.03

Latente 0.96 0.81, 1.14 0.98 0.85, 1.13

HLA-DRB1*15:01 Observedb 0.98g 0.77, 1.25 1.01g 0.84, 1.21

Live or nonlivec 0.79 0.62, 1.00 0.85 0.71, 1.03

Short termd 1.03g 0.73, 1.45 0.97 0.78, 1.21

Latente 0.97 0.82, 1.14 1.00 0.87, 1.15

wGRSf Observedb 1.04g 0.89, 1.21 1.05 0.96, 1.15

Live or nonlivec 0.94 0.79, 1.11 1.06g 0.84, 1.33

Short termd 1.02 0.87, 1.19 1.07 0.94, 1.21

Latente 1.08h 0.83, 1.41 1.05 0.96, 1.16

Abbreviations: OR = gene-environment interaction odds ratio; HLA = human leukocyte antigen; wGRS = weighted genetic risk score.
a ORs estimate the departure of the multiplicative joint effects of pregnancy and risk variants on the risk ratio scale for susceptibility to MS. Cohort-specific
associations were combined with inverse variance meta-analysis with random effects. ≥1 pregnancy before symptom onset cohort-specific ORs and 95% CIs
estimatedwith logistic regressionmodels. Parity before symptomonset cohort-specific ORs and 95%CI estimatedwith proportional odds regressionmodels.
Adjusted models included age at MS onset and principal components for genetic ancestry.
b Estimates from observed data as presented in table 2.
c Estimate of multiplicative interaction between pregnancy exposure defined as have at least 1 live or non–live birth before MS symptom onset. Data on
non–live births only available for Kaiser Permanente and MS Sunshine cases, n = 968.
d Estimate of multiplicative interaction between pregnancy exposure defined as have at least 1 live pregnancy and parity within 5 years before MS symptom
onset.
e Estimate of multiplicative interaction between pregnancy exposure with MS age at onset adjusted by −5 years.
f wGRS modeled as a continuous variable.
g 25% ≤ I2 < 50%.
h 50% ≤ I2 < 75%.
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analyses to cases reporting their first pregnancy within 5 years
before symptom onset did not change our findings. Including
data on non–live births in the pregnancy exposure did appear
tomove point estimates further from the null; however, data on
non–live births were only available for KPNC and MS Sun-
shine cases and the CIs still contained the null.

Case-only G × Emethodologies were developed to address one
of the largest challenges with studying interactions, statistical
power.6 Since they were first introduced, advances in case-only
G × E methodology have focused on combining the increased
power from case-only methods with evidence for the all-
important G × E independence assumption from case-control
data.6 Healthy controls with reproductive history matched on
case symptom onset and genetic data were not available for our
large combined data set of MS cases; however, we used female
participants without MS from GERA to formally test for evi-
dence of independence between MS genetic risk factors and
pregnancy. Results from this analysis support the validity of our
findings. Our models were adjusted for age at MS onset and
population stratification. Although there may be additional
variables that confound the relationship between both preg-
nancy andMS and genetic risk factors andMS, case-only G × E
analyses only need to adjust for confounders of the G × E
relationship. We cannot rule out that our findings may be due
to confounding from unknown factors.

The objective of this study was to investigate G × E in-
teraction between pregnancy and established MS genetic
risk variants in MS. A primary strength of the current study
was the large sample size with complete genetic and re-
productive history data. In addition, cases used in this study
were largely representative of their respective surrounding
populations, providing support for external validity, and
identification of cases from integrated health services de-
livery systems and national registries reduced the probability
of selection bias. Furthermore, we found evidence to support
the independence of G and E factors among the KPNC
source population. Results from sensitivity analyses suggest
that our findings are not attributable to reverse causality;
however, given the uncertainty regarding disease latency and
first MS symptoms, we cannot conclusively rule out reverse
causality. Our study was subject to some limitations. Because
of the absence of suitable controls, we were unable to eval-
uate the association between pregnancy and MS. Our G × E
associations were consistent between studies; however, dif-
ferences between the study populations may have biased our
findings. With the exception of MS Sunshine, the other
studies relied on older MS diagnostic criteria, which may
have excluded milder MS cases. Because of the case-only
study design, we were not able to assess interaction on the
additive scale and our null findings on the multiplicative
scale cannot rule out the presence of interaction on the
additive scale. In addition, we were not able to assess G and E
independence in non-KPNC source populations. Future
studies should investigate the effects of pregnancy on MS
risk among non-European populations. The current study

was focused on White individuals to achieve the statistical
power required for analyses. It is possible that interaction
betweenMS genetic risk factors and pregnancy may differ by
ethnic/ancestral group. If controls with reproductive data
matched to case age at symptom onset are available, G × E
interaction should be assessed among cases and controls
with methods used to combine case-only and case-control
interactions.

Our findings suggest that genetic susceptibility to MS does
not modify the association between pregnancy and MS. This
information may be useful for counseling women who have
genetic susceptibility to MS about decisions to pursue
pregnancy, although further research is needed to determine
the effect of pregnancy on MS susceptibility.
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Abstract
Objective
To test the hypothesis that narcolepsy type 1 (NT1) is related to the gut microbiota, we
compared the microbiota bacterial communities of patients with NT1 and control subjects.

Methods
Thirty-five patients with NT1 (51.43% women, mean age 38.29 ± 19.98 years) and 41 controls
(57.14% women, mean age 36.14 ± 12.68 years) were included. Stool samples were collected,
and the fecal microbiota bacterial communities were compared between patients and controls
using the well-standardized 16S rRNA gene amplicon sequencing approach. We studied alpha
and beta diversity and differential abundance analysis between patients and controls, and
between subgroups of patients with NT1.

Results
We found no between-group differences for alpha diversity, but we discovered in NT1 a link
with NT1 disease duration. We highlighted differences in the global bacterial community
structure as assessed by beta diversity metrics even after adjustments for potential confounders
as body mass index (BMI), often increased in NT1. Our results revealed differential abundance
of several operational taxonomic units within Bacteroidetes, Bacteroides, and Flavonifractor
between patients and controls, but not after adjusting for BMI.

Conclusion
We provide evidence of gut microbial community structure alterations in NT1. However,
further larger and longitudinal multiomics studies are required to replicate and elucidate the
relationship between the gut microbiota, immunity dysregulation and NT1.
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Narcolepsy type 1 (NT1) is an orphan disorder characterized
by excessive daytime sleepiness (EDS), cataplexy, hypnagogic
hallucinations, sleep paralysis and disturbed nighttime
sleep.1–3 This sleep disease is associated with psychiatric,
cardiovascular, autonomic and metabolic disorders.3 NT1 is
also called orexin (ORX)/hypocretin deficiency syndrome, as
it is caused by the irreversible loss of ORX neurons in the
lateral hypothalamus.4,5 Patients subsequently need lifelong
management with symptomatic medications.6,7 The precise
underlying process leading to this destruction remains un-
clear; however, several arguments strongly support an auto-
immune origin,8 with the tight association with immune-
related genetic factors, mainly the HLA DQB1*06:02 allele,
the T-cell receptor alpha, and specific adaptative immune
response directed to ORX neurons.9–11 The rarity of familial
cases and the low concordance rate between monozygotic
twins highlight the key role of environmental factors in the
etiology of NT1.6,12 Well-designed environmental studies are
rare in NT1 with low reproducibility, except for the recently
discovered triggers H1N1 influenza infection and vaccination
during the 2009 influenza pandemic.13,14 An association with
Streptococcus pyogenes infections was also reported in NT1,
with high anti-streptolysin O titers when close to disease
onset,8 but it was not replicated in a recent study.15 Although
studies proving causality between environmental factors and
NT1 are rare, it has been hypothesized that infections can
trigger the development of the disease by molecular mimicry
and bystander activation mechanisms.11

The gut microbiota is home to an estimated 100 trillion
bacteria, archaea, fungi and other microbial eukaryotes, as well
as viruses, with the total genome estimated to contain ap-
proximately 3 million genes, 100-fold more than the human
genome.16,17 These organisms have evolved to live in sym-
biosis with their human host. However, the composition of
the gut microbiome has the potential to influence pathogen-
esis of many disorders including neuro(auto)immune diseases
(e.g., MS and neuromyelitis optica spectrum) and neurode-
generative diseases (e.g., Parkinson’s disease, Alzheimer’s
disease, Huntington’s disease) through the microbiota-gut-
brain axis, and more widely, obesity, diabetes, liver diseases
and cancer18,19 A growing body of evidence demonstrates the
complex interactions between the gut microbiota and the
CNS.18–20

Recent advancements with application of high-throughput
sequencing technology (e.g., 16S rRNA gene sequencing21)
allowed to identify many of the unculturable microorganisms
that constitute the human gut microbiota. Differences in
microbiota diversity and relative abundance have been

reported in neuroimmune diseases.18–20 However, whether
gut microbiota dysbiosis is causal or a contributing factor,
involved in onset and/or progression of the disease remains
unclear for most of these disorders.18–20

Assessment of the intestinal microbiome in NT1 is a new field
of investigation. The potential role for gut microbiota in the
pathogenesis of NT1 remains an open question, as well as the
possible, yet hypothetical, presence of a specific microbial
signature. To explore this hypothesis, we compared the fecal
microbiota bacterial communities of well-defined patients
with NT1 and control subjects using a 16S rRNA gene
amplicon sequencing approach.

Methods
Standard protocol approvals, registrations,
and patient consents
This study was approved by the local ethics committees (Comité
de Protection des Personnes, France: Constitution of a cohort
and of a clinical, neurophysiologic and biological bank of rare
hypersomnolence disorders). All adult participants and both
parents for minors provided written informed consent prior to
participation.

Study population
Thirty-five patientswithNT1 (51.43%women,mean age: 38.29±
19.98 years, 5 children >12 y.o.) diagnosed at the National Ref-
erence Center for Narcolepsy, Montpellier, France were recruited
from March 2018 to February 2019. The diagnosis of NT1 was
based on the third International Classification of Sleep Disorders
(ICSD-3) criteria22: presence of EDS for at least 3 months, mean
sleep latency ≤8 minutes on the Multiple Sleep Latency Test
(MSLT), with at least 2 sleep-onset REM periods (SOREMPs),
and typical cataplexy or low CSF levels of ORX-A (<110 pg/mL)
when a lumbar puncture was performed. All patients were positive
for HLA-DQB1*06:02. CSF ORX-A level was determined in 29
(83%) patients in duplicate using the 125I-radioimmunoassay
(RIA) kit from Phoenix Pharmaceuticals, Inc., (Burlingame, CA)
according to the manufacturer’s recommendations. All had low
levels of ORX-A. Patients were systematically evaluated for body
mass index (BMI) (categorized as normal weight [<25 kg/m2],
overweight [25–30 kg/m2], and obese [≥30 kg/m2], and
according to BMI growth curves for children), age at disease onset
and disease duration, and medication intake at time of the study.
None of these patients had significant comorbid psychiatric or
medical disorders.

We also recruited 41 controls (57.14% women, mean age: 36.14
± 12.68 years, 4 children >12 y.o.) during the same period:

Glossary
BMI = body mass index; EDS = excessive daytime sleepiness; IQR = interquartile range; NT1 = Narcolepsy type 1;MSLT =
Multiple Sleep Latency Test; ORX = orexin; OTU = operational taxonomic unit; SOREMP = sleep-onset REM periods.
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18 (44%) were healthy controls selected from the general
population via advertisement and local association networks, and
23 (56%) had an initial EDS complaint, but none of them ful-
filled criteria for a central hypersomnolence disorder (including
narcolepsy). These 23 subjects had no objective sleepiness on
the MSLT (mean sleep latency >8 minutes), no SOREMP, no
abnormalities on nocturnal polysomnography, no complaint of
long sleep time, no medication use, and no other significant
psychiatric, neurologic, or medical disorders.

None of the participants (NT1 and C) were affected with
comorbid neurologic inflammatory or immune pathologies.
None of them were treated with antibiotics, immunotherapy,
or corticosteroids at the time of the study.

Stool sampling
Stool samples were collected for all participants in the sleep
unit from March 2018 to February 2019 using DNA Stool
Collection Tubes containing DNA Stabilizer from the PSP®
Spin Stool DNA Plus Kit of STRATEC Molecular®, and
subsequently frozen and stored at −80°C. Stool samples were
shipped on dry ice to the DNA Sequencing and Genomics
laboratory at the Institute of Biotechnology, University of
Helsinki, Finland for 16S rRNA gene analysis.

DNA extraction
DNA extraction of the samples was performed using the
STRATEC Molecular® PSP Spin Stool DNA Plus Kit
according to the manufacturer’s instructions. Samples were
randomized between extraction batches to minimize batch
effects. Blank extractions were performed from DNA Stabi-
lizer tubes with no addition of template as a way to assess the
presence of possible contaminants.

Library preparation and sequencing
Libraries were obtained by performing 2 steps of PCR. In the
first step the V3-V4 regions of the 16S rRNA gene were am-
plified following a previously published protocol.23,24We used 2
technical replicates (25 μL reactions) per subject sample, and a
mixture of the universal bacterial primers 341F1–4 (59
CCTACGGGNGGCWGCAG 39) and 785R1–4 (59 GAC-
TACHVGGGTATCTAATCC 39) with partial TruSeq adapter
sequences added to the 59 end.23 PCR was done with the fol-
lowing conditions: initial denaturation at 98°C for 30 seconds,
12 cycles at 98°C for 10 seconds, 55°C for 30 seconds, 72°C for
10 seconds, and a final extension at 72°C for 5 minutes. A clean-
up step was performed to remove unused primers and nucle-
otides following a previously published protocol.24 In the sec-
ond PCR step the full-length P5 and P7 Illumina adapters
containing 8 bp indexes (dual-index) were added. The used
indexes were selected using BARCOSEL.25 The two-step PCR
and subsequent quantification, pooling, and purification were
done as described previously.24 The obtained PCR amplicon
pool was checked using Fragment Analyzer (Advanced Ana-
lytical Technologies Inc., Ankeny, IA). PCR of the samples and
the isolation controls were done in batches and every PCR
batch included a blank control (no added DNA template for

amplification) to assess potential contamination. Finally, the
PCR products were sequenced with Illumina MiSeq using the
v3 600 cycle kit paired-end (325 bp + 285 bp). All the samples
were sequenced in a single run to avoid batch effects. The raw
sequence data contained a total of 24,660,868 paired-end reads.

Sequencing data
Primers were removed from the reads using cutadapt (version
2.3)26 with default parameters, an error rate of 10%, minimum
length of overlap between read and adapter set as 3 bp, with
command line provided in supplementary data (Supple-
mentary methods, links.lww.com/NXI/A322). The reads
were paired, quality trimmed, taxonomically classified, and
clustered into operational taxonomic units (OTUs) following
Mothur’s Standard Operating Procedure (SOP) for MiSeq
(Mothur 1.42.1; SOP version last updated on April 4, 2018).27

We inspected the extraction and PCR blanks, which overall
had very low amounts of sequence reads, and since these did
not suggest any overall problems with contamination, we
removed these samples before downstream analysis. The final
sequence data set (without the blanks) consisted of 7,460,575
good quality reads.

Statistical analysis
All statistical comparisons and data visualization were per-
formed with the R statistical programming language
(v. 3.6.1).28 Quantitative variables are presented as mean and
SD, or median with interquartile range (IQR). All p-values are
double-tailed, with statistical significance accepted at an alpha
of 0.05 in alpha and beta diversity, and at an alpha of 0.1 in
differential abundance analysis.

Non-rarefied data without singletons were used for calculating
alpha diversity indices (observed richness, Shannon index and
Inverse Simpson). These 3 different indices were compared
statistically between groups using theWilcoxon rank sum test,
and Spearman’s rank correlation test. Beta diversity, based on
Bray-Curtis dissimilarity, was performed with rarefied data
(37,008 sequences per sample). Beta diversity was visualized
with Non-Metric Multidimensional Scaling and compared
statistically with adonis2 (an implementation of PERMA-
NOVA) from the vegan package.29

Differential abundance analyses were done with DESeq2,30

which uses Generalized Linear Models with a negative binomial
distribution, with Benjamini-Hochberg method for multiple
comparisons correction. A complementary differential abun-
dance analysis was done with ALDEx2,31 which uses a Dirichlet-
multinomial model to infer abundance from counts. Predicted
metagenomic functional potential of the microbial community
was obtained by using PICRUSt2 (v. 2.3.0 beta) (Phylogenetic
Investigation of Communities by Reconstruction of Un-
observed States),32,33 and following the tutorial available on
GitHub. Visualization and statistical comparison of differential
abundances in predicted metagenomic functional potential was
performed using STAMP (v. 2.1.3) (statistical analysis of tax-
onomic and functional profiles)34 and following PICRUSt
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visualization and statistics in STAMP provided in PICRUSt
tutorial. EC (Enzyme Classification) and KEGG (Kyoto En-
cyclopedia of Genes and Genomes) Ortholog pathway pre-
dictions were analyzed after correction formultiple comparisons
(Benjamini-Hochberg FDR).

Data availability
Anonymized data not provided in the article because of space
limitations will be shared by request from any qualified
investigator.

Results
Characteristics of the study population
At the time of the study, the duration of NT1 was 221.5 ± 198.8
months. Thirteen patients (37%) had a normal BMI, 12 (34%)
were overweight and 10 (29%) were obese. At time of study
entry, 26 patients were drug-free while 9 were treated for nar-
colepsy: modafinil (n = 4), methylphenidate (n = 5) alone or in
combination with pitolisant (n = 1), sodium oxybate (n = 1),
venlafaxine (n = 3) and clomipramine (n = 1).

Healthy controls and the control population with a complaint
of EDS did not significantly differ for age, gender and BMI,
and neither in alpha nor beta diversity. Thus, both control

populations were combined to form a single larger control
group. Initial analysis revealed that with respect to micro-
biome compositional data, one control subject was a major
outlier for unknown reasons. We chose to not include this
control subject in subsequent analyses.We found no between-
group differences for age and gender between patients with
NT1 and controls. However, BMI was higher in patients
than controls (median [IQR]: 26.2 [23.3–30.3] vs 23.1
[20.6–24.2], p < 0.001).

Alpha diversity
Alpha diversity defined as microbial community richness and
evenness did not differ between patients with NT1 and con-
trols as assessed with the Shannon (Wilcoxon rank sum test:
p = 0.07814, W = 887) and Inverse Simpson (Wilcoxon rank
sum test: p = 0.06801, W = 893) indices, nor with observed
richness (Wilcoxon rank sum test: p = 0.1281, W = 864).
Alpha diversity was also investigated as function of age, gender
and BMI, with no significant effects found (Supplementary
table 1, links.lww.com/NXI/A321).

We further analyzed in patients with NT1 the association be-
tween alpha diversity and demographic and clinical character-
istics such as gender, age, disease duration, BMI, and
medication (Supplementary table 2, links.lww.com/NXI/
A321). We found no associations except between the Shannon
index (i.e., a commonly used index to characterize diversity in
terms of richness and evenness) and disease duration (Spear-
man’s rank correlation test: p = 0.038, r = 0.352).

Beta diversity
Beta diversity quantifies the community composition dissimilarity
between samples and showed significant differences between
patients and controls using Bray-Curtis dissimilarity in univariable
PERMANOVA models (p = 0.026, R2 = 0.023) (figure 1). We
also found trends for dissimilarity for gender (p = 0.0549, R2 =
0.02) and BMI (p = 0.082, R2 = 0.019), but not for age, disease
duration and medication. The difference between patients and
controls remained significant after adjustment for gender and
BMI in a multivariable model (Diagnosis: p = 0.027, R2 = 0.023;
Gender: p = 0.032, R2 = 0.022; BMI: p = 0.055, R2 = 0.02).

We further analyzed the Beta diversity in patients with NT1 in
univariablemodels as a function of gender, age, disease duration,
BMI, and medication, but found no significant associations.

Differential microbial abundance analyses
between patients with NT1 and controls
The data set was composed of 7,243 non-singleton OTUs
distributed into 180 genera, 73 families, 36 orders, 22 classes
and 12 phyla. The 20 most common and the 5 most abundant
genera (e.g., Bacteroides, Faecalibacterium, Roseburia, Pre-
votella, and Ruminococcus) in patients and controls are shown
in figure 2. We analyzed the differential abundance at different
taxonomic levels, namely OTU, genus, family, and phylum
levels with DESeq2. For every taxon level, we identified and
plotted the normalized counts and the relative abundances of

Figure 1 NMDS ordination plot of the control (C) and nar-
colepsy (NT1) samples

Ordination based on Bray-Curtis dissimilarity calculated with genus-level
data, randomly rarefied to 37,008 sequences per sample. Ellipses indicate
95% confidence intervals. Each point represents one sample. The closer the
points are to one another, themore similar themicrobiome compositions of
the samples are. NMDS = Non-Metric Multidimensional Scaling; NT1 = Nar-
colepsy type 1.
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the significant differentially abundant taxa if any, the 20 most
common taxa, as well as the 20 taxa with the lowest corrected
p-value for multiple comparisons. We found several taxa with
differential abundance between patients with NT1 and con-
trols (table 1 and figure 3). BacteroidesOtu00012 and Bacteria
unclassified Otu00078 were decreased in NT1 compared to
controls, while Flavonifractor Otu00099 and Bacteroidetes
unclassified Otu00102 were increased in NT1 compared to
controls. After adjusting for gender, 3 among the 4 taxa
remained significant between groups: Bacteroides Otu00012,
Bacteria unclassified Otu00078 and Flavonifractor Otu00099.
However, after correction for BMI alone, and then gender and
BMI in the same model, no taxa remained statistically sig-
nificant for differential abundance between groups. Few other
between-group differences were identified at OTU, genus,
family and phylum taxonomic levels. However, a detailed
review of the normalized counts plots and the relative abun-
dance plots showed several outliers in both groups and
thereafter these taxa could no longer be considered as dif-
ferent between the groups.

A complementary differential abundance analysis was done
with ALDEx2 at all taxonomic levels; however we found no

significant differences between groups in any of the compar-
isons performed.

Relative microbial abundance analyses
according to demographic and clinical
characteristics in patients with NT1
We analyzed the differential abundance analysis at genus level
within patients with NT1 according to age (in children
compared to adults), disease duration (population divided as
the median of disease duration, adjusted only for age), BMI
(population divided into obese, non-obese), and medication
(in untreated and then in treated patients). Among these
subgroups, DESeq2 identified the following taxa as differen-
tially abundant (Age: Acidaminococcus, Allisonella, Alloprevo-
tella, Catenibacterium, Holdemanella, Klebsiella, Prevotella;
disease duration: Alloprevotella, Butyrivibrio; BMI: Alloprevo-
tella, Clostridium IV, Coprobacillus, Intestinimonas,Mitsuokella;
medication: Faecalicoccus, Klebsiella, Parasutterella, Veillo-
nella). However, the sample size of the different subgroups
was small, and the review of the normalized counts and the
relative abundance plots showing the presence of outliers
suggested that the significant differences were rather statistical
noise than true between-group differences.

Figure 2 The most 20 common genera between patients with NT1 and controls

Mean relative abundance of 20 most common
genera organized as control (C) and patient (NT1)
groups. NT1 = Narcolepsy type 1.
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Predicted metabolic pathways
PICRUSt2’s predictions of microbial metabolic pathway
abundances were used to infer potential differences between
patients with NT1 and controls. We found no significant dif-
ferences in predicted metabolic function patterns between
patients with NT1 and controls.

Discussion
Here, we report an assessment of gut microbiota diversities and
relative abundances in a well-characterized population of patients
with NT1 compared with control subjects. We found no between-
group differences for alpha diversity that quantifies both taxonomic
richness and evenness, except for the Shannon index that corre-
lated with NT1 disease duration. This result suggests that richness
and evenness ofmicrobial speciesmay differ as a functionof disease
evolution in patients with NT1. We also reported a significant
difference regarding the global bacterial community structure in
NT1 vs controls, as assessed by beta diversitymetrics. These results
highlighted that the microbial community differs between patients
withNT1 and controls, even after adjustment for BMI.We further
explored with the DESeq2 analyses whether the community dif-
ferences between groups are driven by changes in the abundance of
certain taxa. Few microbial species were differentially abundant
between patients and controls with one OTU among Bacteroides
and one OTU among unclassified bacteria, which were decreased
in patients, whereas anOTUamong unclassifiedBacteroidetes and
one OTU among Flavonifractor were increased in patients with
NT1 compared with controls. After adjustment for BMI, these
differences did not remain significant and thus may not be asso-
ciated with NT1 per se. Importantly, metabolic disturbances such

as overweight/obesity are frequently associated with NT1: one-
third of adults with NT1 are obese, and 50% of children, with a
rapid weight increase close to disease onset.3,35,36

Several studies have attempted to define what constitutes an
“obese” vs a “healthy” gut microbiota.37,38 Generally, microbial
diversity is an essential component to host health, and obese
individuals have a lower bacterial diversity and decreased fecal
microbial richness.39 The question whether changes in beta di-
versity and subtle differential community abundance between
patients withNT1 and controls were directly related to the disease
per se or to confounders such as BMIneeds to be further explored.

Our global resultsmay argue for a shift of the whole community
structure in patients with NT1 compared with controls. Using
the DESeq2 analyses, we found that the community differences
between groups may relate to changes in abundance of few
taxa; however, a complementary abundance analysis performed
with the ALDEx2 at all taxon levels, found no between-group
statistically significant results. ALDEx2 is a very conservative
method, and it is not uncommon that results detected by
DESeq2 or other methods are not reproduced by ALDEx2.23

The analysis of predicted metabolic pathways did not reveal
functional differences between groups that would reflect the
observed compositional differences. Finally, we did not find any
association between microbial community structure and de-
mographic and clinical characteristics in patients with NT1.

Although preliminary, the gut microbial diversity alteration we
found here in NT1 reinforces the hypothesis of the important
role of the environment in NT1 development and pathogenesis.
It is now widely accepted by the scientific community that the

Table 1 Significantly differentially abundant taxa in patients with NT1 and controls

Groups Variable
Taxon
level Taxon designation

Normalized mean
abundance

Log 2 fold
change

Adjusted
p Value

All C and all
NT1

Diagnosis OTU Bacteroides Otu00012 1,058.259 +13.999 in C 8.66e-16

All C and all
NT1

Diagnosis OTU Bacteria unclassified
Otu00078

109.098 +8.144 in C 3.18e-04

All C and all
NT1

Diagnosis OTU Flavonifractor Otu00099 91.947 +1.697 in NT1 1.64e-02

All C and all
NT1

Diagnosis OTU Bacteroidetes unclassified
Otu00102

62.685 +10.048 in NT1 2.10e-02

All C and all
NT1

Diagnosis corrected for
gender

OTU Bacteroides Otu00012 1,058.259 +13.94 in C 3.78e-16

All C and all
NT1

Diagnosis corrected for
gender

OTU Bacteria unclassified
Otu00078

173.435010 +8.01 in C 1.66e-04

All C and all
NT1

Diagnosis corrected for
gender

OTU Flavonifractor Otu00099 91.946991 +1.6376 in NT1 5.10e-03

Abbreviations: C = controls; NT1 = narcolepsy type 1; OTU = operational taxonomic unit.
Variation of the significantly differentially abundant taxa without correction and after correction for gender. Log2FoldChange: estimation of the effect size (as
a fold change) in log 2 scale and orientation of the variation; it represents howmuch does the abundance of the taxumof interest changes between groups (C
and NT1). It also gives the orientation of this change.
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immune system is involved in the death of ORX neurons.3,40

Complex interactions have been established between the gut
microbiota and the CNS, and gut-brain interactions may occur

through immune-mediated inflammatory pathways.18,19 The
gutmicrobiota plays a key role inmaintaining the integrity of the
intestinal epithelium and the mucosal barrier.39 Several other

Figure 3 Normalized counts and relative abundance plots between patients with NT1 and controls

Visualization of differential abundance with plot of normalized counts and relative abundances of bacterial OTUs in the control (C) and narcolepsy (NT1)
groups. Lower and upper hinge of the box: 1st and 3rd quartile; line: median; red diamond: mean. Three OTUs are represented: Bacteroides Otu00012,
Bacteria unclassifiedOtu00078, and FlavonifractorOtu00099—the significantly differentially abundant OTUs (DESeq2 p < 0.1) between control andNT1 groups
after adjusting for gender. NT1 = Narcolepsy type 1; OTU = operational taxonomic unit.
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roles of the gut microbiota were highlighted with modulation of
CNS inflammation, regulatory cells from both T and B cell
lineages, and changes in cytokine activities and microglia acti-
vation, all potential players involved in the pathogenesis of
NT1.18,19,41–43 Hence, subtle changes in the microbiome may
modulate risk of NT1 in genetically predisposed individuals
(carrying the HLA DQB1*06:02 allele) as already reported in
several neuro(auto)immune disorders such as MS.18,44

At this point, it remains unclear whether the changes in the
gut microbiota are robust in NT1 and whether these changes,
if confirmed, are involved in disease causation or are rather a
consequence of the disease. Regarding the latter, it also can-
not be ruled out that latent identified (such as BMI) or un-
identified clinical confounders are involved, meaning that
observed beta diversity and taxon abundance differences may
not even be a consequence of the disease state itself. In ad-
dition, how microbiota affect changes in (auto)immunity re-
lated to NT1, symptom burden, disease progression, and drug
treatment responses remains to be further established.
Whether the modulation of the microbiome can lead to either
exacerbation or improvement of symptoms in NT1, especially
close to disease onset, remains also to be investigated.

This study has several strengths and limitations. We included
well-characterized patients with NT1 comparable with control
subjects about gender and age, with recruitment of subjects
within the same geographical region and from the same period.
None of the participants had comorbid immune diseases, an
expected condition in NT1; this disorder having a unique
pathophysiology.45 Experimental design with standardized col-
lection and storage; molecular analysis technology and methods
for data analysis were performed according to the best practice
methods, with strong precautions to minimize batch effects and
contamination.46,47 The main limitation of our study is the small
sample size. However, NT1 affects only 1 in 2,000 people
worldwide, so the rarity of this sleep disorder justifies the present
report of the first small-scale exploratory study of the gut
microbiota in NT1. Unfortunately, owing to heavily tailed zero-
inflated distributions of bacterial abundances and the multivari-
ate nature of the data, power calculations for microbiome studies
are challenging, and no consensus exist on how they should be
conducted. The question of whether the difference in beta di-
versity and subtle changes in relative abundance of microbial taxa
between narcolepsy and control samples reflects an underlying
diversity or sampling bias remains to be confirmed. Patients with
NT1 had a higher BMI than control subjects, which may have
introduced bias into the analysis despite our model adjustments.
In addition, our study lacks assessments of lifestyle, diet as well as
gastrointestinal discomfort in our subjects, and questionnaires on
gut and on depressive symptoms, which would have further
improved confounder adjustment. Indeed, a recent study
reported a large spectrum of clinical autonomic dysfunction in
NT1 with impairment in the gastrointestinal area that may
modify the gut microbial composition.48 Moreover, most of the
patients were recruited long after disease onset, but long delays
between symptoms onset and diagnosis remain unfortunately

the rule for this rare disease.49 Therefore, possible transitory
microbiota alterations, more pronounced during the autoim-
mune processes at disease initiation, may have become un-
detectable during the follow-up period. Owing to the lack of
power in the analysis of subgroups of patients based on clinical
characteristics, we cannot at this stage discern the effects of
endophenotypes, comorbidities, and of medications taken by
patients with NT1 on abundances in the microbial community.
Finally, our results cannot be considered as definite identification
of specific gutmicrobial community structure alterations inNT1.
We need larger sample sizes in the future to obtain more reliable
estimates, and different study designs with longitudinal studies
and randomized controlled trials withmultiple time points of the
same subjects to elucidate potential causal relationships and to
find out if targeting the microbiome can yield novel therapeutic
strategies.

To conclude, we provide evidence for differences in gut mi-
crobial communities in NT1. However, our preliminary results
cannot be considered a definite identification of specific
microbiome-based biomarkers in narcolepsy. Further larger,
and preferably longitudinal, multiomics studies are required to
replicate our findings, to elucidate the relationship between the
gut microbiota and NT1, and to determine the role of the
microbiome in the development of the disease, if any.

Acknowledgment
The authors thank the personnel of the DNA Sequencing and
Genomics Laboratory for performing the DNA isolations and
NGS sequencing. The authors thank all collaborators within
the National Reference Center for Narcolepsy, in Montpellier,
France. The authors are indebted to all the participants of the
study, narcoleptic patients and controls.

Study funding
ANR (Agence Nationale de la Recherche): this was not an
industry-supported study.

Disclosure
F. Scheperjans reports grants from Finnish Medical Foundation;
grants from Academy of Finland; during the conduct of the study,
personal fees and nonfinancial support fromAbbVie; personal fees
and nonfinancial support from UCB; nonfinancial support from
Nordicinfu Care; nonfinancial support from Medtronic; other
fromNeuroInnovationOy; personal fees and nonfinancial support
fromHerantis Pharma; nonfinancial support from Global Kinetics
Corporation; personal fees and nonfinancial support from Zam-
bon; personal fees fromOrion, nonfinancial support from Abbott;
personal fees and nonfinancial support from LivaNova; and per-
sonal fees from Axial Biotherapeutics, outside the submitted work.
In addition, F. Scheperjans has a patent FI127671B issued, a patent
US10139408B2 issued, a patent EP3149205A4 pending, and a
patent US16/186,663 pending. P. Pereira has a patent FI127671B
issued, a patent US10139408B2 issued, a patent EP3149205A4
pending, and a patent US16/186,663 pending. Y. Dauvilliers re-
ceived funds for seminars, board engagements, and travel to con-
ferences by UCB Pharma, Jazz, Theranexus, Avadel, Idorsia, and

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

http://neurology.org/nn


Bioprojet. L. Barateau received funds for travel to conferences by
UCB Pharma. A. Lecomte, L. Paulin, and P. Auvinen report no
disclosure. Go to Neurology.org/NN for full disclosures.

Publication history
Received by Neurology: Neuroimmunology & Neuroinflammation
July 2, 2020. Accepted in final form August 31, 2020.

References
1. Dauvilliers Y, Arnulf I, Mignot E. Narcolepsy with cataplexy. Lancet 2007;369:

499–511.
2. Scammell TE. Narcolepsy. N Engl J Med 2015;373:2654–2662.
3. Bassetti CLA, Adamantidis A, Burdakov D, et al. Narcolepsy—clinical spectrum,

aetiopathophysiology, diagnosis and treatment. Nat Rev Neurol 2019;15:519–539.
4. Peyron C, Faraco J, Rogers W, et al. A mutation in a case of early onset narcolepsy and

a generalized absence of hypocretin peptides in human narcoleptic brains. Nat Med
2000;6:991–997.

5. Thannickal TC. Reduced number of hypocretin neurons in human narcolepsy.
Neuron 2000;27:469–474.

6. Barateau L, Liblau R, Peyron C, Dauvilliers Y. Narcolepsy type 1 as an autoimmune
disorder: evidence, and implications for pharmacological treatment. CNS Drugs
2017;31:821–834.

7. Barateau L, Dauvilliers Y. Recent advances in treatment for narcolepsy. Ther Adv
Neurol Disord 2019;12:1756286419875622.

8. KornumBR,Knudsen S,OllilaHM, et al. Narcolepsy. Nat RevDis Primers 2017;3:16100.
9. Latorre D, Kallweit U, Armentani E, et al. T cells in patients with narcolepsy target

self-antigens of hypocretin neurons. Nature 2018;562:63–68.
10. Pedersen NW, Holm A, Kristensen NP, et al. CD8+ T cells from patients with

narcolepsy and healthy controls recognize hypocretin neuron-specific antigens. Nat
Commun 2019;10:837.

11. Luo G, Ambati A, Lin L, et al. Autoimmunity to hypocretin and molecular mimicry to
flu in type 1 narcolepsy. Proc Natl Acad Sci U S A 2018;115:E12323–E12332.

12. Liblau RS, Vassalli A, Seifinejad A, Tafti M. Hypocretin (orexin) biology and the
pathophysiology of narcolepsy with cataplexy. Lancet Neurol 2015;14:318–328.

13. Dauvilliers Y, Arnulf I, Lecendreux M, et al. Increased risk of narcolepsy in children
and adults after pandemic H1N1 vaccination in France. Brain 2013;136:2486–2496.

14. PartinenM, Kornum BR, Plazzi G, Jennum P, Julkunen I, Vaarala O. Narcolepsy as an
autoimmune disease: the role of H1N1 infection and vaccination. Lancet Neurol
2014;13:600–613.

15. Ding Q, Li J, Xiao F, Zhang C, Dong X, Han F. Anti-Streptococcal antibodies in
Chinese patients with type-1 narcolepsy. Sleep Med 2020;72:37–40.

16. International Human Genome Sequencing Consortium. Finishing the euchromatic
sequence of the human genome. Nature 2004;431:931–945.

17. Qin J, Li R, Raes J, et al. A human gut microbial gene catalogue established by
metagenomic sequencing. Nature 2010;464:59–65.

18. Iannone LF, Preda A, Blottière HM, et al. Microbiota-gut brain axis involvement in
neuropsychiatric disorders. Expert Rev Neurother 2019;19:1037–1050.

19. Cryan JF, O’Riordan KJ, Sandhu K, Peterson V, Dinan TG. The gut microbiome in
neurological disorders. Lancet Neurol 2020;19:179–194.

20. Tremlett H, Bauer KC, Appel-Cresswell S, Finlay BB, Waubant E. The gut micro-
biome in human neurological disease: a review. Ann Neurol 2017;81:369–382.
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Abstract
Objective
To determine whether oxidative stress in virologically suppressed people with HIV (PWH)
may contribute to or result from neurodegeneration, we measured 7,8-dihydro-8-oxoguanine
(8-oxo-dG), a marker of DNA damage due to oxidative stress, and markers of age-related
neurodegeneration, specifically, reduced levels of CSF Aβ-42, and elevated CSF total tau and
neurofilament light (NFL).

Methods
This cross-sectional study prospectively enrolled participants at 6 US centers in the CNS HIV
Antiretroviral Effects Research study. Inclusion criteria includedHIV+with a plasma level of HIV
RNA ≤50 copies/mL. Exclusions included significant CNS confounding conditions. Measure-
ments of total tau and Aβ-42 were performed by bead suspension array. NFL and 8-oxo-dG were
measured using ELISA.

Results
Participants were 53 PWH, mean age 55 (±9.3) years, 19% women, and 48% non-Hispanic
White. Higher 8-oxo-dG correlated with markers of AD-related neurodegeneration including
lower CSF Aβ-42 (r = −0.34; p = 0.012) and higher CSFNFL (r = 0.39; p = 0.0091) and total tau
(r = 0.6696; p < 0.0001). Relationships remained after adjusting for demographic variables. Levels
of protein carbonyls, a marker of protein oxidation, were not related to neurodegeneration
markers.

Conclusions
Among virologically suppressed PWH, nucleic acid oxidation was associated with standard CSF
biomarkers of neurodegeneration. Potential sources of oxidative stress in PWH include low-level
HIV replication, inflammation, mitochondrial dysfunction, and specific antiretroviral drugs. Results
suggest that the higher levels of oxidative stress among PWHmay play a role in neurodegeneration.

Classification of evidence
This study provides Class II evidence that among virologically suppressed PWH, nucleic acid
oxidation is associated with standard CSF biomarkers of neurodegeneration.
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Age-related neurodegeneration has taken on increasing impor-
tance in people withHIV (PWH) due to the increased longevity
resulting from successful antiretroviral therapy. Researchers
expect that Alzheimer disease (AD) will become increasingly
common in PWHdue to their longer lifespan. Oxidative stress is
common in HIV, even among virologically suppressed indi-
viduals.1 HIV and AD are both associated with oxidative stress
and the resulting DNA damage as indexed by a marker of
oxidatively damaged guanine, increased 7,8-dihydro-8-
oxoguanine (8-oxo-dG) levels. In HIV brains, lower volume
of gray matter from selected brain areas (e.g., hippocampus and
pallidum) is associated with lower levels of mitochondrial 8-
oxoG in serum.2 Moreover, an increase in 8-oxo-dG in nuclear
DNA is accompanied by a decrease in the mitochondrial DNA
content observed in the frontal cortex.3 Animal studies show
that antiretrovirals (ARVs) also are associated with oxidative
stress through the generation of oxidative radicals and depletion
of antioxidants and antioxidant enzymes, leading to mitochon-
drial damage in the brain.4 In particular, dideoxynucleoside
ARVs produce mitochondrial dysfunction and oxidative stress.5

A magnetic resonance spectroscopy study found that exposure
to dideoxynucleoside ARVs was associated with reductions in
N-acetyl aspartate in the brain, possibly as a result of depleted
brain mitochondria and/or alterations in cellular respiration.6

Similarly, oxidative stress in AD leads to nucleic acid and protein
damage.7 Proteolytic processing of the amyloid precursor pro-
tein via amyloidogenic pathways yields neurotoxic and oxidative
stress–producing Aβ-42 peptide, which is deposited in amyloid
plaques. Such increased amyloid deposition in the brain leads to
a reduction in Aβ-42 in CSF. Increased levels of oxidized bases
in nuclear and mitochondrial DNA in temporal, parietal, and
frontal lobes have been reported in AD.8 Increased levels of
8-hydroxyguanine have even been detected in the hippocampus
in preclinical stages of AD.9 Aβ-42 also may directly disrupt
mitochondria function and contribute to the deficiency of en-
ergy metabolism and neuronal death seen in AD.10 Oxidative
stress may contribute to the hyperphosphorylation and poly-
merization of tau. Cells overexpressing tau protein had in-
creased susceptibility to oxidative stress.11

Among frequently used biomarkers of neurodegeneration are
the light subunit of the neurofilament protein (NFL), a major
structural element of myelinated axons. NFL concentration in
CSF is a sensitive marker of neuronal damage in several
neurologic diseases,12 and CSF NFL levels are substantially
increased in PWH with HIV-associated dementia compared
with HIV-uninfected individuals.13,14

To address possible relationships between oxidative stress and
neurodegeneration in HIV, we measured 8-oxo-dG, Aβ-42,

total tau, and NFL in CSF and plasma in PWH. Because of the
close relationship between oxidative stress and neuro-
degeneration in other disorders such as AD, we hypothesized
that increased CSF 8-oxo-dG would be related to higher total
tau and NFL, but lower Aβ-42, and that these relationships
would be absent for plasma.

Methods
Participants
This cross-sectional study prospectively enrolled 53 PWH
betweenMay 2016 and April 2018 at 6 university-based centers
(St. Louis, Galveston, Baltimore, New York, Seattle, and San
Diego) in the CNS HIV Antiretroviral Effects Research
(CHARTER) Aging study, which has been described in detail
previously.15 To enhance representativeness, CHARTER in-
clusion criteria were broad: HIV infection and willingness to
undergo the study assessments were required and comorbid-
ities such as past substance abuse were permitted. Exclusions
were any substance use disorder in the past 6 months, un-
controlled major psychiatric disorders, untreated hepatitis C
infection, active opportunistic infections, major neurologic
conditions unrelated to HIV such as Parkinson disease or MS
and uncontrolled epilepsy or inability to cooperate with a full
day of clinical evaluation. Samples were selected based on viral
suppression (plasma HIV RNA <50 copies), and available
sample at the time assays were performed.

Standard protocol approvals, registrations,
and patient consents
All participants signed informed consent documents ap-
proved by their respective local institutional review boards.

Primary research question
To determinewhether oxidative stress in virally suppressed PWH
is associated with markers of age-related neurodegeneration.

Classification of evidence
Class II.

Biomarkers
Measurements of total tau and Aβ-42 in plasma and CSF were
performed by bead suspension array (Milliplex FLEXMAP
3D). Protein carbonyls and 8-oxo-dg were measured by ELISA
(Trevigen, MD). NFL was measured using a commercially
available kit (colorimetric ELISA; Tecan, Switzerland).

Additional clinical and laboratory assessments
Comprehensive neuromedical assessments were performed.
These assessments included vital signs, neurologic and
physical examination, collection of medical history including

Glossary
8-oxo-dG = 7,8-dihydro-8-oxoguanine; AD = Alzheimer disease; ARV = antiretroviral; CHARTER = CNS HIV Antiretroviral
Effects Research; NFL = neurofilament protein; PWH = people with HIV; ROS = reactive oxygen species.
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ARV regimen, and collection of blood and CSF. Routine
clinical assays, such as blood CD4+ T-cell count and CSF total
protein, were measured in the Clinical Laboratory Improve-
ment Amendments–certified laboratory at the University of
California, San Diego Medical Center. HIV RNA levels were
measured in CSF and plasma by real-time PCR with a lower
quantification limit of 50 copies/mL (Abbott Diagnostics,
Des Plaines, IL). A comprehensive neuropsychological test
battery was also administered to assess cognitive function in 7
domains commonly affected by HIV: verbal fluency, working
memory, processing speed, verbal and visual learning, delayed
recall, executive function, and complex motor function as
previously described.15

Statistics
Only participant records with complete data were used. De-
mographics, medical history, and HIV disease characteristics
were summarized using means andSDs, medians and inter-
quartile ranges, or counts and percent as appropriate. To
evaluate potential biases, confounds examined in multivari-
able models included demographics, disease characteristics,
and past exposure to peripherally neurotoxic dideoxynucleo-
sides (d-drugs) such as stavudine. Log10 transformations were

applied to biomarker measures to improve symmetry and
normality of distributions. Correlations among biomarkers
were assessed using Pearson r.Multivariable regressions were
used to assess the impact of potential covariates.

Data availability
All individual deidentified participant data from this study,
along with the clinical protocol, will be shared with qualified
researchers on request to CHARTER. Qualified researchers
include those who agree to use the shared study data and
materials ethically and exclusively for prespecified biomedical
research, the results of which will be made public promptly on
their generation.

Classification of evidence review
This study provides Class II evidence that among virologi-
cally suppressed PWH, nucleic acid oxidation is associated
with standard CSF biomarkers of neurodegeneration. The
study is rated Class II because of the retrospective cohort
design.

Results
Participants were 53 PWH, mean age 55 (±9.3), 19% women,
48% non-Hispanic White, and all with plasma HIV RNA < 50
copies/mL. The table details demographic and clinical char-
acteristics of the sample.

Biomarker correlations
Total tau andNFL levels were strongly correlated (r = 0.56; p <
0.0001). Lower Aβ-42 levels were related to higher total tau (r
= −0.01; p = 0.025), but were not related toNFL (r = 0.019; p <
0.90). Lower CSF Aβ-42 (typically associated with AD in the
general population) was related to higher 8-oxo-dG levels (p =
0.012; figure 1). Higher CSF NFL (p = 0.007) and total tau (p
= 0.0001) were associated with higher 8-oxo-dG levels. None of
the plasma biomarker levels was associated with 8-oxo-dG.
Plasma levels of Aβ-42 and 8-oxo-dG were unrelated. NFL and
total tau were not measured in plasma due to limitations in

Table Demographic and HIV disease characteristics of
the study participants

Age, y (mean ± SD) 55.0 (9.3)

Education 13.1 (2.3)

Female sex (N, %) 10 (18.9%)

Non-Hispanic White race/ethnicity (N, %) 25 (48.1%)

CD4 nadir* (median, IQR) 115 (28, 196)

Current CD4 (median, IQR) 568 (311, 751)

History of d-drug exposure (N, %) 33 (62.3%)

Abbreviations: IQR = interquartile range; nadir, lowest historical level of
blood CD4+ T cells.

Figure 1 Intercorrelations between the markers of neurodegeneration, NFL, Aβ-42 and total tau
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assay sensitivity. NP global and domain performance were not
related to any of the biomarkers (figures 2 and 3).

Potential demographic and
disease confounders
Men had higher CSF NFL (3.10 ± 0.21 vs 2.95 ± 0.12; p =
0.049) and Aβ-42 (2.73 ± 0.26 vs 2.53 ± 0.36; p = 0.042) than
women (figure 4). Hispanics (3.04 ± 0.43) had higher Aβ-42
than Black participants (2.60 ± 0.29; p = 0.021) and White
participants (2.73 ± 0.22; p = 0.16). Higher 8-oxo-dG was
marginally associated with older age (r = 0.268; 95% CI,
−0.0022, 0.502). Furthermore, in a multivariable model

predicting CSF Ab-42 from 8-oxo-dG and age, age was not
significant (p = 0.209), whereas 8-oxo-dG remained significant
(p = 0.00613). In a multivariable model predicting total tau
from 8-oxo-dG and age, both age (p = 0.00099) and 8-oxo-dG
(p < 0.00001) were significant. In a multivariable model pre-
dicting NFL from 8-oxo-dG and age, both age (p = 0.00007)
and 8-oxo-dG were significant (p = 0.0366). Thus, age was not
a significant confounder of the relationships reported here.
Nadir and current CD4 were not related to 8-oxo-dG levels.
PWH with a history of d-drug exposure had higher 8-oxo-dG
levels, but cumulative d-drug exposure was not related to 8-oxo-
dG levels. Relationships of Aβ-42, total tau and NFL to 8-oxo-

Figure 2 Levels of 8-oxo-dG as compared to biomarkers of neurodegeneration, NFL, Aβ-42 and total tau

Figure 3 Associations between age and biomarker levels
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dG levels persisted after adjusting for history of d-drug expo-
sure. None of the biomarkers was significantly associated with
lifetime history of substance use disorder or hepatitis C virus
serology.

Discussion
Age-related neurodegeneration in HIV has taken on expanded
importance due to the increased longevity of PWH with suc-
cessful ARV and because of the intersection of the HIV and AD
epidemics. Neurodegeneration in PWH is associated with ox-
idative stress. Although the relationship between oxidative
stress and neurodegeneration is well known, few studies have
reported findings fromCSF on it and none among PWH. Here
we show that neurodegenerative biomarkers in CSF are related
to increased oxidative stress as indexed by 8-oxo-dG levels in
virologically suppressed PWH. These findings suggest that
oxidative stress related to HIV and/or ARV may contribute to
neurodegeneration in aging PWH.

Mitochondrial dysfunction may contribute importantly to in-
creased oxidative stress in PWH on ARVs. HIV proteins and
ARVs can damage mitochondria, which can generate reactive
oxygen species (ROS).4,16–18 HIV proteins can also induce
ROS generation as part of the inflammatory response.19 Thus,
persistent low-level HIV protein expression or chronic expo-
sure to ARV likely contributes to long-term exposure to ROS.
ROS induce inflammatory gene expression and also inhibit
mitochondrial-associated antiviral responses in glial cells. HIV
proteins and ARV can inducemitochondria to generate ROS as
part of the inflammatory response.17 Recent studies show that
astrogliosis and inflammation in AD and in PWH may com-
promise mitochondrial homeostasis in neurons leading to
neurodegeneration, perpetuating ROS-induced inflammation
and neurodegeneration.18 Strategies that disrupt the cycle be-
tween oxidative stress, neuroinflammation, and neuro-
degeneration may be useful in slowing the aging process in
PWH on ARVs.

The relationships we found were specific to CSF vs plasma
biomarkers. This suggests that CSF provides a unique window

into oxidative stress and neurodegeneration in the CNS. The
specificity of the association of neurodegeneration biomarkers
to DNA oxidation biomarkers, but not protein oxidation
markers, may indicate mitochondrial dysfunction as a major
causative factor. mtDNA is particularly susceptible to oxidative
damage due to a lack of nucleosomes and proximity to ROS
generated at the electron transport chain.20,21 Thus, oxidative
stress caused by mitochondrial damage may first and pre-
dominantly affect mtDNA. Another potential explanation for
the different associations of neurodegeneration markers with
nucleic acid oxidation vs protein oxidation (protein carbonyls)
is differences in rates of excretion of protein and DNA from
healthy or dying cells or differences in degradation of these
molecules inside the cells or in the extracellular space. These
possibilities will need to be investigated in future studies.

The design of our study cannot discern whether oxidative stress
is causing neurodegeneration or vice versa. These causal rela-
tionships could be validated in animal models or in vitro, for
example, by exposing neurons in culture to oxidizing agents
and measuring subsequent changes in markers of neuro-
degeneration or by evaluating oxidative stress levels in cells
overexpressing Aβ or tau. Implications for clinical management
are not clear because the direction of causality is not known. The
absence of links between biomarkers of neurodegeneration,
oxidative stress, and neurocognitive impairment might be
explained by the suggestion that these are early markers, altered
before the onset of neurocognitive impairment. Future studies
should examine whether longitudinal increases in 8-oxo-dG are
related to evidence of worsening neurodegeneration in PWH.
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Coronavirus disease 2019 (COVID-19) caused by SARS-CoV-2 can result in severe disease and
become critically challenging to hospitals via high demand for intensive care and mechanical
ventilation.

Guillain-Barré syndrome (GBS) and its variants have been described as neurologic compli-
cations of COVID-19, and fatal cases were reported.1 The mechanisms by which COVID-19
predisposes to autoimmunity are unclear, and potential biomarkers or risk factors remain
unknown.

Case report
A 35-year-old, healthy Caucasian woman initially presented with fever and coughing over 1
week (days 0–7, figure, A for timeline) at her family doctor and was subsequently tested positive
for SARS-CoV-2 via PCR. The patient had experienced no other infections in previous weeks
and had not received any vaccinations.

On day 8, she developed severe diabetic ketoacidosis (DKA) as the first manifestation of type 1
diabetes (T1D; pH: 6.7; base excess: −27 mmol/L; blood glucose: 25.1 mmol/L, HbA1c:
6.4%), and antibodies against islet cell antigen 2 and glutamate decarboxylase (GAD65) were
positive. There was no history of polyuria or polydipsia. She was admitted to intensive care unit
and transiently recovered after fluid resuscitation and insulin treatment.

However, because of rapidly developing respiratory insufficiency, intubation became necessary
on day 10. Chest x-ray and CT scan showed signs suggestive of COVID-19.

During ICU treatment, the patient recovered from COVID-19, and nasopharyngeal swabs for
SARS-CoV-2 were repeatedly negative (first on day 15). The patient was weaned from ven-
tilatory support, and extubation was performed on day 17. Blood glucose levels remained well
controlled throughout after IV insulin substitution.

However, restrictive lung disorder resulting from diaphragmatic paralysis rapidly evolved, and poor
management of pharyngeal secretions forced reintubation within 24 hours. A rapidly progressive
proximal tetraparesis and dysautonomia with tachycardia and absent heart rate variability were first
noticed on day 19 and repeatedly let to self-limiting, symptomatic bradycardia on day 20.

MRI scans of the brain and cervical cord were unremarkable. CSF analysis showed albu-
minocytologic dissociation (CSF total protein: 1421 mg/L, CSF cell count: 2/μL, and CSF
oligoclonal bands were negative). SARS-CoV-2 was not detectable in the CSF. Nerve conduction
studies revealed widespread axonal damage as indicated by reduced compound motor action
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potentials (figure, B). Antibodies against Gd1B were positive,
whereas antibodies against other gangliosides were negative.

Laboratory analysis revealed selective immunoglobulin A
deficiency (sIgAD; serum IgA <0.05g/L) but was otherwise
unremarkable for autoimmune or hematologic disorders. Vi-
rologic and serologic testing was negative for hepatitis, HIV,
herpes viruses, other respiratory viruses, and Campylobacter.

We performed 5 courses of plasma exchange. After this, we
observed early recovery with increasing muscle strength and
reemerging muscle reflexes. However, bulbar palsy persisted
and prompted early tracheostomy on day 22. Decannulation
was performed on day 45. Currently, symptoms mostly re-
solved but mild neurogenic dysphagia persists. C-peptide levels
remain below thresholds, and insulin treatment is continued.

Discussion
We believe that our patient suffered from sIgAD since child-
hood but remained undiagnosed in the absence of symptoms
until autoimmunity was finally induced by COVID-19.

SARS-CoV-2 has been identified as a potential trigger for
GBS because its spike viral protein interacts with gangli-
oside antigens on human cells and thereby paves the way
for an antiganglioside immune reaction.1 Such association
has not been shown yet for T1D, but previous reports on
the development of DKA within already 1 week after
nivolumab treatment2 indicate that a single trigger can
result in rapid-onset T1D in susceptible patients and
normal HbA1c levels render preexisting yet undiscovered
T1D unlikely here. In addition, sIgAD is a known risk
factor for T1D.3

Moreover, previous cases on GBS after COVID-19 mostly
showed an onset within 5–10 days supporting that COVID-
19 is a sufficient trigger of rapid-onset autoimmunity.1

However in GBS, the role of sIgAD is less clear, although
asymptomatic ganglioside antibodies are more common in
patients with sIgAD compared with the general population.4

Clinically, our case here shares many features with previously
published reports. Our patients suffered from a pre-
dominantly axonal variant of GBS, which has been observed

Figure Clinical course of our patient with COVID-19

(A) Clinical course of our patient. Downward ar-
rows indicate intubation, upward arrow indi-
cates extubation, colored arrows indicate
tracheostomy and decannulation. Chest x-ray
images refer to the respective dates. (B) Data
from nerve conduction studies on day 20. *Ab-
normal. Reference for CMAP is >5 mV in all
examined nerves. EMG was not performed.
COVID-19 = coronavirus disease 2019; CMAP =
compound muscle action potential; DKA =
diabetic ketoacidosis; GBS = Guillain-Barré syn-
drome; SAP = sensory action potential.
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before. Previous patients also developed GBS already within
7–10 days after the onset of COVID-19.1 Furthermore, bulbar
involvement has been described in previous cases.5,6 Espe-
cially, it was present in a case of Miller-Fisher syndrome that
also presented with Gd1b antibodies.5 We have not observed
ophthalmoplegia, yet dysphagia subsequent to bulbar palsy
resulted in necessity for tracheostomy in our patient as de-
scribed before.7

Finally, our findings expand the spectrum of autoimmunity
after COVID-19. Although COVID-19 was repeatedly dem-
onstrated as an inducer of GBS alone, we believe that the
preexisting sIgAD significantly contributed to the development
of 2 different autoimmune disorders after COVID-19.
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Chronic inflammatory demyelinating polyradiculoneuropathy (CIDP) is an acquired immune-
mediated disease of the peripheral nervous system, either being isolated or associated with
other systemic diseases, most frequently with lymphoproliferative subtypes.1 CIDP concurrent
with monoclonal gammopathy of undetermined significance (MGUS) accounts for up to
20%–30% of all cases,2 is often considered clinically indistinguishable from typical CIDP, and
responds similarly to immunologic therapies.3 CIDP clinical course may be poorly responsive
to conventional immunologic or chemotherapy treatment.4 Consequently, allogeneic and
autologous hematopoietic stem cell transplantations (HSCTs) have been proposed in selected
cases.5 To our knowledge, only a single patient with concurrent IgG lambda MGUS has been
treated with autologous HSCT,6 and no case of IgG kappa MGUS is reported so far.

Clinical case
A previously healthy 49-year-old male patient presented with a 4-week history of progressive
muscle weakness, gait ataxia, perioral paresthesias, and subjective swallowing difficulties.
Neurologic examination revealed normal cranial nerves—proximal rather than distal paresis
with diffusely absent reflexes and mild lower limb sensory deficiencies. CSF analysis showed
increased protein (1,185 mg/L) and normal cell count. Electrophysiologic nerve conduction
studies disclosed findings of demyelinating polyneuropathy (table e-1, links.lww.com/NXI/
A313); needle electromyographic examination in the arms and legs was normal. Serum VEGF
concentration was also normal (134 pg/mL). Nerve ultrasound and spinal MRI showed diffuse
hypertrophic, hyperechogenic nerves (figure e-1, links.lww.com/NXI/A312).

Figure 1 illustrates the clinical course and therapy schedule.

CIDP was diagnosed according to European Federation of Neurological Societies/Peripheral
Nerve Society criteria,7 although a sural nerve biopsy was not deemed necessary.

Bone marrow aspirate smears and trephine biopsy demonstrated IgG kappa MGUS with 4%
kappa light chain–restricted plasma cells (table e-2, links.lww.com/NXI/A314). There was no
evidence of amyloidosis or other hematologic malignancies on whole body CT scan and bone
marrow biopsy. Fluorescence in-situ hybridization (FISH) revealed no cytogenetic abnor-
malities, and CRAB criteria (elevated calcium level, renal failure, anemia, and bone lesions)
were not met.

In July 2013, walking distance was less than 20 m with a cane, and the patient developed
respiratory distress necessitating mechanical respiratory support. High-dose chemotherapy
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with melphalan, followed by autologous HSCT together with
continued IV immunoglobulin (IVIG) therapy were admin-
istered as salvage therapy (figure 1).

Conditioning treatment was melphalan (200 mg/m2 IV).
Stem cell mobilization for autologous HSCTs was performed
by vinorelbine (35 mg/m2 IV) and G-CSF (10 μg/kg body
weight). A total of 3.2 × 106 CD34+ cells/kg b.w. were
transfused at the day 0 of autologous HSCT. The patient fully

recovered and resumed his professional activities (figure 1).
The free-serum light chain ratio and the previously sup-
pressed lambda light chains normalized (table e-2, links.lww.
com/NXI/A314).

Two years after HSCT, the patient presented with a clinical
relapse. Bone marrow analysis was again compatible with IgG
kappa MGUS with 4% kappa light-chain restricted plasma
cells (table e-2, links.lww.com/NXI/A314). Chromosome

Figure Clinical course of neurologic symptoms according to CDAS and treatment strategies at presentation and at relapse

(A) Timeline and relationship between neurologic symptoms according to CDAS and treatment strategies at presentation. CDAS score 5 represent unstable
active disease with abnormal examination and progressive course (5A treatment <3months, 5C on treatment). Score 4: improvement >3months, <1 year (4A
with normal examination, 4B with abnormal examination). Score 3: stable active disease >1 year (3A with normal examination, 3B with abnormal exami-
nation). Score 2: remission <5 years, off treatment (2A with normal examination, 2B with abnormal examination). Score 1 cure >5 years, off treatment. (B)
Timeline and relationship between treatment and neurologic symptoms according to CDAS at relapse. IVIG, high-dose immunoglobulin: symbol represent
IVIG treatment cycles:d 0.4 g/kg (35 g),Δ 1.0 g/kg (85 g),♦ 2 g/kg (160 g); blue line: steroids; green line: AZA; purple line:MM; red triangle (▼): RTX; orange: PEX;
blue: IMA; green line fine: LEN; red arrow (↓): autologous HSCT;ᴥ preventive hematopoietic stem cell mobilization and collection. AZA = azathioprine; CDAS =
CIDP disease activity status; HSCT = hematopoietic stem cell transplantation; IMA = immunoabsorption; IVIG = IV immunoglobulin; LEN = lenalidomide; MM =
mycophenolate mofetil; PEX = plasmapheresis; RTX = rituximab.
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banding analysis and FISH at that time identified monosomy
13q14.3 and t (11;14). Despite IVIG, the neurologic symptoms
worsened, and a second autologous HSCTwas performed after
conditioning with melphalan (200 mg/m2 IV) preceded by 2
cycles of lenalidomide (25 mg/d on a 21‐days cycle) and ste-
roids. Neurologic symptoms completely resolved within weeks
(figure 1). Continuous maintenance therapy with lenalidomide
10 mg/d on 21‐days cycles was started. Three years after the
second HSCT, the patient was still asymptomatic.

Discussion
We describe a strong and timely correlation between 2
HSCTs and the resolution of the CIDP-related neurologic
symptoms. Particularly at relapse, when the second HSCT
was performed immediately after clinical aggravation, clinical
improvement was prompt. Neurologic improvement was
closely correlated with the rebalance of the serum free light
chains after both HSCTs. The mechanism of HSCT-induced
CIDP remission is not yet defined. Based on the normaliza-
tion of the serum-free light chains kappa and lambda re-
garding absolute values and ratio after both HSCTs, we
speculate that it may be attributed to the regression of the
immune-mediated mechanisms related to the shrinking
MGUS clone.

Our report confirms the positive impact of melphalan con-
ditioning preceding autologous HSCT in patients with
MGUS-associated neurologic disorders.

The favorable outcome of our approach at relapsing empha-
sizes to further explore adding lenalidomide for induction and
post-transplant maintenance therapy in case of CIDP and
concurrent IgG kappa MGUS. Our report may as well suggest
to investigate other novel myeloma-specific therapeutic ap-
proaches in clinically refractory CIDP with concurrent
MGUS, e.g., the anti-CD38 antibody daratumumab and
venetoclax, a selective, orally bioavailable B-cell lymphoma 2
inhibitor that induces cell death in multiple myeloma cells,
particularly in those harboring t(11;14), that express high
levels of B-cell lymphoma 2 relative to B-cell lymphoma-extra
large and myeloid leukemia cell 1.
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An association between herpes simplex virus (HSV) encephalitis and NDMA receptor
(NMDAR) encephalitis has been well described. Here, we report a rare case of HSV en-
cephalitis occurring alongside autoimmune encephalitis with leucine-rich glioma inactivated 1
(LGI-1) and NMDAR antibodies.

Case report
An 84-year-old woman presented to the hospital with 3 days of progressive dizziness, fevers,
and confusion. Serum sodium was 123. MRI of the brain showed T2 fluid-attenuated inversion
recovery (FLAIR) hyperintensity of the medial right temporal lobe and right insular cortex with
patchy diffusion restriction (figure). IV acyclovir was initiated, and lumbar puncture was
performed one day later, showing 7 red blood cells, 0 nucleated cells, elevated protein (91),
normal glucose (42), and positive HSV PCR in the CSF. Treatment with IV acyclovir led to
initial clinical improvement, and she was discharged to a rehabilitation facility. After 1 week, she
deteriorated with worsening confusion. Serum LGI-1 antibody via cell-based assay returned
positive, titer of 1:20, whereas the remainder of the autoimmune antibody panel was negative,
including NMDAR antibodies (Quest Diagnostics). She was treated with 5 days of IV im-
munoglobulin. Her mental status continued to decline, and she was transferred to our tertiary
care center 3 weeks after her initial presentation.

On examination, she had poor attention and followed only simple commands. She had in-
termittent episodes of brief left facial grimacing with contraction of the left arm consistent with
faciobrachial dystonic seizures. These had not occurred before her hospitalization. Continuous
EEG monitoring showed intermittent nonconvulsive seizures arising from the left temporal
lobe independent of her abnormal movements. These were eventually controlled with leve-
tiracetam, valproic acid, and lacosamide. Serum sodium remained low (130). MRI of the brain
was repeated and showed worsening right temporal lobe T2 FLAIR hyperintensity and hem-
orrhage into the right medial temporal lobe. Repeat lumbar puncture after 21 days of acyclovir
demonstrated 8 red blood cells, 76 nucleated cells (99% lymphocytes), elevated protein (89),
and normal glucose (52). CSFHSV PCRwas repeated and was negative. Anti-LGI-1 antibodies
were positive by cell-based assay in the CSF and serum. CSF NMDAR antibody was also
positive by undiluted cell-based assay and was negative at 1:2 dilution by tissue-based assay.
SerumNMDAR antibody by cell-based assay was negative (Mayo Clinic Laboratories). She was
treated with a 5-day course of IV methylprednisolone and continued on IV acyclovir. Her level
of arousal improved for 2 weeks but then plateaued, at which point she was given rituximab.
Over the ensuing 2 weeks, her mental status began slowly improving and she was discharged to
a rehabilitation center. However, she developed recurrent episodes of aspiration pneumonia
because of persistent dysphagia and was transitioned to hospice care 4 months after discharge.
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Discussion
There is a well-documented association between HSV and auto-
immune encephalitis, specificallyNMDARencephalitis.1 There are
2 proposed mechanisms for the association between viral and
autoimmune encephalitis. A viral-induced inflammatory response
in the limbic system may lead to release of NMDAR epitopes,
allowing an autoimmune response to ensue. It is also possible that
viral proteins trigger an immune response against a similar epitope
in the NMDAR, a form of molecular mimicry.2 In one prospective
analysis, it was demonstrated that among patients who developed
autoimmune encephalitis after HSV infection, 36% had antibodies
to neuronal antigens other than NMDAR.1 Taken together with
our case, this suggests that similar to the NMDAR, other neuronal
epitopes such as LGI-1 can be uncovered by local inflammation
and promote an autoimmune response.

The patient’s positive CSFHSVPCR, for which the sensitivity and
specificity are >94%, argues that HSV infection was truly present.3

Moreover, her MRI of the brain showed a hemorrhagic encepha-
litis, which is common with HSV encephalitis but is rare with
autoimmune limbic encephalitis. The decision to treat with im-
munosuppression despite evidence ofHSV infectionwas notmade
lightly. The patient had clinically responded to the initial course of
acyclovir, and her subsequent deterioration was likely because of
undertreated autoimmune encephalitis, suggesting that more ag-
gressive management was needed. Although she had certain signs
of typical LGI-1 encephalitis, such as faciobrachial dystonic seizures,
limbic encephalitis, and hyponatremia, her poor responsiveness to
immunotherapy was atypical. She was maintained on an extended
course of acyclovir throughout her course of methylprednisolone
and rituximab initiation to limit the risks of infection reactivation.
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Figure MRI of the brain at time of initial presentation

Axial slices of MRI of the brain performed on initial
presentation shows diffusion restriction (panels A-C)
and T2 FLAIR hyperintensity (panels D-F) of right
temporal lobe and right insular cortex. There was no
abnormal enhancement on postgadolinium se-
quences (not shown). FLAIR = fluid-attenuated in-
version recovery.
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CD40 ligand (CD40L) deficiency is an uncommon primary immune deficiency disorder caused
by X-linked mutations in the CD40L gene and resulting in hyper-IgM syndrome, clinically
characterized by sinopulmonary and gastrointestinal opportunistic infections, whereas neuro-
logic symptoms are rare.1 Herein, we present a case of CD40L deficiency in childhood asso-
ciated with the development of a generalized chorea, successfully treated with deep brain
stimulation (DBS) of the globus pallidus interna (GPi).

Clinical case
Our patient presented with recurrent fever in the context of low immunoglobulin G (IgG) and
immunoglobulin A (IgA). He was diagnosed with hyper-IgM syndrome at seven months of age
secondary to a 1.5kb sub-genic deletion encompassing exon 3 of the CD40L gene. By age 3, he
began receiving regular IV immune globulin. At the age of 13 years, he developed rapidly
progressive visual deterioration due to optic atrophy, a new onset choreoathetoid movement
disorder, cognitive deterioration, and generalized epilepsy. The deterioration occurred over a 2-
year period. Hyperkinetic movements were bilateral, with choreoathetosis predominantly
afflicting the head, neck, and limbs, which resolved during sleep.

MRI findings included supratentorial volume loss, subtle fluid-attenuation inversion recovery
hyperintensity involving the insular regions, posterior periventricular and deep white matter,
and mild symmetric T2 hypointensity bilaterally involving the globus pallidus (figure, A and B).
Serial MRIs demonstrated progressive supratentorial volume loss over 2 years. The CSF
analysis was unremarkable.

The patient was treated empirically for a suspected neuroinflammatory process with steroids,
plasma exchange and rituximab as well as symptomatically for hyperkinetic movements with
tetrabenazine and clonidine. Chorea remained severe and intractable such that he became
bound to bed (video 1, segment 1) and required bilateral GPi DBS (figure, C). A simultaneous
cortical biopsy revealed lymphocytosis (T cells) of the leptomeninges and parenchyma with
activated microglia (figure, D). Microbiological analysis of the specimen was negative.

DBS was programmed on the fifth postoperative day with 2V and double monopolar settings
bilaterally. An immediate decrease of choreiform movements was observed (video 1, segment 2).
The patient’s Movement Disorder Childhood Rating Scale from 4 to 18 years score improved
from 22/28 preoperatively to 15/28 postoperatively.

After an excellent initial response, within 6 weeks, the patient experienced a recurrence of cho-
reiformmovements predominantly affecting the head and neck, prompting sequential adjustments
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of the DBS settings (table e-1, links.lww.com/NXI/A331). The
patient continues to experience substantial symptomatic relief 6
months after surgery.

Discussion
More than 200 variants of the CD40L gene have been iden-
tified, including a subset of mutations which encompass exon
3, as in our case.1,2 All variants result in phenotypes of CD40L
deficiency, which is the most common form of hyper-IgM
syndrome.1 CD40Lmediates interactions between T cells and
other cells via contact with its receptor, CD40. Deficiency of
the CD40/CD40L axis deleteriously affects biologic pathways
of different cell lineages which manifests as defective cellular

and humoral immunity. Patients are particularly vulnerable to
opportunistic infections.3

The evolution of symptoms and supratentorial volume loss
we observed on sequential imaging is consistent with pro-
gressive neurodegeneration. Iron accumulation within the
globi pallidi may explain the hypointense MRI appearance,
though we believe this to be a secondary, rather than primary
phenomenon. Although CNS infections are known to occur
in cases of CD40L deficiency (incidence >10%), neuro-
degeneration is rare. Nevertheless, it is a recognized, though
poorly understood phenomenon and thought to occur in the
setting of primary immunodeficiency disorders secondary to
chronic meningoencephalitis and/or an autoimmune

Figure Illustrative radiological and immunohistological imaging

(A andB) showaxial and coronal T2 preoperative images demonstrating supratentorial volume loss and bilateral T2 globus pallidus hypointensity. (C) Coronal
T2 sequence illustrating deep brain stimulation electrodes. (D) Immunohistological image demonstrating CD3 positivity (brown) indicative of lymphocytosis.
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process.4,5 Autoimmune complications manifest in 20% of
patients with CD40L deficiency due to an improper mainte-
nance of tolerance.5 A favorable initial response to steroids,
together with the brain biopsy results support the possibility
of an inflammatory process in this case, however the un-
derlying pathogenesis is unclear.

Movement disorders can rarely occur as sequelae to disorders of
immunity such as AIDS.6 A choreiform movement disorder
evolving in the context of CD40L deficiency reported herein, is
an unusual association. Although the GPi has proved to be a
successful stimulation target in other hyperkinetic disorders of
childhood, the effect in this case was uncertain prior to implan-
tation.7 DBS, rather than lesioning effect, is the most likely cause
of improvement as the immediate and significant reduction of
choreiform movements occurred following commencement of
stimulation on the fifth postoperative day and has continued
during 6 months of follow-up.

We have described a rare intractable movement disorder of
childhood related to primary immunodeficiency, which was
resistant to medical therapy. GPi DBS has returned some
quality of life. We advocate early consideration of the
treatment in medically resistant hyperkinetic movement
disorders.
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CORRECTION

Guillain-Barré syndrome and chronic inflammatory demyelinating
polyradiculoneuropathy after alemtuzumab therapy in kidney
transplant recipients
Neurol Neuroimmunol Neuroinflamm 2020;7:e882. doi:10.1212/NXI.0000000000000882

In the Clinical/Scientific Note, “Guillain-Barré syndrome and chronic inflammatory de-
myelinating polyradiculoneuropathy after alemtuzumab therapy in kidney transplant recipi-
ents,” byM. van der Zwan et al.,1 the final sentence under the “Study Design” subheading of the
Methods section should read “Alemtuzumab was administered as a single dose of 30 mg
subcutaneously and rATG in a dose of 4 mg/kg.” The publisher and authors regret the error.
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