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E. Heidrich, B. Körtgen, A. Brandt, C. Pfüller, H. Radbruch, R. Rust,
V. Siffrin, O. Aktas, C. Heesen, J. Faiss, F. Hoffmann, M. Lorenz,
B. Zimmermann, S. Groppa, K.-D. Wernecke, and F. Zipp

Open Access Article Class of Evidence

e982 Exercise Diminishes Plasma Neurofilament Light
Chain and Reroutes the Kynurenine Pathway in
Multiple Sclerosis
N. Joisten, A. Rademacher, C. Warnke, S. Proschinger, A. Schenk,
D.Walzik, A. Knoop, M. Thevis, F. Steffen, S. Bittner, R. Gonzenbach,
J. Kool, W. Bloch, J. Bansi, and P. Zimmer

Open Access Article Class of Evidence

e984 Microglia Activation in Basal Ganglia Is a Late Event
in Huntington Disease Pathophysiology
N.P. Rocha, O. Charron, L.B. Latham, G.D. Colpo,
P. Zanotti-Fregonara, M. Yu, L. Freeman, E. Furr Stimming, and
A.L. Teixeira

Open Access Article

e985 Pain, Depression, andQuality of Life inNeuromyelitis
Optica Spectrum Disorder: A Cross-Sectional
Study of 166 AQP4 Antibody–Seropositive
Patients
Ilya Ayzenberg, Daniel Richter, Eugenia Henke, Susanna Asseyer,
Friedemann Paul, Corinna Trebst, Martin W. Hümmert,
Joachim Havla, Tania Kümpfel, Marius Ringelstein, Orhan Aktas,
Brigitte Wildemann, Sven Jarius, Vivien Häußler,
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EDITORIAL OPEN ACCESS

The Calm Between Storms
Serum Biomarkers in Assessing Interattack Astrocytopathy in
Neuromyelitis Optica Spectrum Disorder

Carolyn Goldschmidt, DO, and Robert A. Bermel, MD

Neurol Neuroimmunol Neuroinflamm 2021;8:e988. doi:10.1212/NXI.0000000000000988
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Cytoskeletal structural proteins, released when cellular damage occurs, are biomarker candi-
dates under investigation for many neurologic diseases. Among the potential markers, neu-
rofilament light chain (NfL), expressed in neurons, and glial fibrillary acidic protein (GFAP),
expressed in astrocytes, can now be measured in the serum (sNfL and sGFAP) thanks to
advances in highly sensitive analytic methodologies, with strong correlation to CSF levels. Early
studies of sNfL and sGFAP in MS and neuromyelitis optica spectrum disorder (NMOSD)
focus on potential roles as biomarkers of treatment response, risk for relapse, and risk for
disability progression.1-4 Not surprisingly, levels of sGFAP increase duringNMOSD relapses, as
the disease process is primarily an astrocytopathy mediated by AQP4-IgG.4,5 More complex
questions include how these levels change in between relapses, during disease stability, and if
this could be useful in determining treatment response, predicting disability progression, or
guiding therapy.

In this issue of Neurology: Neuroimmunology and Neuroinflammation, Hyun et al describe their
study measuring sGFAP and sNfL in both participants with active and stable NMOSD and
healthy controls. They found that sGFAP and sNfL levels were significantly elevated during
clinical attacks, but quickly decreased to interattack levels that were below the cutoff value,
which was determined during the study using the healthy controls.6 This trend was steeper for
sGFAP levels compared with sNfL. An important feature of the Hyun study is that all 20
participants with NMOSD were treated with rituximab using a standard protocol for the
duration of follow-up. The authors conclude that subclinical astrocyte damage, as measured by
sGFAP, rarely occurs during interattack periods in individuals with treated NMOSD.

This result is somewhat in contrast to results of a recent study by Wantanabe et al, which found
that both sNfL and sGFAP levels were higher in participants with NMOSD than healthy
controls, even during disease remission; however, in a more heterogeneous study group, some
of whom were not on any treatment.4 Additional challenges of comparing across studies relate
to the technical features of assays, which are pushing the limits of detection to achieve sufficient
sensitivity to reliably measure these proteins in the peripheral blood.

Important limitations of the Hyun study are that we cannot tell if sampling more frequently
than every 3 months would detect interattack subclinical elevations in sGFAP or more accu-
rately characterize the beginning of an attack. The study used retrospectively assigned
Expanded Disability Status Scale scores via chart review, which is not likely the most accurate or
sensitive measure of clinical status. The results should only be generalized to patients on
treatment with rituximab. The population studied is exclusively Korean, and conceivably
phylogenetic differences could lead to different disease behavior in different populations.

The clinical course of NMOSD would suggest that there is not strong evidence for a pro-
gressive, degenerative phase of the disease independent of relapses, like is seen in MS, although
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data are mixed.7-9 It would be reasonable to surmise therefore
that large amounts of subclinical damage do not occur between
attacks. However, as our imaging and laboratory measurement
capabilities advance and our range of therapeutic options expand,
there may be value in detecting and controlling interattack dis-
ease activity if it can be appreciated at a cellular level and its
consequences defined. For now, it is useful to be able to visualize
the stability of these biomarkers in between relapses and their
significant increase during relapses.

Studies such as this represent important milestones in the
search for accessible serum biomarkers of disease activity or
response to therapy in NMOSD. The promise of using serum
biomarkers to potentially predict NMOSD relapses before
clinical manifestations certainly has appeal. Previous studies
have shown that sNfL levels increase just before clinical events
in MS, and it is known that sNFL and sGFAP are greatly
elevated during acute NMOSD attacks.5,10 In NMOSD, the
utility of predictive biomarkers is particularly appealing. Even
with early accurate diagnosis and effective preventive therapy,
disabling relapses remain all too common in NMOSD. MRI
surveillance does not effectively identify subclinical disease
activity; therefore, imaging monitoring for disease activity
outside of clinical attacks is challenging. The ability to predict
and preempt a relapse, with an even lower threshold to es-
calate treatment if needed, could change the NMOSD disease
course and potential disability accrual. For this task, mea-
surement of cytoskeletal elements alone may be insufficient,
and discovery of such biomarkers may require looking at other
immunologic or cellular modulators of disease activity. Be-
cause of the devastating and permanent disability that can
accompany NMOSD attacks, the potential benefit of over-
treatment outweighs the risk of undertreating this disease.
One blood draw per month to potentially preserve vision or
mobility could be a game changer.

Study Funding
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Abstract
Objective
To examine whether treatment with epigallocatechin gallate (EGCG) influences progression of
brain atrophy, reduces clinical and further radiologic disease activity markers, and is safe in
patients with progressive multiple sclerosis (PMS).

Methods
We enrolled 61 patients with primary or secondary PMS in a randomized double-blind, parallel-
group, phase II trial on oral EGCG (up to 1,200 mg daily) or placebo for 36 months with an
optional open-label EGCG treatment extension (OE) of 12-month duration. The primary end
point was the rate of brain atrophy, quantified as brain parenchymal fraction (BPF). The
secondary end points were radiologic and clinical disease parameters and safety assessments.

Results
In our cohort, 30 patients were randomized to EGCG treatment and 31 to placebo. Thirty-eight
patients (19 from each group) completed the study. The primary endpoint was notmet, as in 36
months the rate of decrease in BPF was 0.0092 ± 0.0152 in the treatment group and −0.0078 ±
0.0159 in placebo-treated patients. None of the secondary MRI and clinical end points revealed
group differences. Adverse events of EGCG were mostly mild and occurred with a similar
incidence in the placebo group. One patient in the EGCG group had to stop treatment due to
elevated aminotransferases (>3.5 times above normal limit).

Conclusions
In a phase II trial including patients with multiple sclerosis (MS) with progressive disease
course, we were unable to demonstrate a treatment effect of EGCG on the primary and
secondary radiologic and clinical disease parameters while confirming on overall beneficial
safety profile.
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Safe and effective treatment options with neuroprotective
properties for progressive MS (PMS) are an unmet clinical
need.1 In contrast to many approved therapies for the re-
lapsing course,2,3 there are only the monoclonal antibody
ocrelizumab4 for primary progressive MS (PPMS) and the
chemotherapy agent mitoxantrone as well as newly the
sphingosine 1-phosphate receptor modulator siponimod5 for
the treatment of secondary progressive MS (SPMS).

One of the main goals for PMS treatment is to slow pro-
gression of neurologic impairment arising from perma-
nent tissue injury1 often evaluated by the degree of brain
atrophy.6

Epigallocatechin-3-gallate (EGCG) is a polyphenolic green
tea catechin7 with anti-inflammatory and neuroprotective
properties demonstrated in animal and ex vivo studies.8,9 In
experimental autoimmune encephalomyelitis (EAE), an ani-
mal model of MS, it was shown to reduce brain inflammation
and neuronal damage by influencing T-cell proliferation,
inhibiting the activation of nuclear factor-κB (NF-κB), and
exerting antioxidant effects.10–12

Its approval as a dietary supplement with a satisfactory long-
term safety profile13 could make EGCG an attractive treat-
ment for patients with PMS with possible neuroprotective
effects.

The present study investigated the effect of EGCG on brain
atrophy, further radiologic parameters, and clinical disease
activity and safety aspects in patients with PMS during a 36-
month double-blind treatment period. This study was ex-
tended by an optional open-label period (OE) for another 12
months.

Methods
Primary Research Question
This monocentric, prospective, phase II, double-blinded,
parallel-group, randomized controlled trial was designed to
evaluate the question whether the oral intake of up to
1,200 mg EGCG reduces the rate of brain atrophy in patients
with PMS and is safe and well tolerated. The study was
conducted in Berlin, Germany, from May 2009 to February

2016. The study is rated Class II because less than 80% of
enrolled patients completed the study.

Patients
Eligibility criteria comprised fulfillment of the 2005 revised
McDonald criteria for MS14 and the diagnosis of PPMS or
SPMS, age between 18 and 65 years, Expanded Disability
Status Scale (EDSS)15 score of 3 to 8 at screening, and a
relapse-free period of at least 30 days before randomization.
No MS disease-modifying therapy was allowed.

Key exclusion criteria were a relapsing-remitting form of MS,
a major systemic or CNS disease, especially such as Parkinson,
Huntington, or Alzheimer disease as well as clinically relevant
predefined laboratory abnormalities (aminotransferases >3.5
times above normal limit), and intake of any potentially
hepatotoxic medication. Additional consumption of green tea
or green tea extract (GTE) was prohibited.

Standard Protocol Approvals, Registrations,
and Participant Consents
The study was approved by the local ethics committees
(LaGeSo ZS EK 10 407/08, new: 08/0407-EK 15) and by the
German Federal Institute for Drugs and Medical Devices
(BfArM). This trial is registered with EudraCT (2008-
005213-22) and clinicaltrials.gov (NCT00799890). It was
conducted according to the Declaration of Helsinki in its
applicable version, and every participant provided written
informed consent before screening.

Data Availability
As far as permitted according to data protection require-
ments and consent provided by the participants, original
data are available from the corresponding author on re-
quest from any qualified investigator within 5 years after
publication.

Randomization and Blinding
To account for potential baseline data imbalances, patients
were stratified before randomization for sex (female and
male) and diagnosis (PPMS and SPMS). Patients were ran-
domly (1:1) assigned to receive either Sunphenon/EGCG
capsules (GTE containing >90% EGCG, product of Taiyo
International, taiyointernational.com) or capsules of placebo
with identical appearance.

Glossary
AAR = annualized atrophy rate; AE = adverse event; ARR = annualized relapse rate; BBB = blood-brain barrier; BDI = Becks
Depression Inventory I; BPF = brain parenchymal fraction; CDP = confirmed disability progression; EAE = experimental
autoimmune encephalomyelitis; EDSS = Expanded Disability Status Scale; EGCG = epigallocatechin gallate; FSS = Fatigue
Severity Scale;GMV = gray matter volume;GTE = green tea extract; ITT = intention to treat;MFIS =Modified Fatigue Impact
Scale;MS = multiple sclerosis;MSFC = MS Functional Composite; OCT = optical coherence tomography; OE = open-label
extension; PAS = primary analysis set; PASAT = Paced Auditory Serial Addition Test; PBVC = Percentage Brain Volume
Change; PMS = progressive MS; PP = per protocol; PPMS = primary progressive MS;RRMS = relapsing-remitting MS; SAE =
serious adverse event; SPMS = secondary progressive MS; TIV = total intracranial volume; WMV = white matter volume.
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A block randomization list was generated by the independent
pharmacy to assign patients either to EGCG or to placebo for
36 months.

Only the pharmacist was aware of treatment allocation
throughout the study; all staff and patients remained blinded
to treatment allocation with the exception of 1 patient who
was prematurely unblinded by having the study medication
analyzed in an external laboratory at his own discretion. This
led to the patient’s exclusion from the study.

Following the blinded randomized part of the study (until month
36), the patients were offered the opportunity to participate in
another 12-month OE, in which all patients received EGCG.

Procedures
Following randomization, patients started treatment with
EGCG or placebo capsules 200 mg daily. Divided into 2
doses, they were escalated after 3 months to 400 mg daily,
after 6 months to 600 mg daily, after 18 months to 800 mg,
and after 30 months to 1,200 mg daily until the end of the
study at month 36.

Patients initially treated with placebo and decided to participate in
the 12-month OE started treatment with EGCG capsules 200 mg
daily, then escalated every 2weekswith 200mg, reaching 1,200mg
after 10 weeks. For the patients treated with EGCG, the dosage
was maintained during OE, until month 48 if they participated.

Patients received containers with EGCG capsules or placebo
sufficient until the next study visit. At each of these visits, drug
accountability was performed (number of taken capsules).

Standardized neurologic assessments including EDSS15 and
MS Functional Composite (MSFC)16,17 consisting of 9-Hole
Peg Test, timed 25-foot walk test, and Paced Auditory Serial
Addition Test (PASAT) were performed by a blinded and
especially trained examiner at the initial screening (which was
at most 1 week before randomization), then every 6 months,
and at every unscheduled visit when a relapse was suspected.
To avoid any training effect in the PASAT, each participant
underwent at least 3 test scorings before study scoring.

At baseline and at month 36, fatigue and depressive symptoms
were assessed by the Fatigue Severity Scale (FSS)18 and
Modified Fatigue Impact Scale (MFIS)19 as well as Becks
Depression Inventory I (BDI).20 An optical coherence to-
mography (OCT) was also performed every 12 months.

Safety assessments included reporting of adverse events
(AEs), medical examinations, and laboratory examinations.
Visits were scheduled every 2–3 months and with short-term
follow-up in case of pathologic results.

MRI Data Acquisition and Analysis
MRI was performed on one 1.5 Tesla scanner (Sonata Sie-
mens, Erlangen, Germany). The MRI protocol included a

T2w fluid-attenuated inversion recovery sequence (TR/TE =
10,000/108 ms, 0.5 × 0.5 × 3 mm3, no gap) and a high-
resolution 3D T1-weighted sequence (magnetization pre-
pared rapid acquisition gradient echo, MPRAGE: TR/TE =
2110/4.38 ms, 1 × 1 × 1 mm3), before and after IV contrast
agent administration. Brain parenchymal fraction (BPF),
percent brain volume change (PBVC), and T2w hyperintense
lesions were quantified at screening and months 12, 24, and
36, whereas contrast-enhancing T1-weighted lesions (CELs)
were quantified at screening and month 36.

Brain atrophy was assessed from lesion infilled MPRAGE im-
ages using 2 approaches. BPF was assessed for each time point
using the CAT12 software package (version 12.5—neuro.uni-
jena.de/cat/). Here, gray matter volume (GMV) and white
matter volume (WMV) and total intracranial volume (TIV)
were segmented and visually checked for segmentation errors.
BPF was calculated as follows: BPF = (GMV + WMV)/TIV.
Atrophy was then calculated as the difference between baseline
and subsequent time points. In an additional approach, the
PBVC was quantified longitudinally using the SIENA pipeline
(FMRIB software package, FSL Version 5.0.9).21

T2w lesion load and CELs were manually segmented using
ITK-SNAP.22 Lesions were infilled in MPRAGE images using
the FSL lesion filling tool (FMRIB software package, FSL
Version 5.0.9).21

Primary and Secondary Outcomes
The primary outcome was the change of BPF23 from baseline
to month 36. Secondary MRI outcome measures were
PBVC21 at month 36, increase (difference from month 36 to
baseline) in number and volume of all T2-weighted (T2w)
hyperintense lesions, and the number and volume of CELs at
month 36. Secondary outcomes of OCT are reported in detail
elsewhere.

Secondary clinical outcome measurements were disability
progression as measured by EDSS and confirmed disability
progression (CDP) defined as a 1-point increase in the EDSS
if the baseline score was 3.0–5.5, or a 0.5-point increase if the
baseline score was 6.0 and above, confirmed at a scheduled
visit 6 months later. Further secondary clinical outcome pa-
rameters were annualized relapse rate (ARR), MSFC, BDI,
FSS, and MFIS.

Safety assessments were also part of the secondary outcomes.
At the end of the OE, the primary and secondary outcome
parameters were assessed again.

Statistical Analysis
The study was initially planned as a double-blind adaptive
pilot study for the inclusion of an initial total of 60 patients
with subsequent sample size recalculation.24 The latter was
not performed due to recruitment difficulties. At the end of
the blinded phase (after 36 months), the study was unblinded,
resulting in 61 patients altogether (30 randomized to verum
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and 31 randomized to placebo) and an OE implemented
(compare CONSORT diagram, figure 1).

Results are expressed as arithmetic mean ± SD, median
(range), or frequencies (%). The primary end point BPF was
assessed using the exact Mann-Whitney test.

Continuous secondary endpoints were tested for differences
between groups by using the nonparametric (exact) Mann-
Whitney test for independent groups. Differences in cate-
gorical variables were tested by the Fisher exact test.

Differences between the verum and placebo group with re-
spect to the whole time course were analyzed using

nonparametric analysis of longitudinal data in a 2-factorial
design25 (first factor (independent): treatment groups, sec-
ond factor (dependent): study visits). This cumulates in 3
tests: differences in groups, significant changes in time, and
interactions between groups and time. When appropriate,
multivariate, nonparametric analysis of covariance26 using
baseline values as covariates was complemented.

Because of the large number of missings and lost to follow-up,
we abstained from a full data set analysis according to the
intention-to-treat (ITT) principle. Instead, we used a modi-
fied ITT approach, in which we excluded patients in both
groups who dropped out of the study (primary analysis set
[PAS], 38 patients). In addition, a per-protocol analysis (PP,

Figure 1 Consort Diagram

ITT = intention-to-treat population; OE = open-label extension; PAS = primary analysis set; PP = per-protocol population.

4 Neurology: Neuroimmunology & Neuroinflammation | Volume 8, Number 3 | May 2021 Neurology.org/NN

http://neurology.org/nn


37 patients) was performed, omitting patients who severely
violated study protocol (see CONSORT diagram, figure 1).

A p value <0.05was considered statistically significant. All tests of
secondary end points were conducted as exploratory data anal-
ysis. Therefore, no adjustments for multiple testing were made.

Numerical calculations were performed using SAS version 9.4
[TS1M3] copyright 2002-2012 by SAS Institute Inc., Cary,
NC, IBM SPSS Statistics, Version 25, Copyright 1989, 2010
SPSS Inc., an IBM Company, Chicago, IL. and The R Project
for Statistical Computing, Version 3.0.2 (2017-04-21).

Results
Patients
Sixty-one participants were randomly assigned to receive either
EGCG (n = 30) or placebo (n = 31) (figure 1). The EGCG and
placebo group were similar for all baseline variables (table e-1,
links.lww.com/NXI/A420). Thirty-seven percent of patients in
the EGCG group and 39% of those in the placebo group had
primary progressive disease; the others had secondary progressive
disease. All included patients were of Caucasian ethnicity.

Thirty-eight patients (19 from each group) completed the
study and were analyzed for the primary outcome. Twenty-

three patients (11 EGCG [36.7%] and 12 placebo [38.7%])
withdrew from treatment (figure 1), mainly for personal
reasons or change of comedication.

In the EGCG group, 2 patients reported partial intolerability
to the study medication (not specified) and discontinued the
study (dropout), and 1 patient dropped out due to elevated
aminotransferases (>3.5 times above normal limit), which
normalized after seizing medication. Reduction of study drug
dosage was not required in any other patient.

All participants completing the full 36 months had a com-
pliance of at least 80% when evaluating intake of study
medication.

MRI Outcomes
The results of the ITT analyses for the MRI outcome pa-
rameters are summarized in table 1. Regarding the primary
end point difference BPF (BPF [baseline–month 36]), we
observed no difference between groups (EGCG= 0.0092 [SD
0.0152]; placebo = 0.0078 [SD 0.0159]; p = 0.670), giving
annualized atrophy rates (AARs) of 0.31% for verum and
0.26% for the placebo group (difference 0.05%).

Regarding secondary end points at month 36, the EGCG
and the placebo group did not differ in PBVC (p = 0.603,
giving AAR of 0.19% for verum and 0.27% for placebo

Table 1 MRI Outcome Parameters After 36 Months (Primary Analysis Set)

EGCG (n = 19) Placebo (n = 19) p Value

BPF 0.6943 (0.0502) 0.6867 (0.0439) 0.608a

Change from baseline 0.0092 (0.0152) 0.0078 (0.0159) 0.670a

Median 0.7040 (0.6000 to 0.7710) 0.6840 (0.6020 to 0.7560)

Percent brain volume change −0.5659 (0.9818) −0.8013 (1.1996) 0.603a

Median −0.5869 (–2.3057 to 0.9561) −0.9600 (–2.4856 to 0.9701)

No. of T2w lesions 35.21 (16.84) 39.32 (19.28) 0.501a

Change from baseline 1.52 (4.23) 3.78 (4.88) 0.146a

Median 30 (8 to 63) 39 (5 to 76)

Volume of T2w lesions (mL) 17.57 (16.47) 16.90 (17.30) 0.773a

Change from baseline (mL) 1.04 (1.48) 0.52 (2.36) 0.043a

Median 11.65 (1.64 to 64.63) 12.20 (0.91 to 67.98)

No. of CELsb 0.00 (0.00) 0.13 (0.34) 0.964a

Median 0 (0 to 0) 0 (0 to 1)

Volume of CELs (mL)b 0.00 (0.00) 0.00 (0.01) 0.984a

Median 0.00 (0.00 to 0.00) 0 (0.00 to 0.04)

Abbreviations: BPF = brain parenchymal fraction; CEL = contrast-enhancing lesion; EGCG = epigallocatechin-3-gallate.
Data are mean (SD) or median (range).
a Exact Mann-Whitney test.
b Number and volume of CELs for 18 patients of EGCG and 16 patients of the placebo group.
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(difference 0.08%), T2w lesion count and volume, and in
CELs (table 1).

Clinical Outcomes
When evaluating clinical end points (table 2), we found no
difference between groups in EDSS, CDP, the mean change in
EDSS between baseline and at month 36, MSFC and its

subscores, and BDI as well as fatigue scores. Eighteen of 27
patients (66.67%) in the EGCG and 20/28 patients (71.43%)
in the placebo group were relapse free during the study. The
ARR until month 36 and CDP were similar in both groups.
There was no difference between EGCG and placebo in the
ARR between baseline and month 18 and between months 18
and 36 (data not shown).

Table 2 Clinical Outcome Parameters After 36 Months (Primary Analysis Set)

EGCG Placebo p Value

EDSS n = 19 n = 20

Mean 6.08 (1.07) 5.73 (1.12) 0.098a

Change from baseline 0.26 (0.45) 0.57 (0.99) 0.421a

Median 6.5 (3.0–8.0) 6.0 (3.5–8.0)

Annualized relapse rate n = 19 n = 20

Mean 0.24 (0.46) 0.19 (0.44) 0.513a

Progression by EDSS n = 18 n = 19

Number 6 (33.3%) 8 (42.1%) 0.737b

MS functional composite (z-score) n = 12 n = 15

Mean 0.56 (0.45) 0.07 (0.75) 0.931a

Change from baseline 0.16 (0.37) −0.13 (0.38) 0.126a

Paced Auditory Serial Addition test n = 17 n = 20

Mean 51.35 (10.95) 42.05 (14.90) 0.051a

Change from baseline 3.82 (9.65) 1.00 (5.79) 0.292a

9-Hole Peg Test in s (average) n = 16 n = 19

Mean 27.64 (11.36) 31.27 (8.32) 0.117a

Change from baseline 1.48 (7.94) 3.00 (6.82) 0.172a

Timed 25-Foot Walk Test in s (average) n = 14 n = 16

Mean 14.19 (10.61) 10.98 (8.07) 0.275a

Change from baseline 1.99 (9.00) 0.23 (5.85) 0.880a

FSS n = 10 n = 11

Mean 4.41 (2.07) 4.54 (1.76) 0.931a

Change from baseline −0.90 (1.86) −0.38 (1.96) 0.813a

MFIS n = 18 n = 19

Mean 38.89 (21.65) 34.11 (13.59) 0.412a

Change from baseline −3.76 (12.63) 2.06 (12.11) 0.178a

BDI n = 18 n = 18

Mean 9.78 (7.37) 9.00 (6.37) 0.820a

Change from baseline 0.13 (4.98) 0.41 (5.17) 0.610a

Abbreviations: BDI = BeckDepression Inventory; EDSS = ExpandedDisability Status Scale; EGCG= epigallocatechin-3-gallate; FSS = Fatigue Severity Scale;MFIS
= Modified Fatigue Impact Scale.
Data are mean (SD), number (%) or median (range).
a Exact Mann-Whitney test.
b Exact χ2 test.
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The results of the PP analyses concerning primary and all
secondary outcome parameters did not differ from those of
the PAS analyses (data not shown).

Subgroup Analyses
In performed subgroup analyses for patients with lower and higher
BPF (≤median BPF vs >median BPF at baseline) and for patients
with andwithoutCELduring the study, the change inbrain atrophy
was not significantly different between groups. Also in subgroups
with clinically milder disease (EDSS score <5) and in patients with
lower Individual Progression Index (EDSS/years of symptoms),we
could not detect a difference for the primary end point.

Furthermore, no sex effects were found relating to PBVC,
BPF, and EDSS.

Longitudinal Analyses
Longitudinal analyses of the entire time course25 including all
available time points (0, 12, 24, and 36 months) also showed no
difference in MRI and clinical parameters for the primary and
secondary end points. These findings were confirmed by lon-
gitudinal covariance analyses24 (see multivariate longitudinal
analysis for brain atrophy in figure 2 andT2w lesions in figure 3).

Safety
Of the 30 participants in the EGCG group 29 (96.7%) and of
the 31 participants in the placebo group, 28 (90.3%)

experienced 1 or more AEs. Eleven (36.7%) in the EGCG and
10 (32.3%) in the placebo group had a serious adverse event
(SAE). None of the SAEs were considered related to the study
drug. All occurred due to hospitalization of study participants
for various reasons (table e-2, links.lww.com/NXI/A420).

The incidence of SAEs and AEs was similar in both study
groups. The most common AEs (>3%) were flu-like infec-
tions, urinary tract infections, fractures and contusions after
falling, and elevated liver enzymes, without statistical differ-
ence between groups.

Open-Label Extension
Seventeen patients from the EGCGgroup and 15 patients from
the former placebo group were available for follow-up assess-
ments at the end of OE. At month 48, there were no significant
differences in BPF (BPF former EGCG = 0.6911, BPF former
placebo group = 0.6879; p = 0.860). PBVC and clinical pro-
gression parameters (EDSS, MSFC, and subscales) showed no
significant difference between former groups and to the ran-
domized phase of the study (data of the OE not shown).

During OE, AEs and SAEs were similar to the randomized
phase, especially no elevation of liver enzymes or other hep-
atotoxic side effects occurred. However, 2 patients reported
intolerability of study medication and decided to stop
treatment.

Figure 2 Multivariate Longitudinal Analysis of Brain Atrophy Over 48 Months

(A) Primary outcome: brain parenchymal fraction; only a significant effect of time was observed (p < 0.001), no group difference (p = 0.520) and no interaction
(p = 0.647). (B) Secondary outcome: percentage brain volume change; significant effect of time (p < 0.001), no group difference (p = 0 0.476), and no interaction
(p = 0.807). Bars represent 25%–75% quartiles. EGCG = epigallocatechin-3-gallate; OE = open-label extension.
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Discussion
This randomized, placebo-controlled trial failed to show an
effect of oral EGCG on radiographic (brain atrophy, T2w
lesions) and clinical (EDSS, relapses, and MSFC) disease
progression in patients with SPMS or PPMS. These results
challenge preclinical data suggesting a neuroprotective and
anti-inflammatory capacity of EGCG in an animal study with
EAE10 where it was shown that orally applied EGCG de-
creased T-cell proliferation and TNFα production of en-
cephalitogenic T-cells via suppression of NF-κB activation
and inhibited neuronal cell death by interference with reactive
oxygen species formation. These findings provided the ra-
tionale for putative antioxidant and anti-inflammatory effects
of EGCG also in human CNS. However, our results are in line
with a study on EGCG in multiple system atrophy27 and
another study from our group that did not find an effect of oral
EGCG on T2w lesion evolution, PBVC, and clinical disease
measures in patients with relapsing-remitting MS (RRMS).28

A key issue of the negative outcome of our study seems to be
the small sample size of the study. With only 61 patients
included and a dropout rate of more than 30% (mostly due to
personal reasons and less to side effects), our study was un-
derpowered and the effect size was overestimated from the

beginning as we have learned meanwhile.29 A post hoc power
calculation revealed a number of 1936 patients per group
needed to detect the given effect size = 0.092 with a power of
80% and a type 1 error (α) of 5% (2 sided). With the 19
patients per group of our specific cohort, it would only be
possible to detect a high effect size = 1.00.

Even in the recently published MS-SMART Study, in-
vestigating the effects of 3 different neuroprotective sub-
stances with about 100 patients per group, no difference in
PBVC could be detected.30

Our cohort was a representative population of patients with
PMS, including a large proportion of patients who were in a
nonrelapsing stage of PMS and had a high level of established
disability with a median EDSS score of 6.0 at study entry.
Nevertheless, we unexpectedly detected a nonpathologic an-
nual PBVC rate (0.2–0.3% per year) in our study population
in comparison to various other PMS trials examining the ef-
fect of fingolimod,31 siponimod,5 lamotrigine,32 ocrelizumab,4

or natalizumab,33 reporting an annual atrophy rate of
0.4–0.7%, disregarding the verum and placebo group. Only 2
studies with PMS reported a similarly low atrophy rate (ibu-
dilast6 and simvastatin/verum arm34). The possibility to
prove a positive effect of an intervention depends on adequate

Figure 3 Multivariate Longitudinal Analysis of T2w Lesions Over 48 Months

(A) Secondary outcome: median T2w lesion counts; a significant effect of time was observed (p < 0.001), no group difference (p = 0.582) and no interaction (p =
0.417). (B) Secondary outcome: median T2w lesion volume in mL; significant effect of time (p < 0.001), no group difference (p = 0.821), and no interaction (p =
0.324). Bars represent 25%–75% quartiles. EGCG = epigallocatechin gallate; OE = open-label extension.

8 Neurology: Neuroimmunology & Neuroinflammation | Volume 8, Number 3 | May 2021 Neurology.org/NN

http://neurology.org/nn


dynamics of the investigated variable. Therefore, we may
speculate that our study population was too stable to detect a
beneficial effect on radiographic disease progression markers.

Another possible reason for the negative outcome seems to be
the insufficient bioavailability of oral EGCG in the doses used
in these studies.35 Previous studies had reported doses of up
to 800 mg EGCG per day as safe and generally well tolerated,
e.g., in healthy volunteers, where the plasma elimination half-
life of EGCGwas measured to be about 5 hours after repeated
administration of 800 mg EGCG daily over 10 days.36

Therefore, we chose a maximum daily dose of 800 mg EGCG
until month 30, a maximum daily dose of 1,200 mg until
month 36, and for the optional OE until month 48. Evidence
was found that 600 mg EGCG beneficially influences muscle
metabolism in patients with MS11; however, our dosages were
not sufficient to achieve an effect in the CNS. Recently, a new
study proposed the bioavailability of EGCG to be less than 1%
in humans from ingestion, with a clearance from the systemic
circulation within a few hours.7 Although we did not measure
plasma levels of EGCG in this study, our previous study in
RRMS showed that plasma levels of EGCG are extremely
variable across patients despite equal dosing.28 Moreover,
although passage of EGCG through the blood-brain barrier
(BBB) was shown in animal studies,7 proof of CNS entry of
EGCG in humans is lacking.

In comparison to, e.g., the ocrelizumab ORATORIO trial
(baseline: median EDSS score 4.5), the disease duration and
the EDSS were higher in our study. Furthermore, active
progression just before study entry was not mandatory for our
trial. The nature of the EDSS as an ordinal scale results in
scores that are unequally distributed, and the individuals re-
main at a step in the scale for different lengths of time, es-
pecially at higher EDSS scores despite progressive disability.37

The considerations may explain why in a clinically stable
cohort with high disability levels, subtle positive effects of
EGCG at certain EDSS levels could not be demonstrated.

Although hepatotoxicity has been discussed as a potentially
severe side effect of green tea dietary supplements13 and
Polyphenon,38 we did not observe any related SAE with our
EGCG dosing regimen. In our study, only 1 subject dropped
out due to elevated liver enzymes. Also, in our study on
EGCG in RRMS, no relevant liver toxicity occurred.28 A
possible explanation could be that pure EGCG is less harmful
than GTE or Polyphenon regarding hepatotoxicity. GTE and
Polyphenon contain several types of polyphenols. However,
in the PROMESA study, 8 of 47 patients treated with EGCG
up to a maximum dose of 1,200 mg for up to 40 weeks (48
weeks in total including the dosage phase) experienced hep-
atotoxicity. This was determined as increased aminotrans-
ferase concentrations of which 2 were regarded as SAEs
(aminotransferase concentrations greater than 5 times the
upper limit).27 The concomitant medication with among
others levodopa (which itself may cause elevated liver en-
zymes) and the mean age of the patients being 10 years older

than in the MS studies (possibly leading to more concomitant
diseases) may be an explanation for worse tolerability.

Recent studies reported beneficial effects of orally applied
EGCG on cognitive functions in combination with cognitive
training in patients with Down syndrome and fragile X
syndrome.39,40 Our study also found an improvement of the
PASAT score in both study groups, favoring EGCG (change
from baseline: EGCG 3.82 [SD 9.65], placebo 1.00 [SD
5.79]; p value = 0.051). The PASAT measures cognitive
function such as calculation ability, auditory information
processing speed, and flexibility. These findings may suggest
that EGCG could have a positive effect on the cognitive
functions of patients with PMS. Training effects of the PASAT
due to 3 test scorings before the study are unlikely. However,
this result should be interpreted carefully because it was ob-
served as a statistical trend and our study was not designed to
evaluate this outcome specifically.

EGCG at a dose of up to 1,200 mg daily was overall safe and
well tolerated in patients with PMS over a period of 36
months and a 12-month open-label extension. However, we
did not find an effect of treatment on MRI or clinical disease
activity parameters. Possible explanations include the small
sample size and the high dropout rate. First indications were
found that EGCG treatment may beneficially affect cognitive
functions also in MS. Thus, further investigation in larger MS
cohorts may be warranted, especially for improvement of
cognitive functions with adjuvant treatment. Such studies
should consider using optimized formulations of EGCG for
increased bioavailability and ideally with proven BBB passage.
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Berlin, Berlin, Germany

Analyzed the data and
drafted the
manuscript for
intellectual content

Judith
Bellmann-
Strobl, MD
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Abstract
Objectives
Information on subclinical astrocyte damage can provide further insight into neuromyelitis
optica spectrum disorder (NMOSD) pathophysiology and disease-monitoring strategies. To
investigate whether astrocyte and neuroaxonal damage occurs during interattack periods in
individuals with NMOSD through longitudinal measurement of serum glial fibrillary acidic
protein (sGFAP) and neurofilament light chain (sNfL) at multiple time points.

Methods
sGFAP and sNfL levels were measured in 187 serum samples from 20 participants with
NMOSD treated with rituximab (median follow-up: 24 months) and 19 age-/sex-matched
healthy controls using a highly sensitive single-molecule array assay. From the NMOSD cohort
of National Cancer Center, Korea, 14 clinically stable participants were randomly selected for
focused investigation of interattack periods, and 6 participants with clinical attacks despite
treatment were enrolled for attack-related measurements.

Results
Significant elevations of sGFAP levels were observed in all clinical attacks, and 95% (19/20) of
patients showed reduction of sGFAP levels below the cutoff value (3 SDs above mean levels in
age-/sex-matched healthy controls) within 3 months of their clinical attacks. The sGFAP levels
were consistently low during interattack periods in 90% (17/19) of patients whose sGFAP
levels returned to below the cutoff value. Changes in sNfL levels were similar to but slower than
those in sGFAP levels.

Conclusions
Subclinical astrocyte damage represented by increasing sGFAP levels rarely occurred during
interattack periods in individuals with NMOSD; however, a certain degree of astrocyte damage
did occur at the time of clinical attacks without exception, but it was not evident within 3
months of the attack.
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Neuromyelitis optica spectrum disorder (NMOSD) is a pri-
mary astrocytopathy mediated by antibodies against
aquaporin-4 (AQP4), a water channel protein mainly
expressed in astrocytes.1 Glial fibrillary acidic protein (GFAP)
is a component of the astrocyte cytoskeleton, and its presence
in bodily fluids is believed to reflect the extent of astrocyte
damage.2 Having been shown the good correlation of GFAP
levels between CSF and serum, serum GFAP (sGFAP) is
considered as a potential biomarker for disease activity in
individuals with NMOSD.3

Clinical events in individuals with NMOSD can result in
significant astrocyte damage2,3; however, it is unclear whether
astrocyte damage can occur in the absence of a clinical attack.
Defining subclinical astrocyte damage may provide insights
into NMOSD pathophysiology and lead to establishment of
disease-monitoring strategies. This study addressed whether
astrocyte damage can occur during interattack periods by
longitudinally measuring sGFAP levels at multiple time
points.

Methods
A total of 187 sera were analyzed; 168 samples from 20 in-
dividuals with NMOSD and 19 samples from 19 age- and sex-
matched healthy volunteers. All individuals satisfied the 2015
diagnostic criteria for NMOSD and were positive for AQP4
antibodies tested by live cell-based assays.4,5 Twenty partici-
pants newly treated with rituximab according to Kim pro-
tocol6 and underwent at least a 24-month follow-up were
randomly selected from the NMOSD cohort of the National
Cancer Center (NCC) to minimize interindividual variability
of treatment; 14 participants without clinical attacks (stable)
during follow-up were included for focused investigation of
interattack periods, and 6 participants with clinical attacks
(unstable) were included for attack-related measurements.
Clinical attacks were defined as previously described,6 and
other clinical information including Expanded Disability
Status Scale (EDSS) scores was collected by retrospective
review of medical records.

To investigate the change of sGFAP and serum neurofilament
light chain (sNfL) levels at the time of attacks and after at-
tacks, serum samples were collected within 1 month of the
attacks and at 1-month intervals for 3 months following the
attacks. To investigate the presence of subclinical astrocyte
and neuroaxonal damage during interattack periods, serum
samples were collected every 3 months during the first year
and every 6 months during the second year of follow-up.
Pretreatment samples were collected within a median of 2

months (range 1–3 months) from prior attacks. The median
number of samples per participants was 8, and the median
follow-up period after initiation of rituximab therapy was 24
months (range 24–26 months).

sGFAP and sNfL concentrations were measured using a
single-molecule array assay (Simoa, Quanterix, MA). sGFAP
and sNfL levels were independently evaluated by a blinded
examiner in duplicate, and mean intra-assay and interassay
coefficients of variation were below 10%. Cutoff values for the
sGFAP (221.7 pg/mL) and sNfL (16.8 pg/mL) of partici-
pants with NMOSD were calculated as 3 SDs higher than
mean values of their age- and sex-matched healthy controls.

Statistical Analysis
A Fisher exact test was applied to determine the statistical
significance of the cutoff value–based positive or negative
statuses of sGFAP and sNfL levels, measured at individual
time points, were associated with clinical relapse or relapse-
free status.

Standard Protocol Approvals, Registrations,
and Patient Consents
The Institutional Review Board of the NCC approved the
study, and written informed consent was obtained from all
participants.

Data Availability
Anonymized data not published within this article will be
made available on request from any appropriately qualified
investigator.

Results
The median age at sampling and female-to-male ratio of
participants with NMOSD and healthy controls were 34 and
33 years and 9:1 and 8.5:1, respectively (table 1). All partic-
ipants were Korean. The median disease duration at baseline
was 3 years, and the median follow-up duration was 24
months. The median EDSS scores at baseline and at the last
visit were 4.0 and 3.5, respectively.

Figure 1 shows overall trends of longitudinal changes of
sGFAP and sNfL. Elevated sGFAP levels were observed at all
clinical attacks (figure e-1, links.lww.com/NXI/A441, A–C,
N, O–T). However, within 3 months of their clinical attacks,
sGFAP levels returned to below cutoff value in 95% (19/20) of
the participants (figure e-1A–S). One exception (figure e-1T)
maintained marginally higher sGFAP levels following
a clinical relapse. Sustained low sGFAP levels during

Glossary
AQP4 = aquaporin-4; EDSS = Expanded Disability Status Scale; NCC = National Cancer Center; NMOSD = neuromyelitis
optica spectrum disorder; sGFAP = serum glial fibrillary acidic protein; sNfL = serum neurofilament light chain.
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interattack periods were observed in 90% (17/19) of partic-
ipants with stabilized sGFAP levels after attacks (figure
e-1A–M, O–R). Two participants (figure e-1N, S) showed
slightly increased sGFAP levels in the absence of overt attacks.

sNfL levels also increased in all participants at the time of
clinical attacks (figure e-1A–C, N, O–T, links.lww.com/NXI/
A441) and stabilized after the attacks, but at a rate slower than
that of sGFAP levels (figure e-1B, C, O, P, S). Five partici-
pants showed higher sNfL levels but lower sGFAP levels than
the respective cutoff values in the early phase of rituximab
therapy (figure e-1D, F, H, J, L). Consistently low sNfL levels
were observed during interattack periods in all participants
except one, who showed marginally re-elevated sNfL levels
without an overt attack (figure e-1T).

Supplemental table e-1, links.lww.com/NXI/A442, shows
positive or negative status of sGFAP and sNfL using cutoff

value at the individual time points according to the clinical
relapse or clinical relapse-free status. There were statistical
significances in both sGFAP and sNfL, respectively (p <
0.001).

Discussion
Significantly increased sGFAP levels were observed at all
clinical attacks, and none of the participants experienced
clinical relapse when their sGFAP levels were below the
cutoff value. All except 1 participant with NMOSD
returned to normal sGFAP levels within 3 months of
clinical attacks. During interattack periods, low sGFAP
levels were stably maintained in 90% of participants with
stabilized sGFAP levels after attacks. These results suggest
that although astrocyte damage occurs at the time of clin-
ical attacks without exception, it mostly ceases within 3

Figure 1 Overall Trends of Longitudinal Changes of (A) sGFAP and (B) sNfL

Black = stable group; gray = unstable group; sGFAP = serum glial fibrillary acidic protein; sNfL = serum neurofilament light chain.

Table 1 Demographics

NMOSD (n = 20) Controls (n = 19)

Female to male ratio 9:1 8.5:1

Race All Korean All Korean

Median age at sampling at baseline (y, IQR) 34 (30; 38) 33 (27; 37)

Median disease duration at baseline (y, IQR) 3 (1; 10) N/A

Median follow-up duration (mo, IQR) 24 (24; 24) N/A

Median evaluated time points of sGFAP (IQR) 8 (7; 9) N/A

Median EDSS score at baseline (IQR) 4.0 (2.5; 4.5) N/A

Median EDSS score at the last visit (IQR) 3.5 (1.0; 4.0) N/A

Abbreviations: EDSS = Expanded Disability Status Scale; IQR = interquartile range; N/A = not applicable; NMOSD = neuromyelitis optica spectrum disorder;
sGFAP = serum glial fibrillary acidic protein.
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months and rarely occurs during interattack periods on
proper treatment.

Several studies using radiologic or electrophysiologic param-
eters have suggested the possibility of occult injuries in indi-
viduals with NMOSD.7,8 sGFAP level can be evaluated as a
biomarker of astrocyte damage, closely related with primary
NMOSD pathology. However, only 1 cross-sectional obser-
vational study has linked sGFAP with subclinical astrocyte
damage in some individuals with NMOSD treated with ste-
roid and/or conventional immunosuppressant.3 Based on our
longitudinal assessment of sGFAP levels, we show that sub-
clinical astrocyte damage, represented by elevated sGFAP
levels during interattack periods, is unusual in individuals with
NMOSD treated with rituximab. Current longitudinal anal-
ysis of samples from multiple time points (median 8 per
participants) could exclude interindividual variability and
enable focused investigation of postattack and interattack
periods.

One exceptional stable participant (figure e-1N, links.lww.
com/NXI/A441) showed slightly high sGFAP levels without
an overt clinical attack. It is possible that sensory paresthesia
presented at the time of high sGFAP levels might not be
accounted as a neurologic deterioration because of un-
derlying sensory sequelae caused by prior repetitive myelitis.
Two unstable participants (figure e-1S, T) showed re- or
sustained elevation of sGFAP levels marginally higher than
the cutoff value. This finding suggests that subclinical as-
trocyte damage may occur, although very rarely in individ-
uals with NMOSD on proper treatment. However, there
remains a concern regarding whether the optimal cutff value
should be determined from healthy populations or intra-
individually. In addition, whether there are any differences in
protein (sGFAP) diffusion through blood-brain barrier in
these individuals remains to be elucidated.9

Although this study focused on sGFAP because of its re-
lationship with NMOSD pathology, longitudinal changes in
sNfL levels were also evaluated. Changes in sNfL levels were
similar to but slower than those in sGFAP levels. sNfL levels
reflect neuroaxonal injury and imply inflammatory and/or
neurodegenerative changes in CNS.10 In contrast to sub-
clinical neuroaxonal damage in individuals with MS,e1 ele-
vated sNfL during interattack periods was uncommonly
observed in individuals with NMOSD. These results support a
hypothesis that NMOSD pathogenesis primarily entails
attack-related neuroinflammation, probably without inter-
attack neurodegenerative processes.

This study has some limitations. The number (n = 20) of
participants with NMOSD was relatively small. Nevertheless,
useful individualized information was obtained from 168 se-
rum samples with over a 2-year follow-up. Second, other ra-
diologic and/or electrophysiologic modalities to detect
disease activity during interattack periods beyond clinical
status were not included. Larger-scale prospective studies

investigating various parameters of disease activity are
warranted.

In conclusion, interattack astrocyte damage was rarely ob-
served in individuals with NMOSD on appropriate treatment,
whereas significant astrocyte damage was noted at the time of
clinical attacks. These findings may provide further insight
into the pathogenic mechanism of NMOSD and could be
useful in the development of personalized disease-monitoring
strategies.
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Abstract
Objective
To define the characteristics and the outcome of myelitis associated with immune checkpoint
inhibitors (ICIs).

Methods
We performed a retrospective research in the databases of the French Pharmacovigilance
Agency and the OncoNeuroTox network for patients who developed myelitis following
treatment with ICIs (2011–2020). A systematic review of the literature was performed to
identify similar cases.

Results
We identified 7 patients who developed myelitis after treatment with ICIs (anti-PD1 [n = 6],
anti-PD1 + anti-CTLA4 [n = 1]). Neurologic symptoms included paraparesis (100%),
sphincter dysfunction (86%), tactile/thermic sensory disturbances (71%), and proprioceptive
ataxia (43%). At the peak of symptom severity, all patients were nonambulatory. MRI typically
showed longitudinally extensive lesions, with patchy contrast enhancement. CSF invariably
showed inflammatory findings. Five patients (71%) had clinical and/or paraclinical evidence of
concomitant cerebral, meningeal, caudal roots, and/or peripheral nerve involvement. Despite
the prompt discontinuation of ICIs and administration of high-dose glucocorticoids (n = 7),
most patients needed second-line immune therapies (n = 5) because of poor recovery or early
relapses. At last follow-up, only 3 patients had regained an ambulatory status (43%). Literature
review identified 13 previously reported cases, showing similar clinical and paraclinical features.
All patients discontinued ICIs and received high-dose glucocorticoids, with the addition of
other immune therapies in 8. Clinical improvement was reported for 10 patients.

Conclusion
Myelitis is a rare but severe complication of ICIs that shows limited response to glucocorticoids.
Considering the poor functional outcome associated with longitudinally extensive myelitis,
strong and protracted immune therapy combinations are probably needed upfront to improve
patient outcome and prevent early relapses.
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Immune checkpoint inhibitors (ICIs) are monoclonal antibodies
used for cancer treatment that enhance host immune responses
toward tumor cells by blocking signaling pathways responsible for
T cell inhibition (cytotoxic T-lymphocyte-associated protein 4
[CTLA4], programmed death 1 [PD-1]/programmed death-
ligand 1 [PDL-1]).1 Despite their remarkable oncological effi-
cacy,1 ICIs might result in unwanted immune reactions against
the self.2 Neurologic immune-related adverse events (irAEs) are
relatively uncommon, but they might be severely disabling or
even life threatening.3 Among them, myelitis seems especially
rare, its description remaining limited to isolated cases. Here, we
present 7 patients with ICI-related myelitis, together with a
systematic review of the literature, with the aim to define the core
characteristics and the outcome of this rare condition.

Methods
Present Series
We performed a retrospective research (July 2011–June 2020)
in the database of the French Pharmacovigilance Agency and in
the database of the OncoNeuroTox network (French network
for neurologic complications from oncologic treatments) for
cases of myelitis occurring during ICI treatment. Inclusion cri-
teria comprised (1) symptoms of acute transverse myelitis
(i.e., bilateral sensory, motor, or autonomic signs or symptoms
attributable to spinal cord involvement, peaking between 4 hours
and 21 days), (2) symptom onset within 3 months from the last
dose of ICIs, (3) spinal cord lesions on MRI compatible with
myelitis, and (4) exclusion of other causes of myelopathy (e.g.,
vascular, neoplastic, infectious, and compressive) after an ex-
tensive workup. Clinical and paraclinical data of the patients
included in the study were gathered from referring centers and
independently reviewed by 2 investigators (A.P. and D.P.). MRI
scans were centrally reviewed by an expert neuroradiologist
(S.A.). The French national commission for data protection and
liberties approved the use of confidential, electronically pro-
cessed, patient data (reference number 1922081).

Literature Review
We conducted a systematic MEDLINE research according to
PRISMA guidelines for all articles published in English up to
June 2020, reporting cases of myelitis during ICI treatment
(appendix e-1, links.lww.com/NXI/A415). We identified 10
articles, reporting as many individual cases meeting the same
inclusion criteria established for our series. Three additional
cases were identified screening the proceedings of the AAN,
EAN, and ECTRIMS congresses (2015–2020).

Data Availability
Additional data can be made available on request to the
authors.

Results
Present Series
The main clinical and paraclinical features in our 7 patients are
reported in table 1. The cases of 2 patients (patients #1, 4) are
being submitted elsewhere as separate publications. Patients
were receiving anti-PD1 (pembrolizumab [n = 3], nivolumab [n
= 3]) or combination treatments (nivolumab plus ipilimumab [n
= 1]) because of refractory (2/7, 29%) or metastatic (5/7, 71%)
tumors consisting of non–small-cell lung cancer (NSCLC) in 5
cases. Three patients (3/7, 43%) had received thoracic irradia-
tion involving the spinal cord.

Symptoms of myelitis appeared after a median of 7 cycles of
ICIs (range 3–51) and includedmoderate to severe paraparesis
(7/7, 100%), sphincter dysfunction (6/7, 86%), tactile and/or
thermic sensory deficits (5/7, 71%), and proprioceptive ataxia
(3/7, 43%). At the peak of symptom severity, all patients were
nonambulatory (median modified Rankin Scale score: 4).

Spine MRI showed longitudinally extensive lesions (i.e., ≥3
metameres) in 6 patients (6/7, 86%), often associated with
spinal swelling (figure 1). Contrast enhancement was present in
6 cases (6/7, 86%) andwas typically focal and patchy. In patients
with a history of spinal irradiation, MRI alterations were pri-
marily centered on irradiated metameres, although they clearly
exceeded the radiation field.

CSF analysis commonly showed inflammatory changes, including
increased proteins (5/6; median protein levels 1.83 g/L, range
0.32–5.20 g/L), lymphocytic pleocytosis (4/6; median cell count
97 cells/mm3, range 3–900 cells/mm3), and CSF-specific oligo-
clonal bands (3/6).

Information on CNS autoantibody testing is provided in table
e-1, links.lww.com/NXI/A418. One patient tested positive
for antiglial fibrillary acidic protein antibodies in the CSF
(patient #4), and 2 showed atypical neuronal reactivities on
in-house indirect immunofluorescence on rodent brain sec-
tions (patient #1, 7) (figure e-1, links.lww.com/NXI/A416).
Anti–aquaporin-4 and antimyelin oligodendrocyte glycopro-
tein antibodies were negative in all patients tested.

Besides signs and symptoms of acute transverse myelitis, 5
patients (5/7, 71%) had clinical, neurophysiologic, and/or ra-
diologic evidence of concomitant brain (patients 4, 6, and 7)
(figure 1), meningeal (patients 4 and 7), radicular (patients 1, 3,
6, and 7), and/or peripheral nerve (patient 6) involvement.

All patients discontinued ICI treatment at myelitis diagnosis
and received high-dose glucocorticoids, associated with

Glossary
CTLA4 = cytotoxic T-lymphocyte-associated protein 4; ICI = immune checkpoint inhibitor; irAE = immune-related adverse
event; NSCLC = non–small-cell lung cancer; PD-1 = programmed death 1; PDL-1 = programmed death-ligand 1.
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plasmapheresis in 1 (patient 4). One patient experienced a sig-
nificant and sustained clinical benefit (patient 3), whereas 5
patients had to shift to second-line treatments because of poor
recovery (patients 4, 5, and 7) or an early relapse at steroid
tapering (patients 1 and 6; table 1). Second-line agents were
started after a median of 20 days from symptom onset and
included plasmapheresis (n = 3), cyclophosphamide (n = 2), IV
immunoglobulin (IVIg, n = 1), natalizumab (n = 1), and an

association of tocilizumab and ruxolitinib (n = 1). At last follow-
up, a median of 6 months after diagnosis, only 3 patients had
regained an ambulatory status (3/7, 43%). None of the patients
was rechallenged with ICIs.

Literature Review
Our systematic literature review identified 13 previously
published cases.e1-e13 Clinical and paraclinical features were

Table 1 Clinical and Paraclinical Features, Treatment, and Outcome in the 7 Cases of Myelitis Associated With ICI From
Our Series

Patient 1 Patient 2 Patient 3

Age at myelitis onset/sex 57/M 62/F 16/F

Malignancy NSCLC NSCLC Mesenteric IMT

Previous RT involving the
spinal cord

Thoracic (66 Gy/33 fr),
13 mo before onset

T4 vertebral body,
13 mo before onset

No

ICI received (cycles) Nivolumab (12) Nivolumab (7) Pembrolizumab (19)

Neurologic syndrome Myeloradiculitis Myelitis Myeloradiculitis

Clinical presentation Severe paraparesis,
neuropathic pain, and
sphincter dysfunction

Severe paraparesis,
sensory impairment
with T11 level, and
fecal and urinary
incontinence

Moderate paraparesis,
gait ataxia, sensory
impairment with T6
level, radicular pain,
and bladder dysfunction

mRS at symptom nadir 4 5 4

CSF cells (n/μL) 88 NA 3

CSF proteins(g/L) 3.76 NA 0.32

CSF-restricted OCB Yes NA NA

CNS autoantibodies Atypical antibody
reactivity on rodent
sections

NA NA

Spine MRI findings Multiple T2
hyperintensities
at C7-T4 and T11-T12
with associated CE at C7-T2
and T11-T12; CE of filum
terminale and caudal roots

Whole-spine T2
hyperintensity with
focal CE T4-T6

Multiple T2
hyperintensities
C4-C5, C7-T3, and T9-T12
with anterior patchy CE

Brain MRI findings Unremarkable Stable known brain
metastases and
radiation-induced
leukoencephalopathy

Unremarkable

First-line treatment Oral prednisone
(1 mg/kg/die) tapered
over 4 mo

IV MP IV MP followed by
oral tapering
(from 1 mg/kg/die)

Myelitis relapse Yes (3 weeks after the
end of steroid tapering)

No No

Second-line treatments IV MP + PLEX (7 sessions)
+ monthly IV CP (×2)

No No

Outcome at last follow-up Persistent severe
paraparesis

Death due to sepsis Complete recovery

mRS score at last follow-up 4 6 0

Follow-up from
myelitis onset (mo)

18 2 15

Abbreviations: CE = contrast enhancement, CP = cyclophosphamide, fr = fractions, Gy = gray, ICI = immune checkpoint inhibitor, IMT = inflammatory
myofibroblastic tumor, IVIG = IV immunoglobulin, MP = methylprednisolone, mRS = modified Rankin Scale, NA = not available, NSCLC = non–small-cell lung
cancer, OCB = oligoclonal bands, PLEX = plasmapheresis, RT = radiotherapy.
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similar to patients in our series (table 2), with contrast-
enhancing longitudinally extensive lesions on MRI and in-
flammatory findings on CSF analysis. Four patients had
positive CNS autoantibodies, including 2 with anti–

aquaporin-4 antibodies.e3,e5,e9,e11 All patients discontinued
ICIs and received high-dose glucocorticoids, alone (8/13,
62%) or in association with other immune therapies (5/13,
38%). Three patients (3/13, 23%) shifted to second-line

Table 1 (continued)

Patient 4 Patient 5 Patient 6 Patient 7

59/M 61/F 57/M 58/M

NSCLC NSCLC NSCLC Melanoma

No No Mediastinal
(66 Gy/33 fr), 13 mo
before onset

No

Pembrolizumab (5) Pembrolizumab (5) Nivolumab (51) Ipilimumab +
nivolumab (4)

Meningoencephalomyelitis Myelitis Encephalomyelitis
and demyelinating
polyradiculoneuritis

Meningoencephalo-
myeloradiculitis

Severe tetraparesis, bladder
dysfunction, neck stiffness,
neuropathic pain, dysphagia,
and altered consciousness

Moderate to severe
paraparesis, left upper
limb weakness,
proprioceptive ataxia,
and lower limb numbness

Severe paraparesis,
proprioceptive ataxia,
sensory impairment
with T12 level, radicular
pain, and bladder
hyperactivity

Paraplegia, sensory
impairment with T10
level, lower limb areflexia,
and fecal and urinary retention

5 4 4 4

900 105 5 115

5.2 0.75 1.09 2.57

NA Yes Yes No

Anti-GFAP antibodies No No Atypical antibody reactivity
on rodent sections

T2 hyperintensity from
C1 to T10; CE of spinal
leptomeninges

Focal T2 hyperintensity
C3-C4 without CE

Multiple T2
hyperintensities at
C3-C6, T2-T3, T8-T11 with
faint CE at T8-T11; CE of
caudal roots

Multiple T2
hyperintensities at
C2, C3, C7-T2, T4-T7,
T8-conus with associated
patchy CE; CE of spinal
leptomeninges and
caudal roots

Faint periventricular
CE with radial, linear pattern;
leptomeningeal CE; bulbar T2
hyperintensity

Stable known brain
metastasis

Multiple periventricular,
thalamocapsular and right
fronto-insular cortex T2
hyperintensities without CE

Multiple bilateral
brain hemispheric and
cerebellar punctiform,
faint CE

IV MP + PLEX (15 sessions),
oral prednisone (2 mg/kg/die)
tapered over 2 mo

IV MP followed by oral
prednisone tapering

IV MP followed by
prednisone (1 mg/kg/die)
tapered over 6 wk

IV MP, oral prednisone
tapering (from
1 mg/kg/die, ongoing)

No No Yes (2 weeks after
the end of the steroid
tapering)

No

Natalizumab (x1) Monthly IV CP (×6) Monthly IVIG (×3) and
PLEX (5 sessions)

PLEX (1 session),
tocilizumab (×2) +
ruxolitinib (23 days)

Persistent bladder
disorder with need of
intermittent urinary
catheterization

Persistent disabling
left arm and leg weakness
and severe proprioceptive
ataxia

Persistent leg weakness
and hypesthesia and
persistent disabling pain

Persistent leg weakness
and hypesthesia, urinary
retention, and fecal
incontinence

2 4 4 3

6 6 6 5
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Figure 1 MRI Findings in ICI-Associated Myelitis

(A) Spinal MRI at diagnosis in patient 3, showingmultiple hyperintensities at C4-C5, T9-T11, and T12 on sagittal T2/STIR sequences, with focal areas of contrast
enhancement on T1 sequences after gadolinium injection (circles). (B) Spinal and brain MRI at diagnosis in patient 4, who had positive antibodies to glial
fibrillary acidic protein. Spinal MRI showed a faint hyperintensity at T10-T12 on T2/STIR sequences and a marked contrast enhancement of the anterior
portion of the dural sac and of filum terminale on T1 sequences after gadolinium injection. Brain MRI in the same patient showed linear rims of contrast
enhancement expanding radially from lateral ventricles. (C) Brain MRI at diagnosis in patient 7 showing small punctuate areas of contrast enhancement in
bilateral subcortical and deep white matter, without corresponding signal alterations on FLAIR sequences (not shown). (D) Control spinal MRI of the thoracic
tract (sagittal T2/STIR sequences) in patient 1, 15 days after starting treatment with high-dose glucocorticoids and plasmapheresis, showing an almost
complete resolution of the longitudinally extensive hyperintensity of the spinal cord compared with initial imaging. (E) Control spinal MRI of the lumbar tract
(sagittal T2/STIR and T1 sequences after gadolinium injection) in patient 7, 15 days after starting treatment with high-dose glucocorticoids, plasmapheresis,
tocilizumab, and ruxolitinib, showing a marked reduction of the hyperintensity and swelling of the conus and of the associated leptomeningeal and caudal
root enhancement compared with initial imaging. ICI = immune checkpoint inhibitor.
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treatments, including infliximab (n = 2), plasmapheresis (n =
2), and cyclophosphamide (n = 1). Clinical improvement was
reported for 10 patients (10/13, 77%), 7 being ambulatory at

last follow-up (7/9, 78%). Relapses were observed in 2 cases
(2/13, 15%).e-7,e13 A single patient was rechallenged with
ICIs, with no additional toxicity.e8

Table 2 Main Clinical and Paraclinical Features in PatientsWith Acute TransverseMyelitis During ICI Treatment FromOur
Present Series and Literature Review

Present series Literature review

N 7 13

Age at myelitis onset, median (range) 58 (16–62) 63 (35–75)

Sex ratio (male/female) 1.33 (4/3) 1.60 (8/5)

Malignancy, n (%) NSCLC, 5/7 (71%)
Melanoma, 1/7 (14%)
Mesenteric IMT, 1/7 (14%)

Melanoma, 6/13 (46%)
NSCLC, 4/13 (31%)
Others, 3/13 (23%)a

Previous RT involving the spinal cord, n (%) 3/7 (43%) 3/13 (23%)

ICI treatment, n (%) Anti-PD1, 6/7 (86%)
Nivolumab, n = 3
Pembrolizumab, n = 3

Anti-PD1 + anti-CTLA4, 1/7 (14%)

Anti-PD1, 5/13 (38%)
Pembrolizumab, n = 3b

Nivolumab, n = 2
Anti-PDL1, 2/13 (15%)

Atezolizumab, n = 1
Durvalumab, n = 1

Anti-CTLA4, 2/13 (15%)
Ipilimumab, n = 3c

Anti-PD1 + anti-CTLA4, 2/13 (15%)

Number of ICI cycles received, median
(range)

7 (3–51) 3 (1–16)

Symptoms, n (%) Paraparesis, 7/7 (100%)
Sphincter dysfunction, 6/7 (86%)
Tactile/thermic sensory deficits, 5/7 (71%)
Proprioceptive ataxia, 3/7 (43%)

Paraparesis, 12/13 (92%)
Sensory disturbances, 12/13 (92%)
Sphincter dysfunction, 12/13 (92%)

Spine MRI findings, n (%) T2 hypersignal extending for ≥3 metameres, 6/7
(86%)
Parenchymal enhancement, 6/7 (86%)

T2 hypersignal extending for ≥3 metameres, 12/13
(92%)
Parenchymal enhancement, 8/8 (100%)

CSF findings, n (%) Increased proteins, 5/6 (83%)
Increased cell count, 4/6 (67%)

Increased proteins, 9/10 (90%)
Increased cell count, 9/10 (90%)

Involvement of other nervous structures, n
(%)

5/7 (71%) 2/13 (15%)

Autoantibodies, n Anti-GFAP, n = 1
To unknown CNS antigens, n = 2

Anti-AQP4, n = 2e3,e9

Anti-CV2, n = 1e11

To unknown antigen with an AQP4-like pattern, n =
1e5

First-line treatment,
n (%)

High-dose glucocorticoids, 7/7 (100%)
Plus plasmapheresis, n = 1

High dose glucocorticoids, 13/13 (100%)
Plus plasmapheresis, n = 3
Plus other treatment, n = 4d

Second-line treatments,
n (%)

Yes, 5/7 (71%)
Plasmapheresis, n = 3
Cyclophosphamide, n = 2
IVIG, n = 1
Natalizumab, n = 1
Tocilizumab plus ruxolitinib, n = 1

Yes, 3/13 (23%)
Infliximab, n = 2
Plasmapheresis, n = 2
Cyclophosphamide, n = 1

Myelitis relapse, n (%) 2/7 (29%) 2/13 (15%)

Outcome Clinical improvement, 2/7 (29%)
No improvement, 4/7 (57%)
Death due to sepsis, 1/7 (14%)

Clinical improvement, 10/13 (77%)
No improvement, 3/13 (23%)

Abbreviations: GFAP = glial fibrillary acidic protein; ICI = immune checkpoint inhibitor, IVIG = IV immunoglobulin, NSCLC = non–small-cell lung cancer, RT =
radiation therapy.
a Others included Hodgkin lymphoma, renal cell carcinoma, and small-cell lung cancer.
b One patient under pembrolizumab previously received ipilimumab plus nivolumab.
c One patient under ipilimumab previously received nivolumab.
d Other treatments included IVIG, cyclophosphamide, rituximab, and bevacizumab (one case each).
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Discussion
Here, we reported 7 patients developing acute transverse
myelitis following ICI treatment, which were identified
through an extensive research in 2 independent national da-
tabases. Despite the limitations inherent to the retrospective
nature of our methodology and the potential biases related to
spontaneous notification,4 we could estimate that during the
evaluated time frame, over 38,000 patients were treated with
ICIs in France outside of clinical trials, making of ICI-related
myelitis an extremely rare irAE.

Most patients in our series were affected by NSCLC, and
almost half had received thoracic radiotherapy. Besides rep-
resenting one of the most common indications to ICI treat-
ment, NSCLC often requires the administration of local
radiotherapy, which invariably delivers a dose to the spinal
cord. By potentiating the immune responses elicited by ICIs,5

radiotherapy might indeed represent a predisposing factor to
the development of myelitis.

Differently from other neurologic irAEs, myelitis was not in-
variably an early event. Clinical presentation was typical of
acute transverse myelitis and was accompanied by in-
flammatory CSF findings and longitudinally extensive lesions
on MRI. Of interest, in most cases, inflammatory changes
extended to the brain parenchyma, the leptomeninges and
caudal nerve roots, suggesting that it often exists a broader
involvement of the nervous system that might have been
underestimated in previous reports. A single patient in our
series tested positive for known antibodies to neural antigens,
although we recognize that screening for CNS antibodies was
not always exhaustive (table e-1, links.lww.com/NXI/A418).

All patients in our series and in the literature received high-
dose glucocorticoids as first-line treatment, as recommended
by current guidelines,6 although most of them ultimately
needed additional immune therapies because of the lack of
functional improvement. This observation suggests that pa-
tients with longitudinally extensive myelitis might benefit
from stronger upfront immune therapy schemes, as advocated
for other threatening irAEs such as the myositis-myocarditis
complex.7 Despite some data raised concern,8 glucocorticoid
treatment does not seem to impair tumor control or patient
survival9 and should be continued for at least 2 months6 to
substantiate recovery and prevent early relapses.10 Targeted
biological agents, such as natalizumab or tocilizumab, which
have recently been experimented in this and other settings,7

should help to improve therapeutic results, without a risk of
interfering with the antitumor activity of ICIs.
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Salpêtrière, Paris, France

Performed and interpreted
the radiologic analyses and
revised the manuscript for
intellectual content

Jean-Marie
Michot, MD,
PhD

Gustave Roussy, Villejuif,
France

Major role in the
acquisition of data and
revised the manuscript for
intellectual content

Samy
Ammari,
MD

Gustave Roussy, Villejuif,
France

Performed and interpreted
the radiologic analyses and
revised the manuscript for
intellectual content

Appendix 1 (continued)

Name Location Contribution

Dimitri
Psimaras,
MD

Groupe Hospitalier Pitié-
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Abstract
Objective
To determine whether adult cases of Chronic Lymphocytic Inflammation with Pontine Peri-
vascular Enhancement Responsive to Steroids (CLIPPERS) may be related to familial
hemophagocytic lymphohistiocytosis (HLH) causes, we have screened patients with adult-
onset CLIPPERS for mutations in primary HLH-associated genes.

Methods
In our cohort of 36 patients fulfilling the criteria for probable or definite CLIPPERS according
to the CLIPPERS-2017 criteria, we conducted a first study on 12 patients who consented to
genetic testing. In these 12 patients, systemic HLH criteria were searched, and genetic analysis
of 8 genes involved in primary HLH was performed.

Results
Four definite and 8 probable CLIPPERS were enrolled (n = 12). Mutations involved in HLH
were identified in 2 definite and 2 probable CLIPPERS (4/12). Three of them had biallelic
PRF1 mutations with reduced perforin expression in natural killer cells. The remaining patient
had biallelic UNC13D mutations with cytotoxic lymphocyte impaired degranulation. None of
the mutated patients reached the criteria for systemic HLH. During follow-up, 3 of them
displayed atypical findings for CLIPPERS, including emergence of systemic non-Hodgkin
lymphoma (1/3) and confluent gadolinium-enhancing lesions on brain MRI (3/3).

Conclusions
In our patients presenting with adult-onset CLIPPERS, one-third have HLH gene mutations.
This genetic treatable condition should be searched in patients with CLIPPERS, especially in
those presenting with atypical findings.
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In 2010, Pittock et al. described 8 patients presenting with
symptomatic hindbrain punctate and curvilinear gadolinium-
enhancing lesions, responsive but dependent to steroids. These
lesions were related to perivascular lymphohistiocytic infiltrates
on brainstem biopsies.1 The authors named this CNS in-
flammatory disorder CLIPPERS for Chronic Lymphocytic In-
flammation with Pontine Perivascular Enhancement Responsive
to Steroids. Since this first description, more than 80 cases have
been reported around the world.2–5 The mean age at onset was
about 50 years (range 13–86 years) with a slight male pre-
ponderance. Diagnostic criteria have been proposed in 2017.6 In
the absence of specific biomarker, these criteria are based on
clinical (i.e., subacute brainstem signs and symptoms responsive
to steroids), radiologic (i.e., hindbrain punctate and curvilinear
gadolinium-enhancing lesions responsive to steroids), and his-
tologic features (i.e., perivascular and parenchymal CNS infil-
trates composed by T cells and macrophages), with lack of
alternative diagnosis (e.g., primary angiitis of the CNS, autoim-
mune gliopathies [related to antimyelin oligodendrocyte glyco-
protein or antiglial fibrillary acidic protein antibodies], and CNS
lymphoma).7 Patients were considered as definite CLIPPERS
when all criteria are met and probable CLIPPERS in the absence
of histologic confirmation. Recently, mutations in genes associ-
ated with familial hemophagocytic lymphohistiocytosis (HLH)
have been found in 4 children presenting with isolated CNS
involvement sharing some CLIPPERS features.8 We anticipated
thatHLH restricted to theCNS could be an interesting candidate
to explain someCLIPPERS characteristics such as the presence of
numerous histiocytes in the perivascular infiltrates and the strik-
ing association with lymphomas. Therefore, we screened adult
patients with CLIPPERS formutations inHLH-associated genes.

Methods
Standard Protocol Approvals, Registrations,
and Patient Consents
The study protocol was approved by the local investigational
review boards and the French Advisory Committee on
Medical Research (IRB registration no. 00001072, no. CPP:
2015-03-03/DC 2014-2272). Written informed consent for
genetic testing was obtained from each patient analyzed.

Study Population
Since 2011, University Hospitals of Montpellier collected
clinical, radiologic, and histologic data of patients referred as
CLIPPERS and displaying hindbrain punctate and/or curvi-
linear gadolinium enhancements. Thirty-six patients aged 18
years or older met the criteria for probable or definite
CLIPPERS according to the CLIPPERS-2017 criteria.6 All

patients had clinical and radiologic assessments, ancillary
tests, and in some of them brain biopsies. The procedure of
these investigations was previously described and is summa-
rized in table e-1 (links.lww.com/NXI/A421).7

We conducted a first study on 12 patients who consented to
genetic testing for familial HLH. Clinical and biological signs of
HLH according to the HLH criteria were assessed in each
patient at the time of genetic testing (table e-1, links.lww.com/
NXI/A421).9 The presence of hemophagocytosis on histologic
sections of brain tissue samples was searched at the time of the
biopsy in case 2 and retrospectively in the 3 remaining biopsied
patients (cases 3, 11, and 12). Finally, clinical and radiologic
CLIPPERS features, ancillary tests, and the presence of systemic
signs of HLHwere reassessed at each new relapse from the time
of genetic sampling and until January 2020 corresponding to the
end of follow-up. Clinical and radiologic atypical features for
CLIPPERS are summarized in table e-1.

Molecular and Functional Analyses
Eight genes involved in primary HLH were screened: PRF1,
UNC13D, STX11, and STXBP2 associated with familial early-
onset HLH, RAB27A and LYST associated with Griscelli syn-
drome and Chediak-Higashi syndrome, respectively, and SAP
and XIAP associated with X-linked lymphoproliferative
syndrome.10,11 Genetic screening was performed on DNA iso-
lated from peripheral blood samples using a next-generation
sequencing panel that simultaneously analyzed the 8 genes.
Identified mutations were confirmed by Sanger sequencing.

An additional blood sample allowed assessing the percentage of
circulating activated cytotoxic T lymphocytes (i.e., CD8+HLA-
DR+ T cells that are frequently increase in primary HLH), the
serum level of soluble interleukin-2 receptor alpha (CD25), the
perforin expression level, and the cytotoxic lymphocyte de-
granulation ability as previously described.12 Perforin expression
was assessed on natural killer (NK) cells by flow cytometry, and
the level of expression was expressed as the mean fluorescent
intensity of each patient sample relative to the control one.
Perforin expression and cytotoxic lymphocyte degranulation
activity of a mutated patient were compared each time to the
one of a healthy control analyzed in the same conditions.

Statistical Analysis
The quantitative data are presented as median (interquartile
range [IQR]), and the qualitative data are presented as
number and frequencies or percentages. Median follow-up
from the start of the disease to the end of follow-up was
calculated for each patient. At the end of follow-up, to assess
whether there was a difference between mutated and

Glossary
CLIPPERS = Chronic Lymphocytic Inflammation with Pontine Perivascular Enhancement Responsive to Steroids; HLH =
hemophagocytic lymphohistiocytosis; HSCT = hematopoietic stem cell transplantation; IQR = interquartile range; NK =
natural killer.
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nonmutated patients with CLIPPERS, all data collected were
compared between these 2 groups of patients. Tests were
Fisher exact tests for qualitative variables and Student t tests
for quantitative variables, unless for Rankin scale (Wilcoxon-
Mann-Whitney). p Values <0.05 were considered statistically
significant.

Data Availability
Anonymized data used for this study are available from the
corresponding author on reasonable request to any qualified
investigator.

Results
Demographic Characteristics and Initial
Assessment of Patients
In this first study, genetic assessment was performed in 12
patients (9 males and 3 females) among 36 patients diagnosed
as CLIPPERS (table 1). Five of them have already been
reported elsewhere, including 1 patient shown here to carry
HLH gene mutations.4,7,13 According to the CLIPPERS-2017
criteria, 8 patients met the clinical and radiologic CLIPPERS
criteria and were considered as probable CLIPPERS, and 4

Table 1 Characteristics of Patients With CLIPPERS

Case

Age at onset/
sex/personal
or familial
background

Diagnosis
at
inclusion

Mutations
in primary
HLH genes

No. of
attacks/
follow-
up

Spreading
of pontine
Gd+
lesions

CSF
findings:
WCC per
mm3/
protein
in g/L

mRS
score
at the
last
visit

Relapse-free
period since last
attack (mo)/with
or without
treatment

Emergence of
atypical features
for CLIPPERS
(attack number)/
systemic signs of
HLH

1 73/F/no Probable
CLIPPERS

Biallelic
PRF1
mutations

2
attacks/
41 mo

Brain and
spinal cord

8/0.8/no
OCBs

2 16/rituximab 1 g ×2 Yes, confluent Gd +
lesions during the
second attack/no
systemic signs

2 69/M/no Definite
CLIPPERS

Biallelic
UNC13D
mutations

2
attacks/
21 mo

Brain 3/0.26/no
OCBs

5 7/
polychemotherapy
for systemic NHL

Yes, confluent Gd+
lesions during the
second attack/
systemic NHL, no
systemic signs of HLH

3 52/M/acute
cerebellitis in
his brother’s
granddaughter

Definite
CLIPPERS

Biallelic
PRF1
mutations

4
attacks/
120 mo

No 10/0.94/
no OCBs

2 60/MTX 15 mg/wk Yes, confluent Gd+
lesions during the
second attack/no
systemic signs

4 42/M/no Probable
CLIPPERS

Biallelic
PRF1
mutations

3
attacks/
43 mo

Brain and
spinal cord

6/0.71/no
OCBs

2 8/MTX 25 mg/wk No/no systemic signs
of HLH

5 32/M/no Probable
CLIPPERS

No 3
attacks/
118 mo

Brain and
spinal cord

0/0.74/no
OCBs

1 35/CT 10 mg/d and
MTX 25 mg/wk

No/no systemic signs
of HLH

6 64/M/no Probable
CLIPPERS

No 1 attack/
34 mo

Brain and
spinal cord

6/0.47/
OCBs +

0 33/CT 10 mg/d +
MTX 25 mg/wk

No/no systemic signs
of HLH

7 59/M/no Probable
CLIPPERS

No 2
attacks/
36 mo

Brain 0/0.44/no
OCBs

3 3/no treatment No/no systemic signs
of HLH

8 53/F/no Probable
CLIPPERS

No 5
attacks/
108 mo

Brain 5/0.58/no
OCBs

3 62/after 10 cycles
of CYC

No/no systemic signs
of HLH

9 48/M/no Probable
CLIPPERS

No 3
attacks/
67 mo

Spinal cord 3/0.73/no
OCBs

1 48/MTX 12.5mg/wk No/no systemic signs
of HLH

10 24/M/no Probable
CLIPPERS

No 2
attacks/
6 mo

No 10/0.83/
no OCBs

0 3/azathioprine 100
mg/d

No/no systemic signs
of HLH

11 61/M/no Definite
CLIPPERS

No 1 attack/
20 mo

Brain 0/0.85/no
OCBs

2 19/CT 20 mg/d +
MTX 12.5 mg/wk

No/no systemic signs
of HLH

12 69/F/HIV under
HAART

Definite
CLIPPERS

No 2
attacks/
36 mo

Brain 0/0.45/
OCBs +

1 16/no treatment No/no systemic signs
of HLH

Abbreviations: CT = prednisone/prednisolone; CLIPPERS = Chronic Lymphocytic Inflammation with Pontine Perivascular Enhancement Responsive to Ste-
roids; CYC = cyclophosphamide; Gd+ = gadolinium enhancement; HAART = highly active antiretroviral therapy; mRS = modified Rankin Scale; MTX =
methotrexate; NHL = non-Hodgkin lymphoma; OCB = oligoclonal band; WCC = white cell count.
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patients met the clinical, radiologic, and histologic criteria and
were considered as definite CLIPPERS. The median age at
onset was 56 (IQR 45–66.5) years. Patients were followed
during a median of 38.5 months (IQR 27.5–87.5 months),
and the median number of attacks per patient was 2
(IQR 2–3).

Description and Follow-up of Mutated Patients
With CLIPPERS
Biallelic variations in genes involved in primary HLH were
identified in 2 definite and 2 probable CLIPPERS (cases 1–4)
(table 2). These 4 patients with nonconsanguineous parents
were Caucasians. Three of them carried PRF1 variations
(compound heterozygous in 2 [cases 3 and 4] and homozy-
gous in 1 [case 1]), previously reported to partially
impair lymphocyte cytotoxicity.14–16 Hence, a reduced per-
forin expression was observed in the patients’NK cells (figure
2). The fourth patient (case 2) carried compound heterozy-
gous variations in UNC13D, i.e., a nonsense mutation and a
missense mutation predicted to be likely pathogenic (table 2
and figure 2). As a result, patient’s cytotoxic T lymphocyte
degranulation was partially impaired (figure 2). Two patients
(cases 1 and 2) had a slight increased in the percentage of
circulating activated CD8 T cells (22% and 16% respectively,

normal ≤10 of CD8 HLA-DR+; table 2) supporting a
T lymphocyte–driven disease as observed in primary HLH.17

None of the mutated patients had history of recurrent infec-
tions or severe viral infection. After a median follow-up of 42
months (IQR 31–81.5 months), 3 of them displayed atypical
findings for CLIPPERS, shifting the initial diagnosis from
CLIPPERS to non-CLIPPERS. The median time interval to
the development of atypical features was 16 months (mini-
mum 13, maximum 24). Case 2 developed a systemic B-cell
non-Hodgkin lymphoma requiring a polychemotherapy
(table 1). In cases 1 to 3, brain MRI showed confluent
gadolinium-enhancing lesions on postcontrast T1-weighted
images with large T2 hyperintensities on corresponding areas
(figure 1). Brain biopsies targeting these atypical enhancing
lesions in cases 2 and 3 showed characteristic perivascular
lymphohistiocytic infiltrates seen in CLIPPERS with a pre-
dominance of CD4 T cells. There were neither unusual
pathologic features nor signs of hemophagocytosis. As usually
described in CLIPPERS, no patient relapsed when predni-
sone was above 30 mg per day. The median modified Rankin
Scale score at the last visit was 2 (IQR 2–3.5). These mutated
patients did not reach the criteria for systemic HLH (table 2).
Except systemic lymphoma in case 2, no triggering factor for
HLH was found in the 3 remaining mutated patients.

Table 2 HLH Evaluation in the Patients Carrying Mutation in Primary HLH-Related Genes

Patient 1 2 3 4

Mutation PRF1 c.272C>T
(p.A91V) homozygous

UNC13D c.919C>T (p.Q307*) and
c.2038C>T (p.R680W)

PRF1 c.116C>A (p.P39H)
and c.272C>T (p.A91V)

PRF1 c.82C>T (p.R28C) and
c.272C>T (p.A91V)

Systemic HLH evaluation

Fever >38.0°C No No No No

Splenomegaly No No No No

Hb <90 g/L No No No No

Plt <100 × 109/L No No No No

Neu <1.0 × 109/L No No No No

Tg ≥3.0 mmol/L No No No No

Fg ≤1.5 g/L No No No No

Ferritin ≥500 μg/L No 519 No No

Hemophago BM No No ND No

HLA DR+/CD8+ % (normal ≤10) 22 16 1 1

Soluble IL-2 receptor (pg/mL,
normal <2,400)

1,980 1,241 1,500 1,200

NK cell perforin expression
level (MFI % of control)

Decreased (38%) NA Decreased (25%) Decreased (38%)

Cytotoxic lymphocyte
degranulation

NA Decreased NA NA

Abbreviations: BM = bone marrow; Fg = fibrinogen; Hb = hemoglobin; Hemophago = hemophagocytosis; HLH = hemophagocytic lymphohistiocytosis; MFI =
mean fluorescent intensity; NA = not applicable; ND = not done; Neu = neutrophils; Plt = platelets; Tg = triglycerides.
First evaluation for systemic HLH and genetic assessment were performed before the development of atypical findings for CLIPPERS in all patients except for
patient 3. Systemic HLH evaluation was (re)assessed when atypical features emerged in all patients except for patient 4. Assessment of immunologic
functions was performed after the development of atypical findings for CLIPPERS in all patients except for patient 4.
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Regarding familial background of case 3, his brother’s
granddaughter displayed a self-limited acute cerebellitis of
unknown origin, and genetic screening showed a monoallelic
mutation in PRF1.

Description and Follow-up of Nonmutated
Patients With CLIPPERS
In patients with CLIPPERS without identifiedmutation in the
primary HLH genes analyzed (cases 5–12), 2 were definite
CLIPPERS and 6 were probable CLIPPERS (table 1). After a
median follow-up of 36 months (IQR 27–87.5), atypical
clinical, radiologic, and/or histologic findings for CLIPPERS

were not seen. In case 5, a nodular spinal cord enhancing
lesion at the cervical level was seen during the first attack. This
lesion disappeared under steroid therapy and did not relapse
during the 2 further attacks (118 months of follow-up). As
usually described in CLIPPERS, no patient relapsed when
prednisone was above 30 mg per day. The median modified
Rankin Scale score at the last visit was 1 (IQR 0.5–2.5). None
of the nonmutated patients reached the criteria for systemic
HLH. Except HIV type 1 in case 12, no triggering factor for
HLH was found. These patients had no significant familial
background of CNS disorder or history of hemophagocytosis.

Comparison Between Mutated and
Nonmutated Patients With CLIPPERS
Data including age at onset, number of attacks, duration of
follow-up, modified Rankin Scale score, presence of pontine
gadolinium-enhancing lesions spreading (i.e., brain and/or
spinal cord), CSF analysis, presence of systemic signs of HLH,
and presence of clinical, radiologic, and/or histologic atypical
features for CLIPPERS at the last follow-up were compared
between mutated and nonmutated patients with CLIPPERS
(table 3). Only the presence of atypical features for CLIP-
PERS was significantly more frequent in mutated patients (p
= 0.02).

Discussion
Primary HLH gene mutations were found in 33% of our
patients presenting with adult-onset CLIPPERS. Themutated
patients herein reported had no familial history of HLH or
chronic CNS disorder. In addition, none of them met the
criteria for the diagnosis of systemic HLH, although all
exhibited a deficit in a protein involved in lymphocyte cyto-
toxicity. The reason for the CNS-restricted manifestations in
these patients is not fully understood. It has been well rec-
ognized that systemic HLHmanifestations due to a functional
defect in T lymphocytes and NK cells cytotoxicity, result
from impaired antigen clearance.10,18 Antigen persistence
leads to lymphocyte and macrophage overactivation, systemic
inflammatory cytokine release, and multiorgan failure. In the
context of systemic HLH, about half of the patients have CNS
involvement.19 However, because the diagnosis of HLH re-
quires systemic signs, the prevalence of CNS-restricted in-
volvement with underlying HLH pathophysiology is not
determined.

It is noticeable that the perforin mutations identified in our
patients are all hypomorphic gene variants preserving some
protein function. Through different combinations, these
mutations have been previously associated with late or atyp-
ical forms of HLH or to malignancies.14–16 Degranulation
activity of cytotoxic cells is also partially preserved in the
patient carrying UNC13D mutations. In these situations, the
residual lymphocyte cytotoxicity may be sufficient to prevent
acute systemic HLH development in response to most envi-
ronmental triggers, but not in response to specific triggers

Figure 1 Radiologic Features of Mutated Patients With
CLIPPERS

MRI at the first evaluation showed in all patients typical pontine punctate and
curvilinear gadolinium enhancements on postcontrast T1WI (A, D, G, and J).
In patients 1 to 3, MRI at the second attack displayed atypical confluent
gadolinium-enhancing lesions on postcontrast T1WI (B, E, and H) with large
T2/FLAIR hyperintensities on corresponding areas (C, F, and I). In patient 4,
MRI at the second and third attacks still showed typical punctate gadolinium
enhancements on postcontrast T1WI (K) with punctate T2/FLAIR hyper-
intensities on corresponding areas (L). CLIPPERS = Chronic Lymphocytic In-
flammation with Pontine Perivascular Enhancement Responsive to Steroids;
FLAIR = fluid-attenuated inversion recovery.
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localized in some organs, particularly in the CNS. We cannot
exclude in our patients the existence of specific neuro-
inflammatory events and/or the contribution of additional
modifying factors that favored the onset of CNS-restricted
HLH in this deficient cytotoxicity context.

Of interest, three-fourth of the mutated patients subsequently
developed atypical radiologic features for CLIPPERS in-
cluding confluent gadolinium-enhancing lesions with large T2
hyperintensities. In one of them, a systemic B-cell non-
Hodgkin lymphoma appeared 21 months after disease onset.
In this patient, the impaired lymphocyte cytotoxicity may
have contributed to the emergence of B-cell lymphoma.15 In
our study, the emergence of atypical CLIPPERS findings was
only seen in the mutated patients. However, one of the mu-
tated patients still met the CLIPPERS criteria despite 2 re-
lapses and 43 months of follow-up. Emergence of atypical
features for CLIPPERS may therefore represent a discrimi-
nating sign although not absolute given it absence in 1 patient
harboring mutations in familial HLH-associated genes.
Atypical features may also take longer to appear in some cases.
Thus, screening for mutations in genes related to primary
HLH should be fostered in all patients presenting with
CLIPPERS.

Determination of such genetic alterations in patients with
CLIPPERS is significant because hematopoietic stem cell
transplantation (HSCT) is currently the only curative treat-
ment for primary HLH. Besides, new specific therapies tar-
geting cellular or soluble immune effectors of HLH are
increasingly available, that may be worth to consider.20 Re-
cently, 4 children presenting with chronic CNS inflammatory
disorders associated with mutations in familial HLH genes
achieved sustained remission after unrelated donor HSCT.8

Of interest, one of them met the CLIPPERS criteria and
subsequently developed confluent gadolinium-enhancing le-
sions with large T2 hyperintensities before the graft. Although
the place of HSCT remains to be defined, this therapy should
be considered in patients with CLIPPERS features harboring
mutations in primary HLH genes, who become resistant to
steroids and immunosuppressive therapies.21 The present
study raises another issue: whether CLIPPERS is a disease or a
syndrome.22–24 Our data strongly support the idea that
CLIPPERS is a heterogeneous condition, potentially with
different pathways of pathogenesis, resulting in similar clinical
presentation. No mutations in the primary HLH genes were
detected in 67% of our patients with CLIPPERS. We cannot
totally exclude that some of them carried undetectable mu-
tations in these genes. Alternatively, they may have mutations

Figure 2 Patient Mutations and Their Consequences on Protein Expression or Function

(A) Sanger sequencing chromatogram depicting the homozygous (in P1) and heterozygous (in P2-4) mutations identified in PRF1 and UNC13D genes; (B) Flow
cytometric analysis of perforin expression at the surface of natural killer cells from P1, P3, and P4. Histograms show overlays of unstained (gray) and perforin
stained natural killer cells (black) from each patient (doted line) and a control (solid line) performed in the same experiment. (C) Degranulation of cytotoxic T
lymphoblasts from patient P2 (gray curve) compared with control (black curve). Induced CD107 surface expression on cytotoxic T lymphoblasts activated by
increased concentration of anti-CD3 (OKT3) is partially impaired in P2.

6 Neurology: Neuroimmunology & Neuroinflammation | Volume 8, Number 3 | May 2021 Neurology.org/NN

http://neurology.org/nn


in other uncharacterized genes and/or have been exposed to
environmental factors triggeringHLH features inCNS. Following
this line, CLIPPERS could reflect either a primary or a secondary
form of CNS-restrictedHLH. Among our nonmutated patients, 1
had HIV. This virus is known to potentially trigger secondary
HLH.25 Other possible triggers associated with CLIPPERS were
also described as triggers of HLH such as Epstein-Barr virus,
systemic lymphomas, and more recently histiocytic sarcoma.26–28

Given the small number of patients genetically tested in our
cohort, additional studies are needed to better evaluate the
prevalence of mutations in genes related to primary HLH in the
patients presenting with CLIPPERS. In addition, because signs
of HLH were not systematically searched in the untested pa-
tients of our cohort, we cannot totally rule out a selection bias.

Nevertheless, we thought that primary HLH should be
searched in patients with CLIPPERS, especially in those
presenting with atypical findings. Further studies may help to
better delineate the different causes and mechanisms leading
to CLIPPERS features in patients with primary HLH.
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Table 3 Comparison Between Mutated and Nonmutated Patients With CLIPPERS

Nonmutated patients with CLIPPERS
(n = 8)

Mutated patients with CLIPPERS
(n = 4)

p
Value

Age at onset 56.00 (40.00–62.50) 60.50 (47.00–71.00) 0.43

No. of attacks 2.00 (1.50–3.00) 2.50 (2.00–3.50) 0.62

Follow-up (mo) 36.00 (27.00–87.50) 42.00 (31.00–81.50) 0.91

mRS score at the last visit (relapse-free period) 1.00 (0.50–2.50) 2.00 (2.00–3.50) 0.16

Pontine Gd+ spreading to the brain and/or spinal cord, n
(%col)

6 (75.00) 3 (75.00) 1.00

CSF white cell count per mm3 1.50 (0.00–5.50) 7.00 (4.50–9.00) 0.11

CSF protein in gram per liter 0.66 (0.46–0.79) 0.76 (0.49–0.87) 0.76

CSF OCBs, n (%col) 2 (25.00) 1 (25.00) 1.00

Emergence of atypical features for CLIPPERS, n (%col) 0 (0.00) 3 (75.00) 0.02a

Abbreviations: CLIPPERS = Chronic Lymphocytic Inflammation with Pontine Perivascular Enhancement Responsive to Steroids; Gd+ = gadolinium en-
hancement; mRS = modified Rankin Scale; OCB = oligoclonal band.
Values are n (%col) or median (Q1–Q3). Tests are Fisher exact tests for qualitative variables and Student t tests for quantitative variables, unless for Ranking
scale (Wilcoxon-Mann-Whitney).
a p Values <0.05 are considered statistically significant.
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Abstract
Objective
Neurofilament light protein (NfL) and chitinase 3–like 1 (CHI3L1) are biomarkers for acute
neuroaxonal damage and local inflammation, respectively. Thus, we set out to evaluate how
these biomarkers were associated with clinical features of demyelinating diseases in parallel with
the expression in brain autopsies from patients with similar disease stages, assuming their
comparability.

Methods
NfL and CHI3L1 in CSF and serum CHI3L1 were assessed retrospectively in a cross-sectional
cohort of controls (n = 17) and patients diagnosed with MS (n = 224), relapsing (n = 163) or
progressive (n = 61); neuromyelitis optica (NMO, n = 7); and acute disseminated encepha-
lomyelitis (ADEM, n = 15). Inflammatory activity was evaluated at the time of sampling, and
CSF biomarker levels were related to the degree of inflammation in 22 brain autopsy tissues.

Results
During a clinical attack, the CSF NfL increased in MS, NMO, and ADEM, whereas CHI3L1
was only elevated in patients with NMO and ADEM and in outlier MS patients with extensive
radiologic activity. Outside relapses, CHI3L1 levels only remained elevated in patients with
progressive MS. CHI3L1 was detected in macrophages and astrocytes, predominantly in areas
of active demyelination, and its expression by astrocytes in chronic lesions was independent
of lymphocyte infiltrates and associated with active neurodegeneration.

Conclusions
Both CSF NfL and CHI3L1 augment during acute inflammation in demyelinating diseases. In
MS, CHI3L1 may be associated with low-grade nonlymphocytic inflammation and active
neurodegeneration and therefore linked to progressive disease.

Classification of Evidence
This study provides Class III evidence that CSF NfL and CHI3L1 levels increase in in-
flammatory brain diseases during acute inflammation.
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MS is a pathology that can be considered a continuum, in
which neuronal damage occurs in parallel to inflammation
from the onset of the disease.1 This neuronal damage might
be not perceived clinically due to compensation by functional
neuronal reserves of the relatively young individuals affected.2

Thus, there is currently much interest in identifying bio-
markers that will enable disease progression to be evaluated,
even before a clinical diagnosis, and personalized treatment
strategies to be adopted. We recently proposed that the
combined assessment of 2 biomarkers in the CSF might
identify patients with subclinical disease progression: neuro-
filament light protein (NfL) and chitinase 3–like 1
(CHI3L1).3 CHI3L1 is a member of the chitin family of
proteins that are related to chronic inflammation.4 Within the
brain, CHI3L1 is expressed by astrocytes5–7 and microglia/
macrophages,6–9 and its levels in the CSF reflect its endoge-
nous synthesis.6 Indeed, elevations in CHI3L1 have prog-
nostic implications in MS.3,10,11 NfL is released into the CSF
and serum on axonal damage, and in serum, it is considered a
surrogate marker of disease activity in MS with potential
prognostic value.12,13 NfL and CHI3L1 levels also appear to
be elevated during clinical attacks in other demyelinating
diseases, such as neuromyelitis optica (NMO)14 and acute
disseminated encephalomyelitis (ADEM).15 However, unlike
MS, the accrual of neurologic disability independent of re-
lapses is rare or absent in these entities.16,17

In the present study, we analyzed CHI3L1 and NfL levels in
the CSF of patients with MS, ADEM, and NMO, and we
compared these data with the expression of CHI3L1 and the
degree of inflammation and neurodegeneration in autopsy
tissue obtained from patients at similar disease stages. In
terms of the clinical data, our primary end point was to assess
the differences in the levels of these biomarkers between
patients with distinct demyelinating diseases and in relation
to their disease activity. From a pathologic viewpoint, the
aim was to study the differential expression of CHI3L1 by
distinct cell types and its relationship to the surrounding
inflammation.

Methods
Participants and Brain Samples
Brain autopsy tissue was analyzed from 22 patients with MS
and 6 age-matched controls (n = 6): acute MS (AMS)/
relapsing-remitting (RRMS: n = 6); primary progressive
(PPMS: n = 5); secondary progressive (SPMS: n = 11), and 1

patient with NMO (AQP4+) and another 1 with ADEM (see
patient characteristic and lesions analyzed in table 1). The
clinical part of the study was performed on a cross-sectional
cohort of 224 patients with MS (163 RRMS; 37 SPMS; 24
PPMS), 7 NMO (AQP4+), and 15 ADEM. Patients were
attended at the Hospital Universitari i Politècnic La Fe be-
tween 2008 and 2017, and they were included in the study
when CSF and serum samples, MRI, and longitudinal disability
data were available. Demographic and clinical data were col-
lected retrospectively and prospectively, with the last update
in December 2019 (table 2). Non-MS control CSF samples
(n = 17) were selected from patients with no evidence of in-
fection, inflammation, autoimmunity, or known neurodegener-
ative disease.

Standard Protocol Approvals, Registrations,
and Patient Consents
This clinical study was approved by the Institutional Ethics
Committee in Hospital La Fe (reference number PI17/
01544). The material for pathologic analysis was collected
from the archive of the Center for Brain Research of the
Medical University of Vienna (ethics committee number:
535/2004/2019).

Data Availability
The data sets analyzed in this current study are available from
the corresponding author on reasonable request.

Definitions
Diagnosis of clinically definite MS was made prospectively
according to the 2017 McDonald criteria.18 An active disease
was considered when a clinical attack occurred and/or at least
1 gadolinium-enhanced (Gd+) lesion was present in T1-
weighted MRI. An increase in T2 lesions was not considered
as activity because the temporal relationship with acute in-
flammation was not always well defined. A clinical attack or
relapse was defined as acute worsening of neurologic activity
lasting more than 24 hours, not explained by fever or physical
stress, and followed by a varying degree of recovery. Urinary
symptoms alone were not considered for a diagnosis of re-
lapse. CSF samples were considered contemporary to active
disease when a lumbar puncture (LP) was performed within
90 days of the assessment of clinical attack. Clinical pheno-
types were classified according to the modified Lublin crite-
ria.19 Patients were considered as SPMS when they had an
Expanded Disability Status Scale (EDSS) score ≥3.0 with a
6-month confirmed increase to an EDSS score of ≥4.0, and in
whom the pyramidal functional system was ≥2.0 and there

Glossary
ADEM = acute disseminated encephalomyelitis; AMS = acute MS; APP = amyloid precursor protein; BBB = blood-brain
barrier; DMT = disease-modifying therapy; EDSS = Expanded Disability Status Scale; GFAP = glial fibrillary acidic protein;
IQR = interquartile range; LP = lumbar puncture;NAGM = normal-appearing gray matter;NAWM = normal-appearing white
matter;NfL = neurofilament light protein;NMO = neuromyelitis optica; PMS = progressive MS; PPMS = primary progressive
MS; SEL = slowly expanding lesion; SPMS = secondary progressive MS; RRMS = relapsing-remitting MS.
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was no evidence of relapse. The PPMS phenotype was
assigned to those patients who fulfilled the 2017 McDonald
criteria for PPMS. Patients with MS were treated with a first-
line disease-modifying therapies (DMTs) at the physician’s
discretion, unless one of the following circumstances oc-
curred: (1) 2 clinical attacks in 1 year; (2) a clinical attack
and/or a new Gd+ lesion within 3 months after a bout; and
(3) a disabling clinical attack with residual EDSS of at least 2

points. In these cases and in those with treatment failure, a
second-line DMT was administered. Nonresponders to first-
and second-line DMT proceeded to autologous stem cell
transplantation.

NMO was diagnosed according to the 2015 Wingerchuk
criteria,20 and only seropositive patients for NMO-IgG were
included in the study. ADEM was diagnosed according to the

Table 1 Brain Specimen Characteristics

Case Type Sex Age Lesion Region of interest Disease duration (mo)

C1 Control F 30 NWM

C2 Control F 36 NWM

C3 Control F 39 NWM

C4 Control M 46 NWM

C5 Control M 65 NWM

C6 Control M 70 NWM

MS1 AMS M 35 Act. Lesion III NAWM, initial, EA, and active center 1.5

MS2 AMS F 45 Act. Lesion III, SEL NAWM, initial, EA, LA, SEL: edge, and SEL: core 0.2

MS3 AMS M 45 2× Act. Lesion III NAWM, initial, 2× EA, LA, and active center 0.6

MS4 AMS M 59 Act. Lesion II NAWM, EA, and active center 5

MS5 AMS F 69 Act. Lesion III NAWM, initial, EA, and LA 2

MS6 RRMS F 40 Act. Lesion III NAWM, initial, EA, and active center 120

MS7 PPMS F 34 2× inactive lesion NAWM, 2× inactive core 204

MS8 PPMS M 53 SEL NAWM, SEL: edge, and SEL: core 168

MS9 PPMS F 55 Active lesion I NAWM, EA, and active center 168

MS10 PPMS M 67 SEL NAWM, SEL: edge, and SEL: core 87

MS11 PPMS F 77 SEL NAWM, SEL: edge, and SEL: core 168

MS12 SPMS F 52 SEL and inactive SEL and inactive 30

MS13 SPMS M 34 SEL NAWM, SEL: edge, and SEL: core 120

MS14 SPMS M 41 SEL NAWM, SEL: edge, and SEL: core 137

MS15 SPMS F 46 SEL NAWM, SEL: edge, and SEL: core 444

MS16 SPMS F 48 Active lesion I NAWM, EA, SEL, and inactive 410

MS17 SPMS F 53 SEL NAWM, SEL: edge, and SEL: core 241

MS18 SPMS F 53 Inactive lesion NAWM and inactive core 360

MS19 SPMS F 61 Inactive lesion NAWM and inactive core 288

MS20 SPMS F 62 Inactive lesion NAWM and inactive core 144

MS21 SPMS F 81 Inactive lesion NAWM and inactive core 432

MS22 SPMS F 45 Active lesion NAWM, EA, and SEL 240

NMO — F 20 Active/inactive lesion Active and inactive 48

ADEM — M 13 Inf; act PV DM NAWM; active lesions 0.06

Abbreviations: Act. = classical active lesions; ADEM = acute disseminated encephalomyelitis; AMS = acute MS; EA = early active lesion; LA = late active lesion;
NAWM = normal-appearing white matter; NMO = neuromyelitis optica; NWM = normal white matter of controls; PPMS = primary progressive MS; RRMS =
relapsing-remitting MS; SEL = slowly expanding lesion; SPMS = secondary progressive MS.
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2012 IPMSSG criteria.21 In all cases, disability was estimated
according to the EDSS22 at the time of LP and every 6 months
until the last visit. AMS for pathologic studies was diagnosed
in the case of rapidly progressive and malignant forms of MS
that led to death within weeks to months from onset, without
any signs of remission.23 Most patients died due to cardiac or
respiratory complications.

Biomarker Measurement
CSF and serum samples were stored at −80°C in the Biobank
at the La Fe hospital and with the approval of the Ethics and
Scientific Committees (PT17/0015/0043). CHI3L1 and NfL
CSF levels were assessed as reported previously following
consensus guidelines for CSF collection and biobanking.24

The mean intraassay coefficients of variation for NFL and
CHI3L1 were 4.5% and 6.5%, respectively, and the interassay
coefficients were 3.3% and 5.2%, respectively. We considered
patients with biomarker levels more than 1.5 times the
interquartile range (IQR) above theQ3 (CHI3L1 >367 ng/mL;
NfL >2027 pg/mL) calculated in the global MS cohort as
outliers. Serum CHI3L1 levels (sCHI3L1) were measured at a
1:50 dilution in 88 CSF samples using the same kit (DC3L10,
R&D systems,Minneapolis, MN). To assess blood-brain barrier
(BBB) permeability, the albumin index (Q-alb) was calculated
for all the samples as the ratio of CSF (mg/L) to the serum
albumin concentration (g/L).

MRI Acquisition and Analysis
Brain, cervical, and dorsal spine MRI after a first clinical attack
were analyzed. As the initial studies were from different cen-
ters and over a long time period (2006–2019), the acquisition
protocol and the sequences used were variable. Nevertheless,
the FLAIR sequence (transverse or sagittal planes with a
thickness between 1 and 3 mm), turbo spin echo T2 sequence
(3–5 mm thick), proton density sequence (3–5 mm thick),
and T1 sequence after administration of gadolinium (trans-
verse plane and 3–5 mm thick) were available in all cases for
analysis. Lesions were classified according to their location,
number, and postgadolinium enhancement.

Immunohistochemistry
Histochemistry and immunohistochemistry were performed on
sections to distinguish: normal-appearingwhitematter (NAWM)
at least 1 cm from any lesion; classical active lesions following the
type I, II, or III pattern of demyelination25; slowly expanding
lesions (SELs); and inactive lesions. All these lesionswere defined
according to previously published criteria.26–28 Immunohisto-
chemistry was performed using the biotin-streptavidin method,
the details of which were provided previously.29 Sections were
incubated with a CHI3L1 antibody (AF2599, R & D Systems)
diluted in Dako buffer (S3006, Dako, Agilent, Santa Clara, CA),
with 10% horse serum to block nonspecific protein binding,
whereas the rest of the antibodies were diluted in Dako buffer

Table 2 Clinical and Demographic Characteristics of Patients

Variable Controls (n = 17) RRMS (n = 163) PMS (n = 61) NMO (n = 7) ADEM (n = 11)
p
Value

Age at disease onset (y) — 30 (24–37) 35 (25–43) 42 (31–48) 38 (20–52) 0.405

Age at the time of LP (y) 35 (31–36) 34 (28–41) 46 (40–53) 42 (35–50) 43.50 (22–54) 0.273

Females 9 (53%) 132 (81%) 28 (47%) 7 (100%) 3 (23%) 0.002

Time from diagnosis to LP (y) — 0.5 (0.1–5) 10.5 (5.9–16.7) 1 (0–10) 0 (0–1) <0.001

Follow-up from LP (y) — 3.7 (1.8–5.4) 3.5 (2.1–5.8) 6.6 (4–9.9) 2.2 (0.7–4) <0.001

Clinical relapse at the time of LP — 93 (57%) 3 (5%) 5 (72%) 7 (62%) 0.007

Gd+ in MRI at the time of LP — 77 (48%) 15 (25%) 2 (29%) 7 (58%) 0.524

OCB-IgG 0 (0%) 142 (88%) 55 (91.6%) 2 (29%) 2 (18%) <0.001

OCB-IgM 0 (0%) 81 (50%) 28 (46.7%) 2 (29%) 1 (9%) 0.007

Baseline EDSS score 0 2 (1–3) 5 (4–6) 7 (3–8) 5 (3–6) <0.001

EDSS score ≥3.5 0 32 (19.6%) 57 (93.4%) 5 (71.4%) 4 (36.3%) —

Treatment at LP (1st-line DMT, 2nd-line DMT,
and ASCT)

— 30 (20, 9, 1) 25 (8, 17, 0) 4 (3, 1, 0) 0 —

NFL in CSF (pg/mL) 148.3
(119.8–185.5)

561.9
(269–1,480)

479.1
(286–704.5)

534
(233–9,150)

1,111
(201–6865)

0.6

CHI3L1 in CSF (ng/mL) 64.8 (47.4–78.3) 115.6
(80.5–186.1)

159.93
(104–229.5)

208.2
(111–448)

374.2
(109–634)

0.01

Abbreviations: ADEM = acute disseminated encephalomyelitis; ASCT = autologous stem cell transplantation; CHI3L1 = chitinase 3–like 1; DMT = disease-
modifying therapy; EDSS = ExpandedDisability Status Scale; Gd+ = gadolinium-enhancing lesion; LP = lumbar puncture; NfL = neurofilament light chain; NMO
= neuromyelitis optica; OCB = oligoclonal band; PMS = progressive MS; RRMS = relapsing-remitting MS.
Categorical variables are described as counts (n) and percentages (%) and continuous and ordinal variables by median (first and third quartiles).
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containing 10% fetal calf serum. For triple immunofluorescence,
Dako diluent (Dako S3022) was used as the blocking buffer and
to dilute the primary antibodies. Secondary antibodies were
added sequentially. Images were acquired with an optical mi-
croscope Nikon Eclipse Ci (Nikon, Tokyo, Japan) and for im-
munofluorescence with a confocal microscopeOlympus FV1000
(Olympus, Tokyo, Japan). The features of the antibodies used
and the staining conditions (e.g., concentration, antigen retrieval)
are summarized in tables e-1, links.lww.com/NXI/A427 and e-2,
links.lww.com/NXI/A428, and for further details about CHI3L1
assessment, see Appendix e-1, links.lww.com/NXI/A422. As
controls, immunohistochemistry was performed in the absence of
the primary antibody. Images were obtained with a confocal
(Olympus FV1000) and optical microscope (Nikon Eclipse Ci).

Statistical Analysis
Statistical analysis was performedwith IBMSPSS v 26.0 software.
Regarding clinical data, our primary end point was to assess
differences in the levels of biomarkers between patients with
distinct demyelinating diseases to relate those to disease activity.
From a pathologic viewpoint, the aimwas to study the differential
expression of CHI3L1 by distinct cell types and its relationship to
the inflammatory milieu. The descriptive analysis included the
median value and IQR. Differences between the groups in the
histologic studies were assessed with aMann-WhitneyU test due
to the non-normal distribution of the data. For clinical studies, the
logarithmic NfL and CHI3L1 values were used and parametric
tests were run using an analysis of covariance, adjusting for
baseline covariates. In the case of multiple testing (comparisons
between more than 2 groups), significant values were corrected
with the Bonferroni-Holmprocedure. Reported p values were the
result of 2-sided tests, and a p value <0.05 was considered sta-
tistically significant. There were no missing values among the
variables analyzed because the inclusion criteria required all values
to be collected for a patient to be selected.

Results
NfL and CHI3L1 Are Elevated in the CSF of
PatientsWithMS,WithDistinct Concentrations
Associated With Different Lesion Stages
When measured in the CSF of patients with MS, the median
values of CHI3L1 (CHI3L1CSF) and NfL (NfLCSF) were higher
than in the controls (p < 0.001: table 2), although there were
differences among theMS patients in terms of the expression and
release of these markers (figure 1). An elevation in NfLCSF levels
was mainly evident in patients with MS with disease activity (p <
0.001: figure 1A), and it was higher in the RRMS subgroup
compared with patients with progressiveMS (PMS) (p = 0.003).
These differences were irrespective of sex, disease duration, or age
at the time of LP. Elevated NfLCSF levels were also associated
with the incidence (figure 1E, p < 0.001) and number of Gd+
lesions in MRI (p < 0.001; r = 0.495: supplementary figure 1A,
links.lww.com/NXI/A423).

In contrast to NfL, CHI3L1CSF levels were higher in patients
with PMS than in patients with RRMS (p = 0.009) after

adjusting for sex, disease duration, or age (table 1). The EDSS
at the time of LP was mildly correlated with the NfLCSF and
CHI3L1CSF values (r = 0.190; p = 0.03; r = 0.308; p < 0.001,
respectively). However, no correlations were evident between
the NfLCSF or CHI3L1CSF values and overall lesion load (p =
0.349 and p = 0.331, respectively) or the location of inactive
T2 lesions, and these values only increased moderately with
radiologic activity (figure 1E and supplementary figure 1B,
links.lww.com/NXI/A423). There was no difference in the
CHI3L1CSF levels between patients with or without disease
activity (p = 0.969; figure 1, B and C), although CHI3L1
outliers (more than 1.5 times the IQR above the Q3) corre-
sponded to patients with a confirmed clinical attack, elevated
NfLCSF, and widespread Gd-enhanced lesions concentrated
in periventricular and juxtacortical locations (figure 1F).

Pathologic Correlations in Part Explain the
Differences Between NfLCSF and CHI3L1CSF in
MS Clinical Phenotypes
Global expression of CHI3L1 in MS lesions was de-
termined through the optical density that measured anti-
body binding in sections, which followed the patterns of
CHI3L1 release into the CSF described above. In MS
brains, there was stronger CHI3L1 expression than in the
control’s white matter (figure 2, A–C) and cortex (figure 2,
D–F), and although CHI3L1 expression was most pro-
nounced in early active lesions, it was also very prominent
in PMS (figure 3; table e-3, links.lww.com/NXI/A429).
Indeed, the strongest expression was seen at active lesions
and in the NAWM of patients with AMS (figures 2, B, G–I
and 3A). Strong expression was also evident in the chronic
active lesions and SEL of PMS tissue (figures 3A and 4J–L).
A more detailed analysis showed that CHI3L1 was mainly
expressed by 2 cell types, microglia/macrophages and as-
trocytes (supplementary figure 2A–C, links.lww.com/
NXI/A424). The expression of CHI3L1 in CD68+

macrophages/microglia was mainly seen at early stages of
disease activity (figure 2H–I). The CHI3L1+/Iba1+ cells
were round, whereas only rarely was CHI3L1 detected in
Iba1+ cells with a ramified morphology. At later stages of
disease activity (chronic active lesions), CHI3L1 expres-
sion by astrocytes in SEL and in the NAWM or normal-
appearing gray matter (NAGM) predominated (figures
2B–C, E–F and 4J–L). Although its expression was diffuse
in the NAWM or NAGM, in late active and chronic lesions,
including SEL, CHI3L1+ astrocytes were found at the pe-
riphery of the lesions forming an active border (see arrows
in figures 2I and 4J–L). Only very weak expression was seen
in inactive lesions (supplementary figure 3A–F, links.lww.
com/NXI/A425).

Regarding the association of CHI3L1-expressing cells
(figure 3B–E) with inflammatory infiltrates in late active
lesions, the number of these cells correlated with the
density of CD68+ macrophages/microglia (r = 0.626; p <
0.001) (figure 3D). Although there was some correlation
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between the density of CD68+ cells and lymphocyte in-
filtration into the tissue (figure 3E), no association was
found between CD68+ cells and meningeal follicles (p =

0.621) or between the CHI3L1+ cells and lymphocytic
aggregates in the NAWM (p = 0.116) or meninges (p =
0.627).

Figure 1 NfL and CHI3L1 Levels in the CSF of Patients With MS, NMO, and ADEM Relative to Disease Activity

(A) NfL levels in the CSF increased significantly in patientswithMS in the context of disease activity alone. In remission, the levels of NfL in the patients with ADEM
differed significantly to those in the patientswithMSandNMO. (B) IncreasedCHI3L1 levels in the CSF of patientswithMS,NMO, andADEMduring diseaseactivity,
and theywere higher in the NMO and ADEM samples than in those frompatients withMS. The levels of CSF CHI3L1 in ADEMwere significantly higher than in the
remission phase. (C) There was significantly more CHI3L1 in progressive MS (PMS) irrespective of disease activity. (D) There was a trend toward more CHI3L1 in
patients with PMS than in patients with NMO and ADEM in remission. (E) NfL levels in the CSF were associated with radiologic activity, with a trend toward an
association with CHI3L1. (F) The average number of Gd+ lesions in MS and the distribution of these lesions in patients with high levels of NfL and CHI3L1 (oNfL/
oCHI3l1) or highNfL and lowCHI3L1 (oNfL). Median levels of NfL and CHI3L1 in RMS outside relapse are represented as a red line for reference. A p value of <0.05
was considered statistically significant (*p < 0.05; **p < 0.01; ***p < 0.001). ADEM = acute disseminated encephalomyelitis; CHI3L1 = chitinase 3–like 1; Gd+ =
gadolinium-enhanced lesion; NfL = neurofilament light protein; NMO = neuromyelitis optica; oCHI3L1 = outlier CHI3L1; oNfL = outlier NfL; RMS = relapsing MS.
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The pathologic correlates of NfL in the CSF were acute neu-
ronal and axonal damage. The best pathologic indicator was
axonal dystrophy, reflected by the accumulation of amyloid
precursor protein (APP) in dystrophic axons and neurons, due
to a disturbance of acute axonal transport. A considerable
number of APP+ spheroids were found in active lesions (figure
2I left detail), and they were spatially related to the CHI3L1
expressed by astrocytes, yet not by microglia, at the edge of the
active and chronic active lesions or SELs (figure 4G–I; detail in
fig 4H; supplementary figure 4, links.lww.com/NXI/A426).

CHI3L1 Is Not Expressed Outside of Relapses in
Monophasic or Relapsing Inflammatory
Demyelinating Diseases That Lack a
Progressive Stage
In addition to the very high NfL levels (figure 1A), the most
characteristic change in the CSF of AQP4+-NMO patients
during a clinical attack was the extreme increase in CHI3L1,
which was two-fold higher than in MS and that remained sig-
nificantly different after adjusting for sex, age, and disease du-
ration (p < 0.001; figure 1B). CHI3L1CSF levels did not correlate
with the number of contrast-enhancing lesions (r = 0.632; p =

0.253), and these values normalized in remissionwhen theywere
lower than in PMS. However, the small sample size pre-
cluded assessing the statistical significance of these changes
(figure 1D).

In the brain specimen of NMO analyzed, 2 active lesions and an
inactive lesion were identified, with AQP4 staining showing the
lesion center to be devoid of astrocytes (figure 5A–B). The active
center was infiltrated by CHI3L1+/CD68+ cells and charac-
terized by a ribbon of hypertrophic astrocytes at the border of the
lesion, cells that coexpressed CHI3L1 and glial fibrillary acidic
protein (GFAP) strongly (figure 5C–E). CHI3L1+ astrocytes
were enlarged and had lost their expansions, a process known as
clasmatodendrosis (figure 5E, inset), normally followed by ne-
crosis. CHI3L1+ astrocytes were absent from the inactive center,
NAWM, and NAGM. However, CHI3L1 immunoreactivity
persisted in the extracellular space of some inactive lesions
(figure 5H), which could be explained by massive release from
necrotic astrocytes into the extracellular space.

ADEM is a short-lasting inflammatory disease in which a
monophasic attack is followed by the clearance of inflammation,

Figure 2 Distribution of CHI3L1 Expression in the Brain of Controls, Patients With AMS, and Patients With RRMS

Light microscope micrographs of AMS and RRMS specimens (A–I). NAWM (A–C). CHI3L1 expression was not found in the NAWM of controls (A), whereas
diffuse expression was detected in patients with AMS (B) and RRMS (C). Cortex (D–F). Similarly, no CHI3L1 expression was detected in control specimens (D),
whereas it was weakly expressed in the cortex of patients with AMS (E) but not patients with RRMS (F). Active lesion (G–I). A typical early active white matter
lesion in a patient with AMS with profuse perivenular infiltrates of CD68+ cells (H) and demyelination, as shown by Klüver-Barrera staining (G). CHI3L1
expression (I) was intense within the lesion, expressed in the center by round cells that correspond to microglia, and at the periphery or active border by
larger ramified cells corresponding to astrocytes (arrows in I). CHI3L1, chitinase 3–like 1; AMS = acuteMS; NAWM=normal-appearingwhitematter; RRMS,
relapsing-remitting MS.
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some perivascular axonal loss, astrocyte gliosis, and remyelina-
tion of the remaining demyelinated axons. Extremely high NfL
values were registered in the CSF (figure 1A), reflecting the
extensive and acute axonal damage that was associated with a
worse EDSS (r = 0.622; p = 0.031). Likewise, CSF CHI3L1
reflected the intense inflammatory activity in the early stages of
disease (figure 1B) and its later normalization compared with
PMS (figure 1D), which was correlated with the time from the
clinical attack (r = −0.649; p = 0.012). The early liberation of

CHI3L1 into the CSF was apparently due to perivascular acti-
vated microglial infiltration into the active lesions, NAWM, or
NAGM (figure 5I–J), as no CHI3L1-expressing astrocytes were
found in the ADEM case analyzed.

SerumCHI3L1 Levels AreHigh inPPMSbut They
Do Not Reliably Reflect CHI3L1CSF Levels
As CHI3L1CSF levels might be informative of innate in-
flammatory disease activity in patients with RRMS or PMS, we

Figure 3 CHI3L1-Expressing Cells in MS and Their Relationship to the Immune Response in MS Lesions

(A) Quantification of CHI3L1 expression,measured by theODof staining in different areas of all MS and control specimens. (B) Density of CHI3L1+ cells in each
area and type of lesion. (C) Density of CD68+ cells in the distinct types of lesions. (D) There was a positive correlation between CHI3L1 and CD68 expressing
cells in all the regions analyzed. (E) There was a positive correlation between perivascular infiltrates and CD68+ cells but not with CHI3L1-expressing cells (not
shown). CHI3L1 density: AL cortex vs IL cortex (p = 0.053), ALWMvs ILWM (p = 0.083), and SEL edge vs SEL core (p = 0.053). *CD68density: AL cortex vs IL cortex
(p = 0.000), ALWM vs ILWM (p = 0.083), and SEL edge vs SEL core (p = 0.053). AL = active lesion; AMS = acuteMS; CHI3L1 = chitinase 3–like 1; IL = inactive lesion;
OD = optical density; PMS = progressive MS. SEL = slow-expanding lesion; WM = white matter.
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studied its correlation with sCHI3L1 levels and its value as a
potential surrogate marker for low-grade ongoing inflammation.
Serum CHI3L1 levels tended to be higher in patients with PMS
than in patients with RRMS (31.9 ng/mL [25–40.1] and 28.63
ng/mL [22.5–37.6], respectively; p = 0.062, and they were
significantly higher in patients with PPMS [38.2 ng/mL,
26.7–49.8]; p = 0.014). However, the sCHI3L1 values were not
correlated with the CHI3L1CSF values (r = 0.150; p = 0.162),
and they were not associated with disease activity (p = 0.1),
Gd+ lesions (p = 0.397), or EDSS at the time of LP (p = 0.188).

Discussion
In this study, we show that CHI3L1 and NfL are released to
the CSF in the context of acute inflammation in all the de-
myelinating diseases analyzed: MS, NMO, and ADEM.
CHI3L1CSF values only remained elevated outside the

periods of relapse in patients with MS and, in particular, in
those with a progressive disease. From the pathologic studies,
it appears that elevated NfL values are correlated with neu-
roaxonal damage, evident through the presence of APP+
axons, and CHI3L1 in MS might be a marker for more global
tissue injury, induced not only in macrophages/microglia as a
probable reaction to adaptive inflammation but also, in as-
trocytes, possibly as a stress response to low-grade chronic
inflammation and ongoing neurodegeneration.

Although in all inflammatory demyelinating diseases CHI3L1
was expressed strongly in active lesions, only NfL CSF levels
corresponded to disease activity. Thus, we infer from our data
that the CSF concentration of a biomarker may not only be
proportional to the extent of its local production in the focal
lesion but also it may depend on other factors. An important
feature that may influence the concentration of a CNS protein
in the CSF is its ability to diffuse through the narrow

Figure 4 Distribution of CHI3L1 Expression in the Brain of PMS Cases

Light microscopy micrographs of active and inactive lesions in patients with PMS. Active lesions in the WM (left column), cortex (medium column), and SEL
(right column) (A–L). All active lesions displayed extensive demyelination, evident as a loss of reactivity to PLP (A–C), intense inflammatory infiltrates of CD68+

cells (D–F), and an accumulation of APP in transected axons and spheroids as a sign of neurodegeneration (G–I). A detail of the spatial relationship between
CHI3L1+ astrocytes and APP+ spheroids is shown as a subset in H; APP: red, GFAP: white, CHI3L1: green, DAPI: blue. CHI3L1 expression was less diffuse and
more restricted to the expanding border of the lesions (arrows), and most cells were morphologically identified as astrocytes (see details in J–L). Scale bar:
100 μm (A–L), 20 μm (details J–L); 10 μm (detail in H). APP = amyloid precursor protein; CHI3L1 = chitinase 3–like 1; GFAP = glial fibrillary acidic protein; PLP =
myelin proteolipid protein; PMS = progressive MS; SEL = slow-expanding lesion; WM = white matter.
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extracellular space of the brain and spinal cord. We only saw
elevated CHI3L1CSF in patients with intense radiologic activity
and predominant periventricular or cortical/juxtacortical le-
sions, i.e., with active inflammation. The compartmentalization
of the brain and crosstalk between the CSF brain and CSF pial
barriers could explain this phenomenon, as suggested pre-
viously.30 The diffusion rate of a protein in the brain extracel-
lular space is determined by its molecular size and molecular
charge. Although the molecular weights of NfL and CHI3L1
are similar, there is an important difference in their molecular
charge. CHI3L1 is a strongly cationic protein31 that may bind
to the anionic surface of astrocytes within the brain extracellular
space, restricting its diffusion in the CNS like other cationic
proteins.32 Likewise, and unlike NfL, the sCHI3L112 levels are

not correlated with those in the CSF, which may again be due
to more restricted diffusion through the brain extracellular
space and across the BBB.

In NMO and ADEM, CHI3L1 is expressed and released into
the CSF in association with clinical bouts.14,15 Although in
these diseases CHI3L1 was present in activated macrophages
and microglia at active lesions, the extremely high levels of
CHI3L1CSF detected in the case of NMO may be related to
the release of CHI3L1 from damaged astrocytes. Indeed,
CHI3L1 was expressed in degenerating astrocytes at the ac-
tive lesion edge, and it also formed aggregates in the extra-
cellular space around the inactive lesion center. A similar
pattern has been described for other astrocyte proteins, such

Figure 5 CHI3L1 Expression in NMO and ADEM

Light microscopy micrographs of a case of NMO and of ADEM. NMO (A–H). Active lesions in NMO were devoid of GFAP (A) and AQP4 (B), reflecting astrocyte
damage. Loss of PLP reactivity at the active border of the lesion is related to active demyelination (C). The active edge showed CD68+ (D) and CHI3L1 (E)
infiltrates. All CHI3L1+ astrocytes had a disrupted morphology as a result of a process referred to as clasmatodendrosis (detail in E). At the inactive center of
the lesion, residual demyelination could be observed in the absence of inflammatory cells (F–G), and CHI3L1+ extracellular debris was seen (asterisk in H).
Scale bar: 250 μm (A, B); 100 μm (C–J); 10 μm (detail in E and K). ADEM = acute disseminated encephalomyelitis; AQP4 = aquaporin type 4; CHI3L1 = chitinase
3–like 1; GFAP = glial fibrillary acid protein; NMO = neuromyelitis optica; PLP = myelin proteolipid protein.
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as GFAP and S-100b, which are also released into the extra-
cellular space by degenerating astrocytes33 and that accumu-
late to very high levels in the CSF during the acute phase of
the disease.34 Clinical ADEM is characterized by diffuse brain
inflammation at several locations and numerous Gd+ lesions.
This widespread inflammation might explain the increase in
CHI3L1CSF during a clinical attack. In active ADEM lesions,
CHI3L1 appears to be expressed by macrophages/microglia
but not by astrocytes. The absence of CHI3L1-expressing
astrocytes in the patient with ADEM could, at least in part, be
due to a later induction of CHI3L1 expression by astrocytes as
the patient died 2 days after onset. Alternatively, it could have
been due to a distinct pathogenic mechanism of lesion pro-
duction mediated by other immune cell types.

Outside of relapse, median CHI3L1CSF levels were higher in
patients with PMS than in patients with RRMS, and sCHI3L1
levels were also higher in patients with PMS, as seen pre-
viously.35 These discrepancies between RRMS and PMS may
be due to differences in BBB permeability and/or the location
of lesions, suggesting a different pattern of release that may be
related to the lesion location or to the diffuse changes rep-
resentative of the progressive disease.

The relationship between CHI3L1CSF and active neuro-
inflammation, and the elevation of CHI3L1CSF in PMS, implies a
possible relationship between this biomarker and the pro-
gression of disability. The pathologic changes in patients with
PMS indicate that CHI3L1 is expressed by astrocytes at the edge
of chronic active lesions and that it is not correlated with lym-
phocytic infiltrates in the NAWMor in meningeal follicles in the
vicinity of lesions. Hence, CHI3L1 in PMS might be linked to
the innate immunity associated with low-grade inflammation. In
fact, intrathecal B-cell accumulation, a reflection of adaptive
immunity, was not correlated withCHI3L1CSF levels.36Whether
CHI3L1 expression fulfills a protective or pathogenic role in
disease is still unclear. Although CHI3L1 expression implies a
worse prognosis in several cancers and chronic inflammatory
processes outside the nervous system, while there is also evi-
dence of an anti-inflammatory role for CHI3L1.37 In support of
the benefits that CHI3L1 may provide, demyelination and
neuronal injury were exacerbated in a mouse experimental au-
toimmune encephalomyelitis model of MS lacking the CHI3L1
gene.38 In fact, the CHI3L1 knockout mice displayed extensive
astrogliosis and were in a continuous proinflammatory state,
suggesting that they underwent immune deregulation in the
absence of the protein.39 In contrast, within the CNS, a patho-
genic role for CHI3L1 in perpetuating inflammation or inflicting
neuronal damage has been proposed. The CHI3L1 protein in-
duced cytotoxicity in cultured neurons in vitro through a
mechanism that is as yet unknown.40 Moreover, CHI3L1CSF

levels increase in neurodegenerative diseases like Alzheimer
disease as patients deteriorate,41–43 and high levels of this protein
in amyotrophic lateral sclerosis imply a more accelerated disease
course.44 We showed previously that CHI3L1 was the only in-
dependent factor associated with a 1-point EDSS progression
and the possibility of receiving a diagnosis of progressive disease

in patients with RRMS.3 It was also recently reported that as-
trocytes might have a neurotoxic and gliotoxic effect in acute and
chronic MS lesions.45 Indeed, APP staining was spatially and
temporally related to astrocytic CHI3L1 in active MS lesions,
including chronic cortical lesions. Thus, the hypothesis that
CHI3L1+ astrocytes might play a direct role in MS neuro-
degeneration is feasible. In fact, another astrocytic protein, the
GFAP, has been proposed as a reliable biomarker of progressive
damage inMSboth in serum andCSF.46 The difference between
these biomarkers lies in the fact that GFAP is a structural pan-
astrocytic marker, whereas CHI3L1 expression is restricted to
reactive astrocytes and microglia/macrophages, such as those
seen in active inflammatory lesions, and that it might therefore
provide additional pathogenic information.

Ongoing neurodegeneration does not occur in de-
myelinating diseases like NMO and ADEM, and indeed, we
found that both entities had low CHI3L1CSF levels during
remission. Axonal damage related to astrocytes expressing
CHI3L1 could explain the absence of progressive injury
when these astrocytes suffer necrosis. Inactive lesions in
NMO lack CHI3L1+ astrocytes because these cells had died
due to disease-specific mechanisms. In the case of ADEM,
CHI3L1 astrocytes might not be induced or present in the
acute phase, although we lack an autopsic case in remission
to confirm its absence.

Our study has some limitations. The assessment of CHI3L1 in
CSF was cross-sectional, and the RRMS population with severe
clinical conditions in the clinical study might be un-
derrepresented as there were only 6 patients with EDSS score >5
(3.7%). Nevertheless, all cases were accompanied by complete
clinical, radiologic, and biochemical data. The pathologic sam-
ples of patients with RRMS were cases of aggressive disease or
AMS, and thus, these are cases of extreme inflammation, how-
ever, an extensive clinical sample with well-characterized histo-
logic MS lesions was analyzed. Only single cases of NMO and
ADEM were available for the pathologic study.

In summary, both NfL and CHI3L1 are released into the
CSF during acute inflammation in the demyelinating dis-
eases studied, yet in MS, the elevation of CHI3L1 might also
be linked to the progressive form of the disease. This is
paralleled by pathologic evidence of low-grade non-
lymphocytic inflammation by CHI3L1+ astrocytes in
chronic lesions that are associated with active neuro-
degeneration. It would be interesting to perform a spatial-
temporal assessment of CHI3L1 expression to elucidate
whether it is an early or late event in the inflammatory process
that triggers or maintains disease. Indeed, further prospective
studies might help to strengthen the link between CHI3L1,
disease progression, and neurodegeneration.
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steering committee of the UPPMS study and has received
compensation for serving on scientific advisory boards or
speaking honoraria from Almirall, Biogen Idec, Genzyme, Merk-
Serono, Mylan, Novartis, Roche, Sanofi-Aventis, and Teva,
outside the submitted work. H. Lassmann reports no disclosures.
B. Casanova has received compensation for serving on scientific
advisory boards or speaking honoraria from Biogen Idec, Merk-
Serono, Mylan, Novartis, Roche, and Sanofi-Aventis, outside the
submitted work. Go to Neurology.org/NN for full disclosures.

Publication History
Received by Neurology: Neuroimmunology & Neuroinflammation
June 29, 2020. Accepted in final form December 21, 2020.

References
1. Lassmann H. Multiple sclerosis pathology. Cold Spring Harb Perspect Med 2018;8:

a028936.
2. Bjartmar C, Wujek JR, Trapp BD. Axonal loss in the pathology of MS: consequences

for understanding the progressive phase of the disease. J Neurol Sci 2003;206:
165–171.

3. Gil-Perotin S, Castillo-Villalba J, Cubas-Nuñez L, et al. Combined cerebrospinal fluid
neurofilament light chain protein and chitinase-3 like-1 levels in defining disease
course and prognosis in multiple sclerosis. Front Neurol 2019;10:1008.

4. Lee CG, Da Silva CA, Dela Cruz CS, et al. Role of chitin and chitinase/chitinase-like
proteins in inflammation, tissue remodeling, and injury. Annu Rev Physiol 2011;73:
479–501.

5. Bonneh-Barkay D, Wang G, Starkey A, Hamilton RL, Wiley CA. In vivo CHI3L1
(YKL-40) expression in astrocytes in acute and chronic neurological diseases.
J Neuroinflammation 2010;7:34.

6. Canto E, Tintore M, Villar LM, et al. Chitinase 3-like 1: prognostic biomarker in
clinically isolated syndromes. Brain 2015;138:918–931.

7. Bonneh-Barkay D, Bissel SJ, Kofler J, Starkey A, Wang G, Wiley CA. Astrocyte and
macrophage regulation of YKL-40 expression and cellular response in neuro-
inflammation. Brain Pathol 2012;22:530–546.

8. Llorens F, Thune K, Tahir W, et al. YKL-40 in the brain and cerebrospinal fluid of
neurodegenerative dementias. Mol Neurodegener 2017;12:83.

9. Rehli M, Niller H-H, Ammon C, et al. Transcriptional regulation of CHI3L1, a marker
gene for late stages of macrophage differentiation. J Biol Chem 2003;278:
44058–44067.

10. Mane-Martinez MA, Olsson B, Bau L, et al. Glial and neuronal markers in cerebro-
spinal fluid in different types of multiple sclerosis. J Neuroimmunol 2016;299:
112–117.

11. Sellebjerg F, Bornsen L, Ammitzboll C, et al. Defining active progressive multiple
sclerosis. Mult Scler 2017;23:1727–1735.

Appendix Authors

Name Location Contribution

Laura Cubas
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Rubio, BSc

Neuroimmunology Unit,
Polytechnic and University
Hospital La Fe, Valencia,
Spain

Helped in performing
biomarker measurements
and revised the
manuscript

Sara
Carratalá-
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Abstract
Objective
Therapies targeting B cells have been used in the clinic for multiple sclerosis (MS). In patients
with relapsing MS, anti-CD20 therapy often suppresses relapse activity; yet, their effect on
disease progression has been disappointing. Most anti-CD20 therapeutic antibodies are type I,
but within the unique microenvironment of the brain, type II antibodies may be more bene-
ficial, as type II antibodies exhibit reduced complement-dependent cytotoxicity and they have
an increased capacity to induce direct cell death that is independent of the host immune
response.

Methods
We compared the effect of type I with type II anti-CD20 therapy in a new rodent model of
secondary progressive MS (SPMS), which recapitulates the principal histopathologic features
of MS including meningeal B-cell aggregates. Focal MS-like lesions were induced by injecting
heat-killed Mycobacterium tuberculosis into the piriform cortex of MOG-immunized mice.
Groups of mice were treated with anti-CD20 antibodies (type I [rituxumab, 10 mg/kg] or type
II [GA101, 10 mg/kg]) 4 weeks after lesion initiation, and outcomes were evaluated by
immunohistochemistry.

Results
Anti-CD20 therapy decreased the extent of glial activation, significantly decreased the number
of B and T lymphocytes in the lesion, and resulted in disruption of the meningeal aggregates.
Moreover, at the given dose, the type II anti-CD20 therapy was more efficacious than the type I
and also protected against neuronal death.

Conclusions
These results indicate that anti-CD20 may be an effective therapy for SPMS with B-cell
aggregates and that the elimination of CD20+ B cells alone is sufficient to cause disruption of
aggregates in the brain.
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Anti-CD20 therapy reduces relapses in relapsing MS (RMS),
but in secondary progressive MS (SPMS), the efficacy of anti-
CD20 is less certain.1–3 It also remains unclear what impact
anti-CD20 has on the histopathologic features of SPMS, such
as meningeal tertiary lymphoid–like structures (TLSs). TLSs
are associated with more aggressive disease progression, in-
creased demyelination, neuronal damage, and microglial
activation.4–8 The B cells inmeningeal aggregates in SPMS are
thought to contribute to disease pathology by the production
of inflammatory mediators and provide a hub for antigen
presentation.9–11

Our knowledge of the formation and evolution of TLS is
based on postmortem studies, and in vivo detection of TLS in
patients remains challenging. Here, we report the de-
velopment of a new focal model that recapitulates the histo-
logic features of SPMS with TLS, in which we examined the
efficacy of anti-CD20 therapy. We compared the action of the
type I antibody (Ab) rituximab (RTX) with the type II Ab
GA101 on the development of SPMS-like lesions. Compared
with type I anti-CD20 antibodies, type II antibodies exhibit
reduced complement-dependent cytotoxicity (CDC) and
have a direct cell killing property while still binding to the
same epitope on the CD20 molecule.12–14 To date, no direct
comparison between the efficacy of type I and type II has been
investigated in MS or in any of its models.13,15,16 Thus, we
compared the action of a clinically relevant dose of a type I
anti-CD20 Ab with a type II Ab on the development of SPMS-
like lesions.

Methods
Induction of the DTH-TLS Model
Adult humanized (hu)CD20 C57Bl/6, expressing human
CD20 exclusively on B cells, and their wildtype littermates,
±25 g (Janvier Labs, France), were used.17 Delayed-type
hypersensitivity (DTH)-TLS lesions were established as fol-
lows: on day -12, animals were immunized with an emulsion
of MOG35-55peptide (SP-5360-5, Innovagen, Sweden) (0.5
mg/mL in saline) and CFA with heat-killed Mycobacterium
tuberculosis (TB) (Difco H37Ra, Becton Dickinson (BD),
UK) (5 mg/mL in the total volume) intradermally in the hind
legs. On day 0, mice received a stereotaxic injection of heat-
killed TB (8.8 mg/mL in saline) in the piriform cortex
(Bregma: AP +0.7, ML +2.7, DV −3.5). Briefly, anesthesia was
induced and maintained at 2%–2.5% isoflurane in oxygen.
The head of the animal was shaved, sterilized, and placed in a
stereotaxic frame under an operating microscope, and bupi-
vacaine was administered locally. A dental drill was used to

make a burr hole in the skull. A finely pulled glass micro-
capillary was used to inject 1 μL of substance, which was
delivered over a period of approximately 5 minutes, before the
wound was sutured. Cages were checked daily to ensure an-
imal welfare by evaluating body weight and physical well-
being.

Treatment With Anti-CD20
Treatment started 40 days after lesion induction. Animals were
randomly assigned to be treated with either type II anti-CD20
(GA101 [10mg/kg, n = 11]), type I anti-CD20 (RTX[10mg/kg,
n = 8]), or vehicle (saline) (n = 13). Patients with demyelinating
disease are often treated with anti-CD20 therapy at a similar dose
per kg (1,000 mg IV). Animals received 3 IV injections (100 μL)
via the tail vein spread over 15 days. Animals were perfused
18 days after initiation of treatment.

Tissue Sample Collection and Preparation
Animals were deeply anesthetized with pentobarbital. Blood was
collected via cardiac puncture and transferred to EDTA-coated
tubes. Animals were then transcardially perfused with heparin-
ized saline, followed by 4% paraformaldehyde (PFA). Organs
postfixed in 4% PFA at 4°C and dehydrated in 30% sucrose
afterward. Organs were embedded inOCT and stored at −20°C.

Blood Analysis
Blood analysis was performed using an ABX Pentra 60 hemocy-
tometer (Horiba, Japan). The average of 3 readings was calculated
for the number of total circulating leukocytes and lymphocytes.

Histology and Analysis
Ten-micrometer-thick cryosections were cut (Leica Micro-
systems, UK), and immunohistochemistry was performed using a
streptavidin-biotin-peroxidase method,18 using the following pri-
mary antibodies: microglia/macrophages, Iba-1, 1:2,000 Abcam;
astrocytes, glial fibrillary acidic protein 1:800 Dako; B cells, B220
1:800 BD; T cells, CD3 1:200 BD; myelin, MBP 1:1,000 Abcam;
neurons, NeuN 1:1,000 Abcam; proliferation, ki67 1:200 Merck;
plasma cells, CD138-PE 1:50 Miltenyi; and activated macro-
phages, Mac-2 1:100 BioLegend. Sections were counterstained
with cresyl violet, dehydrated, cleared, and mounted with Dibu-
tylphthalate Polystyrene Xylene (DPX) mounting medium. For
immunofluorescence, slides were hydrated, blocked in serum, and
incubated with primary antibodies. Fluorochrome-conjugated
secondary antibodies were used for signal detection. Slides
were mounted with Vectashield mounting mediumwith 4’,6-
diamidino-2-phenylindole (DAPI).

Flow Cytometry
Half the spleen was isolated and stored in Roswell Park Me-
morial Institute 1640 medium containing 1% FBS on ice. A

Glossary
Ab = antibody; BBB = blood-brain barrier; CDC = complement-dependent cytotoxicity; MBP = myelin; PFA =
paraformaldehyde; RMS = relapsing MS; RTX = rituximab; SPMS = secondary progressive MS; TB = tuberculosis; TLS =
tertiary lymphoid-like structure.
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70-μm cell strainer was used to obtain a single-cell suspension.
Red blood cells were lysed, and splenocytes were blocked with
Fc block (BD sciences) and stained with anti-CD19-Alexa
Fluor 488. All flow cytometric data were collected using a
FACSCanto II (BD Biosciences) and analyzed using FlowJo
software (v.10.3.0, Tree Star, Inc).

Statistical Analysis
All data were analyzed with the GraphPad Prism software
(v.6, GraphPad Software Inc). To identify differences be-
tween the groups, an unpaired t test or 1-way analysis of
variance with Tukey multiple comparison test was used.
All data are presented as mean ± standard error of the

Figure 1 DTH-TLS Model Development Characterization

Focal MS-like brain lesions with TLS-like structures were established in mice. Mice were perfused on days 1, 6, 12, 28, 60, and 100, after which brains were
analyzed for microglia (Iba-1), astrocytes (glial fibrillary acidic protein), B cells (B220), T cells (CD3), andmyelin (MBP) by immunohistochemistry. The DTH-TLS
model features a gradually expanding area of activated microglia and astrocytes, an increasingly growing lymphocyte compartment with B- and T-cell
compartmentalization, and increasingly worsening demyelination. Representative micrographs are shown of n = 4 per time point. Red scale bars represent
100 μm. TLS = tertiary lymphoid structures.
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mean and were considered statistically significant if p
< 0.05.

Standard Protocol Approvals, Registrations,
and Patient Consents
Mice were bred and maintained at the University of Oxford’s
Biomedical Services Department. All animal procedures were
performed with ethical approval under UK HO Licence
P996B4A4E.

Data Availability
Data not shown will be shared on reasonable request.

Results
Chronically ActivatedMicroglia and Astrocytes
Spread Out Over Time
As in MS, the DTH-TLS model displayed chronic, slowly
expanding, microglial activation (figure 1). From day 1 onward,
microglia adopted an activated phenotype, characterized by their
amoeboidmorphology and the retraction and thickening of their
processes. The reactive morphology appeared with clustering
and nodule formation in later time points. Microglial activation
was the most intense around the lesion cores and around the
meningeal lymphocyte aggregates.

Astrocytes followed the microglial activation pattern (figure
1). They adopted a reactive phenotype, characterized by their
hypertrophied cell body and thickened processes. The area
covered by astrocytes increased over time and tended to
spread out even further than the area covered by microglia.
Astrocyte density was highest around the meningeal aggre-
gates and around inflamed blood vessels, especially in the later
time points. At these stages, the formation of glial scars was
also evident, recognized by the elongated shape of the as-
trocytes, resembling a barrier between the lymphocytic ag-
gregates and the brain parenchyma.

B and T Cells Increase in Number Over Time
and Form TLS-Like Structures in the Meninges
in the DTH-TLS Model
Anti-B220 and anti-CD3 were used to identify B and T cells
within the aggregates. Both B and T cells were present in the
meninges even 1 day after lesion induction, and their numbers
increased over time (figure 1). B and T cells were not ex-
clusively found in the meninges. In the brain parenchyma, B
and T cells were mostly present in the cuffs of inflamed
blood vessels. Smaller cell clusters were found throughout
the parenchyma. In the meningeal aggregates, the pro-
portion of B and T cells appeared similar in the earlier time
points, but as time progressed, the proportion of B cells

Figure 2 Plasma Cells and Proliferating B Cells Can Be Observed in DTH-TLS Lesions

Focal MS-like DTH-TLS lesions were established in mice. Brains were stained for B cells (B220 in red), proliferation (Ki67 in green), and DAPI (blue) using
immunofluorescence. TheDTH-TLSmodel features proliferating B cells in both themeninges (A) and in vessel cuffs (B). CD138+ plasma cells were also present
in the lesions (in red), outside of the area occupied by B cells (in green) (C). White scale bars represent 100 μm. TLS = tertiary lymphoid structures.
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increased. Concurrently, the pattern of the aggregates
changed—from being scattered randomly, B and T cells
started to become compartmentalized from each other,
which was especially evident from d60. As time progressed,
no shrinkage of the aggregates or reduction in the number
of lymphocytes was observed.

Worsening Demyelination in the Olfactory
Tract of Mice With the DTH-TLS Model
Anti-MBP was used to visualize myelin in the brains of mice
with DTH-TLS lesions. With the spread of inflammation,
demyelination in the lateral olfactory tract became more
prominent over time (figure 1). From day 12 onward, de-
myelination was clearly visible and was associated with an
increased number of cells in the cortex and the meninges
surrounding the olfactory tract. Demyelination kept worsen-
ing, and at day 100, very little MBP remained. Myelin loss was
associated with meningeal TLS growth.

Proliferating BCellsWere Present inMeningeal
TLS in the DTH-TLS Model
Next, brain sections were double labeled for B cells (anti-
B220, red) and proliferation (anti-Ki67, green) using immu-
nofluorescence. Ki67+B220+ cells were identified in the
meningeal aggregates and in cuffs around blood vessels (figure
2, A and B). The Ki67 stain colocalized with the DAPI-stained
cell nuclei. Furthermore, double labeling for B cells and

plasma cells (anti-CD138) showed that plasma cells were
present in the meningeal aggregates, outside of the B-cell
zone, like in lymphoid organs (figure 2C and e-1, links.lww.
com/NXI/A431).

No Blood-Brain Barrier Breakdown Detected
With Gd-Enhanced MRI in the DTH-TLS Model
on d100
To assess the state of the blood-brain barrier (BBB) in the
most clinically relevant way, Gd-enhanced MRI was per-
formed. At day 100, postcontrast T1-weighted images
revealed no gadolinium enhancement in the lesion area in any
of the animals, indicating no BBB breakdown. Some en-
hancement could be seen in the simple difference between the
pregadolinium and postgadolinium images, but when cor-
rected for movement, these changes were no longer present
(figure e-1, links.lww.com/NXI/A431).

Anti-CD20 Depletes Peripheral B Cells
Forty-two days after DTH-TLS lesion induction, mice were
treated with either type I anti-CD20 (RTX), type II anti-
CD20 (GA101), or control. After treatment, the effects of the
therapies on B-cell depletion were examined. Both type II and
type I reduced the area covered by B cells compared with
controls in the spleen (type II: 0.1002 ± 0.019, type I: 0.6258
± 0.100 vs control: 1.786 ± 0.0761 [p < 0.0001]) (figure 3A)
and lymph nodes (type II: 0.0514 ± 0.0069, [p < 0.0001]; type

Figure 3 Anti-CD20 Depletes Peripheral B Cells in the DTH-TLS Model

DTH-TLS lesions were established in huCD20mice. Forty days after lesion induction, themice were treated with either type I anti-CD20, type II anti-CD20, or a
vehicle control. Twenty days after treatment, blood and organs were collected and analyzed. (A and C) Both type II and type I therapy caused a reduction in B
cells in the spleen. Type II depleted splenic B cells better than type I. (B) The B-cell proportion in the lymph nodes was also reduced after both type I and II
treatment. Therewas no difference between the 2 treatment antibodies. (D) The number of circulatingwhite blood cells was reduced after anti-CD20 therapy.
(E) Type I and II both reduced the number of blood lymphocytes comparedwith controls. Data aremean ± SEM *p < 0.05, **p < 0.01, ***p < 0.001, and ****p <
0.0001. Statistics: 1-way ANOVA with Tukey multiple comparisons test (type I n = 9, type II n = 11, control n = 13). ANOVA = analysis of variance; TLS = tertiary
lymphoid structures; WBC, white blood cell.
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I: 0.4724 ± 0.0906 [p = 0.0090] vs control: 1.525 ± 0.2810)
(figure 3B). Type II depletedmore splenic B cells than type I (p<
0.0001), although a difference was observed between the thera-
pies on lymph node B-cell depletion, this was not statistically
significant (p = 0.4602). Flow cytometry revealed a similar B-cell
depletion pattern in the spleen; type II Ab depleted more B cells
than type I Ab (p = 0.0156) (type II: 14.43 ± 2.549 p < 0.0001;
type I: 28.68 ± 5.060, p = 0.0015 vs control: 49.42 ± 1.178)
(figure 3C). Treatment with both anti-CD20Abs further resulted
in a decrease in the total white blood cell count in the blood (type
II: 2.285 ± 0.446, type I: 2.648 ± 0.652 vs control: 4.908 ± 0.594
K/μL; p = 0.0052 for type II and p = 0.0310 for type I) (figure

3D). Assessment of the lymphocyte compartment showed that
type II Ab reduced blood lymphocyte counts to 1.499 ± 0.280 (p
= 0.0006) and type I to 1.480 ± 0.411 (p = 0.0015) compared
with 3.358 ± 1.58 K/μL in vehicle-treated mice (figure 3E). The
decrease in circulating lymphocytes and white blood cells was not
different between the type I– and the type II Ab–treated mice (p
= 0.9995 and p = 0.9142, respectively).

Anti-CD20 Treatment Reduces Microglial and
Astrocyte Activation in DTH-TLS Lesions
To compare the effect of anti-CD20 on MS-like lesions, the
area of microglial and astrocyte activation was determined.

Figure 4 Anti-CD20 Therapy Reduces the Number of Lymphocytes and Glial Activation in DTH-TLS Lesions

DTH-TLS lesions were established in huCD20mice. Forty days after lesion induction, themice were treated with either type I anti-CD20, type II anti-CD20, or a
vehicle control for 15 days. (A) Immunohistochemistry showed a reduction in the area ofmicroglial activation after both anti-CD20 treatments. (B) Only type II
reduced the area of astrocyte activation. (C) Type I and type II both reduced the number of B cells in the brain. (D) Both anti-CD20 antibodies also lowered the
number of T cells in the brain. (E) Photomicrographs show activatedmicroglia in the lesions type II–treated animals (a), type I–treated animals (b), and control
animals (c). (F) Representative photomicrographs show astrocytes activation in type II–treated animals (a), type I–treated animals (b), and control animals (c).
(G) Representative photomicrographs of meningeal B cells in type II– (a), type I– (b), and vehicle-treated mice (c). (H) Representative photomicrographs of
meningeal T cells in type II– (a), type I– (b), and vehicle-treated mice (c). Data represent mean ± SEM; *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
Statistics: 1-way ANOVA with Tukey multiple comparisons test, n = 8 for type II, n = 6 for type I, and n = 11 for control. Scale bars represent 100 μm. ANOVA =
analysis of variance; TLS = tertiary lymphoid structures.
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Anti-CD20 therapy reduced the area of activated microglia.
Type II Ab reduced the area of activated microglia to
1.895 mm2 ± 0.249 mm2 (p = 0.0002) and type I Ab to
2.371 mm2 ± 0.341 mm2 (p = 0.0467) compared with
3.222 mm2 ± 0.153 mm2 in the control-treated mice (figure 4,
A and E). No difference between the effects of the 2 anti-
bodies was observed (p = 0.408).

Only type II Ab had an effect on the area of astrocyte activation.
Type II reduced the area to 3.532mm2 ± 0.341mm2 (p = 0.012),
whereas type I Ab reduced the area to 4.424 mm2 ± 0.358 mm2

(p = 0.370) compared with control (4.982 mm2 ± 0.315 mm2)
(figure 4, B and F). In type II–treated mice, the astrocytes
tended to cluster focally at the parenchymal-meningeal in-
terface, forming a glial scar, whereas in type I– and control-
treated mice, the astrocytes spread further out (figure 4F).

Anti-CD20 Therapy Reduces the Number of B
and T Cells in the Brain
Next, the effect of anti-CD20 antibodies was examined on
brain B and T cells and the meningeal aggregates. Complete
shrinkage of the TLS was observed (figure 4, C and G).
Analysis showed that both anti-CD20 antibodies reduced the
total number of B cells in the ipsilateral hemisphere (type II:
31.78 ± 9.260, p < 0.0001; type I: 82.60 ± 36.63, p < 0.001 vs
control: 1,805 ± 265.6). No difference in brain B cell de-
pletion was observed between the two therapies.

Anti-CD20 treatment lowered the number of T cells in the
meninges and brain parenchyma (figure 4, D and H). Very
few T cells were left in the meninges and around cuffed vessels
in the brain parenchyma. Type II Ab lowered the number of
T cells to 116.1 ± 26.71 (p < 0.0001), whereas type I Ab
lowered the T-cell number to 270 ± 63.89 (p < 0.01) com-
pared with vehicle-treated animals (567 ± 55.94). Type I and
type II Abs did not have significantly different effects on re-
ducing the number of brain T cells (p = 0.266) (figure 4D).

Type II anti-CD20 Protects Neurons in the DTH-
TLS Model
To determine the effect of anti-CD20 on neuronal survival in
the DTH-TLS model, neuronal cell bodies were counted in
the piriform cortex in the ipsilateral and contralateral hemi-
sphere, and their ratio was calculated (figure 5). The ratio
between ipsilateral and contralateral was 1.001 ± 0.070 for
type II anti-CD20–, 0.886 ± 0.058 for type I–, and 0.850 ±
0.014 for vehicle-treated animals. Mice treated with type II
had a higher ratio of ipsilateral vs contralateral neurons than
control-treated mice (p = 0.0480). Lying between the groups,
the effect of the type I anti-CD20 treatment on neuronal
survival was not significantly different from that of the vehicle
treatment group (p = 0.876), but nor was it different from the
effect of the type II Ab (p = 0.249) (figure 5A). Furthermore,
anti-CD20 therapy reduced myelin phagocytosis throughout
the lesion; double-labeling for Mac-2 and MBP revealed that
both type I– and type II anti-CD20–treated animals had fewer
myelin-phagocytosing macrophages in the brain (86.17 ±
13.98, p = 0.04; 56.75 ± 8.394, p = 0.0003, respectively,
compared with control 133.1 ± 2.64). Although there was a
numerical difference between the effect of the 2 anti-CD20
Abs, there was no statistical difference (p = 0.081) (figure e-2,
links.lww.com/NXI/A432).

Discussion
Although progress has been made in the development of
therapies for RMS, therapies are still lacking for patients with
SPMS. The pathophysiology differs between SPMS and RMS.
Moreover, in a subgroup of patients with SPMS, meningeal
TLSs are present, which are associated with a more severe
disease course.4,7,8 TLS is an understudied topic in MS, owing
to the lack of imaging tools and tissue samples. To address this
unmet need, this study described a new mouse model, the
DTH-TLS model. The focal lesions mimic MS histologically
in terms of microglial activation, astrogliosis, demyelination,

Figure 5 GA101 Protects Neurons in the DTH-TLS Model

DTH-TLS lesions were established in huCD20mice. Forty days after lesion induction, themice were treated with either type I anti-CD20, type II anti-CD20, or a
vehicle control. Neuronswere immunolabeled (NeuN), and their numberswere counted in the piriform cortex in the ipsilateral and contralateral hemisphere.
(A) Type II improves the ratio of surviving neurons in the ipsilateral piriform cortex. (B) Representative photomicrographs of neurons stained in the ipsilateral
(a) and contralateral (b) piriform cortex of vehicle-treated animals. Data are presented asmean ± SEM. *p < 0.05. Statistics: 1-way ANOVAwith Tukeymultiple
comparison test, n = 8 for type II, n = 6 for type I, and n = 11 for control. Scale bar represents 100 μm. TLS = tertiary lymphoid structures.
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and lymphocyte infiltration and are clinically silent (figure e-2,
links.lww.com/NXI/A432). Furthermore, the model features
structured and long-term aggregates of lymphocytes in the
meningeal-brain parenchymal interface, representing TLS. A
similar histologic picture can be achieved by targeting the stria-
tum; however, no meningeal aggregates can be observed (figure
e-3, links.lww.com/NXI/A433). This could be explained by the
different level of vessel permeability between the meninges and
the brain parenchyma or simply the available space for structures
to expand.19 Injecting TB into the piriform cortex of non-
immunized mice causes local glial activation, but no lymphocyte
infiltration, which is in line with previously reported experiments
(figure e-3).20 Furthermore, we found that MOG immunization
was necessary for the focal brain lesions to develop. Ourmodel is
based on theDTH (delayed-type hypersensitivity)model, which
was the first focal model of MS-like bystander tissue destruction
described in rats. The DTH model employs similar methods to
those used in our model, and gives rise to T-cell mediated de-
myelinating brain lesions, in absence of any B cells. Our new
paradigm, which makes use of MOG immunization, encouraged
B-cell recruitment to the lesions, which is not a feature of the
DTH lesions rats.20

Chronic active lesions in progressive MS and lesions with
meningeal TLS are associated with increased numbers of ac-
tivated microglia, especially around TLS.6,7,21–24 Such patterns
of microglia were also present in DTH-TLS lesions. Astro-
gliosis was another prominent feature, and the area of activated
astrocytes was found to map the same regions as activated
microglia. Whether microglial activation gives rise to astrocyte
activation or vice versa remains unclear. The presence of
microglia has been shown to be essential for the development
of EAE, but, as yet, the relative role of astrocytes in lesion
formation has not been determined. Astrocytes are known to
form glial scars in progressive MS lesions, a phenomenon
represented in the DTH-TLSmodel in the late time points.25,26

B and T cells are important components of TLS.4,8 In the
DTH-TLS model, we demonstrated that both cell types are
present in the meninges from day 1 and that their numbers
increase over time. From day 28 onward, the 2 cell types
started to compartmentalize.5,27 Moreover, we showed pres-
ence of plasma cells and in situ proliferation of B cells in the
aggregates, which are other aspects of TLS.6,8 It should be
noted that meningeal inflammation is not MS specific, and
high numbers of B cells are also present in case of B-cell
lymphoma or TB meningitis.7,28–30 We further showed that
the development of TLS was associated with ongoing de-
myelination. Patients with SPMS with meningeal TLS
showed more severe demyelination, which corroborates what
we observed in our model.6,8,22,31

As final part of the model characterization, we investigated the
status of the BBB. In progressive MS, chronic active lesions
often evolve behind an intact BBB, that is, no gadolinium
enhancement is detectable on MRI.21,32–34 Absence of
gadolinium enhancement in MRI was also observed in the

DTH-TLS lesions at day 100, which indicates no major BBB
breakdown at this time point.

The utility of themodel to test potential therapy for progressive
disease was explored using 2 types of anti-CD20: RTX (type I)
and GA101 (type II). GA101 was found to deplete peripheral
B cells more effectively than RTX, which is in agreement with
previous studies.12,13,16 Whether enhanced peripheral B-cell
depletion is required for improved therapeutic efficacy inMS is
unclear, but incomplete B-cell depletion is associated with in-
creased antidrug antibodies and lower safety profile.35 In the
DTH-TLS model, both anti-huCD20 antibodies reduced the
extent of microglial activation, which has been previously
reported in rat models of MS using rodent anti-CD20 anti-
bodies.36 Of interest, only the type II Ab reduced astrocyte
activation. This effect is difficult to explain in relation to B-cell
or T-cell depletion because there was no significant difference
in the magnitude of the reduction between the treatment
groups. It is a limitation of our study that it lacks pharmaco-
kinetics data for the brain bioavailability of the 2 antibodies, and
some of the observed difference may be a consequence of
altered patterns of distribution rather than mode of action. In
numerical terms, the level of depletion of both B cells and
T cells was greater for the type II in the brain. Future studies
that compare anti-CD20 therapies at different doses may elu-
cidate the impact of anti-CD20 therapy on different outcomes.
However, the mode of cell death induced by the 2 antibodies
might play a role. RTX relocates CD20 to lipid rafts and in-
duces significant CDC and Ab‐dependent cellular cytotoxicity.
GA101 has reduced CDC activity, but, as a consequence of
alternative binding to the CD20 molecule, it induces greater
direct cell death. Furthermore, GA101 is known to increase
phagocytosis, which might lead to decreased cytokine pro-
duction that might affect astrocyte function. Anti-CD20 anti-
bodies have been shown to deplete B cells in both the
parenchyma and in the CSF of patients.16,37,38 Surprisingly, the
depletion of the CD20+ population was able to significantly
reduce the total size of themeningeal aggregates and affected all
cell types. In the spleen, it is of note that although anti-CD20
eliminates the B cells, the T-cell population remains largely
intact.36 Thus, in the brain at least, the continued structural
organization of the TLS-like structures seems to rely on the
presence of B cells, which underlines the difference between the
organization of secondary and tertiary lymphoid organs.

We further showed that type II anti-CD20 therapy protected
from neuronal death in this model, whereas treatment with
RTX did not confer any significant protection compared with
control-treated animals. The presence of TLS in MS correlates
with increased cortical atrophy and neuronal loss, and any
ability to reduce bystander cell loss is likely to have an impact
on clinical progression.7 The cause of the increased neuronal
loss adjacent to TLS in MS brains remains unknown, but
models, such as the one described here, provide an important
tool to better understand this process. The decreased number
of myelin-positive macrophages throughout the lesion follow-
ing anti-CD20 therapy indicates that there is a reduction in the
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amount of structural damage associated with the lesion, which
might contribute to the preservation of neurons. Together, the
results reveal that anti-CD20 treatment reduces neuro-
inflammation, eliminates TLS, and augments neuronal survival
in the DTH-TLS model in mice, but the increased efficacy of
the type II anti-CD20Ab suggests that its use in the clinicmight
be more beneficial for progression disease than the type I anti-
CD20 antibodies that have been used to date, which have only
had a modest effect on progression.

In conclusion, we have demonstrated the treatment potential of
anti-CD20 antibodies in a new focal model of progressive MS.
The model resembles SPMS histologically, including meningeal
lymphocytic aggregates and an intact BBB. Here, we compared 2
anti-CD20 therapies and their effects on the TLS and in-
flammation in this model. We showed that the type II anti-CD20
caused a more complete peripheral B-cell depletion than type I,
which is associated with a larger reduction of microglial and
astrocyte activation and the size of the meningeal aggregates.
Finally, we showed that the type II Ab prevents neuronal death in
this model. Taken together, these results show that GA101 is
likely to be a promising treatment for progressive MS.
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Abstract
Objective
Antibodies against leucine-rich glioma-inactivated 1 (LGI1-Abs) characterize a limbic en-
cephalitis (LE) strongly associated with HLA-DRB1*07:01, although some patients lack LGI1-
Abs in CSF or do not carry this allele. Whether they represent a different subtype of disease or
have different prognoses is unclear.

Methods
Retrospective analysis of clinical features, IgG isotypes, and outcome according to LGI1-Ab
CSF positivity and DRB1*07:01 in a cohort of anti-LGI1 LE patients.

Results
Patients with LGI1-Abs detected in both CSF and serum (105/134, 78%) were compared with
those who were CSF negative (29/134, 22%). Both groups had similar clinical features and
serum levels, but CSF-positive patients had shorter diagnostic delay, more frequently hypo-
natremia, inflammatory CSF, and abnormal MRI (p < 0.05). Human leukocyte antigen (HLA)
genotyping was performed in 72/134 (54%) patients and 63/72 (88%) carried DRB1*07:01.
Noncarriers (9/72, 12%) were younger, more commonly women, and had less frequently
psychiatric and frontal symptoms (p < 0.05). No difference in IgG isotypes according to CSF
positivity or HLA was found (p > 0.05). HLA and IgG isotypes were not associated with poor
outcome (mRS >2 at last follow-up) in univariate analyses; CSF positivity was only identified as
a poor outcome predictor in the multivariate analysis including the complete follow-up,
whereas age and female sex also remained when just the first year was considered.

Conclusions
LE without CSF LGI1-Abs is clinically indistinguishable and likely reflects just a lesser LGI1-Ab
production. HLA association is sex and age biased and presents clinical particularities, sug-
gesting subtle differences in the immune response. Long-term outcome depends mostly on
demographic characteristics and the intensity of the intrathecal synthesis.
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Patients with limbic encephalitis (LE) and antibodies against
leucine-rich glioma-inactivated 1 (LGI1-Abs) are usually el-
derlymenwho develop severe anterograde amnesia, psychiatric
symptoms, and seizures, along with medial temporal lobe ab-
normalities in brain MRI but, intriguingly, often without in-
flammatory signs in CSF routine analysis.1–5 Furthermore,
contrary to other types of autoimmune encephalitis such as
anti-NMDA receptor encephalitis,6 serum testing is more
sensitive than CSF for the detection of LGI1-Abs in our ex-
perience, which has also been reported by others.3,7 The disease
is also remarkably associated with the allele HLA-DRB1*07:01,
which is found in nearly 90% of the patients.8–11 However, to
date, whether patients without detectable LGI1-Abs in the CSF
and those not carrying DRB1*07:01 show distinct particulari-
ties is still unclear. In addition, despite the response to im-
munotherapy in anti-LGI1 LE being satisfactory in most
patients,1–3,12 the cognitive recovery is usually incomplete, and
diverse prognostic factors have been reported.3,11,13,14 Never-
theless, the role of CSF positivity and human leukocyte antigen
(HLA) on outcome has not been widely investigated.11,15

We therefore aimed to investigate whether clinical or immu-
nologic differences exist among patients with anti-LGI1 LE
according to CSF positivity for LGI1-Abs and HLA-
DRB1*07:01 carrier status. In addition, we studied the evo-
lution of disability and the prognostic factors, including the
aforementioned biomarkers.

Methods
Patients and Clinical Data
All consecutive patients diagnosed in our center from January
2010 to November 2018 with LE and serum positive for
LGI1-Abs were identified. Serum LGI1-Abs were detected
with a cell-based assay (CBA), as previously described.5

Immunohistofluorescence (IHF) on rat brain sections was
used as screening technique in CSF and further confirmed by
CBA; only CSF samples positive for both techniques were
therefore considered as positive. Demographic and clinical
data were retrospectively collected from hospital charts, in-
cluding first clinical feature (table e-1, links.lww.com/NXI/
A430), disability at onset using the modified Rankin Scale
(mRS), diagnostic delay, CSF positivity for LGI1-Abs, clinical
features that developed during the course of the disease (table
e-1), presence of cancer, intensive care unit (ICU) admission,
presence of hyponatremia, inflammatory CSF (defined as
levels exceeding the upper limit of normal of our laboratory

reference values of protein content [>0.5 mg/dL] and/or
white cell count [>2 cells/mL] and/or oligoclonal bands),
brain MRI (normal or unilateral/bilateral medial temporal
hypersignal), first-line treatment (corticosteroids, IV immu-
noglobulin [IVIG], and plasma exchange), second-line
treatment (rituximab and cyclophosphamide), chronic im-
munotherapy (azathioprine and mycophenolate), dominant
sequela at last follow-up, and mRS at diagnosis, and after 3, 6,
9, 12, 18, 24, and 36 months. Patients for whom only serum
was tested and those without clinical data were excluded from
the study.

Serum Levels of LGI1-Abs
Levels of serum LGI1-Abs were measured using an ELISA on a
CBA. Culture medium was eliminated, and cells were washed
once with phosphate-buffered saline (PBS; 200 μL/well). Sera
were next diluted (1/10) using a dilution medium composed
of Dulbecco’s Modified Eagle Medium (DMEM), 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), nor-
mal goat serum (NGS) 5%, and bovine serum albumin (BSA)
1% and then incubated for 30 minutes at 37°C (50 μL/well).
Cells were washed once with PBS (200 μL/well) and fixed using
4% paraformaldehyde for 15minutes at room temperature (100
μL/well). Cells were washed once again with PBS (200 μL/
well) and twice with 0.05%PBS-Tween (200 μL/well), to be
later incubated for 1 hourwith a secondary anti-human antibody
(1/10,000 dilution; Peroxidase AffiniPure Goat Anti-Human
IgG Fcγ fragment specific, Jackson ImmunoResearch, Cam-
bridge, UK) coupled to peroxidase for 30 minutes at 37°C (50
μL/well). Cells were washed using 0.05%PBS-Tween twice, and
once with PBS (200 μL/well), wells aspirated, 3,39, 5,59-tetra-
methylbenzidine substrate solution (50 μL/well) added, and
incubated for 30 minutes. The reaction was stopped using sul-
furic acid (2 M; 50 μL/well). The plate was immediately read at
450 nm of wavelength using the SpectraMax Plus platform
(Molecular Devices, San Jose, CA). All assays were performed
in triplicate. Within each test, the mean of the 2 optic density
(OD) values obtained was calculated for both transfected and
nontransfected cells. The difference between these, labeled as
Delta OD, was then obtained. For each sample, the mean of the
Delta OD from the 3 experiments was used for statistical
analysis. Twenty-five sera from patients negative for LGI1-Abs
were used as controls for technical validation.

IgG Isotypes
Isotyping was performed using mouse anti-human antibodies
that specifically recognize IgG1 (mouse anti-human IgG1
CH2 domain; Bio-Rad, Hercules, CA), IgG2 (purified mouse

Glossary
BSA = bovine serum albumin; CBA = cell-based assay; DMEM = Dulbecco’s Modified Eagle Medium; FBDS = faciobrachial
dystonic seizure; HEPES = 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; HLA = human leukocyte antigen; ICU =
intensive care unit; IHF = immunohistofluorescence; IQR = interquartile range; IVIG = IV immunoglobulin; LE = limbic
encephalitis; LGI1-Abs = antibodies against leucine-rich glioma-inactivated 1; mRS = modified Rankin Scale; NGS = normal
goat serum; OD = optic density; PBS = phosphate-buffered saline.

2 Neurology: Neuroimmunology & Neuroinflammation | Volume 8, Number 3 | May 2021 Neurology.org/NN

http://links.lww.com/NXI/A430
http://links.lww.com/NXI/A430
http://neurology.org/nn


anti-human IgG2 clone G18-21 [RUO]; BD Biosciences, San
Jose, CA), IgG3 (mouse anti-human IgG3; Bio-RAD), or
IgG4 (purified mouse anti-human IgG4 clone G17-4 [RUO];
BD Biosciences). Either 100 or 200 μL (according to whether
96 or 24-well plate were used) of the IgG solution of interest
(diluted 1/1,000 for IgG1 and IgG3 and 1/500 for IgG2 and
IgG4) in DMEM-HEPES-NGS5%-BSA1% was used and in-
cubated for 1 hour at room temperature in the dark. After
aspiration, cells were washed with DMEM-HEPES (100/200
μL) and once again with PBS (100/200 μL). A secondary goat
anti-mouse antibody (100/200 μL) coupled to a fluoro-
chrome (Alexa Fluor 555; ThermoFisher Scientific, Waltham,
MA), diluted 1/1,000 in DMEM-HEPES-NGS5%-BSA1%,
was added and then incubated for 1 hour at room temperature
in the dark. After aspiration, cells were washed with DMEM-
HEPES (100/200 μL) and with PBS (100/200 μL). In ad-
dition, titration of IgG1 and IgG4 subclasses in serum and
CSF was performed only in the double-positive samples and
determined as the lowest dilution with positive signal by CBA.
All the CBAs were read using a Zeiss Axiophot microscope
(Zeiss, Oberkochen, Germany).

To validate the specificity of the secondary antibodies used for
IgG isotyping, a Western blot was performed with 1 μg of
every purified IgG subclass (IgG1, HCA192; IgG2, HCA193;
IgG3, HCA194; IgG4, HCA195; Bio-Rad) load on each well.
After migration, transfer, and saturation, membranes were
separately incubated with each anti-human IgG subtype (1/
1,000 dilution for anti-IgG1 and 3, 1/500 for anti-IgG2 and 4
antibodies). Revelation was performed with goat anti-mouse
IgG (1/20,000; 115-036-003, Jackson ImmunoResearch,
Suffolk, United Kingdom).

HLA Analysis
HLA genotyping was performed in patients with available
DNA using next-generation sequencing on a MiSeq se-
quencer system (Illumina, San Diego, CA) and is reported at a
4-digit level resolution. Controls (courtesy of EFS Auvergne-
Rhône-Alpes) were 300 healthy subjects of Caucasian ethnic
origin, genotyped for HLA A, B, C, DR, and DQ, previously
obtained using next-generation sequencing technology
(Omixon, Budapest, Hungary).

Statistical Analysis
An exploratory approach,16 using χ2 and Fisher exact tests for
categorical variables and the Wilcoxon signed-rank test for
quantitative data, was used to compare patients according to
CSF positivity for LGI1-Abs, DRB1*07:01 carrier status, or
IgG isotypes.

To search for factors associated with good (defined as last
mRs ≤2) or poor prognosis (mRs >2), a 2-step approach was
used: first, a univariate binary logistic regression (with con-
tinuous variables categorized), and second, a multivariate
analysis using a generalized linear mixed model for binary
distribution (SAS Glimmix procedure). This mixed model
assessed repeated measures of mRS for each patient; we

declared the patient as random effect and the remaining factors
as fixed effect. The dependent variable was good/poor prog-
nosis as defined above, and the choice of independent variables
included was based on clinical criteria: the demographic (age,
sex) and main clinical (amnesia, faciobrachial dystonic seizures
[FBDSs], other seizures, psychiatric symptoms, and frontal
syndrome) characteristics that are present at disease onset;
CSF positivity for LGI1-Abs as a biomarker (HLA was ex-
cluded due to the small sample size compared with the overall
cohort); and diagnostic delay, length of follow-up, and treat-
ment as possible confounder factors. The probability to switch
from good to poor outcome was modeled. Statistical analyses
were conducted using SAS software version 9.4 (SAS Institute,
Cary, NC). All p values were 2 tailed, and p values <0.05 were
considered statistically significant.

Differences in HLA carrier frequencies between patients and
controls were analyzed using the 2-tailed Fisher's exact tests
(SPSS software package version 25.0; IBM Corp., Armonk,
NY). Allele frequency comparisons were Bonferroni cor-
rected using the number of alleles for each locus; corrected p <
0.05 values were considered significant.

Standard Protocol Approvals, Registrations,
and Patient Consents
Written informed consent was obtained from all patients for
the storage and use of biological samples and clinical in-
formation for research purposes. The Institutional Review
Board of the Université Claude Bernard Lyon 1 and Hospices
Civils de Lyon approved the study (ICARE NCT-04106596).

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

Results
Characteristics of Patients According to LGI1-
Ab CSF Positivity
A total of 142 patients with LE and serum LGI1-Abs were
identified. Eight (8/142, 6%) patients were excluded either
because clinical data were lacking or because LGI1-Abs were
not assayed in CSF. Among the remaining 134 patients positive
for LGI1-Abs in serum, 105 (78%) were also CSF positive.
Twenty-nine (22%) patients were considered to be CSF neg-
ative: 23 (79%) were negative for both IHF and CBA, 5 (17%)
were positive for IHF but negative for CBA, and 1 subject (3%)
was negative for only CBA. No significant difference in sex, age,
and clinical presentation was observed between the 2 groups.
Diagnostic delay was longer in the CSF-negative (median 158
days, interquartile range [IQR] 61–295) vs the CSF-positive
(median 98 days, IQR 42–161; p = 0.01) group. Patients with
positive CSF had more frequently hyponatremia (61/105,
58%, vs 10/29, 35%; p = 0.02), inflammatory CSF findings
(58/99, 59%; vs 9/25, 36%; p = 0.04), and abnormal MRIs
(72/102, 71%; vs 13/29, 45%; p = 0.01; table 1).
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Serum levels were determined by ELISA-CBA in 60 patients
with available samples; 48 of these patients (80%) had LGI1-
Abs in both serum and CSF, while 12 (20%) had LGI1-Abs
only in the serum. No significant difference in serum levels
was found between CSF-positive and CSF-negative patients
(p = 0.91; figure 1A).

HLA Association in Anti-LGI1 Encephalitis
DNA was available in 72/134 (54%) patients; 68/72 (94%) of
whom were of Caucasian origin. DRB1*07:01 was carried by
63/72 (88%) patients; this was significantly more frequent
than in the control group (86/300, 29%; corrected p < 0.0001;
OR = 17.42, 95% CI 8.29–36.58). Several alleles in linkage

disequilibrium with DRB1*07:01 were also found more com-
monly in patients: A*30:01 (10/72, 14%, vs 7/300, 2% in the
control group; corrected p = 0.009; OR = 6.75, 95% CI
2.47–18.42), C*06:02 (25/72, 35%, vs 36/300, 12% in the
control group; corrected p < 0.001; OR = 3.90, 95% CI
2.15–7.09), and DQB1*02:02 (53/72, 74%, vs 78/300, 26% in
the control group; corrected p < 0.0001; OR = 7.94, 95% CI
4.43–14.24). Another DRB1 allele, DRB1*04:02 was also sig-
nificantly more frequent among patients (9/72, 13%), com-
pared with controls (7/300, 2%; corrected p = 0.03; OR = 5.9,
95% CI 2.2–16.7); however, 7/9 (78%) DRB1*04:02 carriers
were also DRB1*07:01 carriers. Four alleles were found to be
significantly more common in controls than in patients, but this

Table 1 Characteristics of the Patients According to LGI1-Ab CSF Positivity

Overall cohort (n = 134) Positive CSF (n = 105) Negative CSF (n = 29) p Valuea

Men, n (%) 84 (63) 68 (65) 16 (55) 0.34

Median age, y (IQR; range) 67 (58–74; 21–86) 66 (58–74; 21–85) 68 (56–74; 37–86) 0.61

Diagnostic delay, d, median (IQR, range) 118 (46–182; 4–854) 98 (42–161; 4–854) 158 (61–295; 31–545) 0.01

mRS score at onset >2, n (%) 99 (74) 83 (79) 16 (55) 0.08

First symptom, n (%) 0.42

Amnesia 48 (36) 38 (36) 10 (35)

Other seizures 38 (28) 31 (30) 7 (24)

FBDS 32 (24) 22 (21) 10 (35)

Psychiatric symptoms 16 (12) 14 (13) 2 (7)

Disease course, n (%)

Amnesia 116 (87) 92 (88) 24 (83) 0.49

Other seizures 98 (73) 81 (77) 17 (59) 0.11

FBDS 71 (53) 53 (51) 18 (62) 0.26

Psychiatric symptoms 83 (62) 67 (64) 16 (55) 0.39

Frontal syndrome 64 (48) 50 (48) 14 (48) 1

Sleep disorders 48 (36) 39 (37) 9 (31) 0.54

Apraxia 17 (13) 12 (11) 5 (17) 0.52

Aphasia 11 (8) 6 (6) 5 (17) 0.05

Dysautonomia 6 (5) 5 (5) 1 (4) 0.76

ICU admission, n (%) 12 (9) 9 (9) 3 (10) 0.76

Status epilepticus, n (%) 10 (8) 8 (8) 2 (7) 0.89

Hyponatremia, n (%) 71 (53) 61 (58) 10 (35) 0.02

MRI (N = 131); MTL hyperintensity, n (%) 85 (65) 72 (71) 13 (45) 0.01

Inflammatory CSF (N = 124), n (%) 67 (54) 58 (59) 9 (36) 0.04

Cancer, n (%) 6 (5)b 5 (5) 1 (4) 0.76

Abbreviations: Ab = antibody; FBDS = faciobrachial dystonic seizure; ICU = intensive care unit; IQR = interquartile range; LE = limbic encephalitis; LGI1 = leucine-
rich glioma-inactivated 1; MTL = medial temporal lobe.
a CSF positive vs CSF negative.
b Included:malignant thymoma (n = 2; diagnosed 91 and 6months before LE), lung adenocarcinoma (n = 1; 4months after LE), kidney (n = 1; 4months before),
hepatic (n = 1; 9 months after), and prostate (n = 1; 2 months after) cancers.
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finding was likely a consequence of an overrepresentation of
DRB1*07:01 and its linked alleles in the patients group (table
e-2, links.lww.com/NXI/A430).

Clinical Characteristics Per DRB1*07:01 Status
The non-DRB1*07:01 carriers were more frequently women
(7/9, 78%; vs 17/63, 27% ofDRB1*07:01 carriers; p= 0.005) and
younger (median age 46 years, IQR 37–59; vs 66, IQR 58–74 for

DRB1*07:01 carriers; p = 0.001). Only 3 patients with an asso-
ciated cancer were analyzed for HLA genotyping, 2 of them (with
a kidney and a hepatic cancer)wereDRB1*07:01 carriers, whereas
1 with a malignant thymoma was not. There was no significant
difference according to HLA status for most of the variables an-
alyzed; however, noncarriers presented less frequently with psy-
chiatric symptoms (2/9, 22%, vs 42/63, 67%; p = 0.001) and
frontal syndrome (0/9, vs 32/63, 51%; p = 0.004; table 2).

Figure 1 Immunologic Characteristics of Anti-LGI1 Encephalitis

(A) Box plot showing LGI1-Abs serum
levels according to CSF positivity. No
significant difference in serum levels,
represented as Delta OD measured
by ELISA-CBA, was found between
CSF-positive (medianDelta OD= 0.37,
IQR 0.29–0.44) and CSF-negative
(median Delta OD = 0.37, IQR
0.19–0.48) patients (p = 0.91). Control
sera from patients without LGI1-Abs
were used for technical validation. (B)
Venn diagram showing serum IgG
isotypes:most sera (60/89, 67%)were
positive for both IgG1 and IgG4. (C)
Box plot representing IgG1/4 serum
titers: IgG4 titers were higher than
IgG1 titers in 59 double-positive
samples analyzed. (D) Venn diagram
showing CSF IgG isotypes: IgG4 was
the most detected isotype (37/40,
93%), but 21 samples were also pos-
itive for IgG1. (E) Box plot represent-
ing IgG1/4 CSF titers: IgG4 titers were
higher than IgG1 titers in the 29
double-positive samples analyzed.
CBA = cell-based assay; IQR = inter-
quartile range; LGI1-Abs = antibodies
against leucine-rich glioma-inacti-
vated 1 protein; OD = optic density.
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IgG Isotyping in Serum and CSF
IgG isotypes were determined in 89 sera and 40 CSF; 38
samples were pairs (91 patients in total). Twenty sera (20/89,
23%) with negative CSF for LGI1-Abs could not be isotyped in
CSF due to nondetectable Abs. HLA status was known for 68/
91 (75%) patients, and 60/68 (88%)wereDRB1*07:01 carriers.

The main serum isotypes detected were IgG1 (77/89, 87%)
and IgG4 (72/89, 81%; figure 1B). However, IgG4 titers were
significantly higher (median 1/1,280, IQR 1/1280–1/5,120)
than IgG1 titers (median 1/640, IQR 1/320–1/1,280; p =
0.0001) in 59 double-positive samples analyzed (figure 1C).
In the CSF, IgG4 (37/40, 93%) was the most frequent iso-
type, followed by IgG1 (24/40, 60%; figure 1D). When 21
double-positive CSF samples were analyzed, IgG4 titers were

significantly higher (median 1/80, IQR 1/40–1/120) than
those of IgG1 (median 1/40, IQR 1/15–1/80; p = 0.008;
figure 1E).

There was no significant difference in serum isotypes or
IgG1/4 titers according to CSF positivity nor in serum or CSF
isotypes and IgG1/4 titers according to DRB1*07:01 carrier
status; in addition, there was no significant difference in
clinical and paraclinical features according to the presence/
absence of IgG1/4 in serum/CSF (data not shown).

The validating Western blot performed showed high speci-
ficity for the anti-IgG1, anti-IgG3, and IgG4 used, whereas
anti-IgG2 presented slight cross-reactivity with all other IgG
isotypes (data not shown).

Table 2 Characteristics of DRB1*07:01 Carriers Compared With Noncarriers

DRB1*07:01 carriers (n = 63) Noncarriers (n = 9) p Value

Men, n (%) 46 (73) 2 (22) 0.005

Median age, y (IQR; range) 66 (58–74; 26–86) 46 (37–59; 21–73) 0.001

Diagnostic delay, d, median (IQR; range) 41 (25–181; 7–854) 121 (51–212; 6–348) 0.27

First symptom, n (%) 0.35

Amnesia 21 (33) 2 (22)

Other seizures 20 (32) 4 (44)

FBDS 11 (18) 3 (33)

Psychiatric symptoms 11 (18) 0 (0)

Disease course, n (%)

Amnesia 53 (84) 7 (78) 0.63

Other seizures 50 (79) 8 (89) 0.22

FBDS 34 (54) 4 (44) 0.72

Psychiatric symptoms 42 (67) 2 (22) 0.001

Frontal syndrome 32 (51) 0 (0) 0.004

Sleep disorders 24 (38) 4 (44) 0.72

Apraxia 9 (14) 1 (11) 1

Aphasia 6 (10) 0 (0) 1

Dysautonomia 3 (5) 1 (11) 0.42

ICU admission, n (%) 5 (8) 0 (0) 0.38

Status epilepticus, n (%) 1 (2) 2 (7) 0.70

Hyponatremia, n (%) 36 (57) 4 (44) 0.49

MRI (N = 71); MTL hyperintensity, n (%) 38 (61) 7 (78) 0.47

Inflammatory CSF (N = 67), n (%) 36 (62) 3 (33) 0.14

LGI-Abs in CSF, n (%) 48 (76) 6 (67) 0.68

Cancer, n (%) 2 (3) 1 (11) 0.33

Abbreviations: Ab = antibody; FBDS = faciobrachial dystonic seizure; ICU = intensive care unit; IQR = interquartile range; LGI1 = leucine-rich glioma-inactivated
1; MTL = medial temporal lobe.
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Treatment and Prognosis
A total of 130/134 (97%) patients received immunotherapy;
among them, first-line treatments were used in all patients
(130/130, 100%), whereas second-line treatments were used
in 64/130 (49%). First-line treatments included corticoste-
roids (109/130, 84%), IVIG (110/130, 85%), and plasma
exchange (8/130, 6%). Second-line treatments were ritux-
imab (45/64, 70%) and cyclophosphamide (50/64, 78%).
Chronic immunotherapy was used in only 19 patients; it was
either azathioprine (5/19, 26%) or mycophenolate (14/
19, 74%).

Median follow-up was 16.2 months (IQR 9–24 months) for
the entire cohort, 18 months (IQR 9–36 months) for CSF-
positive patients, and 12 months (IQR 9–18 months) for
CSF-negative patients. At last follow-up, the median mRS
score was 1 (IQR 1–2) for the total cohort or either of the 2

subgroups. How disability (mRS) evolved over the first 12
months in each subgroup and across the entire cohort is
shown in figure 2. Among the 129 patients still alive at last
follow-up, the most frequent dominant sequela was memory
impairment (78/129, 61%), followed by psychiatric symp-
toms (9/129, 7%), other seizures (8/129, 6%), and FBDS (3/
129, 2%); 31/129 (24%) patients did not report any sequela.

Univariate analysis only identified 3 factors associated with
poor prognosis: increasing age (p = 0.03), higher mRS at
onset (p < 0.001), and status epilepticus (p = 0.02; table e-3,
links.lww.com/NXI/A430). Multivariate analysis was based
on the variables described in the Methods section, although
only second-line treatment was included as all treated patients
received first-line medications. Multivariate analysis identified
increasing age (for an increase of 1 additional year; OR = 1.05,
95% CI 1.02–1.07), female sex (OR = 2.59, 95% CI

Figure 2 Evolution of Disability (mRS) With Long-term Follow-up

Data shown only for the first 12months of follow-up for the overall cohort (A; n = 134), and for patients with CSF-positive (B; n = 105), or CSF-negative (C; n = 29)
for LGI1-Abs. Within every figure, abscissa axis indicates for each month the number of patients with available data, whereas ordinate axis represents the
percentage of patients with a certain mRS score. LGI1-Abs = antibodies against leucine-rich glioma-inactivated 1 protein; M =month; mRS =modified Rankin
Scale.
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1.58–4.25), amnesia (OR = 3.31, 95% CI 1.33–8.22), other
seizures (OR = 2.00, 95% CI 1.06–3.79), and CSF-positivity
(OR = 2.01, 95% CI 1.03–3.91) as factors associated with
poor prognosis; when a 12-month cutoff was applied, only
increasing age (for an increase of 1 additional year; OR = 1.04,
95% CI 1.02–1.07), female sex (OR = 2.27, 95% CI
1.30–3.98), and amnesia (OR = 3.55, 95% CI 1.36–9.26)
remained (table 3).

Discussion
The absence of detectable Abs or of any overt inflammatory
abnormalities in the CSF of some patients with anti-LGI1 LE
has raised the question of how these cases could have signif-
icant CNS pathology. In addition, it was unclear whether
these patients were phenotypically or immunologically dif-
ferent. Herein, we found no significant difference in clinical
presentation between LGI1-Abs CSF-positive and -negative
patients. Nevertheless, patients with detectable LGI1-Abs in
the CSF had more frequently an inflammatory CSF, hypo-
natremia, and MRI abnormalities, suggesting a more intense
immune response.

Immunologic differences found in patients with LE with and
without LGI1-Abs in the CSF seem to be more quantitative
than qualitative. Recently, LGI1-Abs producing B cells were
found in the CSF from patients without LGI1-Abs or other
abnormalities in the CSF, demonstrating that even in these
patients there is an intrathecal synthesis, although it may be
not strong enough to be detected by current techniques.17 In
addition, we demonstrated herein that serum levels were not
significantly different between patients with and without

LGI1-Abs in the CSF, supporting the intrathecal origin of
CSF LGI1-Abs and arguing against a simple passive transfer
from the serum. This is further reinforced by the recent report
of B-cell maturation occurring at least partially inside the
CNS.18

Previous studies have reported that LGI1-Abs were mainly of
IgG4 isotype.13,19–21 In the current series, we confirmed this
predominance in both serum and CSF, but we also found that
co-occurrence of other isotypes including IgG1, though at
lower titers, is very common. The detection of IgG1, which, in
contrast to IgG4, can activate the complement and therefore
could produce irreversible structural damages, has been pre-
viously associated with poor prognosis and cognitive se-
quelae,20 although we and others did not find any association
between isotypes and outcome.15,21 We have also shown that
the serum isotypes or IgG1/4 titers did not differ significantly
between LGI1-Abs CSF-positive and -negative LE, reinforc-
ing the hypothesis of a similar autoimmune response in these
2 subgroups that is only distinguishable by the amount of
LGI1-Abs intrathecally synthetized.

Neurologic autoimmune diseases mediated by IgG4-Abs are
strongly associated with particular HLA class II haplotypes.22

The present study confirms previous reports,8,9,11 indicating
that DRB1*07:01 is carried by nearly 90% of patients with
LGI1-Abs LE. Of interest, we also found that DRB1*07:01
noncarriers were younger and more frequently women. Re-
cently, a Chinese study reported lack of DRB1*07:01 asso-
ciation; however, more than 60% of their patients were
women, and the median age was nearly 40 years,23 which
could therefore support our results. A higher frequency of the
unusual sex and atypical age at onset among the noncarriers of

Table 3 Multivariate Analysis of Factors Associated With Poor Prognosis

Complete follow-up 12 mo follow-up

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

Age (increase of 1 y) 1.05 (1.02–1.07) <0.0001 1.04 (1.02–1.07) 0.0008

Female sex 2.59 (1.58–4.25) <0.001 2.27 (1.30–3.98) 0.004

Diagnostic delay (increase of 1 d) 1.00 (0.99–1.00) 0.96 1.00 (0.99–1.00) 0.93

Length of follow-up (increase of 1 mo) 0.99 (0.97–1.01) 0.40 1.01 (0.99–1.04) 0.38

Amnesia 3.31 (1.33–8.22) 0.01 3.55 (1.36–9.26) 0.009

Other seizures 2.00 (1.06–3.79) 0.03 1.92 (0.94–3.91) 0.07

FBDS 1.24 (0.76–2.04) 0.41 1.31 (0.76–2.28) 0.34

Psychiatric symptoms 1.39 (0.82–2.39) 0.22 1.34 (0.74–2.42) 0.33

Frontal syndrome 1.27 (0.78–2.06) 0.33 1.28 (0.74–2.19) 0.37

Second-line treatment 1.55 (0.78–2.06) 0.07 1.50 (0.88–2.56) 0.13

CSF LGI1-Abs 2.01 (1.03–3.91) 0.03 1.98 (0.95–4.09) 0.06

Abbreviations: Ab = antibody; FBDS = faciobrachial dystonic seizure; LGI1 = leucine-rich glioma-inactivated 1.
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the associated HLA haplotype has been described in other au-
toimmune diseases, such as MS or ankylosing spondylitis.24,25

Despite sex bias on immune response being well described,
most of our knowledge about this phenomenon is based on the
immune stimulating effects of estrogens, explaining the female
predominance in the majority of the autoimmune diseases.26

Conversely, much less is known about the influence of sex
on HLA, although some evidence exists that estrogens may
alter HLA expression27,28 and that sex also affects how HLA
modifies T-cell receptor repertoires.29 Intriguingly, anti-
CASPR2 (contactin-associated protein-like 2) LE is, similarly
to anti-LGI1 LE, more common in elderly men and strongly
associated with a particular HLA (DRB1*11:01).30 Thus, the
interaction between sex and HLA is far from elucidated, espe-
cially the underlying mechanisms of sex bias in some HLA class
II–associated diseases.

We also found herein that anti-LGI1 LE patients not car-
rying DRB1*07:01 presented less frequently with psychiatric
and frontal symptoms, which has not been reported in
previous studies8,9,11,15; while there was no association be-
tween HLA status and outcome, as it has been already
described.11,15 In IgLON5 encephalitis, another IgG4-
mediated CNS disorder tightly linked to HLA, clinical pre-
sentation, and predominant IgG subclasses were different
according to DRB1*10:01 carrier status, likely reflecting an
heterogeneous pathogenesis.31 Conversely, we demon-
strated herein that CSF positivity and IgG isotypes did not
significantly differ according to DRB1*07:01 carrier status in
LGI1-Abs LE. Nevertheless, other immune effectors such as
cytokines may vary depending on the HLA involved,32

explaining the differential clinical presentation. However,
larger cohorts are necessary to further investigate the dif-
ferential characteristics of patients according to their HLA.

Anti-LGI1 LE is usually a nonparaneoplastic disorder, although
tumors, mainly malignant thymoma, have been described in few
patients.2,3,13,14 Initially, a lack of HLA association in paraneo-
plastic cases was suggested9; however, this finding was not fur-
ther confirmed in a more recent study, although it did not
include malignant thymomas but other prevalent tumors, no-
tably basal carcinoma.11 Herein, 3 patients with cancer were
genotyped, and the one with malignant thymoma did not carry
DRB1*07:01. We thus hypothesize that HLA may be useful in
differentiating the truly paraneoplastic associations from others
in anti-LGI1 LE. Furthermore, the strong HLA association in
nonparaneoplastic cases and its absence in paraneoplastic ones
might suggest different pathogenic pathways, as previously
reported in Lambert-Eatonmyasthenic syndrome33 and recently
described in anti-CASPR2 diseases.30 Because of the scarcity of
tumors in anti-LGI1 LE, international collaborative studies are
needed to collect large enough series and confirm these results.

The overall outcome was initially described as favorable in
anti-LGI1 LE,1–3,12 but subsequent studies that performed
deeper evaluations found that at least three-quarters of cases
have cognitive sequelae,3,34 close to the current cohort.

Conversely, long-term epilepsy was uncommon herein, which
has been already reported and likely reflects a better response
to immunotherapy compared with memory disturbances.35 In
addition, because of the heterogeneity and retrospective na-
ture of most studies, several variables have been inconsistently
associated with a poor outcome, such as the extension of MRI
abnormalities,34,36 the development of hippocampal atro-
phy,14 the detection of IgG1-LGI1-Abs and higher LGI1-Abs
serum titers,20 elevated IgG index and higher LGI1-Abs CSF
titers,21 and CSF positivity for LGI1-Abs in the present series,
all of them likely reflecting the intensity of the immune re-
sponse against the brain leading to structural damages and
permanent deficits. Herein, the worse outcome associated
with increasing age is likely the result of a decrease in cognitive
reserve34; whether older patients also develop a greater neu-
ronal loss, measured through neurodegenerative biomarkers
in CSF,37,38 has not been investigated yet. In addition, im-
mune responses in women are usually stronger than those in
men,26 which could explain the association between female
sex and poor outcome that we found in the current study.

The benefit of first-line immunotherapy, mainly corticoste-
roids, is proven for FBDS and has been shown to prevent the
development of cognitive dysfunction when used
promptly.3,4,13,34,36,39 In contrast, the role of second-line
treatments is less clear, as regimens are not uniform, studies
are retrospective, and they are generally used in more se-
verely affected patients.14,21,34 Herein, we did not find a
positive effect of second-line treatment on long-term prog-
nosis, and we could not analyze the role of first-line treat-
ment as they were used in all patients. Recently, the first
randomized trial with IVIG including a small sample of anti-
LGI1 LE patients reported a significant response in seizure
control and a trend toward a better cognitive outcome.15

Thus, further prospective studies with a comprehensive
evaluation of cognitive dysfunction are needed to establish
the appropriate treatment for anti-LGI1 LE.

The main limitations of the present study are its retrospective
nature, the heterogeneity of the duration of follow-up, the
adopted classification of pleocytosis, and the small sample size
of the LGI1-Abs CSF-negative and DRB1*07:01 noncarrier
groups; our results should therefore be confirmed in larger
cohorts. Another limitation is the use of mRS for disability
assessment, which is not the most accurate scale for cognitive
evaluation, although it has been widely used even in other types
of autoimmune encephalitis.40 It is also worth mentioning that
higher sensitivity of CSF compared with serum has been also
reported13; whether this finding represents a technical dis-
crepancy (such as samples dilution or fixation processes) or a
difference in the intrathecal synthesis has not been yet clarified.
Furthermore, given this fact and the longer diagnostic delay
observed herein for CSF-negative patients, it is highly recom-
mended to send both kinds of samples to avoid underdiagnosis.

In conclusion, LGI1-Abs CSF-positive and -negative patients
are clinically similar; while DRB1*07:01 status is associated
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with particular demographic and clinical characteristics. Po-
tential therapeutic interventions should be investigated in
large prospective cohorts as long-term outcome depends on a
complex interaction of demographic and immunologic
factors.
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Université Claude Bernard
Lyon 1, France

Acquisition of data and
revised the manuscript for
intellectual content

Bastien
Joubert, MD,
PhD

Hospices Civils de Lyon &
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Hôpitaux Universitaires La
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Abstract
Objective
B cells have emerged as a therapeutic target for MS. Anti-CD20 antibodies, which deplete
B cells, are effective therapies for MS. However, atacicept (TACI-Fc), which blocks BAFF and
APRIL and reduces B cells, unexpectedly exacerbates MS. We tested the hypothesis that B cell
maturation antigen (BCMA), a receptor for BAFF and APRIL, plays a role in the paradoxical
effects of anti-CD20 antibody and TACI-Fc using experimental autoimmune encephalomyelitis
(EAE).

Methods
EAE was induced in wild-type (BCMA+/+) and BCMA-deficient (BCMA−/−) mice with an
immunization of rodent myelin oligodendrocyte glycoprotein (MOG)35–55 peptide. Treatment
with anti-CD20 antibody, TACI-Fc, and isotype controls was administered by intraperitoneal
injections. CNS infiltration was evaluated by histology; immune cell phenotypes were evaluated
by flow cytometry; MOG-specific antibodies were determined by ELISA. Mixed bone marrow
chimeras and cell culture assays were used to identify the specific subsets of immune cells
affected by BCMA deficiency.

Results
First, we found that BCMA−/−mice had more severe EAE compared with BCMA+/+ mice and
the increased disease was associated with elevated anti-MOG B-cell responses. Second, we
found that anti-CD20 therapy attenuated EAE in BCMA−/− mice but not in BCMA+/+ mice.
Third, TACI-Fc attenuated EAE in BCMA+/+ mice but not in BCMA−/− mice. Mixed bone
marrow chimeric and cell culture experiments demonstrated that BCMA deficiency elevates
inflammatory B-cell responses but inhibits inflammatory responses in macrophages.

Conclusions
BCMA has multifaceted roles during inflammation that affects therapeutic efficacies of anti-
CD20 and TACI-Fc in EAE. Our results from BCMA-deficient mice provide insights into the
failure of atacicept in MS.
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MS is a chronic disease of the CNS that is characterized by
inflammation, demyelination, and neuronal damage.1 T cells,
B cells, and myeloid cells mediate inflammation in MS. The
importance of B cells in driving MS pathology was demon-
strated with the successful clinical trials of B cell depletion
with the anti-CD20 therapies, rituximab and ocrelizumab.2,3

However, atacicept (TACI-Fc), a recombinant soluble re-
ceptor that reduces B cell numbers by blocking both B cell
activating factor (BAFF) and a proliferation-inducing ligand
(APRIL), was reported to exacerbate disease activity in pa-
tients with MS.4 These opposing effects of anti-CD20 and

TACI-Fc therapies suggest that B cells have both in-
flammatory and anti-inflammatory effects inMS; however, the
mechanism that drives these disparate results is currently
unclear.

BAFF and APRIL are 2 cytokines that play fundamental roles
in the development, differentiation, and function of B cells.5–8

BAFF and APRIL signal through the receptors BAFF re-
ceptor (BAFFR), transmembrane activator and calcium-
modulating cyclophilin ligand interactor (TACI), and B cell
maturation antigen (BCMA).9–14 In experimental autoimmune

Figure 1 BCMA Deficiency Exacerbated EAE Disease Severity

(A) EAE was induced in BCMA−/− mice and BCMA+/+ mice and scored daily for disease severity. Data are pooled from 3 experiments (n = 15–18/group).
Nonparametric Mann-Whitney tests were used to determine statistical significance (*p < 0.05 and **p < 0.01). (B) Representative spinal cord sections from
BCMA+/+ and BCMA−/−mice harvested at EAE day 15. Sectionswere stainedwith hematoxylin and eosin (H&E) and Luxol fast blue, and arrows indicate lesions.
Dark purple color indicates infiltrating cells, and blue color indicates the myelin. The presence of (C) GM-CSF+ CD4 T cells, (D) MHCII+GR1+ inflammatory
macrophages, and (E) GL7+IgD− germinal center (GC) B cells and (F) CD138+CD38+ plasma cells in the spinal cords of BCMA+/+ and BCMA−/− mice (EAE day 15)
was measured by flow cytometry. Data are pooled from 2 experiments (n = 5–10/group). Error bars represent SEM, and Student t tests were used to
determine statistical significance (*p < 0.05 and **p < 0.01). BCMA = B cell maturation antigen; EAE = experimental autoimmune encephalomyelitis; Ig =
immunoglobulin; MHCII = major histocompatibility complex class II.

Glossary
APRIL = a proliferation-inducing ligand; BAFF = B cell activating factor; BAFFR = BAFF receptor; BCMA = B cell maturation
antigen; Breg = regulatory B cell; CSM = class-switched memory; EAE = experimental autoimmune encephalomyelitis; GC =
germinal center; IFN = interferon; Ig = immunoglobulin; IL = interleukin;MHCII = major histocompatibility complex class II;
MOG = myelin oligodendrocyte glycoprotein; PBS = phosphate-buffered saline; PFA = paraformaldehyde; TACI =
transmembrane activator and calcium-modulating cyclophilin ligand interactor.
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encephalomyelitis (EAE) induced with myelin oligodendro-
cyte glycoprotein (MOG)35–55 peptide inmice, deficiencies in
BAFFR, which cause a developmental blockade early in B cell
development, elevate disease severity.12,15,16 This supports
the theory that newly developed/immature B cells have reg-
ulatory properties in this model of EAE. However, BAFF and
APRIL also have effects on B cells at later stages of maturation
and on non–B cells, which may also affect EAE.17–19

Unlike BAFFR deficiency, BCMA-deficient mice have no
overt defects in the development and homeostasis of B cell
populations, although it has been reported that there are ef-
fects on antigen presentation and the maintenance of long-
lived plasma cells.20,21 Previous studies have identified that
BCMA has regulatory properties on inflammation in mouse
models of lupus, where BCMA deficiency exacerbates lupus-
like disease activity in mice.22 Currently, the function of
BCMA in EAE is unclear. Furthermore, it is unknown
whether BCMA influences the efficacy of therapies that target
B cells. In this present study, we used BCMA−/− mice to
explore the function of BCMA in EAE and test whether
BCMA deficiency alters the efficacy of the anti-CD20 anti-
body and TACI-Fc in this disease model.

Methods
Mice
Dr. Loren D. Erickson (University of Virginia) provided
BCMA−/−mice. These BCMA−/−were developed on C57BL/6J
background by backcrossing for 12 generations, and then, the
mice were genotyped using a panel of polymorphic microsatellite
markers distributed across the entire genome to confirm B6 ge-
netic background of BCMA−/− mice.20,22 C57BL/6J mice were
used as wild-type (BCMA+/+) controls in all experiments. All
mice were cohoused in a specific pathogen-free animal facility at
Oklahoma Medical Research Foundation. All animal procedures
were conducted in strict compliance with the guidelines and
approved by the Institutional Animal Care and Use Committee.

Induction and Assessment of EAE
EAE was induced in 8–12-week-old female BCMA−/− mice
along with age- and sex-matched BCMA+/+ control mice.
Mice were immunized with 150 μg MOG35–55 (Genemed
Synthesis Inc., San Antonio, TX) emulsified in complete
Freund adjuvant (1.5 mg/mL heat-killed Mycobacterium tu-
berculosis), followed by an IP injection of 250 ng Bordetella
pertussis toxin (List Biological Labs, Inc., Campbell, CA) in
phosphate-buffered saline (PBS) at the time of and 2 days
after immunization. Clinical signs of EAE were assessed daily
with 0–5 scoring range: (1) loss of tail tone, (2) incomplete
hind limb paralysis, (3) complete hind limb paralysis, (4)
forelimb paralysis, and (5) moribund/dead.

Histology
Mice were perfused with 4% paraformaldehyde (PFA). Spinal
cords were dissected from EAE mice, and the tissue was fixed

overnight in 4% PFA and then in 20% sucrose and thereafter
embedded in a single paraffin block. Five-micrometer-thick
tissue sections were stained with hematoxylin and eosin and
Luxol fast blue and imaged using a Nikon Eclipse E800M
microscope.

Flow Cytometry and Intracellular Staining
Infiltrating cells were isolated from the brain and spinal cord
of PBS-perfused mice. For this, CNS homogenates were in-
cubated with collagenase and DNAse for 45 minutes at 37°C,
purified by a Percoll gradient, and washed with PBS. Single-
cell suspensions were also made from spleen and draining
lymph nodes after lysing red blood cells by ACK buffer. Cells
were stained with the following reagents in various combi-
nations: CD19 FITC, CD11b-PerCP-Cy5.5, immunoglobu-
lin (Ig) D-PE, Ly-6G-Alexa Fluor 647, AA4.1- PerCP-Cy5.5,
CD5-PECy7, CD38-FITC, CD19-PerCP-Cy5.5, CD138-
APC, CD138-PE, Ly-6C-FITC, Ly-6G-BV711, CD45.1-
BV711, CD45.2-BV711, interleukin (IL)-6-APC, GM-CSF-
FITC, Gr1-PE, major histocompatibility complex class II
(MHCII)-PECy7, CD4-Pacific blue, B220-APC-efluor780,
GL7-FITC, CD1d-APC, IgM-Pacific blue, CD21/35-APC-
efluor780, B220-PECy7, Streptavidin-FITC, CD267-APC,
GL7-Pacific blue, interferon (IFN)-γ-Alexa488, IL-17A-PE,
IL-10-PerCP-Cy5.5, CD4-PECy7, CD11b-PE, and Viability
dye-efluor450, CD23-BV711 and CD95-BV711 and Peanut
agglutinin-biotin (BioLegend, San Diego, CA; eBioscience,
San Diego, CA; BD Biosciences, San Jose, CA; Vector Lab-
oratories Inc., Burlingame, CA). For intracellular staining,
cells were stimulated for 5 hours with phorbol 12-myristate
13-acetate (50 ng/mL; Sigma, St. Louis, MO), ionomycin
(500 ng/mL; Sigma), and golgi stop (BD Biosciences) con-
taining monensin in complete RPMI medium at 37°C under a
5% CO2 atmosphere, stained, fixed, and permeabilized using
buffers (BD Biosciences) and analyzed in flow cytometer. All
cells were passed through LSRII flow cytometer, and data
were analyzed using FlowJo software (Tree Star Inc., Ash-
land, OR).

In Vitro MOG35–55 Recall Response
For MOG35–55 recall response, spleens collected on day 10
from BCMA+/+ and BCMA−/− EAEmice were processed into
single-cell suspensions and cultured at 2.5 × 106 cells/mL
in complete RPMI 1640 with increasing MOG35–55 pep-
tide concentration of 0, 0.1, 1, and 10 μg/mL for 72 hours.
IL-6, IL-10, IL-17, IFN-γ, IL-1β, and GM-CSF cytokines
from the culture supernatants were assessed by respective
ELISA kits (eBiosciences). IL-6 in B cells, T helper cells,
and myeloid cells were assessed by intracellular flow
cytometry.

Serum and Anti-MOG Ab Detection
Mouse IgG total was measured in plasma with the mouse IgG
total ELISA kit (eBioscience). Levels of anti-MOG Abs in
mouse plasma were performed using indirect ELISAs. In brief,
ELISA plates were coated with 10 μg/mL MOG35–55 pep-
tide. Plates were probed with 1/400 dilutions of serum from
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individual mice, and reactive Abs were detected using
peroxidase-conjugated goat and anti-mouse specific for IgG
(Southern Biotech, Birmingham, AL) and developed with
tetramethylbenzidine.

Anti-CD20 and TACI-Fc Treatment
The antibody against CD20 along with its isotype control
was purchased from BioLegend. TACI-Fc was purchased
from BioLegend and Human Fc-G1 from BioXcell. EAE was
induced in BCMA+/+ and BCMA−/− mice and treated with
either anti-CD20, TACI-Fc, or controls with 2 doses of
250 μg per mice on day 5 and day 10. An isotype control
antibody or human Fc-G1 were used as treatment controls
for anti-CD20 and TACI-Fc, respectively. Mice were mon-
itored daily for clinical scores, and analysis was performed at
the peak of disease (days 16–18).

Flow Cytometry Sorting and Quantitative Real-
Time PCR
T cells, B cells, macrophages, and neutrophils were sorted from
total splenic cells of EAE wild-type mice using BD FACS Aria
cell sorting system (BD Biosciences). For quantitative PCR
analysis, RNAwas isolated using the RNeasyMicro Kit (Qiagen,
Hilden, Germany), and cDNA was generated using the High
Capacity cDNAReverse Transcription Kit (Applied Biosystems,
Foster City, CA). To detect BCMA transcript, following primers
were used: forward 59 TGATCCAGTCCCTCATGG 39 and
reverse 59 GAACTGGTCACGCTTGG 39. As a housekeeping
gene transcript, glyceraldehyde 3-phosphate dehydrogenase
was used with the following primer sequences: forward 59
CTCCCACTCTTCCACCTTCG 39 and reverse 59
CCACCACCCTGTTGCTGTAG 39. Gene expression was
assessed using MicroAmp Optical 96-well reaction plates and a
7900HT Fast Real-Time PCR System (Applied Biosystems).
Data were analyzed using SDSv2.3 software (Applied
Biosystems).

Mixed Bone Marrow Chimeras
Lethally irradiated CD45.1+ BCMA+/+ mice were rescued
with mixed 5 × 106 bone marrow cells (50% CD45.1
BCMA+/+ and 50% CD45.2 BCMA−/−). After 8 weeks of
reconstitution, EAE was induced, and mice were killed at the
peak of disease (day 16 or 17) for analysis.

In Vitro Cell Stimulation With BAFF and APRIL
Whole spleens from healthy mice were homogenized into
single-cell suspensions, and CD11b+ cells and B cells were
isolated by positive and negative selection, respectively
(Miltenyi Biotec Inc., San Diego, CA). B cells were further
sorted into discrete subsets using a BD FACS Aria cell sorting
system (BD Biosciences).

Purified B cell subsets were stimulated with anti-CD40 anti-
body (1 μg/mL) + CpG (0.02 μM/mL) at a cell concentra-
tion of 2.5 × 106 cells/mL along with BAFF (25 ng/mL) or
APRIL (50 ng/mL) in complete RPMI medium at 37°C
under a 5% CO2 for 72 hours. CD11b+ myeloid cells were

stimulated with lipopolysaccharides (100 ng/mL) at a cell
concentration of 2.5 × 106 cells/mL along with BAFF
(25 ng/mL) or APRIL (50 ng/mL) in complete RPMI me-
dium at 37°C under a 5% CO2 for 72 hours. ELISAs detected
levels of IL-6, IL-10, GM-CSF, and IL-12p40 in the cell cul-
ture supernatants (eBiosciences).

Statistical Analysis
Statistics were determined using Prism software v6.0
(GraphPad Software, La Jolla, CA). Data are presented as
mean ± SEM, and statistical significance was determined using
a 2-tailed Mann-Whitney test, Student t test, or analysis of
variance when more than 2 groups were analyzed. For all data
sets, differences were considered statistically significant for
p < or = 0.05.

Data Availability
Engineered mouse strains described in this article can be
made available through a material transfer agreement. TACI-
Fc and anti-CD20 antibodies are available for purchase from
BioLegend. All data associated with this study are present in
the article or in the supplementary materials.

Results
BCMA-Deficient Mice Have Exacerbated EAE
To evaluate the role of BCMA in EAE, we induced disease
with MOG35–55 in BCMA-deficient (BCMA−/−) mice and
BCMA-sufficient (BCMA+/+) control mice. BCMA−/− mice
showed increased EAE severity in comparison to BCMA+/+

mice (figure 1A). At day 15 postinduction of EAE, histologic
analysis of spinal cords revealed increased cellular infiltration
and increased demyelination in the BCMA−/− mice com-
pared with BCMA+/+ mice (figure 1B and figure e-1, links.
lww.com/NXI/A434). We specifically found increased
numbers of GM-CSF+ T helper cells (figure 1C), IL-17+ T
helper cells (figure e-2A, links.lww.com/NXI/A435), in-
flammatory macrophages (figure 1D), germinal center (GC)
B cells (figure 1E), and plasma cell (figure 1F) infiltrating the
spinal cords of the BCMA−/−mice compared with BCMA+/+

mice. Brains from these mice had similar results. The
BCMA−/− mice had increased infiltration of IL-17+ T helper
cells, GM-CSF+ T helper cells, inflammatory macrophages,
and plasma cells compared with the BCMA+/+ mice (figure
e-2, B–I). We next compared the MOG-specific cytokine
production from BCMA−/− and BCMA+/+ mice from the
spleen cells 10 days after induction of EAE. We found that
spleen cells from BCMA−/− mice secreted significantly
higher levels of the inflammatory cytokines, GM-CSF (figure
e-3A, links.lww.com/NXI/A436), IL-6 (figure e-3B), IFN-γ
(figure e-3C), and IL-1β (figure e-3D) in response to in-
creasing concentration of MOG35–55 compared with spleens
from BCMA+/+ mice. Surprisingly, there were no differences
in secretion of the inflammatory IL-17A (figure e-3E). We
also found no differences in the secretion of the anti-
inflammatory cytokine IL-10 (figure e-3F). Using
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intracellular flow cytometry, we identified that B cells and
T cells but not macrophages were contributing to the ele-
vated IL-6 in the BCMA−/− cultures (figure e-3, G–I).

BCMA-Deficient Mice Have Increased B Cell
Responses During EAE
Previous studies demonstrated that BCMA deficiency alters
B cell responses in experimental lupus models.22 Therefore,
we assessed whether humoral response to MOG is altered in
the BCMA−/− mice compared with BCMA+/+ mice during
EAE. We found that by day 15 postinduction of EAE,
BCMA−/− mice had significantly higher amounts of anti-
MOG IgG in sera compared with BCMA+/+ mice (figure 2A).
Total-IgG in the sera was not significantly different in
BCMA+/+ and BCMA−/−mice at any time throughout disease
(figure 2B).

We next compared BCMA+/+ mice and BCMA−/− mice for
alterations in the distribution of B cell populations that would

be indicative of a strong B cell response during EAE. Specif-
ically, we assessed the absolute numbers of transitional
(Trans) B cells, CD5+ regulatory B cells (Bregs), class-
switched memory (CSM) B cells, GC B cells subsets, and
plasmablasts/plasma cells (figure e-4, links.lww.com/NXI/
A437) in both lymph nodes and spleens in healthy mice and
in mice with EAE (days 16–18). In healthy mice, we observed
no significant differences in any subset of B cells in the spleens
or lymph nodes from BCMA+/+ compared with BCMA−/−

mice (figure e-5, links.lww.com/NXI/A438). However, in
mice with EAE, there were striking differences in B cell sub-
sets. We found that Trans B cells were significantly reduced in
both lymph nodes and spleens of BCMA−/− compared with
BCMA+/+ mice (figure 2C). CD5+ Breg numbers were also
decreased in lymph nodes compared with BCMA+/+ (figure
2D); however, this difference was not observed in spleens. We
observed a significant increase of CSM B cells in lymph nodes
of BCMA−/− (figure 2E) but not in spleens. We saw no dif-
ference in numbers of GC B cells in lymph nodes or spleens

Figure 2 BCMA Deficiency Increases B Cell Responses Against MOG During EAE

Serum was collected from BCMA+/+

and BCMA−/−mice on EAE days 0, 10,
and 15, and (A) MOG IgG and (B) to-
tal-IgG were measured by ELISA (n =
5 per group). At EAE day 15, absolute
numbers of (C) transitional (Trans) B
cells, (D) regulatory B cells (Bregs),
(E) class-switched memory (CSM) B
cells, (F) germinal center (GC) B cells,
and (G) plasma cells/plasmablasts
(PC/PB) in the lymph node and
spleen cells from BCMA+/+ and
BCMA−/− mice were measured by
flow cytometry. (H) The ratio of
trans/CSM B cells from lymph nodes
and spleens from BCMA+/+ and
BCMA−/−micewas determined. Data
are pooled from 2 experiments (n =
10/group). +/+ represents BCMA+/+,
and −/− represents BCMA−/−. Error
bars represent SEM, and Student t
tests were used to determine sta-
tistical significance. p < 0.05 is sta-
tistically significant. BCMA = B cell
maturation antigen; EAE = experi-
mental autoimmune encephalomy-
elitis; Ig = immunoglobulin; MOG =
myelin oligodendrocyte
glycoprotein.
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Figure 3 Anti-CD20 Treatment Ameliorates EAE in BCMA−/− Mice but Not in BCMA+/+ Mice

(A) BCMA+/+ mice were treated with either isotype control or anti-CD20 on day 5 and day 10 postinduction of EAE and scored daily. Arrows indicate the
treatment days. Data are pooled from 2 experiments (n = 10/group). (B) At the peak of the disease, numbers of splenic B cells, spinal cord–infiltrating
macrophages, and T helper cells from isotype control and anti-CD20 treated BCMA+/+ mice were assessed by flow cytometry (n = 4/group). (C) BCMA−/− mice
were treatedwith either isotype control or anti-CD20 on day 5 and day 10 postinduction of EAE and scored daily. Arrows indicate the treatment days. Data are
pooled from 2 experiments (n = 10/group). (D) At the peak of the disease, numbers of B cells in the spleen and numbers of macrophages and T helper cells in
the spinal cord from isotype control and anti-CD20–treated BCMA−/− mice were assessed by flow cytometry (n = 4/group). Error bars represent SEM.
Nonparametric Mann-Whitney tests were used for EAE scores (*p < 0.05). Student t tests were used for the flow cytometric data. TACI-Fc treatment
ameliorates EAE in BCMA+/+ mice but not in BCMA−/−mice. (E) BCMA+/+ mice were treated with Ig control or TACI-Fc on day 5 and day 10 postinduction of EAE
and scored daily. Arrows indicate the treatment days. Data are pooled from 2 experiments (n = 10/group). (F) At the peak of the disease, numbers of splenic B
cells, spinal cord–infiltrating macrophages, and T helper cells from control and TACI-Fc treated BCMA+/+ mice were assessed by flow cytometry (n = 5/group).
(G) BCMA−/−mice were treated with Ig control or TACI-Fc on day 5 and day 10 postinduction of EAE and scored daily. Arrows indicate the treatment days. Data
are pooled from 2 experiments. N = 10/group. (H) At the peak of the disease, numbers of B cells in spleen and numbers of macrophages and T helper cells in
the spinal cord of control and TACI-Fc–treated BCMA−/−micewere assessed by flow cytometry (n = 5/group). Error bars represent SEM. NonparametricMann-
Whitney tests were used for EAE scores (*p < 0.05). Student t tests were used for the flow cytometric data. BCMA = B cell maturation antigen; EAE =
experimental autoimmune encephalomyelitis.
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(figure 2F). Finally, we found no alterations of plasmablasts or
plasma cells in BCMA−/− compared with BCMA+/+ mice
(figure 2G). These data strongly suggest that during EAE,
BCMA deficiency acts as brake on the maturation and

differentiation of B cells during an immune response. This was
revealed when we calculated the ratio of Trans B cells/CSM
B cells in both BCMA−/− and BCMA+/+, where there is a
significant decrease in the ratio of Trans B cells/CSM B cells

Figure 4 BCMA Directly Affects B Cells and Myeloid Cells During EAE

(A) B cells, CD4 T cells, macrophages, and neutrophils were FACS sorted fromBCMA+/+micewith EAE, and quantitative real-time PCRwas performed for BCMA
expression. Data represent 1/DCt of BCMA expression on B cells, CD4 T cells, macrophages, and neutrophils (n = 4/group). Analysis of variance was used for
statistics (*p < 0.05). (B) Bonemarrow chimeric strategy. Lethally irradiated CD45.1 BCMA+/+mice were transplantedwith equal number of bonemarrow cells
from CD45.1 BCMA+/+ and CD45.2 BCMA−/− (n = 5). Eight weeks after transplantation, EAE was induced. The percentage of B cells, myeloid cells, and T helper
cells derived from donor BCMA+/+ and BCMA−/− cells in were assessed in (C) the blood before inducing EAE and in the (D) blood and (E) spleens 20 days after
EAE induction. (F) The percentage of class-switched memory (CSM) B cells, germinal center (GC) B cells, plasmablasts (PB), transitional (Trans) B cells,
regulatory B cells (Bregs) derived from donor BCMA+/+, and BCMA−/− cells from spleens during EAE. (G) The percentage of B cells, myeloid cells, and T helper
cells derived from donor BCMA+/+ and BCMA−/− cells that have infiltrated the spinal cord during EAE. (H) Percentage of inflammatory macrophages and
neutrophils derived from donor BCMA+/+ and BCMA−/− cells that have infiltrated the spinal cord of EAE mice. Error bars represent SEM, and Student t tests
were used to determine statistical significance. BCMA = B cell maturation antigen; EAE = experimental autoimmune encephalomyelitis.
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in BCMA−/−mice compared with the BCMA+/+ mice in both
spleens and lymph nodes during EAE (figure 2H).

These data demonstrate that there are altered B cell pop-
ulations in BCMA−/− mice during EAE. The most striking
result is the reduction of Trans B cells with a maintenance or
increase in CSM B cells, GC B cells, and plasmablasts/plasma
cells. Our data suggest that BCMA acts to maintain the reg-
ulatory transitional B cell population and attenuate down-
stream B cell responses, which leads to reduced autoimmune
inflammation.

Anti-CD20 Treatment Is Effective in BCMA-
Deficient Mice
Our data show an association with increased B cell activity
with increased disease severity in the BCMA−/− mice. To
directly determine whether B cells from the BCMA−/− mice
have inflammatory function in EAE, we compared the effects
anti-CD20 treatment had on EAE in BCMA−/− mice and in
BCMA+/+ mice. We treated mice with anti-CD20 or an iso-
type control on day 5 and day 10 of EAE, a treatment regimen
that has been shown to have no clinical effects in wild-type
mice.23 As previously reported, anti-CD20 treatment had no
significant effect on EAE severity in the BCMA+/+ mice
(figure 3A). The anti-CD20 treatment decreased B cells
numbers in the spleen and spinal cord of BCMA+/+ mice but
had no effect on the infiltration of macrophages or T helper
cells into the spinal cord (figure 3B and figure e-6, links.lww.
com/NXI/A439). In contrast to BCMA+/+ mice, this treat-
ment strategy significantly reduced disease severity in
BCMA−/− mice (figure 3C). The anti-CD20 treatment de-
creased B cells numbers in the spleen and spinal cord of
BCMA−/−mice and decreased the infiltration of macrophages
and T helper cells into the spinal cord (figure 3D and figure
e-6).

These data demonstrate that B cells have an inflammatory role
during EAE in BCMA−/−mice and have the potential to drive
disease by modulating the functions of inflammatory macro-
phages and T helper cells and facilitating their infiltration into
the CNS.

TACI-Fc Treatment Requires BCMA to
Ameliorate EAE
BAFF and APRIL are essential for the development and
function of B cells and blocking BAFF and APRIL signaling
reduces B cell numbers in both human and mice.24–26 How-
ever, a large clinical trial demonstrated that pharmacologic
blockade of BAFF and APRIL with TACI-Fc increased in-
flammatory disease activity in patients with MS (IMP28063,
ClinicalTrials.gov identifier: NCT00642902). As BCMA is a
receptor of BAFF and APRIL, we assessed the effect of TACI-
Fc treatment on the severity of EAE in both BCMA+/+ and
BCMA−/− mice. Surprisingly, we found that TACI-Fc treat-
ment, dosed at day 5 and day 10, significantly ameliorates EAE
in BCMA+/+ mice (figure 3E). This treatment reduced CNS-
infiltrating macrophages but not splenic B cell numbers or

CNS-infiltrating CD4+ T cells in the BCMA+/+ mice (figure
3F). In contrast, TACI-Fc treatment had no clinical effects in
BCMA−/−mice (figure 3G). This treatment had no effects on
splenic B cell numbers or CNS-infiltrating CD4+ T cells, but
did elevate the CNS-infiltrating macrophages in the BCMA−/

− mice (figure 3H).

The reduction in disease in BCMA+/+ mice by TACI-Fc
treatment was quite surprising considering that anti-CD20
treatment had no effect on disease in these mice. This led us to
speculate that BAFF and APRIL signaling may have in-
flammatory effects on non–B cells.

BCMADirectly Affects B Cells andMacrophages
in EAE
The disparate efficacies of anti-CD20 and TACI-Fc in the
BCMA+/+ and BCMA−/− mice suggest that BCMA is
expressed by other immune cells apart from B cells during
EAE. Therefore, we assessed the expression of BCMA on
FACS-sorted B cells, T cells, macrophages, and neutrophils
from C57BL/6 mice with EAE. We found that B cells and
macrophages showed elevated expression of BCMA com-
pared with CD4+ T cells and neutrophils (figure 4A).

These data demonstrate that B cells and macrophages express
BCMA. Therefore, we sought to determine the cellular re-
sponses directly affected by BCMA deficiency during EAE. To
do this, we generated mixed bone marrow chimeric mice by
rescuing lethally irradiated CD45.1 BCMA+/+ recipient mice
by transplanting equal number of bone marrow cells from
CD45.1 BCMA+/+ and CD45.2 BCMA−/− (figure 4B). Eight
weeks after bone marrow transplantation, we induced EAE in
these mice.

Before EAE induction, we collected blood to assess the
ratio of BCMA+/+ (CD45.1+) and BCMA−/− (CD45.2+) in
B cell, myeloid cell, and T helper cell populations. We found
that BCMA−/− comprised a significantly greater proportion
of B cells but not CD11b+ myeloid cells or CD4+ T helper
cells (figure 4C). In contrast, at the peak of EAE, we found
that both B cells and CD11b+ myeloid populations were
skewed toward BCMA−/− but not CD4+ T cells in the blood
(figure 4D). Similarly, in the spleens, B cells and myeloid
cells, but not T cells, were predominantly BCMA−/−

(figure 4E).

We next determined the specific splenic B cell subsets af-
fected by BCMA deficiency. We found that CSM B cells, GC
B cells, and plasmablasts all had significantly greater pro-
portion of BCMA−/− compared with BCMA+/+ in spleens
(figure 4F). Of interest, this competitive advantage was not
extended to the Trans B cells and CD5+ Bregs from spleens
as their percentage of BCMA−/− and BCMA+/+ was not
significantly different (figure 4F).

Similar to peripheral tissues, we also found that B cells and
myeloid cells, but not T cells, had an increased ratio of
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BCMA−/− to BCMA+/+ in the spinal cords of these chimeric
mice (figure 4G). In the myeloid cell compartment, we ob-
served that inflammatory macrophages (GR1+MHCII+), but

not neutrophils (GR1+MHCII−), were significantly skewed
toward BCMA−/− (figure 4H). Taken together, these data
demonstrate that BCMA deficiency has intrinsic effects on the

Figure 5 BAFF and APRIL Signals Through BCMA to Have Anti-inflammatory Functions in B Cells

(A) Four different B cell subsets, CD19+IgMhiIgDlo (transi-
tional/regulatory B cells), CD19+IgDhi (mature B cells),
CD19+IgMloIgDlo (class-switched memory B cells), CD19+/-

CD138+ (plasmablasts/plasma cells), and CD4+ T cells were
FACS sorted from BCMA+/+ mice with EAE, and quantitative
real-time PCR was performed for BCMA expression. The
data represent 1/DCt of BCMA expression (n = 4/group). Er-
ror bars represent SEM, and analysis of variance was used to
determine statistical differences. (B) Trans (transitional/
regulatory) B cells, mature B cells, CS-Mem (class-switched
memory B cells), and PB/PC (plasmablasts/plasma cells)
were FACS sorted from BCMA+/+ and BCMA−/− mice and
stimulated with anti-CD40 in the presence or absence of
BAFF and APRIL. To get enough numbers of smaller B cell
subsets, 5 spleens were pooled together. After 72 hours, cell
culture supernatants were collected, and IL-6 and IL-10 se-
cretion was measured by ELISA. Error bars represent SEM,
and Student t tests were used to determine statistical sig-
nificance. p < 0.05 was considered to be statistically signifi-
cant. APRIL = a proliferation-inducing ligand; BAFF = B
cell–activating factor; BCMA = B cell maturation antigen; EAE
= experimental autoimmune encephalomyelitis; IL =
interleukin.
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B cell andmacrophage responses during EAE but has no effect
on T helper cell function.

BCMA Regulates Cytokine Production in
Discrete B Cell Subsets
We next assessed the expression of BCMA on different
B cell subsets, including plasma cells. We sorted 4 different
B cell subsets from the spleens of C57BL/6 mice with EAE
by FACS cell sorting. Because of the rarity of certain
transitional and regulatory population, we used the fol-
lowing broad gating scheme to determine BCMA transcript
expression in B cell subsets. We sorted cells in the
CD138+CD19+/− gate that contains plasma cells/
plasmablasts, the CD19+IgDhi gate that contains mature
B cells, the CD19+IgMhiIgDlo gate that contains Trans
B cells/Bregs, and the CD19+IgMloIgDlo gate that contains
CSM B cells (figure e-7, links.lww.com/NXI/A440). We
found that plasma cells/plasmablasts and CSM B cells
expressed significantly higher levels of BCMA compared
with CD4+ T cells (figure 5A). Trans B cells and mature
B cells did not express BCMA transcript at significantly
higher levels to CD4+ T cells (figure 5A).

We next evaluated the effects of in vitro BAFF and APRIL
stimulation on these sorted B cell subsets. In cells isolated
from BCMA+/+ mice, we found that BAFF or APRIL
stimulation elevates IL-10 production by Trans B cells
while having no effect on mature B cells, CSM B cells, and
plasmablasts/plasma cells (figure 5B). BAFF or APRIL
stimulation had no effect on IL-6 production by B cell
subsets from BCMA+/+ mice (figure 5B). In BCMA−/−

mice, BAFF or APRIL stimulation had no effect on IL-10
production by any B cell subsets but did elevate the pro-
duction of IL-6 by CSM B cells (figure 5B). We also
assessed the secretion of GM-CSF and IL-12p40 on stim-
ulation with BAFF and APRIL and found no differences in
BCMA+/+ and BCMA−/− B cells (data not shown).

BCMA Regulates Cytokine Function in
Myeloid Cells
The disparate results from the anti-CD20 and TACI-Fc treat-
ment experiment described above provide compelling in vivo
evidence that BAFF and/or APRIL stimulation through BCMA
is modulating the inflammatory effects of myeloid cells. To un-
derstand the cellular mechanisms behind these findings, we
designed in vitro assays to compare the effects BAFF and
APRIL stimulations have on myeloid cells from BCMA+/+ and
BCMA−/− mice. Specifically, we stimulated purified CD11b+

myeloid cells with either BAFF or APRIL and assessed the se-
cretion of the proinflammatory IL-6 and anti-inflammatory
IL-10.

We found that CD11b+ cells from BCMA+/+ mice had elevated
production of both IL-6 and IL-10 when stimulated with BAFF
or APRIL (figure 6A). In BCMA−/− CD11b+ cells, BAFF and
APRIL had no significant effect on IL-6 production, but BAFF
continued to drive IL-10 production (figure 6B).We also assessed
the secretion of IL-12p40 on stimulation with BAFF and APRIL
and found no differences in BCMA+/+ and BCMA−/− CD11b+

cells (data not shown).

Discussion
Until now, no studies have described the function of BCMA
deficiency in neuroinflammation. Initially, BCMAwas found to be
highly expressed by plasma cells and functioned to maintain the
survival of antibody producing plasma cells in bone marrow.27

Other studies have shown that GC B cells and memory B cells
express BCMA, and this receptor regulates the generation of B cell
responses.17,28 In lupus prone mice, BCMA deficiency leads to
elevated autoantibody responses and increased morbidity and
mortality demonstrating that BCMA regulates autoreactive B cell
responses.22 Recent studies suggested that BAFF andAPRIL have
functional effects on non–B-lineage cell types including myeloid

Figure 6 BAFF and APRIL Signals Through BCMA to Have Proinflammatory Functions in Myeloid Cells

CD11b+myeloid cells were MACS sorted from healthy (A) BCMA+/+ and (B) BCMA−/−mice and stimulated with lipopolysaccharides in the presence or absence
of BAFF or APRIL (n = 3/group). After 72 hours, supernatants were collected, and IL-6 and IL-10 secretion was measured by ELISA. Error bars represent SEM,
and Student t tests were used to determine statistical significance. p < 0.05 was considered to be statistically significant. APRIL = a proliferation-inducing
ligand; BAFF = B cell activating factor; BCMA = B cell maturation antigen; EAE = experimental autoimmune encephalomyelitis; IL = interleukin.
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cells, astrocytes, and neurons; yet, the function of BCMA in these
non–B cell types is unknown.18

In this study, we have provided evidence for 2 novel mecha-
nisms of BCMA in neuroinflammation. The first mechanism
we have identified is that BAFF and APRIL signaling through
BCMA has a B cell–intrinsic, anti-inflammatory effect on EAE
disease. We find that BCMA−/− mice have exacerbated disease
that is associated with increased B cell responses to myelin
antigens, which in turn elevates the pathogenicity of the T
helper cells within the CNS. In bone marrow chimeras, BCMA
deficiency provides a competitive advantage for the de-
velopment of inflammatory B cell populations (including GC,
memory, and plasmablast B cells). During in vitro stimulations,
BAFF and APRIL drive the secretion of the anti-inflammatory
IL-10 in BCMA+/+ B cells and conversely drive the in-
flammatory IL-6 in BCMA−/− B cells. Most convincingly, we
found that anti-CD20 therapy attenuates EAE in BCMA−/−

mice but not BCMA+/+ mice. These data are in accordance
with EAE studies from BAFFR-deficient mice. This study
shows that deficiency in BAFF signaling exacerbated EAE,
which is similar to our results with BCMA-deficient mice.16 Of
interest, BAFF−/− and BAFFR−/− mice both have deficiencies
in mature B cell development, which is not a defect in BCMA−/−

mice.15,20 Therefore, the data from BCMA−/−mice suggest that
BAFF and/or APRIL also act downstream of the early de-
velopmental checkpoints of B cells and act as a brake on the
development and function of inflammatory B cell populations.

The second mechanism is that BCMA has inflammatory effects
on myeloid cells during EAE. We detected BCMA gene ex-
pression in macrophages. We find that BAFF and APRIL stim-
ulation elevates the secretion of the inflammatory cytokine IL-6
in BCMA+/+ macrophages but not in BCMA−/− macrophages.
Finally, we find that TACI-Fc effectively reduces EAE in
BCMA+/+ mice but not in BCMA−/− mice and that the re-
duction of disease in BCMA+/+ mice is correlated with a re-
duction in infiltrating inflammatory macrophages but not T cells
or B cells. These data are in accordance with a recent publication
showing that BAFF-deficient mice crossed to B cell–deficient
mice have lowered EAE severity.19 Our study provides com-
pelling evidence that the proinflammatory effect of BAFF is
specifically through BCMA on macrophages.

The observations from the clinical trials of anti-CD20 and
TACI-Fc revealed that there is still a major knowledge gap in
the function of BAFF and APRIL in MS and other immune-
mediated diseases. Anti-CD20 therapy, which reduces B cell
numbers, is an effective therapy for MS.2,29 Blocking BAFF
and APRIL also reduces B cell numbers and reduces flares in
lupus.30,31 Therefore, it was rational to hypothesize that
blocking BAFF and APRIL in MS would be an effective
treatment strategy. Paradoxically, TACI-Fc worsened disease
activity in patients with MS.4 The similarity between patients
with MS and BCMA−/− mice in their therapeutic response to
anti-CD20 and TACI-Fc warrants the use of these mice for
better assessment of new therapies targeting B cells. Given the

multiligand receptor interactions that occur with BAFF and
APRIL signaling, it has been difficult to identify mechanisms
behind the therapeutic disparities in anti-CD20 and TACI-Fc.
Our study provides evidence that BCMA is critical in the
therapeutic efficacies of anti-CD20 and TACI-Fc in neuro-
autoimmune disorders like MS.
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Abstract
Objective
To investigate the association between disease-modifying therapies (DMTs) and the rate of
progressive retinal ganglion cell (RGC) and nerve fiber loss in MS.

Methods
One hundred five relapsing-remitting patients with MS were followed annually for a median of
4.0 years using optical coherence tomography. Twenty-five healthy subjects were also included
as normal controls. The rates of global peripapillary retinal nerve fiber layer (pRNFL), temporal
RNFL (tRNFL), and ganglion cell inner plexiform layer (GCIPL) thinning were analyzed
according to DMT type using a linear mixed-effects model. Optic radiation lesion volume was
measured on brain MRI and included as a covariate to minimize the effects of retrograde
transsynaptic degeneration.

Results
The annual rates of RNFL and GCIPL thinning were higher in patients treated with “platform”
therapies (interferon-β and glatiramer acetate) compared with DMTs of higher clinical efficacy
(including fingolimod, dimethyl fumarate, natalizumab, alemtuzumab, rituximab, and ocreli-
zumab) (difference = −0.22 μm/y, p = 0.02 for pRNFL; difference = −0.34 μm/y, p = 0.009 for
tRNFL; and difference = −0.16 μm/y, p = 0.005 for GCIPL). Based on an analysis of individual
treatments (interferon-β, glatiramer acetate, fingolimod, and natalizumab), interferon-β was
associated with inferior RGC preservation, relative to the other drugs. No effect difference was
found between glatiramer acetate, fingolimod, and natalizumab.

Conclusions
Progressive loss of RGCs in patients with MS is more pronounced in patients treated with
interferon-β than other DMTs. This finding may have implications for DMT selection in MS.

Classification of Evidence
This study provides Class IV evidence that for patients with MS, treatment with interferon-β
compared with other DMTs leads to a more pronounced rate of retinal ganglion cell loss.
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MS is recognized as a neurodegenerative disease with pro-
gressive neuroaxonal loss that begins in the earliest phases of
the disease. Loss of retinal ganglion cells (RGCs) and their
axons has been well documented in nonoptic neuritis (ON)
eyes in MS.1 Based on a strong association between retinal
nerve fiber layer (RNFL) and brain atrophy in patients with
MS,2 loss of RGCs may reflect general neurodegeneration.
Current disease-modifying therapies (DMTs) (including
both platform therapies and DMTs of higher efficacy) are
effective in suppressing neuroinflammation and reducing the
rate of clinical relapses; however, their potential neuro-
protective effects on axonal preservation are less well defined.

In the current study, we assessed the potential effect of current
DMT on RGC loss in MS by analyzing the annualized rate of
RNFL thinning with longitudinal optical coherence tomography
(OCT) scans, referenced to treatment type. Optic radiation
(OR) lesions were also examined annually during follow-up and
included in the statistical model as a covariate to minimize the
potential influence of retrograde transsynaptic degeneration.3

We first compared platform therapies (interferon-β and glatir-
amer acetate) vs DMTs of higher efficacy, followed by analysis of
the most frequently used individual drugs, such as interferon-β,
glatiramer acetate, fingolimod, and natalizumab.

Methods
Participants
One hundred five consecutive relapsing-remitting patients
with MS from 4 tertiary neuro-ophthalmology or neurology
clinics in Sydney (Royal North Shore Hospital, Brain &Mind
Centre, Inner West Neurology, and the Save Sight Institute)
were included in this study. MS was diagnosed according to
the 2010 revised McDonald criteria. Exclusion criteria in-
cluded acute ON within the previous 12 months and a history
of other ocular or neurologic diseases. Only the patients who
fulfilled the inclusion criteria were approached (determined
by the referral neurologists). One ON patient with an episode
of ON recurrence during the follow-up was excluded, and
only the data collected before the relapse were used in anal-
ysis. Four patients were lost to follow up (only with the
baseline measurements). All the other 105 participants with at
least 1 follow-up visit are included in the current study. Pa-
tients were examined annually and followed for a median of
4.0 years (range 0.9–7.6). At each visit, the type of concurrent
DMTwas recorded. This study provides Class IV evidence on
the effects of different DMTs on RGC and nerve fiber loss in
relapsing-remitting MS. In addition, 25 healthy participants
were recruited as controls.

Standard Protocol Approvals, Registrations,
and Patient Consents
The study adhered to the tenets of the Declaration of Helsinki
and was approved by the Human Research Ethics Commit-
tees of Macquarie University and the University of Sydney.
Written consent was signed by all participants.

OCT Imaging
As described previously,4,5 RNFL and ganglion cell inner
plexiform (GCIPL) thickness was measured with a Heidel-
berg Spectralis OCT (Heidelberg Engineering, Germany)
according to the APOSTEL recommendations.6 OCT scans
were performed under room light conditions without pupil
dilation. The follow-up function was activated to ensure that
longitudinal scans were obtained at the same locations. Both
peripapillary ring (diameter = 3.5 mm, for RNFL measure-
ment) and macular radial pattern scans (6 slices in a star-like
pattern, for GCIPL measurement) were inspected by 2 in-
vestigators (Y.Y. and A.K.) to ensure image quality according
the OSCAR-IB criteria and to exclude segmentation errors.7

MRI Scans and Measurement of OR
Lesion Volumes
Annual brain MRI scans were acquired on a GEMR750 3.0-T
scanner with an 8-channel head coil as previously described3

using pre- and post-contrast (gadolinium) sagittal 3D T1,
axial fluid attenuated inversion recovery (GE CUBE T2
FLAIR), and whole brain 64-directions diffusion-weighted
imaging sequences. Probabilistic tractography was used to
reconstruct OR fibers. Individual lesions were identified on
coregistered T2 FLAIR images and semiautomatically seg-
mented using JIM 7 software (Xinapse Systems, Essex, United
Kingdom). Lesions were then intersected with OR fibers to
obtain OR lesion volume measures.

Statistical Analysis
Statistical analysis was performed using SPSS (version 24.0;
IBM Corp., Cary, NC) and Graphpad Prism (version 8.0;
Graphpad, La Jolla, CA). Longitudinal OCT measures were
obtained from both eyes in the study subjects and annualized
RNFL change referenced to DMT type with a linear mixed-
effects model that included OR lesion volume measures at
each visit, age, sex, history of ON, and disease duration as
covariates. Patients who changed treatments during the
follow-up were not excluded, and the intrasubject factor was
taken into consideration when comparing the effects of dif-
ferent DMTs. As described previously,4 the model uses a
multilevel structure with repeatedmeasures nested within eye,
nested within subjects. A p value of less than 0.05 was con-
sidered statistically significant.

Glossary
DMT = disease-modifying therapy; FLAIR = fluid attenuated inversion recovery;GCIPL = ganglion cell inner plexiform layer;
LCVA = low contrast visual acuity;OCT = optical coherence tomography;ON = optic neuritis;OR = optic radiation; RGC =
retinal ganglion cell; pRNFL = peripapillary RNFL; RNFL = retinal nerve fiber layer; tRNFL = temporal RNFL.
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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 on reasonable request.

Results
Of the 105 patients with MS enrolled in the study, 51 had a
history of ON. Demographic data of the study cohort are
shown in table 1. We first analyzed longitudinal RNFL and
GCIPL changes in patients with MS vs healthy controls. We
have previously shown that there is no difference betweenON
and non-ON eyes in the rate of RNFL/GCIPL thinning in the
absolute thickness.4 In the current study, we again did not
observe any difference in peripapillary RNFL (pRNFL; dif-
ference = 0.04 μm/y, 95% CI −0.15 to 0.24, p = 0.65), tem-
poral RNFL (tRNFL; difference = 0.15 μm/y, 95% CI −0.09
to 0.40, p = 0.22), or GCIPL (difference = 0.02 μm/y, 95% CI
−0.08 to 0.13, p = 0.70) thinning between ON and non-ON
eyes. Therefore, both ON and non-ON eyes were included in
the current study. The rate of progressive retinal ganglion cell
and fiber loss was faster in patients with MS compared with
healthy control subjects (difference = −0.19 μm/y [95% CI
−0.39–0.01, p = 0.07] for pRNFL; −0.27 μm/y [95%CI −0.51
to −0.03, p = 0.03] for tRNFL; −0.16 μm/y [95% CI −0.28 to
−0.04, p = 0.01] for GCIPL), consistent with previous reports.

Platform Therapies vs Higher Efficacy DMTs
Next, we compared the rate of RNFL/GCIPL thinning in
patients treated with platform therapies (interferon-β and
glatiramer acetate) vs DMTs of higher efficacy (including
fingolimod, dimethyl fumarate, natalizumab, alemtuzumab,
rituximab, and ocrelizumab). In the linear mixed effects
model, which included OR lesion volume (plus age, sex, ON,
and disease duration) as an additional cofactor, we found that
retinal ganglion cell and fiber loss was faster in patients on the
platform DMTs (difference = −0.22 μm/y [95% CI −0.42 to
−0.03, p = 0.02] for pRNFL; −0.34 μm/y [95% CI −0.60 to
−0.08, p = 0.009] for tRNFL; −0.16 μm/y [95% CI: −0.27 to
−0.05, p = 0.005] for GCIPL). The difference between the
platform and higher efficacy DMTs remained significant after
adjustment for the intervals between DMT initiation and OCT
observation (difference = −0.24 μm/y [95% CI −0.43 to −0.04,
p = 0.02] for pRNFL; −0.28 μm/y [95%CI −0.52 to −0.04, p =
0.02] for tRNFL; −0.11 μm/y [95% CI −0.22 to −0.01, p =
0.04] for GCIPL). Despite the fact that no patients showed
macular edema on OCT during the follow-up, an additional
sensitivity analysis was performed excluding the patients on
fingolimod treatment. The difference between the platform and
higher efficacy DMTs in GCIPL thinning remained significant
(difference = −0.18 μm/y, 95% CI −0.34 to −0.02, p = 0.02).

Although some patients changed from platform therapies to
DMTs of higher efficacy during the follow-up period, the
slower progression rate on high efficacy treatments could not
be simply explained by a carry-over drug effect or different
disease staging. Nevertheless, to validate the above results, we
performed a subanalysis by only including patients on the
same DMT throughout the entire follow-up period (n = 71
patients). The difference in OCT changes between the 2
DMT groups persisted (difference = −0.28 μm/y [95% CI
−0.53 to −0.04, p = 0.02] for pRNFL; −0.25 μm/y [95% CI
−0.54 to 0.04, p = 0.08] for tRNFL; −0.24 μm/y [95% CI
−0.40 to −0.08, p = 0.003] for GCIPL) (the trend of projected
OCT changes are demonstrated in figure).

Analysis of Individual Drugs
Interferon β, glatiramer acetate, fingolimod, and natalizumabwere
included in a further analysis to determine the effect of individual
therapies. We only selected the drugs that had at least 100 OCT
data points in the study cohort to ensure appropriate statistical
power. Overall, patients showed faster rates of RNFL (mainly
temporal) and GCIPL thinning when on interferon β compared
with the other 3 drugs. The results are summarized in table 2. No
difference was found among glatiramer acetate, fingolimod, and
natalizumab. This analysis suggests that the difference between
the 2 DMT groups described above is likely to be a result of the
worse outcome of interferon β on neuroaxonal preservation.

Discussion
This study provides evidence that the commonly used DMTs
have a differential effect on the rate of progressive RGC loss in
MS, a measure reflecting general neuroaxonal loss in the

Table 1 Participant Characteristics at Baseline

MS Normala p Value

n 105b 25

Age, y 40.2 ± 10.0 38.8 ± 10.7 NS

Sex, M/F 25/80 7/18 NS

Disease duration, y 4 (1–23) N/A N/A

EDSS 1 (0–6) N/A N/A

OCT, eyes n = 210 n = 50

pRNFL 89.2 ± 12.8 97.3 ± 8.3 <0.001

tRNFL 62.4 ± 14.6 73.4 ± 12.5 <0.001

GCIPL 56.6 ± 5.6 61.1 ± 3.9 <0.001

OR lesion volume, mm3 402 (0–7,975) N/A N/A

Abbreviations: EDSS = ExpandedDisability Status Scale; GCIPL = ganglion cell
inner plexiform layer; N/A = not available; NS = not significant; OCT = optical
coherence tomography; OR = optic radiation; pRNFL = peripapillary retinal
nerve fiber layer; tRNFL = temporal RNFL.
Data are mean ± SD or median (range).
Patients in the current study with a history of unilateral ON were also in-
cluded in another study which has been reported previously.4 Patients on
teriflunomide were excluded in the DMT group-based analysis due to in-
consistent results regarding its clinical efficacy.16
a Part of the study cohort including normal subjects were previously de-
scribed in another study investigating a different aspect of the disease.
b Treatment at baseline included interferon-β (n = 24), glatiramer acetate (n
= 18), fingolimod (n = 25), teriflunomide (n = 6), dimethyl fumarate (n = 5),
natalizumab (n = 15), alemtuzumab (n = 3), and not on any treatment (n = 9).
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disease. It has not been well defined whether DMTs have any
protective effects against RGC loss in MS. Knier et al.8 ana-
lyzed the association between longitudinal OCT changes and
DMT treatment in patients with MS. The authors did not find
any difference between with or without DMT (first-line)
groups, but only 2 time points were analyzed in the study
which could increase variability of results. Given the small
sample size of patients with MS in our study who were not on
any DMTs throughout the follow-up period (n = 6), we were
not able to perform a subanalysis with appropriate statistical
power to compare the rate of RNFL/GCIPL thinning be-
tween untreated and treated patients. Future studies are
needed to address this issue. The reported rate of annual
progressive RNFL loss has been variable, between −0.36 and
−1.49 μm/y.9 This could be due to different scanning
equipment/protocols and statistical methods (covariables)
used. Concordant with the premise that earlier, aggressive use
of immunotherapy can ameliorate longer-term neuro-
degeneration, we found that the use of higher efficacy

therapies was associated with improved RGC preservation in
patients with MS. Although it is generally accepted that
modern oral and infusion therapies have better clinical effi-
cacy compared with platform therapies10 and can help reduce
the rate of retinal atrophy in relapsing-remitting MS,11 few
studies have directly compared the effects of 2 platform
therapies. Our data suggest that glatiramer acetate has a
greater neuroprotective effect, at least on RGCs, than in-
terferon-β, which may have implications for DMT selection in
early, relapsing disease. In support of this finding, a Cochrane
metanalysis has shown both higher relapse rates and brain
volume loss in patients treated with interferon-β compared
with glatiramer acetate.12

Some authors have previously investigated effects of DMTs
on RNFL and GCIPL changes in MS. Knier et al.8 showed
that retinal OCT changes are associated with disease activity.
Although they did not reveal any difference between type of
treatment on GCIPL thickness, only 2 time points were used

Figure Projected RNFL and GCIPL Thinning in Patients on the Same DMT Throughout the Follow-up Period

The baseline RNFL/GCIPL thickness was thinner in patients on the DMTs of higher efficacy (red lines), but patients on the platform therapies had a faster rate
of thinning over the follow-up period (blue lines). DMT = disease-modifying therapy; GCIPL = ganglion cell inner plexiform layer; pRNFL = peripapillary RNFL;
RNFL = retinal nerve fiber layer; tRNFL = temporal RNFL.
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in the analysis. In addition, combining interferon-β, glatiramer
acetate, dimethyl fumarate, and teriflunomide as the first-line
treatment may also limit the sensitivity of analysis. Although not
compared with other DMTs, Zivadinov et al.13 suggested that
glatiramer acetate may have a neuroprotective effect against
RNFL loss. Furthermore, Button et al.14 showed that patients on
both interferon-β and glatiramer acetate had faster rates of
GCIPL thinning compared with natalizumab. However, the fact
that the difference was larger for subcutaneous interferon
(0.37 μm/y) than for glatiramer acetate (0.14 μm/y) may also
indicate that glatiramer acetate has slightly better protective ef-
fects compared with interferon-β in controlling RGC loss.

The small sample size remains a limitation of this study. We
had to combine intermediate and high potency DMTs in the
group-based analysis which limited our ability in assessing
effects of all individual DMTs. Although we managed to
perform the analysis of 4 most frequently used DMTs with
sufficient OCT scans, the sample size for each individual drug
was still relatively low, and in particular, we were not able to
assess effects of high-dose high-frequency subcutaneous in-
terferon (n = 16) and low-dose low-frequency IM interferon
(n = 8) separately as described by Button et al.14 Therefore,
the results of this study need further validation in future
studies with larger sample size. Another limitation of the study
is that we do not have a functional measure to support our
conclusions. We could not find any difference in low contrast
visual acuity (LCVA) changes between the treatment groups.
This could be due to the fact that LCVA being a subjective test
is already significantly impaired in ON eyes at baseline. In
addition, reduction of LCVA is also likely to be associated
with posterior visual pathway damage (e.g., OR lesions).
These factors may potentially limit the sensitivity of LCVA in
detecting subtle difference in the rate of RGC fiber loss over
time in the current study design.

The mechanism of action that underpins the apparent neu-
roprotective effect of glatiramer acetate and higher efficacy
therapies on RGCs is uncertain. Early use of high-efficacy
therapy ameliorates long-term progression of MS disability
and brain atrophy and is probably largely driven by the anti-
inflammatory properties of these agents. However, distinct

neuroprotective effects cannot be excluded. Fingolimod, for
example, has been shown to be neuroprotective for RGCs
against glaucoma,15 a condition that is not traditionally con-
sidered a neuroinflammatory pathogenesis. Sphingosine-1-
phosphate receptors, which are bound by fingolimod, are also
expressed on RGCs, potentially promoting their survival.
Although the therapies studied here each have discrete
mechanisms of action, suppression of inflammatory pathways
represents is a common final endpoint and therefore remains
a likely significant contributor to neuroprotection.
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Table 2 Comparisons Between Interferon β and Other DMTs

Interferon β Glatiramer Fingolimod Natalizumab

pRNFL NS NS NS

tRNFL −0.54 (−0.92 to −0.16, p = 0.005*)a −0.51 (−0.86 to −0.16, p = 0.004*)b −0.57 (−1.26 to 0.11, p = 0.1)c

GCIPL −0.21 (−0.48 to 0.05, p = 0.1)a −0.34 (−0.46 to −0.21, p < 0.001*)b −0.35 (−0.55 to −0.16, p = 0.001*)c

Abbreviations: DMT = disease-modifying therapy; GCIPL = ganglion cell inner plexiform layer; NS = not significant; OCT = optical coherence tomography;
pRNFL = peripapillary retinal nerve fiber layer; tRNFL = temporal RNFL.
Data are difference (95% CI) (μm/y). Significant (p < 0.05) and borderline (p = 0.05–0.1) differences are shown.
After adjustment for the intervals between initiation of DMT andOCT observation: a −0.49 (−0.88 to −0.11), p = 0.01 for tRNFL; −0.26 (−0.52 to 0.01), p = 0.06 for
GCIPL; b −0.53 (−0.87 to −0.19), p = 0.03 for tRNFL; −0.33 (−0.46 to −0.20), p < 0.001 for GCIPL; c −0.55 (−1.22 to 0.13), p = 0.1 for tRNFL; −0.40 (−0.59 to −0.21), p <
0.001 for GCIPL.
* Differences persisted after p value adjustment for control of the false discovery rate in multiple comparisons using the Benjamini-Hochberg approach.
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Abstract
Objective
To determine the potential association between infections and rituximab (RTX)-induced
hypogammaglobulinemia among patients with CNS inflammatory diseases.

Methods
We included in a prospective observational study all consecutive adults with aquaporin 4
(AQP4) or myelin oligodendrocyte glycoprotein (MOG) antibody–positive disorders treated
with RTX. Dosing schedule was adapted to memory B-cell measurement.

Results
We included 48 patients (mean age 47 [SD: 14] years; 77% females; 31 AQP4 positive and 17
MOG positive). The median follow-up was 3.6 years (range: 0.9–8.1 years). The median
number of RTX infusions was 8 (range: 2–14). The median dosing interval was 6 months
(range: 1.7–13.7 months). Sixty-seven symptomatic infections (SIs) were observed in 26 of 48
(54%) patients, including 13 severe infections in 9 (19%). Urinary and lower respiratory tract
infections were the most frequent, representing 42% and 21% of SI. At RTX onset, the
immunoglobulin G (IgG) level was abnormal in 3 of 48 (6%) patients. After RTX, 15 (31%), 11
(23%), 3 (6%), and 0 of 48 patients showed sustained IgG level <7, <6, <4, and <2 g/L,
respectively. On multivariate Cox proportional hazards analysis, the main variables explaining
the risk of SI were the presence of urinary tract dysfunction (hazard ratio [HR] = 34, 95% CI
4–262, p < 0.001), the dosing intervals (HR = 0.98, 95% CI 0.97–0.99, p < 0.001), and the
interaction between IgG level and urinary tract dysfunction (HR = 0.67, 95% CI 0.53–0.85, p <
0.005). IgG level <6 g/L during RTX was associated with male sex (HR = 4, 95% CI 1.4–11.4, p
< 0.01) and previous immunosuppression (HR = 3.4, 95% CI 1.2–10, p < 0.05).

Conclusions
RTX used as maintenance therapy in CNS inflammatory diseases is frequently associated with
reduced IgG level and increases the infection risk of the most vulnerable patients.
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B cell–depleting therapy with anti-CD20 drugs is now widely
used inCNS inflammatory diseases includingMS and aquaporin
4 (AQP4)-antibody-positive neuromyelitis optica spectrum
disorders (NMOSDs). In CNS inflammatory diseases, B cell–
depleting therapy is typically used as maintenance therapy,
which contrasts with its use in many non-neurologic diseases, in
which the therapy is usually used as a short-term remission-
inducing agent.

Recently, a nationwide register-based cohort raised safety
concerns related to the use of anti-CD20 agents as mainte-
nance therapy in MS, demonstrating the highest risk of in-
fection with rituximab (RTX) used every 6–12 months
compared with other highly effective disease-modifying
therapies.1 Thus, the long-term safety of anti-CD20 agents
used as maintenance therapy for CNS inflammatory diseases
remains to be fully established. Particularly, mechanisms un-
derlying infections associated with maintenance therapy with
anti-CD20 agents must be identified. For non-neurologic
diseases, including adult lymphoma and rheumatic diseases,
hypogammaglobulinemia and especially reduced serum level
of immunoglobulin G (IgG) have been found as an in-
dependent predictor of infections in patients receiving
RTX.2–6 Thus, guidelines have emerged for managing sec-
ondary hypogammaglobulinemia due to anti-CD20 therapy in
autoimmune rheumatic diseases.7

Here, we report the safety data of a recent published pro-
spective observational study comparing the medium-term
efficacy of RTX used as maintenance therapy in AQP4-
positive NMOSD and myelin oligodendrocyte glycoprotein
(MOG)-associated disorders.8 The objectives were twofold:
to determine first the incidence and prognostic factor(s) of
hypogammaglobulinemia in patients with CNS inflammatory
diseases treated with RTX as a maintenance regimen and
second the incidence and prognostic factor(s) of infections
during this therapy.

Methods
Study Population and RTX
Administration Scheme
From 2012, we prospectively included in an observational
study all consecutive adults with MOG or AQP4 antibody
disorders receiving RTX at the tertiary neuroinflammatory
center of Marseille by using a standardized protocol (see
Durozard et al.8 for more details). Briefly, inclusion criteria
were age >18 years, at least 1 demyelinating event of the CNS
during the previous 18 months, positive for serum MOG or
AQP4 antibody, and initiating RTX by an individualized

dosing schedule adapted to memory B-cell measurement. The
induction treatment consisted of 1,000 mg infused twice at a
2-week intervals or 375 mg/m2 per week for 4 weeks. The
maintenance regimen consisted of a single infusion of
1,000 mg. Infusions of RTX were guided by an individualized
dosing schedule according to the frequency of reemerging
memory B cells (CD27-positive B cells).8

Standard Protocol Approvals, Registrations,
and Patient Consents
Each participant gave free and informed written consent for
anonymized use of clinical, MRI and biological data for re-
search purposes (NOMADMUS cohort). For the present
study, only data for patients included before December 2018
are reported, and only data acquired before spring 2020 were
analyzed. In case of immunoglobulin replacement, we stop-
ped the analysis of the data at the date of initiation.

Medical Visits
Physical examination was performed at each RTX infusion, 3
months after each infusion, at each relapse, and in case of
adverse events. At inclusion in the present prospective study,
we gave all participants the phone number of our indoor
neuroinflammatory unit, which is open 24 h/d and 7 d/wk.
We informed each patient about the need to call the center in
case of fever or new physical signs. At each visit to our center,
at least every 3months, the examination was performed by the
same experienced neurologists (A.R., C.B., A.M., or B.A.) of
the university hospital of Marseille (France). A prespecified
protocol with directed questions was applied concerning the
most frequent potential adverse event associated with RTX
treatment, namely infection. Full clinical examination in-
cluding temperature measurement was performed at each
visit. All infections were noted and graded according to the
Common Terminology Criteria for Adverse Events v4.0:
grade 1: asymptomatic, pathologic, or radiographic findings
only; grade 2: localized, local, or noninvasive intervention
indicated; grade 3: IV antibiotic, antifungal, or antiviral in-
tervention indicated, interventional radiology or operative
intervention indicated; grade 4: life-threatening consequences
(e.g., septic shock, hypotension, acidosis, and necrosis); and
grade 5: death. Symptomatic infection (grade ≥2) was
retained with only the following criteria: physical signs sug-
gestive of infection associated with at least fever or positive
radiographic or positive laboratory findings.

Immunoglobulin Measurement
The immunoglobulin level was measured at a single di-
agnostic laboratory (University Hospital of Marseille) before
RTX onset and before each RTX infusion. We defined 4
categories of IgG level: normal level, ≥7 g/L; hypo-IgG level

Glossary
AQP4 = aquaporin 4;HR = hazard ratio; IgG = immunoglobulin G;MOG =myelin oligodendrocyte glycoprotein;NMOSD =
neuromyelitis optica spectrum disorder; RTX = rituximab.
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1, 6–7 g/L; hypo-IgG level 2, 4–6 g/L; hypo-IgG level 3, 2–4
g/L, and hypo-IgG level 4, ≤2 g/L. We graded the serum IgG
level after RTX onset on the basis of the nadir serum IgG
concentration during follow-up. We also assessed the pro-
portion of patients showing sustained decrease (maintenance
at the same level), partial reversibility (increase to a higher
level), or complete normalization. IgA and IgM levels were
also measured (normal levels ≥0.7 and 0.4 g/L, respectively).
We also assessed the proportion of patients showing sustained
decrease (maintenance under the normal level) or complete
normalization of levels.

Statistical Analysis
The proportions of patients with hypogammaglobulinemia
before and after RTX onset were compared by the Fisher
exact test. The risk of symptomatic infections was assessed
with multivariate Cox proportional hazard models for re-
current events. Variables tested were disease duration and age
at RTX onset, sex, existence of urinary tract dysfunction de-
fined as the presence of urinary urgency and/or voiding dif-
ficulties, swallowing dysfunction, immunoglobulin levels, and
dosing intervals. Patient ID was included as a cluster variable
to account for intraindividual correlation of observations. A
similar multivariate model was used to investigate the oc-
currence of reduced IgG level during RTX treatment. Here,
we computed hazard ratios (HRs) and 95% CIs for the fol-
lowing variables at the onset of the RTX treatment: age, sex,
disease duration, Expanded Disability Status Scale score,
previous immunosuppressive therapy before RTX, RTX in-
duction regime, and dosing intervals. p < 0.05 was considered
statistically significant. All analyses were performed with
Statistics in R v4.0.2, including the survival package.

Data Availability
All data analyzed during this study will be shared anonymized
by reasonable request of a qualified investigator to the cor-
responding author.

Results
Study Population
We included 31 (65%) patients with AQP4 antibodies and 17
(35%) with MOG antibodies. Results related to the clinical
response to RTX in both diseases were previously published8

and are not reported here (table 1).

RTX was the first-line therapy for 34 of 48 (71%) patients. In
other patients, previous treatment included mycophenolate
mofetil (n = 6), azathioprine (n = 3), methotrexate (n = 2),
cyclophosphamide (n = 2), interferon beta (n = 2), and ter-
iflunomide, natalizumab, glatiramer acetate, dimethyl fuma-
rate, and fingolimod (n = 1 each). The median follow-up after
RTX initiation was 3.6 years (range 0.9–8.1 years). The me-
dian number of RTX infusions was 8 (range 2–14). The
median and mean duration between 2 RTX infusions was 6
and 5.89 months, respectively (range 1.7–13.7 months). RTX

was used as monotherapy in most patients. Steroids were
associated with RTX in only 7 of 48 patients and were stopped
in 5 of them after several months.

Incidence, Grade, and Type of Infections After
RTX Onset
After RTX onset, we observed 67 symptomatic infections
(grade ≥2) in 26 of 48 (54%) patients, including 13 severe
infections (grade ≥3) in 9 (19%). The median number of
symptomatic infections was 1 (range 0–10) per patient. The
first symptomatic infection occurred at a median of 15months
(range 0–86 months) after RTX onset. The mean annual rate
of symptomatic infections after RTX in the whole group was
0.28 (SD = 0.39). Urinary tract infections (n = 28) were the
most frequent and represented 42% of all symptomatic in-
fections. Lower respiratory tract infections (n = 14) repre-
sented the second most frequent infection type (21%). All
patients presented fever and lower respiratory tract signs.
Chest X-ray or CT scan was performed in 8 of 14 episodes and
confirmed lower respiratory tract infection in all. Nine skin
infections were diagnosed clinically and included erysipelas (n
= 2); 1 each of impetigo, folliculitis, genital herpes simplex,
and herpes zoster; and mycosis (n = 2). One case of cellulitis
was diagnosed clinically and microbiologically. Upper re-
spiratory tract infections (n = 9) included otitis media (n = 2)
diagnosed clinically; sinusitis (n = 3) diagnosed clinically and
radiographically; sinusitis (n = 1) diagnosed clinically, radio-
graphically and microbiologically; dental abscess (n = 2) di-
agnosed clinically and radiographically; and pharyngitis (n =
1) diagnosed clinically and microbiologically. Gastrointestinal
infections included abscess of the ileum (n = 1) diagnosed
clinically and by CT scan and candida esophagitis (n = 1)
diagnosed clinically and microbiologically. One case each of
genital infection, enterovirus meningitis, enterovirus menin-
goencephalitis, and parvovirus B19 infection were diagnosed
clinically and microbiologically (table 2).

Serious Adverse Events
In total, 15 serious adverse events occurred and included 13
serious infectious events, 1 case of agranulocytosis and 1 of
Crohn disease.

Incidence of Hypogammaglobulinemia
Reduced IgG level <7 g/L (level ≥1) was present in 3 of 48
(6%) patients (4.71, 6.39, and 5.81 g/L, respectively) before
RTX and occurred in 28 of 48 (58%) during RTX after a mean
of 17 months (range 0–64) (p < 0.0001). During RTX, re-
duced IgG level <7 g/L was sustained in 15 of 48 (31%)
patients, partially recovered in 7 of 48 (15%) and completely
recovered in 6 of 48 (13%). Reduced IgG level <6 g/L (level
≥2) was observed in 20 of 48 (42%) patients after a mean of
14 months (0–64), was sustained in 11 of 48 (23%), partially
recovered in 7 of 48 (15%), and completely recovered in 2 of
48 (4%). Reduced IgG level <4 g/L (level ≥3) was observed in
5 of 48 (10%) patients after a mean of 1.6 months (0–5), was
sustained in 3 of 48 (6%), partially recovered in 2 of 48 (4%),
and completely recovered in none (0%). Reduced IgG level
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<2 g/L (level 4) was not observed in any patients. Reduced
IgM level (<0.4 g/L) was present in 1 of 48 (2%) patients
(0.26 g/L) before RTX and 22 of 48 (46%) after RTX after a
mean of 13 months (range 0–54) (p < 0.0001). After RTX,
reduced IgM level (<0.4 g/L) recovered in 1 of 48 (2%)
patients. Reduced IgA level (<0.7 g/L) was present in 3 of 48
(6%) patients (0.57, 0.28, and 0.46 g/L, respectively) before
RTX and persisted in the same 3 patients after RTX (0.30,
0.12, and 0.34 g/L, respectively) (table 3).

Immunoglobulin replacement was started in 5 of 48 patients
after a mean of 55months (range: 24–95months). In 3 patients,
immunoglobulins replacement was started owing to severe
hypogammaglobulinemia associated with 1 episode of infection.
In the 2 remaining patients, hypogammaglobulinemia was not
associated with infection but occurred in patients with MOG

antibody–associated disorder. In these patients, we de-
cided to initiate IV immunoglobulins for replacement but
also as maintenance therapy according to the recent pub-
lished results related to the limited clinical response to RTX
of MOG-associated disease8,9 and publications suggesting the
efficacy of IV immunoglobulin in MOG antibody–associated
disorder.10

Predictors of Symptomatic InfectionsAfter RTX
The main variables explaining the risk of symptomatic infec-
tions after RTX were the presence of urinary tract dysfunction
(HR = 34, 95% CI 4–262, p < 0.001), the dosing intervals
(HR = 0.98, 95%CI 0.97–0.99, p < 0.001), and the interaction
between the IgG level and the presence of urinary tract dys-
function (HR = 0.67, 95% CI 0.53–0.85, p < 0.005). We did
not use a cutoff for the IgG level in the model. IgG was

Table 1 Patient Characteristics (n = 48)

Characteristics Value

Age, y, mean (SD) 46.6 (14)

Sex ratio (F/M) 3.4 (37/11)

Disease type, no. (%) of patients

AQP4-positive NMOSD 31 (65)

MOG-associated disorder 17 (35)

Disease duration, y, median (range) 6.2 (1.8–35.1)

EDSS score, median (range) 2 (0–6.5)

Urinary tract dysfunction, no. (%) of patients 21 (44)

Swallowing dysfunction, no. (%) of patients 0 (0)

RTX as first-line therapy, no. (%) of patients 34 (71)

Previous treatment, no. (%) of patients

Mycophenolate mofetil 6 (13)

Azathioprine 3 (6)

Methotrexate 2 (4)

Cyclophosphamide 2 (4)

Interferon beta 2 (4)

Teriflunomide 1 (2)

Natalizumab 1 (2)

Glatiramer acetate 1 (2)

Dimethyl fumarate 1 (2)

Fingolimod 1 (2)

No. of RTX infusions, median (range) 8 (2–14)

Duration between 2 RTX infusions, mo, median (range) 6 (1.7–13.7)

Follow-up after RTX initiation, y, median (range) 3.6 (0.9–8.1)

Abbreviations: AQP4 = aquaporin 4; EDSS = Expanded Disability Status Scale; MOG = myelin oligodendrocyte glycoprotein; NMOSD = neuromyelitis optica
spectrum disorder; RTX = rituximab.
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included as a continuous variable. Applying a commonly used
cutoff of 6 g/L to define hypogammaglobulinemia gives
similar results. For patients with reduced IgG level <6 g/L
after RTX (n = 20), the mean annual rate of symptomatic
infections was 0.33 (SD = 0.52) before the emergence of
reduced IgG level <6 g/L and was 1.1 (SD = 1.96) after.

Predictors of Hypogammaglobulinemia
After RTX
We limited the analysis to potential predictors of reduced
IgG level because only the IgG level interacted with the
infection risk during RTX. The main variables explaining
the risk of reduced IgG level <6 g/L after RTX onset were
male sex (HR = 4, 95% CI 1.4–11.4, p < 0.01), previous
immunosuppressive therapy before RTX (HR = 3.4, 95%
CI 1.2–10, p < 0.05), and a trend for the dosing intervals
(HR = 0.99, 95% CI 0.98–1, p = 0.06).

Discussion
In the present prospective study, patients with CNS in-
flammatory diseases treated with RTX used as maintenance
therapy frequently showed reduced IgG level, which increased
the risk of symptomatic infections of the most vulnerable
patients. Male sex and the use of previous immunosuppressive
therapy before RTX were the best predictors of reduced IgG
level during RTX treatment.

Hypogammaglobulinemia after B cell–depleting therapy is
now well recognized in patients with hematologic and auto-
immune rheumatic diseases.11 For patients with lymphoma,
confounding factors such as chemotherapy, bone marrow
transplantation, and lymphoma itself probably contribute to
hypogammaglobulinemia after RTX. In contrast, in rheumatic
and multisystem autoimmune diseases, RTX can be the main
factor underlying hypogammaglobulinemia. In these diseases,
the incidence of hypogammaglobulinemia is highly variable,

ranging from 10% to 50% depending on the number of cycles
and the disease. In fact, most studies have been retrospective,
included patients with various RTX regimens and frequently
associated other immunosuppressive drugs, which limits
comparison.

In the present study, including mostly patients naive of im-
munosuppressive agents, the proportion of patients with
persistent reduced IgG level <7, 6, and 4 g/L after RTX was
31%, 23%, and 6%, respectively. Few studies have provided
data on the incidence of hypogammaglobulinemia during
maintenance therapy with anti-CD20 agents for neuro-
inflammatory diseases. Pivotal randomized controlled trials of
RTX and ocrelizumab have reported a low incidence of
hypogammaglobulinemia during relatively short observa-
tional periods.12–14 In the pivotal phase 2 study testing RTX in
relapsing-remitting MS, 7.8% of patients showed hypo-
gammaglobulinemia12: 2 infusions of RTX were adminis-
tered at a 2-week interval and patients were followed for 12
months. In the phase 3 study testing ocrelizumab vs in-
terferon beta-1a in relapsing-remitting MS, the incidence
of hypogammaglobulinemia and reduced IgG level was
16.5% and 1.5% at 2 years after 4 doses at a 6-month interval.13

In the phase 3 study testing ocrelizumab vs placebo in primary
progressive MS, the incidence was 15.5% and 1.1%, respectively,
at 2.5 years after 5 doses at a 6-month interval.14 Recently, data
were published from the 5-year open-label extension of the phase
3 study testing ocrelizumab vs interferon beta-1a in relapsing-
remitting MS15: at 5 years, for 5.4% of the patients who com-
pleted the study (88.5%), the reduced IgG level was <5.68 g/L.
Unfortunately, the study did not compare the incidence of re-
duced IgG level between patients who received ocrelizumab
since the study onset (5 years) and after interferon beta-1a
treatment (3 years). Moreover, a potential high incidence of
reduced IgG level for patients who did not complete the study
cannot be excluded. Nevertheless, potential generalization
from randomized controlled trials is problematic because
these studies subselected patients who tolerated the therapy,

Table 2 Symptomatic Infections (Grade ≥2) After Rituximab

Type of infection No. of episodes (%)

Urinary tract infections 28 (42)

Lower respiratory tract infections 14 (21)

Skin infections 10 (15)

Upper respiratory tract infections 9 (13)

Gastrointestinal infection 2 (3)

Enterovirus meningitis 1 (1.5)

Enterovirus encephalitis 1 (1.5)

Genital infection 1 (1.5)

Parvovirus B19 1 (1.5)

Total 67
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whereas thosewith comorbidities orwith previous treatmentwith
immunosuppressive drugs were often excluded from trials.
Therefore real-world data from cohort studies are necessary. Two
real-word retrospective observational studies in patients with
NMO receiving RTX demonstrated increased incidence of
hypogammaglobulinemia close to the incidence we report.16,17

For a group of 15 patients with NMOSD receiving a mean of 6
RTX infusions during a median of 70 months,16 73% showed
reduced IgG level <7 g/L and 20% severe reduced IgG level, <4
g/L. Among 50 patients with NMOSD receiving RTX for several
years, the proportion with hypogammaglobulinemia and reduced
IgG level was 64% and 38%, respectively.17 Probably that the
relative long treatment period and the inclusion of patients with
other immunosuppressive agents before RTX affect the incidence
of reduced IgG level after RTX as evidenced here. Maintenance
therapy with RTXduring the long termmay have a higher impact
on humoral immunity because long-lived plasma cells that are not
depleted by anti-CD20 therapies may depend on regular re-
plenishment by the B-cell progenitor pool that is regularly de-
pleted by maintenance therapy.

The second important result of the study relates to the high
frequency of symptomatic and severe infections observed in
54% and 19% of patients, respectively. This high frequency is
probably multifactorial. First, contrary to autoimmune rheu-
matic diseases, urinary tract or swallowing dysfunctions are
common in patients with CNS inflammatory diseases and
represent a major risk factor for infections. In the present study,
urinary tract dysfunctions were present in 44% of patients, but
no patient exhibited swallowing dysfunction. This finding ex-
plains why the presence of urinary tract dysfunction in patients
was the main modulator of the infection risk in the present
sample. Second, the reduced IgG level increased the risk of
infection associated with the presence of urinary tract dys-
function. This interaction suggests that one of the most vul-
nerability factors of infection in neurologic patients represented
by urinary tract dysfunction is modulated by RTX-induced
hypogammaglobulinemia. The effect of RTX-induced hypo-
gammaglobulinemia on the rate of infection was reported re-
cently in 2 retrospective studies including large cohorts of
patients with autoimmune rheumatic diseases2 and CNS in-
flammatory diseases.18 Similarly, these studies revealed an as-
sociation between the reduced IgG level and the rate of
infection. In patients with CNS inflammatory diseases, Vollmer

et al.18 found several other factors associated with risk of in-
fection, including duration of RTX therapy, male sex, increased
disability, prior exposure to immunosuppression, and lym-
phopenia. In the present study, prior exposure to immuno-
suppression and male sex were associated with only reduced
IgG level during RTX treatment but not infection risk. These
discrepancies are probably due to the limited sample size and
the high homogeneity of the clinical characteristics of patients
in our study. Particularly, most patients were included at the
onset of the disease, received RTX as first-line therapy, and
exhibited limited disability.

Finally, we evidenced that dosing intervals of RTX inter-
acted with the risk of symptomatic infections and the risk
of reduced IgG level. Patients with shorter dosing intervals
due to earlier reemergence of memory B cells had a higher
risk of symptomatic infection probably due to a higher risk
of reduced IgG level. This suggests that extending dosing
of anti-CD20 agents could improve their safety. In AQP4-
positive NMOSD, intensive maintenance regimen with
anti-CD20 agents seems necessary because relapses can
occur when memory B cells are slightly repopulated,8,19–21

but in MS, extending dosing of RTX is associated with a
low risk of relapse or MRI activity, as suggested by recent
studies.22,23 Future prospective studies performed in large
sample are required to confirm that extending dosing of
anti-CD20 agents could improve safety in MS without
significant loss of efficacy.

This prospective study confirms the safety signal reported
recently in a large retrospective study relative to the infectious
risk associated with anti-CD20 agents used as maintenance
therapy in CNS inflammatory diseases.1 Importantly, the
present study showed that reduced level of IgG induced by
anti-CD20 agents contributes to the emergence of infections
and that the risk of infections is associated with dosing
intervals.

Study Funding
No targeted funding reported.

Disclosure
All authors certify that there is no financial interest related to
this study. Go to Neurology.org/NN for full disclosures.

Table 3 Reduced IgG Level After RTX Initiation

IgG
level, g/L

Total (reduced IgG level at any timeafter RTX),
no. (%) of patients

Sustained, no. (%) of
patients

Partially recovered, no. (%)
of patients

Completely recovered, no.
(%) of patients

<7 28/48 (58) 15/48 (31) NA 13/48 (27)

<6 20/48 (42) 11/48 (23) 7/48 (15) 2/48 (4)

<4 5/48 (10) 3/48 (6) 2/48 (4) 0/48 (0)

<2 0/48 (0) 0/48 (0) 0/48 (0) 0/48 (0)

Abbreviations: IgG = immunoglobulin G; NA = not applicable; RTX = rituximab.
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Abstract
Objective
To assess treatment effects on Expanded Disability Status Scale (EDSS) score worsening and
modified Rankin Scale (mRS) scores in the N-MOmentum trial of inebilizumab, a humanized
anti-CD19 monoclonal antibody, in participants with neuromyelitis optica spectrum disorder
(NMOSD).

Methods
Adults (N = 230) with aquaporin-4 immunoglobulin G-seropositive NMOSD or -seronegative
neuromyelitis optica and an EDSS score ≤8 were randomized (3:1) to receive inebilizumab
300mg or placebo on days 1 and 15. The randomized controlled period (RCP) was 28 weeks or
until adjudicated attack, with an option to enter the inebilizumab open-label period. Three-
month EDSS-confirmed disability progression (CDP) was assessed using a Cox proportional
hazard model. The effect of baseline subgroups on disability was assessed by interaction tests.
mRS scores from the RCP were analyzed by the Wilcoxon-Mann-Whitney odds approach.

Results
Compared with placebo, inebilizumab reduced the risk of 3-month CDP (hazard ratio [HR]:
0.375; 95% CI: 0.148–0.952; p = 0.0390). Baseline disability, prestudy attack frequency, and
disease duration did not affect the treatment effect observed with inebilizumab (HRs:
0.213–0.503; interaction tests: all p > 0.05, indicating no effect of baseline covariates on
outcome). Mean EDSS scores improved with longer-term treatment. Inebilizumab-treated
participants were more likely to have a favorable mRS outcome at the end of the RCP (OR:
1.663; 95% CI: 1.195–2.385; p = 0.0023).

Conclusions
Disability outcomes were more favorable with inebilizumab vs placebo in participants with
NMOSD.
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Classification of Evidence
This study provides Class II evidence that for patients with NMOSD, inebilizumab reduces the risk of worsening disability.
N-MOmentum is registered at ClinicalTrials.gov: NCT02200770.

Neuromyelitis optica spectrum disorder (NMOSD) is a rare,
chronic, autoimmune disorder of the CNS, characterized by a
relapsing course of severe attacks of optic neuritis and transverse
myelitis; brain, diencephalic, and brainstem lesions occur less
commonly.1–4 Accrual of severe disability in NMOSD appears to
be driven primarily by irreversible attack-related injury, although
emerging evidence suggests that subclinical disease processes may
be present.5–8

Immunosuppression is typically used in NMOSD to reduce the
risk of attacks. There are limited data on the effect of drugs used
empirically in NMOSD on disability.9,10 Eculizumab11 and satra-
lizumab12 significantly reduced the risk of NMOSD attack, but
significant effects on disability-related outcomes were not reported.

B cells have an important role in NMOSD pathogenesis.13,14

Inebilizumab, a B-cell-depleting antibody targeting CD19, was
evaluated in a randomized, double-blind, placebo-controlled
study (N-MOmentum).15 Inebilizumab significantly reduced
the risk of NMOSD attack and worsening disability, and was
associated with fewer new MRI lesions and disease-related
hospitalizations. The most common adverse reactions (≥10%
of participants treated with inebilizumab and greater than
placebo) were urinary tract infection and arthralgia.

Standard measures of Expanded Disability Status Scale (EDSS)
score changes, typically used in studies of MS, use continuous
measurement of EDSS with annualized relapse rate as a measure
of effect. Such measurements are not possible in the time to
event design used in this study, whichwas required for the ethical
use of a placebo control.16 Although the initial N-MOmentum
study results reported reduced frequency of worsening disability
in inebilizumab-treated participants compared with the placebo
group,15 this article presents detailed, preplanned, and post hoc
analyses of disability outcomes, with specific consideration to
assessing disability in NMOSD clinical trials.

Methods
Study Design and Participants
The N-MOmentum study was an international, randomized,
double-blind, placebo-controlled, phase 2/3 trial with an

optional open-label extension phase. The study design (in-
cluding CONSORT flow diagram) was described previously.15

In brief, adults (aged ≥18 years) with a diagnosis of
NMOSD who had an EDSS score ≤8.0 and a history of
either at least 1 attack in the previous year or at least 2
attacks in the previous 2 years were eligible. A single ref-
erence laboratory (Mayo Clinic, Rochester, MN) de-
termined aquaporin-4 immunoglobulin G (AQP4-IgG)
status. Both AQP4-IgG-seropositive and -seronegative pa-
tients were enrolled; AQP4-IgG-seronegative patients
needed to meet the 2006 neuromyelitis optica diagnostic
criteria,17 verified by an eligibility committee.

Following screening, eligible participants were randomized
(3:1) to IV inebilizumab 300 mg or placebo (saline) admin-
istered on days 1 and 15 of the randomized controlled period
(RCP). Use of other immunosuppressants was prohibited
during the study. Participants continued in the RCP for up to
28 weeks or until occurrence of an adjudicated attack, at which
point they had the option to transition to the open-label
extension.

Enrollment was stopped after 230 participants were ran-
domized and dosed, based on recommendation from the
Independent Data Monitoring Committee due to clear evi-
dence of inebilizumab efficacy.

Standard Protocol Approvals, Registrations,
and Patient Consents
The N-MOmentum trial is registered at ClinicalTrials.gov
(NCT02200770). The study was conducted in accordance
with the International Conference on Harmonisation Guide-
lines for Good Clinical Practice and the principles of the
Declaration of Helsinki in its currently applicable version. An
institutional review board or ethics committee at each study site
approved the protocol.Written informed consent was obtained
from all participants.

Outcome Measures
Disability was assessed using the EDSS18 and the modified
Rankin Scale (mRS).19 A qualified, independent rater using
the Neurostatus e-Scoring (NESC) system performed the

Glossary
AQP4-IgG = aquaporin-4 immunoglobulin G; CDP = confirmed disability progression; EDSS = Expanded Disability Status
Scale; HR = hazard ratio; mRS = modified Rankin Scale; NESC = Neurostatus e-Scoring; NMOSD = neuromyelitis optica
spectrum disorder; NNT = number needed to treat; OLP = open-label period; OSIS = Opticospinal Impairment Scale; PI =
principal investigator; RCP = randomized controlled period; WMWodds = Wilcoxon-Mann-Whitney odds.
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EDSS assessment. EDSS assessments were conducted within
5 days of the report of a potential attack. NESC is an elec-
tronic data capture, analysis, and management system de-
veloped at the University of Basel to improve consistency and
reduce measurement noise for the EDSS.20 An integrated
algorithm provides real-time feedback to flag potential in-
consistencies in the final EDSS score, which can then be re-
solved by the EDSS assessor. EDSS scores were assessed at
baseline, at RCP weeks 12 and 28, every 3 months in the
open-label period (OLP), and at any attack assessment visit
for new or worsening NMOSD symptoms.

The study investigator evaluated the mRS score at baseline, at
RCP weeks 4, 8, 12, 16, 22, and 28, and at any assessment visit
for new or worsening NMOSD symptoms. The mRS score
ranges from 0 (no symptoms) to 6 (dead) (appendix e-1,
links.lww.com/NXI/A454), and changes in mRS score were
assessed from baseline to the last RCP visit.

Attack severity was graded according to a modified version of
the Opticospinal Impairment Scale (OSIS),21,22 which char-
acterizes attacks as major or minor based on changes in
domain-specific scores for neurologic function. Attack re-
covery assessment was performed 28 days after the attack and
was graded according to change in the same domain-specific
scores relative to the score at the time of attack. Details of the
scale and scoring are provided in appendix e-2, links.lww.
com/NXI/A454.

Statistical Analyses
Analyses were performed for the intent-to-treat population,
defined as study participants who were randomized and re-
ceived any study medication. All analyses were prespecified
before unblinding of the data, unless specifically described as
post hoc.

The proportion of participants with disability worsening from
baseline, based on EDSS score, was compared between
treatment groups by logistic regression analysis, with treat-
ment, baseline EDSS score, and AQP4-IgG serostatus as ex-
planatory variables. Missing values were considered as
worsening. The last RCP visit was at 28 weeks for those
without an adjudicated attack or at the time of attack assess-
ment for those who did experience an adjudicated attack.
Disability worsening at any visit, whether scheduled or as part
of an attack assessment, was defined according to the increase
in the EDSS score from the participant’s baseline score (≥2
points from a baseline of 0; ≥1 point from a baseline of 1–5;
and ≥0.5 points from a baseline of ≥5.5).

Three post hoc analyses of EDSS data were performed to
address specific limitations of the study design and answer
additional questions. For the post hoc analyses, a 3-month
period was defined in each analysis variant as the time from
attack to the assessment of EDSS score. Treatment allocation
was respected in all cases. To mitigate concern that analysis of
EDSS worsening at the last RCP visit could be compromised

with EDSS values recorded in the setting of an acute attack
visit, the first post hoc analysis substituted data from OLP
month 3 as the final EDSS assessment time point. This was
done for participants who experienced an adjudicated attack
at their last RCP visit; the end of the RCP (week 28) was
retained for participants who did not experience an adjudi-
cated attack. This analysis allowed all participants to be
evaluated at a time point when they were not experiencing an
acute attack.

The second post hoc analysis evaluated the proportion of
participants with EDSS score worsening relative to baseline at
the end of the RCP (attack assessment, or week 28 for those
without an attack) and 3 months later (3-month confirmed
disability progression [CDP]). The purpose of this analysis
was to assess concern of a lack of longitudinal confirmation of
EDSS change by analyzing the proportion of participants with
3-month CDP from the end of the RCP, regardless of attack
occurrence.

The third analysis evaluated 3-month CDP at any time during
the RCP. The purpose of this analysis was to not limit the
analysis to the end of RCP assessment (which is most influ-
enced by attacks) and instead to compare 3-month CDP
stemming from any study visit during the RCP, as is tradi-
tionally performed in MS clinical trials. If the follow-up EDSS
score was missing, the participant was assumed to not have
3-month CDP. The first 2 analyses used logistic regression;
the third analysis used the Cox proportional hazard model.

The risk of EDSS score worsening at the end of the RCP was
evaluated in prespecified subgroups dichotomized by the
baseline EDSS score (<5 vs ≥5; the cutoff at 5 represents the
point where disease affects daily activities to a degree that
requires special provisions), number of prior NMOSD attacks
(<2 vs ≥2; cutoff selected based on the inclusion criteria of
attacks in the 2 years before enrollment), and disease duration
(<5 vs ≥5 years; the cutoff of 5 years was chosen to represent
those with longer-term disease), all characteristics presumed
to reflect disease severity. p Values are presented for the in-
teraction test in each case, where p > 0.05 indicates no sta-
tistically significant difference in treatment effect between
subgroups. The mean change in EDSS was plotted, with
standard error, for the RCP and to month 12 of the OLP.

The last postbaseline mRS scores in the RCP were analyzed
using the Wilcoxon-Mann-Whitney odds (WMWodds) ap-
proach, where all possible pairs of the between-group differ-
ence in mRS outcomes are compared.23,24 This prespecified
analysis approach was selected because it requires no as-
sumptions about the distribution of the ordinal outcome data,
and it enables a measure of the effect size with CIs. The
distribution of mRS scores at baseline and end of the RCP for
each treatment group are presented descriptively. The pro-
portion of participants with major or minor attacks was
compared between treatment arms using the Fisher exact test.
All statistical analyses were performed using SAS version 9.4.
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Classification of Evidence
This study provides Class II evidence that, relative to pla-
cebo, participants with NMOSD receiving inebilizumab had
a lower risk of 3-month CDP from any point in the RCP
(hazard ratio [HR]: 0.375; 95% CI: 0.148–0.952; p = 0.0390).
Inebilizumab-treated participants experienced a lower risk of
EDSS worsening relative to those receiving placebo, with no
differences in treatment effect size (OR; 95% CI; interaction
test p value) seen among subgroups dichotomized accord-
ing to baseline EDSS score (EDSS <5: 0.375 [0.155–0.906];
EDSS ≥5: 0.360 [0.109–1.191]; p = 0.8908), attack his-
tory (<2 attacks: 0.503 [0.082–3.081]; ≥2 attacks: 0.322
[0.150–0.692]; p = 0.6215), or disease duration (<5 years:
0.417 [0.193–0.899]; ≥5 years: 0.213 [0.038–1.187]; p= 0.5342),
and were more likely to report lower mRS disability scores at
the end of the RCP (WMWodds: 1.663; 95% CI: 1.195–2.385;
p = 0.0023).

Data Availability
Anonymized/deidentified data sets for defined study out-
comes will be made available on reasonable request. Proposals
should be directed to katze@vielabio.com. Requestors will be
required to sign a data access agreement. Requests will be
considered up to 3 years following article publication.

Results
Study Participants
A total of 230 participants received study medication (inebi-
lizumab: n = 174; placebo: n = 56). Baseline demographics
and characteristics were generally similar between treatment
groups (table). Most participants were women (n = 209;
90.9%). The mean (SD) age was 42.9 (12.2) years. The mean
(SD) disease duration was 2.4 (3.3) years in the inebilizumab

Table Summary of Baseline Demographics and
Characteristics (Intent-to-Treat Population)

Demographic/characteristic
Placebo
(n = 56)

Inebilizumab
(n = 174)

Age, years, mean (SD) 42.6
(13.9)

43.0 (11.6)

Sex, women 50 (89.3) 159 (91.4)

Race

American Indian/Alaskan Native 5 (8.9) 14 (8.0)

Asian 8 (14.3) 39 (22.4)

Black or African American 5 (8.9) 15 (8.6)

White 28 (50.0) 92 (52.9)

Other/multiple categories checked 10 (17.9) 14 (8.0)

Disease duration, years, mean (SD) 2.8 (3.5) 2.4 (3.3)

Disease duration

<5 years 46 (82.1) 144 (82.8)

≥5 years 10 (17.9) 30 (17.2)

Most recent attack

Optic neuritis 21 (37.5) 85 (48.9)

Myelitis 34 (60.7) 99 (56.9)

Brain/brainstem 10 (17.9) 8 (4.6)

Number of Gd+ lesions at baseline,
mean (SD)

0.9 (0.9) 1.2 (1.2)

EDSS score, median (range) 4.0
(1.0–8.0)

3.5 (0–8.0)

EDSS category

0 0 (0.0) 4 (2.3)

1–4.5 40 (71.4) 129 (74.1)

≥5 16 (28.6) 41 (23.6)

mRS score, median (range) 2 (0–5) 2 (0–5)

mRS category

0 2 (3.6) 26 (14.9)

1 21 (37.5) 55 (31.6)

2 17 (30.4) 49 (28.2)

3 5 (8.9) 16 (9.2)

4 9 (16.1) 26 (14.9)

5 2 (3.6) 2 (1.1)

Modified Opticospinal Impairment
Scale, median (range)

Visual acuity 1.5 (1–7) 1 (1–6)

Motor function 2 (0–7) 1 (0–7)

Brain function 0 (0–2) 0 (0–4)

Brainstem function 0 (0–4) 0 (0–4)

Table Summary of Baseline Demographics and
Characteristics (Intent-to-Treat Population) (continued)

Demographic/characteristic
Placebo
(n = 56)

Inebilizumab
(n = 174)

ModifiedOpticospinal Impairment Scale
category (with score ≥3), %

Visual acuity 26.8 16.1

Motor function 28.6 27.6

Brain function 0 0.6

Brainstem function 5.4 3.4

Number of prior attacks

<2 14 (25.0) 25 (14.4)

≥2 42 (75.0) 149 (85.6)

Abbreviations: EDSS = Expanded Disability Status Scale; Gd+ = gadolinium-
enhancing; mRS = modified Rankin Scale.
Data are n (%), unless otherwise stated.
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group and 2.8 (3.5) years in the placebo group. The median
(range) EDSS score at baseline was 3.5 (0–8.0) for partici-
pants receiving inebilizumab and 4.0 (1.0–8.0) for those re-
ceiving placebo. The proportion of participants with an EDSS
score of 5 or above at baseline was 23.6% in the inebilizumab
group and 28.6% in the placebo group. The median (range)
mRS score at baseline was 2 (0–5) in both treatment groups.

EDSS Outcomes
The proportion of participants who had protocol-defined
EDSS worsening at the end of the RCP (at 28 weeks/
occurrence of adjudicated attack) was lower with inebilizu-
mab treatment (15.5% [27/174]) than with placebo (33.9%
[19/56]; OR: 0.370; 95% CI: 0.185–0.739; p = 0.0049).15

The number needed to treat (NNT) with inebilizumab to
prevent 1 case of EDSS score worsening at 28 weeks was 6.

The trial design for N-MOmentum implemented an event-
based study design: for those participants who experienced an
attack, this likely means that the EDSS score for these

participants was measured at its likely maximum value, com-
pared with the baseline level of disability experienced by
participants.

Reduced risk of EDSS worsening with inebilizumab was,
however, confirmed in 3 post hoc analyses. In the first analysis
(designed tomitigate the confounding effect of analyzing EDSS
scores during acute attacks by substituting a post attack, con-
valescent EDSS score for those with attacks), the risk of EDSS
worsening was lower in the inebilizumab arm relative to the
placebo arm (OR: 0.284; 95% CI: 0.129–0.625; p = 0.0018)
(figure 1A).

The 2 other post hoc analyses were performed to evaluate
3-month CDP. The proportion of participants with 3-month
CDP at the end of the RCP was lower in the inebilizumab
arm (OR: 0.220; 95% CI: 0.069–0.701; p = 0.0105) (figure
1B). Importantly, results were similar when 3-month CDP
was defined as EDSS worsening from any time during the
RCP and confirmed at least 3 months later: the proportion of

Figure 1 Post Hoc Analyses of EDSS Outcomes

(A) EDSS worsening at the end of the RCP using nonattack visit data. Analysis conducted by using EDSS values from OLP month 3 for those participants who
hadAC-determined attack at their end of RCP visit (placebo: n = 15; inebilizumab: n = 14). End of theRCP visit datawere used for thosewhodidnot have attacks
(placebo: n = 0; inebilizumab: n = 2). (B) Three-month CDP from the end of the RCP visit. Analysis conducted for the subgroup of patients with EDSS worsening
at the last RCP visit irrespective of whether participants had attacks, confirmed at OLP month 3 (placebo: 7/7 had attacks; inebilizumab: 2/6 had attacks). (C)
Kaplan-Meier plot of the risk of 3-month CDP from any point in the RCP. None of those randomized to placebo with EDSSworsening at the last RCP visit had a
subsequent attack in the first 3 months of OLP. Only 1 participant randomized to inebilizumab with EDSS worsening at the last RCP visit had a subsequent
attack within the 3-month OLP window. AC = adjudication committee; CDP = confirmed disability progression; EDSS = Expanded Disability Status Scale;
HR = hazard ratio; OLP = open-label period; RCP = randomized controlled period.
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participants with 3-month CDP during the RCP was 14.3%
with placebo and 5.7% with inebilizumab (62.5% risk re-
duction; HR: 0.375; 95% CI: 0.148–0.952; p = 0.0390)
(figure 1C).

Of 27 participants receiving inebilizumab who had worsening
in EDSS score at the end of the RCP, 51.9% (14/27) had
adjudicated attacks, 3.7% (1/27) had principal investigator
(PI)-determined, nonadjudicated attack, and 44.4% (12/27)
had no attack. Of 19 placebo-treated participants who had
EDSS score worsening, 78.9% (15/19) had adjudicated at-
tacks, 5.3% (1/19) had PI-determined, nonadjudicated attack,
and 15.8% (3/19) had no attack. A similar proportion of
participants in each arm had EDSS score worsening at the end
of the RCP in the absence of any attack (inebilizumab: 6.9%
[12/174]; placebo: 5.4% [3/56]).

The prespecified subgroup analyses of EDSS score worsening
showed a consistently reduced risk in inebilizumab-treated
participants compared with placebo, regardless of the baseline
EDSS score, number of previous attacks, or disease duration,
with no significant differences in treatment effect seen with
inebilizumab observed among these subgroups (figure 2).

In the first year of the OLP, when all participants received
inebilizumab, the mean change in EDSS scores decreased in
participants originally treated with inebilizumab and in those
originally treated with placebo (figure 3A). The curves for
mean change in EDSS were approximately parallel during the
OLP in the 2 treatment arms and did not converge (figure
3A). Mean changes in EDSS scores for the subgroups with

and without attacks during the RCP are shown in figure 3, B
and C.

mRS Outcomes
The prespecified analysis showed that mRS outcomes at the
end of the RCP were better with inebilizumab than with
placebo treatment in 51.5% of cases, equal in 21.9% of cases,
and worse in 26.6% of cases. Participants treated with inebi-
lizumab were 66.3% more likely to report less disability at the
end of the RCP compared with placebo treatment (OR:
1.663; 95% CI: 1.195–2.385; p = 0.0023) (figure 4A). Similar
proportions of participants had no symptoms or no significant
disability (mRS score <2) at baseline in the inebilizumab
(46.6%) and placebo (41.1%) groups. By the end of the RCP,
the proportion of participants without significant disability
remained stable with inebilizumab (48.3%), but fell with
placebo (33.9%) (figure 4B, C).

Attack Incidence, Severity, Recovery, and Use
of Rescue Medication
None of those randomized to placebo with EDSS worsening
at the last RCP visit had a subsequent attack in the first 3
months of OLP. Only 1 participant randomized to inebili-
zumab with EDSS worsening at the last RCP visit had a
subsequent attack within the 3-month OLP window.

Attack severity, measured by the modified OSIS scale,21,22

numerically favored inebilizumab treatment, with attack se-
verity graded as major in 29% of inebilizumab attacks vs 45%
of placebo attacks (p = 0.35; figure e-1A, links.lww.com/NXI/
A454). The degree of recovery from attacks was nominally

Figure 2 Subgroup Analyses of EDSS Outcomes

Figure shows the risk of EDSS score worsening from baseline to the end of the RCP. EDSS = Expanded Disability Status Scale; HR = hazard ratio; RCP =
randomized controlled period.
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better with inebilizumab (figure e-1B), although this analysis
is confounded by differences in attack severity.

Rescue therapy was allowed according to the N-MOmentum
study protocol and was administered at the discretion of the
study investigator. Steroid therapy was used in the vast majority

of attacks, with only 1 participant (randomized to inebilizu-
mab) who did not receive steroid treatment. Most received IV
steroid treatment (34 participants received 1,000 mg doses; 3
received 500mg doses), with 1 participant receiving a 1,000mg
dose of oral steroids. Conversely, plasmapheresis was used to
treat a minority of attacks and was administered to a similar

Figure 3 Post Hoc Analysis of Change in Mean EDSS Scores During the RCP and OLP

(A)Overall population. (B) Participantswith attacks in the RCP. (C) Participantswithout attacks in the RCP. EDSS = ExpandedDisability Status Scale; OLP = open-
label period; RCP = randomized controlled period.
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number of participants in each treatment group (6/22 attacks
in the placebo group [27.3%]; 5/21 in the inebilizumab group
[23.8%]). As such, the rescue therapies used in the treatment of
acute attacks were similar in both the placebo and inebilizumab
groups and are unlikely to have influenced the observed dif-
ferences in disability outcomes.

Discussion
NMOSD is associated with substantial morbidity and mor-
tality. A review of over 100 patients with NMOSD reported
that 18% developed permanent visual disability, 34% de-
veloped permanent motor disability, and 23% became
wheelchair dependent at a median follow-up of 75 months
after disease onset.25 A retrospective analysis of 175 patients
with NMOSD showed that disability accrued over time, with
a median annualized increase in the EDSS score of 0.65 in
patients with a disease duration of ≥12 months.26 The me-
dian EDSS score was 5 at 58 months (median) after disease

onset, indicating impaired ambulation; the median disease
duration until patients required a walking aid (EDSS score of
6 or 6.5) was 94 months.26 Mortality in the 2 studies was 9%
and 6% of patients at a median follow-up of 99 and 116
months, respectively.25,26

Several factors influence clinical outcomes in patients with
NMOSD. Ethnicity, onset age, and onset attack type appear to
affect disease outcomes.25,27–29 Higher attack frequency predicts
severe motor disabilities,28 as does delay in diagnosis/preventive
treatment.29 Here, we found that the impact of inebilizumab
treatment was not influenced by baseline participant character-
istics (figure 2).

The current approved treatment options for patients with
NMOSD are limited. Inebilizumab is approved in the United
States for treatment of AQP4-IgG-seropositive adults with
NMOSD.30 The results described here confirm that
inebilizumab reduces the risk of disability worsening in

Figure 4 mRS Outcomes During the RCP

(A) Treatment effect basedon themRS score during the RCP. (B) Distribution ofmRS scores at baseline and at the last RCP visit in patients treatedwith placebo.
(C) Distribution of mRS scores at baseline and at the last RCP visit in patients treated with inebilizumab. mRS = modified Rankin Scale; RCP = randomized
controlled period; WMWodds = Wilcoxon-Mann-Whitney odds.
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individuals with NMOSD. The treatment effect is sustained
across multiple subgroups, supporting a benefit of inebilizumab
in a broad spectrum of patients with NMOSD. TheNNT shows
that only 6 inebilizumab-treated patients are needed to prevent 1
case of worsening disability after 6.5months. Beneficial effects on
disability measures were previously reported with azathioprine31

and rituximab,9,32 although evidence is limited to uncontrolled,
observational studies. Rituximab provided larger reductions in
the EDSS score from baseline when compared with azathioprine
in a randomized, open-label study of NMOSD,33 but showed no
difference to placebo in a double-blind study.34

Eculizumab, a terminal complement inhibitor, is also approved
for the treatment of adults with AQP4-IgG-seropositive
NMOSD.35,36 Eculizumab significantly reduced the risk of
attack in a randomized, double-blind, placebo-controlled trial in
AQP4-IgG-seropositive participants with NMOSD.11

However, no significant difference was observed between the
groups for disability progression.11 Satralizumab, a humanized,
anti–interleukin-6 receptor monoclonal antibody, also dem-
onstrated reduction in attacks but no significant effects on
disability.12 There is a possibility that the absence of significant
impact of these 2 drugs on disability may be due to differences
inmechanism of action, but differences in study design and lack
of statistical power are more likely explanations.

As recently reviewed by Levy et al.,37 attack rates cannot be
compared directly between studies owing to the contrasting study
designs. Differences in the use of attack criteria, attack adjudica-
tion, the censoring of attack events, and differing prior and on-
study concomitant therapy all combine to confound interstudy
interpretation. The difference in study designs may also be a
factor with regard to disability outcomes. The increased power
afforded by the number of patients enrolled inN-MOmentum, as
well as the mechanism used to control for multiplicity testing in
the key secondary end points, may have made N-MOmentum
more sensitive to differences in disability outcomes. It should also
be considered that the EDSS is known to be dominated by
ambulation18 and may be less sensitive to disability induced by
changes in visual or cognitive function. Use of a broader range of
metrics, such as the mRS, may be useful to detect effects on
disability in future studies of NMOSD.

Methods for analyzing disability in NMOSD were adapted from
MS trials. Pivotal MS trials typically measure EDSS scores over 2
or more years, and 3-month CDP is commonly reported. Ap-
plying these techniques to NMOSD studies is challenging due to
differences in study design. To reduce risks related to placebo
exposure, the N-MOmentum study offered inebilizumab to par-
ticipants following adjudicated attacks. As a consequence, analysis
of 3-month CDP is confounded by inebilizumab treatment.

This article presents additional analyses to address the limi-
tations of the study design and the confounding influence of
inebilizumab treatment. The post hoc analyses presented in
the article validate the outcomes despite the limitations of trial
design used in the N-MOmentum study. The predefined

analysis of disability worsening as the secondary end point of
the study, combined with the 3 post hoc analyses done to
provide a 3-month CDP, establishes a clear benefit of inebi-
lizumab treatment on disability worsening. Moreover, the bias
on 3-month CDP introduced by inebilizumab treatment fol-
lowing attacks, or at the end of the RCP, would actually re-
duce the estimate of the impact of inebilizumab on disability
and therefore is unlikely to affect the validity of the CDP
analyses. In addition, the ORs calculated as part of the original
study analysis15 compared favorably with those calculated as
part of the post hoc analyses (0.370 vs 0.220–0.375, re-
spectively) and provide further confidence in these findings.

The benefit of inebilizumab on disability outcomes was
underscored by data collected during the OLP. With 12
months of open-label treatment, net improvement in the EDSS
score was observed in both treatment groups. Participants
randomized to inebilizumab had lower EDSS scores compared
with baseline. Participants initially receiving placebo experi-
enced EDSS score worsening by the end of the RCP, but EDSS
scores improved following 1 year of inebilizumab treatment
(figure 3A). Improvement in disability may therefore occur in
some participants treated with inebilizumab. Another impor-
tant observation is that by OLP month 12, disability scores in
participants randomized to placebo remained higher than those
randomized to inebilizumab, suggesting that even a 6-month
delay in initiation of treatment may persistently affect disability.

The mRS analysis supports the conclusion that inebilizumab
treatment reduces the risk of disability worsening in NMOSD
(figure 4). The fact that inebilizumab had an impact on the
mRS is particularly noteworthy as the mRS strictly measures
gross disability, as opposed to neurologic impairments that
may contribute to disability and which are measured by the
lower ranges of the EDSS scale.

Inebilizumab might also lessen NMOSD attack severity (fig-
ure e-1, links.lww.com/NXI/A454) through a reduction in
inflammatory damage during attacks. This hypothesis is
consistent with the observation that serum glial fibrillary
acidic protein, a marker of astrocyte damage, increased to a
lesser extent during NMOSD attacks in inebilizumab-treated
participants compared with placebo-treated individuals.38

Although EDSS score worsening was associated with an ad-
judicated attack in most cases, some participants experienced
EDSS score worsening without an attack. There are several
possible causes of EDSS score worsening in the absence of an
adjudicated attack, including occurrence of a nonadjudicated
attack, fluctuation in signs and symptoms, measurement
variability, and attack-independent CNS injury. In 2/17
(11.8%) cases of EDSS score worsening, the participants ex-
perienced an attack that did not meet adjudication criteria,
and both were MRI negative. A similar proportion of partic-
ipants in the 2 treatment arms had EDSS score worsening at
the end of the RCP in the absence of attacks (inebilizumab:
6.9%; placebo: 5.4%). This may represent the approximate
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rate of events that are attributable to fluctuation in symptoms
or measurement variability. Another possible explanation for
EDSS score worsening in the absence of attacks is the accu-
mulation of subclinical injury. Subclinical demyelination,5

cervical spinal cord atrophy,6 retinal pathology,7,39,40 and
changes in visual evoked potential findings have been repor-
ted in NMOSD.41

The study had several limitations. First, the design limited
evaluation of long-term disability outcomes by treatment arm.
Second, the EDSS was developed and validated for use in MS
and, despite clinical overlap, the EDSS was not previously vali-
dated inNMOSD. Furthermore, at higher ranges of the scale, the
EDSS is primarily a measure of walking ability. Consequently, it
likely has low sensitivity for detecting neurologic worsening
unrelated to ambulation (e.g., optic nerve or brainstem injury)
and hence could underestimate the rate of important disability
worsening in nonambulatory participants. In addition, standard
measures of EDSS score changes such as those used in studies of
MS are not possible in the time to event design used in this study,
which was required for the ethical use of a placebo control.15,16

With 3 treatments now approved for NMOSD, study designs
including a placebo arm will no longer be required. Future study
designs can therefore be longer, with EDSS and other disability
scores measured in a more controlled manner.

In conclusion, these analyses demonstrated that compared
with placebo, inebilizumab improves disability outcomes in
individuals with NMOSD. Inebilizumab showed a consistent
effect in reducing the risk of disability worsening compared
with placebo, as measured by the EDSS or mRS score, re-
gardless of baseline disability status, attack history, or disease
duration, underlining the positive effect of inebilizumab on
disability in participants with NMOSD.
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Abstract
Objective
To describe the dynamics of brain volume loss (BVL) at different stages of relapsing-remitting
multiple sclerosis (RRMS), to describe the association between BVL and clinical measures, and
to investigate an effect of treatment escalation on the rate of BVL.

Methods
Together, 1903 patients predominantly with RRMS from the Avonex-Steroids-Azathioprine
cohort (N = 166), the study of early IFN-β1a treatment cohort (N = 180), and the quantitative
MRI cohort (N = 1,557) with ≥2MRI scans and ≥1-year of follow-up were included. BrainMRI
scans (N = 7,203) were performed using a single 1.5-T machine. Relationships between age or
disease duration and global and tissue-specific BVL rates were analyzed using mixed models.

Results
Age was not associated with the rate of BVL (β = −0.003; Cohen f2 = 0.0005; adjusted p = 0.39).
Although disease duration was associated with the rate of BVL, its effect on the BVL rate was
minimal (β = −0.012; Cohen f2 = 0.004; adjusted p = 4 × 10−5). Analysis of association between
tissue-specific brain volume changes and age (β = −0.019 to −0.011; adjusted p = 0.028–1.00)
or disease duration (β = −0.028 to −0.008; adjusted p = 0.16–0.96) confirmed these results.
Although increase in the relapse rate (β = 0.10; adjusted p = 9 × 10−9), Expanded Disability
Status Scale (EDSS; β = 0.17; adjusted p = 8 × 10−5), and EDSS change (β = 0.15; adjusted p = 2
× 10−5) were associated with accelerated rate of BVL, their effect on the rate of BVL was
minimal (all Cohen f2 ≤ 0.007). In 94 patients who escalated therapy, the rate of BVL decreased
following treatment escalation by 0.29% (β = −0.29; Cohen f2 = 0.133; p = 5.5 × 10−8).

Conclusions
The rate of BVL is relatively stable throughout the course of RRMS. The accelerated BVL is
weakly associated with concurrent higher disease activity, and timely escalation to high-efficacy
immunotherapy helps decrease the rate of BVL.
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Accelerated whole-brain volume loss (BVL) in patients with
multiple sclerosis (MS) is associated with an increased risk of
neurologic and cognitive impairment. Assessment of BVL
may help to evaluate early treatment response and improve
the stratification of MS patients who are at highest risk of
disease progression.1–5 Although BVL is clinically relevant,
our understanding of BVL dynamics throughout the disease
course is limited. Previous studies have reported contradictory
findings. Although some studies have suggested constant BVL
rate throughout the MS disease course,6,7 other studies have
reported accelerated BVL rate in early8 or advanced2,9 disease
stages.

It is widely accepted that patients reaching secondary pro-
gressive phase have in general greater disease severity than
age-matched patients with clinically isolated syndrome (CIS)
or relapsing-remitting MS (RRMS). However, the previous
studies investigating BVL dynamics in MS compared BVL
rates between CIS or RRMS and secondary progressive MS
(SPMS). Comparison of patients with different MS pheno-
types but also with different disease severity may introduce
bias into longitudinal evaluation of BVL trajectory. Only 1
study examined evolution of BVL rate on a continuous scale,
but was limited by having a relatively small number of time
points over a limited follow-up duration.8

A thorough understanding of the average BVL trajectory
throughout the course of MS is important for balanced re-
cruitment of patients into clinical studies where BVL is used as
an outcome measure. Furthermore, an expectation of higher
rate of BVL in certain stages of MS would increase clinical
awareness during such periods and might lead to timely in-
tensified therapeutic intervention in patients exhibiting higher
disease activity, on the proviso that such therapies can miti-
gate the rate of BVL. Given that the frequency of relapses is
highest at young age and during early disease,10–12 and that
highly inflammatory MS phenotype is associated with faster
BVL,13 we hypothesized that BVL is accelerated in early stages
of MS. In this study, we investigated the dynamics of BVL and
tissue-specific brain volume changes in patient with different
ages and disease durations. Given that previous studies
showed a spatiotemporal pattern of gray and white matter
volume changes during aging14,15 and MS progression,2,8,14

we also investigated an evolution of tissue-specific brain vol-
ume changes through disease course, such as total, cortical
and deep gray matter, white matter, thalamus, and lateral
ventricle. The secondary aims were to describe association
between BVL and clinical measures and to investigate an ef-
fect of treatment change on the rate of BVL.

Methods
Patients
We analyzed a combined cohort of adult (aged >18 years),
predominantly patients with RRMS, who participated in the
Avonex-Steroids-Azathioprine (ASA) trial (N = 166), Study of
Early IFN-β1a Treatment (SET) (N = 180), and in a cohort of
patients from the quantitativeMRI (QMRI) project (N= 1557).

ASA Cohort
The original ASA study was a 2-year randomized, double-blind,
placebo-controlled trial with a 5-year open-label extension,
investigating clinical and MRI outcomes among patients with
RRMS treated with IFNß-1a (enrollment from April 1999 to
December 2003).16

SET Cohort
The original SET study was a 2-year investigator initiated,
prospective, observational clinical study of IFNß-1a treatment
in patients after the first demyelinating event suggestive of MS
involving 8 centers (enrollment from October 2005 to June
2009; clin.gov #NCT01592474).17

QMRI Cohort
All patients with MS routinely followed at the MS Centre at
the General University Hospital in Prague, and with brain
MRI from March 2000 to November 2015, were included in
the QMRI program.18

Clinical Evaluation
After the SET andASAwere completed, patients’ standard clinical
follow-up, consisting of 3- to 6-monthly visits, was alignedwith the
QMRI cohort. In this study, we included clinical data collected
before November 2015. Confirmed disability worsening was de-
fined as worsening by an increase in the Expanded Disability
Status Scale (EDSS) of 1.5 points if the baseline EDSS score was
0; 1.0 point if the baseline EDSS score was between 1.0 and 5.0;
and 0.5 point for baseline EDSS scores of 5.5 or higher. We
required confirmation of disability worsening after 12 months.19

Additional details about study cohorts and clinical evaluations are
provided in supplemental material 1, links.lww.com/NXI/A448.

Selection Criteria
We excludedMRI scans performed: within 1 month after clinical
relapse or treatment with high-dose steroids, within 10 months
(MRImonitoring every 12 ± 2months) after previousMRI scan,
in pregnancy, or within 12 months after delivery. In addition,
MRI scans performed within first 12 months after disease-
modifying treatment (DMT) initiation or DMT escalation were
excluded to prevent confounding effect of pseudo-atrophy.20,21

Glossary
ASA = Avonex-Steroids-Azathioprine; BVL = brain volume loss; CIS = clinically isolated syndrome;DMT = disease-modifying
treatment; EDSS = Expanded Disability Status Scale;MS = multiple sclerosis;QMRI = Quantitative MRI; RRMS = relapsing-
remitting MS; SET = Study of Early IFN-β1a Treatment; SPMS = secondary progressive MS.
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DMT escalation was defined as switching from low-efficacy
DMT (dimethyl fumarate, glatiramer acetate, interferon β, and
teriflunomide) to high/moderate-efficacy DMT (fingolimod,
mitoxantrone, and natalizumab). Finally, we included only pa-
tients with ≥1-year (±2 months) follow-up and ≥2 MRI scans.

Ethics Statement
The study protocols were approved by the medical ethics
committees, and all patients gave their written informed
consent.

MRI Acquisition and Analysis
AllMRI scans analyzed in the studywere performed on the same
scanner (1.5-T Gyroscan; Philips Medical Systems, Best, the
Netherlands) that did not undergo a major hardware upgrade.
The standardized protocol consisted of 2 sequences: fluid-
attenuated inversion recovery and T1-weighted 3-dimensional
turbo field echo (T1-WI/TFE 3D). Volumetric assessment of
T2 lesions and brain volumes was performed using semi-
automated ScanView software. Lesion filling on T1-WI 3D im-
ages was used to reduce the impact of T1 hypointensities on
tissue segmentation.22 For longitudinal changes of the BVL, we
applied the SIENA technique.23 InMRI scans from the ASA and
SET cohorts, we performed validation analysis of tissue-specific
brain volumes by FMRIB’s Integrated Registration and Seg-
mentation Tool24 and SIENAX multi-time-point.25 Details of
MRI acquisition and analysis are described in supplemental
material 2, links.lww.com/NXI/A449.

Statistical Analysis
All analyses were performed using the R statistical software
(R-project.org). We analyzed annualized % volume changes
(BVL rate) relative to the preceding MRI examination.

The Relationship Between Age or Disease
Durationas ContinuousVariables andBVLRate
The relationship between age or disease duration (in-
dependent variables) and annualized BVL rate (dependent
variable) was analyzed using linear mixed models with a
random intercept specified for each patient. We estimated
effect size (Cohen f2) for the effect of age and disease duration
on the BVL rate. Cohen f2 ≥ 0.02, f2 ≥ 0.15, and f2 ≥ 0.35
represent small, medium, and large effect sizes, respectively.26

Regression coefficients (β) for the age or disease duration of
themodels were interpreted as average change of the BVL rate
for each 1-year increase in patient age or disease duration.

Mixed models with an interaction term were used to in-
vestigate additive effect of age at time point and disease du-
ration at baseline (or vice versa) on evolution of MRI
measures. Variance inflation factors were used to examine
multicollinearity among independent variables.

The Relationship Between Age or Disease
Duration as Categorical Variables and BVL Rate
For each patient, we calculated the mean annual BVL rate at
different available ages and disease durations (figure 1) and

compared them by mixed models. For each patient, we also
fitted individual slopes (e.g., calculated regression coeffi-
cients) of the BVL rates at different available age and disease
duration intervals using linear regression. These fitted in-
dividual BVL slopes (e.g., regression coefficients) were com-
pared by mixed models to investigate differences in BVL
trajectories throughout disease course.

The Relationship Between Clinical Disease
Activity and the Rate of BVL
We then analyzed the relationships of annualized relapse rate,
EDSS score, and annualized EDSS change (all independent
log+1 transformed variables) with BVL rates using mixed
models. Mixed models were also used to investigate interac-
tions between age (or disease duration) and measures of
clinical disease activity and their associations with MRI
measures.

In addition, we analyzed associations between the BVL during
the initial 2 years of follow-up and time to confirmed disability
worsening using adjusted Cox proportional hazard models.
The cutoff point for BVL rate was based on the third quartile.
Association between annualized EDSS change over the entire
follow-up and age or disease duration at baseline was analyzed
by multivariable linear regression.

The Effect of Treatment Change on BVL Rate
Finally, in a subgroup of patients who had completed at least 2
MRI scans before and 2 MRI scans after DMT escalation, we
compared BVL rates before and after DMT escalation using
mixed models.

Sensitivity Analyses
Sensitivity analyses were completed (a) in a subgroup of pa-
tients treated with only low-efficacy DMTs to eliminate the
effect of treatment change and (b) in trial patients from the
ASA and the SET cohorts to analyze association between age
and disease duration with tissue-specific brain % volume
changes.

Adjustment of Multivariable Models
Unless otherwise indicated, multivariable mixed and Cox
proportional hazard models were adjusted for sex, study co-
hort, T2 lesion volume at time point, normalized brain vol-
ume (brain parenchymal fraction) at baseline, proportion of
time spent on low-efficacy DMTs, and proportion of time
spent on high/moderate-efficacy DMTs.

False Discovery Rate Control
The Holm procedure with q = 0.05 was used to control false
discovery rate of dependent tests. The number in [brackets]
following adjusted p refers to the number of comparisons.

Data Availability
Anonymized data not published within this article will be
made available by reasonable request from any qualified in-
vestigator for purposes of replicating study results.
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Results
Baseline and Follow-up Clinical Characteristics
Of the 3,415 patients (20,101 MRI scans), 1,903 patients (7,203
MRI scans) fulfilled the inclusion criteria and were included in this
study. Age, disease duration, and EDSS at baseline differed among
the cohorts (small to median effect sizes). The mean rate of BVL
was 0.48% ± 0.93% among all patients; 0.45% ± 0.94% among

patients without DMTs; 0.50% ± 0.94% among patients treated
with low-efficacy DMTs; and 0.43% ± 0.82% among patients
treated with high/moderate-efficacy DMTs. Table 1 describes the
demographic, clinical, and MRI characteristics of the sample.

Brain Volume Loss and Age
When we explored age as continuous variable, we did not find a
significant association between younger age and higher BVL rate

Figure 1 Relationship Between Whole-Brain Volume Loss and Age and Disease Duration

Relationship between annualized whole-brain volume loss rate and age (A) and disease duration as continuous variables (B) with a smooth curve fitted by
loess regression technique; relationship betweenmean annualizedwhole-brain volume loss rates at different ages (C) and disease duration intervals (D); and
relationship between mean fitted individual slopes (regression coefficients) of annualized whole-brain volume loss rate trajectories at different ages (E) and
disease duration intervals (F). The dotted black horizontal line represents no change in annualizedwhole-brain volume loss rate, and the red dottedhorizontal
line represents the reference cutoff value (0.4% per year) for pathologic whole-brain volume change.

4 Neurology: Neuroimmunology & Neuroinflammation | Volume 8, Number 3 | May 2021 Neurology.org/NN

http://neurology.org/nn


(β = −0.003; 95%CI = −0.006 to 0.0002; Cohen f2 = 0.0005; p=
0.065; adjusted p[7] = 0.39) (table 2 and figure 1A). Similar
results were seen when different DMTs groups were analyzed
separately (table 2). To eliminate an effect of disease duration on
this association, we analyzed patients with disease duration at
baseline, of 1, 2, or 3 years, but again we did not find an effect of
age on BVL rate (all Cohen f2 < 0.001) (table 2).

When age was analyzed as categorical variable, we found
similar BVL rates in different age groups (table 3).

We did not find differences in means of linear regression
coefficients of BVL rates among age intervals (β = 0.047; 95%
CI = −0.06 to 0.15; Cohen f2 < 0.001; p = 0.40) (figure 1E).

Brain Volume Loss and Disease Duration
Although BVL rate tended to decrease with disease duration,
the effect of disease duration on BVL rate was minimal (β =
−0.012; 95%CI = −0.017 to −0.007; Cohen f2 = 0.004; p = 6 ×
10−6; adjusted p[7] = 4 × 10−5) (table 2 and figure 1B).
Among patients on low-efficacy DMTs, each year of disease
duration was associated with the mean reduction of 0.009
BVL rate (β = −0.009; 95% CI = −0.016 to −0.003; Cohen f2
= 0.002; p = 0.005; adjusted p[7] = 0.024). To eliminate a
potential confounding effect of age on this association, we
separately analyzed patients with baseline age of 25–30 years,
30–35 years, or 35–40 years, but we again did not find any
effect of disease duration on BVL rate (all Cohen f2 < 0.007)
(table 2).

Table 1 Sample Characteristics

Characteristics All

Study cohort Between-group
comparison
(Eta-squared)ASA SET QMRI

No. of patients 1,903 166 180 1,557

Females 1,341 (70.5%) 125 (77.2%) 115 (63.9%) 1,095 (70.6%) 0.004

Age at baseline (y)a 36.2 ± 8.9 32.2 ± 7.6 31.2 ± 7.6 37.3 ± 8.8 0.059*

Disease duration at baseline (y)a 7.4 ± 5.7 6.3 ± 4.3 1.6 ± 1.1 8.2 ± 5.7 0.14**

EDSS at baselineb 2.0 (1.0–3.0) 2.0 (1.5–3.5) 1.5 (1.0–2.0) 2.0 (1.5–3.5) 0.056*

Relapsing-remitting MS (McDonald 2017 criteria) 1782 (93.6%) 166 (100%) 180 (100.0%) 1,436 (92.2%) 0.012*

Clinically isolated syndrome (McDonald 2005
criteria) at baseline

642 (33.7%) 0 (0.0%) 127 (70.6%) 549 (35.3%) 0.088*

Total no. of MRI scans 7,204 938 606 5,651 —

No. of MRI scans per patientb 4 (3–6) 6 (4–7) 3 (3–4) 3 (2–5) 0.11**

Follow-up duration (y)b 3.4 (2.1–5.3) 8.8 (7.1–9.0) 3.0 (2.0–3.0) 3.4 (2.0–5.1) 0.14**

Treatment at baseline

No DMT 502 (26.4%) 5 (3.1%) 3 (1.7%) 494 (31.7%) 0.038*

Low-efficacy DMTc 1,311 (68.9%) 157 (96.9%) 175 (97.2%) 973 (62.5%)

High/moderate-efficacy DMTc 90 (4.7%) 0 (0.0%) 2 (1.1%) 88 (5.7%)

Treatment at last visit

No DMT 521 (27.4%) 20 (12.0%) 11 (6.1%) 490 (31.5%)

0.008Low-efficacy DMTc 1,117 (58.7%) 135 (81.3%) 162 (90.0%) 820 (52.7%)

High/moderate-efficacy DMTc 265 (13.9%) 11 (6.6%) 7 (3.9%) 247 (15.9%)

MRI measures over follow-up

Average annualized T2 lesion volume absolute
changea

0.25 ± 1.05 0.37 ± 1.11 0.12 ± 0.89 0.24 ± 1.05 0.004

Average annualized BVL ratea −0.48 ± 0.93 −0.60 ± 1.33 −0.47 ± 0.73 −0.46 ± 0.85 0.003

Abbreviations: ASA = Avonex-Steroids-Azathioprine; BVL = annualized whole-brain volume loss rate; DMT = disease-modifying treatment; EDSS = Expanded
Disability Status Scale; QMRI = quantitative MRI; SET = study of early IFN-β1a treatment.
Effect size statistic for the Kruskal-Wallis test (interpretation of eta-squared: 0.01 = small*, 0.06 = medium**; >0.14 = large effect size***).
a Mean and SD.
b Median and interquartile range.
c Low-efficacy DMT: glatiramer acetate, dimethyl fumarate, and interferons; high/moderate-efficacy DMT: fingolimod, mitoxantrone, and natalizumab.
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When age analyzed as categorical variable, we found similar
BVL rates across different disease duration intervals (table 3).

We did not find differences in means of linear regression co-
efficients of the BVL rates among disease duration interval
subgroups (β = 0.013; 95% CI = −0.03 to 0.06; Cohen f2 <
0.001; p = 0.59) (figure 1F).

We did not find differential effect of disease duration across dif-
ferent ages on BVL rate (interaction between age at time point and
disease duration at baseline: β = −0.00002; p = 0.41; adjusted p[2]
= 0.41; interaction between age at baseline and disease duration at
time point: β = −0.000001; p = 0.16; adjusted p[2] = 0.32).

Association Between Brain Volume Loss and
Relapse Activity
The relapse rate (e.g., number of relapses per year) declined
with increasing age and disease duration of the studied pa-
tients (figure e-1, links.lww.com/NXI/A443). Increase in
relapse rate by 1.0 was associated with the mean BVL rate
increase by 0.10% (β = 0.10; 95% CI = 0.07 to 0.13; Cohen f2
= 0.007; p = 3 × 10−9; adjusted p[3] = 9 × 10−9) (figure e-2,
links.lww.com/NXI/A444). Younger age was associated with
a stronger association between relapse rate and BVL rate
(interaction between age and relapse rate: β = 0.012; p =
0.008; adjusted p[3] = 0.016). Disease duration did not fur-
ther modify the association between relapse rate and BVL rate

Table 2 Association Between Age (or Disease Duration) and Rates of Whole-Brain Volume Loss in Subgroups of Patients
Defined by Their Age/Disease Duration at Baseline or by Their DMT

Definition of patients included
N (patients;
MRI scans) β (95% CI)

Cohen
f2b

pValue; adjusted
p value

Association between age and the BVL
rate

All patients/MRI scans 1,903; 7,203 −0.003 (−0.006,
0.0002)

0.001 0.065; 0.39

Patients with disease duration at
baseline <1 y

468; 1,536 −0.0004
(−0.007, 0.006)

<0.001 0.91; 1.00

Patients with disease duration at
baseline <2 y

629; 2,134 −0.001 (−0.007,
0.004)

<0.001 0.67; 1.00

Patients with disease duration at
baseline <3 y

755; 2,654 −0.0003
(−0.006, 0.005)

<0.001 0.91; 1.00

Only time points without DMTsa 595; 1,786 −0.009 (−0.015,
−0.003)

0.006 0.006; 0.042c

Only time points during low-efficacy
DMTsa

1,268; 4,817 −0.001 (−0.005,
0.003)

<0.001 0.59; 1.00

Only time points during high/
moderate-efficacy DMTsa

272; 756 −0.001 (−0.011,
0.009)

<0.001 0.84; 1.00

Association between disease
duration and the BVL rate

All patients/MRI scans 1,903; 7,203 −0.012 (−0.017,
−0.007)

0.004 6 × 10−6; 4 × 10−5c

Patients with age at baseline between
25 and 30 y

331; 1,196 0.003 (−0.010,
0.020)

<0.001 0.75; 0.75

Patients with age at baseline between
30 and 35 y

423; 1,658 −0.009 (−0.020,
0.002)

0.001 0.096; 0.19

Patients with age at baseline between
35 and 40 y

359; 1,405 −0.020 (−0.030,
−0.005)

0.007 0.004; 0.024c

Only time points without DMTsa 595; 1,786 −0.014 (−0.024,
−0.004)

0.006 0.004; 0.024c

Only time points during low-efficacy
DMTsa

1,268; 4,817 −0.009 (−0.016,
−0.003)

0.002 0.005; 0.024c

Only time points during high/
moderate-efficacy DMTsa

272; 756 −0.017 (−0.032,
−0.003)

0.006 0.020; 0.060

Abbreviations: adjusted p = adjusted p value by Holm procedure to control FDR; ASA = Avonex-Steroids-Azathioprine; BVL = annualized whole-brain volume
loss rate; DMT = disease-modifying treatment; FDR = false discovery rate; N = number; QMRI = quantitative MRI; SET = study of early IFN-β1a treatment.
The relationships between rates of BVL and age or disease duration were analyzed using linear mixed models with a random intercept specified for each
subject. Models were adjusted for sex, log+1 transformed T2 lesion volume at time point, normalized brain volume at baseline, study cohort (ASA/QMRI/SET),
proportion of time spent on low-efficacy DMTs (dimethyl fumarate, glatiramer acetate, interferon β, and teriflunomide), and high/moderate-efficacy DMTs
(fingolimod, mitoxantrone, and natalizumab) at time point.
a Low-efficacy DMTs: dimethyl fumarate, glatiramer acetate, interferon β, and teriflunomide; high/moderate-efficacy DMTs (fingolimod, mitoxantrone, and
natalizumab).
b Standardized measure of effect size (small effect size: f2 ≥0.02, medium effect size: f2 ≥0.15, and large effect size: f2 ≥0.35).
c Statistically significant after correction for false discovery rate using the Holm procedure with q value <0.05 and number of comparisons [7].
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(interaction between disease duration and relapse rate: β =
0.003; p = 0.61; adjusted p[3] = 0.61).

Association Between Brain Volume Loss
and Disability
The BVL rate was associated with the EDSS score (β = 0.17;
95% CI = 0.09 to 0.24; Cohen f2 = 0.003; p = 2 × 10−5;
adjusted p[5] = 8 × 10−5) and annualized EDSS absolute
change (β = 0.15; 95% CI = 0.09–0.21; Cohen f2 = 0.006; p =
3 × 10−6; adjusted p[5] = 2 × 10−5). The association between
BVL rate and annualized EDSS absolute change was stronger
among older patients (interaction between age and BVL rate:
β = 0.003; p = 0.00015; adjusted p[5] = 0.0005). Disease
duration did not further modify the association between BVL
rate and annualized EDSS absolute change (interaction be-
tween disease duration and BVL rate: β = 0.001; p = 0.28;
adjusted p[5] = 0.28).

The mean BVL rate during the first 2 years of the follow-up
(cutoff < −0.87%; third quartile) was associated with a higher
risk of confirmed disability worsening over the long term (OR
= 1.4; 95% CI = 1.1–1.7; p = 0.005; adjusted p[5] = 0.010)
(figure e-3, links.lww.com/NXI/A445). Annualized absolute
change in EDSS did not differ among patients with different
ages and disease durations (both p = 0.38–0.41) (e-figure 4,
links.lww.com/NXI/A446).

Association Between Brain Volume Loss and
Lesion Burden
An average increase in T2 lesion volume was 6.5% per year
(95% CI = 6.0–7.1; p < 1 × 10−10; adjusted p[8] < 1 × 10−10).
We found a weak association between the higher rate of T2
lesion volume accumulation (mL) and younger age or shorter
disease duration. On average, the rate of T2 lesion volume
increase decelerated by 0.006 mL for every year of age (β =

−0.006; 95% CI = −0.010 to −0.002; p = 0.002; adjusted p[8]
= 0.008) and by 0.014mL for every year of disease duration (β
= −0.014; 95% CI = −0.02 to −0.008; p = 4 × 10−6; adjusted p
[8] = 2 × 10−5; figure 2).

The higher rate of T2 lesion volume accumulation (mL) was
associated with a higher BVL rate (β = −0.15; 95%CI = −0.17 to
−0.12; Cohen f2 = 0.028; p < 1 × 10−10; adjusted p[8] < 1 ×
10−10), higher annualized change in EDSS (β = 0.02; 95%
CI = 0.01–0.03; Cohen f2 = 0.003; p = 0.0002; adjusted p[8] =
0.0008), and higher relapse rate (β = 0.20; 95% CI = 0.05–0.34;
Cohen f2 = 0.001; p = 0.007; adjusted p[8] = 0.017). The
strength of the association between the rate of accumulation of
T2 lesion volume and BVL rate was similar among patients of
different ages and disease durations (interaction between age and
T2 lesion volume accumulation rate: β = 0.0003; p = 0.83; ad-
justed p[8] = 0.83; interaction between disease duration and T2
lesion volume accumulation rate: β = 0.004; p = 0.027; adjusted
p[8] = 0.054).

Tissue-Specific Brain Volume Analysis
The sensitivity analysis that included the 348 trial patients
(1,569 scans) from the ASA and the SET cohorts confirmed
the absence of relationship between age and BVL rate (β =
−0.001; p = 0.75; adjusted p[8] = 1.00). Similarly, the rate of
segmented volume loss was constant across patient ages:
white matter (β = −0.011; p = 0.014; adjusted p[8] = 0.70),
total gray matter (β = −0.016; p = 0.011; adjusted p[8] =
0.066), deep gray matter (β = −0.019; p = 0.046; adjusted
p[8] = 0.18), thalamic (β = −0.017; p = 0.10; adjusted p[8] =
0.30), and lateral ventricle volume changes (β = 0.015; p =
0.56; adjusted p[8] = 1.00; in all Cohen f2 <0.005). Only on 1
occasion, a weak association between age and cortical gray
matter % volume loss was seen (β = −0.019; p = 0.004; Cohen
f2 = 0.006; adjusted p[8] = 0.028). This association was

Table 3 Rates of Whole-Brain Volume Loss in Subgroups of Patients Defined by Their Age and Disease Duration

Ranges
(y)

Time between 2 consecutive MRI scans >10 mo Time between 2 consecutive MRI scans >20 mo

N Median, mean (95% CI) of BVLwithin age group N Median,mean (95%CI) of BVLwithin age group

Age

18–25 117 0.51; 0.54 (0.44, 0.64) 72 0.46; 0.56 (0.43, 0.69)

25–30 321 0.35; 0.45 (0.37, 0.53) 206 0.36; 0.43 (0.35, 0.51)

30–40 936 0.39; 0.47 (0.43, 0.51) 683 0.40; 0.47 (0.43, 0.51)

40–50 726 0.45; 0.50 (0.45, 0.54) 537 0.48; 0.54 (0.50, 0.58)

50–60 282 0.44; 0.50 (0.43, 0.58) 202 0.45; 0.46 (0.39, 0.53)

Disease
duration

0–5 624 0.38; 0.49 (0.43, 0.54) 388 0.41; 0.44 (0.39, 0.50)

5–10 773 0.40; 0.46 (0.42, 0.51) 549 0.40; 0.48 (0.44, 0.53)

10–15 694 0.45; 0.51 (0.46, 0.56) 491 0.48; 0.54 (0.48, 0.60)

15–20 434 0.44; 0.47 (0.40, 0.53) 311 0.42; 0.46 (0.40, 0.52)

20–25 206 0.47; 0.51 (0.44, 0.59) 154 0.46; 0.54 (0.47, 0.62)

Abbreviation: BVL = annualized whole-brain volume loss.
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confirmed in analysis of patients treated only with low-efficacy
DMTs (β = −0.021; Cohen f2 = 0.008; p = 0.002; adjusted p
[8] = 0.016).

The magnitude of the association between disease duration
and the BVL rate was similar to the primary analysis, but did
not reach the level of formal statistical significance due to
smaller sample size (β = −0.009; p = 0.33; adjusted p[7] =
0.96). Similarly, we did not find any evidence for associations

of disease duration with segmented brain volumes: white
matter (β = −0.016; p = 0.32; adjusted p[7] = 0.96), total gray
matter (β = −0.024; p = 0.094; adjusted p[7] = 0.38), cortical
gray matter (β = −0.028; p = 0.045; adjusted p[7] = 0.27),
deep gray matter (β = −0.014; p = 0.51; adjusted p[7] = 0.27),
thalamic (β = −0.013; p = 0.023; adjusted p[7] = 0.16), and
lateral ventricle volume changes (β = 0.008; p = 0.73; adjusted
p[7] = 0.96; in all Cohen f2 <0.005) (figure e-5, links.lww.
com/NXI/A447).

Figure 2 T2 Lesion Volume Changes in Different Age and Disease Duration Intervals

Mean annualized T2 lesion volume absolute
changes in different age (A) and disease duration
(B) intervals. Statistical analysis was performed
on continuous data.
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An Effect of Disease-Modifying Treatment on
Brain Volume Loss
In a subgroup of 94 patients who escalated DMTs (609 MRI
scans), the mean BVL rates substantially decreased following
treatment escalation (before: −0.45; 95% CI = −0.54 to −0.37 vs
after: −0.10; 95%CI = −0.13 to −0.07). Differences in BVL rates
following treatment escalationwere confirmed in adjustedmixed
models, where treatment escalation resulted in a mean reduction
of the BVL rate by 0.29% (β = −0.29; 95% CI = −0.40 to −0.19;
Cohen f2 = 0.133; p = 5.5 × 10−8) (figure 3). An average time
between the cessation of low-efficacy DMT and the initiation of
high/moderate-efficacy DMT was 1.9 months (range 0–11.4
months).

Discussion
In this large longitudinal study of patients with RRMS, the rate of
BVL declined with longer disease duration but not with older age.
Patients with shorter disease duration showed marginally higher
rates of BVL than patientswith longer disease history; however, the
effect of disease duration on the BVL rate was minimal. Similarly,

higher rate of BVLwasweakly associatedwith the higher frequency
of recent relapses and greater disability, although the magnitude of
these associations was relatively small. On the other hand, a
stronger association was found between the rate of BVL and
concurrent enlargement of cerebral T2 lesions or time to future
confirmed disability worsening. Importantly, BVLwas ameliorated
by escalation ofMS therapy.We did not find any clinically relevant
associations between time and the rate of tissue-specific BVL.

In a study of 140 patients with MS, Andorra et al.8 showed
that the rate of BVL is accelerated during the first 5 years after
disease onset, followed by its subsequent stabilisation. Simi-
larly, we have demonstrated that the rate of BVL is slightly
higher in patients earlier after disease onset. Each year of
disease duration was associated with a mean reduction in BVL
rate of 0.013% (or 0.009% in patients treated exclusively with
low-efficacy DMTs). However, the decline in the BVL rate
was constant throughout the disease course.

Another large study of 963 untreated patients (1,926 time
points) reported that the BVL rate was independent of MS

Figure 3 Whole-Brain Volume Loss After Escalation of Treatment

Evolution of annualized whole-brain volume loss after escalation from the low-efficacy on high/moderate-efficacy disease-modifying treatments. The
treatment change occurred at time 0.
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subtype, age, or disease duration, when adjusting for baseline
brain volume.6 A recent study of 1,417 patients (3,604 time
points) showed accelerated cortical gray matter atrophy in
SPMS compared with RRMS.2 These observations are com-
plementary. First, in SPMS, the disease is more progressed and
patients reaching secondary progressive phase have in general
greater disease severity than age-matched patients with CIS or
RRMS. Second, SPMS is usually associated with older age and
longer disease history, and other determinants such as aging15

and comorbidities27 start to contribute to BVL.

The rates of BVL found in our study were comparable with
those reported in previous studies that included treated MS
patients,6,8,14,28 In the present study, we focused on relatively
young cohorts of patients with short disease duration and with
relatively more active disease from its onset. In keeping with a
published study,13 our work showed that the frequency of re-
lapses is associated with the rate of BVL; however, the mag-
nitude of the association between recent relapse activity and the
rate of BVL was marginal. The rate of recent increase in the
cerebral T2 lesion burden was moderately associated with the
rate of BVL.13,29,30 Of interest, the weak association between
relapse frequency and the BVL rate was relatively stronger in
younger patients but not specifically during early disease. These
observations may suggest that the rate of BVL is closely related
to the episodes of neuroinflammation that underlie formation
of new or reactivation of existing cerebral lesions that presents
clinically as MS relapses. This is supported by the demon-
strated strong relationship between acute lesional inflammation
and early axonal disruption as well as subsequent degeneration
of chronically demyelinated axons resulting in brain tissue
loss.31–34 In addition, we found a relationship between early
BVL and future disability progression over long-term follow-
up, which is in agreement with previous research and supports
clinical relevance of BVL.1–5,9,13,17 As expected, we found a
somewhat stronger relationship between BVL and disability
worsening in older patients.35 Taken together, these observa-
tions may suggest that although formation of new lesions is a
strong driver of BVL among younger patients, the loss of brain
tissue in turn determines impaired neurologic function at older
age. Given that the effect of age on the association between the
rate of BVL and relapse frequency or disability worsening was
only minimal, clinical relevance of these findings requires fur-
ther validation.

Establishing the definition of BVL that is considered normal
in the context of normal aging is a key step toward clinical
interpretation of BVL in MS. The constant rate of BVL across
different age groups of patients with MS simplifies the clinical
use of this metric. However, the drivers of BVLmay differ over
time. In elderly patients, the aging process and comorbid
diseases are likely to contribute more to the overall BVL than
in younger patients, and therefore, a faster BVL in older pa-
tients may not always represent accelerated brain atrophy due
specifically to MS.14,36 On the contrary, in early MS, higher
BVL rates are more likely to indicate high level of disease
activity requiring more aggressive therapy. Considering the

relationship between early BVL and future development of
disability,2,4,9,13 a neurologist should be particularly vigilant in
screening for accelerated BVL in patients recently diagnosed
withMS. This has become of particular importance as the new
and emerging DMTs hold the promise of decelerating the rate
of BVL and the loss of neurologic capacity.37,38 Our present
study has also shown that escalation of DMT can help nor-
malize the increased rate of BVL.28,39

Limitations
Our study included mostly patients treated with DMTs;
therefore, the effect of pseudo-atrophy may be present.20,21

To minimize this, we analyzed only MRI scans performed at
least 12 months after DMT initiation. Importantly, to mini-
mize a potential effect of DMT escalation, we replicated our
findings in a subgroup of patients who were treated exclusively
with low-efficacy DMTs.

Moreover, the majority of patients started MRI monitoring at
the time of disease onset or at presentation with relapses;
therefore, the regression-to-the-mean phenomenon might
play a role in detecting marginally increased rates of BVL in
early disease stages. In addition, patients with RRMS who
remained untreated over the long term are probably those
with a favorable disease phenotype. On the other hand, un-
treated patients during early disease stages represent a more
heterogeneous population.

It would be expected that the rate of BVL becomes accelerated in
older age.2,9,14,36 In practice, older patients with more severe dis-
ability and during the transition to SPMS often receive less fre-
quent MRI monitoring due to limited therapeutic options. Such
patients might be slightly underrepresented in this study and ex-
plain the absence of accelerated rate of BVL in older patients.

Although BVL rates showed in the study are in agreement
with previous research,6,8,14,28 the differences in volumetric
outcomes are often driven by differences in MRI acquisition
and volumetric technique. Therefore, absolute changes of
BVL rates should not be directly compared with the results
from other studies, in particular where different methodology
was used.

In the available cohorts, almost 70% of time points were
recorded during treatment with low-efficacy DMTs. Our re-
sults need to be replicated among patients treated with more
contemporary, high/moderate-efficacy DMTs.

Finally, the study did not include patients with progressive
MS, which may limit generalizability of our finding to re-
lapsing MS only. We did not study healthy controls and
therefore cannot comment on the contribution of age vs MS
to the total observed BVL.14,36

In this longitudinal study of a large sample of patients with
RRMS, we did not find a clinically relevant relationship between
BVL rate and age or disease duration. Accelerated BVL was

10 Neurology: Neuroimmunology & Neuroinflammation | Volume 8, Number 3 | May 2021 Neurology.org/NN

http://neurology.org/nn


weakly associated with concurrent higher disease activity and
eventually led to more profound neurologic disability. Evidence
of higher rate of BVL should prompt the consideration of es-
calation of MS therapy to prevent neurologic disability.
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Abstract
Objective
We investigated the predictive value of the enzyme-linked immunospot technique (ELISPOT)
in identifying patients with relapsing-remitting multiple sclerosis (RRMS) who will respond to
treatment with glatiramer acetate (GA) or interferon-β (IFN-β), based on the brain-reactive
B-cell activity of peripheral blood cells.

Methods
In this retrospective, cross-sectional, real-world multicenter study, we identified patients with
RRMS in the NeuroTransData MS registry and stratified them based on their documented
treatment response (relapse-free in the first 12 months of treatment) to GA or IFN-β. The GA
group comprised 73 patients who responded to GA and 35 nonresponders. The IFN-β group
comprised 62 responders to IFN-β and 37 nonresponders. Patients with previous or current
therapy affecting B-cell activity were excluded. We polyclonally stimulated mononuclear cells
from peripheral blood samples (collected after participant selection) and investigated brain-
reactive B-cell activity after incubation on brain tissue lysate-coated ELISPOT plates. Validity
metrics of the ELISPOT testing results were calculated (Python 3.6.8) in relation to the clinical
responsiveness in the 2 treatment groups.

Results
The ELISPOT B-cell activity assay showed a sensitivity of 0.74, a specificity of 0.76, a positive
predictive value of 0.78, a negative predictive value of 0.28, and a diagnostic OR of 8.99 in
predicting clinical response to GA vs IFN-β therapy in patients with RRMS.

Conclusion
Measurement of brain-reactive B-cell activity by ELISPOT provides clinically meaningful
predictive probabilities of individual patients’ treatment response to GA or IFN-β. The assay
has the potential to improve the selection of optimal first-line treatment for individual patients
with RRMS.

Classification of Evidence
This study provides Class II evidence that in patients with RRMS, the brain reactivity of their
peripheral-blood B cells predicts clinical response to GA and IFN-β.
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In most patients, multiple sclerosis (MS) initially presents
with a relapsing-remitting MS (RRMS) course, characterized
by an autoreactive T- and B-cell response against CNS mye-
lin.1 Therapy aims to achieve long-lasting stability without
evidence of disease activity.2 However, the choice of first-line
disease-modifying therapy (DMT) is by trial and error, rather
than personalized, data-driven, benefit-risk assessment.3

The myelin basic protein analog glatiramer acetate (GA)4–7

and the immune modulator interferon-β (IFN-β) are among
the DMTs most commonly administered at the time of di-
agnosis. In animal studies, GA competed with myelin antigens
for presentation to T cells and induced a beneficial shift in the
effector T-cell profile8; this remains to be demonstrated in
patients. GA is also thought to remodel the B-cell compartment
composition and influences B-cell cytokine and immunoglob-
ulin (Ig) secretion, restoring dysregulated B-cell function.9

IFN-β appears to increase expression of anti-inflammatory
molecules, while downregulating proinflammatory cytokines.
IFN-β may also reduce trafficking of inflammatory cells across
the blood-brain barrier and increase neuronal survival and re-
pair.10 No direct effect of IFN-β on B cells has been reported.

To support personalized treatment decisions in RRMS, we de-
veloped a blood-based enzyme-linked immunospot technique
(ELISPOT) assay of brain-reactive B-cell activity.11,12 A positive
test predicted treatment response to GA; absence of B-cell ac-
tivity indicated IFN-β responsiveness.13 As the initial trial in-
volved a small patient cohort at a single site, we undertook this
multicenter study to validate use of the assay to predict
response/nonresponse toGA and IFN-β in patients withRRMS.

Methods
This was a retrospective, real-world, multicenter study of cross-
sectional data from patients with RRMS. Using data collected
from German outpatients with RRMS, we investigated clinical
outcomes with GA and IFN-β therapy administered for up to
12 months in relation to the brain-reactive B-cell activity of
patients’ peripheral blood cells.

Primary Research Question
Does the ELISPOT assay for brain reactivity of peripheral
blood B cells provide a valid method for prediction of the
clinical response of a patient with RRMS to GA or IFN-β?
This study provides class II evidence for the validity of this
method.

Data Source
The study used pseudonymized and pooled clinical data from
patients with RRMS in the German NeuroTransData (NTD)
MS registry database (for more details, see appendix e-1, links.
lww.com/NXI/A450).

Standard Protocol Approvals, Registrations,
and Patient Consents
The data acquisition and management protocol was approved
by the ethics committees of the Bavarian and North Rhine
Medical Boards (Bayerische Landesärztekammer, June 14,
2012; Ärztekammer Nordrhein, April 25, 2017). Informed
consent was obtained from all patients. The study protocol
was approved by the ethics committee of the Carl Gustav
Carus University Hospital, Dresden, Germany (approval
number EK 523122016).

Study Population
We identified 4 groups of adult patients with RRMS retro-
spectively (index therapy initiated 2001–2018) in the NTD
MS registry: (1) patients who responded to GA treatment
(Copaxone; TEVA, Ulm, Germany) (GA responders); (2)
patients who did not respond to GA treatment (GA nonre-
sponders); (3) patients who responded to IFN-β treatment
(IFN-β1a: Avonex [Biogen, Munich, Germany], Rebif
[Merck, Darmstadt, Germany]; IFN-β1b: Betaferon [Bayer,
Leverkusen, Germany], Extavia [Novartis, Nuremberg, Ger-
many]) (IFN-β responders); and (4) patients who did not
respond to IFN-β treatment (IFN-β nonresponders). Patients
were stratified as responders if they were relapse free in the
first 12 months of treatment and as nonresponders if treat-
ment was discontinued by their treating physician due to lack
of efficacy, defined as any of relapse activity; clinically
meaningful Expanded Disability Status Scale (EDSS) pro-
gression; worsening MRI findings; or progression of clinical
disability not associated with relapse. Patients were included if
they had received or were receiving GA or IFN-β and had
regular follow-up visits documented for ≥12 months after
index therapy initiation. Patients receiving previous or current
treatment affecting B-cell function (anti-CD20 antibodies
[e.g., rituximab and ocrelizumab], alemtuzumab, fingolimod,
and daclizumab) were excluded.

ELISPOT Testing
ELISPOT testing was used to determine the presence in pa-
tients’ blood of B cells producing IgG reactive against human
brain tissue. After patients were identified in the database,
peripheral venous blood samples were collected in lithium-

Glossary
ARR = annualized relapse rate; Bcl-2 = B-cell lymphoma 2; CDP = confirmed disability progression; EDSS = Expanded
Disability Status Scale; ELISPOT = enzyme-linked immunospot technique; FBS = fetal bovine serum;GA = glatiramer acetate;
IFN-β = interferon-β; Ig = immunoglobulin; JNK = c-Jun N-terminal kinase; NTD = NeuroTransData; PBMC = peripheral
blood mononuclear cell; PBS = phosphate-buffered saline; ROC = receiver operating characteristic; RPMI = Roswell Park
Memorial Institute; RRMS = relapsing-remitting MS.
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heparinized tubes and diluted (1:1) in Dulbecco’s phosphate-
buffered saline (PBS) (Sigma, Schnelldorf, Germany), stored
overnight at room temperature, and shipped to the testing
laboratory at the Institute of Anatomy and Cell Biology, Frie-
drich-Alexander-Universität Erlangen-Nürnberg, Germany.

Peripheral blood mononuclear cells (PBMCs) were isolated
by Biocoll (1.077 g/mL; Merck Millipore, Darmstadt, Ger-
many) density-gradient centrifugation.

For polyclonal stimulation of B cells, we cultured PBMCs for
96 hours at 37°C and 7% CO2 at a density of 3 × 10

6 cells/mL
in Roswell Park Memorial Institute (RPMI)-1640 medium
containing L-glutamine (Merck Millipore), 10% fetal bovine
serum (FBS; Life Technologies, Darmstadt, Germany), 100
IU/mL penicillin and 0.1 mg/mL streptomycin (Sigma), 15
ng/mL interleukin-2 (PeproTech, Hamburg, Germany),
2.5 μg/mL of the synthetic Toll-like receptor 7/8 agonist
R-848 (Enzo Life Sciences, Farmingdale, NY), and 1 μM
β-mercaptoethanol (Sigma). ELISPOT plates (Merck Milli-
pore) were coated overnight at 4°C with 30 μg/mL human
brain whole-tissue lysate (Novus Biologicals, Littleton, CO),
10% FBS as negative control, or 10 μg/mLmouse anti-human
kappa IgG1 (SouthernBiotech, Birmingham, AL) as positive
control. Plates were washed with PBS and nonspecific binding
sites blocked with 10% FBS for 2 hours at room temperature.
Stimulated cells were plated in triplicate at a density of 1 × 106

cells/well and incubated for 26 hours at 37°C and 7% CO2 in
RPMI-1640 supplemented with 10% FBS, 100 IU/mL peni-
cillin, and 0.1 mg/mL streptomycin. Plates were washed with
PBS containing 0.025% (v/v) Tween-20 and then incubated
with the biotinylated anti-human IgG monoclonal antibody
MT78/145 (Mabtech, Nacka Strand, Sweden). Spots were
developed using alkaline phosphatase-conjugated streptavidin
and Vector Blue substrate (Vector Laboratories, Burlingame,
CA), and the number of spots counted on an ImmunoSpot
Series 6 Analyzer (Cellular Technology Limited, Shaker
Heights, OH). Samples were considered to be positive when
the mean spot number was >4.5.11

Statistical Analysis
Descriptive statistics were calculated for demographic and
clinical characteristics of each patient group. Annualized
relapse rate (ARR) was calculated for patients individually.
We estimated time to relapse and time to 3-month EDSS-
confirmed disability progression (CDP) using Kaplan-Meier
curves for each patient stratum. Statistical analyses used the
pandas (pandas.pydata.org/pandas-docs/stable/reference/
api/pandas.DataFrame.describe.html) and lifelines (life-
lines.readthedocs.io/en/latest/) data and survival analysis
tools written in the Python programming language (ver-
sion 3.6.8).

For analysis of predictive test performance and test validity,
the following statistical parameters were calculated for patient
groups receiving GA or IFN-β, and for both groups together,
based on the proportions of patients in each group being

correctly identified—or not—as responders or nonre-
sponders: positive and negative predictive values, sensitivity,
specificity, false-positive and false-negative rates, true-positive
and true-negative rates, negative and positive likelihood ratios,
and the diagnostic OR. CIs for sensitivity, specificity, and
accuracy were calculated with the exact Clopper-Pearson
method; those for likelihood ratios used the Log method;
those for predictive values used standard logit intervals. Val-
idity metrics were calculated using Python 3.6.8 (Python
Software Foundation, Available at python.org).

Data Availability
The data underlying the findings of this study are available to
qualified investigators on reasonable request.

Results
Patient Characteristics
In total, 207 patients with RRMS (140 female and 67 male)
were identified from the NTDMS database as having received
either GA (n = 108) or IFN-β (n = 99) as index therapy.
Overall, 135 patients (65.2%) responded to index therapy,
either GA (73/108 patients, 67.6%) or IFN-β (62/99 pa-
tients, 62.6%). The demographics and clinical characteristics
of the cohorts were similar at the start of therapy (table 1).

As defined by the inclusion criteria, responders had no relapses
on index therapy within the first 12 months after treatment
initiation (table 1). Patients responding to either treatment
showed a small improvement in mean EDSS total score within
12 months. In contrast, the mean EDSS total score remained
unchanged in patients failing to respond to GA within 12
months and deteriorated slightly in patients not responding to
IFN-β. Time-to-relapse analysis demonstrated a clearly favor-
able course in the patient strata responding to either GA or
IFN-β for up to 4 years (figure 1A). In the analysis of time to
3-month EDSS CDP, patients in the GA and IFN-β responder
groups experienced considerably less frequent EDSS worsen-
ing than those in the nonresponder groups, not only during the
first 12 months but also long term (figure 1B).

In GA nonresponders, the reason for treatment failure leading to
discontinuation of GA within the first 12 months was docu-
mented by the treating physicians as relapse activity 34% (12 of
35 patients), new MRI activity 23% (8 patients), worsening of
clinical disability 37% (13 patients), and disease progression not
associated with relapse 6% (2 patients). In IFN-β nonresponders,
the proportions of patients were 35% (13 of 37 patients), 22% (8
patients), 35% (13 patients), and 8% (3 patients), respectively.

ELISPOT Testing and Predictive Capabilities
ELISPOT results were positive in 54 GA responders and 27
IFN-β nonresponders (73.6% of this combined population)
and negative in 28 GA nonresponders and 46 IFN-β re-
sponders (76.3% of this combined population) (figure e-1,
links.lww.com/NXI/A452, shows representative ELISPOT
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wells illustrating the 4 different responder types). The hy-
pothesis of the study expected positive evidence of B-cell
activity in GA responders and IFN-β nonresponders and no
evidence of brain-related B-cell activity in GA nonresponders
and IFN-β responders. The strong performance of the ELI-
SPOT test as classifier for responder/nonresponder is dem-
onstrated in the receiver operating characteristic (ROC)
curves (figure 2), which show the true-positive vs false-
positive rate of the prediction for a threshold mean spot
number of 4.5. The accuracy can be derived from the area
under the ROC as 0.72 for prediction of GA responders, 0.67
for IFN-β responders, and 0.70 for the overall prediction,
which reflects the study hypothesis.

ELISPOT Validity
The validity of the ELISPOT test as a predictor of individual
treatment response to GA or IFN-β was robust (table 2), with
low false-positive and false-negative rates (0.20–0.26 and
0.26–0.27, respectively), sensitivity of 0.73–0.74, specificity of

0.74–0.80, high positive likelihood ratios (2.86–3.70), and
low negative likelihood ratios (0.33–0.36). The diagnostic OR
was highest for potential GA responders (11.37); however,
the diagnostic OR was also high for IFN-β responders (7.76)
and for both groups together (8.99). These advantageous
metrics are reflected in the clinical course of the patients
where the selected treatment corresponded with the hy-
pothesized brain-specific B-cell activity. Patients treated with
GA who had positive B-cell activity and patients treated with
IFN-β who had negative B-cell activity experienced less re-
lapse activity (figure 3A) and less 3-month CDP (figure 3B)
than patients for whom treatment selection and ELISPOT
results did not match the hypothesis. These differences in
clinical outcome were sustained for more than 5 years.

Discussion
Information regarding group-level responses to treatment
obtained from randomized controlled trials in patients with

Table 1 Patient Baseline Characteristics at Initiation of Index TreatmentWith Disease-Modifying Drugs (GA or IFN-β) and
Clinical Course on Treatment, Stratified by Response to Treatment

Characteristic
GA responder
(n = 73)

GA nonresponder
(n = 35)

IFN-β responder
(n = 62)

IFN-β nonresponder
(n = 37)

Female sex, n (%) 53 (72.6) 23 (65.7) 38 (61.3) 26 (70.3)

Age, mean (SD), y 37.7 (10.1) 36.9 (8.9) 36.6 (9.2) 37.9 (13.5)

Time from first symptom to index date, mean
(SD), y

6.3 (8.6)a 7.6 (7.4) 5.0 (6.7) 4.6 (5.8)

Time from diagnosis of MS to index date, mean
(SD), y

5.1 (6.8) 5.1 (5.9) 3.0 (5.4) 3.2 (5.0)

ARR 12 mo before index date, mean (SD) 0.6 (0.6) 0.6 (0.6) 0.9 (0.7) 0.9 (1.3)

Number of DMTs before index DMT, mean (SD) 0.7 (1.1) 0.7 (1.0) 0.2 (0.5) 0.7 (1.3)

Duration of index therapy, mean (SD), mo 63.6 (42) 65.7 (48.4) 69.7 (36.0) 34.9 (24.1)

ARR within the first 12 mo on index therapy,
mean (SD)

0 (0) 0.5 (1.0) 0 (0) 0.6 (1.0)

EDSS, median (range)

At index date 2 (0–6)b 2 (0–4)c 2 (0–4)d 2 (0–6)e

6 mo after index date 1.5 (0–5.5)f 1.2 (0–4.5)g 1 (0–4.5)h 1.8 (0–6)i

12 mo after index date 1 (0–5.5)j 1.5 (0–4.5)k 1 (0–4)l 2 (0–6)m

Abbreviations: ARR = annualized relapse rate; DMT = disease-modifying therapy; EDSS = Expanded Disability Status Scale; GA = glatiramer acetate; IFN-β =
interferon-β.
Index date: date of initiation of index treatment; responder: freedom from relapse activity within the first 12months of GA or IFN-β treatment; nonresponder:
treatment failure on GA or IFN-β therapy (see text).
a n = 72.
b n = 58.
c n = 24.
d n = 53.
e n = 28.
f n = 50.
g n = 20.
h n = 44.
i n = 26.
j n = 52.
k n = 19.
l n = 50.
m n = 20.
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RRMS has limited usefulness for personalized treatment de-
cisions in daily practice.14 Currently, there is no alternative to
the trial-and-error paradigm of treatment allocation,3 whereby
the individual patient undergoes several therapy switches,
with selection based on patients’ and doctors’ preferences,

and the patient’s life situation, until a suitable treatment is
found. Likewise, in the later course of MS, if treatments fail to
control disease activity, switching paradigms are dominated
by risk considerations rather than comparative-effectiveness
data. With expanding options to treat RRMS15–18 and

Figure 1 Time to (A) Relapse and (B) 3-Month EDSS CDP for Patients Defined by Treatment Response

Kaplan-Meier curves for patient strata
defined by treatment response: re-
sponders defined by freedom from re-
lapse within first 12 months of
treatment with GA or IFN-β; nonre-
sponders/failure defined as treatment
failure on GA or IFN-β therapy (see
text). Patient numbers indicate the
number of patients within 3 months
before and after the time indicated.
CDP = confirmed disability progression;
EDSS = Expanded Disability Status
Scale; GA = glatiramer acetate; IFN-β =
interferon-β.
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growing awareness of the benefits of early effective treatment,
there is increasing demand for data-driven, validated, per-
sonalized treatment-decision algorithms to enable an effective
and economic allocation of the most suitable drug for an
individual patient—which inmany cases is an injectable DMT
such as GA or IFN-β—at the earliest possible time point after
RRMS diagnosis.

The hypothesis underlying development of the ELISPOT
assay described in this study is that in subsets of patients

RRMS develops via different auto-immunologic mechanisms,
some predominantly involving T cell–mediated pathways,
whereas in others, it is predominantly B-cell driven. The re-
actions to therapy of different RRMS patient subsets are
therefore likely to differ. Although there is evidence that GA
affects the autoreactive T-cell response by competing with
various myelin antigens for presentation to T cells and thus
changes the frequency of presentation, cytokine secretion
pattern, and effector function of GA-specific CD4+ and CD8+

T cells,8 there are several lines of evidence showing that GA

Figure 2 Receiver Operating Characteristic Curves for Enzyme-Linked Immunospot Technique Test Results in (A) GA-
Treated Patients, (B) IFN-β–Treated Patients, and (C) Combined for GA- and IFN-β–Treated Patients

The tables are the confusionmatrices for a positive-outcome threshold of 4.5 spots. The study expected positive evidence of brain-related B-cell activity in GA
responders and IFN-β nonresponders, and no evidence of B-cell activity in GA nonresponders or IFN-β responders. Responder: freedom from relapse activity
within the first 12 months of GA or IFN-β treatment; nonresponder: treatment failure on GA or IFN-β therapy (see text). GA = glatiramer acetate; IFN-β =
interferon-β; ROC = receiver operating characteristic curve.
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also has a direct effect on B cells. For example, a study in
patients with MS showed that GA therapy remodeled the
composition of the B-cell compartment and influenced B-cell
cytokine secretion and Ig production.9 In an in vitro study, GA
improved B cell–dependent control of T cells’ immune re-
sponses and was shown to switch the memory B cells known to
contribute to the T cell–dependent inflammatory response into
B regulatory cells.19 More recently, Häusler et al.20 showed that
GA treatment changed the B-cell phenotype in patients with
MS. In addition, in the experimental autoimmune encephalo-
myelitis model, they demonstrated that GA altered the path-
ogenic B-cell–T-cell interaction.20 In contrast, IFN-β has been
shown to suppress inflammatory responses in patients withMS
by controlling the secretion of pro- and anti-inflammatory cy-
tokines, suppressing T-cell activation, inducing differentiation
of neural stem cells to oligodendrocytes, and preventing mi-
gration of activated immune cells through the blood-brain
barrier, while no direct effect on B cells has been demonstrated
for IFN-β.10 It therefore seemed reasonable to investigate the
possibility that individual patients likely to respond toGA could
be identified by the involvement of pathogenic B-cell activity in
their disease.

Biomarker studies typically use ELISAs, which are cost-efficient,
easy to handle, and hence popular when developing high-
throughput tests. Although ELISAs are well suited to detecting
antibodies against linear epitopes, such as peptide antigens, anti-
bodies that are pathogenic in vivo are generally directed against
conformational epitopes. Although protein ELISAs seem desirable,
synthesis of the protein in its in vivo conformation and molecular
structure is technically highly challenging and cost-intensive. ELI-
SPOT has been used to guide clinical practice in other therapeutic
areas, such as in the diagnosis of active tuberculosis.21,22

The ELISPOT technique used in this study is highly effective in
detecting immune responses at the single-cell level, providing

sensitivity superior to that of ELISAs and other immune-
monitoring approaches.23 In combination with polyclonal
stimulation, our assay provides information for an individual
patient on the memory B-cell pool, which may be recruited at
any given time to participate in disease reactivation.12 We have
previously demonstrated that the presence of brain-specific
B cells in blood asmeasured by ELISPOT is indicative of anMS
diagnosis11 and is associated with a higher risk of relapse12 and a
positive treatment response to GA13 (see appendix e-2, links.
lww.com/NXI/A451, for further information). Whereas our
earlier studies were single center with small patient cohorts,
here we present data from a multicenter trial and provide proof
of the feasibility of the logistics to perform the ELISPOT test
on samples from patients nationally.

The protocol definitions for response and nonresponse en-
abled discrimination of the clinical course between strata re-
garding relapse activity and 3-month CDP (figure 1).
Although the definition of responder was constrained to
freedom from relapse within the first 12 months of treatment,
analyses of time to relapse and time to 3-month CDP dem-
onstrate a striking difference between responding and non-
responding patients over >5 years. Analysis of the validity of
ELISPOT testing to predict individual treatment response is
based on these clearly different clinical courses.

Our data suggest that ELISPOT-based measurements of
brain-reactive B cells in the blood of patients with RRMS may
distinguish between GA and IFN-β responders. Individual
treatment response to either GA or IFN-β was predicted
correctly in approximately 3 of 4 patients, with values for
sensitivity and specificity between 0.73 and 0.80. In parallel,
positive predictive values for all strata and negative predictive
values for patients receiving IFN-β were high. Negative pre-
dictive values for GA and for GA and IFN-β together were
lower.

Table 2 Validity Metrics for Predictive Performance Characteristics of Enzyme-Linked Immunospot Technique Testing

GA IFN-β GA and IFN-β

Positive predictive value 0.89 (0.66–1.16) 0.63 (0.41–0.91) 0.78 (0.62–0.97)

Negative predictive value 0.40 (0.24–0.63) 0.82 (0.60–1.09) 0.28 (0.19–0.40)

Sensitivity 0.74 (0.62–0.84) 0.73 (0.56–0.86) 0.74 (0.64–0.82)

Specificity 0.80 (0.63–0.92) 0.74 (0.62–0.84) 0.76 (0.67–0.84)

False-positive rate 0.20 (0.08–0.41) 0.26 (0.15–0.42) 0.24 (0.15–0.36)

False-negative rate 0.26 (0.16–0.41) 0.27 (0.13–0.50) 0.26 (0.18–0.38)

Positive likelihood ratio 3.70 (1.88–7.27) 2.86 (1.78–4.50) 3.11 (2.14–4.51)

Negative likelihood ratio 0.33 (0.21–0.50) 0.36 (0.21–0.63) 0.35 (0.25–0.48)

Diagnostic OR 11.37 (4.27–30.27) 7.76 (3.09–19.52) 8.99 (4.78–16.90)

Abbreviations: GA = glatiramer acetate; IFN-β = interferon-β.
Data are values and 95% CIs.
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The positive likelihood ratios of between 2.86 and 3.70 un-
derline the predictive strength of the ELISPOT assay, whereas
the negative likelihood ratios of between 0.33 and 0.36 in-
dicate only a small decrease in the probability that the test
result predicts the clinical course.

Based on the diagnostic OR, defined as the ratio of the odds of
a true-positive test result relative to the odds of a false-positive
result, this study shows the highest effectiveness of ELISPOT
testing is for potential GA responders (diagnostic OR 11.37),
with high values also for IFN-β responders (7.76), and both

Figure 3 Time to (A) Relapse and (B) 3-Month EDSS CDP for Patients Defined by ELISPOT Result

Kaplan-Meier curves for patient strata
defined by positive or negative ELI-
SPOT results indicating presence or
absence of in vivo brain-specific B-cell
activity in patients on GA or IFN-β
therapy. Patient numbers indicate the
number of patients within 3 months
before and after the time indicated. It
was hypothesized that positive B-cell
activity in patients treated with GA and
negative B-cell activity in patients trea-
ted with IFN-β would be associated
with better clinical outcome. CDP =
confirmed disability progression; EDSS
= Expanded Disability Status Scale;
ELISPOT = enzyme-linked immunospot
technique; GA = glatiramer acetate;
IFN-β = interferon-β.
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groups together (8.99). These metrics reflect the robust val-
idity of ELISPOT testing to predict responsiveness to GA or
IFN-β in patients with RRMS. This discriminative ability is
mirrored in the different clinical courses of the 4 patient strata,
which demonstrate better clinical outcomes—sustained for
>5 years—in patients whose selected treatment corresponded
with the hypothesized brain-specific B-cell activity.

The anti-CNS reactivity of B cells from patients with MS was
confirmed in a recent study combining ELISPOT and planar
protein arrays.24 Culture supernatants of polyclonally stimu-
lated B cells from a subset of patients with MS identified by
ELISPOT as having reactivity to human brain lysate were
tested against a broad spectrum of myelin antigens using
protein/peptide arrays. Compared with ELISPOT-negative
patients and controls, ELISPOT-positive patients with MS
demonstrated broader reactivity to the myelin proteins.

Heterogeneous profiles of antibody responses to the myelin
proteins were seen in the patients with MS who demonstrated
reactivity, but the profiles remained stable for each patient over
time. In a separate study, testing of B cells found to be brain
reactive by ELISPOT did not demonstrate reactivity to small-
intestine lysate, confirming the tissue specificity of the response
(S. Kuerten, oral communication, September 30, 2020).

Another potential approach to identifying patients’ response
to GA therapy has recently been published.25 This study
suggested increased expression of the signaling molecules
c-Jun N-terminal kinase (JNK)1 p54 and JNK2 p54 and a
decrease in the downstream expression of phosphorylated
B-cell lymphoma 2 (Bcl-2) during MS relapse to be in-
dicative of failure to respond to GA therapy. However, the
study population comprised only 15 patients with RRMS
and no other DMT reference group. Thus, the change in
expression profiles for JNK and phosphorylated Bcl-2 may
have been reflective of disease reactivation in general and
could be associated with treatment failure of any DMT.

The detection of neurofilament levels in serum and CSF—
which may be indicative of CNS tissue damage—is extensively
discussed.26,27 In patients with MS, blood neurofilament con-
centrations are associated with clinical and MRI-related mea-
sures of disease activity26,27 and could thus be an easily accessible
biomarker of disease evolution and treatment response. How-
ever, it is unclear which technical standard is required tomeasure
neurofilament levels most reliably, and the single-molecule array
technique is expensive due to high investment costs. Also,
changes in neurofilament concentrations have only been shown
at the patient-cohort level; the predictive value of their mea-
surement in individual patients remains to be demonstrated.
Pharmacogenetic studies of patient responses to GA and IFN-β
have shown inconsistent results.28–30 Given the complexity of
the disease and the probability that multiple mechanisms of
action underlie the effects of these drugs, it is likely that a
comparative, multiallele approach would be needed, requiring
extensive validation in clinical trials.31

The current study corroborates the strength of the brain-
specific B-cell ELISPOT for prediction of clinical response to
GA and IFN-β in individual patients with MS. This study was
based on previously captured clinical data in association with a
randomly timed cross-sectional blood sample for ELISPOT;
thus, further research is required to develop the test as a cer-
tified biomarker for use in clinical practice. As the test results
confirm treatment decisions in the majority of patients, this
could provide a rationale to consider a switch from first-line
therapies, based on test results in nonresponsive patients. A
prospective longitudinal trial has yet to be conducted as ulti-
mate confirmation of the clinical utility of the B-cell ELISPOT
to inform treatment decisions between GA and IFN-β on di-
agnosis of MS. Eventually, given the recent success of anti-
CD20 antibodies inMS, ELISPOT testingmay also be valuable
for detecting responsive patients and monitoring the success of
B cell–active drugs. We are currently investigating the potential
use of B-cell ELISPOT for prediction of clinical responsiveness
to anti-CD20 and anti-CD52 antibody treatments.

Although the use of real-world data has advantages over
clinical-trial data, in terms of being more representative of pa-
tient populations and physician decisions, real-world studies
can be subject to a range of limitations including low internal
validity, lack of quality control in data collection, and the po-
tential for bias, which limits the interpretation of outcomes. In
this study, the key limitations associated with the retrospective
use of real-world data were the lack of rigor in data collection
(compared with a clinical trial) and the potential for bias arising
from including only cases that had sufficient documentation to
meet the definition of relapse. The accuracy of the test may be
further improved by taking key variables into account; such an
analysis is planned in a larger sample.

Pathophysiologically, detection of brain-specific B cells in a pro-
portion of patients with RRMS indicates the existence of MS
subtypes based on B-cell activity. This is consistent with neuro-
pathologic studies that have identified the presence of antibody
and complement depositions in demyelinating brain lesions32 and
of meningeal B-cell aggregates in a subset of patients withMS.33,34
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Carmen Infante-Duarte, MD, Elmira Heidrich, MD, Benedict Körtgen, MD, Alexander Brandt, MD,
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Abstract
Objective
To assess the safety and efficacy of epigallocatechin-3-gallate (EGCG) add-on to glatiramer
acetate (GA) in patients with relapsing-remitting multiple sclerosis (RRMS).

Methods
We enrolled patients with RRMS (aged 18–60 years, Expanded Disability Status Scale [EDSS]
score 0–6.5), receiving stable GA treatment in a multicenter, prospective, double-blind, phase
II, randomized controlled trial. Participants received up to 800 mg oral EGCG daily over a
period of 18 months. The primary outcome was the proportion of patients without new
hyperintense lesions on T2-weighted (T2w) brain MRI within 18 months. Secondary end
points included additional MRI and clinical parameters. Immunologic effects of EGCG were
investigated in exploratory experiments.

Results
A total of 122 patients on GA were randomly assigned to EGCG treatment (n = 62) or placebo
(n = 60). We could not demonstrate a difference between groups after 18 months for the
primary outcome or other radiologic (T2w lesion volume, T1w hypointense lesion number or
volume, number of cumulative contrast-enhancing lesions, percent brain volume change), or
clinical (EDSS, MS functional composite, and annualized relapse rate) parameter. EGCG
treatment did not affect immune response to GA. Pharmacologic analysis revealed wide ranging
EGCG plasma levels. The treatment was well tolerated with a similar incidence of mostly mild
adverse events similar in both groups.

Conclusion
In RRMS, oral EGCG add-on to GAwas not superior to placebo in influencingMRI and clinical
disease activity over 18 months. The treatment was safe at a daily dosage up to 800 mg EGCG.
It did not influence immune parameters, despite indication of EGCG being bioavailable in
patients.
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Classification of Evidence
This study provides Class II evidence that for patients with RRMS, EGCG added to GA did not significantly affect the
development of new hyperintense lesions on T2-weighted brain MRI.

Trial Registration Information
Clinical trial registration number: NCT00525668.

Multiple sclerosis (MS) is characterized by autoimmune in-
flammatory and neurodegenerative pathology of the CNS
causing pronounced neurologic disability in younger adults.1,2 In
recent years, several immunomodulatory drugs for the treatment
of relapsing-remitting MS (RRMS) have been approved tar-
geting mainly the inflammatory processes of this disease.3,4

However, the development of drugs that are capable of halting or
decelerating the neurodegenerative aspects, which are prevalent
from the earliest disease stages, is an unmet clinical need.5

Consumption of green tea is considered to have a preventive
impact on various inflammatory and neurodegenerative as
well as other diseases.6,7 The most relevant compound in this
regard is the polyphenol epigallocatechin gallate (EGCG),
comprising 50–80% of the total catechins in green tea.8

In experimental autoimmune encephalomyelitis (EAE)—an
animal model mimicking aspects of MS—EGCG exerts anti-
inflammatory properties via downregulation of NF-κB in T cells
and has neuroprotective capacities by blocking the formation of
neurotoxic reactive oxygen species in neurons.9 In thismodel, oral
EGCG significantly reduced clinical disease severity as well as
CNS inflammation and neuroaxonal damage, both as preventive
and therapeutic treatment.9,10 Moreover, in EAE, concomitant
application of EGCG and glatiramer acetate (GA) revealed
synergistic effects in vitro and in vivo.11

Against this background, we investigated the effect of oral
EGCG given as add-on to GA therapy over a period of 18
months on radiologic and clinical disease activity as well as
safety and tolerability in patients with RRMS.

Methods
Primary Research Question
We performed a prospective, double-blind, parallel-group, ran-
domized controlled trial in patients with RRMS, at 9 sites in
Germany (including general hospitals and academic medical

centers) recruiting fromAugust 2007 toMay 2011 to evaluate the
question whether oral application of up to 800 mg EGCG re-
duces the development of new hyperintense lesions on T2-
weighted (T2w) brain MRI in patients with RRMS on stable
treatment with GA 20 mg. This study provides Class II evidence
because less than 80%of randomized patients completed the trial.

Study Design and Participants
For details on the study conduct, refer to the study protocol in
the online supplement. Eligibility criteria comprised fulfillment
of the 2005McDonald criteria for RRMS,12 age between 18 and
60 years, an Expanded Disability Status Scale (EDSS)13 score of
0–6.5, and a stable treatment with GA 20 mg daily sub-
cutaneously for at least 6months. A relapse-free period of at least
30 days before randomization was mandatory. Key exclusion
criteria were any progressive forms of MS, major systemic dis-
ease, clinically relevant predefined laboratory abnormalities, and
intake of any potentially hepatotoxic medication as well as cy-
tochrome P450 3A4–inhibiting or –inducing drugs. Additional
consumption of green tea or GTE was prohibited.

Because of lacking human data, sample size calculation was based
on articles by Aktas et al.9 and Zhao et al.14 Proportions of 45%
for EGCG and 16% for placebo were assumed for the primary
end point (patients without new T2w lesions after 18 months),
leading to 92 patients in total (2-sided type 1 error = 5%, power =
80%). Because of uncertainty in the preconditions of the sample
size calculation, an internal pilot study15 was integrated into the
study. This design allows for a (blinded) recalculation of sample
sizewithout affecting the type I error.16 The planned recalculation
after the inclusion of 50 participants resulted in a sample size of
126 patients in total, assuming a prior difference of 0.20 between
proportions. This sample size was confirmed by a second internal
blinded recalculation after inclusion of 80 individuals.

Standard Protocol Approvals, Registrations,
and Patient Consents
The study was approved by the local ethics committees and by
the German Federal Institute for Drugs and Medical Devices

Glossary
AE = adverse event; CEL = contrast-enhancing lesion; EAE = experimental autoimmune encephalomyelitis; ECCG =
epigallocatechin-3-gallate;EDSS= ExpandedDisability Status Scale;GA= glatiramer acetate; ITT= intention to treat;MSFC =MS
Functional Composite;NK = natural killer;PASAT= PacedAuditory Serial AdditionTest;PBMC= peripheral bloodmononuclear
cell; PBVC = percent brain volume change; PP = per protocol; RRMS = relapsing-remitting MS; SAE = serious adverse event.
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(BfArM). This trial is registered with EudraCT (Nr. 2006-
006323-39) and clinicaltrials.gov (NCT00525668). It was
conducted strictly following the study protocol, the ap-
plicable German laws (Arzneimittelgesetz, 14. Novelle
2005), the Harmonized Tripartite Guideline for Good
Clinical Practise (ICH-GCP), and the principles of the
Declaration of Helsinki in its applicable version. Every
participant provided written informed consent before
enrollment.

Data Availability Statement
As far as permitted according to data protection requirements
and consent provided by the participants, original data are
available from the corresponding author on request from any
qualified investigator within 5 years after publication.

Randomization and Masking
Patients were randomly (1:1) assigned to receive as add-on to
GA after a dosing phase of 4 months per day either 800 mg
capsules of Sunphenon® (GTE containing >90% EGCG,
product of Taiyo International, taiyointernational.com) or
capsules of placebo, which had identical appearance.

To account for potential baseline imbalances, patients were
stratified before randomization for sex (female/male) and
T2w lesion number at screening (≤15 or >15 T2w lesions). A
separate block randomization list was generated by the in-
dependent pharmacy, which distributed the screened study
participants to the treatment groups.

Patients and all staff remained masked for treatment allo-
cation during the entire study. Tominimize the risk of biased
clinical examinations by patients reporting adverse events
(AE), an independent examining physician restricted to
performing the neurologic examination rated EDSS only.

Procedures
Standardized neurologic assessments including the EDSS13 and
Multiple Sclerosis Functional Composite (MSFC)17 with its
subtests 9-Hole Peg Test, Timed 25-Foot Walk Test, and Paced
Auditory Serial Addition Test (PASAT) were performed by an
especially trained and neurostatus-certified examiner at screening
(which was at most 1 week before randomization), then every 3
months until the end of the study at month 18, and at every
unscheduled visit when a relapse was suspected. A relapse was
defined as any new or reoccurring neurologic symptoms in the
absence of fever or infections, lasting for at least 24 hours, sep-
arated by at least 30 days from the onset of a previous relapse,
and confirmed by the independent EDSS rater. For safety
monitoring, regular medical examinations und laboratory ex-
aminations (blood count, liver enzymes, electrolytes, creatinine,
C-reactive protein, blood glucose, and coagulation) were
scheduled every 3 months and in short-term follow-up in case of
pathologic results.

MRI was performed at screening and thereafter every 3
months until the end of the study at month 18. For all study

sites, MRI measurements were performed at a single cen-
tral facility (leading study site Charité) ensuring identical
and constant acquisition conditions on a 1.5 T MRI (Sie-
mens Sonata, Siemens Medical Systems, Erlangen,
Germany).

To investigate potential immunologic effects of EGCG
treatment, we analyzed the frequencies and activation status
of T cells (CD4+ and CD8+), B cells, monocytes, and natural
killer (NK) cells by flow cytometry analysis using EDTA
whole blood samples from a randomly selected subgroup of
35 study participants (20 EGCG and 15 placebo). Further-
more, to assess the specific proliferative response to GA, pe-
ripheral blood mononuclear cells (PBMCs) were isolated
from patients’ whole blood (n = 40 EGCG group; n = 39
placebo group including the 35 patients of the immunologic
substudy).

To measure EGCG plasma levels, biosamples were acquired
at a time point after overnight fasting and before intake of the
first dose of study medication (200 mg EGCG or placebo
capsule) as well as 2 hours later after a standardized breakfast.
Plasma concentrations of EGCG were determined as pre-
viously described.18

Outcomes
The primary outcome was the proportion of patients
without new hyperintense T2w MRI lesions within 18
months. Secondary MRI outcomes were number and vol-
ume of T2w hyperintense lesions, number and volume of
T1w hypointense lesions (black holes), number of cumu-
lative contrast-enhancing lesions (CELs), and brain atro-
phy quantified by percent brain volume change (PBVC).
Secondary clinical outcome measurements were disability
progression measured by EDSS and MSFC as well as an-
nualized relapse rate. Immunologic effects of EGCG were
assessed in exploratory experiments.

Statistical Analysis
An intention-to-treat (ITT) approachwas planned as the primary
analysis. In addition, a per-protocol (PP) analysis was performed,
omitting patients withmajor protocol violations, i.e., who stopped
treatment due to adverse reaction or who disregarded study
procedures, defined asmissingmore than 2 scheduled study visits
or intake of less than 90% of the study medication.

Results are expressed as arithmetic mean ± SD, median
(range), or frequencies (%). The primary end point was
assessed using the Fisher exact test. Secondary end points
were tested for differences between groups by using the
nonparametric (exact) Mann-Whitney test for independent
groups. Differences in categorical variables were tested by the
Fisher exact test.

Differences between the EGCG and placebo groups for the
entire time course were assessed using nonparametric multi-
variate variance and covariance analyses of all longitudinal
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data in a two-factorial design.19 A p value <0.05 was consid-
ered statistically significant. All tests of secondary end points
were conducted as exploratory data analysis. Therefore, no
adjustments for multiple testing were made. Numerical cal-
culations were performed with IBM SPSS Statistics for Win-
dows, version 21 (IBM Corp., Armonk, NY), StatXact 6
(CYTEL Software Corp., Cambridge, MA), and SAS, version
9.2 (SAS Institute, Inc., Cary, NC).

Results
One hundred fifty-eight patients were screened for eligibility,
122 of whom were enrolled in the study (figure 1). Partici-
pants were randomly assigned to receive EGCG (n = 62) or
placebo (n = 60) as add-on to immunomodulatory therapy
with GA. All included patients were of Caucasian ethnicity.

The 2 groups did not differ regarding baseline variables
(table 1).

Ultimately, 17 patients in the EGCG group and 12 patients in
the placebo group did not complete the study (figure 1). This
was mainly due to personal reasons (such as relocation or the
desire to become pregnant), change from GA to other
disease-modifying therapy, or noncompliance of study rules
(e.g., missing more than 2 visits or breaking the blinding by
having the study medication analyzed by a third party). One
patient in each group discontinued due to stomach and di-
gestion complaints. In the EGCG group, 1 participant had to
stop study medication because of elevated liver enzymes
higher than threefold the upper limit of normal; elevated
values normalized thereafter. Of the patients completing the
full 18 months of study medication, 33 patients (68.8%) on
placebo and 37 patients (82.2%) on EGCG had a compliance

Figure 1 Trial Flowchart

ITT = intention to treat; PP = per protocol.
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of at least 90% regarding intake of study medication (number
of taken capsules as assessed by the drug count at study visits).

The results of the ITT analyses for the MRI outcome pa-
rameters are summarized in table 2. Regarding the primary
end point, we observed no significant difference in the pro-
portion of patients without new T2w hyperintense lesions
between EGCG- and placebo-treated patients at month 18.
Regarding secondary outcomes, the number of T2w lesions as
well as the number of T1w hypointense lesions (table 2)
increased irrespective of EGCG or placebo group during the
study period as did the volume of T2w hyperintense and T1w
hypointense lesions (figure 2 and table 2). Neither parameter
revealed significant differences between the study groups
(table 2).

Longitudinal analysis of the entire time course19 including all
available time points (0, 6, 12, 15, and 18 months) adjusted
for values at baseline also did not show a significant difference
in MRI parameters between the EGCG and placebo groups
(data not shown). Both groups developed a similar number of
CELs during the study.

Furthermore, we could not detect a difference between the 2
study groups in PBVC, a measure of whole-brain atrophy,
over the 18-month period of the trial (table 2).

With regard to clinical end points (table 3), no differences
were observed in EDSS or MSFC between the EGCG and
placebo groups, neither in regard to change from baseline to
month 18 nor in longitudinal EDSS analysis of the entire
study course adjusted for values at baseline.

The results of the PP analyses (n = 70) concerning primary as
well as all secondary outcome parameters did not differ in
their statistical significance from those of the ITT analyses
(data not shown).

The analysis of subgroups enables a differentiated view. In the
group of participants who did not suffer a relapse 12 months
before study inclusion, the rate of patients who did not de-
velop new T2w lesions was higher in the group with the active
ingredient (EGCG 12/21, placebo 5/19, p = 0.062). This
was also the case in the group of participants with 15
and lower T2w lesions at baseline (EGCG 10/13, placebo
3/9, p = 0.079) and surprisingly in the subgroup of patients
who developed T2w lesion volume increase during the study
(EGCG 10/38, placebo 3/35, p = 0.067). No statistically
significant difference in the rate of newly developed T2w
lesions could be demonstrated in the subgroup with EDSS 3
and lower (EGCG 13/36, placebo 11/39, p = 0.621) and in
the subgroup of patients with Gd-positive lesions in the
course of the study (EGCG 3/19, placebo 3/11, p = 0.641).

Table 1 Baseline Characteristics of the Study Population

Characteristics
GA + EGCG
(n = 62)

GA + placebo
(n = 60) p Value

Age (y) 39 (9.4)1 42 (8.0)c 0.060e

Women 41 (67%) 40 (69%) 1.000f

Relapse in past 12 months 32 (52%) 36 (60%) 0.368f

EDSS 2.0 (0–6.0)d 2.0 (0–6.0)d 0.733e

Time since first MS symptoms (y) 9.8 (7.0)c 8.9 (6.4)c 0.544e

Time since MS diagnosis (y) 6.1 (4.7)c 5.4 (4.4)c 0.387e

Duration of treatment with GA (y) 3.1 (2.9)c 2.6 (2.5)c 0.190e

Multiple Sclerosis Functional Composite (z-score)a 0.083 (0.684)c 0.147 (0.675)c 0.594e

Paced Auditory Serial Addition Testa 46.8 (12.4)c 49.4 (10.7)c 0.223e

Timed 25-Foot Walk Test average speed (s) 5.1 (1.8)c 4.9 (1.9)c 0.307e

9-Hole Peg Test average speed (s) 20.7 (4.3)c 21.5 (5.6)c 0.884e

T2w lesion volume (mm3)b 5,239 (8,904)c 4,401 (6,034)c 0.792e

T2w lesion countb 36 (33)c 38 (28)c 0.443e

T1w hypointense lesion volume (mm3)b 1,758 (2,557)c 2,240 (4,171)c 0.331e

T1w hypointense lesion countb 7 (6)c 8 (6)c 0.941e

Abbreviations: EGCG = epigallocatechin-3-gallate; EDSS = Expanded Disability Status Scale; GA = glatiramer acetate.
Data are cmean (SD), number (%), or dmedian (range). e(exact) Mann-Whitney test, fFisher exact test.
a Data available for 61 patients in the EGCG group and 59 patients in the placebo group.
b Data available for 54 patients in the EGCG group and 52 in the placebo group.
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The analysis of the frequencies of the main immune cell
populations (numbers of circulating T cells, B cells, mono-
cytes, or NK cells) in a subgroup of 20 EGCG-treated and 15
placebo-treated patients revealed that the treatment with
EGCG did not alter the overall immune status of the patients
(data not shown). The in vitro examination of the T-cell
response to different concentrations of GA using PBMC from
40 EGCG and 39 placebo-treated patients indicated that
treatment with EGCG did not interfere with the overall T-cell
response of the patients to GA. Though, EGCG treatment
had a tendency to diminish the in vitro response to high GA
concentrations at 2 mg/mL (p = 0.099, data not shown). This
concentration is far higher than the serum level in humans
under regular treatment with GA.

Of the 60 participants in the placebo group, 58 (97%) expe-
rienced 1 or more AEs, with 8 (13%) having a serious adverse
event (SAE). In the EGCG group, 60 of the 62 participants
(97%) had at least 1 AE, 6 (10%) of which were considered
serious (see table e-1, links.lww.com/NXI/A458). None of
the SAEs were considered related to the study drug. All oc-
curred due to hospitalization of study participants for various
reasons. The incidence of SAE and AE was similar in both
study groups. The most common AEs were infections of the
upper respiratory, gastrointestinal, and urinary tracts. One
placebo-treated and 1 EGCG-treated patient stopped intake
of study medication because of gastrointestinal complaints. As
1 patient of the EGCG group had to be withdrawn due to
elevated liver enzymes, we performed a comparison of liver
enzyme levels between our study groups. This revealed no
significant differences (data not shown). In plasma from pa-
tients on placebo, EGCGwas not detectable at any time point.

In 41 patients on EGCG, 2 hours after ingestion of a stan-
dardized breakfast and the morning dose of 200 mg Sun-
phenon, EGCG plasma levels ranging from 20.21 to 331.66
ng/mL were measured. If the data set is divided into 2 groups

at the median of the EGCG level, the number of new T2w
lesions is less in the group with higher EGCG levels compared
with the group below the median. But the numbers are too
small for statistical significance.

Discussion
Our randomized, placebo-controlled multicenter study failed
to show an effect of oral EGCG on MRI or clinical disease
markers in patients with RRMS on stable immunomodulatory
treatment with GA.

In line with other polyphenols, experimental data had pre-
viously demonstrated that orally administered EGCG re-
duced disease severity when given at initiation or after the
onset of experimental neuroinflammation and exerted both
anti-inflammatory and neuroprotective effects, also in com-
bination with GA.9,11 Among the potential mechanisms of
action of EGCG are antioxidant properties and an impact on
several signal transduction pathways, including growth
factor–mediated pathways, the mitogen-activated protein
kinase–dependent, and ubiquitin/proteasome degradation
pathways. These data in conjunction with EGCG’s presumed
mode of action together with the finding that the conven-
tional form of MS typical for Western countries is much less
prevalent in Asian countries with high green tea consumption
like Japan20 encouraged us to conduct this randomized
placebo-controlled add-on trial.

Only a few clinical studies with patients with cancer admin-
istering high-dose EGCG or GTE had been reported before
planning of our trial.21,22 For the selection of the maximum
daily dose of EGCG, we had to rely on pharmacokinetic and
tolerability studies in healthy subjects with short-time intakes
only (maximum weeks) of doses from 800 to 1,000 mg
EGCG/GTE per day.23–25 Plasma elimination half-life of

Table 2 MRI Outcome Parameters

GA + EGCG (n = 62) GA + placebo (n = 60) p Value

Proportion of patients without new T2w lesions 18 (29%) 15 (25%) 0.686f

Number of new T2w lesionsa 3.1 (6.2) 1.9 (5.1) 0.607e

Volume of new T2w lesions (mm3)a 749 (3,639) 271 (1,592) 0.499e

Number of new T1w hypointense lesionsb 0.40 (0.8) 0.5 (1.2) 0.964e

Volume of new T1w hypointense lesions (mm3)b 118 (473) 59 (610) 0.984e

Number of CELsc 0.55 (1.04) 0.38 (1.4) 0.939e

PBVCd −0.6831 (0.7565) −0.5945 (0.7675) 0.386e

Abbreviations: GA = glatiramer acetate; CEL = contrast-enhancing lesion; EGCG = epigallocatechin-3- gallate; PBVC = percent brain volume change.
Data are mean (SD), number (%). e(exact) Mann-Whitney test, fFisher exact test.
a Data available for 53 patients in the EGCG group and 51 in the placebo group.
b Data available for 50 patients in the EGCG group and 51 in the placebo group.
c Data available for 42 patients in the EGCG group and 45 in the placebo group.
d Data available for 42 patients in the EGCG group and 42 in the placebo group.
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EGCG was reported to be as long as 5.2 hours, and levels were
detectable after repeated administration of 800 mg EGCG once
daily over 10 days.25We therefore concluded that 400mg EGCG
twice daily would be sufficient to yield measurable plasma levels
even after overnight fasting. However, we have learned from our
data that plasma levels of EGCG are extremely variable between
individuals even under standardized conditions. Although a
dosage of 600 mg EGCG daily improved muscle metabolism in
patients with MS,26 oral ingestion of 400 mg EGCG twice daily
may not have been sufficient to exert biological effects in theCNS
in all patients due to insufficient plasma levels. This may be 1
potential explanation for the negative outcome of this study.
Recently, the bioavailability of orally administered EGCG was
called into question,27 which is however in contradiction to an
earlier pharmacokinetic study reporting a high absorption rate of
oral EGCG in the fasting state.25

Another putative cause for not meeting the efficacy end points
could lie in the add-on study design. A placebo-controlled
EGCG-only trial would have been considered unethical and
would not be approved by the competent authorities. Thus,
we had to choose an add-on approach to an approved im-
munomodulatory drug. For reasons of safety, we selected GA
because we considered this compound to be the least prob-
lematic in terms of potential unfavorable drug interactions, in
particular as hepatotoxicity had been discussed as a rare but
potentially severe side effect of green tea dietary supple-
ments.28 Fortunately, we did not face SAEs with our EGCG
dosing regimen and GA combination therapy. This is in

contrast to a small study with Polyphenon E (a GTE com-
pound) in MS that was prematurely terminated due to sig-
nificant hepatotoxicity.29 In our study, only 1 subject dropped
out due to elevated liver enzymes. Maybe EGCG as a pure
substance afflicts metabolic processes of the liver less than
GTE, containing several types of polyphenols and sometimes
small amounts of caffeine in addition.

Furthermore, in the study with Polyphenon E, add-on therapy
with interferon beta was permitted. Hepatotoxicity of this
drug is known and may account partially for the elevation of
liver enzymes reported in this study. Our trial was also safe
regarding other organ-specific side effects and participants
reported good overall tolerability of EGCG.

Immunologic analyses revealed no impact of EGCG on T-cell
responses to GA except when applying very high doses of GA,
suggesting that the study medication did not counteract the
beneficial effects of GA.

In our study cohort, all patients were under stable GA treatment
before administering EGCG, and only about half of the partici-
pants had suffered from a relapse during 12 months before study
inclusion. This is in strong contrast to recent studies on disease-
modifying drugs in MS,30,31 which report a mean of 1.4 relapses
in the previous 12 months, and demonstrates the notable sta-
bility of our study population. It is composed of many patients
with a more benign course of MS who had a median EDSS of
2.0 at study entry after 8–9 years of disease, making it even more
difficult to observe a therapeutic effect in such patients.

As both study groups (GA + EGCG and GA + placebo) also
hardly suffered from disease activity during the trial, the ab-
sence of disease dynamics made it impossible to detect an
effect of the intervention.

Overestimation of the treatment effect calculating the sample
size might also account for the difficulties in demonstrating
mild additive or synergistic effects of EGCG.

With the given data, the power is only 7% in the ITT pop-
ulation to detect the difference of percentages of patients
without new T2w lesions between verum and placebo at the
end of the study. This figure is very revealing: the small dif-
ference of percentages of patients without new T2w lesions
between treatment groups in our cohort (31.9% vs 39.1%) can
only be detected with 719 patients per group, assuming a
power of 80% and a type 1 error (α) of 5% (two-sided).

These numbers seem very high for a clinical trial, but they are
in the order of size of the phase III studies of the substances
teriflunomide (TEMSO n = 1,088, TOWER n = 1,169)30,32

and dimethyl fumarate (DEFINE n = 1,237, CONFIRM
n = 1,430),30,33 which are now approved for the treatment of
MS. The power considerations keep open the possibility of
exploring, with an appropriate study design, whether the
disease course of MS (at least in terms of T2 lesion load) can

Figure 2 T2w and T1w Hypointense Lesion Volumes

Mean change over time of volume (A) T2w lesion load (B) T1w hypointense
lesion. EGCG = epigallocatechin-3-gallate.
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be influenced by EGCG. Although the subgroup analyses only
showed a statistical trend because of the small number of cases
in the subgroups, it could be speculated with caution that
patients with MS without relapse activity and a low cerebral
lesion load could benefit from EGCG treatment.

Despite experimental evidence of anti-inflammatory and neu-
roprotective properties of EGCG,9 in the human setting, its
neuroprotective capacities may outweigh. There is growing ev-
idence from several case-controlled and cohort studies in North
America, Europe, and Asia that consumption of tea lowers the
risk of neurodegenerative disease like Alzheimer and Parkinson
disease.34 However, a recently published phase III controlled
clinical trial in multiple system atrophy could not reveal an as-
sociation with clinically relevant disease modification compared
with placebo,35 despite—also in this case—promising basic
science and animal experimental data.36 Also the evaluation of
PBVC—a marker for brain atrophy—in our study could not
prove an effect of EGCG on neurodegeneration within 18
months. Even with a significant extension of the study period to
36 months, no relevant effect of EGCG on the atrophy rate
could be demonstrated in progressive MS.37

Recent studies reported beneficial effects of orally applied
EGCG on cognitive functions in combination with cognitive
training in patients with Down syndrome and fragile X

syndrome.38,39 In our study, we assessed for the screening of
cognitive function the PASAT testing calculation ability, auditory
information processing speed, and flexibility. We could not reveal
a positive effect of EGCG on this secondary end point. Though,
our progressive MS study has provided suggestion that EGCG
may have a positive effect on the test performance in PASAT.37 As
cognitive decline in MS is an overwhelming and up to now un-
solved problem, the effect of EGCGon improvement of cognitive
function in MS should be investigated in a more sophisticated
approach.

EGCG at a dose of up to 800mg daily was safe and well tolerated
in patients with RRMS when given as add-on to GA over 18
months. However, no effect on MRI or clinical measures of
disease activity could be demonstrated. Possible explanations
include an underestimation of effect size in sample size calculation
and insufficient EGCG dosage. Given that recent studies repor-
ted beneficial effects on cognitive functions, further investigation
of EGCG in MS focused on these aspects may be warranted.
Future studies should use optimized dose regimens or newer
formulations of EGCG that increase bioavailability and offer an
improved safety profile, in particular with regard to liver toxicity.

Acknowledgment
The authors are very grateful to all our patients who
participated in this trial. They thank Michael Scheel, Susan

Table 3 Clinical Outcome Parameters

GA + EGCG (n = 62) GA + placebo (n = 60) p Value

EDSS

Month 18 2.2 (1.3) 2.40 (1.4) 0.727b

Change from baseline 0.14 (0.62) −0.01 (0.74) 0.312b

Multiple Sclerosis Functional Composite (z-score)a

Month 18 0.34 (0.72) 0.40 (0.56) 0.931b

Change from baseline −0.25 (0.42) −0.26 (0.32) 0.772b

Paced Auditory Serial Addition Test (z-score)a

Month 18 0.42 (0.85) 0.53 (0.64) 0.536b

Change from baseline 0.46 (0.73) 0.38 (0.59) 0.705b

9-Hole Peg Test (z-score)

Month 18 0.55 (0.95) 0.47 (1.01) 0.409b

Change from baseline 0.39 (0.55) 0.45 (0.53) 0.701b

Timed 25-Foot Walk Test (z-score)

Month 18 0.01 (0.95) 0.20 (0.51) 0.337b

Change from baseline −0.16 (0.42) 0.01 (0.57) 0.210b

ARR

Month 18 0.47 (0.73) 0.50 (0.76) 0.954b

Abbreviations: ARR = annualized relapse rate; EGCG = epigallocatechin-3-gallate; EDSS = Expanded Disability Status Scale; GA = glatiramer acetate.
Data are mean (SD). b(exact) Mann-Whitney test.
a Data available for 61 patients in the EGCG group and 59 patients in the placebo group.

8 Neurology: Neuroimmunology & Neuroinflammation | Volume 8, Number 3 | May 2021 Neurology.org/NN

http://neurology.org/nn


Pikol, and Cynthia Kraut for technical MRI assistance as well
as Bibiane Seeger for laboratory measurements. They are
thankful to Taiyo International for providing us with the
investigational product (Sunphenon® powder) free of charge
and the foundation Artur Einstein Stiftung for donations to
support the trial.

Study Funding
The study was partially funded by Taiyo International that
supplied the study medication, by donations of the Artur
Einstein Stiftung and by TEVA GmbH as well as by the
German Research Council (DFG Exc 257 to F.Z. and F.P.,
CRC-TR 128 to S.G.). The sponsor of the study was
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and nonfinancial support from Bayer HealthCare, Novartis,
Merck, Genzyme, and Biogen and personal fees from Roche,
outside the submitted work. C. Infante-Duarte, E. Heidrich,
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Abstract
Objective
To examine acute (single-bout) and training effects of high-intensity interval training (HIIT) vs
standard exercise therapy (moderate continuous training [MCT]) on plasma neurofilament
light chain (pNfL) and kynurenine (KYN) pathway of tryptophan degradation metabolites in
persons with multiple sclerosis (pwMS).

Methods
Sixty-nine pwMS (Expanded Disability Status Scale score 3.0–6.0) were randomly assigned to a
HIIT or an MCT group. Changes in pNfL and KYN pathway metabolites measured in blood
plasma were assessed before, after, and 3 hours after the first training session as well as after the
3-week training intervention.

Results
Acute exercise reduced pNfL and increased the KYN pathway flux toward the neuroprotective
kynurenic acid (KA). Changes in pNfL correlated positively with changes in KA and negatively
with the quinolinic acid-to-KA ratio. HIIT consistently led to greater effects than MCT.
Following the 3-week training intervention, the KYN pathway was activated in HIIT compared
with MCT.

Conclusion
Future studies and clinical assessments of pNfL should consider acute exercise as confounding
factor for measurement reliability. Moreover, exercise-induced KYN pathway rerouting might
mediate neuroprotection, potentially underlying the benefits in rehabilitation for pwMS.

Classification of Evidence
This study provides Class II evidence that acute HIIT diminishes pNfL and increases KA levels,
and 3 weeks of HIIT activate the KYN pathway in pwMS.
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Plasma neurofilament light chain (pNfL) has become an in-
tegrative biomarker of neurodegeneration in persons with
multiple sclerosis (pwMS). Higher levels reflect axonal loss
and correlate with acute inflammation and disability pro-
gression.1 The pNfL level is associated with various disease
specific clinical and MRI-related outcomes such as acute re-
lapses, T2 lesion load, or future brain atrophy.2,3

The kynurenine (KYN) pathway of tryptophan (TRP) deg-
radation is involved in different neuroinflammatory and
neurodegenerative processes.4 In pwMS, the KYN pathway is
deregulated and has recently attracted extensive attention as
therapeutic target.5 Persistent overactivations of the KYN
pathway are indicated by an elevated KYN/TRP ratio com-
pared with healthy controls.6

Recently, 2 studies uncovered a relationship between NfL and
the KYN pathway in the context of neurodegeneration. In a
cohort of older adults, pNfL levels were positively associated
with several KYN pathway metabolites.7 In pwMS, NfL levels
correlated positively with the neurotoxic KYN pathway me-
tabolite quinolinic acid (QA) in the CSF.8

Physical exercise alleviates various symptoms in pwMS, and
disease-modifying effects are discussed.9 Especially concerning
physical fitness and disease-associated biomarkers, high-intensity
interval training (HIIT) leads to greater improvements than
classical moderate continuous training (MCT).10–12 A better
understanding of exercise-induced mechanisms would improve
our understanding of disease-modifying effects and help to de-
velop targeted exercise recommendations for pwMS.

Here, we (1) investigate the influence of exercise on pNfL in
pwMS and (2) shed light on the association between exercise-
induced alterations of the KYN pathway and pNfL.

Methods
This study is a secondary analysis of a prospective single-blind
randomized controlled trial that was conducted in the inpatient
rehabilitation clinic Valens (Switzerland).13 The study was ap-
proved by the regional ethics committee (EKOS18/96;
Project-ID: 2018–01378) and registered at ClinicalTrials.gov
(NCT03652519; August 29, 2018).Written informed consentwas
obtained from all participating patients. Detailed information on
eligibility criteria can be depicted elsewhere.13 Briefly, the inclusion
criteria comprised a definite diagnosis of MS, age >21 years, a
relapsing-remitting or secondary progressive MS phenotype, and

an Expanded Disability Status Scale (EDSS) score between 3 and
6. Main exclusion criteria were concomitant diseases, pregnancy,
alcohol or drug abuse, and a second participation in this in-
vestigation. In total, 69 pwMS with either relapsing-remitting (n =
42) or secondary progressive (n = 27) phenotype and a mean ±
SD EDSS score of 4.51 ± 1.06 were included. Participant baseline
characteristics are shown in table 1. Baseline cognitive performance
of participants was assessed using the Brief International Cognitive
Assessment inMultiple Sclerosis14 to verify an association between
baseline pNfL levels and a clinical outcomewithin our sample. The
assessment of cognitive performance was conducted within 24
hours after the baseline blood sample collection.

Participants were randomized with concealed allocation in ei-
ther a HIIT or a MCT (standard therapy) group using physical
fitness, EDSS score, age, and fatigue as stratification factors.

Groups and Interventions
Participants of both groups conducted a 3-week training in-
tervention during inpatient rehabilitation with 3 exercise
sessions per week. The individual exercise intensity was cal-
culated based on the maximum heart rate achieved in an
incremental exercise test until symptom-limited exhaustion
before the intervention. Each session in both groups included
a warm-up and cool-down period of 3 minutes. Although the
participants of the MCT group exercised continuously for 24
minutes at an intensity of 65% of the maximum heart rate, the
participants of the HIIT group conducted 5 high-intensity
intervals of 1.5 minutes at 95%–100% of their maximum heart
rate with 2 minutes of unloaded pedaling in between.

Outcomes and Assessments
To investigate acute (single-bout) and training (3-week in-
tervention) effects, blood samples were collected immediately
before (t0), immediately after (t1), and 3 hours after the first
exercise session (t2) as well as after the training intervention
(t3). At t0 and t3, blood samples were collected in a resting
condition, without any amount of cardiorespiratory arousal due
to exercise in the past 24 hours. Blood samples were taken
between 8 and 9 AM. Participants were told to refrain from any
nutritional intake before blood samples were collected.

After blood samples were drawn from the medial cubital vein
in a supine position, samples were rested at room temperature
for 10 minutes for clotting. Subsequently, samples were
centrifuged at 3,500 rpm for 10 minutes. Plasma samples were
aliquoted and stored at −80°C until further analyses. All
outcome assessors were blinded to clinical data and in-
tervention group allocation.

Glossary
CV = coefficient of variation; EDSS = Expanded Disability Status Scale; HIIT = high-intensity interval training; HPLC-MS/
MS = high-performance liquid chromatography–tandemmass spectrometry; IL-6 = interleukin-6;KA = kynurenic acid;KYN =
kynurenine;MCT = moderate continuous training; pNfL = plasma neurofilament light chain; pwMS = persons with multiple
sclerosis; QA = quinolinic acid; TRP = tryptophan.
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pNfL Assessment
As described for serummeasurements,15,16 the pNfL level was
determined by means of a SiMoA HD-1 device (Quanterix,
Billerica, MA) using NF-Light Advantage Kits (Quanterix) of
a single LOT according to the manufacturer’s instructions.
Although both the samples and the remaining kit components
were allowed to come to room temperature, resorufin-β-D-
galactopyranoside was incubated at 33°C for 60 minutes.
Samples were then vortexed and centrifuged for 5 minutes at
10,000g. Finally, all samples were measured in duplicates, and
the coefficient of variation (CV, as a percentage) was obtained
by dividing the SD by the mean value of both replicates
multiplied by 100. Samples with a sample CV above 20% (or
missing replicate result) were measured a second time. The
mean intra-assay CV was 7.3%. Run-to-run variation was
monitored by adding duplicates of the same 2 low and high
controls, consisting of recombinant human NfL antigen, to
each sample run. The mean levels over all runs were 3.0 pg/
mL for the low control and 137.9 pg/mL for the high control
with interassay CVs of 4.4% and 1.5%, respectively.

Assessment of KYN Pathway Metabolites
Plasma concentration of TRP, KYN, kynurenic acid (KA),
and QA was assessed using high-performance liquid
chromatography–tandem mass spectrometry (HPLC-MS/

MS) according to previously published protocols17,18 after
precipitation of plasma proteins. To provide information on
the KYN pathway regulation, the ratios of KYN/TRP, KA/
KYN, QA/KYN, and QA/KA were calculated and defined as
outcomes. Detailed information on HPLC-MS/MS is pro-
vided in supplement 1 (links.lww.com/NXI/A455).

Assessment of Interleukin-6
Plasma levels of interleukin-6 (IL-6) were assessed using ELISA
(Human IL-6 Quantikine HS ELISA Kit, R&D Systems). Anal-
ysis was conducted according to the manufacturer’s instructions.
Levels of IL-6 were additionally assessed to consider an in-
flammatorymarker that is relevant as KYNpathwaymediator and
myokine, which is known to be influenced by physical exercise.

Statistical Analyses
Correlation coefficients were calculated to examine potential
baseline associations between pNfL and cognitive performance
as well as between IL-6, pNfL, and KYN pathway outcomes. To
evaluate acute within- and between-group effects, baseline-
and IL-6-adjusted analysis of covariance models with re-
peated measures was performed. Sphericity was checked and
adjusted using Greenhouse-Geisser correction if necessary.
In case of significant main effects, Bonferroni-corrected post
hoc comparisons were applied. Based on the observed acute

Table 1 Participant Baseline Characteristics

HIIT (n = 35) MCT (n = 34) Overall (n = 69)

Sex (F/M) 24/11 19/15 43/26

Age (y) 50.89 (10.31) 49.65 (10.04) 50.28 (10.12)

Height (cm) 170.94 (8.57) 171.79 (7.56) 171.19 (8.15)

Weight (kg) 73.85 (14.60) 74.90 (16.30) 74.37 (15.36)

BMI (kg·m22) 25.28 (4.09) 25.26 (4.76) 25.27 (4.40)

EDSS score 4.44 (1.06) 4.59 (1.08) 4.51 (1.06)

MS phenotype (RRMS/SPMS) 21/14 21/13 42/27

Time since diagnosis (y) 14.8 (8.26) 12.24 (7.5) 13.54 (7.94)

DMT (yes/no) (%) 78.8/24.2 81.8/18.2 79.1/20.9

Years since last relapse (y) 5.32 (4.59) 4.53 (3.03) 4.95 (3.92)

VO2peak (mL·min21) 1,416.06 (448.71) 1,405.79 (402.17) 1,411.00 (423.31)

VO2peak (mL·kg 21·min21) 19.30 (5.64) 19.09 (5.13) 19.20 (5.36)

Wattmax (W) 98.91 (39.82) 96 (32.23) 97.48 (36.04)

Wattrel (W·kg21) 1.36 (0.55) 1.31 (0.45) 1.34 (0.50)

SDMT (points) 44.14 (10.30) 42.88 (14.07) 43.53 (12.20)

VLMT (total score. points) 52.43 (8.74) 51.73 (11.71) 52.09 (10.22)

BVMT-R (total score. points) 21.03 (7.33) 19.55 (7.67) 20.31 (7.48)

Abbreviations:BMI= bodymass index;BVMT-R=BriefVisuospatialMemoryTest–Revised;DMT=disease-modifying treatment;EDSS= ExpandedDisabilityStatusScale;HIIT
= high-intensity interval training;MCT=moderate continuous training; RRMS= relapsing-remittingMS; SDMT= SymbolDigitModalities Test, SPMS= secondaryprogressive
MS; VLMT = verbal learning memory test; VO2peak = peak oxygen uptake; Wattmax = peak power output; Wattrel = relative (referring to bodyweight) peak power output.
Values are presented as mean (SD).
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effects on pNfL and the neuroprotective KYN pathway
branch toward KA, we performed delta correlations sub-
sequently. To evaluate training effects, postintervention
values were compared between groups in univariate base-
line- and IL-6 adjusted analysis of covariance models. Out-
liers defined as >3 SD were excluded before analyses. Level
of significance was set at p ≤ 0.05. Statistical analyses were
conducted using SPSS 26 (IBM, Armonk, NY).

Data Availability
Data from this study are available from the authors on rea-
sonable request.

Results
Baseline Associations Between pNfL Levels,
Cognitive Performance, and KYN
Pathway Outcomes
Baseline correlations indicated negative associations between
pNfL and processing speed (Symbol Digit Modalities Test)
(r = −0.298; p = 0.015) as well as visuospatial memory (Brief
Visuospatial Memory Test–Revised) (r = −0.260, p = 0.035),
whereas the association between pNfL and verbal learning
(Verbal Learning and Memory Test) did not reach statistical
significance (figure 1).

Table 2 Baseline Correlations Between IL-6, pNfL, and KYN Pathway Outcomes

Graphic representation of Spearman’s correlation coefficient.
Abbreviations: IL-6 = interleukin-6; KA = kynurenic acid; KA/KYN = kynurenic acid-to-kynurenine ratio; KYN = kynurenine; KYN/TRP = kynurenine-to-tryptophan
ratio; pNfL = plasma neurofilament light chain; QA = quinolinic acid; QA/KA = quinolinic acid-to-kynurenic acid ratio; QA/KYN = quinolinic acid-to-kynurenine
ratio; TRP = tryptophan.
*p ≤ 0.05; **p ≤ 0.01.

Figure 1 Baseline Correlations (Spearman Coefficient) Between Cognitive Performance and pNfL Levels

(A) Correlationbetweenprocessing speedandpNfL levels. (B) Correlationbetween verbal learning andpNfL levels. (C) visuospatialmemoryandpNfL levels. BVMT-R =
Brief Visuospatial Memory Test–Revised; pNfL = plasma neurofilament light chain; SDMT = Symbol Digit Modalities Test; VLMT = Verbal Learning andMemory Test.
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Levels of IL-6 correlated positively with KYN (r = 0.312; p =
0.011), KYN/TRP ratio (r = 0.306; p = 0.013), and QA (r =
0.336; p = 0.006). A negative correlation between pNfL and
the KA/KYN ratio (r = −0.271; p = 0.029) was observed,
whereas pNfL correlated positively with the QA/KA ratio (r =
0.256; p = 0.040). Baseline correlations between IL-6, pNfL,
and KYN pathway outcomes are illustrated in table 2.

Acute Effects of HIIT Versus MCT on pNfL and
KYN Pathway Outcomes
Levels of pNfL decreased within MCT from baseline to im-
mediately postexercise (p < 0.001; CI [−0.940 to −0.237])
and subsequently increased to 3 hours postexercise (p =
0.022; CI [0.104–1.711]). pNfL decreased from baseline to
immediately postexercise (p < 0.001; CI [−1.555 to −0.830])
and 3 hours postexercise (p = 0.009; CI [−1,961 to −0.219])
within HIIT. A significant interaction effect between the
groups was observed at both measurement time points,

immediately postexercise (p = 0.005; CI [−1.015 to −0.193)
and 3 hours postexercise (p = 0.006; CI [−2.396 to −0.422]),
with lower pNfL levels in HIIT compared with MCT.

The acute bout of exercise led to an increase in IL-6 within
MCT from baseline to 3 hours postexercise (p < 0.001; 95%
CI [0.290–1.008]) and from immediately postexercise to 3
hours postexercise (p = 0.001; CI [0.197–0.964]). Within
HIIT, IL-6 increased from baseline to 3 hours postexercise (p
= 0.029; CI [0.030–0.748]). No interaction effect between
groups was observed.

Levels of TRP decreased within MCT from baseline to 3
hours postexercise (p = 0.006; CI [−1.933 to −00.262]).
Within HIIT, TRP decreased from baseline to immediately
postexercise (p = 0.048; CI [−1.230 to −0.004]) as well as to 3
hours postexercise (p = 0.019; CI [−1.822 to −0.126]). No
interaction effects were observed for TRP. Levels of KYN

Figure 2 Acute Kinetics of pNfL (A), IL-6 (B), and KYN Pathway Outcomes (C-J) Between High-Intensity Interval Training vs
Moderate Continuous Training

Data shown as baseline- and IL-6–adjusted outcome kinetics (mean ± SEM) separated by intervention groups. #Significant between-group effect. IL-6 =
interleukin-6; KA = kynurenic acid; KA/KYN = kynurenic acid-to-kynurenine ratio; KYN = kynurenine; KYN/TRP = kynurenine-to-tryptophan ratio; pNfL = plasma
neurofilament light chain; QA = quinolinic acid; QA/KA = quinolinic acid-to-kynurenic acid ratio; QA/KYN =quinolinic acid-to-kynurenine ratio; t0 = baseline; t1 =
immediately postexercise; t2 = 3 hours postexercise; TRP = tryptophan.
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decreased from baseline to 3 hours postexercise within
MCT (p = 0.031; CI [−42.133 to −1.483]) as well as within
HIIT (p = 0.044; CI [−40.425 to −0.401]), but no effects
between the groups were observed. Regarding KYN/TRP
ratio, QA, and QA/KYN ratio, neither significant within-
nor between-group effects were observed. Levels of KA
decreased within MCT from baseline to 3 hours post-
exercise (p = 0.014; CI [−1.600 to −0.143]) as well as from
immediately postexercise to 3 hours postexercise (p =
0.010; CI [−1.603 to −0.171]). Within HIIT, KA increased
from baseline to immediately postexercise (p = 0.001; CI
[0.273–1.230]). Between-group differences were observed
immediately postexercise (p = 0.009; CI [−0.1.281 to
−0.190]) and 3 hours hours postexercise (p = 0.024; CI
[−1.820 to −0.133), with greater KA levels in HIIT than in
MCT. The KA/KYN ratio increased within HIIT from
baseline to immediately postexercise (p = 0.002; CI
[0.001–0.004]), whereas no other significant effects within
or between the groups were detected. The QA/KA ratio
increased significantly in MCT from baseline to 3 hours
postexercise (p = 0.035; CI [0.074–2.613]) as well as from
postexercise to 3 hours postexercise (p = 0.024; CI
[0.137–2.590]). Within HIIT, the QA/KA ratio decreased
from baseline to immediately postexercise (p = 0.004; CI
[−1.881 to −0.285]) and subsequently increased to 3 hours
postexercise (p = 0.049; CI [0.002–2.535]). No between-
group effects for the QA/KA ratio were observed. Acute
kinetics of HIIT vs MCT on IL-6, pNfL, and KYN pathway
outcomes are shown in figure 2.

Correlations of Acute Changes in pNfL and the
KYN Pathway Toward KA
Delta correlations (table 3) of acute exercise-induced alter-
ations indicated a negative association between the changes in
KA (r = −0.254; p = 0.043) and the KA/KYN ratio (r =
−0.264; p = 0.037) from baseline to immediately postexercise
and changes in pNfL from baseline to 3 hours postexercise.
Moreover, positive correlations between the change in pNfL
from baseline to 3 hours postexercise and changes in the QA/

KA ratio (Δ t1-t0 r = 0.412; p = 0.001 and Δ t2-t0 r = 0.304; p =
0.016) were revealed.

Training Effects on pNfL Levels and KYN
Pathway Outcomes
Concerning training effects, a significant difference be-
tween HIIT and MCT was observed following the 3-week
intervention period (figure 3). The KYN/TRP ratio was
significantly greater in HIIT compared with MCT (p =
0.032). No significant training effects were observed for
pNfL, IL-6, TRP, KYN, QA, KA, QA/KYN ratio, KA/KYN
ratio, and QA/KA ratio. Detailed analysis of covariance
results for both acute and training effects are reported
in supplement 2 (links.lww.com/NXI/A456). Raw data
shown as mean ± SD are provided in supplement 3 (links.
lww.com/NXI/A457).

Classification of Evidence
This secondary investigation was designed to examine acute
and training effects of HIIT as the intervention of interest
compared with standard exercise therapy on pNfL levels and
KYN pathway metabolites in moderately disabled pwMS. In
addition, we exploratory investigated a potential association
between changes in pNfL levels and changes in the KYN
pathway flux toward the neuroprotective KA.

This randomized controlled clinical interventional trial provides
class II evidence that acute HIIT diminishes pNfL and increases
themetabolic flux of theKYNpathway towardKA.Moreover, this
study provides Class II evidence that a 3-week HIIT intervention
increases the KYN/TRP ratio as marker of KYN pathway acti-
vation compared with standard exercise therapy in pwMS.

Discussion
Here, we showed that acute exercise reduces pNfL levels in
pwMS in an intensity-dependent manner. This pNfL re-
duction is associated with KYN pathway rerouting toward the
neuroprotective and immunosuppressive metabolite KA.

Table 3 Delta Correlations Between Acute Changes in pNfL (t2-t0) and in KYN Pathway Outcomes Toward Kynurenic Acid

Graphic representation of Spearman’s correlation coefficient.
Abbreviations: Δ = delta; IL-6 = interleukin-6; KA = kynurenic acid; KA/KYN = kynurenic acid-to-kynurenine ratio; pNfL = plasma neurofilament light chain; QA/
KA = quinolinic acid-to-kynurenic acid ratio; t0 = baseline; t1 = immediately postexercise; t2 = 3 hours postexercise.
*p ≤ 0.05; **p ≤ 0.01.
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Baseline pNfL levels correlated negatively with participants’
cognitive performance, underlining the integrative nature and
clinical relevance of pNfL as peripheral blood biomarker in
pwMS. Baseline pNfL levels were also associated with KYN
pathway parameters. Although the KA/KYN ratio correlated
negatively, the QA/KA ratio correlated positively with pNfL
levels. This observation fits into the literature that attributes KA
as neuroprotective and QA as neurotoxic agent of the KYN
pathway, respectively.19 Furthermore, we showed consistent
baseline correlations between IL-6 levels and KYN pathway
activation as well as between IL-6 and QA. These associations
indicate a link between the inflammatory state and KYN
pathway activation toward QA within this sample of pwMS.

The results show that both acute HIIT and MCT reduce
pNfL levels, but HIIT induces a greater reduction compared
with MCT. Levels of pNfL were still decreased 3 hours after
exercise completion in HIIT suggesting a more sustainable
effect. Further mechanistic investigations focusing on the
neuroprotective effects of single exercise bouts as reflected by

the decrease in pNfL following acute exercise in pwMS are
highly warranted to improve our knowledge about how
exercise-induced benefits on symptoms and clinical outcomes
in neurodegenerative diseases are achieved. Moreover, future
clinical trials as well as routine assessments of pNfL should
consider acute physical exercise as confounding factor for
measurement reliability.

Regarding acute effects on the KYN pathway, we observed a
catabolic shift in favor of the end product KA that is in line
with previous investigations in other populations.17 Greater
effects of acute exercise on KA levels were observed in HIIT
compared with MCT at both postexercise measurement time
points. This finding confirms the results of previous studies in
both animals and humans showing an elevated KAT expres-
sion in skeletal muscle and immune cells.17,20 An increase in
KA is possibly not only important for neuroprotective prop-
erties within the CNS but also concerning its immunomod-
ulatory effects. KA represents a well-described endogenous
aryl hydrocarbon receptor (AhR) ligand, which mediates the

Figure 3 Training Effects of High-Intensity Interval Training vs Moderate Continuous Training on pNfL (A), IL-6 (B), and KYN
Pathway Outcomes (C-J)

Data shown as postexercise intervention values (t3) separated by intervention groups. Illustrated significance is based on baseline- and IL-6–adjusted
ANCOVA results. ANCOVA = analysis of covariance; IL-6 = interleukin-6; KA = kynurenic acid; KA/KYN = kynurenic acid-to-kynurenine ratio; KYN = kynurenine;
KYN/TRP = kynurenine-to-tryptophan ratio; pNfL = plasmaneurofilament light chain; QA = quinolinic acid; QA/KA = quinolinic acid-to-kynurenic acid ratio; QA/
KYN = quinolinic acid-to-kynurenine ratio; TRP = tryptophan.
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differentiation of naive CD4+ T-helper cells to immunosup-
pressive regulatory T cells following ligand-dependent acti-
vation.21 This increased AhR ligand availability in blood
plasma provides the foundation for upcoming trials.

Furthermore, the acute exercise-induced changes in KA and in
pNfL were associated negatively. We also observed a positive
association between changes in pNfL and in the QA/KA ratio.
These findings suggest the hypothesis that the short-term
increase in KA and consequently the shift of the QA/KA
balance leads to neuroprotection as reflected by the reduction
in pNfL levels (figure 4).

In contrast to profound acute effects on pNfL and the KYN
pathway flux toward KA, solely one significant alteration fol-
lowing the training period was observed. Compared withMCT,
an elevated KYN/TRP ratio as parameter of initial KYN path-
way activation was detected in HIIT that is in line with results
from a previous study.22 A recent EAE mouse model revealed
that peripheral IDO boosting for the purpose of KYN pathway
activation provokes dendritic cells within lymphatic tissue to
suppress the generation of myelin oligodendrocyte glycoprotein
(MOG) T cells, which induce neuronal damage.23 Aside from
MOG T cells, evidence indicates that increased IDO activity
enhances the differentiation of regulatory T cells,24 suppressing
immune overactivation inMS. Although only an elevated KYN/

TRP ratio was observed following the HIIT intervention, this
finding further suggests disease-modifying properties of exercise
in pwMS and encourages future research to uncover the men-
tioned neuroimmunologic consequences. However, consider-
ing the acute decreases in pNfL levels after HIIT, a reduction
following the training intervention remains absent, which is in
line with studies investigating the effect of exercise or multi-
modal rehabilitation on serum NfL levels in other neurologic
disorders.25,26 Further mechanistic research focusing on the
interaction between acute and longer-term training effects on
pNfL is needed to understand why pwMS benefit from physical
exercise and whether chronic exercise training leads to an alle-
viation in disease progression.

Although the observed persistent acute decrease in pNfL
suggests a chronic reduction following repetitive acute exer-
cise bouts, no training effects on pNfL levels were detected.
Nevertheless, 2 major methodological aspects need to be
considered. First, the 3-week intervention is very short to
assess training effects. A longer intervention period is possibly
necessary to reach a chronic reduction in pNfL. However,
inpatient rehabilitation usually does not last longer than 4
weeks for pwMS, leading to the question whether this time
span is sufficient for conspicuous improvements. Second, we
did not include a passive control group due to ethical reasons.
In addition, regarding acute effects, we did not compare the

Figure 4 Theoretical Hypothesis Based on the Current Results

(A) Interaction of chronic inflammatory conditions inMS, the KYN pathway, and neurodegeneration assessed by pNfL levels. (B) Exercise-induced rerouting of
the KYN pathway toward KA leads to reductions in pNfL levels. KA = kynurenic acid; KYN = kynurenine; pNfL = plasma neurofilament light chain; QA =
quinolinic acid; TRP = tryptophan.
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results with a passive resting group, yet it needs to be taken
into account that the present results even show superior ef-
fects of HIIT compared with the standard exercise therapy.
Both groups exercised 3×/week, and only the exercise mo-
dalities differed. The importance of higher intensities is
underlined by the reported acute effects and supports findings
of earlier investigations.11,12

The investigation of the KYN metabolites in peripheral blood
provides knowledge about the systemic balance of the KYN
pathway and the availability of neuroactive metabolites for the
CNS. Nonetheless, the conclusions drawn on neuromodulatory
properties remain speculative because KYNpathwaymetabolites
were not assessed in the CSF. However, consistent correlations
between CSF and plasma/serum levels of KYN pathway me-
tabolites have been reported,6 and, even more importantly, we
revealed correlations between the neuroprotective KYN path-
way branch toward KA and pNfL levels as marker of neuronal
damage.

Acute exercise diminishes pNfL levels in pwMS, indicating a
potential alleviation in ongoing neurodegeneration. Clinicians
and researchers should consider acute physical exercise as
confounding factor for the assessment of pNfL levels. Exercise-
mediated KYN pathway rerouting toward KA as end product is
associated with pNfL reductions and might be responsible for
neuroprotective effects. Overall, HIIT leads to greater re-
sponses than MCT, emphasizing the importance of higher
exercise intensities when exercising with pwMS. Future studies
are needed to profoundly address this promising mechanistic
link between neuroprotective properties, neuroinflammation,
and exercise in pwMS and other neurodegenerative disorders.
Finally, the consequences of repetitively occurring exercise-
induced acute effects on pNfL levels and KYN pathway
regulation require further research approaches that consider
additional (intracellular) biomarkers of physical stress. The
KYN/TRP upregulation following 3 weeks of HIIT suggests
disease-counterregulatory properties of exercise on immune
homeostasis, which remains to be investigated.
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2018); Grenzen überschreiten (GRENZ-JB/18-007); Blu-
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Abstract
Objective
To define the role played by microglia in different stages of Huntington disease (HD), we used
the TSPO radioligand [11C]-ER176 and PET to evaluate microglial activation in relation to
neurodegeneration and in relation to the clinical features seen at premanifest and manifest
stages of the disease.

Methods
This is a cross-sectional study in which 18 subjects (6 controls, 6 premanifest, and 6 manifest
HD gene carriers) underwent a [11C]-ER176 PET scan and an MRI for anatomic localization.
Segmentation of regions of interest (ROIs) was performed, and group differences in [11C]-
ER176 binding (used to evaluate the extent of microglial activation) were assessed by the
standardized uptake value ratio (SUVR). Microglial activation was correlated with ROIs vol-
umes, disease burden, and the scores obtained in the clinical scales. As an exploratory aim, we
evaluated the dynamic functions of microglia in vitro, by using induced microglia-like (iMG)
cells from peripheral blood monocytes.

Results
Individuals with manifest HD present higher [11C]-ER176 SUVR in both globi pallidi and
putamina in comparison with controls. No differences were observed when we compared
premanifest HD with controls or with manifest HD. We also found a significant correlation
between increased microglial activation and cumulative disease burden, and with reduced
volumes. iMG from controls, premanifest HD, and manifest HD patients showed similar
phagocytic capacity.

Conclusions
Altogether, our data demonstrate that microglial activation is involved in HD pathophysiology
and is associated with disease progression.
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Huntington disease (HD) is an autosomal dominant disease
caused by a trinucleotide (CAG) repeat expansion in the
huntingtin gene (HTT).1 The toxic gain of function of the
expanded mutant huntingtin protein (HTT) seems to be the
key event involved in the progressive neuronal dysfunction
and neuronal loss, particularly in the striatum and cortex. As a
result, individuals with HD classically present with motor
dysfunction, cognitive decline, and behavioral disorders.2 Al-
though the cause of HD is well established, the mechanisms
underlying neuronal dysfunction and death are not com-
pletely understood. Mutant HTT seems to trigger a patho-
genic cascade that includes oxidative stress and immune/
inflammatory mechanisms, which are further stimulated by
neuronal dysfunction/death. Together, these mechanisms
have been regarded as key contributors to the pathophysiol-
ogy of HD.3

Neuroinflammation in HD has been reported since early
postmortem studies, which described reactive astrocytes4,5

and microglial activation6 in brain regions associated with HD
pathogenesis. Inflammatory mechanisms in the CNS are
thought to be initiated as compensatory responses against
misfolded protein oligomers and/or deposits.7 On the other
hand, inflammatory responses can trigger neuronal damage
and thus contribute to disease progression.8 Noteworthy, the
above-mentioned postmortem studies showed that both
microglial activation and reactive astrocytosis grades correlate
with disease severity.4-6 These results motivated studies to
evaluate neuroinflammation in HD in vivo. In this regard,
PET neuroimaging studies have focused on evaluating
microglial activation through specific molecular targets in
vivo. Microglial activation imaging is currently performed by
using PET tracers binding to the 18-kDa translocator protein
(TSPO), a mitochondrial protein that is highly expressed in
phagocytic inflammatory cells, including activated microglia
in the brain and macrophages in the periphery.9,10 TSPO is
expressed at very low levels in the CNS, but its levels are
upregulated by activated microglia.10

The prototype isoquinoline ligand for TSPO, [11C]-
PK11195, has been introduced in the field of molecular
brain imaging of microglial activation more than 20 years
ago.9 However, PK11195 shows low specific signal-to-noise
ratios, even in clinical conditions in which microglial activa-
tion is a prominent and well-established feature.11 This limi-
tation motivated the development of alternative TSPO PET
ligands with better signal-to-noise ratios, such as [11C]-

PBR28 and other second-generation ligands.11 However,
other technical issues became evident, mainly the aberrantly
low TSPO binding in some individuals due to the single nu-
cleotide polymorphism rs6971. More recently, a series of
4-phenylquinazoline-2-carboxamides lacking allelic sensitivity
to the human single nucleotide polymorphism rs6971 has
been developed. Noteworthy, [11C]-ER176 (11C-(R)-N-
sec-butyl-4-(2-chlorophenyl)-N-methylquinazoline-2-
carboxamide), a new analog of [11C]-PK11195,12 presents
higher specific binding when compared with most of the
available TSPO binders.13 Although still sensitive to TSPO
polymorphism, ER176 allows the inclusion of low-affinity
binders because of its high in vivo binding potential.14 Of
note, [11C]-ER176 has a higher specific binding and a smaller
intersubject variability compared with [11C]-PBR28, thus
resulting in higher statistical power and requiring fewer sub-
jects for clinical studies. Therefore, [11C]-ER176 should be
preferred over [11C]-PBR28 for TSPO studies in humans.15

To date, 6 studies have used PET neuroimaging with TSPO
binders to evaluate microglial activation in HD. Five studies
used the first-generation TSPO radiotracer [11C]-
PK11195,16-20 and one used the second-generation TSPO
binder, [11C]-PBR28.21 These studies revealed increased
microglial activation in HD gene carriers, which correlated
with disease stage and/or severity of symptoms. The available
findings indicate that microglial activation is involved in HD
pathophysiology and TSPO PET imaging may be a valuable
tool to monitor HD progression and therapeutic efficacy of
drugs targeting neuroinflammation. However, these indica-
tions have yet to be explored. So far, no study has evaluated
the use of the novel TSPO tracer, [11C]-ER176, as a marker
of microglial activation in HD gene carriers. Therefore, the
current study was designed to define the role played by
microglia in different stages of HD by using [11C]-ER176
PET. We evaluated microglial activation in HD gene carriers
in relation to neurodegeneration and in relation to the clinical
features seen at premanifest andmanifest stages of the disease.
As an exploratory aim, we evaluated the dynamic functions of
microglia in vitro, by using induced microglia-like (iMG) cells
from human peripheral blood cells.

Methods
Subjects and Clinical Evaluation
This cross-sectional study included 18 subjects: 6 controls, 6
premanifest, and 6 manifest HD gene carriers. The HTT

Glossary
3D = 3 dimensional; CAP = CAG age product; HD = Huntington disease; IL = interleukin; iMG = induced microglia-like;
IND = Investigational NewDrug Application;MFI =median fluorescence intensity;MMSE =Mini–Mental State Examination;
PBA-s = short version of the Problem Behaviors Assessment; PE = phycoerythrin; ROI = region of interest; SDMT = Symbol
Digit Modalities Test; SUVR = standardized uptake value ratio; TNF = tumor necrosis factor; UHDRS = Unified HD Rating
Scale.
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expansion was confirmed by a genotype larger CAG allele
≥36. A movement disorder specialist evaluated all HD gene
carriers, and the clinical diagnosis of HD was based on the
motor signs certainty, i.e., a Diagnostic Confidence Level of 4
in the Unified HD Rating Scale (UHDRS).2,22 Patients were
recruited from the Huntington Disease Society of America
Center of Excellence at UTHealth. Controls were recruited
from the local community, comprising a group of people with
no history of neurologic or psychiatric disorder. We excluded
individuals who have had infectious or autoimmune diseases
in activity or who have used anti-inflammatories in the 4
weeks before the study; pregnant or breastfeeding women;
and participants with claustrophobia, metal implants in-
compatible with MRI, previous neurosurgery, or current se-
rious comorbidity (e.g., cancer). Participants’ recruitment and
study procedures were performed from July 2018 to January
2019.

HD gene carriers completed the UHDRS22 including the
total motor scale, the total functional capacity, and in-
dependence scales. The cognitive evaluation included the
Mini-Mental State Examination (MMSE),23 the Symbol
Digit Modalities Test (SDMT), the Stroop Interference
Test, and the Verbal fluency test.22 Behavioral symptoms
were assessed with the short version of the Problem Be-
haviors Assessment (PBA-s).24

The CAG age product (CAP) score was used to estimate the
progression of HD pathology as a function of CAG repeat
length and time of exposure to the effects of the expansion.2

The CAP has been defined as:

CAP = AGE × (CAG − L)/K

where AGE is the current age of the individual, CAG is the
repeat length, and L and K are constants. L is an estimate of
the lower limit of the CAG expansion at which phenotypic
expression of the effects of mutant HTT could be observed,
and K is a normalizing constant. We used the CAP proposed
by Warner and Sampaio,25 in which L = 30 and K = 6.27, and
the CAP will be equal to 100 at the subject’s expected age of
motor symptoms onset.

Assessment of Microglial Activation In Vivo
Using PET
Participants received 1 [11C]-ER176 PET scan on a GE Dis-
covery RX PET/CT scanner. Subjects were scanned at rest. An
IV line was placed in the antecubital fossa of the arm. Subjects
were placed supine on the camera table with their head firmly
secured using a thermoplastic facemask. Attenuation correction
CT was performed before PET acquisition. Vital signs were
obtained before administration of [11C]-ER176 and at the end
of the scan. All subjects received a single IV bolus of about 20
mCi of [11C]-ER176 in 10 mL (injected mass dose <10 μg),
and PET data were acquired for 90 minutes. Subjects were
observed during scanning, and no earlier determination was
warranted. Bladder voiding was encouraged to reduce bladder
radiation exposure after PET scanning.

For the purpose of anatomic localization, the participants also
underwent a whole-brain MRI scan on a 3T Phillips Ingenia
scanner using an 8-channel head coil. TheMRI protocol included
a 3-dimensional (3D) T1-weighted sequence magnetization-
prepared gradient echo, repetition time = 8,100 ms, time to echo
= 3.7milliseconds, voxel size 0.94× 0.94 × 1.5mm, and 170 slices.
PET frames were aligned for motion correction, and the regional
time-activity curves were obtained after segmentation with the
automated anatomic labeling–merged atlas implemented in the
PNEURO module of PMOD 3.8 (PMOD Technologies).15

Time-activity curves were averaged from 60 to 90 minutes and
normalized over that of the whole cerebellum (standardized
uptake value ratio [SUVR]), following the methodology de-
scribed by Lyoo et al.26

In terms of analysis, cortical (frontal, cingulate, occipital,
temporal, parietal, and insular cortices) and subcortical
(thalamus, caudate, putamen, pallidum, hippocampus, and
amygdala) regions of interest (ROIs) were selected. Cortical
reconstruction and segmentation of the selected ROIs were
performed with the recon-all pipeline from FreeSurfer v5.3.0
image analysis suite27 on the 3DT1 image. The PET para-
metric map was then registered onto the FreeSurfer processed
T1 image using ITK-SNAP28 in a semiautomatic way. Aver-
aged [11C]-ER176 SUVR and the associated ROI volumes
were then extracted from each ROI using FreeSurfer.

In Vitro Evaluation of the Dynamic Functions
of Microglia
The same individuals subjected to the PET/MRI scans (N =
18, N = 6 individuals per group) were subjected to a blood
drawn. Tenmilliliters of blood were collected by venipuncture
in vacuum tubes containing heparin on the same day of the
PET scan. Monocytes were used to generate iMG cells, as
previously described.29 Briefly, peripheral blood mononuclear
cells were isolated by Ficoll gradient centrifugation and plated
at a density of 4 × 105 cells/mL. After overnight incubation,
nonadherent cells were removed and the adherent cells
(mainly monocytes) were cultured with granulocyte-
macrophage colony-stimulating factor (10 ng/mL) and in-
terleukin (IL)-34 (100 ng/mL) for 14 days to develop iMG
cells. Microglial characterization was evaluated through
morphologic and phenotypical changes observed in the
fluorescence microscopy, using CX3CR1/CCR2 double
staining.

Phagocytosis was examined by fluorescent microscopy and
flow cytometry using the Phagocytosis Assay Kit (Cayman
Chemical, Ann Arbor, MI). At day 14, phycoerythrin (PE)-
conjugated beads were added to the media (1:250) for 24
hours. Cells were observed under the fluorescence micro-
scope and then harvested by nonenzymatic cell dissociation
solution (Sigma-Aldrich, St. Louis, MO) and cell lifter. The
cells were washed and acquired using a BD FACSJazz
cytometer (BD Biosciences, San Jose, CA). Flow cytometry
data were analyzed using FlowJo V10 software (Tree Star,
Ashland, OR).
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Secretion of inflammatory cytokines (tumor necrosis factor
[TNF]-α, IL-6, and IL-1β) during phagocytosis was mea-
sured from culture supernatant using a Multiplex Immuno-
assay, following the manufacturer instructions (Bio-Rad
Laboratories, Hercules, CA). Briefly, the samples and stan-
dards were incubated with magnetic microspheres co-
valently coupled with antibodies directed against the desired

biomarker (i.e., TNFα, IL-1β, and IL-6). After a series of
washes to remove unbound protein, a biotinylated detection
antibody was added to create a sandwich complex (similar to
that of a sandwich ELISA). The final detection complex was
formed with the addition of streptavidin-PE conjugate. PE
served as a fluorescent indicator. Data from standards and
samples and a standard curve were acquired in a Bio-Plex 200

Table Demographic and Clinical Characteristics of Premanifest HD Gene Carriers and Manifest Patients With HD
Included in This Study

Variable
Controls
(N = 6)

HD gene carriers

p
Value

Premanifest HD
(N = 6)

Manifest HD
(N = 6)

Age, y, mean ± SD (median) 43.28 ± 8.79
(43)

38.15 ± 7.18 (35) 50.75 ± 11.55
(51)

0.121a

Sex, female, n (%) 5 (83) 4 (67) 6 (100) 0.301b

Educational level, y, mean ± SD (median) 16.42 ± 4.32
(17.5)

15.83 ± 4.45 (14.5) 14.67 ± 3.33
(13.5)

0.598a

TSPO genotype, n (%)

Thr147/Thr147 0 0 0

Ala147/Thr147 2 (33) 3 (50) 2 (33) 0.792b

Ala147/Ala147 4 (67) 3 (50) 4 (67)

CAP score — 74.88 ± 10.27 115.09 ± 8.88 0.002c

CAG repeats (larger), mean ± SD (median) — 42.50 ± 1.87 (42.5) 44.67 ± 2.42 (44) 0.180c

UHDRS-TMS, mean ± SD (median) — 3.67 ± 3.56 (3) 30.83 ± 2.31 (31) 0.002c

UHDRS-TFC, mean ± SD (median) — 12.50 ± 1.23 (13) 7.83 ± 1.84 (7) 0.004c

Independence scale — 97.50 ± 6.12 (100) 84.17 ± 8.61 (85) 0.015c

SDMT (total correct), mean ± SD (median) 54.50 ± 7.84
(54)

54.17 ± 9.15 (57.5) 30.67 ± 10.19
(33.5)

0.004d

Verbal fluency test (category), no. of correct responses in 1 min, mean ± SD
(median)

23.83 ± 3.92
(24)

21.67 ± 4.03 (21) 11.00 ± 5.25
(10.5)

0.008e

Stroop Interference Test, no. of correct responses, mean ± SD (median) 43.83 ± 13.29
(44.5)

40.50 ± 5.99 (40.5) 28.67 ± 16.26
(25.5)

0.091a

MMSE, mean ± SD (median) 28.67 ± 1.86
(29)

28.83 ± 0.98 (28.5) 26.60 ± 3.21 (28) 0.138a

PBA-s domain scores, mean ± SD (median)

Depression 4.00 ± 5.55 (2) 6.17 ± 5.46 (6.5) 7.17 ± 10.96 (2.5) 0.871a

Irritability/aggression 1.33 ± 2.34 (0.5) 2.83 ± 3.25 (2) 2.33 ± 2.66 (2) 0.845a

Psychosis 0.00 ± 0.00 (0) 0.17 ± 0.41 (0) 0.00 ± 0.00 (0) 0.368a

Apathy 1.00 ± 0.89 (1) 2.50 ± 3.56 (0.5) 3.83 ± 4.40 (3.5) 0.546a

Executive function 0.00 ± 0.00 (0) 4.50 ± 4.46 (4) 4.67 ± 3.50 (5) 0.024f

Abbreviations: HD = Huntington disease; MMSE = Mini-Mental State Examination; PBA-s = short version of the Problem Behaviors Assessment; SDMT =
Symbol Digit Modalities Test; TFC = total functional capacity; TMS = total motor score; UHDRS = Unified Huntington’s Disease Rating Scale.
Significant values are highlighted in bold.
a Kruskal-Wallis test.
b Pearson χ2 test.
c Mann-Whitney test.
d Kruskal-Wallis followed by Dunn multiple comparisons test: (controls = premanifest HD) < manifest HD.
e Kruskal-Wallis followed by Dunn multiple comparisons test: post hoc: (controls = premanifest HD) > manifest HD.
f Kruskal-Wallis followed by Dunn multiple comparisons test: post hoc: (controls = premanifest HD) > manifest HD.
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Reader and analyzed in a Bio-Plex Manager Software, which
presented data as median fluorescence intensity (MFI). The
cytokine concentrations in the samples were calculated
based on a standard curve in which the MFI values obtained
from the standard were plotted against the known concen-
trations (in picograms per milliliter). Cytokine levels (in
picograms per milliliter) were measured in the supernatant
24 hours after bead exposure or 24 hours of culture without
any stimulus (baseline condition), and the values were cor-
rected by protein levels (in milligrams per milliliter) in the
cell lysates using the Pierce BCA Protein Assay Kit (Ther-
moFisher Scientific, Waltham, MA). The final results are
provided in pg/mg.

DNA Polymorphism Genotyping
Peripheral blood mononuclear cells were used for DNA
extraction using the QIAamp DNA Blood Mini Kit

(Qiagen, Hilden, Germany) and subsequent genotyping for
the rs6971 polymorphism (Ala147Thr) in the TSPO gene
(TaqMan assay ID: C_2512465_20; Thermo Fisher Sci-
entific). Allele Ala147 was linked to Vic, and allele Thr147
was linked to FAM. PCRs were performed in QuantStudio
7 Flex Real-Time PCR system (Life Technologies/Thermo
Fisher Scientific).

Statistical Analysis
Association between dichotomous variables was assessed
with the χ2 test. Our limited sample size made it difficult to
ascertain data distribution, and therefore, nonparametric
tests were used. Comparisons between the 3 groups were
made by the Kruskal-Wallis test. When appropriate, post
hoc analyses were used to determine significant differences
between pairs of groups (Dunn Multiple Comparison
Test). The Mann-Whitney test was used for 2-group

Figure 1 Microglial Activation in HD

(A) PET image showing increased [11C]-ER176 standardized uptake value ratio (SUVR) in bilateral putamina and pallidi of a patient with manifest HD in
comparison with a control. Note that there is no visible difference in [11C]-ER176 SUVR for the premanifest HD gene carrier (central image). (B) Group
comparisons in left (L.) and right (R.) putamina and pallidi. Significant differences between groups are indicated by different letters (Kruskal-Wallis test
followed by Dunn multiple comparisons test). Horizontal bars show the mean and the standard error of the mean. Data from other regions of interest are
shown in figure e-1 (links.lww.com/NXI/A459). HD = Huntington disease.
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comparisons (premanifest HD vs manifest HD). Spearman
correlations were performed to examine the relationship
between [11]C-ER176 SUVR in the ROIs significantly
different between groups and (1) CAP score; (2) volume in
the same ROIs; and (3) scores in the clinical scales. All
statistical tests were 2 tailed and were performed using a
significance level of α = 0.05. Statistical analyses were
performed using SPSS software version 26.0 and GraphPad
Prism version 5.0.

Standard Protocol Approvals, Registrations,
and Patient Consents
All subjects provided written informed consent before ad-
mission to the study. The Research Ethics Committees of
UTHealth and Houston Methodist Research Institute ap-
proved this study.

An Investigational New Drug Application (IND) was sub-
mitted, and authorization was obtained from the Food and
Drug Administration to use [11C]-ER176 as a PET Imaging
agent in this study (IND 139220).

Data Availability
The raw data not provided in the article will be made available
by the authors at the request of other investigators for pur-
poses of replicating procedures and results.

Results
Clinical Evaluation and TSPO Genotyping
Demographic and clinical characteristics of participants included in
this study are shown in the table. There was no significant differ-
ence between controls, premanifest HD gene carriers and patients
with HD regarding age, sex, and educational level. As expected,
patients with manifest HD presented a higher CAP score and
worse scores in the scales that evaluatedmotor symptoms severity,
functional capacity, and independence in comparison with pre-
manifest HD (table). The age at clinical diagnosis was 47.67 ±
10.35 years for the patients with manifest HD. Premanifest HD
gene carriers had amean of 12.98 ± 6.17 years before the predicted
clinical diagnosis of HD. The 3 groups presented similar perfor-
mance on the MMSE. Patients with the clinical diagnosis of HD
presented worse performance on the SDMT and verbal fluency
test in comparisonwith premanifest and control subjects. Controls,
individuals with premanifest HD, and patients with HD presented
similar scores in the PBA-s subscales, except for executive function,
in which HD gene carriers (both premanifest and manifest HD)
scored worse than controls, evidencing that those problems are
present before clinical diagnosis of HD (table).

The groups presented similar distribution of TSPO genotype
(table). Individuals with genotype Ala147/Ala147 were clas-
sified as high-affinity binders and those with genotype

Figure 2 Microglial Activation in HD Is Associated With Disease Burden

Among HD gene carriers (premanifest andmanifest HD), a higher CAP score (a proxy for cumulative disease burden) was significantly associated with higher
[11C]-ER176 standardized uptake value ratio (SUVR) in the (A) left putamen (ρ = 0.664, p = 0.018), (B) left pallidum (ρ = 0.657, p = 0.020), (C) right putamen (ρ =
0.671, p = 0.017), and (D) right pallidum (ρ = 0.734, p = 0.007). Note the 2 clusters in [11C]-ER176 SUVR, composed of premanifest HD gene carriers (CAP <100)
and manifest patients with HD (CAP >100). CAP = CAG age product; HD = Huntington’s disease.
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Ala147/Thr147 as mixed affinity. None of our patients pre-
sented the genotype Thr147/Thr147 (low-affinity binders).
Because the groups presented comparable distribution of
TSPO genotype (table) and the outcome parameter was
SUVR, which minimizes genotype differences, no correction
for genotype-related binding affinity was performed.

In Vivo Assessment of Microglial Activation
Patients with HD demonstrate higher [11C]-ER176 SUVR in
both the left and right globi pallidi and putamina in comparison
with controls. These differences were not significant when we
compared premanifest HD gene carriers with patients withHDor
controls (figure 1 and figure e-1, links.lww.com/NXI/A459).
These results indicate increased microglial activation in the puta-
mina and globi pallidi of patients with manifest HD.We found no
differences between different TSPO genotypes on [11C]-ER176
SUVR when controlling for HD diagnosis (data not shown).

Among HD gene carriers (premanifest and manifest HD), a
higher CAP score was significantly associated with higher
[11C]-ER176 SUVR in the left putamen (ρ = 0.664, p =
0.018), left pallidum (ρ = 0.657, p = 0.020), right putamen
(ρ = 0.671, p = 0.017), and right pallidum (ρ = 0.734, p =
0.007) (figure 2). Corroborating these findings, increased
[11C]-ER176 SUVRwas associated with decreased volume in
the same ROIs (figure 3).

In Vitro Evaluation of the Dynamic Functions
of Microglia
We confirmed that the iMG cells have the immunophenotype
of microglial cells, such as CX3CR1high/CCR2low, and a
typical (i.e., ramified) morphology (figure 4). The iMG cells
express dynamic functions such as phagocytosis and secretion
of inflammatory cytokines, making them a valuable tool to
assess microglial functioning.30 The phagocytosis assay
demonstrated that iMG cells obtained from controls, pre-
manifest HD, and HD patients (figure 5, A–C) showed
similar phagocytic capacity (figure 5E). Secretion of in-
flammatory cytokines (TNFα, IL-6, and IL-1β) during
phagocytosis was measured from culture supernatant. As
shown in figure 5F, although iMG cells from controls, pre-
manifest HD, and patients with HD increased the production
of the evaluated cytokines during phagocytosis, the values
were significant only for TNFα in controls and manifest HD
(figure 5F).

Discussion
By using [11C]-ER176 PET, we verified that patients with
HD have increased microglial activation in basal ganglia
structures that are involved in HD pathophysiology,
i.e., putamina and globi pallidi. In addition, we found that

Figure 3 Microglial Activation Is Associated With Brain Atrophy

Increased microglial activation is associated with decreased volume in putamen and pallidus. Controls are displayed in red dots, premanifest HD gene
carriers in green dots, andmanifest HD in black dots. A higher [11C]-ER176 standardized uptake value ratio (SUVR) was associatedwith a decreased volume in
the (A) left putamen (ρ = −0.569, p = 0.014), (B) left pallidum (ρ = −0.591, p = 0.010), (C) right putamen (ρ = −0.601, p = 0.008), and (D) right pallidum (ρ = −0.686, p
= 0.002). ICV = intracranial volume. The dashed line was placed to emphasize the 2 clusters composed of controls + premanifest HD and manifest HD gene
carriers. HD = Huntington disease.
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premanifest HD gene carriers demonstrate [11C]-ER176
SUVRs comparable to controls, suggesting that microglial
activation is a later process in HD pathophysiology, becoming
evident only after the onset of motor symptoms (figure 1).
Supporting these findings, we reported a significant correla-
tion between increased microglial activation and higher CAP
scores, a proxy for cumulative disease burden (figure 2).
Moreover, increased microglial activation in putamina and
pallidi was significantly associated with reduced volumes in
the same ROIs (figure 3). Individuals with manifest HD
presented a significant decrease in the cortical volume in
comparison with controls (data not shown). Despite already
presenting cortical atrophy, manifest HD individuals do not
have increased microglial activation in the cortex (figure 1).
The only areas displaying increased microglia activation are
those that are known to be affected early in HD pathophysi-
ology. Because PET scans require individuals to be still for 90
minutes, our sample did not include patients in moderate/late
stages of HD. Whether increased microglia activation will
occur in the cortex later in the HD course is yet to be de-
termined. Altogether, our data demonstrate that microglial
activation is involved in HD pathophysiology and is associ-
ated with disease progression (as demonstrated by the CAP
score and atrophy in basal ganglia structures). Our findings
support the conclusions of previous research that reported
that microglial activation correlates with disease severity,
contributing to the ongoing neuronal degeneration in HD.16

HD has been regarded as an important model to study neu-
rodegenerative diseases as it is caused by a single genetic
mutation and is amenable to predictive genetic testing, en-
abling the study of patients before clinical diagnosis.2 In this

study, we assessed microglial activation not only in patients
with HD, but also in premanifest HD gene carriers with a
mean of 13 years before the predicted onset of clinical
symptoms. Our results corroborate the view that microglial
activation is unlikely to be the initiating event in HD, but may
contribute to neuronal death through multiple pathways.31

Similar to other neurodegenerative diseases, the mecha-
nisms underlying selective neuronal dysfunction and death
in HD are still uncertain. In addition to impairment in sys-
tems for handling abnormal proteins, other metabolic
pathways and mechanisms might contribute to neuro-
degeneration and progression of HD, such as mitochondrial
dysfunction, impaired neurotrophic support, oxidative
stress, and inflammatory/immune mechanisms.8,32,33 In the
current study, we described a significant increase in micro-
glial activation in regions of neurodegeneration in HD,
suggesting that this process is related to the disease patho-
physiology and not to random premorbid events. Accord-
ingly, postmortem studies reported significant microglial
activation in regions implicated in HD pathogenesis.4,6 The
fact that we found significant microglial activation in patients
with manifest HD (but not in premanifest HD gene carriers)
in comparison with controls, suggests that this event occurs
in response or concomitantly to neuronal death. This as-
sumption is further corroborated by the finding of significant
associations between microglial activation and ROI volumes
as well as CAP scores. Here again, our data are corroborated
by postmortem findings, in which the number of activated
microglia in the striatum and cortex correlated with neuronal
loss, confirming the hypothesis that neuroinflammation may
be elicited by degenerating neurons.6

Figure 4 Inducing Microglia-Like Cells From Human Peripheral Blood Monocytes

Peripheral blood monocytes were cultured for 14 days in conventional conditions (A) or with GM-CSF and IL-34, resulting in induced microglia like cells that
exhibit microglia-like morphology and increased CX3CR1/CCR2 ratio (B).
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Neuroinflammation elicited by neuronal death can be at first
regarded as a positive event as it promotes clearance of cell
debris. However, inflammatory mechanisms contribute to
neurodegeneration, and dying neurons further activate in-
flammatory responses, resulting in a vicious cycle of in-
flammation and neuronal death.34 Therefore, inflammatory
responses, although essential for tissue homeostasis, can
contribute to neuronal injury. As neural tissues have a

restricted cell renewal and regenerative capacity, the CNS is
extremely vulnerable to uncontrolled and/or chronic immune
and inflammatory processes.34 Interestingly enough, our data
corroborate this hypothesis as we observed increased micro-
glial activation later in the HD course (i.e., manifest HD)
reinforcing the idea that neuroinflammation contributes to
disease progression rather than to disease onset. Activated
microglia releases proinflammatory mediators, including

Figure 5 Phagocytosis by Induced Microglia-Like (iMG) Cells

Peripheral blood monocytes (day 1, panel A) were cultured for 14 days with GM-CSF and IL-34, resulting in iMG cells (day 14, panel B). Phagocytosis was
assessed by exposing iMG cells to PE-conjugated (1:250) beads (panel C) for 24 hours. The iMG cells showed the ability of phagocytosis with morphological
changes (C). The read arrows show PE-conjugated beads phagocytosed by iMG cells. After washing beads out, cells were acquired in a flow cytometer and
analyzed. iMG were first gated by forward/side scatter (not shown). PE uptake was analyzed as shown in (D): orange (left) histogram shows the cells without
beads (negative control); red (right) histogram shows the cells that phagocytosed to the PE-conjugated beads. Quantification is shown in (E). iMG from
controls, premanifest HD, and HD patients showed similar phagocytic capacity (no significant difference found at the Kruskal-Wallis test). (F) Cytokine
production during phagocytosis. iMG cells were incubated with PE-conjugated beads (1:250) for 24 hours. Supernatant was collected, and cytokines were
analyzed by multiparametric assay. Cytokine levels (in picograms per milliliter) were corrected by protein levels (in milligrams per milliliter). Although iMG
cells from controls, premanifest HD, and patients with HD increased the production of the evaluated cytokines during phagocytosis, the values were
significant only for TNFα in controls andmanifest HD (p values are provided in the figure, Wilcoxonmatched-pairs signed-rank test). Scale bar (A–C) = 1.0mm.
Horizontal bars (E and F) show the mean and the standard error of the mean. HD = Huntington disease; PE = phycoerythrin; TNF = tumor necrosis factor.
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cytokines and reactive oxygen species, which, in turn, will also
contribute to neuronal death and further microglial activa-
tion.34We observed an increase in cytokine release (especially
TNFα) following a phagocytic stimulus in our in vitro ex-
periments. In line with our findings, postmortem studies have
also reported increased levels of inflammatory cytokines in
brain samples of patients with HD in comparison with
controls.35,36 It is worth mentioning that cytokine release is a
microglial reaction to a proinflammatory challenge, and under
controlled conditions (such as the iMG cultures), phagocy-
tosis is a noninflammatory function of microglia. A proin-
flammatory stimulus would be needed to appropriately assess
differences in cytokine release between controls, premanifest
HD, and manifest HD iMG cultures.

The current study used a novel PET tracer for TSPO, [11C]-
ER176, to assess microglial activation in HD. By using [11C]-
PK11195 PET, studies have shown a significant increase in
microglial activation in the striatum of patients with HD16 as
well as in premanifest HD gene carriers18 compared with
controls. In both studies, [11C]-PK11195 binding significantly
correlated with disease severity, as measured by decreased
[11C]-raclopride (a marker of dopamine D2 and D3 receptor
availability) binding in the striatum.16,18 Similar results were
described in the hypothalamus.17 Later, the same work group
used a multimodal imaging approach combiningMRI and PET
analyses, and worsening in atrophy evaluated by MRI was ac-
companied by a reduction in [11C]-raclopride and an increase
in [11C]-PK11195 bindings in patients with HD. In pre-
manifest HD, increased level of microglial activation in the
associative striatum and in the regional network associated with
cognition correlated with 5-year probability of HD onset.19

More recently, increased microglial activation in the somato-
sensory cortex (as evaluated through [11C]-PK11195 binding)
was associatedwith higher levels of IL-1β, IL-6, IL-8, and TNFα
produced by stimulated peripheral blood monocytes from
premanifest HD gene carriers.20,37 Although these studies
provided valuable information about neuroinflammation in
HD, indicating microglial activation even in premanifest sub-
jects, their results should be interpreted with caution. The poor
signal-to-background ratio of first-generation TSPO radio-
tracers poses important limitations to the analyses. The ratio of
specific to nonspecific binding of [11C]-PK11195 in human
brain has been reported to be as low as 0.2.38,39 As an attempt to
mitigate this problem, a recent study used the second-
generation TSPO tracer, [11C]-PBR28, to evaluate micro-
glial activation in HD.21 Of interest, the results were similar to
ours, i.e., increased levels of [11C]-PBR28 binding in the
putamina and pallidi of HD gene carriers (which included 7
manifest patients with HD and only 1 person with premanifest
HD) in comparison with controls. Of note, the results of the
single premanifest subject were midway between controls and
the remaining patients, suggesting that microglial activation
was associated with disease progression.21 The authors did
confirm that [11C]-PBR28 provides a high signal-to-
background ratio, an important feature required for the anal-
ysis at the individual level and within individual brain regions.

An important limitation of [11C]-PBR28 and other second-
generation TSPO radioligands is that they have varying degrees
of sensitivity to the single nucleotide polymorphism rs6971 in
the TSPO gene.40 [11C]-ER176 has unique advantages over
the other TSPO binders, being the only known TSPO radio-
ligand that allows the inclusion of low-affinity binders. The
binding of ER176 in low-affinity binders was found to be
comparable to that for PBR28 in high-affinity binders. More-
over, ER176 was proven to be the only radioligand not con-
taminated by radiometabolites accumulating in the brain.14

Our findings must be interpreted while taking into account
the limitations of the study, which include the relatively small
sample size and the cross-sectional design. The cross-sectional
design prevented the assessment of microglial activation in
the context of disease progression and development of motor
and nonmotor symptoms. In addition, the use of an objective
method to measure striatal degeneration (e.g., [11C]-
raclopride PET) would provide more accurate information
about striatal neuron dysfunction/death. Regarding the in
vitro experiments, the use of a proinflammatory challenge
(other than the beads added for the phagocytosis assay) in our
experiments would provide valuable information on cytokines
release by iMG from the different groups. It is worth men-
tioning the strengths of the study that include the use of a
unique TSPO ligand, [11C]-ER176, the enrollment of both
premanifest and manifest subjects, and the exploratory in-
vestigation of microglia activity.

In conclusion, our findings strengthen the evidence that
microglial activation is associated with HD pathophysiology.
Microglial activation is unlikely to be the initiating event in
HD. Yet, it may exacerbate neuronal dysfunction and neu-
ronal death, thus contributing to disease progression. It is
important to refine our understanding of the more specific
immune/inflammatory mechanisms that are involved in HD
and in neurodegeneration. This may foster the development
of new therapeutic interventions to halt the progression of
HD and other neurodegenerative diseases.
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Abstract
Objective
To describe the identification of regulator of G-protein signaling 8 (RGS8) as an autoantibody
target in patients with cerebellar syndrome associated with lymphoma.

Methods
Sera of 4 patients with a very similar unclassified reactivity against cerebellar Purkinje cells were
used in antigen identification experiments. Immunoprecipitations with cerebellar lysates fol-
lowed by mass spectrometry identified the autoantigen, which was verified by recombinant
immunofluorescence assay, immunoblot, and ELISA with the recombinant protein.

Results
The sera and CSF of 4 patients stained the Purkinje cells and molecular layer of the cerebellum.
RGS8 was identified as the target antigen in all 4 sera. In a neutralization experiment,
recombinant human RGS8 was able to neutralize the autoantibodies’ tissue reaction. Patient
sera and CSF showed a specific reactivity against recombinant RGS8 in ELISA and immuno-
blot, whereas no such reactivity was detectable in the controls. Clinical data were available for 2
of the 4 patients, remarkably both presented with cerebellar syndrome accompanied by B-cell
lymphoma of the stomach (patient 1, 53 years) or Hodgkin lymphoma (patient 2, 74 years).

Conclusion
Our results indicate that autoantibodies against the intracellular Purkinje cell protein RGS8
represent new markers for paraneoplastic cerebellar syndrome associated with lymphoma.

Classification of Evidence
This study provided Class IV evidence that autoantibodies against the intracellular Purkinje cell
protein RGS8 are associated with paraneoplastic cerebellar syndrome in lymphoma.
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Paraneoplastic neurologic syndromes (PNSs) present a
heterogeneous group of immune‐mediated neurologic dis-
orders that are associated with a tumor outside the brain.1,2

PNS can affect different neurologic structures including the
cerebellum, brainstem, or the limbic system, causing a vari-
ety of neuronal symptoms. Serologic analyses of PNS patient
sera often reveal autoantibodies against intracellular or cell
surface expressed neuronal proteins. Anti-Hu, anti-Yo, anti-
Ri, anti-CV2, anti-Ma2, anti-amphiphysin, and anti-SOX1
autoantibodies belong to the classical PNS-associated au-
toantibodies that bind to intracellular target antigens
expressed in the cerebellum. Antibodies to intracellular an-
tigens were shown to be not pathogenic.3 However, they
serve as useful markers for PNS diagnosis in clinical practice.
Their detection can support early recognition of cancer
because neurologic symptoms frequently precede tumor
discovery for month or years. The tumors most commonly
found in patients with PNS are small-cell lung cancer, breast
cancer, ovarian cancer, lymphoma, thymoma, or seminoma.
In some cases, it was shown that the neuronal antigens are
also expressed by the underlying tumor.4 The current hy-
pothesis is that an immune response against tumor cell an-
tigens could lead to a misdirected autoimmune reactivity
against the nervous system expressing the same proteins. It is
believed that the immune response is mediated by cytotoxic
T cells leading to the loss of neurons. This might be the
reason why patients with PNS usually respond poorly to
autoantibody removal therapies.

Lymphomas are very rarely found in patients with PNS and
usually do not associate with any known autoantibody.5 Few
exceptions so far are represented by patients with Hodgkin
lymphoma and cerebellar syndromes or limbic encephalitis,
which may harbor anti-Tr (delta and notch-like epidermal
growth factor-related receptor [DNER]), anti-mGluR5, or anti-
mGluR1 autoantibodies.6-9 In this study, we describe a novel
cytoplasmic neuronal target antigen in 2 patients with cerebellar
syndrome associated with Hodgkin lymphoma or B-cell lym-
phoma of the stomach.

Methods
Our primary research question was the identification of the
target antigen of patient sera with similar autoantibody
reactivities in indirect immunofluorescence assay (IFA) on
cerebellar cryosections.

Patients
The patients were diagnosed and treated at the departments of
neurology of the contributing hospitals. The Clinical Immu-
nological Laboratory Stöcker, Lübeck (Germany), received the
serum samples for the purpose of autoantibody testing. Sub-
sequently, they were anonymized and provided to the authors.

Control panels included sera of 152 healthy donors and CSF
of 20 patients with neurologic symptoms but without IFA
reactivity on cerebellar sections. Additional control panels
consisted of 350 samples from patients with tumor, encom-
passing 66 sera from patients with lung cancer, 10 sera from
patients with cervical cancer, 83 sera from patients with breast
cancer, 8 sera from patients with ovarian cancer, 26 sera from
patients with prostate cancer, 24 from patients with Hodgkin
lymphoma, and 133 from patients with non-Hodgkin
lymphoma.

Standard Protocol Approvals, Registrations,
and Patient Consents
Written informed consent to the publication of all clinical
information was obtained from all patients of whom clinical
data are reported in this study. An approval from the relevant
ethical committee was received (Charité Berlin, EA1/
222/16).

Indirect Immunofluorescence Assay
IFA was performed using slides with a biochip mosaic of brain
tissue cryosections (cerebellum of the rat and monkey and
sagittal sections of the murine whole brain) in addition to
recombinant human embryonic kidney (HEK)293 cells sep-
arately expressing 30 different neuronal antigens. Each bio-
chip array was incubated with serum or CSF diluted in
phosphate-buffered saline (PBS) for 30 minutes, washed with
PBS-Tween, and immersed in PBS-Tween for 5 minutes.
Subsequently, either fluorescein isothiocyanate–labeled goat
anti-human IgG (EUROIMMUN Medizinische Labor-
diagnostika AG, Luebeck, Germany) or Alexa488-labeled goat
anti-human IgG (1:500, Jackson Research, Suffolk, United
Kingdom) was applied for 30 minutes. After another washing
step with PBS-Tween, and embedding the slides in PBS-
buffered 1,4-diazabicyclo[2.2.2]octane-containing glycerol,
they were analyzed by fluorescence microscopy. Based on the
fluorescence intensity of the transfected cells in direct com-
parison with nontransfected cells and control samples, reac-
tivities were classified as positive or negative. End point titers
refer to the last dilution showing visible fluorescence.

Glossary
DNER = delta and notch-like epidermal growth factor-related receptor; HEK = human embryonic kidney; IFA =
immunofluorescence assay; IVIG = intravenous immunoglobulin; LSM = laser scanning microscope;MALDI-TOF = matrix-
assisted laser desorption/ionization-time of flight mass spectrometry; PBS = phosphate-buffered saline; PMF = peptide mass
fingerprinting; PNS = Paraneoplastic neurologic syndrome; POD = peroxidase; RC-IFA = recombinant immunofluorescence
assay; RGS8 = regulator of G-protein signaling 8; SDS-PAGE = sodium dodecyl sulfate polyacrylamide gel electrophoresis;
TMB = tetramethyl benzidine.
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Cell nuclei were visualized by DNA staining with TO-PRO-3
iodide (1:2,000, Thermo Fisher Scientific, Dreieich, Ger-
many) or 4’,6-diamidino-2-phenylindole (DAPI) (0.067 μg/mL,
Sigma-Aldrich, Heidelberg, Germany). In competitive in-
hibition experiments, sera diluted 1:32 in PBS-Tween were
preincubated for 1 hour with recombinant regulator of
G-protein signaling 8 (RGS8) expressing HEK293 cell lysate
or as control empty vector transfected HEK293 cell lysate
diluted 1:10 in PBS-Tween, before they were incubated in an
IFA on cerebellar tissue sections. Results were evaluated by 2
independent observers using laser scanning microscopes
(LSM700 or LSM880, Zeiss, Jena, Germany). To generate
pictures of whole-brain sections, different partial scans were
combined. All incubation steps were performed at room
temperature.

Immunoprecipitation
The shock-frozen rat cerebellum was homogenized in solu-
bilization buffer (100 mmol/L tris-HCl pH 7.4, 150 mmol/L
sodium chloride, 2.5 mmol/L ethylenediaminetetraacetic
acid, 0.5% (wt/vol) sodium deoxycholate, 1% (wt/vol) Triton
X-100 including protease inhibitors (Complete mini, Roche
Diagnostics, Penzberg, Germany) with a Miccra D-8 (Roth,
Karlsruhe, Germany) and a hand homogenizer (Sartorius,
Göttingen, Germany) at 4°C. After the lysate was centrifuged
at 21,000g at 4°C for 15 minutes, the supernatant was in-
cubated with patient or control sera (diluted 1:16.7) at 4°C
overnight, followed by an incubation with Protein G Dyna-
beads (Thermo Fisher Scientific, Dreieich, Germany) at 4°C
for 3 hours. Beads were washed 3 times with PBS and eluted
with NuPage lithium dodecyl sulfate sample buffer (Thermo
Fisher Scientific, Schwerte, Germany) containing 25 mmol/L
dithiothreitol at 70°C for 10 minutes. Before sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE;
NuPAGE, Thermo Fisher Scientific, Schwerte, Germany),
carbamidomethylation with 59 mM iodoacetamide (Bio-Rad,
Hamburg, Germany) was performed. Separated proteins were
visualized with Coomassie Brilliant Blue (G-250) (Merck) gel
staining and identified by mass spectrometric analysis.

Mass Spectrometry
This method was described in detail in Scharf et al10 2018.
Briefly, protein bands were excised from Coomassie Brilliant
Blue G-250 stained gels, destained, and tryptic digested.
Peptides were extracted, spotted onto an MTP AnchorChip
384 BC target, and analyzed by matrix-assisted laser
desorption/ionization-time of flight mass spectrometry
(MALDI-TOF)/TOF mass spectrometry with an AutoFlex
III smartbeam TOF/TOF200. MS spectra for peptide mass
fingerprinting (PMF) were recorded in a mass range from 600
Da to 4,000 Da, processed with flexAnalysis 3.0, 3.3, or 3.4, and
peak lists were analyzed with BioTools 3.2 using the Mascot
search engine Mascot Server 2.3 (Matrix Science, London,
United Kingdom) for protein identification with a significance
threshold of p < 0.05. For further confirmation of the PMF hits,
2 to 5 peptides of each identified protein were selected for MS/
MS measurements.

Construction of Recombinant Vectors
Encoding RGS8 or RGS8-His
The coding DNA for human RGS8 (UNIPROT acc. #P57771)
was obtained by PCR on commercially available cDNA
(IRATp970H06133D, Source BioScience, Nottingham, UK) and
primers ATACGTCTCACATGGCGGCCTTACTGAT
GCCACGC (sense RGS8) and ATACGTCTCCTCGA-
GACTGAGCCTCCTCTGGCTTTGGGAC(asense RGS8) or
ATACGTCTCCTCGAGCTAACTGAGCCTCCTCTGGCT
TTGG (asense RGS8-Stop). The amplification products were
digested with Esp3I and DpnI and ligated with pTriEx-1 (Merck,
Darmstadt, Germany) or pET24d-N as described above.11

Recombinant Expression of RGS8 in HEK293
RGS8 (dHis) was expressed in human HEK293 cells after
ExGen500-mediated transfection (Thermo Fisher Scientific,
Schwerte, Germany) according to the manufacturer’s in-
structions. To prepare substrates for IFA, HEK293 cells were
seeded on sterile cover glasses, transfected, and allowed to
express RGS8 for 48 hours. Cover glasses were washed with
PBS, fixed with acetone for 10 minutes at room temperature,
air dried, cut into millimeter-sized biochips, and used as
substrates in IFA as described. Alternatively, cells were
transfected in standard T-flasks and harvested after 5 days.
The cell sediment was extracted with solubilization buffer
(12.5 Mio cells/mL). The extracts were stored in aliquots at
−80°C until further use.

Recombinant Expression of RGS8-His in
Escherichia coli and Purification
RGS8-His was expressed in E coli RosettaBlue (DE3)pLacI
(Merck, Germany) as described previously.11 For protein
purification, bacterial sediments were resuspended in 50 mM
TRIS-HCl pH 8.0, 0.3 M NaCl, 1 mM phenylmethylsulfonyl
fluoride, 25 mM dithiothreitol, and homogenized with Pan-
daPLUS 2000 laboratory high-pressure homogenizer (GEA,
Germany). Lysed bacteria were centrifuged at 21,200g for 30
minutes at 4°C. Pellets were solubilized in 10 mM TRIS-HCl
pH 8.0, 0.3 M NaCl, 8 M urea, 0.5 mM dithiothreitol, and
20 mM imidazole for 30 minutes, followed by centrifugation
at 21,200g for 30 minutes at 4°C. RGS8-His was purified from
the supernatant by immobilized metal chelate affinity chro-
matography using Nickel Rapid Run resin (ABT, Spain) and
ion-exchange chromatography (SP Sepharose Fast Flow, GE
Healthcare, US), eluted in 50 mM sodium phosphate pH 7.4,
8 M urea, 1,000 mMNaCl. Protein analysis was performed by
SDS-PAGE using the NuPAGE system according to the
manufacturer’s manual (Invitrogen) and by mass
spectrometry.

Immunoblot and Line Blot
RGS8-His in 50 mM sodium phosphate pH 7.4, 8 M urea,
1,000 mM NaCl was incubated with NuPage lithium dodecyl
sulfate sample buffer (Thermo Fisher Scientific, Schwerte,
Germany) containing 25 mmol/L dithiothreitol at 70°C for 10
minutes, followed by SDS-PAGE (NuPAGE, Thermo Fisher
Scientific, Schwerte, Germany). Separated proteins were
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electrotransferred onto a nitrocellulose membrane by tank
blotting with transfer buffer (ThermoFisher Scientific) according
to themanufacturer’s instructions. Themembranes were blocked
with Universal Blot Buffer plus (EUROIMMUN, Germany) for
15 minutes and incubated with the patient or control sera (di-
lution 1:200) in Universal Blot Buffer plus for 3 hours.

Alternatively, purified RGS8-His was coated as a line onto ni-
trocellulose membrane, and strips were incubated with sera (1:
100 dilution) in Sample buffer (EUROIMMUN, Germany) for
30 minutes. Serum incubation was followed by 3 washing steps
with Wash buffer (EUROIMMUN, Germany), a second in-
cubation for 30 minutes with alkaline phosphatase–labeled anti-
human-IgG (1:10, EUROIMMUN, Germany), 3 washing steps,
and staining with nitro blue tetrazolium/5-bromo-4-chloro-3-
indolyl-phosphate substrate (EUROIMMUN, Germany) for 10
minutes. After having dried, line strips were evaluated by the use
of EUROLineScan software (EUROIMMUN, Germany). For
the detection of anti-SOX1 reactivity, a SOX1 line blot
(EUROIMMUN, Germany) was performed according to the
manufacturer’s instructions.

ELISA
Ninety-six-well plates (Nunc, Germany) were coated with
100 μL of the recombinant protein (5 μg/mL) in PBS for 2
hours at 25°C, washed 3 times with wash buffer (0.05% [wt/

vol] Tween 20 in PBS), and then blocked with blocking buffer
(0.1% [wt/vol] casein in PBS) for 1 hour. Successful antigen
immobilization was confirmed by incubation with a murine
monoclonal anti-His tag antibody (1:2,000, Sigma-Aldrich,
Germany). Serum and CSF samples were diluted 1:100 or 1:
10 in sample buffer (1% [wt/vol] casein, 0.05% [wt/vol]
Tween 20 in PBS) and incubated for 30 minutes, followed by
3 washing steps. By an incubation with anti-mouse IgG per-
oxidase (POD) conjugate (1:5,000, Jackson Research, United
Kingdom) diluted 1× Taubert buffer (EUROIMMUN, Ger-
many) or anti-human IgG POD (undiluted, EUROIMMUN,
Germany) for 30 minutes, followed by 3 washing steps and
incubation with tetramethyl benzidine (TMB) substrate
(EUROIMMUN, Germany) for 15 minutes, bound anti-
bodies were detected. For the determination of IgG sub-
classes, anti-human IgG1-POD, IgG2-POD, IgG3-POD, or
IgG4-POD (9054-05, 9070-05, 9210-05, 9200-05 BIOZOL
Diagnostica, Eching, Germany) diluted 1:1,000 in 1× Taubert
buffer (EUROIMMUN, Germany) were used as secondary
antibodies. All incubation steps were performed at room
temperature. The optical density at 450 nm was read using an
automated spectrophotometer (Tecan, Germany).

Data Availability
Anonymized data will be made available to qualified external
researchers on the basis of scientific merit.

Figure 1 Immunofluorescence Staining of the Cerebellum

(A) Cerebellar cryosections were incubated with patient sera
(1:32) or CSF (1:10) (green) in the first step andwith Alexa488-
labeled goat anti-human IgG in the second step. Nuclei were
counterstained by incubation with TO-PRO-3 iodide (blue). A
fine-granular staining of cerebellar molecular layer and
Purkinje cells was obtained with the strongest reaction on
the Purkinje cells (scale bar 100 μm). (B) Sagittal sections of
themurinewhole brainwere incubatedwith patient serum2
(1:32) in the first step and with Alexa488-labeled goat anti-
human IgG in the second step. Nuclei were counterstained
by incubation with DAPI (blue). The patient serum mainly
reacted with the cerebellum. No obvious reactivity against
other parts of the brain was observed (scale bar 500 μm).
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Results
Characterization of the Patients
Clinical data were available for 2 of the patients.

Patient 1
A 53-year-old man reported a sudden onset of word retrieval
difficulties and a dysfunction of fine motor skills of the right
hand. Within 4 weeks, advancing unsteadiness in walking and
increased slurring of speech were observed. Neurologic ex-
amination suggested a cerebellar syndrome with clear dysar-
thria, hypermetric saccades, ataxic gait and stand, minimal
ataxia of the upper limbs, and significant ataxia of the lower
limbs on both sides.

Brain MRI was normal and specifically showed no cerebellar
or brainstem atrophy. Neurophysiologic examinations
revealed no indication of additional polyneuropathy or
nerve compression syndromes, except for bilateral carpal
tunnel syndrome. Four weeks after disease onset, CSF
analysis showed an intact blood-CSF barrier function, but
chronic inflammatory changes characterized by lymphocytic
pleocytosis (8/μL; normal <5/μL), slightly elevated protein
level (52.3 mg/dL; normal <45 mg/dL), and CSF-specific
oligoclonal bands. The analysis of serum and CSF for au-
toantibodies against known neuronal antigens was in-
conspicuous. However, in both serum and CSF, antibodies
reacting with an unknown Purkinje cell antigen were
recognized.

Searching for a tumor with CT scans of the thorax and
abdomen, esophagogastroscopy, abdominal ultrasound, and
colonoscopy did not reveal an underlying tumor. However,
the patient had a severe gastric ulcer without sufficient
immunohistochemical signs of malignancy at that time
point. A laparoscopic gastric antrum resection 4 weeks later
identified a highly malignant B-cell lymphoma of the gastric
antrum.

Following tumor detection and assumption of paraneoplastic
cerebellitis, IV immunoglobulin therapy (IVIG; 30 g/d for 5
days) was applied, combined with 2 × 50 mg prednisolone/
day. A mild improvement of dysarthria and intentional tremor
and a clear improvement of the gait ataxia were observed 4
days after starting the IVIG therapy. Afterward, medical
conditions worsened again. After 10 weeks, the patient
was treated again with a total of 120 g IVIG for 5 days.
The tumor was treated with rituximab, cyclophosphamid,
hydroxydaunomycin, oncovin, prednison (R-CHOP) che-
motherapy (every 2 weeks) in parallel.

In a clinical follow-up, 4 years after onset of cerebellar syn-
dromes, the patient reported clear improvement of general
and neurologic conditions, although limb and gait ataxia
persisted. The B-cell lymphoma has been successfully treated
without relapse. Anti-Purkinje cell antibodies were no longer
detectable in IFA with cerebellar tissues.

Patient 2
A 74-year-old woman presented with a rapidly progressive
cerebellar syndrome. She reported increasing difficulties
with gait, speech, posture, and upper limb coordination for
about 8 weeks. Formally, she was still able to walk but a
rolling walker was required. Neurologic examination
showed a severe cerebellar syndrome with predominant
dysarthria and ataxia of all limbs as well as substantial
postural instability not only when attempting to walk but
also when standing still and even while seated.

Brain MRI scans revealed rather light signs of a leukoar-
aiosis not affecting the brainstem as the only pathologic
finding. Four months after diagnosis, a brain MRI scan
indicated ongoing cerebellar atrophy (figure e-1, links.lww.
com/NXI/A460). CSF showed a blood-brain barrier dys-
function with an elevated IgG index (QIgG/Qalbumin =
11.25/10.7 = 1.05), 24.2% intrathecal synthesis and posi-
tive oligoclonal bands, but no signs of acute inflammation.
There was no proof of any infectious disease. Further

Figure 2 Immunoprecipitation and Antigen Identification

Lysates of the rat cerebellum were incubated with patient or control serum.
Immunocomplexes were enriched with protein-G–coated magnetic beads,
eluted by SDS, and subjected to SDS-PAGE analysis followed by staining with
colloidal Coomassie (left) or immunoblot with patient or control serum (1:
200) (right). Arrows indicate the position of the immunoprecipitated antigen
at about 25 kDa, which was identified as RGS8 by MALDI-TOF MS.
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physical examination revealed a prominent lymphadenop-
athy in the right axilla that was biopsied and delivered the
diagnosis of Hodgkin disease (Ann Arbor IIA as after
complete staging).

Initially, IV immunoglobulin therapy was applied (IVIG; 30 g
over 5 days). In addition, the patient underwent 2 cycles of
ABVD polychemotherapy, each in combination with 16 mg
dexamethasone/day followed by field radiation (up to 20 Gy)

Figure 4 Anti-RGS8 Autoantibody Detection in Patient Sera and CSF by Different Immunoassays

(A) Immunoblots with lysates of RGS8-transfected HEK293
cells incubated with 1:200 diluted patient or control sera and
anti-human IgG-AP or anti-His antibody and anti-mouse IgG-
AP. (B) Results of RGS8 line blot assay with patient or control
sera (CS) (1:100). (C) ELISA with purified recombinant RGS8-
His with patient or control sera (1:100) and patient or control
CSF (1:10) and anti-human IgG POD. Positive and total
numbers of sera and CSF are given below the diagrams. (D)
IFA with patient or control sera (1:100) and RGS8- or Mock-
transfected HEK293 cells incubated with anti-human IgG-
Alexa488. Nuclei were counterstained by incubation with
TO-PRO-3 iodide (blue) (scale bar 50 μm).

Figure 3 Neutralization of Antibody Reaction on the Cerebellum With Recombinant RGS8

Patient sera (1:32, green) were preincubated with 1:10 di-
luted extracts of HEK293 cells transfected with RGS8 or with
empty vector as control. The extract containing RGS8 abol-
ished the immune reaction. Nuclei were counterstained by
incubation with TO-PRO-3 iodide (blue) (scale bar 100 μm).
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and finally reached complete remission of the tumor. The
applied therapy resulted in some improvement of the cere-
bellar signs in the very beginning. However, 10 months after
diagnosis, a noticeable progression of ataxic symptoms was
observed. The patient could walk only a few fall-prone steps
but was otherwise a wheelchair user. An immunoadsorption
over 5 days could not achieve any major benefit. In the follow-
up period, she has not recovered from the cerebellar syn-
drome despite tumor remission.

Characterization of the
Patients’ Autoantibodies
Sera and CSF of all 4 patients showed a similar staining of the
Purkinje cells and the molecular layer on cryosections of cere-
bellum rat and monkey in indirect IFA (figure 1A and table e-1,
links.lww.com/NXI/A462). On sagittal sections of the murine
whole brain, a predominant reactivity of patients’ autoantibodies
against the cerebellum, excluding other parts of the brain, was
observed (figure 1B). In further monospecific analyses with
HEK293 cells overexpressing 30 recombinant neural auto-
antigens (Hu, Yo, Ri, CV2, PNMA2, ITPR1, Homer 3, CARP
VIII, ARHGAP26, ZIC4, DNER/Tr, GAD65, GAD67,
amphiphysin, recoverin, GABAB receptor, glycine receptor,
DPPX, IgLON5, glutamate receptors [types NMDA, AMPA,
mGluR1, mGluR5, and GLURD2], LGI1, CASPR2, AQP4
[M1 and M23], MOG, ATP1A3, and NCDN), the presence of
a known neuronal autoantibody, which might have caused the
observed cerebellar pattern, was excluded. In a line blot assay,
weak anti-SOX1 reactivity was detected in patient serum 2 but
not patient serum 1. However, SOX1 was not considered as the
mayor target antigen of patient serum 2, as anti-SOX1 auto-
antibodies do not react with cerebellar Purkinje cells.12

Identification of RGS8 as the Neuronal
Target Antigen
Immunoprecipitates obtained with the patient sera and ho-
mogenized rat cerebellum presented a 25-kDa protein in
Coomassie-stained gels, which was absent when normal control
sera were incubated with the homogenates (figure 2). With the
help ofMALDI-TOF, the 25-kDa protein fraction was identified
as RGS8 from Rattus norvegicus (UNIPROT acc. #P49804).

By preincubation with HEK293 lysate containing RGS8, the
reaction of the patient sera with rat cerebellum could be
abolished (figure 3), which can be considered a proof of
correct antigen identification. Patients’ autoantibodies were
still reactive when they were preincubated with a similar
extracted lysate of mock-transfected HEK293 cells. In con-
trast to this, the reactivity of anti-Yo, anti-DNER, or anti-
NCDN positive sera was not affected by preincubation with
HEK293 RGS8 extract (figure e-2, links.lww.com/NXI/
A461). Furthermore, all patient sera showed a positive re-
action in immunoblot or line blot assays with purified
recombinant RGS8-His, which was not detected with healthy
control sera (n = 50 for immunoblot, n = 152 for line blot)
(figure 4, A and B). In addition, patient sera and CSF were
analyzed by ELISA using purified RGS8-His (figure 4C). All

analyzed patient sera and CSF were positive, whereas none of
the control samples (sera n = 50, CSF n = 20) showed a
reaction. In recombinant IFA (RC-IFA), positive reactions of
patient sera were difficult to evaluate, as most of the RGS8-
transfected HEK293 cells showed only weak signals, in-
dicating that this test system might not be suitable (figure
4D). Subclass analysis using the RGS8 ELISA revealed that all
4 patient sera contained IgG1 autoantibodies. In addition, in
patient 4, IgG3 and IgG4 autoantibodies were detected.

Besides, 152 healthy control sera, 157 sera of patients with
lymphoma (Hodgkin lymphoma n = 24 and non-Hodgkin
lymphoma n = 133), and 193 sera of patients with other tumors
(lung cancer n = 66, cervical cancer n = 10, breast cancer n = 83,
ovarian cancer n = 8, and prostate cancer n = 26) were analyzed
by RGS8 line blot. None of these sera produced a similar
immunofluorescence pattern as the patient sera on rat brain
tissue, and all were negative on RGS8 line blots. Hence, we
consider that IgG antibodies against RGS8 are not a general
tumor marker, but might represent a marker for a subgroup of
patients with cerebellar syndrome associated with lymphoma.

Discussion
Here, we report on 4 patients with high titers of IgG1 antibodies
against RGS8 in serum andCSF. The 2 patients with clinical data
available suffered both from a cerebellar syndrome associated
with lymphoma. RGS8 antibodies were detected with multiple
techniques, including immunoblot, line blot, ELISA, and RC-
IFA using recombinant RGS8 protein. We would suggest the
line blot as preferred method to confirm anti-RGS8 antibody
reactivity in patient samples with a characteristic pattern in IFA
with cerebellar tissue sections.

RGS8 is an intracellular peripheral membrane protein, which is
predominantly expressed in the brain, especially in the cell body
and dendrites of cerebellar Purkinje cells.13,14 It belongs to a
family consisting of over 30 members of signaling proteins,
which regulate heterotrimeric G-proteins by stimulating the
GTPase function of G-protein alpha subunits, converting them
into their inactive guanosine diphosphate-bound state.15-17 RGS
proteins are involved in the regulation of a variety of CNS ac-
tions, including synaptic plasticity, memory, and vision.18 For
RGS8, functions in the regulation of neuronal excitability and
neurite outgrowth have been proposed.16,19 In B lymphocytes,
RGS proteins play a role in cell trafficking by regulation of G‐
protein–coupled chemokine receptors signaling.20

The analysis of 157 sera of patients with lymphoma with the
RGS8 line blot revealed no further anti–RGS8-positive patient
sera. However, the frequency of PNSwith lymphoma is very low,
representing less than 1% of patients with tumor.5 In addition,
none of the patients with lymphoma whose sera were examined
showed the typical symptoms of a cerebellar syndrome.

Known autoantibodies associated with Hodgkin lymphoma
target the cell surface antigens DNER (Tr), mGluR5 and
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mGluR1.6,8,9 Because these target antigens are not expressed
by the tumor cells, the mechanism of autoantibody induction
in patients with PNS with these autoantibodies is still
unknown.5,7 The expression of RGS transcripts and proteins
is dysregulated in different tumors.21-24 For example, RGS5
transcripts are markedly upregulated in 8 lymphoma sub-
types,25 and RGS1 was shown to be overexpressed in most
adult T-cell leukemia patients.22 RGS8 shares 52% sequence
identity to RGS5 and RGS1, raising the possibility that
common epitopes exist. Future studies are required to unravel
RGS8 protein expression in lymphoma or other cancer types
and to identify the epitopes recognized by anti-RGS8 auto-
antibodies. Furthermore, the prevalence of anti-RGS8 anti-
bodies in patients with cerebellar syndrome and other
neurologic disorders needs to be determined to further prove
the specificity of this marker.
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Lübeck, Germany) who edited the manuscript for non-
intellectual content.

Study Funding
No targeted funding reported.

Disclosure
R. Miske and M. Scharf are employees of EUROIMMUN
Medizinische Labordiagnostika AG, Luebeck, Germany. P.
Stark, H. Dietzel, C. I. Bien, C. Borchers, and P. Kermer report
no disclosures relevant to the manuscript. A. Ott, Y. Denno,
and N. Rochow are employees of EUROIMMUN Medizini-
sche Labordiagnostika AG, Luebeck, Germany. K. Borowski,
C. Finke, and B. Teegen report no disclosures relevant to the
manuscript. C. Probst and L. Komorowski are employees of
EUROIMMUN Medizinische Labordiagnostika AG, Lue-
beck, Germany. Go to Neurology.org/NN for full disclosures.

Publication History
Received by Neurology: Neuroimmunology & Neuroinflammation
October 23, 2020. Accepted in final form February 18, 2021.

References
1. McKeon A. Paraneoplastic and other autoimmune disorders of the central nervous

system. Neurohospitalist 2013;3:53–64.
2. Rosenfeld MR, Dalmau J. Paraneoplastic neurologic syndromes. Neurol Clin 2018;

36:675–685.
3. Albert ML, Darnell JC, Bender A, Francisco LM, Bhardwaj N, Darnell RB. Tumor-specific

killer cells in paraneoplastic cerebellar degeneration. Nat Med 1998;4:1321–1324.
4. Darnell JC, Albert ML, Darnell RB. Cdr2, a target antigen of naturally occurring

human tumor immunity, is widely expressed in gynecological tumors. Cancer Res
2000;60:2136–2139.

5. Graus F, Arino H, Dalmau J. Paraneoplastic neurological syndromes in Hodgkin and
non-Hodgkin lymphomas. Blood 2014;123:3230–3238.

6. Bernal F, Shams’ili S, Rojas I, et al. Anti-Tr antibodies as markers of paraneoplastic
cerebellar degeneration and Hodgkin’s disease. Neurology 2003;60:230–234.

Appendix Authors

Name Location Contribution

Ramona
Miske, PhD

EUROIMMUN AG,
Luebeck, Germany

Study design and
conceptualization, major
role in the acquisition,
analysis and interpretation
of thedata, and drafted the
manuscript

Madeleine
Scharf, PhD

EUROIMMUN AG,
Luebeck, Germany

Major role in the
acquisition, analysis and
interpretation of the data,
and revised themanuscript
for intellectual content

Appendix (continued)

Name Location Contribution

Patrick Stark Krankenhaus St. Elisabeth,
Damme, Germany

Data collection and
analysis

Heiko
Dietzel, MD

Krankenhaus St. Elisabeth,
Damme, Germany

Data collection and
analysis

Corinna I.
Bien, MD

Laboratory Krone, Bad
Salzuflen, Germany

Data collection and
management and critical
revision and approval of
the final version of the
manuscript

Christian
Borchers, MD

Nordwest-Krankenhaus
Sanderbusch, Sande,
Germany

Data collection and
analysis

Pawel
Kermer, MD

Nordwest-Krankenhaus
Sanderbusch, Sande,
Germany

Data collection and
analysis and critical
revision and approval of
the final version of the
manuscript

Anthonina
Ott

EUROIMMUN AG,
Luebeck, Germany

Data collection and analysis
and revised the manuscript
for intellectual content

Yvonne
Denno

EUROIMMUN AG,
Luebeck, Germany

Data collection and
analysis

Nadine
Rochow

EUROIMMUN AG,
Luebeck, Germany

Data collection and
analysis

Kathrin
Borowski

Clinical Immunological
Laboratory Prof. Dr. med.
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Abstract
Objectives
To evaluate prevalence, clinical characteristics, and predictors of pain, depression, and their
impact on the quality of life (QoL) in a large neuromyelitis optica spectrum disorder
(NMOSD) cohort.

Methods
We included 166 patients with aquaporin-4–seropositive NMOSD from 13 tertiary referral
centers. Patients received questionnaires on demographic and clinical characteristics, Pain-
Detect, short form of Brief Pain Inventory, Beck Depression Inventory–II, and Short Form 36
Health Survey.

Results
One hundred twenty-five (75.3%) patients suffered from chronic NMOSD-associated pain. Of
these, 65.9% had neuropathic pain, 68.8% reported spasticity-associated pain and 26.4% painful
tonic spasms. Number of previous myelitis attacks (OR = 1.27, p = 0.018) and involved upper
thoracic segments (OR = 1.31, p = 0.018) were the only predictive factors for chronic pain. The
latter was specifically associated with spasticity-associated pain (OR = 1.36, p = 0.002). More
than a third (39.8%) suffered from depression, which was moderate to severe in 51.5%. Pain
severity (OR = 1.81, p < 0.001) and especially neuropathic character (OR = 3.44, p < 0.001)
were associated with depression. Pain severity and walking impairment explained 53.9% of the
physical QoL variability, while depression and walking impairment 39.7% of the mental QoL
variability. No specific medication was given to 70.6% of patients with moderate or severe
depression and 42.5% of those with neuropathic pain. Two-thirds (64.2%) of patients with
symptomatic treatment still reported moderate to severe pain.
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Conclusions
Myelitis episodes involving upper thoracic segments are main drivers of pain in NMOSD. Although pain intensity was lower
than in previous studies, pain and depression remain undertreated and strongly affect QoL. Interventional studies on targeted
treatment strategies for pain are urgently needed in NMOSD.

Neuromyelitis optica spectrum disorder (NMOSD) is an
autoimmune inflammatory disorder that primarily affects the
visual pathway, brain, and spinal cord.1,2 Autoantibodies tar-
geting aquaporin-4 (AQP4) are present in the majority of
patients and proved to be pathogenic in animal models.3,4

NMOSD attacks often do not fully recover and residual
clinical deficits remain in >75% of attacks.5,6 Beside severe
physical impairments, NMOSD can go along with symptoms
like chronic pain, cognitive deficits, and depression.7,8

Spinal pain, girdle-like dysesthesia, and painful spasms were
noted already in earliest disease descriptions in the 18th century.9

Nowadays, it has become clear that pain is a frequent and one of
the most disabling symptoms of NMOSD.8,10-15 Chronic
NMOSD-associated pain affects quality of life (QoL), with pain
severity being the most important predictive factor.10,12,13,15

Possible underlying mechanisms include damage of the central
nociceptive and antinociceptive pathways, particularly the dorsal
horn of the spinal cord and the dorsal root entry zone, auto-
nomic thoracolumbar nuclei, the periaqueductal gray, and hy-
pothalamus. Excessive levels of extracellular glutamate and
increase of proinflammatory factors, such as interleukin (IL)-6,
IL-17, and C5a, can additionally facilitate nociceptive process-
ing.16 Glutamate excitotoxicity can cause an imbalance between
excitation and inhibition in nociceptive system, resulting in
spontaneous neuropathic pain.

Because of the rarity of NMOSD, most previous studies of
pain were relatively small.10,11,17 Moreover, several studies
included a mixed population of AQP4-IgG–seropositive and
–seronegative patients,10-13,15 whereas recent clinical trials
clearly indicate that pathogenetic mechanisms are different in
these forms.18 Accordingly, data on clinical and paraclinical
predictors of pain as well as its association with depression
and effects on QoL remain limited.

We sought to investigate clinical characteristics, risk factors, and
impact of pain syndromes and depression in a Central European
cohort of patients with AQP4-IgG–seropositive NMOSD. Fur-
thermore, we wanted to evaluate the efficacy of immunotherapies
and symptomatic treatment for both conditions and search for a
short screening question to detect patients with disabling pain.

Methods
Patients
We performed an exploratory, questionnaire-based, cross-
sectional study in the years 2017–2019. Patients with AQP4-
IgG–seropositive NMOSD according to IPND criteria19 were
identified through the registry of the German Neuromyelitis
Optica Study Group (NEMOS, nemos-net.de). Details on the
registry, participating centers, and data collection, quality and
processing can be found in previous publications.5,6 Inclusion
criteria were (1) age over 18 years and (2) positive AQP4-
IgG, confirmed in a cell-based assay. Patients with known
relevant cognitive deficits were excluded. All patients were in
remission during the study. Clinical data, including Expanded
Disability Status Scale (EDSS), therapies, and localization of
spinal lesions in cervical and thoracic segments on MRI, were
retrieved from the NEMOS database or local patient records.
Data on current pain, depression, walking, and visual im-
pairment and QoL were captured by self-reporting ques-
tionnaires. Patients were instructed to report on NMOSD-
associated pain syndromes only.

Questionnaires
Current pain was assessed using the PainDetect questionnaire
(PDQ),20 the short form of the Brief Pain Inventory (SF-
BPI), and the McGill Pain Questionnaire Short Form (MPQ-
SF).21 The questions of the SF-BPI consist of 2 categories: (1)
pain severity (present, highest, least, and average pain) based
on a Numeric Rating Scale (NRS) from 0 (no pain) to 10
(worst pain imaginable) within the last week. The pain se-
verity index score represents the average score of these 4 pain
intensity scores. (2) Seven domains of pain-related in-
terference in activity of daily living (ADL), rated from of 0 (no
interference) to 10 (complete interference): general activity,
mood, walking ability, working ability, relations with other
people, sleep, and enjoyment of life. The PDQ was adminis-
tered to evaluate pain localization and discriminate between
definite neuropathic (PDQ score >18), probable neuropathic
(PDQ score 13–18), and nociceptive pain (PDQ score <13).
The MPQ-SF consists of 15 words, describing sensory (11
words) and affective (4 words) components of pain. Patients
rate their intensity as 0 = none, 1 = mild, 2 = moderate, or 3 =

Glossary
ADL = activity of daily living; BDI = Beck Depression Inventory; EDSS = Expanded Disability Status Scale; MCS = mental
component summary;MPQ-SF =McGill Pain Questionnaire Short Form;NMOSD = neuromyelitis optica spectrum disorder;
PDQ = PainDetect questionnaire; PTS = painful tonic spasm.
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severe. Three pain scores are derived from the sum of the rank
values: (1) sensory, (2) affective, and (3) total descriptors.
Painful tonic spasms (PTSs) were assessed asking the patient
whether they experienced recurrent attacks or short episodes
(duration <1 minute) of localized muscle spasms, accompa-
nied by severe pain.

Depression was evaluated using Beck Depression Inventory II
(BDI-II), scored from 0 (best) to 63 (worst) (<9: no de-
pressive affect; 9–13: minimal mood disturbance; 14–20: mild
depression, 21–28: moderate depression; and ≥29: severe de-
pression). Clinically relevant depression was defined by a score
of ≥14. Health-related QoL was measured with the SF-36
questionnaire, consisting of 36 items in 8 subscales. A Physical

Component Summary (PCS) and a Mental Component
Summary (MCS) were calculated using norm-based attaining
values from 0 (worst) to 100 (best).

Standard Protocol Approvals, Registrations,
and Patient Consents
Ethics approval was obtained from the Institutional Review
Board of the Ruhr-University Bochum (#15-5534). Ethics
approval of the NEMOS registry was obtained in participating
centers locally. Patients provided written informed consent.
The study was performed according to International Con-
ference on Harmonization/Good Clinical Practice and cur-
rent legal requirements.

Statistical Analysis
Descriptive statistics were used to describe sample data. Com-
parisons of interval-scaled variables were performed using the
2-sample t test for normally distributed variables, the Mann-
Whitney-Wilcoxon rank-sum test for nonparametric or ordinal-
scaled variables, and the χ2 test for categorical variables. We used
binary logistic regression to evaluate factors associated with
overall pain (yes vs no) as well as neuropathic (neuropathic vs
nociceptive pain) and spasticity-related pain (spasticity-associated
vs other [non–spasticity-associated] pain) as dependent variables.
The following independent variables were included into the lo-
gistic model: sex, age, EDSS, disease duration, AQP4-IgG titer,
overall number of previous relapses, number of myelitis attacks,
and number of involved spinal segments. Concerning depressive
state, sex, age, disease duration, walking, and visual impairment
were included into analysis. A multiple robust regression model
with backward feature selection was used to determine predictors
for hrQoL, with PCS and MCS composites as dependent vari-
ables and age, sex, disease duration, walking and visual impair-
ment, pain severity, and Beck depression index as independent
variables.22 To check for correlations between pain intensity and
different aspects of ADL, we performed the Spearman correlation
test. This study was an exploratory pilot study, with no a priori
sample size calculation. For the same reason, statistical signifi-
cance was set at p < 0.05 without adjustment for multiple testing.
Numerical calculations were performed by SPSS Statistics, Ver-
sion 25, SPSS Inc., an IBM Company, and The R Project for
Statistical Computing, Version 3.4.0 (2017-04-21), The R
Foundation for Statistical Computing.

Data Availability
Anonymized data not published within this article are avail-
able on reasonable request from any qualified investigator
within 5 years after publication.

Results
Demographic and Clinical Characteristics
Thirteen tertiary referral NEMOS centers participated in the
study, and 172 questionnaires were sent back to the reading
center in Bochum for analysis. The response rate was 83.1%
(data on response rate available for 7 centers, addressing

Table 1 Demographic Characteristics and
Immunotherapy

Mean (SD)/Median
(min–max.)

Total number of patients
(all AQP4-IgG seropositive)

166

F:M ratio 8.2:1

EDSS 3.5 (0.0–9.0)

Age, y 51.7 (13.4)

Disease duration, y 9.1 (8.1)

ARR 1.1 (1.6)

Total number of ON episodes since
onset

2.2 (4.1)

Total number of myelitis episodes since
onset

4.6 (7.4)

Total number of involved spinal
segments

5.3 (4.1)

No. of involved cervical segments 2.2 (2.1)

No. of involved thoracic segments 3.2 (3.3)

AQP4-IgG titer (CBA) 1:100 (1:10–1:25.600)

Current immunotherapy %, N

Rituximab 62.7%,
104a

Azathioprine 12.0%, 20

Anti-IL6 therapy (tocilizumab N = 11, SA237 N = 1) 7.2%, 12

Mycophenolate mofetil 4.8%, 8

Other therapies (methotrexate N = 2, prednisone N = 2,
mitoxantrone N = 2, IVIg N = 1, glatiramer acetate N = 1,
cyclosporin N = 1)

5.4%, 9

Prednisone as add-on therapy 10.2%, 17

No immunotherapy 7.8%, 13

Abbreviations: ARR = annualized relapse rate; AQP4 = aquaporin-4; CBA =
cell-based assay; EDSS = Expanded Disability Status Scale; F:M = female:
male; ON = optic neuritis.
a Five in combination with oral immunosuppressive agents.
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71.1% of respondents). Data of 6 questionnaires were in-
sufficient and had to be excluded. In total, 166 patients with
AQP4-IgG–seropositive NMOSD (148 female and 18 male)
were included. Main demographic and clinical characteristics
are described in table 1. Most patients in the cohort had a
history of myelitis (152; 91.6%) or optic neuritis (114;
68.7%), 95 (57.2%) of both myelitis and optic neuritis. Data
on the last available spinal MRI were available for 143 of 166
patients (130 of 152 with a history of myelitis) and demon-
strated a 2-peak distribution (C2-C6 and Th2-Th7) of lesion
location (figure 1). Eleven of 21 patients without visible spinal
lesions had a history of myelitis. Six patients only had a relapse
in the previous 6 months.

Overall Pain Prevalence and
Main Characteristics
Overall, 125 (75.3%) patients suffered from chronic NMOSD-
associated pain. The intensity ofNMOSD-associated chronic pain
wasmoderate to severe in 55.2%of pain sufferers (figure 2A). Pain
wasmainly described as aching (90.4%), tender (76.8%), stabbing
(68.8%), or burning (66.4%) on sensory dimensions and tiring-
exhausting (68.0%) on affective dimension. Most prevalent were
chronic pain without painless periods (n = 77, 61.6%). Isolated or
overlapping pain attacks reported 48 (38.4%) and 40 (32.0%)
patients accordingly (figure 2B). Every second patient (n = 88,
53%) reported pain as a symptom of the last relapse.

Prevalence of Different Types of Pain
One-third of pain sufferers had nociceptive (n = 39, 30.7%),
probable neuropathic (n = 43, 33.9%), or definite neuropathic
pain (n = 40, 31.5%) each; in 3 patients, the type of pain could
not be identified (figure 2C). Pain was most often localized in
legs (72.8%, in two-thirds of cases bilateral), followed by arms
(48.8%, in half of cases bilateral), trunk (34.4%), and neck/
head region (27.2%). Most intense pain were reported by
patients with pain localization in the trunk (4.9 ± 1.7 vs 3.3 ±
2.2, p < 0.05) or legs (4.1 ± 2.2 vs 3.2 ± 2.0, p < 0.05). Trunk

pains were more often of definite neuropathic than of prob-
able neuropathic or nociceptive character (55.8% vs 27.9% vs
16.3%; p < 0.05), whereas no changes were found for pains in
other regions of the body.

Two-thirds of the pain sufferers reported spasticity-associated
pain (n = 86, 68.8%) (figure 2D). It was significantly more
prevalent in patients with nociceptive than neuropathic pain
(87.8% vs 55.8%, p = 0.02). Thirty-three patients (26.4%) had
short-lasting PTS, mostly in the legs (n = 28, 84.8%) and
rarely in the arms (n = 6, 18.2%). These patients reported
approximately 5 PTS episodes a day (4.9 ± 6.4), with a range
of 26 attacks per day to 1 per week.

Episodes of Myelitis Involving Upper Thoracic
Segments Are Associated With Chronic Pain
Chronic pain was not associated with age, sex, AQP4-IgG
titer, disease duration, overall disability (EDSS), or depressive
state (BDI > 14). However, the number of previous attacks
was significantly associated with the occurrence of pain (OR
1.12 [1.02–1.21], p = 0.020). More detailed analysis revealed
that the total number of episodes of myelitis (OR 1.27
[1.05–1.57], p = 0.018), but not the number of optic neuritis
(OR 1.02 [0.92–1.13], p = 0.716), was relevant. There was no
association of pain prevalence or severity with the presence or
any specific localization of persistent spinal lesions (table 2).
However, we found an association of the number of involved
spinal segments with pain (OR 1.14 [1.03–1.28], p = 0.024).
Moreover, the number of lesions in the upper 6 thoracic
segments only (but not in cervical or lower thoracic lesions)
was associated with the risk of having pain in general (OR 1.31
[1.01–1.63], p = 0.018) and was the only specific factor in-
creasing the risk of spasticity-associated pain among pain
sufferers (OR 1.36 [1.10–1.67], p = 0.002). We could not find
any specific factors associated with short-lasting PTS. De-
pressive state was the only factor strongly associated with
neuropathic pain (OR 3.44 [1.35–8.80], p = 0.001).

Figure 1 Distribution of Persistent Spinal Lesions in Cervical and Thoracic Segments

Shown is the frequency (%) of patients (total n = 143) with a spinal lesion on MRI at the appropriate level.
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Pain Severity Strongly Correlates With
Reduction of Activities of Daily Living
Effects of pain on ADL are given in table 3. Correlation
analysis revealed a strong correlation of pain severity with
general activity (rho = 0.69, p < 0.001) and sleep (rho = 0.61,
p < 0.001), followed by mood (rho = 0.55, p < 0.001), walking
ability (rho = 0.54, p < 0.001), normal work (rho = 0.52, p <
0.001), enjoyment of life (rho = 0.50, p < 0.001), and relations

(rho = 0.46, p < 0.001). We observed an even stronger neg-
ative effect of definite neuropathic pain on all evaluated ADL
aspects compared with nociceptive pain.

Chronic Pain But Not Physical Impairment Is
Associated With Depression in NMOSD
Sixty-six (39.8%) patients suffered from depression: mild in
32 (19.3%), moderate in 21 (11.6%), and severe in 13 (7.8%)

Figure 2 Main Characteristics of the NMOSD-Associated Pain

(A) Intensity, (B) temporal patterns (a. continuous pain with slight fluctuations; b. continuous pain with pain attacks; c. pain attacks with painless periods; d.
pain attacks without painless periods), and (C and D) character of pain. Values of pain intensity are given in median, interquartile range, and minimal and
maximal values. Prevalence is given in (%). NMOSD = neuromyelitis optica spectrum disorder. NRS = Numeric Rating Scale, PTS = painful tonic spasm.

Table 2 Prevalence and Severity of Pain in 143 Patients With Spinal Lesions of Different Localizations

Localization of spinal lesions Prevalence of pain BPI-PSI PainDetect score

No persistent lesions (N = 21) 68.2% (N = 15)a 3.6 ± 2.4 13.5 ± 5.1

Isolated cervical lesions (N = 27) 66.7% (N = 18) 3.4 ± 1.9 15.0 ± 7.5

Isolated thoracic lesions (N = 33) 81.8% (N = 27) 4.3 ± 2.2 17.4 ± 6.7

Cervicothoracic lesions (N = 62) 77.0% (N = 47) 3.7 ± 2.2 16.2 ± 6.6

Abbreviation: BPI-PSI = Pain Severity Index of Brief Pain Inventory.
BPI-PSI and PainDetect Score values are given in mean ± SD for pain sufferers. No significant differences were found.
a Seven of 15 patients had at least 1 myelitis episode in the history.
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cases. There was no association between a depressive state
(BDI > 14) and age, sex, or disease duration. Univariate re-
gression analyses revealed pain severity as well as walking and
visual impairment to be associated with depressive state. In
the multiple logistic regression analysis, pain intensity (OR
1.53 [1.22–1.91], p < 0.001) remained the only factor in-
dependently associated with a depressive state.

Pain, Depression, andWalking Impairment Are
3 Main QoL Predictors
The physical but not the mental composite subscale was
significantly lower in pain sufferers (table 4). Among pain
sufferers, patients with definite neuropathic pain had signifi-
cantly lower scores in both SF-36 composites comparing to
those with nociceptive pain. Multivariate regression analysis
identified pain severity (p < 0.001) and walking impairment
(p < 0.001) as 2 independent predictors explaining 53.9% of
the physical QoL composite variability. Depression measured
by the BDI score (p < 0.001) and to a lesser extent walking
impairment (p = 0.043) determined 39.7% of the mental QoL
composite variability.

Symptomatic Pain Treatment Is Insufficiently
Effective in Real-Life Practice
Two-thirds (n = 81, 64.8%) of the 125 pain sufferers took
pain medications, antidepressants, or both. Most of them
took 1 (n = 44, 35.2%) or 2 (n = 25, 20.0%) pain medica-
tions. Nine patients (7.2%) had 3 different pain medications,
and 3 patients had 4, 5, and 6 medications each. Pain med-
ication included nonopioid analgesics (including non-
steroidal anti-inflammatory drugs) (n = 47, 37.6%),
antiepileptic medications for neuropathic pain (including
gabapentin, pregabalin, carbamazepine, and oxcarbazepine)

(n = 51, 40.8%), and opioids (n = 13, 10.4%). Antidepres-
sants were taken by 21 (16.8%) pain sufferers. Surprisingly,
only one-third (n = 10, 29.4%) of those with at least mod-
erate depression (BDI > 20) took antidepressants. Seven of
10 suffered from pain with a median pain intensity of 5.0
(2.0–8.0), so that antidepressant medication could be a
component of pain therapy.

Patients with definite neuropathic pain took symptomatic
therapy significantly more often compared with those with
nociceptive pain (85.0% vs 51.3%, p = 0.002, table 5). How-
ever, among the 40 patients with neuropathic pain, only 23
(57.5%) took specific medications. Retrospectively, patients
reported a substantial reduction of the pain intensity through
pain medications; median 60% (range 0–100) in all patients,
50% (0–100) in those with definite neuropathic pain, 65%
(0–100) in those with nociceptive pain. Only 4 patients
(4.9%) were pain-free, and 25 patients (30.9%) reported mild
pain. Most patients still reported moderate (n = 41, 50.6%) or
severe (n = 11, 13.6%) pain despite symptomatic treatment.
Only 28.8% of those with spasticity-associated pain received
antispastic medications.

Effects of Immunotherapies on
Pain Experience
There was no difference in terms of pain prevalence or intensity
in patients with different immunotherapies. Retrospectively,
39.5% of pain sufferers reported improvement of pain after start
of immunotherapy: 28 of 75 (37.3%) under rituximab, 6 of 15
(40.0%) under azathioprine, 2 of 6 (33.3%) under mycophe-
nolate mofetil, and 6 of 9 (66.7%) under tocilizumab.

Pain Pattern Question Can Be an Effective
Screening Tool
Finally, we searched for a short screening question allowing
identification of those patients most affected by pain in
NMOSD. We used the 4 pain patterns from the PDQ (table
6). Patients suffering from pain attacks without painless in-
tervals (patterns 2 and 4) had significantly more intense pains
and a significantly lower physical QoL component. Moreover,
the majority of those with pattern 4 suffered frommoderate or
severe depression (87.5%) and neuropathic pain (62.5%) and
had lower mental QoL.

Discussion
We evaluated a large cohort of patients with AQP4-
IgG–seropositive NMOSD for pain and comorbid de-
pression. As much as 75.3% of all patients suffered from
NMOSD-associated chronic pain, in line with previously
reported 80%–86% in smaller studies from other geographic
areas.10-12,14,23 The majority of patients reported continuous
pain, often superimposed by pain attacks. Pain localization
was in the legs in 3/4 and around the trunk and in arms in 1/2
each. Overall pain intensity was lower in our cohort compared
with previous studies conducted a decade ago,10-12 and only 10%

Table 3 Effects of Neuropathic and Nociceptive Pain on
ADL

All pain
sufferers
(N = 125)

Patients with
definite
neuropathic pain
(N = 40)

Patients with
definite
nociceptive pain
(N = 39)

General
activity

4.6 ± 2.6 5.7 ± 2.3a 3.6 ± 2.6

Mood 4.0 ± 3.1 5.4 ± 2.9a 3.0 ± 2.7

Walking
ability

4.7 ± 3.4 5.8 ± 3.2a 3.2 ± 3.1

Normal
work

5.0 ± 3.2 6.6 ± 2.7a 3.9 ± 3.1

Relations 3.4 ± 3.3 5.0 ± 3.2a 2.4 ± 2.8

Sleep 4.1 ± 3.2 5.8 ± 3.0a 2.8 ± 2.7

Enjoyment
of life

3.7 ± 3.3 5.1 ± 3.2a 2.8 ± 2.9

Abbreviation: ADL = activity of daily living.
Values are given in mean ± SD.
a p < 0.001, t test.
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suffered from severe pain. Both median EDSS and the total
number of involved spinal segments were lower than in previous
studies. Less aggressive disease course, probably due to earlier
diagnosis and/or more effective immunotherapy, could explain
these differences. Indeed, two-thirds of our patients received rit-
uximab, and about 40% reported reduction of pain under current
immunotherapy. A positive selection bias could be another pos-
sible explanation. No data on questionnaire response rates have
been reported in 2 of 3 abovementioned smaller surveys.11,12 Of
interest, similar to one of the previous studies, we achieved a
relative high response rate and pain severity was very similar in
both studies (3.6 ± 2.8 other study; 3.8 ± 2.1 our cohort).10

Using the PDQ, 24% of our patients had definite neuropathic
pain and further 26% signs of possible neuropathic pain. Two
previous studies reported a significantly higher prevalence of
neuropathic pain, 62% and 86%, respectively, based on the
Douleur Neuropathique 4 questionnaire and less clearly de-
fined clinical criteria.12,23 In a recent PainDetect-based small
study, definite neuropathic pain was present in 7% only.14

We were able to identify several predictors of pain in our
cohort. The number of myelitis episodes and the extent of
spinal cord lesions independently contributed to the risk of
NMOSD-associated pain. Previous smaller studies

demonstrated contradictory results.11,12,23 Although a correla-
tion between pain intensity and an overall length of the spinal
lesions was reported, this could not be confirmed in another
study.11,12 It is likely that different severity and location (both
sagittal and axial) of injuries have different effects on pain per-
ception. In contrast to a recentUK study,23 we could not confirm
a protective effect of persistent cervical lesions; however, injuries
in the upper thoracic (but not cervical or lower thoracic) seg-
ments were critical for development of chronic pain. Previously,
a causative relationship between upper thoracic lesions and
neuropathic pain was postulated.23 As known, patients with
spinal lesions develop both neuropathic and nociceptive pain.24

To evaluate a link between spinal lesions and neuropathic pain,
we compared patients with a definite nociceptive and definite
neuropathic pain. We could not confirm a specific association of
the latter with any extent or any precise sagittal lesions location.
In contrast, the number of involved upper thoracic segments was
significantly associated with the risk of spasticity-associated pain,
observed in two-thirds of pain sufferers. Spasticity was one of the
main mechanisms underlying nociceptive NMOSD-associated
pain in our cohort, being present in almost 90% of these patients.

Similar to previous studies, we found that approximately 20%
of all respondents suffered from short-lasting PTSs.17 Despite
a previously supported association of PTS to incompletely

Table 4 Quality of Life in Patients With and Without NMOSD-Associated Pain

SF-36
domain

All patients
(N = 166)

Patients
without pain (N
= 41)

Patients with
pain (N = 125)

Patients with definite
nociceptive pain
(N = 39)

Patients with definite
neuropathic pain
(N = 40)

Patients
with BDI
0–14
(N = 99)

Patients
with BDI
>14
(N = 66)

SF-36
PF

47.7 ± 36.0 63.3 ± 39.1 43.4 ± 33.7a 52.1 ± 36.9 36.1 ± 28.6b 59.6 ± 35.2 30.7 ± 29.5c

SF-36
RP

41.0 ± 41.3 44.7 ± 24.3 36.9 ± 38.8a 39.1 ± 37.1 28.9 ± 38.7 53.6 ± 41.6 22.2 ± 33.0c

SF-36
BP

52.2 ± 30.1 78.1 ± 32.9 44.7 ± 24.3a 54.1 ± 23.6 33.9 ± 20.1b 59.9 ± 27.2 41.6 ± 30.6c

SF-36
GH

44.1 ± 20.4 51.7 ± 19.5 41.8 ± 20.2a 46.5 ± 20.1 36.6 ± 15.8b 51.3 ± 20.2 33.1 ± 15.3c

SF-36
VT

43.1 ± 21.9 52.3 ± 20.6 40.3 ± 21.7a 45.7 ± 21.3 31.2 ± 18.7b 53.8 ± 18.6 27.0 ± 15.8c

SF-36
SF

66.6 ± 29.7 77.3 ± 25.8 63.6 ± 30.1a 68.3 ± 27.6 57.8 ± 30.2 77.7 ± 25.7 50.5 ± 27.5c

SF-36
RE

68.5 ± 42.0 81.9 ± 34.6 65.3 ± 43.0a 76.9 ± 37.6 52.1 ± 45.8b 82.3 ± 35.2 47.9 ± 43.2c

SF-36
MH

65.5 ± 20.9 68.0 ± 18.5 64.7 ± 21.7 70.7 ± 20.9 56.7 ± 24,3b 76.8 ± 13.6 48.6 ± 18.5c

SF-36
PCS

34.7 ± 12.2 43.9 ± 12.5 32.2 ± 10.8a 34.4 ± 10.9 29.6 ± 9.3b 38.1 ± 12.0 29.6 ± 10.7c

SF-36
MCS

48.0 ± 11.6 49.2 ± 10.2 47.6 ± 12.0 50.5 ± 12.2 43.1 ± 11.6b 53.2 ± 8.0 40.0 ± 11.6c

Abbreviations: BP = bodily pain; GH = general health; MCS = mental component summary; NMOSD = neuromyelitis optica spectrum disorder; PF = physical
functioning; QOL = quality of life; RE = role-emotional; RP = role-physical; SF = social functioning; SF-36 = short form 36 and its different domains; VT = vitality.
Values are given in mean ± SD.
a Significant lower comparing to patients without pain.
b Significant lower comparing to patients with a nociceptive pain.
c Significant lower comparing to patients without a depressive state, t test.
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remyelinated spinal lesions, we could not confirm this finding
either. In MS, PTSs are supposed to be associated with tha-
lamocortical lesions.25,26

The 19% prevalence of moderate to severe depression in our
cohort was lower compared with an earlier reported 28% in
NMOSD.27 Similar to previous studies, only pain severity but
not disability, disease activity, or any other demographic pa-
rameter was associated with depression. Depression was the
only factor associated with neuropathic but not nociceptive
pain; however, identification of causative relationships be-
tween these conditions is impossible in a cross-sectional
study. Bidirectional relationships between depression and
neuropathic pain are well known and especially in in-
flammatory diseases share common underlying mecha-
nisms.28 It is noteworthy that a specific direct link between
NMOSD and depression has been supposed in experimental
studies: AQP4 deficiency itself results in a decreased hippo-
campal neurogenesis, which could contribute to the patho-
genesis of depression.29

Despite being mild to moderate, pain and depression can have
enormous negative effects on patient’s life. Pain markedly
reduced all aspects of ADL. Pain intensity and walking im-
pairment were 2 main factors independently associated with
lower physical QoL, whereas the latter and depression had an
impact on the mental QoL. Comparing patients with noci-
ceptive and neuropathic pain, the latter had significantly lower
ADL as well as both lower physical and mental composites of
QoL. Of interest, 2 temporal pain patterns (persistent pain
with pain attacks and pain attacks with pain between them)
were associated with a markedly higher pain intensity, de-
pression prevalence, and lower QoL. This simple image-based
question allowing prompt identification of most disabled
patients might be useful for pain screening in NMOSD.

In previous NMOSD studies, an insufficient symptomatic
therapy has been reported.15 In our cohort, 65% received pain
medications, and two-thirds of them reported a significant
pain relief. Despite multiple medications, pain intensity
mostly remained moderate, and only a minority of patients

Table 5 Prevalence and Efficacy of Symptomatic Therapy in Pain Sufferers

All pain
sufferers
(N = 125)

Patients with definite nociceptive pain
(N = 39)

Patients with definite neuropathic pain
(N = 40)

Symptomatic therapy 63.8% (81) 51.3% (20) 85% (34)

Pain reduction by symptomatic
therapy in the last week (median,
min–max)

60% (0–100) 65% (0–100) 50% (0–100)

Mean pain intensity 4.3 ± 2.0 3.3 ± 1.6 5.0 ± 2.0a

Pain-free 4 (4.9%) 1 (5.0%) 0

Mild pain (1–3 NRS) 25 (30.9%) 10 (50.0%) 9 (26.5%)

Moderate pain (4–6 NRS) 41 (50.6%) 9 (45.0%) 15 (44.1%)

Severe pain (>6 NRS) 11 (13.6%) 0 10 (29.4%)

Abbreviation: NRS = Numeric Rating Scale.
If not otherwise specified, values are given inmean ± SD. Patients with ambiguous pain character (probable neuropathic or nociceptive) were excluded from
this analysis.
a p < 0.001, t test.

Table 6 Association of 4 Pain Patterns With Pain Characteristics, Depression, and QoL

Pain pattern
Average pain
intensity

Prevalence of definitive
neuropathic pain

Prevalence of depression
(BDI > 14)

Physical
QoL

Mental
QoL

Continuous pain with slight
fluctuations

3.9 ± 2.0 22.2% 40.5% 33.2 ± 9.6 47.9 ±
11.7

Continuous pain with pain
attacks

4.8 ± 2.0a 35.5% 43.8% 27.9 ± 9.3a 48.7 ±
10.9

Pain attacks with painless
periods

3.0 ± 2.0 35.4% 33.3% 34.0 ± 11.1 47.9 ±
12.4

Pain attacks without painless
periods

5.6 ± 1.8a 62.5%b 87.5%b 24.9 ± 9.8a 38.6 ±
13.4b

Abbreviations: QOL = quality of life; BDI = Beck Depression Inventory II.
Values are given in mean ± SD.
a Significant difference vs patterns 1 and 3; ANOVA
b Significant difference vs patterns 1, 2, and 3; ANOVA or Fisher exact test, respectively.
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was pain-free. Insufficient on-target medication could be one
of the reasons: antispastic medications were administered in
only 29% of those with a spasticity-associated pain and only
58% of patients with neuropathic pain had specific treatment.

Compared with pain, depression was less often adequately
treated. Twenty-nine percent of those with moderate to se-
vere depression received antidepressants. The actual number
of patients receiving adequate antidepressant pharmacother-
apy is probably even lower, as at least in some of them, an-
tidepressants were administered as a part of pain therapy.

The strengths of our study are inclusion of a relatively large
cohort of purely AQP4-IgG–seropositive NMOSD patients and
the definition of clinical and paraclinical predictors of pain as well
as its association with depression and effects on QoL. There are
also limitations. Because we only asked for pharmacologic treat-
ments, no information about nonpharmacologic pain therapies
and psychotherapy is available. Transcutaneous electric nerve
stimulation was recently reported to reduce persistent central
neuropathic pain inNMOSD.30 BecauseMRI data were retrieved
by record review, we could not perform a precise analysis of
transverse localization and size of the spinal lesions. In addition,
no brain MRI was performed to evaluate central nociceptive
pathways. There were no sufficient data on lumbar MRI, rarely
involved by seropositive NMOSD. The analysis of lesion exten-
sion in the acute phase of myelitis could be also promising, as
some injured foci become invisible afterward. Moreover, pro-
spective evaluation of the type and severity of pain in the first 6
months after acutemyelitis could be helpful for precise analysis of
possible underlying mechanisms. A relatively high proportion of
pain sufferers (35%) took no pain medications during the study.
It remains unclear whether the medications have not been ad-
ministered due to low pain intensity or stopped due to low
efficacy and side effects. It would be important to address this
point in further studies. Finally, we did not perform an analysis of
fatigue, an important factor influencing depression and QoL.

In conclusion, chronic pain and depression are highly prevalent
and strongly affect QoL and ADL in AQP4-IgG–seropositive
NMOSD. Both conditions remain undertreated and therefore
should be asked for in the diagnostic workup. Pain attacks
without painless periods are typical for NMOSD and have the
most severe impact. Episodes of myelitis involving upper tho-
racic segments are main drivers of pain in NMOSD and should
be prevented and aggressively treated. Adequate immunother-
apy has a beneficial effect on pain experience. Higher awareness
and interventional studies on targeted symptomatic treatment
of neuropathic and spasticity-associated pain, including char-
acteristic and very intense short-lasting PTSs, are warranted and
could change a real-life clinical practice in NMOSD.
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Abstract
Objective
To test the hypothesis that teriflunomide can reduce ex vivo spontaneous proliferation of
peripheral blood mononuclear cells (PBMCs) from patients with human T-cell lymphotropic
virus type 1 (HTLV-1)–associated myelopathy/tropical spastic paraparesis (HAM/TSP).

Methods
PBMCs from patients with HAM/TSP were cultured in the presence and absence of teri-
flunomide and assessed for cell viability, lymphocyte proliferation, activation markers, HTLV-1
tax and HTLV-1 hbz messenger ribonucleic acid (mRNA) expression, and HTLV-1 Tax
protein expression.

Results
In culture, teriflunomide did not affect cell viability. A concentration-dependent reduction in
spontaneous proliferation of PBMCs was observed with 25 μM (38.3% inhibition), 50 μM
(65.8% inhibition), and 100 μM (90.7% inhibition) teriflunomide. The inhibitory effects of
teriflunomide were detected in both CD8+ and CD4+ T-cell subsets, which are involved in the
immune response to HTLV-1 infection and the pathogenesis of HAM/TSP. There was no
significant change in HTLV-1 proviral load (PVL) or tax mRNA/Tax protein expression in
these short-term cultures, but there was a significant reduction of HTLV-1 PVL due to in-
hibition of proliferation of CD4+ T cells obtained from a subset of patients with HAM/TSP.

Conclusions
These results suggest that teriflunomide inhibits abnormal T-cell proliferation associated with
HTLV-1 infection and may have potential as a therapeutic option in patients with HAM/TSP.
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Human T-cell lymphotropic virus 1 (HTLV-1) is a retrovirus
causing persistent infection in humans; a small subset of infected
individuals develops HTLV-1–associated myelopathy/tropical
spastic paraparesis (HAM/TSP).1,2 HAM/TSP is a chronic,
progressive, neurologic disease characterized by progressive lower
extremity weakness, spasticity, and bladder/bowel sphincter
dysfunction.3 Currently, no therapy significantly modifies long-
term disability associated withHAM/TSP.HTLV-1 proviral load
(PVL) is significantly elevated in peripheral blood mononuclear
cells (PBMCs) and CSF of patients with HAM/TSP compared
with asymptomatic carriers.4,5 Chronically activated immune re-
sponses against HTLV-1 and infiltration of inflammatory cells
into the CNS contribute to clinical disability and underlie the
pathogenesis of HAM/TSP.

Teriflunomide is an oral immunomodulator approved to treat
MS that inhibits de novo pyrimidine synthesis, which is crucial
for rapid expansion of activated lymphocytes. Pyrimidine syn-
thesis inhibition is a well-established strategy for treatment of
autoimmune diseases such as MS and rheumatoid arthritis.6-8

Teriflunomide has been shown to inhibit proliferation and
reduce the number of activated T and B cells.9 In addition,
teriflunomide and its parent compound leflunomide have been
shown to have antiviral activity against a broad range of viruses
in vitro and in vivo in humans,10-13 suggesting they might at-
tenuate abnormal immune activation in patients with in-
flammatory diseases associated with chronic viral infection.

In this study, we examined whether teriflunomide can reduce the
spontaneous lymphoproliferative response in culture of PBMCs
frompatients withHAM/TSP ex vivo, which is the immunologic
hallmark of individuals infected with HTLV-1.14,15

Methods
Subjects
A total of 12 patients, defined as having HAM/TSP by World
Health Organization criteria, an HTLV-1–uninfected healthy
donor (HD) volunteer screened at the NIH Clinical Center
were evaluated in this report. In the patients, themean age was
56.6 years, and the mean disease duration was 11.8 years.
Patients with HAM/TSP were not being treated with any
immunosuppressive agents at the time of PBMC collection.

Cell Viability
PBMCs of HDs and patients with HAM/TSP were isolated
by centrifugation using lymphocyte separation media and

were cryopreserved in liquid nitrogen until use. PBMCs were
suspended in complete Roswell ParkMemorial Institute medium
supplemented with 5% human serum type AB, 100 U/mL pen-
icillin, 100 μg/mL streptomycin sulfate, and 2 mM L-glutamine
and plated in 96-well round bottom microplates at 3 × 105 cells/
well with defined concentrations of teriflunomide (0, 1.5, 6.25, 25,
and 100 μM), chosen as a wider range of concentrations than
published previously for testing cell viability.16 The cells were
cultured at 37°C/5% CO2, and the cell viabilities were examined
at 0, 1, 3, and 5 days using a Muse cell analyzer (Millipore).

Lymphoproliferation Assay
Lymphoproliferation assay using [3H] thymidine was performed
as described previously.17 PBMCs of HDs and patients with
HAM/TSP were cultured in triplicate in 96-well round bottom
microplates at 3 × 105 cells/well with defined concentrations of
teriflunomide (0, 25, 50, and 100 μM), which are comparable to
concentrations achieved in vivo in pharmacokinetic studies of
teriflunomide in patients with MS. The cells were pulsed after
3–5 days of culture with 1 μCi [3H] thymidine. The average
counts per minute from each of the wells were determined.

Lymphoproliferation assay using carboxyfluorescein succini-
midyl ester (CFSE) (CellTrace CFSE cell proliferation kit;
Invitrogen) was performed as described previously.18 PBMCs
were labeled with CFSE, according to the manufacturer’s in-
struction, and plated at 3 × 105 cells/well in 96-well round
bottom microplates with defined concentrations of teri-
flunomide (0, 25, 50, and 100 μM). After culture for 4 and 5
days, the cells were stained with antibodies against CD3, CD4,
CD8, and CD25 (all from BD Biosciences). The data were
acquired on an LSRII flow cytometer (BD Biosciences) and
were analyzed using FlowJo 10.5 software (FlowJo LLC).

HTLV-1 PVL
HTLV-1 PVL was measured using droplet digital polymerase
chain reaction (PCR) (Bio-Rad) as described previously.19

PBMCs of patients with HAM/TSP were cultured at 2 × 106

cells/well in 12-well plates with defined concentrations of teri-
flunomide (0, 25, 50, and 100 μM) and collected after culture for
1, 3, and 5 days. Deoxyribonucleic acid (DNA) was extracted
from the PBMC using a DNeasy Blood and Tissue kit (Qiagen)
according to themanufacturer’s instructions. Primers and probes
specific for HTLV-1 tax and human ribonuclease P protein
subunit 30 were used. The duplex PCR amplification was per-
formed in this sealed 96-well plate using a GeneAmp 9,700
thermocycler (Applied Biosystems). Following PCR amplifica-
tion, the 96-well plate was transferred to a QX100 droplet reader

Glossary
CFSE = carboxyfluorescein succinimidyl ester;CMV = cytomegalovirus; EBV = Epstein-Barr virus;DHODH = dihydroorotate
dehydrogenase; DNA = deoxyribonucleic acid; HD = healthy donor; HAM = HTLV-1–associated myelopathy; HTLV-1 =
human T-cell lymphotropic virus 1; HPRT = hypoxanthine phosphoribosyl transferase; IL = interleukin; mRNA = messenger
ribonucleic acid; PBMC = peripheral blood mononuclear cell; PCR = polymerase chain reaction; PVL = proviral load; Th1 = T
helper 1; TSP = tropical spastic paraparesis.
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(Bio-Rad). For PVL calculation, QuantaSoft software version
1.3.2.0 (Bio-Rad) was used to quantify the copies/μL of each
queried target per well. All samples were tested in duplicate (a
total of no less than 20,000 droplets), unless specified otherwise,
and PVL is reported as the average of the 2 measurements.

HTLV-1 tax/hbz Messenger Ribonucleic
Acid Expression
PBMCs of patients with HAM/TSP were cultured at 2 × 106

cells/well in 12-well plates with defined concentrations of
teriflunomide (0, 25, and 50 μM) and collected after 20 hours.
RNA was extracted from fresh-frozen PBMCs or cultured
PBMCs using the RNAeasy plus mini kit (Qiagen), and
cDNA was synthesized from extracted RNA using a high-
capacity cDNA reverse transcriptase kit (Applied Bio-
systems). Measurements of HTLV-1 tax and hbz messenger
ribonucleic acid (mRNA) were performed using ddPCR (Bio-
Rad). The following primers and probes specific for HTLV-1 tax
andHTLV-1 hbzwere used: tax F (ATCCCGTGGAGACTCCT
CAA); tax R (CCAAACACGTAGACTGGGTATCC); tax probe
(6FAM-CCCCGCCGATCCCAAA-MGB); hbz F (AGAACG
CGACTCAACCGG); hbz R (TGACACAGGCAAGCAT
CGA); and hbz probe (6FAM-ATGGCGGCCTCAGGGCT-
MGB). Primers and probes specific for hypoxanthine phos-
phoribosyl transferase (HPRT) were used for normalization
(Thermo Fisher Scientific). Normalized values of HTLV-1 tax

mRNA and hbz mRNA expression were calculated using the
following formula: HTLV-1 tax mRNA or hbz mRNA = (the
relative quantity of HTLV-1 tax mRNA or hbz mRNA/the
relative quantity of HPRT mRNA) × 100. All samples were
tested in duplicate, and HTLV-1 tax and hbz mRNA expres-
sions are reported as the average of the 2 measurements.

Flow Cytometry
PBMCs of patients with HAM/TSP were cultured at 3 × 105

cells/well in 96-well round bottom microplates with defined
concentrations of teriflunomide (0, 25, 50, and 100 μM). After
20 hours, the cells were stained with antibodies for CD3,
CD4, CD8, and CD25 (all from BD Biosciences). After
treatment with fixation/permeabilization solution (eBio-
sciences), the cells were stained with antibody for Tax (Lt-4).
The data were acquired on an LSRII flow cytometer (BD
Biosciences) and were analyzed using FlowJo 10.5 software
(FlowJo LLC).

Statistics
Repeated-measures 1-way ANOVA was used to compare
spontaneous lymphoproliferation, CD25+ cells in the CD4+

and CD8+ T-cell populations, HTLV-1 PVL, andHTLV-1 tax
mRNA and hbz mRNA expressions at different concentra-
tions of teriflunomide treatment. All statistical analysis was
performed using Prism (GraphPad software).

Figure 1 Inhibition of Spontaneous Lymphoproliferation With Teriflunomide

(A) Cell viability of PBMCs of an HD cultured with teriflunomide. (B) Spontaneous lymphoproliferation in cultured PBMCs of an HD (left graph) and a patient
with HAM/TSP (HAM 1; right graph) with defined concentrations of teriflunomide. (C) Inhibition of spontaneous lymphoproliferation in cultured PBMCs of 12
patients with HAM/TSP with defined concentrations of teriflunomide. Each data point represents the mean of 3H incorporation in a total of 12 patients with
HAM/TSP. (D) Concentration-dependent inhibitory effect of teriflunomide on spontaneous lymphoproliferation in cultured PBMCs of 12 patients with HAM/
TSP at day 5. Each data point represents the mean with standard deviation. (E) Percent change of spontaneous lymphoproliferation in cultured PBMCs of 12
patients with HAM/TSP with teriflunomide compared with those without teriflunomide at day 5. Each bar represents the mean with SD.
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Standard Protocol Approvals, Registrations,
and Patient Consents
The study was reviewed and approved by the NINDS In-
stitutional Review Board. All clinical samples used in this
study were collected at NINDS under protocol #98-N-0047.
Before study inclusion, written informed consent was
obtained from subjects in accordance with the Declaration of
Helsinki.

Data Availability
All the data used for the article will be provided on request.

Results
Teriflunomide Inhibited Spontaneous
Lymphoproliferation of PBMCs From Patients
With HAM/TSP
Cell viability of PBMCs of a HD cultured with teriflunomide
was examined, compared with that in the culture without
teriflunomide. Teriflunomide (0, 1.5, 6.25, and 25 μM) did
not affect cell viability during the culture for 5 days (<3.6%
difference; figure 1A). The cell viability was slightly lower at
8.2% and 13.7% at day 3 and day 5 for cultured PBMCs with
100 μM teriflunomide, respectively (figure 1A).

To determine whether teriflunomide has an inhibitory effect
on ex vivo spontaneous lymphoproliferation of patients with
HAM/TSP, we examined lymphoproliferation in cultured
PBMCs of patients with HAM/TSP compared with an HD
with defined concentrations of teriflunomide. As shown in
figure 1B, PBMCs of an HD did not spontaneously proliferate
and therefore were not affected by the addition of teri-
flunomide in the culture (figure 1B; left graph). By contrast,
spontaneous lymphoproliferation was detected in the PBMC
culture of a patient with HAM/TSP (HAM 1) without any
exogenous stimuli after day 3 (figure 1B; right graph). In-
cubation with defined (25, 50, and 100 μM) concentrations of
teriflunomide inhibited spontaneous lymphoproliferation
in lymphocytes from this patient with HAM/TSP in a
concentration-dependent manner (figure 1B; right graph).
Group analysis of 12 patients with HAM/TSP also showed a
concentration-dependent suppression in spontaneous lym-
phoproliferation in culture with teriflunomide between day 3
and day 5 (figure 1C). Group analysis of the effect of teri-
flunomide in HAM/TSP PBMC at a single time point (day 5)
demonstrated a significant suppression of spontaneous lym-
phoproliferation in a concentration-dependent manner (p <
0.0001; figure 1D). Compared with spontaneous lympho-
proliferation without teriflunomide, the average percentage

Figure 2 Inhibition of CD8+ and CD4+ T-Cell Proliferation With Teriflunomide

(A) Representative dot plots of CFSE staining in CD8+ and CD4+ T cells of a patient with HAM/TSP (HAM 1) with defined concentrations of teriflunomide after
culture for 5 days. (B) Inhibitory effect of teriflunomide on CD8+ T-cell proliferation in cultured PBMCs of 12 patients with HAM/TSP at day 5. Each data point
represents the mean of CFSE staining with SD. (C) Percent change of CD8+ T-cell proliferation in cultured PBMCs of 12 patients with HAM/TSP with
teriflunomide comparedwith thosewithout teriflunomide at day 5. Each bar represents themeanwith SD. (D) Inhibitory effect of teriflunomide on CD4+ T-cell
proliferation in cultured PBMCs of 12 patients with HAM/TSP at day 5. Each data point represents the mean of CFSE staining with SD. (E) Percent change of
CD4+ T-cell proliferation in cultured PBMCs of 12 patients with HAM/TSP with teriflunomide compared with those without teriflunomide at day 5. Each bar
represents the mean with SD. HAM = HTLV-1–associated myelopathy; PBMC = peripheral blood mononuclear cell; TSP = tropical spastic paraparesis.

4 Neurology: Neuroimmunology & Neuroinflammation | Volume 8, Number 3 | May 2021 Neurology.org/NN

http://neurology.org/nn


decrease across all the patients with HAM/TSP was 38.3%,
65.8%, and 90.7% at 25, 50, and 100 μM teriflunomide, re-
spectively (figure 1E). These results demonstrated that teri-
flunomide reduced ex vivo spontaneous lymphoproliferation
in PBMCs of patients with HAM/TSP.

Teriflunomide Inhibited Both CD8+ and CD4+

T-Cell Proliferation of Patients With HAM/TSP
In patients with HAM/TSP, CD8+ T cells have been dem-
onstrated to predominantly proliferate in ex vivo PBMC
cultures.20 Given the inhibitory effect of teriflunomide on ex
vivo spontaneous lymphoproliferation in patients with HAM/
TSP, we asked whether spontaneous lymphoproliferation of
either CD8+ and/or CD4+ T cell is inhibited by teriflunomide
in PBMC culture of patients with HAM/TSP. Figure 2A
shows representative dot plots of spontaneous CD8+ and
CD4+ T-cell proliferation of a patient with HAM/TSP (HAM
1) in PBMC culture at day 5 with and without teriflunomide
using CFSE. Both CD8+ and CD4+ T cells showed sponta-
neous proliferation, although, as expected, CD8+ T cells
proliferated to a greater extent than CD4+ T cells (figure 2A).
After culture with teriflunomide 50 μM, both CD8+ andCD4+

T cells showed a reduction in spontaneous lymphoprolifera-
tion (figure 2A). Group analysis of spontaneous CD8+ T-cell
proliferation in 12 patients with HAM/TSP showed a sig-
nificant and concentration-dependent suppression in culture
with teriflunomide at day 5 (p = 0.0025; figure 2B). The
average percent inhibition across all the patients with HAM/
TSP was 54.3%, 64.1%, and 84.9% at 25, 50, and 100 μM
teriflunomide, respectively (figure 2C), which was consistent
with proliferation assay using [3H] thymidine (figure 1E).
Although CD4+ T cells of patients with HAM/TSP showed
less proliferation than CD8+ T cells, spontaneous CD4+

T-cell proliferation was also significantly suppressed with
teriflunomide in a concentration-dependent manner (figure
2D). Compared with spontaneous lymphoproliferation
without teriflunomide, the average percent inhibition across
all the patients with HAM/TSP was 46.1%, 54.2%, and 73.2%
at 25, 50, and 100 μM teriflunomide, respectively (figure 2E).

These results demonstrated that teriflunomide inhibited
proliferation of both CD8+ and CD4+ T cells in ex vivo
PBMC culture of patients with HAM/TSP.

Teriflunomide Did Not Change an Activation
Marker of Patients With HAM/TSP
Patients with HAM/TSP have high levels of CD25 (α chain of
the interleukin (IL)-2 receptor) in T cells, particularly in CD4+

T cells that contain high HTLV-1 PVL and increased expression
of HTLV-1 tax mRNA.21 To determine whether teriflunomide
has an effect on CD25 expression associated with HTLV-1 in-
fection, we examined the frequency of CD25+ T cells in both
CD4+ and CD8+ T cells in cultured PBMCs from patients with
HAM/TSP with defined concentrations of teriflunomide. In
CD4+ T cells, there was no effect of teriflunomide on the fre-
quency of CD25+ cells from patients with HAM/TSP through
5-day cultures compared with cultures without teriflunomide
(figure 3A). Compared with CD4+ T cells, CD8+ T cells showed
less CD25 expression before culture, but the frequency of
CD25+ cells increased in CD8+ T cells of patients with HAM/
TSP, consistent with an increase in spontaneous proliferation in
this T-cell subset after culture (figure 3B). In the presence of
teriflunomide, a reduced frequency of CD25+ cells in CD8+

T cells was observed at day 5, although this did not reach sta-
tistical significance (figure 3B). The average percent inhibition
across all the patients with HAM/TSP was 30.9%, 26.0%, and
41.1% at 25, 50, and 100 μM teriflunomide, respectively (figure
3B). These results demonstrate that teriflunomide had minimal
effect on the immune activation marker CD25 of patients with
HAM/TSP during these short-term ex vivo PBMC cultures.

Teriflunomide Did Not Change HTLV-1 mRNA
Expression of Patients With HAM/TSP, But
Inhibited Expansion of HTLV-1 Infection
Because teriflunomide has been suggested to have potential
broad-spectrum antiviral activity against several viruses such
as cytomegalovirus (CMV) and Epstein-Barr virus (EBV), we
next examined the effect of teriflunomide on HTLV-1 PVL,
HTLV-1 mRNA, and HTLV-1 Tax protein expression in ex

Figure 3 Teriflunomide Did Not Change Activation Marker of Patients With HAM/TSP

Frequency of CD25+ cells in the CD4+ T-cell pop-
ulation (A) and in the CD8+ T-cell population (B) of
PBMCs from 9 randomly selected patients with
HAM/TSP cultured with defined concentrations of
teriflunomide. HAM = HTLV-1–associated myelop-
athy; PBMC = peripheral blood mononuclear cell;
TSP = tropical spastic paraparesis.
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vivo PBMC culture of patients with HAM/TSP. HTLV-1
PVL in cultured PBMCs from 6 patients withHAM/TSPwith
defined concentrations of teriflunomide was examined. Group
analysis showed that HTLV-1 PVL remained stable in
PBMCs of a patient with HAM/TSP in the culture for 1 day
with and without teriflunomide compared with HTLV-1 PVL
before culture (figure 4A). Although HTLV-1 PVL gradually
increased in PBMC culture without teriflunomide from day 3
to day 5, the increase of HTLV-1 PVL was inhibited with
teriflunomide (figure 4A). After 5 days of culture, HTLV-1
PVL was reduced in PBMCs of patients with HAM/TSP in a
concentration-dependent manner and approached statistical
significance (p = 0.0626; figure 4B). Of interest, teriflunomide
was able to inhibit HTLV-1 PVL in some patients with HAM/
TSP with high PVL (figure 4B; HAM1, 8, and 10). Compared
with HTLV-1 PVL in PBMC culture without teriflunomide,
the average percent inhibition across all the patients with
HAM/TSP was 18.4%, 30.2%, and 40.9% at 25, 50, and
100 μM teriflunomide, respectively (figure 4C).

In HAM/TSP, there is a spontaneous increase of HTLV-1 tax
mRNA and HTLV-1 Tax protein expression in PBMCs after
ex vivo culture without exogenous stimulators, which has been
shown to peak at 12–24 hours in culture, although the HTLV-
1 PVL remains stable during this short period.22,23 To de-
termine whether teriflunomide has an effect on HTLV-1 ex-
pression, we examined HTLV-1 tax and hbz mRNA and
HTLV-1 Tax protein in cultured PBMCs from patients with
HAM/TSP with defined concentrations of teriflunomide. As
shown in figure 4D, teriflunomide did not show any signifi-
cant or concentration-dependent inhibition of HTLV-1 tax
mRNA expression in 20-hour cultured HAM/TSP PBMC,
except for the reduction of taxmRNA in 1 patient withHAM/
TSP (figure 4D). Teriflunomide also did not show any sig-
nificant or concentration-dependent inhibition of HTLV-1
hbz mRNA expression in 20-hour cultured HAM/TSP
PBMC (figure 4E). In addition, Tax protein expression in
CD4+ cells from cultured HAM/TSP PBMC was not signif-
icantly changed by treatment with teriflunomide (figure 4F).

Figure 4 HTLV-1 PVL and mRNA Expression in Cultured PBMCs of Patients With HAM/TSP With Teriflunomide

(A) Inhibition of HTLV-1 PVL in cultured PBMCs of 6 randomly selected patients with HAM/TSP with defined concentrations of teriflunomide. Each data point
represents themean of HTLV-1 PVL in a total of 6 patientswith HAM/TSP. Shaded area represents the range of SD based onHTLV-1 PVL of total 6 patients with
HAM/TSP at day 0. (B) Inhibitory effect of teriflunomide onHTLV-1 PVL in cultured PBMCs of 6 patients with HAM/TSP (patient numbers are indicated) at day 5.
(C) Percent change of HTLV-1 PVL in cultured PBMCs of 6 patientswith HAM/TSPwith teriflunomide comparedwith thosewithout teriflunomide at day 5. Each
bar represents the mean with SD. (D) HTLV-1 tax mRNA expression in PBMCs of 6 patients with HAM/TSP cultured with defined concentrations of teri-
flunomide for 20 hours. (E) HTLV-1 hbzmRNA expression in PBMCs of 6 patients with HAM/TSP cultured with defined concentrations of teriflunomide for 20
hours. (F) HTLV-1 Tax protein expression in CD4+ T cells of cultured PBMCs from12patientswith HAM/TSPwith defined concentrations of teriflunomide for 20
hours. HAM = HTLV-1–associated myelopathy; HTLV-1 = human T-cell lymphotropic virus 1; PBMC = peripheral blood mononuclear cell; PVL = proviral load;
TSP = tropical spastic paraparesis.
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These results demonstrated that although teriflunomide did
not directly affect HTLV-1 infection and expression in ex vivo
PBMCs of patients with HAM/TSP in short-term cultures,
teriflunomide reduced HTLV-1 PVL in ex vivo PBMCs of
patients with HAM/TSP at day 5 when spontaneous lym-
phoproliferation was significantly inhibition in the culture.

Discussion
Chronically activated immune responses including T-cell pro-
liferation and cytolytic activity of CD8+ T cells have been dem-
onstrated to contribute to clinical disability and underlie the
pathogenesis of HAM/TSP.24 In our study, the dihydroorotate
dehydrogenase (DHODH) inhibitor teriflunomide reduced ex
vivo spontaneous lymphoproliferation in PBMCs, which is a well-
established measure of ex vivo T-cell activation in HAM/TSP.
Inhibition of DHODH has been shown in clinical and preclinical
studies to inhibit the proliferation of a number of cell types, but its
modulation has not been previously shown to inhibit spontane-
ous lymphoproliferation in patients with HAM/TSP.

After culture of PBMCs from patients with HAM/TSP, T cells
proliferate without exogenous stimulation, which is an immuno-
logic hallmark of HAM/TSP.14,15 Mechanistically, this sponta-
neous lymphoproliferation is associated with an increased HTLV-
1 gene expression in PBMCs, which induce proliferation of
HTLV-1–infected and/or activated T cells by the common γ
chain family of cytokines such as IL-2 and IL-15 in culture.20,25,26 A
number of drugs and monoclonal antibodies have been reported
to suppress inflammation and activation of lymphocytes, evi-
denced by inhibitory effects on spontaneous lymphoproliferation
and cytokine expression in ex vivo PBMC culture of patients with
HAM/TSP 25,27-29 and have been used in clinical trials for patients
withHAM/TSP.17,30,31 Proliferation of T cells inHAM/TSPmay
also be associated with the immunopathogenesis of this disease
because antigen-specific CD8+ T cells have been shown to be
elevated in peripheral blood, even higher in the CSF, of patients
with HAM/TSP, and have been shown to be present in CNS
lesions.5,32-34 Recently, teriflunomide has been reported to mod-
ulate oxidative phosphorylation and aerobic glycolysis in activated
T cells via functional inhibition of complex III of the respiratory
chain and preferentially reduce the proliferation of high-affinity
T cells.6 It was therefore of interest to determine whether teri-
flunomide could also reduce the abnormal proliferation ofHTLV-
1–specific CD8+T cells in patients withHAM/TSP. In our study,
teriflunomide significantly inhibited spontaneous CD8+ T-cell
proliferation in PBMCculture of patients withHAM/TSPbut did
not affect cell viability or expression of the T-cell activationmarker
CD25 in 5-day cultured PBMCs, consistent with a previous re-
port.16 These results demonstrate that teriflunomide was able to
inhibit abnormal proliferation of lymphocyteswithout killing these
cells.

In addition to inhibition of CD8+ T cell proliferation, teri-
flunomide also inhibited the spontaneous proliferation of
CD4+ T cells in PBMC cultures of patients with HAM/TSP.
Both CD4+ and CD8+ T cells are involved in the immunologic

regulation of HTLV-1 infection and in the inflammatory pro-
cess associated with the pathogenesis of HAM/TSP. CD4+

T cells are the predominant reservoir of HTLV-1 and display a
high expression of HTLV-1 viral products in patients with
HAM/TSP.35,36 In addition, CD4+ T cells isolated from pa-
tients with HAM/TSP display a pattern of clonal expansion ex
vivo in the absence of malignancy.26HTLV-1 also infects CD8+

T cells, albeit at lower frequency than CD4+ T cells, but the
percentage of proliferating CD8+ T cells has been reported to
be 2–5-fold higher than that of CD4+ T cells in ex vivo PBMC
culture of patients with HAM/TSP.20,35 In HAM/TSP, T-cell
proliferation is highly regulated and is associated with the ex-
pression of HTLV-1 Tax.20,25,37 HTLV-1 has developed nu-
merous mechanisms to induce T cell proliferation in the
absence of appropriate signals, such as transactivation of IL-2/
IL-2Rα by HTLV-1 Tax.37 An additional disruptive effect of
HTLV-1 Tax results from its impact on the ability of the cell-
cycle machinery to regulate DNA replication and cell division.
It has been reported that the clonal expansion of HTLV-1–
infected T cells relies on 2 distinct mechanisms: HTLV-1 in-
fection preventing cell death in CD8+ T cells while inducing
CD4+ T cells into the cell cycle.26 Teriflunomide inhibits the
action of DHODH via cell cycle arrest at the G1/S phase
checkpoint and entry into the G2/M phases without cell death,
where HTLV-1 Tax promotes cell cycle progression.38,39 In
HTLV-1–infected subjects, it has been reported that the me-
dian proliferation rate of CD4+ CD45RO+ and CD8+

CD45RO+ T cells was 2.5% and 3.6% per day, respectively, and
that the rate of CD4+ CD45RO+ T cell proliferation was sig-
nificantly higher in patients with HAM/TSP than in asymp-
tomatic carriers.40 In patients with MS treated with
teriflunomide, a mild but consistent lymphopenia was observed
due to the antiproliferative effets of teriflunomide.6,7 Of in-
terest, distinct effects of teriflunomide treatment on different
T-cell subsets have been reported in patients with MS, with an
absolute reduction in T helper 1 (Th1) cells, but not Th2 or
Th17 cells.6 Because the increase of HTLV-1–infected CD4+

CCR4+ T cells with Th1 markers has been reported in patients
with HAM/TSP,41 teriflunomide might be targeting Th1-type
cells in these patients. Further studies will be required to un-
derstand how teriflunomide inhibits proliferation of bothCD4+

and CD8+ T cells in patients with HAM/TSP.

Teriflunomide also inhibited HTLV-1 PVL in relatively short-
term cultures of HAM/TSP PBMCs, although HTLV-1 ex-
pression was not affected by treatment with teriflunomide.
Leflunomide/teriflunomide has been shown to have antiviral
activity against a broad range of viruses, such as CMV, EBV,
herpes simplex virus 1, and BK polyomavirus, in vitro and in
vivo in humans.10-13 Leflunomide has been shown to interfere
with virion assembly of CMV but not to inhibit DNA syn-
thesis, suggesting that this drug may potentially be used for its
antiviral properties against CMV infection.13 Leflunomide has
been increasingly used to treat human CMV and BK virus
infection in organ transplant patients with immunosuppres-
sion.11 Recently, teriflunomide has been also reported to in-
hibit proliferation of EBV-transformed B cells as well as lytic
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EBV infection in vitro.10 Many viruses, and HTLV-1 in par-
ticular, replicate in dividing and proliferating cells in which
these cells are the major reservoir for the virus.42 The effect of
teriflunomide on inhibition of HTLV-1 proliferating cells
would be consistent with its effect on reduction in HTLV-1
PVL. Of interest, HAM/TSP patients HAM 1, 8, and 10
showed dramatically increased levels of HTLV-1 PVL in the
cultured PBMCs associated with higher percentages of pro-
liferating CD4+ T cells and the highest levels of teriflunomide
inhibition. Because HTLV-1 persistence depends to some
extent on the clonal expansion of infected T cells in HTLV-
1–infected subjects, the inhibitory effects of teriflunomide on
proliferation of HTLV-1–infected T cells may have thera-
peutic applications for HTLV-1–associated diseases.

Collectively, the results in this study demonstrated that ex
vivo, teriflunomide reduced spontaneous lymphoproliferation
of PBMCs, both in CD4+ and CD8+ T-cell subsets, from
HAM/TSP patients. These results suggested that teri-
flunomide inhibited abnormal T-cell proliferation associated
with HTLV-1 infection. In addition to the ex vivo efficacy of
teriflunomide, a better understanding of its mechanism of
action will allow for future clinical use of teriflunomide in
treatment of HTLV-1–associated neurologic disease.
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Abstract
Objective
To report 77 patients with multiple sclerosis (MS) who developed skin-related adverse events
(AEs) following treatment with cladribine.

Methods
We evaluated our prospective bicentric cladribine cohort. Cladribine-treated patients with a
skin AE were identified.

Results
Two hundred thirty-nine cladribine-treated patients with MS were evaluated. Seventy-seven
patients (32%) showed at least 1 skin AE at median 1 month after cladribine initiation (range:
1–12). Within first 3 months following last cladribine exposition, hair thinning (n = 28, 12%),
skin rash (n = 20; 8%), mucositis (n = 13, 5%), and pruritus (n = 6, 3%) were observed.
Furthermore, 35 patients (15%) developed herpes virus infections (time since last cladribine
exposition: median 83 [range: 10–305]). In 15 patients, herpes zoster infection was severe
(CTCAE grade ≥ 3) and required hospitalization. Delayed skin AEs (≥3 months after a
cladribine treatment cycle) involved 1 case of leukocytoclastic vasculitis and 2 cases of alopecia
areata. Finally, 2 patients presented with in total 3 isolated precancerous lesions (1 leukoplakia
simplex and 2 actinic keratosis) and 1 patient developed a squamous cell carcinoma.

Conclusion
Skin AEs are common in patients withMS treated with cladribine. Until risk management plans
have been adjusted to include these phenomena, clinicians should perform a thorough clinical
follow-up and in suspicious cases seek early interdisciplinary support. In light of the observed
delayed skin reactions, we further emphasize the necessity of careful clinical surveillance of
cladribine-treated patients for yet undescribed secondary autoimmune events.

Classification of Evidence
This study provides Class IV evidence that skin-related AEs are frequent in patients with MS
following cladribine in a real-world setting.
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Skin-related adverse events (AEs) have been described in
several disease-modifying therapies (DMTs) approved for
treatment of relapsing-remitting multiple sclerosis (RRMS).1

However, little is known about the incidence and clinical
presentation of such AEs in patients treated with cladribine.
Dermatomal herpes infections and rare cases of skin rash are
the only described (transient) skin-related AEs of cladribine
so far.2,3 Moreover, there has long been uncertainty whether
cladribine treatment increases the risk of malignancy.2,4

Here, we present our prospective, bicentric cohort of 239
cladribine patients, 77 (32%) of whom developed at least 1
skin-related AE of varying severity.

Methods
We evaluated our prospective, bicentric cohort of patients with
RRMS who received oral cladribine according to the latest
summary of product characteristics. Following treatment in-
duction, patients were evaluated at least every third month.
Patients with skin-related AEs were identified, and baseline
characteristics (e.g., age, sex, concomitant diagnosis and thera-
pies, smoker status, and family history) as well as data regarding
the AE (date of AE, concomitant clinical events, supportive
medications, and lymphocyte count) were evaluated.

Standard Protocol Approvals, Registrations,
and Patient Consents
Ethical approval was obtained from local authorities (2020-
459-f-S), and patients gave informed consent.

Data Availability
Data will be shared with qualified investigators on request;
please contact leoni.rolfes@ukmuenster.de.

Results
Two hundred thirty-nine cladribine-treated patients with
RRMS were longitudinally evaluated (table 1). Seventy-seven
patients (32%) developed 1 or more (median number 1.5
[range: 1–6]) skin AEs. Generally, acute skin reactions (<3
months following a cladribine treatment course) represented
the most common phenomenon, with 54 patients (22.6%)
reporting at least 1 event (table 2). In detail, 28 patients
(11.7%) described diffuse hair thinning, and 20 patients (8.4%)
experienced a skin rash, including diffuse erythema (n = 13,
5.4%), nummular eczema (n = 2, 0.8%), and papulopustular
acneiform eruption (acneiform rash, n = 5, 2.1%, figure, A–C).
Of interest, 6 patients who developed a rash at cladribine ini-
tiation experienced it at reexposure during the second course.

In 2 cases (0.8%), skin rash was accompanied by pruritus,
whereas in 4 patients (1.7%), pruritus represented as an iso-
lated symptom (figure D). Furthermore, 13 patients (5.4%)
demonstrated with transient mucositis, including 2 cases of
dental abscess, even leading to teeth loss in 1 patient and
surgical abscess splitting in the other. Most cases of acute
symptoms resolved without specific treatment (except 7 cases
of symptomatic treatment with local steroids and/or antihis-
tamines due to skin rash and pruritus). However, 6 cases
(2.5%) of hair thinning and 3 (1.3%) of acneiform rash per-
sisted during the follow-up (median 21 [range: 6–26]months).

Moreover, 35 patients (14.6%) developed a herpetic skin
infection (herpes zoster: n = 16, 6.7% [figure E]; herpes
simplex: n = 19, 7.9%; figure F and table 2). Of note, 88% of
herpes zoster infections (n = 15, including 1 zoster oph-
thalmicus, 2 disseminated infections (figure E), and 1 tri-
geminal nerve affection) were rated as severe (CTCAE grade
≥ 3) and needed hospitalization. Because an integrated anal-
ysis of safety data from the cladribine development program
suggested a correlation between lymphopenia and the in-
cidence of herpes zoster,2 we evaluated lymphocyte counts at
infection onset. Indeed, 88% (n = 15) of herpes zoster and
74% of herpes simplex infections manifested during lym-
phopenia (median lymphocyte count herpes zoster: 570
[range: 220–1,120] cells/μL; herpes simplex: 860 [range:
420–1,150] cells/μL).

We further observed 7 cases (2.9%) of delayed skin reactions
(onset ≥3 months following cladribine treatment, table 2).
Those included 3 cases of acneiform rash (median 144 [range:
130–174] days following cladribine therapy), 1 case of delayed
hair thinning (day 206 of cladribine therapy), and—of particular
interest—1 case of leukocytoclastic vasculitis and 2 cases of
alopecia areata (22/20/13 months after cladribine initiation),
probably representing secondary autoimmune complications of
cladribine treatment in MS. In detail, a 42-year-old woman re-
ceived the diagnosis of leukocytoclastic vasculitis, based on the
clinical presentation (palpable purpura on both lower legs, figure
G), findings in the direct immunofluorescence and good re-
sponse to local as well as systemic steroid treatment. She showed
no symptoms of systemic vasculitis, and further laboratory tests
were inconspicuous. During 3 months of follow-up, purpuras
improved in size and palpability while the patient continues to
take steroids in an oral tapering regime.

Moreover, 2 female patients (27 and 38 years old) reported
smooth, circular areas of complete hair loss. In both cases,
consultation of a dermatologist resulted in the diagnosis of
alopecia areata based on the classical clinical presentation
(figure H). Laboratory tests including thyroid hormones and

Glossary
AE = adverse event; DMT = disease-modifying therapy; MS = multiple sclerosis; RRMS = relapsing-remitting MS.
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thyroid antibodies revealed no alternative underlying course.
Alopecia persisted during follow-up periods of 6 and 19
months, respectively.

Finally, single cases of skin carcinomas have been described in
cladribine-treated patients with MS.5-7 Here, we observed in
total 3 precancerous lesions (leukoplakia simplex and 2 cases
of actinic keratosis) and 1 case of squamous cell carcinoma in
2 cladribine-treated patients with MS. In detail, a 41-year-old
woman presented with oral leukoplakia that was first noted 67
days following cladribine exposition (figure I). Biopsy con-
firmed the diagnosis of leukoplakia simplex. No specific
therapy was initiated and restitution occurred during a 1-year
follow-up. However, at day 153 of cladribine treatment, the
patient developed actinic keratosis (figure J). The lesion was
excised, followed by topical therapy with diclofenac sodium.

Moreover, a 69-year-old female patient with MS required
escalation treatment due to persisting relapse activity. Ultra-
violet damaged skin and a medical history of actinic keratosis
were evident, however stable for years. Of note, 68 days after
the first cladribine treatment cycle, she presented with several
firm and indolent lesions with central hyperkeratosis (figure

K). Biopsies revealed the diagnosis of 4 squamous cell carci-
nomas and 4 actinic keratoses. The lesions were excised, and
no further specific treatment was initiated. She is regularly
screened (every 6 months) for reemerging disease activity.

Discussion
Skin-related AEs, especially skin rash, have been described before
in cladribine treatment for oncologic purpose8; however, are less-
considered AEs of cladribine treatment in MS3 and are not
mentioned in the risk management plans of MS so far.

In this prospective study, we demonstrate that skin-related AEs
are frequent, with 77 of 239 cladribine-treated patients (32%)
experiencing at least 1 treatment-emerged AE. Acute to subacute
AEs thereby represent the most common phenomenon (22.6%),
with hair loss being the dominant manifestation. Non-
hematologic toxicity might be an underlying mechanism (espe-
cially in regard to alopecia, mucositis, and acneiform rash),
probably also being an explanation for other side effects reported
by controlled clinical trials (e.g., nausea, diarrhea, and fatigue).2,4,9

Moreover, skin rash or pruritus might further represent immune-
mediated skin phenomena. Previously, it has been postulated that
cladribine-induced immune dysregulationmight not be the direct
cause of skin rash in hemato-oncologic patients, rather than
predisposes patients to be hypersensitive to other drugs.8 How-
ever, none of our patients experienced skin rash associated with
concomitant therapy. Generally, most cases of acute reactions
resolved without specific treatment while cladribine was contin-
ued. Only in 1 patient, the AE (squamous cell carcinoma) led to
treatment discontinuation.

Moreover, our cohort indicates a high number of skin infec-
tions (herpes zoster: n = 16, 6.7%; herpes simplex: n = 19,
7.9%), contrasting the herpes zoster/simplex infection rate of
2.0%/3.0% in the cladribine 3.5 mg/kg group of the CLAR-
ITY trial and its extension.4,9 Importantly, there was a high
percentage of severe disease courses (88% of herpes zoster
infections) that required inpatient therapy.

Of interest, 2 patients showed hair loss due to alopecia areata,
and 1 presented with a leukocytoclastic vasculitis. Because
there are spontaneous manifestations described, we cannot
unequally demonstrate a causal relationship between those
phenomena and cladribine in these reported cases. However,
the autoimmune pathophysiology against the background of
long-lasting changes of cladribine in the immune system, the
identification of other cases of alopecia areata associated with
DMTs,1 and the typical time course of secondary autoim-
munity beginning from 13 months after initiation of immune
reconstitution1 might argue in favor of a lymphopenia-
associated secondary autoimmune disease. Indeed, both pa-
tients (1 with alopecia areata and 1 with leukocytoclastic
vasculitis) from whom we had blood counts at the time of
autoimmunity showed lymphopenia (850 and 910 cells/μL).
Of interest, both patients developed autoimmunity from a

Table 1 Baseline Characteristics of the Cladribine Cohort
(Total N = 239 Patients)

Cladribine cohort

Patients, no. (%) 239

Age, y, median (IQR) 40 (33–46)

Male patients, no. (%) 91 (38)

Time since RMS onset, y, median (IQR) 4.2 (0.9–9.0)

EDSS baseline, median (IQR) 2.0 (1.5–3.0)

ARR; baseline, median (IQR) 1 (0–2)

Total number of previous DMTs, median (IQR) 1 (0–2)

Last previous DMT, no. (%)

Treatment naive 72 (30)

Basic treatment 117 (49)

Escalation treatment 50 (21)

Reason for switch to CLD, no. (%)

Treatment initiation 72 (30)

Disease progression 118 (50)

Adverse events 48 (20)

Washout duration, d, median (IQR) 49.0 (17–88)

Follow-up duration, mo, median (IQR) 23.7 (16.2–29.5)

Abbreviation: IQR, interquartile range.
Disease durationwas defined as the time between diagnosis and last follow-
up date. Basic includes the following DMT: interferon-beta, glatiramer ace-
tate, teriflunomide, and dimethyl fumarate. Escalation includes fingolimod,
natalizumab, and daclizumab. The Expanded Disability Status Scale and the
annualized relapse rate refer to the time before cladribine initiation.
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moderate state of immunosuppression with a CD19+ B cell of
51 cells/μL and 100 cells/μL, respectively. T-cell counts were
normal (724 and 670 CD3+ cells/μL; 411 and 334 T helper
cells/μL; 253 and 150 cytotoxic T cells/μL). Of note, a signifi-
cant increase in the relative proportion of T cells expressing the
activation marker HLA-DR was observed in the patients with
alopecia areata (increase from 4.8% to 16.8% at the onset of
autoimmunity). Because the last cladribine treatment course
particularly narrowed the difference between activated (CD3+-

HLA-DR+) and nonactivated (CD3+HLA-DR−) T cells, it can
be speculated that this may have caused an imbalance to the
disadvantage of regulatory T cells. Indeed, there are several lines
of evidence suggesting that alopecia areata is a primary T cell–
mediated autoimmune condition. In contrast, the patho-
mechanism of leukocytoclastic vasculitis is still unclear. T helper
cells appear to be involved in disease induction,10 but in this
particular case showed no dynamics during disease onset.

Moreover, it is currently unknown whether the reported cases
showed expression of risk alleles for the respective autoimmune

phenomenon; however, this should be investigated in future cases
to further assess individual risk profiles.11

In addition, and in view of cladribine’s mechanism of action, the
risk of malignancy was thoroughly evaluated in clinical studies.
Although CLARITY and its extension outlined a higher in-
cidence of overall malignancies in the verum group,9 in-
dependent reviews showed a similar rate of malignancy with
cladribine compared with other DMTs or in comparison to
healthy population.2 Here, we report 3 precancerous skin lesions
and 1 case of malignant squamous cell carcinoma in 2 cladribine-
treated individuals (0.8%), not exceeding the expected overall
rate of neoplasms as outlined by CLARITY.9 Of note, benign
(seborrheic keratosis, skin papilloma, and melanocytic nevus)
and malignant (squamous cell carcinoma, basal cell carcinoma,
and malignant melanoma) isolated skin carcinomas have been
previously described in the context of cladribine treatment.5-7

In conclusion, we report 77 cases of skin AEs, associated with
cladribine treatment. Taking into account the high frequency,

Table 2 Manifestation of Cladribine-Related Skin Reactions (Total N = 239 Patients)

Skin reaction Patients, no. (%) Time since last treatment cycle, d, median (range)

Patients with at least 1 skin reaction 77 (32.2) 36 (2–272)

Acute skin reactions 54 (22.6) 18 (2–75)

Hair thinning 28 (11.7) 16 (3–65)

Skin rash 28 (2–65)

Diffuse erythema 13 (5.4)

Acneiform rash 5 (2.1)

Nummular eczema 2 (0.8)

Mucositis 13 (5.4) 34.5 (2–75)

Pruritus 6 (2.5) 11 (2–54)

Skin infections 35 (14.6) 83 (10–305)

Herpes zoster 16 (6.7) 90 (10–237)

Herpes simplex 19 (7.9) 83 (16–305)

Delayed skin reactions 7 (2.9) 159 (7–272)

Acneiform rash 3 (1.3) 144 (130–174)

Hair thinning 1 (0.4) 206

Alopecia areata 2 (0.8) 122 (7–237)

Leukocytoclastic vasculitis 1 (0.4) 272

Precancerous/cancerous lesions 2 (0.8) 67 (35–153)

Leukoplakia simplex 1 (0.4) 67

Actinic keratosis 2 (0.8) 106 (59–153)

Squamous cell carcinoma 1 (0.4) 120

Skin reactions of the 76 identified cases are classified into acute events (≤3months after a cladribine treatment cycle), skin infections, delayed skin reactions
(onset >3 months following cladribine treatment), and precancerous lesions. Number of patients with a respective event is outlined; percentage is given in
relation to the entire cohort of 239 cladribine-treated patients. Duration since last treatment cycle refers to the time period between the last cladribine intake
(irrespective of whether it is the first or second cycle) and the first manifestation of the respective skin reaction.
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as well as the in part autoimmune origin, it should be carefully
evaluated whether patients prone to skin irritation should receive
treatment with cladribine.Moreover, we emphasize the necessity
of careful clinical surveillance of cladribine-treated patients to
warrant early diagnosis and prompt treatment. In this context,
we consider that a complete clinical examination of the skin at
regular intervals should be mandatory for all patients. In partic-
ular, our cases of alopecia areata and leukocytoclastic vasculitis
further demonstrate that clinicians must to be aware of and
screen yet undescribed (secondary) autoimmune phenomena.
Large register studies are necessary to establish the true in-
cidence and the clinical impact of skin AEs in cladribine-treated
patients with MS in the future.
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Abstract
Objective
Vaccine hesitancy is a complex public health issue referring to concerns about safety, efficacy, or
need for vaccination. Using pneumococcal vaccination, which is recommend in anti-CD20–
treated multiple sclerosis (MS) patients, as a model, we assessed vaccination behavior in
patients with MS to prepare for the upcoming SARS-CoV-2 vaccination challenge.

Methods
By a medical chart review, we retrospectively identified patients with MS treated with ocreli-
zumab at the University Hospital Bern in 2018–2020. Pneumococcal vaccination was discussed
with the patients during clinical visits and highlighted in the after-visit summary addressed to
the general practitioner before ocrelizumab initiation as part of our clinical standard of care.

Results
Pneumococcal vaccination was performed in 71/121 (58.7%) of patients, and 50/121 (41.3%)
patients were not vaccinated. Patients who did not get a pneumococcal vaccination were
younger (no vaccination vs vaccination; mean [95%CI] 40.1 [36.1–44.1] vs 45.4 [41.9–48.8], p
= 0.028) and had more frequently a relapsing remitting disease course (no vaccination vs
vaccination, n [%]; 43/50 [86.0%] vs 49/71 [69.0%], p = 0.031). Furthermore, patients who
did not get vaccination had more frequently a history of comorbid psychiatric disorder (no
vaccination vs vaccination, n (%); 12/50 [24.0] vs 7/71 [9.8], p = 0.035).

Conclusion
Our study demonstrated that in our single-center cohort, 41.3% of patients with MS do not get
the recommended pneumococcal vaccination. Future research should focus on vaccine hesitancy
in the vulnerable cohort of patients with MS to improve the safety of MS immunotherapies.

From the Department of Neurology, Inselspital, Bern University Hospital and University of Bern, Freiburgstrasse, Bern, Switzerland.

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 © 2021 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.0000000000000991
mailto:larafrancesca.diem@insel.ch
https://nn.neurology.org/content/8/3/e991/tab-article-info
http://creativecommons.org/licenses/by-nc-nd/4.0/


Vaccine hesitancy is a complex public health issue referring to
concerns about the safety, efficacy, or need for vaccination.1

Each year, Streptococcus pneumoniae is estimated to cause
more than 1,000 serious infections in Switzerland.2 Patients
with multiple sclerosis (MS) treated with ocrelizumab (OCR,
Ocrevus, Roche, Basel, Switzerland) are at risk of S. pneu-
moniae infections. The Swiss Federal Office of Public Health
(FOPH) recommends pneumococcal vaccination in patients
treated with immunosuppressants including OCR.3 Using
pneumococcal vaccination as a model, we aimed to assess
vaccination behavior in patients with MS to prepare for the
upcoming SARS-CoV-2 vaccination challenge.

Methods
By amedical chart review, we retrospectively identified patients
with MS treated with OCR at the University Hospital Bern in
2018–2020 leading to a cohort of 166 patients. Of 166 patients,
45 patients were excluded because of missing clinical in-
formation regarding vaccination status because of the retro-
spective nature of our study, resulting in a cohort of 121
patients (table e-1, links.lww.com/NXI/A466). Pneumococcal
vaccination was recommended as indicated per FOPH guide-
lines,3 discussed with the patients during clinical visits, and
highlighted in the after-visit summary addressed to the general
practitioner before OCR initiation as part of our clinical stan-
dard of care.

The following variables were extracted from medical re-
cords: age, sex, Expanded Disability Status Scale (EDSS),
MS diagnosis, type of MS, disease modifying therapies
before switching, time of vaccination, reason for miss-
ing vaccination, clinical relapse before OCR start, MRI
activity—defined as gadolinium-enhancing lesion and/
or new/enlarging T2 lesion—1 year before/after start of
therapy/vaccination, and concomitant psychiatric disor-
ders. Continuous variables are presented as mean and 95%
CIs, whereas categorical variables are reported as fre-
quencies. Continuous variables are compared using Mann-
Whitney U and Wilcoxon signed rank tests and categorical
variables with the χ2 test.

Standard Protocol Approvals, Registrations,
and Patient Consents
The study was approved by the Cantonal Ethics Committee
(KEK-BE #2017-01369).

Data Availability
Anonymized source data are available upon reasonable re-
quest via the corresponding author.

Results
Patients were 43.2 years old (mean, 95% CI 40.6–45.8),
predominantly female 75/121 (62.0%), and had a moderate
degree of disability (mean EDSS (95% CI): 3.1 (2.8–3.4);
table 1).

Pneumococcal vaccinationwas performed in 71/121 (58.7%) of
patients in mean 4.0 weeks before first dose of OCR (95% CI
0.2–7.8) with a range of 46.44 weeks before and 68.53 weeks
after first dose OCR. In total, 50/121 (41.3%) patients were not
vaccinated. In these 50 patients, the reasons for lack of vacci-
nation were as follows: lack of adherence to vaccination rec-
ommendations (n = 30), MS disease activity (n = 11), general
vaccination recommendation (not specifically for pneumococ-
cal vaccine) in after-visit summary addressed to the general
practitioner (n = 8), and unexpected pregnancy (n = 1).

Patients who did not get a pneumococcal vaccination were
younger (no vaccination vs vaccination; mean [95% CI] 40.1
[36.1–44.1] vs 45.4 [41.9–48.8], p = 0.028) and had more
frequently a relapsing remitting (RR) disease course (no
vaccination vs vaccination, n [%]; 43/50 [86.0%] vs 49/71
[69.0%], p = 0.031). Furthermore, patients who did not get a
pneumococcal vaccination had more frequently a history of
comorbid psychiatric disorder (no vaccination vs vaccination,
n [%]; 12/50 [24.0] vs 7/71 [9.8], p = 0.035) including
depression (n = 8), psychosis (n = 2), history of drug abuse (n
= 1), and borderline personality disorder (n = 1) in those
without vaccination.

MS immunotherapies before initiation of OCR had an impact
on vaccination behavior: untreated patients with MS were
vaccinated more frequently compared with treated patients
with MS (14/50 [28.0%] vs 34/71 [47.8%], p = 0.028).
Clinical and MRI disease activity within 12 months before
OCR did not differ between patients with and without vac-
cination. Initiation of OCR resulted in a reduction of disease
activity in both patient cohorts. Because date of vaccination
differs from date of first OCR treatment, we also investigated
in the subgroup of vaccinated MS patients for clinical and
radiologic disease activity within 1 year before and after vac-
cination, which demonstrates a similar reduction of disease
activity after OCR compared with the whole cohort (table 1).

Discussion
Our study demonstrated that in our single-center cohort,
41.3% of patients with MS do not get the recommended
pneumococcal vaccination before initiation of OCR. Those

Glossary
CAM = complementary and alternative medicine; EDSS = Expanded Disability Status Scale; FOPH = Federal Office of Public
Health; MS = multiple sclerosis; OCR = ocrelizumab.
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Table 1 Patient Characteristics Concerning Pneumococcal Vaccination Status

Variable All patients (n = 121)

Female, n (%) 75/121 (62.0)

Age (y), mean (95% CI) 43.2 (40.6–45.8)

MS type, n (%)

RRMS 92/121 (76.0)

PPMS 29/121 (24.0)

EDSS, mean (95% CI) 3.1 (2.8–3.4)

Disease duration (y), mean (95% CI) 6.5 (5.3–7.7)

DMT before switch

No medication 48/121 (39.7)

First-line treatment 26/121 (21.5)

Second-line treatment 47/121 (38.8)

Vaccinated patients 71/121 (58.7)

Time between vaccination and first OCR dose (wk), mean (95% CI) 4.0 (0.2–7.8)

Reason for being unvaccinated

Lack of adherence to vaccination recommendations 30/50 (60.0)

Only general vaccination recommendation 8/50 (14.0)

Disease activity 11/50 (22.0)

Pregnancy 1/50 (2.0)

Variable With vaccination (n = 71) Without vaccination (n = 50) p Value

Female, n (%) 43/71 (60.6) 32/50 (64.0) 0.701

Age (y), mean (95% CI) 45.4 (41.9–48.8) 40.1 (36.1–44.1) 0.028

EDSS, mean (95% CI) 3.1 (2.7–3.5) 3.0 (2.5–3.5) 0.793

RRMS, n (%) 49/71 (69.0) 43/50 (86.0) 0.031

Disease duration (y), mean (95% CI) 6.1 (4.4–6.8) 6.8 (5.0–8.5) 0.916

No medication, n (%) 34/71 (47.9) 14/50 (28.0) 0.028

First-line treatment, n (%) 12/37 (32.4) 14/36 (38.9) 0.565

Second-line treatment, n (%) 25/37 (67.6) 22/36 (61.1) 0.565

Psychiatric disorder, n (%) 7/71 (9.8) 12/50 (24.0) 0.035

Clinical relapse 12 mo before OCR start, n (%) 19/71 (26.8) 16/50 (32.0) 0.531

Clinical relapse 12 mo after OCR start, n (%) 0/71 0/50 1.0

MRI activity 12 mo before OCR start, n (%) 30/62 (48.4) 26/45 (57.8) 0.337

MRI activity 12 mo after OCR start, n (%) 0/49 1/32 0.213

Variable 1 year before OCR (n = 121) 1 year after OCR (n = 121) p Value

Clinical activity, n (%) 35/121 (28.9) 0/121 (0) <0.001

MRI activity, n (%) 56/107 (52.3) 1/81 (0) <0.001

Variable 1 year before vaccination (n = 71) 1 year after vaccination (n = 71) p Value

Clinical activity, n (%) 19/71 (26.8) 0/71 (0) <0.001

MRI activity, n (%) 30/62 (48.4) 0/49 (0 = ) <0.001

Abbreviations: DMT = disease modifying therapy; EDSS = Expanded Disability Status Scale; n.a = not applicable; OCR = ocrelizumab; PPMS = primary
progressive multiple sclerosis; RRMS = relapsing remitting multiple sclerosis.
MRI activity was defined as the presence of gadolinium-enhancing lesion/s and/or new or enlarging T2 lesion/s on cMRI.
Statistics: Continuous variables are presented as mean and 95% CIs, whereas categorical variables are reported as frequencies. Continuous variables are
compared usingMann-Whitney U andWilcoxon signed rank tests and categorical variables with the χ2 test. Significant p values are highlighted in bold letters.
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patients were younger and had more frequently an RR disease
course and a psychiatric comorbidity. This finding may be
related to the behavior of young people toward vaccination.
Often, young people argue that the corresponding diseases do
not affect them and that the risk is mainly in older people.

Moreover, patients with use of disease-modifying treatments
before initiation of OCR, which should not influence the de-
cision to vaccinate against S. pneumoniae, did get vaccinations
less frequently compared with untreated patients. MS disease
activation after pneumococcal vaccination could not be ob-
served neither in clinical relapses nor in MRI disease activity.
These findings are crucial because the fear of disease activity is a
main argument against vaccination in people with MS.4 This
study showed that vaccine hesitancy remains a widespread
problem in our monocentric cohort. Vaccine hesitancy is de-
fined as the delay in acceptance or refusal of vaccination despite
the availability of vaccination services.5 Vaccine hesitancy is an
individual behavior influenced by a range of factors, such as
knowledge or experiences in the past. The absence of awareness
about “who and why” one should be vaccinated and self-
estimated (in)sufficiency of information about vaccination is
frequently associated with vaccination decisions.6 Perceived
importance of vaccination is an individual determinant of vac-
cine adherence. Individuals who refuse or are hesitant regarding
vaccination often have an own worldview regarding health (e.g.,
importance of natural immunity).7 Similarly, the increasing
popularity of complementary and alternative medicine (CAM)
plays an important role in the vaccination skepticism of the
population. In fact, refusal of vaccination is significantly more
frequent among CAM-users than among nonusers. Patients
who consulted physicians practicing herbal medicine, anthro-
posophical medicine, or homeopathy reported the highest fre-
quencies of vaccination refusal.8 In addition, experiences with
vaccinations in the past can influence future decision-making
regarding vaccination. Vaccine hesitancy can also be the result of
broader influences and should always be looked at in the his-
torical, political, and sociocultural context in which vaccination
is discussed. The trust placed in the healthcare system, in the
doctors who recommend and administer vaccines, and in the
different types of vaccine information conveyed by the media
plays an important role in the decision to be vaccinated.9 Un-
fortunately, vaccine misinformation on major social media
companies is a common problem, and the companies are facing
wide criticism for failing to deal with vaccine misinformation on
their platforms. Especially in the light of the newly available
COVID-19 vaccine, misinformation on social media is un-
doubtedly going to pose a serious barrier to uptake.10 The
Strategic Advisory Group of Experts on ImmunizationWorking
Group discussed that poor communication of healthcare pro-
fessionals plays an important role in the vaccine hesitancy.
When communication of healthcare professionals is poor or
inadequate, it can negatively influence vaccination uptake and
contribute to vaccine hesitancy.5 Therefore, clear and targeted
education, also taking into account social media, about vacci-
nation is imperative. Obviously, we cannot extrapolate these
data concerning pneumococcal vaccination without further ado

on the now available COVID-19 vaccination. However, our
short retrospective observation with all limitations inherent of
the design highlights the fact that physicians caring for people
with MS should proactively initiate vaccination discussions with
their patients and follow up on the execution of the recom-
mendation. Further studies of vaccination behavior in patients
with MS are warranted, especially in the light of the current
pandemic.
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Abstract
Objective
To establish the incidence of demyelination in patients who have received anti–tumor necrosis
factor alpha (anti-TNFα) therapy, through analysis of adverse events reported in a prospective
cohort of patients receiving biological therapies.

Methods
A cohort study was performed on prospectively acquired data via the British Society for
Rheumatology Biologics Register in Rheumatoid Arthritis. All potential demyelinating events
during follow-up were extracted and classified as definite, probable, or possible blinded to
treatment data. The point of starting an anti-TNF therapy in individuals with no prior reported
demyelination was the time of exposure. Crude rates of demyelination and standardized in-
cident rates (SIRs) compared with the general UK population were calculated.

Results
Thirty-five individuals with demyelinating events were identified from a total pool of 13,489.
The median age at study entry was 44 years, and the median disease duration was 8 years; 71%
were female. Events occurred a median of 3 (interquartile range 1–5) years from the start of the
first anti-TNF therapy. Twenty-six events occurred in individuals still taking anti-TNFα ther-
apy; of the other 9, 6 were within 90 days of drug withdrawal. The raw incidence of de-
myelination was 19.7/100,000 patient-years (95% CI 13.7–27.3). The SIR in the whole
population was 1.38 (95% CI 0.96–1.92) and 0.83 (0.51–1.26) limited to definite/probable
cases.

Conclusions
Demyelination following anti-TNF therapy is uncommon. Patients receiving anti-TNFα
therapy show a marginally increased SIR; this is lost in sensitivity analyses. Patients concerned
about anti–TNFα-associated demyelination can be relatively reassured by these data.
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Anti–tumor necrosis factor alpha (anti-TNFα) monoclonal
antibodies are used to treat a number of autoimmune diseases,
including rheumatoid arthritis (RA), psoriasis, inflammatory
bowel disease, and uveitis. Approved anti-TNFα therapies
include etanercept (a decoy TNF receptor protein) and
adalimumab, infliximab, certolizumab, and golimumab
(monoclonal antibodies directed against TNFα). As a class,
anti-TNFα therapies have been associated with de novo CNS
demyelination.1 A clinical trial of lenercept, a recombinant
TNF receptor p55 immunoglobulin fusion protein with a
biological action of TNF-α blockade in multiple sclerosis
(MS), failed to reach its primary MRI-based end point.2

Concerningly, an increased relapse rate was seen early in the
lenercept group with more severe neurologic deficits in the
lenercept-treated group compared with placebo.2

The pathophysiologic relationship between tumor necrosis
factor and MS is complex. rs1800693, a single nucleotide
polymorphism in the TNFRSF1A gene, which encodes tumor
necrosis factor receptor 1, has been implicated as a causal
variant in the development of MS.3 TheMS risk allele appears
to lead to the expression of a soluble form of tumor necrosis
factor receptor 1, which blocks TNF. It has been hypothesized
that anti-TNFα therapies have an impact on MS risk via this
mechanism; however, direct evidence supporting this hy-
pothesis is lacking.

Despite the lack of direct evidence, there remain significant
concerns around the use of anti-TNFα therapies in some
patients. Some patients in whom anti-TNFα therapy is being
considered may be referred to neurologists for assessment of
the risk of demyelination, particularly those with neurologic
symptoms or a family history of MS. Evaluating this risk is
highly complex, with little data to inform risk-benefit discus-
sions. Performing screening MRI on all patients considering
anti-TNFα therapy is not feasible from a resource perspective,
and the use of MRI in this way confers a risk of significant
anxiety in patients as a result of incidental diagnoses with
varying degrees of clinical significance being revealed.4

The British Society for Rheumatology Biologics Register in
Rheumatoid Arthritis (BSRBR-RA) is a large, prospective
pharmacovigilance study that aims to monitor the safety of
anti-TNFα in patients with RA and related conditions.5 To
date, more than 20,000 patients started on biologic therapy
have been enrolled in the register. It thus provides a pro-
spectively collected resource, enabling the study of rare ad-
verse events occurring on or subsequent to anti-TNFα
therapy. We set out to describe the characteristics and in-
cidence of demyelination in patients who have received anti-

TNFα therapy to better inform both patients and clinicians
and enable evidence-based decision making.

Methods
Case Identification
The study population comprised patients recruited to the
BSRBR-RA, a prospective observational cohort study, up to
November 30, 2019. Full methods have previously been de-
scribed in detail.6 Briefly, baseline data (with baseline defined
as at the time of starting a biological agent) are recorded by
the treating rheumatologist or clinical research nurse using a
standardized questionnaire. Data collected include de-
mographics (age and sex), rheumatologic disease status
(disease duration, joint counts, disease activity score 28,7

Health Assessment Questionnaire),8 disease indication, drug
history, and comorbidities. Any prior history of demyelination
at study registration is also recorded. Follow-up data are
collected 6-monthly for the first 3 years following enrollment
and annually thereafter, regardless of subsequent treatment
changes. Follow-up data include current treatments, changes
to antirheumatic therapy, and occurrence of serious and
nonserious adverse events, including demyelination. All ad-
verse events are reported verbatim by clinicians and coded
centrally using the Medical Dictionary for Regulatory Activ-
ities.9 The BSRBR-RA is also linked to themandatory national
death register and is informed of any death and cause of death
in patients registered in the study.

To be eligible for the current study, patients were required to
have baseline registration with the BSRBR-RA at the time of
starting an anti-TNFα therapy, have at least one 6-monthly
follow-up recorded after registration, and have no known
history of demyelination before registration. Patients entered
into the BSRBR-RA with primary diagnoses other than RA,
such as psoriatic arthritis, were included. All individual
subject-level records meeting the above criteria were searched
using both the Medical Dictionary for Regulatory Activities
preferred terms and free-text event descriptions related to
demyelination (search terms given in table e-1, links.lww.
com/NXI/A467). All records identified using these search
terms were retrieved, and the available clinical records
reviewed.

Cases of incident demyelination were defined as any reported
adverse event of demyelination in patients with no previous
history of demyelination recorded at baseline. Demyelinating
events affecting the CNS were categorized using available
clinical information, blinded to underlying rheumatologic

Glossary
csDMARD = conventional synthetic disease-modifying antirheumatic drug; IQR = interquartile range;MS =multiple sclerosis;
pyears = person-years; RA = rheumatoid arthritis; SIR = standardized incident rate; TNFα = tumor necrosis factor alpha.
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diagnosis, anti-TNFα therapy subtype, and start/stop date, by
a consultant neurologist specializing in neuroinflammation/
MS (R.D.). Demyelinating events of interest were defined as
those involving the CNS, including the spinal cord and optic
nerve. Peripheral demyelinating events, such as chronic in-
flammatory demyelinating polyneuropathy, CIDP, and
Guillain-Barre syndrome/acute inflammatory demyelinating
polyneuropathy, AIDP, were excluded. Where available, brain
and spine MRI reports and the results of neurophysiologic
investigations were included in the review of clinical in-
formation, although the absence of data was not assumed to
mean investigations were normal. Events were classified as
definite MS, definite demyelination (but not meeting di-
agnostic criteria for MS), probable demyelination, and pos-
sible demyelination based on a framework informed by
MacDonald 2017 criteria.10

Statistical Methods
For all patients, person-years (pyears) of exposure started
from the date of the first treatment with the respective drug
and continued until the first demyelinating event, most recent
study follow-up (recorded up to November 30, 2019), or
death, whichever came first. Events were only included if they
occurred subsequent to anti-TNFα therapy initiation but
events after the last dose of anti-TNFα, including those on
subsequent therapies, were also included.

Characteristics of those patients who went on to develop a
demyelinating event were described. Crude rates of de-
myelinating events are presented per 1,000 pyears with 95%
CIs. Standardized incidence rates (SIRs) of events per
100,000 population compared with English population data
based on Hospital Episode Statistics and General Practice
Research Datalink data from 1997 to 2010 are also included.11

As no population data were available after 2010, the same data
from 2010 were used for subsequent years. A sensitivity
analysis to determine SIRs only including events classified as
probable or definite demyelination was performed, and ex-
ploratory analysis included only the population with RA.

All analyses were performed using Stata, version 14 (Stata-
Corp. 2015. Stata Statistical Software: Release 14. College
Station, TX: StataCorp LP).

Data Availability
This study analyzed existing data owned by and subject to
license restrictions by the British Society for Rheumatology.
Data sets are available through application to the BSR. All
proposals for access are assessed by the steering committee.
To access data, please email bsrbr@rheumatology.org.uk.

Standard Protocol Approvals, Registrations,
and Patient Consents
The BSRBR-RA holds ethical approval from the Multicentre
Research Ethics Committee for the North West of England
(ref MREC 00/8/053). Written informed consent is obtained
from all patients.

Results
Population Characteristics
Thirty-five individuals with demyelinating events were iden-
tified from a total eligible study population of 13,489 indi-
viduals with 172,107 pyears of follow-up data available. The
baseline characteristics and characteristics at the time of the
initial report of demyelinating event of these 35 individuals
are detailed in tables 1 and 2.

Seventy-one percent of patients who developed de-
myelination had a baseline diagnosis of RA, 14% ankylosing
spondylitis, and 5% psoriatic arthritis (table 1). The median
age at BSRBR-RA registration was 44 years (interquartile
range [IQR] 37–57 years), and the median age at de-
myelinating event was 50 years (IQR 43–59 years); 71% were
female. The median disease duration at demyelinating event
was 12 years (IQR 8–20 years). Patients were taking eta-
nercept (34%), infliximab (29%), adalimumab (29%), or
certolizumab (8%) at study entry. At least 1 additional
comorbidity was reported in 62% of patients with recorded
incident demyelination. Cardiovascular events (20%), asthma
(17%), and depression (17%) were the most common
comorbidities reported overall. In males, asthma (20%), liver
disease (20%), and depression (20%) were most commonly
reported; cardiovascular disease (24%), asthma (16%), and
depression (16%) were the most common in females (table
e-2, links.lww.com/NXI/A467).

Demyelinating events occurred a median of 3 years (IQR 1–5,
range 0.2–12.1 years) from anti-TNFα initiation. Of the in-
dividuals who had demyelinating events, 13 (37%) occurred
within 2 years and 24 (69%) within 5 years. Twenty-six of 35
events (74%) were reported in individuals taking anti-TNFα
therapy at the time of event report. Of the 9 events that
occurred in individuals not on therapy, 6 (67%) occurred
within 90 days of stopping therapy, and 3 of 35 events (9%)
had no recent exposure to anti-TNFα therapy. Nelson-Aalen
cumulative hazard estimate plots indicated a steady event rate
both in those with events occurring on treatment and those
who had stopped treatment before event report (table 2 and
figure).

The crude rate of incident demyelinating events was 19.7 per
100,000 person-years (95% CI 13.7–27.3). The crude rate in
males was 22.1 per 100,000 (95% CI 10.6–40.7) and in fe-
males 18.8 per 100,000 (95% CI 12.2–27.8).

The SIR (age and sex corrected with Ref. 11 as the reference
population) was 1.38 (95% CI 0.96–1.92) compared with the
UK Hospital Episode Statistics/General Practice Research
Datalink population (total population 24,052,635)11 (table
3). The SIR was not significantly increased in females (SIR
1.15, 95% CI 0.74–1.69) but was raised in males (SIR 2.75,
95% 1.32–5.06) (table 3). Interaction testing was not per-
formed on the SIR due to this being based on population
structure.
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Table 1 Characteristics of Patients With Incident Demyelinating Events

Total Male Female

N 35 10 25

At register entry

Age, median (IQR) 44 (37–57) 45 (34–53) 44 (39–60)

Sex, n (%) female 25 (71%) — —

Disease duration, median (IQR) 8 (4–16) 5 (1–8) 9 (6–21)

Tender joint count, median (IQR) 8 (3–16) 8 (2–17) 8 (3–14)

Swollen joint count, median (IQR) 7 (3–13) 4 (2–11) 9 (5–14)

ESR, median (IQR) 26 (17–79) 25 (19–87) 28 (16–74)

CRP, median (IQR) 32 (11–99) 32 (6–148) 38 (16–79)

DAS28 score, median (IQR) 5.9 (5.3–6.8) 6.0 (4.1–6.8) 5.9 (5.5–6.9)

Indication, n (%)

Rheumatoid arthritis, RA 25 (71%) 6 (60%) 19 (76%)

Ankylosing spondylitis, AS 5 (14%) 2 (20%) 3 (12%)

Psoriatic arthritis, PSA 2 (5%) 1 (10%) 1 (4%)

Other 3 (9%) 1 (10%) 2 (8%)

Baseline steroids, n (%) yes 18 (51%) 6 (60%) 12 (48%)

Biologic at registration, n (%)

Etanercept 12 (34%) 4 (40%) 8 (32%)

Infliximab 10 (29%) 1 (10%) 9 (36%)

Adalimumab 10 (29%) 3 (30%) 7 (28%)

Certolizumab 3(8%) 2 (20%) 1 (4%)

Comorbidities, n (%)

0 14 (38%) 3 (30%) 11 (44%)

1 9 (23%) 4 (40%) 5 (20%)

2 10 (33%) 4 (40%) 7 (28%)

3+ 2 (6%) 0 2 (8%)

Smoking status, n (%)

Current smoker 7 (21%) 4 (40%) 3 (13%)

Former smoker 13 (38%) 2 (20%) 11 (45%

Never smoked 14 (41%) 4 (40%) 10 (42%)

At time of event

Age, median (IQR) 50 (43–59) 48 (35–59) 50 (45–60)

Disease duration, median (IQR) 12 (8–20) 9 (4–11) 15 (10–24)

DAS28 score, median (IQR) 4.1 (2.8–5.0) 4.2 (2.5–4.9) 3.4 (3.0–5.1)

Biologic at event, n (%)

Etanercept 6 (17%) 2 (20%) 4 (16%)

Infliximab 1 (3%) 0 1 (4%)

Adalimumab 11 (31%) 4 (40%) 7 (28%)

Continued
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Sensitivity analyses provided a similar estimate, excluding
those with possible demyelination and including only those
with definite/probable demyelination gave an overall SIR of
0.83 (95%CI 0.51–1.26); 0.69 (95%CI 0.39–1.14) in females
and 1.65 (95% CI 0.61–3.59) in males (table e-3a, links.lww.
com/NXI/A467). Restricting the population to only those
with RA (i.e., excluding those with other rheumatologic di-
agnoses) gave similar results—the overall SIR was 1.10 (95%
CI 0.71–1.63); sex-disaggregated rates were 0.95 (95% CI
0.57–1.49) in females and 2.21 (0.81–4.80) in males (table
e-3b, links.lww.com/NXI/A467). Because of the small num-
bers of patients with diagnoses other than RA (ankylosing
spondylitis: n = 5 and psoriatic arthritis: n = 2), it was not
appropriate to calculate the SIR for demyelination in either of
these diagnoses.

Across the cohort, there was a variable amount of clinical data
available. From the data available, 11 cases were judged to
have an initial presentation of possible or definite MS; how-
ever, in those with insufficient data available to positively
diagnose MS, this could not be excluded. There were in-
sufficient data available for the majority of cases to identifyMS

subtype. Cases that did not meet the criteria for MS would all
meet the criteria for clinically isolated syndrome. No cases had
data available suggesting a diagnosis of neuromyelitis optica
spectrum disorder, but cases could have been missed due to
insufficient data. There were 12 reported cases of optic neu-
ritis, some of whom met the diagnostic criteria for MS. Sim-
ilarly, 10 reports indicated transverse myelitis, again some as
presenting symptom of MS. A number of cases had MRI
reports available, but not all cases, and although MRI findings
were taken into account when reviewing the data, given the
inconsistency in data availability, the findings are not repor-
ted. Data regarding treatment for demyelinating events were
not routinely available and so were not analyzed.

Discussion
Our data support there being no substantial effect on the risk
of incident demyelination associated with anti-TNFα therapy
in a large, registry-based cohort. Although the SIR is mar-
ginally increased when looking at all incident demyelinating
events, the CI crosses one, and this small effect is lost in both

Table 1 Characteristics of Patients With Incident Demyelinating Events (continued)

Total Male Female

Certolizumab 3 (8%) 1 (10%) 2 (8%)

Rituximab 4 (12%) 1 (10%) 3 (12%)

Anakinra 1 (3%) 0 1 (4%)

Off biologic 9 (26%) 2 (40%) 7 (28%)

Years from the start of the first anti-TNF to event

Median (IQR) 3 (1–5) 3 (2–5) 3 (1–5)

Range (min, max) 0.2, 12.1 1.3, 9.0 0.2, 12.1

Occurred within 2 y, n (%) 13 (37%) 4 (40%) 9 (36%)

Occurred within 5 y, n (%) 24 (69%) 6 (60%) 18 (72%)

Abbreviations: IQR = interquartile range; RA = rheumatoid arthritis; TNF = tumor necrosis factor.

Table 2 Time to Event From the Start of Anti–Tumor Necrosis Factor Alpha Therapy According to Event Occurring on or
off Biologic Agent

Demyelinating events occurring
on biologic agent (n = 26)

Demyelinating events occurring
off biologic agent (n = 9)

Time from drug start to event (median, IQR, range) 3.2 y (IQR 1.3–5.4; range 0.2–12 y) 3.3 y (IQR 1.1–4.9; range 0.9–8 y)

Occurred within 2 y, n (%) 9 (35%) 4 (44%)

Occurred within 5 y, n (%) 18 (69%) 6 (67%)

Median time since last biologic (median, IQR, range) — 3 mo (IQR 2–11; range 1–48 mo)

Occurred within 90 d of therapy cessation, n (%) — 6 (67%)

Abbreviation: IQR = interquartile range.

Neurology.org/NN Neurology: Neuroimmunology & Neuroinflammation | Volume 8, Number 3 | May 2021 5

http://links.lww.com/NXI/A467
http://links.lww.com/NXI/A467
http://links.lww.com/NXI/A467
http://neurology.org/nn


of the sensitivity analyses. Furthermore, the crude incidence is
similar when disaggregated by sex. This finding of a lack of a
marked effect is in keeping with recent data originating from
Scandinavian registries.12 This result is in contrast to a recent
case-control study from the United States13; however, dif-
ferences in study design and statistical analysis prevent direct
comparison. The BIOGEAS registry study reported a lower
crude incidence (0.33 cases per 1,000 patients) than reported
here14; however, the significant heterogeneity between stud-
ies prevents direct comparison. Of note, the BIOGEAS report
does not list the cohort characteristics of included patients,
further limiting comparison.

We are able to significantly extend previously published work
by providing a rigorous review of included cases, with time-
based survival analysis and a clear demographic and disease-
specific picture of those with CNS demyelinating events.
Particular strengths of this study include the registry-type
design with prospective acquisition of both treatment and

events, along with the clinical data that is captured on each
individual. Demyelination is an adverse event of interest in the
BSRBR-RA, meaning that clinicians are alerted to report such
events—as suchmost events in those reporting follow-up data
are likely to have been captured.

It must be noted that we could not undertake a comparative
analysis with patients with similar disease characteristics re-
ceiving conventional synthetic disease-modifying antirheu-
matic drugs (csDMARDs; such as methotrexate and
sulfasalazine) on this occasion. The BSRBR-RA does follow a
relatively small cohort (n = 3,700) of patients receiving
csDMARDs, but this cohort is limited to patients with RA. At
the time of data extraction for our study, there were no reports
of new/incident demyelinating disease in the group receiving
csDMARDs.

With a median age of 44 years at BSRBR-RA entry and 50
years at the time of event, this population has an older age at
incident demyelinating event than the UK MS population,
who have a median age at onset of 37 years.11 The crude
incidence rate of 19.7/100,000 patient-years appears to be
potentially double that seen in the backgroundUK population
(c10/100,000 pt years)15; however, given differences in
population structure, these raw rates should not be directly
compared.

Of interest, the crude rate reported in our study is about 50%
of that reported in Scandinavian registries.12 It must be noted
that both the case definition and rigorous review of included
cases prevent direct comparison between the 2, as we ex-
cluded peripheral demyelinating events, as their underlying
etiology and causation pathways are thought to be different.16

The Scandinavian study including all central and peripheral
demyelinating events recorded in medical registries, and thus,
they would be expected to report a higher event incidence.
CNS demyelinating events appear to occur at a consistent rate
within our population, and there does not appear to be a
marked change with cessation of therapy. However, it must be
noted that there were only 3 events occurring >3 months
following therapy cessation, which limits the conclusions that
can be drawn from this.

The increased SIR that appears to be present in males is of
interest. Conclusions regarding this are limited due to the
small sample size and the fact that the CIs around the crude
rates substantially overlap. However, a similar signal of in-
creased risk in males is seen in the Danish cohort, but not the
Swedish.12 This sex-specific signal is lost in both of the sen-
sitivity analyses. Of interest, in this cohort, males were more
likely to smoke than females; smoking is associated with an
OR of MS of 1.54,17 and so one potential hypothesis is that
nonpharmacologic factors may be contributing to this
observation.

A potential confounder is the increased risk of MS in indi-
viduals with autoimmune disease. However, a previous meta-

Figure Nelson-Aalen Cumulative Hazard Estimate Plots

(A) Nelson-Aalen cumulative hazard estimate plot showing time to event
from start of drug in patients still on biologics. (B) Nelson-Aalen cumulative
hazard estimate plot showing time to event from start of drug in patients off
biologics.
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analysis did not demonstrate an association between MS and
RA (OR 1.15, 95% CI 0.77–1.73, p = 0.49), whereas a small
but significant increase in the odds of comorbid psoriasis was
seen in MS (OR 1.31, 95% CI 1.09–1.57, p < 0.0001).18

However, this small effect size would not be sufficient to show
a signal in our cohort, particularly given the low number of
individuals with psoriatic arthritis. It is more likely that where
an increased SIR is seen, this is related to the fact that de-
myelination is an adverse event of interest in the BSRBR-RA,
compared with population-based registries using GP data, and
that this cohort of patients have increased health care contacts
compared with the overall UK population at risk of MS.

This study is not without limitations. The BSRBR-RA is a real-
world registry study: it records events, but clinicians remain
responsible for treatment decisions and patients are under
routine medical care. Given the well-documented concerns
regarding the use of anti-TNFα therapies in those at risk of
demyelination, they are likely to have been avoided in the
highest risk cohort, such as those with a significant family
history. The study cohort cannot therefore be assumed to
have the same baseline risk of demyelination as the back-
ground population. Clinically reported events often had in-
complete data, meaning that events may have been incorrectly
assigned as possible rather than probable or definite, and this
may partially explain the difference in results compared with
the study from the United States, which had greater access to
complete patient records.13

We did not have access to the source medical notes for in-
dividuals in whom demyelination was reported, meaning that
ancillary and/or follow-up investigations were often not
available. It is likely that at least some of those with events
reported off therapy had demyelinating events that pre-
cipitated therapy withdrawal; however, given the similar and
steady rate of decay seen in both groups, this is unlikely to
have impacted on the results or their interpretation. The
range of clinical phenotypes reported in the clinical data
available suggests that there is no typical demyelinating pre-
sentation; however, given the limited and variable amount of
data available, conclusions regarding clinical phenotypes must
be guarded.

In conclusion, therefore, we find no convincing evidence of a
strong impact of anti-TNFα therapy on risk of incident de-
myelination. Where demyelinating events are seen, there was
no particular predilection for any particular CNS location or
patient group. In addition, the signal of a possible small in-
creased risk compared with the general population is lost in
both of the sensitivity analyses. The small number of events
(35) seen in a case population of >13,000 may be reassuring
to both patients and clinicians considering the use of these
therapies. However, given the serious nature of this potential
outcome, careful consideration should still be given to their
use andmonitoring, particularly in those individuals at highest
risk of demyelinating events.
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Histoplasma capsulatum is an endemic dimorphic fungus found in the central and eastern parts of
the United States, leading to infection when conidia from soil or dust contaminated with bird or
bat droppings are inhaled.1 Histoplasmosis can result in disseminated infection, with the gas-
trointestinal tract being a common site.2 We describe a case of histoplasmosis in a patient with
multiple sclerosis (MS) on immunomodulatory therapy presenting with gastrointestinal disease.

Case
The patient is a 46-year-old man with relapsing-remitting MS who presented with 3 weeks of
fevers, night sweats, and unintentional 20-lbs weight loss without any respiratory symptoms. He
described nonbloody stool caliber changes. Outpatient laboratory findings include an elevated
alkaline phosphatase 540 U/L (reference range 45–129) that was normal 5 months previous
and a positive fecal immunochemical test. He was originally diagnosed with MS in December
2017 after an acute onset left-sided hemisensory loss and anMRI showing involvement of brain
and cervical spine with a negative infectious and autoimmune workup. Since his diagnosis in
2017, he had been well controlled on fingolimod, a sphingosine-1-phosphate receptor agonist,
with only mild sensory deficits in his left hand and an expanded disability status scale of 1. He
has not used other immunosuppressive medications. He is a military veteran with deployments
to Afghanistan, Iraq, and countries in Africa and the Pacific Rim with no travel since 2017. He
had no other high-risk behaviors or exposures.

At admission, he was afebrile with normal vital signs and only demonstrated moderate right
upper quadrant abdominal tenderness. He had a mildly elevated alanine transaminase (ALT)
69 U/L (reference: 0–37) and aspartate aminotransferase (AST) 57 U/L (reference: 0–39).
Other laboratory tests included alkaline phosphatase at 607 U/L, total bilirubin 1.5 mg/dL
(reference 0.1–1.0), and white blood cell count of 4.3 K/uL (reference 4.3–10). CT and
magnetic resonance cholangiopancreatography revealed gallbladder wall thickening and het-
erogeneous liver parenchyma.

He continued to experience nightly fevers up to 38.4°C. Repeated blood cultures showed no
bacterial growth. HIV and hepatitis tests were negative. A colonoscopy showed innumerable
sessile lesions ranging from 3 to 8 mm in size (figure e-1, links.lww.com/NXI/A419), biopsies
of which were sent to pathology. A liver biopsy was also obtained on hospital day 4. Histo-
pathologic evaluation of the colonic mucosa demonstrated marked lamina propria histiocytosis
with severely disrupted crypt architecture. Individual histiocytes had a high burden of in-
tracellular organisms with thick, ovoid cell walls, consistent with a fungal species (figure 1A).
The liver core biopsies contained multiple caseating granulomas (figure 1B) replete with yeast-
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laden histiocytes identical to those observed in the colon (figure
1C). Grocott methenamine silver stain highlighted the cell walls of
the intracellular species within the hepatic granulomas (figure 1D).
Chronic inflammatory infiltrate was present in biopsies from both
sites, but neutrophilic and eosinophilic inflammation was absent.
Molecular testing diagnosedH. capsulatum. On further questioning
onhospital day 7, the patient noted that hewas renovating a barn in
Michigan in which he had encountered dead bats and rodents.

The patient was treated with liposomal amphotericin B at 4 mg/
kg daily. Because of increasing alkaline phosphatase and increasing
AST and ALT, itraconazole 200 mg twice daily replacing
amphotericin on day 6 of therapy was administered with plans to
complete at least 1 year of therapy.

Discussion
Our case highlights the morbidity associated with delayed rec-
ognition of disseminated histoplasmosis in an immunocompro-
mised patient.Histoplasmosis commonly causes fever, fatigue, and
weight loss and a diagnosis should be considered in individuals
with risk factors. This patient’s MS had been treated with fingo-
limod which leads to lymphocyte sequestration in lymph nodes.3

Fingolimod has been associated with fungal infections including
one patient with primary cutaneous histoplasmosis.4

Gastrointestinal histoplasmosis without pulmonary symptoms is
rare and usually presents with abdominal pain, melena, diarrhea,
and bowel obstruction.2 Cases of H. capsulatum with granulo-
matous hepatitis and associated cholestasis include findings of
jaundice and elevated alkaline phosphatase.5,6 Rapid diagnosis of
histoplasmosis can be achieved by serum and urine enzyme

immunoassay antigen testing. Immunodiffusion and complement
fixation serologic testing are also available, but they may be less
sensitive in immunocompromised individuals. The gold standard
for identification of H. capsulatum is by isolation of organisms
through culture or microbiologic stains.1

Treatment for disseminated histoplasmosis should be initiated
promptly because the disease is almost entirely fatal within 3
months.1 Liposomal amphotericin B is recommended as first-line
therapy in those with severe disease with a transition to intra-
conazole after 1–2 weeks of amphotericin to complete 12months
of therapy.7 For immunocompromised patients, lifelong sup-
pressive antifungal therapy may be required if immunosuppres-
sion is expected to persist.7

This case highlights the importance of considering histoplasmosis
in patients withMS on immunomodulatory therapy and exposure
risk factors because gastrointestinal histoplasmosis can mimic
malignancy in the absence of pulmonary disease. Prompt di-
agnosis and early treatment are vital because disseminated histo-
plasmosis is ultimately fatal without treatment.
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Figure 1 Microscopic Evidence of Disseminated Gastrointestinal Histoplasma capsulatum

(A) Intracellular H. capsulatum in colonic sub-
mucosa. (B) Caseating granulomas in liver core
biopsy. (C) H. capsulatum in hepatic granulomas.
(D) GMS-stained sections of hepatic granulomas
highlighting H. capsulatum organisms. GMS =
Grocott methenamine silver.
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Case Report
A 39-year-old female patient, without medical history, presented symptoms of holocranial
headache and vomiting for 2 months before a single tonic-clonic seizure. In the postictal period,
she presented with left hemiparesis that completely resolved over a couple of weeks without
medical therapy other than phenytoin. The neurologic examination was unremarkable after that.

Brain MRI revealed subcortical and periventricular white matter lesions in the right fronto-
parietal and insular lobes, with a perivascular punctate and curvilinear enhancement, with no
restricted diffusion, associated with edema without significative mass effect (figure 1). MRI
angiography, including vessel wall sequences, did not show vascular stenosis or signs of vas-
culitis. CSF analysis showed slightly elevated protein levels (49 mg/dL) and cytology with 5
white blood cells; there were no oligoclonal bands, and protein electrophoresis was normal.
Infectious screening of CSF was negative for herpes simplex virus I/II, Cytomegalovirus, Ade-
novirus, Mycobacterium tuberculosis, Varicella zoster virus, human herpesvirus 6/7, and En-
terovirus. In addition, neoplastic cells were not detected in CSF. The investigation was also
negative for Treponema pallidum, HIV, and hepatitis B and C. The screening for systemic
autoimmunity and neoplastic diseases, including FDG PET-CT, was unremarkable.

The patient underwent neuronavigation-guided open biopsy of a contrast-enhancing region in
the inferior frontal gyrus. Samples were sent for neuropathologic analysis and flow cytometry.
Immunophenotyping was negative for abnormal hematologic cells. The neuropathologic study
revealed leptomeningeal and perivascular inflammation with parenchymal infiltration consisting
of CD4 reactive T lymphocytes and occasional CD8-, C20-, and CD86-positive lymphocytes
(figures e-1 and e-2, links.lww.com/NXI/A463 and links.lww.com/NXI/A464, respectively).
There were no lesions on vessel walls and no granulomas, malignant cells, or myelin loss. The
patient was treated with oral prednisone (60 mg/d) for 6 weeks, followed by a taper. She
remained asymptomatic during treatment. Posttreatment MRI revealed resolution of the
gadolinium-enhancing lesions (figure e-3, links.lww.com/NXI/A465).

Discussion
The original description of CLIPPERS emphasizes the involvement of the pons,1 and the most
recent set of criteria2 require pontocerebellar involvement. However, more than half of patients
with CLIPPERS have supratentorial involvement with imaging patterns similar to those seen in the

From the Department of Surgery (H.P.), Department of Surgery (V.N.Y.), Division of Anatomical Pathology (Y.R.C.), Neurology Unit (M.H.d.B), Instituto do Câncer do Estado de São
Paulo (ICESP), Faculdade de Medicina da Universidade de São Paulo (FMUSP), Brazil; Division of Anatomical Pathology (L.G.C.A.L.), Instituto do Câncer do Estado de São Paulo (ICESP),
Faculdade de Medicina da Universidade de São Paulo (FMUSP), Brazil; Department of Diagnostic Imaging (A.S.A.), Instituto do Câncer do Estado de São Paulo (ICESP), Faculdade de
Medicina da Universidade de São Paulo (FMUSP), Brazil; Neurology Unit (M.C.B.O.), Instituto do Câncer do Estado de São Paulo (ICESP), Faculdade deMedicina da Universidade de São
Paulo (FMUSP), Brazil.

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

All authors have contributed equally to this work.

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 © 2021 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.0000000000000989
mailto:hpicarelli@gmail.com
http://links.lww.com/NXI/A463
http://links.lww.com/NXI/A464
http://links.lww.com/NXI/A465
https://nn.neurology.org/content/8/3/e989/tab-article-info
http://creativecommons.org/licenses/by-nc-nd/4.0/


brainstem, as shown by the largest cohort to date.3 In addition,
in another study where autopsy and high-field 7T MRI were
performed in patients with CLIPPERS, the authors suggest that
there may be a more widespread perivascular inflammation,
with a demonstration of supratentorial involvement that was not
detected on 3T MRI.4 Although 3 similar cases have previously
been reported presenting as an exclusively supratentorial in-
flammatory disorder with curvilinear enhancement on MRI
responsiveness to steroids, and perivascular T lymphocyte in-
filtrate on biopsy; they were published in abstract form with no
images available on the brain MRI or neuropathology.5,6 The
disorder described was remarkably similar to CLIPPERS, with
the exception that there was no pontocerebellar involvement.
The authors suggested that these cases were a CLIPPERS
variant and proposed to name it “supratentorial lymphocytic
inflammation with parenchymal perivascular enhancement re-
sponsive to steroids (SLIPPERS).”

Our patient, similarly to the SLIPPERS cases reported, had a
chronic perivascular lymphocytic inflammatory disorder that
was remarkably responsive to steroids but lacked the ponto-
cerebellar involvement to fulfill the CLIPPERS criteria. His-
topathology ruled out lymphoproliferative disorders and
vasculitis, which are commonly described as CLIPPERS
mimics.3 Although not tested for antiglial fibrillary acidic
protein (GFAP) antibodies, the clinical presentation, CSF
profile, histopathology in our case was not typical of the re-
cently described autoimmune GFAP astrocytopathy.7

CLIPPERS is currently regarded as a syndrome, and evidence is
not robust enough to consider it a distinctive disease. Hypotheses
that have been contemplated include that (1) it is prestage or

unusual presentation of well-determined diseases such as auto-
immune gliopathies or vasculitis; (2) it is a prelymphoma state
that could progress to lymphoma (i.e., primaryCNS lymphoma);
or (3) it is a manifestation of a disease still not fully understood.3

In keeping with this rationale, it is conceivable that SLIPPERS
may have physiopathologic mechanisms akin to that of CLIP-
PERS and may represent another end of a spectrum of disorders
with perivascular enhancement and responsiveness to steroids.

The pathogenesis of CLIPPERS and its predisposition for the
pontine region remain unknown. Our description of the
hemispheric pattern of involvement of a CLIPPERS-like
disease suggests an autoimmune etiology. Long-term follow-
up is necessary to exclude malignant transformation and to
reach consistent conclusions. Despite that, we strongly believe
that this description, and those previously named as SLIP-
PERS, supports the idea that all of them are a CLIPPERS-
variant presentation with isolated supratentorial involvement.
Therefore, we suggest the acronym extra pontine CLIPPERS,
to stress the similarities between them, until more compre-
hensive understanding of this disorder is reached.
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Figure 1 MRI

Perivascular enhancement, occasionally assum-
ing a nodular configuration, in periventricular and
subcortical right frontoparietal whitematter (A and
B). Extension to the insulaandedemaare also seen
(C). No restricted diffusion is demonstrated (D and
E). Mild enlarged vascular structures are seen in
correspondence to enhancement zones in sus-
ceptibility imaging (F).
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Abstract
As an antagonist of voltage-gated potassium (Kv) channels, 4-aminopyridine (4-AP) is used as
symptomatic therapy in several neurologic disorders. The improvement of visual function and
motor skills and relieve of fatigue in patients with MS have been attributed to 4-AP. Its
prolonged release formulation (fampridine) has been approved for the symptomatic treatment
of walking disability in MS. The beneficial effects were explained by the blockade of axonal Kv
channels, thereby enhancing conduction along demyelinated axons. However, an increasing
body of evidence suggests that 4-AP may have additional properties beyond the symptomatic
mode of action. In this review, we summarize preclinical and clinical data on possible neuro-
protective features of 4-AP.
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4-Aminopyridine in
Neurologic Disease
Aminopyridines are a group of monoamino and diamino deriv-
atives of pyridine, which inhibit voltage-gated potassium (Kv)
channels. Especially, the 2 broad-spectrum potassium channel
blockers 4-aminopyridine (4-AP) and 3,4-diaminopyridine (3,4-
DAP) have been used as investigational new substances in various
neurologic diseases. Despite the fact that 3,4-DAP is a more
potent antagonist of potassium channels, 4-AP crosses the blood-
brain barrier more readily1 and was clinically superior in patients
with MS, particularly for improving visual function,2 fatigue,3

cognition,4 and walking speed.1 In addition, 4-AP has been
reported to facilitate neural conduction in neurologic diseases
other than MS.5,6

In healthy axons, the channels Kv1.1 and Kv1.2 are clustered near
the nodes of Ranvier.7 These channels become exposed after
demyelination andmigrate through the demyelinated segment. At
the same time, expression of these channels is increased several
fold.8 This misdirected redistribution of the Kv channels impairs
the transmission of action potentials, leading to permanent dis-
ability. 4-AP blocks these exposed potassium channels and
therefore enhances signal transduction.9,10 TheKv1.3 channel was
discovered in human T-cells,11 was found to be highly expressed
on inflammatory infiltrates in theMS brain,12 and is expressed on
macrophages, microglia, and effector memory T cells.13 Selective
and nonselective Kv1.3 channel blockers might thereby provide
immunomodulatory properties by inhibiting cell proliferation and
proinflammatory cytokine secretion.14 Studies before 2009 failed
to establish 4-AP as a symptomatic treatment forMSbecause drug
blood levels in patients were unpredictable, with excessive doses
being associated with the risk of epileptic seizures and impaired
consciousness.15–18 Therefore, fampridine, the prolonged release
formulation of 4-AP was developed and has subsequently been
approved for the symptomatic treatment of walking disability in
MS.19–23 Interestingly, more recently, an increasing body of evi-
dence suggests that besides these widely acknowledged symp-
tomatic effects, 4-AP may have additional protective properties.

Evaluation of 4-AP Using In
Vitro Models
In vitro, neuroprotective effects of 4-AP have been observed in
numerous models. When motor neurons (MNs) differentiated

from induced pluripotent stem cells of patients with amyo-
trophic lateral sclerosis carrying mutations of the FUS and
SOD1 gene were exposed to 4-AP, ion-channel imbalances
were redressed, neuronal activity levels raised, endoplasmatic
reticulum stress diminished, and caspase activation attenuated.
The mutant MNs showed lower sodium currents and Na+/K+

ratios, which may at least in part be the reason for their
hypoexcitability. This was reversed after 4-AP treatment, which
led to decreased potassium currents and restored spontaneous
activity patterns and synaptic input in the MNs.24 4-AP treat-
ment reduced the release of proinflammatory mediators from
human microglia challenged with amyloid beta and protected
cultured rat hippocampal neurons bathed in supernatants from
amyloid beta treated microglia.25 A 4-AP derivative reportedly
reduced α-synuclein accumulation, oxidation, inflammation,
and Rho kinase activation in an in vitro model of Parkinson
disease.26 Other in vitro studies reported that 4-AP increased
cAMP response element-binding protein phosphorylation
provided protection from cellular stress by glutamate, NMDA,
and 3-nitropropionic acid exerted on rat neonatal cerebellar
granule neurons. Glutamate lead to a decreased viability also in
cells preconditioned with 4-AP but with no significant activa-
tion of caspase-3. These observations suggested that 4-AP is
primarily effective against necrotic excitotoxicity.27 It was also
shown to protect primary neuronal cultures from oxygen-
glucose deprivation or ouabain/DL-threo-β-benzyloxyaspartic
acid toxicity.28

Preclinical In Vivo Studies on 4-AP
Several studies have investigated the protective effects of 4-AP
in various disease models (table 1). In nerve crush models of
peripheral nerve damage, prophylactic and early 4-AP treat-
ment prompted recovery of nerve conduction velocity, pro-
moted remyelination, and augmented the axonal area. The
latter observations were explained by effects similar to those
appearing after electrical stimulation, for instance, elevations in
neuronal brain-derived neurotrophic factor (BDNF) levels.29

In a model of Alzheimer disease, injection of amyloid-beta into
the hippocampus of Sprague Dawley rats induced neuronal
damage and heightened microglial activation. Daily adminis-
tration of 1 mg/kg 4-AP was found to suppress microglial
activation and provided neuroprotection. This was attributed to
4-AP’s ability to block the noninactivating outwardly rectifying
K+ current in activated microglia and reduce cellular production
of proinflammatory cytokines.25 Investigations using an in vivo

Glossary
3,4-DAP = 3,4-diaminopyridine; 4-AP = 4-aminopyridine; BDNF = brain-derived neurotrophic factor; EAE = experimental
autoimmune encephalomyelitis; EAEON = experimental optic neuritis; EMA = European Medicines Agency; Kv channel =
voltage-gated potassium channel; MN = motor neuron; MOG = myelin oligodendrocyte glycoprotein; MSWS-12 = 12-Item
Multiple Sclerosis Walking Scale; NFAT = nuclear factor of activated T-cells; OCT = optical coherence tomography; PGIC =
Patient Global Impression of Change; SR-4-AP = sustained-release formulation of 4-AP; T25FW = Timed 25 Foot Walk Test;
TUG = Timed Up and Go.
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model of kinate-induced hippocampal neurotoxicity revealed
robust neuroprotective effects of 4-AP that could be abrogated by
the noncompetitiveNMDA receptor antagonistMK-801 and the
adenosine A1 antagonist 8-cyclopenthyltheophylline. These ob-
servations suggest that NMDA receptors are relevant for 4-AP
mediated protection in this model.30 In an animal model of au-
toimmune neuropathy in Lewis rats, 4-AP ameliorated the clinical
severity and pathologic electrophysiologic findings. The authors
suggested that axonal protection was provided by blocking
sodium-mediated inward currents in the early phase because high
membrane potentials in the acute phase of inflammation may be
neurotoxic. In the chronic phase, nervous conduction was po-
tentially improved by blocking potassium-mediated outward
currents.31

In experimental autoimmune encephalomyelitis (EAE), a
model of immune-mediated CNS inflammation replicating
cardinal features of MS, Kv channel blockade has been
reported to inhibit T-cell activation, potentially by blocking of
channels of the Kv1.3 subfamily32,33 and attenuated axonal
demyelination and degeneration by acting on the Kv3.1
channel on astroglia, potentially inducing the BDNF signal-
ling.34 In proteolipid protein-induced EAE in SJL mice, 4-AP
treatment significantly improved the clinical scores which was
confirmed pathologically. Glial fibrillary acidic protein ex-
pression was observed to be downregulated in 4-AP–treated
mice, and T-cell activation and Th1/17 polarization were
mitigated. However, in the chronic, myelin oligodendrocyte
glycoprotein (MOG) peptide-induced EAE model in
C57BL/6 mice, 4-AP did not change the EAE course.35 An-
other study also investigated the effects of 4-AP in a MOG-
EAE model in C57BL/6 mice and reported symptomatic but

no disease modifying effects. Neither a prophylactic nor a
therapeutic 4-AP treatment attenuated the severity of the
clinical EAE course, whereas 4-AP treated animals showed
improved mobility assessed by foot print and rotarod analysis.
Demyelination of the spinal cord, neuronal damage, and MRI
imaging of brain volume changes were unaltered. Pro-
liferation, IL17, or IFN-γ production of CD4+ T-cells were
also unaffected.36

More recently, we have demonstrated that apart from its
symptomatic effects on enhancing neural conduction, 4-AP
can prevent retinal neurodegeneration during MOG peptide-
induced experimental optic neuritis (EAEON) in C5BL6
mice.37 Using in vivo optical coherence tomography (OCT)
imaging, visual function testing, and histologic assessment, we
observed a reduction in the extent of degeneration of inner
retinal layers in models of EAEON, both for prophylactic and
therapeutic 4-AP administration. In this model, 4-AP poten-
tiated the effects of immunomodulatory treatment with the
sphingosine-1-phosphate receptor modulator fingolimod,
suggesting independent modes of action. It is reasonable to
assume that this effect is not limited to fingolimod alone and
applicable to 4-AP combined with other MS immunomodu-
latory drugs. In our study, optic nerve histology revealed that
in contrast to fingolimod, 4-AP had no significant influence on
microglial activation and/or infiltration of lymphocytes or
macrophages, suggesting that the protective effects were not
related to an anti-inflammatory mode of action. In line with
this, 4-AP treatment did not interfere with EAE induction,
validated by a T-cell restimulation assay. Furthermore, we
observed significant protection from retinal neurodegeneration
under 4-AP treatment also in the noninflammatory optic nerve

Table 1 Summary of Preclinical Studies on 4-AP With Main Findings

Model Animal Main finding 4-AP treatment Study

Sciatic nerve crush C57BL6 mice Recovery of nerve conduction velocity and promoted remyelination. Tseng et al.29

Traumatic peripheral
nerve injury

C57BL6 mice Recovery of nerve conduction velocity, promoted remyelination, and increased axonal
area.

Noble et al.53

Alzheimer disease Sprague Dawley
rats

Suppression of microglial activation and exhibition of neuroprotection. Franciosi
et al.25

Hippocampal
neurotoxicity

Std-ddY mice Neuroprotective effects and NMDA receptors might be relevant for 4-AP-mediated
protection.

Ogita et al.30

Autoimmune
neuropathy

Lewis rats Ameliorated clinical scores and improved electrophysiologic findings. Moriguchi
et al.31

PLP139–151 EAE SJL mice Improved clinical scores, T-cell activation, and Th1/17 polarization was attenuated. Moriguchi
et al.35

MOG35-55 EAE C57Bl/6J Symptomatic but no disease modifying effects Göbel et al.36

MOG35-55 EAE Kv3.1 knock out
mouse

Inhibited T-cell activation, ameliorated axonal demyelination, and degeneration. Jukkola
et al.34

MOG35-55 EAE C57Bl/6J Reduced retinal degeneration and improved visual function, less demyelination, and
involvement of NFAT pathway

Dietrich
et al.37

Abbreviations: 4-AP = 4-aminopyridine; EAE = experimental autoimmune encephalomyelitis; Kv = voltage-gated potassium; NFAT = nuclear factor of activated
T-cells.
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crush model, whereas, here, fingolimod had no effect. In-
terestingly, in vitro, 4-AP treatment failed to directly protect
retinal ganglion cells. Instead, histology and in vitro experiments
indicated 4-AP–mediated stabilization of myelin and oligoden-
drocyte precursor cells. This effect was associated with increased
calcium influx and nuclear translocation of the nuclear factor of
activated T-cells (NFAT). It has previously been shown that
4-AP regulates calcium homeostasis by elevating inositol tri-
sphosphate levels and thereby causing calcium release from in-
tracellular calcium stores.38 However, additional studies on 4-AP
in demyelinating models, for instance, cuprizone-treatment or
transgenic mouse models with inducible oligodendrocyte abla-
tion might be helpful to confirm these conclusions. Existing
studies in animal models of demyelination mainly focus on the
capacity of 4-AP to restore the action potential but lack further
investigations of oligodendroglial cells (figure).39

It is important to mention that the doses needed to obtain
these effects in vitro are approximately 100-1,000x higher than
the concentration achieved in patients.39 Therefore, addi-
tional or other mechanisms might be relevant for the obser-
vations made in vivo and in vitro. These include but are not
limited to a diminished energy dissipation of demyelinated
axons because of blockage of potassium leakage and stronger
protective and reparative capacities in the brain indirectly
resulting from increased mobility and greater exercise.

Moreover, immunomodulatory mechanisms of 4-AP cannot
be ruled out especially because reduced T-cell activation and
Th1/17 polarization have been demonstrated in PLP-induced
EAE in SJL mice.35 In addition, preclinical studies of other
disease models found an attenuated activation and reduced
release of proinflammatory mediators by microglia.25 These

controversial results highlight the diverse pathologic mechanisms
of the different animal models, where immune cells are more or
less susceptible to treatment strategies. The discrepancies be-
tween our results and previous reports of only symptomatic
effects in MOG peptide-induced EAE in C57BL6 mice35,36 may
at least in part be explained by (1) differences in dosing because
others used doses of 100 μg and 600 μg/mouse/day, whereas we
administered 250 μg/mouse/d; (2) treatment duration (40, 60,
and 90 days by Göbel et al.,36 Moriguchi et al.,35 and Dietrich
et al.,37 respectively); and (3) amount of MOG used for im-
munization because we used 200 μg MOG per mouse, whereas
others used only 100 μg MOG per mouse. Recent research
focuses on the role of gutmicrobiota in influencing induction and
severity of EAE by altering the balance of effector and regulatory
T and B cells.40–42 The microbiome of the rodents may differ
between the animal facilities resulting in differences of EAE se-
verity, course, and possibly even response to therapeutics. Taken
together, these factors could account for the heterogeneity in
study results.

Clinical Approach on 4-AP in Patients With MS
Several clinical trials since the 1980s already suggested ben-
eficial effects of 4-AP in people with MS. Among others, they
identified improvement in motor40–42 and visual
functions40–44 and fatigue.45–47 However, study limitations,
absence of a homogeneous study design, and small patient
numbers prohibited approval of 4-AP by the regular author-
ities and lead to an off-label use for more than 3 decades.48 On
the other hand, some of these studies facilitated the de-
velopment of the sustained-release formulation (SR-4-AP or
fampridine) because they found the plasma levels of the
original immediate-release compound to be inconsistent and
unpredictable. The first clinical study with SR-4-AP was

Table 2 Summary of Relevant Clinical Studies on 4-AP From 2007 Until Now

Study Phase SR-4-AP dosing Main findings
Sample
size

Goodman et al.,
MS-F20119

II 10–40 mg twice daily, increasing in
5 mg increments weekly

Improvement in walking speed and of self-reported fatigue 36

Goodman et al.,
MS-F20220

II 10, 15, or 20 mg twice daily Improvement in walking speed and muscle strength 206

Goodman et al.,
MS-F20321

III 10 mg twice daily 35% responders; improvement in walking speed, muscle strength,
MSWS-12

301

Goodman et al.,
MS-F20422

III 10 mg twice daily 42.9% responders; improvement in walking speed 239

Hupperts et al.,
MOBILE23

II 10 mg twice daily Improvement in MSWS-12, TUG speed and PGIC 132

Macdonell et al.,
ENABLE52

IV 10 mg twice daily Improvements in the SF-36 PCS, SF-36 MCS, MSIS-29, PRIMUS ALS, EQ-
5D-3L, and WPAI-SHP activity impairment

901

Hobart et al.,
ENHANCE51

III 10 mg twice daily Improvement in MSWS-12, TUG speed, MSIS-29, and PGIC 646

Abbreviations: EQ-5D-3L = EuroQol-5 Dimension 3-level version;MSWS-12 = 12-ItemMSWalking Scale; PGIC = patient global impression of change, MSIS-29 =
29-Item MS Impact Scale SF-36 PCS = 36-Item Short-Form physical component summary; PRIMUS ALS = Patient-Reported Indices for MS activity limitations
scale; SF-36MCS = 36-Item Short-Formmental component summary; TUG = timed up and go;WPAI-SHP =Work Productivity and Activity Impairment, Specific
Health Problem.
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performed in 1997 by Schwid et al.,49 demonstrating a sig-
nificant amelioration of walking speed and a trend toward
improvement of muscle strength.

The extended release technology system was developed by
Elan Pharmaceuticals. It used a so-called matrix drug ab-
sorption system, consisting of a proprietary polymer matrix
that controls release by diffusion and erosion by gastroin-
testinal enzymes. This resulted in lower peak plasma drug
levels and longer duration of action.48 Initially, SR-4-AP was
tested in 4 trials. In 2007, Goodman et al.19 performed a
dose-ranging trail in 5 mg increments from 10 up to 40 mg,
twice daily with 36 patients with MS. In the Timed 25 Foot
Walk Test (T25FW), no significant change was observed,
whereas a post hoc analysis converting the data into
walking speed (ft/s) reached significance. In addition, an
improvement of self-reported fatigue was observed. In a
dose comparison trial in 2008 (randomized, double-blind,
placebo-controlled), Goodman et al.20 recruited 206 pa-
tients, receiving placebo or doses of 10, 15, or 20 mg twice
daily. Again, post hoc analysis comparing improvement in
walking speed found significantly better outcomes for all
treatment groups individually and for all SR-4-AP–treated pa-
tients pooled compared with placebo. Muscle strength was
improved for the 10-mg– and 15-mg–treated groups, but not
for the 20 mg–treated group compared with the placebo

subjects. In the 2 subsequent phase III clinical trials (21-week
double-blind placebo-controlled randomized trial, 301 patients
and 14-week double-blind placebo-controlled trial, 239 patients)
with 10 mg twice daily, the patients were divided in a responder
group and a nonresponder group, defined by consistent im-
provement on T25FW. In both studies, the increase in walking
speedwas significant comparedwith the nonresponder or placebo
group. Furthermore, there was an improvement in the 12-Item
MS Walking Scale (MSWS-12) score for the responders.21,22

In an open-label extension trial of these studies, it was dem-
onstrated that the clinical improvement was lost after drug
withdrawal but returned 2 weeks after restarting the therapy
of SR-4-AP.50 Ampyra/Fampyra, the tablet formulation of
SR-4-AP received full approval by the Food and Drug Ad-
ministration in January 2010 to improve walking in patients
with MS, but only a conditional marketing authorization in
2011 from the EuropeanMedicines Agency (EMA). Based on
the trials mentioned, the approval was subject to the provision
to provide more long-term efficacy and safety data. Therefore,
a phase II exploratory (MOBILE) and a phase III confirma-
tory study (ENHANCE) were initiated.

In the exploratory MOBILE study with 132 participants, an im-
provement of the Patient Global Impression of Change (PGIC),
MSWS-12, and Timed Up and Go (TUG) speed was found.23

Figure Presumed Mode of Action and Additional Potential Effects of 4-AP in Demyelinating Disease

4-AP blocks potassium channels and therefore enhances signal transduction of the axon.9,10 Potential immunomodulatory effects may be exerted by Kv1.3
channels expressed by microglia25 and T-cells.35 The Kv3.1 channel on astrocytes might be targeted by 4-AP to suppress demyelination and axonal
degenerating.34 In another preclinical study, 4-AP stabilizedmyelin via theNFAT pathway.37 4-AP = 4-aminopyridine; NFAT = nuclear factor of activated T-cells.
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To evaluate the long-term efficacy and safety of SR-4-AP, the
confirmatory ENHANCE study (10 mg twice daily in 646MS
patients) was performed. In addition to the improvements
reported in the MOBILE trial, the authors found a significant
improvement of SR-4-AP–treated patients on the 29-ItemMS
Impact Scale.51 The EMA afterward granted unconditional
approval of SR-4-AP for the treatment of patients with MS
with walking disability. The ENABLE phase IV observational
study with 901 patients demonstrated that a treatment with
SR-4-AP is beneficial for patients with MS by the means of
self-perceived physical functioning and psychological health
in a real-world setting52 (table 2).

Based on the promising preclinical data on protection from
retinal neurodegeneration described above, our group per-
formed a retrospective, multicenter OCT study to longitu-
dinally compare retinal neurodegeneration between 52
patients on continuous 4-AP therapy and 51 controls that
were matched for all relevant covariates using a predefined
matching algorithm. In line with the experimental data,
during concurrent 4-AP therapy, degeneration of the mac-
ular retinal nerve fiber layer was reduced over 2 years.
However, these findings need to be corroborated in in-
dependent and ideally prospective cohort studies, especially
because the effect size was low and the rates of peripapillary
retinal nerve fiber layer and macular ganglion cell/inner
plexiform layer thinning did not differ significantly between
the groups. These discrepancies of a protective effect of 4AP
only on the mRNFL, but neither in pRNFL nor in mGCIPL,
is not easily be explained. It is important to mention that
because 4AP is only licensed for improving walking disability
in patients with EDSS 3.5–5, the change rates analyzed were
investigated in later stages of disease and without acute optic
neuritis. In such a setting, only very subtle retinal changes
occur, and large cohorts would be required to detect treat-
ment effects. Therefore, the retrospective study in patients
was certainly not sufficiently powered to reliably detect
protective treatment effects, and it does not come as a sur-
prise that only one of the outcomes turned out positive.
Possibly, the mRNFL was the most sensitive layer for the
detection of treatment effects.37

In summary, a growing body of in vivo evidence suggests
that 4-AP, in addition to its well-known symptomatic ef-
fects, by preventing neurodegeneration can modify the
disease course of EAEON and possibly even patients with
MS. Preliminary in vitro evidence implies the involvement
of cellular calcium levels and the NFAT pathway, but fur-
ther investigations are warranted to elucidate the exact
molecular mechanisms underlying 4-AP’s neuroprotective
effect in immune-mediated inflammatory demyelination.
These findings may have a marked impact on MS treatment
strategies if confirmed in a prospective randomized con-
trolled clinical trial.
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CORRECTION

CSFSERPINA3Levels Are Elevated in PatientsWithProgressiveMS
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In the article “CSF SERPINA3 Levels Are Elevated in Patients With Progressive MS” by
N. Fissolo et al.,1 Dr. Nicolás Fissolo should be listed as a corresponding author in addition to
Dr. Manuel Comabella Lopez. Dr. Fissolo can be reached at nicolas.fissolo@vhir.org. The
authors and editorial staff regret the omission.
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CORRECTION

A Case of CIDP Concurrent With MGUS IgG Kappa Responsive to
Autologous Stem Cell Transplantation
Neurol Neuroimmunol Neuroinflamm 2021;8:e995. doi:10.1212/NXI.0000000000000995

In the Clinical/Scientific Note “A case of CIDP concurrent with MGUS IgG kappa responsive
to autologous stem cell transplantation” by Colucci et al,1 the legend of figure 1 should include
the symbol before “preventive hematopoietic stem cell mobilization and collection.” The
publisher regrets the error.

Further, the final sentence of the Discussion section should read, “Our report may as well
suggest investigating other novel myeloma-specific therapeutic approaches in clinically re-
fractory CIDP with concurrent MGUS, e.g., the anti-CD38 antibody daratumumab and ven-
etoclax, a selective, orally bioavailable B-cell lymphoma 2 (BCL-2) inhibitor that induces cell
death in multiple myeloma cells, particularly in those harboring t (11; 14), that express high
levels of BCL-2 relative to BCL-extra large (BCL-XL) and myeloid cell leukemia 1 (MCL-1).”
The authors regret the error.
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