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M. López-Pérez, F. Márquez, J. Pardo-Fernández,
L. Muñoz-Delgado, M. Cabrera-Serrano, N. Ortiz, M. Bartolomé,
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EDITORIAL OPEN ACCESS

Demystifying MOGAD and Double Seronegative
NMOSD Further With IL-6 Blockade
Kok Pin Yong, MBBCh, BAO, and Ho Jin Kim, MD, PhD

Neurol Neuroimmunol Neuroinflamm 2022;9:e1110. doi:10.1212/NXI.0000000000001110

Correspondence

Dr. Kim

hojinkim@ncc.re.kr

Myelin oligodendrocyte glycoprotein-IgG (MOG-IgG)-associated disorder (MOGAD) is a
recently defined neuroimmunologic disorder affecting the CNS, commonly presenting with
acute disseminated encephalomyelitis in children and with optic neuritis and/or myelitis in
adults. Although some patients, especially children, may exhibit a monophasic course, there are
others who tend to run a highly relapsing course, potentially resulting in long-lasting neurologic
disability, akin to those with neuromyelitis optica spectrum disorder (NMOSD).1 In fact, up to
almost half of patients with NMOSD without aquaporin-4 (AQP4-IgG) harbor MOG-IgG.2 In
addition, despite comprehensive testing for aquaporin-4 antibodies, there remains a proportion
of patients who phenotypically resemble those with NMOSD but are seronegative for both
AQP4-IgG and MOG-IgG.3

Recent key phase II and III international, randomized, double-blind, placebo-controlled
trials in patients with NMOSD, especially with AQP4-IgG, used drugs with specific
immunopathogenic targets and were met with good outcomes in reducing the risk of
relapse.4-7 Among these was satralizumab, a humanized monoclonal antibody targeting
interleukin-6 receptor (IL-6R). The efficacy of satralizumab, as a monotherapy or as add-on
therapy, demonstrated the essential role of interleukin-6 (IL-6) in the pathophysiology of
NMOSD with contributions toward inflammatory Th17 cell development, production of
AQP4-IgG via plasmablasts stimulation, and increased CNS permeability through blood-
brain barrier dysfunction.8 Tocilizumab, another humanized IL-6 receptor inhibitor,
emerged as a promising therapeutic option after few case series and a prospective, multi-
center, randomized, open label phase II study provided further evidence for NMOSD
relapse risk reduction.9-12 Similar to satralizumab, most participants in this tocilizumab trial
had AQP4-IgG. On the contrary, double-seronegative patients with NMOSD did not seem
to respond as well to satralizumab and inebilizumab, with none of these patients included in
the eculizumab trial. As for patients with MOGAD, they were either under or unrepresented
in these successful studies.

Furthermore, the evidence for efficacy of rituximab, a CD20-mediated B cell-depleting
monoclonal antibody, has been less compelling for MOGAD when juxtaposed with AQP4-
IgG+ NMOSD.13,14 In the prospective observational study by Durozard et al., patients with
MOGAD relapsed more frequently (37.5% vs 24%) and earlier (2.6 vs 7 months; median time
after last rituximab infusion) as compared to those with AQP4-IgG+ NMOSD. Of note, there
were more patients in the MOGAD group who relapsed despite effective B cell depletion while
re-emergence of memory B cells was observed in all except 1 of the patients with AQP4-IgG+
NMOSDwho relapsed.13 The lesser effect of rituximab onMOGAD as contrasted with AQP4-
IgG+ NMOSD was echoed in another large retrospective multicenter study involving 121
patients. Likewise, a high number of relapses in MOGAD occurred with apparent adequate
B cell depletion.14 The optimal treatment strategy remains unclear in MOGAD, particularly for
those with a relapsing course, and in double-seronegative NMOSD.
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Consequently, the findings of Ringelstein et al.15 published
in this issue of Neurology®: Neuroimmunology and Neuro-
inflammation are timely and important. In this retrospec-
tive, multicenter study, a total of 57 patients with MOGAD,
AQP4-IgG+ NMOSD, and seronegative NMOSD had a
reduction in median annualized relapse rate (ARR) after
receiving tocilizumab for at least 12 months and median
treatment duration of 23.8 months. The absence of additional
benefit conferred by background therapy further lends support
to tocilizumab as a promising monotherapy. All had received
various immunotherapies, especially rituximab before treatment
initiation with tocilizumab. Equally appealing was the assuring
safety profile, which was observed over a span of maximum
treatment duration of nearly 9 years.

Retrospective studies are fraught with potential sources of bias
inherent to its design. The authors have highlighted some of
these including the lack of data homogeneity (e.g., differing
treatment and MRI protocols) and availability. The relatively
small number of study participants (14 patients with MOGAD,
7 with double-seronegative NMOSD, and 36 with AQP4-IgG+
NMOSD) may also diminish the overall study effect. However,
these limitations are not entirely surprising, given the rarity of
MOGAD and NMOSD, with or without AQP4-IgG. These
limitations should not undo the collective effort and good work
by the authors from an international network.

Immunopathogenic mechanisms that are different from those
underpinning AQP4-IgG+ NMOSD may, at least in part, con-
tribute to the observed discrepant therapeutic response by
MOGAD and double-seronegative patients with NMOSD.
Further effort in elucidating the distinct disease mechanisms
will shape the appropriate therapeutic recommendations with
the main goal to prevent relapse recurrence and hence cumu-
lative neurologic disabilities. Indeed, there have been recent
studies demonstrating pathologic features in MOGAD that are
different from those occurring in AQP4-IgG+NMOSD.16,17 In
the same line of investigations and in our experience, signifi-
cantly lower levels of CSF glial fibrillary acidic protein levels
were detected in double-seronegative patients with NMOSD
compared with those with AQP4-IgG during clinical relapses,
suggesting a distinct pathophysiology to the established astro-
cytopathic process of AQP4-IgG+ NMOSD (unpublished).

Positive outcomes as a result of tocilizumab usage, both in
efficacy and effectiveness as well as its safety profile, offer a
potentially additional treatment option to physicians and
patients, either as monotherapy or a switch over from pre-
ceding immunotherapy especially in refractory cases. Al-
though the current observation is encouraging, larger
confirmatory studies (ideally randomized and controlled)
including MOGAD and double-seronegative patients with
NMOSD with long-term follow-up are warranted. None-
theless, Ringelstein et al. have provided us with a platform to

build further with this real-world study, involving the largest
number of patients with MOGAD to date. Although, in re-
cent years, we have witnessed an expansion of the thera-
peutic landscape for AQP4-IgG+ NMOSD patients, these
findings continue to lend a hand in demystifying MOGAD
and double-seronegative NMOSD.
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Abstract
Background and Objectives
To analyze (1) the effect of immunoglobulin G (IgG) from patients with anti–myelin oligo-
dendrocyte glycoprotein antibody (MOG-Ab)–associated disorder on the blood-brain barrier
(BBB) endothelial cells and (2) the positivity of glucose-regulated protein 78 (GRP78) anti-
bodies in MOG-Ab–associated disorders.

Methods
IgG was purified from sera with patients with MOG-Ab–associated disorder in the acute phase
(acute MOG, n = 15), in the stable stage (stable MOG, n = 14), healthy controls (HCs, n = 9),
and disease controls (DCs, n = 27). Human brain microvascular endothelial cells (BMECs)
were incubated with IgG, and the number of nuclear NF-κB p65-positive cells in BMECs using
high-content imaging system and the quantitative messenger RNA change in gene expression
over the whole transcriptome using RNA-seq were analyzed. GRP78 antibodies from patient
IgGs were detected by Western blotting.

Results
IgG in the acute MOG group significantly induced the nuclear translocation of NF-κB and
increased the vascular cell adhesion molecule 1/intercellular adhesion molecule 1 expression/
permeability of 10-kDa dextran compared with that from the stable MOG and HC/DC groups.
RNA-seq and pathway analysis revealed that NF-κB signaling and oxidative stress (NQO1) play
key roles. The NQO1 and Nrf2 protein amounts were significantly decreased after exposure to
IgG in the acute MOG group. The rate of GRP78 antibody positivity in the acute MOG group
(10/15, 67% [95% confidence interval, 38%–88%]) was significantly higher than that in the
stable MOG group (5/14, 36% [13%–65%]), multiple sclerosis group (4/29, 14% [4%–32%]),
the DCs (3/27, 11% [2%–29%]), or HCs (0/9, 0%). Removal of GRP78 antibodies from
MOG-IgG reduced the effect on NF-κB nuclear translocation and increased permeability.

Discussion
GRP78 antibodies may be associated with BBB dysfunction in MOG-Ab–associated disorder.
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Anti–myelin oligodendrocyte glycoprotein antibody (MOG-
Ab)–associated disorder has been recently recognized as a new
entity in the spectrum of inflammatory demyelinating diseases,
differing from either multiple sclerosis (MS) or neuromyelitis
optica spectrum disorder (NMOSD).1-4 Using live cell-based
assays (CBAs), MOG antibodies bound to the cell surface are
detected in patients with pediatric/adult acute disseminated en-
cephalomyelitis (ADEM), AQP4 antibody–negative NMOSD,
isolated optic neuritis, transverse myelitis, encephalomyelitis, or
brainstem encephalitis.2 The clinical spectrum of MOG-Ab–
associated disorder thus seems to be broader than that of AQP4
antibody–positive NMOSD,3,4 but what factors determine the
varied clinical phenotypes of the disease remain unclear.

A previous histopathologic analysis of 9 cases with MOG-
Ab–associated disorder described an MS pattern Ⅱ lesion,
characterized by active demyelination with marked infiltration
of macrophages and T cells, along with deposition of immu-
noglobulin G (IgG)/complements,5-9 suggesting Ab-mediated
demyelination. Intrathecal transfer experiments of MOG-Abs
from patients with MOG-Ab–associated disorder to experi-
mental autoimmune encephalomyelitis (EAE) models induced
pathologic changes, resembling an MS pattern Ⅱ pathology,
together with myelin-reactive T cells (myelin basic protein–
specific T cells) and MOG-specific T cells.10 These findings
suggest that MOG-Abs exert a pathogenic effect when they
enter the CNS space in cases of MOG-Ab–associated disorder.

Blood-brain barrier (BBB) breakdown is a key pathologic fea-
ture of MS and neuromyelitis optica (NMO).11-14 We pre-
viously reported the effect of glucose-regulated protein 78
(GRP 78) autoantibodies from patients with NMO on human
brain microvascular endothelial cell (BMEC) dysfunction.15,16

Both a history of preceding infectious prodrome in 50% of
patients with MOG-Ab–associated disorder17 and the absence
of oligoclonal IgG bands in the CSF18 suggest that anti-MOG
antibodies are produced peripherally and reach the CNS fol-
lowing BBB breakdown, but the molecular mechanism re-
garding BBB disruption in MOG-Ab–associated disorder
remains unclear.

In the present study, we analyzed the contribution of serum IgG
from individual patients with MOG-Ab–associated disorder to
BBB breakdown using human BMECs with the high-content

imaging and RNA-seq. We also investigated the GRP78 anti-
body positivity of patients and the effect of this antibody on the
BMEC activation in MOG-Ab–associated disorder.

Methods
Patient Samples
This research was approved by the ethics committees of the
Medical Faculties of Yamaguchi Universities (IRB#: H22-
137-6). We obtained written informed consent from each
participant.

Sera were collected from 15 patients with MOG-Ab–associated
disorder who had been diagnosed at Tohoku University or
Yamaguchi University Hospital (Table). All the patients were
positive forMOG-Abs according to a cell-based assay performed
at Tohoku University. We included sera from MOG-Ab–
associated disorder patients (15 sera in the acute phase [acute
MOG, n = 15] and 14 sera in the stable stage [stable MOG, n =
14]) (Table). The 15 serum samples from acute MOG were
collected during the acute phase within 14 days at the time of the
symptom onset, and the 14 sera from stable MOG were col-
lected in the clinical stable phase from patients, who had been
treated with corticosteroids over 3 months (3–57 months) after
the acute phase. IgGs from 9 healthy controls (HCs: men, n = 4,
women, n = 5; mean age, 32.6 years) and 27 disease controls
(DCs) were used as controls (amyotrophic lateral sclerosis, n =
17; cervical spondylosis, n = 2; multiple system atrophy, n = 3;
spinocerebellar degeneration, n = 1; hereditary peripheral neu-
ropathy, n = 2; progressive supranuclear palsy, n = 1; and normal
pressure hydrocephalus, n = 1).

All sera were stored at −80°C until the experiments were
performed. Sere were inactivated at 56°C for 30 minutes be-
fore the experiments. IgG was prepared from serum samples
using a Melon Gel IgG Spin Purification Kit (Thermo Fisher
Scientific).

Patient Information
We investigated the clinical phenotype, the age/sex, the re-
lapse number, DEDSS score (change in the score on the
Expanded Disability Status Scale [EDSS] between before and
after relapse), presence of a preceding infection, IgG index
(intrathecal IgG synthesis), Q Albumin (Q Alb, BBB

Glossary
ADEM = acute disseminated encephalomyelitis; ANOVA = analysis of variance; BBB = blood-brain barrier; BMEC = brain
microvascular endothelial cell; CBA = cell-based assay; CE = cortical encephalitis; CI = confidence interval; DC = disease
control; EAE = experimental autoimmune encephalomyelitis; EDSS = Expanded Disability Status Scale; FC = fold change;
GRP 78 = glucose-regulated protein 78; HC = healthy control; ICAM-1 = intercellular adhesion molecule 1; IgG =
immunoglobulin G; IPA = ingenuity pathway analysis; MOG = myelin oligodendrocyte glycoprotein; MOG-Ab = myelin
oligodendrocyte glycoprotein antibody;MS =multiple sclerosis;NMO = neuromyelitis optica;NMOSD = neuromyelitis optica
spectrum disorder; ON = optic neuritis; PBS = phosphate-buffered saline; PVDF = polyvinylidene difluoride; VCAM-1 =
vascular cell adhesion molecule 1.
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breakdown), and the presence of Gd-enhanced lesions on
MRI in the 15 patients with acute MOG-Ab–associated dis-
order (Table).

Immunohistochemistry of NF-κB, ICAM-1,
NOQ1, or Nrf2 and the High-Content
Imaging Assay
TY10 cells derived from human adult BMECs and immortalized
with temperature-sensitive SV40 large T antigen (tsA58) were
used for experiments.19 Two days after the shift in temperature
from 33 to 37°C, all experiments were performed. The cells were
maintained on collagen type 1–coated 96-well plates (Greiner)
and then cultured in MCDB 131 medium containing IgG
(500 μg/mL) from patients with MOG-Ab–associated disorder,
DCs, or HCs after substitution for MCDB 131 medium for 1
hour for NF-κB p65 immunostaining and for 24 hours for in-
tercellular adhesion molecule 1 (ICAM-1), NAD(P)H quinone
dehydrogenase 1 (NQO1), Nrf2, and JC-1 immunostaining.

For NF-κB p65, NQO1, or Nrf2 staining, cells were fixed with
4% paraformaldehyde, incubated with 0.3%Triton X-100, and
then blocked overnight in 5% fetal bovine serum/0.3% Triton
X-100 in phosphate-buffered saline (PBS). The cells were
incubated with each primary Abs (NF-κB p65 monoclonal
antibody, NQO1 polyclonal antibody [Proteintech], or Nrf2
polyclonal antibody [Proteintech]), followed by the

incubation with secondary Abs (Alexa Fluor 488 goat anti-
rabbit IgG, Thermo Fisher Scientific).

For JC-1 staining, a final concentration of 1 μMof JC-1 MitoMP
DetectionKit (DOJINDO, Japan)was added to living TY10 cells
in the dark at 37°C for 45 minutes. JC-1 dye shows fluorescence
emission at 2 typical wavelengths: red fluorescent J-aggregates at
higher mitochondrial concentrations reflecting higher mito-
chondrial potential and green fluorescent J-monomers. The red/
green intensity ratio reflects the mitochondria potential.

For high-content imaging,16 5,000 cells per well were plated
onto CELLSTAR 96-well plates (Greiner). After immunos-
taining for NF-κB p65 was performed, the images in the plate
were captured using an In Cell Analyzer 2000 (GE Health-
care) at ×20 magnification with 4 fields of view per well
(equivalent to almost 800 cells). The images were then ana-
lyzed with the IN Carta image analysis software (Cytiva) or
the In Cell Analyzer software program (Cytiva). The data
represent the mean value of 12 experiments for NF-κB p65 or
3 experiments for ICAM-1, NQO1, Nrf2, and JC-1.

Paracellular Permeability of 10-kDa Dextran
TY10 cells were cultured on 0.4-mm pore size 24-well
collagen-coated Transwell culture inserts (Corning) on the
luminal side for 3 days at 33°C and then 2 days at 37°C. TY10

Table Clinical Information of MOG Patients

Pt
Nos.

Clinical
phenotype

Age/
sex

Relapse
number

DEDSS
score

Preceding
infection

IgG
index

Q
Alb

Gd-
MRI

MOG-
Ab

GRP
Ab

%
NFκB Permeability

1 ON + M 30/M 1 5 (−) 0.5 4.0 (−) 32768 (+) 9.36 0.65

2 CE 41/M 1 5 (+) 0.54 21.0 (−) 1024 (−) 2.62 0.32

3 ON + M 16/M 1 5 (−) 0.64 3.9 (−) 512 (+) 2.61 0.36

4 CE 36/M 1 5 (−) 0.56 5.9 (−) 16384 (+) 1.57 0.33

5 CE 39/M 1 2 (−) NE 5.6 (−) 4096 (+) 6.47 0.43

6 CE 23/M 2 2 (−) 0.67 12.6 (−) 2048 (−) 0.35 0.37

7 CE 29/F 1 2 (−) 0.59 6.9 (−) 1024 (+) 0.11 0.38

8 ON + M 31/M 1 4 (−) 0.6 9.0 (+) 4096 (−) 0.55 0.40

9 ON + M 32/F 1 5 (+) 0.61 7.7 (−) 4096 (+) 11.8 0.56

10 ON 12/M 2 3.5 (+) 0.69 7.9 (−) 2048 (+) 0.19 0.31

11 ON + M 58/F 1 4 (−) 0.57 7.2 (−) 1024 (+) 0.41 0.36

12 ON 67/F 1 2 (−) NE NE (−) 1024 (−) 3.94 0.40

13 ADEM 3/F 1 3.5 (−) NE NE (−) 8192 (−) 0.71 0.32

14 ADEM 47/M 2 4.5 (−) 0.58 6.7 (+) 4096 (+) 0.30 0.34

15 ON 42/M 1 4 (−) NE NE (−) 1024 (+) 0.33 0.33

Abbreviations: ADEM = acute disseminated encephalomyelitis; CE = cortical encephalitis; EDSS = Expanded Disability Status Scale; Gd-MRI = presence of Gd-
enhanced spinal lesions on MRI; GRP Ab = presence of GRP78 autoantibodies in IgG from patients; M = myelitis; NE = not examined; ON = optic neuritis;
preceding infection = presence of preceding infection; Pt Nos = patient numbers.
%NFκB, % of NF-κB p65 nuclear-positive cells; DEDSS score, change in the score on the EDSS from before to after relapse.
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cells were exposed to individual IgG from patients with
MOG-Ab–associated disorder (acute, n = 15: stable, n = 14),
DCs (n = 27), or HCs (n = 9) (500 μg/mL) for 24 hours at
37°C. After the cells were washed, FITC-10-kDa dextran
fluorescence (Sigma-Aldrich) was added to the luminal insert
(concentration, 1 mg/mL). A total 100 μL of medium was
then transferred from the abluminal chamber into 96-well
black plates over 40 minutes. Fluorescence signals were cal-
culated at 490/520 nm (absorption/emission) by using a
FlexStation 3 Multi-Mode microplate reader (Molecular
Devices).

Whole Transcriptome Analyses With RNA-Seq
TY10 cells were exposed to IgGs from 4 patients with MOG-
Ab–associated disorder in the acute phase or 3 healthy indi-
viduals (500 μg/mL) for 12 hours at 37°C. TY10 cells without
incubation with IgGs were used as controls.

The method for the whole transcriptome analysis with RNA-
seq was previously described. In brief, total RNA was
extracted from TY10 cells using the RNeasy Mini Kit (Qia-
gen), and messenger RNA was purified as described pre-
viously.20 Complementary DNA libraries were produced
using a NEBNext Ultra II RNA Library Prep kit (New Eng-
land Biolabs) and NEBNextplex Oligos for Illumina, as de-
scribed previously.20 In this approach, messenger RNA was
fragmented in NEBNext First Strand Synthesis Reaction
Buffer at 94°C for 15 minutes in the presence of NEBNext
Random Primers and was reverse transcribed with NEBNext
Strand Synthesis Enzyme Mix. The library fragments were
then concentrated, and index sequences were inserted during
polymerase chain reaction amplification. The products were
purified using AMPure XP beads (Beckman Coulter), and the
quality of the library was confirmed with an Agilent 2200
TapeStation (D1000, Agilent Thermo Fisher). The libraries
mixed to equal molecular amounts were sequencing on an
Illumina NextSeq DNA sequencer with a 75-bp paired-end
cycle sequencing kit (Illumina). The data were then trimmed
and mapped to the mouse reference genome GRCm38
release-92 using the CLC Genomics Workbench software
program (ver.8.01; Qiagen) as described previously.20 The
mapped read counts were normalized to transcripts per mil-
lion, which were converted to log2 after the addition of 1. For
the volcano plots, p values were calculated with the unpaired
Student t test, and the fold change (FC) was determined by
subtracting the average values in the HCs from those in pa-
tients. Of the genes with a p value of less than 0.05, those for
which the FC increased by >50% or decreased by >50% were
used for the ingenuity pathway analysis (IPA), which was
performed to analyze the detected genes (Qiagen).

Detection of GRP78 Autoantibodies by
Western Blotting
The method of Western blotting was previously described.16

In brief, 2 μg of human full length GRP78 recombinant pro-
tein (Abcam) was fractionated and electrophoretically trans-
ferred to the polyvinylidene difluoride (PVDF) membranes

(Amersham). The GRP78 antibodies (Abcam) and individual
IgG (5 μg/mL) from 15 patients with MOG-Ab–associated
disorder (acute, n = 15; stable, n = 14), DCs (n = 27), MS (n =
29), HCs (n = 9), and 27 DCs diluted with PBS-T/5% milk
were used as the primary antibodies. The PVDF membranes
were incubated with each primary antibody for an hour, fol-
lowed by the anti-human secondary fluorescent antibodies for
an hour. For vascular cell adhesion molecule 1 (VCAM-1)
and ICAM-1 staining, VCAM-1 antibodies (R&D Systems)
and ICAM-1 (Santacruz) were used as the primary antibodies,
respectively, followed by an anti-mouse secondary antibody
for an hour. The bands were visualized using a chem-
iluminescence kit (ImmunoStar LD, Japan), and the relative
density of each band was calculated with the Quantity One
software program (Bio-Rad).

Removal of GRP78 Autoantibodies From MOG-
IgG by Immunoprecipitation
The method of GRP78 Ab removal was previously described.
In brief, 500 μg/mL of MOG-IgG (patients 1 and 9) was
incubated with 5 μg of human embryonic kidney cells 293T cell
lysates with or without the overexpression of FLAG-tagged
GRP78 (Origene) for 4 hours. After the antigen-antibody
immune complexes of GRP78 had precipitated, 40 μL of Red
Anti-FLAG M2 Affinity Gel beads (Sigma-Aldrich) was in-
cubated for 2 hours. After centrifuging the sample, the super-
natants (MOG-IgG with/without GRP78 antibodies) were
used for the analysis.10 The GRP78 antibodies in both super-
natants were detected by a Western blot analysis.

Statistical Analyses
All statistical analyses were performed using the Prism 7
software program (Graph Pad). A paired Student t test (2
sided) was used for single comparison analyses. For multiple
comparison analyses, a 1-way analysis of variance was used
with the Tukey multiple comparison test when the data were
normally distributed or the nonparametric Kruskal-Wallis test
when the data were not normally distributed. The Fisher exact
probability test was used to calculate the significance of dif-
ferences in the positivity of GRP78 antibodies among the
acute MOG, stable MOG, DC, HC, andMS groups. To assess
the association, Pearson correlation coefficients were used. *p
< 0.05, **p < 0.01, and ***p < 0.001 were considered to have
statistical significance.

Data Availability
Data will be shared on reasonable request. Please contact the
corresponding author.

Results
IgGs From the Acute Phase of the PatientsWith
MOG-Ab–Associated Disorder Activated BMECs
We first compared the proportion of the nuclear translocation
of NF-κB p65 in BMECs among the acute MOG, stable
MOG, DC, and HC groups (Figure 1, A–E). The proportion
of NF-κB p65 nuclear-positive cells in the acute MOG group
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was significantly greater than in the DC group (Figure 1E).
The proportion of NF-κB p65 nuclear-positive cells was sig-
nificantly decreased between the acute and stable MOG in the
same individual (Figure 1F). The permeability was found to
be significantly increased after incubation with IgG from the
acute MOG group compared with that from the stable MOG,
DC, or HC groups (Figure 1G). In a time course study (6, 12,
18, and 24 hours), the 10-kDa dextran permeability in BMECs
was increased after >12 hours of incubation with 2 IgGs from
MOG patients (patients 1 and 9) (eFigure 1, links.lww.com/
NXI/A602). Furthermore, a Western blot analysis showed
that the VCAM-1 expression was significantly increased after
exposure to IgG from the acute MOG group compared with
that from the stable MOG, DC, and HC groups (Figure 2, A
and B). The ICAM-1 expression was significantly upregulated
after incubation with IgG from the acute MOG group com-
pared with that from the stable MOG and HC groups
(Figure 2, A and D). High-content imaging revealed that the
ICAM-1 expression was significantly increased after exposure

to IgG from the acute MOG/DC group compared with that
from the HC group (Figure 2, D and E).

Profiling of Altered Gene Expression in BBB
Endothelial Cells After IgG Exposure From the
Acute Phase of the Patients With MOG-
Ab–Associated Disorder
We selected IgG from 4 patients with MOG-Ab–associated
disorder presenting with myelitis or cortical encephalitis and
showing an elevated effect on the induction of NF-κB p65
nuclear translocation of TY10 (patients 1, 3, 5, and 9 in Table)
for RNA-seq. A whole transcriptome analysis using RNA-seq
in BMECs after exposure to IgG from the patients withMOG-
Ab–associated disorder (n = 4) and HCs (n = 3) was per-
formed to identify important signaling pathway. BMECs
without exposure to IgGs were used as controls. In TY10 cells,
over 32,000 genes were detected from approximately 30
million reads in each sample. Volcano plots (Figure 2A) and
heat maps (eFigure 2, links.lww.com/NXI/A603) at the same

Figure 1 NF-κB p65 Activation and Permeability of Brain Endothelial Cells After Exposure to IgG From Patients With Acute
MOG Antibody–Associated Disorder

(A–D) Immunostaining of human brain microvascular endothelial cells (TY10 cells) for NF-κB p65 (green) after exposure to IgG (500 μg/mL) from patients with
MOG-Ab–associated disorder in the acute phase (acute MOG) (A) or patients with MOG-Ab–associated disorder in the stable phase (stable MOG) (B), DCs (C), or
HCs (D). Arrows indicate representativenuclearNF-κBp65–positive cells (A). Imageswerecapturedbyan InCell Analyzer2000. Scalebar, 50μm. (E) Scatter plotsof
the number of nuclear NF-κB p65-positive TY10 cells, as determined by high-content imaging after exposure to IgG from patients with MOG-Ab–associated
disorder in the acute phase (acuteMOG, n = 15), patientswithMOG-Ab–associated disorder in the stable phase (stableMOG, n = 14), DCs (n = 27), andHCs (n = 7).
The data were normalized to cultures that had not been exposed to human IgG and are shown as the mean ± standard error of the mean from 4 independent
experiments, performed in technical triplicate. Black dots show the 6 samples inducing the 6 highest degrees of nuclear translocation of NF-κB. The p valueswere
determined by the nonparametric Kruskal-Wallis test (*p < 0.05). (F) The proportion of nuclear NF-κB p65 nuclear-positive cells between the acute and stable
phase in the same individual is shown. The p values were determined by a paired 2-tailed t test (G) Scatter plots of the 10-kDa dextran permeability of TY10 cells
after exposure to acuteMOG-IgG (n= 15), stableMOG-IgG (n= 14), DC-IgG (n = 27), or HC-IgG (n = 7). Black dots show the 6 samples inducing the 6 highest degrees
of nuclear translocation of NF-κB. The p valueswere determined by the nonparametric Kruskal-Wallis test (*p < 0.05, ***p < 0.001 vs the stableMOG, DC, and HC
groups). DC = disease control; HC = healthy control; MOG = myelin oligodendrocyte glycoprotein; MOG-Ab = myelin oligodendrocyte glycoprotein antibody.
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p values and FC revealed that 189 genes were significantly
differentially expressed (FC > 1.5; p < 0.05), including 83
upregulated genes and 106 downregulated genes, between the
patients with MOG-Ab–associated disorder (n = 4) and HC/
control groups (n = 4) (eFigure 1, links.lww.com/NXI/
A602). Next, Ingenuity Pathway Analysis (an IPA) was per-
formed using the above upregulated or downregulated genes
to determine the signaling pathway of BMECs after exposure
to IgGs from the acute phase of patients with MOG-Ab–
associated disorder. In the network analysis of the upregulated
genes, NF-κB was detected in the center of the network
analysis, and PLAAT4 and TNFRSF6B were observed as up-
stream molecules of NF-κB (Figure 3B). In the network
analysis of downregulated genes, NQO1 and DNAJB1 were

detected in the center of the network analysis, suggesting that
oxidative stress had been induced (Figure 3C).

IgGs From the Acute Phase of the PatientsWith
MOG-Ab–Associated Disorder Reduced
Protective Proteins Against Oxidative Stress in
BBB Endothelial Cells
To confirm the data suggested by RNA-seq, the change in
amounts of protective proteins against oxidative stress after
exposure to IgGs from the patients with MOG-Ab–associated
disorder was observed. We selected 14 IgGs from the acute
MOG group, 7 IgGs from the DC group (all samples from
patients with amyotrophic lateral sclerosis), and 9 IgGs from
the HC group for this purpose. High-content imaging system

Figure 2 Changes in the VCAM-1 and ICAM-1 Expression After IgG Exposure From Acute MOG Antibody–Associated
Disorders

(A) Western blotting of VCAM-1 or ICAM-1 in TY10 after ex-
posure to IgG (500 μg/mL) from patients with MOG-Ab–
associated disorder in the acute phase (acute MOG, n = 15),
the stable phase (stable MOG, n = 14), DCs (n = 8), or HCs (n =
7). (B) (C) Scatter plots of quantification by Western blotting
for VCAM-1 (B) or ICAM-1 (C) in relation to actin. Each scatter
plot reflects the combined densitometry data (mean ± stan-
dard error of the mean). The p values were determined by a
1-way analysis of variance followed by the Tukey multiple
comparison test (**p < 0.01 vs the DC or HC group followed
by the Tukey multiple comparison test). (D) Immunostaining
of human brain microvascular endothelial cells (TY10 cells)
for ICAM-1 (green) after exposure to IgG (500 μg/mL) from
patients with MOG-Ab–associated disorder in the acute
phase (acuteMOG), DCs, or HCs. Tumor necrosis factor-α and
interferon-γ stimulation served as a positive control. Image
of ICAM-1 captured by an In Cell Analyzer 2000. Scale bar,
50 μm. (E) Scatter plots of intensity of ICAM-1, as determined
by high-content imaging after exposure to IgG from patients
with MOG-Ab–associated disorder in the acute phase (acute
MOG, n = 14), DCs (n = 7), and HCs (n = 9). The data were
normalized to cultures that had not been exposed to human
IgG and are shown from 3 independent experiments. The p
values were determined by a 1-way ANOVA followed by the
Tukey multiple comparison test (*p < 0.05 vs the DC or HC
group followed by the Tukey multiple comparison test).
ANOVA = analysis of variance; DC = disease control; HC =
healthy control; ICAM-1 = intercellular adhesion molecule 1;
MOG = myelin oligodendrocyte glycoprotein; MOG-Ab =
myelin oligodendrocyte glycoprotein antibody; VCAM-1 =
vascular cell adhesion molecule 1.
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revealed that the expression of NQO1 and Nrf2 protein in
BMECs and the mitochondria membrane potential (red/
green ratio using JC-1 dye) were significantly decreased after
exposure to IgGs from the acute phase of the patients with

MOG-Ab–associated disorder compared with that from DCs
or HCs (Figure 4, A–E). Furthermore, aWestern blot analysis
showed that the amount of Nrf2 protein of TY10 cells was
also decreased after exposure to IgGs from the acute phase of

Figure 3 Whole Transcriptome Analysis With RNA-Seq of TY10 After Exposure to IgG From Patients With MOG
Antibody–Associated Disorders

TY10 cells were incubated with IgG from the
patients with MOG-Ab–associated disorder
(n = 4) and healthy controls (n = 3). TY10 cells
without exposure to IgGs were also used as
control. Over 32,000 genes were detected
fromapproximately 30million reads in each
sample. (A) Volcano plots (FC > 1.5; p < 0.05)
revealed that 189 genes were significantly
differentially expressed (FC > 1.5; p < 0.05),
including 83 upregulated genes (red) and
106 downregulated genes (blue), between
the patients with MOG-Ab–associated dis-
order (n = 4) and healthy control (n = 3)/
control (n = 1) groups (total n = 4). (B) In the
network analysis of upregulated genes, NF-
κBwas detected in the center of thenetwork
analysis. The red nodes show the upregu-
lated genes in the RNA-seq analysis (FC >
1.5; p < 0.05). (C) In the network analysis of
downregulated genes, NQO1 and DNAJB1
were detected in the center of the network
analysis. The green nodes show the down-
regulated genes in the RNA-seq analysis (FC
< 1.5; p < 0.05). DC = disease control; HC =
healthy control; FC = fold change; ICAM-1 =
intercellular adhesion molecule 1; MOG =
myelin oligodendrocyte glycoprotein; MOG-
Ab = myelin oligodendrocyte glycoprotein
antibody; VCAM-1 = vascular cell adhesion
molecule 1.
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Figure 4 Changes in the Protective Proteins Against Oxidative Stress After IgG Exposure From Acute MOG Antibody–
Associated Disorders

(A, B) Immunostaining of human brainmicrovascular endothelial cells (TY10 cells) for NQO1 or Nrf2 (green), or JC-1 (green/red) after exposure to IgG (500 μg/
mL) from patients withMOG-Ab–associated disorder in the acute phase (acuteMOG), DCs, or HCs (upper, NQO1/lower, Nrf2). Images were captured by an In
Cell Analyzer 2000. The JC-1 red/green intensity ratio reflects themitochondria potential. Scale bar, 50 μm. (C–E) Scatter plots of the intensity of NQO1 or Nrf2,
or JC-1 red/green intensity ratio in TY10 cells, as determined by high-content imaging after exposure to IgG frompatientswithMOG-Ab–associated disorder in
the acute phase (acuteMOG, n = 14), DCs (n = 9), andHCs (n = 7). The datawere normalized to cultures that hadnot been exposed to human IgG and are shown
from3 independent experiments. The p valueswere determined by a 1-way ANOVA followed by the Tukeymultiple comparison test (*p < 0.05 vs theDC or HC
group followed by the Tukeymultiple comparison test). (F) Western blotting of Nrf2 in TY10 after exposure to acuteMOG-IgG (n = 15), DC-IgG (n = 7), or HC-IgG
(n = 7) (500 μg/mL). (G) Scatter plots of quantification by Western blotting for Nrf2 in relation to actin. Each scatter plot reflects the combined densitometry
data (mean ± standard error of themean). The p values were determined by a 1-way ANOVA followed by the Tukeymultiple comparison test (***p < 0.001 vs
the DC or HC group followed by the Tukey multiple comparison test). (H) Effect of 2 MOG-IgG (Pts 1 and 9, 250 μg/mL) on 10-kDa dextran permeability on
BMECs after incubationwith andwithout bardoxolonemethyl (MOG vsMOG + bardoxolonemethyl), which has the effect of activating Nrf2 and inhibiting NF-
κB activation. ANOVA = analysis of variance; BMEC = brain microvascular endothelial cell; DC = disease control; HC = healthy control; MOG = myelin
oligodendrocyte glycoprotein; MOG-Ab = myelin oligodendrocyte glycoprotein antibody.
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Figure 5 Western Blotting of GRP78 Autoantibodies in IgG From Patients With MOG Antibody–Associated Disorders

(A) The results of Western blotting of individual IgG samples (5 μg/mL) from patients with acute and stable MOG, MS, DCs, and HCs, as determined using
recombinant human GRP78 protein prepared from Escherichia coli. The arrowhead indicates an immunoreactive band corresponding to GRP78. Rabbit anti-
GRP78 antibodies were used as the positive control. The rate of GRP78 antibody positivity: (1) the acuteMOG group (10/15, 67% [95% CI 38%–88%]), (2) stable
MOG group (5/14, 36% [95%CI 13%–65%]), (3) MS group (totalMS: 4/29, 14% [95%CI 4%–32%]), (4) DC group (3 of 27, 11% [95%CI 2%–29%]), (5) HC group (0 of
9, 0% [95% CI 0%]), (6) secondary progressiveMS group (3 of 10, 30% [95% CI 6%–65%]), (7) acuteMS group (0 of 10, 0% [95% CI 0%], and (8) stableMS group (1
of 9, 11% [95% CI 0.3%–48%]). (B) Immunofluorescence labeling of TY10 cells with MOG-IgG (50 μg/mL) (green) and commercial anti-GRP78 antibodies (red)
shows colocalization of the 2 proteins (merged in yellow). Scale bar, 50 μm. CI = confidence interval; DC = disease control; HC = healthy control; MOG =myelin
oligodendrocyte glycoprotein.
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patients with MOG-Ab–associated disorder compared with
that from DCs or HCs (Figure 4, F and G). The effect of
MOG-IgG (MOG1 and 9) on 10-kDa dextran permeability in
BMECs was reversed after incubation with bardoxolone
methyl, which has the effect of activating Nrf2 and inhibiting
NF-κB activation.

Detection of GRP78 Autoantibodies in MOG-
Ab–Associated Disorder
The GRP78 autoantibodies were detected in the IgG from
patients with MOG-Ab–associated disorder by Western blot-
ting. The rate of GRP78 antibody positivity observed in the
acute MOG group (10/15, 67% [95% confidence interval {CI}
38%–88%]) was significantly higher than that in the stable
MOG group (5/14, 36% [95% CI 13%–65%]), the MS group
(total MS: 4/29, 14% [95% CI 4%–32%]), the DC group (3 of
27, 11% [95%CI 2%–29%]), or theHC group (0 of 9, 0% [95%
CI 0%]) (Figure 5A). The rate of this antibody positivity in the
acute MOG group (10/15, 67% [95% CI 38%–88%]) was also
significantly higher than that in secondary progressive MS (3/
10, 30% [95%CI 6%–65%]), acuteMS (0/10, 0% [95%CI 0%]
and stable MS (1/9, 11% [95% CI 0.3%–48%]. Double
immunostaining with commercial anti-GRP78 Abs and IgG
from GRP78 antibody–positive patients with MOG-Ab–
associated disorder demonstrated colocalization in BMECs
(Figure 5B).

Removal of GRP78 Antibodies in MOG-
Ab–Associated Disorder
We selected GRP78 antibody–positive IgGs from 2 acute
MOG patients who showed a DEDSS score of >5 and the
highest effect on the induction of NF-κB p65 nuclear trans-
location of TY10 (patients 1 and 9 in Table). We prepared 2
MOG-IgGs (1 with and 1 without GRP78 antibodies) from
these MOG patients using immunoprecipitation. Complete
depletion of GRP78 antibodies was observed by a Western
blot analysis (eFigure 3, links.lww.com/NXI/A663). The re-
moval of GRP78 antibodies from MOG-IgGs from these 2
patients with MOG-Ab–associated disorder resulted in a

significant reduction in NF-κB nuclear translocation and de-
creased permeability of BMECs (Figure 6, A and B).

There was no significant association between the clinical phe-
notype/DEDSS score and positivity for GRP78 antibodies/
number of NF-κB p65 nuclear-positive BMECs after MOG-
IgG exposure (data not shown).

Discussion
MOG is specifically expressed in oligodendrocytes, not in
BMECs, so MOG-Abs itself cannot bind and react to the
BBB via immune activation.21 In the present study, we
demonstrated that IgG derived from MOG-Ab–associated
disorder activated BBB endothelial cells; fraction of TY10
with the NF-κB p65 nuclear translocation was significantly
increased after the acute MOG group than that after the DC
group and significantly lower in the same individual MOG
patients between the acute and stable phases. The perme-
ability of the monolayer TY10 cells was significantly higher
in the acute MOG group than in the stable MOG/DC/HC
group. The amount of VCAM-1 and ICAM-1 protein in the
TY10 cells was also higher in the acuteMOG group than that
in the stable MOG and HC group. These results suggest that
IgG from the acute-phase MOG patients induced endothe-
lial activation and increased the BBB permeability. Whole
RNA-seq and the pathway analysis revealed that the genes
associated with NF-κB signal and oxidative stress were sig-
nificantly changed after exposure to IgG from GRP78
antibody–positive patients with MOG-Ab–associated dis-
order compared with HCs. In addition, the amount of
NQO1 and Nrf2 protein and the mitochondrial membrane
potential were lower in the acute MOG group than in the
DC and/or HC groups, and activation of Nrf2 reversed the
increased permeability of TY10 cells after MOG-IgG expo-
sure, suggesting that IgG from acute-phase MOG patients
induced oxidative stress in TY10 cells. Furthermore, the
positive rate of GRP78 autoantibodies in the acute MOG

Figure 6 Effect of the Removal of GRP78 Autoantibodies From Acute MOG-IgG on the NF-κB p65 Nuclear Translocation in
BMECs

TheremovalofGRP78antibodies from2
acute MOG-IgGs (500 μg/mL, patients 1
and 9) with MOG-Ab–associated disor-
der significantly decreased the NF-κB
nuclear translocation of BMECs (A) and
the 10-kDa dextran permeability (B).
Data are shown as themean ± standard
error of the mean of 6 independent ex-
periments. Statistical significance was
determined by a paired 2-tailed t test.
GRP78 Ab (+), MOG-IgG with GRP78 au-
toantibodies; GRP78 Ab (−), MOG-IgG
without GRP78 autoantibodies. BMEC =
brain microvascular endothelial cell;
MOG = myelin oligodendrocyte glyco-
protein; MOG-Ab = myelin oligodendro-
cyte glycoprotein antibody.
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group was significantly higher than that in the stable MOG,
DC, MS, and HC groups (acute MOG 66% vs stable MS
36%, MS 14%, DCs 11%, and HCs 0%). Double immu-
nostaining with commercial anti-GRP78 antibody and
MOG-IgG demonstrated colocalization in TY cells, sug-
gesting that MOG-IgG reacted with GRP78. Depletion of
GRP78 antibodies from acute MOG-IgG reduced the effect
on NF-κB p65 nuclear translocation and BMEC perme-
ability. These results suggest that IgGs from patients with
MOG-Ab–associated disorder induced the disruption of the
BBB via the NF-κB signaling and the oxidative stress, and
GRP78 antibodies were associated with BBB breakdown in
patients with MOG-Ab–associated disorder. Unfortunately,
we were unable to perform the in vivo experiments in which
GRP78-IgG–seropositive and –seronegative myelin oligo-
dendrocyte glycoprotein antibodies-associated disorder sera
were administered peripherally to MOG-EAE animals to
evaluate the relationship between GRP78 autoantibodies
and BBB permeability in the present study.

We recently reported that GRP78 autoantibodies were a po-
tential biomarker associated with the BBB breakdown in
NMO.15 In addition, the positivity rate of GRP78 autoanti-
bodies in the longitudinally extensive transverse myelitis phe-
notype of NMOSD was higher than that in the optic neuritis
(ON) phenotype (longitudinally extensive transverse myelitis
71% vs ON 17%), and positivity of GRP78 antibodies was
associated with an increased clinical severity (DEDSS score) in
patients with NMOSD and BBB permeability in our in vitro
BBB model.16 The present study showed that GRP78 anti-
bodies were associated with MOG-Ab–associated disorder
beyond NMOSD, suggesting that these antibodies may be able
to be triggered in the activation of BMECs in the disease as well
as NMOSD.

NQO1 is a cytosolic homodimeric flavoprotein that cata-
lyzes the 2-electron reduction of quinones, and its pro-
duction is induced under many stress conditions, including
oxidative stress, to protect against cellular damage. Nrf2
plays an important role in the regulation of many antioxidant
enzyme genes, such as NQO1.22 A reduction in the Nrf2
signal leads to the induction of oxidative stress via a decrease
in NQO1 and increase in inflammatory signaling pathways,
including that of NF-κB, resulting in dysfunction of the BBB
endothelial cells and increased paracellular permeability.23

Bardoxolone methyl activates the Nrf2 system and protects
the cells against oxidative stress through the inhibition of
reactive oxygen species generation.24 BMEC permeability
induced by MOG-IgG was decreased after incubation with
bardoxolone methyl in the present study. We revealed the
role of GRP78 antibody in MOG-Ab–associated disorder on
the BBB dysfunction: the induction of inflammation via NF-
κB and the increase in oxidative stress through Nrf2 on BBB
endothelial cells.

We next evaluated clinical data using statistical analyses to
address whether NF-κB nuclear translocation/permeability of

BMECs and GRP78 antibodies was correlated with the clin-
ical data in MOG-Ab–associated disorder. However, we failed
to observe any significant association between NF-κB nuclear
translocation/permeability/GRP78 antibodies and the clini-
cal phenotype/disease activity/clinical data. Multiple poten-
tial factors, including the small sample size, low assay
sensitivity by Western blotting, a lack of detection of GRP78
antibodies titer, a lack of information of pathogenic autoan-
tibody epitopes, and a relatively poor understanding of clinical
metric and the disease pathophysiology, may have contrib-
uted to the lack of a correlation. The establishment of a better
assay for GRP78 autoantibodies, including an ELISA using
pathogenic antibody epitopes and a CBA to determine the
GRP78 antibody titer, will be needed to address these im-
portant questions.

A case report described 2 patients with MOG-Ab–associated
encephalitis mimicking small-vessel CNS vasculitis: Brain
biopsy samples of abnormal MRI scans from these 2 patients
revealed prominent lymphocytic infiltration of the wall of the
small vessels, including T and B lymphocytes with edema,
perivascular demyelination, and reactive gliosis, without fi-
brinoid necrosis.25 The present study showed the upregula-
tion of VCAM-1 in BBB endothelial cells after exposure to
IgG from patients with MOG-Ab–associated disorder. The
overexpression of VCAM-1 in the brain microvasculature may
induce lymphocytic infiltration around the small vessels of the
CNS.26 GRP78 antibodies may play a role in inducing the
inflammation of small vessels of the brain in MOG-Ab–
associated encephalitis via the upregulation of the VCAM-1
and ICAM-1 expression.

In conclusion, our data show that GRP78 autoantibodies play
a role in increasing the permeability of BMECs, thus sug-
gesting the potential ability to the entry of pathogenic MOG-
Abs into the CNS in MOG-Ab–associated disorder. Further
studies using better assay, including an ELISA and CBA, to
determine the GRP78 antibody titer will be required to un-
derstand the association between the clinical phenotype of the
disease and GRP78 antibodies. An in vivo study will be
needed to confirm the association between GRP78 autoan-
tibodies and BBB permeability.
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Abstract
Background and Objectives
A descriptive analysis of COVID-19 infection in patients with multiple sclerosis (MS) receiving
fingolimod or siponimod.

Methods
We reviewed the cases of COVID-19 from postmarketing or ongoing clinical trials reported to
Novartis through December 27, 2020.

Results
As of December 27, 2020, 283 cases had been reported in fingolimod-treated patients. The
mean age was 44 years (from n = 224; range 11–69 years), and 190 were women. Of 161 cases
with available information, 138 were asymptomatic (6), mild (100), or moderate (32); 50 cases
required hospitalization. At the last follow-up, 140 patients were reported as recovered/
recovering, condition was unchanged in 22, and deteriorated in 3 patients; 4 patients had a fatal
outcome. Information was not available for 114 patients. Of the 54 cases of COVID-19
reported in siponimod-treated patients, 45 were from the postmarketing setting and 9 from an
ongoing open-label clinical trial. Themean age was 54 years (from n = 45; range 31–70), and 30
were women. Of 28 cases with available information, 24 were asymptomatic (2), mild (17), or
moderate (5); 9 cases required hospitalization. At the last follow-up, 27 patients were reported
as recovered/recovering, condition remained unchanged for 1, and 3 patients had a fatal
outcome. Information was not available for 23 patients.

Discussion
Based on a review of available information, the risk of more severe COVID-19 in patients
receiving fingolimod or siponimod seems to be similar to that reported in the general pop-
ulation and the MS population with COVID-19. However, limitations of spontaneous
reporting, especially missing data, should be considered in the interpretation of these
observations.
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In December 2019, the novel COVID-19 disease caused by
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
seemed as a new infectious disease in China and spread within
months, becoming a global pandemic. As of February 2021,
more than 114 million confirmed cases of COVID-19 were
reported worldwide.1 The disease is mild to moderate in most
people; however, pneumonia, acute respiratory distress syn-
drome (ARDS), and multiorgan dysfunction occur in a sub-
group of cases, often with poor outcomes including death and
disability.2 Elderly people and those with obesity and/or serious
comorbidities, such as cardiovascular or respiratory disease, are at
greater risk of COVID-19 complications and death.2

The impact of COVID-19 on people living with multiple
sclerosis (MS), including how disease-modifying therapies
(DMT) might influence the risk of symptomatic infection or
COVID-19 outcomes, is being assessed through large local
registries3-6 and a global data sharing initiative.7 Older age and
comorbidities, including obesity, progressive forms of MS,
and higher degree of disability, seem to be associated with
severe COVID-19 outcomes among people living with MS.4,8

Fingolimod (Gilenya®) and siponimod (Mayzent®) are im-
munomodulatory MS DMTs that target sphingosine
1-phophate receptors expressed on lymphocytes and reduce
the egress of autoreactive T lymphocytes and their näıve pro-
genitors from secondary lymphoid organs into the circulation.9

Despite the reduction in circulating lymphocytes, the risk of
common viral respiratory infections in people living with MS
treated with fingolimod or siponimod was generally comparable
with placebo.10,11 Fingolimod-treated patients mount antigen-
specific immune responses similar to healthy controls.12

We report the clinical characteristics of confirmed cases of
COVID-19 reported to Novartis from postmarketing setting
or ongoing clinical trials as of December 27, 2020, from pa-
tients with MS receiving fingolimod or siponimod.

Methods
This is a case series with descriptive summaries of confirmed
COVID-19 reported to Novartis from the postmarketing setting
or ongoing clinical trials. The Novartis safety database and cases
from clinical trials were reviewed to identify confirmed or sus-
pected COVID-19 in patients treated with fingolimod or sipo-
nimod reported to Novartis through December 27, 2020. The
Novartis safety database is a system to collect, code, assess, and
report adverse events to health authorities from the postmarketing

setting (i.e., spontaneously reported to Novartis, from a post-
marketing surveillance program or cases identified in the pub-
lished literature), serious adverse events, and protocol-triggered
events of interest from clinical trials in accordance with in-
ternational guidelines. The database captures adverse events
reported to Novartis from health care professionals (HCPs),
patients, or other sources. COVID-19 cases were classified as
confirmed if a SARS-CoV-2-positive test result was available or
the patient was reported to have been diagnosedwithCOVID-19.
Cases without a positive test or a definitive diagnosis were clas-
sified as suspected. Cases were considered “serious” based on the
International Council on Harmonization regulatory reporting
definition, which is “fatal, life-threatening, hospitalization, and
medically significant.” The severity of cases were assessed using
the US Food and Drug Administration (FDA)13 and World
Health Organization (WHO)14 COVID-19 severity scales, and
where data were available, categorization was done as follows:
asymptomatic (infection without symptoms), mild (not requiring
hospitalization, symptoms did not include dyspnea), moderate
(hospitalizationwith pneumonia not reported to be severe and/or
with respiratory rate [RR] >20 and/or oxygen saturation [SpO2]
>90%, shortness of breath or dyspnea, and hospitalization less
than 7 days without further details), severe (pneumonia reported
as severe—RR ≥ 30, SpO2 ≤ 93%, and hospitalization 7 days or
more without further details), or critical (respiratory failure and/
or intubation). The severity of clinical trial cases was based on
investigator-reported common terminology criteria for adverse
events grade. If reported, the outcome status of each patient was
noted to be recovered/recovering (including patients noted to be
“stable” or “doing well”), condition unchanged, condition de-
teriorated, or fatal. We present data as mean or median with their
range of dispersion or absolute number and percentage.

Data Availability
Anonymized data can be made available on request for research
purposes by sending a request to the corresponding author.

Results
Fingolimod
As of December 27, 2020, there are more than 870,000
patient-years of exposure for fingolimod from clinical trials
and postmarketing experience (Novartis, data on file). The
drug exposure during the time of the SARS-CoV-2
pandemic—February 28 to December 27, 2020—is more
than 94,000 patient-years.

As of December 27, 2020, Novartis received a notification of
342 confirmed or suspected COVID-19 cases in fingolimod-

Glossary
ARDS = acute respiratory distress syndrome; DMT = disease-modifying therapies; EDSS = Expanded Disability Status Scale;
FDA = Food and Drug Administration; HCP = health care professional; ICH = International Council on Harmonization;
ICU = intensive care unit;MS = multiple sclerosis; SARS-CoV-2 = severe acute respiratory syndrome coronavirus 2;WHO =
World Health Organization.
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treated patients in the postmarketing setting and no cases in
the ongoing clinical trials. Of these 342 cases, 59 were con-
sidered suspected and 283 were confirmed. Case overview,
severity rating, and outcomes are presented in the Table 1 and
Figure 1 for the confirmed cases.

From the available information, the mean age was 44 years
(range 11–69 years), and 190 (73%) cases were women. Four
patients had a fatal outcome. At the time of the most recent
follow-up, 140 patients had recovered or were recovering,
condition was unchanged in 22 patients, and condition de-
teriorated in 3 patients, and information was not available for
114 cases. Of the total 283 cases, information to assess case
severity was reported for 161 cases. The COVID-19 outcome
information was provided for 169 cases of the total 283 cases.

Siponimod
As of December 27, 2020, there are more than 10,000 patient-
years of exposure for siponimod from clinical trials and post-
marketing experience (Novartis, data on file). The drug exposure
during the time of the SARS-CoV-2 pandemic—February 28 to
December 27, 2020—is more than 3,000 patient-years.

As of December 27, 2020, Novartis received a notification of
58 confirmed or suspected COVID-19 cases in siponimod-
treated patients. Of these 58 cases, 4 were considered sus-
pected and 54 were confirmed, consisting of 45 cases from the
postmarketing setting and 9 from clinical trials. Further details
are provided in Table 2 and Figure 2.

From the available information, the mean age was 54 years
(range 31–70 years), and 30 (68%)were women. Three patients
had a fatal outcome. At the time of the most recent follow-up, 27
patients had recovered or were recovering, condition was
reported as unchanged in 1 patient, and information was not
available for 23 patients. Of the total 54 cases, information to
assess case severity was reported for 28 cases. COVID-19 out-
come information was provided for 31 of the 54 cases.

Discussion
The disease course of COVID-19 in people living with MS
receiving either fingolimod or siponimod seems to be similar
to those reported in the general population15 and in the
overall MS population affected with COVID-19.3-7 The mean

Table 1 Overview of 283 Confirmed Cases (as of December 27, 2020) in Fingolimod-Treated People Living With Multiple
Sclerosis

Characteristics Comments

Age, mean (range) 44 (11–69) Based on 224 cases for which information was provided

Gender, n (%)

Female 190 (67)

Male 71 (25)

Not reported 22 (8)

Reporter type, n (%)

HCP 151 (53)

Non-HCP 132 (46)

Serious criteria, n (%)a

Fatal 4 (1.4) For details please refer to Table 3

Hospitalization 50 (18)c Twelve of 13 cases (where information was reported) with 1 or more COVID-19 risk factors

Life-threatening 2 (<1) Reported by non-HCPs; 1 patient with no further details provided; 1 patient had mild disease

Medically significantb 33 (12) Twenty-three cases received from non-HCPs; all cases, where sufficient
information was provided for severity assessment, were asymptomatic, mild, or moderate

Region, n (%)

Europe 111 (39)

United States 102 (36)

Rest of world 70 (25)

Abbreviation: HCP = health care practitioner.
Data refers to number of cases, unless mentioned otherwise.
a Ascertained based on the most serious criteria. For hospitalization, all cases were included even if the patient had a more severe (i.e., fatal) outcome.
b Important medical event that may not be immediately life-threatening or result in death or hospitalization but may jeopardize the patient or may require
intervention to prevent 1 of the other serious outcomes.
c Also includes 2 patients with fatal outcome.
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age of patients with COVID-19 receiving fingolimod was 44
years and that of patients receiving siponimod was 54 years.
The patient demographics were consistent with those

included in the respective pivotal phase 3 studies, in which the
siponimod patient cohort was generally older (mean age 44
years) with higher levels of disability (mean ExpandedDisability

Figure 1 COVID-19 Severity* and Outcome in Fingolimod-Treated People Living With Multiple Sclerosis

*COVID-19 severity was assessed based on both the FDA and WHO COVID-19 criteria. Information as per the last follow-up. Numbers in parenthesis
show—(patients hospitalized; patients requiring ventilation or ICU admission). FDA = US Food and Drug Administration; ICU = intensive care unit; WHO =
World Health Organization.

Table 2 Overview of 54 Confirmed Cases (as of December 27, 2020) Siponimod-Treated People Living With Multiple
Sclerosis

Characteristics Comments

Age, mean (range) 54 (31–70) Based on 45 cases for which information was provided

Gender, n (%)

Female 30 (56)

Male 14 (26)

Not reported 10 (18)

Serious criteria, n (%)a For details please refer to Table 3
Four patients had contributory comorbidities; no information
on medical history was provided in the other 4 patients
Patient had mild symptoms and was not hospitalized
Received from non-HCP

Fatal 3 (6)

Hospitalization 9 (17)c

Life-threatening 1 (2)

Medically significantb 1 (2)

Reporter type, n (%)

HCP 23 (43)

Non-HCP 31 (57)

Region, n (%)

United States 40 (74)

Europe 14 (26)

Abbreviation: HCP = health care practitioner.
Data refers to number of cases, unless mentioned otherwise.
a Ascertained based on the most serious criteria. For hospitalization, all cases were included even if the patient had a more severe (i.e., fatal) outcome.
b Important medical event that may not be immediately life-threatening or result in death or hospitalization but may jeopardize the patient or may require
intervention to prevent 1 of the other serious outcomes.
c Also includes 1 patient with fatal outcome.
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Status Scale [EDSS]) score 5.4) as compared with fingolimod
cohort (mean age 37 years, mean EDSS score 2.3).16-18

The clinical course of most fingolimod- and siponimod-
associated cases has overall been uncomplicated. Most patients
for whom information was available to assess severity reported
asymptomatic, mild, or moderate SARS-CoV-2 infection (138/
161, 85.7% of cases with fingolimod; 24/28, 85.7% of cases with
siponimod). When information was available about the out-
comes in patients on therapy with fingolimod, the large majority
(140/169; 83%) completely recovered or were recovering.
Based on the available data, the proportions of severe (14/161;
8.7%) and critical cases (9/161; 5.6%) were generally consistent
with background rates of severity in the general population,
noted to be 14% severe and 5% critical in an early report from
China.15 In a more recent study in the United States, the pro-
portion of people who were hospitalized was 14%, including 2%
admitted to intensive care unit (ICU), and overall 5% of patients
died.19 The number of cases in patients on therapy with fingo-
limod requiring hospitalization (50/283; 18%), including those
requiring ICU/ventilation because of COVID-19 or were fatal
(12/283; 4%), is also in line with the reported incidence in the
general population,15,19 as well as in patients withMS receiving a
range of DMTs from the COVIMS registry, with 80% not
hospitalized, 12% hospitalized, and 8% requiring ICU/
ventilation or were fatal.20 Of the 54 patients receiving siponi-
mod with COVID-19, a total of 9 (17%) patients required
hospitalization, including those requiring ICU/ventilation, and 3
patients who had fatal outcome (6%). It is noteworthy that
siponimod-treated patients are older, with higher degree of
disability among the MS population,8,20 and are therefore at a
higher risk of severe COVID-19 outcome as compared to the

general population.15,21 Of the total 337 confirmed cases of
COVID-19 in our case series, there were 7 reported fatalities
(Table 3). A recent study reported that the infection-fatality risk
estimates are 1.4% for overall population, with higher risk of
4.9% (65–74 years of age) and 14.2% (>75 years of age) in the
older age groups.21 The risk of severe outcomes, including fa-
talities, with fingolimod or siponimod could only be evaluated
with an age-adjusted analysis, which is currently not possible
with the limited cases and missing information.

There are limitations to this case series because they include
spontaneous cases reported voluntarily with adverse events
not confirmed by HCPs and cases found in the scientific
literature. There is typically underreporting and/or in-
complete reporting in this setting, making interpretation
challenging. Many of the COVID-19 cases had limited in-
formation regarding previous MS DMTs, comorbidities, MS
duration, EDSS/disability status, COVID-19 symptoms and
outcome, and some were lost to follow-up. Typically, in the
postmarketing setting, serious cases are likely to be reported
more frequently than nonserious cases.22 In addition, the number
of patients on therapy and the patient exposure data are typically
derived from sales data and are therefore estimates. Furthermore,
details on morbidity and mortality outcomes in this case series
were limited because these could not be further queried.

However, efforts to make accurate and up-to-date information
are ongoing to help health care practitioner’s make informed
decisions, especially in the uncertain and demanding context
of COVID-19 pandemic. To date, large ongoing registries of
COVID-19 in people living with MS have not shown an in-
crease or decrease in morbidity or mortality with the

Figure 2 COVID-19 Severity* and Outcome in Siponimod-Treated People Living With MS

*COVID-19 severity was assessed based on both the FDA and WHO COVID-19 criteria. Information as per the last follow-up. Numbers in parenthesis
show—(patients hospitalized; patients requiring ventilation or ICU admission). FDA = US Food and Drug Administration; ICU = intensive care unit; WHO =
World Health Organization.
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administration of modulators.3-8,20 The data presented herein
are consistent with the registry observations23; the risk of
more severe COVID-19 symptoms in patients receiving fin-
golimod seems to be similar to that reported in the general
population and the MS population with COVID-19. For
siponimod, the less number of cases reported coupled with
insufficient information precludes meaningful conclusions.
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Table 3 Characteristics of MS Patients Receiving Fingolimod or Siponimod With COVID-19 Related Fatality

Age range/Gender
Reporter type

S1P therapy
duration

Disease
phase Comorbidities COVID-19 symptoms Treatment

Fingolimod

65–70 y/unknown
HCP

8 y MS “Multiple risk
factors”
not further
specified
EDSS 6

Fever, cough fatigue, myalgia,
shortness of breath, respiratory
failure, acute respiratory distress
syndrome, and sepsis

Noninvasive ventilation
Hydroxychloroquine
Ceftriaxone azithromycin

45–50 y/F
HCP (lost to follow up)

Not reported RRMS Mixed connective
tissue disease

Complications linked to COVID-19
(not further specified)

ICU
Further details not reported

35–40 y/M
Non HCP

Approximately 4 y Active SPMS Not reported Not reported Acute respiratory distress
syndrome

60–65 y/M
HCP

23 mo MS Not reported Acute respiratory distress syndrome
COVID-19 pneumonia

Not reported

Siponimod

>50 y/unknown Not reported Not
reported

Not reported Not reported Not reported

>70 years/unknown
HCP

Not reported MS Not reported Not reported Not reported

60–65 y/F
HCP

Not reported Not
reported

Morbidly obese
Diabetes
hypertension

Cough, shortness of breath, fatigue,
hypoxia, pyrexia, respiratory failure,
and acute respiratory distress
syndrome

Hospitalized
Mechanical ventilation

Abbreviations: DMT = disease-modifying treatment; EDSS = Expanded Disability Status Scale; HCP = health care professionals; ICU = intensive care unit; MS =
multiple scerosis; RRMS = relapsing-remitting MS; S1P = sphingosine 1-phosphate; SPMS = secondary progressive MS.
EDSS not reported for the other cases; Previous DMT not provided for any case; Duration of MS not provided for any case.
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Abstract
Background and Objective
To investigate the clinical relevance of CSF myelin oligodendrocyte glycoprotein-immunoglobulin
G (MOG-IgG) testing in a large multicenter cohort.

Methods
In this multicenter cohort study, paired serum-CSF samples from 474 patients with suspected
inflammatory demyelinating disease (IDD) from 11 referral hospitals were included. After
serum screening, patients were grouped into seropositive myelin oligodendrocyte glycoprotein
antibody associated disease (MOGAD, 31), aquaporin-4-IgG-positive neuromyelitis optica
spectrum disorder (AQP4-IgG +NMOSD, 60), other IDDs (217), multiple sclerosis (MS, 45),
and non-IDDs (121). We then screened CSF for MOG-IgG and compared the clinical and
serologic characteristics of patients uniquely positive for MOG-IgG in the CSF to seropositive
patients with MOGAD.

Results
Nineteen patients with seropositive MOGAD (61.3%), 9 with other IDDs (CSF MOG + IDD,
4.1%), 4 with MS (8.9%), but none with AQP4-IgG + NMOSD nor with non-IDDs tested
positive in the CSF for MOG-IgG. The clinical, pathologic, and prognostic features of patients
uniquely positive for CSF MOG-IgG, with a non-MS phenotype, were comparable with those
of seropositive MOGAD. Intrathecal MOG-IgG synthesis, observed from the onset of disease,
was shown in 12 patients: 4 of 28 who were seropositive and 8 who were uniquely CSF positive,
all of whom had involvement of either brain or spinal cord. Both CSF MOG-IgG titer and
corrected CSF/serum MOG-IgG index, but not serum MOG-IgG titer, were associated with
disability, CSF pleocytosis, and level of CSF proteins.
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Discussion
CSF MOG-IgG is found in IDD other than MS and also in MS. In IDD other than MS, the CSF MOG-IgG positivity can
support the diagnosis of MOGAD. The synthesis of MOG-IgG in the CNS of patients with MOGAD can be detected from the
onset of the disease and is associated with the severity of the disease.

Classification of Evidence
This study provides Class II evidence that the presence of CSFMOG-IgG can improve the diagnosis of MOGAD in the absence
of an MS phenotype, and intrathecal synthesis of MOG-IgG was associated with increased disability.

Myelin oligodendrocyte glycoprotein-immunoglobulin G
(MOG-IgG) associated disease (MOGAD) has been regarded
as a distinct disease of inflammatory demyelinating diseases
(IDDs) involving CNS.1,2 Serologic assays for MOG-IgG, us-
ing the full-length human MOG, has been widely accepted as
an assay of choice to identify clinically relevant MOG-IgG in
patient sera.3,4 A recent cohort study identified 3 patients who
only had MOG-IgG in their CSF5; the clinical utility of CSF
MOG-IgG detection is not clear.6,7

Herein, we aimed to investigate the clinical utility of CSF
testing for MOG-IgG in patients with suspected IDD and
examine any clinical, pathologic, or prognostic implications of
intrathecal MOG-IgG synthesis, using time-matched serum-
CSF sample pairs.

Methods
Study Population and Data Collection
Paired serum and CSF from patients with suspected IDD
were included from the prospectively collated database of 11
referral hospitals in Korea, fromOctober 2011 toMarch 2020.
Demographics, clinical, radiologic, and pathologic features of
patients were obtained by case report form and medical re-
cord review. Disability at the time of sampling was measured
by the Kurtzke Expanded Disability Status scale.8

Serologic Assay for MOG-IgG and AQP4-IgG
Assays for serum aquaporin-4 IgG (AQP4-IgG) were per-
formed by an in-house flow cytometric assay using live cells
expressing human M23 AQP4, as reported.9,10

Assay for serumMOG-IgGwere performed either by cell based
assay at the John Radcliffe Hospital, Oxford, UK (103 samples,
collected from October 2011 to November 2013),3 or by in-
house flow cytometric assay (414 samples) with minor modi-
fications of our previous methods11,12 using full-length human

MOG and anti-human IgG1 secondary antibody (Alexa Fluor
488 goat anti-human IgG1, 1:100 dilution; A10631, Invitrogen;
Supplementary data 1, links.lww.com/NXI/A642).

Subgroups of Patients With IDD
Participants were divided into 5 subgroups based on published
clinical criteria and serologic assay results for MOG-IgG/
AQP4-IgG: (1) seropositive MOGAD,4,13 (2) AQP4-IgG
positive neuromyelitis optica spectrum disorder (AQP4-IgG +
NMOSD),14 (3) other IDDs group including seronegative
NMOSD (defined as negative for serum AQP4-IgG and
MOG-IgG),14 idiopathic optic neuritis,15 idiopathic acute
transvers myelitis (iATM),16 acute disseminated encephalo-
myelitis (ADEM),17 clinical isolated syndrome (CIS) of the
brain,18 and Balo concentric sclerosis,19 (4) multiple sclerosis
(MS),18 and (5) neurologic diseases other than IDDs group
(non-IDDs, supplementary data 2 for detailed diagnosis, links.
lww.com/NXI/A642) (Figure 1A). Patients with other IDDs
who tested positive forMOG-IgG only in the CSF were further
defined as CSF MOG + IDD.

CSF MOG-IgG Assay and Cutoff Value
CSF draw and serum sampling were performedwithin 24 hours
in 96.3% of the total CSF/serum pairs, and 99.2% were per-
formed within 1 week. All CSF samples were stored at −80°C
until required. The in-house flow cytometric assay for CSF
MOG-IgG was performed in SNUH Neuroimmunology Lab-
oratory using HEK - 293 T cells transfected with the full-
length human MOG with a minor modification from our assay
for serum MOG-IgG.11,12 Briefly, cells were incubated with
CSF (dilution 1:2 for 1 hour at 4°C), and anti-IgGFc secondary
antibodies (Alexa Fluor 488 goat antihuman IgG, 1:200 di-
lution, Jackson) were used.5 The mean fluorescence intensity
ratio (MFIr) of the patients’ samples were determined using
the following formula:

MFIr = green MFI of patient’s antibody binding to the
dsRed-tagged MOG transfected cells (upper gate on red

Glossary
ADEM = acute disseminated encephalomyelitis; AQP4+ = aquaporin-4 antibody positive; AQP4-IgG +NMOSD = aquaporin-
4 immunoglobulin G positive neuromyelitis optica spectrum disorder; CIS = clinically isolated syndrome; iATM = idiopathic
acute transvers myelitis; IDD = inflammatory demyelinating disease; IgG = immunoglobulin G; MFIr = mean fluorescence
intensity ratio; MOG = myelin oligodendrocyte glycoprotein; MOGAD = myelin oligodendrocyte glycoprotein antibody
associated disease; MS = multiple sclerosis; OCB = oligoclonal band; RRMS = relapsing-remitting MS.
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channel)/green MFI of the same gate with healthy control
sera (Figure 1B).

Patients with AQP4-IgG + NMOSD (n = 60),14 relapsing-
remitting MS (RRMS, n = 40),18 and non-IDDs (n = 121;
supplementary data 2 for diagnoses, links.lww.com/NXI/
A642) were classified as theMOG-IgG (−) controls group (n =
221). The cutoff for positivity of the CSF MOG-IgG assay
(MFIr: 1.96) was set at 4 SD (0.260) above the mean MFIr
values (0.923) of the MOG-IgG (−) control group. If the MFIr
values were positive but lower than mean +8 SD (3.00) of the
MOG-IgG (−) controls, those were considered as low positive
results. All AQP4-IgG + NMOSD, non-IDDs, and most pa-
tients with MS (41/45) were negative for CSF MOG-IgG
(specificity = 98.2%, 95% CI, 95.53–99.52). CSF positive
samples with sufficient volume were confirmed in Oxford.

Corrected CSF/Serum MOG-IgG Index
The MOG-IgG endpoint titers were obtained in any sample
positive in the serum or CSF. Serum was titrated in doubling
dilutions from 1:10 (range from 1:10 to 1:10,240), and CSF
was titrated similarly from 1:2 (range from 1:2 to 1:512). The

highest dilution with a positive result was considered the
endpoint. Tomeasure the sameMOG-IgG isotypes in CSF and
serum, the same secondary antibody against anti-IgG Fc (1:
200, Jackson) was used for both titrations (supplementary data
3, links.lww.com/NXI/A642).3,20,21

The albumin quotient (Qalb = CSF/serum total albumin level),
IgG quotient (QIgG = CSF/serum total IgG level), and IgG
index (QIgG/Qalb) were calculated. Using Qalb, the Qlim(IgG)

was calculated as previous reported. Considering the possibility
of blood-CSF barrier compromise, the corrected CSF/serum
MOG-IgG index was calculated for the following 2 conditions,
respectively.22,23

1. For QIgG < Qlim(IgG), the corrected CSF/serum MOG-
IgG index = [CSF/serum MOG-IgG titer]/QIgG.

2. For QIgG > Qlim(IgG), the corrected CSF/serum MOG-
IgG index = [CSF/serum MOG-IgG titer]/Qlim(IgG).

The “intrathecal MOG-IgG synthesis” is defined as corrected
CSF/serum MOG-IgG indices exceeding 4 or MOG-IgG detec-
ted uniquely in theCSF, using IgGFc as the secondary antibody.24

Figure 1 Diagnostic Flow and CSF MOG-IgG Assay Results

(A) The flowchart of study participants. (B) Examples of CSF assay forMOG-IgG. (C) TheMFI ratio of CSFMOG-IgG assays in all participants. Among 474 patients,
19 seropositive MOGAD, 9 other IDDs, and 4 patients with MS were positive for CSF MOG-IgG. None with AQP4-IgG + NMOSD or with non-IDDs had positive
results for CSFMOG-IgG. Red dots indicate samples obtained at the time of first attack, and black dots indicate those at relapsing attacks. TheMFIr are plotted
in logarithmic axis. AQP4-IgG + NMOSD = aquaporin-4 immunoglobulin G positive neuromyelitis optica spectrum disorder; AQP4+ = aquaporin-4 antibody
positive; CIS = clinically isolated syndrome; IDD = inflammatory demyelinating disease; IgG = immunoglobulin G; MFIr = mean fluorescence intensity ratio;
MOG = myelin oligodendrocyte glycoprotein; MOGAD = myelin oligodendrocyte glycoprotein antibody associated disease; MS = multiple sclerosis.
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Independent Confirmation of the CSF MOG-
IgG Assay
Among CSF samples tested for MOG-IgG in SNUH Neu-
roimmunology Laboratory, 45 non-IDD samples (all CSF
MOG-IgG (−), consecutively sampled between 2015 and
August 2017) and 34 IDD samples (22 seropositive
MOGAD, 8 other IDD with unique CSF MOG-IgG, and 4
MS with CSFMOG-IgG), with sufficient volume, were tested
for MOG-IgG at the Oxford Autoimmune Neurology Di-
agnostic Laboratory, Oxford, UK by cell-based assay at a
starting dilution of 1:2.3

Statistical Methods
The comparisons between subgroups were performed using
Fisher exact test for categorical variables and also Kruskal Wallis
test with post hoc analysis (Mann-Whitney U test) for contin-
uous variables. The Spearman rank correlation test was used to
evaluate correlations between the serum or CSF parameters and
clinical data. AWilcoxon signed rank test was used to analyze the
difference of MFIr in longitudinal CSF data. Statistical analyses
were performed using the SPSS software (version 23 for Win-
dows; IBM, Chicago, IL) or the GraphPad Prism software
(version 5.0; GraphPad Software Inc., La Jolla, CA).

Standard Protocol Approvals, Registrations,
and Patient Consents
This study was approved by the SNUH Institutional Review
Board (approval number: SNUH [H-1005-023-317, H-1902-
083-1,010], Seoul National University Bundang Hospital [B-
1007/105–401]). All patients provided written informed
consent before participating.

Data Availability
Individual participant data will not be made publicly available
due to potential confidentiality concerns related to the rarity
of the condition and the small study population. Further in-
formation about the datasets is available from the corre-
sponding author upon reasonable request.

Results
Participants
In total, 510 CSF/serum pairs from 474 patients with sus-
pected IDD and complete clinical records were included.
After serum screening for MOG-IgG and AQP4-IgG, and
applying clinical criteria, our cohort included 31 seropositive

Table 1 Demographics, MOG-IgG Positivity, CSF Data, and MRI Lesions in the Analyzed Participants

Seropositive MOGAD AQP4-IgG + NMOSD Other IDDs MS Non-IDDs

Number of cases, n 31 60 217 45 121

Age at sampling, mean (±SD), y 43.7 (± 16.50) 46.4 (± 13.61) 44.2 (± 14.94) 34.7 (± 11.84) 47.5 (± 16.72)

Children (age <18), n (%) 1 (3.2) 0 (0) 5 (2.3) 0 (0) 1 (0.8)

Female, n (%) 19 (61.3) 53 (88.3) 105 (48.4) 29 (64.4) 43 (35.5)

Serum MOG-IgG1 positive cases, n (%) 31 (100.0) 0 (0) 0 (0) 0 (0) 0 (0)

Serum MOG-IgG1 MFIr, mean (±SD)a 9.96 (±6.68) 0.94 (±0.13) 1.07 (±0.24) 1.05 (±0.22) 1.00 (±0.19)

CSF data

MOG-IgG positive cases, n (%) 19 (61.3) 0 (0) 9 (4.1) 4 (8.9) 0 (0)

MOG-IgG MFIr, mean (±SD) 7.04 (±17.60) 0.93 (±0.17) 1.16 (±1.72) 1.29 (±1.92) 0.89 (±0.13)

WBC, median (range) 2 [0–70] 2 [0–486] 1 [0–276] 0 [0–40] 1 [0–2,300]

Protein, median (range) 46.0 [22–90] 45.0 [24–353] 45.0 [17–242] 43.5 [17–98] 49.7 [18–1,147]

IgG index, mean (±SD) 1.05 (±2.03) 0.58 (±0.12) 0.63 (±0.87) 0.90 (±0.77) 0.65 (±0.82)

OCB Positive cases, %b 3.8 11.4 13.4 46.4 9.4

Involved structure, %

Optic nerve 71.0 54.7 28.8 27.5 11.3

Spinal cord 19.4 77.4 61.3 65.0 24.3

Brain 38.7 41.5 29.8 100.0 38.3

Abbreviations: AQP4-IgG + NMOSD = aquaporin-4 antibody positive neuromyelitis optica; IDD = inflammatory demyelinating disease; IgG = immunoglobulin-
G; MFIr = mean fluorescence intensity ratio; MOG-IgG = antimyelin oligodendrocyte glycoprotein immunoglobulin-G; MOGAD = myelin oligodendrocyte
glycoprotein antibody associated disease; MS = multiple sclerosis; OCB = oligoclonal band; WBC = white blood cell.
a Except sera tested at the John Radcliffe Hospital, Oxford; SeropositiveMOGAD, n = 25; AQP4 + NMOSD, n = 50; other IDDs, n = 169; MS, n = 37; non-IDDs, n = 90.
b OCB positive cases were analyzed only among patients tested with isoelectric focusing; Seropositive MOGAD, n = 26; AQP4 + NMOSD, n = 35; other IDDs, n =
97; MS, n = 28; non-IDDs, n = 53.
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MOGAD,4,13 60 AQP4-IgG + NMOSD,14 217 other IDDs
(12 seronegative NMOSD,14 49 iON,15,123 iATM,16 8
ADEM,17 24 CIS,18 1 Balo concentric sclerosis19), 45 MS (40
RRMS, 3 secondary progressive MS, 2 primary progressive
MS),18 and 121 non-IDDs (Supplementary data 2 for de-
tailed diagnosis) patients (Figure 1). Clinical characteristics
and laboratory findings of patients are in Table 1.

CSF MOG-IgG Positivity
Among 474 patients, 19 seropositive MOGAD (61.3%), 9
other IDDs (defined as CSF MOG + IDD, 4.1%), and 4
patients with MS (8.9%) tested positive for CSF MOG-IgG.
Neither patients with AQP4-IgG + NMOSD nor with non-
IDDs tested positive for CSF MOG-IgG (Figure 1C).

CSF MOG + IDD: Clinical/Radiologic Features
and Comparison With Seropositive MOGAD
In the other IDDs group, all of whom were seronegative for
MOG-IgG, 9 patients (eTable 1, links.lww.com/NXI/A642,

case 1–9 [5 ADEM, 1 CIS, 1 iATM, and 2 ON]) tested
positive for CSF MOG-IgG (Figure 1C) and were defined as
CSF MOG + IDD. Among them, 6 (66.7%) had relapsing
disease courses, 6 (66.7%) were men, and 7 (77.8%) had a
good response to steroid therapy for their acute attack. Four
relapsing patients did not experience further relapses after
long-term maintenance with oral prednisolone (case 2), with
rituximab (case 3 and 5), or with monthly infusion of IV
immunoglobulin (case 9). All CSFMOG + patients with IDD
had brain and/or spinal cord lesions.

The brain and spinal MRI of the CSF MOG + IDD group
revealed gray matter lesions involving basal ganglia and
thalamus, large confluent lesions, unilateral cerebral corti-
cal lesions, and brainstem lesions, all which have been
proposed as typical MRI findings of MOGAD.1,4,25,26. No
typical MS lesions such as ovoid lesions adjacent to the
body of lateral ventricles or Dawson finger-like lesions were
found in the CSF MOG + IDD group. One of our patients

Figure 2 Radiologic Findings of CSF MOG + Patients With IDD

(A) Case 1: The brain MRI shows T2 HSI lesions at the right basal ganglia and external capsules in patients who presented with seizure. (B) Case 3: Multiple T2
HSI lesions in the cortex and deep gray matters in the brain MRI of a patient with headache and tetraparesis. (C) After treatment with interferon beta for 5
months, the patient relapsedwithmultiple cortical and deep graymatter lesions. Her treatmentwas switched to rituximab, and she had been relapse-free for
3.3 years (D) Case 5: Large, confluent, and disseminated cortical-subcortical lesions and a lesion in the left cerebral peduncle in the brainMRI of a patient who
presented with headache, dysarthria, and cognitive Impairment. (E) Her symptoms improved after combined treatment with steroids, intravenous immu-
noglobulin, and plasmapheresis, and oral steroid maintenance was administered for 5 months 10 days after the cessation of oral steroid treatment. The
patient experienced left facial palsy, and herMRI revealed a new lesion involving the right thalamus and internal capsule. She began treatmentwith rituximab
and had been relapse-free for 7 years (F) An MRI taken 7 years after disease onset reveals severe brain atrophy that is more severe in the areas involved in
previous attacks. (G) Case 6: Multiple lesions in the pons, unilateral cortex (arrow head), subcortex, medulla, and spinal cord in a patient with visual
disturbance, dysarthria, dysphagia, and quadriparesis. (H) Case 2; Lesions involving the unilateral cerebral cortex (arrow head), right thalamus, and cerebral
peduncle in a patient with seizures. (I) Case 8: Left optic nerve lesion with asymptomatic cervical spinal cord lesion (arrow head) in a patient with left optic
neuritis. (J) Case 9: Right optic nerve lesion with asymptomatic parietal subcortical lesion (arrow head) in a patient with right optic neuritis. HSI = high signal
intensity; MOGAD = myelin oligodendrocyte glycoprotein antibody associated disease.
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had severe cerebral atrophy as a sequelae of severe ADEM-
like attacks, as was recently reported in patients with
MOGAD (Figure 2).27,28

Next, we compared the characteristics of the CSF MOG +
IDD group with the seropositive MOGAD group. Although
the patients with CSF MOG + IDD group were slightly
younger (mean [range], 29.7 [14–47] vs 43.7 [17–70]), and
had more brain/spinal cord involvement (100% vs 45.2%),
other features including sex, proportion of relapsing patients,
and laboratory CSF findings were similar between 2 groups
(Table 2).

Pathologic Features of CSF MOG + IDD
Two of the CSF MOG + patients with IDD (case 1 and 5,
eTable 1, links.lww.com/NXI/A642) who had recurrent

ADEM underwent brain biopsy. In both cases, histopatho-
logic findings showed MOG-dominant myelin loss, in-
filtration of T cells, with a few CD20 + B cells only in the
perivascular area, and the preservation of both axon and
AQP4, all of which were consistent with very recent reports of
pathologic features in MOGAD.29-31 Activated complement
components (C9neo) are present on surface of reactive as-
trocytes (case 1) and on infiltrating macrophages (case 5).

MS Patients Positive for CSF MOG-IgG
Four patients with MS with CSF MOG-IgG are described in
eTable 2. One patient (case 10) with secondary progressive
MS had distinctive brain MRI patterns including bilateral
inferior temporal lobe lesion and Dawson fingers sign, typical
MRI features that distinguish MS from MOGAD in previous
studies.25,32 She was also positive for oligoclonal band

Table 2 Comparative Demographics and Clinical Features of Seropositive Patients With MOGAD and CSF MOG + IDD

Seropositive MOGAD (n = 31) CSF MOG + IDD (n = 9)

Age at sampling, mean [range], y 43.7 [17–70] 31.4 [14–47]

Female, n (%) 19 (61.3) 3 (33.3)

Serum MOG-IgG1 MFIr, mean (±SD)a 9.96 (±6.68) 1.38 (±0.26)

CSF MOG-IgG MFIr, mean (±SD) 7.04 (±17.60) 6.96 (±6.27)

CSF MOG-IgG titier, median [range]b 1:2 [0 – 1:256] 1:4 [1:2–1:16]

Corrected CSF/Serum MOG-IgG index, medianc 0.4 186.9

Relapsing disease courses, n (%) 15 (48.4) 6 (66.7)

Clinical presentation ADEM (n = 8), seronegative NMOSD
(n = 2), CRION (n = 7), ON (n = 12),
myelitis (n = 2)

ADEM (n = 5), CIS (n = 1),
myelitis (n = 1), ON (n = 2)

Attack to CSF sampling, median [range], d 10 [0–115] 15 [3–37]

Treatment within 1 mo before sampling None (n = 16), IVMP (n = 4),
dexamethasone (n = 1),
Pd (n = 3), AZA (n = 1), MMF (n = 1),
RTX (n = 1), dasatinib (n = 1),
MTX + Pd (n = 1)

None (n = 7), Pd (n = 1),
dexamethasone + Pd (n = 1)

Involved structure

Brain/spinal cord (%) 45.2 100

Optic nerve (%) 71.0 22.2

CSF WBC, median [range], cells/mm3 2 [0–70] 4 [0–102]

CSF Protein, median [range], mg/dL 46.0 [22–90] 51.0 [31–137]

QIgG (CSF/serum), mean (±SD) 0.58 (±0.52) 0.55 (±0.41)

Qalb (CSF/serum), mean (±SD)a 0.53 (±0.27) 0.75 (±0.32)

IgG index, mean (±SD)a 1.05 (±2.03) 0.57 (±0.11)

Abbreviations: ADEM = acute disseminated encephalomyelitis; Alb = albumin; AQP4-IgG + NMOSD = aquaporin-4 antibody positive neuromyelitis optica; AZA
= azathioprine; CIS = clinically isolated syndrome; CRION= chronic relapsing inflammatory optic neuropathy; IDD= inflammatory demyelinating disease; IgG =
immunoglobulin-G; IVMP = IV methylprednisolone; MFIr = mean fluorescence intensity ratio; MMF = mycophenolate mofetil; MOG-IgG = antimyelin oligo-
dendrocyte glycoprotein immunoglobulin-G; MOGAD = myelin oligodendrocyte glycoprotein antibody associated disease; MS = multiple sclerosis; MTX =
methotrexate; NMOSD = neuromyelitis optica spectrum disorder; n.s. = not significant; ON = optic neuritis; Pd = prednisolone; Qalb = albumin quotient; QIgG =
IgG quotient; RTX = rituximab; WBC = white blood cell.
a Seropositive MOGAD, n = 25; CSF MOG + IDD, n = 7.
b Seropositive MOGAD, n = 28; CSF MOG + IDD, n = 8.
c Seropositive MOGAD, n = 28; CSF MOG + IDD, n = 3.
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(OCB) in CSF. A second patient (case 11) had brain MRI
lesions involving periventricular white matter and brainstem,
experienced a relapse, and has subsequently been relapse free
for 2.8 years with glatiramer acetate, a disease modifying
treatment forMS. The third patient (case 12) with RRMSwas
in the early stage of secondary progression at the time of CSF
sampling, after 4 years of follow-up despite of interferon beta
treatment. The CSF OCBs became positive at follow-up. The
last patient with MS with low positive CSF MOG-IgG (case
13) had multiple ovoid lesions in the subcortical white matter
and upper cervical spinal cord. She has been relapse free for
2.7 years with interferon beta. These clinical and radiologic
findings of our patients with MS support the diagnosis of MS
in these patients and suggest that CSF MOG-IgG assay can
yield positive test results in some patients with MS (Figure 3).

Intrathecal MOG-IgG Synthesis: When and
for Whom?
We measured the MOG-IgG titer in both serum and CSF of
36 patients with MOG-IgG (18 seropositive only, 10 dual
CSF and serum positive, and 8 CSF positive only) with suf-
ficient volume and also calculated the corrected CSF/serum
MOG-IgG index. All but 1 patient, a 14-year-old, were adults
(aged ≥18). Twelve patients with MOGAD (4 dual positive
and 8 CSF positive only) were considered to have intrathecal
synthesis, either a corrected CSF/serum MOG-IgG index
exceeding 4 in the dual positive individuals or MOG-IgG
detected only in CSF.24 Among these patients with intrathecal
synthesis for MOG-IgG, 7 patients had their samples col-
lected during the acute phase of the first attack (red dot in
Figure 4A, mean 19 days after disease onset), which suggests

Figure 3 Histopathologic Findings of 2 CSF MOG + IDD (Cases 1 and 5)

Case 1: (A) The lesion shows marked macrophage infiltration and focal mild perivascular lymphocytic infiltration with reactive astrocytes (arrows). There are
some Creutzfeldt-Jakob cells (inlet). (B) Markedly demyelinated lesions with myelin fragment-laden macrophages (LFB) are observed, but (C) axons are
relatively preserved (NF). (D) CD4-positive T-cells and (E) CD8-positive T-cells are found in perivascular area. (F) AQP4 immunostain is positive in the
membrane of reactive astrocytes, whereas (G) loss ofMOG staining is observed in the demyelinated area. (H) Activated complement components (C9neo) are
negative for infiltrating macrophages (most negative cells in this figure), but positive in the reactive astrocytes (arrows). Case 5: (I) The lesion also shows
markedmacrophage infiltration and focal perivascular lymphocytic infiltration. (J) Marked demyelinationwithmyelin fragment-ladenmacrophages (LFB) but
(K) relatively preserved axons (NF) are shown. (L) CD4-positive T-cells are numerous in the perivascular area and scattered in the brain parenchyma, but (M)
CD8-positive T-cells are rare. (N) AQP4 is preserved in the membrane of reactive astrocytes, but (O) loss of MOG is predominant. (P) In the infiltrating
macrophages and reactive astrocytes (arrows), activated complement components are observed (C9neo). AQP4 = aquaporin-4; CD = cluster of differentiation;
H&E = hematoxylin and eosin; LFB = Luxol fast blue; MOG = myelin oligodendrocyte glycoprotein; MOGAD = myelin oligodendrocyte glycoprotein antibody
associated disease; NF = neurofilament.
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that intrathecal synthesis of MOG-IgG can occur early in the
disease course of MOGAD. Of note, both the presence of
CSF-MOG IgG and intrathecal MOG-IgG synthesis were
associated with the involvement of the brain or spinal cord
(Figure 4B and C). In our intrathecal MOG-IgG synthesis (+)
group, all patients had brain/spinal cord involvement, and
most manifested clinically as ADEM (7/12). In contrast, the
intrathecal MOG-IgG synthesis (−) group predominantly
presented as isolated optic neuritis (75%; p < 0.001). In ad-
dition to the difference in lesion location and clinical mani-
festations, the intrathecal MOG-IgG synthesis (+) group were
younger and had higher number of white blood cells in the
CSF (eTable 3, links.lww.com/NXI/A642).

MOG-IgG Titer in the CSF: Association With
Disability and CSF Pleocytosis
The degree of disability, number of white blood cells, and level
of protein in the CSF of patients withMOGADwere associated

with the MOG-IgG titer in the CSF but not in the serum.
Moreover, they were also associated with the corrected CSF/
Serum MOG-IgG index, representing the degree of intrathecal
MOG-IgG synthesis (Figure 5).

Longitudinal Data of CSF MOG-IgG
The CSF had been collected more than twice in 28 patients (4
MOGAD, 10 AQP4+ NMOSD, 7 other IDDs, 4 MS, and 3
non-IDDs) because of clinical relapses. Four of these patients
(2 MOGAD and 2 MS) tested positive for CSF MOG-IgG in
their initial samples, and themean interval between the first and
last sampling was 15.9months (range, 1–51months). The CSF
MOG-IgG assay results did not differ between initial and
follow-up samples in most patients (96.4%, 27/28), but 1 se-
ropositive patient with MOGAD with chronic relapsing in-
flammatory optic neuropathy converted from low positive
(MFIr 2.48) to negative (MFIr 1.48) after 32 months. Fur-
thermore, in 1 seropositive MOGAD patient, 5 serial paired

Figure 4 Corrected CSF/Serum MOG-IgG Index, Lesion Location, and Clinical Diagnosis in the MOGAD Group

MOG-IgG titers weremeasured in both the serumand CSF of 36 patients withMOGAD (28 seropositiveMOGAD and 8 CSFMOG+ IDD) with a sufficient volume of
samples, and the corrected CSF/serumMOG-IgG indexwas calculated. (A) The corrected CSF/serumMOG-IgG index according to theMOG-IgG titer in the serum
and theCSF. TwelvepatientswithMOGAD(4 seropositive and8CSFpositive only) havea correctedCSF/serumMOG-IgG indexexceeding 4orMOG-IgG inCSFonly
andare therebydetermined tohave intrathecalMOG-IgGsynthesis. TheCSF/serumMOG-IgG indices couldnot be calculatedbecause3patientswerenegative for
serumMOG-IgG (red box). (B–C) Patients with brain/spinal cord lesions or only optic nerve involvement are significantly different in (B) MOG-IgG positivity in the
serumand/orCSF, and (C) intrathecalMOG-IgG synthesis. (D) Clinical diagnosesofpatientswithMOGADbasedon intrathecalMOG-IgGsynthesis. All patientswith
intrathecal MOG-IgG synthesis (+) had involvement in the brain/spinal cord; most (58.3%) manifested with a clinical diagnosis of ADEM. In contrast, in the
intrathecal MOG-IgG synthesis (−) group, iON was the most common (75.0%) diagnosis. ADEM = acute disseminated encephalomyelitis; CIS = clinically isolated
syndrome; iATM = idiopathic acute transverse myelitis; iON = idiopathic optic neuritis; MOG-IgG = myelin oligodendrocyte glycoprotein immunoglobulin G;
MOGAD = myelin oligodendrocyte glycoprotein antibody associated disease; NMOSD = neuromyelitis optica spectrum disorder; SC = spinal cord.
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samples of sera and CSF at relapses were all consistently pos-
itive for MOG-IgG during 28 months of follow-up (eFigure 2,
links.lww.com/NXI/A642).

Independent Confirmation of the CSF MOG-IgG
Assay Accuracy
In total, 79 CSF samples were retested at the Oxford
Autoimmune Neurology Diagnostic Laboratory, Oxford,
UK, for an independent confirmation of CSF MOG-IgG
positivity. All CSF samples tested positive for MOG-IgG
in Seoul were also positive in Oxford, and the test results
of these 2 centers were identical in 77/79 (97.5%) sam-
ples. Two additional MOGAD CSF samples that tested
positive in Oxford. There was very good correlation be-
tween the flow cytometry in Seoul and the CBA score in

Oxford (r = 0.7043, p < 0.001; eFigure 1, links.lww.com/
NXI/A642).

Discussion
The presence of MOG-IgG, detected on a live test, in the sera
of patients with IDD confer a diagnosis of MOGAD.1,4,13 The
clinical utility of CSF testing for MOG-IgG is unclear. A re-
cent single center cohort study identified 3 patients with a
MOGAD phenotype who hadMOG-IgG only in their CSF. A
second study identified 4 children with a diagnosis of MS with
CSF unique MOG-IgG.5,6 We sought to investigate the
clinical relevance of CSF MOG-IgG testing in 474 consecu-
tive patients from 11 tertiary referral hospitals.

Figure 5 Correlation Between MOG-IgG Titers and Clinical Severity

The MOG-IgG titer and its correlation with the degree of disability, number of white blood cells in the CSF, and level of protein in patients with MOGAD are
associated with the MOG-IgG titer (A) in the CSF, but (B) not in the serum. (C) They are also associated with the corrected CSF/serum MOG-IgG index. EDSS =
Kurtzke expanded disability status scale; MOG-IgG =myelin oligodendrocyte glycoprotein immunoglobulin G;MOGAD =myelin oligodendrocyte glycoprotein
antibody associated disease; WBC = white blood cell.
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In total, we identified 32 individuals with MOG-IgG in their
CSF. Among these, 19 of 31 (61%) were seropositive patients
with MOGAD and 13 of 262 (5%) were uniquely positive in
the CSF: 5 of 8 (62.5%) ADEM, 1 of 24 CIS (4.2%), 1 of 123
(0.8%) iATM, 2 of 49 (4.1%) ON, and 4 of 45 (8.9%) patients
with MS. All patients with AQP4-IgG + NMOSD or with
non-IDDs were negative.

These data confirm recent reports suggesting both MOGAD
and MS cases are positive for MOG-IgG in the CSF. Further
work on CSF titres may be required to improve disease spec-
ificity in CSF testing as has been necessary for serum testing.

The non-MS, CSF-uniquely positive individuals (n = 9) added
another 29% to the serum antibody positiveMOGADgroup (n
= 31). They had comparable clinical, radiologic, pathologic, and
prognostic features to those of the seropositive patients with
MOGAD. These data suggest that CSF testing in patients with
a clinical syndrome compatible with MOGAD will significantly
improve the capture of patients with MOGAD, particularly in
seronegative patients with ADEM.Of note, 67% (6/9) of these
patients had a relapsing disease and 78% (7/9) were untreated.
Immunosuppression was associated with a relapse-free follow-
up (eTable 1, links.lww.com/NXI/A642). Immunotherapy33

will likely be useful for patients without MS with CSF MOG-
IgG, most of whom relapsed.

Although the CSF MOG-IgG assay improves the diagnostic
yield for MOGAD, a unique CSF positive result should be
interpreted in the clinical context as 4/45 (8.9%) patients with
MS were positive. Individuals with MS are rarely seropositive,
and when positive is most often borderline as these assays
were set-up to rule out typical MS. A similar titration of CSF
samples may be needed to improve CSF test specificity. Al-
ternatively, a better understanding of the pathology associated
withMOG-IgGmay help our interpretation of the presence of
these CSF unique MOG-IgG, particularly in MS patients
where they are currently not thought to be clinically relevant.

Several studies have shown that patients with MS have in-
trathecal production of polyspecific antibodies against di-
verse CNS debris34 or antigens, including MOG.35 These
were more evident in secondary progressive MS where ec-
topic meningeal lymphoid follicles have been identified.36,37

In this study, 1 of 3 patients with secondary progressive MS
and a patient with RRMS just before secondary progression
were uniquely positive in the CSF. Of note, some of us
recently reported the presence of a secondary progressive
disease course as an unusual manifestation of seropositive
MOGAD.28

Until recently, there has been little evidence for intrathecal
synthesis of MOG-IgG.22,38 In our patients with MOGAD, 12
(4 seropositive and 8 CSF positive only) had intrathecal
MOG-IgG synthesis. Intrathecal MOG-IgG synthesis was
found in samples collected at the time of first attack in 7,
which suggested that MOG-IgG synthesis in the CNS is

present at disease onset. It can persist throughout the disease
course. In addition, both the CSF MOG-IgG titer and cor-
rected CSF/serum MOG-IgG index, but not the serum
MOG-IgG titer, correlated with higher disability at the time of
attack, more brain and spinal cord involvement, and a higher
number of inflammatory cells in the CSF ofMOGAD. Finally,
in an additional 29% patients with MOGAD, MOG-IgG was
only detectable in the CSF. These findings seem to challenge
the current dogma that B cells producing CNS-targeting an-
tibodies are produced peripherally and subsequently gain
access to the CNS. Rather, we speculate that this finding could
imply that the synthesis of MOG-IgG in the CNS can play a
role in MOGAD, at least among patients with intrathecal
synthesis of MOG-IgG. Nevertheless, further studies, in-
cluding the experimental model for MOGAD, are required to
elucidate the exact role of intrathecal synthesis of MOG-IgG
in the pathogenesis of MOGAD.

In the MOGAD group, the CSF MOG-IgG assay yielded a
positive result in 61% patients, similar to previous studies
(62%–71%).5,6,38 However, we were unable to detect CSF
MOG-IgG in most patients with an iON. The one-way flow of
CSF from the intracranial subarachnoid space (SAS) to the
orbital SAS39 may explain this lack of detection in patients
who are sampled via lumbar puncture.

Of note, recent report has demonstrated that the prevalence
of CSF MOG-IgG among pediatric encephalitis patients is
approximately 1.2%.6,40 In our study, 3 CSF MOG + IDD
patients diagnosed with ADEM also had features of seizure/
encephalitis.

In conclusion, in the correct clinical context CSF testing for
MOG-IgG can improve the capture of MOGAD patients.
Intrathecal synthesis of MOG-IgG can be detected in
MOGAD from the onset of the disease and is associated with
more severe disability at attack, higher number of in-
flammatory cells in the CSF, and more brain and spinal cord
involvement. Further work is required to understand the
pathobiology associated with intrathecally produced MOG-
IgG to help explain why it seems clinically relevant in non-MS
encephalomyelitis and yet seems irrelevant in patients with
clinically definite MS.
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Abstract
Background and Objectives
Progressive multifocal leukoencephalopathy (PML) is a disabling neurologic disorder resulting
from the infection of the CNS by JC polyomavirus in immunocompromised individuals. For
the last 2 decades, increasing use of immunotherapies leads to iatrogenic PML. Iatrogenic PML
is often associated with signs of inflammation at onset (inflammatory PML) and/or after
treatment withdrawal immune reconstitution inflammatory syndrome (PML-IRIS). Although
immune reconstitution is a key element for viral clearance, it may also be harmful and induce
clinical worsening. A C-C chemokine receptor type 5 (CCR5) antagonist (maraviroc) has been
proposed to prevent and/or limit the deleterious immune responses underlying PML-IRIS.
However, the data to support its use remain scarce and disputed.

Methods
We conducted a multicenter retrospective cohort study at 8 university hospitals in France and
Switzerland by collecting clinical, biological, and radiologic data of patients who developed
inflammatory PML (iPML) or PML-IRIS related to immunosuppressive therapies used for
chronic inflammatory diseases between 2010 and 2020. We added to this cohort, a meta-
analysis of individual case reports of patients with iPML/PML-IRIS treated with maraviroc
published up to 2021.

Results
Overall, 27 cases were identified in the cohort and 9 from the literature. Among them, 27 met the
inclusion criteria: 16 treated with maraviroc and 11 with standard of care (including cortico-
steroids use). Most cases were related to MS (92.6%) and natalizumab (88%). Inflammatory
features (iPML)were present at onset in 12 patients (44.4%), andmost patients (92.6%) received
corticosteroids within the course of PML. Aggravation due to PML-IRIS was not prevented by
maraviroc compared with patients who received only corticosteroids (adjusted odds ratio: 0.408,
95% CI: 0.06–2.63). Similarly, maraviroc did not influence time to clinical worsening due to
PML-IRIS (adjusted hazard ratio = 0.529, 95% CI: 0.14–2.0) or disability at the last follow-up
(adjusted odds ratio: 2, 95% CI: 0.23–17.3).
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Discussion
The use of CCR5 blockade did not help to keep deleterious immune reconstitution in check even when associated with
corticosteroids. Despite maraviroc’s reassuring safety profile, this study does not support its use in iPML/PML-IRIS.

Classification of Evidence
This study provides Class IV evidence showing that adding maraviroc to the management of iatrogenic iPML/PML-IRIS does
not improve the outcome.

Progressive multifocal leukoencephalopathy (PML) is a rare
neurologic disorder caused by the reactivation of JC virus in
immunocompromised hosts, which leads to lytic infection of
oligodendrocytes.1 The proportion of non–HIV-infected pa-
tients developing iatrogenic PML is increasing as a result of
the use of biological immunosuppressive/modulatory agents
in chronic inflammatory or rheumatologic diseases, especially
in patients with multiple sclerosis (MS) who were treated
with natalizumab.2,3 Recovery of JC virus–specific immune
responses by withdrawing immunosuppressive therapies re-
mains the only possibility to treat PML.4 However, immune
restoration is not always beneficial, and a variable proportion
of patients with PML worsen because of severe neuro-
inflammation, which results from immune reconstitution in-
flammatory syndrome (PML-IRIS). PML-IRIS is thought to
arise from an excessive protective immune response against
pathogen-derived antigens that causes disproportionate tissue
damage to the host.4 CD8+ T cells are abundant in PML-IRIS
lesions and are considered to be the probable drivers of PML-
IRIS.5,6 Then, management of PML-IRIS relies on cortico-
steroids in most severe cases.7 Systematic use of preemptive
corticosteroid therapy has been proposed for patients with
MS who develop PML during natalizumab therapy, which is
usually associated with inflammatory features from PML
onset, to prevent the development of PML-IRIS after natali-
zumab withdrawal.8 However, steroids have a profound im-
pact on the JC virus (JCV)-specific T-cell response and might
compromise the control of JCV replication.9 Therapeutic
strategies that selectively alleviate inflammation without
hampering immune restoration are therefore desirable. Be-
cause the CCR5/CCL5 axis is implicated in T-cell activation
and leukocyte trafficking to the brain in the setting of neu-
rotropic infections and experimental models of MS, as well as
in human MS, it was hypothesized that C-C chemokine re-
ceptor type 5 (CCR5) antagonists such as maraviroc, a non-
competitive CCR5 antagonist approved in the HIV
armamentarium, might prevent and/or treat the deleterious
inflammatory reaction that occurs during immune recovery in
patients with PML, by interfering with the activation and/or
migration of CCR5- expressing activated CD8+ T cells.10

However, evidence supporting the use of maraviroc remains
scarce with few cases reported in the literature.11-16 Our aim
was to assess whether maraviroc influences the prognosis of
iatrogenic PML with inflammatory features and PML-IRIS
in patients with chronic inflammatory or rheumatologic
diseases.

Methods
Study Design and Patient Selection
We conducted a retrospective multicenter cohort study
through a network of 8 university hospitals in France and
Switzerland. Inclusion criteria were patients with chronic in-
flammatory or rheumatologic diseases receiving biological
immunosuppressive/modulatory agents who developed def-
inite, probable, or possible PML according to the American
Academy of Neurology criteria17 between 2010 and 2020 and
PML displaying inflammatory features such as enhancement
of PML lesions after gadolinium injection, edema, or mass
effect that are not usually associated with classic PML. Two
distinct settings were individualized: inflammatory PML
(iPML) when inflammatory features were present at PML
onset before cessation of the immunosuppressive agent as
defined previously18 and PML-IRIS when a patient with PML
clinically worsened after cessation of the immunosuppressive
agent, while inflammatory features appeared or increased on
the brain MRI. Data were collected in each center by filling
anonymous case report forms and centralized in Toulouse.
Outcomes were determined by the physician in charge. A
literature review was also performed searching for case
reports/series of patients with PML treated with maraviroc
up to April 1, 2021 (MeSH terms: [progressive multifocal
leukoencephalopathy] AND [maraviroc]; [immune re-
constitution inflammatory syndrome] AND [maraviroc]).

Treatment Groups
Patients who receivedmaraviroc continuously for more than 2
weeks were included in themaraviroc group. Patients who had
never received maraviroc were assigned to the control group.
Patients who received maraviroc before PML-IRIS were

Glossary
CCR5 = C-C chemokine receptor type 5; iPML = inflammatory PML; JCV = JC virus; mRS = modified Rankin Scale;MS =
multiple sclerosis; PML = progressive multifocal leukoencephalopathy; PML-IRIS = progressive multifocal leukoencephal-
opathy immune reconstitution inflammatory syndrome.
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considered as a preventive scheme and patients who received
maraviroc after PML-IRIS onset as therapeutic scheme.

Outcomes Measures
The primary outcome was neurologic worsening under
treatment defined by worsening of the modified Rankin
Scale (mRS) score ≥1 point. Exploratory variables were
the interval elapsed between maraviroc introduction and
clinical worsening under treatment, PML-IRIS occur-
rence, PML-IRIS duration (defined as the time elapsed
between clinical deterioration due to PML-IRIS and the
first clinical follow-up with stable/improving deficit and
reduction of gadolinium-enhancing lesions on MRI),
disability at 12 months (measured by the mRS score) and
at last follow-up, and increase in disability (defined as an
increase in the mRS score ≥2 before and 12 months af-
ter PML).

Statistical Analysis
According to the Strengthening the Reporting of Observa-
tional Studies in Epidemiology (STROBE) guidelines, patient
characteristics are expressed as median (interquartile range
[IQR]) for continuous variables and n (%) for categorical
variables. Groups were first compared using Fisher exact tests
(categorical variables) and Mann Whitney U tests (continu-
ous variables). Furthermore, a binomial logistic regression
was run to evaluate the effect of maraviroc on clinical wors-
ening under treatment, PML-IRIS occurrence, and increase in
disability. A Cox hazard model was used for the analysis of
time to worsening. Both models were adjusted for sex, age,
baseline mRS score, and multilobar presentation. Analysis was
conducted using SPSS Statistics 27.0 (IBM SPSS Statistics for
Windows, Armonk, NY).

Ethical Approval
This study was approved by an institutional review board
(RnIPH 2021-35), in accordance with the French data pro-
tection authority (MR004, Commission Nationale de

l’Informatique et des Libertés, CNIL number 2206723v0).
Consultation of an ethics committee was not required as this
was a noninterventional study, which does not fall under the
French Jardé law. According to the French law on ethics,
patients were informed that their anonymized data would be
used in the study and for publication. Their nonopposition to
the use and publication of the data was collected. For Swit-
zerland, all patients were included in the COOLIN BRAIN
project approved by the local ethic committee (CER-VD—
approval number: 2018-01622).

Data Availability
The anonymized data that support the findings of this study
are available from the corresponding author on reasonable
request for non-commercial purposes.

Results
Baseline Characteristics of Progressive
Multifocal Leukoencephalopathy
Among 27 patients with iatrogenic iPML or PML-IRIS ret-
rospectively identified in the participating centers, 23 were
kept for final analysis, of whom 12 received maraviroc. Three
patients were excluded because of missing data and 1 because
the patient received maraviroc for less than 1 week. Further-
more, 9 cases of patients with iPML or PML-IRIS who re-
ceived maraviroc were retrieved from the literature and 4 were
included in our analysis (flowchart, Figure 1).11-16 Therefore
27 iPML or PML-IRIS cases were included in this study, of
whom 16 received maraviroc, and 11 did not and served as
controls.

Patients and PML characteristics in both groups are presented
in Table 1. Patients with PML were mainly women (19/27,
70.4%) with a median age at PML onset of 43 years (IQR 7).
All were iatrogenic PML, mostly related to natalizumab (24/
27, 88.9%) and MS (25/27, 92.6%). Two patients received

Figure 1 Flowchart
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mycophenolate mofetil/corticosteroids and corticosteroids, re-
spectively, for dermatomyositis and rheumatoid arthritis. PMLwas
definite in 22/27 patients (81.5%), probable in 3/27 patients
(11.1%), and possible in 2/27 patients (7.4%). At PML onset,
brain MRI showed a multilobar involvement in 19/27 patients
(70.4%). Inflammatory features with gadolinium-enhancing
lesions and/or mass effect were present in, respectively, 11/
27 patients (40.7%) and 3/27 patients (11.1%). Median
CSF JC viral load was 868 copies/mL (IQR 3,607 copies/
mL). Immunosuppressive/modulatory agents were inter-
rupted in 27/27 (100%) cases, and plasma exchanges for
natalizumab removal were performed in 20/24 patients
(83.4%). Finally, 12/27 patients (44.4%) with contrast-
enhancing lesions and/or edema were defined as having
iPML at baseline, and 23/27 patients (85.2%) experienced
clinical worsening related to PML-IRIS after cessation of
immunosuppressive drugs within a median duration of 4
weeks (IQR 4.5 weeks). The mean overall follow-up after
PML onset was 23 months (IQR 34 months). There was no
difference between the 2 groups (Table 1).

Maraviroc Use in Inflammatory Progressive
Multifocal Leukoencephalopathy and
Progressive Multifocal Leukoencephalopathy
ImmuneReconstitution Inflammatory Syndrome
As previously stated, 16/27 patients (59.2%) received mar-
aviroc for the management of iPML and/or PML-IRIS; 10 of
16 patients (67.5%) received maraviroc in the hope of pre-
venting clinical worsening due to PML-IRIS (preventive), and
6/16 (37.5%) received maraviroc at PML-IRIS onset to al-
leviate immune responses affecting the brain (therapeutic).
The median time from PML diagnosis to maraviroc in-
troduction was 10.5 days (IQR 26.75 days). Steroids were
concomitantly administered in 14/16 (87.5%) patients trea-
ted with maraviroc and 11/11 (100%) patients not treated
with maraviroc.

Next, we evaluated whether maraviroc improved the overall
outcome of PML regardless of the setting in which it was
prescribed (Table 2). Maraviroc did not mitigate the occur-
rence of clinical worsening after treatment initiation (8/16 vs
4/11, p = 0.696), nor did it lengthen the interval before clinical
worsening (median: 5 vs 5.5 weeks, p = 0.728) (Figure 2).
Despite the preventive use of maraviroc in half of the cases, the
incidence of PML-IRIS (13/16 vs 10/11, p = 0.624) and the
latency from treatment withdrawal to PML-IRIS (median: 6.5
vs 3 weeks, p = 0.258) were similar in the 2 groups. Similarly,
the use of maraviroc during PML-IRIS did not affect the du-
ration of IRIS (median: 9.5 vs 9 weeks, p = 0.943).

Regarding long-term prognosis, maraviroc did not improve
neurologic status at 12months (medianmRS score: 3 vs 3, p =
0.365) or at the last follow-up (median mRS score: 3 vs 4, p =
0.083). Furthermore, most patients had a significant increase
in disability due to PML that did not differ between the 2
groups (10/16 vs 7/11, p = 0.952). Three patients died, 2 in
the maraviroc group (2/16, 12.5%), 1 from aspiration

Table 1 PML Course and Treatment

Maraviroc
(n = 16)

Controls
(n = 11) p Value

Baseline characteristics

Demographic data

Sex (female), n (%) 10 (62,5) 9 (82) 0.405

Age at PML onset, mean (IQR) 42 (11.25) 46 (8) 0.4

Condition associated with PML

Multiple sclerosis, n (%) 15 (93.8) 10 (91) —

Rheumatoid arthritis, n (%) 1 (7.2) 0 (0) 0.658a

Dermatomyositis, n (%) 0 (0) 1 (9.1) —

Treatment associated with PML

Natalizumab, n (%) 14 (87.5) 10 (91) —

Mycophenolate mofetil, n (%) 0 (0) 1 (9.1) 0.809a

Azathioprine, n (%) 1 (6,3) 0 (0)

Corticosteroids, n (%) 1 (6.3) 1 (9.1) —

Baseline mRS score, median (IQR) 1.5 (1) 2 (2) 0.310

PML characteristics at onset

Classification according to PML criteria

Definite, n (%) 14 (87.5) 8 (73) —

Probable, n (%) 1 (6.3) 2 (18.2) 0.771a

Possible, n (%) 1 (6.3) 1 (9.1) —

MRI characteristics at onset

Gd + lesions (iPML) 6 (37.5) 5 (45.5) 0.710

Multilobar, n (%) 11 (68.8) 8 (73) >0.999

Mass effect, n (%) 2 (12.5) 1 (9.1) >0.999

JC virus load

Copies/mL, median (IQR) 432 (3,452) 1500 (5948)b 0.320

PML course and treatment

Plasma exchanges, n (%) for NTZ patients 11 (68.8) 9 (82) 0.662

Inflammatory PML at baseline, n (%) 6 (37.5) 6 (55) 0.452

PML-IRIS

Occurred, n (%) 13 (81.3) 10 (91) - c

Latency in wk, median (IQR) 6.5 (3.5) 3 (8.5) 0.258

PML-IRIS/inflammatory PML treatment

Corticosteroids

Preventive, n (%) 3 (18.8) 3 (27) —

Therapeutic, n (%) 11 (68.8) 8 (73) —

Maraviroc

Preventive, n (%) 10 (62.5) — —

Therapeutic, n (%) 6 (37.5)

Follow-up duration in mo, median (IQR) 12.5 (20.5) 26 (76) 0.061

Abbreviations: IQR = interquartile range; NTZ = natalizumab.
a Exact Fisher-Freeman-Halton Test.
b Data not reported in all cases (2 missing values).
c Displayed in Table 2.

4 Neurology: Neuroimmunology & Neuroinflammation | Volume 9, Number 1 | January 2022 Neurology.org/NN

http://neurology.org/nn


pneumonia and 1 from PML progression, and 2 in the control
group (2/11, 18.4%) from status epilepticus related to PML
sequelae and IRIS aggravation, respectively.

We analyzed these outcomes using a logistic regression model
adjusted for sex, age, baseline mRS score, and multifocal in-
volvement. There was no difference between groups when
assessing the occurrence of clinical worsening after treatment
initiation (unadjusted odds ratio: 0.571, 95% CI: 0.12–2.8,
adjusted odds ratio: 0.408, 95% CI: 0.06–2.63), the occur-
rence of PML-IRIS (adjusted odds ratio: 2.3, 95% CI:
0.2–25.6, adjusted odds ratio: 1.2, 95% CI: 0.07–19.6), or
overall increased disability (unadjusted odds ratio: 1.05, 95%
CI: 0.2–5.2, adjusted odds ratio: 2, 95% CI: 0.23–17.3).
Similarly, using a Cox Hazard model corrected for the same

variables, maraviroc did not affect time to neurologic wors-
ening under treatment (unadjusted hazard ratio = 0.658, 95%
CI: 0.2–2.2, adjusted hazard ratio = 0.529, 95% CI: 0.14–2.0)

Despite low numbers of patient, we then tried to decipher if
timing of introduction of maraviroc could affect the outcome.
Early maraviroc initiation within 7 days after diagnosis of
PML occurred in 8/16 patients (50%) and did not affect the
12-month outcome (median mRS score 3 vs 3, p = 0.442).
Similarly, we hypothesized that maraviroc introduction in
patients presenting already signs of iPML/PML-IRIS could be
too late to halt the process. However, outcome was not
influenced in the 8/16 patients (50%) who initiated maraviroc
while they had no gadolinium-enhanced lesions (medianmRS
score: 3 vs 3, p = 0.959). Regarding the safety of maraviroc

Table 2 Outcome Measures Comparing Maraviroc-Treated Patients and Controls

Maraviroc (n = 16) Controls (n = 11) p Value

Clinical worsening under treatment
• Overall, n (%)
• Time to clinical worsening (if occurred in wk), median (IQR)

8 (50)
5 (1)

4 (36.4)
5.5 (5.25)

0.696
0.728

PML-IRIS
• Overall, n (%)
• Duration in wk, median (IQR)

13 (81.3)
9.5 (11.25)

10 (91)
9 (9)

0.624
0.943

Outcome
• mRS score at 12 mo, median (IQR)
• mRS score at last follow-up, median (IQR)
• Increased disability, n (%)
• Death, n (%)

3 (1.75)
3 (1.75)
10 (62.5)
2 (12.5)

3 (1)
4 (3)
7 (64)
2 (18.2)

0.365
0.083
0.952
0.685

Abbreviations: IQR = interquartile range; mRS = modified Rankin Scale; PML = progressive multifocal leukoencephalopathy.
Worsening of disability was defined as an increase of mRS score ≥2 compared with baseline.

Figure 2 Probability of Survival Without Clinical Worsening After Treatment Introduction

The graph depicts the proportion of patients free of clinical
worsening following maraviroc (red line) or steroid (blue line)
initiation. Ticks represent censored data. Above the graph are
displayed the number at risk (and censored) in each group.
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use, no significant adverse events related to this treatment
were reported.

Discussion
In this multicenter retrospective cohort and review of the
literature, we investigated whether the use of CCR5 antago-
nists influences the outcome of iatrogenic iPML/PML-IRIS
related to immunosuppressive agents for the treatment of
chronic inflammatory diseases. We were not able to show that
maraviroc improves the outcome of iPML/PML-IRIS on all
the variables investigated.

Correlative evidence implicating the CCR5–CCL3/CCL5
axis in MS, Rasmussen encephalitis, and infectious diseases,
such as cerebral malaria and HIV-associated neurocognitive
disorders, led to the hypothesis that CCR5 blockade might
provide neuroprotection in settings in which CCR5 con-
tributes to deleterious neuroinflammation, particularly in
diseases in which CD8+ T cells play a pivotal role.10 It has
been shown that most brain lesion–infiltrating CD8+ T cells
express CCR5 in HIV-infected and non–HIV-infected pa-
tients developing inflammatory forms of PML.19,20 Thus, the
use of CCR5 antagonists, such as maraviroc, which have
already been developed as entry inhibitors of HIV-1, may
appear as an attractive alternative to steroids to prevent PML-
IRIS. Indeed, if steroids remain a cornerstone of PML-IRIS
treatment, as demonstrated by our study (25/27 of our
patients received steroids for the management of iPML/
PML-IRIS), their role remains controversial, especially as
preemptive treatment, as steroids may affect anti-JCV cellular
immune responses broadly and induce a remanent
suppression.9,21 This rationale was further substantiated by
occasional case reports from the fields of HIV, and later MS,
showing good outcomes after maraviroc use in PML-
IRIS.14,19,22 One of them described a patient with MS de-
veloping natalizumab-associated inflammatory PML and
showed that maraviroc exhibited preventive and curative
properties.14 The use of maraviroc was strikingly associated
with a selective reduction in the levels of CCR5+ T cells in the
CSF, suggesting that CCR5 antagonists limit immune cell
trafficking into the CNS in vivo. However, the beneficial
impact of maraviroc in PML-IRIS management was not
supported by other case reports and case series in
natalizumab-associated PML.12 Recently, a retrospective co-
hort of 34 patients with HIV-associated PML found no
clinically relevant benefit of maraviroc as part of antiretroviral
therapy on overall survival.23 More generally, 2 controlled
clinical trials showed that maraviroc added to standard anti-
retroviral therapy for advanced HIV did not mitigate the risk
of developing IRIS.24,25 We may, however, point that in our
study, the overall outcome at last follow-up showed a ten-
dency to a lower degree of disability in the maraviroc group.
This clinically meaningful difference may be due in the con-
trol group to a longer follow-up and to the late death (>12
months) of 1 patient due to status epilepticus on PML lesions.

A few hypotheses may be drawn to explain the lack of efficacy
of CCR5 blockade to prevent and treat PML-IRIS. First,
CCR5 is widely expressed on the cell surface of activated
CD4+ or CD8+ T cells.26 The wide CCR5 expression on brain
lesion-infiltrating CD8+ T cells demonstrated in inflammatory
PML could therefore only reflect the activation of effector
T cells, without indicating an implication of the CCR5–
CCL3/CCL5 axis in migration and homing of CD8+ T cells
to the CNS in PML-IRIS. Second, regulatory T cells express
CCR5. CCR5 blockade might therefore also inhibit CCR5-
dependent migration of regulatory T cells to inflamed tissues
and, consequently, disrupt local immune regulation, abro-
gating a potential benefit of the limitation of effector T-cell
homing. Third, maraviroc is thought to have good CNS
penetration (CNS penetration-effectiveness of 3) based on
CSF concentrations found in treated patients with HIV.27

However, mitigating T-cell pathogenicity might require
higher CNS concentrations for CCR5 blockade than those
needed to control HIV replication as part of highly active
antiretroviral therapy. Finally, initiation of maraviroc while
inflammatory features already exist, and pathogenic T cells
have already penetrated the brain parenchyma, may simply be
too late to expect a potential benefit. Further studies could be
valuable to assess CCR5 chemokines CCL3, CCL4, and
CCL5 in the periphery and in the CSF in the context of
classical PML and in inflammatory PML, as well as the effect
of CCR5 blockade on the proportion and number of CCR5-
expressing T cells in the CSF and in brain tissue.

We may point out several limitations in this study inherent to
orphan diseases. First, the analysis has been performed on
limited number of cases. We were unable to calculate a priori
statistical power and sample size needed to reject type 2 error.
Then, we cannot exclude a mild effect of maraviroc to prevent
aggravation due to PML-IRIS. Furthermore, it is important to
stress that the wide immunomodulating effect of corticoste-
roids used in most patients is a major confounder that could
have masked a potential beneficial effect of maraviroc. How-
ever, most patients in the maraviroc group (69%) received
steroids only in case of full blown PML-IRIS. Among limita-
tions, we should also acknowledge that retrospective design
may affect data collection. Similarly, in absence of standard-
ized consensus in PML management, the timing of in-
troduction of steroids and maraviroc was not homogeneous
among cases. These differences in management represent a
confounding factor difficult to be addressed on such a small
sample size. Finally, most cases were collected by neurolo-
gists, which could preclude the generalizability of these results
to all PML associated with chronic inflammatory diseases
treatments.

The past 25 years in the field of PML have provided repeated
examples that the benefits of potential drugs have often been
overstated based on isolated case reports or small series, as is
the case for maraviroc. Our study that failed to show a ben-
eficial impact of maraviroc in the management of iPML/PML-
IRIS has to be confirmed on a larger data set.
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Université Clermont
Auvergne, CHU de
Clermont-Ferrand, Inserm,
Neuro-Dol, F-63000
Clermont-Ferrand, France

Drafting/revision of the
manuscript for content,
including medical writing for
content, and major role in
the acquisition of data

Nicolas
Maubeuge,
MD

Department of Neurology,
CHU de Poitiers, Hôpital La
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Cornelia Roesler, MD, Eduardo Nobile-Orazio, MD, PhD, Giuseppe Liberatore, MD, Fu Liong Hiew, MD,

Alicia Mart́ınez-Piñeiro, MD, Alejandra Carvajal, MD, Raquel Piñar-Morales, MD, Mercedes Usón-Mart́ın, MD,
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Abstract
Background and Objectives
To study the clinical and laboratory features of antineurofascin-155 (NF155)–positive auto-
immune nodopathy (AN).

Methods
Patients with anti-NF155 antibodies detected on routine immunologic testing were included.
Clinical characteristics, treatment response, and functional scales (modified Rankin Scale
[mRS] and Inflammatory Rasch-built Overall Disability Scale [I-RODS]) were retrospectively
collected at baseline and at the follow-up. Autoantibody and neurofilament light (NfL) chain
levels were analyzed at baseline and at the follow-up.

Results
Forty NF155+ patients with AN were included. Mean age at onset was 42.4 years. Patients
presented with a progressive (75%), sensory motor (87.5%), and symmetric distal-
predominant weakness in upper (97.2%) and lower extremities (94.5%), with tremor and
ataxia (75%). Patients received a median of 3 (2–4) different treatments in 46 months of
median follow-up. Response to IV immunoglobulin (86.8%) or steroids (72.2%) was poor
in most patients, whereas 77.3% responded to rituximab. HLA-DRB1*15 was detected in
91.3% of patients. IgG4 anti-NF155 antibodies were predominant in all patients; anti-
NF155 titers correlated with mRS within the same patient (r = 0.41, p = 0.004). Serum NfL
(sNfL) levels were higher in anti-NF155+ AN than in healthy controls (36.47 vs 7.56 pg/
mL, p < 0.001) and correlated with anti-NF155 titers (r = 0.43, p = 0.001), with I-RODS at
baseline (r = −0.88, p < 0.001) and with maximum I-RODS achieved (r = −0.58, p = 0.01).
Anti-NF155 titers and sNfL levels decreased in all rituximab-treated patients.
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Discussion
Anti-NF155 AN presents a distinct clinical profile and good response to rituximab. Autoantibody titers and sNfL are useful to
monitor disease status in these patients. The use of untagged-NF155 plasmids minimizes the detection of false anti-NF155+ cases.

Classification of Evidence
This study provides Class IV evidence that anti-NF155 antibodies associate with a specific phenotype and response to rituximab.

Chronic inflammatory demyelinating polyradiculoneuropathy
(CIDP) is a clinically and pathologically diverse autoimmune
syndrome of the peripheral nervous system, causing significant
disability.1,2 Disease-specific antibodies targeting proteins at the
node and paranode of Ranvier, such as neurofascin 155
(NF155),3 nodal neurofascins (NF186 and NF140),4 contactin-
1 (CNTN1),5 or CNTN-1/caspr-1,6,7 have been described in
small subsets of patients with CIDP sharing immunopathologic
mechanisms, clinical features, and treatment response and dif-
fering from those of typical CIDP.8,9 This has led to the ap-
pearance of the autoimmune nodopathy (AN) diagnostic category
in the recent update of the European Academy of Neurology/
Peripheral Nerve Society CIDP diagnostic guidelines.10

Previous case series describe the association of anti-NF155 an-
tibodies with predominantly distal motor involvement, ataxia
and low-frequency tremor with cerebellar features,3,11 marked
nerve conduction abnormalities,12 and DRB1*15 human leu-
kocyte antigen (HLA)Class II alleles.13Moreover, these patients
respond poorly to IV immunoglobulin (IVIg) and usually well to
rituximab.14 Anti-NF155 antibodies, almost always of the IgG4
isotype,15 are pathogenic according to passive transfer experi-
ments in animal models16 and pathologic studies detecting IgG4
deposition and axoglial junction dissection at the paranode (in
the absence of classical macrophage-mediated demyelination).17

Recently, high serum neurofilament light chain (sNfL) levels
were described in a subset of patients with anti-NF155+ AN.18

Our work describes the clinical, immunologic, biomarker,
treatment response and prognostic features of the largest anti-
NF155+ AN cohort so far.

Methods
Protocol Approvals, Registrations, and
Patient Consents
In this multicenter retrospective observational study, we in-
cluded all sera reacting against NF155 transfected cells and

identified during routine testing for nodal/paranodal anti-
bodies. The samples were obtained between May 2010 and
December 2020. These patients were selected for further
characterization between May 2020 and December 2020. De-
mographic and clinical data at onset and during follow-up were
collected in a coded database. This study was conducted
according to a protocol approved by the Ethics Committee of
the Hospital de la Santa Creu i Sant Pau. All patients gave
written informed consent to participate in the study.

Data and Sample Collection
Data were collected retrospectively by patients’ neurologists
in 24 different centers by chart review. European Academy of
Neurology/Peripheral Nerve Society diagnostic criteria for
CIDP19 were assessed, and patients were classified as having
definite, probable, or possible CIDP. Demographic data (age
and gender) and clinical features (initial diagnosis, time to
nadir, the presence of weakness or sensory deficits, presence
of ataxia, and tremor) were collected. Clinical presentation
was defined as sensorimotor, pure motor, or pure sensory/
ataxic. The results of routine nerve conduction studies
(NCS), CSF examination, and treatments were also col-
lected. As an electrophysiologic marker of axonal damage,
we used the lowest (left or right) median nerve compound
muscle action potential (CMAP) negative peak amplitude
and, when available, the presence of spontaneous activity in
the electromyography (EMG) at the tibialis anterior muscle.
CSF protein levels higher than 0.45 g/L were considered
relevant.20 Disability scores were collected at nadir and at the
follow-up, including the modified Rankin Scale (mRS)21 and
the Inflammatory Rasch-built Overall Disability Scale (I-
RODS) scores22 (from 0 to 100; 100 indicating no disabil-
ity), when available. Response to therapy was defined as a
good response, partial response, or no response as classified
by their primary neurologists after chart review of the neu-
rologic examination. For rituximab-treated patients, mRS
was prospectively collected pretreatment and, at least, once
posttreatment; infusion protocol and adverse events (in-
fusion reactions and infections) were also collected. Serum

Glossary
CBA = cell-based assay; CIDP = chronic inflammatory demyelinating polyradiculoneuropathy; CMAP = compound muscle action
potential; CNTN1 = contactin-1; EMG = electromyography; GBS = Guillain-Barré syndrome; HC = Healthy control; HLA =
human leukocyte antigen; ICC = immunocytochemistry; I-RODS = Inflammatory Rasch-built Overall Disability Scale; IVIg = IV
immunoglobulin;mRS = modified Rankin Scale;NCS = nerve conduction study;NF140 = neurofascin-140;NF155 = neurofascin-
155; NF186 = neurofascin-186; OD = optical density; PLEX = plasma exchange; sNfL = serum neurofilament light chain.
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samples were obtained at diverse time points during routine
autoantibody testing and stored at −80°C until needed.

Anti-NF155 Antibody Detection and Titration
Serum antibodies against NF155 were analyzed in the same
laboratory using a cell-based assay (CBA) with human
recombinant NF155-transfected HEK293 cells as pre-
viously described.3,23 The DDK-myc-tagged RC228652
NF155 plasmid (OriGene, Rockville, MD) was used for
initial anti-NF155 detection, and the untagged EX-Z7183-
M02 NF155 plasmid (GeneCopoeia, Rockville, MD) was
used for false positive detection in those patients with
discrepant results in the CBA and the ELISA. ELISA was
used as a confirmatory test and for isotype identification
and titration, as previously described.3 Optical density
(OD) was measured at 450 nm with a Multiskan ELISA
reader. Blank OD was subtracted to NF155 OD to control
for unspecific background signal. The samples were con-
sidered positive by ELISA when they had a DOD higher
than average healthy control (HC) DOD plus 2 SD. Titer
variation within the same patient was expressed as the
percentage of titer change compared with pretreatment
levels. All samples were tested under the same conditions.

Serum NfL Measurements
sNfL levels were measured in all available anti-NF155 AN
patient samples and compared with 78 HCs, using the Simoa
NF-light kit in the SR-X Immunoassay Simoa analyzer
(Quanterix Corp, Boston, MA), as previously described.24

The samples were analyzed in duplicates following the man-
ufacturer’s instructions and standard procedures. All NfL
values were within the linear ranges of the assay. The intra-
assay and interassay coefficients of variation at intermediate
level (15.25 pg/mL) were 3.9% and 9.5%, respectively.

HLA Genotyping
Genomic DNA from the peripheral blood from patients with
anti-NF155+ with AN was extracted following standard pro-
tocols. HLA-DRB1 andHLA-DQB1 genotypes were analyzed
as previously described.13

Statistical Analysis
A descriptive data analysis was performed. Descriptive
statistics are shown as mean (±SD) or median (inter-
quartile range) in continuous variables and as frequencies
(percentages) in categorical variables. Comparisons be-
tween patients with anti-NF155+ AN and HC were per-
formed by the Wilcoxon rank-sum test. The Kruskal-Wallis
test was used to compare groups. Wilcoxon-Matched Pairs
Signed Rank test was used to compare baseline anti-NF155
titters and sNfL levels at different time points. We used
the Spearman coefficient to assess correlation between
variables.

Statistical significance for all analyses was set at 0.05 (2-sided).
All statistical analyses were performed with GraphPad Prism
v8 and SPSS Statistics version 23 (IBM Corp).

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

Results
Anti-NF155 Autoantibody Screening
We detected 44 sera with a positive staining in the screening
NF155 CBA and negative staining in the NF140/NF186
CBA. After performing a confirmatory study with anti-NF155
ELISA, 40 patients were confirmed true positives with ELISA
and were selected for further characterization. The other 4
patients were classified as false positives in the CBA (9.1%).
We used an untagged neurofascin-155 plasmid and confirmed
that those 4 patients were negative when the myc-DDK tag
was removed (eFigure 1, links.lww.com/NXI/A641).

Clinical Features of Anti-NF155 Patients
With AN
Thirty-nine patients with anti-NF155+ fulfilled the CIDP di-
agnostic criteria; in 1 patient, antibodies were detected post-
mortem (supplementary results, links.lww.com/NXI/A641).
Nine patients were previously reported in other series.3,14,15,25,26

The initial diagnosis was CIDP for most patients (80%), but 5
patients were initially diagnosed with Guillain-Barré syndrome
(GBS). Patients with anti-NF155+ AN had a median age at
onset of 42.4 years and were predominantly men (72.5%). The
most frequent clinical presentation was sensory motor (87.5%),
and most patients had a progressive (75%) and chronic (67.5%)
clinical course. Most patients had a symmetric weakness with
distal predominance in upper (97.2%) and lower extremities
(94.5%). The sensory deficit was symmetric and more frequent
in lower (97.5%) than in upper extremities (67.5%). Seventy-five
percent of patients had tremor and ataxia (of which, 5 had only
ataxia, 5 tremor, and 25 a combination of both). Tremor was
classified as intention tremor or action tremor in 18 patients
(60%). Thirty percent of patients had cranial nerve involvement:
bilateral facial palsy was the most frequent (70%), and 2 patients
had bilateral optic neuritis confirmed by evoked potentials27 with
normal brain and spine MRI and negative MOG and
antiaquaporin-4 antibodies. Further information about disease
characteristics is detailed in Table 1.

Regarding nerve conduction studies, 38 patients fulfilled
definite electrodiagnostic European Academy of Neurology/
Peripheral Nerve Society criteria for CIDP,19 1 patient was
defined as possible CIDP, and 1 patient did not have nerve
conduction studies performed because diagnosis was con-
firmed postmortem. We collected 33 (82.5%) NCS in which
only 26 (65%) had needle EMG available. Median amplitude
of distal CMAPs of different nerves are shown in eTable 1
(links.lww.com/NXI/A641). Seventeen of 26 patients
(65.4%) had spontaneous activity on EMG. CSF was exam-
ined in 37 (92.5%) patients; most patients had less than 5 cells
in CSF (72.2%), and all patients had high CSF protein levels
with a median of 2 g/L (0.95–3.67).
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Treatment Response and Clinical Follow-up
The median number of treatments received was 3 (2–4).
Most patients were treated with IVIg (95%) and/or cortico-
steroids (90%), and approximately half of patients (46.2%)
were treated with plasma exchange (PLEX) with a median
number of sessions of 6 (5–9). Twenty-three patients
(57.5%) were treated with rituximab, and 1 patient was in-
cluded in a blinded clinical trial of rituximab vs placebo. Of
those patients treated with rituximab (n = 23), 13 were also
treated with plasma exchange before starting rituximab, and
10 patients were treated with rituximab alone. Nine patients
were treated with azathioprine, and 8 patients received other

Table 1 Demographic and Clinical Characteristics of
Patients With NF155+ AN

Baseline characteristics

Age at onset (mean ± SD) 42.40 ± 19.48

Age at diagnosis (mean ± SD) 43.25 ± 19.30

Sex (male; n, %) 29 (72.5%)

Initial diagnosis (n, %)

CIDP 32 (80%)

GBS 5 (12.5%)

Sensory neuropathy 1 (2.5%)

Demyelinating neuropathy 1 (2.5%)

Cervical myelopathy 1 (2.5%)

CIDP clinical course (n, %)

Progressive 30 (75%)

Relapsing-remitting 10 (25%)

Time to nadir (n, %)

Acute (<1 mo) 2 (5%)

Subacute (1–2 mo) 11 (27.5%)

Chronic (>2 mo) 27 (67.5%)

Clinical presentation (n, %)

Sensory motor 35 (87.5%)

Pure sensory/ataxic 4 (10%)

Pure motor 1 (2.5%)

Weakness (n, %)

Upper extremity weakness 35 (87.5%)

Symmetric 33 (94.3%)

Proximal and distal 15 (42.9%)

Distal 19 (54.3%)

Proximal 1 (2.9%)

Lower extremity weakness 37 (92.5%)

Symmetric 34 (91.9%)

Proximal and distal 17 (45.9%)

Distal 18 (48.6%)

Proximal 2 (5.4%)

Sensory deficit (n, %)

Arm sensory deficit 27 (67.5%)

Symmetric 26 (96.3%)

Modality

Vibration 16 (59.3%)

Pinprick 16 (59.3%)

Table 1 Demographic and Clinical Characteristics of
Patients With NF155+ AN (continued)

Baseline characteristics

Superficial sensation 22 (81.5%)

Leg sensory deficit 39 (97.5%)

Symmetric 38 (95%)

Modality

Vibration 37 (92.5%)

Pinprick 32 (80%)

Superficial sensation 31 (77.5%)

Reflexes (n, %)

Absent 30 (75%)

Decreased 10 (25%)

Ataxia (n, %) 30 (75%)

Tremor (n, %) 30 (75%)

Cranial nerve involvement (n, %) 12 (30%)

Bilateral facial palsy 7

Ophthalmoparesis 3

Optic nerve 2

Clinical scales

mRS (median, IQR)

Sampling (n = 27) 3 (2–4)

Maximum (n = 37) 4 (2–4)

Final (n = 37) 2 (1–3)

I-RODS (median, IQR)

Sampling (n = 14) 49 (38–68)

Maximum (n = 17) 40 (29–57)

Final (n = 22) 59 (54–88)

Abbreviations: AN = autoimmune nodopathy; CIDP = chronic inflammatory
demyelinating polyradiculoneuropathy; GBS = Guillain-Barré syndrome; I-
RODS = Inflammatory Rasch-built Overall Disability Scale; IQR = interquartile
range; mRS = modified Rankin Scale.
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treatments (mycophenolate, methotrexate, cyclosporine, or
interferon beta1a).

Only 5 of 38 (13.1%) patients had a good response to IVIg, 10
of 36 (27.8%) patients had a good response to steroids, and 7 of
18 (38.9%) had a good response to PLEX. On the contrary, 17
of 23 (77.3%) patients had a good response to rituximab and 13
of 23 (56.5%) patients have an improvement of ≥2 points in
mRS after rituximab treatment. Rituximab-treated patients in
which mRS remained stable had lower median follow-up time,
although differences were not statistically significant (eTable 2,
links.lww.com/NXI/A641). Of the 4 rituximab-treated patients
without detectable improvement in the mRS score, 2 patients
were classified as nonresponders by their primary physicians
(median follow-up time of 37 months) and 2 patients were
classified as partial responders (median follow-up time of 6
months). Most frequent infusion protocol (36.4%) was 4

weekly + 2 monthly 375 mg/m2 doses, followed by 1 + 1
(separated 2 weeks) 1,000 mg doses (27.3%) and 4 weekly 375
mg/m2 doses (27.3%). Five (21.7%) patients had a relapse, a
median of 21 (4.5–59.5) months after induction with ritux-
imab; 11 (47.8%) patients received rituximab reinfusions. Four
(17%) patients had adverse effects related to rituximab: 2 mild
infusion reactions, 1 pneumonia, and 1 disseminated varicella
infection. Treatment frequencies, doses, and responses to
treatment are further detailed in Table 2.

The clinical scales at baseline, at nadir, and after treatment are
described in Table 1. The median follow-up time was 46
(20–81) months. Patients with facial diplegia had lower
maximum and final I-RODS than patients who did not have
facial involvement (median maximum I-RODS 22 vs 47, p =
0.003 and median final I-RODS 43 vs 61, p = 0.035 (eTable 3,
links.lww.com/NXI/A641). Three patients died during
follow-up: 1 because of CIDP disease course, 1 because of
aspiration pneumonia, and 1 because of a disseminated vari-
cella infection. Patients who received rituximab had higher
median mRS and lower I-RODS at nadir, although differences
were not statistically significant (4 [3–4] vs 3 [2–4], p = 0.5;
40 [29–49] vs 47 [9–77], p = 0.78; Table 3). They received a
higher number of previous treatments than those patients
who did not received rituximab (4 [3–5] vs 2 [2–3], p = 0.03),
including PLEX, but they did not differ at the final mRS or
I-RODS from those patients not treated with rituximab de-
spite being more drug resistant (Table 3). There were no
differences between patients treated with PLEX and rituximab
(n = 13) or with rituximab alone (n = 10), regarding response
treatment, relapses, or reinfusions needed.

Baseline Immunologic Characteristics
All sera with an anti-NF155+ CBA were also positive by
ELISA; anti-NF155 titers ranged from 1:300 to 1:72,300.
Autoantibodies were predominantly of the IgG4 subclass in all
patients. In addition, we evaluated NF155 positivity in 4 CSF
from patients with anti-NF155+ AN and 3 of them tested
positive for NF155 antibodies. We were able to perform
subclass analysis and titration in 2 CSF samples: both were
IgG4 and their titers significantly lower than in sera (1:160 in
both CSF samples and 1:24,300 and 1:72,300 in sera).

Regarding the HLA genotyping, DRB1*15 alleles (DRB1*15:
01 or DRB1*15:02) were present in 21 of 23 patients with anti-
NF155+ AN (91.3%). Most frequent allele was DRB1*15:01
(n = 13; 72.2%). No clinical differences were observed between
patients with DRB1*15:01 and DRB1*15:02, except for a trend
to younger age in patients with DRB1*15:02 (45.2 ± 20.5 vs
30.6 ± 14.6, p = 0.14). In contrast, HLA-DRB1*15 is found in
17% of Spanish population, 12% of North Italy population,
25% of Southern France population, and 20% of English
population.28

Baseline Serum NfL Levels
Serum NfL levels were determined in all samples available
(36/40) at baseline. Anti-NF155 + AN patients had

Table 2 Treatment and Clinical Response

Treatment

No. of
patients
(n, %)

Response
(n, %) Dose/Protocol

IVIg 38 (95%) Yes: 5 (13.1%)
Partial: 9
(23.7%)
No: 24 (63.2%)

2g/kg per course

Steroids 36 (90%) Yes: 10 (27.8%)
Partial: 16
(44.4%)
No: 10 (27.8%)

1 mg/kg/d: 23 (63.9%)
MP iv pulse: 4 (11.1%)
MP iv pulse + mg/kg/d: 5
(13.9%)
Others: 4 (11.1%)

PLEX 18 (46.2%) Yes: 7 (38.9%)
Partial: 6
(33.3%)
No: 5 (27.8%)

No of sessions (median,
IQR): 6 (5–9)

Rituximaba,b 23 (57.5%) Yes: 17 (77.3%)
Partial: 3
(13.6%)
No: 2 (9.1%)

4 + 2: 8 (36.4%)
4: 6 (27.3%)
1 + 1: 6 (27.3%)
Others: 2 (9.1%)

Azathioprine 9 (22.5%) Yes: 1 (11.1%)
Partial: 4
(44.4%)
No: 4 (44.4%)

—

Mycophenolate 3 (7.5%) Partial: 1
(33.3%)
No: 2 (66.7%)

—

Methotrexate 3 (7.5%) Partial: 1
(33.3%)
No: 2 (66.7%)

—

Cyclosporine 1 (2.5%) No: 1 (100%) —

Interferon beta
1a

1 (2.5%) No: 1 (100%) —

Abbreviations: IVIg = IV immunoglobulin; MP = methylprednisolone; PLEX =
plasma exchange.
4 + 2: 375 mg/m2 every week for 4 consecutive weeks and then monthly for
the next 2 months; 1 + 1: 2 1 g doses separated by 2 weeks; 4: 375 mg/m2

every week for 4 consecutive weeks.
a One patient included in a blinded clinical trial of rituximab vs placebo.
b Improvement in mRS after rituximab treatment is detailed in eTable 1
(links.lww.com/NXI/A641).
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significantly higher sNfL levels than HC (36.47 pg/mL
vs 7.56 pg/mL, p < 0.001, Figure 1 and Table 4) at baseline.
sNfL levels correlated with age in HC (r = 0.73, p < 0.001)
but not in patients with anti-NF155 + AN (r = 0.26,
p = 0.12). The samples collected pretreatment (n = 12)
have higher sNfL levels than those collected after treat-
ment had been started (n = 24) (65.84 vs 18.41 pg/mL;
p = 0.002).

Relationship Between NF155 Titers, sNfL
Levels, and Clinical Status
Absolute anti-NF155 titers did not correlate with clinical
status across patients, but they did when we evaluated
follow-up NF155 titers using baseline titers as the reference
(r = 0.41, p = 0.004; eFigures 2 and 3, links.lww.com/NXI/
A641). Baseline sNfL levels negatively correlated with
I-RODS at blood sampling (r = −0.88, p < 0.001) and with
maximum I-RODS achieved (r = −0.58, p = 0.01) (eFigure 4,
links.lww.com/NXI/A641). However, correlation between the
sNfL levels and the final I-RODS (r = −0.36; p = 0.1) did
not reach statistical significance. sNfL levels correlated with
NF155 titers at baseline (n = 36; r = 0.43, p = 0.001) and
at every time point available (n = 105; r = 0.34, p < 0.001).

Baseline sNfL levels did not correlate with lowest CMAP in
nerve conduction studies in any of the nerves tested. Although
patients showing spontaneous activity in the needle EMG of
the tibialis anterior showed higher sNfL levels than patients

without spontaneous activity (67.33 vs 25.12 pg/mL, p = 0.1),
the differences were not statistically significant.

Relationship Between NF155 Titers, sNfL
Levels, and Treatment Response to Rituximab:
Kinetics
In rituximab-treated patients with anti-NF155+ AN in which
follow-up samples at regular time points were available (n =
7), antibody titers decreased during follow-up. This decline
was significant as early as 3 months after administration of
rituximab (mean decrease of 66.7%, Figure 2). At 1 year, a
mean titer reduction of 98.6% in rituximab-treated patients
was achieved. In patients not treated with rituximab in which
follow-up sample at 1 year (n = 6) was available, no signif-
icant decrease of antibodies was observed (2 patients had a
median decrease of 94%, 2 patients remained stable, and 2
patients increased their NF155 titers) (Figure 3). sNfL levels
were higher in rituximab-treated patients compared with
those not treated with rituximab (47.69 vs 14.43 pg/mL, p =
0.08, Table 3), but differences were not statistically signifi-
cant. sNfL levels decreased at 1 year in rituximab-treated
patients (median of 37.98 pg/mL at baseline vs 11.72 pg/mL
at 1 year, p = 0.04). In patients not treated with rituximab,
median baseline sNfL levels were normal and no changes
were observed at 1 year (7.62 vs 6.95 pg/mL, p = 0.16).
Clinical status improved at 1 year in both groups, but only
the rituximab-treated group improved significantly (median
of mRS 4 [3–4] at baseline vs 2 [1–2] at the 1-year follow-up,

Table 3 Rituximab Treatmenta

Patients treated with rituximab (n = 23) Patients not treated with rituximab (n = 16) p Value

Age at onset (mean ± SD) 44.1 ± 20.7 39.25 ± 18.6 0.51

Age at diagnosis (mean ± SD) 45.2 ± 20.7 39.8 ± 18.12 0.44

Sex (male; n, %) 17 (77.3%) 11 (68.8%) 0.41

Baseline NfL levels (median, IQR) (n = 36) 47.69 (18.87–154.29) 14.43 (7.58–64.68) 0.08

NF155 titers (median, IQR) 1/24,300 (1/8,100–1/24,300) 1/8,100 (1/2,700–1/24,300) 0.19

No. of previous treatments (median, IQR) 4 (3–5) 2 (2–3) 0.03

PLEX (n, %) 14 (63.6%) 4 (25%) 0.02

mRS (median, IQR)

Baseline (n = 27) 3 (2–4) 3 (1–4) 0.94

Maximum (n = 37) 4 (3–4) 3 (2–4) 0.53

Final (n = 37) 2 (1–2) 2 (1–3) 0.62

R-ODS (median, IQR)

Baseline (n = 13) 45 (40–60) 61 (18–86) 0.83

Maximum (n = 16) 40 (29–49) 47 (9–77) 0.78

Final (n = 21) 58 (51–88) 60 (55–88) 0.69

Abbreviations: IQR = interquartile range; I-RODS = Inflammatory Rasch-built Overall Disability Scale; MP =methylprednisolone; mRS =modified Rankin Scale;
NF155 = neurofascin-155; PLEX = plasma exchange.
a We exclude 1 patient included in a blinded clinical trial of rituximab vs placebo.
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p = 0.004, in rituximab-treated AN patients and 3 [2–4] at
baseline vs 2 [1–4] at 1 year, p = 0.25, in patients not treated
with rituximab).

Discussion
Our study describes the clinical, laboratory, treatment re-
sponse and prognostic features of the largest anti-NF155+
AN cohort published so far.3,4,15,29-31 It confirms that pa-
tients with AN with autoantibodies against NF155 present
at a younger age (including a significant proportion of
patients below 30 years)5 with a specific clinical phenotype
with distal weakness, tremor, and ataxia. The presence of
these features in a patient fulfilling the CIDP criteria should
immediately prompt anti-NF155 antibody testing, as rec-
ommended in the recently published revision of the EAN/
PNS CIDP diagnostic guidelines.10 Other associated fea-
tures, which may suggest the presence of anti-NF155 AN
and prompt antinodal/paranodal autoantibody testing, are
the presence of cranial nerve palsies, particularly facial
palsy, high CSF protein content, and poor response to IVIg.
An important implication of our study for the testing rec-
ommendations in diagnostic guidelines is that almost 10%
of the patients testing positive for anti-NF155 in CBA
performed with the myc-DDK tagged NF155 plasmid are
false positives. This agrees with our previous observation
that demonstrated that a positive test in the NF155 CBA
could be due to antibodies targeting the myc-DDK tag and
not NF155 itself.32 This implies that untagged-NF155

plasmids should be preferentially used and that a second
test (ELISA or teased-nerve immunohistochemistry) is
always recommended.

Previous case series and systematic reviews suggested that pa-
tients with anti-NF155+ AN respond poorly to IVIg or that IVIg
response is less frequent than in seronegative CIDP.3,30,31,33 This
has been described in other IgG4-mediated diseases such as anti-
muscle-specific tyrosine kinase-positive myasthenia gravis.34

There are different hypotheses on why this happens in IgG4-
mediated diseases, although none has been validated. On the one
hand, complement and cell-mediated cytotoxicity do not happen
in IgG4 diseases, and thus, any effect that IVIg may have over
complement effector mechanisms or cytotoxic cells may be lost.
On the other hand, IgG4 is secreted exclusively by IL10+ reg-
ulatory B-cells, and these cells, interestingly, have significantly
lower expression of the inhibitory immunoglobulin receptor
FCGRIIb on their surface (and this could decrease the ability of
IgG4-producing cells to be inhibited by IgG).35 Our study has
also found that most patients with anti-NF155+ AN do not
respond appropriately to IVIg (or, to a lower extent, cortico-
steroids) according to their physicians. On the contrary, most
patients respond to rituximab even when they are refractory to
IVIg and corticosteroid therapy (this also happens in other IgG4-
mediated diseases36,37). More than 50% of patients in our cohort
were treated with rituximab after a poor response to other
therapies, and more than 75% had a good response. This im-
provement agrees with prospectively collected follow-up mRS
scores that show that most patients improved at least 1 point

Figure 1 Baseline Serum NfL in Anti-NF155 + Patients With AN and Healthy Controls

Patients with anti-NF155 + AN had significantly higher sNfL levels than HC. The line in the center represents the median value, and the whiskers indicate the
interquartile range. AN = autoimmune nodopathy; CIDP = chronic inflammatory demyelinating polyradiculoneuropathy; HC = healthy control; NF155 =
neurofascin-155; sNfL = serum neurofilament light chain.
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(82.6%), and a significant proportion (56.5%) improved 2 or
more points, despite being resistant to other therapies. Indeed,
despite rituximab-treated patients had used a higher number of
different drugs and showed higher disability and sNfL levels at
baseline, their final prognosis did not differ from patients who
responded to first-line therapies. The great benefit that rituximab
provides to these patients supports that it could be used as an
earlier therapeutic option, although careful assessment of the risk-
benefit balance and vaccination status needs to be performed
before rituximab treatment, as one patient died due to an in-
fection aggravated by immune-suppresion. Approximately 50%of
the patients in our cohort received PLEX. This is the result of 2
facts: first, patients presented with an aggressive neuropathy that
did not respond to first-line therapies and second, because rit-
uximab effect is not clearly seen until the third month of disease
and PLEX is used to eliminate as much autoantibody as possible
before the use of rituximab to shorten the recovery period. Our
study did not find differences in treatment response, relapses, or
reinfusions between the group of rituximab-treated patients with
anti-NF155 AN pretreated with PLEX and the group nontreated
with PLEX, but larger, dedicated studies are needed to clarify the
utility of this therapeutic strategy.

Anti-NF155 antibodies are pathogenic according to in vitro and
in vivo models.16 As such, we hypothesized that their titers
should correlate with disease severity.We found that IgG4 anti-
NF155 antibody titers correlate with clinical status within the
same patient, but not across patients. This is something that has
been described in other IgG4 autoimmune diseases treated
with rituximab, such as anti-muscle-specific tyrosine kinase
myasthenia gravis,37,38 and in other polyneuropathies as IgM
antimyelin-associated glycoprotein neuropathy.39,40 Several
factors may explain why autoantibody titers do not correlate
with clinical activity across patients: autoantibody affinity for
their target antigen and diverse biases arising from the retro-
spective nature of the study (diverse time points, diverse
treatment regimens, and diverse baseline severities and ages)
among others. However, our study proves that anti-NF155

antibody titers can be a good biomarker for disease activity and
treatment response when assessed in individual patients and
represented as changes relative to baseline levels. Indeed, in
those patients treated with rituximab, IgG4 anti-NF155 de-
creased more than a 90% relative to baseline titers or even
became negative in a few patients. This suggests that the
reappearance or a significant increase in the pathogenic auto-
antibody may precede a relapse and, thus, could guide treat-
ment reinfusions. Again, this use of the autoantibodies needs to
be validated prospectively, but the temporal evolution of the
autoantibody titers, paralleling the sNfL levels and the clinical
status in the few patients in which prospective follow-up was
available, is promising.

We identified IgG4 anti-NF155 antibodies in the CSF of 3 of
4 patients in which a CSF sample was available. Intrathecal
antipan neurofascin has been previously described,41 and
anti-NF155 antibodies in CSF have been described in 2
patients with combined central and peripheral de-
myelination42 but not in anti-NF155 AN so far. The high
protein content in CSF, the absence of oligoclonal bands,
and the presence of higher anti-NF155 titers in serum than
in CSF suggests that anti-NF155 antibodies appear in the
CSF because of blood-brain barrier disruption and not be-
cause of intrathecal synthesis. The presence of these auto-
antibodies in the CSF could help explaining the cerebellar
features in patients with anti-NF155+ AN, but larger cohorts
including patients with and without tremor in which CSF is
analyzed are needed.

Our study also showed that sNfL levels were higher in patients
with anti-NF155+ AN than in HC. High sNfL levels have also
been recently described in CIDP, particularly in a small subset
of patients with anti-NF155+ AN who showed higher sNfL
levels than seronegative CIDP.18 In our study, we found a

Table 4 Baseline SerumNfL in Anti-NF155 + PatientsWith
AN and Healthy Controls

NF155 + patients
with AN HC p Value

Age at sampling,
mean ± SD

47.87 ± 20.16 48 ± 18.1 0.78

Sex, n, % male 28 (71.8%) 31 (39.7%) 0.001

sNfL (pg/mL) <0.001

n 36 78

Median 36.47 7.56

Max 536.64 56.82

Min 3.44 2.30

Abbreviations: AN = autoimmune nodopathy; HC = healthy control; NF155 =
neurofascin-155; sNfL = serum neurofilament light chain.

Figure 2 Clinical Status, NF155 Titers, and sNfL Levels After
Rituximab Treatment Induction: Kinetics

Rituximab treated anti-NF-155 patientswith follow-up samples at regular time
points show improvement in the mRS scale, a decrease in NF155 titers, and a
decrease in sNfL levels starting on the thirdmonth of treatment infusion. The
line in the center represents the median value, and the whiskers indicate the
interquartile range. mRS = modified Rankin Scale; NF155 = neurofascin-155;
NF155 = neurofascin-155; sNfL = serum neurofilament light chain.
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strong correlation between baseline sNfL levels and initial
I-RODS and maximum I-RODS achieved, but not with final
I-RODS, suggesting that the final outcomes are not completely
determined by initial severity because effective therapies
change the course of the disease and most patients improve
significantly, regardless of the treatment used. These data differ
from those found in GBS,24 a monophasic disorder in which
initial events determine long-term outcomes, but nonetheless
suggest that sNfL may be useful to monitor disease because it
seems to happen in other peripheral neuropathies.43-45

Our study was not designed to correlate sNfL levels with
electrophysiologic parameters because EMG and sNfL levels
were not performed at the same time points, but we explored
potential correlations between CMAP amplitudes, the pres-
ence of spontaneous activity at distal, most affected, muscles,
and sNfL levels. We failed to find strong associations. sNfL
levels did not correlate with CMAP amplitudes, but they ten-
ded to be higher in patients with spontaneous activity. Thus,
our results, although preliminary, support the ability of sNfL to
monitor axonal damage. Altogether, the correlation of sNfL
with disability scales and, less strongly, with the appearance of
residual disability or spontaneous activity agrees with the rel-
atively frequent presence of distal muscle atrophy because of
secondary axonal damage that some of these patients display
and would support the use of sNfL as an early marker of
potential axonal damage that could guide treatment selection to
prevent the appearance of this permanent damage.

sNfL levels and anti-NF155 antibody titers decreased in all
patients in which prospective follow-up was performed on
rituximab therapy, whereas neither sNfL or anti-N155 levels
showed comparable changes with other treatments. The ob-
servation of the rituximab-treated prospectively followed
subset of patients suggests, considering the caveats of clinical
evaluation in monitoring disease activity in autoimmune
neuropathies, that monitoring sNfL levels that inform about

the tissue status and anti-NF155 titers that inform about the
immunologic effector mechanism, at regular intervals after
treatment, could be useful to guide treatment choices and
detect suboptimal therapeutic responses. Hypothetically, an
eventual increase in autoantibody titers or sNfL levels could
herald a subsequent relapse and detecting the biomarker in-
crease could help prevent it. However, the need of retreat-
ment should be assessed individually based on patient’s
clinical status and not only based on the laboratory data.

HLA loci are the group of genetic factors that has most fre-
quently been associated with autoimmune diseases, including
strong associations with other IgG4-mediated diseases.46-48

Previous studies have shown a strong association between a
specific Class II allele, HLA-DRB1*15 (either 15:01 or 15:
02), and patients with anti-NF155+ AN.13 Our study shows a
stronger association than previously reported (91.3%), con-
firming that this HLA allele is a constitutive risk factor that,
associated with unknown environmental factors, may be
driving the appearance of the anti-NF155 autoantibodies. The
study of this genetic association in conjunction with geo-
graphic distribution of the disorder, lifestyle, concomitant
disorders, microbiome, or environmental triggers may yield
interesting pathophysiologic insights but requires significantly
larger cohorts of patients.

Themain limitations of our study arise from the small number
of patients and its retrospective nature, including the retro-
spective analysis of treatment efficacy using chart review.
Furthermore, considering that patients were identified
through routine diagnostic testing, it is likely that our cohort is
enriched in patients with tremor or a lack of response to IVIg
because of selection bias. However, since anti-NF155+ AN
account for, approximately, 5% of all patients with CIDP, with
40 patients, our cohort provides the largest cohort in which a
comprehensive clinical, serologic, and treatment response
analysis has been performed.

Figure 3 Rituximab Treatment Response: Clinical Status, NF155 Titers, and sNfL Levels

Clinical improvement is present in patients treated with first-line therapies or rituximab but only the rituximab-treated group improved significantly. Anti-
NF155 titers and sNfL levels decreased only in rituximab-treated group. The line in the center represents the median value, and the whiskers indicate the
interquartile range. IVIg = IV immunoglobulin; mRS= modified Rankin Scale; NF155= neurofascin-155; sNfL= serum neurofilament light chain.

Neurology.org/NN Neurology: Neuroimmunology & Neuroinflammation | Volume 9, Number 1 | January 2022 9

http://neurology.org/nn


In conclusion, our study confirms that anti-NF155+ AN
constitutes a defined subset of patients with characteristic
clinical, epidemiologic, and immunologic features that
response to IVIg and steroids is often poor, whereas rit-
uximab is an effective therapy for most patients and that
anti-NF155 antibody titers and sNfL levels could be used in
combination to monitor clinical activity, ongoing axonal
damage, and treatment response.
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14. Querol L, Rojas-Garćıa R, Diaz-Manera J, et al. Rituximab in treatment-resistant CIDP
with antibodies against paranodal proteins. Neurol Neuroimmunol Neuroinflamm.
2015;2(5):e149.

15. Cortese A, Lombardi R, Briani C, et al. Antibodies to neurofascin, contactin-1, and
contactin-associated protein 1 in CIDP: clinical relevance of IgG isotype. Neurol
Neuroimmunol Neuroinflamm. 2020;7(1):e639.
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24. Mart́ın-Aguilar L, Camps-Renom P, Lleixà C, et al. Serum neurofilament light chain
predicts long-term prognosis in Guillain-Barré syndrome patients. J Neurol Neurosurg
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Abstract
Background and Objectives
Chronic inflammatory demyelinating polyneuropathy (CIDP) is an autoimmune disease pri-
marily affecting the peripheral nervous system. However, several noncontrolled studies have
suggested concomitant inflammatory CNS demyelination similar to multiple sclerosis. The aim
of this study was to investigate an involvement of the visual pathway in patients with CIDP.

Methods
In this prospective cross-sectional study, we used high-resolution spectral-domain optical co-
herence tomography to compare the thickness of the peripapillary retinal nerve fiber layer and
the deeper macular retinal layers as well as the total macular volume (TMV) in 22 patients with
CIDP and 22 age-matched and sex-matched healthy control (HC) individuals. Retinal layers
were semiautomatically segmented by the provided software and were correlated with clinical
measures and nerve conduction studies.

Results
In patients with CIDP compared with healthy age-matched and sex-matched controls, we found
slight but significant volume reductions of the ganglion cell/inner plexiform layer complex (CIDP
1.86 vs HC 1.95 mm3, p = 0.015), the retinal pigment epithelium (CIDP 0.38 vs HC 0.40 mm3,
p = 0.02), and the TMV (CIDP 8.48 vs HC 8.75 mm3, p = 0.018). The ganglion cell layer volume
and motor nerve conduction velocity were positively associated (B = 0.002, p = 0.02).

Discussion
Our data reveal subtle retinal neurodegeneration in patients with CIDP, providing evidence
for visual pathway involvement, detectable by OCT. The results need corroboration in in-
dependent, larger cohorts.
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Chronic inflammatory demyelinating polyneuropathy (CIDP) is
an autoimmune disease of the peripheral nervous system (PNS)
characterized by primary myelin sheath destruction and sec-
ondary axonal damage, leading to sensory and autonomic deficits,
flaccid paresis, andmuscle atrophy.1 The disease usually follows a
chronic progressive course with or without superimposed re-
lapses or is relapsing, thus resemblingmultiple sclerosis (MS), the
most commonprimary demyelinating autoimmune disease of the
CNS. Forrester and Lascelles2 were the first to describe 2 cases of
coincident MS and inflammatory polyneuropathy in 1979. In
1987, 6 additional cases of CIDP with CNS demyelination evi-
denced by MRI were reported.3 Several subsequent studies
suggested CNS involvement in CIDP.4-6 Further investigations
associated CIDP specifically with visual pathway disturbance.7-9

Holtkamp et al.10 showed histologically optic nerve inflammation
in a patient with CIDP. Japanese and Chinese groups have re-
cently suggested the existence of a condition termed combined
central and peripheral demyelination that resembles bothMS and
CIDP in the same patient.11-13

All these investigations, however, were noncontrolled studies,
mainly case reports and case series. In a previous effort, in-
vestigating conductivity changes of the visual pathway in pa-
tients with CIDP using multifocal visual evoked potentials
(mfVEP), we were not able to detect relevant changes com-
pared with age-matched and sex-matched healthy individ-
uals.14 This finding was recently corroborated by another
controlled study using full-field VEPs.15

Here, we investigated structural retinal changes as a marker of
CNS degeneration in patients with CIDP compared with age-
matched and sex-matched healthy individuals using spectral-
domain optical coherence tomography (SD-OCT). OCT uses
near-infrared light to generate cross-sectional and 3-dimensional
images of the retina as part of the CNS. In recent years, OCT
has emerged as a reliable and accurate, easy-to-access, and
noninvasive technique to assess microscopic retinal pathologies,
for example, in MS16-18 and other inflammatory and de-
generative CNS diseases.19-24 In MS, spectral-domain OCT has
been documented to predict long-term worsening.25

Methods
Patients
We performed a prospective study at the Department of
Neurology, Heinrich-Heine-University Düsseldorf. Subjects
were included as previously described.14 Inclusion criteria

were of age >18 years, probable or definite CIDP according to
the European Federation of Neurological Societies/Peripheral
Nerve Society CIDP guidelines and response to immuno-
modulatory treatment. The flowchart in Figure 1 gives an
overview of the subject recruitment. Of 66 subjects (44 patients
with probable or definite CIDP and 22 healthy subjects), 22
patients had to be excluded because of diabetes mellitus (n =
13) or concomitant ophthalmologic diseases (n = 9), such as
bilateral drusen (4), cataract (2), glaucoma (1), papilledema
(1), and choroidal neovascularization (1), which could con-
found the OCT measurements. Furthermore, 7 single eyes
were excluded because of drusen (6) and macular edema (1).
Healthy controls (HCs) did not report symptoms or show any
clinical signs suspicious of polyneuropathy. Four subjects with
CIDP revealed relevant serologic findings (3 had monoclonal
gammopathy and 1 was positive for anti-myelin–associated
glycoprotein immunoglobulin M antibodies). The In-
flammatory Neuropathy Cause and Treatment Overall Dis-
ability Sum Score was evaluated in all subjects with CIDP as a
measure of disability. Demographic parameters of the study
partcipants are listed in the Table. All subjects received neu-
roophthalmological examinations, including tonometry, slit-
lamp examination, and fundoscopy. In addition, 16 of 22 pa-
tients with CIDP (73%) were tested for corrected low contrast
letter recognition using 2.5% low contrast early treatment of
diabetic retinopathy study (ETDRS) charts. Because nerve
conduction studies of the lower limbs showed a high rate of
signal loss, the right ulnar nerve was used to investigate asso-
ciations with OCT parameters. Figures 2A–C exemplify the
measurement of the macular volumes by consecutive vertical
scans (Figure 2A) and the peripapillary retinal nerve fiber layer
(pRNFL) thickness (Figure 2B), and illustrate a cross-section
through the deeper retinal layers (Figure 2C). The Strength-
ening the Reporting of Observational Studies in Epidemiology
cross-sectional reporting guidelines were used.26

Spectral-Domain Optical
Coherence Tomography
APOSTEL reporting recommendations were applied for the
SD-OCT methodology and results.27 The methods are well
established and have also been used and described
elsewhere.22,23,28 For the RNFL assessment, using high-
resolution scanningmode, we obtained 12° peripapillary, disk-
centered ring scans. For macular volume evaluation, we cap-
tured 61 fovea-centered vertical scans (30° × 25°, high-speed
scanning mode). The total retinal volume and the volumes of
the different retinal layers were measured by applying the

Glossary
CIDP = chronic inflammatory demyelinating polyneuropathy; ETDRS = early treatment of diabetic retinopathy study;
GCIPL = ganglion cell IPL; GCL = ganglion cell layer; GEE = generalized estimation equation; HC = healthy control; INL =
inner nuclear layer; IPL = inner plexiform layer;mfVEP =multifocal visual evoked potential;MNCV =motor nerve conduction
velocity;MS =multiple sclerosis;OPL = outer plexiform layer; PNS = peripheral nervous system; pRNFL = peripapillary retinal
nerve fiber layer; SD-OCT = spectral-domain optical coherence tomography.
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standard 1-, 3-, and 6-mm ETDRS grid in macular volume
scans and using the mean volume of all sectors. For SD-OCT
imaging of both eyes, the SPECTRALIS OCT device (Hei-
delberg Engineering, Germany) with the image alignment
eye-tracking software system (TruTrack and Nsite analytics,
Heidelberg Engineering) was used. Averaging of macular
volume scans was performed from 14 images and of peri-
papillary ring scans from 100 scans (automatic real time). The
threshold for the image quality was beyond 20 dB. Semi-
automatic segmentation of all retinal layers using the Hei-
delberg Eye Explorer software (version HEYEX 1.8.6.0,
ViewingModule 5.8.3.0) was manually corrected by a blinded
rater. For analysis, we used only scans meeting the OSCAR-IB
quality control criteria.29

Statistical Evaluation
SPSS Statistics 24 (IBM) was used for statistical analyses.
Generalized estimation equation (GEE) models correcting
for sex and age and accounting for within-subject, in-
tersegment, or intereye correlations using an exchangeable
working correlation matrix were applied to analyze associa-
tions between clinical data and SD-OCT parameters and to
test for differences of SD-OCT parameters between controls
and patients with CIDP.

Patient Consent and Standard
Protocol Approvals
This study was approved by the local ethics committee of
Heinrich-Heine-University Düsseldorf (registry number
4389). In accordance with the Declaration of Helsinki, written
informed consent was obtained from all study participants.

On reasonable request from any qualified investigator, ano-
nymized data not published within this article will be made
available.

Results
The mean total macular volume (TMV) was significantly re-
duced in patients with CIDP (8.48 mm3, ± 0.38) compared
with HCs (8.75, ± 0.37 mm3; p = 0.018, GEE, Figure 2D).
Further analyses of the different macular layers revealed a sig-
nificant thinning of the ganglion cell layer (GCL) in patients
with CIDP (1.03 ± 0.10 mm3) compared with HCs (1.07 ±
0.11 mm3, p = 0.037) and of the inner plexiform layer (IPL) in
patients with CIDP (0.83 ± 0.08 mm3) vs healthy individuals
(0.88 ± 0.06 mm3, p = 0.015). Consequently, the often-used
combined ganglion cell IPL (GCIPL) volume also showed a
significant difference (CIDP 1.86 ± 0.17 vs HCs 1.95 ±
0.13 mm3, p = 0.018). Furthermore, the pigment epithelium
was significantly reduced in patients with CIDP compared with
HCs (0.38 ± 0.04 vs 0.40 ± 0.03 mm3, p = 0.02). No changes
were observed for the macular retinal nerve fiber layer (0.93 ±
0.15 vs 0.96 ± 0.11 mm3; p = 0.415), the inner nuclear layer
(0.99 ± 0.08 vs 0.98 ± 0.06 mm3; p = 0.715), the outer plexi-
form layer (0.77 ± 0.08 vs 0.80 ± 0.07 mm3; p = 0.067), and the
outer nuclear layer (1.72 ± 0.16 vs 1.78 ± 0.23mm3; p = 0.758).
Moreover, the peripapillary retinal nerve fiber layer (pRNFL)
thickness did not differ between patients with CIDP (96.58 ±
9.55 μm) and HCs (97.37 ± 8.39 μm; p = 0.635) (Table).

In an exploratory approach, we correlated the significantly
altered retinal layers (TMV, GCIPL, and pigment epithelium)
with neurographical and clinical parameters in the CIDP
group. We found a positive association of the motor nerve
conduction velocity of the right ulnar nerve with the GCL (p
= 0.02, B = 0.002, Figure 3A) and negative associations of the
compound muscle action potential with the retinal pigment
epithelium (RPE, p = 0.009, B = −0.003, Figure 3B) and of the
sensory nerve conduction velocity with the TMV (p = 0.009,
B = −0.01, Figure 3C). Regarding clinical parameters, positive

Figure 1 Flowchart of Subject Recruitment

Patients with CIDP and healthy controls were recruited at the
Department of Neurology, Heinrich-Heine-University in
Düsseldorf, Germany. Of the 66 individuals, 44 were patients
with CIDP and 22 healthy control subjects. Of the 44 patients
with CIDP who were screened, 22 individuals were excluded
because of concomitant diabetes mellitus and ophthalmic
pathologies. Additional 7 single eyes were excluded because
of drusen and macular edema. Of the remaining individuals,
22 were patients with CIDP and 22 age- and sex-matched
controls. CIDP = chronic inflammatory demyelinating
polyneuropathy.
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associations were detected regarding the time since clinical
disease manifestation and the TMV (p = 0.005, B = 0.003,
Figure 3D) and the IPL (p = 0.015, B = 0.001, Figure 3E). No
associations were observed between retinal layers that were
found to be changed in CIDP and low-contrast visual acuity,
clinical severity of the disease as assessed by ODSS, time since
diagnosis, therapy duration, and CSF protein levels.

Discussion
We herein present data demonstrating subtle retinal de-
generation in patients with CIDP detected by optical coherence
tomography. Our observations provide further evidence for a
CNS involvement in CIDP. A number of case reports or small
series have implicated some connection between autoimmune
peripheral demyelination and specific CNS pathologies. Two
case-control studies have recently been published. We looked at
mfVEPs in CIDP and found no clear-cut evidence of CIDP-
dependent alterations.14 Dziadkowski et al.15 compared multi-
modal evoked potentials in patients with CIDP and HCs and
detected prolonged latencies in VEP, brainstem acoustic evoked
potentials, and somatosensory-evoked potentials.

Because CIDP is an autoimmune and primary demyelinating
PNS disease, its most obvious CNS counterpart is MS. Classic

OCT alteration in MS occurs in the pRNFL, which is de-
creased in thickness especially after optic neuritis,30 but also
independent of optic neuritis.31 Here, we did not observe any
alterations in pRNFL thickness in CIDP. GCIPL, which
contains the neurons forming nonmyelinated axons of the
RNFL and their dendritic arbors, has been shown to be also
affected in patients with MS and displayed robust differences
between patient and control eyes.32,33 It has been suggested to
be equivalent to the pRNFL, concerning its utility in di-
agnosis, monitoring, and research in MS.16 In the GCIPL, as
well as the GCL and the IPL separately, we observed a sig-
nificant volume reduction in CIDP compared with HC eyes.
The GCL is believed to be a sensitive biomarker of neuro-
degeneration34 and may even have advantages compared with
the RNFL because it is not inflicted by edema in optic neuritis
in MS, and therefore, atrophy becomes detectable earlier.35,36

In addition, GCL seems to reflect MRI changes in MS better
than pRNFL, and it seems to have a lower variability in cross-
sectional data.37-39 Whether these findings are applicable in
the context of CIDP, however, is unclear because we have
previously found that mfVEP was not markedly altered in
patients with CIDP.14 Because mfVEP is quite sensitive in
detecting optic nerve damage, the significant changes in the
GCL may therefore point toward a retinal, rather than optic
nerve pathology. Another explanation may be a degenerative
process in the posterior visual pathway, which could lead to

Figure 2 OCT Measurements

(A) Themacular thickness and volume were calculated from consecutive vertical scans centered on themacula. (B) The peripapillary RNFL was evaluated in a
circular scan centered on the optic disk. (C) The deeper retinal layers were semiautomatically segmented in a single horizontal foveal scan. The volumes of the
retinal layers were assessed by averaging 14 images from vertical scans. (D) Scatter plots display the macular layer volumes or thickness. All values are
described asmean ± SD. Each point represents 1 eye. Themean of all eyes is represented by the horizontal line. Statistical differences in patients with CIDP vs
healthy controls were assessed by GEE accounting for several measurements in the same individual (2 eyes). GEE = generalized estimation equation;mGCIPL
=macular ganglion cell/inner plexiform layer; mGCL =macular ganglion cell layer; mINL =macular inner nuclear layer; mIPL =macular inner plexiform layer;
mONL =macular outer nuclear layer;mOPL =macular outer plexiform layer;mRNFL =macular retinal nerve fiber layer; OCT = optical coherence tomography;
pRNFL = peripapillary retinal nerve fiber layer; RPE = retinal pigment epithelium; TMV = total macular volume.
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retrograde transsynaptic degeneration in the retina. However,
the lack of MRI brain imaging limits this study in assessing for
that possibility.

We also noted a decrease in RPE layer volumes in patients
with CIDP. Concerning embryology, the RPE stems from
neuroectodermal cells, and thus, these epithelial cells can be
considered as CNS cells.40 The biological context of this
finding seems unclear. The TMV was significantly decreased
in patients with CIDP, which rather reflects a thinning of
single retinal layers.

At this point, it can only be speculated how retinal de-
generation and immune mediated peripheral nerve damage
are linked biologically. Retinal atrophy can result from ret-
rograde degeneration after an insult to the optic nerve, acti-
vation of apoptotic pathways, and glial activation.41-44 Because
CIDP is an autoimmune disease, one possibility would be the
presence of a common antigen in peripheral nerves and the
optic nerve or the retina, but to date, none has been identified.

A direct immune attack on the retina remains a theoretical
possibility, but likewise, nothing is known about antigens

shared with peripheral nerves. To learn more about possible
clinical implications, we investigated relations between the
retinal layer volumes and nerve conduction and clinical pa-
rameters. In an exploratory approach, we found a number of
associations. The most remarkable was a positive association
between the macular GCL volume and the motor nerve
conduction velocity of the right ulnar nerve.

The study has obvious limitations. The cohort size of 22
individuals per group does allow for statistical evaluation, but
it does not withstand corrections for multiple testing. Because
the study is explicitly of exploratory nature, we deem this to be
acceptable. Furthermore, our findings suggest that an in-
depth investigation of the visual pathway is warranted in
CIDP by, for example, applying OCT side-by-side with MRI
covering the optic radiation. Although this was not part of the
current investigation, it would be important and of interest to
correlate subclinical MRI involvement with OCT alterations
in CIDP.

Taken together, the data suggest degenerative processes in the
retina and thus the CNS in CIDP. Particularly, the changes in
the GCIPL could point to underlying processes that may be

Table Demographical, Clinical, and OCT Parameters of Patients With CIDP and HCs

Characteristics
Patients with CIDP
n = 22

HCs
n = 22 p Value

Age (y, mean ± SD) 58.27 ± 12.91 57.68 ± 12.21 —

Male 14 of 22 (63.6%) 13 of 22 (59.1%) —

White ethnicity 22 of 22 (100%) 21 of 22 (95.5%) —

Disease duration at OCT (mo, mean ± SD) 102.5 ± 81.9 n.a. —

Duration of IVIG treatment at OCT (mo, mean ± SD) 41.40 ± 36.48 n.a. —

ODSS at OCT (mean ± SD) 3.11 ± 1.69 n.a. —

OCT parameters

TMV (mm3, mean ± SD) 8.48 ± 0.38 (−3.1%) 8.75 ± 0.37 0.018

mRNFL volume (mm3, mean ± SD) 0.93 ± 0.15 0.96 ± 0.11 0.415

GCIPL volume (mm3, mean ± SD) 1.86 ± 0.17 (−4.6%) 1.95 ± 0.13 0.018

GCL volume (mm3, mean ± SD) 1.03 ± 0.10 (−3.7%) 1.07 ± 0.11 0.037

IPL volume (mm3, mean ± SD) 0.83 ± 0.08 (−5.6%) 0.88 ± 0.06 0.015

INL volume (mm3, mean ± SD) 0.99 ± 0.08 0.98 ± 0.06 0.715

OPL volume (mm3, mean ± SD) 0.77 ± 0.08 0.80 ± 0.07 0.067

ONL volume (mm3, mean ± SD) 1.72 ± 0.16 1.78 ± 0.23 0.758

Pigment epithelium volume (mm3, mean ± SD) 0.38 ± 0.04 (−5.0%) 0.40 ± 0.03 0.020

pRNFL thickness (μm, mean ± SD) 96.58 ± 9.55 97.37 ± 8.39 0.635

Abbreviations: CIDP = chronic inflammatory demyelinating polyneuropathy; IVIG = IV immunoglobulins; mGCIPL = macular ganglion cell/inner plexiform
layer; mGCL = macular ganglion cell layer; mINL = macular inner nuclear layer; mIPL = macular inner plexiform layer; mRNFL = macular retinal nerve fiber
layer; mONL =macular outer nuclear layer; mOPL =macular outer plexiform layer; n.a. = not available; OCT = optical coherence tomography; ODSS = overall
disability sum score; pRNFL = peripapillary retinal nerve fiber layer.
Indicated are the demographical, clinical, and optical coherence tomography parameters as means and SD.
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functionally and biologically relevant. To consolidate these
intriguing findings, an independent longitudinal study of a
larger patient cohort should be conducted.
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Figure 3 Analysis of Associations With Neurographic and Clinical Features

Scatter plots of associations of retinal layers with nerve conduction and compound action potential amplitudes of the right ulnar nerve, as well as time since
disease manifestation in patients with CIDP vs. healthy controls. Each dot represents 1 eye, p values (GEE method), and regression lines are provided. (A)
Positive association of MNCV with mGCL (p = 0.021). (B) Negative association of CMAP with mRPE (p = 0.009). (C) Negative association of SNCV with TMV (p =
0.009). (D and E) Positive association of the time of OCT measurement since disease manifestation with TMV (D, p = 0.005) and mIPL (E, p = 0.015). CIDP =
chronic inflammatory demyelinating polyneuropathy; CMAP = compound motor action potential; GEE = generalized estimation equation; mGCL, macular
ganglion cell layer; mIPL, macular inner plexiform layer; MNCV, motor nerve conduction velocity; mRPE, macular retinal pigment epithelium; SNCV, sensory
nerve conduction velocity; TMV, total macular volume.
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22. Ringelstein M, Albrecht P, Südmeyer M, et al. Subtle retinal pathology in amyotrophic
lateral sclerosis. Ann Clin Transl Neurol. 2014;1(4):290-297.

23. Albrecht P, Müller AK, Ringelstein M, et al. Retinal neurodegeneration in Wilson’s
disease revealed by spectral domain optical coherence tomography. PLoS One. 2012;
7(11):e49825.

24. Oertel FC, Havla J, Roca-Fernández A, et al. Retinal ganglion cell loss in neuromyelitis
optica: a longitudinal study. J Neurol Neurosurg Psychiatry. 2018;89(12):1259-1265.

25. Lambe J, Fitzgerald KC, Murphy OC, et al. Association of spectral-domain OCT with
long-term disability worsening in multiple sclerosis. Neurology. 2021;96(16):
e2058-e2069.

26. von Elm E, Altman DG, Egger M, Pocock SJ, Gøtzsche PC, Vandenbroucke JP. The
Strengthening the Reporting of Observational Studies in Epidemiology (STROBE)
statement: guidelines for reporting observational studies. J Clin Epidemiol. 2008;
61(4):344-349.

27. Cruz-Herranz A, Balk LJ, Oberwahrenbrock T, et al. The APOSTEL recommenda-
tions for reporting quantitative optical coherence tomography studies. Neurology.
2016;86(24):2303-2309.

28. Lee JI, Gemerzki L, Boerker L, et al. No alteration of optical coherence tomography
and multifocal visual evoked potentials in eyes with symptomatic carotid artery dis-
ease. Front Neurol. 2019;10:741.

29. Tewarie P, Balk L, Costello F, et al. TheOSCAR-IB consensus criteria for retinal OCT
quality assessment. PLoS One. 2012;7(4):e34823.

30. Balk LJ, Twisk JWR, Steenwijk MD, et al. A dam for retrograde axonal degeneration in
multiple sclerosis? J Neurol Neurosurg Psychiatry. 2014;85(7):782-789.

31. Albrecht P, Ringelstein M, Müller AK, et al. Degeneration of retinal layers in multiple
sclerosis subtypes quantified by optical coherence tomography. Mult Scler. 2012;
18(10):1422-1429.

32. Syc SB, Saidha S, Newsome SD, et al. Optical coherence tomography segmentation
reveals ganglion cell layer pathology after optic neuritis. Brain. 2012;135(pt 2):521-533.

33. Oberwahrenbrock T, Ringelstein M, Jentschke S, et al. Retinal ganglion cell and inner
plexiform layer thinning in clinically isolated syndrome. Mult Scler. 2013;19(14):
1887-1895.

34. Motamedi S, Gawlik K, Ayadi N, et al. Normative data and minimally detectable
change for inner retinal layer thicknesses using a semi-automated OCT image seg-
mentation pipeline. Front Neurol. 2019;10:1117.

35. Kupersmith MJ, Garvin MK, Wang JK, Durbin M, Kardon R. Retinal ganglion cell
layer thinning within one month of presentation for optic neuritis. Mult Scler. 2016;
22(5):641-648.

36. Gabilondo I, Mart́ınez-Lapiscina EH, Fraga-Pumar E, et al. Dynamics of retinal injury
after acute optic neuritis. Ann Neurol. 2015;77(3):517-528.

37. Saidha S, Al-Louzi O, Ratchford JN, et al. Optical coherence tomography reflects brain
atrophy in multiple sclerosis: a four-year study. Ann Neurol. 2015;78(5):801-813.

38. Nolan-Kenney RC, Liu M, Akhand O, et al. Optimal intereye difference thresholds by
optical coherence tomography in multiple sclerosis: an international study. Ann
Neurol. 2019;85(5):618-629.

39. Aktas O, Hartung H-PCSI. Multiple sclerosis. Tracing optic nerve involvement by
standardized optical coherence tomography. Ann Neurol. 2019;85(5):615-617.

40. Strauss O. The retinal pigment epithelium in visual function. Physiol Rev. 2005;85(3):
845-881.

41. Horstmann L, Schmid H, Heinen AP, Kurschus FC, Dick HB, Joachim SC. Inflammatory
demyelination induces glia alterations and ganglion cell loss in the retina of an experi-
mental autoimmune encephalomyelitis model. J Neuroinflammation. 2013;10:120.

42. Cruz-Herranz A, Dietrich M, Hilla AM, et al. Monitoring retinal changes with optical
coherence tomography predicts neuronal loss in experimental autoimmune enceph-
alomyelitis. J Neuroinflammation. 2019;16:203.

43. Manogaran P, Samardzija M, Schad AN, et al. Retinal pathology in experimental optic
neuritis is characterized by retrograde degeneration and gliosis. Acta Neuropathol
Commun. 2019;7:116.

44. Green AJ, McQuaid S, Hauser SL, Allen IV, Lyness R. Ocular pathology in multiple
sclerosis: retinal atrophy and inflammation irrespective of disease duration. Brain.
2010;133(pt 6):1591-1601.

8 Neurology: Neuroimmunology & Neuroinflammation | Volume 9, Number 1 | January 2022 Neurology.org/NN

http://neurology.org/nn


ARTICLE OPEN ACCESS

Interleukin-6 Receptor Blockade in Treatment-
Refractory MOG-IgG–Associated Disease and
Neuromyelitis Optica Spectrum Disorders
Marius Ringelstein, MD,* Ilya Ayzenberg, MD,* Gero Lindenblatt, MD, Katinka Fischer, MSc, Anna Gahlen, MD,

Giovanni Novi, MD, Helen Hayward-Könnecke, MD, Sven Schippling, MD, Paulus S. Rommer, MD,

Barbara Kornek, MD, Tobias Zrzavy, MD, Damien Biotti, MD, Jonathan Ciron, MD, Bertrand Audoin, MD,

Achim Berthele, MD, Katrin Giglhuber, MD, Helene Zephir, MD, Tania Kümpfel, MD, Robert Berger, MD,
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Abstract
Background and Objectives
To evaluate the long-term safety and efficacy of tocilizumab (TCZ), a humanized anti–
interleukin-6 receptor antibody in myelin oligodendrocyte glycoprotein–IgG–associated dis-
ease (MOGAD) and neuromyelitis optica spectrum disorders (NMOSD).

Methods
Annualized relapse rate (ARR), Expanded Disability Status Scale score, MRI, autoantibody
titers, pain, and adverse events were retrospectively evaluated in 57 patients withMOGAD (n =
14), aquaporin-4 (AQP4)-IgG seropositive (n = 36), and seronegative NMOSD (n = 7; 12%),
switched to TCZ from previous immunotherapies, particularly rituximab.

Results
Patients received TCZ for 23.8 months (median; interquartile range 13.0–51.1 months), with
an IV dose of 8.0 mg/kg (median; range 6–12 mg/kg) every 31.6 days (mean; range 26–44
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days). For MOGAD, the median ARR decreased from 1.75 (range 0.5–5) to 0 (range 0–0.9; p = 0.0011) under TCZ. A similar
effect was seen for AQP4-IgG+ (ARR reduction from 1.5 [range 0–5] to 0 [range 0–4.2]; p < 0.001) and for seronegative
NMOSD (from 3.0 [range 1.0–3.0] to 0.2 [range 0–2.0]; p = 0.031). During TCZ, 60% of all patients were relapse free (79% for
MOGAD, 56% for AQP4-IgG+, and 43% for seronegative NMOSD). Disability follow-up indicated stabilization. MRI in-
flammatory activity decreased inMOGAD (p = 0.04; for the brain) and in AQP4-IgG+NMOSD (p < 0.001; for the spinal cord).
Chronic pain was unchanged. Regarding only patients treated with TCZ for at least 12 months (n = 44), ARR reductions were
confirmed, including the subgroups of MOGAD (n = 11) and AQP4-IgG+ patients (n = 28). Similarly, in the group of patients
treated with TCZ for at least 12 months, 59% of them were relapse free, with 73% for MOGAD, 57% for AQP4-IgG+, and 40%
for patients with seronegative NMOSD. No severe or unexpected safety signals were observed. Add-on therapy showed no
advantage compared with TCZ monotherapy.

Discussion
This study provides Class III evidence that long-term TCZ therapy is safe and reduces relapse probability in MOGAD and
AQP4-IgG+ NMOSD.

Myelin oligodendrocyte glycoprotein (MOG)-IgG–associated
disease (MOGAD) and neuromyelitis optica spectrum disor-
der (NMOSD)with or without anti–aquaporin-4 (AQP4)-IgG
are antibody-mediated, chronic inflammatory CNS conditions
in most cases.1-4 Although the clinical presentation with uni-
lateral or bilateral optic neuritis (ON), longitudinally extensive
transverse myelitis, or brain stem syndromes may be similar in
MOGAD and NMOSD, demographic, clinical, imaging, and
pathophysiologic findings strongly suggest the presence of 2
distinct disease entities.4-8 As MOGAD, excluding acute dis-
seminated encephalomyelitis (ADEM), and NMOSD typically
follow a relapsing course in adults,3,9 attack prevention is key to
avoid disability accumulation. Recently, a variety of therapeutic
strategies such as CD19/20-mediated B-cell depletion,10,11

complement inhibition,12 and interleukin-6 (IL-6) receptor
blockade13,14 were successfully investigated in pivotal NMOSD
trials, particularly in AQP4-IgG+ patients. Yet, insights con-
cerning the effectiveness and safety of such agents in MOGAD
are scarce.

IL-6 plays an important role in the pathophysiology of
NMOSD.15 Increased levels were detected in the serum and
CSF, particularly during attacks.16 IL-6 promotes the dif-
ferentiation of inflammatory Th17 cells17 and the pro-
duction of AQP4-IgG by B cell–derived plasmablasts in
NMOSD18 and increases the permeability of the blood-brain
barrier,19 facilitating CNS inflammation. The efficacy of IL-6
receptor blockade in AQP4-IgG+ NMOSD was suggested
by studies using tocilizumab (TCZ) in adults and children20-
26 and demonstrated by 2 pivotal trials of satralizumab,

whereas the effect in AQP4-IgG–seronegative patients was
less evident.13,14 As AQP4-IgG+ NMOSD and MOGAD
both display antibody- and complement-mediated CNS in-
jury and similar inflammatory CSF profiles (with elevated
IL-6),27,28 IL6-blockade may also be beneficial in MOGAD,
supported by recent case reports.23,25,26,29-33 This retro-
spective multicenter study explored the safety and efficacy of
TCZ in patients with MOGAD and is able to connect these
findings with the effects of TCZ in classical (i.e., AQP4-
IgG+) or double-seronegative NMOSD.

Patients and Previous Treatments
Fifty-seven patients with relapsing MOGAD (n = 14),34 ex-
cluding ADEM, classical AQP4-IgG+ NMOSD (n = 36), or
double-seronegative NMOSD (n = 7), mainly of Caucasian
descent (n = 50; Table 1), from neurologic departments of 23
tertiary referral centers in Germany (n = 13, all members of
the German Neuromyelitis Optica Study Group [NEMOS]),
France (n = 5, all members of the NOMADMUS cohort),
Austria (1), Italy (1), Switzerland (1), United Kingdom (1),
and United States of America (1) were retrospectively ana-
lyzed. The evaluated TCZ treatment period ranged from
December 2010 until November 2019. Regarding de-
mographic parameters (Table 1), the mean age at disease
manifestation was comparable for patients with MOGAD or
AQP4-IgG+ NMOSD (35.5 or 36.1 years, respectively; p =
0.89), as well as the age when TCZ was started (38.4 or 42.8
years, p = 0.35). Five patients were younger than 18 years at
disease manifestation, and 3 of them younger than 18 years at
initiation of TCZ. Of note, patients with AQP4-IgG+

Glossary
ADEM = acute disseminated encephalomyelitis; AQP4 = aquaporin-4; ARR = annualized relapse rate; AZA = azathioprine;
EDSS = Expanded Disability Status Scale;HDS = high-dose steroid; IL-6 = interleukin-6; IQR = interquartile range; IVIG = IV
immunoglobulin; LDS = low-dose steroid; MMF = mycophenolate mofetil; MOG = myelin oligodendrocyte glycoprotein;
MOGAD = myelin oligodendrocyte glycoprotein–IgG–associated disease; MTX = methotrexate; NMOSD = neuromyelitis
optica spectrum disorder; ON = optic neuritis; RTX = rituximab; SLE = systemic lupus erythematosus; TCZ = tocilizumab;
UTI = urinary tract infection.

2 Neurology: Neuroimmunology & Neuroinflammation | Volume 9, Number 1 | January 2022 Neurology.org/NN

http://neurology.org/nn


NMOSD were predominantly female, in contrast to patients
withMOGAD(91% vs 35% female, respectively). Patients with
AQP4-IgG+ NMOSD tended to have a longer history of dis-
ease (median 5.5 years) and were more severely affected at
TCZ start (median Expanded Disability Status Scale [EDSS]
score 6.25) than patients with MOGAD (median disease du-
ration 2.2 years, p = 0.13;median EDSS score 2.75, p< 0.01). In
the MOGAD group, 7 patients (50%) fulfilled the 2015 revised
international consensus diagnostic criteria for NMOSD.35 Be-
fore TCZ therapy, patients with MOGAD had had a median of
6 attacks (range 1–12 attacks) with 4.5 ON (median; range
1–10 ON) and 2.0 myelitis events (median; range 1–5 myelitis
events). In the NMOSD group, 5/7 double-seronegative
(71%) and 27/36 AQP4-IgG+ (75%) patients fulfilled the
2006 NMO diagnostic criteria,36 whereas all AQP4-IgG+ and
double-seronegative patients fulfilled the 2015 NMOSD di-
agnostic criteria.35 Of note, 47/57 (83%) patients were tested
for both antibodies, and none was double positive. Ten AQP4-
IgG+ patients were not tested for MOG-IgG. Before TCZ, all
patients had been treated with different immunotherapies fol-
lowing established recommendations, and, remarkably, all had
received rituximab (RTX) (Table 1; Figures 1 and 2 for sero-
positive patients). Within the last 24, 12, and 6 months before
TCZ switch, 53/57 (93%), 44/57 (77%), and 31/57 (54%) of
the patients were treated with RTX, respectively. B-cell counts,
collected briefly before the start of TCZ (median interval 0.9
months; interquartile range [IQR] 0.4–1.9 months), were
available for 33/57 (58%) patients (25/36 [69%] AQP4-IgG+
NMOSD, 6/14 [43%] MOGAD, and 2/7 [29%] double-
seronegative patients). Of these 33 patients, 28 (85%) patients
(21/25 [84%] AQP4-IgG+ NMOSD, 5/6 [83%] MOGAD,
and 2/2 [100%] double-seronegative patients) showed mark-
edly reduced or depleted B cells. During the total pre-TCZ
treatment phase (median duration of 2.9 years), patients had
6.0 attacks (median; range 1–30 attacks). Considering the last 2
years before TCZ start, 3.0 attacks (median; range 0–10 at-
tacks) were recorded (Table 1).

Methods
All clinical and paraclinical data were analyzed retrospectively by
chart review. Patients were continuously treated at the contrib-
uting centers, specialized in clinical neuroimmunology, with
regular assessment of clinical (attacks, EDSS score, and pain
levels) and paraclinical (MRI, AQP4- and MOG-IgG, and other
laboratory tests) data. AQP4-IgG and MOG-IgG antibodies
were exclusively measured by cell-based assays. The primary
outcome was the annualized relapse rate (ARR). An attack was
defined as definitely new neurologic symptom or clear acute
worsening of previous neurologic deficits with objective clinical
signs, lasting for at least 24 hours and attributed to an in-
flammatory CNS event, confirmed by the treating physician.
Safety aspects comprised infusion-related reactions, infections,
tumors, cardiovascular events, and standard laboratory tests.
AQP4-IgG titers, EDSS score, and chronic pain (occurrence and
intensity, classified asmild = 1,moderate = 2, or severe = 3)were

assessed at TCZ start and, if available, at last follow-up during
TCZ. MRI of the cervicothoracic spinal cord and the brain,
evaluated at TCZ onset and last available follow-up, was classi-
fied as nonactive or active, indicated by the presence of new T2
or contrast-enhancing lesions.

Statistical Analysis
In general, the ARR was calculated by dividing the number of
attacks within the last 2 years before TCZ switch or during
TCZ treatment time by 2. However, for 19 patients, who had
a TCZ pretreatment phase of <2 years (median 1.1 years), we
categorically divided the total number of attacks by 2, and for
13 patients with a follow-up period of <1 year (median 0.5
years) during TCZ treatment, we divided the number of at-
tacks by the concrete treatment duration and thus extrapo-
lated this measure to 1 year. To avoid possible overestimation
of the relapse-free proportion in the latter group, we excluded
those 13 patients with TCZ treatment durations of <12
months for subgroup analyses.

In the descriptive analysis, values are given as mean or median,
with the appropriate measures of dispersion (i.e., range, SD,
or IQR). In all cases, the assumption of normal distribution
could not be affirmed. Therefore, only nonparametrical tests
were used. To test for statistically significant differences be-
tween 2 related samples like ARR before TCZ switch and ARR
under TCZ therapy, theWilcoxon signed-rank test was used. In
case of paired categorical data with a dichotomous trait, the
exact binomial test was used. For count data–like relapses, we
also applied an unconditional Poisson regression. Statistical
results are presented as p values and 95% confidence intervals. p
Values <0.05 were considered to indicate statistically significant
results. Because of the exploratory nature of the study, no
adjustment for multiple comparisons was made. Version 3.6.3
of the R statistics package was used for statistical analysis.

Standard Protocol Approvals, Registrations,
and Patient Consents
Ethical approval was obtained from the Institutional Review
Board of the Heinrich Heine University Düsseldorf (#3419)
and from each participating center by their local institutional
review boards according to ICH/GCP. All patients provided
written informed consent.

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

Results
TCZ Reduced ARR
Forty-five of 57 (79%) patients switched to TCZ due to on-
going disease activity, 5/57 (9%) due side effects of prior
immunotherapies (including allergic reactions on RTX in 3
patients), and 6/57 (10%) because of concomitant disease
activity and adverse events. In 1 patient, the detection of
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Table 1 Demographics and Disease Characteristics of Patients With MOGAD and NMOSD

Cohort
MOGAD
(n = 14)

AQP4-IgG+ NMOSD
(n = 36)

Double seronegatives
(n = 7)

Total
(N = 57)

Ethnicity, n (%)

Caucasian 13 (93) 30 (83) 7 (100) 50 (88)

African — 3 (8) — 3 (5)

Arabian 1 (7) 2 (6) — 3 (5)

Latin American — 1 (3) — 1 (2)

Sex, n: female/male (% female) 5/9 (35) 33/3 (91) 6/1 (85) 44/13 (77)

AQP4 serostatus, n: pos/neg (% positive) 0/14 (0) 36/36 (100) 0/7 (0) 36/21 (63)

MOG serostatus, n: pos/neg/NAa (% positive) 14/0/0 (100) 0/26/10 (0) 0/7/0 (0) 14/33/10 (25)

NMO based on 2006 criteria, n: yes/no (% yes) 4/10 (28) 27/9 (75) 5/2 (71) 36/21 (63)

NMO based on 2015 criteria, n: yes/no (% yes) 7/7 (50) 36/0 (100) 7/0 (100) 50/7 (87)

Age at disease manifestation, y: mean (SD) 35.5 (14.7) 36.1 (15.2) 42.7 (11.5) 36.8 (14.6)

Disease duration before TCZ, y: median (IQR) 2.2 (1.2–3.4) 5.5 (1.2–9.0) 2.4 (2.3–5.1) 2.9 (1.3–8.2)

Relapses under last immunotherapy, n: median (IQR) 1.5 (1.0–2.0) 1.0 (1.0–2.0) 3.0 (1.5–3) 1.0 (1.0–2.0)

Relapses during last 2 y before TCZ, n: median (IQR) 3.5 (2.2–5.0) 3.0 (2.0–5.0) 6.0 (2.5–6.0) 3.0 (2.0–5.0)

Age at TCZ start, y: mean (SD) 38.4 (15.0) 42.8 (14.6) 46.5 (10.8) 42.2 (14.3)

Number of TCZ infusions, n: mean (SD) 26.9 (21.7) 37.6 (31.1) 28.4 (21.9) 34.0 (28.2)

TCZ intervals, d: mean (SD) 30.8 (4.6) 32.1 (4.6) 30.4 (0.8) 31.6 (4.3)

TCZ treatment duration, mo: median (IQR) 16.3 (14.2–44.6) 27.9 (12.9–53.2) 30.4 (10.3–38.1) 23.8 (13.0–51.1)

Relapses before TCZ, n: median (IQR) 6.0 (4.2–8.0) 5.0 (3.0–10.2) 6.0 (5.5–8.5) 6.0 (3.0–9.0)

Relapses under TCZ, n: median (IQR) 0 (0–0) 0 (0–1.0) 1.0 (0–2.0) 0 (0–1.0)

EDSS score before TCZ: median (IQR) 2.75 (2.0–3.5) 6.25 (3.0–7.6) 5.0 (4.5–5.8) 4.5 (3.0–7.0)

EDSS score under TCZ: median (IQR) 2.0 (1.2–2.9) 4.25 (2.5–7.0) 5.0 (3.5–6.8) 3.5 (2.0–6.5)

Immunotherapies before TCZ, n (%):

Rituximab 14 (100) 36 (100) 7 (100) 57 (100)

Azathioprine 3 (21) 13 (36) 2 (29) 18 (32)

Mycophenolate mofetil 3 (21) 7 (19) 1 (14) 11 (19)

Low-dose steroid monotherapy 4 (29) 7 (19) 0 (0) 11 (19)

Methotrexate 1 (7) 7 (19) 3 (43) 11 (19)

Cyclophosphamide 2 (14) 8 (22) 1 (14) 11 (19)

IVIG 3 (21) 4 (11) 0 (0) 7 (12)

Interferon-beta 0 (0) 5 (14) 1 (14) 6 (11)

Mitoxantrone 0 (0) 5 (14) 0 (0) 5 (9)

Glatiramer acetate 0 (0) 2 (6) 1 (14) 3 (5)

Natalizumab 0 (0) 1 (3) 1 (14) 2 (4)

Long-term plasma exchange 1 (7) 1 (3) 0 (0) 2 (4)

Alemtuzumab 0 (0) 1 (3) 0 (0) 1 (2)

Fingolimod 0 (0) 1 (3) 0 (0) 1 (2)

Cyclosporin A 0 (0) 1 (3) 0 (0) 1 (2)

Continued
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neutralizing antibodies against RTX was the reason for
treatment switch. TCZ was administered IV (mean 34 infu-
sions, range 3–109) in 56 patients (98%) at a mean interval of
31.6 days (range 26.1–44.2 days) and with a median dose of
8.0 mg/kg body weight (range 6.0–12.0 mg/kg body weight;
Table 1) and subcutaneously in 1 patient (2%) with weekly
injections of 162 mg. The interval from last relapse to initia-
tion of TCZ was similar for all groups, i.e., 2.2 months (me-
dian, IQR 1.1–5.1 months) for patients with AQP4-IgG+
NMOSD, 3.2 months (1.5–4.8 months) for the MOGAD
subgroup, and 2.4 months (1.7–6.2 months) for double
seronegatives.

The median treatment duration was 23.8 months (IQR
13.0–51.1 months), with patients with AQP4-IgG+ NMOSD

showing the longest TCZ exposure (27.1 months), compared
with MOGAD (16.3 months) and double-seronegative (30.4
months) patients. In one-third of patients (20/57), TCZ was
given as an add-on treatment; in 2 of them due to comorbidities
(psoriasis cotreated with methotrexate [MTX]; chronic poly-
arthritis with oral low-dose steroids [LDSs]). Additional medi-
cations included LDS (n = 10), MTX (n = 4), mycophenolate
mofetil (MMF; n = 2), azathioprine (AZA; n = 1), IV immu-
noglobulins (IVIG; n = 1), RTX (n = 1), andmonthly high-dose
steroids (HDS; n = 1), administered for <6 months in 3 patients
and >6 months in 17 patients during TCZ treatment.

Initiation of TCZ was followed by a decrease of the
median ARR in patients with AQP4-IgG+ NMOSD from
1.5 to 0 (p < 0.001, 95% CI 0–0.2) compared with the last 2

Table 1 Demographics and Disease Characteristics of Patients With MOGAD and NMOSD (continued)

Cohort
MOGAD
(n = 14)

AQP4-IgG+ NMOSD
(n = 36)

Double seronegatives
(n = 7)

Total
(N = 57)

Belimumab 1 (7) 0 (0) 0 (0) 1 (2)

Etanercept 0 (0) 1 (3) 0 (0) 1 (2)

Abbreviations: AQP4 = aquaporin-4; EDSS = Expanded Disability Status Scale;
MOG =myelin oligodendrocyte glycoprotein; MOGAD =MOG-IgG–associated disorder; NMOSD = neuromyelitis optica spectrum disorder; TCZ = tocilizumab.
a MOG-IgG ab not tested.

Figure 1 Disease Courses and Individual Maintenance Immune Therapies of Patients With MOGAD

First attacks are indicated as red diamonds and further attacks as blue diamonds. IVIG = IV immunoglobulin; IVMP = IV methylprednisolone; MOG = myelin
oligodendrocyte glycoprotein; MOGAD = MOG-IgG–associated disease.
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years before TCZ start. Of note, patients with MOGAD
showed a similar median ARR reduction from 1.75 to 0
(p = 0.0011, 95% CI 1.3–2.6). For patients with double-
seronegative NMOSD, median ARR reduction was less
prominent but still significant (from 3.0 to 0.2 [p < 0.032,
95% CI 0.3–2.8]). For the total cohort, the median ARR
decreased from 1.5 to 0 (p < 0.001, 95% CI 1.1–1.8;
Figure 3). Of note, ARR reductions were also detectable
when analysis was confined to those patients treated with
TCZ for at least 12 months, including MOGAD and
AQP4-IgG+ NMOSD, but not double-seronegative pa-
tients (Figure 3).

Regarding individual patients, 3/14 (21.4%) patients with
MOGAD (Figure 1) and 14/36 (39%) patients with AQP4-
IgG+ NMOSD (Figure 2) had at least 1 attack during TCZ
treatment, and 2/14 (14.3%) patients with MOGAD and 2/
36 (5.6%) patients with AQP4-IgG+ NMOSD showed 2 or
more attacks. Sixty percent of all patients were relapse free
(79% for MOGAD, 56% for AQP4-IgG+ NMOSD, and 43%
for double-seronegative NMOSD). When analyzing only
patients treated with TCZ for at least 12 months, 26/44
(59%) of all patients, 8/11 (73%) MOGAD, 16/28 (57%)
AQP4-IgG+, and 2/5 (40%) double-seronegative patients,
remained relapse free.

The median time to first relapse was 9 months (range 0.5–47
months) for the whole group, 9.4 months forMOGAD (range
9–15 months), 4.4 months for AQP4-IgG+ NMOSD (range
0.5–47 months), and 12.2 months for double-seronegative
NMOSD (range 2.6–18.9 months). An unconditional
Poisson regression analysis showed an average increase
in relapses by 16% per year under TCZ therapy, indicating
that a relapse is not expected until after 5 years under
TCZ in the total cohort (p < 0.03). Moreover, double-
seronegative patients had average 2.6 times the relapse
counts compared with patients with AQP4-IgG+ NMOSD
(p < 0.03), and in the MOGAD subgroup, relapses oc-
curred 8% less than in AQP4-IgG+ NMOSD, which was
not significant (p = 0.86).

When comparing patients treated with TCZ plus add-on
treatment (20/57) with those on TCZ monotherapy (37/
57), the ARR in the add-on group was higher in the 2 years
before TCZ initiation (median 2.0 [IQR 1–3] vs 1.5 [IQR
1–2.5]) as well as during TCZ treatment (0.2 [IQR 0–0.8] vs
0 [IQR 0-0]). In line, freedom from relapses was achieved in
40% of patients in the add-on group and in 78% in the
monotherapy group.

By comparing the 2 groups of patients who switched to TCZ
due to ongoing disease activity or side effects, the median
ARR in the first group was 2.0 (IQR 1.0–2.5) during the 2
years prior TCZ and was 0 (IQR 0–0.2) during TCZ treat-
ment, whereas the median ARRs were 1.0 (IQR 0.5–1.0) and
0 (IQR 0-0), respectively, for both intervals in the second
subgroup.

Relapsing vs Nonrelapsing Patients During
TCZ Treatment
When comparing patients who relapsed vs those who did not
relapse during TCZ treatment (across the different sub-
groups), relapsing patients with AQP4-IgG+ NMOSD were
younger at disease manifestation than nonrelapsing patients
(years, median, relapsing vs nonrelapsing, 31.4 vs 36.4, re-
spectively). At TCZ start, MOGAD and double-seronegative
patients who later relapsed were older than nonrelapsing
patients, whereas relapsing and nonrelapsing AQP4-IgG+
patients had comparable age (years, median, relapsing vs
nonrelapsing, AQP4-IgG+ 43.7 vs 43.6, MOGAD 48.5 vs
41.2, double seronegatives 50.7 vs 37.8, respectively). Re-
lapsing patients had a longer disease duration than non-
relapsing in the AQP4-IgG+ and MOGAD groups (years,
median, AQP4-IgG+ NMOSD 8.76 vs 2.93, MOGAD 3.33 vs
2.11, respectively). Sex had no effect on relapses in all sub-
groups. Under TCZ therapy, most of the myelitis and ON
attacks occurred in AQP4-IgG+ NMOSD and double-
seronegative patients (AQP4-IgG+ NMOSD: myelitis [14],
ON [4]; MOGAD: myelitis [2], ON + myelitis [1]; double
seronegatives: myelitis [4]).

TCZ Discontinuation
TCZ therapy was discontinued in 20/57 patients (35.1%;
15/36 [41.7%] AQP4-IgG+, 2/14 [14%] MOGAD, and 3/7
[42.9%] double-seronegative patients) after 14.5 treatment
months (median; range 2.9–53.9 treatment months). Of note,
45% (9/20) of them stopped TCZ for general reasons such as
pregnancy, plans for pregnancy, and patient’s preference (e.g.,
for oral medications), and 2 patients were lost to follow-up.
However, 6 of the 20 patients (2 AQP4-IgG+, 3 double se-
ronegative, and 1 MOGAD) presented ongoing MRI activity
or attacks, and 5/20 patients (all AQP4-IgG+) discontinued
due to suspected side effects such as ileus (n = 1), nephritis
and urticaria in the context of systemic lupus erythematosus
(SLE; n = 1), psoriasis exacerbation (n = 1), and upper re-
spiratory tract infections (n = 3). Two patients who stopped
TCZ restarted it after completion of pregnancy and ileus
treatment. Of the 11 patients with disease activity or sus-
pected side effects, 6 patients (55%) received TCZ as add-on
therapy, and 5 patients (45%) showed relapse activity, which
occurred 256 days (median, IQR 73–329 days) after TCZ
initiation, indicating that delayed onset of efficacy may have
contributed to early discontinuation.

Disability
The median EDSS score significantly decreased in both se-
ropositive groups, in MOGAD from 2.75 to 2.0 (p < 0.031)
and in AQP-IgG+ NMOSD from 6.25 to 4.25 (p < 0.003).
The median EDSS score remained stable on 5.0 in 7/7
double-seronegative patients (p < 0.77; Table 1; Figure 4).

When including patients with TCZ treatment duration
>12 months only, the EDSS score improvement was still
significant for AQP4-IgG+ NMOSD and the whole cohort
(Figure 4). The EDSS score worsened in only 5/57 (9%)
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Figure 2Disease Courses and IndividualMaintenance Immune Therapies of PatientsWith AQP4-IgG–Seropositive NMOSD

First attacks are indicated as red diamonds and further attacks as blue diamonds. AQP4 = aquaporin-4; IVIG = IV immunoglobulin; NMOSD = neuromyelitis
optica spectrum disorder; IVMP = IV methylprednisolone; PE = plasma exchange; SLE = systemic lupus erythematosus. (a) Twelve years before tocilizumab
(TCZ) initiation. (b) Twenty-four years before TCZ initiation. (c) Therapy of chronic polyarthritis 2 and a half years before TCZ initiation. (d) Fifteen years before
TCZ initiation. (e and f) Sixteen years before TCZ initiation. (g) Ten and a half years before TCZ initiation. (h) Twenty-two years before TCZ initiation. (i) Eleven
and a half years before TCZ initiation. (j) Psoriasis therapy; psoriasis flare-up finally remitted completely under rituximab; #loss to follow-up.

Neurology.org/NN Neurology: Neuroimmunology & Neuroinflammation | Volume 9, Number 1 | January 2022 7

http://neurology.org/nn


patients of the entire cohort, i.e., none of patients with
MOGAD, 3/36 (8%) patients with AQP4-IgG+ NMOSD,
and 2/7 (29%) double-seronegative patients.

Pain
Initial disease-related chronic pain was reported in 28/51
patients (55%), with a median pain intensity of 2.0 (IQR 1–3;
data from 27 patients). Presence and intensity of pain were
not modulated during TCZ treatment, as 25/52 patients
(48%) still had ongoing chronic pain with a median intensity
of 2.0 (IQR 1–3; data available from 24 patients) at last
follow-up, regardless of the AQP4-IgG/MOG-IgG serostatus.

Antibody Titers
Regarding AQP4-IgG immunoreactivity, most patients (12/16)
showed decreased or stable titers after initiation of TCZ (Figure 5
for individual courses). Longitudinally assessed MOG-IgG anti-
body titers were available in only 2 of 14 patients and showed a
similar pattern as seen in AQP4-IgG+ NMOSD, i.e., a decrease
from 1:320 to 1:32 and from 1:1,280 to 1:10, respectively.

Magnetic Resonance Imaging
For brain MRI, the proportion of patients with active scans
(presence of new T2 or contrast-enhancing lesions) signifi-
cantly decreased from 43.5% at TCZ baseline (20/46 patients
with available longitudinal data at TCZ onset and follow-up)
to 15.2% (7/46 patients; p = 0.007) at last available scan,
within 31.6 months (mean; range 4.2–95.8 months). This
reduction was detectable for MOGAD (change from 7/13
[53.8%] to 1/13 patients [7.7%] with active scans; p = 0.031),

but not for AQP4-IgG+ (9/26 [34.6%] to 3/26 [11.5%]; p =
0.146) or seronegative (4/7 [57.1%] to 3/7 [42.9%]; p = 1)
subgroups.

For spinal cord MRI, the proportion of patients with active
scans decreased from 71.4% (25/35 patients) to 28.6% (10/
35; p = 0.00006) during TCZ (mean interval 40.5 months;
range 3.7–111.3). This effect was mainly driven by the AQP4-
IgG+ group with a decrease from 74.1% (20/27) to 25.9% (7/
27) of patients during TCZ (p = 0.0002). For double-
seronegative NMOSD and MOGAD, the proportion of pa-
tients with active scans was low and stable during TCZ.

Safety Data

Clinical Events
Infusion-related reactions occurred in 7/57 (12.3%) patients
and included headache, abdominal pain, vertigo, nausea, fa-
tigue, leg edema, rash, mild bruising, and bloating (Table 2).
Infections comprised recurrent urinary tract infections (UTI,
in 16% of patients), upper respiratory tract infections, com-
mon cold, bronchitis and pneumonia (in 16%), oral or lip
infections (in 7%; including herpes simplex virus, ulcers, and
candidiasis), erysipelas and skin lesions compatible with SLE
(in 5%), and (pyelo)nephritis (in 3.5%). In 19/57 (33%)
patients, 23 chronic underlying inflammatory diseases were
reported, including Hashimoto thyroiditis (N = 7), SLE (5),
psoriasis (4), Sjogren syndrome (2), and vitiligo, polyarthritis,
immune thrombocytopenic purpura, myasthenia gravis, and
Crohn disease (1 each). Exacerbation of SLE and psoriasis

Figure 3 ARR Before and During TCZ Treatment

Box-and-whisker plots showing the median, IQR, and range of the annualized relapse rate 2 years before and during TCZ treatment for the MOGAD (A), the
AQP4-IgG+ NMOSD (B) and the double seronegative (C) subgroups of patients, as well as for the total cohort (D). Each dot indicates 1 single patient. Hatched
bars represent those patients who had been treated with TCZ for at least 12 months. AQP4 = aquaporin-4; ARR = annualized relapse rate; IQR = interquartile
range; MOGAD = MOG-IgG–associated disease; NMOSD = neuromyelitis optica spectrum disorder; TCZ = tocilizumab.
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during TCZ occurred in 4 patients (2 from each) and led to
TCZ discontinuation in 2 of these 19 (11%) patients (both
AQP-IgG+ NMOSD). No new cancer occurred. One case of
type 1 focal nodular hyperplasia of the liver was diagnosed
during TCZ. Cardiovascular events occurred in 3 patients,
including a non-ST elevation myocardial infarction after the
initial infusion, a deep vein thrombosis, and a slight increase in
blood pressure. One death due to recurrent pneumonia oc-
curred 2 months after discontinuation of a 6-month TCZ
treatment period, but this was not regarded as treatment re-
lated by the treating physician, as the 58-year-old patient had a
history of severe AQP4-IgG+ NMOSD with concomitant
SLE and uterus carcinoma, including surgery and radiation.

TCZ-treated patients with additional immunotherapies suf-
fered more frequently from pneumonia compared with the
monotherapy group (18% vs 6%); other side effects like
reactivation of chronic latent infections (5% vs 6%) were
equally distributed in both groups.

Laboratory Changes
Neutropenia during TCZ treatment, with a maximum cell
count reduction of 61% below the lower reference level, oc-
curred in 10/57 (18%) patients, with 3 patients on a con-
comitant immunotherapy (MTX, RTX, and LDS; Table 2).
However, these 10 patients had no higher frequency of
common neutropenia-related conditions such as UTI, pneu-
monia, and other (unspecific) infections. Transient and mild
to moderate increases of liver enzymes and lipase (2- to 3-fold
above the upper reference level) were reported in 20/57

(35.1%) patients. In particular, alanine aminotransferase
was elevated at least once in 17/57 (29.8%) patients during
TCZ and increased from 28.2 U/L (mean; range 8–90 U/L;
at TCZ start) to 75.6 U/L (range 21–179 U/L; p < 0.001).
Mean total cholesterol levels increased slightly during
TCZ treatment from 195.3 mg/dL (n = 37/57; range

Figure 5 Longitudinal Aquaporin-4-IgG Titers Before and
During TCZ Treatment

Individual longitudinal courses of AQP4-IgG titers (assessed by cell-based
assays) for patients with AQP4-IgG–seropositive NMOSD (n = 16) are shown.
Most patients (12/16) showed decreased or stable titers on initiation of TCZ;
in 4/16 patients, the AQP4-IgG titer increased. AQP4 = aquaporin-4; NMOSD
= neuromyelitis optica spectrum disorder; TCZ = tocilizumab.

Figure 4 Level of Disability Measured as EDSS Score Before and During TCZ Treatment

Box-and-whisker plots showing the median, IQR, and range of the EDSS score 2 years before and during TCZ treatment for the MOGAD (A), the AQP4-IgG+
NMOSD (B) and the double seronegative (C) subgroups of patients, as well as for the total cohort (D). Each dot indicates 1 single patient. Hatched bars
represent those patients who had been treated with TCZ for at least 12 months. AQP4 = aquaporin-4; EDSS = Expanded Disability Status Scale; IQR =
interquartile range; MOGAD = MOG-IgG–associated disease; NMOSD = neuromyelitis optica spectrum disorder; TCZ = tocilizumab.
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59–311 mg/dL) to 203.8 mg/dL (n = 44/57; range
85–372 mg/dL; p = 0.5554), with no changes within the
subgroups as well. Similarly, low- and high-density lipo-
protein (LDL/HDL) cholesterol levels were stable during
TCZ (Table 2).

Discussion
Our study designed as a multicenter real-world approach
confirms and extends existing evidence, as it shows that
in MOG- or AQP4-IgG–mediated inflammatory demyelinating
syndromes, IL-6 blockade offers a therapeutic perspective,
even if patients were exposed to standard immunotherapies
before, including targeted B-cell depletion by RTX. Impor-
tantly, our data provide insights into therapeutic long-term
management of these diseases, with a follow-up far beyond
the observation periods in existing pivotal trials.

MOGAD in adults and NMOSD in general almost exclu-
sively follow a relapsing disease course,3,9 emphasizing the
relevance of attack prevention for disease prognosis.

Considering the long-term course, MOGAD was assumed
to have a less severe prognosis than NMOSD.37,38 How-
ever, recent studies indicate that retinal neuroaxonal
damage and visual impairment after ON are similar in both
diseases, suggesting that a higher attack rate in MOGAD,
compared with fewer, but more severe ON episodes in
AQP4-IgG+ NMOSD, results in comparable tissue
damage.39

Previous case series in NMOSD reported that IL-6R blockade
with TCZ confers beneficial effects for attack prevention in
retrospective and 1 prospective case series in NMOSD.20,24,40,41

Moreover, the recent TANGO trial showed that TCZ (n = 56
patients) better prevents NMOSD attacks than azathioprine
(n = 52 patients).42 Finally, 2 recent pivotal trials compared
satralizumab with placebo, either as a monotherapy (Sakur-
aStar)14 or as an add-on therapy (SakuraSky)13 and revealed
that satralizumab reduces the relapse rate, particularly in
AQP4-IgG+ NMOSD. However, follow-up in these trials
was rather short with a range of 60–90 weeks42 and a median
treatment duration in the double-blind period of 107.4

Table 2 Safety Profile of Tocilizumab in Patients With MOGAD and NMOSD

Cohort
MOGAD
(n = 14)

AQP4-IgG+ NMOSD
(n = 36)

Double seronegatives
(n = 7)

Total
(N = 57)

Infusion-related reactions, n (%) 1 (7%) 6 (17%) 0 (0%) 7 (12%)

Infections

Recurrent urinary tract infections 1 (7%) 7 (19%) 1 (14%) 9 (16%)

Viral upper respiratory tract infections/common cold/bronchitis/
pneumonia

2 (14%) 5 (14%) 2 (29%) 9 (16%)

Oral or lip infections 0 (0%) 4 (11%) 0 (0%) 4 (7%)

Erysipelas and skin lesions compatible with SLE 0 (0%) 3 (8%) 0 (0%) 3 (5%)

(Pyelo)nephritis 1 (/%) 1 (3%) 0 (0%) 2 (4%)

Reactivation of chronic latent infection, n (%) 0 (0%) 3 (8%) 0 (0%) 3 (5%)

Tumor, n (%) 0 (0%) 1a (3%) 0 (0%) 1a (2%)

Cardiovascular events, n (%) 0 (0%) 3 (8%) 1 (14%) 4 (7%)

Neutropenia, n (%) 2 (14%) 8 (22%) 0 (0%) 10 (17%)

Any liver enzyme changes, n (%) 2 (14%) 12 (33%) 6 (86%) 20 (35%)

Cholesterol before TCZ, mg/dL: mean (SD) 195.8 (42.2) 190.5 (65.0) 220.3 (66.8) 195.3 (58.5)

Cholesterol under TCZ, mg/dL: mean (SD) 199.6 (66.3) 199.9 (46.2) 235.2 (80.4) 203.8 (56.6)

LDL before TCZ, mg/dL: mean (SD) 126.9 (50.0) 114.0 (47.4) 140.7 (54.5) 121.0 (48.0)

LDL under TCZ, mg/dL: mean (SD) 129.8 (44.9) 119.2 (43.3) 166.3 (49.5) 126.4 (44.9)

HDL before TCZ, mg/dL: mean (SD) 60.6 (21.4) 59.4 (22.7) 66.3 (35.7) 60.5 (22.8)

HDL under TCZ, mg/dL: mean (SD) 70.7 (40.3) 69.8 (41.9) 57.8 (38.5) 68.9 (40.2)

Abbreviations: AQP4 = aquaporin-4; HDL = high-density lipoprotein cholesterol; LDL = low-density lipoprotein cholesterol; MOG = myelin oligodendrocyte
glycoprotein; MOGAD = MOG-IgG–associated disorder; NMOSD = neuromyelitis optica spectrum disorder; SLE = systemic lupus erythematosus; TCZ =
tocilizumab.
SI conversion factors: to convert cholesterol, LDL and HDL to mmol/L, multiply values by 0.0259.
a FNH (focal nodular hyperplasia).
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and 92.3 weeks, respectively.13,14 Moreover, real-world
NMOSD patient cohorts on TCZ covered a limited num-
ber of patients (ranging from 3 to 19)20,24,40,41 and did not
investigate the effects of IL-6R blockade in MOGAD. Of
note, 12/36 patients with AQP4-IgG+ NMOSD from this
work were previously reported in 4 TCZ-specific
studies.21,22,25,26

In our study on 57 patients including 14 individuals with
MOGAD and 36 individuals with AQP4-IgG+ NMOSD,
we provide real-world data with a mean and maximum
treatment duration of nearly 3 and 9 years, respectively,
with 65% of patients receiving TCZ as monotherapy. The
mean ARR, as a primary outcome measure, significantly
decreased during TCZ treatment by 80% in the total cohort
and by 76% in the AQP4-IgG+ subgroup. Of note, our main
results—ARR reductions in MOGAD and AQP4-IgG+
NMOSD subgroups and the whole cohort—remained
stable when the analysis was restricted to patients receiving
TCZ for at least 12 months. Our findings confirm the re-
cent pivotal trials on the beneficial effects of IL-6 blockade
by satralizumab in NMOSD, particularly for AQP4-
IgG–seropositive patients. We also observed clinical sta-
bilization and reduced spinal cord MRI activity in AQP4-
IgG+ patients, along with decreased or stable AQP4-IgG
titers in most of them, whereas pain remained constant
during TCZ. The decrease of the EDSS score, spinal cord
MRI activity, and AQP4-IgG titers could at least in part be
explained by fact that baseline values were ascertained
during the acute phase and follow-up measures mainly
during remission phase while TCZ treatment. Beyond that,
the AQP4-IgG titer decrease/stabilization may also be an
indirect effect of the IL-6 blockade by TCZ, as IL-6 sig-
naling promotes the autoantibody production from plas-
mablasts in NMOSD.18 Our clinical and imaging findings
are in line with those in smaller retrospective case series and
the TANGO trial.22,23,41,42 The effect on pain remains
ambiguous, as it was reported in smaller case series,20,22 but
was not confirmed in our study or the satralizumab
SakuraSky trial.13

Regarding the patients with double-seronegative NMOSD,
we observed a significant ARR reduction, when considering
all 7 patients, independently of the treatment duration,
which was not reported in the pivotal trials for satralizumab
and could be explained by the heterogeneity of this less-
defined patient group, hampering direct comparisons.13,14

In line with the satralizumab studies, no effect on EDSS score,
pain, and, furthermore, on MRI activity, was detectable in
AQP4-IgG+ NMOSD in this study.

For MOGAD, treatment recommendations are scarce, and
approaches well established for AQP4-IgG+ NMOSD such
as CD20-mediated B-cell depletion have shown limited
efficacy in MOGAD.43-45 Another MOGAD treatment
study showed that under azathioprine therapy, 14 of 17

MOG-IgG+ patients (82%) had at least 1 attack, particu-
larly during the first 6 months and in patients without
concomitant steroid therapy.3 Reports on IVIG or MTX
treatment in MOGAD are so far rather anecdotal3,46;
however, recent data revealed the lowest ARR being asso-
ciated with an IVIG maintenance therapy (n = 10 patients),
compared with RTX, MMF, and AZA.45 Of note, recent
findings in a Chinese MOGAD cohort indicate that MMF
may prevent relapses, particularly with concomitant oral
prednisolone.47 Compared with untreated adult patients
with MOGAD, AZA, MMF, and RTX, but not MTX,
mitoxantrone, and cyclophosphamide, significantly re-
duced the risk of new relapses and the ARR in a cohort of
125 patients.48 So far, only 14 different MOGAD patients,
treated IV and/or subcutaneously with TCZ, were reported
in 7 small case reports/series23,26,29-33; 6 of these 14
patients were included in the present cohort.

Here, in our series of 14 patients with MOGAD, the ARR
decreased by 93%, the median EDSS score was reduced
from 2.75 to 2.0 over a mean TCZ treatment duration of
31 months, and an anti-inflammatory effect was obvious
also on brain MRI. Notably, the ARR reduction persisted
when considering only those patients who were treated for
more than 12 months. Again, the effect on EDSS score and
MRI activity was mainly driven by the fact of high disease
activity at baseline and remission phase at follow-up as-
sessment. Most patients with MOGAD (79% and 73%
for the patients treated for >12 months, respectively)
remained relapse free, and in 57% of them, TCZ was used
as monotherapy. The remaining 6 patients were cotreated
with LDS (n = 4), monthly HDS plus IVIG (n = 1), or
MTX (due to psoriasis, n = 1). No effects were found on
pain, which is a common symptom in MOGAD,49 and
spinal cord MRI activity. A single attack during TCZ
treatment occurred in 21% of patients with MOGAD, 2 or
4 attacks in 14% and 7% of patients, respectively. Our
findings are in line with those of a recent study, which
showed that TCZ therapy was associated with clinical and
radiographic relapse freedom, resolution of eye pain, and
ability to discontinue corticosteroids in a cohort of 10
patients with MOGAD over an average treatment duration
of 28.6 months.33 Overall, when considering disease ac-
tivity, including ARR, as well as suspected side effects
during TCZ therapy, we did not observe a clear advantage
of add-on treatments, supporting the use of TCZ as
monotherapy.

Considering safety, adverse events occurred within the
expected range based on the established use of TCZ in clinical
practice. Infusion-related reactions appeared in 12% of all
patients, and infections of the urinary or respiratory tract were
reported with similar frequency. Of note, (re)activation or
worsening of chronic latent inflammatory diseases was ob-
served in patients with already established SLE (n = 2) and
psoriasis (n = 2), indicating that these patients should be
particularly monitored. Laboratory changes included mild to
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moderate neutropenia in 18% and liver enzyme changes in
35% of patients. Total cholesterol, as well as HDL and LDL
cholesterol levels, did not change during TCZ treatment, as
expected.22

An obvious limitation of this study is the retrospective mul-
ticenter design resulting in heterogeneity of TCZ treatment
regimens andMRI protocols, as well as missing data, e.g., the
lack of MOG-IgG testing in 10/36 (28%) AQP4-IgG+ pa-
tients. However, the latter issue may not be a serious limi-
tation as co-occurrence of AQP4- and MOG-IgG at
significant titers is extremely rare.50 Another constraint is the
relatively small sample size, which is justifiable by the rarity
of NMOSD and MOGAD on a concomitant rare and
off-label treatment with TCZ. Nevertheless, we attempted
to enroll all of these seldom patients from 2 of the largest
cohorts in Europe, NEMOS in Germany and NOMADMUS
in France, and additional patients from other countries.
Moreover, because of the lack of a control cohort and the
timing of the switch to TCZ (i.e., during a phase of active
disease), we have to consider regression to the mean as
an important limitation of our study design, as mean dis-
ease activity could decrease spontaneously even without
treatment.

Despite these limitations, this largest real-world study
supports the long-term safety and therapeutic relevance of
the IL-6 pathway in RTX-refractory AQP4-IgG+ NMOSD
for up to 9 years. Moreover, our findings suggest a similar
role for MOGAD, pointing toward the need for random-
ized controlled trials to evaluate the efficacy of IL-6
blockade in patients with MOGAD. This study provides
Class III evidence that TCZ decreases the probability of
relapses in patients with refractory MOGAD and NMOSD.
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Switzerland

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

Sven
Schippling,
MD

University Hospital Zürich,
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Häußler, MD

University Medical Center
Hamburg-Eppendorf,
Germany

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

Jan-Patrick
Stellmann,
MD
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Universitätsklinikum
Augsburg, Augsburg,
Germany

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

Martin W.
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Abstract
Background and Objectives
To investigate whether children receiving immunosuppressive therapies for neuroimmunologic
disorders had (1) increased susceptibility to SARS-CoV2 infection or to develop more severe
forms of COVID-19; (2) increased relapses or autoimmune complications if infected; and (3)
changes in health care delivery during the pandemic.

Methods
Patients with and without immunosuppressive treatment were recruited to participate in a
retrospective survey evaluating the period from March 14, 2020, to March 30, 2021. De-
mographics, clinical features, type of immunosuppressive treatment, suspected or confirmed
COVID-19 in the patients or cohabitants, and changes in care delivery were recorded.

Results
One hundred fifty-three children were included: 84 (55%) female, median age 13 years
(interquartile range [8–16] years), 79 (52%) on immunosuppressive treatment. COVID-19
was suspected or confirmed in 17 (11%) (all mild), with a frequency similar in patients with and
without immunosuppressive treatment (11/79 [14%] vs 6/74 [8%], p = 0.3085). The fre-
quency of neurologic relapses was similar in patients with (18%) and without (21%) COVID-
19. Factors associated with COVID-19 included having cohabitants with COVID-19 (p <
0.001) and lower blood levels of vitamin D (p = 0.039). Return to face-to-face schooling or
mask type did not influence the risk of infection, although 43(28%) children had contact with a
classmate with COVID-19. Clinic visits changed from face to face to remote for 120 (79%)
patients; 110 (92%) were satisfied with the change.

Discussion
In this cohort of children with neuroimmunologic disorders, the frequency of COVID-19 was
low and not affected by immunosuppressive therapies. The main risk factors for developing
COVID-19 were having cohabitants with COVID-19 and low vitamin D levels.
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University of Barcelona; Pediatric Neurology Unit of Hospital Universitario 12 deOctubre, Complutense University ofMadrid (A.C.S.); Pediatric Neurology Unit of Hospital Universitario
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Pediatric multiple sclerosis (MS), relapsing myelin oligoden-
drocyte glycoprotein–associated diseases, and other chronic
inflammatory neuroimmunologic diseases are frequently treated
with immunosuppressants, which may decrease the cellular and
humoral immunologic responses against viruses and other in-
fectious agents. Thus, these childrenmay be at increased risk for
SARS-CoV-2 infection or to develop severe COVID-19.1,2

Furthermore, it is unclear whether COVID-19 infection in these
children increases the risk for having neurologic relapses or
development of COVID-19–associated pediatric inflammatory
multisystem syndrome (PIMS).1

These concerns and the lack of consensus guidelines led sci-
entific societies to provide different and sometimes contra-
dictory recommendations for school attendance and patient
management. In addition, many hospitals opted for remote
rather than face-to-face medical visits. However, there are no
epidemiologic studies to assess whether this group of patients
has in fact an increased susceptibility to develop COVID-19
or have poorer outcomes if they do. Furthermore, the con-
sequences of the measures adopted to prevent SARS-CoV-2
infection in these children have not been evaluated.

Therefore, we conducted a study to investigate whether
children receiving immunosuppressive therapies due to neu-
roimmunologic diseases had (1) increased susceptibility to
SARS-CoV2 infection or to develop more severe forms of
COVID-19; (2) increased relapses or inflammatory compli-
cations if infected; and (3) changes in health care delivery
during the pandemic. This information will allow us to make
more informed management decisions for these patients.

Methods
For this retrospective observational multicenter study, an
invitation to participate was sent to pediatric neurologists in
Spain through the Spanish Pediatric Neurology Society that
includes the Neuroimmunology and Infectious Diseases of
CNS Study Group. To rule out bias due to regional differ-
ences in COVID-19 incidence and the preventive measures
instituted by local governments, control individuals were
consecutively recruited at each regional center as follows: for
each patient enrolled who was receiving immunosuppres-
sants, the next child seen in the clinic who was close in age and
had a neuroinflammatory disease but was not receiving im-
munosuppressants was invited to participate in the study. If
this first control subject declined, the next consecutive po-
tential control subject was recruited (eTable 1, links.lww.
com/NXI/A654). We defined immunosuppressive treatment
as any chronic treatment that impairs innate or adaptive im-
munity and therefore may confer a higher risk for infectious

diseases. For the controls not receiving immunosuppressive
treatment, immunomodulatory drugs were allowed (e.g., in-
terferon beta-1a, acetate glatiramer, or IV immunoglobulins
[IVIgs]) as these agents do not confer an increased suscep-
tibility for infections.

Each treating physician administered an initial questionnaire
between July 1, 2020, and August 31, 2020, that corresponded
to the first wave of the pandemic and home lockdown in Spain
(March 14, 2020–June 21, 2020). This was followed by a
second questionnaire administered during the interval period
from April 1, 2021, to April 30, 2021, after the second and
third waves of the pandemic when face-to-face school atten-
dance was allowed (June 22, 2021–March 31, 2021).

The questionnaires were divided into 6 sections: (1) epi-
demiologic data regarding age, sex, hospital, and geo-
graphical area; (2) baseline neuroimmunologic disease,
presence or absence of active immunosuppressive treat-
ment and/or side effects, and oral supplementation of vi-
tamin D; (3) worsening or development of neurologic
disease relapses during the study period; (4) symptoms
suggestive of SARS-CoV-2 infection during the study pe-
riod and confirmatory microbiological tests (PCR and/or
antigen test); (5) exposure to possible sources of infection
(e.g., suggestive symptoms in cohabitants, cohabitants
working outside the home during the lockdown [e.g., es-
sential workers], other risk factors for severe infection in
cohabitants, return to face-to-face schooling, type of mask
used, and history of classroom mates positive for COVID-
19); and (6) change in provision of medical care and sat-
isfaction with these changes. Physicians completed the
surveys and also provided the levels of vitamin D (25-OH-
D3) in blood when this information was available.

During the first period of the study, testing for SARS-CoV-2
in Spain was limited mainly to hospitalized patients, and
therefore, many people with mild symptoms or who were
asymptomatic after an exposure were not tested. Thus, for this
period, we considered that COVID-19 was confirmed if pa-
tients had a positive PCR or antigen test and was suspected if
patients only had symptoms noted. For the second period, the
capacity of SARS-CoV-2 testing in Spain was higher, and only
confirmed cases were included.

Standard Protocol Approvals, Registrations,
and Patient Consents
The study was approved by the Ethics Committee at Sant
Joan de Déu Children’s Hospital, Esplugues de Llobregat,
Barcelona, Spain (CODE PIC-126-20). All participants were
fully informed about study requirements and accepted data
sharing and privacy policy before participating in the study.

Glossary
IVIg = IV immunoglobulin; MS = multiple sclerosis; PIMS = pediatric inflammatory multisystem syndrome.
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Data Availability
The data presented in this study are available on request from
the corresponding author. The data are not publicly because
dissemination has not been explicitly foreseen by the local
ethics committee.

Statistical Analyses
Data are represented as number and percentage for categor-
ical variables or median and interquartile range (IQR) for
continuous variables. Comparisons of dichotomous variables
between patients with and without immunosuppressive
treatment were analyzed using the Fisher exact test. Contin-
uous variables were analyzed using the Wilcoxon rank-sum
test. Level of significance was established at the 2-sided 5%
level. Analyses were performed using R version 3.6.3 (2020-
02-29) program.

Results
A total of 153 children (84 [55%] female) with a median age of
13 years (IQR 8–16 years) from 12 clinics/centers were in-
cluded in the study. The neuroimmunologic disorders of pa-
tients included in the study are listed in eTable 1 (links.lww.
com/NXI/A654). Seventy-nine patients (52%) were receiving

immunosuppressant therapy, and 74 (48%) were untreated
(64) or treated with immunomodulatory therapy. No differ-
ences in demographic features were noted between the 2
groups (eTable 1, links.lww.com/NXI/A654).

The potential risks factors for COVID-19 infection and the
distribution of patients who developed COVID-19 according to
these risk factors are shown in Table 1. The frequency of im-
munosuppressive treatment was similar in patients who de-
veloped suspected or confirmed COVID-19 and patients who
did not develop the infection (11/17, 65% vs 68/136, 50%, p =
0.3085). Overall, this represents that the frequency of COVID-
19 infection was similar in patients with and without immuno-
suppressive treatment (11/79 [14%] vs 6/74 [8%], p = 0.3085).

Among the 79 patients receiving immunosuppressive thera-
pies, 36 showed evidence of lymphopenia and/or B-cell
depletion in blood tests, and the other 43 that did not have
these alterations. The absence of association between im-
munosuppression and development of COVID-19 was also
observed when only the 36 patients with lymphopenia and/or
B-cell depletion were compared with the 74 patients who did
not receive immunosuppressants (3/36 vs 6/74, p = 1). Of
these 36 patients, 23 (64%) had complete B-cell suppression

Table 1 Risk Factors for COVID-19

All COVID-19 infection

p ValueaN = 153 Yes (n = 17) No (n = 136)

Age, in yr, median (IQR) 13 (8–16) 11 (6–13) 13 (8–16) 0.9155

Female sex 84 (55%) 10 (59%) 62 (54%) 0.8003

Immunosuppressive treatment 79 (52%) 11 (65%) 68 (50%) 0.3085

Cohabitant infection 29 (19%) 13 (76%) 16 (12%) <0.001

Cohabitating with essential workers 73 (48%) 8 (47%) 65 (48%) 1

Vitamin D (25(OH)D3)

Oral supplementation 57 (37%) 8 (47%) 49 (36%) 0.4293

Blood levels,b in ng/dL, median (IQR) 28 (22–39) 20 (16–29) 29 (23–39) 0.03935

Reinitiation of face-to-face schoolc 133 (87%) 15 (88%) 118 (87%) 0.3901

Classmate infection 43 (28%) 5 (29%) 38 (28%) 1

Use of daily protective mask 144 (94%) 15 (88%) 129 (95%) 0.2624

Type of mask 0.1071

FFP2 34 (22%) 1 (6%) 33 (24%)

Surgical 78 (51%) 12 (70%) 66 (49%)

Cloth 32 (21%) 2 (12%) 30 (22%)

None 9 (6%) 2 (12%) 7 (5%)

Abbreviation: IQR = interquartile range.
a Fisher exact test.
b N = 110 (62with immunosuppressants and 48without). Differences of vitamin D levels between groupsweremore obvious when evaluating only confirmed
COVID-19 cases (median 17 ng/dL [IQR 14–19 ng/dL] vs median 29 ng/dL [IQR 23–39 ng/dL], p = 0.0063).
c Full-time face-to-face or mixed remote face-to-face school format.
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due to rituximab, 7 of them with treatment-induced dysgam-
maglobulinemia, and another 5 with lymphopenia (2/5 also
showed leucopenia). Another 13 (36%) patients without B-cell
depletion had lymphopenia according to normal age range levels
(median 700 lymphocytes/mm3, IQR 375–1071 lymphocytes/
mm3, 7/13 also showed leucopenia); they included 9 patients
treated with fingolimod, 1 with dimethyl fumarate, 1 with
mycophenolate and cyclophosphamide, 1 with abatacept, and 1
with allogenic bone marrow transplantation.

In addition, we found that 16 patients (12 with immunosu-
pressants and 4 without) of the 148 patients in which a blood
white blood cell count was available, had neutropenia according
normal range levels (median 1,100 neutrophil/mm3, IQR
1,000–1,200 neutrophil/mm3, 2/16 showing leucopenia). No

significant differences were found related to COVID-19 disease
(3/16 vs 13/132 p = 0.3838).

Among the rest of risk factors for COVID-19 infection
(Table 1), the only ones that showed an association with
confirmed or suspected COVID-19 infection were having
cohabitants with confirmed or suspected COVID-19 (p <
0.001) and the presence of low levels of vitamin D in blood
(median 20 ng/dL [IQR 16–29 ng/dL] vs 29 ng/dL [IQR
23–39 ng/dL], p = 0.03935). This low level of vitamin D was
even more prominent when only patients with confirmed
COVID-19 were considered (median 17 ng/dL [IQR 14–19
ng/dL] vs median 29 ng/dL [IQR 23–39 ng/dL], p =
0.0063). Having an essential worker as a cohabitant was not a
risk factor for developing COVID-19 (p = 1).

Table 2 Diagnostic and Clinical Features of Patients With Suggestive COVID-19

Case

1st or 2nd
period,a month-year
of infection

Underlying
neurologic
disorder

Active
immunosuppressive
treatment

Relapse of
underlying
neurologic
disorder

COVID-19
symptoms

Severity of
COVID-19
infection

SARS-CoV-2-
PCR
confirmation

SARS-CoV-
2–specific
treatment

1 1st, March 2020 MOGAD Yes (rituximab and IVIg
replacement)

Yes URTI and fever Mild No None

2 1st, March 2020 Rasmussen
encephalitis

No No URTI and
headache

Mild No None

3 1st, March 2020 Neuroinfection No Yes URTI and fever Mild No None

4 1st, March 2020 OMS Yes (monthly steroids and
IVIg)

Yes URTI and fever Mildb Yes None

5 1st, March 2020 IIH and AIJ Yes (tocilizumab) No URTI Mild Yes None

6 1st, April 2020 MS No No URTI and fever Mild No None

7 1st, April 2020 AChR + MG Yes (steroids + azathioprine) No URTI, fever, and
headache

Mild No None

8 1st, May 2020 MS Yes (fingolimod) No URTI Mild No None

9 2nd, August 2020 Rasmussen
encephalitis

No No Abdominal pain Mild Yes None

10 2nd, August 2020 MOGAD Yes (azathioprine) No Headache and
fever

Mild Yes None

11 2nd, September 2020 GBS No (IVIg treatment) No URTI Mild Yes None

12 2nd, September 2020 MOGAD Yes (steroids, rituximab, and
IVIg replacement)

No URTI and
headache

Mild Yes None

13 2nd, September 2020 AChR + MG Yes (tacrolimus) No Fever + ageusia Mild Yes None

14 2nd, January 2021 OMS No No AsymptomaticC Mild Yes None

15 2nd, January 2021 AChR + MG Yes (azathioprine) No URTI Mild Yes None

16 2nd, January 2021 MOGAD Yes (rituximab) No Fever + myalgia Mild Yes None

17 2nd, January 2021 MS Yes (natalizumab) No Myalgia Mild Yes None

Abbreviations: AIJ = idiopathic juvenile arthritis; AChR = acetylcholine receptor; GBS = Guillain-Barré syndrome; IIH = idiopathic intracranial hypertension; IFN
β-1a = interferon beta-1a; IVIg = IV immunoglobulin; MG = myasthenia gravis; MOGAD = myelin oligodendrocyte glycoprotein–associated disease; MS =
multiple sclerosis; OMS = opsoclonus myoclonus syndrome; URTI = upper respiratory tract infection.
a During the 1st period of the study (March 14, 2020–June 21, 2020), suspected COVID-19 cases (without microbiological confirmation) were included due
lower testing capacity for SARS-CoV-2 than clinical demand; during the 2nd period of the study (June 22, 2021–March 31, 2021), only confirmedmicrobiological
cases were included (see Methods).
b Admission to hospital due to underlying neurologic disorder, no oxygen requirements.
c Tested for SARS-CoV-2 due to positive family contact.
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Children were able to return to face-to-face schooling in
September 2020. In our cohort, 130 (85%) restarted face-to-
face school attendance, 20 (13%) maintained a remote only
school format, and 3 (2%) a mixed face-to-face/remote for-
mat. Forty-three (28%) of 153 patients had a contact with a
classmate with COVID-19, but only 1 became PCR positive.
The type of school attendance (face to face or remote) or
protective mask was not significantly different between chil-
dren with or without COVID-19 (Table 1).

COVID-19, Clinical Features, and Outcome
Among the 153 patients, 17 (11%) developed confirmed
(11) or suspected (6) COVID-19. Clinical and de-
mographic data are summarized in Table 2. There were 16
patients with symptomatic COVID-19 infections; 11 (69%)
developed upper respiratory tract infection (5 with fever), 2
myalgia (1 with fever), 1 ageusia and fever, 1 headache and
fever, and 1 abdominal pain (Table 2). All patients had mild
COVID-19, and only 1 confirmed case required hospital
admission due to exacerbation of the underlying neurologic
disorder (opsoclonus myoclonus syndrome) but without
requiring supplementary oxygen. All patients had complete
recovery, and none developed a secondary autoimmune
complication such as PIMS or persistent symptoms of
COVID-19.

Relapses of the Neuroimmunologic Disorder
and COVID-19
Thirty-one (20%) patients developed relapses (25) or wors-
ening (6) of their neurologic disorder during the entire study
period. The frequency of neurologic relapses was similar in
patients with and without COVID-19 (3/17, 18% vs 28/136,
21%, p = 1) (Table 2).

Changes in Health Care Delivery During the
COVID-19 Pandemic
One hundred and twenty (79%) patients (61 with and 59
without immunosuppressive therapy) had changes in their
hospital/clinic visit regimen (e.g., change from face-to-face to
remote medical visits); 8 (5%) had cancellation of diagnostic
procedures such as MRI or blood tests; and 25 (16%) did not
have any changes. Parents of the 120 patients who were
changed to remote visits were asked about their overall sat-
isfaction with the implementation of this type of visits, and 70
(58%) were very satisfied, 40 (33%) satisfied, 9 (8%) slightly
satisfied, and 1 (<1%) not satisfied.

Discussion
In this retrospective study of 153 pediatric patients with
neuroimmunologic diseases, we did not observe differences
in COVID-19 frequency or severity between patients treated
or untreated with immunosuppressive therapies. Moreover,
the severity of COVID-19 in our cohort was mild, and all
patients had complete recovery. The true incidence of
COVID-19 in children during the first year of the pandemic
is unknown largely due to the lack of widespread testing.

However, some studies have reported frequencies between
5% and 11% in the general pediatric population,3-5 in line
with the 11% found in our study. The observed good out-
come in our patients supports preliminary data showing a
low rate of severe COVID-19 in children treated with
immunosuppressants3-5 and that outcomes are not different
from that found in children untreated or treated with im-
munomodulatory therapies.

Some of the recommendations made at the beginning of
the pandemic in patients with MS were to temporarily
delay initiation or redosing of treatments that alter
the lymphocyte number such as rituximab.6,7 However,
although lymphopenia, B-cell depletion, and hypo-
gammaglobulinemia were common effects of the drugs
administered in our cohort, we did not observe an in-
creased susceptibility to develop COVID-19 or poor out-
come if infected. This contrasts with a report in adult
patients with MS in which anti-CD20 drugs were associ-
ated with a significantly increased risk of developing severe
COVID-19.8 Although the results of our study could have
been related to the increased protection of these patients
from SARS-CoV-2 during the lockdown period, this is
unlikely as the frequency of COVID-19 remained very low
even after resuming face-to-face school attendance. Thus,
it is possible that younger age is a protective factor that
overcomes the risk engendered by immunosuppression.

Strikingly, although contact with a classmate with COVID-19 in
school was high in our cohort (43 patients [28%]), this did not
confer a higher risk of becoming infectedwith SARS-CoV-2 even
in the children receiving immunosuppressant drugs. These data
and the high risk for COVID-19 infection in patients cohab-
itating with people who became infected with SARS-CoV-2 in-
dicate that COVID-19 in children is frequently acquired at
home. However, these findings must be interpreted with caution
due to the small size of our cohort, and future studies with larger
cohorts are needed to properly assess this risk.

Several reports in adults have described a possible link be-
tween vitamin D deficiency and risk of SARS-CoV-2 in-
fection.9 Our data support this possible link in children as
well, although further studies are required. Together, these
data support the use of vitamin D supplementation in pedi-
atric neuroimmunologic patients, especially during the
COVID-19 pandemic.9,10

Another issue not well addressed in previous reports was
whether SARS-CoV-2 infection was associated with an in-
creased risk of relapse or worsening of the underlying neu-
roimmunologic disorder. However, the frequency of relapses
or worsening in patients with concurrent COVID-19 (18%)
in our study was not different from that observed in patients
without COVID-19 (21%).

Delayed diagnosis or provision of health care due to the
COVID-19 pandemic was initially reported in some
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countries, with concerns as to whether this would have det-
rimental consequences.11 This led to the implementation of
changes in the delivery of health care services, such as the use
of telemedicine.12 Although we cannot quantify the conse-
quences, in our study, only 6% of patients reported cancel-
lation of a diagnostic procedure such asMRI or blood tests. Of
the 78% of patients who received remote health care visits,
almost all (91%) were very satisfied or satisfied with this
method of care.

This study has several limitations. First, not all Spanish pe-
diatric neurologists answered the questionnaire, and some
patients may have been missed. Second, the incidence of
COVID-19 varied throughout Spain. However, to mitigate
the bias this could have introduced, we included additional
untreated (i.e., no immunosuppressants) patients from the
same center where each study patient was enrolled. Third,
confirmation of COVID-19 was very low during the first study
period, but the frequency and prognosis were not different
from those observed during the second study period that had
no COVID-19 testing constraints, and fourth, there were
patients in the immunosuppressant-treated and not treated
groups who received IVIg. We cannot exclude that any of
these patients benefited from a theoretical protective effect of
the IVIg.

Despite these limitations, our data are reassuring as they show
that COVID-19 is uncommon in immunosuppressed children
with neuroimmunologic disorders and that patients who de-
velop the infection usually have a favorable outcome. Although
we cannot assure that immunosuppressive treatments are safe
in all patients, our study shows an acceptable safety profile and
supports the use of this type of therapy when needed.
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Olivé-Cirera,
MD

Neuroimmunology
Program, Institut
d’Investigacions
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Abstract
Background and Objectives
Adapted ketogenic diet (AKD) and caloric restriction (CR) have been suggested as alternative
therapeutic strategies for multiple sclerosis (MS), but information on their impact on neuro-
axonal damage is lacking. Thus, we explored the impact of diets on serum neurofilament light
chain (sNfL) levels in patients with relapsing-remitting MS.

Methods
We retrospectively evaluated a prospective randomized controlled trial of 60 patients with MS
who were on a common diet or ketogenic diet or fasting. We examined sNfL levels of 40
participants at baseline and at the end of the study after 6 months using single molecule array
assay.

Results
sNfL levels were investigated in 9 controls, 14 participants on CR, and 17 participants on AKD.
Correlation analysis showed an association of sNfL with age and disease duration; an associ-
ation was also found between sNfL and the Multiple Sclerosis Functional Composite. AKD
significantly reduced sNfL levels at 6 months compared with the common diet group (p =
0.001).

Discussion
For clinical or study use, consider that AKD may incline sNfL levels independent of relapse
activity up to 3 months after initiation. At 6 months, AKD, which complements current
therapies, reduced sNfL levels, therefore suggesting potential neuroprotective effects in MS. A
single cycle of seven-day fasting did not affect sNfL. AKD may be an addition to the arma-
mentarium to help clinicians support patients with MS in a personalized manner with tailored
diet strategies.
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In multiple sclerosis (MS), effective therapeutic strategies and
sensitive biomarkers to evaluate drug efficacy anddisease course are
urgently needed. Serum neurofilament light chain protein (sNfL)
has recently been suggested as a promising candidate for a reliable,
easy-to-use biomarker of neuroaxonal damage that accurately de-
tects changes over both long and short time intervals inMS.1,2 After
axonal injury, NfL is elevated in both the CSF and in the peripheral
blood, where it can bemeasured by highly sensitive singlemolecule
assays (SiMoA).3,4 Studies have suggested a possible role of caloric
restriction (CR) and adapted ketogenic diet (AKD) on neuro-
inflammation in MS and other neurologic disorders.5-7 The ob-
served diet-induced improvement of neuronal resistance and
axonal survival are clearly neuroprotective, but the underlying
mechanisms remain elusive.5,8 In the present study, we investigated
whether AKD and CR in comparison to common diet (CD) may
affect neurodegeneration as measured by sNfL levels in MS.

Methods
Clinical Trial Design, Patients, Study Setting,
Interventions, and Primary Outcome
All study details were described previously6,7,9 and are presented
in eMethods, links.lww.com/NXI/A653. This study was a three-
armed parallel group, single-centered, controlled and random-
ized clinical trial. This study was registered at clinicaltrials.gov as
NCT01538355.

Outcome Measure
The sNfL concentration of 40 patients was quantified in 2020/
2021.

sNfL Measurements
We applied the same method as described recently3 and
presented in eMethods, links.lww.com/NXI/A653. In brief,
sNfL was measured in several rounds by SiMoA HD-1
(Quanterix) using the NF-Light Advantage Kit (Quanterix)
from the same batch according to the manufacturer’s in-
structions. sNfL analysis was performed in a blinded fashion
without clinical information about patients.

Control Diet
Patients on CD met the criteria of a common diet in the
German population as described in the National Nutrition
Survey II (mri.bund.de/de/institute/ernaehrungsverhalten/
publikationen/forschungsprojekte/nvsii/).

Caloric Restriction
As previously described, a single cycle of 7-day CR (200–350
kcal/d) was performed at study outset; a 3-day stepwise

reintroduction to an isocaloric common diet was performed
starting on day 8.6

Adapted Ketogenic Diet
Patients followed an AKD for 6months from study outset. We
recommended an average daily intake of <50 g carbohydrates,
> 160 g fat (omega 6 vs omega 3 ratio 2:1), and average
protein intake ≤100 g per day. Compliance during CR and
AKD was monitored via ketosis self-measured in blood and
urine.

Standard Protocol Approvals, Registrations,
and Patient Consents
This study was approved by the local ethics committee in
the frame of the IGEL study (ethics no. EA1/105/11). All
patients included in this study signed specific informed
consent.

Statistical Analysis
We used analyses of covariance to test for group differences
using sNfL baseline data, number of clinical relapses over the
course of the study, and body mass index (BMI) as covariates.
The Wilcoxon matched-pairs signed-rank test analysis was
used for intragroup statistics.

Data Availability
Anonymized data will be made available on request from any
qualified investigator.

Results
Situation Before Dietary Intervention

Baseline Intergroup Comparison: No Differences in
Outcome
Patient demographics did not differ significantly when the
different intervention groups were compared (Table 1). The
use of the disease-modifying therapy (DMT) glatiramer ac-
etate was significantly different between the groups, but this
is clinically not relevant. sNfL levels did not differ signifi-
cantly between the 3 groups before dietary interventions.
These data indicate that the dietary habits of the patients
involved in the study did not influence the sNfL concen-
tration at baseline.

Next, we correlated disease-related and participant-reported
parameters across all groups involving all individuals of all
experimental groups. We found a significant association
between sNfL and age (r = 0.347, p < 0.05) and disease
duration (r = 0.313, p < 0.05) confirming observations of

Glossary
AKD = adapted ketogenic diet; BMI = body mass index; CD = common diet; CR = caloric restriction; DMT = disease-
modifying therapy;MS =multiple sclerosis;MSFC =Multiple Sclerosis Functional Composite; PASAT = Paced Auditory Serial
Addition Test; SiMoA = single molecule assay; sNfL = serum neurofilament light chain.
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other groups. Moreover, we observed a significant inverse
correlation between sNfL and the Multiple Sclerosis Func-
tional Composite 2 and 3 (MSFC 2 + 3) (r = -0.298, p <
0.05; r = -0.317, p < 0.05) and the Paced Auditory Serial
Addition Test 3 (r = −0.298, p < 0.005) (Table 1;
eFigure 1–eFigure 5, links.lww.com/NXI/A653). Of in-
terest, sNfL levels did not significantly correlate with BMI or
with the clinically meaningful neurologic measure Expanded
Disability Status Scale. There was also no correlation with
the self-report questionnaires Multiple Sclerosis Quality of
Life-54 (MS-54), Fatigue Severity Scale, Modified Fatigue
Impact Scale, and Beck Depression Inventory.

NfL Alterations as Consequence of
Dietary Intervention

Intragroup Comparison: AKD Induced Significant
Reductions in sNfL Within 6 months
In the AKD group (n = 17), we found a significant decrease
in the sNfL level from 8.5 at baseline (no dietary intervention)
to 7.1 pg/mL (mean difference -1.307; 95% CI -2.256 to
-0.357; p < 0.05) at the end of the study after 6 months. The
analysis of the CR group (n = 14) and CD group (n = 9)
showed similar sNfL levels at baseline and at the final visit
(Figure 1 and eTable 1, links.lww.com/NXI/A653).

Table 1 Baseline Characteristics and Associations

Baseline characteristics CD (n = 9) SD IQR CR (n = 14) SD IQR AKD (n = 17) SD IQR ap Value

Age, y 50 6 45.71 10.5 43.06 9.7 0.3

Sex, F/M 6/3 (67/33) 12/2 (86/14) 13/4 (76/24) 0.6

Expanded Disability Status Scale score 3.0 1.75–4 3.5 2.4–4.0 3.0 2.5–3.5 0.5

Disease duration, y 11.0 10.3 10.6 7.8 7.1 5.3 0.3

Relapse rate 12 mo prior study outset 0.22 0.4 0.26 0.4 0.47 0.5 0.3

No immune modulating drugs 1 (11) 2 (14) 5 (29) 0.4

Glatiramer acetate 7 (78) 4 (29) 4 (24) 0.02

Interferon beta 0 6 (43) 4 (24) 0.07

Fingolimod 0 1 (7) 3 (18) 0.3

Natalizumab 1 (11) 1 (7) 1 (6) 0.9

BMI, kg/m2 26.6 7.3 26.8 4.7 26.3 4.9 0.7

Percent body fat 36.2 11.3 37.1 9.6 36.3 9.5 0.9

Fasting blood sugar, mmol/L 4.6 0.5 4.5 0.8 4.4 0.5 0.9

β-hydroxybutyrate, μmol/L 105.9 72.1 111.3 118.3 112.4 100.5 0.6

MSFC-3 0.17 0.7 −0.13 0.7 −0.02 0.9 0.3

MSFC-2 0.34 0.8 −0.08 0.6 −0.14 0.9 0.05

PASAT-3 49.56 11.3 40.5 12.5 46.79 10 0.09

sNfL, ng/mL 8.9 3.6 10.3 3.6 8.5 2.0 0.3

Associations Age Disease Duration PASAT-3 MSFC-3 MSFC-2 BMI EDSS score MS-54 PH MS-54 MH FSS score MFIS score BDI

sNfL

Spearman rho 0.347 0.313 −0.406 −0.317 −0.298 −0.133 0.013 0.099 0.031 −0.122 −0.109 −0.186

p (2 tailed) 0.01 0.02 0.004 0.03 0.04 0.41 0.93 0.55 0.84 0.41 0.47 0.22

Abbreviations: AKD = adapted ketogenic diet; BMI = body mass index; CD = common diet; CR = caloric restriction diet; MSFC = Multiple Sclerosis Functional
Composite; PASAT = Paced Auditory Serial Addition Test; sNfL = serum neurofilament light chain.
Baseline intergroup analysis: data are presented asmean (SD), number (%), ormedian (interquartile range, IQR), as appropriate. Baseline data were available
for 40 patients.
a Nonparametric Kruskal-Wallis test to compare between all 3 groups.
Abbreviations: BDI = Beck Depression Inventory; BMI = body mass index; EDSS = Expanded Disability Status Scale; FSS = Fatigue Severity Scale; MFIS =
Modified Fatigue Impact Scale; MSFC = Multiple Sclerosis Functional Composite; PASAT = Paced Auditory Serial Addition Test; sNfL = serum neurofilament
light chain.
Baseline cross-group correlation: Analysis between sNfL and disease-related or subject-reported parameters.
Multiple Sclerosis Quality of Life-54 physical/mental health (MS-54 PH/MH).
Bold indicates significance, defined as p < 0.05.
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Intergroup Comparison: AKD Lowers sNfL Levels in
Comparison to Common Diet
We used baseline sNfL concentrations, relapse rate, and
D-BMI as covariates for between-group evaluation. At the end
of the study, we observed a significant decline in sNfL levels
(Figure 2 and eTable 2, links.lww.com/NXI/A653) when we
compared AKD with CD (adjusted difference -2.145 ± 0.615;
95% CI -3.393 to -0.897; p = 0.001) after 6 months. We did
not find a difference in sNfL levels between CR and CD
groups at month 3 (adjusted difference 1.24 ± 1.71; 95% CI
-2.236 to 4.716; p = 0.682).

Relapse Rate and sNfL Over the Course of
the Study
Twelve months prior study outset, the relapse rate did not
differ significantly between the groups (Table 1). In the
course of the study, 3 relapses in the CD group, 2 relapses in
the CR group, and 1 relapse in the AKD group were
reported. When analyzing sNfL levels at month 3, we
detected a significant increase over all groups (eFigure 6 and
eTable 1, links.lww.com/NXI/A653). After excluding

samples from patients with relapse activity, the sNfL levels of
the AKD group remained elevated (eFigure 7, links.lww.
com/NXI/A653).

Discussion
In this randomized controlled trial we investigated the impact
of intermittent fasting/CR and AKD on sNfL levels in pa-
tients with MS. In the examined groups, sNfL levels were
comparable with previous studies using the same methodol-
ogy supporting the reliability of our results and of the applied
assay analysis method.3 However, earlier studies have de-
scribed higher sNfL levels due to various internal protocols, as
recently discussed.10

This setting not only allowed assessment of the relative effects
of AKD treatment vs common diet and 7-day fasting in a
parallel randomized design but also provided the opportunity
to study the relation of sNfL as a specific marker of neuro-
axonal damage with other anthropometric, clinical, and

Figure 1 Intra-Group Comparison – Adapted Ketogenic Diet Lowers the SerumConcentration ofNeurofilament Light Chain II

Alterations of serum neurofilament light chain (sNfL) levels
induced by caloric restriction and adapted ketogenic diet.
Data representmean ± standard error of themean andwere
measured at baseline and retested at 6 months for all
groups. p values indicate Wilcoxon matched-pairs signed
rank test analysis, *p < 0.05.

Figure 2 Comparison of sNfL Levels in Patients With MS on Adapted Ketogenic Diet With Common Diet

After 6 months of adapted ketogenic diet, the serum neu-
rofilament light chain (sNfL) concentration declined signifi-
cantly compared to the common diet group. Data were
measured at baseline and retested at 6 months. Data rep-
resent mean ± standard error of the mean. **p < 0.01,
analysis of covariance (ANCOVA) adjusted for relapse rate,
BMI and baseline dependencies.
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patient-reported measures of disease activity and severity
obtained under good clinical practice conditions.

Baseline characteristics of patients included in this analysis do
not suggest any relevant selection bias. sNfL concentrations in
patients were similar over all groups at baseline. sNfL levels at
baseline were correlated with functional markers of disease
activity (e.g., PASAT and MSFC) confirming recent re-
ports.3 Although diet as an environmental factor has been
acknowledged in MS, its precise role in the pathogenesis of
MS is still far from clear. Moreover, dietary interventions
are rapidly gaining popularity within the MS community,
but little is known about their safety. AKD and CR have
been suggested to induce autophagy and to improve gut
microbiota, redox status, and regulatory T cells in a variety
of diseases.5,7,9,11,12

It has previously been shown that NfL levels, as a neuro-
axonal integrity parameter and marker of treatment re-
sponse, decrease after initiation of DMTs3 In line with this,
our results indicate that AKD may influence sNfL levels in
patients with MS. More studies are necessary to evaluate
the longitudinal impact of repeated fasting cycles on sNfL
levels in MS.

Our analysis reflects a significant relationship between AKD
and declining sNfL levels at 6months. This suggests that AKD
may benefit the course of disease in MS. However, more
comprehensive studies with an expanded time span are
needed to examine whether effects could relate to the diet
itself rather than its impact on MS. The limitations of our
study include its short observation time of 6 months, MRI was
not performed and a limited power, due to a relatively small
number of participants (n = 40 analyzed patients). It should
also be noted that the extent of variation indicating a clinically
meaningful change in longitudinal sNfL measurements has
not yet been defined. However, we also found increased sNfL
levels in the AKD group, independent of relapse activity at
month 3. Our observation could be due to autophagy of which
AKD and CR are strong inductors.11,12 Of interest, it was
reported that autophagy promotes intracellular degradation of
cytoskeleton but also seems to be essential for the survival of
neuronal cells.13 However, it is likely that release of degra-
dation products would increase sNfL levels extracellularly
(and thus in serum) at least in the short term—thus our
results would be consistent with the latter results of different
groups.

AKD needs more time than CR to activate homeostatic
processes, e.g., autophagy, due to the process of keto-
adaptation and slower/lower ketone body excess. This may
explain why we did not detect an increase in sNfL in the CR
group at month 3.

Overall, our study suggests that an AKD offers an avenue to
impact sNfL levels, which seems to be a promising biomarker
in neuroinflammatory diseases, supporting the use of dietary

interventions as a treatment tool for MS. These findings are of
urgent medical interest because such dietetic strategies exhibit
few unwanted side effects.
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Abstract
Background and Objectives
Compared with stroke controls, patients with varicella zoster virus (VZV) vasculopathy have
increased amyloid in CSF, along with increased amylin (islet amyloid polypeptide [IAPP]) and
anti-VZV antibodies. Thus, we examined the gene expression profiles of VZV-infected primary
human brain vascular adventitial fibroblasts (HBVAFs), one of the initial arterial cells infected
in VZV vasculopathy, to determine whether they are a potential source of amyloid that can
disrupt vasculature and potentiate inflammation.

Methods
Mock- and VZV-infected quiescent HBVAFs were harvested at 3 days postinfection. Targeted
RNA sequencing of the whole-human transcriptome (BioSpyder Technologies, TempO-Seq)
was conducted followed by gene set enrichment and pathway analysis. Selected pathways
unique to VZV-infected cells were confirmed by enzyme-linked immunoassays, migration
assays, and immunofluorescence analysis (IFA) that included antibodies against amylin and
amyloid-beta, as well as amyloid staining by Thioflavin-T.

Results
Compared with mock, VZV-infected HBVAFs had significantly enriched gene expression
pathways involved in vascular remodeling and vascular diseases; confirmatory studies showed
secretion of matrix metalloproteinase-3 and -10, as well increasedmigration of infected cells and
uninfected cells when exposed to conditioned media from VZV-infected cells. In addition,
significantly enriched pathways involved in amyloid-associated diseases (diabetes mellitus,
amyloidosis, and Alzheimer disease), tauopathy, and progressive neurologic disorder were
identified; predicted upstream regulators included amyloid precursor protein, apolipoprotein E,
microtubule-associated protein tau, presenilin 1, and IAPP. Confirmatory IFA showed that
VZV-infected HBVAFs contained amyloidogenic peptides (amyloid-beta and amylin) and
intracellular amyloid.

Discussion
Gene expression profiles and pathway enrichment analysis of VZV-infected HBVAFs, as well as
phenotypic studies, reveal features of pathologic vascular remodeling (e.g., increased cell mi-
gration and changes in the extracellular matrix) that can contribute to cerebrovascular disease.
Furthermore, the discovery of amyloid-associated transcriptional pathways and intracellular
amyloid deposition in HBVAFs raise the possibility that VZV vasculopathy is an amyloid
disease. Amyloid deposition may contribute to cell death and loss of vascular wall integrity, as
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well as potentiate chronic inflammation in VZV vasculopathy, with disease severity and recurrence determined by the host’s
ability to clear virus infection and amyloid deposition and by the coexistence of other amyloid-associated diseases
(i.e., Alzheimer disease and diabetes mellitus).

Intracranial varicella zoster virus (VZV) vasculopathy occurs
after VZV reactivates from trigeminal or upper cervical ganglia
and travels along neurites to nerve termini in the outer ad-
ventitia of cerebral arteries. Adventitial fibroblasts are among
the first vascular cells to be infected and a robust proin-
flammatory response follows. Soluble factors secreted by
infected cells and inflammatory cells induce vascular damage
and pathologic remodeling, characterized by neointima forma-
tion, disruption of the internal elastic lamina, and loss of me-
dial smooth muscle cells that leads to ischemic/hemorrhagic
stroke, aneurysm, and other cerebrovascular abnormalities.1,2

A key feature in VZV vasculopathy pathogenesis is persistent
inflammation, disproportionate to the amount of viral antigen
present.3 Prior studies of VZV-infected primary human brain
vascular adventitial fibroblasts (HBVAFs) show that proin-
flammatory cytokines are secreted, but major histocom-
patibility complex 1 and programmed death ligand 1 are
downregulated, leading to recruitment of inflammatory cells
into the vascular wall, but ineffective viral antigen pre-
sentation and decreased ability to attenuate inflammation.4,5

A novel, yet not mutually exclusive, mechanism for chronic
inflammation in VZV vasculopathy emerged from in vitro and
in vivo studies showing that VZV induces intracellular amy-
loid deposition and produces an amyloid-promoting extra-
cellular environment; amyloid is known to be cytotoxic and
proinflammatory.6 Specifically, VZV-infected astrocytes in
vitro contain intracellular amyloid-beta (Aβ) and islet amyloid
polypeptide (IAPP [amylin]) peptides, as well as amyloid,
that is not present in uninfected bystander cells.7 Further-
more, the conditioned supernatant of infected cultures is
amyloid promoting, most likely in part through VZV glyco-
protein B peptides that self-aggregate to form amyloid fibrils
and the ability of these viral peptides to catalyze aggregation of
amyloidogenic cellular peptides.7 Compared with control
plasma, plasma from patients with acute zoster contains ele-
vated amyloid along with elevated Aβ42 and amylin levels and
is also amyloid promoting.8 Similarly, compared with stroke
controls, CSF from patients with VZV vasculopathy contains
elevated amyloid, along with elevated amylin and anti-VZV
antibody levels; Aβ40 was reduced and Aβ42 unchanged.9

Finally, an observational study of frontal lobes from 2 cases of
cerebral amyloid angiopathy (CAA) revealed VZV antigen

and DNA colocalizing with Aβ in some of the affected arteries,
suggesting that VZV vasculopathy may contribute to CAA
pathogenesis through induction of amyloid.10 Thus, using
targeted RNA sequencing, we investigated whether VZV in-
fection of HBVAFs induced gene expression and pathway
signatures consistent with vascular remodeling and amyloid
deposition that can contribute to persistent inflammation, as
well as disrupt vascular wall integrity.

Methods
Standard Protocol Approvals, Registrations,
and Patient Consents
HBVAFs used in this study were commercially acquired, and
no protocol, approvals, registrations, or patient consents were
needed.

Cells and Virus
Quiescent primary HBVAFs (ScienCell, Carlsbad, CA) were
cocultured with either VZV-infected HBVAFs (200 plaque-
forming units/cm2; VZV Gilden strain, GenBank No.
MH379685) or uninfected HBVAFs (mock-infected) as de-
scribed.5 Cells and supernatants (spun at 2000 rpm for 5
minutes to eliminate nonadherent VZV-infected cells)11 were
analyzed at 3 days postinfection (DPI; height of cytopathic
effect).

Targeted RNA Sequencing
The human transcriptome was analyzed using targeted RNA
sequencing plates, reagents, protocols, and software according
to the manufacturer’s instructions (BioSpyder Technologies,
Carlsbad, CA). Briefly, 4,000 mock- or VZV-infected
HBVAFs were lysed and added to the TempO-Seq 96-well
plates containing coded adjacent primer pairs specific for each
annotated human transcript. Using a standard thermal cycler,
human transcript–specific primers were annealed to the
sample RNA; adjacent primer pairs were ligated and then
amplified by quantitative PCR. All amplicons were pooled,
extracted, concentrated (PCR cleanup kit; Macherey-Nagel,
Düren, Germany), and used to construct a single library,
which was sequenced on the Illumina NextSeq 500 se-
quencing platform (Illumina Inc., San Diego, CA). Mapped
reads were generated by TempO-SeqR software (BioSpyder

Glossary
APOE = apolipoprotein E; Aβ = amyloid-beta; CAA = cerebral amyloid angiopathy; DEGs = differentially expressed genes;
DPI = days postinfection; ECM = extracellular matrix; HBVAF = human brain vascular adventitial fibroblast; IAPP = islet
amyloid polypeptide; IFA = immunofluorescence analysis; MMP = matrix metalloproteinase; ORF = open reading frame;
PAH = pulmonary arterial hypertension; Thio-T = Thioflavin-T; VZV = varicella zoster virus.
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Technologies) for alignment of demultiplexed FASTQ files
from the sequencer to the ligated detector oligomer gene
sequences using Bowtie,12 allowing for up to 2 mismatches in
the 50-nucleotide target sequence.13 Differential expression
between groups was assessed by TempO-SeqR software,
which used the DESeq2 method for normalization and dif-
ferential analysis of count data14; significantly differentially
expressed genes (DEGs) were defined as genes with a padj
<0.05. The NOISeq R package was used for quality control
and analysis of count data.15 Sequencing depth (;3M per
sample) for both global and protein coding transcripts
reached saturation (eFigure 1, A and B, links.lww.com/NXI/
A643). Expression values for RNA biotypes (for genes with
>0 counts) for treatment groups (eFigure 1, C and D, links.
lww.com/NXI/A643) and biodetection plots for individual
samples (eFigure 2, links.lww.com/NXI/A643) show com-
parable sequencing profiles between mock- and VZV-infected
HBVAFs.

Pathway enrichment analysis was performed using the hypeR
package16 and Ingenuity Pathway Analysis software (IPA;
Qiagen, Germantown, MD). For hypeR, the upregulated and
downregulated DEGs were used for a hypergeometric test
(background = 50,000, FDR <0.05 against KEGG gene sets
available fromMolecular Signatures Database (MSigDB).17,18

For IPA, enrichment analysis was performedwith the Benjamini-
Hochberg method to control the false discovery rate (adjusted
p value <0.05). These functional enrichment analyses use
computational approaches to identify groups of experimentally
observed human genes that are overrepresented or depleted in
a curated disease- or biological function–specific gene set.
Additional figures were created using Prism 9 (GraphPad
Software, San Diego, CA) or the statistical package R.19

Multiplex Electrochemiluminescence
Immunoassay
Matrix metalloproteinases (MMPs) in supernatants (MMP-
1/2/3/9/10) were measured using commercial assays
according to the manufacturer’s instructions (Mesoscale
Discovery, Rockville, MD). MMP concentrations were cal-
culated with reference to a standard curve run on the same
plate. All samples were analyzed in duplicate.

Migration Assay
Migration rates between groups were determined using an 8-
μm pore transwell migration assay (Sigma-Aldrich, St. Louis,
MO); groups included mock-infected HBVAFs, VZV-
infected HBVAFs, uninfected HBVAFs exposed to condi-
tioned supernatant from mock-infected cultures, and un-
infected HBVAFs exposed to supernatant from VZV-infected
cultures. Samples were pipetted into the top chamber; media
containing 2% FBS comprised the lower chamber. After 24
hours, the chamber was removed, and the cells that migrated
into the lower chamber were stained with CytoTrack (Life
Science, Hercules, CA) according to the manufacturer’s in-
structions and quantified using an Olympus IX73 fluores-
cence microscope with cellSens imaging software (Olympus
Corporation, Center Valley, PA).

Immunofluorescence Antibody Assay and
Intracellular Thioflavin-T

Fluorescence Assay
Quiescent HBVAFs were plated in clear-bottom plates (24-well
μ-plate; ibidi, Gräfelfing, Germany) and mock- or VZV-infected.
At 3 DPI, cells were analyzed by immunofluorescence analysis
(IFA) as described.11 In the first set of stainings, cells were in-
cubated with rabbit anti-VZV open reading frame (ORF) 63
antibody (1:10,000)20 and mouse anti-VZV ORF68 antibody
(VZV glycoprotein E; 1:500; Santa Cruz Biotechnology, Inc.,
Dallas, TX) overnight and then probedwith secondary antibodies,
donkey anti-rabbit Alexa Fluor 488 and donkey anti-mouse Alexa
Fluor 594 IgG (both at 1:500, Life Technologies), respectively.
Cell nuclei were stained with 2 μg/mL 49,6-diamidino-2-
phenylindole (DAPI, Vector Laboratories, Burlingame, CA).
Cells were visualized by confocal microscopy (3I Marianas
inverted spinning disk on Zeiss Axio observer Z1; Oberkochen,
Germany) and analyzed using 3I Slidebook 6 software.

In the second set of stainings, cells were incubated with mouse
anti-VZV glycoprotein B (1:250 dilution; Abcam, Cambridge,
MA) and either rabbit anti-Aβ42 (1:100 dilution; Abcam) or
rabbit anti-amylin (1:250 dilution; Abcam) antibodies over-
night and then probed with secondary antibodies, donkey
anti-rabbit Alexa Fluor 647 and donkey anti-mouse Alexa
Fluor 594 IgG (both at 1:500, Life Technologies), re-
spectively. Cell nuclei were stained with DAPI (Vector Lab-
oratories). Cells were then stained with Thioflavin-T (Thio-
T) that detects amyloid-like fibrillar structures comprised of
amylin, Aβ, and/or other amyloidogenic cellular or viral
peptides as described7; cells were imaged using an Olympus
IX73 fluorescence microscope with cellSens imaging software
(Olympus Corporation, Central Valley, PA).

Statistical Analysis
Statistical analyses of MMP secretion and migration assays
were performed using GraphPad Prism 9 (GraphPad, San
Diego, CA). Statistical differences in MMP secretion between
groups was determined by multiple t tests with the 2-stage
step-up method of Benjamini, Krieger, and Yekutieli to con-
trol for the false discovery rate. Differences in migration rate
between treatment groups were determined by independent
2-tailed t tests. Alpha was set at 0.05.

Data Availability
The data sets generated and/or analyzed herein are available
on theNCBIGeneExpressionOmnibus database (GSE175797).

Results
HBVAFs Are Productively Infected With VZV
Representative immunofluorescent images of VZV-infected
HBVAFs used in this assay are shown in Figure 1. VZV-
infected HBVAFs displayed both immediate early (ORF63)
and late (ORF68 [VZV glycoprotein E]) viral proteins
(Figure 1; white color used in first 2 columns to show
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morphologic detail) in a cluster of cells, indicating that pro-
ductive virus infection is occurring. Characteristic VZV
glycoprotein E-positive cellular protrusions (arrows, bottom
panels; Figure 1) are present that have been previously de-
scribed.11 These cellular protrusions were not positive for the
immediate early protein ORF63.

Mock- and VZV-Infected HBVAFs Have Distinct
Gene Expression Profiles
Todetermine the effect of productive VZV infection onHBVAFs,
targeted whole-human transcriptome analysis was performed on
mock- and VZV-infected VZV-HBVAFs in triplicate. Principal
component analysis demonstrated that replicates from either the
mock- or VZV-infected groups cluster together (eFigure 1, E-F,
links.lww.com/NXI/A643). Differential gene expression analysis
comparing mock- and VZV-infected HBVAFs identified 320
significantly differentially expressed genes (138 upregulated and
182 downregulated) (Figure 2A; eTable 1, links.lww.com/NXI/
A644). Pathway enrichment analysis revealed significantly
enriched KEGG gene sets for groups of upregulated and down-
regulated genes in VZV-infected HBVAFs (Figure 2B; eTable 2,
links.lww.com/NXI/A645, sheet “Figure 2B”). The genes
downregulated with VZV infection were enriched with focal
adhesion and extracellular matrix (ECM) interactions pathways.
Several genes previously reported to be downregulated in VZV-
infected human epithelial cells21 were similarly downregulated in
VZV-infected HBVAFs including integrin subunit alpha 1
(ITGA1) and laminin subunit beta 2 (LAMB2) involved in ECM
structure (Figure 2C). The pathways upregulated with VZV
infection included oxidative phosphorylation, terpenoid bio-
synthesis, Huntington disease, and Parkinson disease. Examples
of genes with increased expression include voltage dependent

anion channel 1 (VDAC1) and superoxide dismutase 2 (SOD2)
(Figure 2C). Upstream regulator analysis of the VZV DEGs,
uncovered candidate transcriptional regulators with roles in
cellular proliferation (runt-related transcription factor 3,
RUNX3),22 innate antiviral immune responses (nuclear factor
NF-kappa-B p65 subunit, RELA),23 and vascular dementia sus-
ceptibility (sterol regulatory element-binding protein 2,
SREBF2)24 (Figure 2D; eTable 2, links.lww.com/NXI/A645,
sheet “Figure 2D”). Of note, we observed a predicted suppres-
sion of myocardin related transcription factor B, MRTFB; re-
duction of this gene leads to vascular defects.25 The list of
observed DEGs for each upstream regulator is shown in eTa-
ble 2, links.lww.com/NXI/A645. Overall, these data show that
VZV infection elicits distinctive gene expression changes in
HBVAFs.

VZV-Infected HBVAFs Are Enriched for Gene
Sets Consistent With Vascular Diseases
and Remodeling
To further investigate the physiologic pathways associated
with vascular disease, we performed enrichment analysis using
the disease and functions data set in IPA. Specifically, com-
pared with mock, VZV-infected HBVAFs were enriched for
disorder of blood vessel, infarction, vaso-occlusion, familial
vascular disease, cerebral disorder, progressive neurologic
disorder, aneurysm, vascular lesion, chronic inflammatory
disorder, and cerebrovascular dysfunction (Figure 3A; list of
observed DEGs in each pathway shown in eTable 3, links.lww.
com/NXI/A646). Furthermore, gene sets associated with
disrupted vessel morphology were also noted, including vas-
culogenesis, migration of cells, morphology of vasculature,
organization of ECM, abnormal morphology of vasculature,

Figure 1 Immunofluorescence Assay (IFA) of VZV-Infected Human Brain Vascular Adventitial Fibroblasts (HBVAFs)

At 3 days postinfection, VZV-infected HBVAFs
were fixed and analyzed by IFA using antibodies
directed against VZV immediate early and late
proteins (VZV ORF63 and VZV ORF68 [VZV glyco-
protein E]), respectively. Low- and high-power
magnification show ORF63 (green) and ORF68
(red) colocalizing in the same cells (column 3,
merge). Note that cellular projections only contain
ORF68 (red arrows, low panels). Magnification
×20, upper panels, and magnification ×100, lower
panels. HBVAF = human brain vascular adventitial
fibroblast; ORF = open reading frame; VZV = vari-
cella zoster virus.
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migration of vascular cells, proliferation of vascular cells, cel-
lular infiltration, and cell movement of fibroblasts (Figure 3B;
list of observed DEGs in each pathway shown in eTable 3,
links.lww.com/NXI/A646). To confirm select transcriptional
findings (i.e., organization of cellular matrix and migration of
cells/migration of vascular cells/cellular infiltration/cell
movement of fibroblasts), MMPs secreted into conditioned
supernatants from mock and VZV-infected HBVAFs were
analyzed, and a functional cellular migration assay was

performed. Compared with mock, VZV-infected conditioned
supernatant contained significantly higherMMP-3 andMMP-
10, supporting an alteration in the extracellular matrix; no
changes were observed inMMP-1,-2, or -9 (Figure 3C). VZV-
infected HBVAFs migrated at a significantly higher rate than
mock-infected cells supporting the cell migration pathways
identified (Figure 3D). This result was also seen, albeit to a
lower degree, when conditioned supernatant from VZV-
infected HBVAFs was placed on naive HBVAFs, suggesting

Figure 2 Transcriptomic Analysis of VZV-Infected HBVAFs

(A) Volcano plot depicting the differential gene expression between mock- and VZV-infected HBVAFs (n = 3); red circles are genes that are significantly
differentially expressed (padj <0.05) in VZV-infected cells compared with mock; the most statistically significant genes are labeled. (B) KEGG pathway
enrichment analysis of downregulated and upregulated genes (x-axis); each dot corresponds to a KEGG gene set, the color represents the significance, and
the size signifies the gene set size. (C) Examples of genes downregulated and upregulated in VZV-infected HBVAFs. Shown in the boxplot are the DESeq2
normalized counts for each gene. (D) Predicted upstream transcriptional regulators that may account for the altered gene expression profiles observed
during VZV infection. The barplot represents the IPA activation Z-score for all significant upstream transcriptional regulators (padj <0.05), blue is inhibited
(<-1.8 Z-score), and red is activated (>1.8 Z-score). HBVAF = human brain vascular adventitial fibroblast; VZV = varicella zoster virus.
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that a soluble factor contributed, in part, to enhanced cell
migration (Figure 3D).

VZV-Infected HBVAFs Show Both
Transcriptional and Protein Signatures
Consistent With Amyloid Deposition
To extend the in vitro and in vivo studies that suggest a causal
role for VZV in amyloid production and accumulation,7-9 the
VZV-infected HBVAFs transcriptional profiles were in-
terrogated and revealed signatures relevant to amyloid-
associated diseases. Significant enrichment in pathways, such
as diabetes mellitus, amyloidosis, dementia, tauopathy, and
Alzheimer disease, was observed (Figure 4A; list of observed
DEGs in each pathway shown in eTable 3, links.lww.com/NXI/
A646). Furthermore, multiple upstream regulators involved in
these diseases were also significantly enriched, including amyloid
precursor protein (APP), apolipoprotein E (APOE), microtu-
bule-associated protein tau (MAPT), presenilin 1 (PSEN1), and
IAPP (amylin), (Figure 4B; list of observed DEGs for each
upstream regulator is shown in eTable 3, links.lww.com/NXI/
A646). Confirmatory IFA revealed colocalization of VZV gB
(red), Aβ42 (yellow), and Thio-T (green) in VZV-infected
HBVAFs, but not in bystander cells or mock-infected cells
(Figure 4C). Similarly, VZV-infected HBVAFs showed coloc-
alization of VZV gB (red), amylin (yellow), and Thio-T (green)

that was absent in bystander cells and mock-infected cells
(Figure 4D). Overall, these findings suggest that direct VZV
infection of HBVAFs can lead to amyloid production.

Discussion
Intracranial VZV vasculopathy, due to productive VZV in-
fection of cerebral arteries, is characterized by persistent in-
flammation that damages the vascular wall, leading to stroke,
aneurysm, and other cerebrovascular abnormalities. Mecha-
nisms of persistent inflammation are not fully characterized,
but recent studies show that VZV infection in vitro and in vivo
can increase intracellular and extracellular amyloid7-9; if am-
yloid is not cleared efficiently, because of host or environ-
mental factors (i.e., age-related decreases in glymphatic
clearance or MMPs that catabolize amyloid) or ongoing virus
replication, amyloid deposits can persist in tissue and serve as
a nidus for ongoing inflammation and cytotoxicity. Herein, we
examined VZV-infected HBVAFs, which are among the first
cerebrovascular cells infected following VZV reactivation and
spread to cerebral arteries. Targeted RNA sequencing
revealed that VZV-infected HBVAFs had significantly
enriched gene expression pathways for vascular remodeling,
vascular diseases, amyloidosis, and Alzheimer disease

Figure 3 VZV Infection of HBVAFs Is Associated With Vascular Disease and Altered Vessel Morphology Transcriptional
Pathways

Gene expression and pathway analysis identified in VZV-infected HBVAFs were compared with mock-infected HBVAFs. (A) Significantly altered pathways involved in
vessel morphology were seen (red denotes activated, and gray denotes significantly altered but unknown direction). (B) Significantly altered pathways involved in
vascular diseaseswere present. (C) To support gene expression pathways leading to organization of extracellularmatrix and cellular infiltration,MMPs in conditioned
supernatant from VZV-infected HBVAFs compared with mock supernatant were measured by multiplex ELISAs. VZV-infected HBVAFs secreted significantly more
MMP-3 and MMP-10 compared with mock at 3 days postinfection (DPI); (D) Cell migration assays were used to support gene expression pathways associated with
migration of cells and vascular cells and cell movement of fibroblasts. VZV-infected HBVAFs had a significantly increased number of migratory cells in the assay
compared with mock-infected cells. Uninfected HBVAFs exposed to conditioned supernatant from VZV-infected cells had increased migration compared with cells
exposed to supernatant frommock-infected cells, indicating that infected cells secrete soluble factors that increasemigrationofbystander cells.HBVAF= humanbrain
vascular adventitial fibroblast; MMP = matrix metalloproteinase; VZV = varicella zoster virus. *p < 0.05, **p < 0.01, ***p < 0.001.
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compared with mock-infected cells. Additional studies con-
firmed select RNA sequencing results. Specifically: (1) VZV-
infectedHBVAF supernatant had significantly increasedMMP-
3 andMMP-10 compared with mock-infected supernatant; (2)
VZV-infected HBVAFs had an increased migratory phenotype
compared with mock-infected cells; (3) uninfected HBVAFs
exposed to supernatant from VZV-infected cells had increased
migration compared with supernatant from mock-infected
cells; and (4) VZV-infected HBVAFs contained intracellular
Aβ42, amylin, and amyloid. Several findings are noteworthy
that address the vascular remodeling seen in VZV vasculopathy
and the potential role of amyloid.

Pathway analysis revealing enhanced cell migration and ECM
changes during VZV infection is consistent with other vasculiti-
des. We confirmed these results and found that phenotypically,

VZV-infected HBVAFs were hypermigratory compared with
mock-infected HBVAFs and secreted increased MMP-3 and
MMP-10 thatwould degrade the extracellularmatrix and facilitate
pathologic vascular remodeling if activated. Elevated MMP-3 in
the supernatant of VZV-infected HBVAFs has been previously
reported, along with elevatedMMP-1 andMMP-9, which we did
not observe; MMP-10 was not measured in that previous re-
port.26 This discrepancymay be due to the later time of analysis in
the earlier report (6 DPI compared with our 3 DPI analysis), as
well as differences in VZV strains; the earlier report used the VZV
Ellen strain, whereas we used a low-passage clinical isolate strain
(VZV Gilden strain). Importantly, we found that conditioned
supernatant fromVZV-infectedHBVAFs contains soluble factors
that can affect uninfected cells and confer a hypermigratory
phenotype. This observation is consistent with a pulmonary ar-
terial hypertension (PAH) study showing that conditioned

Figure 4 VZV Infection of HBVAFs Is Associated With Increased Amyloid Deposition

Gene expression and pathway analysis
identified in VZV-infected HBVAFs were
compared with mock-infected HBVAFs.
(A) Significantly enriched pathways in-
volved in amyloid-associated diseases
were found. (B) Predicted, significantly
enriched upstream regulators relevant
to amyloid-associated diseases were
identified. To support gene expression
pathways of amyloidosis, mock- and
VZV-infected HBVAFs were analyzed by
an immunofluorescence assay using
antibodies against VZV glycoprotein B
(VZV gB, red) and either Aβ42 or amylin
(yellow); slides were subsequently
stained with Thioflavin-T (Thio-T, green)
that detects amyloid-like fibrillar struc-
tures. (C) Mock-infected cells did not
contain VZV gB, Aβ42, or Thio-T (upper
panels). VZV-infected cells contained
VZVgB, Aβ42, andThio-T (lowerpanels).
(D) Mock-infected cells did not contain
VZV gB, amylin, or Thio-T (upper pan-
els). VZV-infected cells contained VZV
gB, amylin, and Thio-T (lower panels).
Cell nuclei (blue). Magnification ×20.
HBVAF = human brain vascular adven-
titial fibroblast; VZV = varicella zoster
virus.
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supernatant from adventitial fibroblasts derived from calves with
PAH conferred a hypermigratory phenotype to THP-1 mono-
cytes.27 Furthermore, Eleftheriou et al.28 also showed that VZV-
infected HBVAFs are hypermigratory and release microparticles
containing virions. Whether circulating microparticles containing
viral proteins or host factors (i.e., interleukin-6, etc.) induces this
functional response is currently unknown. Nonetheless, the
ability of infected cells to confer a hypermigratory phenotype to
surrounding uninfected cells may explain, in part, the extensive
accumulation of myofibroblasts in the neointima of VZV vas-
culopathy arteries despite viral antigen being present in only a
small number of vascular cells.1

A striking result was the absence of human gene sets demon-
strating robust virus infection, innate antiviral responses, in-
terferon signaling, or immune cell activation, although chronic
inflammatory disease was enriched. This result is discordant
with the observed inflammation in VZV-infected arteries ac-
quired postmortem from patients with VZV vasculopathy,1 but
may perhaps be explained by the early times that VZV-infected
HBVAFs were analyzed (3 DPI compared with weeks-months
after infection in patient arteries) and the absence of other
adventitial cells in our cultures that may trigger the in-
flammatory cascade (e.g., dendritic cells). Our results are most
consistent with previous studies of these VZV-infected
HBVAFs showing an early suppression of antiviral responses.
At 3 DPI, compared with IFN-α-treated controls, phosphory-
lated STAT1 did not translocate to the nucleus in VZV-
infected HBVAFs, resulting in impaired downstream expres-
sion of interferon-inducible antiviral Mx1.29 In addition, it has
also been reported that VZV infection of primary human as-
trocytes does not result in a robust inflammatory response at 3
DPI, whereas VZV infection of human perineurial cells did,
suggesting cell-specific responses to VZV infection.30 Thus,
during early VZV infection of adventitial fibroblasts in the ar-
tery, there is likely suppression of antiviral responses. As in-
fection progresses, this suppression may be overcome through
yet uncharacterized mechanisms, and inflammation ensues.

Our findings that VZV infection of HBVAFs produce gene
expression pathways for amyloid disease and that the infected
cells contain intracellular amyloid raise the tantalizing notion
that VZV vasculopathy is an amyloid-associated disease. Pre-
vious studies strongly support this hypothesis.7-10 The first link
between VZV infection and amyloid was seen in mock- and
VZV-infected primary human spinal astrocytes, among the first
CNS cells to be infected after VZV reactivation from peripheral
ganglia and spread to the spinal cord.7 In the infected astrocyte,
VZV induced intracellular expression of host cellular peptides
that had the capacity to misfold and form amyloid (Aβ42 and
amylin); these same cells also contained amyloid that was not
present in uninfected bystander cells. The conditioned super-
natant from VZV-infected cells induced spiked Aβ42 and
amylin to form amyloid fibrils by electron microscopy, more so
than mock supernatant. Finally, this report demonstrated that
VZV gB peptides could self-aggregate and form amyloid fibrils,
as well as catalyze the aggregation of Aβ42 and amylin,

suggesting that as infected cells are lysed, intracellular amyloid
and amyloidogenic cellular and viral peptides are released into
an extracellular environment that promotes further aggrega-
tion. This in vitro study was corroborated by 2 in vivo studies.
The first study found that compared with 10 control plasma, 14
acute zoster plasma had significantly elevated amyloid along
with elevated Aβ42 and amylin levels; zoster plasma increased
amyloid aggregation with addition of exogenous Aβ42 or
amylin.8 The second study of 16 patients with VZV vasculop-
athy and 36 stroke controls found that VZV vasculopathy CSF
had significantly increased amyloid along with increased amylin
and anti-VZV antibody levels; Aβ40 was reduced and Aβ42
unchanged.9 In the same report, primary human perineurial
cells that surround nerve fibers innervating adventitia were also
mock and VZV infected and found to have intracellular amylin,
Aβ42, and amyloid, similar to our VZV-infected HBVAFs. Of
note, amylin knockdown decreasedVZV cDNA, indicating that
it had a proviral function during VZV infection. Because VZV
vasculopathy andCAA have similar clinical presentations (both
affect cerebrovasculature in the elderly, produce hemorrhage,
and can have a protracted course of cognitive decline and other
neurologic deficits), frontal lobes from 2 CAA cases were ex-
amined for the presence of VZV.10 VZV antigen colocalized
with Aβ in some affected arteries from 2 CAA cases, suggesting
a possible association between VZV infection and CAA.10 Fi-
nally, because the e4 allele of APOE (APOE-e4) is associated
with severe CAA31 and homozygosity of APOE-e4 has also
been linked to zoster susceptibility in females,32 determining
the frequency of APOE-e4 andVZV vasculopathy susceptibility
would be informative and further strengthen the link between
VZV and amyloid-associated diseases.

Although VZV infection of cerebral arteries may lead to am-
yloid deposition, host responses may dictate the efficiency of
amyloid clearance and resolution of the vasculitis. For in-
stance, VZV vasculopathy in children tends to be monophasic,
whereas in older adults, it can recur. Differences in amyloid
accumulation, clearance, and immune responses between
young and aged brains are well known33 and may be an im-
portant factor mediating the recurrence and severity differ-
ences in VZV vasculopathies between adults and children. For
example, not only are amyloid efflux mechanisms reduced
with normal aging,34 it has also been shown that fibrillar Aβ42
injections into the brain of aged, but not young rhesus ma-
caques, resulted in substantial neurodegenerative pathology,35

suggesting a vulnerability of an aged brain to amyloid toxicity.
Furthermore, microglia from aged brains have markedly re-
duced phagocytic activity against amyloid36; amyloid phago-
cytosis by aged microglia results in a redistribution of amyloid
rather than protein breakdown37 (reviewed in Spittau38).

Given the evidence that VZV vasculopathy may be an
amyloid-associated disease, by extension, VZV vasculopathy
may also increase the amyloid burden of other amyloid-
associated diseases, such as Alzheimer disease, and accelerate
clinical decline. This is further supported by epidemiologic
studies showing that VZV reactivation (herpes zoster)
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increases the risk of dementia, and antiviral therapy reduces
the risk,39-41 and increased the risk of neovascular macular
degeneration,42 both characterized by Aβ42/amylin and Aβ42
aggregates, respectively. In addition, zoster is associated with a
deterioration in glycemic control in diabetes mellitus43 that is
characterized by amylin aggregates in the pancreas that con-
tribute to death of insulin-producing beta cells.44-46

Overall, there is mounting evidence that VZV vasculopathy is
an amyloid-associated disease and virus-induced deposition of
amyloid may serve as a nidus for persistent inflammation and
cytotoxicity, depending on host and environmental factors
that contribute to efficient or deficient amyloid clearance.
Examination of VZV antigen and amyloid in postmortem
virus-infected arteries from patients with VZV vasculopathy is
warranted in future studies. Finally, our results suggest that in
individuals with amyloid-associated diseases, VZV reactivation
that can occur with or without rash should be considered a
potential accelerator of disease progression, and these indi-
viduals may benefit from rapid antiviral therapy during reac-
tivation or zoster vaccination to prevent reactivation.
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Abstract
Background and Objectives
There are limited data on severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
vaccine reactogenicity in persons with multiple sclerosis (PwMS) and how reactogenicity is
affected by disease-modifying therapies (DMTs). The objective of this retrospective cross-
sectional study was to generate real-world multiple sclerosis–specific vaccine safety information,
particularly in the context of specific DMTs, and provide information to mitigate specific con-
cerns in vaccine hesitant PwMS.

Methods
Between 3/2021 and 6/2021, participants in iConquerMS, an online people-powered research
network, reported SARS-CoV-2 vaccines, experiences of local (itch, pain, redness, swelling, or
warmth at injection site) and systemic (fever, chills, fatigue, headache, joint pain, malaise,
muscle ache, nausea, allergic, and other) reactions within 24 hours (none, mild, moderate, and
severe), DMT use, and other attributes. Multivariable models characterized associations be-
tween clinical factors and reactogenicity.

Results
In 719 PwMS, 64% reported experiencing a reaction after their first vaccination shot, and 17%
reported a severe reaction. The most common reactions were pain at injection site (54%),
fatigue (34%), headache (28%), and malaise (21%). Younger age, being female, prior SARS-
CoV-2 infection, and receiving the ChAdOx1 nCoV-19 (Oxford-AstraZeneca) vs BNT162b2
(Pfizer-BioNTech) vaccine were associated with experiencing a reaction after the first vaccine
dose. Similar relationships were observed for a severe reaction, including higher odds of
reactions among PwMS with more physical impairment and lower odds of reactions for PwMS
on an alpha4-integrin blocker or sphingosine-1-phosphate receptor modulator. In 442 PwMS
who received their second vaccination shot, 74% reported experiencing a reaction, whereas 22%
reported a severe reaction. Reaction profiles after the second shot were similar to those reported
after the first shot. Younger PwMS and those who received the mRNA-1273 (Moderna) vs
BNT162b2 vaccine reported higher reactogenicity after the second shot, whereas those on a
sphingosine-1-phosphate receptor modulator or fumarate were significantly less likely to report
a reaction.

Discussion
SARS-CoV-2 vaccine reactogenicity profiles and the associated factors in this convenience
sample of PwMS appear similar to those reported in the general population. PwMS on specific
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DMTs were less likely to report vaccine reactions. Overall, the short-term vaccine reactions experienced in the study population
were mostly self-limiting, including pain at the injection site, fatigue, headache, and fever.

Preventing severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) infection, the cause of coronavirus disease 2019
(COVID-19), is the most pressing global health crisis.1 Since
December 2020, several SARS-CoV-2 vaccines have been de-
veloped and available to varying degrees across the globe, in-
cluding novel mRNA (i.e., Pfizer-BioNTech [BNT162b2] and
Moderna [mRNA-1273]) and viral vector (i.e., Johnson &
Johnson’s Janssen [Ad26.COV2.S] and Oxford-AstraZeneca
[ChAdOx1 nCoV-19]) vaccines. These vaccines have dem-
onstrated high safety and efficacy in preventing SARS-CoV-2
infection and severe COVID-19.2-5 However, safety data from
vaccine trials in individuals with autoimmune conditions, in-
cluding persons with multiple sclerosis (PwMS), have not been
reported or may not exist. In particular, BNT162b2 trials ex-
cluded individuals with autoimmune diseases and those treated
with immunomodulatory therapies; mRNA-1273 trials ex-
cluded those treated with immunomodulatory therapies within
6 months of entry. Considering the novel vaccine strategies
deployed and the uncertain impact of immunomodulatory
therapies, vaccine safety data in PwMS are of great interest,
including short-term reactogenicity. This is especially impor-
tant because >20% of PwMS may be vaccine hesitant,6,7 with
specific concerns related to vaccine safety, vaccine efficacy, and
potential side effects.6,8 Among vaccine-hesitant PwMS, short-
term side effects were a major concern for 26% and a minor
concern for 49% of individuals.8

The reported reactogenicity of BNT162b2, mRNA-1273,
Ad26.COV2.S, andChAdOx1 nCoV-19 from vaccine trials and
observational studies of the general population has been
characterized by transient and mild to moderate symptoms,
including pain at the injection site, headache, fatigue, fever/
chills, and myalgia.2,5,9,10 On average, a higher proportion of
women, younger adults, and those with a prior SARS-CoV-2
infection report experiencing these short-term symptoms, and
reactogenicity is elevated for the specific vaccines (i.e., higher
reactogenicity inmRNA-1273 comparedwith BNT162b2) and
for the second vaccine shot for vaccination protocols requiring
2 shots.4,9,11,12

To date, a few observational studies have begun to characterize
vaccine safety profiles in PwMS. Eighty-one Dutch patients with
MS, alongside patients with rheumatoid arthritis, experienced a
similar burden of transient local and systemic vaccine reactions
that were primarily self-limiting in comparison to unaffected

controls when accounting for age, sex, and vaccine type.13 In a
study of 555 Israeli patients with MS, descriptive statistics qual-
itatively suggested higher vaccine reactogenicity in younger pa-
tients, patients with less physical impairment, and patients treated
with a disease-modifying therapy (DMT). However, formal sta-
tistical comparisons, including comparisons accounting for pu-
tative confounders (i.e., age, sex, vaccine type, disability, and prior
SARS-CoV-2 infection) were not conducted.14 In a third study of
425 Italian patients with MS, 55% of PwMS who self-reported
being on a DMT reported an early BNT162b2 vaccine reaction,
whereas 63% of PwMS not on a DMT reported an early
BNT162b2 reaction (p = 0.07)—however, this comparison also
did not account for putative confounders nor were specific DMT
classes investigated.15 Thus, the sociodemographic and clinical
attributes independently associated with vaccine reactogenicity in
PwMS remain incompletely characterized, and the impact of
specific classes of DMTs, which have diverse mechanisms of
action, remains largely unknown.

Here, we report findings from a cohort of >700 PwMS who
received a SARS-CoV-2 vaccine and were members of the
iConquerMS people-powered research network (PPRN).16

PwMS reported acute local and systemic reactions experi-
enced within 24 hours of vaccination, and relationships be-
tween self-reported attributes (e.g., physical impairment and
DMT status) and reactogenicity were examined in multivar-
iable models. Our primary objective was to generate real-
world MS-specific vaccine safety information for PwMS and
health care professionals, particularly in the context of specific
DMTs, and provide information that may help mitigate spe-
cific concerns in vaccine hesitant PwMS.

Methods
Ethics Board Approval and Informed Consent
SinceOctober 2014, an independent ethics review board (WCG
IRB, formerly CopernicusGroup IRB) has approved the website
content, survey instruments, informed consent, and collateral
materials for the iConquerMS PPRN. Survey instruments spe-
cific for this study were approved by the WCG IRB. All partic-
ipants electronically provided informed consent before study
enrollment. The analysis of deidentified data was deemed re-
search not involving human subjects by the Case Western Re-
serve University IRB (IRB No.: STUDY20210761).

Glossary
COVID-19 = coronavirus disease 2019; DMT = disease-modifying therapy; PDDS = Patient-Determined Disease Steps;
PwMS = persons with multiple sclerosis; PPRN = people-powered research network; SARS-CoV-2 = severe acute respiratory
syndrome coronavirus 2.
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Study Population and Study Design
iConquerMS and the National MS Society promoted the
launch of this study through their electronic mailing lists and
webinars. PwMS who were or subsequently registered in the
iConquerMS PPRN, an online research network, were invited
to participate in this study. iConquerMS is an initiative of the
Accelerated Cure Project for MS, developed in collaboration
with the Complex Adaptive Systems Initiative at Arizona State
University, its information technology services partner, Ordinal
Data, Inc., and with the communications firm, Ogilvy.16 iCon-
querMS emphasizes governance by PwMS and is supported by
an integrated information technology and communications
platform featuring an online portal (iConquerMS.org) through
which stakeholders can participate in and drive MS research.

Beginning March 22, 2021, consenting iConquerMS mem-
bers were invited to complete surveys about their experiences
regarding their SARS-CoV-2 vaccination(s), including vac-
cine reactions after their first and second shots (if applicable)
and other sociodemographic and clinical attributes. By June 9,
2021, 825 study participants, who self-reported having had
diagnoses of MS or clinically isolated syndrome administered
by a neurologist or other physician, had completed the surveys
as a part of this retrospective cross-sectional study.

Exclusion Criteria and Data Quality Control
We excluded participants who reported invalid dates for their
first vaccination (precedingDecember 16, 2020, or after June 8,
2021; n = 31), who did not report their age (n = 3), who were
aged <18 years (n = 1), who were unsure whether they had a
vaccine reaction (n = 13), or who did not know their DMT
status (n = 8). We excluded 48 of these remaining 769 par-
ticipants because we could not determine their DMT status at
vaccination or because they gave an invalid date or a date after
their vaccination for their last DMT dose. Of the remaining 721
participants, 2 subjects were excluded due to inconsistencies in
their reporting of the manufacturer of their first and second
vaccines. As a result, the final study population for analyses
related to the first vaccination shot consisted of 719 iCon-
querMS participants (87.1% of the source population). Sixty-
five percent (n = 466) of these participants had received a
second vaccine shot; however, 15 participants reported invalid
dates for their second vaccination in relationship to their first
vaccination (i.e., receiving the second shot on the same day as
the first shot). We excluded 8 participants who were unsure
whether they had a reaction to their second vaccinations.
Therefore, the final study population for analyses related to the
second vaccination shot consisted of 442 iConquerMS partic-
ipants (53.6% of the source population).

SARS-CoV-2 Vaccine Reactions
Participants provided dates of their first and second SARS-
CoV-2 vaccinations and vaccine manufacturer name. They
were then prompted to report reactions experienced within
the 24 hours after their first and second vaccine administra-
tions. Participants could have answered none, mild, moderate,
or severe to the following injection site (local) reactions: itch;

pain, soreness, or tenderness; redness; swelling; or warmth.
They were also asked about any systemic reactions, including
chills; fatigue; fever/feeling feverish; headache; joint pain;
malaise; muscle ache (other than at the injection site); nausea;
immediate allergic reaction (i.e., rash, swelling, difficulty
breathing, fast heartbeat, dizziness, or fainting); or any other
reaction. We generated 4 binary outcomes: (1) experiencing
any reaction after the first shot (any mild, moderate, or severe
reaction vs none); (2) experiencing any severe reaction after
the first shot (any severe reaction vs all other responses [mild,
moderate, or none]); (3) experiencing any reaction after the
second shot (if applicable); and (4) experiencing any severe
reaction after the second short (if applicable).

MS Treatment Status at Vaccination
Participants provided their recent DMT histories, including
DMT and date of last administration. Using a rubric for antici-
pated impact of a DMT (see eMethods, links.lww.com/NXI/
A651), we determined that for 23 participants who reported
being on a DMT, their last treatment date was far outside of the
recommended treatment frequency guidelines. These 23 were
coded as not actively on a DMT at vaccination (see eMethods,
links.lww.com/NXI/A651). A categorical variable was con-
structed for DMT status at vaccination: 0 = no DMT or not
actively on a DMT; 1 = B-cell depletion therapies (Kesimpta,
Ocrevus, and Rituxan); 2 = T/B-cell proliferation inhibitor
(Aubagio); 3 = interferon beta drugs (Avonex, Betaseron, Ple-
gridy, and Rebif); 4 = glatiramer acetate (Copaxone and Gla-
topa); 5 = sphingosine-1-phosphate receptor (S1PR)
modulators (Gilenya, Mayzent, and Zeposia); 6 = alpha-4-
integrin blocker (Tysabri); 7 = other immune cell regulators
(Lemtrada and Mavenclad); and 8 = fumarates (Tecfidera and
Vumerity).

Other Covariates
Age, sex, disease duration (time from the first symptom sug-
gestive of MS to present), subtype (relapsing-remitting, sec-
ondary progressive, primary progressive, and clinically isolated
syndrome), Patient-Determined Disease Steps (PDDS), Latinx
ethnicity, race (White, Black, and Other/Mixed), vaccine
manufacturer (BNT162b2 [Pfizer-BioNTech], mRNA-1273
[Moderna], Ad26.COV2.S [Johnson & Johnson’s Janssen],
ChAdOx1 nCoV-1 [Oxford-AstraZeneca], and other), and
prior self-reported SARS-CoV-2 infection (yes/no) were also
reported. Indicator variables were generated to capturemissing/
unknown responses for ethnicity (0.7%), race (1.4%), disease
subtype (1.5%), and prior SARS-CoV-2 infection (1.3%) to
maximize the number of observations retained across analyses.

Statistical Analyses
Descriptive statistics were generated for the entire study
population and stratified by reaction status after the first and,
if present, second vaccination shots, including mean and SD
for continuous measures and percentages for categorical
measures. Multivariable logistic regressions were used to ex-
amine the relationships (ORs; 95%CIs) between DMT status
and all other covariates with the following outcomes: (1) any

Neurology.org/NN Neurology: Neuroimmunology & Neuroinflammation | Volume 9, Number 1 | January 2022 3

http://www.iConquerMS.org
http://links.lww.com/NXI/A651
http://links.lww.com/NXI/A651
http://links.lww.com/NXI/A651
http://neurology.org/nn


Table 1 Attributes of the Study Population Who Received Their First Vaccine Shot

Attribute (mean [SD] or %) All MS cases

MS cases
reporting
no reaction

MS cases
reporting any
reaction

MS cases reporting
any severe reaction

N 719 260 (36.2%) 459 (63.8%) 122 (16.9%)

Age (yr) 53.0 (11.8) 55.8 (11.6) 51.4 (11.6) 50.8 (11.2)

Female 84.6% (n = 608) 79.6% (n = 207) 87.4% (n = 401) 91.8% (n = 112)

Latinx 4.7% (n = 34) 3.5% (n = 9) 5.5% (n = 25) 12.3% (n = 15)

Race White 94.2% (n = 677) 91.9% (n = 239) 95.4% (n = 438) 94.3% (n = 115)

Non-White 4.4% (n = 32) 6.2% (n = 16) 3.5% (n = 16) 4.1% (n = 5)

Unknown 1.4% (n = 10) 1.9% (n = 5) 1.1% (n = 5) 1.6% (n = 2)

Subtype Relapsing-remitting 70.0% (n = 593) 63.5% (n = 165) 73.6% (n = 338) 75.4% (n = 92)

Secondary progressive 17.5% (n = 126) 19.6% (n = 51) 16.3% (n = 75) 15.6% (n = 19)

Primary progressive 9.2% (n = 66) 13.5% (n = 35) 6.7% (n = 31) 5.7% (n = 7)

Clinically isolated syndrome 1.8% (n = 13) 1.5% (n = 4) 2.0% (n = 9) 0.8% (n = 1)

Unknown 1.5% (n = 11) 1.9% (n = 5) 1.3% (n = 6) 2.5% (n = 3)

Disease duration 13.8 (9.2) 15.3 (10.3) 13.0 (8.5) 13.0 (8.3)

Patient-Determined Disease Steps 2.5 (2.2) 2.8 (2.3) 2.3 (2.2) 2.6 (2.0)

Prior COVID-19 infection No 92.2% (n = 663) 95.8% (n = 248) 90.2% (n = 414) 80.3% (n = 98)

Yes 6.5% (n = 47) 3.1% (n = 9) 8.5% (n = 39) 17.2% (n = 21)

Unsure 1.3% (n = 9) 1.1% (n = 3) 1.3% (n = 6) 2.5% (n = 3)

Vaccine manufacturer BNT162b2 (Pfizer-BioNTech) 56.9% (n = 409) 59.2% (n = 154) 55.6% (n = 255) 54.1% (n = 66)

mRNA-1273 (Moderna) 35.9% (n = 258) 34.2% (n = 89) 36.8% (n = 169) 38.5% (n = 47)

Ad26.COV2.S (Johnson
& Johnson’s Janssen)

4.3% (n = 31) 5.4% (n = 14) 3.7% (n = 17) 2.5% (n = 3)

ChAdOx1 nCoV-1
(Oxford-AstraZeneca)

2.8% (n = 20) 0.8% (n = 2) 3.9% (n = 18) 4.9% (n = 6)

Other 0.1% (n = 1) 0.4% (n = 1) 0% (n = 0) 0% (n = 0)

Disease-modifying
therapy at vaccination

Not actively on a DMT 25.0% (n = 180) 28.5% (n = 74) 23.1% (n = 106) 26.2% (n = 32)

B-cell depleters (Kesimpta,
Ocrevus, and Rituxan)

27.3% (n = 196) 26.9% (n = 70) 27.5% (n = 126) 30.3% (n = 37)

T/B-cell proliferation inhibitor
(Aubagio)

4.7% (n = 34) 5.4% (n = 14) 4.4% (n = 20) 4.9% (n = 6)

Interferon betas (Avonex,
Betaseron, Plegridy, and Rebif)

6.3% (n = 45) 4.2% (n = 11) 7.4% (n = 34) 7.4% (n = 9)

Glatiramer acetate
(Copaxone and Glatopa)

7.2% (n = 52) 7.7% (n = 20) 7.0% (n = 32) 8.2% (n = 10)

S1P receptor modulator
(Gilenya, Mayzent, and Zeposia)

7.8% (n = 56) 9.6% (n = 25) 6.8% (n = 31) 3.3% (n = 4)

Alpha4-integrin blocker (Tysabri) 7.2% (n = 52) 5.8% (n = 15) 8.1% (n = 37) 3.3% (n = 4)

Other immune cell regulators
(Lemtrada and Mavenclad)

2.4% (n = 17) 2.7% (n = 7) 2.2% (n = 10) 3.3% (n = 4)

Fumarates (Tecfidera and Vumerity) 12.1% (n = 87) 9.2% (n = 24) 13.7% (n = 63) 13.1% (n = 16)

Abbreviations: COVID-19 = coronavirus disease 2019; DMT = disease-modifying therapy; PwMS = persons with multiple sclerosis.
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reaction after the first shot; (2) any severe reaction after the
first shot; (3) any reaction after the second shot; and (4) any
severe reaction after the second shot. For the latter 2 out-
comes, we also adjusted for experiencing any reaction after the
first vaccination.

We conducted a sensitivity analysis restricted to participants
who were US residents, and we explored stratified models for
experiencing any local reactions, any severe local reactions,
any systemic reactions, or any severe systemic reactions after
the first and second vaccinations, respectively. All analyses
were conducted in Stata v13.1 (StataCorp LP, College Sta-
tion, TX). A 2-sided alpha of 0.05 was considered statistically
significant.

Data Availability
Data related to this study are available from iConquerMS. In-
terested parties must obtain approval from the iConquerMS
Research Committee, that consists of PwMS and other MS
stakeholders, in addition to an ethics board approval and a
completed data transfer agreement between the Accelerated
Cure Project and the requesting institution from qualified
investigators.

Results
Participant Characteristics
The final study population consisted of 719 PwMSwith a mean
age of 53 years (SD = 12 years) and who were predominantly
non-Latinx (95%), White (94%), female (85%), and US resi-
dents (90%) (Table 1). Most participants had relapsing-
remitting MS (70%), followed by secondary progressive MS
(18%), primary progressive MS (9%), and clinically isolated
syndrome (2%), with a mean disease duration of 14 years
(SD = 9) and moderate disability (mean PDDS = 2.5). A prior
SARS-CoV-2 infection was reported by 7% of participants. A
quarter of the study population were not actively on a DMT,
whereas 27% were on B cell–depleting therapies, 12% were on
fumarates, 8% were on S1PR modulators, 7% were on glatir-
amer acetate, 7% were on alpha4-integrin blocker, 6% were on
interferons, 5% were on Lemtrada or Mavenclad, and less than
<3% were on other DMTs. The attributes of participants who
had their second vaccination were similar to the overall study
population (N = 442; Table 2).

Vaccination Experiences
Most PwMS received the BNT162b2 (Pfizer-BioNTech)
vaccine (57%), followed by the mRNA-1273 (Moderna) vac-
cine (36%), the Ad26.COV2.S (Johnson & Johnson’s Janssen)
vaccine (4%), and ChAdOx1 nCoV-1 (Oxford-AstraZeneca)
(3%) vaccines. Among participants who received their second
vaccination (Table 2), most received the BNT162b2 vaccine
(61%), followed by the mRNA-1273 vaccine (38%) and then
the ChAdOx1 nCoV-1 vaccine (1%)—and >90% received
their second vaccine within a month of their first vaccine
(Table 2).

Nearly two-thirds (64%) of the study population reported
experiencing any reaction and 17% reported any severe re-
action within 24 hours of the first vaccination shot (N = 719;
Table 1). The most common reactions were pain at injection
site (54%), fatigue (34%), headache (28%), and malaise
(21%) (Figure 1A; eTable 1, links.lww.com/NXI/A651). All
other symptoms were experienced by <20% of the study
population, including <3% who self-reported an allergic re-
action to their vaccine.

Vaccine reactogenicity was elevated after the second vaccine
shot, with 74% of the study population reporting any reaction
and 22% reporting any severe reaction (N = 442; Table 2).
Similar reaction profiles were reported after the second shot,
and the most common reactions were pain at injection site
(61%), fatigue (53%), headache (40%), malaise (35%),
muscle ache (32%), and chills (26%) (Figure 1B; eTable 2,
links.lww.com/NXI/A651). A notable observation was that
82% of participants with a severe reaction after their second
shot had a reaction after their first shot (Table 2).

Associations With Vaccine Reactions
In a multivariable model for experiencing any reaction within 24
hours after the first vaccine shot, adjusting for likely confounders
(Table 3), participants were less likely to report having a re-
action for each additional 1-year increase in age (OR = 0.98;
95% CI: 0.96–0.99; p = 0.007). Non-White participants were
less likely to report experiencing a vaccine reaction compared
with White participants (OR = 0.4; 95% CI: 0.19–0.86; p =
0.018), and there was a nonsignificant trend for fewer reactions
among participants on S1PR modulators compared with those
who were not actively on a DMT (OR = 0.50; 95% CI:
0.26–1.0; p = 0.051; Figure 1, C and E; eTable 1, links.lww.
com/NXI/A651). Women with MS were significantly more
likely to report a vaccine reaction compared with men with MS
(OR= 1.89; 95%CI: 1.21–2.97; p = 0.0054), as were those with
a prior SARS-CoV-2 infection vs those without (OR = 3.38;
95% CI: 1.5–7.6; p = 0.0032), and those who received a
ChAdOx1 nCoV-1 vs a BNT162b2 vaccine (OR = 6.57; 95%
CI: 1.43–30.16; p = 0.015).

In a multivariable model for experiencing any severe reaction
after the first vaccine shot (Table 3), similar associations were
observed for age (OR = 0.97; 95% CI: 0.95–0.99; p = 0.012),
women (OR = 2.41; 95% CI: 1.16–4.99; p = 0.018), prior
SARS-CoV-2 infection (OR = 5.45; 95% CI: 2.78–10.67;
p = 8 × 10−7), a ChAdOx1 nCoV-1 vaccine compared with
BNT162b2 vaccine (OR = 3.25; 95% CI: 1.09–9.7; p = 0.034),
and being on S1PR modulators vs no DMT (OR = 0.21; 95%
CI: 0.06–0.71; p = 0.012; Figure 1, C and E; eTable 1, links.
lww.com/NXI/A651). Novel associations were that Latinx
participants were more likely to report severe reactions com-
pared with non-Latinx participants (OR = 3.95; 95% CI:
1.8–8.65; 6 × 10-4); disabled participants reported were also
more likely to report severe reactions per unit increase in
PDDS (OR = 1.17; 95% CI: 1.03–1.33; p = 0.013); and par-
ticipants on alpha4-integrin blockers were much less likely to
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Table 2 Attributes of the Study Population Who Received Their Second Vaccine Shot

Attribute (mean [SD] or %) All MS cases

MS cases
reporting
no reaction

MS cases
reporting any
reaction

MS cases reporting
any severe reaction

N 442 115 (26.0%) 327 (74.0%) 99 (22.4%)

Age (yr) 53.5 (12.2) 59.1 (9.5) 51.5 (12.4) 51.7 (11.3)

Female 83.9% (n = 371) 76.5% (n = 88) 86.5% (n = 283) 88.9% (n = 88)

Latinx 4.6% (n = 21) 3.5% (n = 4) 5.2% (n = 17) 5.1% (n = 5)

Race White 94.6% (n = 419) 93.9% (n = 108) 95.1% (n = 311) 96.0% (n = 95)

Non-White 4.8% (n = 21) 5.2% (n = 6) 4.0% (n = 13) 2.0% (n = 2)

Unknown 0.7% (n = 3) 0.9% (n = 1) 0.9% (n = 3) 2.0% (n = 2)

Subtype Relapsing-remitting 68.3% (n = 302) 62.6% (n = 72) 70.3% (n = 230) 64.7% (n = 64)

Secondary progressive 18.3% (n = 81) 19.1% (n = 22) 18.0% (n = 59) 22.2% (n = 22)

Primary progressive 10.2% (n = 45) 15.7% (n = 19) 8.3% (n = 27) 10.1% (n = 10)

Clinically isolated syndrome 1.1% (n = 5) 0.9% (n = 1) 1.2% (n = 4) 1.0% (n = 1)

Unknown 2.0% (n = 9) 1.7% (n = 2) 2.1% (n = 7) 2.0% (n = 2)

Disease duration 13.9 (9.1) 16.1 (8.8) 13.1 (9.1) 13.7 (9.7)

Patient-Determined Disease Steps 2.5 (2.3) 2.9 (2.3) 2.4 (2.3) 2.6 (2.3)

Prior COVID-19 infection No 91.6% (n = 405) 89.6% (n = 103) 92.4% (n = 302) 87.9% (n = 87)

Yes 7.0% (n = 31) 8.7% (n = 10) 6.4% (n = 21) 10.1% (n = 10)

Unsure 1.4% (n = 6) 1.7% (n = 2) 1.2% (n = 4) 2.0% (n = 2)

Vaccine manufacturer BNT162b2 (Pfizer-BioNTech) 60.9% (n = 269) 71.3% (n = 82) 57.2% (n = 187) 52.5% (n = 52)

mRNA-1273 (Moderna) 37.6% (n = 166) 26.1% (n = 30) 41.6% (n = 136) 46.5% (n = 46)

Ad26.COV2.S (Johnson
& Johnson’s Janssen)

0% (n = 0) 0% (n = 0) 0% (n = 0) 0% (n = 0)

ChAdOx1 nCoV-1
(Oxford-AstraZeneca)

1.4% (n = 6) 1.7% (n = 2) 1.2% (n = 4) 1.0% (n = 1)

Other 0.2% (n = 1) 0.9% (n = 1) 0% (n = 0) 0% (n = 0)

Disease-modifying
therapy at vaccination

Not actively on a DMT 24.9% (n = 110) 29.6% (n = 34) 23.2% (n = 76) 27.3% (n = 27)

B-cell depleters (Kesimpta,
Ocrevus, and Rituxan)

28.5% (n = 126) 22.6% (n = 26) 30.6% (n = 100) 28.3% (n = 28)

T/B-cell proliferation inhibitor (Aubagio) 5.0% (n = 22) 7.0% (n = 8) 4.3% (n = 14) 3.0% (n = 3)

Interferon betas (Avonex,
Betaseron, Plegridy, and Rebif)

6.8% (n = 30) 4.4% (n = 5) 7.7% (n = 25) 9.1% (n = 9)

Glatiramer acetate (Copaxone and Glatopa) 7.9% (n = 35) 5.2% (n = 6) 8.9% (n = 29) 9.1% (n = 9)

S1P receptor modulator
(Gilenya, Mayzent, and Zeposia)

7.5% (n = 33) 12.2% (n = 14) 5.8% (n = 19) 2.0% (n = 2)

Alpha4-integrin blocker (Tysabri) 7.9% (n = 35) 7.0% (n = 8) 8.3% (n = 27) 10.1% (n = 10)

Other immune cell regulators
(Lemtrada and Mavenclad)

1.6% (n = 7) 0.9% (n = 1) 1.8% (n = 6) 2.0% (n = 2)

Fumarates (Tecfidera and Vumerity) 10.0% (n = 44) 11.3% (n = 13) 9.5% (n = 31) 9.1% (n = 9)

Any reaction to the first vaccine shot 63.4% (n = 280) 25.2% (n = 29) 76.8% (n = 251) 81.8% (n = 81)

Any severe reaction to the first vaccine shot 15.4% (n = 68) 7.8% (n = 9) 18.1% (n = 59) 39.4% (n = 39)

Received second vaccine within 31 d of the first vaccine 91.9% (n = 406) 93.0% (n = 107) 91.4% (n = 299) 95.0% (n = 94)

Abbreviations: COVID-19 = coronavirus disease 2019; DMT = disease-modifying therapy; PwMS = persons with multiple sclerosis.
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report experiencing severe reactions compared with those not
actively on a DMT (OR= 0.25; 95%CI: 0.08–0.83; p = 0.023).

In the multivariable models for experiencing any reaction or
any severe reaction after the second vaccine shot, similar as-
sociations were observed across models (Table 4). Older par-
ticipants were less likely to report any reaction (OR = 0.93;
95% CI: 0.9–0.96; p = 9.5 × 10-6) or any severe reaction
(OR = 0.97; 95% CI: 0.95–1.00; p = 0.025) after the second
shot. Participants on S1PR modulators (OR = 0.18; 95% CI:
0.06–0.58; p = 0.0055; Figure 1, D and F; eTable 2, links.lww.
com/NXI/A651) or fumarates (OR = 0.31; 95% CI:
0.11–0.83; p = 0.027) were less likely to report experiencing
any reaction compared with those not actively on a DMT,
whereas only those on S1PR modulators were less likely to
report any severe reactions after the second shot (OR = 0.15;
95% CI: 0.03–0.73; p = 0.019; Figure 1, D and F; eTable 2,
links.lww.com/NXI/A651). Participants who received the

mRNA-1273 vaccine had increased odds of experiencing any
reaction (OR = 2.62; 95%CI: 1.46–4.71; p = 8.7 × 10−4) or any
severe reaction (OR = 1.69; 95% CI: 1.03–2.75; p = 0.037)
after the second shot compared with those who received the
BNT162b2 vaccines. Furthermore, individuals who experi-
enced a reaction after their first shot had substantially elevated
odds of experiencing any reaction (OR = 12.42; 95% CI:
6.99–22.06; p = 7.7 × 10−16) or any severe reaction (OR = 3.15;
95% CI: 1.71–5.78; p = 2.2 × 10−5) after their second shot.

Across all models, there were no significant associations for
subtype or disease duration. Similar associations were observed
across models when restricting to US residents and when strati-
fying by local or systemic reactions (data not shown). A curious
observation was that participants on interferons were more likely
to report any local reaction after the first vaccine shot compared
with those not actively on aDMT(OR= 2.2; 95%CI: 1.04–4.84;
p = 0.04), but the association did not persist across other models.

Figure 1 Distribution of Short-term (24-Hour) Vaccine Reactions in the Study Population
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Discussion
The SARS-CoV-2 vaccine is highly recommended for
PwMS.17 However,;6% of American PwMS are unwilling to
receive the SARS-CoV-2 vaccine, and >20% of PwMS are

vaccine hesitant.6,7 Frequent concerns for vaccine hesitant
PwMS were vaccine safety and efficacy and potential short-
and long-term side effects.6,8 In addition, most vaccine hesi-
tant PwMS expressed the desire for additional information.8

Unfortunately, no safety data pertaining specifically to PwMS

Table 3 Multivariable Logistic Regression Associations for Any Reaction or Any Severe Reaction After the First Vaccine
Shot

Covariate (mean [SD] or %)

Any reaction Any severe reaction

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

Na 718 718

Age (yr) 0.98 (0.96, 0.99) 0.0070 0.97 (0.95, 0.99) 0.012

Female 1.89 (1.21, 2.97) 0.0054 2.41 (1.16, 4.99) 0.018

Latinx 1.36 (0.59, 3.12) 0.47 3.95 (1.8, 8.65) 6.0 × 10-4

Race White 1 — 1 —

Non-White 0.4 (0.19, 0.86) 0.018 0.94 (0.32, 2.7) 0.90

Unknown 0.66 (0.15, 2.88) 0.58 0.86 (0.14, 5.4) 0.88

Subtype Relapsing-remitting 1 — 1 —

Secondary progressive 1.06 (0.62, 1.79) 0.84 0.58 (0.28, 1.17) 0.13

Primary progressive 0.61 (0.32, 1.15) 0.13 0.4 (0.15, 1.04) 0.061

Clinically isolated syndrome 0.77 (0.22, 2.71) 0.69 0.15 (0.01, 1.72) 0.13

Unknown 0.86 (0.23, 3.16) 0.82 1.56 (0.35, 6.92) 0.56

Disease duration 0.98 (0.96, 1) 0.11 1 (0.97, 1.03) 0.82

Patient-Determined Disease Steps 0.99 (0.9, 1.09) 0.908 1.17 (1.03, 1.33) 0.013

Prior COVID-19 infection No 1 — 1 —

Yes 3.38 (1.5, 7.6) 0.0032 5.45 (2.78, 10.67) 8.0 × 10-7

Unsure 1.19 (0.28, 5.16) 0.81 4.22 (0.91, 19.64) 0.067

Vaccine manufacturer BNT162b2 (Pfizer-BioNTech) 1 — 1 —

mRNA-1273 (Moderna) 1.2 (0.85, 1.7) 0.30 1.19 (0.76, 1.86) 0.45

Ad26.COV2.S (Johnson & Johnson’s Janssen) 0.88 (0.4, 1.93) 0.74 0.57 (0.16, 2.07) 0.39

ChAdOx1 nCoV-1 (Oxford-AstraZeneca) 6.57 (1.43, 30.16) 0.015 3.25 (1.09, 9.7) 0.034

Disease-modifying
therapy at vaccination

Not actively on a DMT 1 — 1 —

B-cell depleters (Kesimpta, Ocrevus, and Rituxan) 0.92 (0.58, 1.48) 0.74 0.87 (0.48, 1.59) 0.65

T/B-cell proliferation inhibitor (Aubagio) 0.74 (0.34, 1.64) 0.46 0.91 (0.33, 2.54) 0.86

Interferon betas (Avonex, Betaseron, Plegridy, and Rebif) 1.69 (0.77, 3.73) 0.19 1.11 (0.45, 2.73) 0.82

Glatiramer acetate (Copaxone and Glatopa) 0.83 (0.42, 1.65) 0.60 0.99 (0.42, 2.33) 0.97

S1P receptor modulator (Gilenya, Mayzent, and Zeposia) 0.51 (0.26, 1) 0.051 0.21 (0.06, 0.71) 0.012

Alpha4-integrin blocker (Tysabri) 1.25 (0.59, 2.62) 0.56 0.25 (0.08, 0.83) 0.023

Other immune cell regulators (Lemtrada and Mavenclad) 0.45 (0.15, 1.33) 0.15 0.71 (0.19, 2.59) 0.60

Fumarates (Tecfidera and Vumerity) 1.27 (0.69, 2.34) 0.44 0.85 (0.41, 1.8) 0.68

Abbreviations: COVID-19 = coronavirus disease 2019; DMT = disease-modifying therapy; PwMS = persons with multiple sclerosis.
a 718 of 719 PwMS were retained in these models because there was only 1 PwMS who received their vaccine from another manufacturer; therefore, there
were insufficient data to retain this observation.
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have been reported from the various SARS-CoV-2 vaccine
trials, and extrapolation of the safety data from the general
population to PwMS is unclear, largely due to the uncertain
impact of DMTs. We investigated the relationships between

sociodemographic/clinical attributes and DMT status on
short-term (24 hours) SARS-CoV-2 vaccine reactogenicity in
PwMS participating in an online research network. Overall,
the vaccine reaction profiles in PwMS appear similar to those

Table 4 Multivariable Logistic Regression Associations for Any Reaction or Any Severe Reaction After the Second Vaccine
Shot

Covariate (mean [SD] or %)

Any reaction Any severe reactiona

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

Nb 441 441

Age (yr) 0.93 (0.9, 0.96) 9.5 × 10-6 0.97 (0.95, 1) 0.025

Female 1.35 (0.66, 2.76) 0.40 1.54 (0.74, 3.22) 0.25

Latinx 0.85 (0.22, 3.32) 0.82 — —

Race White 1 — 1 —

Non-White 0.96 (0.25, 3.64) 0.95 0.36 (0.07, 1.77) 0.21

Unknown 8.4 (0.21, 339.8) 0.26 6.34 (0.7, 57.66) 0.10

Subtype Relapsing-remitting 1 — 1 —

Secondary progressive 1.47 (0.61, 3.56) 0.33 1.84 (0.83, 4.09) 0.13

Primary progressive 0.74 (0.29, 1.88) 0.60 1.64 (0.63, 4.24) 0.31

Clinically isolated syndrome 0.55 (0.03, 10.78) 0.69 0.51 (0.04, 5.76) 0.59

Unknown 7.62 (0.93, 62.44) 0.063 1.51 (0.25, 9.12) 0.65

Disease duration 0.98 (0.95, 1.01) 0.32 1.00 (0.96, 1.03) 0.88

Patient-Determined Disease Steps 1.05 (0.9, 1.22) 0.55 1.03 (0.88, 1.17) 0.74

Prior COVID-19 infection No 1 — 1 —

Yes 0.53 (0.18, 1.51) 0.19 2.00 (0.85, 4.74) 0.11

Unsure 0.87 (0.1, 7.32) 0.90 2.20 (0.35, 13.8) 0.40

Vaccine manufacturer BNT162b2 (Pfizer-BioNTech) 1 — 1 —

mRNA-1273 (Moderna) 2.62 (1.46, 4.71) 8.7 × 10-4 1.69 (1.03, 2.75) 0.037

ChAdOx1 nCoV-1 (Oxford-AstraZeneca) 0.26 (0.04, 1.72) 0.16 0.53 (0.06, 4.84) 0.57

Disease-modifying
therapy at vaccination

Not actively on a DMT 1 — 1 —

B-cell depleters (Kesimpta, Ocrevus, and Rituxan) 0.78 (0.36, 1.68) 0.40 0.61 (0.31, 1.21) 0.16

T/B-cell proliferation inhibitor (Aubagio) 0.44 (0.13, 1.46) 0.14 0.51 (0.13, 2.03) 0.34

Interferon betas (Avonex, Betaseron, Plegridy, and Rebif) 1.06 (0.28, 4.02) 0.99 1.22 (0.45, 3.30) 0.69

Glatiramer acetate (Copaxone and Glatopa) 2.33 (0.73, 7.43) 0.29 1.23 (0.47, 3.19) 0.67

S1P receptor modulator (Gilenya, Mayzent, and Zeposia) 0.18 (0.06, 0.58) 0.0055 0.15 (0.03, 0.73) 0.019

Alpha4-integrin blocker (Tysabri) 0.47 (0.14, 1.52) 0.15 1.02 (0.38, 2.72) 0.97

Other immune cell regulators (Lemtrada and Mavenclad) 0.95 (0.06, 13.92) 0.96 0.60 (0.10, 3.69) 0.58

Fumarates (Tecfidera and Vumerity) 0.31 (0.11, 0.83) 0.027 0.66 (0.26, 1.70) 0.39

Any reaction to the first vaccine shot 12.42 (6.99, 22.06) 7.7 × 10-16 3.15 (1.71, 5.78) 2.2 × 10-4

Abbreviations: COVID-19 = coronavirus disease 2019; DMT = disease-modifying therapy; PwMS = persons with multiple sclerosis.
a Ethnicity was excluded from the model as there was insufficient variation in this variable in relation to the outcome variable.
b 441 of 442 PwMS were retained in these models because there was only 1 PwMS who received their vaccine from another manufacturer; therefore, there
were insufficient data to retain this observation.
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reported for the general population. Also, factors associated
with vaccine reactogenicity in the general population were
similarly associated in PwMS (i.e., younger age, being female,
prior SARS-CoV-2 infection, and vaccine manufacturer). Of
interest, in multivariable models adjusted for likely con-
founders, PwMS treated with S1PR modulators were less
likely to have any reaction or any severe reaction after the first
and second vaccinations, whereas those treated with alpha-4-
integrin blockers were less likely to have any severe reaction
after the first shot, and those on fumarates were less likely to
have any reaction after the second shot.

In the current study population of PwMS, two-thirds reported
experiencing a reaction within 24 hours after their first vaccine.
This reactogenicity prevalence is comparable to those observed
in the vaccine trials in the general population (e.g., 88% of
mRNA-1273 recipients reported a short-term reaction).2-5 For
the 2 most common vaccines, BNT162b2 and mRNA-1273,
vaccine trial participants reported a burden of pain at the in-
jection site (>75%), fatigue (>35%), and headache (>30%)
after their the first vaccine dose that were at frequencies higher
than those observed in the current study population of PwMS
(eTable 1, links.lww.com/NXI/A651).2,3 Other reactogenicity
symptoms had similar patterns for the first and second vaccine
shots. Thus, our findings do not suggest that there is an excess
of short-term side effects in PwMS compared with the general
population after SARS-CoV-2 vaccinations. Furthermore, there
were no associations between vaccine reactogenicity and MS
subtype or disease duration, but PwMS with a higher PDDS
may experience a slight increase in severe reactions after the
first but not the second vaccination—reasons for this obser-
vation are unclear.

A key observation was the lower vaccine reactogenicity in
PwMS treated with specific DMTs, but not all. For example,
there was no difference in reactogenicity in PwMS treated
with B-cell depleters compared with those not actively on a
DMT, and results (data not shown) were similar for varied
temporal windows (i.e., last treated within 12 or 24 weeks of
vaccination). In MS, S1PR modulators inhibit the egression
of lymphocytes from lymph nodes,18 and it is possible that
this same mechanism may have resulted in PwMS experi-
encing fewer local and systemic vaccine reactions compared
with PwMS who were not actively on a DMT (Figure 1,
C–F; eTables 1 and 2, links.lww.com/NXI/A651). How-
ever, considering S1PRs are expressed throughout the body,
regulating diverse cellular responses in the immune (innate
and adaptive), cardiovascular, and neurologic systems, there
are likely multiple plausible mechanisms contributing to
lower reactogenicity in those treated with S1PR modula-
tors.18 The mechanism of action for the alpha4-integrin
blocker DMT (natalizumab) is to limit the movement of
leukocytes from blood vessels into central system nervous
tissues and minimize subsequent inflammation19; we can
speculate that this process of sequestering leukocytes may
have contributed to our observation of fewer severe reac-
tions in PwMS after the first vaccination. In MS, the

mechanisms of action for fumarates are diverse, decreasing
subsets of lymphocytes (i.e., CD4+ and CD8+ T cells) and
creating a bias toward anti-inflammatory immune cells in
blood20; this promotion of an anti-inflammatory environ-
ment may have contributed in part to the observed lower
burden of vaccine reactions in PwMS after the second vac-
cine. The precise mechanisms through which these DMTs
result in diminished reactogenicity are not clear, much less
the potential relationships between vaccine reactogenicity
and immunogenicity in the context of specific DMTs. We do
note that a similar pattern of diminished SARS-CoV-2
reactogenicity has been reported in individuals with in-
flammatory bowel disease treated with advanced immuno-
modulatory therapies.21 Thus, we can speculate that
individuals with other autoimmune conditions and treated
with similar immunomodulatory therapies may have similar
reactogenicity profiles.

The current study has several strengths, including being able
to examine the relationships between SARS-CoV-2 vaccine
reactogenicity and specific DMTs, and we importantly
accounted for the effects of likely confounders. Second, we
present findings based on real-world data collected in >700
PwMS who primarily resided across the entire United States
(there was also a small number of PwMS from other coun-
tries), and data collection was not dependent on in-person
visits to a health care provider. Third, attributes of our study
population appear representative of the general MS pop-
ulation; however, the study population were older on average
and primarily non-Latinx Whites. Fourth, we were able to
consider reactogenicity for multiple vaccines in relation to one
another and most importantly consider relationships for all
major DMT classes.

Our primary limitation was the potential impact of selection
bias in this convenience cohort of iConquerMS participants
who might not represent all individuals with MS (i.e., PwMS
with limited internet access; non-White PwMS) and was
unlikely to have included PwMS who experienced serious
adverse events (i.e., serious life-threatening or extended hos-
pitalization events). As a result, no definitive conclusions on
the prevalence of adverse reactions or vaccine withdrawals can
be made. Another limitation is the absence of an internal non-
MS population to allow for direct comparisons and that all
information was based on self-report; however, we noted a
few instances of inconsistent data reporting and addressed
these issues through careful data quality control. Furthermore,
considering the historic nature of receiving a SARS-CoV-2
vaccine, concerns with quality of vaccine reactogenicity recall
are diminished. It is also possible that some reactions were
overlooked due to the structure of the surveys; however,
participants were able to enter free text describing other
symptoms experienced (e.g., 0.8% and 0.7% of participants
reported unexplained diarrhea after their first and second
vaccinations, respectively). Another limitation is that partici-
pants could have enrolled several weeks before or after re-
ceiving their first vaccine dose—although this flexibility in
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participation is a strength, it may also introduce information
bias (distribution of reactogenicity by enrollment is pre-
sented in eTable 3, links.lww.com/NXI/A651); however,
results did not change when adjusting for time between
enrollment and first vaccine shot, nor was the coefficient for
this variable significant across models (data not shown). A
final limitation is the modest response rate by iConquerMS
participants active in the 2 years prior the current study
(<25%; eMethods, links.lww.com/NXI/A651)—however,
demographic attributes are similar between the current
study population and recently active iConquerMS partici-
pants who were not a part of these analyses (eMethods, links.
lww.com/NXI/A651).

In summary, we hope that the experiences of PwMS in this
cohort can inform vaccine-hesitant PwMS and provide im-
portant information to health care providers, particularly
those in countries where vaccine accessibility is still limited.
We provide evidence that that short-term safety profiles of
SARS-CoV-2 vaccines in PwMS are similar to those reported
in vaccine trials for general population and that individuals
treated with specific classes of DMT are less likely to expe-
rience short-term reactogenicity. Overall, the short-term
vaccine reactions experienced in this cohort of PwMS were
mostly self-limiting, including pain at the injection site, fa-
tigue, headache, and fever, providing a reassuring picture for
future PwMS who are yet to be vaccinated.
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Abstract
Background and Objectives
It is unclear how multiple sclerosis (MS) affects the severity of COVID-19. The aim of this
study is to compare COVID-19–related outcomes collected in an Italian cohort of patients with
MS with the outcomes expected in the age- and sex-matched Italian population.

Methods
Hospitalization, intensive care unit (ICU) admission, and death after COVID-19 diagnosis of
1,362 patients with MS were compared with the age- and sex-matched Italian population in a
retrospective observational case-cohort study with population-based control. The observed vs
the expected events were compared in the whole MS cohort and in different subgroups (higher
risk: Expanded Disability Status Scale [EDSS] score > 3 or at least 1 comorbidity, lower risk:
EDSS score ≤ 3 and no comorbidities) by the χ2 test, and the risk excess was quantified by risk
ratios (RRs).

Results
The risk of severe events was about twice the risk in the age- and sex-matched Italian pop-
ulation: RR = 2.12 for hospitalization (p < 0.001), RR = 2.19 for ICU admission (p < 0.001),
and RR = 2.43 for death (p < 0.001). The excess of risk was confined to the higher-risk group (n
= 553). In lower-risk patients (n = 809), the rate of events was close to that of the Italian age-
and sex-matched population (RR = 1.12 for hospitalization, RR = 1.52 for ICU admission, and
RR = 1.19 for death). In the lower-risk group, an increased hospitalization risk was detected in
patients on anti-CD20 (RR = 3.03, p = 0.005), whereas a decrease was detected in patients on
interferon (0 observed vs 4 expected events, p = 0.04).
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Discussion
Overall, the MS cohort had a risk of severe events that is twice the risk than the age- and sex-matched Italian population. This
excess of risk is mainly explained by the EDSS score and comorbidities, whereas a residual increase of hospitalization risk was
observed in patients on anti-CD20 therapies and a decrease in people on interferon.

Several studies have assessed the impact of COVID-19 in
patients with multiple sclerosis (MS), unanimously in-
dicating older age, male sex, concomitant comorbidities,
and higher disability as risk factors for a more severe dis-
ease course.1-4 The possible association between immu-
notherapies and COVID-19 severity was also investigated,
mostly indicating an increased risk for patients with MS
who are on anti-CD20 therapies or who received meth-
ylprednisolone just before the COVID-19 onset1,3,4 and
suggesting a protective role of interferon.1,4 A recent meta-
analysis of all the published studies on COVID-19 in pa-
tients with MS suggested that MS did not significantly
increase the mortality rate from COVID-19,5 but the au-
thors pointed out that these data should be interpreted
with caution as patients with MS are more likely female
and younger compared with the general population where
age and male sex are risk factors for worse disease out-
come.5 Therefore, even if all the studies agree that data
available so far are overall reassuring, excluding major
safety issues,1-4 comparisons with external control pop-
ulations are lacking.

It is unclear whether and how MS biology—apart from
treatments—affects the ability to cope with severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) in-
fection. This is not trivial as immunocompetence, in an
immune-mediated disease such as MS, may be reduced.
Moreover, SARS-CoV-2 interacts, in a way that is still
poorly understood, with the genetic background predis-
posing to autoimmune diseases (including MS)6 and mis-
directs host immune responses toward autoimmunity as
part of COVID-19 pathophysiology.7-9 It is therefore
plausible that preexisting autoimmunity may exacerbate
COVID-19 severity. Therefore, to understand whether
patients with MS with COVID-19 are exposed to higher
risks than the healthy population, a comparison with an
external cohort is needed. The aim of this study is to
compare the outcomes collected in an Italian cohort of
patients with MS with COVID-19 (within the MuSC-19
project) with the outcomes expected in the age- and sex-
matched Italian population, using data provided by the
Italian Istituto Superiore di Sanità (ISS).

Methods
Data Sources: MuSC-19 Study
Data of patients with MS with suspected or confirmed COVID-
19 were retrospectively collected at a national level in Italy from
February 24, 2020, to February 2, 2021. Details on data collection
methods and inclusion criteria were previously reported.1 Briefly,
we obtained clinician-reported demographic and clinical data on
patients with MS with a confirmed or suspected COVID-19 in-
fection from 118 Italian MS centers (eAppendix 2, links.lww.
com/NXG/A493). We used a common web-based electronic
Case Report Form to collect the data and a unified protocol to
analyze them. Demographic, MS history, COVID-19 infection,
and follow-up data were collected. For this analysis we included
only patients with confirmedCOVID-19. To be a confirmed case
the patient must have a positive reverse transcriptase-polymerase
chain reaction (RT-PCR) nasopharynegal swab.

Data Sources: Italian Population
We made a specific data request to the ISS, who is the Italian
governing body responsible for COVID-19 surveillance in
Italy. Data requested (reported in Table 1) were about the
percentage of patients who were hospitalized, who accessed
intensive care unit (ICU), or who died for each sex and age
class (0–29, 30–39, 40–49, 50–59, 60–69, 70–79, 80–89, and
>90 years), among those with a positive RT-PCR during the
observation period (February 24, 2020, to February 2, 2021).

Statistical Analysis
The probability to be hospitalized, to be admitted to ICU, and
to die was extracted from ISS data (Table 1) for each patient
enrolled in the MuSC-19 data set, according to their age and
sex. Then, the expected number of events (e.g., hospitaliza-
tions, ICU admissions, or deaths) in the MuSC-19 population
and in specific subgroups of patients (detailed below) was
estimated by summing up the probabilities for each patient in
the group: as an example, if 2 patients have a probability to be
hospitalized of 0.5, the expected number of hospitalizations in
this 2-patient group is 1. The expected proportions of hos-
pitalizations, ICU admissions, and deaths were compared with
the observed proportions by a χ2 test, and the relative

Glossary
DMT = disease-modifying therapy; EDSS = Expanded Disability Status Scale; ICU = intensive care unit; ISS = Istituto
Superiore di Sanità; MS = multiple sclerosis; RR = risk ratio; RT-PCR = reverse transcriptase-polymerase chain reaction;
SARS-CoV-2 = severe acute respiratory syndrome coronavirus 2.
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difference expressed as risk ratios (RRs). Binomial 95% CIs
were calculated for the observed proportion of events.

After the comparison of the rate of hospitalization, ICU ad-
mission, and death between the MuSC-19 cohort and the age-
and sex-matched Italian population was run, we tried to ex-
plain the differences observed between patients with MS and
the general population by evaluating the role of MS related
risk factors, that is, Expanded Disability Status Scale (EDSS)
score, comorbidities, and disease-modifying therapy (DMT)
exposure, as indicated by previous literature.1-4 We focused this
additional analysis on hospitalization rates only because the
number of observed ICU admissions and deaths was too low to
be evaluated in separate subgroups of patients. The same results
on observed and expected deaths and ICU admissions are
reported in eTable 1 (links.lww.com/NXG/A492).

The specific subgroups of patients were defined according to a
cutoff of EDSS score = 3 and the presence of at least 1
comorbidity. The EDSS score cutoffwas chosen based also on
the EDSS distribution of the MuSC-19 cohort to have 2
balanced groups. Therefore, the lower-risk group included pa-
tients with EDSS score ≤ 3 and no comorbidities, whereas the
higher-risk group included patients with EDSS score > 3 or at
least 1 comorbidity. DMTs were grouped, according to previous
literature, as no therapy, interferon therapy, anti-CD20 therapy
(rituximab or ocrelizumab), and other DMTs. A χ2 test for
heterogeneity was used to compare the RR between groups.

Standard Protocol Approvals, Registrations,
and Patient Consents
The study was approved by the Regional Ethics Committee of
Liguria (University of Genoa) (n 130/2020—DB id 10433)
and at a national level by Agenzia Italiana del Farmaco.

Written informed consent was obtained from all participants
before starting any study procedures.

Data Availability
MuSC-19 data that support the findings of this study are
available on request from the first author (M.P.S). The data
are not publicly available due to information that could
compromise the privacy of research participants.

Results
In the MuSC-19 database 1,362 patients with MS had a
positive RT-PCR swab for COVID-19 over the observation
period and were included in the analysis. The characteristics
of the included patients are reported in Table 2. In this cohort,
we observed 174 hospitalizations (12.8%), 22 ICU admissions
(1.62%), and 22 deaths (1.62%) (not mutually exclusive).
The expected number of hospitalizations in an age- and sex-
matched cohort extracted from the Italian population was 82
(6.0%), the expected number of ICU admissions was 10
(0.73%), and the expected number of deaths was 9 (0.66%).

In Figure 1, the number of observed and expected events is
reported. As compared to an age- and sex-matched cohort
extracted from the Italian population, the MuSC-19 MS co-
hort had an excess of hospitalizations (RR = 2.12, 95% CI =
1.83–2.44, p < 0.001), an excess of ICU admissions (RR =
2.19, 95% CI = 1.38–3.30, p = 0.007), and an excess of deaths
(RR = 2.43, 95% CI = 1.53–3.66, p = 0.007).

We tried to explain this excess of risk in 2 steps. First, we checked
the MS related risk factors (EDSS score and comorbidities), by
splitting the cohort in 2 risk groups, as previously described. The
MS lower-risk patients were 809 (60%), and the MS higher-risk

Table 1 COVID-19 Data From the Surveillance Program in Italy

Age

Females Males

Cases (N or n) Hospa (%) ICU (%) Deathb (%) Cases (N or n) Hospa (%) ICU (%) Deathb (%)

0–29 305,174 2.3 0.1 0.0 320,343 1.9 0.1 0.0

30–39 160,677 3.5 0.2 0.0 153,394 3.4 0.3 0.1

40–49 216,028 3.5 0.2 0.1 189,326 6.4 0.8 0.3

50–59 235,272 5.6 0.5 0.3 219,320 11.3 1.9 1.0

60–69 135,201 11.4 1.7 1.6 151,381 20.5 4.6 4.1

70–79 103,496 22.7 3.2 6.5 111,032 34.1 6.7 1.3

80–89 109,071 29.0 2.5 15.2 74,091 43.6 4.6 26.7

>90 53,545 22.7 1.3 21.8 15,884 40.6 2.6 37.6

Unkc 58 0 0 — 53 0 0 0

Total 1,318,522 1,234,824

Abbreviation: ICU = intensive care unit.
a Admission at hospital.
b Data on deaths are relative to the January 29 report.
c Unknown age.
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patients were 553 (40%). In the higher-risk group, 119 (22%)
had both EDSS score > 3 and comorbidities, 150 (27%) had
comorbidities and EDSS score ≤ 3, and 283 (51%) had EDSS
score > 3 and no comorbidities. The observed vs expected
number of events in these 2 groups is reported in Figure 2. The
excess of risk of the MS cohort is mainly confined in the MS
higher-risk group: the hospitalization RR was 2.85 (95% CI =
2.44–3.29, p < 0.001) in the higher MS group, whereas it was
1.12 (95%CI = 0.80–1.52, p = 0.44) in the lower-risk group (the
2 RRs were significantly heterogeneous, p < 0.001). The ICU
admission RR was 2.52 (95% CI = 1.48–4.00, p < 0.001) in the
MShigher-risk group and 1.52 (95%CI = 0.49–3.52, p= 0.27) in
the MS lower-risk group (heterogeneity test, p = 0.11). Finally,
the death RR was 2.71 (95% CI = 1.67–4.14, p < 0.001) in the

MShigher-risk group and 1.19 (95%CI = 0.14–4.29, p= 0.68) in
the MS lower-risk group (heterogeneity test, p = 0.17).

To try to understand the role of DMTs in explaining the small
residual increase of risk in theMS lower-risk group, we split the
observed and the expected hospitalization events in 4 groups:
untreated patients, patients treated with interferon, patients
treated with anti-CD20, and patients treated with other DMTs.
In the lower-risk group (Figure 3A), the RRs were significantly
heterogeneous among DMT groups (p = 0.048): there was no
residual risk in untreated patients (RR = 1.15, 95% CI =
0.31–2.92, p = 0.78) nor in patients treated with other DMTs
(RR = 1.09, 95% CI = 0.72–1.57, p = 0.61) as compared to the
age- and sex-matched general population; patients with MS
treated with interferon had no hospitalization (RR = 0, 95% CI
= 0–3.7), whereas about 4 were expected, and the difference
was statistically significant (p = 0.042). Patients treated with
anti-CD20 had a significantly higher risk of hospitalization (RR
= 3.03, 95% CI = 1.30–5.94, p = 0.005) than the age- and sex-
matched general population, showing that the small increase of
risk of patients with MS with EDSS score ≤ 3 and no comor-
bidities is confined to this class of patients.

In the MS higher-risk group (Figure 3B), the RRs were also
significantly heterogeneous among DMTs groups (p =
0.050); the RR was 4.27 (95% CI = 2.91–6.18, p < 0.001) for
patients under anti-CD20, 3.13 (95% CI = 2.40–4.04, p <
0.001) for untreated patients, 2.31 (95% CI = 1.74–3.04, p <
0.001) for patients under other DMTs, and 1.80 (95% CI =
0.66–4.42, p = 0.50) for patients under interferon.

The number of deaths and ICU admissions according to
DMT use in the lower- and in the higher-risk groups is
reported in table e-1 (links.lww.com/NXG/A492). In the
higher-risk group, the excess of death risk was mainly in the no
therapy group (RR = 3.26, 95% CI = 1.77–5.37) and in the
anti-CD20 group (RR = 5.40, 95% CI = 1.11–15.25), even if
the low number of events does not allow to conclude for an
heterogeneity of mortality risk according to the DMT group.

Discussion
Several registries reported the COVID-19 lethality rates of MS
cohorts with heterogeneous results, ranging from estimates of
1.6% in an Italian cohort and 1.7% in a French cohort4 to esti-
mates of 3.6% in a US cohort.3 Explaining these differences is not
straightforward and can be linked to the intrinsic limitation of
registry data analyses: they are based, in fact, on a voluntary
reporting by health care professionals, that may bias collected
data towardmore severe cases. Thismay cause an overestimation
of clinical severity, with less effect on the internal comparisons
among risk factors but challenging external comparisons.

Moreover, comparing the lethality rate of theMS cohorts with
the respective national lethality rates in the general population
is not meaningful without an adjustment for age and sex. The

Table 2 Characteristics of Patients With MS

Overall (N = 1,362)

Age, mean (SD) 44·1 (12.6)

Female sex, no. (%) 936 (68.7)

Comorbidities, no. (%)

Hypertension, no. (%) 147 (10.8)

Major depressive disorder, no. (%) 49 (3.6)

Hematologic disease, no. (%) 38 (2.8)

Diabetes, no. (%) 47 (3.5)

Cancer, no. (%) 23 (1.7)

Coronary heart disease, no. (%) 15 (1.1)

MS duration, median (IQR) 8.9 (3.8–15.9)

EDSS score, median (IQR) 2.0 (1.0–3.5)

MS treatment, no. (%)

Dimethyl fumarate 239 (17.5)

Natalizumab 188 (13.8)

Fingolimod 166 (12.2)

Ocrelizumab 149 (10.9)

Interferon 133 (9.8)

Copaxone 101 (7.4)

Teriflunomide 79 (5.8)

Cladribine 27 (2.0)

Rituximab 27 (2.0)

Azathioprine 26 (1.9)

Alemtuzumab 24 (1.8)

Methotrexate 3 (0.2)

Other 11 (0.8)

None 189 (13.9)

Abbreviations: EDSS = Expanded Disability Status Scale; IQR = interquartile
range; MS = multiple sclerosis.
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MS population is, in fact, more likely female and younger
compared with the general population, and age and male sex
are well known risk factors for COVID-19.

This study shows that overall, the patients withMS have a risk of
developing a severe COVID-19 that is twice the risk of the age-

and sex-matched Italian population. This excess of risk could be
in part explained by the abovementioned bias affecting collected
data toward more severe cases. However, in patients with MS
with a low EDSS score (≤3) and no comorbidities, the risk of
severe events is very close to the risk of the age- and sex-matched
Italian population; in this lower-risk group, only patients under

Figure 1 Observed Hospitalizations, ICU Admissions, and Deaths in the MuSC-19 Cohort and Age-Sex–Matched Italian
Population

Observed hospitalizations, ICU admissions, and deaths in
theMuSC-19 cohort (n = 1,362) as compared to the expected
number of events in an age and matched cohort from the
Italian population. ICU = intensive care unit; RR = risk ratio.

Figure 2Observed and Expected Hospitalizations, ICU Admissions, and Deaths in Lower-Risk (A) and Higher-Risk (B) Patients

Observed hospitalizations, ICU admissions, and deaths in the lower-risk patients (A; EDSS score ≤ 3 and no comorbidities, n = 809) and in the higher-risk
patients (B; EDSS score > 3 or comorbidities, n = 553) as compared to the expected number of events in the age and matched cohort from the Italian
population. EDSS = Expanded Disability Status Scale; ICU = intensive care unit; RR = risk ratio.
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anti-CD20 therapy show an increased risk of hospitalization than
the age- and sex-matched Italian population. Of interest, the
protective role of interferon previously suggested1,3,4 is sup-
ported here because patients with MS taking interferon show a
significantly lower number of hospitalization events than the age-
and sex-atched Italian population. In patients withMS, the excess
of risk of severe COVID-19 detected is confined to the group of
patients with EDSS score > 3 or with additional comorbidities,
were the RR ranges from 1.80 in patients treated with interferon
to 4.27 in patients treated with anti-CD20.

The association with disability, and not with the disease itself,
suggests that the immunologic defects determining MS do
not impair the immunocompetence against SARS-CoV-2 in-
fection. Furthermore, this result is consistent with data from
the largest health analytic platforms10 where neurologic dis-
eases emerged as factors associated with COVID-19 severe
outcome, independently of their immune-mediated patho-
genesis. However, we cannot exclude that an increased at-
tention to social distancing11 may have counterbalanced the
risk of COVID-19 linked to a dysfunctional immune system.

In conclusion, this study shows that in Italy, disability and
comorbidities are determinants of an increased risk of severe
COVID-19 in patients with MS. Among DMTs, a residual in-
crease of hospitalization is associated with anti-CD20, whereas
with interferon, the risk seems to be reduced. These results
cannot be generalized because of possibly relevant differences in

heritable and nonheritable factors affecting the response to
SARS-CoV-2 in different populations.12 However, the consis-
tency of the results of previous studies on the impact DMTs on
COVID-19 severity in MS, performed in different nations,
supports the possibility that our results will be replicated also in
other geographic areas and populations.
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Catania; Centro Sclerosi
Multipla Policlinico "G
Rodolico"- San Marco,
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Camilli

IRCCS Istituto delle
Scienze Neurologiche di
Bologna, UOSI
Riabilitazione Sclerosi
Multipla

Site
Investigator

Data
collection

Luisa Maria
Caniatti

Centro sclerosi Multipla
azienda ospedaliera
universitaria S. Anna,
Ferrara

Site
Investigator

Data
collection

Roberto
Cantello

Neurology Unit,
Maggiore della Carità
Hospital, Department of
Translational Medicine,
University of Piemonte
Orientale, Novara, Italy

Site
Investigator

Data
collection

Ruggero Capra Centro Sclerosi Multipla
ASST Spedali Civili di
Brescia, Ospedale di
Montichiari

Site
Investigator

Data
collection

Rocco
Capuano

Centro SM, I Clinica
Neurologica, AOU-
Policlinico, Università
della Campania "Luigi
Vanvitelli"

Site
Investigator

Data
collection

Patrizia Carta Centro Sclerosi Multipla
Ospedale di Gallarate,
ASST della Valle Olona

Site
Investigator

Data
collection

Maria Grazia
Celani

Azienda Ospedaliera di
Perugia, SC di
Neurofisiopatologia

Site
Investigator

Data
collection

Maria
Cellerino

DINOGMI Universita’ di
Genova

Site
Investigator

Data
collection

Raffaella
Cerqua

Clinica Neurologica
Ospedali Riuniti Ancona

Site
Investigator

Data
collection

Clara Chisari Dipartimento Scienze
Mediche e Chirurgiche
e Tecnologie Avanzate,
GF Ingrassia, Università
di Catania; Centro
Sclerosi Multipla
Policlinico "G Rodolico"-
San Marco, Università
di Catania

Site
Investigator

Data
collection

Raffaella
Clerici

Centro Sclerosi Multipla
U.O. Neurologia
Ospedale Valduce Como

Site
Investigator

Data
collection

Marinella
Clerico

Clinical and Biological
Sciences Dept, University
of Torino

Site
Investigator

Data
collection

Gaia Cola Multiple Sclerosis Clinical
and Research Unit,
Department of Systems
Medicine, Tor Vergata
University, Rome, Italy

Site
Investigator

Data
collection

Antonella
Conte

1) Department of Human
Neurosciences, Sapienza,
University of Rome. 2)
IRCCS Neuromed, Pozzilli
(IS)

Site
Investigator

Data
collection

Marta Zaffira
Conti

USS Neuroimmunologia,
ASST Papa Giovanni XXIII

Site
Investigator

Data
collection

Continued
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Appendix 2 (continued)

Name Location Role Contribution

Christian
Cordano

UCSF, San Francisco, USA Site
Investigator

Data
collection

Susanna
Cordera

SC Neurologia Ausl Valle
D’ Aosta

Site
Investigator

Data
collection

Francesco
Corea

Neurologia, Ospedale
San Giovanni, Foligno

Site
Investigator

Data
collection

Claudio
Correale

AISM Vicenza
Rehabilitation Service

Site
Investigator

Data
collection

Salvatore
Cottone

Centro Sclerosi Multipla
U.O.C. Neurologia con
Stroke Unit A.R.N.A.S
Civico (Palermo)

Site
Investigator

Data
collection

Francesco
Crescenzo

The Multiple Sclerosis
Center of University
Hospital of Verona Dept.
of Neuroscience,
Biomedicine and
Movements

Site
Investigator

Data
collection

Erica Curti Multiple Sclerosis Centre,
Department of General
Medicine, Parma
University Hospital,
Parma

Site
Investigator

Data
collection

Alessandro
d’Ambrosio

Centro SM, I Clinica
Neurologica, AOU-
Policlinico, Università
della Campania "Luigi
Vanvitelli"

Site
Investigator

Data
collection

Emanuele
D’Amico

Dipartimento Scienze
Mediche e Chirurgiche e
Tecnologie Avanzate, GF
Ingrassia, Università di
Catania; Centro Sclerosi
Multipla Policlinico "G
Rodolico"- San Marco,
Università di Catania

Site
Investigator

Data
collection

Maura Chiara
Danni

Clinica Neurologica
Ospedali Riuniti Ancona

Site
Investigator

Data
collection

Alessia d’Arma IRCCS Fondazione Don
Carlo Gnocchi ONLUS,
Milano

Site
Investigator

Data
collection

Vincenzo
Dattola

UOC Neurologia, Grande
Ospedale Metropolitano
"Bianchi Melacrino
Morelli", Reggio di
Calabria

Site
Investigator

Data
collection

Stefano de
Biase

Neurology Unit,
Ospedale dell’Angelo,
Venezia-Mestre, Italy

Site
Investigator

Data
collection

Giovanna De
Luca

MS Centre, Department
of Clinical Neurology, SS.
Annunziata, University
Hospital, Chieti, Italy

Site
Investigator

Data
collection

Stefania
Federica De
Mercanti

Clinical and Biological
Sciences Dept, University
of Torino

Site
Investigator

Data
collection

Paolo De Mitri Emergency Department,
Guglielmo da Saliceto
Hospital, Piacenza, Italy

Site
Investigator

Data
collection

Appendix 2 (continued)

Name Location Role Contribution

Nicola De
Stefano

Department of Medicine,
Surgery and
Neuroscience, University
of Siena, Italy

Site
Investigator

Data
collection

Marco Della
Cava

AISM Padova
Rehabilitation Service

Site
Investigator

Data
collection

Mario di
Napoli

Centro Sclerosi Multipla
Rieti (Rieti)

Site
Investigator

Data
collection

Alessia Di
Sapio

Department of
Neurology, Regina
Montis Regalis Hospital,
Mondov̀ı (CN)

Site
Investigator

Data
collection

Renato
Docimo

Centro Sclerosi Multipla,
Presidio Ospedaliero "San
Giuseppe Moscati" ASL
Caserta, Aversa (CE).

Site
Investigator

Data
collection

Anna Dutto Ospedale Savigliano
Aslcn1

Site
Investigator

Data
collection

Luana
Evangelista

Demyelinating Disease
Center, San Salvatore
Hospital, L’Aquila

Site
Investigator

Data
collection

Salvatore
Fanara

Department of
Biomedicine,
Neurosciences and
Advanced Diagnsotics;
University of Palermo

Site
Investigator

Data
collection

Diana Ferraro Department of
Biomedical, Metabolic
and Neurosciences,
University of Modena
and Reggio Emilia,
Modena, Italy

Site
Investigator

Data
collection

Maria Teresa
Ferrò

Neuroimmunology,
Center for Multiple
Sclerosis, ASST, Crema,
Italy

Site
Investigator

Data
collection

Cristina
Fioretti

UO Neurologia Livorno Site
Investigator

Data
collection

Mario Fratta II Clinica Neurologica,
Università della
Campania Luigi
Vanvitelli, Naples

Site
Investigator

Data
collection

Jessica Frau Centro Sclerosi Multipla,
ATS Sardegna/ Dpt
Scienze Mediche e
Sanità Publica,
Università di Cagliari,
Cagliari

Site
Investigator

Data
collection

Marzia Fronza Centro Sclerosi Multipla,
ATS Sardegna/ Dpt
Scienze Mediche e Sanità
Publica, Università di
Cagliari, Cagliari

Site
Investigator

Data
collection

Roberto Furlan Institute of Experimental
Neurology, Division of
Neuroscience, IRCCS
Ospedale San Raffaele,
Milano, Italy, and Italian
Neuroimmunology
Association-AINI

Site
Investigator

Data
collection
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Appendix 2 (continued)

Name Location Role Contribution

Alberto
Gajofatto

Dipartimento di
Neuroscienze,
Biomedicina e
Movimento, Università di
Verona

Site
Investigator

Data
collection

Antonio Gallo Centro SM, I Clinica
Neurologica, AOU-
Policlinico, Università
della Campania "Luigi
Vanvitelli"

Site
Investigator

Data
collection

Paolo Gallo Multiple Sclerosis Centre of
the Veneto Region
(CeSMuV), University
Hospital of Padua, Italy.

Site
Investigator

Data
collection

Claudio
Gasperini

Dept Neurosciences, San
Camillo Forlanini
Hospital - Rome

Site
Investigator

Data
collection

Anna
Ghazaryan

UO Neurologia Site
Investigator

Data
collection

Bruno
Giometto

Ospedale Santa Chiara,
Trento. UO Neurologia
(Trento)

Site
Investigator

Data
collection

Francesca
Gobbin

Dipartimento di
Neuroscienze,
Biomedicina e
Movimento, Università di
Verona

Site
Investigator

Data
collection

Flora Govone Department of Neurology,
Regina Montis Regalis
Hospital, Mondov̀ı (CN)

Site
Investigator

Data
collection

Franco
Granella

Unit of Neurosciences,
Department of Medicine
and Surgery, University of
Parma, Parma &Multiple
Sclerosis Centre,
Department of General
Medicine, Parma University
Hospital, Parma

Site
Investigator

Data
collection

Erica Grange Dept. of Rehabilitation,
CRRF "Mons. Luigi
Novarese", Moncrivello,
Italy

Site
Investigator

Data
collection

Maria Grazia
Grasso

IRCCS Fondazione Santa
Lucia

Site
Investigator

Data
collection

Angelica
Guareschi

Centro SM Fidenza (PR) Site
Investigator

Data
collection

Clara
Guaschino

Centro Sclerosi Multipla
Ospedale di Gallarate,
ASST della Valle Olona

Site
Investigator

Data
collection

Simone
Guerrieri

Neurology Department,
Multiple Sclerosis Center,
San Raffaele Hospital,
Milan

Site
Investigator

Data
collection

Donata
Guidetti

Emergency Department,
Guglielmo da Saliceto
Hospital, Piacenza, Italy

Site
Investigator

Data
collection

Pietro
Iaffaldano

Department of Basic
Medical Sciences,
Neurosciences and
SenseOrgans - University
of Bari Aldo Moro

Site
Investigator

Data
collection

Appendix 2 (continued)

Name Location Role Contribution

Antonio
Ianniello

Centro SM S.Andrea Dip.
Neuroscienze Umane
Sapienza Roma

Site
Investigator

Data
collection

Luigi Iasevoli IRCCS Fondazione Santa
Lucia

Site
Investigator

Data
collection

Daniele
Imperiale

SCNeurologia1Ospedale
Maria Vittoria- Torino

Site
Investigator

Data
collection

Maria Teresa
Infante

Neurologia ASL 1
imperiese

Site
Investigator

Data
collection

Rosa Iodice Department of
Neuroscience,
Reproductive Sciences
and Odontostomatology,
University Federico II of
Naples, Naples, Italy

Site
Investigator

Data
collection

Aniello Iovino Department of Advanced
Biomedical Sciences,
University Federico II,
Naples, Italy

Site
Investigator

Data
collection

Giovanna
Konrad

AISM Aosta
Rehabilitation Service

Site
Investigator

Data
collection

Doriana Landi Multiple Sclerosis Clinical
and Research Unit,
Department of Systems
Medicine, Tor Vergata
University, Rome, Italy

Site
Investigator

Data
collection

Roberta
Lanzillo

Federico II University of
Naples

Site
Investigator

Data
collection

Caterina
Lapucci

DINOGMI Universita’ di
Genova

Site
Investigator

Data
collection

Luigi Lavorgna Department of Advanced
Medical and Surgical
Sciences, University of
Campania Luigi
Vanvitelli, 80138 Naples,
Italy;

Site
Investigator

Data
collection

Maria Rita
L’Episcopo

Centro Sclerosi Multipla
ospedale San Lazzaro
(Alba, CN)

Site
Investigator

Data
collection

Serena Leva Centro Sclerosi Multipla,
Ospedale di Legnano,
ASST OVEST MI, Italia

Site
Investigator

Data
collection

Giuseppe
Liberatore

Neuromuscular and
Neuroimmunology
Service, IRCCS
Humanitas Clinical and
Research Institute,
Rozzano, Milan, Italy

Site
Investigator

Data
collection

Marianna Lo
Re

SCDO Neurologia e
Centro di Riferimento
Regionale Sclerosi
Multipla, AOU San Luigi -
Orbassano (TO)

Site
Investigator

Data
collection

Marco Longoni Local Health Agency of
Romagna, Maurizio
Bufalini Hospital
(Cesena) - Neurology Unit

Site
Investigator

Data
collection

Leonardo
Lopiano

Neurology II, Dept of
Neuroscience, University
of Turin

Site
Investigator

Data
collection

Continued
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Appendix 2 (continued)

Name Location Role Contribution

Lorena
Lorefice

Centro Sclerosi Multipla,
ATS Sardegna/ Dpt
Scienze Mediche e
Sanità Publica,
Università di Cagliari,
Cagliari

Site
Investigator

Data
collection

Matteo
Lucchini

Fondazione Policlinico
Universitario Agostino
Gemelli IRCCS -
Università Cattolica del
Sacro Cuore

Site
Investigator

Data
collection

Giacomo Lus II Clinica Neurologica,
Università della
Campania Luigi
Vanvitelli, Naples

Site
Investigator

Data
collection

Davide
Maimone

Centro SM - UOC
Neurologia - ARNAS
Garibaldi - Catania

Site
Investigator

Data
collection

Maria
Malentacchi

SCDO Neurologia e
Centro di Riferimento
Regionale Sclerosi
Multipla, AOU San Luigi -
Orbassano (TO)

Site
Investigator

Data
collection

Giulia Mallucci IRCCS Mondino
Foundation, Pavia

Site
Investigator

Data
collection

Simona
Malucchi

SCDO Neurologia e
Centro di Riferimento
Regionale Sclerosi
Multipla, AOU San Luigi -
Orbassano (TO)

Site
Investigator

Data
collection

Chiara Rosa
Mancinelli

Centro Sclerosi Multipla
ASST Spedali Civili di
Brescia, Ospedale di
Montichiari

Site
Investigator

Data
collection

Luca
Mancinelli

Local Health Agency of
Romagna, Maurizio Bufalini
Hospital (Cesena) -
Neurology Unit

Site
Investigator

Data
collection

Paolo
Manganotti

Neurology Unit,
Department of Medical,
Surgical, and Health
Sciences, Cattinara
University Hospital, ASUGI,
Trieste

Site
Investigator

Data
collection

Giorgia Teresa
Maniscalco

Multiple Sclerosis Centre
"A. Cardarelli Hospital",
Naples, Italy

Site
Investigator

Data
collection

Neurological Clinic and
Stroke Unit "A. Cardarelli
Hospital", Naples, Italy;

Site
Investigator

Data
collection

Vittorio
Mantero

MS Center, ASST Lecco Site
Investigator

Data
collection

Sabrina
Marangoni

Ospedale Santa Chiara,
Trento. UO Neurologia
(Trento)

Site
Investigator

Data
collection

Damiano
Marastoni

The Multiple Sclerosis
Center of University
Hospital of VeronaDept. of
Neuroscience,
Biomedicine and
Movements

Site
Investigator

Data
collection

Appendix 2 (continued)

Name Location Role Contribution

Fabiana
Marinelli

Ospedale Fabrizio
Spaziani Frosinone

Site
Investigator

Data
collection

Asl Frosinone Site
Investigator

Data
collection

Alessandro
Marti

UOC Neurologia- centro
SM Reggio Emilia- AUSL-
IRCSS RE

Site
Investigator

Data
collection

Filippo
Martinelli
Boneschi

1. IRCCS Fondazione Ca’
Granda Ospedale
Maggiore Policlinico,
Neurology Unit, Milan,
Italy. Via Francesco Sforza
35, 20122

Site
Investigator

Data
collection

2. Dino Ferrari Center,
Department of
Pathophysiology and
Transplantation,
University of Milan,
Milan, Italy. Via Francesco
Sforza 35, 20122

Site
Investigator

Data
collection

Federco
Masserano Zoli

AISM Padova
Rehabilitation Service

Site
Investigator

Data
collection

Francesca
Matta

Centro SM - UOC
Neurologia - ARNAS
Garibaldi - Catania

Site
Investigator

Data
collection

Laura
Mendozzi

IRCCS Fondazione Don
Carlo Gnocchi ONLUS,
Milano

Site
Investigator

Data
collection

Giuseppe
Meucci

UO Neurologia Livorno Site
Investigator

Data
collection

Silvia Miante Multiple Sclerosis Centre
of the Veneto Region
(CeSMuV), University
Hospital of Padua, Italy.

Site
Investigator

Data
collection

Giuseppina
Miele

Department of Advanced
Medical and Surgical
Sciences, University of
Campania Luigi Vanvitelli,
80138 Naples, Italy;

Site
Investigator

Data
collection

Eva Milano SCNeurologia1Ospedale
Maria Vittoria- Torino

Site
Investigator

Data
collection

Massimiliano
Mirabella

Fondazione Policlinico
Universitario Agostino
Gemelli IRCCS -
Università Cattolica del
Sacro Cuore

Site
Investigator

Data
collection

Rosanna
Missione

II Clinica Neurologica,
Università della
Campania Luigi
Vanvitelli, Naples

Site
Investigator

Data
collection

Marcello
Moccia

Federico II University of
Naples

Site
Investigator

Data
collection

Lucia Moiola Neurology Unit, IRCCS
San Raffaele Scientific
Institute, Milan, Italy

Site
Investigator

Data
collection

Sara
Montepietra

Responsabile del Centro
Sclerosi Multipla - Reggio
Emilia- UOC Neurologia-
AUSL-IRCSS RE

Site
Investigator

Data
collection
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Appendix 2 (continued)

Name Location Role Contribution

Margherita
MontiBragadin

AISM Rehabilitation
Service Liguria

Site
Investigator

Data
collection

Federico
Montini

Neurology Unit, IRCCS
San Raffaele Scientific
Institute, Milan, Italy

Site
Investigator

Data
collection

Roberta Motta AISM Rehabilitation
Service Liguria

Site
Investigator

Data
collection

Raffaele
Nardone

1. Paracelsus Medical
University, Department of
Neurology, Salisburgo, AU

Site
Investigator

Data
collection

2. Department of
Neurology - Franz
Tappeiner Hospital
Meran (BZ), Italy

Site
Investigator

Data
collection

Carolina Gabri
Nicoletti

Multiple Sclerosis Clinical
and Research Unit,
Department of Systems
Medicine, Tor Vergata
University, Rome, Italy

Site
Investigator

Data
collection

Eduardo
Nobile-Orazio

1)Neuromuscular and
Neuroimmunology
Service, IRCCS
Humanitas Clinical and
Research Institute,
Rozzano, Milan, Italy

Site
Investigator

Data
collection

2)Department of Medical
Biotechnology and
Translational Medicine,
Milan University, Milan,

Site
Investigator

Data
collection

Italy Site
Investigator

Data
collection

Agostino
Nozzolillo

Neurology Unit, IRCCS
San Raffaele Scientific
Institute, Milan, Italy

Site
Investigator

Data
collection

Marco Onofrj Department of
Neurosciences, Imaging
and Clinical Sciences,
University G. d’Annunzio
of Chieti-Pescara, Chieti,
Italy

Site
Investigator

Data
collection

Riccardo
Orlandi

Dipartimento di
Neuroscienze,
Biomedicina e
Movimento, Università di
Verona

Site
Investigator

Data
collection

Anna Palmieri UO Neurologia, Treviso Site
Investigator

Data
collection

Damiano
Paolicelli

Department of Basic
Medical Sciences,
Neurosciences and
SenseOrgans - University
of Bari Aldo Moro

Site
Investigator

Data
collection

Livia Pasquali Department of Clinical
and Experimental
Medicine, Neurology
Unit, University of Pisa,
Pisa, Italy

Site
Investigator

Data
collection

Luisa Pastò Azienda Ospedaliero
Universitaria Careggi,
Firenze

Site
Investigator

Data
collection

Appendix 2 (continued)

Name Location Role Contribution

Elisabetta
Pedrazzoli

AISM Padova
Rehabilitation Service

Site
Investigator

Data
collection

Maria Petracca Federico II University of
Naples

Site
Investigator

Data
collection

Alfredo
Petrone

Ospedale Annunziata
(Cosenza)

Site
Investigator

Data
collection

Carlo
Piantadosi

UOC Neurologia -
Azienda Ospedaliera
"San Giovanni-
Addolorata" - Roma

Site
Investigator

Data
collection

Anna M.
Pietroboni

1. Fondazione IRCCS Ca’
Granda Ospedale
Maggiore Policlinico,
Milan, IT.

Site
Investigator

Data
collection

2. University of Milan,
Dino Ferrari Center,
Milan, IT.

Site
Investigator

Data
collection

Federica
Pinardi

IRCCS Istituto delle
Scienze Neurologiche di
Bologna, UOSI
Riabilitazione Sclerosi
Multipla

Site
Investigator

Data
collection

Marta
Ponzano

Department of Health
Sciences, University of
Genoa, Genoa, Italy.

Biostatistician Support in
statistical
analysis

Emilio
Portaccio

Università degli Studi di
Firenze, Dipartimento
NEUROFARBA, Firenze

Site
Investigator

Data
collection

Mattia Pozzato 1. IRCCS Fondazione Ca’
Granda Ospedale
Maggiore Policlinico,
Neurology Unit,
Milan, Italy. Via
Francesco Sforza 35,
20122

Site
Investigator

Data
collection

2. Dino Ferrari Center,
Department of
Pathophysiology and
Transplantation,
University of Milan,
Milan, Italy. Via Francesco
Sforza 35, 20122

Site
Investigator

Data
collection

Carlo Pozzilli Centro SM S.Andrea
Dip.Neuroscienze
Umane Sapienza Roma

Site
Investigator

Data
collection

Luca
Prosperini

Dept Neurosciences, San
Camillo Forlanini
Hospital - Rome

Site
Investigator

Data
collection

Alessandra
Protti

ASST GOM NIGUARDA,
DIPARTIMENTO
NEUROSCIENZE

Site
Investigator

Data
collection

Paolo
Ragonese

Department of
Biomedicine,
Neurosciences and
Advanced Diagnsotics;
University of Palermo

Site
Investigator

Data
collection

Sarah Rasia Centro Sclerosi Multipla
ASST Spedali Civili di
Brescia, Ospedale di
Montichiari

Site
Investigator

Data
collection

Continued
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Appendix 2 (continued)

Name Location Role Contribution

Sabrina
Realmuto

Centro Sclerosi Multipla,
UOC di Neurologia e
Stroke Unit, AOOR Villa
Sofia-Cervello Palermo

Site
Investigator

Data
collection

Anna Repice Azienda Ospedaliera
Universitaria Careggi
Firenze

Site
Investigator

Data
collection

Eleonora
Rigoni

IRCCS Mondino
Foundation, Pavia

Site
Investigator

Data
collection

Maria Teresa
Rilla

Neurologia ASL 1
imperiese

Site
Investigator

Data
collection

Francesca
Rinaldi

Multiple Sclerosis Centre
of the Veneto Region
(CeSMuV), University
Hospital of Padua, Italy.

Site
Investigator

Data
collection

Calogero
Marcello
Romano

Centro Sclerosi Multipla,
UOC di Neurologia e
Stroke Unit, AOOR Villa
Sofia-Cervello Palermo

Site
Investigator

Data
collection

Marco Ronzoni ASST Rhodense Site
Investigator

Data
collection

Marco Rovaris IRCCS Fondazione Don
Carlo Gnocchi ONLUS,
Milano

Site
Investigator

Data
collection

Francesca
Ruscica

centro SM reparto
neurologia Ospedale G.
Giglio, Cefalù (PA)

Site
Investigator

Data
collection

Loredana
Sabattini

IRCCS Istituto delle
Scienze Neurologiche di
Bologna, UOSI
Riabilitazione Sclerosi
Multipla

Site
Investigator

Data
collection

Giuseppe
Salemi

Department of
Biomedicine,
Neurosciences and
advanced Diagnostics;
University of Palermo

Site
Investigator

Data
collection

Lorenzo
Saraceno

ASST GOM NIGUARDA,
DIPARTIMENTO
NEUROSCIENZE

Site
Investigator

Data
collection

Alessia Sartori Department of
Pharmacy, Ospedale
Guglielmo da Saliceto,
Piacenza , Italy

Site
Investigator

Data
collection

Arianna
Sartori

Neurology Unit,
Department of Medical,
Surgical, and Health
Sciences, Cattinara
University Hospital,
ASUGI, Trieste

Site
Investigator

Data
collection

Elvira Sbragia DINOGMI Universita’ di
Genova

Site
Investigator

Data
collection

Giuditta Ilaria
Scarano

1. Departement of
Psycology, University of
Milano-Bicocca, Milan,
Italy

Site
Investigator

Data
collection

2. Departement of
Psychology, Franz
Tappeiner Hospital,
Merano, Italy

Site
Investigator

Data
collection

Appendix 2 (continued)

Name Location Role Contribution

Valentina
Scarano

UOC Neurologia e Stroke
AORN San Giuseppe
Moscati Avellino

Site
Investigator

Data
collection

Valentina
Schillaci

MS Center, Department
of Neuroscience, City of
Health and Science
University Hospital of
Turin, Turin, Italy

Site
Investigator

Data
collection

Maria Sessa UOC Neurologia, USS
Neuroimmunologia,
ASST Papa Giovanni XXIII

Site
Investigator

Data
collection

Caterina
Sgarito

AISM Como
Rehabilitation Service

Site
Investigator

Data
collection

Grazia Sibilia NEUROLOGY UNIT AND
MS CENTER, ASL NAPOLI
1 CENTRO,NAPLES, ITALY

Site
Investigator

Data
collection

Gabriele
Siciliano

Department of Clinical
and Experimental
Medicine, Neurology
Unit, University of Pisa,
Pisa, Italy

Site
Investigator

Data
collection

Alessio Signori Department of Health
Sciences, University of
Genoa, Genoa, Italy.

Biostatistician Support in
statistical
analysis

Elisabetta
Signoriello

II Clinica Neurologica,
Università della
Campania Luigi
Vanvitelli, Naples

Site
Investigator

Data
collection

Leonardo
Sinisi

NEUROLOGY UNIT AND
MS CENTER, ASL
NAPOLI 1 CENTRO,
NAPLES, ITALY

Site
Investigator

Data
collection

Francesca
Sireci

UOC Neurologia- centro
SM Reggio Emilia- AUSL-
IRCCS RE

Site
Investigator

Data
collection

Patrizia Sola Neurology Unit,
Ospedale Civile, Azienda
Ospedaliero-
Universitaria di Modena,
Modena, Italy

Site
Investigator

Data
collection

Claudio Solaro Dept. of Rehabilitation,
CRRF "Mons. Luigi
Novarese", Moncrivello,
Italy

Site
Investigator

Data
collection

Stefano Sotgiu Dipartimento di Scienze
Mediche, Chirurgiche e
Sperimentali - Università
di Sassari

Site
Investigator

Data
collection

Maddalena
Sparaco

Department of Advanced
Medical and Surgical
Sciences, University of
Campania Luigi
Vanvitelli, 80138 Naples,
Italy;

Site
Investigator

Data
collection

Maria Laura
Stromillo

Department of Medicine,
Surgery and
Neuroscience, University
of Siena, Italy

Site
Investigator

Data
collection

Silvia Strumia MS center, Neurology
Unit, Morgagni-
Pierantoni Hospital, Forl̀ı

Site
Investigator

Data
collection
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Name Location Role Contribution

Emanuela
Laura Susani

ASST GOM NIGUARDA,
DIPARTIMENTO
NEUROSCIENZE

Site
Investigator

Data
collection

Giulietta
Tabiadon

Multiple Sclerosis
Outpt.Clinic, Clinical
Neurology and Stroke
Unit Dep., Central
Country Hospital,
Bolzano, Italy

Site
Investigator

Data
collection

Francesco
Teatini

Multiple Sclerosis
Outpt.Clinic, Clinical
Neurology and Stroke
Unit Dep., Central
Country Hospital,
Bolzano, Italy

Site
Investigator

Data
collection

Valentina
Tomassini

1. Institute for Advanced
Biomedical
Technologies (ITAB),
Department of
Neurosciences, Imaging
and Clinical Sciences,
University G. d’Annunzio
of Chieti-Pescara, Chieti,
Italy

Site
Investigator

Data
collection

2. MS Centre,
Department of Clinical
Neurology, SS.
Annunziata University
Hospital, Chieti, Italy

Site
Investigator

Data
collection

Simone
Tonietti

Centro Sclerosi Multipla
Ospedale San Carlo
Borromeo (Milano)

Site
Investigator

Data
collection

Valentina Torri
Clerici

Centro Sclerosi Multipla,
U.O Neurologia IV,
Fondazione IRCCS
Istituto Neurologico
"Carlo Besta", Milano

Site
Investigator

Data
collection

Carla
Tortorella

Dept Neurosciences, San
Camillo Forlanini
Hospital - Rome

Site
Investigator

Data
collection

Simona
Toscano

Dipartimento Scienze
Mediche e Chirurgiche e
Tecnologie Avanzate, GF
Ingrassia, Università di
Catania; Centro Sclerosi
Multipla Policlinico "G
Rodolico"- San Marco,
Università di Catania

Site
Investigator

Data
collection

Rocco Totaro Demyelinating Disease
Center, San Salvatore
Hospital, L’Aquila

Site
Investigator

Data
collection

Maria Trotta Ospedale Annunziata
(Cosenza)

Site
Investigator

Data
collection

Gabriella
Turano

Department of
Neurology, Regina
Montis Regalis Hospital,
Mondov̀ı (CN)

Site
Investigator

Data
collection

Monica Ulivelli Department of Medicine,
Surgery and
Neuroscience, University
of Siena, Siena, Italy

Site
Investigator

Data
collection
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Manzo
Valentino

Neurological Clinic and
Stroke Unit "A. Cardarelli
Hospital", Naples, Italy;

Site
Investigator

Data
collection

Giovanna
Vaula

Neurology II,
AOU Città della
Salute e della Scienza
-Turin

Site
Investigator

Data
collection

Domizia
Vecchio

Neurology Unit,
Maggiore della Carità
Hospital, Department
of Translational
Medicine, University of
Piemonte Orientale,
Novara, Italy

Site
Investigator

Data
collection

Marco
Vercellino

MS Center, Department
of Neuroscience, City of
Health and Science
University Hospital of
Turin, Turin, Italy

Site
Investigator

Data
collection

Elena Pinuccia
Verrengia

Centro Sclerosi Multipla,
Ospedale di Legnano,
ASST OVEST MI, Italia

Site
Investigator

Data
collection

Marika
Vianello

UO Neurologia, Treviso Site
Investigator

Data
collection

Eleonora
Virgilio

Neurology Unit,
Maggiore della Carità
Hospital, Department of
Translational Medicine,
University of Piemonte
Orientale, Novara, Italy

Site
Investigator

Data
collection

Francesca
Vitetta

Neurology Unit,
Ospedale Civile, Azienda
Ospedaliero-
Universitaria di Modena,
Modena, Italy

Site
Investigator

Data
collection

Stefano
Vollaro

Emergency Department,
Guglielmo da Saliceto
Hospital, Piacenza, Italy

Site
Investigator

Data
collection

Mauro
Zaffaroni

Centro Sclerosi Multipla
Ospedale di Gallarate,
ASST della Valle Olona

Site
Investigator

Data
collection

Mauro
Zampolini

Neurologia, Ospedale
San Giovanni, Foligno

Site
Investigator

Data
collection

Ignazio
Roberto Zarbo

Dipartimento di Scienze
Mediche, Chirurgiche e
Sperimentali - Università
di Sassari

Site
Investigator

Data
collection

Luigi Zuliani Department of
Neurology - Ospedale
San Bortolo - AULSS8
Berica Vicenza

Data
collection
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Abstract
Background and Objectives
Patients with Alzheimer dementia display evidence of amyloid-related neurodegeneration. Our
focus was to determine whether such patients also display evidence of a disease-targeting
adaptive immune response mediated by CD4+ T cells. To test this hypothesis, we evaluated the
CSF immune profiles of patients with Alzheimer clinical syndrome (ACS), who display clin-
ically defined dementia.

Methods
Innate and adaptive immune profiles of patients with ACSwere measured using multicolor flow
cytometry. CSF-derived CD4+ and CD8+ T-cell receptor repertoire genetics were measured
using next-generation sequencing. Brain-specific autoantibody signatures of CSF-derived an-
tibody pools were measured using array technology or ELISA. CSF from similar-age healthy
controls (HCs) was used as a comparator cohort.

Results
Innate cells were expanded in the CSF of patients with ACS in comparison to HCs, and innate
cell expansion increased with age in the patients with ACS, but not HCs. Despite innate cell
expansion in the CSF, the frequency of total CD4+ T cells reduced with age in the patients with
ACS. T-cell receptor repertoire genetics indicated that T-cell clonal expansion is enhanced, and
diversity is reduced in the patients with ACS compared with similar-age HCs.

Discussion
Examination of CSF indicates that CD4+ T cell–mediated adaptive immune responses are
altered in patients with ACS. Understanding the underlying mechanisms affecting adaptive
immunity will help move us toward the goal of slowing cognitive decline.
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The World Alzheimer Report estimates that the cost of de-
mentia care will reach 2 trillion dollars by 2030, and dementia
will affect nearly 75 million people.1 Alzheimer disease (AD)
remains the most common dementia diagnosis,2 in which
accumulation of β-amyloid (Aβ) plaques and hyper-
phosphorylated tau tangles in the brain is thought to cause
neuronal loss and cognitive dysfunction.3 According to recent
guidelines, a biological diagnosis of AD is verified using a
classification system that encompasses both biofluid CSF
levels of Aβ and tau and imaging approaches that measure
neurodegeneration.4 Despite advances in diagnostic methods,
effective therapies for AD remain unrealized.

In an effort to develop treatments for AD, emerging studies
must endeavor to delineate underlying disease mechanisms,
including the role of neuroinflammation in pathologic
progression.5-8 Inflammation is mediated by both nonspecific
innate and highly specific adaptive immune system compo-
nents. A typical immune response to an infection, for example,
would begin by activating innate immune components to
sequester the infectious agent and present components of the
infectious agent (antigens) to the cellular components of the
adaptive immune system (T cells and B cells). Specific tar-
geting of the infectious agent and its removal from the body
are mediated initially by helper CD4+ T cells, which undergo
activation, proliferation, and clonal expansion on exposure to
the antigen presented by innate cells. In turn, helper CD4+

T cells produce cytokines and chemokines that activate cy-
totoxic CD8+ T cells to destroy the infectious agent and
stimulate CD27+ memory B cells to develop into antibody-
producing B cells that neutralize the infectious agent. This
cascade of the immune response is essential to clearance of an
infection. In the setting of AD pathology, there is some evi-
dence that components of both the innate and adaptive im-
mune systems are involved. For example, macrophages and
neutrophils have been found in the brains of patients with
AD,9 and both CD4+ andCD8+ T cells are frequently found at
the sites of amyloid deposition in the brain.10-13 Yet, the role
of innate and/or adaptive immune system components in the
propagation of neuroinflammatory, regulatory, or even neu-
roprotective mechanisms remains largely unknown.14-16

Thus, elucidating the role of the immune system in the de-
velopment of AD pathology and other dementias is critical to
facilitate the development of therapeutics designed to prevent
or slow cognitive decline.5,6

Our laboratory previously focused on examining early im-
mune profile discordance in patients who have cognitive
impairment, but are not experiencing clinical dementia to the

extent that their activities of daily living (ADLs) are
affected.17-19 Such patients are diagnosed with amnestic mild
cognitive impairment (aMCI) with an anticipated conversion
rate to AD diagnosis of 10% annually.20 Our previous goal was
to determine whether early clinical manifestations of CNS
inflammation could be demonstrated in the CSF of patients
with aMCI. We investigated CSF-derived immune profiles of
patients with aMCI and observed that they have elevated CNS
inflammation as measured by a similar frequency and absolute
number of CD45+ leukocytes compared with patients with
multiple sclerosis (MS), a well-known CNS inflammatory
disease driven by CD4+ T cells.17 However, the frequency of
total CD4+ T cells was reduced in patients with aMCI com-
pared with patients with MS despite evidence of Aβ de-
position in the CNS of the patients with aMCI by PET
imaging.19 Furthermore, the aMCI cohort demonstrated that
as Aβ deposition in the brain increased, the frequency of
CD4+ T cells in the CSF declined with significant correla-
tion.18 These findings suggested that despite evidence of CNS
damage, elevated adaptive immune responses mediated by
CD4+ T cells were not occurring in patients with aMCI. Of
interest, the frequency of innate immune cells was increased
in the aMCI cohort in comparison to patients with MS, but
did not result in expansion of CD4+ T cells in the CSF of the
patients with aMCI.

We first hypothesized that perhaps CNS damage in patients
with aMCI has not advanced (either in severity or duration)
to incite a detectable disease-driven adaptive immune re-
sponse. This could be the case as patients with aMCI do not
exhibit deficits in cognition severe enough to affect their
ADLs. On the other hand, patients diagnosed with Alzheimer
clinical syndrome (ACS) who display deficits in cognition
severe enough to affect ADLs are further along in their disease
course. Thus, in an effort to understand the role of adaptive
and innate immune populations, we immunophenotyped
CSF-derived cells from patients with ACS with clinically con-
firmed deficits in ADLs.We used flow cytometry, T-cell receptor
repertoire genetics, and brain-specific autoantibody signatures to
define the innate and adaptive immune profile of patients with
ACS compared with similar-age healthy controls (HCs).

Methods
Patient Recruitment
All subjects and/or their legally authorized study partners
signed the written informed consent approved by the In-
stitutional Review Board of the UT Southwestern Medical
Center (UTSW), in accordance with the Federal Wide

Glossary
ACS = Alzheimer clinical syndrome;AD = Alzheimer disease;ADL = activities of daily living;Aβ = β-amyloid; aMCI = amnestic
mild cognitive impairment; ATI = Aβ42/total tau (hTau) index; CDR = clinical dementia rating; HC = health control;MS =
multiple sclerosis; NfL = neurofilament light; TCRB = T-cell receptor beta; UTSW = UT Southwestern Medical Center.

2 Neurology: Neuroimmunology & Neuroinflammation | Volume 9, Number 1 | January 2022 Neurology.org/NN

http://neurology.org/nn


Assurance on file with the Department of Health and Human
Services (USA).

The cohort (Table 1) consisted of 26 patients diagnosed with
ACS (mean age 69.2 ± 9.0 years) and 12 similar-age HCs (mean
age 70.0 ± 8.6 years). Standard clinical evaluations were per-
formed on all participants at the UTSW Alzheimer’s Disease
Center or Memory Clinic. Clinical diagnoses were based on
standard National Institute on Aging and Alzheimer’s Association
criteria for ACS using a multidisciplinary diagnostic conference
format based on history, neurologic examination, clinical de-
mentia rating (CDR) interview, and neuropsychological evalua-
tion in accordance with National Alzheimer’s Coordinating
Center procedures used in National Institute on Aging-funded
Alzheimer’s Disease Research Centers.4 Of the 26 patients with
ACS, 17 (identified by black squares in all figures)were confirmed
for Alzheimer pathology using the Aβ42/total tau (hTau) index
(ATI) and phosphorylated tau 181 (pTau181) tests in a com-
mercial CLIA-certified laboratory. The remaining 9 cases that

were not confirmed for Alzheimer pathology using ATI and
pTau181 tests in a commercial CLIA-certified laboratory are
identified by gray squares in all figures. In our research laboratory,
we tested these 9 subjects for Aβ42, hTau, and pTau181 in the
CSF with expected cohort comparison results indicative of in-
creased amyloid burden and tau tangles in the brain (Table 1).21,22

In addition, we also measured neurofilament light (NfL) levels in
the research laboratory as another indicator of neuro-
degeneration.23 Subjects were excluded if they did not display
deficits in cognition severe enough to affect their ADLs and had a
history of stroke, major medical and psychiatric disorders, un-
stable heart disease, uncontrolled hypertension, diabetes melli-
tus, or chronic inflammatory diseases. Limited availability of CSF
restricted the number of samples used for each assay.

CSF and Blood Collection, Processing, and
Flow Cytometry
CSF collected by lumbar puncture and blood from all subjects
in the cohort were processed as previously published.17

Table 1 Cohort Summary

HC ACS

Clinical data

No. of subjects 12 26

M:Fa 3:8 13:13

Average age (range) 70 (58–84) 69 (55–91)

Average MMSE (range|number of subjects) 29 (28–30|8) 22 (12–29|16)c

No. of subjects with clinically confirmed deficit in ADLs 0/12 26/26

No. of subjects with ATI and pTau181 clinical testingb ND 17

Abnormal ATI ND 17/17

Abnormal pTAU ND 16/17

Research laboratory data

No. of subjects 12 26d

CSF-derived Aβ42 347 pg/mL 156 pg/mLe

CSF-derived hTau 396 pg/mL 736 pg/mLf

CSF-derived pTau181 46 pg/mL 78 pg/mLg

CSF-derived NfL 758 pg/mL 1240 pg/mLh

hTau:Aβ42 1.7 4.3h

pTau:Aβ42 0.19 0.46h

NfL:Aβ42 3.2 11.0h

Abbreviations: Aβ = β-amyloid; ACS = Alzheimer clinical syndrome; ADLs = activities of daily living; ATI = Ab42/total tau (hTau) index; HC = healthy control;
MMSE = Mini-Mental State Examination; NfL = neurofilament light; pTau = phosphorylated tau 181.
a The sex of 1 HC was not available.
b This testing was performed using a commercial CLIA-certified clinical laboratory. There were 9 patients with ACS who were not tested for ATI and pTAU181
using a commercial CLIA-certified clinical laboratory. In those cases, diagnosis was based on clinical diagnosis as described in the methods.
c One subject in the ACS cohort had an MMSE of 29.
d Innate cell subset data were only available on 5 of the subjects with ACS.
e Significantly lower than HCs (p < 0.001).
f Significantly higher than HCs (p < 0.05).
g Significantly higher than HCs (p < 0.01).
h Significantly higher than HCs (p < 0.001).
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Peripheral blood and CSF cells collected from the same
subjects on the same day were stained in parallel using stan-
dard protocols established in the Monson laboratory.24 The
sample gating strategy (eFigure 1A, links.lww.com/NXI/
A656) and subtype frequencies (eFigure 1B) were based on
our previous approach.17 Of the 26 patients with ACS, 21
were analyzed by flow cytometry to obtain frequencies of
innate, CD4+ T-cell, CD8+ T-cell, CD19+ B-cell, and B-cell
subsets. An additional 5 patients with ACS were analyzed by
flow cytometry to obtain frequencies of innate cell subsets. Of
note, the time from sample acquisition to initiation of pro-
cessing was longer with samples that were not CLIA tested
(gray squares in all figures) compared with those that were
CLIA tested (black squares in all figures).

Detection of Analytes in CSF
ELISA kits for Aβ1-42, hTau, pTau181 (Innotest, Fujirebio,
Malvern, PA), and NfL (Uman Diagnostics, Sweden) were
used according to the manufacturer’s instructions. The lowest
limit of detection for each analyte was as follows: Aβ1-42 65
pg/mL, hTau 34 pg/mL, pTau(181) 13 pg/mL, and NfL 13
pg/mL. Samples below the detection limit were excluded
from analysis.

TCR Next-Generation Sequencing
Genomic DNA (gDNA) was isolated from sorted CSF-
derived CD4+ and CD8+ T cells and subjected to PCR using
T-cell receptor beta (TCRB) gene rearrangement primer sets
(eTable 1, links.lww.com/NXI/A661) previously published
by others.25 Barcoded libraries were pooled and loaded onto
an Illumina MiSeq instrument.

Repertoire Analysis
The TCR repertoire sequencing data were analyzed on
VDJServer v1.1.226 and supporting software as detailed in the
Supplemental Materials. The raw sequencing data are available at
SRA (BioProject: PRJNA625786), and the raw sequencing data,

postprocessed rearrangements, and analysis results are available at
VDJServer (UUID: 887088384323808790-242ac116-0001-012).
TCRB variable gene distributions are provided in eFigure 2, links.
lww.com/NXI/A657. T-cell receptor sequences with the same V
gene call, J gene call, and CDR3 sequence were determined to be
derived from clonally related T cells for purposes of the clonal
abundance and diversity.

Detection of Antibodies Against Aβ42

This assay was performed as previously published27 with
modifications as detailed in the Supplementary Materials.

Brain Antigen Array
The brain antigen array consists of 63 brain-specific antigens
(eTable 2, links.lww.com/NXI/A661). Samples were in-
cubated with the arrays for 1 hour with agitation at room
temperature, and Cy3-labeled anti-human IgG and Cy5-
labeled anti-human IgM were used for detection at 1:1000
dilutions. Images were generated using the GenePix 4000B
scanner and analyzed using GenePix Pro 7.0 software (Mo-
lecular Devices). The antibody score (Ab score) is detailed in
eTable 3.

Data Analysis
All flow cytometry data were analyzed using FlowJo software
(Treestar). The absolute cell numbers were calculated based
on the FlowJo data and the hemocytometer counts. All data
are presented as mean ± SEM. We used GraphPad Prism 8.0
for data analysis unless otherwise specified. All data were first
tested for normal distribution using the Shapiro-Wilk test.
Data sets passing the Shapiro-Wilk test were then analyzed
using the unpaired, 2-sided Student t test (parametric). Data
sets that did not pass Shapiro-Wilk test were Figure 1B (HC
and ACS), 3A (ACS for total CD19), 3B (HC and ACS), 3C
(ACS), 3D (ACS), and eFigures 3C, links.lww.com/NXI/
A658 (ACS), 5A (HC), 5B (HC and ACS), and 5C (ACS).
In these cases, the comparison was made using the

Figure 1 Innate Cells in the CSF Are Expanded and Positively Correlate With Age in Patients With ACS

(A) The frequency (%) of innate cells in the CSF of 21 patients with ACS was comparedwith 12 similar-age healthy controls (HCs). (B) Correlation of CSF-derived
innate cell frequency with age in the ACS cohort. (C) The relative frequencies of innate cell subtypes in the CSF of an ACS subcohort. CD45+ leukocytes that did
not express any other lineagemarkers in the panel were categorized as other leukocytes. Themean ± SEMof each group is provided in panels A and C. Circles
indicate HC donors, solid black squares represent CLIA-tested patients with ACS, and solid gray squares represent non–CLIA-tested patients with ACS. ACS =
Alzheimer clinical syndrome. *p < 0.05.

4 Neurology: Neuroimmunology & Neuroinflammation | Volume 9, Number 1 | January 2022 Neurology.org/NN

http://links.lww.com/NXI/A656
http://links.lww.com/NXI/A656
http://links.lww.com/NXI/A661
http://links.lww.com/NXI/A657
http://links.lww.com/NXI/A657
http://links.lww.com/NXI/A661
http://links.lww.com/NXI/A658
http://links.lww.com/NXI/A658
http://neurology.org/nn


nonparametric Mann-Whitney test. All correlation analyses
were obtained by simple linear regression analysis in Prism.
The brain antigen array data were analyzed with RStudio
version 1.1.4, using the Wilcoxon test 2-sided hypothesis. A p
value of less than 0.05 was considered statistically significant.

Data Availability
Anonymized data will be shared by request from any qualified
investigator.

Results
Innate Cell Expansion andCorrelationWithAge
We hypothesized that features of the immune response
would be affected in patients with ACS who display deficits
in cognition severe enough to affect ADLs. To begin
addressing this hypothesis, we used multiparameter flow
cytometry to identify innate cells and adaptive (i.e., CD4+

and CD8+ T cells and B cells) leukocyte subtypes in the CSF
and blood of 21 patients with ACS and 12 similar-age HCs.
We also identified innate cell subsets in the CSF of 5 addi-
tional patients with ACS by multiparameter flow cytometry.
Patients with ACS in this cohort demonstrated expansion of
general innate cell populations in the CSF compared with
similar-age HCs by frequency (Figure 1A, p < 0.05), but not
absolute number (eFigure 3A, links.lww.com/NXI/A658).
In addition, the frequency of innate cells in the CSF in-
creased with age in the ACS patients (Figure 1B, p = 0.03, r2

= 0.22), but not in the similar-age HCs (data not shown). Of
note, the frequency (eFigure 3B) and absolute number
(eFigure 3C) of CD45+ leukocytes in the CSF were similar
in both cohorts. In some cases, the absolute number of
CD45+ leukocytes in both the ACS and HC cohorts was
nearly undetectable, whereas others reached very high levels.
The innate cell subtype in the CSF of patients with ACS
consisted mostly of CD14+ monocytes (Figure 1C). The
frequency of CD45+ leukocytes in the blood was also similar
in both cohorts (eFigure 3D), as was the frequency of innate
cells in the blood (eFigure 3E). Finally, in contrast to the
frequency of innate cells in the CSF, the frequency of innate
cells in the blood does not correlate with age in the ACS
patients (eFigure 3F). The 11-color panel that allows us to
segregate the innate cell subtypes was used on only 5 of the
patients with ACS (Figure 1C), and so a more detailed
analysis of the innate cell subtypes affecting the frequency
and correlation with age could not be performed. Similar-age
HCs did not display correlation of age with innate cell fre-
quency in the blood (data not shown).

CSF-Derived T-Cell Features
Next, we focused on T cells, which are a component of the
adaptive immune system that we anticipated would be re-
sponsive to the expansion of innate cells and the elevation of
neurodegeneration in the patients with ACS as evidenced by
changes in the CSF of Aβ42, hTau, pTau181, and NfL
(Table 1). The CD4+ T-cell frequency (Figure 2A) and

absolute number (data not shown) in the CSF were similar
in both cohorts. Nevertheless, the frequency of CD4+ T cells
in the CSF negatively correlated with age in the ACS pa-
tients (p < 0.005, r2 = 0.35; Figure 2B), but did not correlate
in the similar-age HCs (data not shown). The frequency of
CD4+ T cells also did not correlate with the MMSE score or
other clinical measures that were available, including mark-
ers of AD pathology (i.e., Aβ42) or general neurodege-
neration (i.e., NfL).

Next, we analyzed the extent of clonal expansion within the
TCRB gene repertoires expressed by CSF-derived CD4+

and CD8+ T cells. The frequency of unactivated T cells by
TCRB sequence analysis (“NONE”; eFigure 4C, links.lww.
com/NXI/A659) and clonally expanded CD4+ T cells of
moderate range by TCRB sequence analysis (eFigure 4D)
was reduced in the CSF-derived CD4+ T-cell population of
the patients with ACS compared with similar-age HCs. In
contrast, the frequency of advanced clonally expanded
T cells by TCRB sequence analysis (greater than 1% rep-
resentation in the TCRB sequence repertoire) was signifi-
cantly higher in the CSF-derived CD4+ T-cell population
TCRB sequence repertoire of the patients wtih ACS com-
pared with the similar-age HCs (61% vs <20%, p < 0.01)
(eFigure 4E). In parallel, the frequency of CD8+ T cells in
the patients with ACS was comparable to similar-age HCs
(eFigure 4A) and did not correlate with age (eFigure 4B).
Furthermore, CSF-derived CD8+ T cells of patients with
ACS displayed similar representation of all 3 categories of
clonally expanded CD8+ T cells (eFigure 4F–H) compared
with similar-age HCs. T-cell subset clonal expansion in the
blood was not examined because the frequency of CD4+ and
CD8+ T cells in the blood was similar in both cohorts, and
there was no correlation with age in patients with ACS (data
not shown).

In addition to specifically analyzing clonal expansion of the
CSF repertoires, we also analyzed repertoire diversity by
calculating Hill numbers over a range of q values.28 We used
Alakazam,29 which is implemented in VDJServer and uses
resampling techniques to account for sample-to-sample vari-
ability in sequence numbers. Hill numbers quantify repertoire
diversity as a function of both clonal expansion (the relative
clonal abundances across all clones) and the overall number of
distinct clones in a repertoire. A high diversity index indicates
that the repertoire gene distribution has a large number of
clones with relatively uniform abundances, as would be the
case for repertoires dominated by unactivated or naive T cells.
Once a T-cell population responds to its cognate antigen, it
becomes activated and undergoes clonal expansion. Sub-
sequently, clonal expansion results in a reduction of diversity
within the repertoire, resulting in a low diversity index when
T cells are undergoing clonal expansion. CSF-derived CD4+

T cells of the patients with ACS displayed a reduced diversity
index within the expressed TCRB repertoires (Figure 2C). In
contrast, the CSF-derived CD4+ T cells of the similar-age
HCs exhibited higher diversity as expected for a T-cell
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population dominated by a large number of non-expanded
clones (2,567 vs 9,107, p < 0.001). CSF-derived CD8+ T-cell
diversity index was similar between the patients with ACS and
similar-age HC cohorts (Figure 2D) as a reflection of similar
frequencies of advanced CD8+ T-cell clones.

Humoral Immune Response Features
Activated CD4+ T cells are critical in facilitating B-cell acti-
vation and class switching,30 and the CD4+ T cells in the CSF
of patients with ACS displayed genetic markers of activation
including clonal expansion and, in this case, subsequent re-
duced diversity. Thus, we next examined the impact of this
T-cell dynamic on B-cell subsets. The frequency of total
B cells (Figure 3A) and the naive (Figure 3B) and memory
(Figure 3C) B-cell subtypes was comparable in both cohorts.
Naive B cells were not detected in the CSF of 2 patients with
ACS and 1 HC. CD138+ antibody–producing B cells were
detected in the CSF of both patients with ACS and HCs at
similar frequencies (Figure 3D), whereas an earlier study fo-
cused on patients with mild AD could not detect any CD138+
antibody–producing B cells.31 Both naive and CD138+
antibody–producing B-cell frequencies were affected by the
covariate of sample handling as noted in the methods. Total
IgM and IgG concentrations in the CSF were also similar

(data not shown). Of interest, despite the reduction of Aβ42 in
the patients with ACS compared with similar-age HCs
(Table 1), we did not observe a complimentary increase in
titers of anti-Aβ42 of either the IgM or IgG isotype
(eFigure 5A and B, links.lww.com/NXI/A660). In addition,
the concentration of NfL in the CSF of patients with ACS is
elevated in comparison to similar-age HCs (Table 1), yet
titers of anti-NfL antibody of either isotype (eFigure 5C and
D) were similar in both cohorts. Antibody reactivity to other
brain antigens was also comparable in both cohorts (eTable 3,
links.lww.com/NXI/A661).

Discussion
We hypothesized that neurodegeneration in patients with
ACS must reach an advanced and critical stage to incite a
notable adaptive immune response shift in comparison to
similar-age HCs. Our findings indicated increased amyloid
burden in the brain (as measured by detection of reduced
Aβ42 in the CSF) and increased neuronal damage (as mea-
sured by detection of NfL in the CSF) in patients with ACS
compared with similar-age HCs. We anticipated that ad-
vancing neurodegeneration in the brain would promote an

Figure 2 CD4+ T Cells in the CSF Negatively Correlate With Age and Display Reduced Diversity Index in Patients With ACS

(A) The frequency of CD4+ T cells in the
CSF of 21 patients with ACS was com-
pared with 12 similar-age healthy
controls (HCs). (B) Correlation of CSF-
derived CD4+ T-cell frequency with age
of the ACS cohort. (C) TCRB diversity
indices for CD4+ T cells in the ACS
population as compared to HCs. (D)
TCRB diversity differences for CD8+

T cells in the ACS population as com-
pared to HCs. Themean ± SEM of each
group is provided below each column
of panels A, C, and D. Circles indicate
HC donors, solid black squares repre-
sent CLIA-tested patients with ACS,
and solid gray squares represent
non–CLIA-tested patients with ACS.
ACS = Alzheimer clinical syndrome;
TCRB = T-cell receptor beta.
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increase in the absolute number of CD45+ leukocytes in the
CSF of the patients with ACS. Instead, the absolute number of
CD45+ leukocytes and each lymphocyte subset remained
unchanged compared with similar-age HCs. The broad range
of cell counts in the cohort as a whole likely accounted for this,
and so comparisons using the frequencies of each CD45+

leukocyte subset (innate, CD4+ T cells, CD8+ T cells, and
CD19+ B cells) were used to evaluate changes to the immune
profile.

Indeed, the innate cell frequency was increased in the patients
with ACS, just as we had observed in patients with aMCI in
our earlier studies. Thus, cognitive decline that affects ADLs is
not a necessary driver of innate cell expansion. It is possible
that innate cell subtypes are affected differently, particularly as
disease progresses. However, the flow cytometry panel we
used to segregate the innate cell subtypes was only used on 5
of the subjects (Figure 1C), and so a more detailed analysis of
the innate cell subtypes affecting the frequency or correlation
with age or neurodegenerative markers such as NfL was not
performed for this study.

We anticipated that the frequency of CD4+ and CD8+ T cells
would also be increased in patients with ACS because we had
observed innate cell expansion, which would likely support
T-cell activation and proliferation. In addition, others had
found T cells in the postmortem AD brain,10,32 and both
CD4+ and CD8+ T cells are present at the sites of amyloid
deposition in AD brain tissue.10,33 However, it remains un-
known whether their contribution is neurodegenerative,
neuroprotective, or of no consequence. Others have shown
that CD4+ and CD8+ T-cell frequencies in the CSF are similar
in patients with dementia and aged controls.31 However, the
cohort of patients with dementia in this earlier article excluded
subjects that displayed severe cognitive decline, whereas the
dementia cohort presented here focused on patients with
dementia with cognitive decline severe enough to affect
ADLs. Thus, we anticipated that the frequencies of CD4+

T cells in the CSF of patients with ACS would be increased in
comparison to similar-age controls. Instead, patients with
ACS did not display an increased frequency of CD4+ or CD8+

T cells in the CSF, indicating that cognitive decline severe
enough to affect ADLs is not a sufficient trigger to observe
increased CD4+ or CD8+ T-cell frequencies in the CSF.
However, this degree of cognitive decline may be sufficient to
retain a portion of CD4+ T cells within brain tissue as the
frequency of CD4+ T cells in the CSF decreased with ad-
vancing age of disease.

Similar frequencies of T cells do not preclude that the un-
derlying T-cell repertoire is also unchanged. To investigate
this, we used TCR repertoire clonality and diversity index to
measure CD4+ and CD8+ T-cell activation status in the CSF
of patients with ACS and similar-age HCs. We found signif-
icantly increased clonal expansion in CD4+ T cells within the
CSF of patients with ACS compared with controls, which was
further verified by substantially reduced diversity index.
However, CSF-derived CD8+ T cells displayed similar clonal
representation and diversity index in patients with ACS
compared with similar-age HCs. Earlier studies suggested a
lack of antigen-triggered clonal expansion of T cells found in
postmortem brain tissue of patients with AD,34 but our ob-
servations of T cells within the CSF suggest that clonal ex-
pansion and reduced diversity index of CD4+ T cells are
readily identified in patients with ACS. Enhanced clonal ex-
pansion of CD8+ T cells may not be evident in the CSF
because activated, proliferating and clonally expanding CD8+

T cells are retained within the brain tissue where amyloid and
tau depositions reside. CD4+ T cells may migrate more freely
between the periphery and brain tissue, which would facilitate
detection of clonally expanded CD4+ T cells in the CSF. Of
note, an earlier study demonstrating that CD8+ T cells from
the CSF of a mixed cohort of patients with MCI and AD
demonstrate enhanced clonal expansion compared with
HCs.35 However, there were several methodological distinc-
tions between the 2 studies that likely accounts for this

Figure 3 B-Cell Subset Frequencies in the CSF Are Unaltered in Patients With ACS

The frequencies of (A) CD19+ B cells and subsets including (B) naive cells, (C) memory cells, and (D) antibody-producing B cells were comparable. Themean ±
SEM of each group and number of samples (n) included are given below each column. Circles indicate HC donors, solid black squares represent CLIA-tested
patients with ACS, and solid gray squares represent non–CLIA-tested patients with ACS. ACS = Alzheimer clinical syndrome; HC = healthy control.
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contrast including the use of overnight freeze-thawed CSF
cells vs fresh collections, limited availability of cells in the
RNAseq platforms instead of total T-cell subset library gen-
eration, and lack of diversity calculations to delineate the
nature of the clonally expanded population. Further studies
are needed to understand the impact of CSF-derived and
brain-derived clonally expanding CD4+ and CD8+ T cells in
the pathology of AD, keeping in mind that their involvement
in different processes of AD pathology may be affected by the
TCRB genes they express.

Naive30 and memory36 B cells require CD4+ T-cell help to
become activated in response to soluble antigen and dif-
ferentiate to efficient antibody-producing cells. Because
CD4+ T-cell frequencies were reducing with age of the
patients with ACS, we expected that the subtype distribu-
tion within the B-cell population of the CSF would be
similar among the cohorts or that representation of acti-
vated antibody-producing B cells would even be reduced in
the patients with ACS. Indeed, the B-cell subtype distribu-
tions in the CSF were the same in both cohorts, supporting
the concept that CD4+ T-cell help is inadequate to elicit
activation and expansion of B cells in patients with ACS.
One caveat to this conclusion is that there is a sample
handling covariate in the data set, which appears to affect
B-cell subsets in particular. This limitation to the data set
emphasizes that care must be taken when procuring data
sets from multiple clinics or institutions to ensure that the
time from sample acquisition to sample processing is
comparable, particularly if B-cell subset frequency data are a
primary focus of the investigations.

A second caveat to the conclusion that CD4+ T-cell help is
inadequate to elicit activation and expansion of B cells in
patients with ACS is that B-cell activation may be occurring
within the CNS tissue itself,37 which is not measurable in a
living patient cohort. In addition, it is possible that the fre-
quency of B cells reactive to amyloid or tau is specifically
upregulated. We did not test this in our CSF cohort, but
others have observed an increase in anti-Aβ42 antibody–
secreting B cells in the periphery compared with controls.38 In
support of our findings regarding the B-cell compartment
similarities in the CSF, we also did not observe higher con-
centrations of total antibody or specifically anti-Aβ42 or anti-
NfL antibodies in the CSF of patients with ACS compared
with HCs. Others have demonstrated that patients with
probable AD have a 31% decrease in the titer of anti-Aβ
antibody in the CSF compared with controls.39 Increased
titers of disease-specific antibodies would likely require robust
CD4+ T-cell help to facilitate B-cell expansion and differen-
tiation to antibody secreting cells. Thus, the lack of increased
titers of anti-Aβ antibody in the CSF of this ACS patient
cohort is further evidence of limited T-cell activation that may
be specific to amyloid reactive T cells matriculating the CSF.

We had anticipated that advancing neurodegeneration in the
ACS population would elicit a robust adaptive immune

response in patients with ACS that was discordant from
similar-age HCs based on the understanding that a di-
agnosis of ACS includes cognitive deficits that affect ADLs.
Instead, despite the robust presence of biomarkers in-
dicative of CNS damage and expansion of innate cells by
frequency in the CSF of patients with ACS compared with
similar-age HCs, T-cell clonal expansion and the diversity
index were suppressed and antibody titers against Aβ42
remained similar. These preliminary observations in a
limited research cohort further support the continued ex-
ploration of potential therapeutic approaches to boost the
specific adaptive immune response while limiting off-target
effects.40-42 In light of the finding that only approxi-
mately 20% of participants in an initial clinical vaccine trial
(AN1792) showed the desired antibody response,43 future
immune-mediated therapeutic approaches would benefit
from a better understanding of adaptive immune responses
that provide protection from neurodegeneration. Fur-
thermore, the reduced diversity index in the CSF-derived
CD4+ T cells of patients with ACS in comparison to
similar-age HCs may provide a unique and effective bio-
marker for early diagnosis of ACS and provide an avenue to
identify those patients with dementia who will advance to
develop AD pathology. For example, 1 subject (69M) had
an MMSE of 29, but a diversity index that was 7.6× lower
than the average in the similar-age HCs. This subject was
diagnosed with ACS based on cognitive deficits that af-
fected his ADLs, but this very low-diversity index places
this subject within the ACS cohort independently. Further
studies are warranted to understand whether the immune
profile changes we presented here contribute directly to
progression of AD pathology.
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15. Pellicanò M, Larbi A, Goldeck D, et al. Immune profiling of Alzheimer patients.
J Neuroimmunol. 2012;242(1-2):52-59.

16. Jevtic S, Sengar AS, Salter MW, McLaurin J. The role of the immune system in
Alzheimer disease: etiology and treatment. Ageing Res Rev. 2017;40:84-94.

17. Monson NL, Ireland SJ, Ligocki AJ, et al. Elevated CNS inflammation in patients with
preclinical Alzheimer’s disease. J Cereb Blood Flow Metab. 2014;34(1):30-33.

18. Tarumi T, Harris TS, Hill C, et al. Amyloid burden and sleep blood pressure in
amnestic mild cognitive impairment. Neurology. 2015;85(22):1922-1929.

19. Stowe AM, Ireland SJ, Ortega SB, et al. Adaptive lymphocyte profiles correlate to
brain Abeta burden in patients with mild cognitive impairment. J Neuroinflammation.
2017;14(1):149.

20. Michaud TL, Su D, Siahpush M, Murman DL. The risk of incident mild cognitive
impairment and progression to dementia considering mild cognitive impairment
subtypes. Dement Geriatr Cogn Dis Extra. 2017;7(1):15-29.

21. Fagan AM, Roe CM, Xiong C, Mintun MA, Morris JC, Holtzman DM. Cerebrospinal
fluid tau/beta-amyloid(42) ratio as a prediction of cognitive decline in nondemented
older adults. Arch Neurol. 2007;64(3):343-349.

22. Perrin RJ, Fagan AM, Holtzman DM. Multimodal techniques for diagnosis and
prognosis of Alzheimer’s disease. Nature. 2009;461(7266):916-922.
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Abstract
Background and Objectives
To determine the role of complement in the disease pathology of multifocal motor neuropathy
(MMN), we investigated complement activation, and inhibition, on binding of MMN patient-
derived immunoglobulin M (IgM) antibodies in an induced pluripotent stem cell (iPSC)-
derived motor neuron (MN) model for MMN.

Methods
iPSC-derived MNs were characterized for the expression of complement receptors and
membrane-bound regulators, for the binding of circulating IgM anti-GM1 from patients with
MMN, and for subsequent fixation of C4 and C3 on incubation with fresh serum. The potency
of ARGX-117, a novel inhibitory monoclonal antibody targeting C2, to inhibit fixation of
complement was assessed.

Results
iPSC-derived MNs moderately express the complement regulatory proteins CD46 and CD55
and strongly expressed CD59. Furthermore, MNs express C3aR, C5aR, and complement
receptor 1. IgM anti-GM1 antibodies in serum from patients with MMN bind to MNs and
induce C3 and C4 fixation on incubation with fresh serum. ARGX-117 inhibits complement
activation downstream of C4 induced by patient-derived anti-GM1 antibodies bound to MNs.

Discussion
Binding of IgM antibodies from patients with MMN to iPSC-derived MNs induces comple-
ment activation. By expressing complement regulatory proteins, particularly CD59, MNs are
protected against complement-mediated lysis. Yet, because of expressing C3aR, the function of
these cells may be affected by complement activation upstream of membrane attack complex
formation. ARGX-117 inhibits complement activation upstream of C3 in this disease model for
MMN and therefore represents an intervention strategy to prevent harmful effects of com-
plement in MMN.
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Multifocal motor neuropathy (MMN) is a rare chronic, pre-
sumably inflammatory, pure motor polyneuropathy leading to
slowly progressive muscle weakness, mainly of the hands and
forearms and lower legs.1,2 Specific pathophysiologic character-
istics ofMMN include the presence of immunoglobulinM (IgM)
autoantibodies against the ganglioside GM1 and conduction
block, i.e., impaired propagation of action potentials along the
axon. GM1 is widely expressed in the nervous system by neurons,
particularly around the nodes of Ranvier, and Schwann cells
(SCs).3-5 Whether MMN is primarily a demyelinating or axonal
neuropathy has been debated. Initial reports included the pres-
ence of demyelination and axonal degeneration in damaged
nerves, but the number of pathologic studies is limited, and their
results are inconsistent. The prevailing view is currently thatGM1
antibodies target the axolemma at nodes of Ranvier. This is
thought to interfere with axon–Schwann cell interactions, causing
widening of the node and axonal damage.1,2,6 Presence and titers
of IgM anti-GM1 antibodies, as well as their complement acti-
vating properties, correlate with clinical features such as weakness
and axonal damage.7 Moreover, the binding of anti-GM1 IgM
from patients to motor neurons (MNs) derived from induced
pluripotent stem cells (iPSCs) and subsequent activation of the
classical complement pathway causes disturbed calcium homeo-
stasis and structural damage of these cells in vitro resembling
changes occurring in MMN.8 These findings suggest a central
role of IgM anti-GM1 and complement targeting to motor axons
in the etiology of MMN.

High-dose IV immunoglobulin (IVIg) treatment is the only
approved treatment for MMN, with subcutaneous Ig as an
alternative.9,10 This treatment often improves muscle
strength—but needs to be repeated regularly in the short
term—and is less effective at preventing progression of axonal
loss in the long term.1,11 The immunomodulatory effects
of high-dose IVIg include the inhibition of the classical
pathway of the complement system, which is the main effector
mechanism of IgM antibodies.12 Therefore, it can be postu-
lated that IgM anti-GM1 antibodies bound to the axolemma
disturb the function of MNs by classical pathway activation
and the subsequent formation of C3 and C5 convertases and
formation of the membrane attack complex (MAC).13

We hypothesize that targeting the classical complement
pathway is a potential therapeutic approach in MMN. We
investigated the interaction of circulating anti-GM1 IgM from
patients with MMN with complement in detail using iPSC-
derived MNs. In this disease model for MMN, we evaluated
the effects of ARGX-117, a novel monoclonal antibody that
inhibits complement factor C2.

Methods
Standard Protocol Approvals, Registrations,
and Patient Consents
This study was approved by the Medical Ethical Committee
of the UMC Utrecht for both the generation of iPSC-derived
MNs (METC protocol nr: NL39918.041.12) and the col-
lection of MMN patient material (METC protocol nr: 14-
528). Written informed consent was obtained from all
participants.

Patients and Controls
Blood samples were obtained from patients who met the di-
agnostic consensus criteria for MMN14 (eTable 1, links.lww.
com/NXI/A652). All patients received IVIg therapy at sam-
pling. Routine clinical evaluation of patients with MMN in-
cludes measurement of circulating IgM antibodies against
GM1 with ELISA.15 Titers of anti-GM1 antibodies used for
the present study were obtained from the clinical records. In
case this titer had not been measured at the same day as the
blood sample used for the present study had been collected,
the titer determined at the most nearby time point was used.
Blood samples from healthy volunteers were collected via the
in-house donor facility of the UMC Utrecht. Serum samples
were heat inactivated (30 minutes 56°C) and stored in ali-
quots at −80°C until used.

Antibodies and Reagents
ARGX-117 is a humanized, Fc-engineered human IgG1 in-
hibitory anti-C2 antibody in development by argenx. Its char-
acterization is described elsewhere.16 The commercial antibodies
used are given in the online supplement. Other reagents were
cholera toxin B subunit-AF488 (Thermo Fisher, #C34775, 1:
500), complement-active human pooled serum (Innovative
Research), complement-active C2-depleted serum (Comple-
ment Technology), purified human serum C2 (Complement
Technology), EDTA (Riedel de Haen), MgEGTA (Comple-
ment Technology), and veronal buffered saline, pH 7.4 (VB,
Lonza).

iPSC-Derived MNs and sNF96.2 Cell Line
Human iPSC lines derived from fibroblasts by lentiviral
reprogramming passed tests for mycoplasma infection,
chromosomal aberrations, and pluripotency and were cul-
tured maximum 60 passages.8,17 iPSCs were cultured and
differentiated into MNs according to adapted protocols as
described previously.8,18,19 In summary, iPSCs were ag-
gregated into embryoid bodies and exposed to dual SMAD
inhibition, retinoic acid, and smoothened agonist. The

Glossary
DAPI = 4’6-diamidino-2-phenylindole; EDTA = ethylenediamine tetraacetic acid; FACS = fluorescent-activated cell sorting;
IgM = immunoglobulin M; iPSC = induced pluripotent stem cell; IVIg = IV immunoglobulin; MAC = membrane attack
complex; MMN = multifocal motor neuropathy; MN = motor neuron; RT = room temperature; SC = Schwann cell.
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embryoid bodies were then dissociated and plated in single
cell suspension on PDL-laminin coated coverslips and
cocultured with mouse glia in neuronal medium containing
neurotrophic factors brain-derived neurotrophic factor,
glial cell–derived neurotrophic factor, and ciliary neuro-
trophic factor. In agreement with previous publications, the
resulting neuronal cultures consisted of up to 50% of MNs,
as identified by the expression of MN markers FoxP1,
ChAT, and Isl1.8,18,19 Despite this heterogeneity of MN
cultures, GM1 expression assessed with its high-affinity li-
gand cholera toxin subunit B was uniform and present on all
cells.

The Schwann cell line sNF96.2 (ATCC, CRL-2884) was
derived from a malignant peripheral nerve sheath tumor and
found positive for cytoplasmic Schwann cell markers S100
and p75. Cholera toxin B subunit confirmed GM1 expression.
Cells were cultured in T75 or T175 flasks (Greiner) in
DMEMmedium (Life Technologies) supplemented with 100
U/mL penicillin, 100 μg/mL streptomycin (both from Life
Technologies), and 10%, v/v, fetal calf serum (FCS; Bodinco)
at 37°C at 5%, v/v, CO2. Cells were passaged or collected for
experiments twice weekly, when confluency was >80%. Pas-
saging was performed by washing in 10 mL phosphate-
buffered saline, pH 7.4 (PBS; Sigma-Aldrich), incubating in 3
or 5 mL Accutase cell detachment solution (eBioscience) at
37°C, adding 7 or 10 mL culture medium and centrifuging (10
minutes at 125g), and pellets were resuspended in 10 mL
culture medium. Cells were counted using a CASYton cell
counter (OMNI Life Science).

Microscopy
MNs were seeded 80,000–150,000 cells per 13-mm coverslips
(VWR) in 24-well plates (Greiner) and matured for 12–14
days, and SCs were seeded at a density of 10.000 cells/well on
coverslips in 24-well plates and grown for 2 days at 37°C,
5%, v/v, CO2. Cells were fixed using 4% PFA (Klinipath) for
10 minutes at room temperature (RT) (MNs) or 4°C (SCs)
and stored in PBS at 4°C until usage. Before removal from 24-
well plate, fixed cells were washed 3 times with 0.5 mL PBS.
The remaining incubations were performed by placing cov-
erslips top-down in 100 μL droplets on parafilm and washing
by dipping in PBS: 50 mM NH4Cl for 5 minutes at RT to
quench autofluorescence, 1× wash, blocking with PBS-2%
BSA (Fraction V, Sigma) for 2 hours RT, wash, heat-
inactivated MMN patient serum 1:50 in PBS-2% BSA for 1
hour at RT, 1× wash. Then, coverslips were incubated top-up
with 15% v/v complement-active human pooled serum (with
or without preincubation with complement blocking anti-
bodies) for 30 minutes at RT and washed once in PBS.
Subsequently, cells were incubated top-down with antibodies
diluted in PBS-2% BSA for 1 hour at RT in the dark and
washed with PBS. Finally, cells were washed with PBS and
distilled water (Milli-Q). After wicking of excess liquid on a
tissue, coverslips were mounted on an object glass in 7 μL
ProLong Diamond Antifade Mountant with DAPI (Invi-
trogen) and dried overnight at RT. Cells were analyzed using

a Zeiss Z1 microscope (Carl Zeiss Microscopy) with Colibri
LEDs with the following settings: ×20 magnification, 25%
LED, 400 ms for Alexa Fluor 488 channel, 100 ms for APC
channel, and 50 ms for DAPI channel (unless otherwise in-
dicated in the respective experiment). Four pictures were
taken per condition throughout the image field. All pictures
were exported in single and merged channel to noncom-
pressed TIFF-format using ZEN 2 software (Carl Zeiss Mi-
croscopy). Mean Gray Value was calculated of each single
channel using ImageJ (Fiji 1.51 g).

Flow Cytometry
For SCs, surface staining for complement receptors and other
membrane proteins was measured by fluorescent-activated
cell sorting (FACS), which allows higher throughput than
microscopy (which was difficult to optimize for MNs). SCs
were transferred to V-bottom plates (Greiner) at a density of
50,000 cells/well. Cells were stained with respective anti-
bodies (see Antibodies and Reagents) diluted in FACS buffer
(PBS-1% BSA-0.01% sodium azide) for 45 minutes on ice in
the dark. Cells were washed once before, between, and after
antibody incubations by adding 100 μL FACS buffer and
centrifuging for 5 minutes at 125g. Finally, cells were resus-
pended in 100 μL FACS buffer and analyzed using a FACS
Canto II and accompanying FACS DIVA software (BD Bio-
sciences). When applicable, cells were washed in ice cold PBS
and in 100 μL Annexin V binding buffer (BDBiosciences) and
stained with cell death markers PE Annexin V (BD Biosci-
ences) and 7-AAD (BD Pharmingen) for 15 minutes at RT,
before FACS analysis.

To assess complement activation, cells were opsonized with
20 μL final volume of MMN heat-inactivated patient serum
(1:20 dilution in veronal buffer (Lonza) supplemented with
CaCl2 to a final concentration of 1.25 mM (VB-Ca)) for 1
hour at RT. Next, cells were washed with 100 μL VB-Ca.
When applicable, SCs were subjected to PL-C (Invitrogen)
treatment (0.5 U/mL, 1 hour 37°C) before opsonization.
Next, the supernatant was discarded, and cells were incubated
for 1 hour at 37°C with 100 μL fresh serum diluted 1:20 in VB-
Ca. This serum was preincubated with EDTA, serum com-
ponents, or respective antibodies for 15 minutes at RT. After
incubation, cells were centrifuged and stained for fixed com-
plement factors according to the above-mentioned staining
protocol.

Statistics
GraphPad Prism 8 (GraphPad Software) was used for all
statistical analyses and visualization of the data. Correlation
between parameters was evaluated using Spearman rank
correlation coefficient analysis. A 2-sided p < 0.05 was con-
sidered to be statistically significant.

Data Availability
Anonymized data and documentation of this study will be
shared on reasonable request from any qualified researcher.
Standard data sharing agreements apply.
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Results
IgM-Anti-GM1 Antibodies in Sera FromPatients
With MMN Bind to MNs
Twenty MMN patient sera were used for analyses. On in-
cubation with these sera, binding of IgM to iPSC MNs was
observed (Figure 1A), although this binding was different
among patients (Figure 1A, quantified in Figure 1B). Staining
intensities significantly correlated with anti-GM1 ELISA titers
(Figure 1C, rs: 0.87, p < 0.0001).

Expression of Complement-RelatedMembrane
Proteins by iPSC MNs
To prevent complement-mediated damage, cells are
equipped with membrane-bound complement regulatory
proteins (mCRPs) CD46, CD55, and CD59. CD46 func-
tions as cofactor for factor I–mediated cleavage of C3b and
C4b, CD55 inhibits C3 activation by accelerating the decay
of C3 convertase, and CD59 inhibits MAC formation.13,20

All mCRPs are expressed by MNs (Figure 2A), with the
highest expression found for CD59, whereas that of CD55
and CD46 was lower. The receptor for the anaphylatoxin
C3a, C3aR, was also expressed by MNs, as well as lower
levels of C5aR and C3b/C4b receptor CD35 (CR1). No

expression was found for iC3b receptors CD11b (CR3),
and CD11c (CR4) (Figure 2, A and B). High mCRP levels
and lower expression of C3aR were confirmed via qPCR
(eFigure 1, links.lww.com/NXI/A652).

IgM From Patients With MMN Activates
Complement on Binding to MNs
Using microscopy, fixed MNs were found to activate com-
plement on sequential incubation with heat-inactivated
MMN serum and fresh serum as complement source, as
evidenced by binding of C4 and C3 to the cells. Pre-
incubation of the fresh serum with 10 mM EDTA com-
pletely abolished activation. Preincubation with the anti-C2
antibody ARGX-117 (480 μg/mL) prevented C3, but not
C4, fixation, demonstrating a main role of the classical or
lectin pathway in the activation of complement by IgM
bound to MNs. An inhibitory anti-C5 mAb (480 μg/mL)
had no effect on C4 or C3 fixation (Figure 3A). Opsoni-
zation with different MMN patient sera resulted in variable
C3 fixation. C3 fixation to MNs correlated significantly with
IgM staining of the cells (rs = 0.60, Spearman rank corre-
lation coefficient, p = 0.0055, Figure 3B) and with IgM anti-
GM1 antibody titers determined with ELISA (rs = 0.65, p =
0.0019, Figure 3C).

Figure 1 GM1 Expression and Binding of IgM to MNs

(A) Microscopic images depicting IgM staining of MNs on incubation with sera from 5 patients with MMN with different IgM anti-GM1 antibody titers. GM1
staining is shown in green, IgM staining is depicted in red, and DAPI in blue. Images were obtained using a Zeiss Z1 microscope (Carl Zeiss Microscopy) with
Colibri LEDs with the following settings: ×20 magnification, 25% LED, 400 ms for Alexa FluorTM 488 channel, 100 ms for APC channel, and 50 ms for DAPI
channel. (B) Quantification of the IgMbinding intensity of induced pluripotent stem cell MNs on opsonizationwith differentMMNpatient sera. Data represent
mean ± SD of at least 4 representative individual pictures. (C) Spearman rank correlation of IgM binding signal and IgM anti-GM1 antibody titer as determined
with ELISA of 15 patients with MMN.3 DAPI = 4’6-diamidino-2-phenylindole; MMN = multifocal motor neuropathy; MN = motor neuron.
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Expression of mCRPs Protects Against IgM
Anti–GM1-Induced Complement-Mediated
Cell Lysis
High levels of CD59 protect cells against complement-
dependent cytotoxicity. For technical reasons, we could not
study the effect of CD59 on complement cytotoxicity of MNs.
Therefore, we used a GM1/CD59-positive cell line to study the
protective effect of CD59 after IgM anti-GM1 initiated com-
plement activation. The Schwann cell line sNF96.2 expresses
GM1 and complement regulatory proteins CD59 and CD55.
Incubation of sNF96.2 cells with MMN patient serum indeed
showed IgM binding to these cells (Figure 4, A and B).
Treatment of SCs with phospholipase C reduced expression of
GPI-linked CD55 and CD59 but not that of transmembrane
CD46 or GM1 (Figure 4A). Using Annexin V/7-AAD staining
to assess pore formation in the cell membrane, we confirmed
viability of SCs after incubation with IgM anti-GM1 containing
MMN patient serum and complement. In contrast, SCs with
strongly reducedCD55 andCD59 levels became permeable on
opsonization and complement activation as evidenced by an
increase in numbers of Annexin V/7-AAD double-positive
cells. This cytotoxic effect of complement was dependent on
opsonization of the cells with MMN serum and was not ob-
served without opsonization (VB only, Figure 4C). Reduced
protection against complement activation was also reflected by
increased C3 and MAC deposition onto SCs that survived
complement cytotoxicity (Figure 4, D and E). Thus, CD59-
expressing cells are protected against complement activation

induced by IgM anti-GM1, presumably at the level of MAC
formation and insertion in the cell membrane.

ARGX-117 Inhibits IgM-Mediated Classical
Pathway Complement Activation on MNs
ARGX-117 is a novel inhibitory mAb against C2 that blocks the
classical and lectin pathway upstream of C3 convertase forma-
tion. To estimate the C2 dependency of complement activation
by MNs sensitized with serum from patients with MMN, C3
fixationwas investigated usingC2-depleted serum supplemented
with various amounts of C2, as complement source. C3 fixation
on MNs was abrogated when C2-depleted serum was used
(Figure 5,A and B). Reconstitution of depleted serum with C2
up to physiologic levels (30 μg/mL) dose dependently restored
C3 fixation (Figure 5, A and B). Next, complement-active sera
were incubated with ARGX-117 (200, 50, 12, 3 μg/mL) before
incubationwith sensitizedMNs (Figure 5, C andD). ARGX-117
strongly inhibitedC3 fixation onMNs by >90% at approximately
equimolar concentrations (50 μg/mL) to C2.

Discussion
In this study, we investigated complement activation by anti-
GM1 IgM antibodies from MMN patient sera in a disease
model for MMN and characterized expression of complement
receptors and membrane-bound complement regulators on
iPSC-derived MNs. We found that IgM anti-GM1 binding to

Figure 2 Expression of Complement-Regulatory Proteins and Complement Receptors by MN

(A) Expression of mCRPs CD46, CD55, CD59, and C3aR, C5aR, CD35, CD11b, and CD11c. GM1 staining is shown in green, the indicated membrane protein in
red, and DAPI in blue. Images were obtained using a Zeiss Z1 microscope (Carl Zeiss Microscopy) with Colibri LEDs with the following settings: ×20
magnification, 25% LED, 400 ms for Alexa FluorTM 488 channel, 100 ms for APC channel, and 50 ms for DAPI channel. Quantification of microscopic data,
including isotype controls, is shown in B (mean ± SDof at least 4 representative individual pictures). DAPI = 4’6-diamidino-2-phenylindole;MN=motor neuron.
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MNs triggers complement activation, which is dependent on
C2, and does not induce lysis because of CD59 expression.
This activation is effectively inhibited by a novel antibody
targeting C2, ARGX-117. Thus, C2 represents a promising
new target for the treatment of MMN.

The disease model used in this study lacks the interplay between
SCs and MNs and does not account for myelination or the for-
mation of the nodes of Ranvier, which are implicated in the
pathogenesis of MMN.1,2,5 Despite these limitations, we believe
that the in vitro model in its current form is suitable for studying
somemechanistic aspects of the potential pathologic effects of IgM
anti-GM1 antibodies and evaluate novel treatment strategies,8 es-
pecially because suitable animal models for MMN are lacking.

The binding of IgM to iPSC-derived MNs in this disease
model correlated with IgM anti-GM1 antibody titers de-
termined with ELISA,3 implying that most IgM bound to
iPSC-derived MNs is directed against GM1. Importantly,
both IgM anti-GM1 antibody titers and IgM binding to MNs
significantly correlated with complement activation, as
reflected by C3 fixation. This confirms earlier results with
ELISAs that IgM anti-GM1 antibody titers correlate with
complement fixation7 and our previous report that IgM anti-
GM1 also activates complement in an iPSC-model for
MMN.8 Because anti-GM1 antibodies in MMN are almost
exclusively of the IgM isotype,21 the main effector system

recruited by these autoantibodies is complement activation, in
particular via the classical pathway, although some human
IgM also can activate the lectin pathway of complement.22

iPSC-derived MNs express the mCRPs CD46 and CD55 and
in particular CD59. These expression patterns not only are
consistent with postmortem and biopsy studies of the sciatic
nerve and of primary cells cultured from sural nerves23-25 but
also predict protection against the cytotoxic effects of MAC.
For technical reasons, such protective effect could not be
demonstrated with iPSC-derived MNs, but was demonstrated
for SCs that also express GM1 and mCRPs. Removal of CD55
and CD59 made these cells highly sensitive to lysis by anti-
GM1 induced complement activation (Figure 4).

Because iPSC-derived MNs express the anaphylatoxin recep-
tors C3aR and C5aR, fluid-phase complement activation
products, such as C3a or C5a, may play a dominant role in the
pathophysiology of MMN.26 Overall, the data on expression of
mCRPs and CRs suggest that MNs and SCs possess sophisti-
cated complement sensing and modulating capacities,27,28 the
biological relevance of which needs to be further elucidated.

IV immunoglobulins are the only approved treatment for
MMN.9,10 IVIg may contain IgG antineuronal antibodies, and
it has been proposed that these could elevate titers of pre-
sumed pathogenic antibodies.29 The samples used in the

Figure 3 MMN Patient-Derived IgM Antibodies Induce Complement Activation on MNs

(A) MNs were incubated with heat-
inactivated MMN serum, followed by
incubation with fresh serum in the
presence or absence of inhibitory anti-
complement antibodies. Preincubation
of fresh serum with EDTA abrogates
complement fixation. ARGX-117 abro-
gates fixation of C3, but not C4. Anti-C5
does not prevent either C4 or C3 fixa-
tion. Images were obtained using a
Zeiss Z1 microscope (Carl Zeiss Mi-
croscopy) with Colibri LEDs with the
following settings: ×20 magnification,
25%LED, 400ms forAlexa FluorTM488
channel, 100 ms for APC channel, and
50 ms for 4’6-diamidino-2-phenyl-
indole channel. (B) IgM anti-GM1 bind-
ing correlates with C3 staining after
incubation with complement-active
human serum (Spearman correlation
coefficient; rs = 0.60, p = 0.0055). (C)
An increase in IgM anti-GM1 antibody
titers translates into an increase in C3
staining after complement activation
(Spearman correlation coefficient.; rs
= 0.65, p = 0.0019). EDTA = ethyl-
enediamine tetraacetic acid; MMN =
multifocal motor neuropathy; MN =
motor neuron.
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present study were previously screened using a GM1 ELISA.
IgG anti-GM1 was only detected in 1 of 110 patients with
MMN, and this patient was not included in this study.30 The
strong correlation between IgM anti-GM1 titers in the ELISA,
IgM binding, and subsequent C3 fixation to MNs suggested
that IgM anti-GM1 antibodies are the major driver of com-
plement activation in the MMN disease model. Because IVIg
contains only trace amounts of IgM,31 it is not a likely source
of pathogenic IgM anti-GM1 antibodies.

Among the proposed immune modulatory effects of IVIg is in-
hibition of complement activation at multiple levels, including
deposition of C3 on activators.32-34 Indeed, IVIg infusion reduces
classical complement activity in patients withMMN,whereas titers
and complement-activating capacity of IgM anti-GM1 remained
unchanged.15 To avoid a potential interference of IVIg in the assays
described here, we used heat-inactivatedMMN serum to opsonize
the cells, subsequently washed these to remove patient serum
including IVIg when present, and then added fresh normal human
serum as complement source. Therefore, IVIg treatment of the
patients with MMN has not influenced the results of our study.

The results of our study may explain the negative outcome of
an open-label trial using eculizumab, an anti-C5 mAb, in ad-
dition to IVIg maintenance therapy.35 Considering their high
CD59 expression, iPSC-derived MNs seem to have a high

innate ability to inhibit the terminal part of the complement
cascade. Targeting C5 to preserve the function of MNs on
complement activation by anti-GM1 IgM antibodies may
therefore have limited effect. Moreover, C5 is downstream of
C3, whereas the presence of C3aR on MNs suggests that
complement activation upstream of C5 may have functional
consequences forMNs. Therefore, targeting C2, which is at the
junction of the classical and lectin pathway, seems an in-
teresting approach in MMN, the more because IgM can acti-
vate both pathways. Moreover, the clinical phenotype of a C2
deficiency is less severe than that of C3 or C4 deficiency.36,37

ARGX-117, a novel potent antibody targeting C216, indeed
abrogates C3 fixation induced by IgM anti-GM1 on MNs in a
concentration-dependent manner (Figure 5).

In conclusion, we have characterized complement activation by
GM1 autoantibodies derived from patients with MMN, using
iPSC-derivedMNs as an ex vivo disease model forMMN. Patient-
derived IgM antibodies bind to iPSC MNs and activate comple-
ment. These results emphasize the role of IgM anti-GM1 and
complement in MMN pathogenesis. Moreover, complement ac-
tivation by IgM anti-GM1 on MNs can be effectively inhibited by
targeting C2 using ARGX-117. Considering that IVIg treatment,
though effective in MMN, can often not prevent a progressive
disease course, we propose based on the data described here, to
evaluate ARGX-117 as a treatment of MMN.

Figure 4 Expression of CD59 Protects Against IgM Anti–GM1-Induced Complement-Mediated Cell Lysis

(A) sNF96.2 cells express GM1 and
CD59. Pretreatment of SCs with phos-
pholipase C reduces expression of GPI-
linked CD55 and CD59, but not of
transmembrane CD46 or GM1. (B)
MMN patient-derived IgM antibodies
bind to GM1-expressing sNF96.2 cells.
GM1 staining is shown in green and
IgM staining in red. Images were
obtained using a Zeiss Z1 microscope
(Carl Zeiss Microscopy) with Colibri
LEDs with the following settings: ×20
magnification, 25% LED, 400 ms for
Alexa FluorTM 488 channel, 100ms for
APC channel, and 50 ms for 4’6- dia-
midino-2-phenylindole channel. (C) On
activation with heat-inactivated MMN
serumand fresh serum, SCswith intact
CD55 and CD59 expression display no
lysis, as measured with Annexin V and
7-AAD staining, C3 fixation (D), or
MAC insertion (E). Data represent
mean ± SEM of 3 independent experi-
ments. MAC = membrane attack
complex; MMN = multifocal motor
neuropathy; MN = motor neuron.
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Figure 5 Complement Activation by IgM Anti-GM1 Bound to MNs Is C2 Dependent and Can Be Inhibited by ARGX-117

(A) MNs were incubated with heat-inactivatedMMN serum, followed by incubation with C2-depleted serum (C2-DP) containing increasing amounts of C2 and
stained for GM1 (green), C3 (red), and DAPI (blue) with fluorescent microscopy. Quantification of the data in A is shown in B (mean and SD of 4 individual
representative pictures). The concentrations of C2 in C2-depleted serum supplemented are indicated and were 30, 18.75, 11.72, 7.32, 4.58, 2.86, 1.97, and
1.11 μg/mL, respectively. (C) ARGX-117 added to normal serum dose dependently inhibits C3 fixation on MNs sensitized with IgM from MMN patients as
measured with fluorescent microscopy. GM1 staining is shown in green, C3 in red, and DAPI in blue. Quantification of the data in C is shown in D asmean and
SD of 4 individual representative pictures. Images were obtained using a Zeiss Z1 microscope (Carl Zeiss Microscopy) with Colibri LEDs with the following
settings: ×20 magnification, 25% LED, 400 ms for Alexa FluorTM 488 channel, 100 ms for APC channel, and 50 ms for DAPI channel. DAPI = 4’6-diamidino-2-
phenylindole; MMN = multifocal motor neuropathy; MN = motor neuron.
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17. Ormel PR, Vieira de Sá R, van Bodegraven EJ, et al. Microglia innately develop within
cerebral organoids. Nat Commun. 2018;9(1):4167.

18. Dimos JT, Rodolfa KT, Niakan KK, et al. Induced pluripotent stem cells generated
from patients with ALS can be differentiated into motor neurons. Science. 2008;
321(5893):1218-1221.

19. Amoroso MW, Croft GF, Williams DJ, et al. Accelerated high-yield generation of limb-
innervating motor neurons from human stem cells. J Neurosci. 2013;33(2):574-586.

20. KimDD, SongWC.Membrane complement regulatory proteins.Clin Immunol. 2006;
118(2-3):127-136.

21. Cats EA, van der Pol WL, Tio-Gillen AP, Diekstra FP, van den Berg LH, Jacobs BC.
Clonality of anti-GM1 IgM antibodies in multifocal motor neuropathy and the
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Abstract
Background and Objectives
To define the clinical and pathologic correlations of compartmentalized perivascular B cells in
postmortem progressive multiple sclerosis (MS) brains.

Methods
Brain slices were acquired from 11 people with secondary progressive (SP) MS, 5 people
with primary progressive (PP) MS, and 4 controls. Brain slices were immunostained for
B lymphocytes (CD20), T lymphocytes (CD3), cytotoxic T lymphocytes (CD8), neuronal
neurofilaments (NF200), myelin (SMI94), macrophages/microglia (CD68 and IBA1), astro-
cytes (glial fibrillary acidic protein [GFAP]), and mitochondria (voltage-dependent anion
channel and cytochrome c oxidase subunit 4). Differences in CD20 immunostaining intensity
between disease groups and associations between CD20 immunostaining intensity and both
clinical variables and other immunostaining intensities were explored with linear mixed re-
gression models and Cox regression models, as appropriate.

Results
CD20 immunostaining intensity was higher in PPMS (Coeff = 0.410; 95% confidence interval
[CI] = 0.046, 0.774; p = 0.027) and SPMS (Coeff = 0.302; 95% CI = 0.020, 0.585; p = 0.036)
compared with controls. CD20 immunostaining intensity was higher in cerebellar, spinal cord,
and pyramidal onset (Coeff = 0.274; 95% CI = 0.039, 0.510; p = 0.022) compared with optic
neuritis and sensory onset. Higher CD20 immunostaining intensity was associated with
younger age at onset (hazard ratio [HR] = 1.033; 95% CI = 1.013, 1.053; p = 0.001), SP
conversion (HR = 1.056; 95% CI = 1.022, 1.091; p = 0.001), wheelchair dependence (HR =
1.472; 95% CI = 1.108, 1.954; p = 0.008), and death (HR = 1.684; 95% CI = 1.238, 2.291; p =
0.001). Higher immunostaining intensity for CD20 was associated with higher immunostaining
intensity for CD3 (Coeff = 0.114; 95% CI = 0.005, 0.224; p = 0.040), CD8 (Coeff = 0.275; 95%
CI = 0.200, 0.350; p < 0.001), CD68 (Coeff = 0.084; 95% CI = 0.023, 0.144; p = 0.006), GFAP
(Coeff = 0.002; 95% CI = 0.001, 0.004; p = 0.030), and damaged mitochondria (Coeff = 3.902;
95% CI = 0.891, 6.914; p = 0.011).

Discussion
Perivascular B cells were associated with worse clinical outcomes and CNS-compartmentalized
inflammation. Our findings further support the concept of targeting compartmentalized B-cell
inflammation in progressive MS.
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Depletion of circulating B cells with anti-CD20 antibodies has
emerged as highly effective therapeutic mechanism in multi-
ple sclerosis (MS).1 The most recent humanized anti-CD20
monoclonal antibody reducing the rates of clinical and ra-
diologic progression in MS is ofatumumab, which has been
licensed for the treatment of clinically isolated syndrome,
relapsing-remitting (RR)MS, and secondary progressive (SP)
MS.2 A number of other disease-modifying treatments
(DMTs) affect B-cell function, by reducing antigen pre-
sentation to T cells, cytokine secretion, and antibody pro-
duction.3 However, it is unclear whether these DMTs
meaningfully access the CNS and thus are able to target the
compartmentalized perivascular resident B cells within the
CNS, especially for the progressive aspects of the disease.3-5

Looking at the MS immune pathogenesis, B cells undergo a
progressive clonal expansion within the CNS and contribute
to continuous brain compartmentalized inflammation and
degeneration during the course of the disease, independently
from the peripheral compartment.6-10 An emerging view of
the pathogenesis of MS is based on the interactions between
B cells, T cells, andmyeloid cells.3 InMS lesions across different
disease subtypes, B lymphocytes display features of tissue-
resident memory cells, possibly driving the activation of other
lymphocyte subpopulations (e.g., cytotoxic T lymphocytes) and
the recruitment of neuroinflammatory cells (e.g., astrocytes or
macrophages), ultimately contributing to chronic tissue
remodeling and damage.6,11-13 B lymphocytes infiltrate menin-
ges in the form of follicle-like structures in SPMS and diffusely
in primary progressive (PP) MS.6,14,15 In SPMS, B cell–rich
meningeal follicles play a role in cortical lesion formation and
are associated with lower age at disease onset, more severe
disability accrual and higher rates of death.8,14-17

Little is known about compartmentalized perivascular infil-
trates of B cells within normal-appearing and lesional white
matter (WM) and gray matter (GM) in MS. Learning from
the evidence of chronic inflammatory changes and disease
activity associated with meningeal B cell–rich follicles,8,14,15

we hypothesized that perivascular B-lymphocyte infiltrates in
the brain parenchyma are associated with MS clinical severity.
Thus, we performed a postmortem study including normal
and lesional tissue in both the white matter and the gray
matter of progressive MS and healthy controls’ brains. We
aimed to (1) estimate differences in perivascular B-cell
immunostaining levels between MS brains and controls; (2)
explore clinical correlates of perivascular B-cell levels in MS

brains; and (3) investigate the relationship between peri-
vascular B-cell levels and other inflammatory and neuronal
biomarkers in MS brains. To complete the analysis, T-cell
immunostaining intensities and their clinical correlations
were also explored.

Methods
Study Population
This is an original analysis on an already existing data set (16
MS brains and 4 controls).18 Tissue for this study was provided
by the UK MS Tissue Bank at the Imperial College London,
under ethical approval from the National Research Ethics
Committee. The study followed Human Tissue Act guidelines.
All people withMS (n = 16) and controls (n = 4) had provided
informed consent to donate tissue for MS research.

Tissue Handling and Immunohistochemistry
From each brain, a single coronal cut through mammillary
bodies was performed to separate the brain into anterior and
posterior halves. Then, 1-cm-thick coronal slices were cut
through the entire brain using the 1-cm guide, and, for the
present study, the second slice posterior to the mammillary
bodies toward the occipital pole was included. Slices were
immersed in 10% buffered formaldehyde solution for a min-
imum of 7 days, allowing full fixation.

Brain slices were sectioned into different 5-mm-thick tissue
blocks (each approximately 20 × 30 mm in size) (100 blocks
in 20 cases/controls, on average 5.0 blocks per brain slice).
Serial sections were cut through the block at 5-μm section
thickness using the Tissue-Tek AutoSection automated mi-
crotome (Sakura Finetek).

Cassettes were paraffin embedded and immunostained by
IQPath (University College London), where immunostain
thresholds and reproducibility were preliminary tested (under
the supervision of an experienced neuropathologist). Immu-
nostaining was performed using the Ventana Discovery XT
instrument and the 3,3’-diaminobenzidine Map detection kit
(760-124), in compliance with manufacturer instructions.
The cassettes were immunostained and quantified for
B lymphocytes (cluster of differentiation [CD] 20) (Figure 1B),
T lymphocytes (CD3), cytotoxic T lymphocytes (CD8)
(Figure 1C), neuronal neurofilaments (NF200; reflecting neu-
ronal density), myelin (myelin basic protein/SMI94; reflecting
myelin content) (Figure 1A), macrophages/microglia (CD68

Glossary
CD = cluster of differentiation; CI = confidence interval; COX4 = cytochrome c oxidase subunit 4; DMT = disease-modifying
treatment; EDSS = Expanded Disability Status Scale; GFAP = glial fibrillary acidic protein; GM = gray matter; HR = hazard
ratio; MS = multiple sclerosis; NAGM = normal-appearing gray matter; NAWM = normal-appearing white matter; PP =
primary progressive; ROI = region of interest; RR = relapsing-remitting; SP = secondary progressive; VDAC = voltage-
dependent anion channel; WM = white matter.
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and IBA1) (Figure 1D), astrocytes (glial fibrillary acidic protein
[GFAP]), and mitochondrial activity (cytochrome c oxidase
subunit 4 [COX4], voltage-dependent anion channel
[VDAC]). Slides were counterstained with hematoxylin (H).
Details of immunostains are reported in Supplementary Mate-
rial 1, links.lww.com/NXI/A648. Positive and negative controls
were included initially when optimizing the stains, and then,
only positive controls were included when the antigen was not
expected to be present abundantly in the tissue (e.g., CD
immunostains).

Immunostained slides were then digitalized as 8-bit Red
Green Blue images at 40× magnification using a Leica
SCN400F slide scanner (Leica Microsystems). Digital image
analysis was performed with Definiens Tissue Studio software
3.6 (Definiens AG, Munich, Germany),18 with a resolution of
5× for tissue identification and a resolution of 10× for stain
analysis, taking care to exclude artifacts (e.g., breaks in the
section). Images were segmented into pixels of 250 × 250 μm2

(0.0625 mm2). Considering that the degree of staining can
vary greatly among tissue blocks, the intensity threshold for
positive labeling was set separately for each immunostain,
using an automatic histogram method accounting for varia-
tion in background stain levels.19 This histogram method
finds the optimal threshold by minimizing the intraclass in-
tensity variance, which simultaneously maximizes interclass
variance. Also, the use of nested statistical models further
accounted for possible intersubject variability. For each pixel,
immunostaining (brown) intensity and its coordinates were
exported in comma-separated values files.

Registration
To align histology spatially, a subject-wise space was created
by group-wise registration of digitized histologic images, via

consecutive rounds of rigid, and affine and nonlinear regis-
trations, with NiftyReg (version 1.3.9).18,20

Image Analysis and Data Extraction
We manually delineated perivascular regions of interest
(ROIs) on the coregistered histology with 3D Slicer (version
4.4.0). The definition of ROIs in the normal-appearing white
matter (NAWM) and normal-appearing gray matter
(NAGM) was based on the intensity of immunostaining for
myelin (i.e., SMI94) on histologic images and performed in
agreement by 2 assessors (M.M. and L.H.). ROI area was
variable depending on the amount of the included tissue. The
following ROIs were drawn (the number of included ROIs is
reported): NAWM (n = 100), WM lesions (n = 28), cortical
NAGM (n = 75), and cortical GM lesions (n = 33). Lesions
were further classified into active (active WM lesions = 5;
active cortical GM lesions = 2) or inactive (inactive WM
lesions = 23; inactive cortical GM lesions = 31), depending on
the presence of macrophages/microglia infiltrates (CD68 and
IBA1). Overall, 288 records (mean immunostaining intensity
from different ROIs derived from tissue blocks of cases/
controls) were included in the statistical models. Perivascular
localization of B lymphocytes was confirmed on visual in-
spection. To limit the possible impact of artifacts (e.g., coming
from superficial dirt on the specimen and tissue scratches)
when using semiautomated approaches, we performed addi-
tional manual quality control at 2 levels: within ROIs (e.g.,
excluding areas with artifacts from the analysis) and within the
quantifications (e.g., going back to the actual staining to check
whether outliers relate to truly genuine histologic properties).

Mean immunostaining intensity (percentage of stained area)
and ROI area were extracted for each ROI using FSL (version
5.0.9). For data analysis, the intensity of mitochondrial

Figure 1 CD20 B Lymphocytes and MS Pathology

Figure shows a longitudinal section through a
blood vessel with diffuse demyelination (A, SMI94
immunostaining, 100 μm scale bar). Higher-
magnification images (80 μm scale bar) show
perivascular and parenchymal infiltrates, positive
for CD20 (B lymphocytes) (B), CD8 (cytotoxic T
lymphocytes) (C), and CD68 (macrophages/
microglia) (D) with corresponding high magnifi-
cations insets (*).
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immunostainings was combined as follows: percentage of
damaged mitochondria = (VDAC − COX4)/VDAC.18

Demographic and Clinical Variables
Demographic and clinical variables were extracted by a neu-
rologist blinded to the pathology analysis, by retrospective
review of detailed medical records. Demographic variables
were age and sex. Clinical variables were age at MS onset,
functional system involved at onset (cerebellar symptoms,
optic neuritis, pyramidal dysfunction, sensory symptoms, and
spinal cord motor/autonomic dysfunction), clinical course
(SPMS or PPMS), age at conversion to SP (among those with
RR onset), age at wheelchair dependence (Expanded Dis-
ability Status Scale (EDSS) score 7.0 equivalent), age at death
(EDSS score 10 equivalent), and disease duration (interval
between reported onset and death). People with MS did not
receive any disease-modifying treatment. For statistical pur-
poses, functional systems involved at onset were grouped
depending on the long-term expected prognosis into benign
(optic neuritis and sensory symptoms) and severe onset
(cerebellar symptoms, pyramidal dysfunction, and spinal cord
motor dysfunction).21 Causes of death were MS related.22

Sample Size
Sample size was based on our previous study.18 Considering
the inclusion of 288 records for 3 main variables of interest
(CD20, CD3, and CD8 immunostaining intensities), the use
of hierarchical regression models, and 10% expected effect
size,18 we would be able to achieve 98% power.

Statistics
To explore population characteristics, differences in age, sex,
and death-to-fixation interval between cases and controls were
measured with the χ2 test, Fisher exact test, or Mann-Whitney
test, as appropriate. To preliminary study distribution of study
variables, differences in CD20, CD3, and CD8 immunostaining
intensity (included as dependent variables in turn) between
ROIs inMS brains were measured with linear mixed regression
models accounting for the hierarchical structure of data (cas-
settes nested within individuals); the samemodels were used to
measures differences inCD20, CD3, andCD8 immunostaining
intensity between active and inactive lesions (presented as
Supplementary Material 2, links.lww.com/NXI/A648).

First, to explore differences in CD20 immunostaining intensity
(included as dependent variables in turn) between disease
groups (controls, PPMS and SPMS, included as independent
variable, using controls as statistical reference) (aim 1), we
used linear mixed regression models. Additional fixed effect
variables were demographics (age and sex) and factors possibly
affecting histology quantification (death-to-fixation interval
and ROI type and area). These models used the cassettes as
the unit of the analysis, with a random subject intercept to
account for the nested structure of the data (cassettes nested
within individuals). Then, to explore possible variations in the
association between immunostaining intensity and disease
groups between different ROIs, we set an interaction term

between ROIs (using NAWMas reference) and disease group.
To complete the analysis, the same statistical methods were
applied to CD3 and CD8 immunostaining intensity.

Second, to explore clinical correlates of CD20 immunostaining
intensity (included as dependent variables in turn) inMS brains
(aim 2), we used linear mixed regression models for categorical
clinical features (e.g., clinical course and functional system af-
fected at onset of MS) (independent variable). Additional fixed
effect variables were demographics (age and sex), clinical fea-
tures (disease duration), and factors possibly affecting histology
quantification (death-to-fixation interval and ROI type and
area). These models used the cassettes as unit of the analysis,
with a random subject intercept to account for the nested
structure of the data (cassettes nested within individuals). Then,
to explore possible variations in the association between
immunostaining intensity and categorical clinical features be-
tween different ROIs, we set an interaction term between ROI
(using NAWM as reference) and categorical clinical features.
Also, we used Cox regression models for associations between
CD20 immunostaining intensity and time-dependent clinical
variables (age at MS onset, time from disease onset to conver-
sion to SP among people with RR onset, and time from disease
onset to reaching of EDSS score 7.0 and EDSS score 10 mile-
stones); covariates included in the models were demographics
(age and sex), clinical features (disease duration), factors pos-
sibly affecting histology quantification (death-to-fixation in-
terval and ROI type and area), and group (individual ID and
cassettes). To explore possible variations in the association
between immunostaining intensity and time-dependent clinical
variables between different ROIs, we set an interaction term
between ROI (using NAWMas reference) and time-dependent
clinical variables. For graphical presentation with Kaplan-Meier
curves, after studying variable distributions, ROIs were divided
on the median CD20 immunostaining intensity (high and low
levels of CD20 B lymphocytes). To complete the analysis, the
same statistical methods were applied to CD3 and CD8
immunostaining intensity.

Finally, pathology correlates of CD20 immunostaining intensity
(aim 3) (included as dependent variable) in MS brains were
explored using linear mixed regression models, including dif-
ferent immunostaining intensity as independent variable in turn.
Additional fixed effect variables were demographics (age and
sex), clinical features (disease duration), and factors possibly
affecting histology quantification (death-to-fixation interval and
ROI type and area). These models used the cassettes as unit of
the analysis, with a random subject intercept to account for the
nested structure of the data (cassettes nested within individ-
uals). To explore possible variations in the association between
CD20 and other immunostaining intensities between different
ROIs, we set an interaction term between ROI (using NAWM
as reference) and immunostaining intensity.

Results are presented as coefficients (Coeff), hazard ratio
(HR), and 95% CI, as appropriate. There is no equivalence
between the number of CD20 cells and the immunostaining
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values, and the Coeff and HR are in relation to percent change
in immunostaining intensity. Results were considered statis-
tically significant if p values were <0.05. Stata 15.0 was used for
data processing and analysis.

Data Availability
Data are available on request to the corresponding author.

Results
The study included 100 tissue blocks from 16 MS brains
(82 tissue blocks) and 4 healthy controls (18 tissue
blocks), from which we derived 288 ROIs. Mean brain
weight was 1,241.8 ± 151.8 g. Death-to-fixation interval
was 27.1 ± 11.7 hours. MS brains (n = 16) and controls
(n = 4) were not different in age (MS= 66.1 ± 7.1; con-
trols= 72.5 ± 7.8; p = 0.199), sex (females in MS= 62.5%;
females in controls= 50.0%; p = 0.535), and death-to-
fixation interval (MS= 28.8 ± 11.6; controls= 20.2 ± 10.5;
p = 0.216). People with MS did not receive any disease-
modifying treatment during life.

Brain Lymphocytes in PPMS, SPMS,
and Controls
CD20 immunostaining was primarily found in the peri-
vascular compartment. Throughout the brain, CD20 immu-
nostaining intensity was higher in PPMS (Coeff = 0.410; 95%
CI = 0.046, 0.774; p = 0.027) and SPMS (Coeff = 0.302; 95%
CI = 0.020, 0.585; p = 0.036) compared with controls, without
differences between ROIs (Figure 2A). CD3 immunostaining
intensity was higher in PPMS (Coeff = 0.820; 95%CI = 0.103,
1.537; p = 0.025), but not in SPMS (Coeff = 0.344; 95% CI =
−0.150, 0.838; p = 0.173), compared with healthy controls,
without differences between ROIs. CD8 immunostaining

intensity was higher in PPMS (Coeff = 3.755; 95%CI = 0.044,
7.466; p = 0.047), but not in SPMS (Coeff = 0.695; 95% CI =
−2.650, 4.041; p = 0.648), compared with controls, without
differences between ROIs.

Clinical Correlates of Brain Lymphocytes in MS
No differences between PPMS and SPMS were detected for
immunostaining intensity forCD20 (Coeff= −0.163; 95%CI =
−0.448, 0.120; p = 0.259) (Figure 2A), CD3 (Coeff = −1.097;
95%CI = −4.365, 2.170; p = 0.510), and CD8 (Coeff = −0.442;
95% CI = −0.899, 0.014; p = 0.058).

CD20 immunostaining intensity was higher in cerebellar,
spinal cord, and pyramidal onset (Coeff = 0.274; 95% CI =
0.039, 0.510; p = 0.022) compared with those presenting with
optic neuritis and sensory symptoms (reference for this sta-
tistical model) (Figure 2B), without differences between
ROIs. No differences were detected for CD3 (Coeff = 0.231;
95%CI = −0.207, 0.669; p = 0.301) and CD8 immunostaining
intensity (Coeff = 2.177; 95% CI = −1.250, 5.606; p = 0.213).

Higher CD20 immunostaining intensity was associated with a
higher risk of younger age at onset (HR = 1.033; 95%CI = 1.013,
1.053; p = 0.001), SP conversion among RR-onset (HR = 1.056;
95% CI = 1.022, 1.091; p = 0.001), wheelchair dependence
(EDSS score 7.0) (HR = 1.472; 95% CI = 1.108, 1.954; p =
0.008), and death (EDSS score 10) (HR= 1.684; 95%CI= 1.238,
2.291; p = 0.001), without differences between ROIs (Figure 3).

No significant associations were detected between CD3 immu-
nostaining intensity and age at onset (HR = 0.944; 95% CI =
0.807, 1.104; p = 0.472), SP conversion among RR-onset (HR =
0.730; 95%CI = 0.432, 1.234; p= 0.241), wheelchair dependence
(EDSS score 7.0) (HR = 1.142; 95% CI = 0.951, 1.372; p =

Figure 2 CD20 Immunostaining Intensity in Controls, PPMS, and SPMS, and Functional System at Onset

Box-and-whisker plots show CD20 immunostaining intensity (all ROIs) in controls, primary progressive multiple sclerosis (PPMS), and secondary progressive
multiple sclerosis (SPMS) (A) and in relation to functional system at onset (optic neuritis and sensory symptoms at onset vs cerebellar, spinal cord, and
pyramidal onset) (B). Asterisks (*) indicate significant results (p < 0.05) at linearmixed regressionmodels accounting for the hierarchical structure of the data.
ROI = region of interest.
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0.154), and death (EDSS score 10) (HR = 1.152; 95% CI =
0.964, 1.376; p = 0.119). No significant associations were
detected between CD8 immunostaining intensity and age at
onset (HR = 0.987; 95% CI = 0.966, 1.007; p = 0.218), SP
conversion among RR-onset (HR = 1.032; 95% CI = 0.874,
1.218; p= 0.709), wheelchair dependence (EDSS score 7.0) (HR
= 1.019; 95% CI = 0.995, 1.044; p = 0.111), and death (EDSS
score 10) (HR = 1.005; 95% CI = 1.025, 1.025; p = 0.605).

Correlations Between CD20 and Other
Immunostaining Intensities
Higher immunostaining intensity for CD20 was associated
with higher immunostaining intensity for CD3 (Coeff = 0.114;
95% CI = 0.005, 0.224; p = 0.040) (Figure 4A), CD8 (Coeff =
0.275; 95% CI = 0.200, 0.350; p < 0.001) (Figure 4B), CD68
(Coeff = 0.084; 95%CI = 0.023, 0.144; p = 0.006) (Figure 4C),
GFAP (Coeff = 0.002; 95% CI = 0.001, 0.004; p = 0.030)
(Figure 4D), and damaged mitochondria (Coeff = 3.902; 95%

CI = 0.891, 6.914; p = 0.011) (Figure 4E). Looking at differ-
ences between ROIs on the interaction term, the association
between CD20 and CD3 immunostaining intensities was
stronger inWM lesions (Coeff = 1.018; 95%CI = 0.366, 1.670;
p = 0.002), whereas the association between CD20 and CD8
immunostaining intensities was weaker inWM lesions (Coeff =
−0.238; 95% CI = −0.314, −0.163; p < 0.001) and NAGM
(Coeff = −0.136; 95% CI = −0.268, −0.004; p = 0.043) com-
pared with NAWM (Table 1).

Discussion
Immunostaining intensity for CD20 B lymphocytes in post-
mortem progressive MS brains was primarily located in
the perivascular spaces, suggesting a compartmentalized in-
flammation, and was associated with younger age and more
severe symptoms at MS onset and faster clinical progression.
The observed correlations between the immunostaining

Figure 3 CD20 Immunostaining Intensity and MS Progression

Kaplan-Meier curves estimate the rates of MS onset (A), conversion to SP (among RR-onset) (B), EDSS score 7.0 (C), and EDSS score 10 (D) in relation to CD20
immunostaining intensity (all ROIs). For graphical purposes, we have represented ROIs below median CD20 immunostaining intensity in yellow and ROIs
above median CD20 immunostaining intensity in red. Number-at-risk table represents the number of ROIs from different MS brains included over time. HR
and p values are shown from Cox regression models including CD20 immunostaining intensity as a continuous variable. EDSS = Expanded Disability Status
Scale; HR = hazard ratio; MS = multiple sclerosis; ROI = region of interest; RR = relapsing-remitting; SP = secondary progressive.
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intensity for CD20 with the immunostaining intensity for
CD3, CD8, GFAP, and damaged mitochondria support the
emerging view that the interactions between B cells, T cells,
myeloid cells, and astrocytes in the CNS may play a central
role in the pathogenesis of progressive disease, possibly
contributing to mitochondrial dysfunction.23,24

Antigens at relatively low concentrations are difficult to ana-
lyze; therefore, in the present study, we developed specific
methods to study CD immunostains within the brain paren-
chyma: (1) we analyzed digitized histologic images to quan-
tify immunostains, thus not requiring manual identification
and count of antigens/cells at relatively low concentrations

Figure 4 Pathologic Correlates of CD20 Immunostaining Intensity

Scatter plots show associations between immunostaining intensity for CD20 and CD3 (A), CD8 (B), CD68 (C), GFAP (D), and damagedmitochondria (E). NAWM
is in red, WM lesions in blue, NAGM in green, and GM lesions in yellow. Coefficients and p values are shown from linear mixed regression models accounting
for the hierarchical structure of data (cassettes nested within individuals). GFAP = glial fibrillary acidic protein; GM = gray matter; NAGM = normal-appearing
gray matter; NAWM = normal-appearing white matter; WM = white matter.
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(original images where then carefully reviewed, if positively
marked); (2) we included positive controls to obtain quan-
tification of CD immunostains; and (3) we used a semi-
automatic registration method to align histologic images
spatially and, so, to obtain consistent data through different
immunostains.18,20

The most striking finding of our study was the association
between perivascular B-lymphocyte infiltrates at postmortem
and clinical outcome. In particular, people with PPMS and
SPMS with higher immunostaining levels of perivascular
B lymphocytes at postmortem had an earlier and more severe
onset. The occurrence of motor and cerebellar symptoms at

Table Pathologic Correlates of CD20 Immunostaining Intensity

Pathologic correlates of B cells Differences between ROIs

Coeff

95% CI

p Values Coeff

95% CI

p ValuesLower Upper Lower Upper

CD3 0.114 0.005 0.224 0.040a — — — —

NAWM — — — — Reference — —

WM lesions — — — — 1.018 0.366 1.670 0.002a

NAGM — — — — −0.035 −0.319 0.248 0.807

GM lesions — — — — 0.348 −0.303 0.999 0.295

CD8 0.275 0.200 0.350 <0.001a — — — —

NAWM — — — — — — —

WM lesions — — — — −0.238 −0.314 −0.163 <0.001a

NAGM — — — — −0.136 −0.268 −0.004 0.043a

GM lesions — — — — −0.098 −0.270 0.073 0.261

NF200 0.001 −0.006 0.010 0.685 — — — —

SMI94 −0.001 −0.008 0.005 0.632 — — — —

CD68 0.084 0.023 0.144 0.006a — — — —

NAWM — — — — Reference — —

WM lesions — — — — 0.086 −0.112 0.285 0.393

NAGM — — — — −0.138 −0.288 0.011 0.071

GM lesions — — — — −0.003 −0.198 0.191 0.976

GFAP 0.002 0.001 0.004 0.030a — — — —

NAWM — — — — Reference — —

WM lesions — — — — −0.007 −0.019 0.005 0.261

NAGM — — — — 0.004 −0.008 0.017 0.528

GM lesions — — — — 0.006 −0.006 0.019 0.335

IBA1 0.003 −0.005 0.013 0.424 — — — —

Damaged mitochondria 3.902 0.891 6.914 0.011a — — — —

NAWM — — — — Reference — —

WM lesions — — — — −10.159 −20.782 0.463 0.061

NAGM — — — — 2.408 −6.658 11.475 0.603

GM lesions — — — — −1.958 −12.784 8.867 0.723

Abbreviations: CI = confidence interval; GM = graymatter; NAGM = normal-appearing gray matter; NAWM = normal-appearing white matter; WM = white
matter; ROI = region of interest.
The table shows pathologic correlates of CD20 immunostaining intensity. Coefficients (Coeff), 95% CIs, and p values are shown from linear mixed regression
models accounting for the hierarchical structure of data (cassettes nested within individuals) and, for those being significant in the previous model, from the
interaction term between CD20 immunostaining intensity and ROIs (NAWM was used as reference).
a p < 0.05.
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onset is related to a more aggressive disease progression over
time compared with optic neuritis and sensory symptoms.21,25,26

Also, higher B-lymphocyte levels at postmortem were as-
sociated with earlier conversion to SPMS (in relapsing-
onset), use of wheelchair, and death. In line with this, a
previous study15 found an association between the presence
of B lymphocyte–rich meningeal follicles and gray matter
damage gradient, younger age at onset, more severe dis-
ability, and higher rates of death in SPMS. However, the
authors were not able to make any major conclusion on
PPMS, due to difficulties in classifying people with MS
depending on B-lymphocyte concentration in the absence
of follicles. Also, they were able to find follicles only in
younger people with SPMS. On the contrary, we were able
to include both SPMS and PPMS, from 50 to 75 years of age,
and showed that perivascular B lymphocytes have similar
clinical and pathologic correlates between these 2 MS
phenotypes. The finding of higher CD20 immunostaining
intensity in WM lesions, but not in GM lesions, than
NAWM (see results in Supplemental Material, links.lww.
com/NXI/A648), may suggest that B cells could also drive
demyelination in the white matter. Of note, perivascular
B-cell levels at postmortem were similar in SPMS and PPMS
that thus could be different in terms of organization of
compartmentalized inflammation with formation of follicles
only in SPMS.

Notwithstanding the inclusion of advanced MS cases, where
inflammatory activity decreases,9,12,27 we detected significant
differences in both B and T cells between SPMS cases and
controls, in line with a previous study that included both acute
and chronic MS.12 On the contrary, people with PPMS were
different from controls only for B-lymphocyte levels, pointing
toward a pathogenic role of these cells until late stages of
purely progressive disease.

From a pathologic perspective, we found that perivascular
B lymphocytes were associated with higher levels of
macrophages/microglia, cytotoxic CD8 T lymphocytes, and
astrocytes, suggesting that these perivascular inflammatory
infiltrates, localized around veins, may correspond to the
central vein sign detected on in vivo MRI, as a biomarker
typical of MS.28 In particular, looking at the neuro-
inflammatory pathology, higher CD20 B cells were associated
with higher CD8 and CD3 T cells, which are known to concur
to the compartmentalized inflammatory response in MS.12

These cellular populations are responsible for chronic
remodeling of brain tissue and direct damage of neurons and
oligodendrocytes through a continuous crosstalk.12,27,29-33

Chronic inflammatory changes driven by B cells, macro-
phages, cytotoxic CD8 T cells, and astrocytes could ultimately
lead to metabolic dysfunction, as highlighted by the associa-
tion between B-cell levels and damaged mitochondria. Mi-
tochondrial dysfunction is common in MS, is a key
determinant of axonal loss,24,34 and, according to our results,
could be seen within chronic brain damage from B cell–
mediated mechanisms. We did not apply immunostaining to

the whole coronal sections and, thus, were unable to evaluate
the distribution of lesions in the periventricular regions.35

Because of the automated analysis technique, we did not per-
form further phenotypic characterization of lymphocytes on
histologic images. Also, we included only perivascular CD20
B lymphocytes, which were widely present in our tissue, but, for
instance, did not investigate whether perivascular levels of CD20
B lymphocytes were associated with the presence of follicles in
the meninges that were largely removed in the course of tissue
preparation and, thus, not sufficiently available for investigation.
Although we used standard methods for immunostaining and
quantification, a few artifacts in some ROIs are visible (e.g.,
lipopigment in macrophages). Importantly, our sample included
people with progressive MS, and thus, we could not assess the
contribution of B lymphocytes to the early stages of MS pa-
thology, which is a limitation of many postmortem studies. Our
study is also limited by the rather long death-to-fixation interval
(which has been included as a covariate in the statistical models)
and by the lack of data on comorbidities, which could have
affected these study outcomes.36

In conclusion, we expanded previous findings on B cell–rich
meningeal follicles10,15 and showed that the presence of
compartmentalized perivascular CD20 B lymphocytes within
the brain parenchyma at postmortem was found in people
with MS who had had severe clinical and pathologic features.
Therefore, perivascular CD20 B lymphocytes may be a direct
target for anti-inflammatory and possibly neuroprotective
treatments in MS.
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Abstract
Background and Objectives
The objective of the retrospective analysis was to test the hypothesis that changes in serum anti-
myelin-associated glycoprotein (MAG) autoantibodies are associated with clinical response to
immunotherapy in patients with anti-MAG neuropathy.

Methods
As of January 29, 2020, we used anti-myelin-associated glycoprotein-related search strings in
the Medline database to identify studies that provided information on anti-MAG immuno-
globulin M (IgM) autoantibodies and clinical outcomes during immunotherapies. The relative
change in anti-MAG IgM titers, paraprotein levels, or total IgM was determined before, during,
or posttreatment, and the patients were assigned to “responder,” “nonresponder,”’ or “acute
deteriorating” category depending on their clinical response to treatment. The studies were
qualified as “supportive” or “not supportive” depending on the percentage of patients exhibiting
an association between relative change of anti-MAG antibody titers or levels and change in
clinical outcomes.

Results
Fifty studies with 410 patients with anti-MAG neuropathy were included in the analysis. Forty
studies with 303 patients supported the hypothesis that a “responder” patient had a relative
reduction of anti-MAG antibody titers or levels that is associated with clinical improvements
and “nonresponder” patients exhibited no significant change in anti-MAG IgM antibodies. Six
studies with 93 patients partly supported, and 4 studies with 26 patients did not support the
hypothesis.

Discussion
The retrospective analysis confirmed the hypothesis that a relative reduction in serum anti-
MAG IgM antibodies is associated with a clinical response to immunotherapies; a sustained
reduction of at least 50% compared with pretreatment titers or levels could be a valuable
indicator for therapeutic response.
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Anti-myelin-associated glycoprotein (MAG) neuropathy is a
rare form of acquired demyelinating polyneuropathy associated
with a monoclonal gammopathy of undetermined significance
(MGUS).1 The gammopathy leads to the production of
monoclonal anti-MAG immunoglobulin M (IgM) antibodies
that recognize the CD57/HNK-1 carbohydrate epitope, which
is highly expressed on adhesionmolecules such asMAG,myelin
protein zero, or sulphated glucuronyl glycolipids in the pe-
ripheral nervous system.2-5 There is considerable evidence that
the deposition of anti-MAG IgM autoantibodies on myelin
sheaths is responsible for widening of the myelin lamellae and
demyelination. The slowly progressing neuropathy causes sen-
sorimotor deficits, sensory ataxia, paresthesia, muscle weakness,
neuropathic pain, and tremor.6-10 Typically, the disease onset
occurs after the age of 50 years and is 2.7 times more frequent in
men than in women with a prevalence of approximately 1 in
100,000.10-12 Currently, there is no approved treatment for anti-
MAG neuropathy. However, given the high unmet medical
need, over the last 3 decades, many different immunotherapies
have been used for the management of anti-MAG neuropathy
including IV immunoglobulins (IVIg), therapeutic plasma ex-
change, chemotherapeutic drugs, and various biologic drugs
such as rituximab and obinutuzumab.8,10,13,14

The significance of the anti-MAG antibody titers or levels as
predictive of response to therapy is controversial. Although

there is considerable evidence for the pathogenicity of anti-
MAG IgM autoantibodies, the association of reduced serum
levels of anti-MAG IgM autoantibodies and clinical im-
provement of neuropathic symptoms is less clear based on the
available literature and reviews.8,15 Therefore, we performed a
systematic literature search and a retrospective analysis to
investigate a relationship of change in serum anti-MAG IgM
titers or levels and clinical outcome during immunotherapies
and to evaluate whether the change in anti-MAG IgM anti-
bodies is a predictive biomarker of response to immuno-
therapies in patients with anti-MAG neuropathy.

Methods
Data Sources and Search Strategy
A systematic literature search in Medline Epub has been
performed for all published work up to January 29, 2020 (as
detailed in Figure 1), to investigate whether changes in
clinical signs of neuropathy are associated with changes in
anti-MAG IgM titers or levels of patients with anti-MAG
neuropathy during treatment with immunotherapies. The
search strings “anti-MAG neuropathy OR anti-myelin-
associated glycoprotein,” “monoclonal IgM AND poly-
neuropathy,” and “IgM paraproteinemia AND neuropathy”
were used to identify studies, providing information on
anti-MAG autoantibody titers or levels and clinical

Figure 1 Overview of the Systematic Literature Search in Medline Epub

AnAll publishedwork has been included until January 29, 2020, independent of the type of intervention or class of evidence given the limited number of Class I
evidence studies. Data of 50 publications were included and analyzed.

Glossary
IgM = immunoglobulin M; IVIg = IV immunoglobulins; MAG = anti-myelin-associated glycoprotein; MGUS = monoclonal
gammopathy of undetermined significance; MM = multiple myeloma; WM = Waldenström macroglobulinemia.
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outcomes at different time points, that is, particularly pre-
treatment and posttreatment.

This search yielded 1,143 hits, of which 1,091 were excluded
after abstract screening for the following reasons: duplicates,
not original publications (e.g., reviews), publications with
nonclinical data (e.g., animal studies), or focus on a non-
relevant disease (e.g., neuropathy without anti-MAG anti-
bodies). During full-text appraisal of the 52 remaining
publications, 8 publications were excluded because they did
not provide information on anti-MAG IgM titers, paraprotein
levels, total IgM levels, and/or pretreatment and posttreat-
ment clinical data (supplemental data, eTable 1, links.lww.
com/NXI/A649).16-23 In addition, 6 publications were hand-
selected and added to the list of 44 publications, for example,
because they were presented as abstracts at conferences.24-29

Data were extracted from the 50 remaining publications and
summarized (supplemental data, eTable 2, links.lww.com/
NXI/A649).1,13,14,24-50,e1-e21 Of note, all publications that
provided information on anti-MAG IgM, paraprotein, and
total IgM levels as well as on clinical symptoms at different
time points were included in this analysis, regardless of the
results and the class of evidence (given the limited number of
randomized controlled trials).

Data Extraction, Analysis, and Synthesis
Data from the 50 identified clinical publications were analyzed
for the relative change in anti-MAG IgM autoantibody titer
units, paraprotein levels (g/L), total IgM levels (g/L) from
pretreatment (baseline) to posttreatment, and compared with
changes in clinical outcomes (supplemental data, eTable 2,
links.lww.com/NXI/A649). The methods used to assay the
anti-MAG IgM antibodies are listed in the supplemental data
Table e-3, links.lww.com/NXI/A649. In accordance with the
recently suggested cutoff value of >79000 BTU instead of
>19500 BTU in the Bühlmann test by Liberatore et al.
2020e22, in 48 of the analyzed studies, patients exhibited titers
above this higher cutoff value. Only in 2 studies, patients were
included with titers values below the 79000 BTU cutoff
value.33,43

Individual patients were assigned to 1 of 3 categories (“re-
sponder,” “nonresponder,” or “acute deteriorating”) de-
pending on their clinical response to treatment in primary and
secondary outcome measures as defined by the authors of the
original publications. Consistent with the original articles and
to avoid a potential bias of the analysis, we separated the small
subset of “acute deteriorating” patients from the “non-
responder” patients because they exhibited, mostly, a tran-
sient worsening of the clinical symptoms.17 However, the
transient worsening was not necessarily a sign of long-term
treatment failure.

Studies were assigned to 1 of 2 categories (“supportive” or
“not supportive”) depending on whether most patients
exhibited an association between change in anti-MAG anti-
body titers or levels and change in clinical outcome or not
(Table 1).

Patient Cohort and Treatment Interventions
All participants with anti-MAG IgM antibody-associated de-
myelinating peripheral neuropathy with MGUS were in-
cluded, independent of age, pretreatment and treatment
status, severity, and duration of the neuropathy.

The evaluated studies included the following interventions:
(1) plasma exchange, plasmapheresis, or selective apheresis
(protein A column); (2) IVIg; (3) rituximab or obinutuzu-
mab; (4) interferon alpha-2a; (5) purine analogs: fludarabine
or cladribine; (6) alkylating agents: cyclophosphamide,
chlorambucil, or bendamustine; (7) corticosteroids: dexa-
methasone, prednisone, and other immunosuppressants such
as cyclosporine and lenalidomide; and (8) placebo or no
treatment. The studies included either single treatment in-
terventions, combination treatment protocols, or compari-
sons vs placebo. Overall, most patients (n = 162) received
either rituximab alone (39.5%) or in combination (9.5%) with
plasma exchange, fludarabine, cyclophosphamide, dexameth-
asone, or bendamustine. In a few studies, this regimen was
shortened or prolonged based on clinical response observed
in patients. Almost a fifth (18.5%) of the participants received

Table 1 Overview of the Categories and the Criteria for the Assignment

Category Criteria for the assignment

Supportive—most patients (>50%) fulfilled the criteria for
the assignment.a

• Responder: Relative reduction in anti-MAG IgM antibodies and clinical improvements were
present in most patients.
•Nonresponder: Noor onlyminimal change in anti-MAG IgMantibodies and stabilizations or
slight worsening were present in most patients.
• Acute deteriorating: Acute worsening was associated with an increase in anti-MAG IgM
titers.

Not supportive—the minority of patients (<50%) fulfilled
the criteria for the assignment.a

• Responder: Patients exhibited an increase in anti-MAG IgM antibodies and clinical
improvements.
• Acute deteriorating: Patients exhibited acute worsening and a relative reduction in anti-
MAG titers.
• Responder and nonresponder: Exhibited a similar relative reduction in anti-MAG IgM
antibodies.

Abbreviation: MAG = myelin‐associated glycoprotein.
a Cutoff value of 50% was applied when mean or median data of anti-MAG IgM titers or levels were reported.

Neurology.org/NN Neurology: Neuroimmunology & Neuroinflammation | Volume 9, Number 1 | January 2022 3

http://links.lww.com/NXI/A649
http://links.lww.com/NXI/A649
http://links.lww.com/NXI/A649
http://links.lww.com/NXI/A649
http://links.lww.com/NXI/A649
http://links.lww.com/NXI/A649
http://neurology.org/nn


placebo (15.6%) or no treatment (2.9%). For our analysis,
these patients are considered an important indicator for
treatment-unrelated changes and fluctuation in anti-MAG
titers. Symptom severity, clinical improvement, or acute de-
terioration were assessed with different methods, such as grip
strength, the InflammatoryNeuropathy Cause and Treatment
disability score, the Medical Research Council sum score, the
Neuropathy Disability Score, the Overall Neuropathy Limi-
tations Scale, or the Total Neuropathy Score, Neuropathy
Impairment Scale, the modified Rankin Scale (mRS), the
Rasch-built Overall Disability Scale, 10-meter walk time, and
electrophysiologic parameters. Change in subjective clinical
scores and scales were assessed at various time points in the
course of treatment course (supplemental data, eTable 2,
links.lww.com/NXI/A649). Patients with Waldenström
macroglobulinemia (WM), multiple myeloma (MM), lym-
phoma, or monoclonal gammopathy of non-IgM type (e.g.,
IgG, IgA, and IgD) were excluded. In many studies performed
in WM or MM, different clinical assessments were used
(primarily oncological outcome measures), making an eval-
uation of the neurologic outcome measures difficult.

Data Availability
All data and the statistical analysis are available in the manu-
script; the supplemental data are reported in the original ar-
ticles cited in the manuscript.

Results
To obtain a more homogenous patient population, only pa-
tients with anti-MAG neuropathy and MGUS associated with
elevated anti-MAG IgM were included in the analysis. Other
pathologies associated with monoclonal anti-MAG IgM in-
cludingWMwere excluded from the analysis, unless indicated
(supplemental data, eTable 2, links.lww.com/NXI/A649).

The systematic literature analysis showed that of the 50
studies (n = 410 participants), 40 studies (n = 303 partici-
pants) support the hypothesis that (1) clinical improvements
are associated with a relative reduction in anti-MAG IgM
antibodies, (2) nonresponders exhibit no, or only minimal
change in anti-MAG IgM antibodies, and (3) acute de-
teriorating was associated with an increase in anti-MAG titers.

Of note, of the 10 studies that were not supportive (n = 119
participants), only 4 studies did not support the hypothesis at
all (n = 26 participants). However, in 6 of these studies (n =
93 participants), at least some patients with anti-MAG IgM
neuropathy (<50%) showed a relationship between change in
anti-MAG antibodies and clinical outcome (supplemental
data, eTable 2, links.lww.com/NXI/A649).

To further test the hypothesis, the studies and the extracted
data of each group (responder, nonresponder, and acute de-
teriorating) were analyzed for the relative change in anti-
MAG IgM titers, paraprotein levels, or total IgM levels
(Figure 2). Of importance, all studies and participants were

included in the analysis regardless of whether the study was
categorized as supportive or not supportive. In most studies
the anti-MAG IgM titers were assessed but only a minority of
studies measured paraprotein (commonly referred to as
M-protein or monoclonal protein) or total IgM levels. Based
on the systematic literature search, a strong association was
observed between clinical improvements in the responder
group (n = 208 participants) and a significant reduction in
anti-MAG titers, paraprotein, and/or total IgM levels (p >
0.001) compared with the nonresponder group (n = 191
participants) or the acute deteriorating group (n = 11 par-
ticipants). If the 2 follow-up studies are excluded, therefore
reducing the bias of including the same patient twice,36,38 the
total number of participants is 394 patients with anti-MAG, of
which 197 patients (50.0%) are considered as responders and
185 (47.0%) as nonresponders to the treatment.

Regardless of whether the anti-MAG IgM antibodies were
assessed in titer units (e.g., Bühlmann Titer Units or Western
blotting), paraprotein levels (g/L), or total IgM levels (g/L), a
significant reduction was observed in the responder group
compared with the nonresponder or acute deteriorating
group (Figure 3). In the responder group, the mean anti-
MAG IgM titers were reduced by 57.5% ± 28.1% SD, the
mean paraprotein levels by 57.5% ± 31.3% SD, and the mean
total IgM levels by 52.3% ± 19.3% SD compared with pre-
treatment levels. The nonresponder group exhibited a re-
duction of 11.3% ± 30.9% SD in anti-MAG IgM titers, an
increase in paraprotein levels of 16.3% ± 45.8% SD, and in
total IgM levels of 26.8% ± 36.0% SD compared with the
pretreatment levels. The acute deteriorating group exhibited
an increase in anti-MAG titers of 204.3% ± 253.4% SD, an
increase in paraprotein levels of 11.50% ± 3.5 SD, and a re-
duction of −0.5% ± 54.64% SD in total IgM levels. However,
the small number of patients and the large SD makes it dif-
ficult to conclude that the transient acute worsening is asso-
ciated with an increase in anti-MAG titers.

Remarkably, 77.7% of all responders exhibited a relative
reduction of more than 50.0% in anti-MAG IgM titers
compared with pretreatment titers. In responders, 62.1%
experienced more than a 50.0% reduction in IgM para-
protein and 49.2% experienced more than a 50% reduction
in total IgM levels. Conversely, more than 90.0% of non-
responders showed a reduction of less than 20.0% in anti-
MAG IgM titers (94.1%) or IgM paraprotein (93.3%), and
70.9% of nonresponders showed a reduction of less than
20.0% in total IgM levels compared with pretreatment
levels.

Besides the comparison of the relative change in serum anti-
MAG IgM titers or levels and clinical outcome measures, we
analyzed the responder and nonresponder groups in age at
neuropathy onset, age when patients participated in the
clinical studies, and the duration of the neuropathy until the
patients participated in the clinical trial and received the
specific treatment (Figure 4).
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Themean age at onset of the neuropathy in the nonresponder
group (60.1 ± 6.5 years SD) was significantly (p ≤ 0.05) higher
compared with the responder group (55.3 ± 8.5 years SD).
Likewise, the mean age when the patients with anti-MAG
neuropathy were included in the clinical study was signifi-
cantly higher in the nonresponder group with 65.8 years (±7.1
years SD) compared with 60.7 years (±9.1 years SD) in the
responder group (p ≤ 0.05). Surprisingly, there was no sig-
nificant difference in the duration of the neuropathy at the
time point when the participants were included in the clinical
study and receiving immunotherapies in the nonresponder
group (6.0 ± 3.4 years SD) compared with the responder
group (5.4 ± 5.2 years SD, p > 0.05).

Discussion
To date, an association between anti-MAG IgM titers or
paraprotein levels and either the severity spectrum or the

progression of anti-MAG neuropathy has not been convinc-
ingly shown.17,47 However, this retrospective analysis of 50
clinical trials in anti-MAGneuropathy demonstrates that most
analyzed studies are supportive of the hypothesis that (1) a
relative reduction in anti-MAG IgM antibodies was associated
with clinical improvement in the responder group, (2) the
nonresponder group exhibited no or only minimal change in
anti-MAG IgM titers and levels, and (3) acute worsening was
associated with an increase in transient anti-MAG titers.

The variety of the clinical outcome measures, including dis-
ability scores, strength, and ataxia scores or patient-reported
outcomes, makes a direct comparison of the clinical outcomes
among studies difficult, especially as many of the measures are
nominal or ordinal and, therefore, are descriptive values. They
are often misinterpreted as numerical values including the
assumption of linearity, which would be required for statistical
calculations.e23 Hence, a correlation coefficient was not

Figure 2 Relative Change in Serum Anti-MAG IgM Titers or Levels and Response to Immunotherapies in PatientsWith Anti-
MAG Neuropathy

An overview of the studies that assessed the relative change in anti-MAG IgM autoantibodies (pretreatment and posttreatment) and clinical response to
immunotherapies. (A) Relative change in anti-MAG IgM titers in the responder (a) and the nonresponder group (b); (B) Relative change in paraprotein levels in
the responder and the nonresponder group; and (C) Relative change in total IgM levels in the responder and the nonresponder group. Data are indicated as
mean values and the circle size represents comparative size of the study (number of participants). MAG = myelin‐associated glycoprotein.

Neurology.org/NN Neurology: Neuroimmunology & Neuroinflammation | Volume 9, Number 1 | January 2022 5

http://neurology.org/nn


calculated for reduction of autoantibodies and clinical im-
provements. Nonetheless, a strong association between rela-
tive reduction in anti-MAG antibodies and clinical
improvements is supported by this retrospective analysis.
Independent of whether the assessment was performed in
anti-MAG IgM titer units, or paraprotein levels (g/L), most
responders (77.7%) exhibited a mean reduction of more than
50% compared with their pretreatment values. In addition,
only 6% of nonresponders exhibited a reduction of more than
20% in anti-MAG IgM titers or paraprotein during the clinical
studies. These findings suggest that a relative reduction of
more than 50% in anti-MAG IgM titer units or paraprotein
levels during the course of treatment is a useful biomarker for
sustained clinical improvement; although a relative reduction
of less than 20% indicates an insufficient response to the
immunotherapy, regardless of whether it is assessed in anti-
MAG titer units or paraprotein levels.

In most of the studies not supporting the hypothesis, the
authors commented on possible reasons for the contradictory
observations. For example, in several studies, patients
exhibited anti-MAG IgM titers above the upper cutoff value of
the ELISA, making it difficult to detect a reduction of anti-
MAG IgM titers.27,28,e6,e24 In contrast to anti-MAG IgM ti-
ters, monoclonal IgM paraprotein levels are assessed as ab-
solute amounts (g/L) with no specific upper cutoff value and
may be considered as more reliable indicators of the hema-
tologic response in patients with high anti-MAG IgM titers.e25

Nonetheless, measuring changes in paraprotein levels in pa-
tients with low baseline levels is challenging because of the
lower limit of detection.e16,e17,e26 In addition, paraprotein
measurements neither assess the reactivity nor affinity of the
monoclonal component. Total IgM measurement is the least
sensitive method as shown in different studies.e9,e14 In light of
these findings, it might be beneficial for future clinical studies

Figure 3 Comparison of the Relative Change in Serum anti-MAG IgM Titers or Levels Between Responder, Nonresponder,
and Acute Deteriorating Groups

Comparison of clinical improvement and relative change in serum anti-MAG IgM titers, paraprotein levels, and total IgM levels in the (A) responder group, (B)
nonresponder group, (C) and the acute deteriorating group. Data are shown asmedian and 95% confidence intervals. MAG =myelin‐associated glycoprotein.
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to measure both anti-MAG IgM titers and paraprotein levels
in order to cover the entire range of anti-MAG IgM autoan-
tibodies during immunotherapy.

Two factors that may affect the response to treatment are the
advanced stage of disease and the severity of axonal damage as
discussed by Rakocevic et al.14 They suggest advanced axonal
damage as a reason for the observation that even an almost
complete depletion of CD20+ B cells and circulating anti-
MAG antibodies did not lead to clinical improvements. Bio-
markers of axonal damage, such as neurofilament light chain,
could prove to be a valuable indicator of poor response to
treatment in anti-MAG neuropathy, as has been described in
other peripheral neuropathies such as Guillain-Barré syn-
drome or chronic inflammatory demyelinating poly-
neuropathy.e27-e29 Furthermore, cases of CD20+ B cell
depletion by rituximab without a reduction of anti-MAG IgM
autoantibodies or clinical improvement suggests that anti-

MAG IgM antibody producing cells were most likely late-
stage CD20- B cells or plasma cells.e12

Another factor that should be taken in account is the time of
the treatment relative to clinical assessment and, importantly,
the follow-up phase after the course of treatment. Peripheral
nerves have the potential for both remyelination and re-
generation, which requires time.e30 As a consequence, efficient
and sustained depletion of anti-MAG IgM autoantibodies
from the circulation would not necessarily, immediately,
remove the pathogenic antibodies from myelin, but could, at
least, prevent the binding of new autoantibodies to myelin,
leading to long-term stabilization or improvement of the
disease. Current outcome measures are often limited in their
ability to capture minimal but clinically important differences
in disease status. Clinical assessment of patients with anti-
MAG neuropathy may, thus, need to be adjusted to better
capture early clinically meaningful signs of improvements.e31

Figure 4 Analysis of the Clinical Study Patient Population

(A) Mean age at onset of the neuropathy and (B) the
mean age at the start of the clinical study was sig-
nificantly lower in the responder group (n = 208
participants) compared with the nonresponder
group (n = 191 participants); (C) The difference in
disease duration until the patients participated in the
clinical study was not significant. Data are shown as
median and 95% confidence intervals, an in-
dependent t-test and Tukey Kramer test were per-
formed (p < 0.05).
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Other parameters of the patient population were analyzed.
Interestingly, the duration of the neuropathy until participa-
tion in the clinical studies had no significant impact on the
response to treatment. However, responders had a significant
lower age at onset of the neuropathy and were significantly
younger at the time point when they participated in the
clinical study. Based on the limited data, no firm conclusion
can be made and a sufficiently large natural history study may
be more appropriate to clarify the impact of the onset and
duration of neuropathy on treatment outcome.

Taken together, most studies support the hypothesis that
there is a strong association between relative changes in anti-
MAG IgM autoantibodies and clinical outcomes in patients
with anti-MAG neuropathy and, specifically, that a reduction
in anti-MAG autoantibodies is associated with improvement
of symptoms. The retrospective analysis indicates that a sus-
tained relative reduction of more than 50% compared with the
pretreatment anti-MAG IgM titers units or paraprotein levels
is associated with clinical improvements. Thus, both of these
parameters could be valuable biomarkers and predictors for
long-term immunotherapy response in patients with anti-
MAG neuropathy.
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Abstract
Background and Objectives
The mechanisms of pain in patients with diabetic polyneuropathy are unknown. Studies have
suggested a role of inflammation and increased neuropeptides peripherally in pain generation.
This study examined the possible skin markers of painful diabetic polyneuropathy (P-DPN):
macrophages, substance P (SP), and calcitonin gene-related peptide (CGRP).

Methods
The participants were included from a large Danish cross-sectional clinical study of type 2
diabetes. We diagnosed definite diabetic polyneuropathy using the Toronto criteria and used
the Neuropathic Pain Special Interest Group classification for defining P-DPN.We included 60
skin biopsies from patients with diabetic polyneuropathy—30 with P-DPN and 30 with
nonpainful diabetic polyneuropathy (NP-DPN)—and 30 biopsies from healthy controls of
similar age and sex. The biopsies were stained using PGP 9.5, IbA1, and SP and CGRP primary
markers.

Results
There was increased macrophage density in patients with P-DPN (8.0%) compared with that in
patients with NP-DPN (5.1%, p < 0.001), and there was increased macrophage density in
patients with NP-DPN (5.1%) compared with that in healthy controls (3.1%, p < 0.001). When
controlling for neuropathy severity, body mass index, age, and sex, there was still a difference in
macrophage density between patients with P-DPN and patients with NP-DPN. Patients with
P-DPN had higher median nerve fiber length density (274.5 and 155 mm−2 for SP and CGRP,
respectively) compared with patients with NP-DPN (176 and 121 mm−2 for SP and CGRP,
respectively, p = 0.009 and 0.04) and healthy controls (185.5 and 121.5 mm−2 for SP and
CGRP, respectively), whereas there was no difference between patients with NP-DPN and
controls without diabetes (p = 0.64 and 0.49, respectively). The difference between P-DPN and
NP-DPN for SP and CGRP was significant only in female patients, although a trend was seen in
male patients.

Discussion
The findings point to a possible involvement of the innate immune system in the pathogenesis
of neuropathic pain in patients with DPN, although markers of activated macrophages were not
measured in this study.
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Diabetic polyneuropathy (DPN) is a common complication
of diabetes, with a lifetime prevalence of up to 50%.1 Themost
common type of DPN is an axonal, length-dependent, sen-
sorimotor peripheral neuropathy, characterized by the pres-
ence of neuropathic pain and/or sensory loss and signs of
nerve damage in a glove-like and stocking-like distribution.
Painful DPN (P-DPN) is reported in 25%–40% of patients
with diabetes and is associated with reduced quality of life.2-5

Our ability to treat the pain in DPN is inadequate mainly
because of lack of understanding of the mechanisms driving
the neuropathy and the pain.

In DPN, both small (unmyelinated or thin myelinated nerve
fibers) and large myelinated fibers are affected.6,7 A hallmark
of DPN with small fiber involvement is a decrease of intra-
epidermal nerve fiber density (IENFD), as detected by punch
skin biopsy and immunostaining using the panneuronal
marker PGP 9.5.8 Although there is evidence that the severity
of DPN is predictive of neuropathic pain, there is a poor
correlation between IENFD and the presence and intensity of
neuropathic pain.9 Hence, a decrease of IENFD is not in itself
sufficient to explain the presence and development of neu-
ropathic pain. By focusing on cellular elements and signaling
molecules known to be involved in the generation of neuro-
pathic pain, we hope to better understand the relationship
between morphology and function.10,11

Immune cells may play an important role in neuropathic pain,
both peripherally and centrally.12-14 Neurons and immune
cells, including dendritic cells, interact functionally and can
even form the so-called neuroimmune cell units, as high-
lighted in recent reviews.15-17 Dendritic cells have been shown
to play a role in antigen presentation, secrete proinflammatory
cytokines, and may sensitize the nociceptors in the skin.13 In
addition, pilot findings from a recent study found increased
density of skin macrophages in patients with P-DPN,18 sug-
gesting that macrophages may contribute to neuropathic pain
in DPN.

Other potential pathophysiologic mechanisms underlying
neuropathic pain include small nerve fibers that express the
neuropeptide substance P (SP) and calcitonin gene-related
peptide (CGRP).19,20 Recently, we demonstrated an in-
creased density of peptidergic fibers containing SP and CGRP
in a group of diabetic patients with a painful small fiber
neuropathy compared with diabetic patients with small fiber
neuropathy but without pain.21 Indeed, the activation of

nociceptors causes a release of these neuropeptides.19,20

Taken together, these studies raise the possibility that both
macrophages in the skin and increased density of SP-
expressing and CGRP-expressing nerve fibers might sepa-
rate P-DPN from the nonpainful diabetic polyneuropathy
(NP-DPN). In this study, we compared macrophage density
in the skin between patients with P-DPN and patients with
NP-DPN and the density of SP-positive and CGRP-positive
nerve fibers.

Methods
Standard Protocol Approvals, Registrations,
and Patient Consents
This study was approved by the Regional Research Ethics
Committee of Central Denmark Region (#1-10-72-130-16),
and all study participants gave written, informed consent
according to the Declaration of Helsinki.

Study Participants and the Definition and
Assessment of DPN and P-DPN
The participants included in this study were part of a larger
cross-sectional study of 389 recently diagnosed patients with
type 2 diabetes from the Danish Center for Strategic Re-
search in Type 2 diabetes (DD2) cohort and 97 healthy
controls without diabetes, confirmed by normal values of
HbA1c, and of similar age and sex. The original study was
conducted in 2016–2018 in Aarhus and Odense, Denmark.22

In this study, we randomly selected 60 patients from the 389
patients included in the clinical study, 30 with NP-DPN, 30
patients with P-DPN, and 30 controls without diabetes of
similar age and sex (eFigure 1, links.lww.com/NXI/A650).
The criteria for the selection were as follows: skin biopsy in
association for meeting criteria for inclusion as confirmed
DPN or control participant. Of the total sample of 486
participants, 13% did not have skin biopsies taken because of
a medical contraindication to skin biopsy or participant
declining skin biopsy.

More detailed description of inclusion and exclusion criteria is
described elsewhere.5,22 In brief, all study participants in-
cluding controls underwent detailed neurologic examination,
including history taking and sensory mapping of lower ex-
tremities, nerve conduction studies (NCSs), and quantifica-
tion of IENFD from skin biopsy to confirm the diagnosis of
DPN and P-DPN. The Toronto Clinical Neuropathy Score
(TCNS) was performed to grade the severity of the DPN.

Glossary
BMI = body mass index; CGRP = calcitonin gene-related peptide; DPN = diabetic polyneuropathy; IENFD = intraepidermal
nerve fiber density; IQR = interquartile range; LC = Langerhans cells; NCS = nerve conduction studies; NFLD = nerve fiber
length density; NP-DPN = nonpainful diabetic polyneuropathy; NPSI = Neuropathic Pain Symptom Inventory; NRS =
numeric rating scale; P-DPN = painful diabetic polyneuropathy; SP = substance P; TCNS = Toronto Clinical Neuropathy
Score.
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Clinical Diagnosis of DPN and Pain
The diagnosis was made in accordance with the Toronto
Diabetic Neuropathy Expert Group criteria23 for DPN (at
least 1 of sensory symptoms, signs, or reduced ankle reflexes
in combination with abnormal NCS or IENFD) and the
updated definition of neuropathic pain provided by the
Neuropathic Pain Special Interest Group24 for P-DPN (di-
abetes diagnosis, pain in both feet/legs, and sensory signs in
the feet/legs in combination with abnormal IENFD or NCS
after excluding other causes of pain). Patients with pain rated
their neuropathic pain in the past 24 hours on a numeric
rating scale (NRS) from 0 to 10, with 0 indicating no pain and
10 being the worst pain imaginable. Patients also filled in the
Neuropathic Pain Symptom Inventory (NPSI), a question-
naire designed to evaluate the characteristics and intensity of
neuropathic pain symptoms.25 As a surrogate for DPN se-
verity, we used the TCNS, which is a diagnostic tool for DPN
including questions and clinical examination of lower ex-
tremities. Using the total score, the severity of DPN can be
assessed.26,27

The NCS consisted of examination of sural nerve bilaterally
and the median, peroneal, and tibial nerves unilaterally. Pol-
yneuropathy was defined as ≥2 nerves with ≥1 abnormal pa-
rameter with at least 1 sural nerve being abnormal compared
with a laboratory control sample from a national database
(which includes our study site).28-30 In cases in which there
was clinical or electrophysiologic suspicion of mono-
neuropathies or lumbosacral plexopathy, additional nerves
were examined.

Skin Biopsies
Three-millimeter punch skin biopsies (Miltex, York, PA) were
taken under sterile conditions after intradermal injection of
1% lidocaine 10 cm proximal to the lateral malleolus, as
previously in accordance with published guidelines.8

In brief, the specimens were fixed in Zamboni fixative over-
night (not exceeding 24 hours), cryoprotected in 20% sucrose
0.1 M phosphate buffer overnight, snap frozen, and stored at
−20°C until further processing. A total of 16 (4 for each
primary antibody) nonconsecutive 50-μm thick sections were
cut using a freezing microtome and processed with PGP 9.5
(1:2,000, Zytomed, Berlin, Germany) for IENFD analysis and
indirect immunofluorescence technique using the following
primary markers and appropriate secondary antibodies on
free-floating sections: SP (1:1,000; Immunostar, Hudson,
WI), CGRP (Immunostar, Hudson, WI), and IbA1 (1:500;
Wako Chemicals, Richmond, VA). This ensured that at least 3
sections were available for counting for each staining because
occasionally, 1 section is lost during the staining process. The
sections were stained free-floating in 96-well filter plates,
which allows the sections to be exposed to the solutions from
both sides. On sectioning, the sections were washed and in-
cubated in a blocking solution (5% normal serum, 1% triton
X-100, and 1% powderedmilk) for 4 hours. The sections were
incubated with primary antibodies overnight and after a

washing step with appropriate secondary antibodies over-
night. Finally, the sections were mounted on slides and
coverslipped.

IENFD (expressed as fibers/linear mm) was determined by
counting PGP 9.5–immunoreactive nerve fibers crossing the
epidermis from the dermis under an x40 objective and di-
viding this number with the length of the sections. IENFDwas
considered abnormal if it was below the fifth centile for age-
matched and sex-matched healthy controls.8

SP and CGRP innervations were assessed using the stereo-
logical 3D sampling technique global spatial sampling31 and
are expressed as nerve fiber length density (NFLD). The
stereological estimation of NFLD ensures unbiased and ac-
curate estimation and is described in detail elsewhere.31,32 In
brief, when using global spatial sampling, a stereological
software (NewCAST, Visiopharm, Hoersholm, Denmark)
superimposes a virtual 3D counting box consisting of iso-
tropic planes as a live layer when assessing the NFLD, thus
ensuring that all fibers have the same chance of being counted
and eliminating counting bias.33 This way, we were able to
get an accurate estimation of the nerve fiber length per tissue
volume (including the tissue thickness) under live microscopy.

Macrophage (IbA1) density was quantified using ImageJ
(NIH and LOCI, WI), where a threshold RBG intensity was
set before the analysis to eliminate unspecific background
staining intensity, and the area of the region of interest that
exhibited fluorescence above the threshold was reported as a
percentage value of the entire region of interest, which was
from the epidermal-dermal junction and 500 μm down.18,33

The IbA1 antibody labels both macrophages and Langerhans
cells (LCs).34 LC cell labelings are unlikely to have influenced
the results because these cells are mainly present in the
suprabasal epidermal layers,35 which was the focus area in this
study. The staining was stable and reliable for all antibodies,
and in general, there was a low intravariation between the
sections stained. All counting was performed in a blinded
fashion.

Statistical Analysis
We used the STATA, version 14 (StataCorp LLC, TX), and R
Core Team (Vienna, Austria, 2019)36 for data analysis. Nor-
mality was checked using histograms and Shapiro-Wilk tests.
Data were presented accordingly as medians with inter-
quartile range (IQR) or means with SD. Categorical data were
presented as numbers with percentages. We compared groups
with the Kruskal-Wallis test, analysis of variance, or Fisher
exact test between all 3 DPN groups and with the Mann-
Whitney U test, student t test, or Fisher exact test for paired
comparisons. We used Spearman rank correlation to measure
the strength and the direction of the association between
clinical signs and symptoms of DPN and macrophage density
or neuropeptide density. A p value of <0.05 was considered
statistically significant. We used a logistic regression model to
estimate the association between macrophage density and
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P-DPN vs NP-DPN, adjusting for body mass index (BMI),
neuropathy severity, as measured by the total TCNS, age,
and sex.

Data Availability
Deidentified data are available from the corresponding
author on request pending signed agreements from Aarhus
University.

Results
Clinical Characteristics
There was no difference in age between the 3 groups of
participants or diabetes duration between the 2 groups
of patients (Table 1). There were more men in the group of
patients with NP-DPN, and patients with P-DPN had more
severe DPN than patients without pain, measured by the
TCNS (median 9.0 [IQR 7.0; 12.0] vs 6.5 [4.0; 8.0], p <
0.001). Patients with P-DPN had lower IENFD count 0.8

(0.3; 2.7) compared with patients with NP-DPN or 2.3
(1.2; 3.9) fibers/mm, p = 0.02. The median pain rating on the
NRS in the past 24 hours was 5.0 (4.0; 8.0) in patients with
P-DPN with female patients reporting higher pain intensity
compared with male patients, (6.0 [5.0; 8.0] vs 4.0 [3.0; 7.0],
p = 0.03), data not shown.

Macrophages and Neuropeptides
There was a gradient of increasing macrophage density in the
skin from controls to patients with NP-DPN and to patients
with P-DPN (3.1%, 5.1%, and 8.0%, respectively; p < 0.001)
(Figure 1). Patients with P-DPN had higher macrophage in-
filtration compared with patients with NP-DPN (p = 0.001).
After controlling for total TCNS, BMI, age, and sex, the dif-
ference between P-DPN and NP-DPN remained significant
(odds ratio for macrophage infiltration in P-DPN vs NP-DPN
1.46, p = 0.014), and patients with P-DPN had higher total
TCNS than patients with NP-DPN (total TCNS odds ratio
for P-DPN vs NP-DPN 1.31, p = 0.008).

Table 1 Patient Characteristics and Percentage of Macrophage Density and Neuropeptide-Positive Nerve Fibers in the 3
Groups

Controls without
diabetes, n = 30

Patients with
NP-DPN, n = 30

Patients with
P-DPN, n = 30 p Value

Patient characteristics

Sex, female 19 (63.3) 8 (26.7)a 15 (50.0) 0.014

Age, y (mean, ±SD) 60.7 (±8.8) 64.1 (±9.6) 64.2 (±10.9) 0.30

BMI, kg/m2 26.7 (25.0; 30.0) 32.8 (29.4; 36.8)a 34.6 (31.5; 40.0) <0.001

Ever smoking (yes) 17 (56.7) 20 (66.7) 16 (55.2) 0.64

Duration of diabetes, y — 6.2 (3.8; 7.7) 5.9 (4.7; 8.1) 0.80

Hba1c 36.0 (35.0; 38.0) 49.5 (45.0; 55.0)a 52.0 (47.0; 62.0) <0.001

Treatment for hypertension (yes) 3 (10.3) 25 (83.3)a 23 (76.7) <0.001

Pain intensity, 24 h, NRS (0–10) — — 5.0 (4.0; 8.0) —

Pain duration > 1 y — — 26 (86.7) —

TCNS (0–19) 1.5 (0.0;2.0) 6.5 (4.0;8.0)a 9.0 (7.0; 12.0)b <0.001

Abnormal ENG 0 (0) 17 (58.6)a 19 (63.3) <0.001

Skin biopsy variables

IENFD (fibers/mm) 7.1 (5.0; 9.2) 2.3 (1.2; 3.9)a 0.8 (0.3; 2.7)b <0.001

Abnormal IENFD, % 1 (3.3) 23 (76.7)a 26 (86.7) <0.001

Macrophage infiltration, % 3.1 (2.5; 4.3) 5.1 (3.7; 6.2)a 8.0 (5.0; 9.3)b <0.001

CGRP NFLD, mm22 121.5 (79; 182) 121 (58; 147) 155 (99; 202)b 0.12

Substance P NFLD, mm22 185.5 (98; 307) 176 (86; 260) 274.5 (162; 381)b 0.032

Abbreviations: BMI = bodymass index; CGRP = calcitonin gene-related peptide; ENG = electroneurografi; IENFD = intraepidermal nerve fiber density; NFLD =
nerve fiber length density; NP=DPN = nonpainful diabetic polyneuropathy; NRS = numeric rating scale; P-DPN = painful diabetic polyneuropathy; TCNS =
Toronto Clinical Neuropathy Score.
Results are presented as numbers with percentages or medians with interquartile range, except for age, which was normally distributed and is, therefore,
presented as means ± SD.
TCNS of >5 is defined as DPN.
a p < 0.05 between patients with NP-DPN and controls without diabetes.
b p < 0.05 between patients with P-DPN and those with NP-DPN.
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Patients with P-DPN had more SP-positive and CGRP-
positive nerve fibers, compared with patients with NP-DPN
and controls, but there was no difference between controls
and patients with NP-DPN (Table 1 and Figure 1). Examples
of confocal images of peptidergic fibers and macrophage
density are shown in Figure 2. When stratifying for sex, there
was still difference in macrophage density between patients
with P-DPN and patients with NP-DPN. There was a statis-
tically significant difference in CGRP-positive and SP-positive
nerve fibers when comparing patients with P-DPN and pa-
tients with NP-DPN for female patients but not male patients,
although male patients showed the same trend (Table 2).

We categorized participants according to the levels of mac-
rophages in the dermis and neuropeptide immunoreactive
sensory fibers (combining SP and CGRP) and defined these
as being below (low) and above (high) median values
(Table 3). Individuals with high macrophages and high neu-
ropeptides (SP or CGRP or both) were most likely to have
P-DPN. In groups with “low” macrophages or high macro-
phages and low neuropeptides, there was a lower proportion
with P-DPN.

Correlations With Clinical Symptoms and Signs
There was no correlation between pain intensity in the past 24
hours and SP (rhos,30 = 0.017, p = 0.93), CGRP (rhos,30
−0.063, p = 0.74), or macrophage density (rhos,30 = 0.072, p =
0.71) in patients with P-DPN. Neither was there a correlation
between macrophage density and neuropeptide infiltration

and NPSI sum score (data not shown). As reported earlier,
patients with P-DPN had more neuropathy severity, mea-
sured by the total TCNS, and more macrophage, SP, and
CGRP density compared with patients without P-DPN.
However, within the group of patients with P-DPN, there was
no correlation between neuropathy severity and macrophage
(rhos,30 = 0.07, p = 0.72), SP (rhos,30 = −0.04, p = 0.80), or
CGRP (rhos,30 = 0.06, p = 0.76) density.

Discussion
In this study of carefully phenotyped P-DPN and NP-DPN
(according to the established clinical criteria),24,25 we demon-
strated that patients with P-DPN had higher macrophage
density in the skin compared with patients with NP-DPN even
after adjusting for BMI, neuropathy severity, age, and sex. There
was an increasing gradient of macrophages in the skin of con-
trols relative to patients with NP-DPN and then patients with
P-DPN. In addition, consistent with our previous findings in
diabetic small fiber neuropathy, we found a higher concentra-
tion of peptidergic fibers (containing SP or CGRP) in skin
biopsies from patients with P-DPN compared with that in skin
biopsies fromNP-DPN. Taken together, these findings indicate
that it is possible to differentiate P-DPN from NP-DPN based
on macrophage density, SP, and CGRP immunoreactivity in
skin biopsies. Many factors are known to contribute to neuro-
pathic pain in diabetes; for reviews, see1,7,12,13,37, including the
release of the neuropeptides SP and CGRP from sensory nerve

Figure 1Dot Plot of Macrophage Density, Calcitonin Gene-Related Peptide, and Substance P in Controls, Patients With NP-
DPN, and Patients With P-DPN

*p < 0.05 between patients with P-DPN and patients with NP-DPN, **p < 0.05 between patients with NP-DPN and controls without diabetes. NP-PDN =
nonpainful diabetic polyneuropathy; P-DPN = painful diabetic polyneuropathy.
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terminals and inflammatory mediators from immune cells.13

Sensory neurons in the skin can, through the release of
CGRP and SP from their terminals, give rise to neurogenic
inflammation with vasodilatation and modulation of the
immune system. Conversely, peripheral terminals of noci-
ceptors can be activated by cytokines and chemokines re-
leased from immune cells such as resident macrophages (for
reviews, see ref. 13,38). A recent study showed that macro-
phages were required in the angiotensin II induction of
mechanical pain hypersensitivity in rodents through the
AT2R and TRPV1 channel on sensory nerves.18 These
findings of increased macrophages and increased CGRP-
expressing and SP-expressing nerve fibers in the skin of pa-
tients with P-DPN may be consistent with a role of the
immune system and neuropeptides in driving pain in DPN.
A study on macrophages in the skin of patients with

neuropathy of various causes, including DPN, found in-
creased cutaneous inflammatory cells including CD68-pos-
itive macrophages in the skin of patients with
polyneuropathy.39 In this study, we did not specifically
measure activated macrophages (for instance, using CD68
immunoreactivity or cytokine expression39). Although we
can comment on macrophage density, we are unable to
comment on activation status, and additional studies will be
needed to clarify this.

Peptidergic fibers are known to be implicated in nociception
and to directly contribute to neuropathic pain conditions.40,41

In this study, we found morphological evidence of increased
peptidergic fibers in patients with P-DPN (although not
reaching statistical significance in male patients), further
confirming our previous findings in an Italian cohort of

Figure 2 Staining Images

(A) IbA1+macrophages (red) in the dermis in a patient with P-
DPN (A.a) and in a healthy control (A.b), substance P (green)
in the dermis in a patients with P-DPN (B.a) and in a healthy
control (B.b), and calcitonin gene-related peptide (red) in
the dermis in a patient with P-DPN (C.a) and in a healthy
control (C.b). Scale bars: 50 μm. P-DPN = painful diabetic
polyneuropathy.
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patients with diabetic small fiber neuropathy.21 However,
contradictory to the findings in the Italian cohort study, we
did not find a correlation between the peptidergic nerve fiber
density and pain intensity. The reason for this is unclear, but
the major differences between the studies include different
methods when analyzing the peptidergic nerve fiber density
(stereological vs nonstereological counting methods) and
differences in nerve fiber involvement because the Italian
patients predominantly had involvement of small nerve fibers
and intact large fibers (whereas most of our population had
small and large fiber involvements).

There are some limitations in this study. Patients in this study
had only had diabetes for approximately 5 years, and of those

with painful symptoms, they reported a median pain intensity
of 5 on the NRS scale in the past 24 hours, and so, most did
not experience severe DPN.22 It is possible that with inclusion
of more severely affected patients with DPN, more pro-
nounced changes would have been observed. As already
mentioned, we did not measure other immune cell parameters
such as the activation status of macrophages and blood cyto-
kines. Nor did we include markers of LCs or quantify the total
dermal nerve fiber density. During the random selection of 30
patients from each patient group, we did not account for un-
even allocation of the sexes, which resulted in uneven distri-
bution of sex in the groups and may, therefore, have influenced
the findings, although we did stratify for sex in our analysis.

Study Funding
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(Grant number NNF14OC0011633), Novo Nordisk Foun-
dation (Grant number NNF18OC0052301).
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Table 2 Comparison Between Patients With NP-DPN and Those With P-DPN Stratified by Sex for Macrophages, CGRP,
and SP

Controls without diabetes Patients with NP-DPN Patients with P-DPN p Value for NP vs P-DPN

Females 19 (63.3%) 8 (26.7%) 15 (50%) —

Macrophage infiltration % 3.1 (2.5; 4.3) 5.0 (3.8; 6.4) 8.2 (5.0; 10.3) 0.018

CGRP NFLD, mm22 98 (64; 172) 123 (59; 137) 156 (124; 227) 0.024

SP NFLD, mm22 167 (98; 241) 176 (110; 197) 309 (204; 490) 0.033

Males 11 (36.7%) 22 (73.3%) 15 (50%) —

Macrophage infiltration % 3.0 (2.5; 4.7) 5.1 (3.6; 6.2) 6.6 (4.5; 9.3) 0.032

CGRP NFLD, mm22 141 (79; 221) 115 (56; 181) 154 (48; 202) 0.48

SP nerve fiber length density, mm22 218 (73; 408) 193 (86; 307) 216 (95; 364) 0.15

Abbreviations: CGRP = calcitonin gene-related peptide; NFLD = nerve fiber length density; NP-DPN = nonpainful diabetic polyneuropathy; P-DPN = painful
diabetic polyneuropathy; SP = substance P.
Results are presented as numbers with percentages or medians with interquartile range.

Table 3 Combination of Neuropeptide and Macrophage
Density in the Whole Group of 90 Participants
(Above and Under Median) and the Subset With
P-DPN

Neuropeptides
(CGRP or/and SP) Macrophages

Number
(%) with
combination (90)

Number (%)
with combination
having P-DPN (30)

High High 8 (8.9) 6 (75.0)

High High 7 (7.8) 5 (71.4)

High High 21 (23.3) 12 (57.1)

Low Low 23 (25.6) 4 (17.4)

High Low 6 (6.7) 1 (16.7)

Low High 9 (10.0) 1 (11.0)

High Low 11 (12.2) 1 (9.1)

High Low 5 (5.6) 0

Abbreviations: CGRP = calcitonin gene-related peptide; P-DPN = painful di-
abetic polyneuropathy; SP = substance P.
High = above average (median).
Low = under average (median).
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Abstract
Background and Objectives
The pathophysiology of chronic fatigue syndrome (CFS) and Q fever fatigue syndrome (QFS)
remains elusive. Recent data suggest a role for neuroinflammation as defined by increased ex-
pression of translocator protein (TSPO). In the present study, we investigated whether there are
signs of neuroinflammation in female patients with CFS and QFS compared with healthy women,
using PET with the TSPO ligand 11C-(R)-(2-chlorophenyl)-N-methyl-N-(1-methylpropyl)-
3-isoquinoline-carbox-amide ([11C]-PK11195).

Methods
The study population consisted of patients with CFS (n = 9), patients with QFS (n = 10), and
healthy subjects (HSs) (n = 9). All subjects were women, matched for age (±5 years) and
neighborhood, aged between 18 and 59 years, who did not use any medication other than
paracetamol or oral contraceptives, and were not vaccinated in the last 6 months. None of the
subjects reported substance abuse in the past 3 months or reported signs of underlying psy-
chiatric disease on the Mini-International Neuropsychiatric Interview. All subjects underwent a
[11C]-PK11195 PET scan, and the [11C]-PK11195 binding potential (BPND) was calculated.

Results
No statistically significant differences in BPND were found for patients with CFS or patients
with QFS compared with HSs. BPND of [11C]-PK11195 correlated with symptom severity
scores in patients with QFS, but a negative correlation was found in patients with CFS.

Discussion
In contrast to what was previously reported for CFS, we found no significant difference in BPND
of [11C]-PK11195 when comparing patients with CFS or QFS with healthy neighborhood
controls. In this small series, we were unable to find signs of neuroinflammation in patients with
CFS and QFS.
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Chronic fatigue syndrome (CFS) is characterized by a de-
bilitating fatigue without a known somatic cause that lasts for
at least 6 months and is often accompanied by headache, sore
throat, musculoskeletal pain, and neuropsychological symp-
toms, mainly impairments in memory and concentration.1

There is a strong female preponderance in CFS (; 75%).
Previous research on CFS investigating metabolism, hor-
mones, microbes, the immune system, and neuropsychology
failed to discover a unifying pathogenesis.2-6 Many patients
with CFS had a previous infectious disease and are considered
as postinfectious fatigue syndromes.7,8 Q fever fatigue syn-
drome (QFS) is such a postinfectious fatigue syndrome that is
characterized by a state of prolonged fatigue following ap-
proximately 20% of acute Q fever infections.9,10 The fatigue
lasts for at least 6 months and usually coincides with mus-
culoskeletal complaints, neurocognitive problems, sleeping
problems, headache, respiratory tract symptoms, and mood
disorders.9 In many ways, complaints of QFS are similar as to
those reported by patients with CFS, and like in CFS, the
pathophysiology of QFS is still unclear.11

Given the complaints that patients with CFS and patients with
QFS have, it is conceivable that both an inflammatory and neu-
rologic component contribute to their pathophysiology.5,12,13 A
hypothesis that connects these pathophysiologic components is
that of chronic low-grade neuroinflammation.5 Within the con-
text of this hypothesis, a peripheral inflammatory response, for
example, initiated byQ fever, ultimately extends to resident tissue
macrophages, that is, microglia, of the brain.14 Trained immunity
of microglia occurs following an inflammatory or noxious stim-
ulus. This initial stimulus elicits long-term changes that enable
these cells to produce an enhanced inflammatory response on a
second, nonspecific, stimulus. In this way, chronic low-grade
neuroinflammation may persist following a transient single in-
fectious insult.15 Microglia may be indirectly primed through
active and passive transport of cytokines across the blood-brain
barrier and stimulation of peripheral chemoreceptors of the vagal
nerve.16

Through investigation of inflammatory markers in CSF, MR
spectroscopy, and PET, several studies point toward neuro-
inflammation occurring in CFS.5,17-19 As microglial activation
is its trademark characteristic, visualizing neuroinflammation
is best done by PET neuroimaging using a radioligand that
binds to the, increased expression of, 18-kD translocator
protein (TSPO) in activated microglia and astrocytes.16 In
recent years, Nakatomi et al.5 showed that compared with
healthy subjects (HSs), patients with CFS exhibit an

increased PET signal, especially at the thalamus, showing
positive correlation with pain scores, when using the 11C-
(R)-(2-chlorophenyl)-N-methyl-N-(1-methylpropyl)-3-
isoquinoline-carbox-amide ([11C]-PK11195) ligand for
TSPO. These and other findings20,21 suggest that patients
with CFS exhibit neuroinflammation and that this phe-
nomenon warrants further investigation in the pathophysi-
ology of CFSs. Given the overlap in symptoms with patients
with CFS and apparent inflammatory etiology, we expect
patients with QFS to exhibit similar or more signs of neu-
roinflammation than patients with CFS.

This study aimed to confirm and further investigate a neu-
roinflammatory substrate in patients with CFS and QFS by
using the TSPO ligand [11C]-PK11195 for PET neuro-
imaging. Through analysis of questionnaires, we intended to
correlate findings of neuroinflammation with psychiatric and
physical well-being.

Methods
Study Population
The study population consisted of patients with CFS (n =
9), patients with QFS (n = 10), and HSs (n = 9). For
reasons of homogeneity, all subjects were women and
matched for age (±5 years) and neighborhood. All subjects
were aged between 18 and 59 years, did not use any med-
ication other than paracetamol or oral contraceptives, and
were not vaccinated in the last 6 months. None of the
subjects reported substance abuse in the past 3 months or
showed signs of underlying psychiatric disease, that is,
depression, bipolar disorders, anxiety, schizophrenia, psy-
chosis, or eating disorders on Mini-International Neuro-
psychiatric Interview.

All patients with CFS were diagnosed with CFS at the De-
partment of Internal Medicine and Expert Center for Chronic
Fatigue of the Radboud University Medical Center, Nijme-
gen, the Netherlands, after a uniform workup according to the
Fukuda 1994 criteria for CFS.1,22 They all had a score ≥40 on
the subscale fatigue severity of the Checklist Individual
Strength (CIS) questionnaire23 and a score ≥700 on the
Sickness Impact Profile 8 (SIP-8) questionnaire.24 None of
them experienced an acuteQ fever infection or were vaccinated
against Q fever in the past. Coxiella PCR and immunoglobulin
G (IgG) were not tested, and no data were collected on
whether an infection preceded CFS complaints.

Glossary
[11C]-PK11195 = 11C-(R)-(2-chlorophenyl)-N-methyl-N-(1-methylpropyl)-3-isoquinoline-carbox-amide; BDI-PC = Beck
Depression Inventory for Primary Care; BP = binding potential; CDC = Centers for Disease Control; CFS = chronic fatigue
syndrome; CIS = Checklist Individual Strength;HS = healthy subject; Ig = immunoglobulin;QFS = Q fever fatigue syndrome;
SIP-8 = Sickness Impact Profile 8; TSPO = translocator protein.
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All patients with QFS were diagnosed at the Radboud Expert
Center for Q fever, Nijmegen, the Netherlands, after a uni-
form workup according to the Dutch guideline on QFS di-
agnosis.25 All patients with QFS met the following diagnostic
criteria: (i) fatigue lasted ≥6 months; (2) sudden onset of
severe fatigue (defined as a score ≥40 on the subscale fatigue
severity of the CIS) or significant increase in fatigue, both
related to a symptomatic acute Q fever infection; (3) chronic
Q fever and other somatic or psychiatric causes of fatigue were
excluded; and (4) fatigue resulted in significant functional
impairment (defined as a total score ≥700 on the SIP-8
questionnaire). All patients with QFS tested negative on
Coxiella PCR and had IgG phase I or phase II titers ≥1:16, but
IgG phase I ≤ 1:512, and none of them showed serologic signs
of an acute or recent Q-fever infection, reflected by IgM an-
tibodies in the absence of IgG antibodies.

HSs were recruited based on age, sex, and neighborhood that
matched with both patients with QFS and CFS and had a
score ≤35 on the subscale fatigue severity of the CIS ques-
tionnaire and a score ≤450 on the SIP-8 questionnaire. Similar
to patients, HSs did not use any medication other than par-
acetamol or contraceptives and were screened for psychiatric
disease. None of the HSs had experienced acute Q fever in-
fection or were vaccinated for Q fever. Coxiella PCR and IgG
were not tested.

The sample size needed was estimated using the effect size
(Cohen d) as calculated from a previous [11C]-PK11195
study by Nakatomi et al. in 9 patients with CFS vs 10 HSs5

and the [11C]-PK11195 binding potential (BPND) in HSs
from a previous study performed by our group.26 Effect sizes
of the BPND for the different brain regions included by
Nakatomi et al.5 ranged from 1.4 (hippocampus) to 2.4
(midbrain). Using these effect sizes, the BPND in patients with
CFS was estimated from the BPND in HSs. For example, the
BPND of the hippocampus in HSs was 1.37 ± 0.30, leading to
an estimated BPND of 1.79 (effect size of 1.4) or 2.84 (effect
size of 2.4) in patients with CFS. Based on these estimations,
and using an alpha of 0.05 and a power of 0.80, it was esti-
mated that a group size of 9 (effect size of 1.4) to 3 (effect size
of 2.4) was sufficient for finding significant differences in the
BPND. Based on these calculations and the study by Nakatomi
et al., we have chosen a group size with a minimum of n = 9.

Questionnaires
All subjects were asked to fill out questionnaires, used in our
expert centers,23 on CFS aspects previously associated with
neuroinflammation, that is, depression, concomitant CFS
complaints, and fatigue:5,27

CIS, subscale on fatigue severity, assesses the severity of fa-
tigue, which is part of the inclusion criteria.23

SIP-8 assesses the influence of disease and/or health complaints
on functioning in daily life, which is part of the inclusion criteria.24

BDI-II-NL-PC Beck Depression Inventory for Primary Care
(BDI-PC, shortened) assesses depressive symptoms.28

Centers for Disease Control (CDC) CFS Symptom Inventory
Questionnaire, subscale on active complaints, assesses con-
comitant CFS symptoms.29

PET Imaging
Following testing for collateral blood flow and the injection of
1% lidocaine, a cannula was inserted in the radial artery to
allow for arterial blood sampling. In the other arm, a cannula
was placed in the antebrachial vein for the injection of [11C]-
PK11195. The PET scans were performed using the Biograph
mCT (Siemens Healthineers, Germany). Head movement
was minimized by using a head-restraining adhesive band.
After positioning in the camera, a low-dose CT scan was made
for attenuation and scatter correction. Hereafter, [11C]-
PK11195, produced under Good Manufacturing Practice
conditions as described earlier,26 was injected IV at a speed of
0.5 mL/s (total volume 8.3 mL). The injected dose of [11C]-
PK11195 was 367 ± 50 MBq (HSs, 370 ± 53 MBq; CFS, 375
± 37 MBq, QFS, 356 ± 55 MBq) with a molar activity of
>12,000 GBq/mmoL. Simultaneously with the start of the
injection, a 60-minute emission scan was started during which
arterial blood radioactivity was continuously measured with
an automated blood sampling system (COMECER Nether-
lands, the Netherlands). Five manual blood samples were
collected at 10, 20, 30, 45, and 60 minutes after [11C]-
PK11195 injection to determine the amount of radioactivity
in blood and plasma for calibration of the automated sampling
system. The manual blood samples taken at 20, 45, and 60
minutes were additionally used for analysis of the percentage
of intact [11C]-PK11195 in plasma, according to the pro-
cedure described previously.26 On the same day as the PET
scan, a T1-weighted MRI scan, using a MAGNETOM Prisma
(Siemens Healthineers, Germany), was made for anatomic
reference.

PET Data Analysis
The list-mode data from the PET scans were reconstructed
using the 3D OSEM algorithm (3 iterations and 24 subsets)
into 24 successive frames (7*10, 2*30, 2*120, 2*180, 5*300,
and 2*600 seconds). Image processing and pharmacokinetic
analysis were performed with PMOD software v4.1 (PMOD
Technologies Ltd., Switzerland). The summed PET image
(frame 1–24) was used for rigid registration of the individual
PET image to the individual MRI. The 6-tissue probability
map normalization of the individual MRI into the Montreal
Neurological Institute standard space was then performed and
applied to the corresponding PET image. Predefined volumes
of interest, based on the Hammers atlas,30 were transformed
back into individual PET space, and time activity curves were
generated.

The 2-tissue compartment model was used to obtain the non-
displaceable BPND of [11C]-PK11195, using the metabolite-
corrected plasma curve as the input function. The delay and the
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blood volume were individually fitted. It was assumed that the
distribution volume of the nondisplaceable compartment
(K1/k2) and the dissociation rate (k4) from the specific
binding site were equal for all regions. A coupled fitting was
performed for cortical regions that calculated a common K1/k2
and k4, which were then used to calculate an individual K1 and
k3 for all regions. The BPND was defined as k3/k4.

Statistical Analysis
Patient data were analyzed using GraphPad Prism (GraphPad
Software Inc., version 5.03). An ANOVA was used to de-
termine differences between groups. A Pearson correlation
was used to determine correlations between BPND of [11C]-
PK11195 in various brain regions and symptom severity
scores in patients with CFS and QFS. Statistical significance
was attained if p < 0.05.

Standard Protocol Approvals, Registrations,
and Patient Consents
All participants provided written informed consent, and the
study was approved by the Medical Ethical Review Com-
mittee of the University Medical Center Groningen (UMCG
NL51194.042.15).

Data Availability
The data sets used and/or analyzed during the current study are
available from the corresponding author on reasonable request.

Results
Patients and Controls
At the time of PET imaging, patients with CFS had a sig-
nificantly longer median duration of illness than patients
with QFS (240 vs 84 months, p = 0.01). The median age of
patients with CFS, patients with QFS, and HSs did not differ
significantly (Table 1). Other than the fact that patients with
CFS were significantly more functionally impaired than pa-
tients with QFS (p = 0.02), no significant differences in other
scores were found between patients with CFS and QFS
(Table 1).

BPND of [11C]-PK11195 in Various Brain Regions
The BPND of [11C]-PK11195 in various brain regions for
patients with CFS and QFS compared with HSs was not
significantly different (Figure 1 and Table 2). No differences
were found in BPND values comparing means of patients with
CFS and QFS with HSs for the cingulate (rostral anterior:
mean difference −0.33 [95% CI, −0.82 to 0.17] and −0.30
[95% CI, −0.77 to 0.17] with p = 0.30 and 0.33, respectively,
caudal anterior: mean difference −0.33 [95% CI, −0.83 to
0.16] and −0.20 [95% CI, −0.67 to 0.27] with p = 0.29 and
0.83, respectively, posterior: mean difference −0.32 [95% CI,
−0.85 to 0.22] and −0.18 [95% CI, −0.69 to 0.33] with p =
0.43 and 1.00, respectively), hippocampus (mean difference
−0.37 [95% CI, −0.90 to 0.16] and −0.23 [95% CI, −0.73 to
0.27] with p = 0.25 and 0.73, respectively), thalamus (mean
difference −0.32 [95% CI, −0.94 to 0.31] and −0.20 [95% CI,

−0.80 to 0.39] with p = 0.61 and 1.00, respectively), midbrain
(mean difference −0.40 [95% CI, −1.06 to 0.25] and −0.33
[95% CI, −0.95 to 0.29] with p = 0.38 and 0.54, respectively),
or pons (mean difference −0.44 [95% CI, −1.23 to 0.36] and
−0.30 [95% CI, −1.05 to 0.45] with p = 0.51 and 0.95, re-
spectively). In fact, as seen by the mean difference, BPND
values tended to be lower rather than higher for both patients
with CFS and QFS compared with HSs.

Correlation Between Symptom Severity Scores
and BPND of [11C]-PK11195
Significant correlations between symptom severity scores and
BPND of [11C]-PK11195 in various brain regions of both
patients with CFS and patients with QFS are shown in
eTable 1 (links.lww.com/NXI/A662). For patients with CFS,
the CDC questionnaire, subscale on complaints, and the CIS
questionnaire, subscale fatigue severity, correlated with BPND
in the caudate nucleus (−0.73, p < 0.05 and −0.78, p < 0.05,
respectively) (eTable 1) (Figure 2 and 3). For patients with
QFS, the CDC questionnaire, subscale on complaints, cor-
related with BPND in the brainstem (0.66, p < 0.05), caudal
anterior cingulate (0.64, p < 0.05), insula (0.65, p < 0.05),
amygdala (0.71, p < 0.05), and pons (0.69, p < 0.05), and the
CIS questionnaire, subscale on fatigue severity, correlated
with BPND in the orbitofrontal cortex (0.70, p < 0.05), middle
frontal gyrus (0.83, p < 0.01), inferior frontal gyrus (0.78, p <
0.01), superior frontal gyrus (0.64, p < 0.05), primary motor
cortex (0.74, p < 0.05), temporal lobe (0.78, p < 0.01), primary
somatosensory cortex (0.83, p < 0.01), and parietal lobe (0.77,
p < 0.01) (eTable 1) (Figure 2 and 3). In HSs, no significant
correlations were found between symptom severity scores and
BPND of [11C]-PK11195 (eTable 1).

Discussion
In this study, we aimed to investigate neuroinflammation in
patients with CFS and QFS by using the TSPO ligand [11C]-
PK11195 for PET neuroimaging. No signs of neuro-
inflammation were seen in either patients with CFS or QFS.
Our findings contradict previous findings in patients with CFS
by Nakatomi et al.5 who found significantly increased BPND
values in the cingulate, hippocampus, thalamus, midbrain, and
pons. Although no signs of neuroinflammation were found,
similar correlations between BPND of [11C]-PK11195 and
scores on questionnaires were found in the amygdala of pa-
tients with QFS, but not patients with CFS.

Although the setup of this study was similar to that of
Nakatomi et al.5, using the same TSPO ligand ([11C]-
PK11195), a number of important differences can be dis-
cerned. First of all, for reasons of homogeneity, our study only
included women. Around 75% of patients with CFS are fe-
male, and although the percentage of women in QFS is lower
(52%),11,31 we felt that we should avoid a sex effect in a study
with such a small sample size. Nakatomi et al. included
30%–40% males without presenting separate data for men
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and women.5,31 This is important as inflammatory responses
are generally higher in males.32 Also, in experimental mouse
studies of traumatic brain injury, male mice are more likely to
exhibit neuroinflammation compared with female mice.33

One could argue that neuroinflammation is more likely to
occur, and perhaps even persist, in males compared with fe-
males. However, if neuroinflammation is indeed present, the
high percentage of female patients with CFS contradicts with
this hypothesis. A second difference between our study and
that of Nakatomi et al. is that we distinguished patients with
CFS, with often heterogenic etiologies,5,31 from patients with
postinfectious fatigue syndrome, that is, patients with QFS.
Third, we used a neighborhood control group with healthy
women who were matched with patients with CFS and QFS
in terms of age and geographical area to accomplish optimal

matching and avoid bias due to confounding. Also, patients,
especially those with CFS, who were included in our study
had a longer duration of illness than those included in the
study by Nakatomi et al. (reported mean of 62.4 months).5

When using small numbers of included patients, as is the case
in both studies, subtle differences like these might contribute
to the different outcomes that are seen. This brings us to a fifth
and final difference, that is, the method used for determining
the binding of [11C]-PK11195. We used pharmacokinetic
binding with an arterial input function, whereas Nakatomi
et al. used the cerebellum as a reference region in reference
tissue modeling. We feel that the latter is methodologically
less sound as no brain region is devoid of TSPO, meaning that
the cerebellum is not an objective reference region, and the
cerebellum may actually be involved in the disease process.

Table 1 Characteristics of Female Patients With QFS, Patients With CFS, and HSs

Characteristics QFS (n = 10) CFS (n = 9) HSs (n = 9)

Age, y
Median (IQR)

43 (32–48) 43 (30–52) 41 (27–47)

Duration of symptoms, moa

Median (IQR)
84 (74–93) 240 (84–390) —

CIS subscale fatigue severity score mean ± SD 50 ± 4.7 49 ± 5.0 12 ± 5.1

SIP-8 total score, mean ± SD 1,432 ± 362 1890 ± 395 0 ± 0

BDI-II-NL-PC score, mean ± SD 2.1 ± 1.5 3.8 ± 2.7 0.0 ± 0.0

CDC subscale on complaints score, mean ± SD 16 ± 4.1 17 ± 4.5 1 ± 1.7

Abbreviations: CDC =Centers ForDisease Control; CFS = chronic fatigue syndrome; CIS = Checklist Individual Strength; HS =healthy subject; IQR = interquartile
range; QFS = Q fever fatigue syndrome; SIP-8 = Sickness Impact Profile 8, BDI-II-NL-PC = Beck Depression Inventory for Primary Care.
a Symptom duration: time onset of symptoms until blood sampling.

Figure 1 BPND of [11C]-PK11195 for Various Brain Regions in Patients With QFS, Patients With CFS, and HSs

Graph showing BPND of [11C]-PK11195 per brain region for patients with QFS, patients with CFS, and HSs. Data are depicted as mean ± SD. BPND =
nondisplaceable binding potential; CFS = chronic fatigue syndrome; HS = healthy subject; QFS = Q fever fatigue syndrome.
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Whether binding of the [11C]-PK11195 ligand is considered
enhanced, normal, or even lowered may be explained by this
difference in methodology.

Regarding the effect of disease duration, Hornig et al. pre-
viously reported that the inflammatory response, determined
by cytokine measurements, is lower in patients with CFS with
a long duration, that is, >39 months, of illness than in those
with a short duration, that is, <39 months, of illness.34 In a
previous study, however, we were unable to confirm these
findings.13 We found that patients with CFS, who had fatigue
for a median of 240 months, show less signs of neuro-
inflammation than patients with QFS, who were fatigued for a
median of 84 months. Given previous findings byHornig et al.

and our observation that HSs generally showed a stronger
signal of TSPO binding than patients, one could speculate
that neuroinflammation wanes off over time and is followed
by a refractory period with decreased expression of TSPO.
Furthermore, studies on peripheral inflammatory cell me-
tabolism in patients with CFS and QFS have repeatedly
shown that mitochondria of these cells are likely to be
affected.35-37 As TSPO is expressed in the outer mitochondrial
membrane, it could be conceived that its expression is simi-
larly affected in chronically fatigued patients. In liue of further
speculation, we implore a large longitudinal investigation of
TSPO expression in the mitochondrial membrane of chron-
ically fatigued patients and relate findings to symptom severity
scores.

Table 2 BPND of [11C]-PK11195 for Various Brain Regions in Patients With QFS and CFS Compared With HSs

Brain region
QFS
Mean (95% CI)

CFS
Mean (95% CI)

HS
Mean (95% CI)

QFS vs HS
Mean difference
(95% CI), p valuea

CFS vs HS
Mean difference
(95% CI), p valuea

Brainstem 1.49 (1.00–1.98) 1.42 (1.06–1.78) 1.79 (1.34–2.24) −0.30 (−1.00 to 0.40), 0.84 −0.37 (−1.11 to 0.37), 0.63

Orbitofrontal cortex 1.04 (0.77–1.31) 0.89 (0.60–1.18) 1.20 (0.93–1.48) −0.16 (−0.60 to 0.28), 1.00 −0.31 (−0.77 to 0.15), 0.28

Middle frontal gyrus 0.99 (0.66–1.32) 0.76 (0.48–1.04) 1.02 (0.69–1.35) −0.04 (−0.53 to 0.46), 1.00 −0.27 (−0.79 to 0.26), 0.61

Straight frontal gyrus 0.89 (0.66–1.12) 0.81 (0.54–1.09) 1.07 (0.82–1.32) −0.18 (−0.57 to 0.20), 0.70 −0.26 (−0.67 to 0.15), 0.35

Inferior frontal gyrus 1.05 (0.72–1.38) 0.81 (0.54–1.08) 1.09 (0.82–1.37) −0.44 (−0.51 to 0.42), 1.00 −0.29 (−0.78 to 0.21), 0.44

Superior frontal gyrus 0.88 (0.66–1.10) 0.71 (0.42–0.99) 1.02 (0.70–1.33) −0.14 (−0.56 to 0.28), 1.00 −0.31 (−0.75 to 0.14), 0.26

Primary motor cortex 0.92 (0.66–1.18) 0.70 (0.42–0.97) 0.99 (0.68–1.31) −0.08 (−0.51 to 0.36), 1.00 −0.30 (−0.76 to 0.16), 0.33

Rostral anterior cingulate 0.84 (0.59–1.09) 0.81 (0.55–1.07) 1.14 (0.75–1.53) −0.30 (−0.77 to 0.17), 0.33 −0.33 (−0.82 to 0.17), 0.30

Caudal anterior cingulate 1.04 (0.76–1.31) 0.91 (0.60–1.22) 1.24 (0.91–1.57) −0.20 (−0.67 to 0.27), 0.83 −0.33 (−0.83 to 0.16), 0.29

Posterior cingulate 1.14 (0.81–1.46) 1.00 (0.68–1.32) 1.32 (1.00–1.65) −0.18 (−0.69 to 0.33), 1.00 −0.32 (−0.85 to 0.22), 0.43

Insula 1.02 (0.74–1.30) 0.96 (0.69–1.23) 1.26 (0.93–1.58) −0.23 (−0.69 to 0.22), 0.60 −0.29 (−0.77 to 0.19), 0.39

Hippocampus 1.04 (0.71–1.37) 0.90 (0.62–1.19) 1.27 (0.95–1.60) −0.23 (−0.73 to 0.27), 0.73 −0.37 (−0.90 to 0.16), 0.25

Amygdala 1.01 (0.68–1.35) 0.98 (0.67–1.29) 1.28 (0.96–1.60) −0.26 (−0.77 to 0.25), 0.60 −0.30 (−0.83 to 0.24), 0.50

Temporal lobe 0.92 (0.67–1.16) 0.83 (0.58–1.09) 1.08 (0.76–1.39) −0.16 (−0.58 to 0.26), 1.00 −0.24 (−0.69 to 0.20), 0.52

Primary somatosensory cortex 0.87 (0.59–1.15) 0.65 (0.41–0.90) 0.95 (0.60–1.29) −0.08 (−0.53 to 0.38), 1.00 −0.30 (−0.77 to 0.18), 0.37

Parietal lobe 0.84 (0.62–1.10) 0.75 (0.51–0.99) 0.97 (0.63–1.32) −0.13 (−0.54 to 0.28), 1.00 −0.23 (−0.66 to 0.21), 0.58

Occipital lobe 0.95 (0.73–1.18) 0.94 (0.70–1.18) 1.15 (0.79–1.52) −0.20 (−0.63 to 0.23), 0.73 −0.21 (−0.66 to 0.24), 0.71

Caudate nucleus 0.47 (0.27–0.66) 0.42 (0.14–0.70) 0.61 (0.38–0.84) −0.14 (−0.50 to 0.22), 0.98 −0.19 (−0.57 to 0.19), 0.61

Nucleus accumbens 1.39 (0.96–1.81) 1.23 (0.87–1.58) 1.53 (1.19–1.88) −0.15 (−0.76 to 0.46), 1.00 −0.31 (−0.95 to 0.34), 0.69

Lentiform nucleus 1.17 (0.84–1.50) 1.09 (0.77–1.40) 1.44 (1.04–1.83) −0.26 (−0.80 to 0.27), 0.64 −0.35 (−0.91 to 0.22), 0.38

Thalamus 1.43 (1.01–1.84) 1.31 (1.02–1.61) 1.63 (1.24–2.02) −0.20 (−0.80 to 0.39), 1.00 −0.32 (−0.94 to 0.31), 0.61

Cerebellum 1.08 (0.78–1.38) 0.98 (0.68–1.28) 1.26 (0.92–1.59) −0.18 (−0.66 to 0.31), 1.00 −0.28 (−0.79 to 0.23), 0.52

Midbrain 1.45 (1.03–1.86) 1.38 (1.02–1.73) 1.78 (1.37–2.18) −0.33 (−0.95 to 0.29), 0.54 −0.40 (−1.06 to 0.25), 0.38

Pons 1.58 (1.04–2.11) 1.44 (1.05–1.83) 1.88 (1.41–2.34) −0.30 (−1.05 to 0.45), 0.95 −0.44 (−1.23 to 0.36), 0.51

Abbreviations: BPND = nondisplaceable binding potential; CFS = chronic fatigue syndrome; HS = healthy subject; QFS = Q fever fatigue syndrome.
Data are depicted as mean (difference) with 95% CI. A 1-way ANOVA with post hoc Bonferroni (a) was used for comparing QFS and CFS with HS.
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An inherent problem in CFS research is the presumed hetero-
geneity of the disorder. We addressed this problem in several
ways. As mentioned above, we only enrolled adult women.
Second, we used a validated test panel of instruments to assess
fatigue and disability. Third, we included a group of patients with
postinfectious fatigue related to antecedent Q fever (QFS). As in
the latter group, an infectious, and therefore inflammatory, eti-
ology was the precipitating factor, we would have expected this
group in particular to exhibit signs of neuroinflammation.
However, although BPND of [11C]-PK11195 was generally
higher than in patients with CFS, even in this well-defined group,
we could not detect neuroinflammation. For future perspective,
we should avoid previousmistakes in CFS research and continue
investigating neuroinflammation in chronic fatigue by using strict
and uniform in- and exclusion criteria, together with well-defined
control groups.4,38

Our study has some limitations. For reasons of homogeneity, we
chose to use the [11C]-PK11195 ligand as this was the ligand used
by the only neuroinflammation PET imaging study in CFS by
Nakatomi et al.5 Nowadays, a new generation of more sensitive
ligands such as [11C]-PBR28 and [18F]-DPA-714 are available,
and perhaps even preferable, when taking allelic dependence of
affinity into account.16 Using [11C]-PBR28 for example, signs of
neuroinflammation have been found in functional somatic syn-
dromes such as fibromyalgia andGulfWar Illness.27,39 The former
study includedmostly women, whereas the latter includedmostly
men, but with complaints for up to 30 years. Another limitation is
the large amount of correlations that were conducted, which
increases the risk of a type 1 error (whereas post hoc analyses
increase the risk of a type 2 error). A final limitation is the small
number of subjects included in both our study and the study by
Nakatomi et al. One could argue that a more sensitive new

Figure 2CorrelationBetweenBPNDof [11C]-PK11195 in Various Brain RegionsWithCISQuestionnaire, Subscale on Fatigue
Severity, Scores in Patients With QFS, Patients With CFS, and HSs

Scatter plots showing significant correlations between BPND of [11C]-PK11195 and fatigue severity, measured by the CIS questionnaire, subscale on fatigue
severity, for patients with QFS; in the orbitofrontal cortex (A, R = 0.70*), middle frontal gyrus (B, R = 0.83**), inferior frontal gyrus (C, R = 0.78**), superior
frontal gyrus (D, R = 0.64*), primary motor cortex (E, R = 0.74*), temporal lobe (F, R = 0.78**), primary somatosensory cortex (G, R = 0.83**), and parietal lobe
(H, R = 0.77**), and patients with CFS; in the caudate nucleus (I, R = −0.78*). BPND = nondisplaceable binding potential; CFS = chronic fatigue syndrome; HS =
healthy subject; QFS = Q fever fatigue syndrome. Statistical significance was attained if p < 0.05.
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Figure 3 Correlation Between BPND of [11C]-PK11195 in Various Brain Regions With CDC Questionnaire, Subscale on
Complaints, Scores in Patients With QFS, Patients With CFS, and HSs

Scatter plots showing significant correlations between BPND of [11C]-PK11195 and fatigue severity, measured by the CDC questionnaire, subscale on
complaints, for patientswithQFS; the brainstem (A, R = 0.66*), caudal anterior cingulate (B, R = 0.64*), insula (C, R = 0.65*), amygdala (D, R = 0.71*), andpons (E,
R = 0.69*), and patients with CFS; in the caudate nucleus (F, R = −0.73*). BPND = nondisplaceable binding potential; CDC = Centers for Disease Control; CFS =
chronic fatigue syndrome; HS = healthy subject; QFS = Q fever fatigue syndrome. Statistical significance was attained if p < 0.05.
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generation ligand would be better suited when using such small
numbers.40 Other than imploring a larger study or using more
sensitive TSPO ligands, we should keep an eye on current in-
vestigations on other targets thanTSPO for PETneuroimaging.41

In contrast to what was previously reported, our well-
controlled study shows no significant difference in BPND of
[11C]-PK11195 when comparing both patients with CFS and
QFS with HSs. A larger and preferably longitudinal study,
including both men and women together with well-matched
controls, is needed to confirm whether chronically fatigued
patients exhibit neuroinflammation. For this study, we pro-
pose using a new generation ligand with kinetic modeling via
an arterial input function.
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Abstract
Background and Objectives
Oral delayed-release dimethyl fumarate (DMF) is not recommended during pregnancy and
should only be used if the potential benefit justifies the potential fetal risk. Although DMF was
well tolerated in clinical trials with consistent safety results in postmarketing surveillance, data
are limited in pregnant women. The objective was to provide pregnancy outcomes and DMF
exposure information from an interim analysis from a prospective, international registry
(TecGistry; NCT01911767).

Methods
Women exposed to DMF from the first day of their last menstrual period before conception or
during pregnancy were evaluated. Data were obtained at enrollment; 6−7 months’ gestation; 4
weeks after estimated due date; and 4, 12, and 52 weeks after birth. Outcomes included live
births, gestational size, pregnancy loss, birth defects, and infant or maternal death after delivery.
Outcomes were analyzed cumulatively fromOctober 30, 2013 (the start of TecGistry), to April
8, 2020.

Results
Of 345 enrolled patients, median (range) age was 32 (20–43) years. The mean (SD) duration
of gestational weeks of DMF exposure was 4.9 (3.8). Most infants were full-term at birth (n =
249/274; 91%) and of average gestational size (n = 190/232; 82%). Of 351 outcomes, 277 were
live births; 17 (5%) spontaneous abortions (95% confidence interval [CI] 2.6%–7.1%), in-
cluding 1 (<1%) molar and 1 (<1%) ectopic pregnancy, were reported. There were 8 (2.9%
[95% CI 1.3%–5.6%]) adjudicator-confirmed birth defects among the 277 live births.

Discussion
Interim results from this large registry indicate that early DMF exposure was not significantly
associated with adverse pregnancy outcomes. Outcomes are consistent with previous smaller
reports and with the general population.
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The global prevalence of multiple sclerosis (MS) is 2 and up
to 4 times higher in women than in men1; a large proportion
of women with MS are of childbearing age.1,2 Delayed-release
dimethyl fumarate (DMF) is recommended for the treatment
of relapsing-remitting MS, but DMF is not recommended
during pregnancy. DMF should be used only if clearly needed
and if the potential benefit justifies the potential risk to the
fetus.3 As of June 30, 2021, >535,000 patients have been
treated with DMF, representing >1,100,000 patient-years of
exposure. No risk of fetal abnormalities or adverse pregnancy
outcomes has been observed in relation to DMF exposure in
clinical trials, which have shown 97 of 142 (68%) live births,
16 of 142 (11%) spontaneous abortions, 24 of 142 (17%)
elective terminations, and 5 of 142 (4%) preterm births
(Biogen, Periodic Safety Update Report, May 24, 2018).
Nonetheless, additional data are needed from the post-
marketing setting.4

There is no known adverse association or mechanism of ac-
tion related to DMF with pregnancy outcomes. However, a
large proportion of women diagnosed with MS are of child-
bearing age. Therefore, a global registry was established to
evaluate whether DMF exposure may affect pregnancy and
infant outcomes. Study coordinating centers in 8 countries are
enrolling DMF-exposed pregnant women into an ongoing,
prospective, observational, international registry (TecGistry;
NCT01911767) to assess pregnancy and infant outcomes.
We report results from an interim analysis of the registry as of
April 8, 2020.

Methods
Participants included pregnant women with MS exposed to
DMF since the first day of their last menstrual period before
conception or during pregnancy. Women were excluded if
diagnosed with abnormalities in prenatal testing or the
pregnancy outcome was known at enrollment. Specifically,
the evidence of abnormalities found in an ultrasound, am-
niocentesis, or maternal serum alpha-fetoprotein/serum
would exclude the patients. In addition, the following spe-
cific infectious diseases would exclude patients: rubella (by
titer), toxoplasmosis (by screening), venereal disease research
laboratory (rapid plasma screen), hepatitis B (by screening),
or triple screen. Otherwise, patients were included and any
other potential confounders or causes of abnormalities would
be handled analytically. The number of pregnancy outcomes
needed to detect a prevalence risk ratio of 2.9 with 80% power
was 300. Evaluations consisted of live births (premature birth
[<37 weeks] and full-term birth); pregnancy loss (elective or
therapeutic pregnancy terminations, spontaneous abortions,
and fetal death, including still birth); ectopic and molar

pregnancies, birth defects, or congenital anomalies (including
minor anomalies) occurring at age ≤52 weeks; any infant
death occurring at age ≤52 weeks; and any maternal death
occurring ≤12 weeks after delivery. Data were collected at
enrollment; 6–7 months of gestation; 4 weeks after estimated
delivery date; and 4, 12, and 52 weeks after birth. No in-
formation on breastfeeding with DMF or associated out-
comes were collected. Outcomes were analyzed cumulatively
from October 30, 2013 (the start of TecGistry), to April 8,
2020. The methods used to increase enrollment included
increasing the number of coordinating centers, ensuring in-
ternal follow-up on pharmacovigilance reports as permitted
by local legislation, and improving digital and social outreach
to generate greater awareness of the registry in accordance
with local guidance and laws.

Potential birth defects were adjudicated by an external ter-
atology expert and classified according to both the Metro-
politan Atlanta Congenital Defects Program and/or the
European network for the surveillance of congenital anom-
alies schemas. Gestational size was classified based on the
World Health Organization or country-specific growth
charts as small (birth weights <2,500 g), appropriate (birth
weights 2,500–4,000 g), or large (birth weights >4,000 g).
Percentages associated with gestational age and size were
based on births with available data. This interim analysis was
descriptive in nature. The prevalence of birth defects and
95% confidence intervals (CIs) for the registry population
were calculated for this interim analysis. The Clopper-
Pearson exact CIs were implemented.

Standard Protocol Approvals, Registrations,
and Patient Consents
Participating physicians obtained centralized and/or local
ethics committee approval of the protocol, informed consent
form, and other required study documents before starting the
study. The study was conducted in accordance with the In-
ternational Conference on Harmonisation and Good Phar-
macovigilance Practices guidelines. In accordance with the
Declaration of Helsinki, strict respect was given to the pa-
tients’ privacy; physical, mental, and social integrity; and
confidentiality of personal information.

Patient consent (written or verbal per local regulations) was
obtained by the reporting healthcare provider, investigator, or
coordinating center (if permitted by local regulations) before
the patient’s enrollment in the registry. If the patient was a
minor, written consent was obtained from the parent or legal
guardian. A release of medical information was obtained from
the patient to permit the coordinating center or reporting
healthcare provider to contact healthcare providers related to

Glossary
DMF = dimethyl fumarate; CI = confidence interval; MS = multiple sclerosis.
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the pregnancy (e.g., the patient’s obstetric health care pro-
vider). A release of medical information was also obtained by
the enrolling healthcare provider from the parent or the in-
fant’s personal representative so that the coordinating center
or reporting healthcare provider could contact the pediatric
healthcare provider.

Data Availability
This trial is registered on ClinicalTrials.gov (NCT01911767).
The data sets generated during this study are available on
request through the Biogen Data Request Portal (bio-
genclinicaldatarequest.com).

Results
Of 345 enrolled patients in this pregnancy registry, there were
351 known or anticipated outcomes (Figure): 243 from
Germany, 65 from the United States, 16 from the United
Kingdom, 9 from Italy, 8 from Australia, and 2 each from
Canada and Ireland. Mean (SD) gestational week of enroll-
ment was 11.9 (8.1). Earliest DMF exposure occurred in the
first (>99%; 341/342) and second (<1%; 1/342) trimesters in
the 342 womenwith a known exposure date (Table 1). Of 351
observed or expected pregnancy outcomes, 17 (5%) sponta-
neous abortions, including 1 ectopic and 1 molar pregnancy,
were reported (Table 2). One neonatal death was reported,
and no maternal or perinatal deaths were reported.

The median (range) duration of gestational DMF exposure
was 5 weeks (0–40), and more than 99% of pregnancies were
only exposed to disease-modifying therapy in the first tri-
mester (Table 1). There were 277 live births; of these, 7 were
from 4 sets of twin pregnancies. Of live births with known
results, most infants were full-term at birth (n = 249/274;
91%) and 25 (9%) were premature. Of the 232 infants with
neonatal weight data, 26 (11%) were classified as small,
190 (82%) as appropriate, and 16 (7%) as large. Of 277 live
births, there were 8 (2.9% [95% Clopper-Pearson exact
CI 1.3%–5.6%]) confirmed birth defects (Table 2).

Eighty-six percent (232/271) of women indicated they
breastfed their infants at any time after birth.

Discussion
Interim results from this large, international registry indicate
that DMF exposure in the first trimester was not significantly
associated with adverse pregnancy outcomes. The proportion
of spontaneous abortions is less than that reported in MS
clinical trials (8%)4 and in the general US population
(12%–16%).5 Compared with the 3% of birth defects repor-
ted in the registry, birth defects are detected in 4% of people
with MS6 and in 2%–5% of the general population.7 The
prevalence of ventricular septal defect is estimated to range
from 192 to 1,045 per 100,000 live births,8-10 whereas the
prevalence in this registry was 722 per 100,000 live births.

Most women indicated they breastfed their infants. Very low
excretion of DMF in breast milk has been demonstrated by 2
recent case reports.11 This is currently under investigation.

There are several limitations to this analysis. At the time of this
data cut and analysis, 300 pregnancy outcomes (the targeted

Figure Patient Disposition

a Somepregnancies resulted inmultiple (twin) births. b Knownor anticipated
outcomes; missing patients may have known pregnancy outcomes but
further follow-up is in progress or not yet complete. c Percentages based on
births with available birth status n = 296 because 1 patient hadmissing data.

Table 1 Patient Characteristics at the Time of Enrollment
and DMF Exposure

Characteristic All patients (N = 345)

Median (range) age, y 32 (20–43)

Median (range) education, y 14 (9–23)

Employment status, n (%)a

Full-time 173 (53)

Part-time 90 (27)

Unemployed 66 (20)

Earliest trimester of DMF
exposure, n (%)b

First 341 (>99)

Second 1 (<1)

Third 0

Gestational wk at enrollmentc

Mean (SD) 11.9 (8.1)

Median (range) 9 (0.0–39.3)

Duration of gestational weeks of
DMF exposurec

Mean (SD) 4.9 (3.8)

Median (range) 5 (0-40)

Abbreviation: DMF = delayed-release dimethyl fumarate.
a n = 329.
b n = 342.
c n = 344.
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number of patients needed to detect a prevalence risk ratio of 2.9
with 80% power, assuming an expected prevalence of birth de-
fects of 2.2%) had not been observed, limiting the potential to
draw final conclusions. Subsequent enrollment and follow-up of
pregnancies will enable more detailed and robust analyses. Most
exposure occurred in the first trimester with only a single preg-
nant woman and fetus exposed in the second trimester, sug-
gesting minimal exposure to DMF during pregnancy and in
utero in this registry. Thus, limited conclusions can be made
about long-term DMF exposure during pregnancy or in utero.
The results are also limited by the potential for underestimation

of spontaneous abortions. Although TecGistry is an in-
ternational registry, 70% of participants are from Germany, thus
potentially limiting the transferability of these results to other
countries.

Interim results from this large, international registry indicate
that DMF exposure in the first trimester was not significantly
associated with adverse pregnancy outcomes. The outcomes
are consistent with previous reports of smaller groups of
patients.4,5 Ongoing recruitment to this registry will allow the
publication of outcomes up to 1 year of age and provide
essential information on pregnancy outcomes among women
exposed to DMF during pregnancy.
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Table 2 Incidences of Pregnancy and Infant Outcomes

Maternal and fetal deaths Outcomes, n (%)

Maternal death (N = 351) 0

Fetal deaths (N = 296)a

Elective or therapeutic pregnancy
termination

0

Loss of fetus 19 (6)

Spontaneous abortion, (95% CI)b 17 (6), (2.6, 7.1)

Ectopic pregnancy 1 (<1)

Molar pregnancy 1 (<1)

Still birth (≥28 wk of gestation) 1 (<1)

Unknown, pending further follow-up 1 (<1)

Infant deaths and birth defects (N = 277) Outcomes, n (%)

Neonatal death (occurring <28 d of life) 1 (<1)c

Perinatal death (occurring ≥28 d to
<12 wk of life)

0

Infant death (occurring ≥12–52 wk of life) 0

Adjudicator-confirmed birth defects, n (%) 8 (3)d

Ventricular septal defect 2

Congenital hydronephrosis 1

Premature newborn with multiple
birth defectse

1

Pyloric stenosis 1

Transposition of the great vessels 1

Unilateral developmental dysplasia
of the hip

1

Ureter duplication 1

a Percentages in this category based on based on pregnancies with known
outcomes.
b Spontaneous abortionwasdefined as any loss of a fetus because of natural
causes at <22 weeks of gestation.
c The infant was born with genetic defect and multiple anomalies.
d For the specified defects of ventral septal defect, pyloric stenosis, trans-
position of the great vessels, congenital hydronephrosis, hip dysplasia,
ureter duplication, and multiple potential anomalies, particular studies in
the population live-born to mothers with multiple sclerosis were not
available.
e Multiple defects applied to 1 infant (transposition and patent ductus
arteriosus).

4 Neurology: Neuroimmunology & Neuroinflammation | Volume 9, Number 1 | January 2022 Neurology.org/NN

https://nn.neurology.org/content/9/1/e114/tab-article-info
http://neurology.org/nn


References
1. Walton C, King R, Rechtman L, et al. Rising prevalence of multiple sclerosis

worldwide: insights from the Atlas of MS. Mult Scler. 2020;26(14):
1816-1821.

2. Wallin MT, Culpepper WJ, Campbell JD, et al. The prevalence of MS in the United
States: a population-based estimate using health claims data.Neurology. 2019;92(10):
e1029-e1040.

3. EuropeanMedicines Agency.Annex I Summary of Product Characterisitcs [online]. Accessed
26 March, 2021. ema.europa.eu/en/medicines/human/EPAR/tecfidera#product-
information-section

4. Gold R, Phillips JT, Havrdova E, et al. Delayed-release dimethyl fumarate and
pregnancy: preclinical studies and pregnancy outcomes from clinical trials and
postmarketing experience. Neurol Ther. 2015;4(2):93-104.

5. Lang K, Nuevo-Chiquero A. Trends in self-reported spontaneous abortions: 1970-
2000. Demography. 2012;49(3):989-1009.

6. Ramagopalan SV, Guimond C, Criscuoli M, et al. Congenital abnormalities and
multiple sclerosis. BMC Neurol. 2010;10:115.

7. Centers for Disease Control and Prevention (CDC). Update on overall prevalence of
major birth defects—Atlanta, Georgia, 1978-2005. MMWR Morb Mortal Wkly Rep.
2008;57(1):1-5.
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Abstract
Background and Objectives
To determine the frequency of hypogammaglobulinemia and infections in patients with
multiple sclerosis (PwMS) receiving rituximab (RTX).

Methods
This prospective observational study included all consecutive PwMS receiving RTX at the
university hospital of Marseille, France, between 2015 and 2020. Patient visits occurred at least
every 6 months.

Results
We included 188 patients (151 with relapsing-remitting MS; the mean age was 43.4 years [SD
12.9], median disease duration 10 years [range 0–36], median Expanded Disability Status Scale
5 [range 0–8], median follow-up 3.5 years [range 1–5.8], and median number of RTX infusions
5 [range 1–9]). Overall, 317 symptomatic infections and 13 severe infections occurred in 133 of
188 (70.7%) and 11 of 188 (5.9%) patients, respectively. After 4 years, 24.4% of patients (95%
CI 18.0–33.1) were free of any infection and 92.0% (95% CI 87.1–97.1) had not experienced a
severe infection. At RTX onset, the immunoglobulin G (IgG) level was abnormal in 32 of 188
(17%) patients. After RTX, IgG level was <7, <6, <4 and <2 g/L for 83 (44%), 44 (23.4%), 8
(4.2%) and 1 (0.53%) patients, respectively. The risk of infection was associated with reduced
IgG levels (multivariate Cox proportional hazards hazard ratio [HR] = 0.86, 95% CI 0.75–0.98,
p = 0.03). The risk of reduced IgG level <6 g/L increased with age (HR = 1.36, 95% CI
1.05–1.75, p = 0.01).

Discussion
In PwMS receiving RTX, reduced IgG level was frequent and interacted with the risk of
infection.
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B-cell depleting therapy is highly effective against relapsing forms
of multiple sclerosis (MS).1,2 Nonetheless, among disease-
modifying therapies for MS, B-cell depleting therapy is associ-
ated with the highest risk of infection.3 Treatment-induced
hypogammaglobulinemia contributes to infections in patients
with rheumatologic and hematologic diseases and neuromyelitis
optica disorders treated with B-cell depleting therapy.4-6 We do
not know whether treatment-induced hypogammaglobulinemia
could also be involved and be harmful in patients with MS
(PwMS), who are generally younger and with fewer comor-
bidities than those with other diseases. Pivotal studies1,7 have
demonstrated that hypogammaglobulinemia is infrequent in
PwMS during the first years of treatment, but little is known
about its potential medium-term incidence in nonselected pa-
tients nor about its interaction with the risk of infection.

We report the incidence of hypogammaglobulinemia and
infections in PwMS receiving rituximab (RTX) in the MS
center of Marseille, France, and followed since their first
infusion.

Methods
Study Population
We started to use RTX off-label for PwMS in the MS center of
Marseille in 2015. All consecutive patients were prospectively
included in an observational study. The induction treatment
consisted of 1,000 mg infused twice at 2-week intervals. The
maintenance regimen consisted of a single infusion of 1,000mg
administered every 6 months until 2018. After 2018, our de-
partment changed the clinical practice concerning the dosing
interval used for off-label RTX in relapsing-remitting MS (see
reference 8 formore details).We extended the interval between
2 infusions beyond 6months and up to 24months, maintaining
clinical visits every 6 months and MRI monitoring at least
annually.

Medical Visits
Patients visited the center for each RTX infusion, in case of
relapse or adverse events, and at least every 6 months. In case
of fever, patients had to inform our department at any time.
All examinations were performed by the same neurologist of
our department (A.R., C.B., A.M., J.P., or B.A.) and included a
standardized screening for infection, the most frequent po-
tential adverse event associated with RTX. All infections were
graded by using the Common Terminology Criteria for Ad-
verse Events v4.0: grade 1, asymptomatic; grade 2, localized or
noninvasive intervention indicated; grade 3, intravenous an-
tibiotic, antifungal, or antiviral drugs indicated, interventional
radiology or surgical intervention indicated; grade 4, life-
threatening events; and grade 5, death. To be retained as a

symptomatic infection (grade ≥ 2), a clinical event must be
characterized by physical signs suggestive of infection and
fever or positive radiographic or positive laboratory findings.

Serum Levels of Immunoglobulins
Immunoglobulin (Ig) levels were measured before RTX onset
and at least every 6 months. Four categories of IgG levels were
defined: normal level, ≥7 g/L; reduced IgG level 1, 6–7 g/L;
reduced IgG level 2, 4–6 g/L; reduced IgG level 3, 2–4 g/L;
and reduced IgG level 4, ≤2 g/L. Corresponding levels for
IgM were <0.4 g/L and for IgA <0.7 g/L.

Statistical Analysis
Multivariate Cox proportional hazard models for recurrent
events were used to assess the risk of symptomatic infection.
Variables tested were age, disease duration, Expanded Dis-
ability Status Scale (EDSS) score, sex, and levels of Igs. To
account for intraindividual correlation of observations, we
included patient ID as a cluster variable. We investigated the
occurrence of reduced Ig levels during RTX treatment with
similar multivariate models. Hazard ratios (HRs) and 95%CIs
were computed for the following variables: age, sex, and
disease-modifying therapy with an immunosuppressive action
before RTX. We used the Schoenfeld test to check for pos-
sible violations of the proportional hazard model. R v4.0.2,
including the survival package, was used for statistical analysis,
and p < 0.05 was considered statistically significant.

Standard Protocol Approvals, Registrations,
and Patient Consents
The authors obtained ethical approval of the institutional re-
view board of the university hospital of Marseille, France (ap-
proval no.: RGPD/Ap-Hm 2021-19), to conduct this study.

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
In total, 188 patients received RTX and were followed in our
department since 2015; 151 (80.5%) had relapsing-remitting
MS, 20 (10.5%) secondary progressive MS, and 17 (9%)
primary progressive MS. RTX was used as first-line therapy in
18 patients; 159 (84.6%) patients received at least 1 disease-
modifying therapy with an immunosuppressive action before
RTX. At RTX onset, the mean age of patients was 43.4 years
(SD 12.9), sex ratio 1.7 (F/M; 118/70), median disease du-
ration 10 years (range 0–36), and median EDSS score 5

Glossary
EDSS = Expanded Disability Status Scale;HR = hazard ratio; Ig = immunoglobulin;MS = multiple sclerosis; PwMS = patients
with multiple sclerosis; RTX = rituximab.
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Figure Time in Years to First Infection or Hypogammaglobulinemia and Predictors

Time in years to first symptomatic infection (Common Terminology Criteria for Adverse Events v4.0, grade ≥2) (A) first severe infection (grade ≥3), (C) first reduced
serum immunoglobulin G (IgG) level <6 g/L, (D) and first reduced serum immunoglobulin M (IgM) level <0.4 g/L in patients with multiple sclerosis treated with
rituximab (RTX) (G). Predictors of symptomatic infections, (B) severe infections, (D) hypogammaglobulinemia of IgG and IgM after RTX onset, (F) and (H)
respectively. Reduced IgA level <0.7 g/L was uncommon at baseline and during the follow-up (figure not reported). A similar model for IgM did not detect any
association between the serum level and infections (figure not reported). Data in B, D, F andH are hazard ratios (HRs) (95%CIs). AgeDec = age per decade; EDSS =
Expanded Disability Status Scale score; SEXM = sex male; TRT_IS_preO = treatment with an immunosuppressive action before RTX onset.
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(range 0–8). The median follow-up after the first RTX in-
fusion was 3.5 years (range 1–5.8), and the median number of
RTX infusions 5 (range 1–9).

Eleven patients stopped RTX during the follow-up because of
severe infection (n = 5), hypogammaglobulinemia (n = 1),
psoriasis (n = 1), inflammatory bowel disease (n = 1), stroke
(n = 1), myocardial infarction (n = 1), and toxidermia (n = 1).
Eight patients were lost to follow-up.

Frequency of Reduced Levels of Igs
Before and after RTX onset, 32 (17%) and 83 (44%) of the 188
patients showed reduced IgG level <7 g/L, 14 (7.4%) and 44
(23.4%) reduced IgG level <6 g/L, 1 (0.53%) and 8 (4.2%)
reduced IgG level <4 g/L, and none and 1 (0.53%) reduced IgG
level <2 g/L (Figure). At baseline, 26 (14.1%) patients had an
IgM level <0.4 g/L, but no patient had a level <0.2 g/L. During
the follow-up, 16 (8.6%) patients had an IgM <0.2 g/L and 67
(35.8%) from 0.2 to 0.4 g/L. Reduced IgA level <0.7 g/L was
uncommon at baseline (n = 10, 5.4%) and during the follow-up
(n = 23, 12.3%).

Frequency of Infections After RTX Onset
After RTX onset, 133 of 188 (70.7%) and 11 of 188 (5.9%)
patients had 317 symptomatic infections (grade ≥2) and 13
severe infections (grade ≥3), respectively, with a median
number of symptomatic infections per patient of 1 (range
0–16) (Table). Half of the patients had at least one infection
after 1.5 years. After 4 years, 24.4% of patients (95% CI
18.0–33.1) were free of any infection and 92.0% (95% CI
87.1–97.1) had not experienced a severe infection.

Predictors of Symptomatic Infection and
Hypogammaglobulinemia After RTX
High IgG level was associated with the reduced risk of in-
fection (HR = 0.86, 95% CI 0.75–0.98, p = 0.029), with no
predictive value of age (HR = 0.89, 95% CI 0.75–1.05, p =
0.162), EDSS score (HR = 0.83, 95% CI 0.64–1.07, p =
0.143), male sex (HR = 0.86, 95%CI 0.60–1.24, p = 0.415), or
interaction between IgG level and EDSS score (HR = 1.02,
95% CI 0.99–1.05, p = 0.122). Similar models for IgM did not
detect any association between serum levels and infections.
The risk of reduced IgG level <6 g/L increased with age (HR
= 1.36, 95% CI 1.06–1.75, p = 0.016) but was not associated
with sex (HR = 1.05, 95% CI 0.52–2.11, p = 0.902) or history
of immunosuppressive treatment (HR = 1.17, 95% CI
0.46–3.02, p = 0.742). IgM level <0.4 g/L was more common
in men vs women (HR = 1.98, 95% CI 1.28–3.04, p = 0.002)
but was not associated with age (HR = 1.07, 95% CI
0.90–1.28, p = 0.421) or history of immunosuppressive
treatment (HR = 1.33, 95% CI 0.69–2.56, p = 0.392). All
patients with IgA level <0.7 g/L had a history of immuno-
suppression, but sex and age were not associated. All HRs
were stable over time.

Discussion
In our study, 23.4% and 4.2% of PwMS, who received a me-
dian number of 5 RTX cycles (range 1–9), showed reduced
IgG level <6 and <4 g/L. During this period, 70.7% of patients
experienced at least 1 symptomatic infection and 5.9% at least
1 severe infection. Importantly, we demonstrate that IgG level
interacted with the risk of infection.

Recently, data were published from the open-label extension of
the phase 3 study testing ocrelizumab in relapsing-remittingMS.9

The study revealed that at 5 years, 5.4% of the patients who
completed the study had an IgG level <5.68 g/L. However, the
authors did not compare the incidence of reduced IgG level
between patients who received ocrelizumab from the study onset
(5 years) or after 3 years. Moreover, the frequency of hypo-
gammaglobulinemia reported at 5 years may be underestimated
owing to a potential high incidence of reduced IgG level in
patients who did not complete the study. In a recent retrospective
study of a large sample of PwMS receiving RTX or ocrelizumab,
3.7% showed a reduced IgG value < 5 g/L after a mean exposure
of 29.7 months (SD 21).10 As we demonstrated, this study found
that IgG level interacted with the risk of infection.

The observational design of this study and the absence of a
control group prevent firm conclusions about the incidence of
hypogammaglobulinemia and infections directly related to
treatment. Moreover, the rather short observation time might
have restricted the ability to detect an increase in risk of
hypogammaglobulinemia with longer treatment duration.
However, the present findings highlight the need to regularly
monitor Ig levels in PwMS receiving B-cell depleting therapy
to potentially reduce the risk of infection.

Table Symptomatic Infections (Common Terminology
Criteria for Adverse Events v4.0 grade ≥ 2),
Including 13 Severe Infections (grade ≥3), After
Rituximab (RTX) Treatment

Type of infection Episodes

Urinary tract infection 132 (41.5%)

Upper respiratory tract infection 82 (26%)

Lower respiratory tract infection 44 (14%)

Skin infection 24 (7.5%)

Gastrointestinal infection 10 (3%)

Genital infection 10 (3%)

Nonlocalized infectious syndrome 7 (2%)

Buccodental infection 6 (2%)

Ocular infection 1 (0.5%)

Enterovirus meningitis 1 (0.5%)

Total 317

Severe infections included 5 urinary tract infections, 3 lower respiratory
tract infections, 1 ocular infection, 1 enterovirus meningitis, 1 upper re-
spiratory tract infection, 1 gastrointestinal infection, and 1 skin infection.
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Hôpital de la Timone, Pôle
de Neurosciences
Cliniques, Service de
Neurologie, Marseille,
France

Major role in the acquisition
of data

Adil
Maarouf,
MD, PhD

Aix Marseille Univ, APHM,
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Abstract
Background and Objectives
To investigate whether the formation or retention of meningeal ectopic lymphoid tissue
(mELT) can be inhibited by the sphingosine 1-phosphate receptor 1,5 modulator siponimod
(BAF312) in a murine model of multiple sclerosis (MS).

Methods
A murine spontaneous chronic experimental autoimmune encephalomyelitis (EAE) model,
featuring meningeal inflammatory infiltrates resembling those in MS, was used. To prevent or
treat EAE, siponimod was administered daily starting either before EAE onset or at peak of
disease. The extent and cellular composition of mELT, the spinal cord parenchyma, and the
spleen was assessed by histology and immunohistochemistry.

Results
Siponimod, when applied before disease onset, ameliorated EAE. This effect was also present,
although less prominent, when treatment started at peak of disease. Treatment with siponimod
resulted in a strong reduction of the extent of mELT in both treatment paradigms. Both B and
T cells were diminished in the meningeal compartment.

Discussion
Beneficial effects on the disease course correlated with a reduction in mELT, suggesting that
inhibition of mELTmay be an additional mechanism of action of siponimod in the treatment of
EAE. Further studies are needed to establish causality and confirm this observation in MS.
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Although the options to treat relapsing multiple sclerosis
(RMS) have dramatically increased and improved over the
last 2 decades, the options to treat secondary progressive MS
(SPMS) are still very limited. To date, the next-generation
sphingosine 1-phosphate receptor (S1PR) 1,5 modulator
siponimod (BAF312) is, among the agents approved for the
treatment of SPMS, that with themost convincing clinical trial
results. The EXPAND trial demonstrated the efficacy of
siponimod in reducing 3-month confirmed disability pro-
gression and brain atrophy compared with placebo in SPMS.1

An important limitation in the advancement of SPMS thera-
pies is our insufficient understanding of what drives pro-
gression in MS. Impaired remyelination, mitochondrial
failure, and membrane channel dysfunction may result in in-
creasingly vulnerable axons and subsequent neuronal de-
generation. This process may be driven by compartmentalized
chronic inflammation, occurring behind an, compared with
RMS, increasingly impermeable blood-brain barrier (BBB),
supported by B and T cells and activated microglia.2,3

Leukocytic infiltrates, forming meningeal ectopic lymphoid
tissue (mELT) in MS, have first been described in the brain
and spinal cord in patients with SPMS.4,5 They are associated
with an early disease onset, subpial cortical demyelination,
cortical atrophy, and a rapid disease progression.6-9 Re-
sembling secondary lymphoid organs (SLOs), ectopic lym-
phoid tissue (ELT) in general andmELT in particular consists
of B and T cells, other immune cells, and stromal cells, with
varying degrees of organization, ranging from dense cell
clusters to highly organized structures.10-12 According to its
putative function, which includes affinity maturation of
B cells,13 mELT may be regarded as tertiary lymphoid tissue.
Thus, mELT represents a potential therapeutic target in MS.

Lymphocyte egress from lymphoid organs is dependent on
the S1PR 1.14-16 S1PR modulators, such as siponimod, in-
terfere in this process and hereby, potentially, in the formation
of ELT. The lipophilic small molecule siponimod crosses the
BBB,17 easily reaching the meningeal space and CNS paren-
chyma, even in later stages of MS, when the BBB is restored.

In this study, we investigated whether siponimod was able to
prevent or deplete mELT in a B- and T-cell–dependent
spontaneous chronic experimental autoimmune encephalo-
myelitis (EAE) model of MS.18,19 We demonstrate that
siponimod improved the clinical course of EAE and reduced

mELT, suggesting that targeting meningeal infiltrates may be
an additional mechanism of action of S1PR modulators in the
treatment of SPMS.

Methods
Mice, EAE, and Clinical Assessment
2D2xTh mice were generated, held, and assessed as pre-
viously described.20 From a score of 3, mice were additionally
provided with watered oats and glucose per os. A score of 4 for
72 hours or a score of 4.5 served as termination criterion.

Siponimod Treatment
Siponimod (BAF312; ADV638392161, Sigma-Aldrich) was
suspended in 0.5% carboxymethylcellulose (CMC) medium
viscosity (C4888, Sigma-Aldrich) and dosed adjusted to body
weight (BW) with 3 mg/kg per day. This dosing was chosen
because it has been shown to ameliorate EAE in rats, whereas a
dose similar to that used in patients withMS (0.03 mg/kg BW)
did not.21 The vehicle alone, 0.5%CMC, was administered to a
control group. In an attempt to prevent EAE (prevention
paradigm), mice received the first dose at the age of 26 ± 2 days
(n = 17 siponimod treated; n = 14 vehicle treated). For the
evaluation of the therapeutic potential (treatment paradigm),
mice were treated when reaching a clinical score of ≥3 (n = 7
siponimod treated; n = 8 vehicle treated). Considering the sex
and the age when EAE started, animals were alternately
assigned to treatment groups and received the respective agent
daily via oral gavage. To minimize potential confounders, only
mice of the same treatment group were held together in 1 cage.
Mice were killed 30 days after the first application. For histo-
logic reference at peak of disease, 5 mice were dissected when
they reached a score of 3 without any further treatment.

Blinding
Siponimod or 0.5% CMC was applied in a blinded manner,
with only M. Pfaller knowing the group allocation. Also, all
histologic evaluations were performed blinded.

Organ Preparation, Cell Isolation, and Flow
Cytometric Analysis
Spleen cells were processed and analyzed as previously pub-
lished.20 The following anti-mouse antibodies were used:
CD16/CD32 (BD, 2.4G2), CD45.2 (BioLegend, 104, FITC),
CD19 (BioLegend, 6D5, PerCP), CD45R/B220 (BioLegend,
RA3-6B2, AF647), CD3e (BD, 145-2C11, PE), and CD4
(BD, RM4-5, PB).

Glossary
BBB = blood-brain barrier; BW = body weight; CMC = carboxymethylcellulose; EAE = experimental autoimmune
encephalomyelitis;GMW = gray matter width;HE = hematoxylin and eosin; IHC = immunohistochemistry; LFB-PAS = Luxol
fast blue–periodic acid–Schiff reaction; mELT = meningeal ectopic lymphoid tissue; MOG = myelin oligodendrocyte
glycoprotein; MS = multiple sclerosis; RMS = relapsing MS; S1PR = sphingosine 1-phosphate receptor; MPO =
myeloperoxidase; SLO = secondary lymphoid organ; SPMS = secondary progressive MS; TCR = T-cell receptor.
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Histology, Immunohistochemistry,
and Imaging
Histologic sections of the spinal cord and spleen were
prepared, stained with hematoxylin and eosin (HE), Luxol
fast blue–periodic acid–Schiff (LFB-PAS) reaction as well
as immunohistochemistry (IHC) and evaluated as recently
described.20 Additional IHC staining with an anti-mouse
F4/80 antibody (BioRad, MCA497G, 1:50) was per-
formed. F4/80+-positive cells were counted using a mem-
brane algorithm (Membrane v9, Image Scope; Leica).
Determined by the degree of demyelination, LFB-PAS–
stained sections were classified with a score from 0 to 4
categorized as follows: 0 = no demyelination, 1 = minor
demyelination, 2 = 1–2 quadrants showing demyelination
with less than half of gray matter width (GMW) affected or
3–4 quadrants with less than a quarter of GMW affected, 3
= 1–2 quadrants showing demyelination with over half of
GMW affected or 3–4 quadrants with less than half of
GMW affected, and 4 = 3–4 quadrants with more than half
of GMW affected to complete demyelination.

Statistical Analysis
Data are shown as mean ± SEM or 95% CI. Statistical sig-
nificance between groups was analyzed using the unpaired
Student t test when normally distributed or otherwise Mann-
Whitney U test (GraphPad Prism, version 8). A value of p ≤
0.05 was considered significant, with *p < 0.05, **p < 0.01, ***p
< 0.001, and ****p < 0.0001.

Standard Protocol Approvals, Registrations,
and Patient Consents
All animal experiments were approved by the competent
authority, Regierung von Oberbayern, Munich, Germany
(ROB-55.2-2532.Vet_02-16-100).

Data Availability
All data supporting our findings can be found within the
article and will be made available by request to any quali-
fied investigator.

Results
Preventive Siponimod Administration
Attenuates the Clinical Course of Spontaneous
Chronic EAE and Decreases Splenic T Cells
To test the selective S1PR modulator siponimod in the
context of spontaneous chronic EAE and determine its effects
on mELT, we crossed myelin oligodendrocyte glycoprotein
(MOG) Ig-VH knock-in (IgHMOG, Th) mice, in which B cells
express an MOG-specific B-cell receptor heavy chain, with
MOG-specific T-cell receptor (TCR) transgenic mice
(TCRMOG, 2D2). 2D2xTh mice spontaneously develop EAE
and form lymphocytic aggregates in the meninges, resembling
those found in MS.18,19 In a preventive setting, mice received
the first dose shortly after weaning, at an age of 26 ± 2 days.
Siponimod or vehicle was administered daily by oral gavage in
a weight adapted manner (3 mg/kg BW) over a period of 30
days (Figure 1A). Although we did not observe a decline in
incidence with 64.3% developing EAE in the vehicle and
58.8% in the siponimod-treated group (Figure 1B),
siponimod-treated mice recovered soon after the initial peak
(Figure 1C). Regarding its effects on the peripheral immune
compartment, the selective S1PR modulator massively re-
duced the CD45.2+ population in splenic tissue in our model
after 30 days of application. This may be explained by a de-
crease in CD3+CD4+ as well as in CD3+CD4− T cells in the
spleen, whereas the CD19+B220+ B cells seemed to remain
unaffected in comparison with vehicle-treated controls
(eFigures 1A and 1B, links.lww.com/NXI/A664). Morpho-
logically, the periarteriolar lymphocyte sheet—which mainly
consists of T lymphocytes—is clearly narrower after siponi-
mod treatment (eFigure 1B). Also, spleens of siponimod-
treated mice weighed less than spleens of control-treated
animals (eFigure 1C).

Siponimod Administered Before EAE Onset
Prevents the Formation of mELT
When screening the meningeal compartment for immune
cells along the spine, 11.6% of vehicle and 17.1% of
siponimod-treated animals had minor cell infiltrates, not

Figure 1 Preventively Administered Siponimod Ameliorates EAE

(A) Experimental setup for the prevention paradigm. After weaning, at age 26 ± 2 days, 2D2xThmicewere treatedwith 3mg per kg bodyweight siponimod (n =
17) or vehicle (n = 14) by daily oral gavage for 30 days. (B) EAE incidence over the treatment period of 30 days. (C) EAE score evaluated daily, aligned to EAE
onset. Data shown asmean ± SEM. Statistical significance between groups was analyzed using the Mann-Whitney U test. *p ≤ 0.05 and **p ≤ 0.01. BW = body
weight; EAE = experimental autoimmune encephalomyelitis; n/N = mice with EAE/all mice observed.
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fulfilling our criteria for mELT (<1 × 104 μm2 per section).
mELT formed in 68.0% of all sections analyzed in the con-
trol group in 9/9 EAE mice, whereas siponimod-treated
animals formed mELT in only 29.5% of all sections, with 2/7
mice forming no mELT at all (Figure 2A, bar charts). We
grouped mELT into 4 categories according to the area of
mELT per section. Under siponimod therapy, mELT tended
to be small: three-quarters of all mELT sections fell into the
smallest category (≥1 × 104 μm2, <3 × 104 μm2; category +),
whereas in controls, only one-quarter fell into that category.
One-third of sections in control mice fell into category +++

(≥1 × 105 μm2, <3 × 105 μm2) or ++++ (≥3 × 105 μm2),
whereas hardly any siponimod-treated mice showed mELT
of that size (Figure 2A, pie charts). mELT in vehicle-treated
mice was predominantly observed along the thoracic part of
the spinal cord, whereas in the siponimod-treated group, no
such peak was notable (Figure 2B). Overall, siponimod
drastically reduced the mean size of mELT per section to
13,403 μm2 compared with 100,261 μm2 in controls
(Figure 2C). Reflecting the strongly reduced size of mELT,
the numbers of immune cells, especially B220+ B cells and
CD3+ T cells, but also F4/80+ macrophages, were

Figure 2 Siponimod Halts the Formation of mELT and Reduces Immune Cells in the Meningeal Compartment

After weaning, 2D2xTh received a daily dose of siponimod (n = 17) or vehicle (n = 14) and were observed for 30 days. Of those mice, n = 10 in the
siponimod group and n = 9 in the vehicle group developed EAE. In the siponimod-treated group, 7/10mice were subsequently assessed histologically as
3mice died prematurely and had to be excluded from histological analysis. (A) Proportion of spinal cord sections of EAEmice after 30 days of treatment
showing nomeningeal pathologies, loosemeningeal cell infiltrates, or full mELT (defined as >1 × 104 μm2), displayed as themean percentage of sections
within each group (left panel, horizontal bars). Semiquantitative analysis of the size of mELT ranging from + (≥1 × 104 μm2, <3 × 104 μm2), ++ (≥3 ×
104 μm2, <1 × 105 μm2), +++ (≥1 × 105 μm2, <3 × 105 μm2) to ++++ (≥3 × 105 μm2) per section, demonstrated as the mean percentage of sections within
each category per group (right panel, pie chart). (B.a) Representative HE-stained cross-sections of the thoracic part of the spine with corresponding
lateral (a) and ventral (b) close-ups. Mean area of mELT per segment showing the distribution of mELT along the spinal cord with 13–16 cross-sections
analyzed for each animal (B.b). (C) Quantitative analysis ofmELT calculated as themean value of all sections taken into analysis permouse. *p ≤ 0.05 and
**p ≤ 0.01; statistical significance between groups was analyzed using the Mann-Whitney U test. (D.a) Representative cross-section through the spinal
cord showing lateral (a) and ventral (b) close-ups of mELT. Quantification of B cells (B220), T cells (CD3), macrophages (F4/80), and neutrophil
granulocytes (MPO) in the meningeal compartment with 1–2 randomly chosen cross-sections analyzed per animal. (D.b) Values are plotted on a
logarithmic scale. *p ≤ 0.05, **p ≤ 0.01, and ***p ≤ 0.001; Mann-Whitney U test. Scale bars: 250 μm (HE overview), 50 μm (HE close-ups), and 25 μm (IHC-
stained sections). When not stated differently, data shown as mean ± 95% CI. EAE = experimental autoimmune encephalomyelitis; HE = hematoxylin
eosin; IHC = immunohistochemistry; mELT =meningeal ectopic lymphoid tissue; MPO =myeloperoxidase; n/N =mice with mELT/all mice analyzed; ns =
not significant.
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significantly decreased within the meningeal compartment
(Figure 2D).

Preventively Administered Siponimod Reduces
Demyelination and Lymphocytic Infiltration to
the Spinal Cord Parenchyma
As mELT is often correlated with a pronounced underlying
cortical demyelination,5,6 we performed LFB-PAS staining on
cross-sections of the cervical, the thoracic, and the lumbar part
of the spinal cord. Consistent with the improved clinical
outcome, siponimod-treated animals showed less de-
myelination (Figure 3A). In contrast, controls were heavily
affected in the thoracic and lumbar part of the spine
(Figure 3A), the area where most mELT was found
(Figure 2B). Correspondingly, less B220+ and CD3+-

lymphocytes infiltrated the spinal cord parenchyma under
siponimod treatment, whereas CD3+ T cells represented the
largest group of infiltrating immune cells under control con-
ditions (Figure 3B). In contrast to all other investigated cell
types, myeloperoxidase (MPO+) neutrophil granulocytes
were not decreased in the siponimod group.

EAE-Induced Autoimmune and Demyelinating
Damage to the Spinal Cord Is Only Partially
Restored by Siponimod Treatment Initiated at
Peak of Disease
In a second experimental setup complementing the pre-
vention paradigm, we investigated a scenario more resembling
a clinical MS setting. Here, we commenced the application of
siponimod or vehicle at the peak of disease, when mice had
developed an EAE score of ≥3 (Figure 4A). Again, animals
were treated per oral gavage daily over a period of 30 days.
Serving as a histologic reference for the time point when
treatment commenced, we killed 5 mice at the peak of EAE.
At that stage, mice already displayed massive demyelination,
especially along the thoracic and lumbar part of the spinal
cord (Figure 4B).We observed a strong influx of immune cells
to the parenchyma with F4/80+ macrophages presenting the
largest fraction with a mean of 1,644 cells per section
(Figure 4C). In contrast, in mELT, which had already formed
at that stage, B220+ B cells and CD3+ T cells predominated,
whereas F4/80+ macrophages and MPO+ neutrophil gran-
ulocytes were less frequent (Figure 4D). Over 30 days of

Figure 3 Siponimod Prevents Demyelination and the Migration of Lymphocytes Into the Parenchyma

After weaning, 2D2xTh received a daily dose of siponimod (n = 17) or vehicle (n = 14) and were observed for 30 days, of which mice developing EAE (n = 10
siponimod, n = 9 vehicle treated) were assessed histologically (n = 7 siponimod, n = 9 vehicle treated). Three siponimod-treated mice died prematurely and
had to be excluded fromhistological analysis. (A.a) LFB-PAS–stained cross-sections of the spinal cord of the thoracic part and corresponding close-ups below.
(A.b) 1–2 randomly chosen cross-sections of the cervical, thoracic, and lumbar part of the spinal cord were analyzed. (B.a–B.b) Quantification of B cells (B220),
T cells (CD3), macrophages (F4/80), and neutrophil granulocytes (MPO) infiltrating the parenchyma of the spinal cord. Close-ups of the parenchyma (B.a) with
corresponding cell counts per section (B.b). Scale bar: 250 μm (LFB-PAS overview), 100 μm (LFB-PAS close-ups), and 25 μm (IHC-stained sections). Data
presented as individual data points and asmean± 95%CI. *p ≤ 0.05 and **p ≤ 0.01;Mann-WhitneyU test. EAE = experimental autoimmuneencephalomyelitis;
IHC = immunohistochemistry; MPO = myeloperoxidase; n/N = mice with demyelination/all mice analyzed; ns = not significant; LFB-PAS = Luxol fast blue–
periodic acid–Schiff reaction.
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treatment with siponimod, the EAE course was modestly
ameliorated (Figure 5A). Accordingly, there was a minor re-
duction of demyelination at the thoracic level of the spinal cord
(Figure 5B). Noting that generally few immune cells were de-
tectable in the parenchyma at that chronic phase of EAE, we
found a trend toward a decrease for all leukocytes, but no sta-
tistically significant changes except for the B220+ B-cell fraction.
F4/80+ macrophages remained the most prevalent population
in the parenchyma in both groups (Figure 5C).

Siponimod Treatment Initiated at Peak of
Disease Effectively Diminishes mELT and
Reduces Not Only T Cells But Also B Cells in the
Meningeal Compartment
Of note, 7/7mice, which received vehicle, hadmELT in 51.0% of
all spinal cord sections analyzed. In contrast, treated with sipo-
nimod, only 5/7 animals exhibitedmELT in 13.5%of all analyzed
cross-sections (Figure 6A, bar chart). Regarding its size, mELT in
siponimod-treatedmice did never exceed 3 × 104 μm2 per section
(category +), whereas controls also developed large areas of
mELT with a size ≥1 × 105 μm2 in 20.7% (categories +++ and
++++) (Figure 6A, pie chart), peaking at the thoracic part of the
spine (Figure 6B). Siponimod lead to a 94.8% reduction of the
mean area of mELT per section (Figure 6C). Consequently,
B220+ B cells, CD3+ T cells, and MPO+ neutrophil granulocytes
were notably less frequent in the meningeal compartment com-
pared with controls (Figure 6D). Of interest, unlike in the spleen,
not only T cells but also B cells were significantly reduced.

In summary, the selective S1PR modulator siponimod ame-
liorated spontaneous chronic EAE and strongly reduced the
formation and retention of mELT along the spinal cord,
bringing up the possibility that there may be a causative
correlation.

Discussion
As our understanding of the forces that drive progression in
MS is still limited, therapeutic options to treat SPMS remain
scarce. Sequestered meningeal inflammation may be the link
between early, highly inflammatory RMS, and chronic pro-
gression in later SPMS. We set out to study the impact of a
moderately effective SPMS therapeutic, siponimod, on men-
ingeal inflammation in a murine model of MS.

In line with the clinical observation that siponimod reduces
disability progression in SPMS, it ameliorated spontaneous
chronic EAE both when applied in a preventive fashion before
onset of the disease and, although less pronounced, in treat-
ment of fully established paralysis. The damage to the spinal
cord present at the peak of disease, few days after onset, was so
severe that mice only partially recovered when treated with
siponimod at that stage. This clinical benefit of siponimod
correlated with a marked reduction in the presence of mELT
in siponimod-treated EAE mice compared with controls.
Formally, we could not determine whether preventive

Figure 4 Massive Demyelination and Influx of Immune Cells Into the CNS at the Peak of EAE

(A) Experimental setup for the treatment paradigm. 2D2xThmicewere treatedwith either 3mgoral siponimodper kg bodyweight (n = 7) or vehicle (n = 8) daily
from the time they developed an EAE score of 3 for 30 days. Five additional mice were dissected at that same time point, when otherwise treatment started
and served as a histological reference for that stage of disease. (B.a) 1–2 LFB-PAS stained cross-sections of the cervical, thoracic, and lumbar part of the spinal
cord were analyzed. A thoracic cross-section of the spinal cord of 1 representative mouse at EAE onset and corresponding close-ups are shown. Repre-
sentative close-ups of parenchyma (C.a) andmELT (D.a) stained for B cells (B220), T cells (CD3), macrophages (F4/80), and neutrophil granulocytes (MPO) (left
panel). Corresponding cell counts showing the number of those immune cells in the respective compartments (B.b, C.b, D.b) Scale bar: 250 μm (LFB-PAS
overview), 100 μm (LFB-PAS close-ups), and 25 μm (IHC-stained close-ups). Data presented individual data points and as mean ± 95% CI. BW = body weight;
EAE = experimental autoimmune encephalomyelitis; IHC = immunohistochemistry; MPO = myeloperoxidase, n/N = mice with demyelination/all mice
analyzed; LFB-PAS = Luxol fast blue–periodic acid–Schiff reaction.
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treatment prohibited the initiation of the formation of mELT
in the first place or rather inhibited its growth and pro-
liferation. Furthermore, we were unable to prove that inhib-
iting the formation of mELT was the cause for the clinical
benefit. To demonstrate that would require a model, which is
dependent on mELT, which is not available to date. It is,
however, noteworthy that this correlation could also be found
using another drug: In a similar experimental setup, laquini-
mod, like siponimod, inhibited EAE and the formation of
meningeal B-cell aggregates.22 Recently, we demonstrated
that anti-CD20 monoclonal antibodies, despite its superior
efficacy in treating RMS and moderate efficacy in treating
primary progressive MS, neither ameliorated EAE nor re-
duced the extent of mELT formation in the 2D2xTh mouse
model.20 Apparently, anti-CD20 monoclonal antibodies only
depleted B cells from mELT without changing any other
obvious features. Of interest, a very recent study demon-
strated that evobrutinib, a Bruton tyrosine kinase inhibitor,
reduced the areas of meningeal contrast enhancement in an
EAE model in Swiss Jim Lambert J mice immunized with

proteolipid protein peptide (PLP139-151) using serial ultra-
high-field MRI.23

Taken together, our present findings suggest that this corre-
lation may be relevant and potentially causal. Consequently,
the role of mELT in CNS autoimmunity in general and in the
treatment with immunomodulatory agents, specifically,
should be studied in more detail, ideally in patients with MS.

How does siponimod inhibit the formation of mELT? Im-
munomodulatory effects related to lymphocyte trafficking
regulation are likely to be at the center of its effects on mELT.
Fingolimod (FTY720), the first S1PR modulator approved
for the use against MS, has been shown to
accelerate lymphocyte homing and hereby decreases the
number of lymphocytes in peripheral blood and spleen and
increases the number in peripheral and mesenteric lymph
nodes.24 Its immunomodulatory effects are expected to be
similar to the closely related but more selective S1PR mod-
ulator siponimod (class effects). One study showed that the

Figure 5 Siponimod Administered From the Peak of Disease Slightly Improved EAE and the Degree of Thoracic
Demyelination

2D2xThmicewere treatedwith siponimod (n = 7) or vehicle (n = 8) daily for 30 days as soon as they reached an EAE score of 3. One vehicle-treatedmouse died
prematurely and had to be excluded from histological analysis. (A) Clinical course of EAE aligned to the start of treatment with a score of 3. Data shown as
mean ± SEM. (B.a) Representative LFB-PAS stained thoracic cross-sectionswith corresponding close-ups are shown. (B.b) Various levels of spinal cord sections
were semi-quantitatively analyzed. (C.a) Representative close-ups of the spinal cord parenchyma, stained for B cells (B220), T cells (CD3), macrophages (F4/80)
and neutrophil graulocytes (MPO) after 30 days of treatment with siponimod or vehicle and (C.b) corresponding counts of infiltrating cells per section. Two
sections of the cervical, thoracic, and lumbar part were analyzed from each animal. Values are plotted on a logarithmic scale. Scale bar, 250 μm (LFB-PAS),
100 μm (LFB-PAS, close-ups), and 25 μm (IHC-stained close-ups). Data are presented as mean ±95% CI. *p ≤ 0.05 and **p ≤ 0.01; statistical significance
between groups was analyzed using the Mann-Whitney U test. EAE = experimental autoimmune encephalomyelitis; IHC = immunohistochemistry; LFB-PAS =
Luxol fast blue–periodic acid–Schiff reaction; MPO = myeloperoxidase; n/N = mice with demyelination/all mice analyzed; ns = not significant.
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Figure 6 Siponimod Treatment Effectively Resolves mELT

2D2xThmice treated with oral siponimod (n = 7) or vehicle (n = 8) daily for 30 days, starting as they reached an EAE score of 3. One vehicle-treatedmouse died
prematurely and had to be excluded from histological analysis. (A) Proportion of spinal cord sections of EAE mice showing no meningeal pathologies, loose
meningeal cell infiltrates, or full mELT (defined as >1 × 104 μm2), displayed as themean percentage of sections within each group (left panel, horizontal bars).
Semiquantitative analysis of the size ofmELT, ranging from + (≥1 × 104 μm2, <3 × 104 μm2), ++ (≥3 × 104 μm2, <1 × 105 μm2), +++ (≥1 × 105 μm2, <3 × 105 μm2) to
++++ (≥3 × 105μm2) per section, demonstrated as themeanpercentage of sectionswithin each category per group (right panel, pie chart). (B.a) Representative
HE stained cross-sections of the thoracic part of the spine with corresponding lateral (a) and ventral (b) close-ups of mELT. (B.b) Mean area of mELT per
segment showing the distribution of mELT along the spinal cord with 13–16 cross-sections analyzed for each animal. (C) Comparable statistics applied to the
mean area ofmELT of all cross-sections per animal. *p ≤ 0.05 and ***p ≤ 0.001; statistical significance between groups was analyzed using theMann-Whitney
U test. (D.a) Representative cross-section through the spinal cord showing lateral (a) and ventral (b) close-ups of mELT. (D.b) Quantification of B cells (B220),
T cells (CD3), macrophages (F4/80), and neutrophil granulocytes (MPO) in themeningeal compartment with 1–2 randomly chosen cross-sections analyzed per
animal. Values are plotted on a logarithmic scale. *p ≤ 0.05 and **p ≤ 0.01; Mann-Whitney U test. Scale bar: 250 μm (HE overview), 50 μm (HE close-ups), and
25 μm (IHC-stained close-ups). Data are presented as mean ± 95% CI. EAE = experimental autoimmune encephalomyelitis; HE = hematoxylin eosin; IHC =
immunohistochemistry; MPO = myeloperoxidase; n/N = mice with mELT/all mice analyzed; ns = not significant.
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reduction of circulating lymphocytes by fingolimod in mice
was due to the inhibition of lymphocyte egress, particularly of
mature T cells, from the bone marrow.25 Circulating mono-
cytes, like lymphocytes, were reduced by the S1PR receptor
modulators fingolimod and siponimod, whereas monocytes
were increased in the bone marrow and spleen, suggesting
that monocyte egress from hematopoietic organs is restricted
by S1PR receptor modulation.26 Consistent with the litera-
ture,24 spleens of siponimod-treated mice in our experiments
were lighter and contained less T cells. In our model, which is
genetically determined, mELT formed at some stage of the au-
toimmune process directed against the CNS and is fully de-
veloped shortly after disease onset. To formmELT, lymphocytes
have to migrate to the meningeal compartment, either from
primary or SLOs or both. It is plausible that this process may be
impaired under the influence of siponimod. Once mELT is
formed, it is possible that there is persistent influx of
peripheral lymphocytes, or even bidirectional exchange, as it has
been demonstrated for the CSF and B cells.27 Again, siponimod
may interfere with that process, resulting in shrinkage of mELT.
Of interest, in its response to S1PR modulation, mELT does not
seem to behave like a lymph node, as it would be expected to
increase in size. Its decreasing size rather resembles the spleen,
but unlike in that SLO, B cells in mELT are also decreased.
Further research is required to clarify whether mELT shares
certain properties with SLOs (and which) or whether it needs to
be considered independent thereof.

Finally, microarray and flow cytometric analysis in patients with
SPMS treated with S1PR modulator showed that both T- and
B-cell populations were shifted toward a more anti-inflammatory
and regulatory phenotype.28 They were characterized by de-
creased expression of genes involved in T- and B-cell activation
and receptor signaling and an enrichment of T effector memory
cells, anti-inflammatory Th2, and T regulatory cells as well as
transitional regulatory B cells (CD24hiCD38hi) and B1 cell sub-
sets (CD43+CD27+).29 Thus, the inhibitory effect of siponimod
onmELTmay be independent of leukocyte trafficking but due to
its anti-inflammatory properties. Given the differential effects of
various immunomodulatory therapies in the treatment of MS,
some of which we have discussed above, combining therapies, for
example, such that act mainly in the periphery with such that act
centrally and inhibit mELT formation, may be helpful.30

In conclusion, the S1PR modulator siponimod ameliorated
spontaneous chronic EAE and reduced the formation of
mELT. Together, our results suggest that inhibiting seques-
tered inflammation in the meningeal compartment, by the
mechanisms discussed above or by other, yet unknown
means, may be an additional mechanism of action of siponi-
mod in the treatment of MS. More studies are required to
prove causality. We propose to directly target mELT forma-
tion in future experimental approaches addressing SPMS.
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Abstract
Background and Objectives
To understand the course of recovery from coronavirus disease 2019 (COVID-19) among
patients with multiple sclerosis (MS) and to determine its predictors, including patients’
pre–COVID-19 physical and mental health status.

Methods
This prospective and longitudinal cohort study recruited patients with MS who reported
COVID-19 from March 17, 2020, to March 19, 2021, as part of the United Kingdom MS
Register (UKMSR) COVID-19 study. Participants used online questionnaires to regularly
update their COVID-19 symptoms, recovery status, and duration of symptoms for those who
fully recovered. Questionnaires were date stamped for estimation of COVID-19 symptom
duration for those who had not recovered at their last follow-up. The UKMSR holds de-
mographic and up-to-date clinical data on participants as well as their web-based Expanded
Disability Status Scale (web-EDSS) and Hospital Anxiety and Depression Scale (HADS)
scores. The association between these factors and recovery from COVID-19 was assessed using
multivariable Cox regression analysis.

Results
Of the 7,977 patients withMS who participated in the UKMSRCOVID-19 study, 599 reported
COVID-19 and prospectively updated their recovery status. Twenty-eight hospitalized par-
ticipants were excluded. At least 165 participants (29.7%) had long-standing COVID-19
symptoms for ≥4 weeks and 69 (12.4%) for ≥12 weeks. Participants with pre–COVID-19 web-
EDSS scores ≥7, participants with probable anxiety and/or depression (HADS scores ≥11)
before COVID-19 onset, and women were less likely to report recovery from COVID-19.

Discussion
Patients with MS are affected by postacute sequelae of COVID-19. Preexisting severe neuro-
logic impairment or mental health problems appear to increase this risk. These findings can
have implications in tailoring their post–COVID-19 rehabilitation.
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Many patients with multiple sclerosis (MS) evade the serious
acute complications of coronavirus disease 2019 (COVID-
19), such as hospitalization, respiratory failure, or death.1,2

Nevertheless, they may still have long-term effects of the in-
fection, known as postacute sequelae of COVID-19 (PASC).

Understanding the burden of PASC among patients with MS
and identifying its risk factors will inform MS rehabilitation
services, which are going to deal with the emerging needs of
patients withMSwho had COVID-19. In this study, we aim to
understand the course of recovery from COVID-19 in MS
and to determine its predictors.

Methods
This prospective and longitudinal cohort study was con-
ducted as part of the United KingdomMSRegister (UKMSR)
COVID-19 study.2 Patients with MS had been reporting
whether they had symptoms suggestive of COVID-19 and
whether their diagnosis was confirmed by a health care pro-
vider or COVID-19 testing, from March 17, 2020—the start
of the outbreak in the United Kingdom.2 Further information
about COVID-19 testing was not collected, but, in the United
Kingdom, patients with COVID-19 symptoms are only of-
fered a PCR test. Mass COVID-19 testing in the United
Kingdom was implemented on May 28, 2020—before then,
PCR tests were only available to inpatients. All data were
collected using online questionnaires.

Patients with MS with self-reported symptoms suggestive of
COVID-19 were included in the study. They were followed
up, by email reminders, every 2 weeks to update their
COVID-19 symptoms and recovery status until reporting
full recovery from COVID-19 symptoms (questions pro-
vided in eAppendix 1, links.lww.com/NXI/A670). Partici-
pants who reported full recovery also provided the duration
of their COVID-19 symptoms. The submitted question-
naires were date stamped for estimation of COVID-19
symptom duration for participants who had not reported full
recovery at their last follow-up. Participants were asked to
specifically report new or worsened symptoms after their
COVID-19.

The UKMSR holds demographic and up-to-date clinical data
on registered patients, including comorbidities, MS type, date
of MS diagnosis, disease-modifying therapies, web-based Ex-
panded Disability Status Scale (web-EDSS) scores, and
Hospital Anxiety and Depression Scale (HADS) scores. The
most recent web-EDSS and HADS scores before COVID-19
onset were used.

Participants were grouped into 5 groups based on their web-
EDSS score: (1) 0–2.5 (ambulatory without assistance and no
or minimal neurologic impairment); (2) 3–3.5 (ambulatory
without assistance andmoderate neurologic impairment); (3)
4–5.5 (ambulatory without assistance and severe neurologic
impairment); (4) 6–6.5 (ambulatory with assistance), and (5)
≥7 (restricted to wheelchair or bed).

HADS is scored (0–21) for anxiety and depression separately.
Participants with HADS scores of ≥11 were considered as
having probable anxiety or depression.3 Participants with
anxiety, depression, or both were considered as 1 group be-
cause these conditions frequently coexist in MS,4 and the
number of participants with anxiety or depression alone was
small. Data collected until March 19, 2021, are presented
according to STROBE guidelines.5

Standard Protocol Approvals, Registrations,
and Patient Consents
Ethical approval for UKMSR studies was obtained from
Southwest-Central Bristol Research Ethics Committee (16/
SW/0194). All participants provided informed consent online.
The study is registered withClinicalTrials.gov (NCT04354519).

Statistical Analysis
Data were analyzed using IBM SPSS Statistics for Windows,
version 26 (IBM Corp., Armonk, NY; 2019).

Continuous variables with normal distribution are presented as
mean (SD) and were compared using the independent samples t
test. Continuous variables without normal distribution and or-
dinal variables are presented as median (interquartile range
[IQR]) andwere compared using theMann-WhitneyU test. The
association between categorical variables was assessed using the
χ2 test or the Fisher exact test. The number of valid values for
variables with missing data has been stated.

Univariable and multivariable Cox regression analyses, with
time (days) from reporting COVID-19 to full recovery
(event) as the dependent variable, were performed to as-
sess the association between demographic and clinical
variables and recovery from COVID-19. Participants with
persistent symptoms at their last follow-up were censored.
A directed acyclic graph was produced (eAppendix 2, links.
lww.com/NXI/A670) to identify potential confounding
factors, which were subsequently accounted for in the
multivariable Cox regression analysis. This method avoids
the introduction of bias in the analysis by the erroneous
inclusion of colliders and mediators as confounding fac-
tors.6 Listwise deletion was implemented for missing data.

Glossary
COVID-19 = coronavirus disease 2019; HADS = Hospital Anxiety and Depression Scale; IQR = interquartile range; MS =
multiple sclerosis; PASC = postacute sequelae of COVID-19; web-EDSS = web-based Expanded Disability Status Scale;
UKMSR = United Kingdom MS Register.
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Table 1 Characteristics of Patients With MS and COVID-19 in Relation to the Duration of Their COVID-19
Symptoms

<4 wk
n = 371

≥4 wka

n = 165
≥12 wk
n = 69

Age, mean (SD), y 49 (11) 50 (11) 51 (11)

Women, no. (%) 275 (74.1) 136 (82.4) * 59 (85.5)*

White ethnicity, no. (%) 350 (94.3) 157 (95.2) 68 (98.6)

Comorbiditiesb, no. (%) n = 295 n = 125 n = 53

Diabetes 12 (4.1) 3 (2.4) 2 (3.8)

Heart disease 6 (2) 1 (0.8) 0 (0)

Hyperlipidemia 21 (7.1) 5 (4) 5 (9.4)

Hypertension 32 (10.8) 13 (10.4) 7 (13.2)

Peripheral vascular disease 1 (0.3) 0 (0) 0 (0)

Kidney disease 3 (1) 3 (2.4) 0 (0)

Liver disease 1 (0.3) 0 (0) 0 (0)

Lung disease 30 (10.2) 18 (14.4) 10 (18.9)

Anxiety and/or depressionc 80/252 (31.7) 57/113 (50.4) ** 25/46 (54.3) *

Web-EDSS scoreb, median (IQR) 4 (2.625–6.5) n = 264 5 (3–6.5) n = 113 5.5 (4–6.5) *n = 50

Web-EDSS score = 0–2.5, no. (%) 66 (25) 23 (20.4) 7 (14)

Web-EDSS score = 3–3.5, no. (%) 45 (17) 11 (9.7) 4 (8)

Web-EDSS score = 4–5.5, no. (%) 69 (26.1) 32 (28.3) 15 (30)

Web-EDSS score = 6–6.5, no. (%) 53 (20.1) 31 (27.4) 15 (30)

Web-EDSS score ≥7, no. (%) 31 (11.7) 16 (14.2) 9 (18)

MS disease duration, median (IQR), y 10 (5–17) n = 359 11 (5.25–19) n = 160 13 (6.25–19) n = 68

Type of MS, no. (%)

RRMS 265 (71.4) 114 (69.1) 48 (69.6)

SPMS 65 (17.5) 33 (20) 15 (21.7)

PPMS 24 (6.5) 10 (6.1) 5 (7.2)

Unknown 17 (4.6) 8 (4.8) 1 (1.4)

Taking a DMT, no. (%) 188 (50.7) 84 (50.9) 32 (46.4)

Alemtuzumab 14 (3.8) 4 (2.4) 2 (2.9)

Beta interferons 31 (8.4) 5 (3) 2 (2.9)

Cladribine 8 (2.2) 3 (1.8) 0 (0)

Dimethyl fumarate 49 (13.2) 25 (15.2) 10 (14.5)

Fingolimod 22 (5.9) 11 (6.7) 3 (4.3)

Glatiramer acetate 16 (4.3) 12 (7.3) 7 (10.1)

Natalizumab 23 (6.2) 10 (6.1) 4 (5.8)

Ocrelizumab 15 (4) 8 (4.8) 3 (4.3)

Rituximab 0 (0) 2 (1.2) 1 (1.4)

Siponimod 1 (0.3) 0 (0) 0 (0)

Teriflunomide 8 (2.2) 3 (1.8) 0 (0)

Continued
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Results are presented as adjusted hazard ratios with 95%
confidence intervals.

Data Availability
Data are stored on the UKMSR Secure e-Research Platform at
Swansea University Medical School. Line level data cannot be
released, but qualified researchers, subject to governance, can
request access to data.

Results
Of the 7,977 patients with MS who participated in the UKMSR
COVID-19 study, 1,096 reported COVID-19. A total of 599
patients with MS and COVID-19 updated their recovery status
(participants), and 497 did not (nonparticipants). Twenty-eight
participants (4.7%) and 8 (1.6%) nonparticipants were hospi-
talized during their acute infection (p = 0.05). Only 16

Table 2 Results of the Multivariable Cox Regression Analysisa of Pre–COVID-19 Factors Associated With Recovery From
COVID-19

Included in
the analysis, no.

Censored,
no. aHR

Lower
95% CI

Upper
95% CI Adjustments

Age (1-y increment) 556 115 0.996 0.988 1.005 None

Women vs men 556 115 0.756 0.609 0.937 None

All other ethnicities vs White ethnicity 556 115 1.374 0.937 2.016 None

MS disease duration (1-y increment) 538 112 0.995 0.983 1.008 Age

Anxiety and/or depressionb,c 314 65 0.708 0.533 0.941 Age, Gender, Ethnicity, Web-EDSS categories

Web-EDSSc 380 74 — — — Age, Gender, MS disease duration, MS type

Score = 0–2.5 (reference) — — 1 1 1

Score = 3–3.5 — — 1.123 0.783 1.610

Score = 4–5.5 — — 0.751 0.542 1.040

Score = 6–6.5 — — 0.698 0.485 1.006

Score ≥7 — — 0.614 0.381 0.989

MS type 538 112 — — — Age, Gender, MS disease duration

RRMS (reference) — — 1 1 1

SPMS — — 1.049 0.765 1.438

PPMS — — 1.212 0.798 1.841

Taking a DMT 556 115 0.985 0.788 1.232 Age, MS type

Abbreviations: 95% CI = 95% confidence interval; aHR = adjusted hazard ratio; COVID-19 = coronavirus disease 2019; DMT = disease-modifying therapy; MS =
multiple sclerosis; PPMS = primary progressive multiple sclerosis; RRMS = relapsing-remitting multiple sclerosis; SPMS = secondary progressive multiple
sclerosis; Web-EDSS = web-based Expanded Disability Status Scale.
Bold indicates statistically significant findings.
a Results of the univariable Cox Regression analysis are provided in eTable 2, links.lww.com/NXI/A670.
b Participants with Hospital Anxiety and Depression Scale scores ≥11 for anxiety or depression were considered as having probable anxiety or depression,
respectively.
c Before COVID-19 onset.

Table 1 Characteristics of Patients With MS and COVID-19 in Relation to the Duration of Their COVID-19
Symptoms (continued)

<4 wk
n = 371

≥4 wka

n = 165
≥12 wk
n = 69

Other 1 (0.3) 1 (0.6) 0 (0)

Abbreviations: COVID-19 = coronavirus disease 2019; DMT = disease-modifying therapy; IQR = interquartile range; MS = multiple sclerosis; PPMS = primary
progressive multiple sclerosis; RRMS = relapsing-remitting multiple sclerosis; SPMS = secondary progressive multiple sclerosis; web-EDSS = web-based
Expanded Disability Status Scale.
*p < 0.05 and **p = 0.001. Comparisons were made to participants with symptom duration of <4 wk.
a Includes participants with COVID-19 symptoms for ≥12 weeks.
b Before COVID-19 onset.
c Participants with Hospital Anxiety and Depression Scale scores ≥11 for anxiety or depression were considered as having probable anxiety or depression,
respectively.
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participants (and all hospitalized nonparticipants) were admitted
to hospital because of COVID-19. Therefore, hospitalized pa-
tients withMSwere excluded from the analysis. Participants did
not differ in their baseline characteristics (including de-
mographics, MS type, web-EDSS score, disease-modifying
therapies, comorbidities, or having anxiety and/or

depression) from nonparticipants, except for a lower rate of
hypertension among participants (10.8%) than nonparticipants
(16.3%) (eTable 1, links.lww.com/NXI/A670).

Four hundred forty-four participants (77.8%) reported full
recovery from COVID-19 at their last follow-up. Their

Figure Frequency of COVID-19 Symptoms Among Patients With Multiple Sclerosis With Persistent Symptoms at Their Last
Follow-up in ≥4 (A) and ≥12 (B) Weeks From Reporting COVID-19

Gastrointestinal symptoms included
diarrhea, nausea or vomiting, or
stomach pain. Lower respiratory tract
symptoms included coughs, short-
ness of breath, or heaviness in the
chest. Upper respiratory tract symp-
toms included sore throat, nasal con-
gestion, or sneezing. COVID-19 =
coronavirus disease 2019.
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median (IQR) symptom duration was 10 (6–21) days (n =
441); 70 recovered in ≥4 weeks and 9 in ≥12 weeks. However,
127 participants (22.2%) had persistent symptoms at their last
follow-up. They had been followed up for a median (IQR) of 87
(41–185) days (n = 115), with 95 having symptoms for ≥4 weeks
and 60 for ≥12 weeks from reporting COVID-19. Therefore, at
least 165 participants (29.7%) had lasting COVID-19 symptoms
for≥4weeks and 69 (12.4%) for≥12weeks. The characteristics of
participants by their symptom duration are compared in Table 1.
A post hoc analysis among participants with a COVID-19 di-
agnosis confirmed by a health care provider or testing showed
similar findings (eAppendix 3, links.lww.com/NXI/A670).

Participants with a pre–COVID-19 web-EDSS score of ≥7, par-
ticipants with anxiety and/or depression before COVID-19 onset,
and women were less likely to report recovery from COVID-19
(Table 2). Of 95 participants who reported their COVID-19
symptoms at ≥4 weeks, 78 (82.1%) had symptoms, which were
not typical for MS (symptoms listed in Figure, except for fatigue
and pain). Of 60 participants who reported their symptoms at ≥12
weeks, 50 (83.3%) had non–MS-related symptoms.

Discussion
This prospective study of a large national cohort of non-
hospitalized patients with MS and COVID-19 shows that about
30% and 12% of patients experience prolonged COVID-19
symptoms for ≥4 and ≥12 weeks, respectively. These rates in the
MS population are higher than the general population, as
reported by a study using a similar methodology (13% and 2%,
respectively).7 Another study reports a much higher preva-
lence of prolonged COVID-19 in the general population,
but its retrospective data collection could have led to
recall bias.8 Given that MS shares many neurologic
symptoms of COVID-19 and that the infection can lead to
MS exacerbations,9 a high prevalence of long-lasting
COVID-19 symptoms in this population may seem
expected. More than 80% of patients with MS with per-
sistent COVID-19 symptoms in the study, however, also
had symptoms that were not typical for MS. Further
studies using direct control groups, from both the general
population and patients with MS without COVID-19, are
needed to establish the risk of PASC in MS.

An association between physical disability and adverse acute
COVID-19 outcomes in MS has been previously reported.1

This study shows that higher levels of pre–COVID-19 neuro-
logic disability predispose patients with MS to long-term se-
quelae of COVID-19 as well. Other MS-related factors such as
disease duration or disease-modifying therapies did not appear
to influence recovery from COVID-19. Patients with MS with
pre–COVID-19 mental health problems can also be dispro-
portionately affected by PASC, which has also recently been
reported in the general population.10 The observation that
women are more likely to experience prolonged COVID-19
symptoms is in accordance with other studies.7

A limitation of the study is that the COVID-19 diagnosis of pa-
tients with MS was confirmed by laboratory testing in only a
proportion of participants, as widespread testing was not available
in the United Kingdom at the time of recruitment. However, the
rates of prolonged COVID-19 in the subgroup with confirmed
diagnosis and the total study population were similar. Hospitalized
patientswithMSwere excluded to avoid the potential confounding
effect of hospitalization on recovery from COVID-19. The asso-
ciation between hospitalization andCOVID-19 recovery could not
be assessed because of the small sample size of hospitalized patients
with MS and the risk of selection bias toward nonhospitalized
patients due to the questionnaire-based nature of the study.

These findings will inform MS and post–COVID-19 re-
habilitation services in developing individualized pathways for
patients with MS, helping to reduce the burden on these health
systems in the COVID-19 era. They also highlight the impor-
tance of vaccination against COVID-19 in the MS population
who appear to be vulnerable to the long-term effects of infection.
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Abstract
Background and Objectives
We posit the involvement of the natural killer group 2D (NKG2D) pathway in multiple sclerosis
(MS) pathology via the presence of specific NKG2D ligands (NKG2DLs). We aim to evaluate
the expression of NKG2DLs in the CNS and CSF of patients with MS and to identify cellular
stressors inducing the expression of UL16-binding protein 4 (ULBP4), the only detectable
NKG2DL. Finally, we evaluate the impact of ULBP4 on functions such as cytokine production
and motility by CD8+ T lymphocytes, a subset largely expressing NKG2D, the cognate receptor.

Methods
Human postmortem brain samples and CSF from patients with MS and controls were used to
evaluate NKG2DL expression. In vitro assays using primary cultures of human astrocytes and
neurons were performed to identify stressors inducing ULBP4 expression. Human CD8+

T lymphocytes from MS donors and age/sex-matched healthy controls were isolated to eval-
uate the functional impact of soluble ULBP4.

Results
We detected mRNA coding for the 8 identified human NKG2DLs in brain samples from
patients with MS and controls, but only ULBP4 protein expression was detectable by Western
blot. ULBP4 levels were greater in patients with MS, particularly in active and chronic active
lesions and normal-appearing white matter, compared with normal-appearing gray matter from
MS donors and white and gray matter from controls. Soluble ULBP4 was also detected in CSF
of patients with MS and controls, but a smaller shed/soluble form of 25 kDa was significantly
elevated in CSF from female patients with MS compared with controls and male patients with
MS. Our data indicate that soluble ULBP4 affects various functions of CD8+ T lymphocytes.
First, it enhanced the production of the proinflammatory cytokines GM-CSF and interferon-γ
(IFNγ). Second, it increased CD8+ T lymphocyte motility and favored a kinapse-like behavior
when cultured in the presence of human astrocytes. CD8+ T lymphocytes from patients with
MS were especially altered by the presence of soluble ULBP4 compared with healthy controls.

Discussion
Our study provides new evidence for the involvement of NKG2D and its ligand ULBP4 in MS
pathology. Our results point to ULBP4 as a viable target to specifically block 1 component of
the NKG2D pathway without altering immune surveillance involving other NKG2DL.
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Multiple sclerosis (MS) is a chronic inflammatory disease of the
CNS. The neuropathologic hallmarks include demyelinating
areas, neuronal/axonal loss, and gliosis.1 Reactive astrocytes,
defined as those “undergoing morphological, molecular, and
functional changes in response to pathologic situations,”2 are
commonly present inMS lesions. The key roles of astrocytes in
shaping local inflammatory responses are increasingly recog-
nized; indeed, these glial cells interact with other neural cells as
well as infiltrating leukocytes.3 Notably, CNS-infiltrating im-
mune cells are associated with active demyelination and neu-
rodegeneration inMS.1 Among infiltrating lymphocytes, CD8+

T lymphocytes are very abundant, although their contribution
to MS pathobiology is incompletely resolved.1

Natural killer group 2D (NKG2D) is a (co)activating receptor
expressed by immune effector cells including natual killer (NK)
cells, CD8+T lymphocytes, and subsets of CD4+T lymphocytes.
NKG2D acts on numerous immune functions; for example, it
provides costimulation to T lymphocytes increasing cytotoxicity,
chemokine responsiveness, and inflammatory cytokine pro-
duction.4 NKG2D-expressing T lymphocytes are enriched in
sites targeted by chronic inflammatory diseases and are as-
sociated with the production of inflammatory mediators such
as in active skin lesions of patients with vitiligo, intestinal
epithelium of patients with active celiac disease, and gut
lamina propria of patients with Crohn disease.5,6 Results from
others and our group pinpoint the NKG2D pathway as a key
player in MS pathology, especially through T lymphocyte–
mediated mechanisms. In MS brain lesions, all infiltrating
CD8+ T lymphocytes express NKG2D, and the number of
NKG2D+ CD4+ T lymphocytes is elevated compared with
non-MS controls.7 NKG2D+ CD4+ T lymphocytes are more
abundant in the blood of patients with MS during relapse, and
these T lymphocytes have an encephalitogenic profile, with
enhanced cytolytic and migratory capacities.7 In addition, we
showed that passive experimental autoimmune encephalo-
myelitis (EAE) is less severe in NKG2D-deficient recipient
mice than their wild-type counterparts.8 Moreover, conditional
deletion of NKG2D in T lymphocytes reduced active EAE
disease severity compared with wild-type counterparts.9

NKG2Dcan recognizemultiple ligands (referred asNKG2DLs)
grouped in humans into themajor histocompatibility complex
class I chain-related protein (MIC) (MICA and MICB) and

UL16-binding protein (ULBP 1-6) families.10 Under normal
physiologic conditions, these ligands are expressed at low or
undetectable levels but are induced by cellular stress, serving
to alert the immune system.10 Accumulating evidence sup-
ports the notion that distinct cell types upregulate specific
NKG2DLs in response to different stresses, including DNA
damage, inflammation, oxidative stress, and endoplasmic re-
ticulum (ER) stress.10,11 The surface protein expression of
each NKG2DL is finely regulated by multiple mechanisms
at the transcriptional, translational, and posttranslational
levels including shedding of soluble forms.10,11 Therefore,
NKG2DL expression is cell type and environment specific,
and such diversity of ligand expression could facilitate the
targeting of precise elements of the NKG2D pathway
depending on disease context.10,11

Several cellular stressors (i.e., inflammation and oxidative
stress) are present in MS brains1; whether they trigger
NKG2DLs in specific human CNS cell types is unresolved.
Elevated levels of soluble NKG2DLs in biological fluids of
other inflammatory diseases are linked to enhanced autoim-
mune T lymphocyte activation.12 Soluble MICA/B is detected
in the serum of patients with MS,13 but there are no data
available for CSF. We have previously detected MICA/B+ ol-
igodendrocytes in MS brain tissue; we also observed CD8+

T lymphocytes in close proximity to these MICA/B+ cells.
Therefore, our results support the possibility of in vivo contact
between T lymphocytes and NKG2DL+ CNS cells in MS.14

Whether other neural cells in patients with MS express specific
NKG2DLs and therefore may be recognized by NKG2D-
expressing T lymphocytes has not been determined.

Here, we investigate whether specific NKG2DLs could be
involved in MS pathobiology. We found higher levels of
ULBP4 in the brain of patients with MS compared with
controls and identified astrocytes as the predominant cell type
expressing this ligand. In addition, we showed elevated levels
of soluble ULBP4 in the CSF of female patients with MS.
Finally, we demonstrate that soluble ULBP4 enhances the
secretion of inflammatory cytokines by CD8+ T lymphocytes.
Moreover, the addition of soluble ULBP4 alters the motility
and behavior of CD8+ T lymphocytes cocultured with human
astrocytes. Our results support the involvement of ULBP4 in
the neuroinflammatory context of MS pathology.

Glossary
BBB = blood-brain barrier; CA = chronic active; EAE = experimental autoimmune encephalomyelitis; ER = endoplasmic
reticulum;GBM = glioblastomamultiforme;GFAP = glial fibrillary acidic protein;GM-CSF = granulocyte-macrophage colony-
stimulating factor; IFNγ = interferon-γ;MIC = major histocompatibility complex class I chain-related protein;MICA = major
histocompatibility complex class I chain-related protein A; MICB = major histocompatibility complex class I chain-related
protein B;MS = multiple sclerosis;MULT1 = murine UL16-binding proteinlike transcript 1;NAGM = normal-appearing gray
matter; NAWM = normal-appearing white matter; NK = natural killer; NKG2D = natural killer group 2D; OND = other
neurologic disorder; PPMS = primary progressive MS; rhULBP4 = recombinant human ULBP4; RRMS = relapsing-remitting
MS; SPMS = secondary progressive MS; TNF = tumor necrosis factor; ULBP4 = UL16-binding protein 4.
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Methods
Ethics
Written informed consent was obtained from patients with MS
and controls in accordance with the local ethical committee, and
studies were approved by the Centre Hospitalier de l’Université
de Montréal ethical board (BH 07.001, HD 07.002). Patients
were recruited from the CHUM MS Clinic and clinically clas-
sified as relapsing-remitting MS (RRMS), primary progressive
MS (PPMS), or secondary progressiveMS (SPMS) according to
the revised 2017 McDonald criteria15 by a highly trained MS
neurologist (P.D., M.G., C.L., or A.P.). CSF was obtained from
patients undergoing lumbar puncture for diagnostic purpose;
these samples included untreated patients confirmed as MS or
affected by other neurologic disorder (OND). OND included
patients diagnosed with migraine, chronic fatigue, epilepsy, or
postoperative complications. The number of patients and con-
trols for each assay is indicated in figure legends.

Standard Protocol Approvals, Registrations,
and Patient Consents
Human fetal brain tissue (16–23 weeks old) was obtained on
obtaining written informed consent (ethical committee of CHU
Sainte-Justine, CER#2126; University of Washington Birth
Defects Research Laboratory Seattle, WA, STUDY00000380).

These studies were approved by the CHUM ethics boards
(BH07.001, HD07.002).

Statistical Analysis
Data analysis was performed using GraphPad Prism 9.2 software
(San Diego, CA). When data passed the Shapiro-Wilk or the
D’Agostino-Pearson normality test, the paired t test or 1-way
analysis of variance was performed, and data are presented as
mean ± SEM. When data did not pass the normality test, the
Wilcoxon test, Friedman test, or Kruskal-Wallis test was used,
and data are presented as mean. Values were considered sta-
tistically significant when probability (p) values were as follows:
p ≤ 0.05 (*), p ≤ 0.01 (**), p ≤ 0.001 (***), or p ≤ 0.0001 (****).

Data Availability
Data not provided in the article because of space limitations
can be shared at the request of other investigators for the
purpose of replicating procedures and results.

Results
ULBP4 Is Elevated in Brain Lesions and Normal-
AppearingWhiteMatter FromPatientsWithMS
To assess whether NKG2DLs are expressed in human brains,
we extracted RNA from snap-frozen brain tissues from patients

Figure 1 ULBP4 Expression Is Elevated in Brain Lesions From Patients With MS

(A) Relative mRNA expression of ULBP4 in post-
mortem brain samples from untreated patients
withMS and controls (epilepsy) (Ctl) expressedas 2-
DCt compared with 18S. Each dot represents 1 do-
nor (n = 3 per group). Data are shown as mean +
SEM. (B and C) Western blot analysis of ULBP4 in
postmortem brain lysates from patients with MS
and controls (Ctl). MS samples were characterized
asactive (A)MS lesion, chronic active (CA)MS lesion,
NAWM, and NAGM. Control samples were dis-
sected from either white or gray matter (WM/GM).
(B) Representative Western blot showing ULBP4
and GAPDH detection in samples from 1MS donor
and 1 control as well as the positive control
rhULBP4. (C) Quantification of 50 kDa (C.a) and 45
kDa (C.b) ULBP4 bands relative to GAPDH levels.
Each dot represents 1 donor. Data are shown as
mean for 5–6 patients with MS (5 untreated SPMS
and 1 fingolimod-treated transitional RRMS-SPMS)
and 6 controls. Comparison between different
groups is indicated with lines: Kruskal-Wallis test
and uncorrected Dunn test; *p < 0.05, **p < 0.01,
and ***p < 0.001. CA = chronic active; GAPDH =
glyceraldehyde 3-phosphate dehydrogenase; MS =
multiple sclerosis; NAGM = normal-appearing gray
matter; NAWM = normal-appearing white matter;
rhULBP4 = recombinant human ULBP4; RRMS =
relapsing-remitting MS; SPMS = secondary pro-
gressive MS; ULBP4 = UL16-binding protein 4.
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with MS and controls and performed real-time quantitative
reverse transcription–PCR (eMethods, links.lww.com/NXI/
A669). mRNA coding for the 8 identified human NKG2DLs
(ULBP 1–6 and MICA, B) was detected in all brain samples
tested (Figure 1A and eFigure 1A). Because these ligands are
tightly regulated at multiple levels shaping their protein ex-
pression,11 we evaluated the protein expression of NKG2DLs
byWestern blot (eMethods). AlthoughULBP4was detected in
human brain lysates, levels of other NKG2DLs (ULBP1,
ULBP2/5/6, ULBP3, and MICA/B) were below detection in
these samples (Figure 1, B and C and eFigure 1B). To char-
acterize the expression of ULBP4 in the brain, active (A) and
chronic active (CA) MS lesions, normal-appearing white
matter (NAWM), and normal-appearing graymatter (NAGM)
from patients withMS and white and graymatter from controls
were compared. Two main bands were detected at approxi-
mately 45 and 50 kDa, corresponding to ULBP4 (Figure 1B).
To validate the specificity of ULBP4 detection, recombinant
human ULBP4 (rhULBP4), which has an additional tail, was
included as a positive control and was detected at the expected
size (65 kDa) reported by the vendor. We also confirmed the
specificity of ULBP4 detection as preabsorption of the anti-
ULBP4 antibody with the rhULBP4 abolished ULBP4 de-
tection from protein lysates (data not shown). Quantification
of ULBP4 relative to the endogenous control (glyceralde-
hyde 3-phosphate dehydrogenase) indicated that the 50-kDa

ULBP4 band was significantly elevated in both types of MS
lesions (A and CA) compared with NAGM from patients with
MS and both white and gray matters from controls (Figure 1, B
and C). Relative amounts of the ULBP4 50 kDa band were also
significantly greater in NAWM from patients with MS than in
graymatter from normal-appearingMS brain and controls. The
45-kDa ULBP4 band was significantly more abundant in active
and CA MS lesions compared with NAGM from patients with
MS and gray matter from controls. Taken together, our results
indicate that the protein levels of ULBP4 are elevated in
postmortem brain tissue from patients with MS, especially in
MS lesions compared with controls.

ULBP4 Is Mainly Expressed by Astrocytes in
MS Brains
To characterize the ULBP4 expression in postmortem brain
tissues, we performed immunostaining on paraffin-embedded
brain sections from 4 patients with MS and 4 controls
(Figure 2, eMethods, links.lww.com/NXI/A669). ULBP4
expression was elevated in MS brain sections compared with
controls, especially in MS lesions compared with NAGM
(Figure 2A). Despite the low abundance of ULBP4 detected
by Western blot in controls (Figure 1B), ULBP4-expressing
cells were observed in control samples by immunohistos-
taining (Figure 2A). To identify the cell types with detectable
ULBP4, cellular markers for astrocytes (glial fibrillary acidic

Figure 2 ULBP4 Is Mainly Expressed by Astrocytes in Brain Tissue From Patients With MS and Controls

(A) Representative images for the cos-
taining of ULBP4 (cyan) and GFAP (ma-
genta) in paraffin-embedded sections
from untreated MS donors (NAGM and
WM lesion) and controls (no brain re-
lated disease); n = 4 for each group.
Nuclei were stained with 4’,6-dia-
midino-2-phenylindole (blue). Corre-
sponding isotype controls are shown.
Yellow arrows indicate ULBP4+GFAP+

cells, and red arrows indicate ULBP4-
negative GFAP+ cells. Scale bars =
25 μM. (B) Representative enlarged
image showing colocalization of GFAP
and ULBP4 in the brain section. Scale
bars = 10 μM. GFAP = glial fibrillary
acidic protein; MS = multiple sclerosis;
NAGM = normal-appearing gray mat-
ter; WM = white mater; ULBP4 = UL16-
binding protein 4.
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protein [GFAP]) and neurons (microtubule associated pro-
tein 2 [MAP2]) were used (eMethods). We noted an im-
portant colocalization of ULBP4 with GFAP (yellow arrows),
but not MAP2+ cells, confirming that astrocytes, and not
neurons, are the predominant cells expressing ULBP4
(Figure 2B, eFigure 2). A subset of GFAP+ cells that did not
express ULBP4 (red arrows) was also noted. In summary, our

results identify astrocytes as the predominant cell type
expressing ULBP4 in the brain of patients with MS.

Cellular Stress Increases ULBP4 Expression by
Human Astrocytes
Multiple cellular stressors can increase NKG2DLs in a cell type
specific fashion.10 Moreover, brain cells, including astrocytes,

Figure 3 Several Types of Cellular Stress Increase the Proportion of ULBP4-Expressing Astrocytes

(A–C) Flow cytometry analysis of ULBP4 expression by human astrocytes. (A) Gating strategy from 1 representative donor. Cell debris, doublets, and dead cells
were excluded, and GFAP+ cells were selected for analysis. (B) Representative dot plots showing isotype control (B.a) or ULBP4 detection on living GFAP+ gated
cells. Astrocytes were either kept under normal culture conditions (NIL) (B.b) or exposed to sodiumarsenite (Na Arsenite) for 2 (B.c) and 6 hours (B.d). Percentage
of ULBP4+ cells is indicated. (C) Quantification of ULBP4 expression onGFAP+ cells after exposure to sodiumarsenite (C.a), tunicamycin (C.b), or proinflammatory
cytokines (C.c). Eachdot represents 1 donor.Data are shownasmeanormean+SEM, n = 7–9. Friedman test andDunnmultiple comparison test comparingNIL vs
Na Arsenite or DMSO vs tunicamycin; 1-way analysis of variance comparing NIL vs cytokine *p < 0.05, **p < 0.01 ***p < 0.001. DMSO= dimethylsulfoxide; GFAP =
Glial fibrillary acidic protein; MS = multiple sclerosis; IFNγ = interferon-γ; TNF = tumor necrosis factor; ULBP4 = UL16-binding protein 4.

Neurology.org/NN Neurology: Neuroimmunology & Neuroinflammation | Volume 9, Number 1 | January 2022 5

http://neurology.org/nn


exhibit markers of ER and oxidative stress in MS lesions,1,16

and several proinflammatory cytokines, including tumor
necrosis factor (TNF) and interferon-γ (IFNγ), are ele-
vated in MS brain tissues.17 To identify cellular stressors
that upregulate ULBP4 expression in astrocytes, the main
source of ULBP4 in brain tissues, we used our well-
established primary cultures of human astrocytes and
assessed ULBP4 expression by flow cytometry (Figure 3,
eMethods, links.lww.com/NXI/A669). We exposed astro-
cytes to 3 types of cellular stress that are relevant in the
context of MS: inflammation, ER stress and oxidative stress,
as modeled by TNF/IFNγ, tunicamycin, and sodium

arsenite, respectively. Concentrations and exposure time of
stressors were validated so as to avoid significant cell death.
Following exposure to these stressors, a significantly in-
creased proportion of astrocytes expressed ULBP4, with
the TNF/IFNγ combination inducing the strongest in-
crease (Figure 3, B and C). In contrast, these cellular
stressors did not significantly alter the low ULBP4 ex-
pression by human neurons isolated from the same CNS
tissue as astrocytes (eFigure 2, B–D). Thus, these results
demonstrate that human astrocytes increase ULBP4 ex-
pression in response to inflammation, ER, and oxidative
stress.

Figure 4 Soluble ULBP4 Is Elevated in CSF From Female Patients With MS and Enhances Proinflammatory Properties of
CD8+ T Lymphocytes

(A andB)Western blot analysis of ULBP4 and albumin levels in CSF frompatientswithMSand controls (Ctl). (A) RepresentativeWestern blot including 5 untreated
MS donors (1–5) and 2 controls (A and B) illustrating expression of ULBP4 and albumin. (B) Quantification of 45–50 kDa (B.a) and 25 kDa (B.b) bands of ULBP4
relative to albumin according to sex (♀: female;♂: male) and disease (MS vs control). Each dot represents 1 donor. Mean ± SEM, n = 5 female untreatedMS, n = 5
male untreated MS, n = 4 female controls, and n = 4 male controls. (C and D) Production of GM-CSF and IFNγ by CD8+ T lymphocytes stimulated with or without
rhULBP4. (C) Diagram illustrating culture conditions: isolated CD8+ T lymphocytes were stimulated overnight with plate-bound anti-CD3 in the presence or
absence of sULBP4 before collecting supernatants for ELISA measurements. (D) Quantification of secreted GM-CSF (D.a) and IFNγ (D.b) levels (pg/mL) in the
presence (blue bars) or absence (white bars) of rhULBP4. Each dot represents 1 donor.Mean, n = 10 per group. Paired t test for GM-CSF production andWilcoxon
test for IFNγ production comparingNIL vs sULBP4; *p< 0.05and**p< 0.01.GM-CSF = granulocyte-macrophage colony-stimulating factor;MS=multiple sclerosis;
rhULBP4 = recombinant human ULBP4; sULBP4 = soluble UL16-binding protein 4; ULBP4 = UL16-binding protein 4.
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Soluble ULBP4 Is Present in the CSF and Can
Boost the Inflammatory Properties of CD8+

T Lymphocytes.
Wehave previously established thatmurineUL16-binding protein-
like transcript 1 (MULT1) is the most abundantly expressed
murineNKG2DL in theMOG35-55 EAEmousemodel

8 and that a
shed/cleaved form of MULT1 is enriched in the CSF of EAE
mice.8 Therefore, we testedwhether themost abundantNKG2DL
detectable in MS brain samples, ULBP4, is also enriched in the
CSF of patients with MS. The presence of ULBP4 in CSF from
patients with MS and controls was assessed by Western blot
(eMethods, links.lww.com/NXI/A669). We detected 2 sets of
bands for ULBP4 (Figure 4A): 1 that migrated at 45–50 kDa
and thus corresponded to the full size protein, similar to what
we detected in brain lysates (Figure 1B). Additional bands,
migrating around 25 kDa, were also observed, possibly cor-
responding to shed forms of the extracellular part of ULBP4.
Although we observed comparable levels of the 45–50-kDa
ULBP4 in CSF from MS and controls, the 25 kDa form of
ULBP4 was elevated in the CSF of female patients with MS
(Figure 4B) compared with male patients with MS and con-
trols of both sexes.

The soluble form of MULT1, an elevated murine NKG2DL
in the CSF of EAE mice,8 can boost effector functions of
murine NK cells18 and CD8+ T lymphocytes.8 Notably,
human CD8+ T lymphocytes are a predominant NKG2D-
expressing cell type in MS lesions.7 Therefore, we in-
vestigated whether soluble ULBP4, which is elevated in the
CSF from female patients with MS, has an impact on CD8+

T lymphocyte functions. The addition of soluble ULBP4 to
human CD8+ T lymphocytes activated with anti-CD3
(Figure 4C) significantly increased the secretion of gran-
ulocyte-macrophage colony-stimulating factor (GM-CSF)
and IFNγ (Figure 4, C and D), 2 key inflammatory cyto-
kines. The data suggest that a soluble form of ULBP4, which
is enriched in the CSF of female patients with MS, can en-
hance the production of GM-CSF and IFNγ by activated
human CD8+ T lymphocytes.

Soluble ULBP4 Increases CD8+ T Lymphocyte
Motility and Enhances Kinapse-Like Behaviors
To evaluate the impact of soluble ULBP4 on human CD8+

T lymphocytes entering the CNS, we used our established live
imaging cocultured human astrocyte- CD8+ T lymphocyte

Figure 5 Soluble ULBP4 Enhances the Motility of CD8+ T Lymphocytes

(A–D) Time-lapse imaging of activated CD8+ T lymphocytes cocultured with human astrocytes in the presence or absence of sULBP4. (A) Diagram illustrating
culture conditions. CD8+ T lymphocytes were activated overnight on anti-CD3 coated plates in the presence of anti-CD28 and interleukin-15, CFSE-labeled, and
then added to astrocytes in the presence or absence of sULBP4 and imaged for 2 hours. (B) Three-dimensional time-lapse view at T = 0, T = 1, and T = 2 hours of
activated CD8+ T lymphocytes (green) cocultured with astrocytes (magenta). (C and D) Analysis of the motility and behavior of CD8+ T lymphocytes from 3
untreated patients with MS and 3 sex- and age-matched healthy controls on coculture with astrocytes in the presence or absence of sUBLP4. Presented data are
pooled from 3 independent experiments. (C) Coefficient of arrest (%) of individual CD8+ T lymphocytes; each dot represents 1 cell. Kruskal-Wallis test comparing
sULBP4 vsNIL for each donors’ group ****p < 0.0001. (D) Proportion of CD8+ T lymphocytes exhibiting the scanning, dancing, poking, and round behaviorswhen
coculturedwith astrocytes in the presence or absence of sULBP4. Oneway analysis of variance comparingNIL vs sULBP4 for each donors’ group, *p < 0.05, **p <
0.01. CFSE = carboxyfluorescein succinimidyl ester; MS = multiple sclerosis; sULBP4 = soluble UL16-binding protein 4; ULBP4 = UL16-binding protein 4.
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assay (Figure 5, A and B, Videos 1–4, eMethods, links.lww.com/
NXI/A669). We compared the motility and behavior of activated
CD8+T lymphocytes from healthy donors and patients withMS.19

Adding solubleULBP4 to astrocyte–CD8T lymphocyte cocultures
decreased the coefficient of arrest of CD8+ T lymphocytes, sup-
porting an increased motility (Figure 5, A–C). Notably, this effect
wasmore pronounced forCD8+T lymphocytes frompatients with
MS compared with healthy controls.

We have previously identified in astrocyte–CD8 T-cell co-
culture 4 different CD8+ T lymphocyte behaviors: round,
poking, dancing, and scanning.19 Poking and round behaviors
are associated with synapse-like behaviors, which are charac-
terized by long-lasting interactions between T lymphocytes
and antigen-presenting cells and migration arrest of
T lymphocytes.20–22 Scanning and dancing behaviors are as-
sociated with kinapse-like behaviors, which refer to more
dynamic interactions between antigen-presenting cells and
T lymphocytes and thus higher motility of T lymphocytes.19

The addition of soluble ULBP4 in the coculture induced a
significant increase in the proportion of CD8+ T lymphocytes
adopting a dancing or scanning behavior (Figure 5, B–D).
Although we could observe these changes in CD8+

T lymphocytes from both patients with MS and controls,
these differences reached significance for MS T lymphocytes,
indicating that these cells were more sensitive to soluble
ULBP4. These behavioral changes suggest that CD8+

T lymphocytes from patients with MS respond to the soluble

form of ULBP4 detected in CSF by increasing their motility
and adopting kinapse-like behaviors.

Discussion
Several cellular stressors present in chronic inflammatory and
autoimmune diseases have been shown to upregulate the
expression of specific NKG2DLs, consequently leading to the
activation of NKG2D-bearing immune effector cells.5 In this
study, we provide new evidence for the involvement of 1
specific NKG2DL, ULBP4, in the pathobiology of MS, a
prototypic neuroinflammatory disease (Figure 6). We dem-
onstrate elevated ULBP4 protein expression in postmortem
brain tissues from patients with MS (Figure 1) and identify
astrocytes as the predominant cells expressing this ligand
(Figure 2). In addition, our data demonstrate that stressors
present in MS lesions can trigger ULBP4 expression by
human astrocytes (Figure 3). We also demonstrate elevated
levels of a shed/soluble form of ULBP4 in CSF from female
patients with MS compared with male patients with MS and
female and male controls (Figure 4). Finally, we establish
a novel role for soluble ULBP4 in enhancing effector properties
(Figure 4) and motility of human CD8+ T lymphocytes, with a
stronger impact on cells from patients with MS (Figure 5).

NKG2DLs alert the immune system when tissue homeostasis
is compromised in various contexts such as tumor, infection,

Figure 6 Proposed Involvement of the NKG2D Pathway in MS Pathology

(A) CD8+ T lymphocytes can enter the CNS of patients with MS in part due to disrupted BBB. All infiltrating CD8+ T lymphocytes express NKG2D7 and thus can
interact with ULBP4-expressing astrocytes including those having end feet in close proximity to the BBB. (B) Various cellular stresses (inflammation, ER stress,
and oxidative stress) present in the brain of patients with MS can upregulate ULBP4 expression by astrocytes, as supported by our in vitro data. Reactive
astrocytes, which are abundantly present in MS lesion, represent the predominant cell type expressing ULBP4 in the brain of patients with MS. (C) Soluble
forms of ULBP4 are detectable in CSF; a soluble 25-kDa ULBP4 form is significantly elevated in CSF from female patients withMS compared with groups (male
patients withMS and controls of both sexes). (D) Soluble ULBP4 can affect immune cell functions. On contact with sULBP4, CD8+ T lymphocytes increase their
secretion ofGM-CSF and IFNγ. Moreover, addition of sULBP4 to CD8+ T lymphocytes coculturedwith astrocytes increases theirmotility and favors kinapse-like
behaviors, which are more dynamic andmay lead to enhanced displacement within the tissue. BBB = blood-brain barrier; ER = endoplasmic reticulum; MS =
multiple sclerosis; sULBP4 = soluble UL16-binding protein 4.
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inflammation, and cellular stress. Because immune effector
cells express the NKG2D receptor under normal physiologic
conditions, the tight regulation of ligand expression is key to
control the activation of the NKG2D-NKG2DL pathway.23

Indeed, NKG2DLs are subjected to transcriptional, post-
transcriptional, translational, and posttranslational regulatory
mechanisms that modulate their expression.10,11 We detected
mRNA coding for the 8 identified human NKG2DLs
(ULBP1-6 and MICA, B) in human brain tissues from both
patients with MS and controls (Figure 1 and eFigure 1, links.
lww.com/NXI/A669). However, ULBP4 was the only ligand
we could detect by Western blot in brain lysates (Figure 1 and
eFigure 1) using commercially available antibodies (R&D
Systems) widely used by the scientific community. Bands of
different molecular weights were detected for ULBP4 by
Western blot (Figure 1). We speculate that these differences
in size are likely due to posttranslational modifications such as
glycosylation, which has been reported for ULBP4.24 We have
previously reported the detection of MICA/B in a limited
number of snap-frozen postmortem MS brain tissues (n = 2)
and colocalization with O4 (oligodendrocyte marker) but not
GFAP.14 It is possible that other NKG2DLs, including
MICA/B, are present in MS brain tissues but that these li-
gands do not reach levels comparable to ULBP4. We used the
same amount of protein (50 ng) of the positive controls,
which are recombinant NKG2DLs obtained from the same
vendor, to confirm our capacity to detect NKG2DLs by
Western blot (eFigure 1). However, no signal could be
detected in the CNS samples for non-ULBP4 ligands. ULBP4
protein expression was frequently observed in astrocytes
surrounding blood vessels (Figure 2), suggesting that in-
coming NKG2D+ immune cells, which include all infiltrating
CD8+ T lymphocytes and a subset of CD4+ T lymphocytes,7

could encounter ULBP4-expressing astrocytes. Notably,
higher NKG2DL expression in the gut of patients with
Crohn25 and celiac diseases26 compared with healthy donors
supports the notion that pathologically elevated NKG2DL
levels can contribute to chronic inflammatory and autoim-
mune diseases.

Increasing evidence supports a key role for astrocytes in MS
pathobiology throughout different disease stages.3 In MS
brains, these abundant glial cells are subjected to in-
flammatory mediators, which can induce glial reactivity, but
also lead to ER stress and oxidative damage.1 Astrocytes
upregulate ER stress–related proteins, including ViP and the
C/EBP homologous protein, in MS lesions as well as
NAWM.27 Notably, significantly higher levels of ULBP4 were
detected in MS lesions and NAWM (Figures 1, 2, and 6). Our
in vitro data validate that indeed inflammation, ER stress, and
oxidative stress increased the proportion of human astrocytes
expressing ULBP4 (Figures 3 and 6) but did not alter ex-
pression in human neurons (eFigure 2, links.lww.com/NXI/
A669), suggesting a specific response of astrocytes to these
stressors. Others have shown NKG2D-mediated killing of
human astrocytes by activated NK cells in a mixed neuron-
astrocyte culture, supporting the preferential expression of

NKG2DLs by astrocytes.28 Our results demonstrating dif-
ferential responses to cellular stress between human neurons
and astrocytes are not surprising as numerous publications
document that distinct cell types upregulate NKG2DLs in
response to various stresses, including the MS-relevant
stressors used here.11,29,30 Finally, as cellular stress such as
inflammation, ER stress, and oxidative stress are observed in
other neurologic disorders,31,32 it will be relevant to in-
vestigate whether NKG2DLs are also upregulated in these
conditions.

Soluble forms of NKG2DLs have been observed in several
conditions; a variety of mechanisms have been implicated in
the release of these soluble ligands, and their impact on
immune functions varies depending on the specific ligand,
cell type, and context.33 Several groups have shown that in
cancer, some tumor-derived soluble NKG2DLs are associ-
ated with poor prognosis and can downmodulate NKG2D
and restrain NK and T-cell cytotoxicity.34,35 In contrast,
soluble MULT1, a murine NKG2DL, can enhance NK cell
activity and promote tumor rejection.18 Likewise, we have
shown that soluble MULT1 is elevated in the CSF of EAE
mice and can increase the inflammatory properties of CD8+

T lymphocytes.8 We now show that a soluble form of ULBP4
(25 kDa) is elevated in the CSF of female patients with MS
compared with male patients with MS and controls (Figures
4 and 6). Despite this difference, CSF from all male and
female patients with MS was positive for oligoclonal bands,
and both patient groups included similar proportions of
patients with PPMS and RRMS. We speculate that sex-
specific inflammatory processes in the CNS of female pa-
tients could lead to the release of this soluble form of
ULBP4. Notably, others compared postmortem tissue from
female and male patients with MS and observed multiple
differences in mRNA levels of genes coding for hormone
receptors and cytokines.36 Moreover, large transcriptomic
analyses performed in animal models have documented that
glial cells, including astrocytes, exhibit sex differences in their
transcriptomic patterns.37,38 Additional tools will be neces-
sary to identify the mechanisms driving this sex difference.
Moreover, splice variants of ULBP4 have been reported in
immortalized tumor cell lines including soluble forms of
various sizes.24,39,40 However, whether these variants can be
expressed by nonimmortalized cells or influenced by sex has
not been shown. Unfortunately, a lack of available tools to
distinguish different ULBP4 isoforms prevents us from fur-
ther investigating the 25 kDa soluble form.

We show that soluble ULBP4, similarly to MULT1 in
mice, boosts the production of 2 key inflammatory cyto-
kines, GM-CSF and IFNγ, by activated human CD8+

T lymphocytes (Figures 4 and 6). We demonstrate that
soluble ULBP4 significantly modifies the behavior of acti-
vated human CD8+ T lymphocytes encountering human
astrocytes, especially T lymphocytes from patients with MS
(Figures 5 and 6). Indeed, the addition of soluble ULBP4
favored kinapse-like behavior by CD8+ T lymphocytes while
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reducing the proportion of T cells involved in synapse-like
behaviors (Figures 5 and 6). These changes cannot be
explained by altered NKG2D expression, as both patients
with MS and controls showed similar NKG2D levels, and
the presence of soluble ULBP4 did not downregulate the
receptor (data not shown). We ruled out that ULBP4 has
chemotactic properties, which could increase T lymphocyte
motility; indeed, adding soluble ULBP4 in a transwell che-
motaxis assay had no impact on CD8+ T lymphocyte mi-
gration (data not shown). We speculate that the presence of
soluble ULBP4 enhances movement of T lymphocytes
within the brain parenchyma via nonchemoattractive
mechanisms.

A single injection of an α-NKG2D neutralizing antibody re-
duced disease activity in patients with Crohn disease41 sup-
porting the feasibility of targeting the NKG2D pathway in
inflammatory diseases in humans. However, as the NKG2D
pathway contributes to the immunosurveillance of infected
cells and tumors, it is imperative to determine whether there is
cell type specificity that can be exploited to refine NKG2D-
targeted therapeutic approaches. Indeed, targeting ULBP4,
without altering other ligands that might contribute to im-
portant immune functions, could yield a very specific therapy.
Importantly, it is known that ULBP4 is implicated in various
types of cancers42-44; however, current data suggest that
ULBP4 is not expressed in CNS-related cancers in adults.
Although MICA, MICB, and ULBP1-2 are detected at the
protein level in human adult glioblastoma multiforme (GBM)
and meningioma samples, ULBP3 and ULBP4 are not.45,46 In
addition, MICB and ULBP1 are detected on GBM-infiltrating
myeloid cells.46 In pediatric cases of low grade glioma, ele-
vated levels of ULBP2/5/6 and ULBP4 have been observed,
although not in high-grade glioma samples.47 Additional
studies will be required to fully characterize the expression
pattern of ULBP4 in the human brain; nevertheless, available
data including our current study suggest that in adults, ULBP4
is not associated with brain tumors but rather is increased in
patients with MS. Therefore, our study suggests that ULBP4
could be a valid target in MS pathobiology without impairing
beneficial immunosurveillance in the CNS (Figure 6).

Acknowledgment
The authors are grateful to the team of Dr. Elie Haddad at the
CHU-Ste-Justine and the Birth Defects Research Laboratory
(BDRL) of Dr. Ian Glass at the University of Washington for
providing fetal CNS tissues. They also thank the cellular
imaging core facility and the flow cytometry core facility of the
CRCHUM as well as Sandra Larouche for her help with
cryosectioning brain tissues.

Study Funding
This study was supported by an Operating Grant from the
Canadian Institutes of Health Research held by N.A. (CIHR,
PTJ-168870). A.C.M. and S.E.J.Z., respectively, obtained a joint
studentship and postdoctoral award from the FRQS-MSSC.
N.F-k. obtained studentships from the Neuroinflammation-

CIHR training program and FRQS. C.L. holds a Chercheur-
Boursier Junior 1 salary award from FRQS, and A.P. holds a
Canadian Research Chair Tier I in Multiple Sclerosis. The
CIHR had no role in the design of this study, its execution, and
the analyses and interpretation of the data.

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

Publication History
Received by Neurology: Neuroimmunology & Neuroinflammation
August 17, 2021. Accepted in final form October 19, 2021.

Appendix Authors

Name Location Contribution

Ana
Carmena
Moratalla,
MSc

Department of Neuroscience,
Faculty of Medicine, Université
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Canada

Conducted experiments,
analyzed and interpreted
data, and wrote the
manuscript

Yves
Carpentier
Solorio, BSc

Department of Neuroscience,
Faculty of Medicine, Université
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Canada

Was involved in the
collection of human
samples, provided
important scientific input,
and revised the
manuscript

Boaz Lahav,
BSc

Multiple Sclerosis CHUM Clinic
Centre de recherche du Centre
Hospitalier de l’Université de
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Canada

Was involved in the
collection of human
samples and clinical
characterization of
patients

Pierre
Duquette,
MD

Multiple Sclerosis CHUM Clinic
Department of Neuroscience,
Faculty of Medicine, Université
de Montréal
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Abstract
Background and Objectives
To demonstrate that an analog (SGE-301) of a brain-derived cholesterol metabolite, 24(S)-
hydroxycholesterol, which is a selective positive allosteric modulator (PAM) of NMDA re-
ceptors (NMDARs), is able to reverse the memory and synaptic alterations caused by CSF from
patients with anti-NMDAR encephalitis in an animal model of passive transfer of antibodies.

Methods
Four groups of mice received (days 1–14) patients’ or controls’ CSF via osmotic pumps
connected to the cerebroventricular system and from day 11 were treated with daily sub-
cutaneous injections of SGE-301 or vehicle (no drug). Visuospatial memory, locomotor activity
(LA), synaptic NMDAR cluster density, hippocampal long-term potentiation (LTP), and
paired-pulse facilitation (PPF) were assessed on days 10, 13, 18, and 26 using reported
techniques.

Results
On day 10, mice infused with patients’ CSF, but not controls’ CSF, presented a significant
visuospatial memory deficit, reduction of NMDAR clusters, and impairment of LTP, whereas
LA and PPF were unaffected. These alterations persisted until day 18, the time of maximal
deficits in this model. In contrast, mice that received patients’CSF but from day 11 were treated
with SGE-301 showed memory recovery (day 13), and on day 18, all paradigms (memory,
NMDAR clusters, and LTP) had reversed to values similar to those of controls. On day 26, no
differences were observed among experimental groups.

Discussion
An oxysterol biology-based PAM of NMDARs is able to reverse the synaptic and memory
deficits caused by CSF from patients with anti-NMDAR encephalitis. These findings suggest a
novel adjuvant treatment approach that deserves future clinical evaluation.
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Anti-NMDA receptor (NMDAR) encephalitis is an immune-
mediated disease characterized by a complex neuropsychiatric
syndrome and the presence of CSF antibodies against the GluN1
subunit of NMDAR.1 Although most patients improve with
immunotherapy and tumor removal, when needed, one of the
most challenging problems of this disease is the prolonged pro-
cess of recovery.2-7 This problem particularly affects memory,
attention, and executive functions that usually remain altered for
many months after the acute phase has resolved.8-13 The reasons
for this slow recovery are unclear, but it may be caused by a severe
impairment of synaptic function due to persistent immune acti-
vation against NMDAR within the CNS,14,15 a limited efficacy of
current immunotherapies, or a combination thereof.

To achieve a faster or sustained improvement, we postulated that
patients with anti-NMDAR encephalitis may need, in addition to
immunotherapy, adjuvant medication aimed to compensate or
overcome the mechanisms altered by the antibodies. This ap-
proach would be similar to that used in patients with myasthenia
gravis or the Lambert-Eaton myasthenic syndrome who receive
immunotherapy along with acetylcholinesterase inhibitors or 3,4-
diaminopyridine.16,17 Considering that in anti-NMDAR enceph-
alitis, the antibodies cause a reduction of receptors and NMDAR-
mediated currents,14,18 the potential treatment utility of positive
allostericmodulators (PAMs)ofNMDARs came to our attention.

There is evidence that a brain-derived cholesterol metabolite,
24(S)-hydroxycholesterol (24(S)-HC), is a potent, direct, and
selective PAM of NMDARs.19 Several synthetic analogs of 24(S)-
HC such as D5,6-3β-oxy-nor-cholenyl-dimethylcarbinol (SGE-
201) and SGE-301 have similar mechanisms of action.19 An ad-
vantage of these compounds is their small size and lipophilicity that
allow them to cross the blood-brain barrier and reach CNS con-
centrations that substantially potentiate NMDAR currents.19-21 In
rats, administration of SGE-301 reversed the memory deficit
caused by phencyclidine, a noncompetitive NMDAR antagonist,19

and inmice, it prevented the development ofmemory and synaptic
alterations caused by cerebroventricular transfer of patients’
NMDAR antibodies.20 However, the potential treatment efficacy
of SGE-301 in reversing the antibody-mediated effects once the
memory and synaptic alterations have already occurred was not
investigated. Here, we address this question in the model of cer-
ebroventricular transfer of patients’ CSF antibodies.

Methods
Animals, Surgery, and Patients’ CSF
One hundred forty-one male C57BL/6J mice (Charles River),
8–10 weeks old, were used in the studies, including 44 for

assessment of memory and locomotor activity (LA), 50 for de-
termination of clusters of NMDAR and PSD95 using confocal
immunohistochemistry, and 47 for assessment of hippocampal
long-term potentiation (LTP) and paired-pulse facilitation. An-
imal care, anesthesia, and the technique of cerebroventricular
infusion of patients’ CSF via subcutaneous osmotic pumps
(Alzet; volume 100 microliter, flow rate 0.25 microliter/h for 14
days) have been described.18 The CSF infused was pooled from
samples of 10 patients with high titer IgG GluN1 antibodies (all
>1:320) and 10 patients with normal pressure hydrocephalus
without antibodies (control); samples were dialyzed against
phosphate-buffered saline and normalized to a physiologic
concentration of 2 mg IgG/dL.22 The same samples were pre-
viously used in a report where the NMDAR antibody specificity
and absence of other neuronal antibodies were demonstrated by
immunoabsorption with HEK293 cells expressing GluN1, and
abrogation of CSF-mediated NMDAR internalization after CSF
was immunoabsorbed with GluN1.20

Standard Protocol Approvals, Registrations,
and Patient Consents
Written informed consent was obtained from patients, and
the study was approved by the local institutional review board
(Hospital Cĺınic, HCB/2018/0192). The Local Ethical
Committee of the University of Barcelona following Euro-
pean (2010/63/UE) and Spanish (RD 53/2013) regulations
approved the animal studies.

Preparation of SGE-301 and
Experimental Design
Lyophilized SGE-301 was dissolved in a solution of 30%
2-hydroxypropyl-β-cyclodextrin (HPBCD, Sigma-Aldrich),
and the dose (10 mg/kg) for subcutaneous administration
was based on previously reported plasma and brain pharma-
cokinetic studies that demonstrated brain exposures sufficient
to modulate activity in preclinical models of NMDAR
hypofunction.19,20 A similar solution of 30%HPBCD, without
drug, served as control (vehicle).

From days 1 to 14, mice were continuously infused in the cere-
broventricular system with patients’ or controls’ CSF. From days
11 to 19, each experimental condition was divided into 2 addi-
tional groups depending on whether animals were treated with
SGE-301 or vehicle (control) (Figure 1A). The treatment interval
(days 11–19) was selected according to previous experience with
this model, which consistently shows progressive impairment of
memory along with a decrease of NMDAR clusters from days 10
to 18.18,20,22 Brain tissue studies were performed in subsets of
mice killed at intermediate time points (days 10 and 18) and in
the rest of animals killed on day 26 (Figure 1B).

Glossary
EPSC = excitatory postsynaptic current;HPBCD = 2-hydroxypropyl-β-cyclodextrin; LA = locomotor activity; LTP = long-term
potentiation; NMDAR = NMDA receptor; NOL = novel object location; PAM = positive allosteric modulator; PPF = paired-
pulse facilitation.
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Immunohistochemistry,
Immunoprecipitation, Confocal Microscopy,
and Electrophysiological Studies
The presence of human IgG bound to brain tissue was
quantified using immunofluorescence, as reported.23 The
NMDAR specificity of the IgG bound to brain was demon-
strated by immunoprecipitation. In brief, homogenates of
brain tissue were washed, incubated with protein A/G
sepharose beads, precipitated, run in a gel, and blotted with
an polyclonal rabbit GluN1 antibody (G8913, 1:200, Sigma-
Aldrich, St. Louis, MO), as reported.22

To determine the effects of patients’ antibodies on the number
of clusters of NMDAR, nonpermeabilized 5-μm-thick brain
sections (obtained on days 10, 18, and 26) were immunohis-
tochemically studied as reported.18 In brief, sections were se-
rially incubated with a human CSF NMDAR antibody (1:20,
used as primary antibody), and the labeled NMDARs were
determined with a secondary Alexa Fluor 488 goat anti-human
IgG (1:1000, A-11013, Thermo Fisher, Waltham, MA). Sec-
tions were then permeabilized and incubated with a polyclonal
rabbit anti-PSD95 (1:250, ab18258 Abcam, Cambridge, UK)
followed by a secondary Alexa Fluor 594 goat anti-rabbit IgG
(1:1000, A-11012, ThermoFisher). Slides were mounted and
results scanned with the Zeiss LSM710 confocal microscope
(Carl Zeiss, Jena, Germany) with the EC-Plan NEOFLUAR
CS 100×/1.3 NA oil objective. For each animal, 5 identical
image z-stacks (each stack comprising 50 optical images) from
3 hippocampal areas, CA1, CA3, and dentate gyrus (total 15
image z-stacks), were acquired.18 The mean density of clusters
of NMDAR or PSD95 was obtained using a spot detection
algorithm from Imaris suite v.8.1 (Oxford Instruments, Belfast,
UK). The clusters of NMDAR that colocalized with PSD95
were defined as synaptic. Acute hippocampal sections in sub-
sets of mice killed on days 10 or 11, and 18–20 after CSF
infusion onset were used for electrophysiologic assessment of
LTP and PPF, as reported.22

Memory and Locomotor Activity Tasks
Visuospatial memory was determined by the discrimination
index obtained from the novel object location (NOL) test,
before the infusion of CSF (baseline) and on days 10, 13, 18,
and 25 after infusion onset. LA was automatically determined
using LA boxes (11 × 21 × 18 cm, Imetronic, Pessac, France)
for 1 hour, at baseline, and on days 11, 14, 19, and 26, as
reported18 (Figure 1B).

Statistical Analysis
Data from experiments measuring cluster densities of
NMDAR and PSD95 in the brain were assessed using the
Kruskal-Wallis test comparing ranks, as populations were not
normally distributed according to the D’Agostino-Pearson
test and Dunn corrections for multiple comparisons. The
analysis of human IgG deposits and electrophysiologic data
were assessed by 1-way ANOVA and unpaired t tests. NOL
index and LA data were analyzed using repeated-measures
2-way ANOVA. All ANOVA tests included post hoc analyses
with Bonferroni correction for multiple testing. In all statis-
tical analyses, p value <0.05 was considered significant. For all
experiments, the distribution of the data was assessed for
outliers and normality. Statistical analyses were performed
with GraphPad Prism v.8 (La Jolla, CA).

Data Availability
Data supporting these findings are available on reasonable
request.

Results
Presence of NMDAR-Specific IgG in the Brains
of Mice Infused With Patients’ CSF
Compared with mice infused with controls’ CSF, those in-
fused with patients’ CSF had a higher content of human IgG
in the brain regardless of whether animals had been treated
with SGE-301 or vehicle (Figure 2A). Immunoprecipitation

Figure 1 Experimental Design

(A) Studies were performed in 4 experimen-
tal groups ofmice that received a continuous
infusion (days 1–14) of controls’ or patients’
CSF via subcutaneously implanted osmotic
pumps connected to the cerebroventricular
system along with daily subcutaneous in-
jection of vehicle (no drug) or SGE-301 (10
mg/kg diluted in vehicle) from days 11 to 19.
Note that before starting treatment on day
11, there are 2 experimental groups (mice
infused with controls’ CSF or patients’ CSF).
(B) Timing of memory and locomotor tasks.
Baseline novel object location (NOL) and lo-
comotor activity (LA) were obtained before
the infusion of controls’or patients’CSF (days
-2, -1). The same tests were applied on days
10–11, 13–14, 18–19, and 25–26 after onset
of infusion of CSF. The effects of patients’
antibodies on the levels of NMDARs or LTP
were examined in subsets of mice killed on
days 10–11, 18–19, or 26. LTP = long-term
potentiation; NMDAR = NMDA receptor.
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studies showed that the IgG was specifically bound to
NMDAR (Figure 2B). These findings are confirmatory of a
previous study indicating that SGE-301 does not block the
binding of patients’ antibodies to NMDARs.20

Treatment With SGE-301 Reversed the
Structural and Functional Synaptic Effects of
Patients’ CSF
The effect of patients’ or controls’ CSF on the density of total cell
surface or synaptic NMDAR clusters in hippocampus was exam-
ined in 50mice, including 5 animals for each experimental group at
3 time points (days 10, 18, and 26). For each animal, 15 hippo-
campal areas were investigated (Figure 3A). A representative CA1
area of each experimental condition (e.g., 1 of the squares in A,
right panel) onday 18 is shownat highermagnification in panel 3B.
On days 10 and 18, animals infused with patients’CSF and treated
with subcutaneous vehicle (without SGE-301) showed a significant
decrease of total cell surface and synaptic NMDARs compared
with animals infused with controls’ CSF (Figure 3, C and D). In
contrast, animals infused with the same patients’ CSF but treated
from day 11 with SGE-301 showed no changes in total or synaptic
levels of NMDARs on day 18 (Figure 3D). On day 26 (12 days
after the infusion of patients’ CSF antibodies had stopped), the
levels of total and synapticNMDAR in all experimental groups had
returned to the value of controls, as expected in this model
(Figure 3E). No effects on the levels of PSD95 were observed in
any of the time points investigated (days 10, 18, and 26) for all
experimental groups (Figure 3B, red channel, and eFigure 1, links.
lww.com/NXI/A672).

Hippocampal electrophysiologic studies were performed in a
total of 69 hippocampal slices from 47 mice representing the 4

experimental groups (Figure 4A). On day 10 (before treatment
with SGE-301 started), these studies showed that animals in-
fused with patients’ CSF had severe impairment of LTP com-
pared with animals infused with controls’ CSF (Figure 4, B, D,
F). This impairment of hippocampal plasticity persisted until
day 18 except for the group of animals that were treated with
SGE-301. Indeed, animals that received the same patients’ CSF
and were treated from day 11 with SGE-301 had normalized
LTP and memory function on day 18 (Figure 4, C, E, G).

In contrast to the severe impairment of LTP caused by patients’
CSF in untreated animals, the field excitatory postsynaptic
potential recordings following a standard paired-pulse protocol
showed in all experimental groups (2 on day 10 and 4 on day
18) a significant facilitation consistent with increased pre-
synaptic release probability (Figure 5). This finding indicates
that the effects of patients’ CSF antibodies are predominantly
postsynaptic, as reported,20,22 and that SGE-301 did not sig-
nificantly modify presynaptic release probability.

Treatment With SGE-301 Reversed theMemory
Loss Caused by Patients’ CSF
A total of 44 mice (10–12 per experimental group) were
included in these studies. Compared with controls, animals
infused with patients’ CSF showed visuospatial memory
deficits at first evaluation on day 10 (Figure 6). This memory
deficit persisted until day 18 (which in this model is the time
of maximal effects) and progressively recovered after the in-
fusion of patients’ CSF had stopped. In contrast, animals in-
fused with the same patients’ CSF but that from day 11
received treatment with subcutaneous SGE-301 showed a rapid
recovery of memory, which as of day 13 became similar to that

Figure 2 Presence of NMDAR-Specific IgG in the Brains of Mice Infused With Patients’ CSF

(A) Quantification of human IgG immunofluorescence intensity in the brain of mice infused with patients’ or controls’ IgG shows an increased amount of
human IgG in mice infused with patients’ CSF regardless of whether mice received treatment with SGE-301 or vehicle. The median intensity of IgG immu-
nofluorescence in the brain of mice infused with controls’ CSF was defined as 100%. The number of mice per experimental group is 5. Data presented in box
plots show themedian and 25th, and 75th percentiles; whiskers indicateminimumandmaximum. The significance of treatment effect was assessed by 1-way
ANOVA. *p = 0.0318; **p = 0.0064. (B) Immunoprecipitation of NMDAR-bound IgG frommice brain exposed to patients’ CSF or controls’ CSF with or without
SGE-301. The predicted molecular weight of 105 kDa (arrowhead) corresponds to the GluN1 subunit of the NMDAR. Each lane corresponds to the immu-
noprecipitation of 1 brain per each indicated condition. NMDAR = NMDA receptor.
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of controls. These animals not only showed earlier memory
recovery but also remained without memory deficits even
though from day 11 to 14 they continued receiving patients’
CSF antibodies. The total time of exploration of the 2 objects
(not moved + novel location) was similar in animals of the 4
experimental groups (data not shown). No abnormal behavior
or side effects were observed in animals infused with controls’
CSF and treated with SGE-301. The LA was also similar in the
4 groups (data not shown).

Taken together, treatment with SGE-301 resulted in an im-
provement of memory deficits and restoration of synaptic

levels of NMDAR and LTP that had been impaired by CSF
from patients with anti-NMDAR encephalitis. The treatment
effect was particularly notable on day 18, when all paradigms
(memory, clusters of NMDAR, and LTP) are consistently
impaired in this model but, as shown here, were reversed to
normal after treatment with SGE-301.

Discussion
We show that SGE-301, a synthetic analog of a major brain-
derived cholesterol metabolite, 24(S)-HC, reversed the path-
ogenic effects of CSF from patients with anti-NMDAR

Figure 3 Treatment With SGE-301 Reverses the Reduction of NMDARs Caused by Patients’ CSF in the Hippocampus

(A) Hippocampus of the mouse immunolabeled for NMDAR (green) and PSD95 (red). Images were merged to demonstrate colocalizing clusters (defined as
synaptic NMDAR, white color). The 15 small white squares indicate the analyzed areas in CA1, CA3, and dentate gyrus (5 each). Each square is a 3D stack of 50
sections. Scale bar = 400 μm. (B) Four magnified squares (3D projection) of a CA1 region of hippocampus representing the 4 experimental conditions and
showing the analysis of density of total cell surface NMDAR, PSD95, and synaptic NMDAR clusters on day 18. The images (NMDAR, green; PSD95, red) were
postprocessed and used to calculate the density of the clusters (density = spots/μm3). Scale bar = 5 μm. Quantification of the density of total surface NMDAR
and synaptic NMDAR clusters on day 10 (C), day 18 (D), and day 26 (E) in a pooled analysis of the 15 hippocampal areas (CA1, CA3, and dentate gyrus) for each
experimental condition. Mean density of clusters in animals treated with controls’ CSF + vehicle was defined as 100%. For each condition, 5 animals were
examined. Box plots show the median and 25th and 75th percentiles; whiskers indicate the minimum and maximum values. Significance of the treatment
effect was assessed using the Kruskal-Wallis test, ****p < 0.0001; ***p < 0.001; **p = 0.008. NMDAR = NMDA receptor.
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encephalitis, including the antibody-mediated reduction of
NMDAR clusters and impairment of visuospatial memory and
synaptic plasticity. These findings are important considering
that the main treatment options currently available for anti-
NMDAR encephalitis are limited to escalation of immuno-
therapy and symptom management (e.g., psychosis, seizures,
autonomic dysregulation, or hypoventilation) with non–
disease-specific treatments.24 Although this treatment approach
is successful in improving or resolving the symptoms of the
acute phase of the disease in 75%–80% of patients, virtually all
patients transition to a second stage characterized by prolonged
deficits of memory, attention, and executive functions. These
deficits usually show a slow progressive improvement over

many months, or in some patients, they remain as persistent
sequelae.2,3,7,13,25,26 The mechanisms underlying this protracted
stage of the disease are less known than those of the acute stage;
for example, the signs of inflammation (CSF pleocytosis and
MRI changes) usually observed in the initial stage are no longer
present despite that NMDAR antibodies are detectable in
CSF.27 The usefulness of immunotherapy during this second
stage is also unclear, and there are no guidelines for treatment.
Some investigators maintain treatment with first- or second-line
immunotherapies for 1–2 years or use mycophenolate mofetil
or azathioprine,28 whereas others (including ourselves) use
symptomatic treatment and a close follow-up to promptly re-
treat with immunotherapy if there is clinical worsening.

Figure 4 Treatment With SGE-301 Reverses the Impairment of LTP Caused by Patients’ CSF

(A) The Schaffer collateral pathway (SC, red) was stimulated, and field potentials were recorded in the CA1 region of the hippocampus. Long-term potentiation
(LTP) was induced by theta-burst stimulation (TBS); DG = dentate gyrus; CA = cornu ammonis. (B and C) Example traces of individual recordings showing
baseline field excitatory postsynaptic potentials (fEPSPs) before LTP induction (black traces) and after LTP (red traces) (B) at day 10 and (C) day 18. (D and E)
Time course of fEPSP recordings at day 10 (D) and day 18 (E) showing robust changes in the fEPSP slope in the animals infusedwith controls’CSF treated or not
with SGE-301 (dark or light green traces) and in the animals infusedwith patients’CSF treatedwith SGE-301 (day 18, blue trace). Animals infusedwith the same
patients’ CSF but not treated with SGE-301 showed amarked impairment of LTP induction (pink traces in D and E). The fEPSP slopes of all animals for each of
the groups are presented as mean ± SEM. (F and G) Quantification of the fEPSP slope change showing a significant reduction of the fEPSP slope in animals
infused with patients’ CSF not treated with SGE-301 compared with animals infused with the same patients’ CSF treated with SGE-301 or animals infused with
controls’ CSF (treated or untreated with SGE-301). Number of slices and animals used on day 10: controls’ CSF, number of acute slices n = 7 from 6 mice;
patients’CSF, n = 8 from6mice. Day 18: controls’CSF + vehicle, n = 8 from6mice; patients’CSF + vehicle, n = 9 from7mice; controls’CSF + SGE-301, n = 8 from6
mice; and patients’ CSF + SGE-301, n = 8 from 6mice. Box plots show the median and 25th and 75th percentiles; whiskers indicate minimum and maximum
values. Significancewas assessed using 1-way ANOVA, and the Bonferroni post hoc correction test was applied. Day 10: **p = 0.0063 and day 18: **p = 0.0039,
*p = 0.0229.
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Themodel of cerebroventricular transfer of patients’CSF that
we have used here shows more similarities to the second stage
than to the initial stage of anti-NMDAR encephalitis. In this
model, animals receive patients’ CSF NMDAR antibodies
which, as previously reported,18,20,22 bind and internalize
NMDARs, without inflammatory changes, but causing an
impairment of memory and hippocampal plasticity for as long
as the antibodies are present in the brain. The model has been
useful in demonstrating the pathogenicity of patients’ anti-
bodies and offers the possibility of testing compounds of
potential therapeutic utility, such as SGE-301.

Although the exact mechanism of action of SGE-301 has not
been fully characterized, we and others previously reported that

it increases channel’s open probability and slows the decay
phase of the spontaneous excitatory postsynaptic currents
(EPSCs), potentiating NMDAR-mediated EPSCs.19,20,29 In a
study in which cultured rat hippocampal neurons were exposed
for 48 hours to patients’CSFor controls’CSF and during the last
24 hours, each condition was treated with SGE-301 or vehicle
(no drug); those that were treated with SGE-301 showed in-
creased NMDAR function compared with the untreated.29 In a
previous report, we showed that SGE-301 antagonized the
antibody-mediated reduction of NMDARs in cultured neurons
and prevented the development ofmemory deficits in amodel of
cerebroventricular transfer of patients’ CSF similar to that used
here.20 Of interest, SGE-301 did not block the antibody binding
to the brain but significantly decreased (without fully

Figure 5 Paired-Pulse Facilitation Is Unaffected in Animals InfusedWith Patients’ CSF and TreatedWith orWithout SGE-301

(A and B) Example traces of fEPSPs in the paired-pulse facilitation protocol applied to the Schaffer collateral—CA1 synaptic region on days 10 (A) and 18 (B). In
all experimental groups, the fEPSP slope and amplitude in the response to the second stimulus (gray) are increased compared with the fEPSP slope and
amplitude after the first stimulus (black). The interstimulus interval is 50 ms. (C and D) Mean slope values of fEPSP responses obtained after the first (1st)
stimulus and second (2nd) stimulus on days 10 (C) and 18 (D). All experimental groups of animals show a significant increase in the fEPSP slope after the
second stimulus. Number of slices and animals used on day 10: controls’ CSF (n = 8 recordings from 5 animals); patients’ CSF (n = 10 recordings from 7
animals). Day 18: controls’CSF + vehicle (n = 14 recordings from9animals, light green); patients’CSF + vehicle (n = 14 recordings from9animals, pink); controls’
CSF + SGE-301 (n = 10 recordings from8animals, dark green); patients’CSF + SGE-301 (n = 13 recordings from9animals, blue). Data are shown asmean ± SEM.
Significance of the fEPSP slope increase on the second stimulus was assessed by unpaired t tests. Day 10: controls’ CSF, *p = 0.0424; patients’ CSF *p = 0.0380.
Day 18: controls’ CSF + vehicle, *p = 0.0162; patients’ CSF + vehicle, *p = 0.0424; controls’ CSF + SGE-301, *p = 0.0194; patients’ CSF + SGE-301, **p < 0.0039. (E
and F) Paired-pulse facilitation, calculated as P2/P1 (pulse 2/pulse 1) fEPSP slope ratio, is not altered in any of the experimental groups of animals on days 10
(E) and 18 (F) when compared with that of the group infused with controls’ CSF + vehicle. The number of recordings and animals used are the same as those
indicated above. Box plots show themedian and 25th and 75th percentiles; whiskers indicateminimum andmaximum values. The significance of the results
was assessed using 1-way ANOVA. fEPSP = field excitatory postsynaptic potential.
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preventing) antibody-mediated NMDAR internalization. In ad-
dition, treatment with SGE-301 prevented the development of
LTP impairment caused by patients’ CSF antibodies.20 These
and the current findings suggest that SGE-301 also increases the
recruitment of NMDAR to the synapse to restore the levels and
function of synaptic NMDARs. The exact mechanism that fa-
cilitates this recruitment is currently unknown and should be the
focus of future investigations.

These studies, however, did not allow the assessment of
whether SGE-301 is able to reverse the memory and synaptic
alterations caused by patients’ CSF because SGE-301 (used
subcutaneously and at the same dose as here) was adminis-
tered simultaneously with the ventricular infusion of patients’
antibodies, and none of the animals developed clinical or
synaptic alterations.20 Thus, we have adapted the model so
that the administration of SGE-301 starts after synaptic and
memory alterations have already developed. Of interest, be-
tween days 10 and 18, which in this model is the period of
progressive development of severe memory and synaptic al-
terations, SGE-301 was able to reverse all antibody-mediated
pathogenic effects (memory deficit, reduction of synaptic
clusters of NMDARs, and LTP impairment) despite that
during 4 days (days 10–14), animals continued receiving the
infusion of patients’ CSF.

We believe that the animal model used here is the best currently
available model to assess the pathogenic effect of patients’ CSF
antibodies and the utility of drugs aimed to reverse this effect.
Yet, the study has limitations inherent to this model. For ex-
ample, wemainly focused on visuospatial memory as a surrogate
marker of behavior because in this model, the memory deficit is
the most severely affected paradigm and consistently shows a
highly predictable alteration detectable from days 10 to 18 of
patients’ CSF infusion. This provides a good time interval of 9

days and an intermediate point of assessment (day 13) to de-
termine the treatment efficacy of SGE-301 and to estimate the
speed of recovery (e.g., by day 13, the memory deficit was
already reversed and remained unaffected until the end of the
experiment). The fact that the structural and functional synaptic
alterations that underlie the symptoms of this model were also
reversed supports the potential utility of PAMs of NMDARs as
adjuvant treatment in the second stage of anti-NMDAR en-
cephalitis. It is unclear whether SGE-301 may be effective in
improving symptoms in the acute phase or first stage of the
disease. In clinical practice, however, assessment of any adjuvant
treatment in the acute phase will be challenging because of the
presence of concurrent symptoms (seizures, dyskinesias, auto-
nomic instability, or decreased level of consciousness), com-
plications, and use of multiple different treatments.1,3,30

Overall, the current findings along with those of previous
studies19,20,29 support the potential clinical utility of PAMs of
NMDAR in patients with anti-NMDAR encephalitis and deserve
future testing in the context of a clinical trial. There are ongoing
studies with an oxysterol biology-based PAM closely related to
SGE-301 (SAGE-718) optimized for clinical applications (e.g.,
oral bioavailability) that showed a good tolerability profile in
healthy volunteers in a double-blind, placebo-controlled phase 1
single ascending disease study31 and is currently being used in a
trial of Huntington disease (which at early stages, associates with
hypofunction of NMDARs). Another task for the future is to
assess the efficacy of oxysterol-based PAMs in an experimental
setting that reproduces the acute inflammatory phase of anti-
NMDAR encephalitis, such as in a model of active immunization
with NMDARs.
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Cĺınic, Universitat de
Barcelona, Barcelona, Spain

Major role in the acquisition
of data

Esther
Aguilar, BS

Institut d’Investigacions
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Garćıa-
Serra, PhD

Institut d’Investigacions
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Abstract
Background and Objectives
Neurofilament light chain (NfL) is a biomarker for neuroaxonal damage and has been found to
be elevated proportionally to the degree of neuronal damage in neurologic diseases. The
objective of this study was to determine the prognostic accuracy of NfL concentrations on
unfavorable outcome in adults with community-acquired bacterial meningitis.

Methods
We measured NfL concentration CSF samples from a prospective cohort study of adults with
community-acquired bacterial meningitis in The Netherlands and determined associations
between NfL CSF concentrations, clinical characteristics, and outcome in multivariate analyses.
We identified independent predictors of an unfavorable outcome (Glasgow Outcome Scale
scores 1–4) by logistic regression.

Results
CSF NfL concentrations were evaluated in 429 episodes of 425 patients with community-acquired
bacterialmeningitis. Themedian age of 429 episodeswas 62 years (interquartile range, 50–69 years).
Of note, 290 of 422 (68%) episodes presented with an altered mental status (Glasgow Coma Scale
score < 14). Most common causative pathogens were Streptococcus pneumoniae (73%), Neisseria
meningitidis (7%), and Listeria monocytogenes (5%). The overall case fatality rate was 62 of 429
(15%), and unfavorable outcome occurred in 57 (37%) of 429 episodes. In multivariate analysis,
predictors of unfavorable outcome were older age (OR 1.03, 95% CI 1.01–1.05), cranial nerve
palsy (OR 4, 95% CI 1.6–10.3), high serum C-reactive protein concentration (OR 1.3, 95% CI
1.01–1.05), and high CSF NfL concentration (OR 1.5, 95% CI 1.07–2.00). CSF NfL concen-
trations were higher in patients presentingwith focal cerebral deficits (717 pg/mL [416–1,401] vs
412 pg/mL [278–731]; p < 0.001). The area under the curve (AUC) for predicting unfavorable
outcome in bacterial meningitis of CSF NfL concentration was 0.69 (95% CI, 0.64–0.74).

Discussion
CSF NfL concentration is independently associated with unfavorable outcome in adults with
community-acquired bacterial meningitis, suggesting that CSF NfL concentration may be a
useful biomarker for prognostic assessment in bacterial meningitis.

Classification of Evidence
Can the level of NfL in CSF (the index test) predict unfavorable outcome in patients with
bacterial meningitis, in a cohort of bacterial meningitis patients with a favorable and unfavorable
outcome? This study provides Class II evidence that NfL level in CSF is a moderate predictor,
with the AUC for predicting unfavorable outcome in bacterial meningitis being 0.69 (95% CI,
0.64–0.74).
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Bacterial meningitis is a life-threatening disease associated with
high mortality and morbidity and is predominantly caused by
Streptococcus pneumoniae.1-3 About half of survivors of pneumo-
coccal meningitis have neurologic sequelae, including hearing
loss, focal cerebral deficits, and cognitive impairment.4-7 Un-
favorable outcome after meningitis is mainly caused by an ex-
cessive inflammation reaction of the host’s immune system in
reaction to the bacterial infection, leading to injury to the CNS.8,9

Brain autopsy of pneumococcal meningitis cases has shown that
vascular damage is key in the process of cortical necrosis and brain
damage.10 The use of an objective and dynamic fluid biomarker
for neuronal damage might provide clinicians with an additional
tool for prognostic assessment.

Neurofilaments are cylindrical proteins that are exclusively lo-
cated in the neuronal cytoplasm and form an integral component
of the axonal cytoskeleton.11 Neurofilaments consist of 3 sub-
units: neurofilament light chain (NfL), heavy chain, andmedium
chain. As NfL is the backbone of neurofilaments, it can be ro-
bustly measured in body fluids. Although low concentrations of
NfL are continuously being released in an age-dependent man-
ner from axons, a wide variety of CNS diseases that cause axonal
damage result in elevated NfL concentrations proportionally to
the degree of axonal damage.12 This includes multiple sclerosis
(MS), frontotemporal dementia (FTD), and amyotrophic lateral
sclerosis (ALS), in which NfL has been suggested to be valuable
not only in diagnosis (ALS) but also as a serummarker of disease
progression (FTD and ALS) and treatment response (MS).11-14

Few studies have described neurofilaments inCNS infections,15,16

with a study in children with bacterial meningitis showing that
peak concentrations of neurofilament heavy chain in CSF were
higher in patients with neurologic sequelae than in those with-
out.17 In an experimental pneumococcal rat model, CSF NfL
concentrations were increased after injection with experimental S.
pneumoniae compared with mock-infected rats.18

Our objective was to determine the prognostic accuracy of
NfL in bacterial meningitis in adults. We hypothesized that
NfL in CSF might be increased in patients with bacterial
meningitis and that the quantification of neuronal damage
could allow for prognostic assessment. In this prospective
nationwide cohort study, we evaluated the prognostic value of
concentrations of NfL in CSF in adults with community-
acquired bacterial meningitis.

Methods
Patients
TheMeninGene study is an ongoing nationwide cohort study
in The Netherlands that started in 2006 to identify host and

pathogen factors influencing the risk and outcome of bacterial
meningitis.2,19,20 Detailed methods of the cohort have been de-
scribed previously.2 In summary, patients aged 16 years or older
with community-acquired bacterial meningitis were pro-
spectively included following a report from the Netherlands
Reference Laboratory for Bacterial Meningitis. This laboratory
receives bacterial strains from over 85% of all patients with bac-
terial meningitis in the Netherlands and notifies the investigators
with the name of the treating physicians, who are then contacted
to include the patient in the study.Written informed consent was
obtained from participating patients or their legal representatives.

Inclusion and Exclusion Criteria
Patients were included in the MeninGene study if they had a
positive CSF culture or if the CSF showed at least 1 individual
finding predictive of bacterial meningitis according to the
Spanos criteria (glucose <1.9 mmol/L, CSF serum glucose
ratio <0.23, protein concentration >2.20 g/L, white cell
count >2,000 cells/mm3, or CSF neutrophil count >1,180
cells/mm3)21 in combination with a positive CSF PCR, CSF
antigen, or blood culture. Patients who developed meningitis
while in hospital or within 1 week after discharge, following
head trauma or neurosurgery in the previous month, or with a
neurosurgical device in situ were excluded.22

Neurofilament Light Chain (NfL)Measurement
in CSF
CSF from the diagnostic lumbar puncture (at presentation or
on admission) was collected in a central biobank in Amsterdam
UMC and was available for ±60% of included episodes. After
withdrawal, the samples were centrifuged, frozen, and stored in
96-well plates at −80°C until further analysis. For the current
measurements, 6 CSF plates were randomly selected. NfL in
CSF (5 μL) was measured using the Simoa NF-light Advantage
Kit (ref. 103186) on anHD-X instrument (Quanterix, Billerica,
MA) at the Neurochemistry Laboratory at Amsterdam UMC,
location VUmc, according to the manufacturer’s instructions.

Quality of the assay is monitored using 3 serum pools from
patients, having different NfL levels spanning the measure-
ment range. The interassay coefficient of variability over 146
runs was 7.7%. The intra-assay variation of the assays has been
extensively tested, being consistently <3%.

Clinical Data Collection and Definitions
Data on patients’ baseline characteristics, symptoms on ad-
mission, clinical course, treatment, and (neurologic) outcome
were prospectively collected with a secured online case record
form. Immunocompromised state was defined as having active
cancer, a splenectomy, diabetes mellitus, HIV, alcoholism, or
the use of immunosuppressive drugs. At discharge, neurologic

Glossary
ALS = amyotrophic lateral sclerosis; AUC = area under the curve; FTD = frontotemporal dementia; GCS = Glasgow Coma
Scale; GOS = Glasgow Outcome Scale; IQR = interquartile range; MS = multiple sclerosis; NfL = neurofilament light chain.
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Table 1 Baseline and Clinical Characteristics of the Neurofilament Light Chain (NfL) Cohort (Total, N = 429)

Characteristic Data Characteristic Data

Age, ya 62 (50–69) Blood and CSF culture

Female sex 210/429 (49%) Positive blood culture 288/376 (77%)

Symptoms <24 h 196/403 (49%) Positive CSF culture 400/429 (93%)

Recurrent meningitis 28/428 (7%) Causative pathogen

Previously diagnosed infection 192/422 (46%) S. pneumoniae 314/429 (73%)

Otitis or sinusitis 163/405 (40%) N. meningitidis 32/429 (7%)

Pneumonia 27/406 (7%) L. monocytogenes 21/429 (5%)

Endocarditis 6/399 (2%) Other 62/429 (14%)

Immunocompromised state 111/427 (26%) Indices of CSF inflammation

Cancer 59/427 (14%) Opening pressure (cm water)j 36 (23–43)

Diabetes 43/421 (10%) Protein (g/L)k 4 (2.2–6.3)

Alcoholism 21/424 (5%) CSF/serum glucose ratiol 0.07 (0.01–0.26)

Immunosuppressive treatment 41/421 (10%) White cell count per mm3m 2,233 (577–5,697)

Splenectomy 12/426 (3%) <100/mm3 50/412 (12%)

Other predisposing factors 100–999/mm3 90/412 (22%)

CSF leak 15/418 (4%) >999/mm3 272/412 (66%)

Remote head trauma 14/402 (4%) Radiologic examination

Clinical signs and symptoms Abnormal brain CT or MRI 166/374 (44%)

Median temperatureb 38.8 (37.9–39.7) Adjunctive dexamethasone therapy 364/414 (88%)

Classic triad 152/399 (38%) Clinical course

Fever (>38°C) 291/366 (80%) Cardiorespiratory failure 108/406 (27%)

Headache 296/362 (82%) Seizures 63/403 (16%)

Neck stiffness 283/392 (72%) Pneumonia 54/400 (14%)

Nausea 200/329 (61%) Cerebrovascular accident 51/395 (13%)

Glasgow Coma Scale scorec 11 (9–14) Glasgow Outcome Score

Altered mental status (GCS score <14) 290/422 (68%) 1 (death) 62/429 (15%)

Coma (GCS score ≤8) 75/422 (18%) 2 (vegetative state) 2/429 (1%)

Aphasia, monoparesis, or hemiparesis 76/348 (22%) 3 (severe disability) 21/429 (5%)

Seizures 33/402 (8%) 4 (moderate disability) 72/429 (17%)

Babinski reflex 55/357 (15%) 5 (mild or no disability) 272/429 (63%)

Cranial nerve palsies 27/365 (7%) Neurologic sequelae at discharge

Heart rate (beats/min)d 99 (84–114) Hearing impairment 101/343 (29%)

Systolic blood pressure (mm Hg)e 145 (128–163) Cognitive impairment 65/284 (23%)

Diastolic blood pressure (mm Hg)f 80 (70–90) Cranial nerve palsy 43/287 (15%)

Blood chemical tests Focal cerebral deficits 38/269 (14%)

Continued
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examination was assessed using the Glasgow Outcome Scale
(GOS) score, ranging from a score of 1 = death to a score of 5 =
mild or no disability (able to return to work or school). An
unfavorable outcome was defined as a GOS score of 1–4, and a
favorable outcome was defined as a score of 5.

Statistical Analysis
Categorical variables are expressed as counts and proportions,
and continuous variables are expressed as median with inter-
quartile range (IQR). CSF NfL concentrations between groups
were compared using the Mann-Whitney U test or the Kruskal-
Wallis test. Logistic regressionwas used to analyze the association
between CSF NfL level with unfavorable outcome, providing
ORs and 95% CIs. We chose possible confounding variables for
NfL and predictors of an unfavorable outcome on the basis of
previous research2 and pathophysiologic interest. Linearity of the
association between continuous predictors and outcome was
assessed with the Hosmer-Lemeshow goodness of fit test and by
visual inspection. If there was no linear relationship, the contin-
uous predictor was either transformed or categorized for further
analysis. We estimated both univariable and multivariable ORs
corrected for all other variables in the model. We used multiple
imputation for missing data in themultivariable analysis and used
all predictors together to impute missing values. For the multi-
variable model, missing values in the selected prognostic factors
(median 4.9% per prognostic factor [IQR 3.9–6.6]) were im-
puted, subsequently combining the coefficients of each data set
(N = 5) according to Rubin rule.23 All tests were 2 tailed, and a p
value <0.05 was considered significant. Statistical analysis was
conducted using IBM SPSS Statistics data Editor (v.26).

Standard Protocol Approvals, Registrations,
and Patient Consents
This study was approved by the Medical Ethical Review Com-
mittee of the Amsterdam UMC (number METC 2013_043).
Written informed consent was obtained from all participants or
their representatives.

Data Availability
Anonymized data not published within the article will be
shared on the request from any qualified investigator.

Results
Between 2006 and July 2018, a total of 2,116 episodes of
bacterial meningitis were included in our cohort study. For
the current analyses, we used 429 episodes with an available
CSF sample from the diagnostic lumbar puncture (eFigure 1,
links.lww.com/NXI/A673). Characteristics between selected
and nonselected patients for this analysis were similar
(eTable 1, links.lww.com/NXI/A673). The 429 episodes
occurred in 425 patients; 4 patients had recurrent meningitis
within the cohort study period.

The median patient age in the 429 episodes was 62 years
(IQR 50–69 years), and 210 of 429 episodes occurred in
females (49%; Table 1). Immunocompromising conditions
were present in 111 of 427 (26%) of episodes, predisposing
infection foci in 192 of 422 (46%) episodes, and 15 of 418
(4%) of episodes had a CSF leak. An altered mental status
(defined as Glasgow Coma Scale [GCS] score <14) was
present on admission in 290 of 422 (68%) episodes, of whom
75 episodes presented with coma (GCS score <8). The
classical triad consisting of fever, altered mental status, and
neck stiffness was present in 152 of 399 episodes (38%).
Streptococcus pneumoniae and Neisseria meningitidis were the
most common causative pathogens causing 314 of 429 (73%)
and 32 of 429 (7%) of the cases. An unfavorable outcome
occurred in 157 of 429 (37%) of episodes, and 62 of 429
(15%) patients died. Most common neurologic sequelae at
discharge were hearing impairment (101 of 343 episodes,
29%), cognitive impairment (65 of 284 episodes, 23%), cra-
nial nerve palsies (43 of 287 episodes, 15%), and focal cerebral
deficits (38 of 269 episodes, 14%).

Table 1 Baseline and Clinical Characteristics of the Neurofilament Light Chain (NfL) Cohort (Total, N = 429) (continued)

Characteristic Data Characteristic Data

C-reactive protein (mg/L)g 167 (76–288) Mono- or hemiparesis 26/284 (9%)

Thrombocyte count (per μL)h 195 (153–251) Aphasia 15/289 (5%)

Leukocyte count (per μL)i 16 (13–22) Days to dischargen 12 (11–14)

Abbreviations: ICU = intensive care unit; LP = lumbar puncture.
Data are median (IQR) or n/N (%).
a Age known in all episodes.
b Temperature known for 395 episodes.
c Glasgow Coma Scale score known for 422 episodes.
d Heart rate is known for 395 episodes.
e Systolic blood pressure known for 395 episodes.
f Diastolic blood pressure known for 395 episodes.
g C-reactive protein known for 415 episodes.
h Thrombocyte count known for 401 episodes.
i Leukocyte count know for 421 episodes.
j Opening pressure known for 118 episodes.
k Protein known for 406 episodes.
l CSF ⁄ serum glucose ratio known for 379 episodes.
m White cell count in CSF known for 412 episodes.
n Days to discharge known for 354 episodes.
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The median CSF NfL concentration was 600 pg/mL (IQR
348–1,047 pg/mL). A moderate correlation was found be-
tween CSF NfL concentrations and age (r = 0.6, p < 0.001),
and a weak correlation between CSF NfL and CSF protein
concentrations (r = 0.14, p = 0.009) and CSF NfL and CSF

leukocyte counts (r = -0.2, p < 0.001). NfL concentrations were
higher in patients presenting with focal cerebral deficits (717
pg/mL [416–1,401] vs 412 pg/mL [278–731] without focal
cerebral deficits; p < 0.001) and those presenting with a GCS
score <14 (NfL 654 pg/mL [IQR 397–1,083 pg/mL] vs 513
pg/mL [IQR 271–873 pg/mL] in those presenting with a GCS
score of 14 and 15; p = 0.002). CSF NfL concentrations dif-
fered between causative pathogens (Figure 1). CSF NfL con-
centrations were higher in patients with pneumococcal
meningitis compared with nonpneumococcal meningitis (me-
dian NfL 616 pg/mL [IQR 361–1,043 pg/mL] vs 541 pg/mL
[IQR 319–1,054 pg/mL], after correcting for age p = 0.048).

CSF NfL concentrations in patients who died were more than
2-fold higher than in surviving patients (1,152 pg/mL [IQR
594–2043 pg/mL] vs 541 pg/mL [IQR 335–924 pg/mL], p <
0.001; Figure 2). CSFNfL concentrations were higher in patients
with an unfavorable outcome (928 pg/mL [IQR 494–1765
pg/mL] vs 506 pg/mL [IQR 314–809 pg/mL], p < 0.001). In a
multivariable analysis, older age, cranial nerve palsy, high serum
C-reactive protein concentration, and high CSF NfL concentra-
tion were associated with an unfavorable outcome in bacterial
meningitis due to any pathogen (Table 2). The association be-
tween CSF NfL concentration and outcome remained robust
when including the causative pathogen (eTable 2, links.lww.com/
NXI/A673). The area under the curve (AUC) for predicting
unfavorable outcome in bacterial meningitis was 0.69 (95% CI
0.64–0.74). The optimal cutoff point in CSF NfL concentration
according to the Youden index was 681 pg/mL (sensitivity 63%
and specificity 67%). The AUC for predicting mortality in bac-
terial meningitis was 0.72 (95% CI 0.65–0.79), with an optimal
cutoff point of 926 pg/mL (sensitivity 67% and specificity 75%).

Discussion
Our study shows that CSF NfL concentration independently
predicts unfavorable outcome in adults with community-

Figure 1 Comparison of NfL Level (Median) in CSF Between
Different Causative Pathogens

*Significant difference in NfL level between pneumococcal (N = 314) vs
nonpneumococcal (N = 115) cases, after correction for age (respectively, 616
pg/mL [IQR 361–1,043 pg/mL] and 541 pg/mL [IQR 319–1,054 pg/mL],
F [1,426] = 3.93,p = 0.048). **Significant difference inNfL level between Listeria
monocytogenes (N = 21) vs non-Listeria (N = 408) cases, after correction for age
(respectively, 1,049 pg/mL [IQR 741–2,219 pg/mL] and 572 pg/mL [IQR
342–1,007 pg/mL], F [1,426] = 6.29, p = 0.013). Haemophilus influenzae (N = 13)
and Staphylococcus aureus (N = 11). Other pathogens: Streptococcus agalactiae
(N = 7), Streptococcus pyogenes (N = 11), Streptococcus suis (N = 3), Streptococcus
salivarius (N = 2), Streptococcus anginosus (N = 3), Streptococcus dysgalactiae
(N= 1), Streptococcus intermedius (N= 2), Streptococcus oralis (N= 1), Escherichia
coli (N = 2), Klebsiella pneumoniae (N = 1), Campylobacter fetus (N = 1),Nocardia
farcinica (N = 1), Group C streptococcus not other specified (N = 1), viridans
group streptococci not other specified (N= 1), and Fusobacteriumnecrophorum
(N = 1). IQR = interquartile range; NfL = neurofilament light chain.

Figure 2 Comparison of NfL Level Between Total Cohort (N = 429) and Different Outcome Groups (Median, Interquartile
Range)

NfL level in deceased (N = 62) vs alive (N = 367)
patients (respectively, 1,152 pg/mL [IQR 594–2043
pg/mL] and 541 pg/mL [IQR 335–924 pg/mL]; p <
0.001). NfL level in patients with unfavorable (N =
157) vs favorable outcome (N = 272) (respectively,
928 pg/mL [IQR 494–1765 pg/mL] and 506 pg/mL
[IQR 314–809 pg/mL); p < 0.001]. IQR = inter-
quartile range; NfL = neurofilament light chain.
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acquired bacterial meningitis. Previous studies have identified
several predictors for unfavorable outcome in bacterial
meningitis2,3,24,25: a low level of consciousness on admission,
cranial nerve palsy, a low CSF white cell count, factors pre-
dictive of pneumococcal infection (advanced age; presence of
otitis or sinusitis, pneumonia, or immunocompromised sta-
tus; and absence of rash) or systemic compromise (high heart
rate and high serum C-reactive protein concentration), and
infection by a penicillin-resistant S. pneumoniae.26 As neuronal
damage plays a central role in the pathophysiology of bacterial
meningitis,9 the use of a body fluid biomarker for neuronal
damage such as NfL might provide clinicians with an addi-
tional tool for better prognostic assessment and could aid to
identify those patients at risk for an unfavorable outcome.

In bacterial meningitis, outcome is in part determined by an
excessive inflammation reaction of the host’s immune system
in reaction to the bacterial infection,8,9 causing vascular and
neuronal damage.10 In previous studies, NfL was shown to
predict outcome and disease progression in a wide variety of
neurologic disorders such as Guillain-Barre syndrome,27

amyotrophic lateral sclerosis,28,29 critical illness neuropathy in
intensive care patients,30 Alzheimer disease,31 FTD,32 chronic
inflammatory demyelinating polyneuropathy,33 and MS.34,35

Furthermore, plasma NfL concentrations demonstrated
excellent prognostic accuracy in comatose patients after out-
of-hospital cardiac arrest.36,37 The prognostic value of neu-
rofilaments in CNS infections has been studied previously.
Two studies showed higher serum and CSF NfL levels in

Table 2 Factors Associated With an Unfavorable Outcome

Favorable
outcome
(N = 272)

Unfavorable
outcome
(N = 157)

Univariable OR
unfavorable
outcome (95% CI)

Multivariable OR
unfavorable
outcome (95% CI)

p Value
multivariable
analysis

NfL in CSF (pg/mL)a 506 (314–809) 928 (494–1765) 2.1 (1.6–2.7) 1.6 (1.2–2.2) 0.004

Age (y)b 59 (46–66) 66 (57–74) 1.04 (1.03–1.06) 1.03 (1.01–1.05) 0.007

Otitis or sinusitis 111/261 (43%) 52/144 (36%) 0.84 (0.53–1.3) 0.96 (0.6–1.6) 0.89

Pneumonia 14/263 (5%) 13/143 (9%) 2.1 (1–4.4) 1 (0.4–2.5) 1

Immunocompromised state 62/271 (23%) 49/156 (31%) 1.5 (1–2.2) 1.3 (0.8–2.2) 0.24

Rash 17/250 (6.8%) 9/129 (7%) 1.1 (0.5–2.6) 1.9 (0.6–6) 0.25

Cranial nerve palsy 9/244 (4%) 18/121 (15%) 4.6 (2.0–10.5) 4 (1.6–10.3) 0.004

Mono-, hemiparesis, or aphasia 44/227 (19%) 32/121 (26%) 2.5 (1.4–4.3) 1.7 (0.9–3.2) 0.14

Heart rate (per 10 bpm)c 97 (82–109) 104 (84–120) 1.2 (1.07–1.3) 1.1 (1.0–1.2) 0.10

Glasgow Coma Scale scored 13 (10–14) 10 (9–13) 0.84 (0.8–0.9) 0.9 (0.8–1.03) 0.16

C-reactive protein (mg/L)e 140 (62–250) 212 (117–337) 1.04 (1.03–1.05) 1.03 (1.01–1.05) 0.001

Thrombocyte count (*10̂9/L) 198 (160–251) 183 (143–252) — — —

<150 53/261 (20%) 41/140 (29%) 1.7 (1.07–2.7) 1.4 (0.8–2.5) 0.24

150–450 204/261 (78%) 98/140 (70%) Reference Reference —

>450 4/261 (2%) 1/140 (1%) 0.6 (0.07–5.8) 0.6 (0.03–9.5) 0.71

White cell count in CSF (per μL) 2,448 (815–6,380) 1,667 (280–5,072) — — —

<100 22/259 (8%) 25/153 (16%) 2.3 (1.2–4.4) 0.9 (0.4–2.2) 0.89

100–999 53/259 (20%) 37/153 (24%) 1.4 (0.9–2.4) 0.97 (0.5–1.7) 0.92

1,000–10,000 149/259 (55%) 74/153 (48%) Reference Reference —

>10,000 35/259 (13%) 17/153 (11%) 1 (0.5–2) 0.7 (0.3–1.6) 0.45

CSF:blood glucose ratiof 0.1 (0.01–0.3) 0.02 (0.01–0.2) 0.2 (0.02–1.2) 0.5 (0.08–3.6) 0.51

Positive blood culture 174/235 (74%) 114/141 (81%) 1.5 (0.9–2.5) 1 (0.6–1.8) 0.97

Data aremedian (interquartile range) or n/N (%). Themultivariable analysis used an imputed data set with 5 imputation rounds; all variables in the table were
entered in the multivariable logistic regression model simultaneously.
a OR is for each increase in the natural logarithm in NfL (pg/mL).
b Age is known for all episodes.
c Heart rate is known for 403 episodes.
d Glasgow Coma Scale score known for 422 episodes.
e C-reactive protein is known for 415 episodes; OR is for a 10 mg/L increase.
f CSF:blood glucose ratio is known for 379 episodes.
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patients with varicella zoster virus encephalitis compared with
varicella zoster virus meningitis.15,16 One study showed higher
CSF concentrations of neurofilament heavy chain in 26 chil-
dren with bacterial meningitis compared with controls.17

Results of this study show that the diagnostic accuracy of
CSF NfL concentrations for predicting death or unfavorable
outcome on an individual patient level is limited. Although
NfL levels are higher in patients with an unfavorable out-
come, the ranges overlap to an extent that makes it difficult
to define a pathologic cutoff at the individual patient level,
which is also reflected by the moderate AUC. Nevertheless,
NfL in CSF might be a potential useful variable in a pre-
diction model for unfavorable outcome in bacterial men-
ingitis. Several previous studies have researched such
prediction models and prognostics factors in bacterial
meningitis.38,39 Improving the stratification of patients with
bacterial meningitis at presentation with respect to the risk
for unfavorable outcome remains an important tool for
physicians to predict clinical deterioration, but can also be a
valuable tool for targeting intervention strategies, e.g., as
stratification marker or outcome measure. The use of a
marker for neuroaxonal damage such as NfL might be
specifically interesting, as unfavorable outcome in bacterial
meningitis is mainly caused by intracranial complications,
and thus, the marker likely reflects downstream biological
effects.1,4,9 Future studies should therefore consider to
evaluate the added value of NfL in predictor models for
bacterial meningitis.

Our study has limitations. First, NfL was not measured in all
patients included in the MeninGene cohort, but only in a
limited number of samples. CSF samples from the diagnostic
lumbar puncture are stored in about 60% of patients included
in the cohort. However, baseline characteristics between ep-
isodes selected and not selected for the study were similar,
indicating that the influence of selection bias on our results is
limited. Second, NfL concentrations were measured in the
CSF of the diagnostic lumbar puncture only. For better
prognostic assessment, measuring several time points, for
example, in plasma, might provide additional information on
disease progression, as has been shown in some previous
studies.29,31,34,40 For several neurodegenerative diseases, a
strong correlation between CSF and plasma NfL has been
demonstrated.14,35 Also, in an experimental pneumococcal
meningitis model, CSF and plasma NfL showed strong cor-
relation.18 Future studies should therefore evaluate the
prognostic value of serial plasma NfL measurement in bac-
terial meningitis.17,18 Third, the exact time to clinical pre-
sentation from symptom onset in our cohort is not known,
which would possibly be of interest as the level of NfL might
differ over time.

In conclusion, CSF NfL concentrations are independently as-
sociated with unfavorable outcome in adults with community-
acquired bacterial meningitis. Future studies should evaluate the
added value of NfL in predictionmodels for bacterial meningitis.
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Nicolau syndrome (synonym: embolia cutis medicamentosa) is a rare complication of sub-
cutaneous and IM drug injections, typically independent of the drug itself.1 Patients develop
painful purpuric and necrotizing lesions at the injection site, often requiring surgical in-
tervention. The pathogenesis of the ischemic skin necrosis is poorly understood. We report 2
cases of skin necrosis associated with injection of glatiramer acetate (GA) in patients with
multiple sclerosis (MS), which occurred in close temporal relation to the second dose of a
severe acute respiratory syndrome coronavirus 2 (SARS-CoV2) mRNA vaccine.

Case 1
A 62-year-old man with a history of hyperlipidemia, obesity (body mass index of 30.1 kg/m2),
and MS received the first dose of the BNT162b2 vaccine in late March 2021.2 The patient had
been stable on GA 40 mg three times a week (Glatopa) for the past 5 years without new MRI
lesions or relapses and no serious injection reactions. An injection of GA given in the lateral
abdomen 17 days after the first vaccine dose resulted in retiform purpura surrounding the
injection site (Figure, A). The purpura appeared 1 day before the second dose of the
BNT162b2 vaccine and subsequently continued to spread (Figure, B). The injection site
developed a necrotic black eschar (Figure, C). A punch biopsy obtained 14 days after vaccine
dose 2 contained fibrin thrombi in the superficial and deep dermis, along with tissue necrosis
indicative of thrombotic vasculopathy (Figure, D). Continued administration of GA after
appearance of purpura did not lead to any further injection site reactions.

Case 2
A 59-year-old woman with a history of hypertension and MS received the first dose of the
mRNA-1273 vaccine in early March 2021.3 The patient had been stable on GA 40 mg three
times a week (Copaxone) for more than 10 years without new MRI lesions or relapses. One
week after the first vaccine dose, a large welt developed at the site of a GA injection near her
right hip. Over the next few weeks, retiform purpura developed around the injection site. A
central necrotic eschar developed when she received the second dose of the mRNA-1273
vaccine 4 weeks later, which enlarged over the next 7 days (Figure, E and F). She developed
severe burning pain at the site of the wound, and the wound was debrided. Her local derma-
tologist diagnosed her with Nicolau syndrome but did not perform a biopsy. GA injections
continued at other sites throughout the development of this purpuric skin lesion without
further reactions. Roughly 10 years ago, she had experienced 1 skin reaction after GA injection
that did not develop into the large ischemic lesion observed in the current case.
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Discussion
The COVID-19 pandemic has placed enormous health and
economic burden on the worldwide community. The mRNA
vaccines from Pfizer (BNT162b2) and Moderna (mRNA-
1273) are notable achievements, highly effective in preventing
severe COVID-19 syndromes.2,3 Our second patient reported
typical side effects including fever, fatigue, headache, chills,
and muscle pain, whereas the first patient had no side effects.
Complications related to drug interactions in specific pop-
ulations have not been reported.

Nicolau syndrome is an exceedingly rare, adverse event in GA-
treated patients with MS.1,4 Occurrence of Nicolau syndrome
in 2 patients with MS at our MS center in close proximity to
SARS-CoV2 vaccination with mRNA vaccines raises the
possibility of an association between the 2. No other reports
of similar skin lesions were observed in our vaccine program at
UC Irvine. Our MS center currently has 224 patients on GA,
with an estimated 70%–80% having received a SARS-CoV2
vaccine. Of interest, the joint targets of both interventions are
professional antigen-presenting dendritic cells (DCs): mRNA
vaccines work via mRNA delivery to DCs at the injection site,
which then produce and present mRNA-encoded viral anti-
gen to initiate an immune response.5 Although the mecha-
nisms of GA on the immune system are broad, DCs act as the
initial target for drug uptake and presentation.6 Both patients

have been stable on GA, and both tested positive for anti-
bodies against SARS-CoV2 4 months after vaccination.

We report these cases to make MS centers aware of this
potential complication. Although our 2 observations are by
no means a proof of causation, they suggest that providers
and patients should carefully monitor GA injections in close
proximity to SARS-CoV2 vaccinations with mRNA vaccine.
A timely response coordinated with dermatology has been
reported to prevent necrosis and scar formation, but it is
unclear whether this approach may also be successful under
these new circumstances.7 Of note, our observation may also
be of relevance for other injectables, as Nicolau syndrome
has also been observed with other substances, and may be
attributed to mechanical affection of the tissue rather than to
drug-related effects.
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Figure Development of Retiform Purpura With Central Necrosis After Injection of Glatiramer Acetate (GA) in Close Asso-
ciation With Administration of BNT162b2 (A–D) and mRNA-1273 Vaccine (E and F)

(A–C) Days 2 (A), 5 (B), and 14 (C) after injection of
GA in close association with the BNT162b2 vac-
cine. (D) Representative micrograph of punch bi-
opsy of cutaneous lesion revealing intravascular
fibrin thrombi at day 14 (×200). (E and F) Four
weeks (E) and 5 weeks (F) after GA injection in
close association with the mRNA-1273 vaccine.
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Abstract
Background and Objectives
Describe the unique functions of immunoglobulin G4 (IgG4) in IgG4-neurologic disorders
(IgG4-ND) and explain why, in contrast to their IgG1-counterparts, they respond poorly to
intravenous immune globulin (IVIg) but effectively to anti–B cell therapies.

Methods
The IgG4 structure and isotype switch, B cells and plasmablasts relevant to IgG4 production,
and IgG4-induced disruption of the targeted antigens are reviewed and compared with IgG1-
mediated autoimmune ND, where IVIg inhibits IgG1-triggered inflammatory effects.

Results
The main IgG4-ND include muscle-specific kinase myasthenia; nodal/paranodal chronic in-
flammatory demyelinating polyradiculoneuropathy with antibodies to neurofascin-155, contactin-1/
caspr-1, or pan-neurofascins; antileucine-rich, glioma-inactivated-1 and contactin-associated protein-
like 2 associated-limbic encephalitis, Morvan syndrome, or neuromyotonia; and anti-IgLON5 dis-
order. The IgG4, because of its unique structural features in the hinge region, has noninflammatory
properties being functionally monovalent and bispecific, unable to engage in cross-linking and in-
ternalization of the targeted antigen. In contrast to IgG1 subclass which is bivalent and monospecific,
IgG4 does not activate complement and cannot bind to inhibitory Fcγ receptor (FcγRIIb) to activate
cellular and complement-mediated immune responses, the key functions inhibited by IVIg. Because
IVIg contains only 0.7%–2.6% IgG4, its idiotypes are of IgG1 subclass and cannot effectively neutralize
IgG4 or sufficiently enhance IgG4 catabolism by saturating FcRn. In contrast, rituximab, by targeting
memory B cells and IgG4-producing CD20-positive short-lived plasma cells, induces long-lasting
clinical benefits.

Discussion
Rituximab is the preferred treatment in IgG4-ND patients with severe disease by effectively
targeting the production of pathogenic IgG-4 antibodies. In contrast, IVIG is ineffective because
it inhibits immunoinflammatory functions irrelevant to the mechanistic effects of IgG4 and
contains IgG-1 idiotypes that cannot sufficiently neutralize or possibly catabolize IgG4. Con-
trolled studies with anti-CD19/20 monoclonals that also activate FcγRIIb may be more
promising in treating IgG4-ND.
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Several autoimmune, multisystemic, or fibroinflammatory dis-
orders have been recently identified based on their association
with immunoglobulin G4 (IgG4) subclass of autoantibodies,
referred to as IgG4-related diseases (IgG4-RD).1-3 In contrast,
however, to a broad IgG4-RD spectrum with nondisease-
specific pathogenic autoantibodies except for pemphigus
vulgaris, membranous nephropathy, and thrombotic throm-
bocytopenic purpura, we are witnessing key IgG4-neurologic
disorders (IgG4-ND) with pathogenic IgG4 antibodies tar-
geting neural antigens highlighted by MuSK-myasthenia;
nodal/paranodal chronic inflammatory demyelinating poly-
radiculoneuropathy (CIDP) with paranodal antibodies to
neurofascin-155, contactin-1, contactin-associated protein-like
1 (CASPR1), and nodal/paranodal pan-neurofascins (NF140/
NF186/NF155); leucine-rich, glioma-inactivated-1 (LGI1) or
the juxtaparanodal CASPR2-associated autoimmune enceph-
alitis, Morvan syndrome, neuromyotonia, or autoimmune pain
syndromes; and the rare anti-IgLON5 disorder.4-10 The unique
feature of IgG4-ND is their significant disease severity that, in
contrast to their IgG1 counterparts, exhibit poor response to
intravenous immune globulin (IVIg) and inadequate response
to steroids or plasmapheresis but excellent response to anti–B
cell therapies, such as rituximab, that downregulate humoral
immunity. Although some of these patients may have unique
clinical phenotypes, most often present similarly to IgG1
counterparts and treated identically until recognized in retro-
spect that they are refractory to conventional immunother-
apies. Their resistance to these therapies especially IVIg, which
is the treatment of choice in their IgG1-counterparts based on
controlled trials, is poorly understood, leading to therapeutic
delays necessitating vigilance for proper therapy initiation.

Because IgG4-ND are now increasingly recognized, it has become
imperative to understand the uniqueness of IgG4 pathogenicity
and the rationale of the most effective immunotherapies. For the
neurologists, the information is also relevant to IgG4-RD which,
although present with autoimmune multisystemic, lymphoproli-
ferative, or fibroinflammatory conditions, may also exhibit neuro-
logic manifestations of meningeal and spinal cord disease,
hypertrophic pachymeningitis, orbital myositis, or hypophysitis
that may also need neurologic expertise.

The article addresses the uniqueness of IgG4 isotype; the role of
regulatory B cells, cytokines, and plasmablasts in the IgG4 pro-
duction; the mechanism by which IgG4 antibodies cause dys-
function of their targeted antigens; the reasoning of why IVIg,
which is often the first-line therapy in their IgG1 counterparts, is

ineffective; the currently successful anti–B cell therapy with rit-
uximab, including practical issues on repeated infusions or IgG4
biomarkers; and promising future anti-IgG4-immunotherapies.

The Uniqueness of IgG4 Antibodies
IgG4 antibodies evolve as an anti-inflammatory response to
chronic antigenic stimulation traditionally connected to pe-
ripheral tolerance because of high-dose allergen exposure, as
occuring in beekeepers, cat owners, or helminth-infected
subjects, alleviating allergic inflammation by interfering with
the binding of allergen-specific IgE to the allergens.2 In
healthy adults, IgG4 is the least common IgG subclass,
comprising only 5% of the total IgG with a concentration of
0.08–1.4 g/L.1-3 Owing to its unique structural features in the
hinge region, the IgG4 antibodies, although continuously
undergo half antibody exchange with other IgG4 molecules,
are considered immunologically inert and functionally
monovalent because, in contrast to IgG1 which are bivalent
and monospecific, they recognize the antigen essentially with
only 1 Fab-arm of the IgG4; as a result, they are unable to
engage in cross-linking and internalization of their target an-
tigen or form immune complexes having noninflammatory
properties.1,3,5,11 IgG4 functions differently from the other
IgG subclasses by 2 key characteristics: first, cannot bind the
first C1q complement component to activate the complement
cascade, and second, they bind uniquely to Fc receptors with
markedly reduced binding capacity to inhibitory Fcγ receptor
(FcγRIIb) but with enhanced binding to the activating
FcγRI.1-3 Collectively, IgG4-antibodies are inadequate in ac-
tivating cellular or complement-mediated immune responses,
which are directly targeted by IVIg and conventional immu-
notherapies; instead, they exert their pathogenicity by
blocking protein-protein interactions and affecting signal
transduction pathways. Whether genetic factors promote the
development of IgG4 isotype as a response to certain anti-
gens, as noted for certain paranodal antibodies mentioned
later, is a possibility that needs to be further explored.

Role of Cytokines, T Cells, and B Cells in IgG4
Production and Isotype Switch
The IgG4 production is augmented by IL-10, which in IgG4-
RD is overexpressed in affected tissues playing a key role in
the isotype switching of B cells to IgG4 subclass.1-3 IL-10-
expressing T-follicular regulatory cells and follicular helper T
(Tfh) cells that produce IL-4, IL-10, and IL-21 are also in-
volved in class switch, contributing to the pathogenesis of
IgG4-RD.1,3,11-14 CD4+ cytotoxic T lymphocytes (CTLs) are

Glossary
AChR = acetylcholine receptor; CASPR2 = contactin-associated protein-like 2; CIDP = chronic inflammatory demyelinating
polyradiculoneuropathy; CTL = cytotoxic T lymphocytes; FcγR = Fcγ receptor; IgG4 = immunoglobulin G4; IgG4-ND =
IgG4-neurologic disorder; IgG4-RD = IgG4-related disease; IVIG = intravenous immune globulin; LGI1 = leucine-rich,
glioma-inactivated-1;MAC = membranolytic attack complex;MG = myasthenia gravis;MuSK = muscle-specific kinase; PNS =
peripheral nervous system.
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prominent in IgG4-RD and decline after B cell-targeted
therapy, suggesting that B cells present antigen to activate
CD4+ CTLs.1 Memory B cells and plasmablasts are also in-
creased in the peripheral blood with the expansion of IgG4-
producing CD19flCD20+CD27hiCD38hi plasmablasts, es-
pecially during relapses or active disease.1-3

Insidious isotype switch can also occur late in the immune response
because of maturation and hypermutation, as noted in nodal
CIDP, from IgG3 against CNTN1/CASPR1 to IgG4 against
CASPR115 and in MuSK-MG from IgG4 to IgG1.5 Although
overlooked, isotype switch can be clinically important in IgG4-ND
when patients previously responding to IVIg become IVIg-
unresponsive after isotyped to IgG4.

IgG4-Neurologic Autoimmunity: The Effect of
IgG4 Antibodies on Targeted Antigens
The IgG4 antibodies arise after chronic antigenic exposure
late in the immune response and exhibit very high affinity for
their antigen after undergoing several rounds of affinity
maturation and somatic hypermutation.16 In contrast to
most IgG4-RD, however, where the immunopathogenicity
of IgG4 is poorly understood and their clinicopathology is
broad—defined by increased serum IgG4 and tumefactive
lesions with IgG4+ plasma cell infiltrates in multiple
organs1,2—the IgG4-neuroautoimmunity is distinct, char-
acterized by antigen-specific disorders affecting only CNS or
PNS. Most importantly, in IgG4-ND, the IgG4 antibodies
exert a direct pathogenic effect by blocking enzymatic ac-
tivity or disrupting protein-protein interactions of their
target antigens affecting signal transduction pathways.5

Among the IgG4-RD, the main ones with antigen-specific
IgG4 that share immunologic similarities with IgG4-ND are
pemphigus vulgaris with antidesmoglein antibodies, mem-
branous nephropathy with M-type phospholipase A2 re-
ceptor 1 or thrombospondin type-1 antibodies, thrombotic
thrombocytopenic purpura with antibodies to metal-
loprotease ADAMTS13, and possibly Goodpasture syn-
drome with antitype IV collagen antibodies. The IgG4-ND
include

1. Anti-MuSK-MG. It comprises 7% of all patients with
myasthenia gravis (MG) and is highlighted by IgG4
antibodies against muscle-specific kinase (MuSK), a
transmembrane polypeptide expressed at the neuromus-
cular junction, that plays a fundamental role in
acetylcholine receptor (AChR) clustering via interactions
with agrin and rapsyn.4,5 Although MuSK-MG may have
a phenotype similar to AChR-MG, many times has
unique presentation with selective weakness and atrophy
of the neck, tongue, shoulder, and bulbar muscles.17,18

MuSK-IgG4 antibodies are pathogenic, can passively
transfer disease, and cause dysfunction of the neuromus-
cular junction by interfering with AChR clustering
through the inhibition of Lrp4/MuSK signaling, but
not by antigen cross-linking, internalization, or end-plate
destruction as the IgG1-AChR antibodies do.4,19

2. CIDP with nodal/paranodal antibodies. This clinico-
pathologically distinct CIDP subset, identified in the last
10 years, comprises 10% of patients with CIDP and is
caused by IgG4 antibodies to paranodal neurofascin-155,
CASPR1, and CNTN16,20-22 and the nodal/paranodal
pan-neurofascin (NF140/NF186/NF155 also called
“nodal neurofascin”). These patients have distinct
clinical phenotypes with distal weakness, tremor, and
sensory (proprioceptive) ataxia. NF155 is a Schwann
cell adhesion protein at the paranodal terminal myelin
loops that binds to CNTN1, forming a complex critical
for the maintenance of nodal structures ensuring rapid
impulse propagation.23 The antibodies are pathogenic,
disrupting the NF155/CNTN1 complex by binding
distinct epitopes associated with cell adhesion, resulting
in the disadhesion of NF155/CNTN1 components by
affecting glycosylation.6,20,22,23 The IgG4 NF155 anti-
bodies are specifically deposited at the axoglial junction
causing dissection at the paranode perturbing conduction
in the absence of demyelination.23,24 These antibodies do
not fix complement or internalize target antigens and do
not cause inflammation; instead, they block protein-
protein interaction leading to conduction failure.5,23

Specific HLA-DRB1*15 alleles show strong association
in anti-NF155 patients implicating a constitutive genetic
risk susceptibility factor.25

3. LGI-1 and CASPR2-autoimmune syndromes presenting
with limbic encephalitis and seizures, Morvan syndrome
and neuromyotonia, or severe neuropathic pain. These
IgG4 antibodies are directed against the leucine-rich,
glioma-inactivated-1 (LGI1) antigen or the juxtaparanodal
contactin-associated protein-like 2 (CASPR2) that stabilize
the voltage-gated potassium channel complex into the
membrane.7-9 The LGI1 plays a role in bridging the
presynaptic voltage-gated potassium channel protein Kv1.1
with the postsynaptic a-amino-3-hydroxy-5-methyl-4-iso-
xazolepropionic acid receptor through interaction with
synaptic anchor molecules ADAM22/23; the anti-LGI1
antibodies alter the binding of LGI1 with ADAM22,
decreasing the postsynaptic levels of a-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid receptors.8

Although patients with anti-LGI-1 and CASPR2 anti-
bodies may exhibit overlapping clinical symptomatology,
the antibodies to LGI1 are most commonly associated
with limbic encephalitis and epilepsy, whereas antibodies
to CASPR2 with Morvan syndrome and neuromyotonia.
Refractory epilepsy and mental and behavioral abnor-
malities are variably present. Pain, as seen in small fiber
sensory neuropathy, and seizures involving ipsilateral face
and limb dystonia-like seizures are also increasingly
recognized.

4. Anti-IgLON5 disorder defines a complex syndrome of
gait instability, craniofacial dyskinesias, sleep-disordered
breathing, abnormal eye movements, and cognitive
decline, characterized by antibodies, mostly of IgG4
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isotype, against IgLON5, a neural cell adhesion
molecule.10 IgLON5 antibodies disrupt the crosstalk
between cell surface and cytoskeleton, leading to the
abnormal accumulation of neurofilaments, providing a
link between antibody-mediated autoimmunity and
neurodegeneration.26

Why IVIg Is Ineffective in IgG4-ND:Mechanisms
of Actions of IVIg in Relevance to
IgG4 Antibodies
In contrast to their autoimmune-ND counterparts that re-
spond to IVIg in controlled studies, in IgG4-ND, there is no
antigen cross-linking or immune complex formation, no re-
cruitment of immune cells via Fc receptors, and no antigenic
destruction via phagocytosis or antibody-dependent cellular
cytotoxicity. Because these are the key functions inhibited by
IVIg,27,28 all the hallmark anti-inflammatory effects of IVIg
that define its success in IgG1-ND are irrelevant to the
pathogenicity of IgG4, explaining not only the ineffectiveness
of IVIg but also the suboptimal benefit of steroids. The key

immunoregulatory actions of IVIg, contrasting with their ir-
relevance in IgG4-ND, include (Figure)

1. Supply idiotypic antibodies of IgG1 isotype capable of
neutralizing pathogenic autoantibodies via F(αβ’)2
binding. IVIg has more than 95% IgG of IgG1 subclass
but minimal IgG4 (0.7%–2.6%). Derived from thousands
of donors, IVIg contains anti-idiotypic IgG1 antibodies
with a wide range of idiotypic and anti-idiotypic
specificities, forming dimers connected by double-arm
or single-arm binding between their F(αβ’)2 domains that
bind to and neutralize pathogenic autoantibodies.27,29,30

The effect of idiotypes within the IVIg is highlighted in
GBS and other demyelinating neuropathies with serum
anti-GM1, anti-GQ1b, or other anti-glycolipid antibodies
that block quantal release and impair neuromuscular
transmission; the IgG1-idiotypic antibodies within the
IVIg recognize these IgG glycoconjugates and inhibit or
neutralize the blocking effects exerted by their sera,
explaining the quick clinical benefits of IVIg.31,32 Because
IVIg does not contain idiotypes of IgG4 subclass, it

Figure Immunopathogenic Network in IgG1-ND as Related to the Actions of IVIg (*1–5), Highlighting (*1–5 X) the Effects
Irrelevant to IgG4-ND

In IgG1-ND, antigens presented via antigen presenting cells to CD4+T cells stimulate B cells to produce IgG1 antibodies which, by fixing complement at the
target organ, lead to tissue damage. FcRn plays a role in catabolism of IgG1 antibodies, whereas the inhibitory FcγRIIB receptors onmacrophages and B cells
mediate inflammatory and immune effector functions. Induction of Tregs and proinflammatory cytokines sustain immune imbalance (adapted from 58). IVIg
is effective in IgG1-ND collectively by supplying idiotypic antibodies of IgG1 subclass that exert neutralizing effects on circulating pathogenic IgG1 autoan-
tibodies (*1); this function is irrelevant to IgG4-ND because IVIg contains only IgG1 isotypes that cannot neutralize IgG4 (*1-X); saturating the FcRn in
endosomes resulting in increased catabolism of pathogenic IgG1(*2); this function is probably irrelevant to IgG4-ND because IgG1 isotypes may not
sufficiently affect IgG4 catabolism (*2-X); binding to C3b, intercepting complement activation and the destructive effects of complement-fixing IgG1 anti-
bodies (3*); this function is irrelevant to IgG4-ND because IgG4 does not fix complement (3*-X); upregulating FcγRIIB receptors on macrophages and B cells
(*4); this function is irrelevant to IgG4-ND because IgG4 cannot bind to FcγRIIB (*4-X); and inhibiting proinflammatory cytokines (5*); this is irrelevant to IgG4-
ND because IgG4 has anti-inflammatory effects and does not sufficiently induce such cytokines (*5-X). IgG1-ND = IgG1-neurologic disorder; FcγRIIb = Fcγ
receptor; IVIg = intravenous immune globulin.
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cannot exert similar and sufficiently enough neutralizing
or blocking effects on the circulating IgG4 antibodies (#1,
Figure).

2. Acceleration of IgG1 catabolism by saturating the FcRn
transport receptors. Normally, IgG antibodies bind to FcRn
to return via endocytotic vesicles intact back into the
circulation, being protected from degradation by the
lysosomes.33 The supraphysiological levels of IgG derived
from IVIg administration saturate the FcRn, so a portion of
endogenously produced pathogenic IgG antibodies are not
recycled back to the circulation but degraded33,34; as a
result, the infused IVIg, by competing with pathogenic
autoantibodies for FcRn binding, reduces the serum half-life
of autoantibodies by approximately 40%, causing a
reduction of the circulating IgG.33-35 This effect, although
not studied, may not be applicable to IgG4 antibodies
because IVIg has no IgG4 to affect sufficiently enough IgG4
recycling, adding to its ineffectiveness (#2, Figure).

3. Inhibition of complement binding and prevention of
membranolytic attack complex (MAC) formation. IVIg
inhibits complement uptake, intercepting the formation and
deposition of MAC on the targeted tissues by activated
complement or complement-fixing antibodies.36,37 On this
basis, IVIg intercepts complement deposits on muscle or
nerve fibers36-38 and prevents the cytotoxicity induced by
dermatomyositis or GBS sera.37,38 These key anticomple-
ment effects are not applicable to IgG4 antibodies because
they do not mobilize or fix complement, as described earlier
(#3, Figure).

4. Modulation of FcγR. The FcγRs transduce either activating
signaling via the FcγRIA, FcγRIIA, and FcγRIIIA or
inhibitory signals via the FcγRIIB, regulating immune cell
activation.39,40 IgG molecules bind through their Fc region
to FcγR present on monocytes, macrophages, dendritic
cells, and B cells and mediate inflammatory or immune
effector functions by activating or inhibiting intracellular
signaling, cellular activation, proliferation, and cytokine
production.27,39,40 IVIg selectively upregulates the inhibi-
tory FcγRIIB, a negative regulator of lymphoid cell
activation, inhibiting phagocytosis and cytokine production
and intercepting antibody-dependent cell-mediated
cytotoxicity.39-41 Patients with CIDP have lower than
normal FcγRIIB expression on näıve B cells andmonocytes
but, after IVIG, the FcγRIIB expression is upregulated,
coinciding with clinical improvement.27,39,41,42 This impor-
tant effect, that also predicts response to IVIG in CIDP,39 is
not applicable to IgG4-ND because IgG4 antibodies cannot
bind to inhibitory FcγRIIB receptor, as mentioned earlier
(#4, Figure).

5. Suppression of pathogenic cytokines and immunoin-
flammatory molecules. IVIg effectively suppresses proin-
flammatory cytokines,27,28,41 but such cytokines are
irrelevant in IgG4-ND because of the overall anti-
inflammatory effects of IgG4 that cannot recruit immune
cells via Fc receptors or induce phagocytosis and trigger
tissue inflammation (#5, Figure).

Rituximab Is the Preferred Treatment
in IgG-4-ND
The expansion of activated B cells that correlate strongly with
disease activity, the evidence of a pathogenic role for self-
reactive B cells, and the clinical efficacy of B cell-depletion
therapies1-3 strongly support rituximab as the treatment of
choice. Rituximab, a chimeric monoclonal antibody against
CD20, a 297 AA membrane-associated phosphoprotein pre-
sent on all B cells, except stem cells, pro-B cells, and plasma
cells, depletes circulating B cells but not bone marrow and
lymph node B cells.43 Immunoglobulins are produced by
long-lived plasma cells, but IgG4 are likely produced by
CD20-positive short-lived plasma cells under the influence of
IL-4 and IL-21.44 Rituximab eliminates B cells before they
differentiate into plasma cells having no effect on non-CD20-
expressing plasma cells; it reduces, however, IgG4 levels by
targeting IgG4-producing CD20-positive short-lived plasma
cells and their related CD20+ precursors, resulting in steep
decline of plasmablast counts.45 In several nonrandomized
trials in IgG4-RD, rituximab rapidly reduced serum IgG4
levels compared with serum IgG1.1-3

In IgG4-ND, the success of rituximab is also impressive. In
MuSK-MG, in a multicenter, blinded, prospective review,
58% (14/24) rituximab-receiving patients reached the pri-
mary outcome compared with 16% (5/31) of controls (p =
0.002), after a median follow-up of 3.5 years; furthernore, 29%
of rituximab-treated patients required a mean-prednisone
dose of 4.5 mg/d compared with 13 mg/d required by 74% of
controls (p = 0.005).46 IgG4-MuSK antibodies were markedly
reduced 2–7 months after rituximab, being even undetectable
within 2 years coinciding with clinical remission and sustained
improvement for several years47,48; in 1 patient who did not
respond, MuSK-IgG4 antibodies remained unchanged, sup-
porting the view that short-lived antibody-secreting CD20+-
cells are the main producers of MuSK antibodies.47

In neurofascin-155 and CASPR1/CNTN1 CIDP, the evi-
dence of IVIg unresponsiveness is overwhelming with less
than 10% partially and transiently responding to IVIg but
more than 80% responding to rituximab, as confirmed in a
recent large patient collection.25 Similar is the experience in
LGI1 and CASPR2-associated encephalitis, where in a large
series the patients with worse outcome were those more
frequently treated with both IVIg and steroids; however, the
noted increased LGI1-specific plasmablasts/plasma cells in
these patients’ CSF fully justifies anti-CD19-specific
immunotherapies.49

Rituximab Maintenance
In IgG4-RD, the risk of relapse tended to be lower with rit-
uximab maintenance, compared with 1 rituximab induction
therapy with elevated serum IgG4 considered a risk factor for
relapse.1,3,50 The value of circulating IgG4 as a biomarker in
IgG4-RD is however unclear because IgG4 alone can non-
specifically increase in chronic immune activation.1 The IgG4
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levels also seem irrelevant in IgG4-ND; in 39 patients with
CIDP, including several with IgG4-nodal antibodies, the IgG4
concentration was normal (<1,350 mg/L, the limit for active
IgG4-RD [Dalakas et al. unpublished observations]). In
contrast, IgG4-ND antibody-specific titers seem to correlate
with disease activity as shown in MuSK-MG47 but also in
LGI1-encephalitis, where high CSF IgG4 titers strongly cor-
relate with worse outcome.49 The need for follow-up ritux-
imab infusions remains still empirical. Some prefer a repeated
infusion when clinical relapse occurs; others use 2 g every 6
months or 1 g every 3months to ensure stability.43,47,48,51 The
most promising marker remains the re-emergence of CD27 +
memory B cells43,52,53; in 1 study, no MG relapses occurred
when the CD27 + memory B cells were below the therapeutic
target, whereas their resurgence was associated with clinical
relapses.52 Because reduction of IgG4-MuSK antibodies co-
incides with clinical remission,47 the value of follow-up anti-
body titers as a disease activity biomarker needs to be assessed
in all IgG-4 ND, as discussed below, along with the reap-
pearance of memory B cells and IgG4-producing CD20-
positive short-lived plasma cells.

Future Therapies in IgG4-ND
Some of the novel therapeutic approaches targeting B cells or
CD4+ CTLs, currently evaluated in IgG4-RD, are also appli-
cable to IgG4-ND and include (1) anti-CD19/20 including
rituximab, inebilizumab—now approved for NMO-SD54—
and obexelimab (XmAb5871) all in phase-3 trials in IgG4-RD.
Obexelimab, targeting CD19/FcγRIIB, is especially promis-
ing because it binds simultaneously to CD19 and FcγRIIb,
promoting internalization of CD19 in the lipid rafts55; obex-
elimab markedly enhances the inhibitory FcγRIIB and
downregulates CD19, both effects tailored to IgG-4-ND by
also activating FcγRIIB receptor; (2) dupilumab against IL-
4Ra; (3) zanubrutinib and rilzabrutinib, both oral and
well tolerated Bruton’s tyrosine kinase inhibitors, now in
phase 2 trials in pemphigus vulgaris and multiple sclerosis1,56

Because Bruton tyrosine kinase is an enzyme expressed on
B lymphocytes and myeloid cells, its irreversible inhibition by
these agents suppresses B cell activation, relevant to IgG4-
ND; and (4) elotuzumab, a monoclonal anti-SLAMF7 anti-
body ready to begin1; elotuzumab is a rational therapy for
IgG-4 diseases because targets key cellular interactions be-
tween activated B cell subsets, plasmablasts, and CD4+ CTLs
that all express SLAMF7.1

Conclusions on the Clinical Importance of IgG4-
ND, the Functions of IgG4 as Related to
Immunotherapies, and the Potential Role of
IgG4-Antibody Titers as Disease Biomarkers
The purpose of this article is to increase awareness and
highlight the progress made in our understanding of the
unique function of IgG4-antibodies and their associations
with specific neurologic diseases which, in contrast to their
IgG1 counterparts, have a more severe clinical phenotype
and distinct response to immunotherapies. Unlike the other
IgG isotypes, the IgG4 antibodies do not activate cellular or

complement-mediated immune responses, which are di-
rectly targeted by IVIg and conventional immunotherapies,
but they exert pathogenicity by blocking protein-protein
interactions and signal transduction. As a result, IgG4-ND
do not respond to IVIg like their IgG1 counterparts but
respond impressively well to anti–B cell therapies which, if
initiated early in the disease course, may ensure faster re-
covery preventing long-term disabilities. Importantly, there
is convincing evidence that IgG-4 specific antibody titers are
reduced in remissions and increased in exacerbations, having
the potential to serve as reliable disease biomarkers not only
in future controlled trials but also in current clinical practice.
Because IgG4 antibody titers seem to correlate with the
clinical status within the same patient,25 it may serve as a
monitoring tool not only in assessing disease activity and
treatment response but also in guiding the need for the next
anti–B cell infusion therapy. In some patients, IgG4 antibody
titers decrease more than 90% or even become negative after
rituximab, as noted in MuSK-MG47 and in some autoim-
mune nodopathy patients,25 suggesting that antibody reap-
pearance or significant titer increase may precede a relapse
and guide the need for retreatment. If proven in controlled
studies that IgG4 antibody titers are a solid biomarker for
long-term therapy, it will be a remarkably novel observation
in autoimmune neurotherapeutics. Currently, in IgG-1
antibody-mediated chronic autoimmune neurologic dis-
eases, antibody titers are not reliable biomarkers, as observed
with anti-MAG and antiganglioside antibodies in neuropa-
thies,53 anti-AChR antibodies in MG, anti-HMGCR or SRP
antibodies in inflammatory myopathies, or anti-GAD anti-
bodies in stiff-person syndrome57; even anti-MOG and AQP-4
antibodies, although helpful, are not consistent predictors of
disease relapse.
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CORRECTION

Clinical and Laboratory Features in Anti-NF155 Autoimmune
Nodopathy
Neurol Neuroimmunol Neuroinflamm 2022;9:e1129. doi:10.1212/NXI.0000000000001129

In the Article “Clinical and Laboratory Features in Anti-NF155 Autoimmune Nodopathy” by
Mart́ın-Aguilar et al.,1 the affiliation for author Eduardo Nobile-Orazio should have been listed
as “IRCCS Humanitas Research Hospital, Milan University, Rozzano, Italy.” The publisher
regrets the error.
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