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J.-P. Camdessanché, and J.-C. Antoine

Open Access

e945 Immune Skew of Circulating Follicular Helper
T Cells Associates With Myasthenia
Gravis Severity
S. Ashida, H. Ochi, M. Hamatani, C. Fujii, K. Kimura, Y. Okada,
Y. Hashi, K. Kawamura, H. Ueno, R. Takahashi, T. Mizuno, and
T. Kondo

Open Access Class of Evidence

e947 Discontinuation of Immunosuppressive Therapy in
Patients With Neuromyelitis Optica Spectrum
Disorder With Aquaporin-4 Antibodies
S.-H. Kim, H. Jang, N.Y. Park, Y. Kim, S.-Y. Kim, M.Y. Lee,
J.-W. Hyun, and H.J. Kim

Open Access

e946 Aryl Hydrocarbon Receptor Activation in Astrocytes
by Laquinimod Ameliorates Autoimmune
Inflammation in the CNS
V. Rothhammer, J.E. Kenison, Z. Li, E. Tjon, M.C. Takenaka,
C.-C. Chao, K. Alves de Lima, D.M. Borucki, J. Kaye, and F.J. Quintana

Open Access

Cover Image
Top panels show the choroid plexus, periventricular white matter, and
subcortical white matter from a patient with multiple sclerosis (MS) and
COVID-19. Lower panels show that SARS-CoV-2 transcripts (pink
arrows) by in situ hybridization inMSCOVID-19 are detected in choroid
plexus and ependyma but are not present in an MS lesion. Expression of
ACE2 is indicated with white arrows. Stylized by Kaitlyn Aman Ramm,
Digital Multimedia/Graphics Coordinator.
See page e957

Continued

http://neurology.org/nn


e936 Unilateral Relapsing Primary Angiitis of the
CNS: An Entity Suggesting Differences in the
Immune Response Between the Cerebral
Hemispheres
M.A. AbdelRazek, J.M. Hillis, Y. Guo, M.Martinez-Lage, T. Gholipour,
J. Sloane, T. Cho, and M. Matiello

Open Access

e950 Different Fumaric Acid Esters Elicit Distinct
Pharmacologic Responses
B.T. Wipke, R. Hoepner, K. Strassburger-Krogias, A.M. Thomas,
D. Gianni, S. Szak, M.S. Brennan, M. Pistor, R. Gold, A. Chan, and
R.H. Scannevin

Open Access

e953 Amyotrophic Lateral Sclerosis Survival
Associates With Neutrophils in a Sex-specific
Manner
B.J. Murdock, S.A. Goutman, J. Boss, S. Kim, and E.L. Feldman

Open Access Class of Evidence
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EDITORIAL OPEN ACCESS

Learning More About HHV-6 Encephalitis
Joseph R. Berger, MD

Neurol Neuroimmunol Neuroinflamm 2021;8:e948. doi:10.1212/NXI.0000000000000948
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In this issue of Neurology® Neuroimmunology & Neuroinflammation, a retrospective study using
an institutional virology database addresses the clinical nature, radiologic findings, and bi-
ological underpinnings of human herpesvirus 6 (HHV-6) encephalitis. The data had been
accumulated systematically over a decade and included all individuals fromwhom blood or CSF
had tested positive for HHV-6 DNA. From a cohort of 926 individuals tested for HHV-6, 45
individuals met the criteria of HHV-6 febrile seizures or encephalitis. This population com-
prised 30 children or adolescents and 15 adults (older than 18 years old); 28 (62%) were
immunocompromised and 17 (38%) were immunocompetent. Efforts were made to identify
individuals with chromosomally integrated HHV-6 DNA (ciHHV-6) by testing hair follicles for
the presence of HHV-6 DNA in those with exceedingly high copy numbers of HHV-6 DNA in
blood and CSF.

HHV-6 was first recognized to be associated with human disease in 1988 when it was isolated
from the peripheral blood mononuclear cells of children with exanthem subitum (roseola
infantum).1 As with herpesviruses, HHV-6 is an enveloped, double-stranded DNA virus that
has an electron-dense core surrounded by an icosahedral nucleocapsid. There are 2 variants of
HHV-6, variant A and variant B, distinguished by nucleotide sequences, cellular tropism, and
antibody reactivity. HHV-6 is a member of the beta human herpes virus family and establishes
latency in a broad range of tissues including salivary glands, tonsils, kidneys, liver, and lymph
nodes.2 Saliva is believed to be the major vector of transmission.3 HHV-6 is ubiquitous; more
than 80% of the adult population4 has serologic evidence of previous infection. Unlike other
herpesviruses, HHV-6 may chromosomally integrate and ciHHV-6 is found in approximately
1% of the population.5 As noted by the authors, the presence of ciHHV-6 may distort the
numbers of patients labeled with febrile seizures or encephalitis attributed to HHV-6.

Primary infection with HHV-6 results in roseola, a self-limited disease in infants and children
characterized by fever, rash, pharyngitis, and usually mild systemic symptoms lasting 3 days on
average. Neurologic complications of primary HHV-6 infection include febrile seizures, a
complication observed in 13% of infected children.6 These seizures may differ from febrile
seizures accompanying other infections because they are more often partial or prolonged or
associated with postictal paralysis.7 Occasionally, encephalitis, including cerebellitis8 and
rhombencephalitis9 may accompany roseola.

The prototypical HHV-6 encephalitis in adults is a limbic encephalitis that follows hemato-
poietic stem cell transplantation (HSCT). This entity has been referred to as post-
transplantation acute limbic encephalitis (PALE). PALE is characterized by fever, behavioral
changes, and seizures with medial temporal lobe abnormalities typically seen on brain MRI. As
the authors of this study demonstrate, the limbic abnormalities on MRI are not universally
present; only 2-thirds of their patients had brain MRI abnormalities, and their appearance may
require several days from symptom onset to develop. Quite reasonably, the authors recommend
that all HSCT recipients with altered mental status or seizures have CSF HHV-6 studies. They
emphasize the value of detecting HHV-6 in the blood in suspected cases because not all the
patients with unexplained neurologic symptoms attributed to HHV-6 after HSCT demon-
strated viral DNA in their CSF.

From the Department of Neurology, Perelman School of Medicine, University of Pennsylvania, Philadelphia, PA.
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Although individual case reports of meningoencephalitis10 and
focal encephalitis11 attributed to HHV-6 have been reported in
immunocompetent persons, the immunocompetent subjects
with HHV-6 encephalitis in this study were all were infants
younger than 2 years with primary infection. The authors propose
that high viral copy numbers in the blood and CSF of immu-
nocompetent with encephalitis most likely represents the pres-
ence of ciHHV-6, leading to misdiagnosis and a delay in
establishing and treating the correct diagnosis. They recommend
that testing for HHV-6 in immunocompetent individuals be
limited to infants younger than 3 years of age developing seizures
or encephalopathy in association with a fever who have suspected
primaryHHV-6 infection. Although some of the previous reports
of HHV-6 encephalitis in immunocompetent individuals may
have been the consequence of ciHHV-6, it is unlikely to account
for all reported cases. For instance, in one elderly immunocom-
petent man with meningoencephalitis attributed to HHV-6, viral
DNA was not only amplified from brain sections at the time of
autopsy, but HHV-6 gp 102 protein was also the demonstrated
by immunohistochemical studies of neurons and glial cells,12 an
observation that would seem to refute that possibility that all
HHV-6 encephalitis cases in immunocompetent subjects are due
entirely to ciHHV-6. Therefore, additional confirmatory studies
will be needed before the adoption of such a broad policy.

Study Funding
No targeted funding reported.

Disclosure
Disclosures available: Neurology.org/NN.
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Mathias Bussas, MSc, Emily Tjon, MSc, Mark Mühlau, MD, Thomas Korn, MD, Bernhard Hemmer, MD,

Francisco J. Quintana, PhD, and Veit Rothhammer, MD

Neurol Neuroimmunol Neuroinflamm 2021;8:e933. doi:10.1212/NXI.0000000000000933

Correspondence

Dr. Rothhammer

veit.rothhammer@fau.de

Abstract
Objective
The relationship between serum aryl hydrocarbon receptor (AHR) agonistic activity levels with
disease severity, its modulation over the course of relapsing-remitting MS (RRMS), and its
regulation in progressive MS (PMS) are unknown. Here, we report the analysis of AHR
agonistic activity levels in cross-sectional and longitudinal serum samples of patients with
RRMS and PMS.

Methods
In a cross-sectional investigation, a total of 36 control patients diagnosed with noninflammatory
diseases, 84 patients with RRMS, 35 patients with secondary progressive MS (SPMS), and 41
patients with primary progressive MS (PPMS) were included in this study. AHR activity was
measured in a cell-based luciferase assay and correlated with age, sex, the presence of disease-
modifying therapies, Expanded Disability Status Scale scores, and disease duration. In a second
longitudinal investigation, we analyzed AHR activity in 13 patients diagnosed with RRMS over
a period from 4 to 10 years and correlated AHR agonistic activity with white matter atrophy and
lesion load volume changes.

Results
In RRMS, AHR ligand levels were globally decreased and associated with disease duration and
neurologic disability. In SPMS and PPMS, serum AHR agonistic activity was decreased and
correlated with disease severity. Finally, in longitudinal serum samples of patients with RRMS,
decreased AHR agonistic activity was linked to progressive CNS atrophy and increased lesion
load.

Conclusions
These findings suggest that serum AHR agonist levels negatively correlate with disability in
RRMS and PMS and decrease longitudinally in correlation with MRI markers of disease
progression. Thus, serum AHR agonistic activity may serve as novel biomarker for disability
progression in MS.
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Genetic and environmental factors control the immune re-
sponse in health and disease.1,2 The aryl hydrocarbon re-
ceptor (AHR) is a ligand-activated transcription factor, which
regulates specific aspects of the innate and adaptive immune
response both in the peripheral immune compartment and in
the CNS.3–6 Indeed, we and others have shown that AHR
controls immune processes relevant to the pathogenesis of
MS and other inflammatory and neurologic disorders.5–10

Physiologically relevant AHR agonists are provided by envi-
ronmental and dietary sources and also by the host
metabolism2,11,12 and commensal microbiota.7,9,13 AHR ac-
tivation has been reported to ameliorate preclinical models of
MS9,14 and reduced cerebral atrophy and lesion load in the
human BRAVO and ALLEGRO clinical trials.15,16 In these
lines, we recently reported decreased serum AHR agonistic
activity in patients with relapsing-remitting MS (RRMS)
compared with healthy controls.8,9 However, it is unclear
whether serum AHR agonistic activity correlates with clini-
cally relevant parameters such as disability and disease dura-
tion in RRMS. Moreover, little is known about serum AHR
agonistic activity in secondary and primary progressive MS
(SPMS and PPMS, respectively),17,18 an important point
given the role of glial cells in disease progression.7,9,19,20

Here, we report that serum AHR agonistic activity correlates
with disease severity, accumulation of lesion load volume, and
CNS atrophy in RRMS in cross-sectional and longitudinal
studies. Moreover, serum AHR agonistic activity is decreased
in PMS, suggesting a role for AHR in the control of the
degenerative component of MS. Collectively, these findings
suggest that serumAHR agonistic activity may serve as a novel
biomarker in MS.

Methods
AHR Ligand Measurement
HEK293 cells were used in the transient transfection sys-
tem, as previously described.8,9 In brief, 20,000 cells per
well were plated in 96-well flat-bottom plates. Twenty-four
hours after plating, cells were transfected with equal
amounts of pGud-Luc21 and pTK-Renilla (Renilla lucif-
erase under control of constitutively active thymidine ki-
nase promoter, Promega, Madison, WI) using Fugene-HD
Transfection Reagent (Promega) as suggested by the
manufacturer. After 24 hours, transfected cells were in-
cubated with DMEM supplemented with 10% of patient
serum in duplicates. Luciferase activity was analyzed 24
hours later using the Dual Luciferase Reporter System
(Promega). Firefly luciferase activity was normalized to

Luciferase activity to determine relative AHR agonistic
activity.

Samples
Patients with noninflammatory diseases (n = 36), RRMS
(n = 84), SPMS (n = 35), and PPMS (n = 41) were in-
cluded in the analysis. The control group had pseudotu-
mor cerebri or primary headache. In the longitudinal
group, serum was collected every year. In total, 13 patients
were observed over 4–8 years (1 patient for 10 years, 7
patients for 8 years, 2 patients for 7 years, 1 patient for 5
years, and 2 patients for 4 years). All patients were initially
diagnosed with RRMS and were under disease-modifying
therapy (DMT). Expanded Disability Status Scale (EDSS)
in the longitudinal patient cohort was in the range from
0 to 3.5. All serum samples were collected and stored at
−80°C using a standardized protocol.

MRI
The first scan (baseline cardiac MRI [cMRI]) was performed
in the period 2009–2014; every further scan (follow-up
cMRI) was performed 12 ± 2 months after baseline cMRI.

Activity on cMRI was defined as the appearance of new T2
hyperintense and/or new gadolinium enhancing lesions on
follow-up cMRI. Brain images were all acquired on the
same 3 T Philips scanner. The scanning protocol included
a 3D gradient echo T1-weighted sequence (orientation,
170 contiguous sagittal 1 mm slices; field of view, 240 ×
240 mm; voxel size, 1.0 × 1.0 mm; repetition time [TR], 9
milliseconds; echo time [TE], 4 milliseconds) and a 3D
fluid-attenuated inversion recovery sequence (orientation,
144 contiguous axial 1.5-mm slices; field of view, 230 ×
185 mm; voxel size, 1.0 × 1.5 mm; TR, 10,000 millisec-
onds; TE, 140 milliseconds; inversion time, 2,750 milli-
seconds). Baseline cMRI data were analyzed regarding
lesion load and white matter volume using the software
package SPM and its toolboxes CAT12 and LST.22

Statistical Analysis
Statistical analyses were performed with Prism software
(GraphPad), using the statistical tests indicated in the
individual figure legends. No samples were excluded. The
investigators were blinded as to sample cohorts when
performing AHR ligand level measurement, and samples
were run in technical duplicates. p Values of <0.05 were
considered significant. All error bars represent SEM.

Glossary
AHR = aryl hydrocarbon receptor; cMRI = cardiac MRI; DMT = disease-modifying therapy; EDSS = Expanded Disability
Status Scale; IL = interleukin; PPMS = primary progressive MS; RRMS = relapsing-remitting MS; SPMS = secondary
progressive MS; TE = echo time; TR = repetition time.

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

http://neurology.org/nn


Standard Protocol Approvals, Registrations,
and Patient Consents
This study was approved by the standing ethical committee
and local authorities. Written informed consent was obtained
from every patient within the framework of the Biobank re-
sources at the Department of Neurology at Technical Uni-
versity Munich, Germany, which is part of the national
competence network MS.

Data Availability
Anonymized data that are not published in this article will
be made available on request from any qualified in-
vestigator after the approval by the Department of Neu-
rology of the Technical University of Munich, Germany.

Results
Serum AHR Agonist Activity Is Decreased in
Patients With RRMS
We first analyzed serum AHR agonistic activity in a Eu-
ropean cohort of patients with RRMS (table e-1, links.lww.
com/NXI/A361) using a reporter assay in which human
HEK293 cells are transiently transfected with an AHR
binding reporter construct driving luciferase
expression.8,21,23,24 In agreement with previous reports, we
detected decreased serum AHR agonistic activity in pa-
tients with RRMS compared with control patients with
noninflammatory diseases (primary headache and pseu-
dotumor cerebri; figure 1). Age, sex, or the presence of
DMTs did not influence AHR ligand levels (figure e-1,
A–C, links.lww.com/NXI/A362).

Because the luciferase-based reporter assay we used re-
flects the integrated activity of both agonistic and in-
hibitory AHR ligands, we investigated whether a reduction
of AHR agonists or alternatively an increase in AHR an-
tagonists led to the reduced levels of serum AHR agonistic
activity in RRMS. Specifically, we pooled control and
RRMS patient sera and incubated the cells with increasing
concentrations of patient or control sera. Although in this
set-up, a preponderance of antagonistic factors in MS
samples would cause a pronounced decline of AHR ago-
nists in MS compared with controls, decreased levels of
AHR agonists in MS would translate into a linear increase
in luciferase activity, thus enabling the dissection of these
theoretical possibilities. Indeed, increasing serum con-
centrations led to a linear increase of AHR agonistic ac-
tivity in both patients with MS and controls, suggesting
that a deficit in AHR agonistic ligands in MS and not an
increase of inhibitory factors causes the net decrease of
AHR agonist activity (figure e-1D, links.lww.com/NXI/
A362). These findings validate previous observations8,9,23

in an independent cohort and suggest that the reduced
AHR agonistic activity in RRMS reflects a reduction in
AHR agonists and not an increase in antagonists.

Serum AHR Agonist Levels Correlate With
Disease Severity and Duration in RRMS
AHR activation is associated with peripheral anti-
inflammatory mechanisms and CNS-intrinsic neuro-
protective and regenerative processes.7,9,25,26 Thus, we
hypothesized that serum AHR agonistic activity may be
linked to clinical disability measures in RRMS. To evaluate
this hypothesis, we investigated the correlation between
serum AHR agonistic activity in the RRMS cohort and the
EDSS, dichotomizing EDSS scores into relatively mild
clinical impairment (EDSS scores 0–3) vs more severe
disability such as walking impairment (EDSS scores 3.5–8).
Serum AHR agonist activity was decreased below control
levels in both groups, but this decrease was more pro-
nounced in the more disabled RRMS patient group (figure
2A). Indeed, EDSS scores and disease duration were neg-
atively correlated with serum AHR agonistic activity in
linear regression analyses (figure 2, B and C). Finally,
covariate analyses revealed the interdependence of AHR
ligand levels, disease duration, and EDSS scores (figure
2D). Taken together, these findings suggest that serum
AHR agonistic activity in RRMS is decreased in patients
with prolonged disease duration and clinical impairment.

SerumAHRAgonist Activity Is Decreased inPMS
Pathogenic mechanisms driven by CNS-resident cells are
thought to promote neurodegeneration and disease pro-
gression in PMS.27,28 We recently reported that AHR

Figure 1 AHRAgonistic Activity Is Decreased in PatientsWith
RRMS

Human embryonic kidney cells (HEK293) were transfected with pGud-Luc
and pTK-Renilla plasmids. One day after transfection, cells were incubated
with human healthy control serums (control; n = 36) or serum from patients
with relapsing-remitting MS (RRMS; n = 84). Luciferase activity was assessed
after 24 hours. Values are means of technical duplicate measurements.
Lines represent mean and error bars SEM. ****p < 0.0001 by the Student t
test. AHR = aryl hydrocarbon receptor.
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activation in astrocytes and microglia limits disease-
promoting activities relevant to PMS pathogenesis.7,9,19

Thus, we analyzed serum AHR agonist levels in SPMS and
PPMS to determine whether decreased AHR activation may
contribute to the pathogenesis of PMS. We detected de-
creased serum AHR agonistic activity in SPMS (figure 3A)
and PPMS (figure 3B) compared with controls; sex or the use
of DMTs did not influence serum AHR agonistic activity
(figure e-2, A–D, links.lww.com/NXI/A362). Because some
AHR ligands are capable of crossing the intact blood-brain
barrier,9,12 this reduction may translate into reduced AHR
activation in glial cells, contributing to the pathogenic process
in progressive MS.

Longitudinal Analysis of Serum AHR Agonistic
Activity in Patients With MS
To further investigate the association between serum
AHR agonistic activity and disease activity, we correlated
AHR agonistic activities in longitudinal RRMS serum
samples with matter volume and lesion volumes over the
course of a decade (table e-2, links.lww.com/NXI/
A361).29 We identified 3 distinct patterns: group 1
exhibited stable AHR agonist levels, white matter vol-
umes, and no change in lesion volume. Group 2 was
characterized by stable AHR ligand levels and white
matter volume, whereas lesion volumes increased over
time. Finally, in group 3, AHR ligand levels decreased over

Figure 2 AHR Ligand Levels Correlate With Disease Severity and Duration in Patients With RRMS

(A) HEK293 cells were transfected with AHR reporter and control plasmid (pGud-Luc and pTK-Renilla). One day after transfection, cells were incubated with
human serum from healthy controls (control; n = 36) or serum from patients with relapse-remitting MS (RRMS; n = 84) with different disability levels as
determined by Expanded Disability Status Scale (EDSS), where higher scores indicate increased disease severity. Luciferase activity was assessed after 24
hours. Values aremeans of technical duplicatemeasurements. Lines representmean and error bars SEM. **p < 0.01, and ****p < 0.0001 by the Student t test.
(B) Solid line shows linear regression with correlation of AHR agonistic activity and disease severity as determined by EDSS in patients with RRMS (RRMS; n =
84). Values aremeans of technical duplicatemeasurements. Numbers indicated R2 and p value of linear regression analysis. p < 0.05 is considered significant.
(C) Solid line shows linear regression correlating agonistic activity with disease duration in patients with RRMS (RRMS; n = 84). Values are means of technical
duplicatemeasurements. p < 0.05 is considered significant. (D) 3D plot analyses of EDSS scores (x-axis), disease duration (y-axis), and AHR ligand levels (z-axis)
in patients with RRMS. AHR = aryl hydrocarbon receptor.
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time, which was associated with the development of white
matter atrophy and increasing lesion volumes (figure
4, A–C).

Together, stable AHR agonistic activities were linked to stable
white matter volume, whereas decreasing serum AHR ago-
nistic activity was linked to progressive white matter atrophy,
suggesting a role of tonic endogenous AHR activation on the
CNS-intrinsic degenerative component of MS.2,17,26 In con-
trast, increasing lesion volumes in both AHR ligand stable and
decreasing subgroups 2 and 3 point to a limited relevance of
AHR agonism on the inflammatory component of MS. In
these lines, relapse rates did not correlate with AHR agonist
levels (table e-3, links.lww.com/NXI/A361, and figure e-3,
links.lww.com/NXI/A362).

Of note, degeneration and atrophy development have re-
cently been associated with quality of life measures and cog-
nitive decline30–32 and were ameliorated in the clinical trials
testing the AHR activator laquinimod in MS.16,33,34 Taken
together with our analyses on white matter atrophy, these data
demonstrate a link between AHR activation and CNS-
intrinsic mechanisms relevant to disease progression, high-
lighting the strong association between AHR activation and
the degenerative component of MS, whereas the proin-
flammatory component was only tackled to limited extent by
AHR activation in clinical trials.15,16,33,35 Hence, AHR ligand
activity may serve as a novel biomarker to define patients at
risk for disease progression and may thus influence treatment
decisions even before the occurrence of disease worsening or
deterioration of MRI parameters.

Discussion
In this study, we used a cell line–based reporter assay to
analyze serum AHR agonistic activity at different stages of
MS. We detected decreased serum AHR agonistic activity in

patients with RRMS and PMS compared with healthy con-
trols. In cross-sectional analyses of RRMS samples, serum
AHR agonistic activity correlated with clinical disease as
reflected by EDSS. In PPMS and SPMS, serumAHR agonistic
activity was reduced below control levels, together suggesting
a potential role for deficits in AHR-drivenmechanisms in both
acute and progressive stages of MS. Finally, longitudinal
analyses revealed separation of serum AHR agonistic activity
in patients with MS: decreased serum AHR agonistic activity
correlated with changes in MRI parameters associated with
disease progression, whereas stable serum AHR agonistic
activity was associated with the conservation of white matter
volume. Of note, enlarging lesion volumes in a subgroup of
patients despite stable AHR agonistic activity points to a role
of tonic AHR signaling in limiting the degenerative compo-
nent of MS, whereas proinflammatory mechanisms as
reflected by lesion volume changes might be influenced by
decreasing AHR ligand levels to a relatively lesser extent.

AHR agonists are provided by environmental, dietary, and
endogenous sources.2,11,12 Although xenobiotic ligands in-
clude pollutants and certain environmental toxins, the diet is a
rich source of AHR ligands: cruciferous vegetables give rise to
AHR ligands such as 3,39-diindolylmethane, indole-3-carbinol
and indole-3-acetonitrile, which have been shown to mediate
anti-inflammatory effects via activation of AHR.36 Moreover,
the essential amino acid tryptophan is broken down to several
AHR ligands through multiple endogenous37,38 and
microbiome-dependent enzymatic pathways.13 We and oth-
ers have demonstrated the relevance of these dietary ligands in
experimental models of CNS immunity, where their actions
dampen proinflammatory T-cell responses38 and limit CNS
inflammation through AHR-drivenmechanisms in astrocytes9

and microglia.7 In these lines, a recent study analyzed tryp-
tophan metabolites in urine samples from patients with MS
and controls to discover decreased levels in urine kynurine
and a reduced kynurenine to tryptophan ratio in MS.39 Al-
though these and other metabolites might contribute to the

Figure 3 AHR Agonistic Activity Is Decreased in the Progressive Form of MS

(A) AHR agonistic activity in serum samples of
healthy controls (control; n = 36) and patients
with secondary progressive MS (SPMS; n = 35)
was assessed in duplicates using AHR ligand–
sensitive luciferase assay. (B) AHR agonistic ac-
tivity in serum samples of healthy controls (con-
trol; n = 36) and patients with primary
progressive MS (PPMS; n = 41) was assessed in
technical duplicates using an AHR ligand–
sensitive luciferase assay. Values are means of
technical duplicate measurements. Lines repre-
sent mean and error bars SEM. Significance lev-
els were determined by the Student t test. ***p <
0.001 and ****p < 0.0001. AHR = aryl hydrocar-
bon receptor.
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reduction in AHR agonistic activity described in our study,
concomitant modulation of antagonistic AHR ligands in MS
cannot be excluded. Indeed, small increases in AHR antagonistic
ligands could be masked by overlaying reductions in AHR acti-
vating ligand levels. In these lines, a recent study discovered
Urolithin A, a microbiota-derived metabolite of the natural
polyphenol ellagic acid, as naturally occurring AHR antagonist.40

Urolithin A thus represents the first dietary-derived microbiome-
dependent naturally occurring AHR antagonists; however, the
role of these antagonists in autoimmune inflammatory diseases
including MS is unknown, and our existing knowledge of their
relevance in health and disease is limited. Thus, it remains to be
determined which of these ligand sources and specific agonists
and/or antagonists contribute to the net reduction in AHR ag-
onistic activity in patients with MS. It is tempting to speculate,

however, that differences in the intestinal microbiome, the en-
dogenous metabolic machineries generating or metabolizing
AHR ligands, or differential renal and biliary excretion contribute
to a net reduction of AHR ligands in patients with MS. Future
studies will have to define specific AHR ligands in patients with
MS to identify the relevant pathways contributing to the re-
duction of AHR net agonistic activity observed in this study.

AHR controls immune processes relevant both to relapsing and
progressive stages of MS. Indeed, AHR modulates peripheral
immune mechanisms relevant to CNS inflammation by its ac-
tions in dendritic cells41 and T cells.42

AHR activation in dendritic cells is reported to dampen the
induction of proinflammatory cytokines such as interleukin

Figure 4 Longitudinal Reduction of AHR Agonistic Activity Correlates With Increasing White Matter Atrophy and Lesion
Load Volume in Individual Patients With RRMS

(A) Analysis of AHR agonistic activity in 13 individual patients in serial measurements. Solid line shows correlation of sample drawing year with AHR agonistic
activity. (B) Analysis of white matter volume in 13 individual patients in serial cerebral MRIs. Solid line shows correlation of drawing year with relative white
matter volume in each individual patient. (C) Analysis of lesion load volume change in 13 individual patients in serial cerebral MRIs. Group 1 (7 patients) and
group 2 (3 patients) consist of patients with a stable AHR activity course and were compared with group 3 consisting of 3 patients with a decreasing AHR
activity course over the years. Lines represent mean and error bars SEM. **p < 0.01 by 1-way analysis of variance followed by the Tukey post hoc test. AHR =
aryl hydrocarbon receptor; ns = not significant; RRMS = relapsing-remitting MS.
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(IL)-6 and IL-12, reducing the differentiation of proin-
flammatory T-cell subtypes while favoring Treg and Tr1-cell
generation.4,5,10,43 AHR can also influence T-cell
differentiation.6,44,45 In addition to these processes relevant
for acute stages of autoimmune inflammation, AHR also limits
microglial and astrocyte proinflammatory activities by in-
terfering with nuclear factor κB driven pathways in a sup-
pressor of cytokine signaling 2 dependent manner.7,9

However, although the reduction of circulating AHR agonistic
activity reported in this study might contribute to disease
pathogenesis and progression both in relapsing and pro-
gressive stages of MS, the existence of a small subgroup of
patients withMSwith increasing lesion volumes despite stable
white matter volume and AHR agonistic activity suggests a
more pronounced role of AHR agonist levels on disease
progression due to CNS-intrinsic degenerative mechanisms
and limited influence on proinflammatory components of MS
controlled by AHR.

Several limitations of our study should be considered. Al-
though we did not detect a correlation of serum AHR ago-
nistic activity with age, disease duration, or DMT use, these
factors might influence AHR ligand generation or metabo-
lism. Moreover, unknown variables might influence AHR li-
gand stability such as sample processing, storage conditions,
AHR ligand degradation during sample preparation, or con-
current tumors and subclinical infections, although these
factors should equally affect patient and control samples.

In summary, our studies identify serumAHR agonistic activity
as a potential biomarker in MS, where patients with low or
decreasing AHR agonistic activity might be at risk for disease
progression. Further studies will need to address longitudinal
serum AHR agonistic activity in larger patient cohorts and
their interdependence on treatment and disease worsening,
which did not occur in our aggressively treated cohort. In
these lines, patients who develop low serum AHR agonistic
activity over years might benefit from treatment with nontoxic
AHR agonists, using synthetic small molecules or pro-
biotics,46 whereas patients with stable AHR agonistic activity
might not profit from this kind of therapy. That is why it might
be of clinical relevance to identify this subgroup of patients.
These AHR-targeted therapeutic approaches may be of high
relevance in PMS, for which only limited therapeutic ap-
proaches are available.
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Abstract
Objective
To discuss the pathogenic and diagnostic relevance of cellular and humoral immune responses
against severe acute respiratory syndrome novel coronavirus (SARS-COV-2) and pertinent
observations made in progressive multifocal leukoencephalopathy (PML).

Methods
Review of pertinent literature.

Results
There is at least 1 precedent for an antibody response against a viral pathogen that fails to
provide host protection in the absence of immune-competent CD4+ T cells. PML is an
infection of the CNS caused by JC virus (JCV), which commonly occurs during treatment with
the therapeutic monoclonal antibody natalizumab. In this context, the humoral immune re-
sponse fails to prevent JCV reactivation, and elevated anti-JCV serum indices are associated
with a higher PML incidence. The more relevant immune-competent cells in host defense
against JCV appear to be T cells. T cell–mediated responses are also detectable in convalescing
patients with SARS-COV-2 irrespective of the humoral immune response.

Conclusion
Based on pathogenic lessons learned from PML under natalizumab therapy, we suggest the
incorporation of functional assays that determine neutralizing properties of SARS-CoV-2–
specific antibodies. In addition, we outline the potential role of T-cell detection assays in
determining herd immunity in a given population or in studying therapeutic responses to
vaccines.
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The emergence of the novel coronavirus severe acute
respiratory syndrome novel coronavirus (SARS-COV-2)
and the evolving coronavirus disease 2019 (COVID-19)
pandemic have brought about an unprecedented surge of
social, economic, and health burdens. There is growing rec-
ognition that achieving naturally acquired immunity on a
population level will be associated with an unacceptable
burden of mortality and disease-related comorbidities.1

Consequently, the development of curative treatments or
protective vaccines will be required for disease control.

Starting with smallpox inoculations more than 300 years ago,
vaccines have been used to generate a protective immune
response against a pathogen.2 Vaccines are administered for
primary or secondary disease prevention and contain immu-
nogenic proteins, peptides, polysaccharides, or DNA or RNA
that encode a dominant antigenic determinant. In the ma-
jority of human vaccines, serum antibodies against the in-
oculate or the pathogen have long served as a meaningful
biomarker of immunogenicity and efficacy.

Currently, numerous vaccine candidates are being evaluated for
their ability to generate SARS-CoV-2–specific immune re-
sponses. Recently reported preliminary results on 1 vaccine
candidate showed a positive and dose-dependent serum im-
munoglobulin (Ig) G response of binding serum antibodies to
the S-2P antigen of SARS-CoV-2 encoded by an RNA vaccine
as measured by ELISA.3 Studies have also demonstrated the
vaccine-induced neutralizing activity of anti–SARS-CoV-2-IgG
by using a pseudo-typed lentivirus reporter single-round-of-
infection neutralization assay and live wild-type SARS-CoV-2
plaque reduction neutralization testing.3

In theory, naturally acquired immunity should accomplish the
same goals as vaccination. Experiments in rhesus macaques
(Macaca mulatta) provided evidence that in higher nonhuman
primates, infection with SARS-CoV-2 results in detectable anti-
body responses and provides protective immunity to experi-
mental animals.4,5 However, these 2 observations may not be
causally linked. For instance, it was shown by other investigators
that naturally acquired humoral immunity in survivors may not
be sustained beyond weeks or months.6,7 Unfortunately, most
studies that investigated immunologic biomarkers associated
with SARS-CoV-2 exposure were inconsistent in their use of
methodology and data acquisition. Assays that were used to
measure serum IgM, IgG, or IgA responses include ELISA, lat-
eral flow immune assays, and chemiluminescence immune as-
says. Data that were generated in these studies do not allow for
an accurate association of humoral immune responses to SARS-
CoV-2 and clinical disease activity.

Even more concerning, some studies appear to suggest an
association between disease severity and higher anti–SARS-
CoV-2 titers in COVID-19.8–10 Plausible interpretations of
this observation are (1) a lack of a neutralizing effect by
anti–SARS-CoV-2 antibodies or (2) an antibody-dependent
enhancement. Epidemiologic data from some of the hardest
hit communities during the first wave of the COVID-19
pandemic appear to support this interpretation: With their
corresponding outbreaks almost over, seroprevalence studies
suggest a dissociation between the rate of disease propagation
and seroconversion in these communities.11,12 Taken to-
gether, these observations call into question a universally
protective anti–SARS-CoV-2 antibody response.

There is at least 1 precedent for an antibody response against
a viral pathogen that fails to provide host protection. Pro-
gressive multifocal leukoencephalopathy (PML) is an in-
fection of the CNS caused by the human polyoma virus JC
virus (JCV). PML is almost exclusively observed in individuals
with severe and prolonged immunosuppression. One setting
that allows PML to occur is treatment with the humanized
recombinant monoclonal antibody natalizumab, which binds
to α4-integrin and prevents its interaction with its ligands
vascular cell adhesion protein 1 in the CNS and mucosal
addressin cell adhesion molecule 1 in the gastrointestinal
tract.13 Natalizumab reduces the ability of leukocytes to mi-
grate into the brain and spinal cord, creating a relatively
immune-deficient microenvironment that is likely permissive
for JCV activation to occur.

A prerequisite for PML is an infection with JCV, which occurs
very commonly in most populations and which is typically
followed by a period of viral latency. Upon the primary in-
fection with JCV, the virus is recognized, and a cellular14,15

and humoral16,17 adaptive immune response is generated.
Anti-JCV antibodies are detectable in 50%–85% of all
adults.18–20 Given that almost all patients under natalizumab
who develop PML are anti-JCV IgG positive, it is currently
thought that the humoral immune response is not able to
prevent reactivation of JCV and the development of PML.21

In fact, although causality has not been demonstrated, higher
anti-JCV serum indices are associated with a higher incidence
of PML under natalizumab.22 We will argue below that the
more relevant immune-competent cells in host defense
against JCV appear to be T cells.14,15

A critical role for T cells reactive to JCV was also demon-
strated in patients with MS who developed PML and sub-
sequently immune reconstitution inflammatory syndrome
(IRIS) after natalizumab cessation. IRIS was characterized

Glossary
GMFR = geometric mean fold rise; GMT = geometric mean titer; Ig = immunoglobulin; IRIS = immune reconstitution
inflammatory syndrome; JCV = JC virus; PML = progressive multifocal leukoencephalopathy.
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immunologically mostly in individuals infected with the HIV.
Following the introduction of antiretroviral therapies to
clinical practice, an increase in the number of circulating
CD4+ T cells was associated with an increased incidence in
organ specific inflammation that was not specific to the
CNS.23 Some patients also developed PML as a manifestation
of IRIS.24 Aly et al.25 performed a histopathologic evaluation
of biopsy material from patients with MS who developed
PML under natalizumab and IRIS after treatment cessation
and showed a prominent T-cell infiltrate driven mostly by
CD4+ T cells. In addition, B lymphocytes, plasma cells, and
monocytes were also detected in affected tissue. Within the
CSF, there were high levels of anti-JCV antibodies. Brain-
infiltrating CD4+ T cells were highly reactive to peptide de-
terminants from several JCV proteins, particularly the major
capsid protein VP1. Although these findings strongly suggest
that JCV-specific CD4+ T cells play an important role in IRIS,
the functional contribution of B-cell subsets or anti-JCV ant-
ibodies was not clarified in this study or by other investigators.
Of interest, the same investigators recently investigated the
effects of natalizumab on intrathecal antibodies to viral path-
ogens and demonstrated that anti-JCV IgG was detectable in
20% of patients with MS before natalizumab initiation.26 Once
natalizumab was administered, the frequency of patients with
intrathecal anti-JCV IgG declined. Total CSF IgG and IgM
levels also diminished significantly. Because natalizumab sub-
stantially reduces the number of intrathecal T cells,27,28 and the
presence of intrathecal anti-JCV IgG, one may argue that both
are relevant in host defense against JCV. However, although a
reduction in the number of T cells is an event that can be
ascertained almost immediately after natalizumab administra-
tion, a decline in CSF IgM and IgG levels appears to be a later
phenomenon, and at least in 1 study, this was not demonstrated
after 14 months of therapy.29 Many patients with MS on
natalizumab therapy have been diagnosed with PML in the first
year of treatment, which would favor our argument that the
cellular antiviral response is essential for the prevention
of PML.

In summary, the humoral acquired immune response against
JCV is a reliable diagnostic and prognostic biomarker, but it
fails to correlate with host defense in the absence of Ag-
specific cellular immune response. Although this phenome-
non is incompletely understood, the generation of anti-JCV
IgG may present a forme fruste of an adaptive immune
response.

A similar role for SARS-CoV-2 binding serum antibodies is
conceivable in infected patients, in whom the infection can
lead to lymphopenia in patients with a severe disease cause
30,31 or in recipients of anti–SARS-CoV-2 vaccines in whom
the vaccine fails to mount a robust T-cell response. Ongoing
clinical trials assess humoral immune responses, including the
longitudinal geometric mean titer (GMT) of SARS-CoV-2–
specific neutralizing antibody, the geometric mean fold rise
(GMFR) of SARS-CoV-2–specific neutralizing antibody,
quantified levels or GMT of S protein–specific binding

antibody, and the GMFR of S protein–specific binding
antibody (for instance: clinicaltrials.gov/ct2/show/
NCT04470427). Although using assays that assess the neu-
tralizing capabilities of anti–SARS-CoV-2-IgG is paramount
for quality control, other adaptive cellular immune responses
should also be interrogated. With exception to adaptive im-
mune responses against complex sugars, antibody isotype
switching from IgM to IgG does not occur without the in-
volvement of CD4+ T helper cell reactive to the same
antigen.32,33

Of interest, studies that investigated adaptive T-cell responses
against anti–SARS-CoV-2 have yielded some perhaps un-
expected results. These investigators detected SARS-CoV-
2–reactive CD4+ T helper cells and CD8+ cytotoxic T cells in
patients with a known exposure to SARS-CoV-2, but also in
individuals in whom blood samples were obtained years be-
fore the onset of COVID-19,34 or in up to 50% of study
participants without a known viral exposure.35–38 T-cell re-
ceptor promiscuity has been described for CD4+39 and CD8+

T cells,40 and the aforementioned observations likely reflect
memory T-cell reactivity to common cold coronavirus.

As stated above, for B-cell subsets to generate an antigen-
specific antibody response, CD4+ T cell help is required for
most types of antigen. Thus, it appears counterintuitive to
believe that an amplified humoral immune response would
be associated with impaired CD4+ T-cell function. How-
ever, the composition of CD4+ T cells in pertinent tissues
may affect quantitative antibody responses. For instance,
interleukin-4 is a major driver of T-cell cross-activation of
B cells that lead to antibody expression and maturation.41

Also, the expression of CD40L by CD4+ T cells is critical
for the same purpose,41 and one could envision that low
expression of this costimulatory molecule may affect B-cell
cross-activation.

In conclusion, serum-based detection assays for anti–SARS-
CoV-2 binding antibodies may not prove sufficient in
ascertaining herd immunity in a given population or in
studying therapeutic responses to vaccines. Functional as-
says will be required to determine neutralizing properties of
SARS-CoV-2–specific antibodies. In addition, it may be
meaningful to assess cellular adaptive immune responses
against SARS-CoV-2 and specifically against pertinent spike
peptides.34,35,37,38 The detection of antigen-reactive T cells
by customized HLA tetramers is considerably more complex
than antibody detection assays with regard to assay verifi-
cation and implementation. Furthermore, vaccine recipients
would have to be HLA genotyped. Other methods, including
activation induced marker assays, have been used to detect
antigen-specific T cells in blood and lymphoid tissues,42–44

including T cells reactive to SARS-CoV-2 epitopes.45 A
pharmacologically and biologically plausible diagnostic ap-
proach will enable the medical community to overcome the
challenges of the COVID-19 pandemic and will inform on
diagnostic strategies for future pandemics.
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Abstract
Objective
We hypothesize alterations in the quality and quantity of anti–43-kDa TAR DNA-binding
protein (TDP-43) naturally occurring autoantibodies (NAbs) in patients with amyotrophic
lateral sclerosis (ALS); therefore, we assessed relative binding properties of anti–TDP-43 NAbs
composite in plasma from patients with ALS in comparison with healthy individuals.

Methods
ELISA competition assay was used to explore the apparent avidity/affinity of anti–TDP-43
NAbs in plasma from 51 normal controls and 30 patients with ALS. Furthermore, the relative
levels of anti–TDP-43 NAbs within the immunoglobulin (Ig) classes of IgG (isotype IgG1-4)
and IgMs were measured using classical indirect ELISA. The occurring results were hereafter
correlated with the measures of disease duration and disease progression.

Results
High-avidity/affinity anti–TDP-43 NAbs levels were significantly reduced in plasma samples
from patients with ALS. In addition, a significant decrease in relative levels of anti–TDP-43
IgG3 and IgM NAbs and a significant increase in anti–TDP-43 IgG4 NAbs were observed in
ALS plasma vs controls. Furthermore, a decrease in global IgM and an increase in IgG4 levels
were observed in ALS. These aberrations of humoral immunity correlated with disease dura-
tion, but did not correlate with ALS Functional Rating Scale–Revised scores.

Conclusions
Our results may suggest TDP-43–specific immune aberrations in patients with ALS. The
skewed immune profiles observed in patients with ALS could indicate a deficiency in the
clearance capacity and/or blocking of TDP-43 transmission and propagation. The decrease in
levels of high affinity/avidity anti-TDP-43 NAbs and IgMs correlates with disease progression
and may be disease predictors.
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The etiology in most amyotrophic lateral sclerosis (ALS)
cases remains elusive, with only approximately 10% of all cases
being familial and linked to specific pathogenic mutations.1,2

The neuropathology of ALS is characterized by aggregation of
insoluble 43-kDa TAR DNA-binding protein (TDP-43) in
the cytoplasm of degenerating motor neurons and glia cells.3,4

The precise mechanism of TDP-43 aggregation is unknown
but is associated with an abnormal accumulation of full-
length, truncated, hyperphosphorylated, and/or ubiquitinated
TDP-43 species in the cytoplasm.5–8 Patients with ALS pre-
sent increased levels of TDP-43 in CSF and plasma.9 Extra-
cellular pathogenic TDP-43 species, including aggregation
seeds, result from cell death but can also be released from cells
to CSF via exosomes.10,11

Abundant and autoreactive immunoglobulin (Ig) G and IgM
naturally occurring autoantibodies (NAbs) are normal com-
ponents of the blood and play an important physiologic role in
maintaining tissue and protein homeostasis through adaptive
debris clearance.12,13 NAbs recognize and bind self-antigens
before the acquired immunity becomes activated.14 Evidence
from other neurodegenerative diseases suggests altered levels
of NAbs being implicated in the impaired clearing of patho-
logic proteins.15–17 IgG autoantibodies can also exhibit anti-
inflammatory capacities, depending on their IgG subclass
(isotype IgG1-4).18–20

Abnormalities in the peripheral immune system have been
documented in patients with ALS.21 Results from our study
show immune alterations specific for TDP-43 in patients with
ALS. Thus, we hypothesize that these alterations are universal
for sporadic ALS and have pathologic effect on the TDP-43
clearing mechanism.

Methods
Participants and Samples
All patients with ALS were followed by a specialist at the
motor neuron disease team, Department of Neurology,
Bispebjerg-Frederiksberg Hospital, Copenhagen, Denmark.
The diagnosis of ALS was performed according to the revised
El Escorial criteria for the diagnosis of ALS.22 Thirty patients
with sporadic ALS were included in the study. Clinical char-
acteristics of all patients with ALS are summarized in table 1,
and the clinical details for each individual patient are pre-
sented in table e-1 (links.lww.com/NXI/A364). Three pa-
tients were still alive at the end of the study, and one was lost
due to emigration. ALS Functional Rating Scale–Revised
(ALS-FRS-R) was found retrospectively for 23 patients. All

samples were withdrawn from the Movement Disorder Bio-
bank at Bispebjerg-Frederiksberg Hospital, Copenhagen,
Denmark. All blood samples were collected in EDTA-coated
polypropylene tubes and spun at 2,000g for 10minutes at 4°C.
The supernatant plasma was immediately aliquoted and
stored in 400 μL polypropylene tubes at −80°C until use. No
difference in storage time between groups was observed.
Normal control (NC) volunteers were free of conditions that
might affect the nervous system and did not receive any
medical treatment modulating the immune system. There was
a statistical difference in age between patients with ALS and
NCs. On average, NCs were younger than the patients with
ALS (p < 0.001).Written informed consent was received from
all participants before inclusion in the study according to the
World Medical Association Declaration of Helsinki.

Measurement of Anti–TDP-43 Antibodies Using
Competitive ELISA
Affinity/avidity of anti–TDP-43 NAbs was measured by
competitive ELISA. Ninety-six–well polystyrene microtiter
plates (NuncMaxiSorp flat-bottom 96-well plate) (#44-2404-
21; Invitrogen, Carlsbad, CA) were coated with 1 μg/mL
recombinant TDP-43 monomer (#ATGP2093, NKMAX
BIO) in ice-cold 0.1 M carbonate buffer (pH 8.5) overnight
(>12 hours) at 4°C. The plates were blocked for 2 hours at
room temperature (RT) with 3% bovine serum albumin
(BSA) fraction V (#10735078001; Roche, Basel, Switzerland)
+ 0.1% Tergitol (#NP40S; Sigma-Aldrich, St. Louis, MO)
solution in phosphate-buffered saline (PBS, pH 7.4 100 μL
per well) and washed 5 times with PBS + 0.05% Tween-20
(#P1379; Sigma-Aldrich). Fifty microliters of diluted plasma
(1:2,000 in PBS + 0.1% BSA) were transferred to the plates
and incubated for 1 hour at RT. For the competition reaction,
plasma samples were incubated before transfer onto plates for
1 hour with TDP-43 monomer at a range of concentrations:
2,000; 1,000; 500; 250; 125; 62.5; 31; 16; 8; 4; and 0 nM for
competition curve with plasma pools, and 2,000; 200; 40; 8;
1.6; and 0 nM for individual samples (the range of TDP-43
monomer concentrations was chosen based on preliminary
experiments). After 5 washes with PBS + 0.05% Tween-20, 50
μL of horseradish peroxidase-labeled polyclonal goat anti-
human IgG (Fc fragment specific; #ab98595; 1:10,000;
Abcam, Cambridge, UK) was added and incubated at RT for 2
hours. The plates were washed 5 times, and 50 μL tetrame-
thylbenzidine liquid peroxidase substrate (T8665; Sigma-
Aldrich) was added, followed by incubation in the dark at RT
for 30 minutes. The reaction was then stopped with 50 μL of
0.5 sulfuric acid (#109073; Merck, Kenilworth, NJ), and the
absorbance at 450 nm/620 nm was measured on a Fisher

Glossary
ALS = amyotrophic lateral sclerosis; ALS-FRS-R = ALS Functional Rating Scale–Revised; BSA = bovine serum albumin; Ig =
immunoglobulin;NAb = naturally occurring autoantibody;NC = normal control; PBS = phosphate-buffered saline;RT = room
temperature; TDP-43 = 43-kDa TAR DNA-binding protein.
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Scientific Multiskan FC Microplate Reader (Thermo Fisher
Scientific, Waltham, MA).

IgGs from plasma samples were purified using the Pearl IgG
Purification kit (Cat. no. 786-798; Bioscience, St. Louis, MO).
The ELISA assays were performed as described above. For the
competition reaction, purified IgG samples were incubated
before transfer onto plates for 1 hour with TDP-43 monomer
at a range of concentrations: 2,000; 200; 66; 22; 12.5; 7.3; 2.4;
0.81; 0.27; 0.09; 0.03; 0.01; and 0 nM for competition curve
with IgG pools (5, 10, 25 μg/mL), and 200; 20; 2; 0.2; 0.02;
and 0 nM of TDP-43 for individual IgG samples (25 μg/mL)
(the range of TDP-43 monomer concentrations was deduced
from competition curve).

For control experiments, plates were coated with TDP-43 at
1 μg/mL, Tau (rPeptide # T-1001) at 1 μg/mL, and α-syn-
uclein (rPeptide # S-1001) at 5 μg/mL. For competition, the
following range of concentrations was used: 2,000; 66; 22;
7.3; 2.4; 0.81; 0.27; and 0 nM. The ELISA assays were per-
formed as described above.

Measurement of Antigen-specific
Autoantibodies
Relative levels of anti–TDP-43 NAbs of IgG subclasses (IgG1-
4) and IgMs were assessed using in-house developed, indirect
ELISA setups. Ninety-six–well polystyrene microtiter plates
(Nunc MaxiSorp flat-bottom 96-well plate) (# 44-2404-21;
Invitrogen) were coated with 50 μL recombinant TDP-43
protein monomers 1 μg/mL in ice-cold 0.1 M carbonate buffer
(pH 8.5) overnight (>12 hours) at 4°C. Next, the plates were
blocked for 2 hours at RTwith PBS + 3% BSA + 0.1% Tergitol,
pH 7.4 100 μL per well and washed 5 times with PBS + 0.05%
Tween-20. Fifty microliters of diluted plasma samples in PBS +
0.1% BSA were added to the plates and incubated for 1 hour at
RT. The plasma dilutions were for IgG total 1:1,000 in PBS +
0.1% BSA; IgG1: 1:50 diluted in PBS + 0.1% BSA; IgG2 1:200

diluted in PBS + 0.1% BSA; IgG3 1:100 diluted in PBS + 0.1%
BSA; IgG4 1:100 in PBS + 0.1% BSA; and IgM 1:200 in PBS +
0.1% BSA. After a subsequent washing step, the plates were
incubated for 2 hours at RT with 50 μL of biotinylated sec-
ondary antibodies: goat anti-human total IgG 1:30,000
(#SAB3701279; Sigma-Aldrich), goat anti-human IgM 1:5,000
(#B1265; Sigma-Aldrich), mouse anti-human IgG1 1:1,000
(#1856854; Invitrogen), mouse anti-human IgG2 1:5,000
(#B3398; Sigma-Aldrich), mouse anti-human IgG3 1:500
(#B3523; Sigma-Aldrich), and mouse anti-human IgG4 1:200
(#B3648; Sigma-Aldrich). After washing, 50 μL diluted
streptavidin-peroxidase 1:10,000 (#5512; Sigma-Aldrich) was
added and incubated for 30 minutes at RT. The plates were
washed before the enzymatic reaction was developed by adding
50 μL of tetramethylbenzidine and incubated in dark for 30
minutes at RT. The reaction was terminated by addition of 0.5
N sulfuric acid, and the optical density was measured on a
MultiscanTM FC Microplate reader (Fisher Scientific) at 450
nm/620 nm. All samples were normalized to a positive cali-
brator control in a 2-fold serial dilution with primary mono-
clonal mouse anti–TDP-43 antibody (#ab57105; Abcam) and
detected with a secondary biotinylated anti-mouse IgG anti-
body (#BA-9200; Vector, Burlingame, CA).

Measurement of Global Antibody Plasma
Levels
Levels of global antibody concentrations in plasma samples
were measured using the commercially available Ready-SET-
Go! ELISA kits (Thermo Fisher Scientific) following the
manufacturer’s instructions. Plasma samples were diluted in
assay buffer supplied with the kits. The dilutions were then
empirically determined at the following concentrations for
IgG1 ELISA kit 1:2,000 (# 88-50560); IgG2 ELISA kit 1:
500,000 (# 88-50570); IgG3 ELISA kit 1:40,000 (# 88-
50580); IgG4 ELISA kit 1:1,000 (# 88-50590); IgG total
ELISA kit 1:500,000 (# 88-50550); and IgM ELISA kit 1:
20,000 (# 88-50620).

Table 1 Demographic and Clinical Data

Demographic segmentation Patients with ALS (n = 30) NCs (n = 51) p Value

Age at the sample, ya 63.4 (11.5) [34–81] 46.12 (14.5) [23–90] <0.001b

Sex, F/Mc 17/13 37/14 0.1

Disease onset, y (n = 30) 62.1 (11.6) [33–80] — —

Disease duration at the sample, y (n = 30) 1.2 (1.08) [1–4] — —

Age at death, y (n = 26) 64.9 (10.1) [38–81] — —

Disease duration, y (n = 26) 3.4 (1.4) [1–7] — —

ALS-FRS-R (n = 23) 37.6 (7.2) [22–47] — —

Abbreviations: ALS = amyotrophic lateral sclerosis; ALS-FRS-R = ALS Functional Rating Scale–Revised; NC = normal control.
Results are presented as mean (±SD) range [min–max].
a Student t test.
b Significantly different.
c Chi-squared test.
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Determination of TDP-43 Concentration and
IgG- and IgM-/TDP-43 Immunocomplexes
Concentrations of TDP-43 in plasma were measured with the
commercially available TDP-43 Elisa Kit (# KE00005; Pro-
teintech, Chicago, IL) and used in accordance with the
manufacturer’s instructions. Plasma samples were diluted with
sample diluent solution (1:5), whereas detection antibodies
were diluted with detection diluent solution. The data were
fitted on 4-parameter logistic (1/y2 weighted) curve used for
calculating TDP-43 concentration in samples. For measure-
ments of immunocomplexes, we used Human TDP-43 Elisa
Kit from Proteintech (# KE00005) but replaced the detection
antibodies with goat anti-human IgG (1:40,000, # SAB3701279;
Sigma-Aldrich) and goat anti-human IgM (1:10,000, #B1265;
Sigma-Aldrich). The detection of the signal was performed as
described above.

Sample Analyses
Data obtained from competitive ELISA assays are expressed
as maximum of binding on the displacement curve, with ex-
ceptions of the fixed extreme points on the curve. The

extreme points are the competition reactions of 2,000 nM
TDP-43 monomer defined as 0% binding (representing un-
specific binding) and the reactions without competition de-
fined as 100% binding (representing specific binding).

Statistics
GraphPad prism software program version 6 (GraphPad
Software Inc., La Jolla, CA) was used for statistical analyses of
the data. The data were tested for normal distribution using
the D’Agostino-Person normality test. Data were tested for
outliers using the ROUT method that detects outliers with a
false discovery rate Q = 1. The Student t test was used if the
data followed normal distribution. Unequal variances were
tested using an F test, and theWelch t test was used for groups
having unequal variances. TheMann-WhitneyU test was used
for data that did not pass normal distribution. The effect size
was calculated by Cohen d, being considered as trivial (−0.2 ≤
d ≤ 0.2), small (−0.5 ≤ d < −0.2 and 0.2 < d ≤ 0.5), moderate
(−0.8 ≤ d < −0.5 and 0.5 < d ≤ 0.8), and large (d < −0.8 and d >
0.8).23 The statistical differences were accepted with p values
<0.05. Analysis of the competition binding curves was

Figure 1 Plasma NAb Affinity/avidity Toward TDP-43

The 2-site inhibition curves (A and C) and individual data (B and D) show distinct high and low binding components in plasma from patients with amyotrophic
lateral sclerosis (ALS, squares) and normal controls (NCs, circles). Ten age-matched plasma samples from each group were pooled and incubated with
increasing concentration of TDP-43 monomer with subsequent measurement of free NAbs by ELISA. (A) Pooled plasma (C) IgG plasma fraction. Binding of
anti–TDP-43NAbs in (B) individual plasma samples frompatientswith ALS (n = 30) andNCs (n = 51) and (D) IgG plasma fractions frompatients with ALS (n = 20)
and NCs (n = 20) to immobilized TDP-43 monomer (1 μg/mL) in competitive ELISA assay in the presence of free TDP-43. The relative binding of anti–TDP-43
NAbs is expressed as a percentage of maximal binding attained in the assay for each sample, where competition reactions with 1,000 nM TDP-43monomers
are defined as constituting nonspecific (background) binding, and reactions without competition, 0 nM TDP-43monomers, reflect 100% (maximum) binding.
The line represents the fitting of a 2-site model to the data. Horizontal bars represent the mean values ± SEM, ES = Cohen effect size (95% CI). Differences
between groups were tested using the Student t test or Mann-Whitney U test. Ig = immunoglobulin; NAb = naturally occurring autoantibody; TDP-43 = 43-kDa
TAR DNA-binding protein.

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

http://neurology.org/nn


performed according to the 1- and 2-site models using the
computer-assisted curve fitting Fit logIC50 model. Correla-
tion analyses were performed using Spearman nonparametric
correlation for non-normally distributed data.

Study Approval
This study was approved by the Ethical Committee of the
Capital Region of Denmark (H-16021964).

Data Availability
Data presented in this report will be made available to re-
search investigators on reasonable request to the corre-
sponding author.

Results
Altered Binding Properties of Anti–TDP-43
NAbs in Patients With ALS
Tomeasure relative binding properties of anti–TDP-43 NAbs
composite in plasma, we adapted the competitive ELISA

setup as described previously.24 Before all analyses, the in-
tegrity of the commercial, recombinant TDP-43 protein was
validated by Western blotting (figure e-1, links.lww.com/
NXI/A364), showing that the protein is intact and has not
been truncated during storage and handling. Results from
pooled plasma samples from 10 patients with ALS and 10 age-
matched NCs showed a distinct apparent affinity/avidity
profiles of anti–TDP-43 plasma NAbs (figure 1A). To ensure
that the signal is not a result of unspecific binding from un-
specific plasma components, we purified IgG fraction (figure
1C) and performed a similar experiment. Based on both
binding curves, we separated anti–TDP-43 NAbs into low-
and high-affinity fractions. The high-affinity/avidity fraction
was characterized by efficient inhibition of antibody binding
in the presence of low (1–50 and 0.01–5 nM) concentration
of TDP-43 (figure 1, A and C), whereas low affinity/avidity
components are exposed at high concentrations of TDP-43
(50–2,000 and 5–2,000 nM, respectively; figure 1, A and C).
The displacement curves from NC plasma samples fit the
2-affinity state model. This indicates that a substantial fraction

Figure 2 Specificity of Anti–TDP-43 NAb Binding

The ability of increasing concentrations of (A and B) taumonomers or (C and D) α-synuclein monomers to inhibit the binding of NAbs to (A and C) TDP-43, (B)
tau, and (D) α-synuclein–coated ELISA plates. The relative binding of NAbs is expressed as a percentage of maximal binding attained in the assay for each
sample, where competition reactions with 1,000 nM of the respective protein monomer are defined as constituting nonspecific (background) binding, and
reactions without competition, 0 nM TDP-43, reflect 100% (maximum) binding. The line represents the fitting of a 2-site model to the data; 10 randomly
chosen patients with amyotrophic lateral sclerosis (ALS, squares and 10 age-matched normal controls (NCs, circles). NAb = naturally occurring autoantibody;
TDP-43 = 43-kDa TAR DNA-binding protein.
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(approximately 50%) of total antibody binding is character-
ized by antibodies with high apparent affinity/avidity. How-
ever, ALS plasma samples exhibited reduced levels of high
affinity antibodies because they required higher TDP-43
concentrations for efficient inhibition of antibody binding
compared with samples from NCs.

Next, we tested the relative affinity/avidity of anti–TDP-43
NAbs in the individual plasma samples from 30 patients with
ALS and 51 NCs (figure 1B). For each tested concentration of
free TDP-43, a mean binding obtained for anti–TDP-43
NAbs in plasma from patients with ALS was significantly
higher compared with NCs, indicating that plasma samples
from healthy controls contained a significantly larger pro-
portion of high-affinity anti–TDP-43 NAbs compared with
patients with ALS.

In parallel, we conducted similar ELISA setups to test the
binding properties of purified IgG fractions from randomly se-
lected plasma samples of 20 patients with ALS and 20 age-
matched NCs (figure 1D). Similarly, to plasma samples, the
purified IgG fractions from patients with ALS had significantly
reduced binding capability for TDP-43monomer in comparison
with purified IgG fractions from NCs. In the presence of low
TDP-43 concentrations, the mean maximal binding for anti–
TDP-43 IgGs from patients with ALS (45%–95%) was signifi-
cantly higher than IgGs from NCs (30%–80% of the mean
maximal binding). In the presence of high concentration of the
antigen, the binding for anti–TDP-43 NAbs tended to be sig-
nificant (2 nM) or was on similar level (20 nM) in both indi-
viduals with ALS and NC individuals. These data suggest that
patients with ALS contain a significantly lower amount of high-
affinity anti–TDP-43 NAbs in plasma compared with controls.

To evaluate the specificity of the binding of the anti–TDP-
43 plasma NAbs to TDP-43 antigen, we conducted control
competition assays on the pooled plasma samples using
antigens unrelated to ALS pathology. We performed
competition ELISA assays using either tau monomers or
α-synuclein monomers in the fluid inhibition phase and
plates coated with TDP-43 (figure 2, A and C), tau (figure
2B), or α-synuclein (figure 2D). Neither the tau nor
α-synuclein monomers interfered with the binding of
anti–TDP-43 plasma NAbs to plates coated with TDP-43
(figure 2, A and C) confirming no polyreactivity to other
amyloidogenic antigens.

We then proceeded to check the apparent affinity profiles of
anti–α-synuclein and anti-tau plasma NAbs in pooled
plasma samples from patients with ALS and NCs. The
displacement curves for patients with ALS and NCs fitted a
2-affinity state model, with a substantial fraction (approx-
imately 50%) of the antibodies in the plasma samples
characterized with high apparent affinity/avidity for both
α-synuclein and tau (figure 2, B and D). Similar displace-
ment curves were observed for both groups, suggesting no
differences in the avidity/affinity of either anti–α-synuclein
or anti-tau NAbs.

To verify that results were not a response of the difference in
mean age between NCs and patients with ALS (table 1), a test
comparing the maximal binding of anti–TDP-43 NAbs for
elderly controls (age >50 years) to younger controls (aged
<50 years) was performed. The test showed no significant
differences in binding properties of anti–TDP-43 NAbs from
plasma of controls stratified by age, at each TDP-43 con-
centration tested in the assay (figure 3).

Figure 3 Absent Association of Age and Binding Properties of Anti–TDP-43 NAbs in Plasma From Normal Controls (NCs)

Percentage of maximal plasma NAbs binding to immobilized TDP-43 monomer (1 μg/mL) in younger controls (aged <50 years, n = 29) and in elderly controls
(aged >50 years, n = 22) determined by competitive ELISA assaywith 200, 40, 8, and 1.6 nMof free TDP-43, where 2,000 nMdefines the nonspecific binding and
no free α-synuclein monomer gives the maximal binding. Horizontal bars represent the mean values ± SEM, ES = Cohen effect size (95% CI). Differences
between groups were tested using the Student t test or Mann-Whitney U test. NAb = naturally occurring autoantibody; TDP-43 = 43-kDa TAR DNA-binding
protein.
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Figure 4 Relative Plasma TDP-43 and Immunocomplex Levels and Concentrations of Total Plasma TDP-43 and TDP-43
NAbs Complexes

Distribution of relative anti–TDP-43 naturally occurring autoantibody plasma levels in patients with amyotrophic lateral sclerosis (n = 41) (ALS, squares) and
normal controls (n = 30) (NCs, circles). ELISA relative optical densities (ODs) of anti–TDP-43 NAbs (A) total IgG, (B) IgG1, (C) IgG2, (D) IgM, (E) IgG3, and (F) IgG4.
Total plasma TDP-43 concentration (G); TDP-43/IgM complexes (H) and TDP-43/IgG complexes (I) in plasma from patients with ALS (n = 30) (squares) and NCs
(n = 41) (circles). TDP-43 NAbs complex concentrations were quantified using TDP-43 standard curve. Dot plots show relative ODs with mean values
(horizontal bars) ± SD, ES = Cohen effect size (95% CI). Differences between groups were tested using the Student t test or Mann-Whitney U test. Ig =
immunoglobulin; NAb = naturally occurring autoantibody; TDP-43 = 43-kDa TAR DNA-binding protein.
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Difference in Relative Levels of Anti–TDP-43
NAbs andGlobal PlasmaContent of IgM, IgG1-4,
and Total IgG Antibodies in Patients With ALS
Next, we investigated levels of total anti–TDP-43 IgG, IgG1-
4, and IgM NAbs in plasma samples (figure 4, A–F). We
observed significantly reduced relative levels of anti–TDP-43
IgM (figure 4D) and anti–TDP-43 IgG3 (figure 4E) and in-
creased relative levels of anti–TDP-43 IgG4 (figure 4F) in
ALS patient plasma samples compared with NCs. The relative
levels of anti–TDP-43 total IgGs, IgG1, and IgG2 remained
similar in both groups (figure 4, A–C, respectively).

Furthermore, we have observed significant differences be-
tween the patients with ALS and NCs for global levels of IgM
and IgG4 immunoglobulins (table 2). Whereas IgM levels
were decreased in patients with ALS, the IgG4 levels were
increased. No differences in the levels of total IgG and sub-
class IgG1-3 were observed between ALS and NCs.

Increased Levels of Plasma Anti–TDP-43 and
NAbs/TDP-43 Complexes in Patients With ALS
We also measured the concentration of plasma TDP-43
protein, IgM/TDP-43, and IgG/TDP-43 complexes (figure 4,
G–I). The mean (±SD) plasma concentration of TDP-43 was
slightly higher in the NC group (139.8 ± 8 pg/mL) than in
patients with ALS (113.3 ± 9.7 pg/mL) (figure 4G). Fur-
thermore, the results also show a significant increase in IgG/
TDP-43 complex concentrations in patients with ALS (figure
4I) vs NCs, whereas IgM/TDP-43 complex concentrations
did not differ between the groups (figure 4H).

Anti–TDP-43 NAb Affinity and Levels Correlate
With Clinical Measures
For 40 nM, 8 nM, and 1.6 nM of free TDP-43 monomer, the
percent of maximal binding obtained for anti–TDP-43 NAbs in
ALS plasma samples at the sampling time (average of 1.2 years
after onset) could predict the disease duration (average 3.4 years
after onset) (figure 5A). However, the percent of maximal
binding did not correlate with ALS-FRS-R score (figure 5B). It is
worth noticing that the p values were most significant with high

affinity/avidity plasma fraction, which is indicated by efficient
inhibition of antibody binding in the presence of low (1–10 nM)
concentrations of TDP-43. These data indicate that patients with
a significantly lower proportion of high-affinity anti–TDP-43
NAbs in plasma had a shorter total disease duration hence more
rapid progressing disease. This is in contrast to the patients with
a higher proportion of high-affinity anti–TDP-43 NAbs at the
disease onset.

Furthermore, anti–TDP-43 IgM levels in plasma from pa-
tients with ALS withdrawn at the sampling time (average of
1.2 years after onset) correlated with longer disease duration
(predicted longer disease duration) (average 3.4 years after
onset) (figure 5C). Contrary, levels of anti-TDP-43 IgG4
correlated with shorter disease duration (predicted shorter
disease duration) (figure 5C). These results indicate that
patients with relatively high levels of anti–TDP-43 IgM and
low levels of anti–TDP-43 IgG4 at the disease onset or shortly
after had a relatively long survival time hence slower disease
progression. ALS-FRS-R did not correlate with anti–TDP-43
NAb levels (figure 5D).

The global Ig plasma content of IgG total, IgG1-4, and IgM did
not correlate with any of the clinical measures (data not shown).
Ten patients with ALS included in the study cohort had had
comorbid conditions; thus, we have analyzed whether these
could influence the interpretation of our results. The mean of
total disease duration for patients with comorbidities was 2.9
years and was not significantly different (p = 0.28) from patients
with no comorbid conditions (3.5 years). The affinity/avidity of
anti–TDP-43 NAbs expressed as % of max binding, the levels of
anti–TDP-43 antibodies, and global antibody levels did not differ
between the patient groups (data not shown).

Discussion
Here, we report disturbances in relative binding properties
and in the relative levels of NAbs specific for the pathogenic
protein, TDP-43, in plasma samples from patients with ALS.

Table 2 Global Plasma Immunoglobulin (Ig) Levels

Global antibody levels, mg/dL Patients with ALS (n = 30) Normal controls (n = 41) p Value ES 95% CI

IgG1 894.3 (648.9) [146.3–2,082.5] 904.5 (478.9) [196.5–2,034] 0.513 −0.16 −0.64 to 0.32

IgG2 604.1 (468.1) [81.9–1,818.4] 934.7 (573.1) [215.8–2,328] 0.108 −0.52 −1.10 to 0.08

IgG3 317.0 (198.4) [5.9–632.8] 329.3 (234.5) [25.6–904.1] 0.817 −0.06 −0.53 to 0.42

IgG4 26.4 (14.2) [3.7–69.9] 20.97 (17.1) [0.9–58.9] 0.045a 0.34 −0.14 to 0.82

IgG total 1,487 (881.0) [14.9–3,430] 1,910 (1,045) [139.3–4,586] 0.131 −0.35 −0.83 to 0.13

IgM 318.7 (154.7) [7.1–704.9] 497.9 (331.2) [12.8–1,352] 0.035a −0.65 −1.16 to −0.12

Abbreviations: ALS = amyotrophic lateral sclerosis; ES = Cohen effect size.
Results are presented as mean (±SD) range [min–max].
a Significantly different.
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First, we showed that plasma samples from NCs contain ap-
proximately equal low- and high-affinity/avidity binding
components, whereas in plasma from patients with ALS, we
observed a significantly decreased fraction of high affinity/
avidity anti–TDP-43 NAbs.

Alterations in NAbs toward specific pathogenic proteins such
as α-synuclein, amyloid β, and tau have previously been
reported in relation to 2 of the most common neurodegen-
erative disorders, namely Parkinson disease and Alzheimer
disease.25–28 We have recently shown a reduction in apparent
high-affinity/avidity anti–α-synuclein NAbs in Parkinson
disease and multiple system atrophy,24 both disorders char-
acterized by abnormal aggregation of this protein in neurons
and glial cells, respectively.

It is remarkable that the apparent levels of high-affinity/
avidity anti–TDP-43 NAbs at the disease onset or shortly
after correlated with the subsequent disease duration. More
specifically, our data indicate that patients with a signifi-
cantly lower proportion of high-affinity anti–TDP-43 NAbs
in plasma at the withdrawal time point, had a shorter sur-
vival time. This suggests that NAb affinity/avidity may be a
predictor of and/or contributor to disease progression.

As TDP-43 species are present in body fluids, inclusive blood
and CSF,9 NAbs are probably important for maintaining
protein homeostasis through antibody-mediated clearance
mechanism.29 In addition to neurodegenerative changes in
the CNS, muscle and nerves appear to be the site of immu-
nologic activation in ALS.21 Also, axial skeletal muscles can be
an additional site of TDP-43 pathology in patients with ALS,
including sporadic and familial cases.30 Of interest, TDP-43 is
an essential protein for normal skeletal muscle formation, and
it is able to spontaneously form cytoplasmic, amyloid-like
oligomeric assemblies, the so called myo-granules, during
regeneration of skeletal muscles.31 Furthermore, these myo-
granules can seed amyloid-like fibrils in vitro, which suggests a
link between the normal biological functions of TDP-43 and
pathologic TDP-43 aggregates. Therefore, impaired periph-
eral clearance of misfolded proteins may play an important
role in TDP-43 pathology in ALS.

Second, patients with ALS with relatively low numbers of
anti–TDP-43 IgMs and relatively high levels of anti–TDP-43
IgG4 presented much faster disease progression than those
with high levels of anti–TDP-43 IgM and low levels of anti–
TDP-43 IgG4. Alterations in NAb plasma levels may reflect
progress of the neurodegeneration, and thus, they might be

Figure 5 Correlations with Clinical Measures

(A) Correlation of disease duration and (B) ALS-FRS-R score with the affinity/avidity of anti–TDP-43 NAbs (expressed as % ofmax binding of anti–TDP-43 NAbs
to immobilized TDP-43 monomer (1 μg/mL) in competitive ELISA assay in the presence of free 200, 40, 8, and 1.6 nM TDP-43). (C) Correlation of disease
duration and (D) ALS-FRS-R score with the relative optical densities (ODs) of anti–TDP-43 total IgG, IgG1-4 subclass, and IgM NAbs. Correlation analyses were
performed using the Spearman rank correlation test (ρ) (95% CI). ALS-FRS-R = Amyotrophic Lateral Sclerosis Functional Rating Scale–Revised; Ig = immu-
noglobulin; NAb = naturally occurring autoantibody; TDP-43 = 43-kDa TAR DNA-binding protein.
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useful as diagnostic and prognostic biomarkers in early
diagnosis.32,33

IgMs and IgG3 represent an early response to the pathogen by
activating complement system to ensure quick immune re-
sponse.34 A decrease in IgM and IgG3 anti-TDP-43 NAbs
might therefore suggest impaired clearance mechanism
through phagocytosis. IgG4s on the other hand are weak
inducers of effector cells, cannot activate the complement
cascade, and are known to be involved in mediating chronic
responses.35,36 Beekeepers, animal laboratory workers, and
individuals undergoing allergen immunotherapy possess high
serum levels of allergen-specific IgG4, which exhibit immu-
nosuppressive functions, protecting the individual from ana-
phylactic reactions.37,38 In autoimmune/immune-mediated
diseases, such as pemphigus vulgaris, pemphigus foliaceus,
and MuSK myasthenia gravis, IgG4 autoantibodies are path-
ogenic.39 IgG4-related diseases are normally treated with
corticosteroids40; however, patients with ALS do not respond
to this kind of treatment. This may suggest that the observed
increase of IgG4 in ALS does not have an inflammatory origin
but rather is of immunosuppressive/protective character.
Whether this could be a consequence of prolonged exposure
to subclinical levels of pathogenic TDP-43 and the acquisition
of an immune intolerance over time toward aggregated TDP-
43 in patients with ALS should be further investigated.

Importantly, we did not detect an overall difference in total
anti–TDP-43 IgG levels and global levels of IgGs, IgG1-3.
However, patients with ALS presented decreased global levels
of IgMs and increased global levels of IgG4. These overall IgM
antibody decline may reflect systemic immunologic alter-
ations in ALS and could indicate a decreased homeostatic
capability or selective immunodeficiency in ALS, perhaps
reflecting its progressive course. Similar results were observed
for multiple system atrophy, a fast progressing neurodegen-
erative disease.41 IgG4 is usually the least-represented IgG
subclass in human serum; however, as mentioned before, high
IgG4 levels can occur in particular conditions, usually fol-
lowing repeated or chronic exposure to an antigen. Elevated
levels of IgG4 are also associated with inflammation in a range
of chronic pathologic conditions, such as rheumatoid arthri-
tis.42 Thus, the main function of IgG4 is probably to interfere
with immune inflammation induced by complement-fixing
antibodies.43 Nonspecific changes in antibodies were also
investigated before in patients with ALS, but the results were
conflicting.44–49

Under normal physiologic conditions, a significant proportion
of the NAbs have their active site blocked by the high amount
of available self-antigens.12 On binding to self-antigens, NAbs
form immune complexes, which are subsequently eliminated
from the circulation, primarily by phagocytosis.50 We have
measured the IgM/TDP-43 and total IgG/TDP-43 immu-
nocomplex levels in plasma and found no difference between
patients with ALS and NCs. The immune complexes were at
very low concentrations in plasma, whichmay partially explain

the results. Moreover, the anti–TDP-43 plasma NAbs, poly-
clonal in nature, may be directly occupied by oligomeric or
fibrillar forms of TDP-43, which are probably not detected by
the capture antibody in our assay. Some studies have shown
an increase in circulating immune complexes in sera of pa-
tients with ALS compared with controls.44,46,48,51,52

NAbs may represent an important physiologic mechanism
inhibiting peptide/protein fibrillation and exhibiting rescuing
effects on microglial uptake, further defining clinical mani-
festations in ALS. A dysfunction in this recognition pattern by
dysfunctional B-cell maturation, immune shifts, or antigen-
specific reduced B cells may explain both the observed
aberrant NAb production and reduced antibody binding
properties in patients with ALS. The blueprints from these
NAbs are inscribed in the sequence of the B-cell receptors on
a distinct B-cell subset, called B1 cells.53,54 Supported by our
correlation analyses, at this point, we can only speculate that
the anti–TDP-43 IgM producing B1-cell population may al-
ready be reduced or impaired in the prodromal phase of ALS,
resulting in an overload of TDP-43 protein. This situation
could result in a greater pressure on the clearance mecha-
nisms. Thus, after the primary recognition of toxic TDP-43
species, the antibody isotype switches to an IgG-dominated
response characterized, in this case, by lower-affinity/avidity
antibodies, as supported by present results. Further longitu-
dinal, in-depth characterization of the adaptive immune sys-
tem components of patients with ALS with focus on humoral
immune responses can give us insights into disease
pathogenesis.

ALS progression is characterized by loss of physical function
in various domains, i.e., the bulbar, fine and gross motor, and
respiratory domain. The ALS-FRS-R scale uses precisely this
loss of function as a marker for disease severity and disease
progression.55,56 Based on our result, we can speculate that
the antibody status is not directly correlated with the loss of
physical function, but rather with the disease duration. We
must bear inmind that this study was not longitudinal, and the
majority of samples were collected as early as 1 year from
disease onset with relatively mild to moderate stage of disease
(ALS-FRS-R scores of median 41). At this stage, the affinity/
avidity and the levels of anti–TDP-43 NAbs may simply not
yet be reflected in loss of physical functions, which may par-
tially explain why our immune measures do not correlate with
the ALS-FRS-R outcomes. Earlier, comprehensive, longitu-
dinal studies on the immune status of patients with ALS have
reported positive correlation of total leukocyte and neutrophil
numbers with disease progression; however, numbers of
CD4+ T cells correlated negatively with ALS-FRS-R
decline.57,58 Of interest, there was no correlation with total
B-cell numbers.58 It is a well-known fact that antibody re-
sponses to protein antigens require help from antigen-specific
CD4+ T cells.59 It is a bidirectional relationship and an ab-
erration of one component may be reflected in the function of
another one, hence our results. It has also been suggested that
CD4+ T cells may exhibit neuroprotective function in ALS.
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This was evidenced by the reduced number and suppressive
abilities of T regulatory cells,49,60 which are negatively cor-
related with ALS-FRS-R.61,62 Other studies have found in-
creased numbers of CD4+ T helper cells without changes in
CD8+ cells, monocytes, and macrophages.63 Taken together,
these and our findings may indicate the critical involvement of
peripheral immune deficits in ALS pathology.

There are some limitations in the study, which should be taken
under consideration. The size of the sample is small, and the
biological and clinical variations between the individuals are
large. However, the differences found were highly significant
despite the small sample size. The NCs were younger than
patients with ALS; however, there was no significant difference
in binding affinity/avidity properties of TDP-43 NAbs from
plasma of controls stratified by age. Longitudinal studies in pa-
tients with ALS could reveal the effects of disease progression on
the regulatory immune system. Also, studies in the prodromal
phase of ALS could reveal if the observed immune deficiency is
already seen before the disease onset. At the present time, we can
only hypothesize that a reduction in high affinity NAbs impairs
the clearance process and thus mounts the mechanism behind
the aggregations of pathologic proteins in ALS.

In conclusion, we observed a decline in TDP-43 reactivity in
patients with ALS. The apparent decrease in levels of high-
affinity/avidity anti–TDP-43 NAbs correlates with and
thereby predicts disease severity. The decline in high-affinity
anti–TDP-43 NAbs might impair the capacity to block and
neutralize toxic proteins, and although this requires further
investigations, data from this study provide rationale for im-
munotherapy against aggregated TDP-43 as a promising
strategy to slow progression of sporadic ALS.
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Abstract
Objective
To identify biomarkers associated with progressive phases of MS and with neuroprotective
potential.

Methods
Combined analysis of the transcriptional and proteomic profiles obtained in CNS tissue during
chronic progressive phases of experimental autoimmune encephalomyelitis (EAE) with the
transcriptional profile obtained during the differentiation of murine neural stem cells into
neurons. Candidate biomarkers were measured by ELISA in the CSF of 65 patients with MS
(29 with relapsing-remitting MS [RRMS], 20 with secondary progressive MS, and 16 with
primary progressive MS [PPMS]) and 30 noninflammatory neurologic controls (NINCs).

Results
Integrative analysis of gene and protein expression data identified 2 biomarkers, the serine
protease inhibitor Serpina3n and the calcium-binding protein S100A4, which were upregulated
in chronic progressive EAE and whose expression was induced during neuronal differentiation.
Immunofluorescence studies revealed a primarily neuronal expression of S100A4 and Ser-
pina3n during EAE. CSF levels of SERPINA3, the human ortholog of murine Serpina3n, and
S100A4 were increased in patients withMS compared with NINCs (SERPINA3: 1,320 vs 838.6
ng/mL, p = 0.0001; S100A4: 1.6 vs 0.8 ng/mL, p = 0.02). Within the MS group, CSF
SERPINA3 levels were significantly elevated in patients with progressive forms, mainly patients
with PPMS compared with patients with RRMS (1,617 vs 1,129 ng/mL, p = 0.02) and NINCs
(1,617 vs 838.6 ng/mL, p = 0.0001). Of interest, CSF SERPINA3 levels significantly correlated
with CSF neurofilament light chain levels only in the PPMS group (r = 0.62, p = 0.01).

Conclusion
These results point to a role of SERPINA3 as a biomarker associated with the progressive forms
of MS, particularly PPMS.
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(VHIR), Hospital Universitari Vall d’Hebron, Universitat Autònoma de Barcelona, Spain; Biotech Research and Innovation Centre (BRIC) (M.O., S.I.-N.), University of Copenhagen,
Denmark; Statistics and Bioinformatics Unit (B.M., A.S.), Vall d’Hebron Institut de Recerca (VHIR), Barcelona, Spain; Genetics, Microbiology and Statistics Department (A.S.), Universitat
de Barcelona, Spain; Department of Neurology (I.D.), University of Belgrade School of Medicine, Serbia; Department of Neurology (I.D.), University of North Carolina School of
Medicine, Chapel Hill; Department of Neurology (M.V., M.K.), Medical University of Graz, Austria; ProteomicsUnit (E.B., E.S.), Centre de Regulació Genòmica (CRG), Barcelona Institute of
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MS is a chronic inflammatory, demyelinating, and neurodegen-
erative disease of CNS and a leading cause of neurologic disability
in young adults.1 The disease is characterized by an inflammatory
component, which predominates in the initial relapsing-remitting
phases, and a neurodegenerative component associated with the
progressive stages of the disease, although it can be present early
in the disease course.2 Over the last decades, the immunologic
aspects of MS have been extensively investigated; however, the
mechanisms leading to neurodegeneration and tissue repair are
not yet well understood.

Whereas currently approved MS therapies are highly effective to
suppress the predominantly inflammatory component observed
in patients with relapsing-remitting MS (RRMS), these therapies
remain largely ineffective in patients with progressive forms of the
disease in whom the neurodegenerative component dominates.3,4

Similarly, available treatments have shown limited neuroprotective
efficacy. In this context, a better understanding of themechanisms
underlying neurodegeneration and neuroregeneration inMSmay
set the rationale for the design of effective therapies to stop disease
progression and/or enhance neuroprotection.

In the present study, we pursued to identify biomarkers of disease
progression that may have neuroregenerative potential. To this
end, in a first phase of the study, we searched for biomarkers that,
on the one hand, were upregulated in CNS tissue during the
chronic progressive phases of experimental autoimmune en-
cephalomyelitis (EAE) and, on the other hand, were upregulated
during the differentiation of neural stem cells (NSCs) to neurons.
In a second phase of the study, selected biomarkers were mea-
sured in CSF of patients with MS with different clinical forms of
the disease to confirm its potential as biomarkers of progression.

Methods
Mice
All experiments were performed in 5- to 8-week-old female
C57BL6/J mice (Harlan, Lesmo, Italy) in strict accordance with
European Union and governmental regulations (Generalitat de
Catalunya Decret 214/97 July 30). The Ethics Committee on
Animal Experimentation of the Vall d’Hebron Research Institute
approved all procedures described in the study (protocol num-
bers: 70/13, 81/17 CEEA).

EAE Induction
Anesthetized C57BL/6 mice (n = 4/group) were immunized
with subcutaneous injections of myelin oligodendrocyte

glycoprotein (MOG)35-55 (50 μg) (Peptide Synthesis Facility,
Universitat Pompeu Fabra, Barcelona, Spain) in phosphate
buffered saline (PBS) emulsified in complete Freund adjuvant
(Sigma Chemical, St Louis, MO) and supplemented with 2
mg/mL Mycobacterium tuberculosis H37RA (Difco Labora-
tories, Detroit, MI). Control animals (n = 4/group) received
only PBS. All animals received an IV injection of 150 ng
Pertussis toxin in 100 μL PBS on the day of immunization and
another doses 48 hours later. Mice were weighted and ex-
amined daily for clinical signs of EAE, with the following scale:
grade 0, no clinical disease; grade 1, tail weakness or tail
paralysis; grade 2, hind leg paraparesis; grade 3, hind leg pa-
ralysis; grade 4, paraplegia with forelimb weakness or paral-
ysis; and grade 5, moribund state or death.5

Tissues
C57BL/6 mice immunized either with MOG (EAE group) or
PBS (control group) were killed with carbon dioxide (>70%)
at different stages of the disease: days (d) 8, 16, 36, 50, and 90
postimmunization (pi). Brain and spinal cords were dissected
and divided into 2 parts, one was paraffin embedded and
sectioned with 6-μm thickness and the other was snap-frozen
in liquid N2.

Immunofluorescence histochemistry
For immunofluorescence, we used the following antibodies at
the dilution listed: goat polyclonal anti-Serpina3n antibody
(1:5; purchased from R&D Systems, Minneapolis, MN, cat.
No. AF4709); rabbit polyclonal anti-S100A4 antibody (1:10;
purchased from Abcam, Cambridge, MA, cat. no. ab41532);
antiglial fibrillary acid protein (GFAP) Alexa Fluor-488 con-
jugated antibody (1:50; purchased from eBioscience, Vienna,
Austria, cat. no. 53-9892-82); and chicken anti–β-Tubulin
Isotype III polyclonal antibody (1:60; purchased fromAbcam,
cat.no. 117716). The following secondary antibodies were
used: Alexa Fluor-568 rabbit anti-goat IgG (1:300; purchased
from Invitrogen, Waltham, MA, cat. no. A11079); Alexa
Fluor-594 goat anti-rabbit (1:300; purchased from Invitrogen,
cat. no. A11012); and Alexa Fluor-488 goat anti-chicken (1:
300; purchased from Invitrogen, cat. no. A11039). 4 ',6-
diamidino-2-fenilindol (DAPI)-Pacific blue (1:30,000; pur-
chased from Invitrogen, cat. no. D3571) was used for nuclei
visualization.

Immunofluorescence histochemistry (IFHC) was performed
on CNS tissue obtained on d16 and d50 pi. The staining
procedure started with deparaffinization and rehydration
followed by heat-induced epitope retrieval step with 10 mM

Glossary
cDNA = complementary DNA; EAE = experimental autoimmune encephalomyelitis; EDSS = Expanded Disability Status Scale;
FDR = false discovery rate; GFAP = glial fibrillary acid protein; IFHC = immunofluorescence histochemistry; mRNA =
messenger RNA; NINC = noninflammatory neurologic control; NFL = neurofilament light chain; NSCs = neural stem cell;
PPMS = primary progressive MS; qPCR = quantitative PCR; RRMS = relapsing-remitting MS; SPMS = secondary progressive
MS.
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sodium citrate buffer pH 6.0. For S100A4 sections, slides were
blocked in normal 5% goat serum. For Serpina3n sections,
slides were blocked in 0.3% Triton X-100 and 0.24 g glycine.
Slides were incubated overnight with primary antibodies
(diluted in buffer containing 1% bovine serum albumin (BSA)
and 0.3% Triton X-100) at 4°C. Slides were afterward washed
3 times in 1xPBS-T for 5 minutes and incubated with sec-
ondary antibodies for 1 hour. Slides were then washed 3 times
in 1xPBS-T for 3 minutes, and DAPI was added to the
specimens for 10 minutes. After washing 3 times in 1xPBS-T
for 1 minute, slides were mounted with ProLong Gold-
antifade (Invitrogen) and air dried. Images were taken with
ZEN-2011 software on Zeiss microscope (AXIO M2;
Göttingen, Germany) with Zeiss (AxioCam) camera con-
nected. Images were processed with Adobe Photoshop and
Adobe Illustrator (Adobe Systems, San Jose, CA).

Generation of Mouse NSCs and Differentiation
Into Neurons
NSCs were isolated from forebrain C57BL/6 mice (n = 4)
E16-18. Briefly, the forebrain was dissected, cut into small
fragments (<1 mm3), and digested with papain. The digested
tissue fragments were passed through fire-polished fine tip
Pasteur pipet to obtain a single cell suspension and cultured in
DMEM/F12 medium (Invitrogen) containing B27 supple-
ment, 20 ng/mL fibroblast growth factor basic (bFGF)
(Invitrogen), 20 ng/mL epidermal growth factor (EGF)
(Invitrogen), in the presence of FBS 5% and retinoic acid
(0.05 μM). Neurons were characterized by immunofluores-
cence staining withMAP2 (microtubule-associated protein 2)
and doublecortin (DCX).

Gene Expression Microarrays
Total messenger RNA (mRNA) and proteins (frozen at
−80°C until used) from the brain and spinal cord were
extracted using TRI reagent (Sigma Chemical) following the
manufacturer’s instructions. A similar protocol was followed
to obtain total RNA from neurons and NSCs. Gene expres-
sion from mice tissue, NSCs, and neurons was evaluated with
the Affymetrix Mouse Gene 1.0 Array using the Ambion WT
Expression kit for target amplification (Applied Biosystems,
Foster City, CA) and the target labeling with the WT Ter-
minal Labeling kit (Affymetrix, Santa Clara, CA). The Affy-
metrix Expression Console software was used for gene-level
log-scaled robust multiarray analysis. The linear models for
microarray data (LIMMA) R package6 was used to identify
differentially expressed genes between mice with EAE and
control groups (PBS) and between NSCs and neurons. Dif-
ferentially expressed genes in the 2-sample t-test with p value
<0.05 were considered significant.

Determination of Serpina3n and S100A4
Expression Levels in CNS by qPCR
mRNA expression levels for Serpina3n and S100A4 were de-
termined in CNS samples from 4 EAE and 4 control animals
at days 8, 16, 36, 50, and 90 pi. Total RNA was taken from the
same samples that had been used for the microarrays, and

complementary DNA (cDNA) synthesized using the High
capacity cDNA Archive kit (Applied Biosystems). Serpina3n
and S100A4 transcripts were determined with TaqMan gene
expression assays (Mm00776439_m1 and Mm00803372_g,
respectively; Applied Biosystems). Obtained values were
normalized according to the level of expression of the
housekeeping gene glyceraldehyde-3-phosphate dehydro-
genase. Assays were run on the ABI PRISM® 7900HT system
(Applied Biosystems), and data were analyzed with the 2-
DDCT method.7 Results were expressed as fold change in
gene expression in EAE mice compared with controls
(calibrators).5

Mass Spectrometry Sample Preparation
Samples (10 μg) were reduced with dithiothreitol (30 nmol,
37°C, 60 minutes) and alkylated with iodoacetamide (60
nmol, 25°C, 30 minutes) in the dark. The resulting protein
extract was diluted in 2 M urea with 200 mM ammonium
bicarbonate for digestion with endoproteinase LysC (1:10 w:
w, 37°C, o/n, Wako, Osaka, Japan), and afterward diluted
2-fold with 200 mM ammonium bicarbonate for trypsin di-
gestion (1:10 w:w, 37°C, 8 hours, Promega, Madison, WI).8

After digestion, peptide mix was acidified with formic acid and
desalted with a MicroSpin C18 column (The Nest Group,
Inc., Southborough, MA) before Liquid chromatography
(LC)-MS/MS analysis.

Chromatographic and Mass
Spectrometric Analysis
Samples were analyzed using a LTQ-Orbitrap Fusion Lumos
mass spectrometer (Thermo Fisher Scientific, Waltham,
MA) coupled to an EASY-nLC 1000 (Proxeon; Thermo
Fisher Scientific, Denmark). Peptides were loaded directly
onto the analytical column to be separated by reversed-phase
chromatography by a 25-cm column with a 75 μm of inner
diameter, packed with 1.9 μm C18 particles (Nikkyo Tech-
nos, Tokyo, Japan). Chromatographic gradients started at
97% buffer A (0.1% formic acid in water) and 3% buffer B
(0.1% formic acid in acetonitrile) with a flow rate of 250 nL/
minute for 5 minutes and gradually increased to 35% buffer B
and 65% A in 120 minutes.

The mass spectrometer was operated in positive ionization
mode with nanospray voltage set at 2 kV and source tem-
perature at 275°C. Ultramark 1621 was used for external
calibration of the FT mass analyzer prior the analyses, and an
internal calibration was performed using the background
polysiloxane ion signal at m/z 445.1200. The acquisition was
performed in data-dependent acquisition mode, and full MS
scans with 1 micro scans at resolution of 120,000 were used
over a mass range of m/z 400–1,500 with detection in the
Orbitrap mass analyzer. In each cycle of data-dependent ac-
quisition analysis, following each survey scan, the most in-
tense ions above a threshold ion count of 5,000 were selected
for fragmentation. The number of selected precursor ions for
fragmentation was determined by the Top Speed acquisition
algorithm and a dynamic exclusion of 60 seconds. Fragment
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ion spectra were produced via collision induced dissociation
at normalized collision energy of 35%, and they were acquired
in the ion trap mass analyzer.8 Auto gain control was set to
4E3, and an isolation window of 1.6 m/z and a maximum
injection time of 300 ms were used. All data were acquired
with Xcalibur software.

Digested bovine serum albumin (New England Biolabs) was
analyzed between each sample to avoid sample carryover and
to assure stability.9

Mass Spectrometry Data Analysis
Acquired spectra were analyzed using the Proteome Discoverer
software suite (v1.4; Thermo Fisher Scientific) and the Mascot
search engine v2.5, Matrix Science.10 The data were searched
against a Swiss-Prot mouse database (as of April 2015) plus a list
of common contaminants and all the corresponding decoy en-
tries. For peptide identification, a precursor ion mass tolerance of
7 ppmwas used forMS1 level, trypsin was chosen as enzyme, and
up to 3 missed cleavages were allowed. The fragment ion mass
tolerance was set to 0.5 Da for MS2 spectra. False discovery rate
(FDR) for identification of peptides was set to amaximumof 1%.

Peptide quantification data were retrieved from the extracted
ion chromatograms, and the obtained values used to perform
protein relative quantitation using the R package MSstats
v2.6. Protein abundance changes were considered significant
when adjusted p value was below 0.05.

The raw proteomics data have been deposited to the PRIDE11

repository with the data set identifier PXD018173.

Integrative Analysis of Gene and Protein
Expression Data
Data sets of gene expression from transcriptome and protein
relative abundances from proteome analyses were obtained.
The most differentially expressed genes and proteins between
the EAE and control groups (adjusted p value of 0.05) were
selected on both data sets separately by a cutoff according to
SD. Afterward, the top genes and proteins were matched in a
common list and used for the integrative analysis. Finally,
biomarkers of disease progression were identified by 2 com-
plementary approaches. First, the Partial Least Squares
(sPLS) canonical method using the “mixOmics” R package12

was used to integrate both data sets for each time point,
applying a cutoff threshold of 0.85 to restrict the analysis to
stronger gene-protein associations. Second, each data set was
analyzed along time with a 2-way backward regression with a
5% FDR with the maSigPro R package.13 sPLS looked at the
correlation between genes and proteins at each given time
point, and the time-course analysis focused at the relationship
along each time point on a gene-by-gene and a protein-by-
protein basis.

Patients
A cohort of 65 untreated patients with MS and 30 non-
inflammatory neurologic controls (NINCs) was included

in the study. The MS group comprised 29 patients with
RRMS, 20 with secondary progressive MS (SPMS), and 16
with primary progressive MS (PPMS). Diagnosis was
based on 2005 and 2010 revised McDonald criteria.14,15

For patients with SPMS, progression was defined as a
confirmed increase at 6 months in the Expanded Disability
Status Scale (EDSS) of 1 point for EDSS < 5.5 and 0.5
points for EDSS ≥ 5.5. Table 1 summarizes demographic
and clinical characteristics of patients with MS and con-
trols included in the study.

Standard Protocol Approvals, Registrations,
and Patient Consents
The project was approved by the Institutional Review Board
of University of Belgrade School of Medicine (29/X-8),
Medical University of Graz (17–046 ex 05/06), and Vall
d’Hebron Hospital (EPA(AG)57/2013(3834)). Written in-
formed consent was obtained from each participant.

Quantification of SERPINA3 and S100A4 Levels
in CSF From Patients With MS and Controls
by ELISA
CSF samples were collected by lumbar puncture and centri-
fuged for 5 minutes at 1,500 rpm to remove cells. Samples
were aliquoted and frozen at −80°C until used. CSF levels of
SERPINA3 (the human ortholog of murine Serpina3n, also
known as α1-antichymotrypsin) were measured with the hu-
man alpha-1-antichymotrypsin ELISA kit (Abnova, Taipei,
Taiwan) following 1:40 dilution, and levels of S100A4 were
determined with the human S100A4 ELISA kit (CycLex Co.,
Nagoya, Japan). All samples were measured in duplicate fol-
lowing the specific protocols provided by the manufacturers.
The intra- and interassay coefficients of variation for SER-
PINA3 were 2.5% and 10.4%, respectively, and for S100A4
5.0% and 17.0%, respectively.

Quantification of CSF Neurofilament Light
Chain Levels by Single Molecule Array (Simoa)
In patients with RRMS (n = 29) and PPMS (n = 16), CSF
levels of neurofilament light chain (NFL) were measured
using commercially available NFL immunoassay kits (Quan-
terix, Billerica, MA, cat#103186) run on the fully automated
ultrasensitive Simoa HD-1 Analyzer (Quanterix). Samples
were run in duplicate in accordance with manufacturers’ in-
structions with appropriate standards and internal controls.
The intra-assay and interassay coefficients of variation were
5% and 9%, respectively.

Statistical Analysis
Statistical analysis was conducted with the SPSS 17.0 pack-
age (SPSS Inc., Chicago, IL) for MS Windows. The signifi-
cance of differences among experimental groups for
microarrays, mass spectrometry, and quantitative PCR
(qPCR) was assessed by the 2-tailed Student t test or Mann-
Whitney U test. One-way analysis of variance followed by
the Tukey post hoc test was applied for mean protein levels
comparisons among groups. Partial correlations adjusting
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for age were used to assess linear association between CSF
levels of NFL and CSF levels of SERPINA3 or S100A4.
Quantitative data are presented as mean values ± standard
error of mean, unless otherwise stated. Differences were
considered statistically significant when p values were be-
low 0.05.

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

Results
Selection ofDifferentially ExpressedGenes and
Proteins in EAE and Upregulated Genes in
Neuronal Differentiation
A flowchart summarizing the main steps of the study design
and analysis is shown in figure 1. To identify biomarkers
associated with disease progression, chronic EAE was induced
with MOG, and CNS tissue obtained at different chronic
stages of the disease (figure 1A). By applying a combination of
gene expression microarray and mass spectrometry analyses,
we identified 7,600 genes and 5,700 proteins that were dif-
ferentially expressed between EAE and control mice, of which
1,763 molecules were found in both studies (figure 1B). Of
these, 441 genes and 227 proteins showing highest differential
expression through the respective gene and protein data sets
were selected as potential markers for further analysis (see
Methods; figure 1B).

We also analyzed the transcriptional profiling of murine NSCs
and neurons using microarrays. Differentiation of mouse
NSCs into neurons was associated with upregulation of 1,705
genes, which were selected for further analysis (figure 1C).

Integrative Omics Analysis Reveals
Upregulation of Serpina3n and S100A4 During
Chronic Progressive EAE and Neurogenesis
Two multivariate approaches (sPLS and 2-way backward re-
gression) were used to integrate genomics and proteomics
data sets to assess what molecules identified at both the ex-
pression and translational levels could better explain the
chronic progressive phase of EAE in comparison to controls
and use these candidates as potential biomarkers. Although
sPLS looked at the correlation on a gene-by-protein basis at
each given time point separately, the time-course analysis
focused at the relationship along each time point on a gene-
by-gene and a protein-by-protein basis. As shown in figure 1D,
the sPLS analysis identified a total of 380 genes and proteins
showing similarly upregulated expression at each time point of
the study. Time-course analysis by 2-way backward regression
identified 227 genes and proteins showing a similar pattern of
expression. Intersection between the 3 sets of results
(i.e., sPLS analysis, time-course analysis, and neuronal dif-
ferentiation) revealed 2 molecules, Serpina3n and S100A4,
that showed a high expression in the progressive phases of
EAE and were upregulated during neurogenesis (figure 1D).
Tables 2 and e-1 (links.lww.com/NXI/A366) show the list of
candidate molecules scoring 2 or 3 in the different approaches
used for analysis.

Clinical disease score after EAE induction is represented in
figure 2A. Figure 2B shows the time-course gene and protein
expression for Serpina3n and S100A4 in CNS tissue. Gene
expression levels and protein abundance of Serpina3n and
S100A4 were significantly increased in the chronic pro-
gressive phases of EAE compared with the reference time
point (d8) and with control mice (figure 2B). We also per-
formed qPCR for Serpina3n and S100A4 to validate micro-
array findings. qPCR also included an additional time point at
d16 to discriminate between acute and chronic EAE phases.

Table 1 Demographic and Baseline Clinical Characteristics of Patients With MS and Controls Included in the Study

Baseline characteristics NINCs

MSa

RRMS SPMS PPMS

N 30 29 20 16

Age (y) 37.5 (12.0) 34.2 (10.3) 52.7 (10.1) 51.9 (11.6)

Female/male (% women) 26/4 (86.7) 18/11 (62.1) 13/7 (65.0) 10/6 (62.5)

Duration of disease (y) — 3.1 (4.0) 15.7 (12.3) 4.9 (2.1)

EDSSb — 2.4 (2.0–3.5) 5.3 (4.0–6.6) 5.2 (4.5–6.1)

Number of Gd-enhancing lesions — 0.8 (1.4) 1 (1.9) 0.2 (0.4)

Abbreviations: EDSS = ExpandedDisability Status Scale; Gd = gadolinium;NINC =noninflammatory neurologic control; PPMS =primary progressiveMS; RRMS
= relapsing-remitting MS; SPMS = secondary progressive MS.
Data are expressed as mean (SD) unless otherwise stated.
NINCs include 26 patients with headache, 1 patient with cerebral small vessel disease, 1 patient with lumbosacral polyradiculopathy, 1 patient with
conversion disorder, and 1 patient with idiopathic intracranial hypertension.
a Refers to the whole MS group.
b Data are expressed as median (interquartile range).
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As shown in figure 2C, mRNA expression levels of Serpina3n
measured by qPCR over time faithfully mirrored those
obtained with gene expression microarrays, with higher levels
in chronic EAE. Although a similar gene expression pattern
was also observed for S100A4 over time, mRNA expression
levels were more pronounced at d16 and d36 compared with
later chronic time points, suggesting that S100A4 expression
is strongly induced by inflammation (figure 2C). Finally, as
shown in figure 2D, gene expression levels for Serpina3n and
S100A4 were significantly upregulated in neurons compared
with NSCs.

Histology Studies Reveal a Primarily Neuronal
Expressionof Serpina3nand S100A4During EAE
Cellular expression of Serpina3n and S100A4 was determined
with double IFHC in EAE during the course of the disease.
CNS tissue from both acute inflammatory (d16) and chronic
progressive (d50) time points was included for comparison
purposes. Mouse cerebellum, hippocampus, and spinal cord
slides were stained with antibodies against Serpina3n or
S100A4. β-III-Tubulin and GFAP were used as neuronal and
astrocytic markers, respectively. Both at d16 and d50, Ser-
pina3n colocalized with β-III-Tubulin in cerebellar Purkinje

Figure 1 Schematic Representation of the Strategy Used to Identify Biomarkers Associated With Progression and With
Neuroregenerative Potential

(A) EAE was induced by immunization with MOG35-55 (EAE group) or PBS (control group) in C57BL/6 mice. On days 8, 36, 50, and 90 postimmunization, mice
were killed and CNS tissue obtained. (B) Total RNA and proteins extracted from CNS were quantified by means of microarrays and mass spectrometry,
respectively. Gene and protein expression profiling allowed to identify 7,600 genes and 5,700 proteins differentially expressed between EAE and controlmice.
Of these, 1,763 genes and proteinsmatched in both data sets (transcriptomic and proteomic) andwere used for further analysis. A total of 441 genes and 227
proteins showing the highest variations were selected for integrative analysis. (C) NSCs were differentiated into neurons, and total RNA was obtained from
both cell types. Gene expression was determined by microarrays, and a total of 1,705 genes were differentially expressed between NSCs and neurons. (D)
Integrative data analysis. Venn diagrams show the intersection between, on the one hand, the number of biomarkers of disease progression identified by
applying the R/Bioconductor packages sPLS (“mixOmics” package) and time-course (“maSigPro” package) and, on the other hand, the number of differentially
expressed genes identified in the differentiation from NCS to neurons. EAE = experimental autoimmune encephalomyelitis; NSC = neural stem cell.
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cells and neurons of the granular layer (figure 3A), hippo-
campal pyramidal neurons of the CA1 region (figure 3B), and
spinal cord neurons (figure e-1A, links.lww.com/NXI/A365)
of CNS tissue from EAE mice but not from PBS-immunized
mice. Of interest, for all tissue sections, neuronal expression of
Serpina3n was more evident in the chronic time point

compared with the acute time point, findings that are in
agreement with the qPCR data suggesting that Serpina3n
expression is not significantly induced during the in-
flammatory insult (figure 3, A and B, figure e-1A). No
colocalization was observed in CNS sections of EAE or con-
trol mice stained for Serpina3n and GFAP (figure 3, C and D,

Table 2 Score of Molecules Upregulated in the Chronic Progressive Phase of Experimental Autoimmune
Encephalomyelitis and Upregulated During Neurogenesis

Entrez ID Symbol Description
NSCs vs
neurons

sPLS
network

Time
course Sum

20716 Serpina3n Serine (or cysteine) peptidase inhibitor, clade A, member 3N 1 1 1 3

20198 S100a4 S100 calcium-binding protein A4 1 1 1 3

11430 Acox1 Acyl-Coenzyme A oxidase 1, palmitoyl 1 1 0 2

13030 Ctsb Cathepsin B 1 0 1 2

66259 Camk2n1 Calcium/calmodulin-dependent protein kinase II inhibitor 1 1 1 0 2

69786 Tprkb Tp53rk-binding protein 1 1 0 2

14469 Gbp2 Guanylate-binding protein 2 1 1 0 2

19682 Rdh5 Retinol dehydrogenase 5 1 1 0 2

11816 ApoE Apolipoprotein E 1 0 1 2

20615 Snapin SNAP-associated protein 1 1 0 2

27883 Tango 2 Transport and golgi organization 2 1 1 0 2

56188 fxyd1 FXYD domain-containing ion transport regulator 1 1 1 0 2

11303 Abca1 ATP-binding cassette, subfamily A (ABC1), member 1 1 0 1 2

12266 C3 Complement component 3 1 0 1 2

12268 C4b Complement component 4B 1 0 1 2

12527 CD9 CD9 antigen 1 0 1 2

13010 Cst3 Cystatin C 1 0 1 2

16854 Lgals3 Lectin, galactose binding, soluble 3 1 0 1 2

17035 Lxn Latexin 1 0 1 2

17096 Lyn LYN proto-oncogene, Src family tyrosine kinase 1 0 1 2

18301 Fxyd5 FXYD domain-containing ion transport regulator 5 1 0 1 2

20148 Dhrs3 Dehydrogenase/reductase (SDR family) member 3 1 0 1 2

21356 Tapbp TAP-binding protein 1 0 1 2

26362 Axl AXL receptor tyrosine kinase 1 0 1 2

74011 Slc25a27 Solute carrier family 25, member 27 1 0 1 2

74559 elovl7 ELOVL family member 7, elongation of long chain fatty acids
(yeast)

1 0 1 2

214944 Mob3b MOB kinase activator 3B 1 0 1 2

243906 Zfp14 Zinc finger protein 14 1 0 1 2

321007 Serac1 Serine active site containing 1 1 0 1 2

Abbreviation: NSC = neural stem cell.
Overlapping molecules between the 3 bioinformatics approaches used for analysis. Only molecules upregulated during the differentiation of NSCs to
neurons with a p value < 0.001 are shown. Entrez ID = identifier for a gene per the NCBI Entrez database (http://www.ncbi.nlm.nih.gov/gene).
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Figure 2 Serpina3n and S100A4 Levels Are Significantly Upregulated in Chronic EAE and During Neurogenesis

(A) Disease course after EAE induction. Only time points
chosen for analyses are annotated. (B) Gene expression
levels and protein abundance for Serpina3n and S100A4
were determined by means of microarrays and mass spec-
trometry, respectively, in CNS samples obtained at d8, d36,
d50, and d90 postimmunization (n = 4). (C) messenger RNA
expression levels for Serpina3n and S100A4 determined by
quantitative PCR in CNS from EAE mice or control mice
during disease course. Gray bars indicate the additional time
point during the inflammatory phase of the disease (d16
postimmunization). Glyceraldehyde-3-phosphate dehydro-
genase was used as endogenous control. Results are
expressed as fold change in gene expression in EAE mice
relative to control mice (calibrators). (D) Gene expression
levels for Serpina3n and S100A4 determined by means of
microarrays in neural stem cells and differentiated neurons.
For (A–D), depicted values represent the mean ± standard
error of the mean. ***p < 0.001, **p < 0.01, *p < 0.05. EAE =
experimental autoimmune encephalomyelitis; NSC = neural
stem cell.
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figure e-1B), indicating that Serpina3n expression is restricted
to neurons during EAE course.

Similar to the pattern observed for Serpina3n, cerebellum
slides showed colocalization of S100A4 and β-III-Tubulin in
Purkinje cells, as well as neurons from the granular region of
EAE animals, whereas no expression was observed in control
mice (figure 4A). At d50 pi, S100A4 expression was not only
observed in Purkinje cells but also in neurons from the mo-
lecular region of the cerebellum of EAE mice compared with
the PBS group (figure 4A). Hippocampal CA1 pyramidal
neurons clearly showed S100A4 expression in EAE (figure
4B). By contrast, no S100A4 expression was found in neurons
from the spinal cord neither in EAE nor in PBS (figure e-1C,
links.lww.com/NXI/A365). Double staining for S100A4 and
GFAP revealed no major expression of S100A4 in astrocytes
in any of the CNS analyzed regions, although occasional

double-positive cells were detected in the hippocampus
(figure 4, C and D, figure e-1D).

SERPINA3 Levels Are Increased in CSF From
Patients With Progressive forms of MS
To investigate whether selected biomarkers of progression
with neuroregenerative potential identified in EAE could also
play a role in MS, levels of SERPINA3 and S100A4 were
measured in CSF samples from a cohort of patients with MS
and neurologic controls. As shown in figure 5A, CSF SER-
PINA3 and S100A4 levels were significantly increased in the
whole group of patients with MS compared with NINCs.
Stratification of patients with MS into different clinical forms
revealed that the highest CSF SERPINA3 levels were ob-
served in patients with progressive MS, particularly in patients
with PPMS, and differences were statistically significant for
patients with SPMS and PPMS compared with NINCs, and

Figure 3 Serpina3n Expression Is Restricted to Neurons During EAE

Representative images of Serpina3n expression in neurons (A–B) and astrocytes (C–D) of PBS (controls) or EAEmice at d16 and d50postimmunization. Tissues
were stained for Serpina3n (red), β-III-Tubulin (neuronal marker, green), and DAPI (blue) (A–B). Colocalization of Serpina3n in astrocytes was evaluated by
staining for Serpina3n (red), GFAP (astrocytemarker, green), and DAPI (blue) (C–D). EAE = experimental autoimmune encephalomyelitis; GFAP = glial fibrillary
acid protein.
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also for patients with PPMS compared with patients with RRMS.
In contrast, although CSF S100A4 levels were slightly increased
in patients with RRMS, no statistically significant differences were
observed acrossMS groups andNINCs (figure 5B). CSF levels of
SERPINA3 and S100A4 did not correlate with EDSS scores at
the time of sample collection or the number of gadolinium-
enhancing lesions in brain MRI scans performed in proximity to
lumbar puncture (data not shown). Similarly, segregation of
SERPINA3 and S100A4 CSF levels into high and low according
to a cutoff value based on median protein levels did not reveal
significant differences between patients with MS with high and
low SERPINA3 and S100A4 CSF levels and EDSS scores or the
number of contrast-enhancing lesions (data not shown).

CSF SERPINA3 Levels Correlate With CSF NFL
Levels in Patients With PPMS
To investigate whether SERPINA3 and S100A4 are biomarkers
associated with disease progression or instead may have

neuroprotective roles in MS, we measured CSF levels of NFL in
patients with RRMS and PPMS. As shown in figure 6A, CSF
levels of NFL and SERPINA3 significantly correlated in the
whole group of patients (r = 0.56, p = 0.001). Of interest, asso-
ciation was driven by the PPMS group insomuch as statistical
significance remained significant only in patients with PPMS
following segregation into clinical forms (r = 0.62, p = 0.01; figure
6A). In contrast, CSF NFL levels did not correlate with CSF
S100A4 levels neither in the whole group of patients nor after
segregation into RRMS and PPMS clinical forms (figure 6B).
These findings point to SERPINA3 as a biomarker associated
with disease progression in patients with PPMS.

Discussion
In the present study, we aimed to identify molecules associ-
ated with disease progression that may have

Figure 4 S1004A Expression in CNS Tissue During EAE

Representative images are shown for S100A4 expression in neurons (A–B) and astrocytes (C–D) of PBS (controls) or EAE mice at d16 and d50 post-
immunization. Tissues were stained for S100A4 (red), β-III-Tubulin (neuronalmarker, green), andDAPI (blue) (A–B). Colocalization of S100A4 in astrocytes was
evaluated by staining for S100A4 (red), GFAP (astrocyte marker, green), and DAPI (blue) (C–D). EAE = experimental autoimmune encephalomyelitis; GFAP =
glial fibrillary acid protein.
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neuroregenerative capacity. To this end, we used gene ex-
pression microarrays combined with mass spectrometry
analysis to determine which genes and proteins were signifi-
cantly modulated using a chronic progressive EAE model.
Statistical analysis of transcriptional and proteomic data sets
from different phases of the disease identified a series of
molecules that were upregulated in the chronic progressive
phases of EAE. In parallel, these molecules were matched with
genes upregulated during the differentiation process from
NSCs to neurons. Our results showed a selective increase in
gene and protein expression of Serpina3n and S100A4 in the
progressive phases of EAE and upregulation of both markers
during the differentiation of NSCs to neurons. Serpina3n and
S100A4 showed a primarily expression in neurons that, par-
ticularly for Serpina3n, was increased in the chronic pro-
gressive stages of the disease. These observations in the EAE
mouse model were further substantiated for Serpina3n in CSF
samples of patients with MS, where SERPINA3 levels, the
human ortholog of murine Serpina3n, were increased in pa-
tients with the progressive forms of MS (SPMS and PPMS)
compared with patients with RRMS and NINCs, postulating
Serpina3n/SERPINA3 as a biomarker of disease progression
with potential for neuroregeneration.

Gene and protein expression profiling during the course of
EAE offers a powerful approach for understanding the mo-
lecular changes that characterize the disease, which in turn
provide a starting point to identify new molecules involved in
the disease. Previous reports applied either transcriptional or
proteomic profiling analyses to identify new biomarkers and
therapeutic candidates in the context of MS.16–18 In those
analyses, each feature from each technology (transcripts and
proteins) was analyzed independently through univariate
statistical methods; however, such analyses ignored relation-
ships between the different features and may have missed
crucial biological information. Indeed, biological features act
together to control biological systems and signaling pathways.
Multivariate approaches, which model features as a set, can
offer a more insightful picture of a biological system and
complement results obtained from univariate methods. In this
regard, omics integration analyses have been developed to
analyze large amounts of biological data to identify molecular
signatures across multiple data sets.19

We performed differentially expressed analysis by means of
gene expression microarrays and mass spectrometry at dif-
ferent stages of EAE and identified 1,763 common molecules.

Figure 5 Dot Plots Showing Levels of SERPINA3 and S100A4 in CSF Samples of Patients With MS and Controls

As described in Methods, CSF levels of SERPINA3 and S100A4 were determined by ELISA and represented as ng/mL in the whole MS group and NINCs (A) and
in patients with MS classified according to the different clinical forms of MS (B). For the sake of clarity, only significant p values are shown in the graphs.
Number of individuals included in the study is shown in parentheses. One-way analysis of variance followed by multiple comparisons test was performed
comparing all groups. ***p < 0.001, **p < 0.01, *p < 0.05. NINC = noninflammatory neurologic control; PPMS = primary progressive MS; RRMS = relapsing-
remitting MS; SPMS = secondary progressive MS.
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To select the molecules showing the highest differences with
respect to the entire data set, only 441 genes and 227 proteins
were chosen for further bioinformatic analysis that allowed us
to focus only on those molecules whose expression was highly
modified as the cause of the disease. As we were particularly
interested in markers associated with the progressive phase of
EAE, we chose 2 bioinformatic analyses, sPLS that investi-
gates gene-protein associations, and a time-course study using
a 2-way backward regression to select molecules displaying a
pattern of low expression at the initial stages and a clear
increase in the progressive phases of the disease. We identified
47 molecules, at the gene and protein level, that met these
parameters. Based on these observations, it was reasonable to
think that in addition to biomarkers of disease progression,
those molecules could also be involved in neurodegeneration.
Nevertheless, the mere increase of the levels of certain mol-
ecules in the CNS does not prove their pathogenicity in EAE
progression, as previously illustrated in different EAE models,
in which transcriptional studies identified molecules whose
expression was increased in late phases of EAE, such as anti-
inflammatory cytokines, growth factors, and oligodendroglial
progenitor and neuroglial regeneration markers.16,20

In parallel to our findings on biomarkers upregulated during
the chronic progressive phases of EAE, we aimed to explore
whether these molecules were also upregulated during neu-
ronal differentiation. To this end, microarray analysis was
performed in NSCs differentiated into neurons, resulting in a
total of 1,705 genes upregulated in neurons compared to
NSCs. Then, we examined the overlapping of identified bio-
markers of disease progression, together with molecules
upregulated during neuronal differentiation. As a result, we
observed that 2 markers, Serpina3n and S100A4, matched
with the biomarkers of disease progression previously iden-
tified in the EAE model. According to several publications,
new functional neurons are constantly generated from NSCs
throughout life,21 and stem cells with potential to give rise to
new neurons reside in many different regions of the mam-
malian brain.22,23 Hence, neurogenesis occurs and persists in
the adult brain, where it may contribute to repair and recovery
after injury.

Gene expression profiles determined by microarrays revealed
that Serpina3n and S100A4 levels are low at early EAE (d8
pi), similar to the control group, but then their expression was

Figure 6 Correlation Plots Between CSF SERPINA3 and S100A4 Levels and CSF NFL Levels

Analysis was adjusted by age and graphs show biomarker levels corrected for age. (A) Correlation plots between SERPINA3 and NFL levels in the CSF of
patientswithMS, patients with PPMS, andpatientswith RRMS. (B) Correlation plots between S100A4 andNFL levels in the CSF of patientswithMS and patients
with PPMS and RRMS.MS: includes patientswith RRMS and PPMS. NFL = neurofilament light chain; PPMS =primary progressiveMS; r = correlation coefficient;
RRMS = relapsing-remitting.
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highly increased during disease progression. Likewise, at the
protein level, almost no expression for both markers was
detected in the inflammatory phase of the disease, indicating
that both markers are associated with the progressive phases
of EAE. To validate microarray data and to determine whether
levels of both markers were induced by inflammation, gene
expression experiments by means of qPCR included an ad-
ditional time point (d16 pi). At the inflammatory phase of the
disease (d16 pi), S100A4 levels were significantly increased
and remained high at later time points, suggesting that
S100A4 could also be a biomarker strongly induced by in-
flammation. In contrast, expression levels for Serpina3n were
increasingly elevated during EAE course and peaked at
chronic time points (from d36 onward), findings that point to
Serpina3n as a biomarker of disease progression that is not
significantly influenced by the inflammatory process. In the
context of EAE, no publications have determined the ex-
pression levels of Serpina3n during the disease. Conversely, a
proteomic approach identified S100A4 among other 3 pro-
teins whose levels were increased during EAE course of
relapse-remitting and chronic models of the disease.24

Serpina3n is a secreted peptidase inhibitor of the serpin
family,25 whose expression is induced by inflammation and
nerve injury.26,27 S100A4 is a Ca-binding protein, member
of the S100 family of proteins, which plays an important
role in tumor progression,28 but is also overexpressed in the
damaged human and rodent brain.29 We examined the
expression of both markers by immunofluorescence stain-
ing in cerebellum, hippocampus, and spinal cord tissues of
EAE mice. Our findings showed a strong colocalization of
Serpina3n with β-III-Tubulin+ neurons in EAE at d16, but
not in control mice. In addition, levels of Serpina3n in
neurons were increased at d50 pi, showing a correlation
with the chronic progressive phases of the disease. On the
other hand, no double staining Serpina3n/GFAP was ob-
served neither at d16 nor at d50 pi in EAE and PBS-
immunized mice, indicating that Serpina3n is not detected
in astrocytes during the EAE course. β-III-Tubulin+ neu-
rons were coimmunostained for S100A4 in EAE but not in
control animals, whereas no differences were observed
between d16 and d50 pi. GFAP+ astrocytes showed spo-
radic expression of S100A4 in the hippocampus. Immu-
nostaining of CNS tissues correlated with gene expression
levels observed during EAE, suggesting that S100A4 is
strongly induced by inflammation, and Serpina3n is a
marker associated with the progressive phases of the
disease.

It is important to mention that previous reports have de-
scribed both Serpina3n and S100A4 as secreted markers of
reactive astrocytes30,31 that, after brain injury, have been
detected in human and mouse neurons.32–34 In this context,
our present observations suggest that Serpina3n and S100A4
may be produced by reactive astrocytes at early EAE, and later,
both markers are secreted to neurons where they may par-
ticipate in repairing mechanisms. In this regard, a previous

work by Haile et al.35 demonstrated that in vivo treatment
with Serpina3n attenuated EAE severity through inhibition of
the enzymatic activity of the granzyme B released by activated
T cells, which protected from neuronal death. Similarly, in
models of brain injury, increased levels of S100A4, either
released by reactive astrocytes or after treatment with
recombinant S100A4, induced neuroprotection by rescuing
neurons from death and stimulating neuronal
differentiation.29,36

In the present study, we found that patients with MS showed
increased CSF levels of SERPINA3 and S100A4 compared
with neurologic controls. Within the MS group, differences
were only observed for SERPINA3 in the progressive forms
of the disease, SPMS and PPMS, compared with controls
and RRMS. Other studies have also demonstrated elevated
levels in CSF samples from patients with MS compared with
controls.37,38 However, in those studies, no comparisons
were performed between the different clinical forms. In
other pathologic conditions, SERPINA3 was found to be
increased in the CSF of patients with Alzheimer disease,39,40

and levels correlated with the degree of disease severity. In
this context, SERPINA3 has been associated with hyper-
phosphorylation and tau aggregation leading to neuro-
degeneration.41 These results most likely reflect the different
roles that Serpina3n/SERPINA3 may be playing depending
on the nature of the CNS insult42 and certainly underscore
the need of future studies to gain more insight into the
complex and diverse Serpina3n/SERPINA3 functions.
However, the finding of a significant correlation between
CSF SERPINA3 levels and CSF NFL levels in patients with
PPMS suggests that SERPINA3 is a biomarker associated
with disease progression rather than neuroprotection.

Because of the abundance of SERPINA3 in blood, a limitation
of the study is the lack of SERPINA3 determinations in serum
of patients to rule out a peripheral origin of the increased CSF
SERPINA3 levels observed in patients with progressive MS.
Although future studies are needed in this direction, the fact
that blood-brain barrier permeability is decreased in patients
with progressive MS43 makes this possibility unlikely.

In conclusion, we propose Serpina3n/SERPINA3 as a bio-
marker associated with the progressive forms of MS, partic-
ularly PPMS. Additional studies in large cohorts of patients
with relapsing and progressive MS are needed to confirm
SERPINA3 association with disease progression in patients
with PPMS.
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8. Espadas G, Borràs E, Chiva C, Sabidó E. Evaluation of different peptide fragmentation
types andmass analyzers in data-dependent methods using anOrbitrap Fusion Lumos
Tribrid mass spectrometer. Proteomics 2017;17.
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PhD

Statistics and
Bioinformatics Unit,
Institut de Recerca,
Hospital Vall d’Hebron,
Barcelona, Spain

Acquisition and analysis of
the data

Alex
Sanchez,
PhD

Statistics and
Bioinformatics Unit,
Institut de Recerca,
Hospital Vall d’Hebron,
Barcelona, Spain

Acquisition and analysis of
the data

Verónica
Brito, PhD

Centre d’Esclerosi Múltiple
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Abstract
Objective
To analyze the changes induced by ocrelizumab in blood immune cells of patients with primary
progressive MS (PPMS).

Methods
In this multicenter prospective study including 53 patients with PPMS who initiated ocreli-
zumab treatment, we determined effector, memory, and regulatory cells by flow cytometry at
baseline and after 6 months of therapy. Wilcoxon matched paired tests were used to assess
differences between baseline and 6 months’ results. p Values were corrected using the Bon-
ferroni test.

Results
Ocrelizumab reduced the numbers of naive and memory B cells (p < 0.0001) and those of
B cells producing interleukin (IL)-6, IL-10, granulocyte-macrophage colony-stimulating factor
(GM-CSF), and tumor necrosis factor-alpha (TNFα) (p < 0.0001 in all cases). By contrast, the
proportions of plasmablasts and B cells producing GM-CSF and TNFα increased significantly,
suggesting the need for treatment continuation. We also observed a decrease in CD20+ T-cell
numbers (p < 0.0001) and percentages (p < 0.0001), and a clear remodeling of the T-cell
compartment characterized by relative increases of the naive/effector ratios in CD4+ (p =
0.002) and CD8+ (p = 0.002) T cells and relative decreases of CD4+ (p = 0.03) and CD8+ (p =
0.004) T cells producing interferon-gamma. Total monocyte numbers increased (p = 0.002),
but no changes were observed in those producing inflammatory cytokines. The immunologic
variations were associated with a reduction of serum neurofilament light chain (sNfL) levels (p
= 0.008). The reduction was observed in patients with Gd-enhanced lesions at baseline and in
Gd− patients with baseline sNfL >10 pg/mL.

Conclusions
In PPMS, effector B-cell depletion changed T-cell response toward a low inflammatory profile,
resulting in decreased sNfL levels.
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MS is the most prevalent demyelinating disease of the CNS.
Most patients initially show with a relapsing-remitting (RR)
course. However, in about 10% of the cases, the disease starts
with a progressive disability worsening without remission
periods.1 This form of the disease is known as primary pro-
gressive MS (PPMS) and is associated with a poorer prog-
nosis.2 Classically, patients with PPMS do not benefit of
disease-modifying treatments approved for the relapsing form
of the disease.3 This changed recently with the approval of
ocrelizumab (Ocrevus; Roche, Grenzach-Wyhlen, Germany)
as a disease‐modifying treatment for PPMS. Its efficacy and
safety were demonstrated in the ORATORIO phase III
clinical trial.4.5

At the molecular level, these humanized antibodies selectively
target cells that express CD20 on their surface. The CD20
molecule is expressed in most B-cell subsets as pre-B, naive,
and memory B cells, whereas it is absent in stem cells, pro-B
cells, and plasma cells. Accordingly, ocrelizumab treatment
results in B depletion mediated by complement, cellular cy-
totoxicity, or apoptosis.6 However, its effect on other immune
cell subsets has not been fully addressed. The effects of B-cell
depletion by rituximab, another CD20 monoclonal antibody,
were studied in patients with RRMS. Flow cytometry dem-
onstrated reduced CSF B cells and T cells in most patients 6
months after treatment.7 CD4+ and CD8+ T-cell reduction
remained stable with subsequent rituximab cycles. This was
also observed in other immune cell types.8 Future studies will
address whether additional changes are observed in patients
with RRMS treated with ocrelizumab. In this line, a nearly
complete depletion of B cells was observed in patients with
PPMS 2 weeks after the administration of a single dose of this
drug.9,10 However, CD20 is also expressed on a small subset
of CD3+ T cells, a highly activated subset of T cells displaying
increased expression of activation markers and production of
proinflammatory cytokines.11,12 These cells are found in
blood, CSF, and chronic brain lesions of patients with MS12,13

and have shown to be effectively depleted by rituximab in
patients with RRMS14 and ocrelizumab in a small cohort of 21
patients with MS (only 4 of them classified as patients with
PPMS).9,10 Despite these data, less is known about the effect
of ocrelizumab in different T- and B-cell subsets as well as on
natural killer (NK) cells and monocytes.

We describe the changes induced by ocrelizumab in blood
immune cells of patients with PPMS to further understand the
effect of the drug in the abnormal inflammatory response
taking place in these patients.

Methods
This multicenter prospective longitudinal study included 53
patients diagnosed with PPMS according to the McDonald
criteria15 who consecutively initiated ocrelizumab treatment in
10 university hospitals. Basal patient data are depicted in table 1.

MRI examination was performed within 1 month before
treatment initiation following clinical protocols established in
each of the centers.

Sample Collection
Patient heparinized blood specimens were obtained just be-
fore initiating ocrelizumab treatment and 6months thereafter,
before the second dosing. Samples were sent to the Immu-
nology Department of Hospital Ramón y Cajal (Madrid)
where peripheral blood mononuclear cells (PBMCs) were
separated 24 hours after blood collection, including those
collected at the same hospital, and cryopreserved until stud-
ied. Basal and 6-month samples were studied simultaneously
to avoid interassay variability. Serum samples were stored at
−80°C until processed. A second aliquot of fresh blood col-
lected in an EDTA tube was used to explore total lymphocyte
and monocyte counts in a Coulter counter.

Monoclonal Antibodies
CD8-FITC, CD20-FITC, CD24-FITC, interferon-gamma
(IFNγ)-FITC, interleukin (IL)-1β-FITC, CD27-PE, IL-10-
PE, CD197 (CCR7)-PE, GM-CSF-PE, CD3-PerCP, tumor
necrosis factor-alpha (TNFα)-PerCP-Cy5.5, CD19-PE-Cy7,
CD25-PE-Cy7, programmed death-ligand 1 (PD-L1)-PE-
Cy7, CD45RO-APC, CD56-APC, IL-12-APC, IL-6-APC,
CD4-APC-H7, CD8-APC-H7, CD14-APC-H7, CD38-APC-
H7, CD3-BV421, CD127-BV421, IL-6-BV421, CD45-V500
(BD Biosciences, San Jose, CA), and IL-17-APC (R&D Sys-
tems, Minneapolis, MN).

Labeling of Surface Molecules
We prepared aliquots of 106 PBMCs in RPMI 1640 medium
(Thermo Fisher Scientific, Waltham, MA), labeled them with
adequate amounts of fluorescence-labeled monoclonal anti-
bodies during 30 minutes at 4°C in the dark. Cells were
washed twice with PBS and analyzed by flow cytometry as
detailed below.

In Vitro Stimulation and Intracellular
Cytokine Staining
We studied intracellular production of pro- and anti-inflammatory
cytokines by B and T lymphocytes as previously described.16 In

Glossary
EM = effector memory; GM-CSF = granulocyte-macrophage colony-stimulating factor; IFN-γ = interferon-gamma; Ig =
immunoglobulin; IL = interleukin; NK = natural killer; PBMC = peripheral blood mononuclear cell; PD-L1 = programmed
death-ligand 1; PPMS = primary progressive MS; RRMS = relapsing-remitting MS; sNfL = serum neurofilament light chain;
TD = terminally differentiated; TNFα = tumor necrosis factor-alpha.
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addition, we explored intracellular cytokine production by
monocytes by stimulating aliquots of 106 PBMCs with 1 mg/mL
lipopolysaccharide (from Escherichia coli O111: B4; Merck,
Kenilworth, NJ) during 4 hours at 37°C in 5% CO2.

Flow Cytometry
PBMCs were analyzed within 1 hour after antigen labeling.
Isotype controls were used for setting mean auto-
fluorescence values. Results obtained were analyzed using
FACSDiva software V.8.0 (BD Biosciences) as previously
described.16 A minimum amount of 5 × 104 events were
analyzed. The gating strategy is shown in figure e-1 (links.
lww.com/NXI/A368). For intracellular cytokine staining,
nonstimulated PBMCs were used as control of basal pro-
duction (figure e-2, links.lww.com/NXI/A369). We ex-
plored intracellular production of IL-1β, IL-6, IL-10, IL-12,
and TNFα by monocytes; IFNγ, granulocyte-macrophage
colony-stimulating factor (GM-CSF), TNFα, IL-17, and IL-
10 by CD4 and CD8 T cells; and IL-6, IL-10, TNFα, and
GM-CSF by B cells.

Flow Cytometry Analyses
To avoid bias due to B-cell depletion, we analyzed total cell
counts per microliter for every leukocyte subset. This was
calculated by exploring percentages over total mononuclear
cells (CD45+) and total lymphocyte and monocyte numbers
as described above. In addition, we recorded the values of
every T, B, NK, and monocyte subset relative to total T, B,
NK, and monocyte cells, respectively.

Immunoglobulin and sNfL Quantification
Immunoglobulin (Ig) G, IgA, and IgM levels were measured
by nephelometry on a BN ProSpec analyzer (Siemens
Healthcare Diagnostics). Serum neurofilament light chain
(sNfL) levels were quantified in a SR-X instrument (Quan-
terix, Lexington, MA) using the single molecule array NF-
light Advantage Kit technique (Quanterix, Billerica, MA).17

Statistical Analysis
Statistical analyses were performed with GraphPad Prism 6.0
software (GraphPad Prism Inc., San Diego, CA). Differences
between basal and 6months samples were assessed byWilcoxon
matched paired tests. p Values were adjusted using the Bonfer-
roni method. p Values below 0.05 were considered significant.

Standard Protocol Approvals, Registrations,
and Patient Consents
This study was approved by the Ramón y Cajal University
Hospital Clinical Research Ethics Committee. Written in-
formed consent was obtained from every patient before entry.

Data Availability
Anonymized data supporting the findings of this study will be
shared by any qualified investigator during 3 years after the
publication of the study on reasonable request.

Results
Fifty-three patients with PPMS (43% females) treated with
ocrelizumab for at least 6 months were included in this study.
Median (range) age and disease durationwere respectively 52.0
(33.0–67.0) and 8.8 (1.4–15.4) years, respectively, and the
median Expanded Disability Status Scale score was 6 (2–8) at
baseline. MRI data from 48 patients were available. A low
baseline activity (defined as less than 10 lesions) was observed
in 22.9%of patients, with amoderate activity (10–50 lesions) in
60.5% and a high (50–100 lesions) or very high activity (>100
lesions) in 16.6%. Twelve patients (25%) of our cohort showed
at least 1 contrast-enhancing lesion (table 1).

We studied the changes induced by ocrelizumab in the pe-
ripheral blood mononuclear cell counts after 6 months of
treatment. Patients experienced a discrete decrease in the
absolute lymphocyte counts, not reaching statistical signifi-
cance (ns) after Bonferroni correction and a clear increase in
absolute CD14+ monocyte counts (p = 0.002, table e-1, links.
lww.com/NXI/A372). We further addressed the impact of
this drug on the absolute numbers and population percent-
ages of different leukocyte subsets.

B Cells
As expected, total CD19+ B-cell counts were strongly reduced
after ocrelizumab treatment (p < 0.0001, figure 1A and table
e-1, links.lww.com/NXI/A372). We first explored effector
and memory B-cell subsets. Ocrelizumab induced a decrease
in naive and memory B-cell numbers (both p < 0.0001, figure
1A and table e-1) and of plasmablasts although the last one
did not reach statistical significance (p = 0.06, figure 1A and
table e-1). On the other hand, it caused a clear increase in
percentages of plasmablasts and transitional B cells (both p <
0.0001, figure 1B and table e-1) relative to total CD19+ B cells.

When we evaluated intracellular cytokine production by
B cells, we observed a drastic reduction in IL-6, IL-10, GM-

Table 1 Baseline Data and Patient Characteristics (n = 53)

Age, y, median (range) 52.0 (33.0–67.0)

Sex, F/M 23/30

Disease duration, y, median (range) 8.8 (1.4–15.4)

EDSS score, median (range) 6.0 (2.0–8.0)

Patients showing contrast-enhancing
lesions (n = 48), n (%)

12 (25.0)

T2 lesions on MRI (n = 48), n (%)

<10 lesions 11 (22.9)

10–50 lesions 29 (60.5)

50–100 lesions 4 (8.3)

>100 lesions 4 (8.3)

Abbreviation: EDSS = Expanded Disability Status Scale.
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CSF, and TNFα B-cell numbers (all p < 0.0001, figure 1C and
table e-2, links.lww.com/NXI/A373). Ocrelizumab also in-
duced a decrease in the percentage of B cells producing TNFα
(p < 0.0001) relative to total CD19+ B cells and a clear in-
crease in the proportion of regulatory B cells producing IL-10
(p < 0.0001). By contrast, we also observed relative increases
in the percentages of B cells producing IL-6 (p = 0.004) and
GM-CSF (p < 0.0001) (figure 1D and table e-2).

T Cells
We next studied the effects of ocrelizumab in CD4+ T-cell
subsets. No significant differences were observed in the total
cell numbers except for a trend toward an increase in Treg
CD4+ cells (p = 0.03, ns after Bonferroni correction, table e-1,
links.lww.com/NXI/A372). However, we found a clear de-
crease in the percentage of terminally differentiated (TD) (p
< 0.0001) CD4+ T subset relative to total CD4+ T cells and a
trend toward relative increases in the percentages of naive
CD4+ T cells (p = 0.005, ns after Bonferroni correction) as
shown in figure 2A and table e-1. When we explored CD8+

T cells, we found a decrease in effector memory (EM) CD8+

T-cell percentages relative to total T CD8+ cells (p = 0.001,
figure 2B and table e-1). We also observed an increase in the
percentage of naive CD8+ T cells (p = 0.01, figure 2B and
table e-1). In addition, we found clear increases in the ratios
between naive/TD CD4+ T cells (p = 0.002, figure 2A and
table e-1) and naive/EM CD8+ T cells (p = 0.002, figure 2B
and table e-1). These increases were maintained for the ratios
between naive and effector subsets (naive/EM + TD ratio) in
both CD4+ (p = 0.009, figure 2A and table e-1) and CD8+ (p =
0.002, figure 2B and table e-1) T cells.

CD20+ T cells were analyzed in 39 patients with PPMS of our
cohort. We observed a marked decrease in this subset both in
absolute numbers (p < 0.0001) and in the percentage of
CD20+ T cells relative to CD3+ T cells (p < 0.0001) (table
e-1, links.lww.com/NXI/A372). In addition, we explored
changes after 6 months of ocrelizumab treatment in CD4+

and CD8+ T-cell subsets expressing or not CD20 (figures e-3,
links.lww.com/NXI/A370 and e-4, links.lww.com/NXI/
A371). We found significant decreases in the percentages of
all CD4+CD20+ and CD8+CD20+ subsets related to total
CD4+ and CD8+ T cells, respectively. However, when we
explored CD20− T-cell subsets, we observed only a decrease
of TD CD4+ (p = 0.002) and EM CD8+ (p = 0.0008) T-cell
subsets and an increase of naive CD8+ T cells (p = 0.007),
similar to that detected in total CD4+ and CD8+ T-cell
subsets.

On studying intracellular cytokine production by CD4+ and
CD8+ T cells, no changes were found in absolute cell counts
except for a tendency to increase in IL-10–producing CD4+

cells (p = 0.04, ns after Bonferroni correction, table e-2, links.
lww.com/NXI/A373). However, we observed a clear de-
crease in the percentages of CD4+ (p = 0.03) and CD8+ (p =
0.004) T cells producing IFNγ, respectively, to total CD4+

and CD8+ T cells (table e-2).

Innate Immune Cells
When we explored innate immune cells, we observed only a
discrete decrease in the total numbers of CD56 bright NK
cells (p = 0.005, table e-1, links.lww.com/NXI/A372), an
increase in total monocyte numbers (p = 0.002, table e-1), and
a trend toward an increase in the numbers of PD-L1-
expressing monocytes (p = 0.007, ns after Bonferroni cor-
rection, table e-1). No changes were found in numbers or
proportions of monocytes producing pro- or anti-
inflammatory cytokines (table e-2, links.lww.com/NXI/
A373).

Serum Igs and NfL Levels
IgG and IgA levels remained stable after ocrelizumab treat-
ment. Only serum IgM levels decreased (p < 0.0001), but no
patient reached levels below the normal range (data not
shown). sNfL levels decreased after ocrelizumab treatment (p
= 0.008, figure 3A).

Influence of Inflammatory Status in
Ocrelizumab-Induced Changes
We finally evaluated changes in blood leukocyte subsets and
in serum Igs and NfL values in patients showing (n = 12,
Gd+) or lacking (n = 41, Gd−) gadolinium-enhanced lesion at
baseline to elucidate whether the inflammatory status could
condition ocrelizumab effects described above. No significant
differences were observed in the leukocyte subsets or serum
Igs between both groups. However, when studying sNfL, we
found a significant decrease in patients showing gadolinium-
enhancing lesions (p = 0.03, figure 3B) at baseline and only a
trend (p = 0.06) in those lacking them. Of note, when we
divided Gd− patients according to their baseline sNfL values,
we found that those with values higher than 10 pg/mL (n =
22) experienced a clear decrease on ocrelizumab treatment (p
= 0.006, figure 3C), whereas those with baseline sNfL below
10 pg/mL (n = 19) did not experience significant changes
(figure 3D).

Discussion
Ocrelizumab is a humanized monoclonal antibody that se-
lectively depletes CD20-expressing B cells, preserving the
capacity for B-cell reconstitution and preexisting humoral
immunity.18 The changes in the different peripheral blood
immune cell subsets induced by this treatment have not been
totally identified yet. We explored changes of a wide variety of
leukocytes including different T, B, NK, and monocyte sub-
sets in a multicenter prospective cohort of 53 patients with
PPMS treated with this drug, by exploring these cells in
baseline and 6 months’ samples before treatment with the
second dose of ocrelizumab.

Ocrelizumab induced a drastic depletion of CD19+ B-cell
counts mainly because of a reduction in naive and memory
subsets. In addition, we observed a trend toward a decrease in
the number of plasmablasts. If confirmed in larger series, this
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will be relevant because they are an important effector subset
inMS19 being the effect of anti-CD20 antibodies on this B-cell
subset questioned because of their low CD20 expression.20

The only B-cell subset not experiencing a decrease at 6
months was transitional B cells. In fact, the proportion of
these cells increased within the B-cell compartment, con-
firming that the B-cell repopulation is not affected by ocreli-
zumab18 because it was also observed on rituximab21 and
fingolimod treatments.22 The proportion of plasmablasts also
increased 6 months after ocrelizumab administration, sug-
gesting a rapid B-cell differentiation to effector subsets.

We also observed a dramatic decrease in the numbers of B cells
secreting TNFα, IL-6, IL-10, and GM-CSF. Moreover, there

was a relative decrease in the proportion of TNFα-producing
cells and a relative increase of IL-10–producing cells in the
B-cell compartment as reported for patients with RRMS.23

However, there were also relative increases in GM-CSF- and
IL-6-producing B cells, showing that some effector B cells can
promptly arise after ocrelizumab treatment and strongly sug-
gesting that anti-CD20 treatment does not reconstitute a fully
healthy immune system or re-establish immune tolerance in all
patients,24 supporting the need for retreatment.

Anti-CD20 treatment also alters T-cell activation and cyto-
kine production.8 We observed no significant changes in
T-cell numbers after ocrelizumab treatment, with the excep-
tion of CD20+ T cells, which clearly decreased both in number

Figure 1 Changes in Blood B-Cell Subsets on Ocrelizumab Treatment

B-cell subsets were obtained before (0M) and at 6 months (6M) of ocrelizumab treatment (n = 53). (A) Absolute numbers (cells/μL) of the different CD19+ B-cell
subsets. (B) Percentagesof theCD19+B-cell subsets related to total CD19+ cells. (C) Absolutenumbers (cells/μL) ofCD19+ cytokine-producing cells. (D) Percentages
of CD19+ cytokine-producing cells related to total CD19+ cells. Median and 25%–75% interquartile range values are shown. **p < 0.01, ****p < 0.0001. GM-CSF =
granulocyte-macrophage colony-stimulating factor; IL = interleukin;MemB=memoryB cell; PB = plasmablasts; TNF = tumornecrosis factor; TransB= transitional
B cell.
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and percentages. This represents a unique cell population with
a highly activated phenotype, proinflammatory and migratory
properties, which has been proposed to play an important role
in MS pathology.12 Its downregulation may also be part of the
beneficial effect of ocrelizumab in PPMS. Decreases in total
CD20+ T-cell counts were also described for alemtuzumab,
fingolimod, and dimethyl fumarate, but no reductions of the

proportions within the T-cell compartment were observed for
these drugs.12 Apart from this, ocrelizumab caused in the
CD20−T cells a decline of the proportion of effector T cells, an
increase of CD8+ naive T cells, and of the ratio of naive/effector
T cells. These data confirm that B-cell depletion induces a
redistribution of the T-cell compartment, which favors naive vs
effector cells.

Figure 2 Changes in Blood T Cells Induced by Ocrelizumab Treatment

Percentages of CD4+ (A) and CD8+ (B) T-cell subsets,
referred to total CD4+ andCD8+ T cells, respectively,
obtained before (0M) and at 6 months (6M) of
ocrelizumab treatment (n = 53). Median and
25%–75% interquartile range values are shown.
*p< 0.05, ***p< 0.001, ****p< 0.0001.CM= central
memory; EM = effector memory; TD = terminally
differentiated.
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Ocrelizumab also shows an effect in cytokine-producing
T cells. It induced decreases of CD4+ and CD8+ T cells
producing IFNγ in our cohort. This decrease could be ob-
served 6 months after ocrelizumab administration. The du-
rable effect on IFN-γ–producing T cells can contribute to the
clinical benefit of ocrelizumab in PPMS.

Moreover, we observed an increase in total numbers of
monocytes expressing PD-L1, the ligand of the cell surface
receptor PD-1, which promotes self-tolerance by suppressing
T-cell inflammatory activity.25 This could be important to
modulate the abnormal response in MS.

By contrast, our data showed a decrease in the numbers, but
not in percentages, of CD56 bright NK cells, thus suggesting
that, opposite to that observed in response to other treat-
ments in patients with RRMS,16,26,27 these cells do not play a
role in the response to ocrelizumab treatment in PPMS.

Regarding serum Igs, ocrelizumab induced a decrease in se-
rum IgM levels after treatment as previously described with
rituximab with no changes in IgG and IgA values.

We finally explored changes in sNfL levels. Increasing data
support that sNfL levels associate with disease activity and
treatment response in patients with RRMS.29 In this line, we
observed a clear decrease of sNfL in patients showing Gd-
enhanced lesions at baseline, but remarkably, it also significantly
reduced the sNfL values in more than 50% of Gd− patients, who
showed basal sNfL higher than 10 pg/mL, which suggests that
these patients with PPMS still could have some inflammatory
activity that can be modulated on ocrelizumab treatment.

Our data contribute to show the changes induced by ocreli-
zumab in blood leukocytes of patients with PPMS, indicating

that in addition to its impact on B cells, it can reshape the
T-cell response toward a low inflammatory profile and induce
a clear decrease in sNfL levels. These data should be con-
firmed in larger cohorts.
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Abstract
Objective
The aim of this study was to analyze the clinical, radiologic, and biological features associated
with human herpesvirus 6 (HHV-6) encephalitis in immunocompetent and immunocom-
promised hosts to establish which clinical settings should prompt HHV-6 testing.

Methods
We performed a retrospective research in the virology database of Fondazione IRCCS Poli-
clinico SanMatteo (Pavia, Italy) for all patients who tested positive for HHV-6DNA in the CSF
and/or in blood from January 2008 to September 2018 and separately assessed the number of
patients meeting the criteria for HHV-6 encephalitis in the group of immunocompetent and
immunocompromised hosts.

Results
Of the 926 patients tested for HHV-6 during the period of interest, 45 met the study criteria.
Among immunocompetent hosts (n = 17), HHV-6 encephalitis was diagnosed to 4 infants or
children presenting with seizures or mild encephalopathy during primary HHV-6 infection
(CSF/blood replication ratio <<1 in all cases). Among immunocompromised hosts (n = 28),
HHV-6 encephalitis was diagnosed to 7 adolescents/adults with hematologic conditions pre-
senting with altered mental status (7/7), seizures (3/7), vigilance impairment (3/7), behavioral
changes (2/7), hyponatremia (2/7), and anterograde amnesia (1/7). Initial brain MRI was
altered only in 2 patients, but 6 of the 7 had a CSF/blood replication ratio >1.

Conclusions
The detection of a CSF/blood replication ratio >1 represented a specific feature of immuno-
compromised patients with HHV-6 encephalitis and could be of special help to establish a
diagnosis of HHV-6 encephalitis in hematopoietic stem cell transplant recipients lacking ra-
diologic evidence of limbic involvement.
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Human herpesvirus 6 (HHV-6) is a ubiquitous herpesvirus
that commonly infects children younger than 3 years.1 Pri-
mary infection sometimes causes exanthema subitum, a
common exanthematic disease among infants that may be
accompanied by neurologic manifestations such as febrile
seizures and encephalitis.2–4

The ability of HHV-6 to cause encephalitis in older children
and adults remains debated. Although, indeed, the literature
reports some cases of HHV-6 encephalitis in immunocom-
petent adults, in those cases, the detection of HHV-6 DNA in
the CSF more likely reflects chromosomal integration rather
than active CNS infection.5 About 1% of healthy individuals
harbor in fact sequences of HHV-6 DNA integrated in their
genome,6 highlighting the need to be extremely careful in the
interpretation of the results of PCR testing.

Similarly to other herpesviruses, HHV-6 is able to establish
lifelong latency in the host following primary infection and
reactivate in the event of immune suppression.1 HHV-6
reactivation is especially common following hematopoietic
stem cell transplantation (HSCT), resulting in delayed en-
graftment,7 fever, rash, hepatitis, pneumonitis, and encepha-
litis.1 HHV-6 encephalitis is typical of the early
posttransplantation period and has been classically described
as a limbic encephalitis.8 Nonetheless, some reports suggest
that the spectrum of neurologic manifestations associated
with HHV-6 in HSCT recipients might be much broader.9

The lack of clarity on the phenotypes associated with HHV-6
encephalitis in immunocompetent and immunocompromised
individuals has hampered to reach a consensus on the criteria
that should guide HHV-6 testing and interpretation in im-
munocompetent and immunocompromised hosts, with a high
risk of misdiagnosis and a waste of economic resources. In this
study, we analyzed a large cohort of patients who tested
positive for HHV-6 in the CSF and/or in blood with the aim
to define the phenotypes associated with HHV-6 encephalitis
in immunocompetent and immunocompromised individuals
and pinpoint which clinical settings should prompt HHV-6
testing.

Methods
We performed a retrospective research in the virology da-
tabase of Fondazione IRCCS Policlinico San Matteo (Pavia,
Italy) for all patients tested for HHV-6 DNA in the CSF
using standard PCR assays from January 2008 to September
2018. The medical records from all patients who tested
positive for HHV-6 DNA in the CSF and/or in whole blood

during the period of interest were reviewed by a trained
team of physicians. Patients with insufficient clinical in-
formation, patients without neurologic symptoms or tested
more than 15 days after neurologic symptom onset were
excluded from the study. We separately assessed the num-
ber of patients meeting the criteria for febrile seizures/
encephalitis in the context of primary HHV-6 infection2 and
for HHV-6 encephalitis due to viral reactivation10 (table 1)
in the group of immunocompetent and immunocompro-
mised hosts. Hair follicle testing was performed in all pa-
tients who tested positive for HHV-6 DNA in whole blood
and CSF and who had viral loads in blood exceeding 106

copies/mL.11 Patients who tested positive for HHV-6 DNA
on hair follicles were considered as having chromosomally
integrated HHV-6 (ciHHV-6).11

Standard Protocol Approvals, Registrations,
and Patient Consents
Ethic approval was obtained from local institutional review
boards.

Statistical Analyses
Statistical analyses were performed using the software R,
version 3.6.1. Descriptive statistics were used to summarize
quantitative data. The distribution of categorical variables
between groups was assessed using the Fisher test. The
established threshold for statistical significance was p = 0.05.

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

Results
Of the 926 patients who had their CSF tested for HHV-6
DNA during the period of interest, 45 met the study criteria
(figure e-1, links.lww.com/NXI/A384). Thirty patients were
children/adolescents (aged <18 years) (30/45, 67%), and 15
were adults (aged ≥18 years) (15/45, 33%). Seventeen pa-
tients were immunocompetent (17/45, 38%) and 28 patients
immunocompromised (28/45, 62%). The main clinical
characteristics in the whole cohort (n = 45), in the group of
immunocompetent (n = 17), and in the group of immuno-
compromised (n = 28) patients are reported in table e-1.

Immunocompetent Hosts
Themedian age in the group of immunocompetent patientswas
2.7 years (range: 0.0–77.0 years). Fever and rash were present in
9 (9/17, 53%) and 3 (3/17, 18%) patients, respectively. Neu-
rologic symptoms included altered mental status (6/17, 35%),

Glossary
ciHHV-6 = chromosomally integrated HHV-6; HHV-6 = human herpesvirus 6; HSCT = hematopoietic stem cell
transplantation.
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seizures (3/17, 18%), and focal deficits (8/17, 47%). Eight pa-
tients tested positive for HHV-6 DNA in both CSF and blood
(8/17, 47%), 2 patients tested positive in the CSF but were not
tested in blood (2/17, 12%), and 7 patients tested positive only in
blood (7/17, 41%). Regardless of HHV-6 positivity in the CSF,
all immunocompetent individuals had a CSF/blood replication
ratio <1. Final diagnosis was of febrile seizures/encephalitis in the
context of primary HHV-6 infection in 4 patients (4/17, 24%)
and other condition unrelated to HHV-6 in the remaining 13
cases (13/17, 76%) (figure 1).

Febrile Seizures/Encephalitis in the Context of
Primary HHV-6 Infection
The main clinical and biological features in the 4 immu-
nocompetent individuals meeting the diagnostic criteria
for febrile seizures/encephalitis during primary HHV-6
infection are summarized in table 2. All 4 patients were
infants or children younger than 2 years presenting with
fever, with or without rash. Neurologic manifestations
included seizures in 2 patients and irritability in other 2. All
4 patients tested positive for HHV-6 in both blood and

Table 1 Diagnostic Criteria Used for the Definition of Febrile Seizures or Encephalitis in the Context of Primary Human
Herpesvirus 6 (HHV-6) Infection and for the Definition of HHV-6 Encephalitis Due to Viral Reactivation

Febrile seizures or encephalitis during primary HHV-6 infection, modified from Ward et al., 20052

(1) Children presenting with suspected encephalitis and/or severe illness with fever and convulsions

(2) HHV-6 DNA detection in blood not attributable to chromosomal integration

(3) Exclusion of alternative etiologies that could explain clinical symptoms or findings

HHV-6 encephalitis due to viral reactivation, from Bhanushali et al., 201310

(1) Clinical symptoms of encephalitis (i.e., altered mental status and/or amnesia and/or seizures)

(2) Presence of HHV-6 in the CSF

(3) Exclusion of alternative etiologies that could explain clinical symptoms or findings

Figure 1 Flowchart Diagram Illustrating Final Diagnoses Depending on the Immunologic Status of the Host and the
Compartment(s) of Viral Replication

ciHHV-6 = chromosomally integrated human herpesvirus 6.
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CSF, with a median viral load of 410 copies/mL in the CSF
(range: 40–14,060 copies/mL) and 85,230 copies/mL in
blood (range: 4,750–495,540 copies/mL), resulting in a
CSF/blood replication ratio <<1 in all cases. CSF pleo-
cytosis was present in 1 case of 3. A single patient un-
derwent brain MRI (patient 1 in table 2), which showed
normal findings. None of the patients received specific
antiviral treatment. All of them recovered completely
within a week from hospital admission.

Alternative Diagnoses
Alternative diagnoses in the 13 immunocompetent pa-
tients who did not meet the criteria for febrile seizures or
encephalitis during primary HHV-6 infection included
post/para-infectious neurologic syndromes (n = 6), MS (n
= 1), aseptic meningitis (n = 1), Listeria monocytogenes
meningoencephalitis (n = 1), febrile convulsions (n = 1),
primary CNS lymphoma (n = 1), cranial mononeuritis (n =
1), and bacterial spondylodiscitis (n = 1).

In 4 patients, HHV-6 DNA detection in blood and CSF
reflected chromosomal integration. Patients with ciHHV-6
had positive PCR results in both the CSF and blood, with viral
loads in the order of magnitude of millions copies of HHV-6
DNA in blood (median: 6,630,575 copies/mL, range:
1,081,400–7,700,000 copies/mL) and thousands copies in the
CSF (median: 6,640 copies/mL, range: 2,640–18,520 copies/
mL). Themedian viral load in the 9 patients without ciHHV-6
was instead of 3,330 copies/mL in blood (range: 300–33,930)
and 0 copies/mL in the CSF (range: 0–40). Individual patient
data for patients in this group are reported in table e-2 (links.
lww.com/NXI/A384).

Immunocompromised Hosts
The median age in the group of immunocompromised pa-
tients was 14.3 years (range: 2.0–88.6 years). The underlying
condition of immune suppression was represented by a he-
matologic disorder in 27 of the 28 cases. Patients in this group
had been heavily treated, having previously received high-
dose chemotherapy (25/27, 93%), monoclonal antibodies
(9/17, 53%), and hematopoietic stem cell transplantation
(23/27, 85%). The remaining patient was a solid organ

transplant recipient who was still receiving immune sup-
pressants for the prevention of graft vs host disease. Fever was
an accompanying feature in 4 cases (4/28, 14%) and rash in 2
(2/28, 7%). Neurologic symptoms included altered mental
status (17/28, 61%), seizures (11/28, 39%), and focal deficits
(5/28, 18%). Fourteen patients tested positive for HHV-6
DNA in both CSF and blood (14/28, 50%), 2 patients tested
positive only in the CSF (2/28, 7%), 1 patient tested positive
in the CSF but blood was not investigated (1/28, 4%), and 11
patients tested positive only in blood (11/28, 39%). Final
diagnosis was of HHV-6 encephalitis due to viral reactivation
in 7 patients (7/28, 25%), other condition unrelated to HHV-
6 in 14 patients (14/28, 50%), and remained undetermined in
7 cases (7/28, 25%) (figure 1).

HHV-6 Encephalitis Due to Viral Reactivation
Table 3 summarizes the main clinical and paraclinical features
in the 7 immunocompromised patients who met the criteria
for HHV-6 encephalitis due to viral reactivation. Five patients
were adults, and 2 were adolescents. All patients were affected
with hematologic conditions, and 6 of the 7 had received
allogeneic HSCT (median delay from HSCT to neurologic
symptoms: +91 days, range: 20–630). A single patient had
systemic symptoms including fever, pruritus, and rash (pa-
tient 7 in table 3).

All 7 patients presented with altered mental status, which was
associated with seizures (3/7, 43%), vigilance impairment (3/
7, 43%), behavioral changes (2/7, 29%), hyponatremia (2/7,
29%), anterograde amnesia (1/7, 14%), and/or dysautono-
mia (1/7, 14%). CSF pleocytosis was detected in only half of
cases (2/4, 50%) (patients 1 and 3 in table 3). Initial brain
MRI, performed from 2 to 4 days after symptom onset, was
altered in only 2 patients of 6 (2/6, 33%) (patients 3 and 7 in
table 3). However, a second brain MRI, performed a median
of 2 weeks after the first, disclosed radiologic alterations
compatible with HHV-6 encephalitis in 2 additional patients
who initially had normal findings (figure 2).

HHV-6 replication was limited to the CSF in 2 patients,
whereas the remaining 5 also tested positive in blood. The
median viral load in the CSF was 49,200 copies/mL (range:

Table 2 Clinical and Paraclinical Characteristics in the 4 Immunocompetent Infants Diagnosed With Febrile Seizures/
Encephalitis in the Context of Primary HHV-6 Infection

Patient Age, y Sex
Systemic
symptoms

Neurologic
symptoms

HHV-6 copies/mL
in the CSF

HHV-6 copies/mL
in blood

CSF/blood
replication ratio

Clinical
evolution

1 0.9 F Fever and
rash

Seizures 14,060 495,540 0.03 Complete
recovery

2 0.9 M Fever Irritability and
behavioral changes

80 21,060 0.004 Complete
recovery

3 1.8 M Fever Seizures 740 149,400 0.005 Complete
recovery

4 0.1 F Fever and
rash

Irritability 40 4,750 0.008 Complete
recovery
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40–6,959,200 copies/mL), and the median viral load in blood
was 4,230 copies/mL (range: 0–378,900 copies/mL). The
CSF/blood replication ratio was >1 in all patients except for
the one showing systemic symptoms of HHV-6 infection
(fever, rash, and pruritus), in whom HHV-6 viral load pre-
vailed in blood.

All patients received IV ganciclovir, with or without associated
foscarnet, except for a single patient who died before receiving
antiviral treatment (patient 5 in table 3). A total of 4 patients
died during the acute phase as a consequence of intervening
systemic complications or general status deterioration (4/7,
57%). The remaining 3 patients survived the infection but
experienced mild to moderate cognitive sequelae (3/7, 43%).

Alternative Diagnoses
Fourteen immunocompromised patients received alter-
native diagnoses, including posterior reversible encepha-
lopathy syndrome (n = 2), CNS localizations of their
underlying hematologic malignancies (n = 4), cytomega-
lovirus infection (n = 2), metabolic encephalopathy (n =
2), ischemia (n = 2), inflammatory encephalomyelitis (n =
1) and migraine (n = 1). All patients in this group had

HHV-6 viral loads largely prevailing in blood (CSF/blood
replication ratio <1).

In 3 patients, HHV-6 DNA detection in blood and CSF
reflected chromosomal integration. Patients with ciHHV-6
had viral loads in the order of magnitude of millions
copies in blood (median: 572,220 copies/mL, range:
497,200–8,650,000 copies/mL) and thousands copies in the
CSF (median: 53,240 copies/mL, range: 1,360–141,140
copies/mL). The median HHV-6 viral load in the 11
remaining patients was of 6,175 copies/mL in blood (range:
100–365,400 copies/mL) and 60 copies/mL in the CSF
(range: 0–20,000 copies/mL).

Undetermined Diagnoses
Seven immunocompromised patients remained without a
definite etiologic diagnosis despite a comprehensive work-up
that included an extensive research for infectious, neoplastic,
metabolic, vascular, and autoimmune etiologies. The clinical
and paraclinical characteristics of these 7 patients are sum-
marized in table 4. Four patients were children, and 3 were
adults. All patients had an underlying hematologic disorder, 6
of the 7 having received allogeneic HSCT. All patients tested

Table 3 Clinical and Paraclinical Characteristics in the 7 Immunocompromised Patients Diagnosed With HHV-6
Encephalitis

Patient Age, y Sex
Hematologic
condition Mab

HSCT (days
from HSCT
and
symptom
onset)

Neurologic
symptoms

Brain MRI
(days from
symptom
onset)

HHV-6
copies/
mL in
the CSF

HHV-6
copies/
mL in
blood

CSF/blood
replication
ratio

Clinical
evolution

1 58.4 M NHL Yes Yes (+24) Confusion,
anterograde
amnesia,
behavioral
changes, and
hyponatremia

Normal
(+3 d) →
altered
(+16 d)

49,200 4,500 10.9 Death
because of
systemic
complications

2 11.7 F ALL Yes Yes (+79) Confusion,
seizures,
hyponatremia,
and
dysautonomia

Normal
(+2 d) →
altered
(+16 d)

6,959,200 174,900 39.8 Favorable

3 63.0 M CLL Yes Yes (+103) Stupor and
confusion

Altered
(+2 d)

40 0 ‘ Favorable

4 21.2 M ALL Yes Yes (+115) Confusion and
seizures

Not
performed

560 300 1.9 Death for
sepsis

5 88.6 M Pancytopenia
under
investigation

No No Stupor,
confusion, and
myoclonus

Normal
(+4 d)

3,080 0 ‘ Death
because of
systemic
complications

6 14.0 M ALL Yes Yes (+630) Confusion and
seizures

Normal
(+2 d)

96,000 4,230 22.7 Favorable

7 61.5 M AML No Yes (+20) Confusion,
agitation, and
stupor

Altered
(+4 d)

212,960 378,900 0.56 Death
because of
general
status
degradation

Abbreviations: ALL = acute lymphoblastic leukemia; AML = acutemyeloid leukemia; CLL = chronic lymphatic leukemia; HHV-6 = human herpesvirus 6; HSCT =
hematopoietic stem cell transplantation; Mab = monoclonal antibody; NHL = non-Hodgkin lymphoma.
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positive for HHV-6 only in blood (median: 9,180 copies/mL,
range: 400–126,000 copies/mL). Two patients with stupor or
seizures arising in a context of fever were diagnosed with
systemic HHV-6 reactivation, for which they received IV
ganciclovir that led to full recovery (patients 1 and 2 in table
4). Four patients presenting with seizures, encephalopathy, or
cerebellar dysfunction had no accompanying fever or rash and
spontaneously recovered within few days without specific

treatment (patients 3–6 in table 4). The remaining patient
(patient 7 in table 4) presented with confusion and ante-
rograde amnesia 1 month after completing HSCT. She had
extensive MRI alterations involving temporo-mesial struc-
tures and the mammillary bodies of the hypothalamus. HHV-
6 viral load was positive in blood (126,000 copies/mL) but
undetectable in the CSF. In the inability to distinguish be-
tween Wernicke encephalopathy and HHV-6 infection, the

Figure 2 MRI Findings in 2 HSCT Transplant Recipients Developing HHV-6 Encephalitis

Panels A–F (patient 1 in table 4): on initial brainMRI, performed 3 days after symptomonset, no abnormal findings were detected on axial FLAIR (panels A and
B) and coronal T2-weighted (panel C) images, though in the presence of motion artifacts. At control MRI, performed 16 days after symptom onset, a quite
marked hyperintensity was evident at the level of the left temporo-mesial region, with swelling of the amygdala and the ipsilateral insular cortex on axial FLAIR
(panels D and E) and coronal T2-weighted (panel F) images. No diffusivity restriction or gadolinium enhancement was evident (not shown). Panels G–I (patient
7 in table 4): brain MRI performed 4 days after neurologic symptom onset showed bilateral hyperintensity of temporo-mesial structures, prevalent on the
right side, on axial FLAIR images (panel G), with a correspondent b1000 hypersignal (panel H) and some areas of true lowADC signal (panel I) but predominant
T2 shine through effect. FLAIR = fluid-attenuated inversion recovery; HHV-6 = human herpesvirus 6; HSCT = hematopoietic stem cell transplantation.
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patient received both vitamin B1 supplementation and IV
foscarnet, but, unfortunately, she died few weeks later because
of general status deterioration.

Discussion
In this study, we reviewed all patients tested for HHV-6 in the
CSF at Fondazione IRCCS Policlinico San Matteo during a
period of 10 years. Of the 926 patients tested during this
period, only 43 tested positive for HHV-6 in the CSF (43/
926, 4.6%), and a much lower number received a diagnosis of
febrile seizures/encephalitis during primary HHV-6 infection
(3/926, 0.4%) or a diagnosis of HHV-6 encephalitis due to
viral reactivation (7/926, 0.8%). These proportions confirm
that there is ample room for improvement when it comes to
choosing which patients to test. Chromosomal integration
was detected in nearly 1% of patients tested (7/926, 0.8%), a
proportion similar to the one reported in the literature for the
general population.6

The strong point of this study was the systematic review of all
data concerning viral replication in both CSF and blood,
analysis that had never been performed systematically in large
cohorts of immunocompetent and immunocompromised
hosts and that allowed to confirm the value of the CSF/blood
replication ratio for the diagnosis of HHV-6 encephalitis in
immunocompromised patients. On the other hand, this study
has limitations that are inherent to its retrospective design:
clinical presentation and evolution were reconstructed a

posteriori from medical records, and data on viral cor-
eplications were interpreted case by case in the light of the
immune competence of the host and of individual clinical/
paraclinical features. As this distinction is not routinely per-
formed at our laboratory (and could not be performed for the
present study due to the exhaustion of most biological sam-
ples), in our report, we did not distinguish between HHV-6A
and HHV-6B. Although HHV-6A and HHV-6B are now
considered as separate species, only HHV-6B has been con-
sistently associated with disease in humans.6 Based on known
epidemiology and association with disease, we would thus
expect all cases of febrile seizures/encephalitis during primary
infection and all cases of encephalitis due to viral reactivation
to be related to HHV-6B and cases of chromosomal in-
tegration to be distributed between HHV-6B and HHV-6A.6

In immunocompetent patients, the diagnosis of HHV-6 en-
cephalitis was limited to 4 infants younger than 2 years pre-
senting with seizures2,3 or irritability in the context of a
symptomatic primary HHV-6 infection. All 5 infants tested
positive for HHV-6 in blood and CSF, with viral loads in blood
largely exceeding the viral load in the CSF. Based on the ob-
servation that HHV-6 viral loads in the CSF of children de-
veloping febrile convulsions or encephalopathy during primary
infection are generally low and transient,6,12 some authors have
hypothesized that neurologic symptoms might result from the
indirect effects of cytokine release rather than from direct viral
CNS infection.6,13,14 Such pathogenetic mechanism would be
consistent with the benign course generally observed in these
cases, at least in Caucasian infants.2,6

Table 4 Clinical and Paraclinical Characteristics in the 7 Immunocompromised Patients With HHV-6 Replication Limited
to Blood and No Definite Cause Identified for Their Neurologic Symptoms

Patient Age, y Sex
Hematologic
condition

HSCT
(days from
HSCT and
symptom
onset)

Systemic
symptoms

Neurologic
symptoms

Brain MRI
(days
from
symptom
onset to
MRI)

HHV-6
copies/
mL in
the CSF

HHV-6
copies/
mL in
blood

Antiviral
treatment

Clinical
evolution

1 8.3 F Lymphoma Yes (−2) Fever Seizures Not
performed

0 9,180 Yes Complete
recovery

2 11.3 M ALL No Fever and
rash

Stupor and
involuntary
movements

Normal
(+1 d)

0 400 Yes Complete
recovery

3 2 M Sickle cell
disease

Yes (+24) None Seizures Not
performed

0 12,240 No Complete
recovery

4 9.4 M ALL Yes (+283) None Cerebellar
syndrome

Normal
(+6 d)

0 4,590 No Complete
recovery

5 18 M Chronic
granulomatous
disease

Yes (+66) None Seizures Normal
(+2 d)

0 23,760 No Complete
recovery

6 47.2 M ALL Yes (+1,256) None Epileptic
encephalopathy

Normal
(+14 d)

0 6,840 No Complete
recovery

7 50 F Myelodysplastic
syndrome

Yes (+38) None Confusion and
anterograde
amnesia

Altered
(+1 d)

0 126,000 Yes Death due to
general status
deterioration

Abbreviations: ALL = acute lymphoblastic leukemia; HHV-6 = human herpesvirus 6; HSCT = hematopoietic stem cell transplantation.
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The observation that, in immunocompetent individuals, HHV-
6 encephalitis is limited to primary infection6,15 suggests that
testing for HHV-6 should be limited to infants younger than 3
years developing seizures2,3 or encephalopathy4 in a febrile
context. All diagnostic tests performed outside these constraints
not only represent a waste of economic resources but expose to
a high risk of misdiagnosis: presenting high viral loads in both
blood and CSF, adult immunocompetent patients with ciHHV-
6 might in fact be wrongly diagnosed with HHV-6 encephalitis,
delaying diagnosis and treatment for their actual condition. Viral
loads in the order of thousands copies in the CSF and millions
copies in blood should immediately raise a suspicion of ciHHV-
6 and prompt confirmative hair follicle testing.11

Differently from immunocompetent hosts, immunocompro-
mised subjects are at risk of developing HHV-6 encephalitis
through amechanismof viral reactivation.6HSCTand, especially,
the early posttransplantation period is known to be a fertile
ground for HHV-6 reactivation.16–18 HHV-6 encephalitis was
diagnosed to 7 immunocompromised adolescents or adults in
our series having hematologic disorders and a history of allogenic
HSCT. In most cases, clinical presentation was dominated by
confusion and seizures, whereas more distinctive signs and
symptoms such as anterograde amnesia and hyponatremia were
present in only a minority of cases.10 Although important to
exclude alternative causes of neurologic deterioration, brain MRI
showed typical limbic alterations in only two-thirds of cases and,
at times, only when performed several days after symptom on-
set.10 These observations suggest that all HSCT recipients pre-
senting with altered mental status, seizures, or vigilance
impairment should have their CSF tested for HHV-6, even in the
absence of radiologic correlates of limbic involvement. Testing
should then be followed by a cautious interpretation of results.
Being prone to periodical HHV-6 reactivations, HSCT recipients
may have HHV-6 DNA detected in their blood, or even in their
CSF, without it being the cause of neurologic symptoms.19 In this
setting, the CSF/blood replication could be a precious tool to
guide the clinician in the interpretation of the results of PCR
testing. With the exception of a single patient who had systemic
symptoms of infection, all immunocompromised patients di-
agnosed with HHV-6 encephalitis in our series had a CSF/blood
replication ratio >1, feature that was exclusive of patients in this
group. The CSF/blood replication ratio could thus represent a
specific feature to distinguish immunocompromised patients with
HHV-6 encephalitis from the remaining immunocompromised
patients in whom HHV-6 detection in the CSF represented an
incidental finding or reflected chromosomal integration. Being a
hallmark of HHV-6 encephalitis in the immunocompromised,
the detection of a CSF/blood replication ratio >1 could
strengthen the certitude of diagnosis in patients lacking typical
clinical and radiologic features or having low viral loads in the
CSF, avoiding any delay in the administration of antiviral treat-
ment. Although the role of the CSF/blood replication ratio is not
been emphasized in most reports and guidelines, our data
strengthen its value for the diagnosis ofHHV-6 encephalitis in the
immunocompromised so that, in our view, it could be considered
a supportive criterion in atypical cases.

The question on whether, in HSCT recipients, HHV-6 repli-
cation could be associated with neurologic symptoms, when
limited to blood, remains debated. This was the case of few
patients in our series, who developed otherwise unexplained
neurologic symptoms in a context of systemic HHV-6 reac-
tivation. An original study by Zerr et al.9 has shown an associ-
ation between early HHV-6 reactivation in blood following
HSCT and the development of delirium and cognitive decline.
Patients developing neurologic symptoms did not always have a
detectable viral load in the CSF,9 suggesting that the latter is
either modest and/or transient, and thus difficult to detect, or it
is not required to develop neurologic symptoms. Future studies
will possibly clarify the nature of these neurologic manifesta-
tions and their causal relationship with HHV-6 reactivation, as
well as the need for preemptive antiviral treatment.20,21

In conclusion, our study reinforces the evidence that (1) in
immunocompetent hosts, CNS involvement from HHV-6 is
limited to infants younger than 3 years presenting with primary
infection; (2) HSCT recipients can developHHV-6 encephalitis
as a consequence of viral reactivation, although typical clinical
imaging features of limbic encephalitis might be lacking, espe-
cially when brain MRI is performed shortly after symptoms
onset; and (3) the CSF/blood replication ratio can be of great
help to interpret the results of PCR testing and establish an
accurate diagnosis of HHV-6 encephalitis in HSCT recipients.
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Abstract
Objective
To identify an MS-specific immune cell population by deep immune phenotyping and relate it
to soluble signaling molecules in CSF.

Methods
We analyzed surface expression of 22 markers in paired blood/CSF samples from 39 patients
using mass cytometry (cytometry by time of flight). We also measured the concentrations of
296 signaling molecules in CSF using proximity extension assay. Results were analyzed using
highly automated unsupervised algorithmic informatics.

Results
Mass cytometry objectively identified a B-cell population characterized by the expression of
CD49d, CD69, CD27, CXCR3, and human leukocyte antigen (HLA)-DR as clearly associated
with MS. Concentrations of the B cell–related factors, notably FCRL2, were increased in MS
CSF, especially in early stages of the disease. The B-cell trophic factor B cell activating factor
(BAFF) was decreased in MS. Proteins involved in neural plasticity were also reduced in MS.

Conclusion
When analyzed without a priori assumptions, both the soluble and the cellular compartments of
the CSF in MS were characterized by markers related to B cells, and the strongest candidate for
an MS-specific cell type has a B-cell phenotype.

The demyelinating disease MS is associated with infiltration of immune cells into the CNS
and with increases in various signaling molecules in the CSF. Immune cell infiltration into
the CNS is involved in causing relapses because blockade of the integrin CD49d, used
by lymphocytes in crossing the blood-brain barrier, reduces relapse frequency.1 Another
clinical success has been the development of monoclonal antibodies against CD20, which
deplete peripheral B cells.2 These observations raise several questions regarding the path-
omechanism of MS, including (1) the kinds of immune cells that enter the CNS, particularly
whether the therapeutic mechanisms targeting CD49d and CD20 involve the same cell type,
and (2) the particular properties of the MS brain that attract immune cell ingress. Compared
with donors with noninflammatory neurologic diseases, the CSF from patients with MS
contains altered proportions of T cells, B cells, monocytes, and NK cells,3 but which of these
are the targets of effective therapies remains unknown. Regarding the signaling factors
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involved in mediating immune cell CNS ingress, techniques
including ELISA4 mass spectrometry,5 and aptamer-based
measurement6 have suggested several candidates, but none
has been shown to be MS specific. Rather, the signaling
molecules that increase in the CSF during MS resemble
those involved in other inflammatory CNS diseases.

Here, we attempted to identify a pathogenic cell population in
CSF using unbiased analysis of data from a large panel of
markers measured by cytometry by time of flight (CyTOF).
Our rationale was that conventional flow cytometry and
gating would limit our examination to cell types that have
been characterized largely from peripheral blood. Using a
larger panel and an unsupervised clustering approach enables
better identification and characterization of the cell pop-
ulations actually present in CSF.We applied the same strategy
to an independent, large-scale analysis of soluble signaling
molecules using a proximity extension assay to measure 296
proteins and analyzed the results with bioinformatics tools
developed for the analysis of genomics data sets.

Methods
Patients
Samples from 82 patients undergoing lumbar puncture for
diagnosis at the University Hospital Basel were used, whereof
48 were designated controls and 34 were patients with MS.
Patient characteristics are summarized in the table and de-
tailed in table e-1, links.lww.com/NXI/A390. Thirty-nine
matched blood and CSF cell samples collected between
March and December of 2016 were used for CyTOF, and 74
biobanked CSF samples (without cells) were retrieved from
the Basel University Hospital CSF bank for proximal exten-
sion assay (PEA). The second set of samples included aliquots
frozen from the same lumbar punctures as the CyTOF sam-
ples, and some additional samples pseudo-randomly chosen
from the same collection period by a technician unaware of
the goals of the study.

Peripheral Blood Mononuclear Cells and CSF
Peripheral blood mononuclear cells (PBMCs) were separated
by density-gradient centrifugation (Lymphoprep, Axis-Shield,
Oslo) according to the manufacturer’s recommendations,
then permeabilized and fixed for 15 minutes at room tem-
perature in permeabilization buffer with 0.1% bovine serum
albumin (BSA), and 4% paraformaldehyde in at 5 million cells
per milliliter. Fixed, permeabilized cells were then washed
with cell staining buffer (PBS 0.1% BSA, 0.01% NaN3, 2 mM
EDTA), frozen on dry ice and stored at ‒80°C until labeling.

CSF samples were centrifuged at 400g for 10 minutes at room
temperature within 1 hour of lumbar puncture. Supernatants
were aspirated, and pellets were resuspended, fixed, and
permeabilized exactly like PBMCs.

Barcoding and Labeling for CyTOF
Frozen cells were thawed, pelleted at 420g for 5 minutes at
5°C, and resuspended in 800 μL permeabilization buffer. For
postacquisition separation of CSF- and blood-derived cells,
cells were labeled with unique barcodes (Cell-IDTM 20-Plex
Pd Barcoding Kit; Fluidigm, CA). After 60 minutes, samples
were washed twice in 2 mL of permeabilization buffer. CSF
cells and PBMCs from the same patient were then pooled and
incubated 10 minutes in 5% Human TruStain FcXTM Fc
receptor blocking solution (BioLegend, San Diego) diluted in
permeabilization buffer with 50 μL of antibody cocktail (table
e-2, links.lww.com/NXI/A391) in permeabilization buffer.
After 60 minutes, cells were washed with permeabilization
buffer and stained with 500 μL Cell-ID Intercalator-Ir 125 μM
(Fluidigm), diluted 1:500 in PBS. After 15 minutes, cells were
washed with cell staining buffer followed by CHROMASOLV
water. Barcoded cells were acquired over 1,000 seconds with
multiple injections on the CyTOF mass cytometer (tuned
and mass calibrated according to Fluidigm instructions) at
500 cells per second. During acquisition, data were dual-count
calibrated and converted to.fcs files using the manufacturer’s
settings. Noise reduction and cell extraction parameters were
as follows: cell length 10–75 and lower convolution thresh-
old 200.

Reagents
Antibodies were preconjugated from Fluidigm. Anti-FoxP3
antibody from BioLegend (cat: 3200001) was conjugated
with 146Nd using the Maxpar® Antibody Labeling Kit from
Fluidigm. DNA intercalator-Ir 191/193, 2000X, was from
DVS, Cat #.: 201192B, and cisplatin from Enzo Life Sciences.

Proximity Extension Assay
Proteins in CSF were characterized using a homogeneous PEA
technique7 on 4 different commercial proteomics arrays (In-
flammation I 96×96 #94300 lot#A70502, CVD III 96×96
#94600 lot#A70904, Immuno-Onc I 96×96 #94310
lot#A71807 and Neurology I 96×96 #94800 lot#A71301) from
Olink (Uppsala, Sweden) using a 96.96 dynamic array in-
tegrated fluidic circuits (Fluidigm) running on a BioMark HD
microfluidic PCR system (Fluidigm) following Olink specifi-
cations. Each array included 92 antibody pairs labeled with
complementary oligonucleotides. Data were reported as nor-
malized protein expression levels, applying Olink algorithms
that standardized Ct values of samples to internal controls.

Glossary
BSA = bovine serum albumin; CyTOF = cytometry by time of flight; FDR = false discovery rate; ICOS = inducible T-cell
costimulator; PCA = principal component analysis; PEA = proximal extension assay; PBMC = peripheral blood mononuclear
cell; PBS = phosphate-buffered saline.
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Data Analysis
CyTOF data were analyzed using R Bioconductor package
CATALYST (version 1.4.2)8 for normalization of signal drift
over run time.9 We used PBMC barcode channels for nor-
malization and a fixed separation cutoff of 0.3 for identifica-
tion. Trend smoothing used k equal to 10% of the total
number of cells. Cells within each run were debarcoded with
the automatic cutoff algorithm of CATALYST. Doublets were
removed using DNA content and event length.

The flowCore (version 1.52.1) and flowStats (version 3.44.0)
packages10,11 were used for normalization of asinh-transformed
(cofactor 5) marker intensities across samples. The gaussNorm
method was used for CD3, CD4, CD27, CD45RA, CD45RO,
CXCR5, and HLA-DR. The CD49d and CXCR3 channels
were centered and scaled; other channels were left unnormal-
ized. All CSF cells were used, and 10,000 PBMCs per sample
were randomly picked. One clear outlier patient on a heatmap
of normalized intensities was excluded.

A self-organizing map12 was built using FlowSOM version
1.18.0,13 and cells were assigned to 100 grid points, which
were then assigned to 16 metaclusters by consensus clus-
tering using ConsensusClusterPlus version 1.50.0.14 CSF
and PBMC cells were clustered using CD3, CD4, CD8,
CD11b, CD11c, CD14, CD19, CD45RA, and CD45RO,
and CSF cells were also clustered independently of PBMCs
using all markers. Different starting seeds were used to test
the stability of clustering results, and results were visualized
using FIt-SNE.15 Cluster abundances across experimental

conditions were compared using a generalized linear mixed
model in the R package lme4 version 1.1-21,16 controlling
for batch as fixed effect, and using a random effect for
patients.

PEA Data Analysis
Only markers detected in at least 2 samples were retained. To
better control the behavior of variance at low intensities, the
undetected values for each marker were replaced with the
lowest intensity value minus 10% of the range of intensities.
Repeated measurements of the same marker were averaged.
Three patients treated with steroids within 6 weeks preceding
venipuncture were excluded. The final data set (296 markers
from 74 patients) was normalized using quantile normaliza-
tion. The first principal component was strongly associated
with average intensity and CSF leukocyte number across
patients, and further analysis used PC2 to PC10. MS and
controls were compared using Bioconductor package limma
version 3.42,17 and p values were adjusted using the
Benjamini-Hochberg false discovery rate (FDR) procedure.

Standard Protocol Approvals, Registrations,
and Patient Consents
All patients signed an informed consent and agreed to an
anonymous data analysis. The study was approved by the
Ethical Commission of Basel Stadt and Basel Land.

Data Availability
Anonymous data will be shared by any qualified investigator
on request.

Table CSF and Blood Donors

CyTOF Olink

MS (14) Control (25) MS (29) Control (45)

Age at sampling, y 43 ± 16a 48 ± 18a 44 ± 15a 48 ± 18a

Sex, female (%) 9 (64%) 18 (69%) 16 (55%) 32 (71%)

Age at onset, y 36 ± 14a 34 ± 15a

Disease phenotype

CIS/RRMS 8 (57%) 14 (48%)

PPMS 1 (7%) 4 (14%)

SPMS 5 (36%) 10 (35%)

NMOSD 0 1 (3%)

Contrast-enhancing lesions 4 (29%) 6 (20%)

Spinal cord lesions 9 (64%) 12 (41%)

EDSS at sampling 2,25 ± 3,625b 3 ± 2,25b

DMT at samplingc 4 (28%) 1 (4%) 10 (35%)

Abbreviations: CIS = clinically isolated syndrome; CyTOF = cytometry by time of flight; DMT = disease-modifying therapy; EDSS = Extended Disability Status
Scale; NMOSD = neuromyelitis optica spectrum disorder; PPMS = primary progressive multiple sclerosis; RRMS = relapsing remitting multiple sclerosis.
a Mean and SD.
b Median and interquartile range.
c Disease-modifying treatment (steroids, beta-interferon, dimethyl fumarate, fingolimod, natalizumab, and methotrexate).
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Results
Comparison of Blood and CSF Cells
We obtained CyTOF data fromCSF of 25 control donors and
14 donors with MS, of which 2 had received rituximab and
were analyzed separately. The resulting data were clustered
with a benchmarked automated clustering routine; the clus-
ters are displayed on the tSNE plot in figure e-1, links.lww.
com/NXI/A386. First, we clustered all events together,
without separating according to the anatomic compartment
(blood vs CSF) or diagnosis. The clearest divisions corre-
sponded to the 4 categories of T cells, B cells, NK cells, and
myeloid cells (figure e-1, A–D), but the clustering approach
enabled visualization of finer subgroups, such as the distinc-
tion within the T-cell population of CD45RA-expressing
populations (clusters 13, 14, 15, and 16, figure e-1, A and C)
vs CD45RO-expressing populations (clusters 1, 3, 4, 9, and
16, figure e-1, A and C). There were large differences in the
abundances of these clusters between the blood and the CSF
(figure e-1). In the T-cell compartment, cells in cluster 1
(expressing CD3, CD4, CD25, CD27, CD45RO, and
CXCR3, i.e., memory T cells) were relatively more abundant
in the CSF than in the blood. Conversely, clusters 13 and 14,
also expressing CD3 and CD4 but characterized by positive
CD45RA, negative CD45RO, and negative CD27, i.e., naive
T cells, were more abundant in the blood. In the non–T-cell
compartments, the most striking differences between CSF
and blood were seen in clusters 5 and 7, of CD14-expressing
monocytes, which were more abundant in blood (figure
e-1E). This pattern of more naive T cells and innate cells such
as monocytes in the blood than CSF matches previous re-
ports.3 When analyzed this way, there were no significant
differences between MS and control in any of the clusters in
the CSF or blood, in line with previous findings.3,18 However,
because the blood cells in the pooled analysis were hundreds
of times more numerous than the CSF cells, the definitions of
the clusters were dominated by the blood cells, and therefore
unlikely to be appropriate for categorizing the CSF cells,
whose phenotypes are very different (figure e-1E).

CSF From Donors With MS Contains
Characteristic B Cells
To extract cell phenotypes more representative of the CSF,
we repeated the clustering using only the CSF cells and
plotted it in the same way (figures 1, A–C). This revealed 2
populations with significantly different relative abundance in
CSF from patients with MS vs controls. First, a naive CD8+

T-cell population (cluster 4 in figures 1 and 2), expressing
CXCR5, CD25, CCR7, TIGIT, and CD45RA, was reduced in
the CSF of patients with MS, albeit only significantly before
correction for multiple comparisons (p = 0.039, FDR = 0.31).
Second, of the 3 B-cell clusters (clusters 8, 9, and 13), the
subpopulation characterized by CD49d, CD45RA, CD20,
high CD27, CD69, and CXCR3 expression (cluster 8 in
figures 1 and 2) was significantly increased in MS (p = 0.0012,
FDR = 0.0192). Two of the 3 B-cell populations, including the
MS-associated cluster 8, expressed CD20, and these were

reduced in rituximab-treated patients, whereas the CD20-
negative cluster 9 was not; however, the small number of
rituximab-treated patients precluded statistical inference.

If this MS-specific B-cell population is pathogenic, preventing
its access to the CNS with natalizumab ought to increase its
frequency in peripheral blood. To test this, we longitudinally
analyzed blood from patients before and after the start of
natalizumab. The CXCR3+ HLADR+ CD45RA+ B-cell
population increased within the lymphocyte population by
63% (figure e-2, links.lww.com/NXI/A387).

Cytokines, Chemokines, and B Cell–Related
Molecules are Altered in MS CSF
To relate observed cellular characteristics to soluble signaling
factors, we measured 296 proteins in CSF. First, we compared
the concentrations of all analytes between donors with MS
and controls. At an FDR cutoff of 5%, 162 analytes were
differentially abundant in CSF between donors with MS or
other diagnoses. The fold change levels of these differentially
abundant solutes are shown as a volcano plot in figure 3 and as
a heatmap in figure e-3, links.lww.com/NXI/A388. Several
molecules were differentially abundant between MS and
control whose binding partners were also different. These
pairs of interacting proteins are compiled in table e-3, links.
lww.com/NXI/A392. Most strongly increased in MS was the
costimulatory receptor CD27, whose only known binding
partner, CD70, was also more abundant. Other molecules
differentially abundant at FDR < 10−5 can be classified into 4
categories: chemokines, cytokines, B cell–associated proteins,
and neuronal signaling molecules. CCL4, CCL17, CCL28,
and CXCL12 were positively associated with MS. Other
chemokines including CXCL8, CXCL10, and CXCL13 also
showed large fold changes in MS compared with controls, but
the p values were also larger, reflecting greater heterogeneity
within the MS group. Cytokines associated with MS were
broadly of the Th2 type, including IL-5 (and its receptor),
IL-33 (and receptor), as well as IL-13 and IL-21. We also
observed higher levels of IL-4, IL-12 (and receptor), IL-18,
IL-20, TNF-alpha, and TNF-beta. Three of the molecules
most clearly different between MS and controls were no-
ticeable because they are centrally involved in B-cell
biology—TNFSF13B, ICOSLG, and FCRL2. TNFSF13B
(tumor necrosis factor superfamily 13B, also called BAFF)
is a critical survival factor for B cells,19 and was significantly
less abundant in the CSF of donors with MS. Inducible
T-cell costimulator (ICOS) is expressed by T cells (espe-
cially Th2 cells), and interaction with its ligand ICOSLG on
B cells is costimulatory for both, leading to shedding of
ICOSLG.20 ICOSLG was less abundant in the CSF of
donors with MS. The Fc-receptor-like family FCRL1-5 are
principally expressed on B cells, especially FCRL2,21 which
was more abundant in CSF from donors with MS. Finally,
neuronal signaling molecules exhibited differences in
abundance between MS and control CSF rivaling those of
the immune-related molecules. For example, THY1 and
NBL1 were significantly increased in MS, whereas a large
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number of neural signaling molecules including ROBO2
and EPHB6, were reduced in MS.

To visualize the relationships between the soluble molecules
and the clinical parameters, we subjected the Olink data to
principal component analysis (PCA), whose major contrib-
uting factors are shown in figure 4A and plotted the individual
donors on plots of the principal components PC1 and PC2
(figure 4B). Two findings emerge. First, the MS and non-MS
CSF samples are displaced along a vector dominated by
molecules involved in neuronal development and plasticity,
such as ROBO2, EPHB6, CNTN5, UNC5C, RGMB, and
MDGA1. Second, the molecules that we found to be strongly
associated with MS, including soluble CD27, CXCL10,
FCRL2, CHIT1, CD8A, IL-12, and TNFSF14 form a second
axis, orthogonal to the neuronal plasticity vector. On this MS
disease activity vector, the early stages of MS are associated
with a shift toward the lower right of the plot (clinically iso-
lated syndrome and relapsing-remitting forms), whereas

samples from donors at later stages of disease are found closer
to the non-MS controls (figure 4B). Samples from treated
patients also appeared closer to the center of the plot, al-
though comparison of treated vs untreated patients with MS
did not reveal significantly different molecules.

Soluble CD27 and FCRL2 Correlate Strongly
With MS-Associated B-Cell Population
To elucidate the relationship between these soluble molecules
and the cellular phenotypes characterized by CyTOF, we
examined the correlation between each of the differentially
expressed solutes and the abundances of the differentially
abundant cell clusters (figure e-4, links.lww.com/NXI/A389).
This revealed a group of genes including CD27, FCRL2,
CXCL10, CXCL13 TNFSF14, and lymphotoxin-alpha, al-
most perfectly overlapping with the genes of the MS disease
axis shown in figure 4, whose expression was strongly posi-
tively correlated with the abundance of the MS-associated
B cell population (cluster 8 in figures 1 and 2). Independently

Figure 1 Cell Types in CSF of Patients With MS or Other Diagnoses

(A) tSNE plot of cells from CSF. Data were clustered using k-means, and the clusters colored as shown in the key on the right of the figure, in a fashion exactly
analogous to figure e-1, links.lww.com/NXI/A386. The characteristics of these clusters are shown in heatmap (C). The tSNE plot on the left shows data from cells
fromCSF of patientswith non-MS diagnoses, the figure in themiddle shows data frompatientswithMS, and the figure on the right shows data frompatientswith
MS treatedwith rituximab. The red arrow in thebottomright cornerof themiddle tSNEplot indicates a cluster that ismoreabundant inCSF frompatientswithMS
than in controls (see below). For this analysis, cells fromCSFwere clustered and analyzed independently, unlike in figure 1, enabling the detection of clusters that
are specific to CSF, and too small to see against the backgroundof themuch larger dataset fromblood. (B) Areas of the tSNE plots in (A) havebeenmatched to the
broad cell typesmyeloid, NK cells, T cells, and B cells. (C) Heatmap showing, for each of the clusters generated by k-means, the average intensity of eachmarker
across all cells in the cluster. The colored bars at the top of the heatmap match the colors used in the tSNE plots in (A), and clusters corresponding to well-
established cell types are shown on the right. Higher average expression of each marker is indicated with a red-brown color, and lower expression in blue.
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from this group, BAFF (TNFSF13B) was negatively corre-
lated with cluster 8. Also using this hierarchical clustering of
the soluble proteins, based on correlation with the cell-type
abundances, a clear group emerges that resembles the neural
plasticity axis from figure 4. Proteins of this group do not show
a clear relationship with the abundance of the MS-associated
B-cell population, reinforcing the inference that these 2 axes
(disease activity and neural plasticity) are independent.

Discussion
CyTOF enabled the identification of an MS-associated B-cell
population using an unsupervised clustering of all CSF cells.
This population does not fit perfectly into the established
phylogeny of precursor, naive, memory, and plasma cells and
may be a CSF niche phenotype. Other than theMS-associated
subpopulation, B cells were present in similar proportions in
MS and control CSF, although previous studies have found
slightly elevated B-cell frequencies in relapsing remitting

multiple sclerosis.3 In comparison with the other B cell
types, the most striking peculiarities of the MS-associated
cluster are strong expression of CXCR3 and CD27, and
expression of CD69. Very high CD27 is a characteristic of
plasma cells, but neither bone marrow plasma cells nor cir-
culating plasmablasts express CD20, which was weakly
expressed on the MS-associated CSF B cells. The CD27-
high, CD20-positive phenotype is observed in tonsil plasma
cells and can be recapitulated in vitro by stimulating memory
B cells with TLR9 ligand.22 This treatment drives secretion
of IgM, but the MS-associated B-cell population is IgM
negative. The features of CD20 and CD49d expression make
this B-cell population a target for CD20− depleting and
integrin-blocking treatments, and consistent with previous
reports,23 cells with this phenotype accumulate in peripheral
blood during natalizumab treatment. CXCR3 expression,
which enables CXCL10-driven chemotaxis, may drive mi-
gration into the CNS. CXCR3 expression is atypical for
blood B cells but characteristic of transformed B cells in
chronic lymphocytic leukemia,24 although an increased

Figure 2 Relative Abundances of Cell Types in CSF of Patients With MS or Other Diagnoses

For each donor, the relative abundance of the cluster (% of total cells) was plotted for each cluster described in figure 1. Cluster identity numbers are at the top
of each boxplot, and the colors of the bars at the top of each boxplot match the colors used to mark the clusters in figure 1. Within each scatter column, each
filled circle represents 1 donor. The diameter of the circles reflects the absolute size of the cluster in that donor. The 35 donors are separated into 3 groups:
donors with other diagnoses than MS (control, light gray boxes on the left of each boxplot); donors diagnosed with MS, but not treated with CD20-depleting
antibodies (dark gray box inmiddle); anddonors diagnosedwithMSand treatedwith rituximab (gray box on right). Data from2 rituximab-treated patients are
shown for interest without statistical inference. The asterisks mark the cluster in which there was a statistically significant difference in abundance between
control and MS (generalized linear mixed model; **p = 0.0012, FDR = 0.0192). FDR = false discovery rate.
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expression of CXCR3 on B cells in the CSF of patients with
MS has been described.25 It was recently reported that
CXCR3 expression on B cells in MS is driven by IFN-gamma
and TLR9 stimulation.26 Although either stimulus induced
the transcription factor t-bet in B cells, TLR9 stimulation
was associated with switch to IgG1 memory B cells, while
IFN-gamma stimulation lead to differentiation into plas-
mablasts. Differentiation into long-lived plasma cells can
enable survival for decades in the CNS,27 whereas the phe-
notype of a memory cell is consistent with recent CNS in-
gress from the blood. The finding that MS CSF is
characterized by a subtype of B cells is not so surprising, in
view of the common presence of oligoclonal bands in the
CSF in this disease. The MS-associated reduction in the B-
cell survival factor BAFF might be expected to have a neg-
ative influence on B cell abundance in the CSF, but it has
been reported that the trophic action of astrocyte secretions
for B cells in vitro is BAFF-independent.28

These MS-associated B cells in the CSF have 3 possible ef-
fector mechanisms—they express HLA-DR and could stim-
ulate T cells, and they could secrete pathogenic antibodies or
inflammatory cytokines. The population is a small fraction of

CSF cells, but its presence is robust to reanalysis with very
stringent parameters for elimination of possible artifacts.

Several of the differentially expressed soluble factors suggest a
significant involvement of B cells in MS and correlated with
the MS-associated B-cell population. Most of the soluble
markers could have various immune and nonsources, but
FCRL2 is thought to be B cell restricted and to inhibit B-cell
receptor signaling.29 Its expression in blood was reported to
correlate with neurodegeneration in MS,30 and it was identi-
fied as a potential MS-associated gene,31 and the possibility of
a pathogenic involvement in MS is strengthened by our
findings.

Our PCA suggests that an axis of disease is reflected in high
levels of soluble CD27, FCRL2, CXCL10, CXCL13,
TNFSF14, and IL-12, and with advancing disease duration,
this trend is reversed. Orthogonal to this MS-disease-stage
axis is the vector dominated by molecules involved in neural
development. Controls were distributed along this vector, but
samples from patients with MS were skewed toward the up-
per right, i.e., showed reduced expression of these genes. This
can be interpreted as suggesting that MS suppresses the

Figure 3 Volcano Plot of Soluble Markers in CSF From Donors With MS or Non-MS Diagnoses

The vertical axis is the log10 of the p value for the comparison. The horizontal axis is the log2 of the fold change. Names of analytes with FDR of less than 0.05
are printed beside the point. Red points correspond to analytes that are significantlymore abundant in CSF frompatients withMS, and blue points to analytes
that are less abundant inMS. Analytes discussed in the text are indicatedwith arrows, whose directions and colors are explained on the right of the figure. FDR
= false discovery rate.
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ability of the CNS to counteract neurodegeneration with
plasticity. Obvious candidates for plasticity-suppressive, MS-
associated molecules include CXCL8 (IL-8) and CXCL1,
whose vectors are diametrically opposed to the neural plas-
ticity axis. Both are ligands of CXCR2, which is involved in
the differentiation and migration of oligodendrocyte

precursors, and whose disruption enhances remyelination in a
mouse model.32 This interpretation has the encouraging
implication that it should be possible to target this neural
plasticity therapeutically, independently from immunomod-
ulatory treatments.

CyTOF and the proximity ligation assay are well suited for
assessing the complex phenotypes of cells and soluble
molecules in CSF. Our integration of the 2 kinds of data
identified a small population of B cells expressing CD27,
CD20, and CXCR3 as the most characteristic cell pop-
ulation in the CSF of patients with MS and a soluble
molecule phenotype characterized by CD27, CXCL10, and
the B cell–specific membrane receptor FCRL2. Both the
cellular and soluble signatures were observed in earlier
disease stages and were diminished in secondary pro-
gressive patients. The MS-associated B-cell population that
we observed, also expressing CD49d and CD20, ought to
be responsive to already available treatments, albeit possi-
bly more effectively so at earlier stages of the disease, before
these cells enter the CNS. Other possible therapeutic op-
tions include targeting CXCR3 or CXCR2.
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Figure 4 Principal Component Analysis of Soluble Mole-
cules Measured by PEA

(A) The contribution of each of the soluble molecules to the first 2 principal
components PC1 and PC2 is shown by plotting each as a vector. For ex-
ample, CXCL13 makes a large contribution to PC1, whereas HMOX1 mostly
contributes to PC2. For clarity, only the 60 most strongly discriminating
molecules are labeled. The broken green arrow pointing down and left in-
dicates a hypothetical axis of neural plasticity, inferred from the pre-
ponderance of molecules involved in neural development, axonal signaling,
and so on. The red arrow pointing down and right indicates a hypothetical
axis of disease activity, inferred from the preponderance of inflammatory
molecules, and the presence in this quadrant of early disease stages (see
plot B). Candidate MS-associated, plasticity-suppressive chemokines CXCL1
and CXCL8 (see Discussion) aremarkedwith green asterisks. (B) PCA sample
scores plot, where each point represents one donor, and the color and
shape of each point indicate the diagnosis, disease stage, and treatment of
the donor, as shown in the legend below the plot. Green and red arrows are
identical in meaning to (A). PEA = proximal extension assay.
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23. Saraste M, Penttilä TL, Airas L. Natalizumab treatment leads to an increase in circulating
CXCR3-expressing B cells. Neurol Neuroimmunol Neuroinflamm 2016;3:e292.

24. Trentin L, Agostini C, Facco M, et al. The chemokine receptor CXCR3 is expressed
on malignant B cells and mediates chemotaxis. J Clin Invest 1999;104:115–121.
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Abstract
Objective
To discover systemic characteristics in the repertoires of targeted autoantigens in chronic
inflammatory demyelinating polyneuropathy (CIDP), we detected the entire autoantigen
repertoire of patients and controls and analyzed them systematically.

Methods
We screened 43 human serum samples, of which 22 were from patients with CIDP, 12 from
patients with other neuropathies, and 9 from healthy controls via HuProt Human Proteome
microarrays testing about 16,000 distinct human bait proteins. Autoantigen repertoires were
analyzed via bioinformatical autoantigenomic approaches: principal component analysis,
analysis of the repertoire sizes in disease groups and clinical subgroups, and overrepresentation
analyses using Gene Ontology and PantherDB.

Results
The autoantigen repertoires enabled the identification of a subgroup of 10/22 patients with
CIDP with a younger age at onset and a higher frequency of mixedmotor and sensory CIDP. IV
immunoglobulin therapy responders targeted 3 times more autoantigens than nonresponders.
No CIDP-specific autoantibody is present in all patients; however, anchoring junction com-
ponents were significantly targeted by 86.4% of patients with CIDP. There are potential novel
CIDP-specific autoantigens such as the myelination- or axo-glial structure–related proteins
actin-related protein 2/3 complex subunit 1B, band 4.1-like protein 2, cadherin-15, cytohesin-1,
epidermal growth factor receptor, ezrin, and radixin.

Conclusions
The repertoire of targeted autoantigens of patients with CIDP differs in a systematic degree
from those of controls. Systematic autoantigenomic approaches can help to understand the
disease and to discover novel bioinformatical tools and novel autoantigen panels to improve
diagnosis, treatment, prognosis, or patient stratification.
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Chronic inflammatory demyelinating polyneuropathy (CIDP)
is a rare disease of the peripheral nervous system that is con-
sidered to be immune mediated.1,2 Pathogenetic antibodies
directed to proteins of the region of the node of Ranvier permit
the identification of a small subgroup of patients (<10% of
CIDP) with particular features and therapeutic responses.3–5

However, in the majority of patients, no specific antibodies
have been identified so far. This may be due to unsuitable
identification methods or due to inappropriate hypotheses of
one main antigen being targeted by the immune system. In-
deed, the immune response is probably a complex process
involving several antibodies and several targets with different
functions in the development of the immune response and its
regulation. In this case, a systemic approachmay lead to a better
understanding of immune-mediated diseases.6–9 Hence, recent
methods aiming at identifying and understanding the entire
repertoire of targeted autoantigens via autoantigenomics have
been developed for the study of the immune response.10 Thus,
instead of focusing on single autoantigens, this study takes an
autoantigenomic approach pointing to the entire autoantigen
repertoire in a systematic way via bioinformatical tools. To do
so, sera from 43 subjects were tested with HuProt 3.1 Human
Proteome arrays containing 15,798 human proteins expressed
in yeast, representing about 75% of the gene-centric human
proteome.

Methods
Standard Protocol Approvals, Registrations,
and Patient Consents
The retrospective case-control and observational study in-
volves the use of sera from human subjects, was approved by
the ethical committee of the University Hospital of Saint-
Etienne, France, and has been performed in accordance with
the Code of Ethics of the World Medical Association (the
Declaration of Helsinki). All participants provided written
informed consent. The privacy rights of human subjects were
observed. No animal experiments were conducted for this
study.

Subject Selection, Description of Population,
and Serum Preparation
We collected serum samples from 22 patients with definite
CIDP according to the European Federation of Neurological
Societies/Peripheral Nerve Society guidelines.11

Selection criteria were the following: definite form of
CIDP,11 age ≥18 years, and absence of severe secondary

axonal degeneration according to the electroneuromyography
(ENMG). Definite CIDP was either typical (typical clinical
presentation, typical ENMG data) or atypical CIDP (atypical
clinical presentation, typical ENMG data).11,12 The choice of
treatment was at the discretion of the neurologist who cared
for the patients.

As controls, we selected roughly age and sex-matched sera
samples from 12 patients with other peripheral neuropathies
(ONP), 11 of whom with an associated autoimmune
context—7 Sjögren syndrome (SjS), 1 autoimmune hepatitis,
1 sarcoidosis, 1 systemic lupus erythematosus, and 1 un-
differentiated connective tissue disease—and 9 healthy con-
trols (HCs) originating from the blood donation service of
the French Blood Establishment in Saint-Étienne, France. All
samples were selected retrospectively. Sera were prepared and
stored as previously described.13

Clinical Data
For all subjects, we obtained demographic data such as age at
sampling date and sex. For patients with CIDP, the following
clinical data were obtained in addition: age at disease onset,
course of the disease, type and topography of neurologic
symptoms, type of disease’s progression (chronic evolution
with or without relapse or only relapses), modified Rankin
scores (mRSs) during the disease course,14 ENMG data,15

biological data (CSF proteins or monoclonal gammopathy),
presence of ataxia, presence of pain, concerned nerve type
(sensory or motor), onset delay (acute ≤2months, subacute =
2–6 months, or chronic ≥6 months),12 and IV immuno-
globulin (IVIg) response defined as an increase of the INCAT
score by ≥1 after a treatment period of 3 months.16 Because of
the low number of patients treated with other immunomod-
ulatory treatment, we did not address their response. For the
comparison of IVIg responders vs nonresponders, we tested
for biasing confounder effects (sampling age, delay between
disease onset and sampling date, comorbidities, monoclonal
gammopathy, clinical severity before treatment, and clinical
presentation).

Protein Microarrays and Definition
of Repertoires
Sera were tested on HuProt 3.1 Human Proteome micro-
arrays (CDI Laboratories, Baltimore, MD) as described pre-
viously.17 Most of the proteins, 14,870 (94.1%) in numbers,
are full-length proteins. The full lists of resulting group-
specific antigen repertoires were applied for the set of bio-
informatical methods described below, aiming at a systemic
understanding.

Glossary
CIDP = chronic inflammatory demyelinating polyneuropathy; ENMG = electroneuromyography; FDR = false discovery rate;
GO = Gene Ontology; HC = healthy control; IVIg = IV immunoglobulin; mRS = modified Rankin score; ONP = other
peripheral neuropathies; PC = principal component; PCA = principal component analysis; PNS = peripheral nervous system;
R2 = coefficient of determination; SjS = Sjögren syndrome.
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Principal Component Analyses
To compare the autoantigen repertoires of CIDP and ONP +
HC, principal component analysis (PCA) was performed with
the software tool from The Institute for Genomic Research,
multiple experimental viewer (tigr.org/software/tm4/mev.
html). PCA analysis was performed with the combined sets of
intra-z values of the 3 study group-specific repertoires to
identify systemic differences between them and to explore the
repertoire in CIDP for potential subgroups.

Number of Targeted Antigens Per Subject
For each patient, the number of targeted antigens was coun-
ted if both of the following criteria were fulfilled: (1) intra-z
score ≥2.5 and (2) inter-z score ≥4. For each study group, the
corresponding other 2 study groups were used as the basis for
calculating mean and SD.17

Panther Analysis: Gene Ontology
Overrepresentation Test
PANTHER online software (pantherdb.org/) was applied to
identify the Gene Ontology (GO) Cellular Component cat-
egories covered by the repertoires of targeted antigens (de-
scribed in more detail in e-Methods, links.lww.com/NXI/
A385). In the first selection steps, we selected only categories
that fulfilled all of the following categories: (1) contain ≥3
targeted proteins; (2) whose number of targeted proteins is
≥5× higher for 1 of the 3 groups compared with the corre-
sponding other 2; and (3) cover ≥4% of the CIDP or ONP
repertoires. For the analysis based on the group-specific an-
tigen repertoires, the percentage represents the frequency of
targeted proteins set into relation with the repertoire size.
Statistical analyses selected the categories that were signifi-
cantly overrepresented in the CIDP repertoire compared with
the HC repertoire.

Statistics
To show the statistical dispersion, we used the median with
the 25th and 75th percentiles (abbreviated Q1–Q3 in the
text) or the mean with 95% CI. For the nonparametric hy-
pothesis tests (comparison of numbers of targeted antigens
per patient), we used the Wilcoxon-Mann-Whitney test (1-
sided for H1: a<b, i.e., study groups and IVIg response in the
comparison of antigen numbers; 2-sided for H1: a≠b, i.e., all
other comparisons) via the online tool available at ccb-com-
pute2.cs.uni-saarland.de/wtest/ (comparison performed on
October 19, 2018).18 p Value ≤0.05 was considered positive
after Benjamini-Hochberg correction19 at level 0.05.

For the comparison of clinical data between subgroups of
patients with CIDP, we also used the Wilcoxon-Mann-
Whitney test, and the difference of median groups was esti-
mated by calculating the Hodges-Lehmann median with the
corresponding 95% CIs.

To compare frequencies of GO categorical data, the Fisher
exact test was applied via the online tool available at langsrud.
com/stat/fisher.htm.20 p Value ≤0.05 was considered positive

after Benjamini-Hochberg correction at level 0.05. For the
comparison of clinical categorial data between subgroups of
patients with CIDP, we used the χ2 test, and the difference of
frequencies with the corresponding 95% CI was calculated.
Correlation analysis was performed using coefficients of de-
termination (R2) in Excel (version 1906; Microsoft Office
ProPlus). Missing data were excluded from the analyses.

Data Availability
All anonymized data from this study or all related documents
will be shared by request from any qualified investigator.

Results
Patients
Of the 22 patients with CIDP, 15 were males and 7 were
females with a median age of 65.2 years (Q1–Q3: 58.6–71.3).
Thirteen patients had a chronic course, 6 had a chronic course
with relapses, and 3 had a relapsing course. Twenty patients
received IVIg, and 15 of 19 were considered responders (1
missing value). In 19 patients, IVIg was used alone, and 1
patient received steroids, and IVIg for 1 month followed by
IVIg alone for 22 months. In this patient, response to IVIg was
assessed under IVIg alone, at least 3 months after the end of
steroids. Other immunomodulatory or immunosuppressive
treatments were also used in 8 patients prior or after IVIg
treatment (corticosteroids, azathioprine, or plasma ex-
changes). In 2 patients, corticosteroids were used alone. The
serum sample was obtained before any treatment in 13 of 18
patients (without a significant difference between the IVIg
responders and nonresponders, p = 0.17). Five sera of 18 were
sampled in patients who already had only 1 session of treat-
ment in the past (pretreated); all these patients were IVIg
responders (median sampling delay after the last immuno-
modulatory treatment: 42 days (Q1–Q3: 37–79 days; extreme
values: 20–450 days).

Of the 21 control subjects (12 with ONP and 9 HC), 11 were
males and 10 were females with a median age of 59.7 years
(Q1–Q3: 54.2–65.0).

Group-Specific Repertoires of Targeted Antigens
The selection of group-specific targeted antigens (antigens
recognized only by the patients of a given group) resulted in 3
repertoires comprising 716 CIDP-specific antigens, 226
ONP-specific antigens, and 159 HC-specific antigens. Among
them, 180 (25%) CIDP-specific, 30 (13%) ONP-specific, and
11 (7%) HC-specific antigens were shared by at least 2 sub-
jects. There was no significant difference between the CIDP,
ONP, and HC groups regarding the mean number of antigens
recognized by each subject: CIDP: 19 (CI: 13.6–24.3), ONP:
14 (CI: 10.0–17.1), and HC: 13 (CI: 7.4–18.8; figure 1A).

No antigen was specifically recognized by all patients with
CIDP (i.e., not recognized by any of the control sera), and the
number of patients specifically reacting with 1 shared antigen
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varied from 2 to 8. As a quality control for the HuProt 3.1
protein arrays, we used the identification by the array of well-
characterized autoantibodies detected by routine antibody-
screening of sera for organ and non–organ-specific antibodies.

Thus, gastritis autoantibody against the plasma membrane
protein H+/K+-ATPase in a patient with CIDP and anti-SSA1
and SSA2 antibodies in 3 patients with OND and SjS syn-
drome were identified by the protein array.

Figure 1 Number of Targeted Antigens Among Sample Groups

(A and B) Primary comparisons concerning the 3 sample groups (CIDP, ONP, and HC) and IVIg response among CIDP. (C–N) Comparison of further CIDP
subgroups based on clinical and personal data. Spots exhibit the number of targeted antigens per subject. Bar diagram shows corresponding means of the
group; error bars show SEM. *p ≤ 0.05, Wilcoxon-Mann-Whitney test, FDR ≤0.05. CIDP = chronic inflammatory demyelinating polyneuropathy; FDR = false
discovery rate; HC = healthy control; maxmRS =maximalmodified Rankin score; ONP =other peripheral neuropathies; n.s. = not significant; R2 = coefficient of
determination.
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The Repertoire of Targeted Antigens Identifies
Subgroups of Patients With CIDP
The variation explained by the first 3 principal components
(PCs) of the PCA was 23% (PC1 = 10%, PC2 = 8%, and PC3
= 5%), indicating a mild general discrimination of the 3 study
groups. A subgroup of 10 patients with CIDP clustered (PCA
cluster 1, blue ellipse, figure 2, A and B) apart from the ONP,
HC, and the remaining 12 CIDP samples (PCA cluster 2, red
ellipse, figure 2, A and B) when plotting PC2 and PC3, sug-
gesting that these patients had a specific autoantigenome.

In the univariate model, clinical data of PCA clusters 1 and 2
were compared (table e-1, links.lww.com/NXI/A385). A
younger age at onset and a higher frequency of mixed motor
and sensory form of CIDP were associated with patients with
CIDP of PCA cluster 1.

More Antigens Targeted in IVIg Responders
Among CIDP, the number of reactive antigens was not cor-
related with age at onset and sampling, sex, CIDP subtype,
course, pain, ataxia, maximal mRS, axonal loss or conduction
blocks on ENMG, or serum-storing duration (figure 1, C–N).

However, we found on average 3 times more reactive antigens
in IVIg responders compared with nonresponders (re-
sponders’ mean: 22; CI: 15.9–28.9; nonresponders’ mean: 8;
CI: 2.9–12.1; p = 0.01, false discovery rate ≤0.05; figure 1B).
To exclude potential confounder effects, we compared IVIg
responders vs nonresponders and found no differences con-
cerning sampling age, delay between disease onset and sam-
pling, presence of comorbidities, monoclonal gammopathy,
clinical severity before treatment, clinical presentation, and
electrophysiologic data, apart from the presence of

Figure 2 PCA of Autoantigen Repertoires in CIDP and ONP + HC Groups

PCA in a 2D projection spanned by 2 principal components (PC) for all autoantigens for each subject of patients with CIDP (blue squares), ONP (red squares),
and HC (green squares). (A) PC1 and PC2. (B) PC1 and PC3. The variation explained by the PC is indicated in parentheses. Ellipses distinguish a CIDP subgroup
(cluster 1, blue ellipse) that clusters apart from ONP + HC and another CIDP subgroup that does not (cluster 2, red ellipse). CIDP = chronic inflammatory
demyelinating polyneuropathy; HC = healthy control; ONP = other peripheral neuropathies; PCA = principal component analysis.
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conduction blocks, which was more frequent in IVIg re-
sponders compared with nonresponders (table e-2, links.lww.
com/NXI/A385). The presence of the 5 pretreated patients
in the group of IVIg responders was not a confounding factor
as there was no significant difference regarding the numbers of
targeted antigens between the IVIg-naive and pretreated pa-
tients (20 [CI: 13.2–26.7] vs 15 [CI: 10.3–20.5]; p = 0.31),
showing that the 5 pretreated patients did not influence the
significant difference of the number of targeted antigens be-
tween IVIg responders and nonresponders.

Anchoring Junction ProteinsWere Significantly
Targeted by Sera of Patients With CIDP
Two hundred seventy-five (38.4%) antigens among the CIDP
repertoire, 79 (35.0%) antigens among the ONP repertoire,
and 61 (38.4%) antigens among the HC repertoire were an-
notated to at least one of the cellular components, “Plasma
membrane” and/or “Extracellular space” according to GO.

The overrepresentation analysis of cellular components with
the Panther algorithm showed that the category “anchoring
junction” was significantly overrepresented in the CIDP
repertoire compared with the HC repertoire (figure 3A).
Nineteen of 22 patients with CIDP (86.4%) had antibodies
against at least one of these proteins. In average, each of the
detected anchoring junction proteins was targeted by 3.6 (CI:
2.2–5.0) patients with CIDP, which is significantly more than
for each of the rest of CIDP-specific non–junction proteins
being targeted by an average of 2.2 patients each (CI: 2.0–2.3;
difference of mean 1.4 [CI 0.002–2.8]; figure 3B). Twenty-
one of 35 (60.0%) targeted anchoring junction proteins were
annotated to the cellular components “Plasma membrane”
(15/35, 42.9%) and/or “Extracellular region or secreted”
(16/35, 45.7%) according to GO and are listed in table 1.
Although expressed in a wide range of organs, most of them
(19/21) are known to play roles in the nervous system or even

more specifically in the peripheral nervous system (13/21).
Seven of them are known to play roles in myelination or in the
organization or maintenance of axo-glial structures (actin-
related protein 2/3 complex subunit 1B, band 4.1-like protein
2, cadherin-15, cytohesin-1, epidermal growth factor receptor,
ezrin, and radixin). Each of the CIDP-specific anchoring
junction protein was targeted by 1–6 patients, and each pa-
tient reacted with 0–14 of junction proteins.

Discussion
Autoantigenomics provides the opportunity to mine systemic
comprehension from autoantibody repertoires.10 Using bio-
informatical tools known from proteomics,21,22 this method seeks
to discover significant patterns in the repertoire of targeted
autoantigens. In other words, instead of the classical approach of
searching 1 single autoantibody and defining the vast rest as noise,
autoantigenomics is focusing on related sets of autoantigen groups
that emerge from the data set. In this study, we implemented this
systemic mining for 716 CIDP-specific antigens, resulting from a
quasi-proteome-wide screening of 22 patients with definite CIDP.
Although seemingly low, our sample sizes are in the same range as
those of similar protein microarray studies.23–25

Our approach resulted in the following main conclusions. On
a systematic level, (1) the recognized repertoire of targeted
antigens enables the identification of patient subgroups with
differing clinical patterns and responses to IVIg; (2) anchor-
ing junction proteins are a significant target of the CIDP-
specific antibody repertoire; and (3) on a single antigen level,
our approach revealed several novel interesting autoantigens
that could be embarked on by the community.

The antigen repertoire specific to CIDP identified in this study
contains hundreds of proteins of which only 25%were recognized

Figure 3Overrepresentation Analyses of the Antigen Repertoires and Frequency of Patients Targeting Anchoring Junction
Proteins

(A) Overrepresentation analyses of the antigen
repertoires using the Cellular Component data-
base of Gene Ontology via PantherDB. Percent-
ages are calculated relative to the size of the
respective antigen repertoires. **p ≤ 0.01, Fisher
exact test. (B) Mean number of reactive patients
(intra-z > 2) per antigen. *Exclusion of 0 by the
confident interval of the mean difference (1.4; CI:
0.002–2.8); error bars: 95% CI.
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by several patients, showing that the greater part of the antibody
response is individual and fingerprint-like.26 We found no specific
antigen recognized by all the patients but groups of antigens that
are targeted by several patients. This suggests that there is low
chance of identifying 1 biomarker antibody for typical CIDP, even
if the panel of antigens used in the study does not cover the
totality, but only 75% of the human proteome, leaving open the
possibility that this particular antigen is by chance in the missing
part of the antigenome or spotted in a nonreactive conformation.

Instead, we found a complex antibody response. Of interest,
this global antibody response was not produced haphazardly

as it is correlated with different clinical aspects of the CIDP.
Thus, using the CIDP-specific antigenome, PCA identified a
cluster of 10/22 (45%) deviant patients who were younger at
disease onset and more often had a mixed motor and sensory
form of CIDP. Furthermore, patients who were IVIg re-
sponders targeted on average 3 times more antigens than IVIg
nonresponders, and this was an independent effect. All these
results, and especially those concerning the response to IVIg,
were obtained with a low number of patients and need to be
confirmed on a larger series. However, they are in keeping
with the fact that CIDP is a heterogenous entity27 and that
response to IVIg in this disease probably depends on complex

Table 1 Anchoring Junction Proteins Associated With the Plasma Membrane or Extracellular Space

Protein name Known role in the nervous system
Impact on actin
cytoskeleton

14-3-3 protein zeta/delta Regulates spine maturation −

Actin-related protein 2/3 complex subunit 1B Process extension and axon ensheathment during myelination; in PNS: actin
cytoskeleton regulation of DRG growth cones

+

Annexin A6 In PNS: scaffolding protein during membrane biogenesis and Ca2+ conductance
modulation in sensory neurons

+

Band 4.1-like protein 2 In PNS: axo-glial organization and maintenance in myelinated axons +

Brain-specific angiogenesis inhibitor 1-
associated protein 2

Filopodia formation; dendritic branch formation; synaptic transmission +

Brain-specific angiogenesis inhibitor 1-
associated protein 2-like protein 1

In PNS: biomarker for mechanical nociceptor type of DRG neurons +

Cadherin-15 In PNS: potential roles in axon/Schwann cell interactions and node of Ranvier
structural maintenance

−

CD59 glycoprotein Protecting from autoimmune neurologic disease and neural lesions; in PNS:
deficiency can present as CIDP

−

Cdc42 effector protein 4 Scaffold protein contributing to glia-neuron configuration +

Cell surface glycoprotein MUC18 Role in neuroinflammation; neurite extension +

Copine-3 — −

Coronin-1B — +

Cytohesin-1 In PNS: regulation of myelination +

E3 ubiquitin-protein ligase CBL Role in microglia-mediated neuroinflammation; neuroprotective role +

Epidermal growth factor receptor Regulation of myelination via oligodendrocyte’ maturation; astrocyte
differentiation and maturation. In PNS: regulation of neurite outgrowth,
nociception

+

Ezrin In PNS: node of Ranvier formation; concentrated at node of Ranvier and colocalizes
with NF155

+

Membrane-associated guanylate kinase,WW
and PDZ domain-containing protein 1

In PNS: scaffolding for ion transport in DRG neurons; role in thermal nociception
and acute inflammatory pain

+

Poly(rC)-binding protein 2 Neuronal cell proliferation and apoptosis; in PNS: Schwann cell proliferation after
nerve injury

−

Protein disulfide-isomerase A3 Neuroprotective role; in PNS: supporting peripheral nerve regeneration −

Radixin Neuroblast proliferation and migration; in PNS: node of Ranvier formation +

Transducin-like enhancer protein 2 Regulation of neuronal differentiation −

Abbreviations: CIDP = chronic inflammatory demyelinating polyneuropathy; DRG = dorsal root ganglia; PNS = peripheral nervous system.
Categories according to Gene Ontology. Literature references in e-Methods, links.lww.com/NXI/A385.
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immunologic factors specific to subgroups of patients.28 The
identification of these subgroups may be helpful for treatment
management and patient stratification in clinical trials.

An interesting finding is that anchoring junction proteins,
although in a numerical minority in the human antigenome,
are overrepresented in the repertoire of targeted antigens of
CIDP. This was a general phenomenon since 86.4% of the
patients with CIDP had antibodies against at least one of these
proteins. The fact that each identified anchoring junction
protein was on average targeted by significantly more patients
with CIDP than all other CIDP-specific antigens also suggests
that this is not an incidental antigen set. Anchoring junction
proteins are important for maintaining the neuronal–glial cell
shapes. Most of our detected anchoring junction proteins
(14/21) interfere in some way with the actin cytoskeleton; 7
are known to play a role in the myelination or axo-glial
structuring process (table 1). In addition, given their roles or
locations in the peripheral nervous system, 3 of these proteins
(CD59 glycoprotein, Ezrin, and Radixin) have previously
been discussed as potential targets for autoantibodies in de-
myelinating neuropathies.29,30

Other junction31–33 or cell adhesion34–37 proteins of the
nodal and paranodal region including contactin-1 and neu-
rofascin 155 and 186 have been identified as antibody targets
in subgroups of CIDP, confirming that these protein groups
comprise important autoantigens in CIDP. However, in
contrast to the predominantly neural proteins contactin-1
and neurofascin 155 and 186, the proteins identified in our
study are—despite their roles in the nervous system—mostly
widely expressed. Contactin-1 and neurofascin 155 and 186
are not on the HuProt 3.1 array. None of the 7 node of
Ranvier proteins spotted on the arrays were targeted by
the patients’ sera. Thus, proteins specific to the node of
Ranvier are probably not the main targets of antibodies in
CIDP as a whole but only in a subgroup of patients who had a
specific form of CIDP or even form another disease entity
(e.g., [para-]nodopathy).38

Because of the low number of only 3 anti–junction protein–
negative patients, it was not possible to determine whether a
specific clinical pattern is associated with the targeting of these
proteins. Antibodies reacting with the nodal and paranodal
regions are probably causally involved in the lesioning process
by interfering with their target.5,39,40 Whether this is the case
with the antibodies identified in this study is not yet de-
termined. Although the complex specific antibody response is
linked with clinical characteristics of the CIDP, it is not pos-
sible to know whether it contributes to the lesioning process
or is a secondary phenomenon or a mixture of both. Re-
garding a diagnostic potential, each of the antibodies identifies
a restricted proportion of patients, as do the known antibodies
reacting with the node of Ranvier. However, several of them,
alone or in combination, may be candidate biomarkers for the
diagnosis of CIDP or for managing the treatment by IVIg.

In conclusion, this article describes the application of
autoantigenomics, i.e., the systematic analysis of the whole
autoantigen repertoire, in the neurology field. The identi-
fied candidates present novel potential antibody targets of
CIDP that could be embarked on—either as single antigens
or panels—by the community. The discovered set of an-
tibodies against anchoring junction proteins may be of in-
terest for diagnostics, prognosis, and patient stratification.
At the same time, the research community interested in not
only CIDP but also other inflammatory neuropathies might
broaden their view from single candidates to a more sys-
temic view of antigen repertoires. Functional or compart-
mental sets of targeted antigens suggest novel, more
systematic tools to diagnose and understand autoimmune
neuropathies.
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Abstract
Objective
To clarify functional alterations of follicular helper T cells (Tfh) in myasthenia gravis (MG)
because Tfh play important roles in helping B cells generate antibody-producing cells.

Methods
A total of 24 immunotherapy-naive patients with anti–acetylcholine receptor (AchR)
antibody–positive MG and 18 age-matched healthy subjects (HS) were enrolled. Samples from
6 patients were available for posttreatment analysis. Subsets of circulating Tfh (cTfh) and
B cells were identified by flow cytometry analysis of surface molecules. Cytokine production by
isolated cTfh subsets from 5 patients with MG and 5 HS was measured in vitro. Analysis was
performed to examine the correlation between the frequency of cTfh subsets and that of
plasmablasts and between cTfh subsets and the quantitative MG score.

Results
cTfh increased with elevated expression of inducible T-cell costimulator (ICOS) in patients
with MG. cTfh shifted to Th2 and Th17 over Th1 in MG. ICOShighcTfh produced significantly
higher levels of interleukin (IL)-21, IL-4, and IL-17A than ICOSlow cTfh only in patients with
MG. The frequency of cTfh within CD4 T cells was more closely associated with disease
severity than the serum anti-AchR antibody titer and frequency of plasmablasts within B cells.
Abnormalities of cTfh were improved after immunotherapy in parallel with clinical
improvement.

Conclusions
Alternation of cTfh is a key feature in the development of MG and may become a biomarker for
disease severity and therapeutic efficacy.

Classification of Evidence
This study provides Class II evidence that the level of cTfh is associated with disease severity in
patients with MG.
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Myasthenia gravis (MG) is an antibody-mediated autoim-
mune disease targeting neuromuscular junctions, charac-
terized by fluctuating muscle weakness with easy
fatiguability.1,2 About 80% of patients with MG are positive
for anti–acetylcholine receptor (AchR) antibody.2 However,
the serum concentration of anti-AchR antibody is not always
associated with the clinical severity.3–5 Hence, it is difficult to
clarify the clinical severity based solely on the anti-AchR
antibody titer.

Accumulating evidence has shown that follicular helper
T cells (Tfh), chemokine (C-X-C motif) receptor 5
(CXCR5)-expressing CD4 T cells present in secondary
lymph organs, play a vital role in B-cell maturation and
antibody production.6–9 Tfh preferentially express in-
ducible T-cell costimulator (ICOS), which plays crucial
roles in promoting B-cell maturation and antibody pro-
duction by interacting with the ICOS ligand on B cells.10

Although Tfh and antibody-producing cells such as plasma
cells11 in secondary lymph nodes are a focus of interest in
antibody-mediated autoimmune diseases, these cells are
difficult to access. Previous studies treated CXCR5+ CD4
T cells in peripheral blood (PB) as circulating Tfh (cTfh)
and regarded plasmablasts as counterparts of plasma cells in
PB. These studies were based on the premise that CXCR5+
CD4 T cells in PB largely share functional properties with
Tfh in secondary lymph nodes and show an increase of cTfh
in human antibody-mediated autoimmune diseases, in-
cluding systemic lupus erythematosus (SLE),12,13 rheuma-
toid arthritis,14 Sjögren syndrome,15 and neuromyelitis
optica.16

Evidence shows that Tfh in PB and secondary lymph nodes
can be divided into Tfh1, Tfh2, and Tfh17-like total helper
T cells and that Tfh2 and Tfh17 more strongly induce anti-
body production.9 Among other cytokines, interleukin (IL)-
21 is preferentially secreted by Tfh.7,17,18 We analyzed cTfh1,
cTfh2, and cTfh17 shifts in patients with MG and studied
cytokine production including IL-21 by cTfh in vitro.

In addition, we analyzed cTfh1, cTfh2, and cTfh17 shifts in
patients with MG and studied cytokine production including
IL-21 by cTfh in vitro. We analyzed the association of the
cTfh phenotype with disease severity in patients with MG
and its phenotypic change before and after treatment.

Methods
Patients
We included 24 immunotherapy-naive hospitalized patients
with MG with anti-AchR antibody attending Kyoto Pre-
fectural University of Medicine, Kyoto University, or Kansai
Medical University Medical Center (from March 2017 to
November 2018) and 18 age-matched healthy subjects (HS)
(table). Six of the 24 immunotherapy-naive patients who
could be followed up were analyzed 2–4 weeks after the ini-
tiation of all forms of immunotherapy (table).

The clinical data including quantitative MG (QMG) score19

were evaluated by neurologists different from those per-
forming flow cytometric analysis, and the serum anti-AchR
antibody level (cutoff: 0.2 nmol/L) was commercially exam-
ined by radioimmunoassay (SRL, Inc., Japan) at the point of
blood sample collection.

Standard Protocol Approvals, Registrations,
and Patient Consents
This study was approved by the medical ethics committee of
Kyoto Prefectural University of Medicine (RBMR-G-140-1).
All subjects provided written informed consent.

Sample Collection and Flow
Cytometric Analysis
PB mononuclear cells (PBMCs) were isolated from fresh
blood samples with Lymphocyte Separation Medium 1077
(Wako, Japan) according to the manufacturer’s instructions.
PBMCs were stained with antibodies from BioLegend (San
Diego, CA) unless otherwise stated. CD4 T cells were iden-
tified with anti-human CD3 allophycocyanin (APC)-cyanine
(Cy) 7 (clone SK7) and anti-human CD4 peridinin chloro-
phyll protein (PerCP)- Cy5.5 (clone OKT4), anti-human
CXCR5 Alexa Fluor 488 (clone J252D4), anti-human ICOS
phycoerythrin (PE) (clone C398.4A), anti-human CXCR3
Brilliant Violet 510 (clone 1C6), anti-human C-C receptor
(CCR) 6 PE-Cy7 (clone G034E3), and control isotype-
matched antibodies. To identify B-cell subsets, we used anti-
human CD19 PE-Cy7 (clone HIB19), anti-human CD27
APC (clone M-T271) (BD Biosciences, Franklin Lakes, NJ),
anti-human CD38 PerCP-Cy5.5 (clone HIT2), and anti-
human CD138 pacific blue (clone MI15). The data were
acquired using a FACS Canto Ⅱ flow cytometer (BD Biosci-
ences). Although T cells were analyzed in all of the enrolled

Glossary
AchR = acetylcholine receptor; APC = allophycocyanin; CCR = C-C receptor; cTfh = circulating Tfh; CXCR5 = C-X-C motif
receptor 5; Cy = cyanine; EOMG = early-onset MG;HS = healthy subjects; ICOS = inducible T-cell costimulator; ICOShigh =
ICOS high expressing; ICOSlow = ICOS low expressing; IFN = interferon; IL = interleukin; LOMG = late-onset MG; MG =
myasthenia gravis; PB = peripheral blood; PBMC = PB mononuclear cell; PE = phycoerythrin; PerCP = peridinin chlorophyll
protein; PMA = phorbol 12-myristate 13-acetate; QGM = quantitative MG; SLE = systemic lupus erythematosus; Tfh =
follicular helper T cells.
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subjects, B-cell analysis was performed for 23 patients with
MG and 12 HS.

Measurement of Cytokine Production by cTfh
For analysis of cytokine production, we used PBMCs derived
from 5 patients with MG and the same number of HS.
PBMCs were stained as indicated above and sorted into
CXCR5-positive and -negative CD4 T cells or ICOS high
expressing (ICOShigh) and low expressing (ICOSlow)
CXCR5+ CD4 T cells by Cell Sorter SH800 (Sony, Japan).
Sorted CD4 T cells were cultured at a density of 2 × 105/mL
for 48 hours in AIM-Ⅴ (Thermo Fisher Scientific, Japan) in
96-well U-bottom plates. Cells were stimulated with phorbol
12-myristate 13-acetate (PMA) and ionomycin cell stimula-
tion (Sigma-Aldrich Co., LLC, St. Louis, MO) during cell
culture. The concentration of cytokines was measured in the
supernatant with BD CBA flex sets and BD human soluble
protein master buffer kits (human IL-21: 560358, human
interferon [IFN]-γ: 558269, human IL-4 558272, and human
IL-17A: 560383), and the data were analyzed using FCAP
Array v.3.0 software (BD Biosciences).

Statistical Analysis
Data are presented as the mean ± SD. Statistical analysis was
conducted with the Mann-Whitney U test for analysis of

unpaired data. Spearman rank correlation analysis was used
for correlation analysis, and the paired t test was used to assess
the difference between before and after treatment. All data
sets were analyzed using JMP 13 (SAS Institute Inc., Cary,
NC). A p value of <0.05 was considered significant.

Data Availability
The data sets generated and analyzed during the current study
are available from the corresponding author on reasonable
request.

Results
Frequency and Phenotypic Analysis of cTfh
Within CD4 T Cells
First, we analyzed cTfh, namely CXCR5+ CD3+ CD4+

cells,8,9 and their expression of ICOS (figure 1, A–C). The
frequency of cTfh was determined as a percentage of CD4
T cells. The frequency of cTfh significantly increased in pa-
tients with MG compared with HS (9.0% in patients with MG
vs 5.8% in HS, p = 0.0015) (figure 1, A and B). The frequency
of ICOShighcTfh significantly increased in patients with MG
compared with HS (4.0% in patients with MG vs 0.9% in HS,
p < 0.0001) (figure 1, A and C). Also, the frequency of

Table Patient Background

All cases

Characteristics HS (n = 18) MG (n = 24) p Value

Age, y, mean ± SD 45.4 ± 14.7 51.8 ± 16.3 0.17

Sex, female, n (%) 12 (67) 12 (50) 0.28

QMG score, mean ± SD — 8.2 ± 4.0 —

Thymoma (+), n (%) — 7 (29) —

EOMG:LOMG — 11:13 —

Anti-AchR antibody, nmol/L, mean ± SD — 70.3 ± 16.1 —

Disease duration, mo, mean ± SD — 7.8 ± 2.7 —

Cases with follow-up samples

Patients Age, y Sex
Disease
duration, mo Thymoma

Time to
follow-up, wk

Anti-AchR Ab, nmol/L QMG score Immunotherapy

Pre Post Pre Post Post

MG 2 56 M 1.5 − 2 3.3 1.8 4 0 CS and tacrolimus

MG 7 25 M 12 + 4 93 45 20 10 CS, tacrolimus, IVIg and
plasma exchange

MG 10 60 M 40 − 3 20 20 4 1 CS

MG 12 66 M 3 − 3 17 17 13 4 CS and IVIg

MG 16 66 F 5 − 2.5 3.3 7.6 10 9 CS and tacrolimus

MG 17 52 M 2 + 3 110 61 14 5 CS and tacrolimus

Abbreviations: AchR = acetylcholine receptor; EOMG = early-onset MG; LOMG = late-onset MG; CS = corticosteroid; IVIg = IV immunoglobulin; MG =
myasthenia gravis; post = posttreatment; pre = pretreatment; QMG score = quantitative MG score.
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ICOShigh cells within cTfh was significantly higher in patients
with MG than in HS (39.2% in patients with MG vs 11.6% in
HS, p < 0.001) (figure 1D).

Similarly to total CD4 T cells, cTfh cell subsets included 3
distinct subsets: cTfh1, cTfh2, and cTfh17.6,9,15 In this study,

we regarded CXCR3+ CCR6- CXCR5+ CD4 T cells as
cTfh1, CXCR3- CCR6- CXCR5+ CD4 T cells as cTfh2, and
CXCR3- CCR6+ CXCR5+ CD4 T cells as cTfh17 based on
previous reports.6,9,15 The frequency of cTfh2 and cTfh17
within CD4 T cells was significantly higher in patients with
MG than in HS (5.7% in patients with MG vs 4.2% in HS, p =

Figure 1 cTfh Frequency and ICOS Expression on cTfh and cTfh Subsets

(A) Representative flow cytometry dot plots of CXCR5 expression on CD4 T cells from patients with MG and HS (left) and representative flow cytometry dot
plots showing expression of CXCR5 and ICOS (right). (B) Frequency of cTfh within CD4 T cells shown for comparison between patients with MG and HS.
Frequency of ICOShigh cTfh within CD4 T cells (C) and within cTfh (D) for comparison between patients with MG and HS. Frequency of cTfh1 (CXCR3+ CCR6-
cTfh), cTfh2 (CXCR3-CCR6-cTfh), and cTh17 (CXCR3-CCR6+ cTfh) within CD4 T cells (E) and cTfh1, cTfh2, and cTfh17 subsets within cTfh (F) was also analyzed.
Data are indicated as the mean ± SEM. cTfh = circulating follicular helper T cell; HS = healthy subjects; ICOS = inducible T-cell costimulator; MG =myasthenia
gravis; PBMC = peripheral blood mononuclear cell.
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0.023, and 0.73% in patients with MG vs 0.21% in HS, p <
0.001, respectively) (figure 1E). In addition, the frequency of
the Th17 subset within cTfh was significantly higher in pa-
tients with MG than in HS (8.1% in patients with MG vs 3.2%
in HS, p = 0.0002) (figure 1F).

Cytokine Production by ICOShigh

and ICOSlowcTfh
We examined cytokine production by cTfh from patients with
MG and HS in response to PMA and ionomycin. ICOSh-
ighcTfh and ICOSlowcTfh were sorted as shown in figure 2A.
There was no significant difference in IFN-γ production be-
tween patients with MG and HS (84.2 pg/mL in patients with
MG vs 154.5 pg/mL in HS, p = 0.83) (figure 2B). In contrast,
IL-4 and IL-17A production by cTfh was significantly higher
in patients with MG than in HS (37.0 pg/mL in patients with
MG vs 8.6 pg/mL in HS, p = 0.012, and 146.1 pg/mL in
patients with MG vs 14.7 pg/mL in HS, p = 0.037, re-
spectively) (figure 2B). IL-21 production by cTfh was sig-
nificantly higher in patients with MG than in HS (129.3 pg/
mL in patients with MG vs 20.1 pg/mL in HS, p = 0.018)
(figure 2B).

We subsequently analyzed cytokine production by ICOShigh

and ICOSlowcTfh from patients with MG and HS. ICOSh-
ighcTfh significantly produced more IL-21 and IL-4 compared
with ICOSlowcTfh in patients with MG (157.3 pg/mL in
ICOShigh cTfh vs 19.7 pg/mL in ICOSlow cTfh, p = 0.036 and
57.8 pg/mL in ICOShigh cTfh vs 6.8 pg/mL in ICOSlow cTfh,
p = 0.012, respectively). The production of IL-17A by
ICOShigh cTfh tended to be higher than that by ICOSlow cTfh
(152.4 pg/mL in ICOShigh cTfh vs 16.4 pg/mL in ICOSlow

cTfh, p = 0.06) (figure 2C). ICOShighcTfh producing higher
levels of IL-21 showed higher IL-17A and IL-4 production in
patients with MG (figure 2C).

Correlation of cTfh With B-Lymphocyte
Lineage Cells
We evaluated subsets of B cells in PB from patients with MG
and HS. We defined B-lymphocyte lineage cells as follows:
CD19+ cells as B cells, CD19+ CD27+ cells as memory B cells,
and CD19+ CD27+ CD38high CD138- cells as plasmablasts20

(figure e-1A, links.lww.com/NXI/A375). There was no dif-
ference in the memory B-cell frequency within B cells be-
tween patients with MG and HS (23.7% in patients with MG
vs 23.3% in HS, p = 0.98) (figure e-1B). Some patients
exhibited a higher frequency of plasmablasts than the highest
value observed in HS, but there was no significant difference
between the 2 groups (2.0% in patients with MG vs 1.2% in
HS, p = 0.6) (figure e-1C).

Next, we analyzed the correlation between the frequency of
plasmablasts and cTfh in patients with MG. The frequency of
cTfh within CD4 T cells and that of plasmablasts
within lymphocytes were not significantly correlated (p = 0.5)
(figure e-1D, links.lww.com/NXI/A375). The frequency of
ICOShighcTfh within CD4 T cells was not associated with that

of plasmablasts (p = 0.9) (figure e-1E). The frequency of
plasmablasts within lymphocytes was also not significantly
correlated with the frequency of cTfh1 or that of cTfh2 within
CD4 T cells (p = 0.38 and 0.16, respectively) (figure e-1, F
and G). On the other hand, the frequency of plasmablasts
showed a significant correlation with the cTfh17 frequency
within CD4 T cells (R2 = 0.22, p = 0.023) (figure e-1H).

Association of Disease Severity With
Phenotype of cTfh, Anti-AchR Antibody Titer,
and Plasmablasts
We examined the association of disease severity with the cTfh
phenotype. The disease severity was significantly correlated
with the frequency of cTfh within CD4 T cells (R2 = 0.35, p =
0.005) (figure 3A). Furthermore, ICOShighcTfh within CD4
T cells was more significantly correlated with the QMG score
than ICOSlowcTfh (ICOShigh cTfh: R2 = 0.31, p = 0.0038, and
ICOSlow cTfh: R2 = 0.17, p = 0.039) (figure 3, A and B).

Although the frequency of cTfh1 and cTfh17 within CD4
T cells showed no significant correlation with the QMG score
(figure e-2, A and C, links.lww.com/NXI/A376), that of
cTfh2 within CD4 T cells showed a significant correlation
with the score (R2 = 0.22, p = 0.02) (figure e-2B).

There was no correlation between the serum anti-AchR an-
tibody titer or the frequency of plasmablasts and QMG score
(figure e-2, D and E, links.lww.com/NXI/A376).

Association of Clinical Characteristics With
Phenotype of cTfh
We compared the phenotype of cTfh between patients with
MG with and without thymoma. There was no significant
difference in the cTfh frequency within CD4 T cells between
patients with MG with and without thymoma (10.1% and
8.1%, respectively, p = 0.25) (figure e-3A, links.lww.com/
NXI/A377). The frequency of ICOShigh cells within cTfh
did not show any significant difference in variability (38.0%
and 40.4% in patients with or without thymoma, re-
spectively, p = 0.77) (figure e-3B). There was no clear dif-
ference in the cTfh1, cTfh2, or cTfh17 frequency within
cTfh between patients with MG with or without thymoma
(figure e-3C).

Next, we compared the phenotype of cTfh between patients
with early-onset MG (EOMG) (aged <50 years)1 and pa-
tients with late-onset MG (LOMG) (aged ≥50 years).1 The
frequency of cTfh within CD4 T cells was significantly higher
in patients with EOMG than patients with LOMG (10.8% in
patients with EMOG vs 7.3% in patients with LOMG, p =
0.019) (figure e-3D, links.lww.com/NXI/A377). This differ-
ence should be carefully interpreted because patients with
EOMG tended to exhibit a higher QMG score (10.2 in pa-
tients with EOMG vs 6.6 in patients with LOMG). On the
contrary, there was no significant difference in the ICOShigh

cell frequency within cTfh between these 2 groups (p = 0.66)
(figure e-3E). Furthermore, there was no significant difference
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in the cTfh1, cTfh2, or cTfh17 frequency within cTfh be-
tween patients with EOMG and LOMG (figure e-3F).

cTfh, Plasmablasts, and Anti-AchR Antibody
Level After Immunotherapy
We analyzed the cTfh phenotype before and after starting
immunotherapy. All 6 patients showed an improved QMG
score after immunotherapy (p = 0.002) (figure 3D). The
frequency of cTfh and ICOShighcTfh within CD4 T cells was
significantly reduced after immunotherapy (p = 0.04 and 0.02,
respectively) (figure 3, E and F).

The frequency of cTfh1 and cTfh2 within CD4 T cells de-
creased after treatment (p = 0.1 and 0.04, respectively) (figure
e-4, A and B, links.lww.com/NXI/A378). The change in the
cTfh17 frequency was the most significant (p = 0.009) (figure
e-4C). The frequency of plasmablasts within B cells was re-
duced in 5 patients after treatment, but without significance (p
= 0.16) (figure e-4D). The serum anti-AchR antibody level
tended to decrease (figure e-4E).

Discussion
In this study, we demonstrated an increase of cTfh in patients
with MG, consistent with 2 previous reports.21–23 An in-
creased frequency of Tfh was also previously observed in the
thymus and thymoma associated with MG.24 When we fur-
ther analyzed cTfh subsets based on the expression of che-
mokine receptors, cTfh2 and cTfh17 dominance over cTfh1
was observed. Of interest, the frequency of cTfh2 and cTfh17
within CD4 T cells reduced after immunotherapy. The in-
crease of cTfh17 in MG was also reported previously,21 and
our observation on cTfh2 dominance is not fully consistent
with previous reports on MG.21,22 Although the patients we
analyzed showed acute worsening after onset, the other
studies enrolled patients not receiving immunotherapy for
more than 2 years.21,22 An increased frequency of Tfh2 was
correlated with higher disease activity of SLE.12 Taken to-
gether, different activities between patients examined may
have led to different results. The production of IL-4 and IL-
17A by cTfh was significantly greater in patients with MG,

Figure 2 Cytokine Production by cTfh and Correlation With ICOS Expression on cTfh

cTfh from 5 patients with MG and the same number of HS were cultured under PMA and ionomycin stimulation for 48 hours. CXCR5+CD4 T cells as cTfh,
ICOShigh cTfh, and ICOShigh cTfh were sorted as shown in (A). Levels of IFN-γ, IL-4, IL-17A, and IL-21 production by cTfh weremeasured and compared between
patientswithMGandHS (B). The heatmap shows cytokine production by ICOShigh and ICOSlow cTfh frompatientswithMGandHS (C). Each column represents
themean ± SEM. CCR6 = C-C receptor 6; cTfh = circulating follicular helper T cell; CXCR5 = C-X-Cmotif receptor 5; HS = healthy subjects; ICOS = inducible T-cell
costimulator; IFN-γ = interferon-γ; IL = interleukin; MG = myasthenia gravis; PMA = phorbol 12-myristate 13-acetate.
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which supports the Tfh2 and Tfh17 dominance observed by
surface molecule analysis in them.

In this study, we also found that ICOShighcTfh increased,
and IL-21 production was upregulated in this cTfh subset
of patients with MG. The interaction between ICOS on
cTfh and its ligand on B cells is essential for B-cell de-
velopment and antibody production.11 ICOS knockout
mice were reported to be resistant to clinical experimental
autoimmune MG development with lower levels of serum
AchR-specific immunoglobulins.25 In our analysis, cTfh
exhibited significantly higher expression of ICOS in pa-
tients with MG compared with HS, a finding in agreement
with a recent report.26

IL-21 is a key cytokine of cTfh17,18 and promotes B-cell
differentiation and antibody production.27‐29 A study of
ICOS-deficient mice reported that effector T cells showed
an impaired ability to produce IL-21 and IL-4, and IgG
production was also reduced.25 In our study, IL-21 pro-
duction by cTfh was markedly elevated in patients with
MG. IL-21 specifically induces IgG1 and IgG3, but not
IgG2 nor IgG4.30 The preferential production of IL-21 may
play an important role in producing anti-AchR antibody
that exclusively belongs to IgG1 and IgG3 subclasses.31 Of
interest, this upregulated IL-21 production was only ob-
served in ICOShigh cTfh in patients with MG. Of note, the
production of IL-4 and IL-17A by ICOShigh cTfh from

patients with MG increased in parallel with IL-21 (figure
2C). The elevation of IL-21–, IL-4–, and IL-17A–
producing cell frequencies within CD4 T cells in MG was
recently reported, supporting our results.26 These obser-
vations showed that cTfh, especially qualitative and quan-
titative changes of ICOShighcTfh, are essential for the
pathogenic cytokine condition in MG. Although ICOShigh

Tfh were reported to promote germinal center B cells to
produce IgG compared with ICOSlowTfh,32 the functional
difference between ICOShigh and ICOSlowTfh remains
elusive. We reported on enhanced cytokine production by
ICOShigh cTfh in a human pathologic condition.

IL-21 plays a crucial role in the differentiation of Th17 in the
presence of transforming growth factor β33,34 and that of Tfh
themselves in the presence of IL-17.35 It was also reported
that IL-21 could promote the Th2 response36,37 and suppress
development of the Th1 response.38 Hence, it is likely that the
upregulation of IL-21 and ICOS high expression on Tfh is an
upstream functional skew to a Th2- and Th17-biased condi-
tion and preparation for a condition where pathogenic anti-
body is produced.

An increase of plasmablasts was reported in several autoim-
mune disorders includingMG.17,39 However, the frequency of
plasmablasts itself did not reach significance in our study. This
suggests that the skew of cTfh is more sensitive to detect the
pathogenic condition compared with that of plasmablasts.

Figure 3 Association of Disease Severity With Phenotype of cTfh and Tfh Phenotypic Change Before and After Treatment

The QMG score was correlated with the frequency of the following subsets within CD4 T cells: (A) cTfh, (B) ICOShigh cTfh, (C) ICOSlow cTfh. In (A), the circle
indicates EOMG, and the triangle indicates LOMG. The QMG score and frequency of cTfh subsets within either CD4 T cells or cTfh were analyzed before and
after immunotherapy. (D) QMG score. (E) Frequency of cTfh and (F) ICOShighcTfh within CD4 T cells. cTfh = circulating follicular helper T cell; ICOS = inducible T-
cell costimulator; MG = myasthenia gravis; post = after immunotherapy; pre = before immunotherapy; QMG score = quantitative MG score.
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Consistent with previous observations,3–5 the anti-AchR an-
tibody titer was not correlated with the disease severity in this
study. Anti-AchR antibodies in patients with MG are com-
prised of antibodies that exhibit different biological
activities.3,4 The functional activities of antibodies differ
among patients, which might explain, at least in part, why
titers of antibodies do not correlate with the disease severity.

In contrast and most importantly, quantitative changes in
cTfh were correlated with the disease severity in patients
with MG, at least before treatment. The presence or ab-
sence of thymoma did not influence the frequency of cTfh,
ICOS expression, or Th2 or Th17 dominance within cTfh.
In addition, elevation of the cTfh frequency in patients with
EOMG compared with patients with LOMG may be at-
tributed to differences in the disease severity between the 2
groups. These facts have raised the possibility that analysis
of cTfh can be used as an immunologic marker in MG. This
was also supported by the observation that the cTfh fre-
quency decreased in parallel with improvement of the
clinical severity.

This study had some limitations. First, this was a small
study. We were unable to analyze ICOShigh cTfh in patients
with MG with exacerbation. We could not conclude
whether ICOShigh cTfh is a marker to predict improvement
or exacerbation of clinical symptoms because we did not
follow up patients with MG at several predetermined
points. Hence, a further prospective long-term study is
needed to confirm the utility of ICOShigh cTfh as an activity
marker of MG in clinical settings.

In conclusion, we revealed that ICOShighcTfh are elevated and
cTfh shift to Th2 and Th17 inMG. Functionally activated Tfh
are key features in the immunopathology of MG. Of clinical
importance is the fact that the frequency of cTfh was corre-
lated with disease severity in patients with MG.
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Abstract
Objective
To evaluate the outcomes of immunosuppressive therapy (IST) discontinuation in patients
with neuromyelitis optica spectrum disorder (NMOSD) after a sustained remission period.

Methods
We retrospectively reviewed the medical records of 17 patients with antiaquaporin-4 antibody-
positive NMOSD who discontinued IST after a relapse-free period of ≥3 years.

Results
IST was discontinued at a median age of 40 years (interquartile range [IQR], 32–51) after a
median relapse-free period of 62 months (IQR, 52–73). Among the 17 enrolled patients, 14
(82%) relapsed at a median interval of 6 months (IQR, 4–34) after IST discontinuation, 3
(18%) of whom experienced severe attacks; notably, all 3 of these patients had a history of
severe attack before IST. These 3 patients received steroids, followed by plasma exchange for
acute treatment, but 2 exhibited poor recovery and significant disability worsening at 6 months
after relapse.

Conclusions
IST discontinuationmay increase the risk of relapse in seropositive patients with NMOSD even
after 5 years of remission. Given the potentially devastating consequence of a single attack of
NMOSD, caution is advised with IST discontinuation, particularly in patients with severe attack
before IST.
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Neuromyelitis optica spectrum disorder (NMOSD) is a rare
and severe inflammatory disorder of the CNS associated with
aquaporin-4 (AQP4) antibodies.1 Because of the high mor-
bidity associated with NMOSD relapse, early initiation of
immunosuppressive therapy is recommended.2 Rituximab,
mycophenolate mofetil (MMF), and azathioprine (AZA) are
the most commonly prescribed therapeutic agents for pre-
venting relapse in NMOSD. Although these agents are gen-
erally well-tolerated, the long-term use of these drugs may
lead to an increased risk of opportunistic infections, particu-
larly in elderly patients, resulting in increased economic
burden. However, there is no current consensus regarding the
optimum duration of immunosuppressive therapy (IST), and
a common clinical dilemma is the feasibility of treatment
withdrawal in patients who have achieved a sustained period
of remission. Here, we aimed to evaluate the outcomes of IST
discontinuation in patients with NMOSD with a sustained
remission period before discontinuation.

Methods
Participants and Data Collection
We retrospectively evaluated medical records of 252 pa-
tients with NMOSD, according to the 2015 NMOSD cri-
teria,1 who were positive for AQP4 antibodies and
underwent continuous IST with MMF, AZA, or rituximab
for ≥3 years at the National Cancer Center, Korea, be-
tween May 2005 and March 2020. Of these patients, we
identified 18 patients who discontinued IST after ≥3 years
of relapse-free period on IST. One patient was lost to
follow-up and was thus excluded. Finally, we included 17
patients in this study. The study was approved by the In-
stitutional Review Board of the National Cancer Center,
Korea. Collected data included patient demographics,
treatment history, relapse history, and disabilities (Ex-
panded Disability Status Scale [EDSS]). A severe relapse
was defined as an EDSS score of ≥6.0, or as new worsening
of visual acuity of ≤0.1 points at the nadir of the attack.

Treatment Protocols
The maintenance AZA dose was 2–3 mg/kg/d, and the MMF
dose was 1,500–2,000 mg/d. Rituximab was administered based
on the frequency ofmemory B cells in peripheral blood according
to our previously published protocol.3

Laboratory Testing
Blood samples were obtained during the follow-up once per
year at the clinic. AQP4 antibodies were measured using an in-
house live cell-based assay.4

Data Availability
The data sets generated during and/or analyzed during the
current study are available from the corresponding author on
reasonable request.

Results
The characteristics of the 17 patients are presented in table.
IST was discontinued after a median relapse-free period of 62
months (interquartile range [IQR], 48–73 months). Reasons
for IST discontinuation included the patient’s decision (n = 8,
47%), provider advice (n = 8, 47%), and preparing for preg-
nancy (n = 1, 6%).

Fourteen patients (82%) experienced a relapse at a median
interval of 6 months (IQR, 4–34 months) after discontinua-
tion; the median interval was 4 months (IQR, 3–18 months)
for patients (n = 12) who discontinued AZA or MMF and 85
months and 54 months for 2 patients who discontinued rit-
uximab, respectively. Two patients who discontinued AZA
and MMF maintained a stable disease course for 30 and 65
months, respectively. One patient restarted IST with MMF
after 6 months of discontinuation without relapse because of
concern about relapse. In our cohort, 2 patients started IST
after a single attack, and both relapsed after discontinuation of
IST. Eight patients (47%) experienced severe attacks before
IST, whereas 3 (21%) of 14 patients experienced severe at-
tacks after discontinuation of IST; notably, all 3 patients had a
history of severe attack before IST. These 3 patients received
steroids, followed by plasma exchange for acute treatment, but
2 exhibited poor recovery and EDSS worsening at 6 months
after the attack.

Five (29%) were seronegative for AQP4 antibodies at the
time of discontinuation, but 4 (80%) of them exhibited
seroreversion (from seronegative to seropositive) after IST
discontinuation (figure 1, A–C, figure e-1, links.lww.com/
NXI/A380). The remaining 11 patients were continuously
seropositive for AQP4 antibodies regardless of the treat-
ment (figure 1D, figure e-1), and 2 patients were in a
remission state without IST for 65 and 30 months (figure 1,
E and F).

The 14 patients who relapsed after IST discontinuation
restarted IST immediately. All but 2 had a stable disease
course for a median duration of 29 months (IQR, 13–62
months) since IST was restarted. Notably, the 2 patients who
attempted IST discontinuation again after 14 months and 49
months of AZA and MMF treatment relapsed again after 3

Glossary
AQP4 = aquaporin-4; AZA = azathioprine; DMT = disease-modifying therapies; EDSS = Expanded Disability Status Scale;
IQR = interquartile range; IST = immunosuppressive therapy; MMF = mycophenolate mofetil; NMOSD = neuromyelitis
optica spectrum disorder.
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and 10 months of discontinuation, respectively. There were
no significant safety issues among the 17 patients during the
IST period.

Discussion
In our cohort of patients with NMOSD with a median
relapse-free period of 62 months before IST discontinuation,
82% of patients relapsed after a median interval of 6 months.
Among them, 3 (21%) had severe attacks, 2 of whom did not
recover despite high dose steroids and plasma exchange.
These findings indicate that IST discontinuation leads to an
increased risk of relapse in seropositive patients with
NMOSD despite a lengthy relapse-free period. Particular
caution is required in patients with a history of severe attack
before IST because of the risk of irreversible disability even
from a single attack.

Data regarding the outcomes of IST discontinuation in
patients with NMOSD are lacking. Weinfurtner et al.5

suggested that stopping rituximab treatment after disease
stabilization is a viable option for some patients with
NMOSD. However, among their 4 cases, 2 eventually re-
lapsed 3 and 5 years after the last infusion of rituximab.

Likewise, in our cohort, the 2 patients previously treated
with rituximab relapsed long after rituximab discontinua-
tion. Based on a longer remission after rituximab discon-
tinuation compared with that of AZA or MMF, we
suggested that rituximab treatment before pregnancy is
more advantageous for a successful pregnancy in patients
with NMOSD.6 Nevertheless, long-term remission
under IST does not guarantee lifelong remission after IST
discontinuation.

Our study was unable to determine the factors that would
predict remission maintenance after IST discontinuation be-
cause only 2 patients maintained remission after IST dis-
continuation. Some expert suggested that in patients with
NMOSD who do not disseminate in time either clinically or
radiologically, long-term therapy (>5 years) may be un-
necessary.7 However, 2 patients who experienced only a single
attack before IST relapsed after IST discontinuation. In pa-
tients with MS, the benefits of disease-modifying therapies
(DMT) may decrease with age because of diminishing in-
flammatory activity or having already reached significant
disability, hence it may be feasible to discontinue DMT in
some older patients.8 Nevertheless, unlike MS, late-onset
NMOSD (age, ≥50) are reported to be associated with worse
outcomes because of high frequency of severe myelitis.9,10

Thus, the prevention of relapse by IST is still an important
treatment goal in older patients with NMOSD, and IST dis-
continuation in older patients may not particularly more
feasible. In our cohort, monitoring of AQP4 antibody seros-
tatus was not helpful in predicting relapse after IST discon-
tinuation. More than 60% of patients were continuously
seropositive. Moreover, among 5 patients with negative se-
roconversion at the time of discontinuation, all except one
exhibited positive seroreversion after IST discontinuation,
and the time interval from seroreversion to relapse varied
between patients (figure 1, A–C).

This study was limited by its retrospective and single-center
design. In particular, the referral bias toward more severe
cases should be taken into account. The number of enrolled
patients was not large because most patients with NMOSD
were unwilling to stop treatment even after a lengthy
relapse-free period. Nevertheless, this is the largest case
series exploring the feasibility of IST discontinuation in
patients with NMOSD. Owing to the uncontrolled nature
of a case series, the outcome of IST discontinuation should
be interpreted with caution. However, all patients who re-
lapsed after IST discontinuation became stable after
restarting and maintaining IST. Moreover, 2 patients who
restarted and stopped again relapsed several months after
discontinuation. Thus, long-term remission is indeed as-
sociated with IST, not a spontaneous regression of disease
activity.

In conclusion, although evaluation of the balance between
risk and benefit of maintaining long-term IST should be
individualized, this study advocates continuing relapse

Table Clinical and Demographic Characteristics of
Patients With Neuromyelitis Optica Spectrum
Disorder

Patients (n = 17)

Age at onset, y, median (IQR) 33 (22–39)

Sex, female, n (%) 15 (88)

Age at IST discontinuation, y, median (IQR) 40 (32–48)

Time from disease onset to treatment, mo,
median (IQR)

12 (6–61)

Disease duration at IST discontinuation, y,
median (IQR)

7 (5–11)

IST before discontinuation, n (%) 3 (17)

AZA 11 (65)

MMF 2 (12)

Rituximab 1 (6)

Mitoxantrone followed by MMF

ARR before IST, median (IQR) 0.75 (0.47–1.5)

No. of attacks before IST, median (IQR) 3 (2–4)

EDSS at treatment initiation, median (IQR) 3.0 (1–3.5)

EDSS at discontinuation, median (IQR) 2.0 (1–3)

EDSS at the last follow-up, median (IQR) 2.0 (1–3.5)

Abbreviations: AZA = azathioprine; IQR = interquartile range; IST = immu-
nosuppressive therapy; MMF = mycophenolate mofetil; ARR = annualized
relapse rate; EDSS = Expanded Disability Status Scale.
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prevention therapy in seropositive patients with NMOSD,
until future studies enable us to determine when and in
which patients IST can be safely discontinued and/or until
validated biomarkers to predict relapse well in advance are
available.
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Figure Temporal Association of Clinical RelapseWith Discontinuation of Immunosuppressive Therapy and AQP4 Antibody
Status in 6 Patients With Neuromyelitis Optica Spectrum Disorder

N, AQP4 antibody negative, 1–4+ semiquantitative AQP4 antibody positive score. AQP4 = aquaporin-4; AZA = azathioprine; MMF = mycophenolate mofetil.
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Abstract
Objective
MS is an autoimmune demyelinating disease of the CNS, which causes neurologic deficits in
young adults and leads to progressive disability. The aryl hydrocarbon receptor (AHR), a
ligand-activated transcription factor, can drive anti-inflammatory functions in peripheral im-
mune cells and also in CNS-resident cells. Laquinimod is a drug developed for the treatment of
MS known to activate AHR, but the cellular targets of laquinimod are still not completely
known. In this work, we analyzed the contribution of AHR activation in astrocytes to its
beneficial effects in the experimental autoimmune encephalomyelitis (EAE) preclinical model
of MS.

Methods
We used conditional knockout mice, in combination with genome-wide analysis of gene ex-
pression by RNA-seq and in vitro culture systems to investigate the effects of laquinimod on
astrocytes.

Results
We found that AHR activation in astrocytes by laquinimod ameliorates EAE, a preclinical
model of MS. Genome-wide RNA-seq transcriptional analyses detected anti-inflammatory
effects of laquinimod in glial cells during EAE. Moreover, we established that the Delaq
metabolite of laquinimod dampens proinflammatory mediator production while activating
tissue-protective mechanisms in glia.

Conclusions
Taken together, these findings suggest that AHR activation by clinically relevant AHR agonists
may represent a novel therapeutic approach for the treatment of MS.
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MS is a chronic inflammatory disease of the CNS, which in most
patients initially presents with a relapsing-remitting course
(RRMS).1 This relapsing-remitting stage is often followed by a
secondary progressive phase (SPMS) characterized by the pro-
gressive and irreversible accumulation of neurologic deficits. In
primary progressive MS (PPMS), neurologic impairment pro-
gresses continuously without superimposed relapses.1 Most
current immunomodulatory therapies in MS target the adaptive
immune response, which is mostly relevant to the relapsing-
remitting phase ofMS.2However, there is an unmet clinical need
for therapeutic approaches to target CNS-intrinsic mechanisms
of disease pathology driven by astrocytes and microglia, which
are thought to promote disease progression in SPMS and
PPMS.2

The aryl hydrocarbon receptor (AHR) is a ligand-activated
transcription factor with important effects in inflammatory
responses driven by CNS-resident and peripheral cells.3,4

Indeed, AHR activation by endogenous, microbial derived
or therapeutically administered agonists has been shown
to ameliorate experimental autoimmune encephalomyelitis
(EAE), the animal model of MS.5–9 Moreover, AHR acti-
vation in CNS-resident glial cells including astrocytes and
microglia mediates tissue-protective and regenerative effects
relevant to progressive stages of MS.10–12 However, AHR
agonistic activity in serum is reduced in patients with MS,
potentially contributing to the dysregulation of proin-
flammatory and neurodegenerative mechanisms.10,13,14

Laquinimod (Laq) activates AHR and showed positive effects in
someMS clinical trials.15–18 In addition to relapse reduction, Laq
administration resulted in the reduction of white and graymatter
atrophy and diminished permanent black hole formation in
MS,18 suggesting that Laq acts on CNS-resident cells relevant to
MS progression. However, clinical use of Laq is hampered due to
an incomplete understanding of its modes of action, potential
side effects, and limited clinical efficacy.

In this study, we report that AHR activation in astrocytes by
the Laq metabolite Delaq ameliorates EAE. These findings
may guide the development of future therapeutic approaches
based on AHR activation in acute and chronic inflammation.

Methods
Mice
Female C57Bl/6 mice and 1–3-day-old pups from C57Bl/6J
mice were obtained from the Jackson Laboratory and were

kept in a pathogen-free facility at the Harvard Institutes of
Medicine. Glial fibrillary acidic protein (GFAP)-AHR and
LysM-AHR mice have been described before.10,11,19 All ex-
periments were performed in accordance with guidelines
prescribed by the Institutional Animal Care and Use Com-
mittee at Harvard Medical School.

EAE Induction and Treatment
EAE was induced in 8-week-old mice by subcutaneous
immunization with 150 μg MOG35–55 peptide emulsified in
complete Freund adjuvant (Difco Laboratories, Detroit,
MI) per mouse, followed by administration of 200 ng
pertussis toxin (List biological Laboratories, Inc., Camp-
bell, CA) on days 0 and 2 as described.10,20 Clinical signs of
EAE were assessed as follows: 0, no signs of disease; 1, loss
of tone in the tail; 2, hind limb paresis; 3, hind limb pa-
ralysis; 4, tetraplegia; and 5, moribund. All agents were
purchased from Sigma-Aldrich (St. Louis, MO). Starting
from day 2 after disease induction, mice were treaty daily
with oral gavage of Laq (25 mg/kg) or vehicle,
respectively.

Isolation of Cells From Adult Mouse CNS
Mononuclear cells were isolated from the CNS as previously
described, and astrocytes, monocytes, and microglia were
sorted as described before.10,20 Isolated CNS cells were
stained with fluorochrome-conjugated antibody to CD11b
(M1/70, 1:100), CD45 (90, 1:100), Ly6C1 (HK1.4, 1:100),
CD105 (N418, 1:100), CD140a (APA5, 1:100), CD11c
(N418, 1:100), F4/80 (BM8, 1:50), O4 (O4, Miltenyi Biotec,
1:10), and CD19 (eBio1D3, 1:100). All antibodies were from
eBioscience or BD Pharmingen, unless otherwise mentioned.
Microglia were sorted as CD11b+ cells with low CD45 expression
and low LY6C1 (CD11b+CD45lowLy6C1low), inflammatory
monocytes were considered as CD45hiCD11b+Ly6C1hi. Astro-
cytes were sorted as CD11blowCD45low Ly6C1low

CD105lowCD140alowCD11blowF4/80lowO4lowCD19low after the
exclusion of lymphocytes, microglia, oligodendrocytes, and
monocytes. Sorted astrocyteswere >85%GFAP+ as determined by
fluorescence-activated cell sorting analysis and by quantitative PCR
(qPCR) analysis of the expression of the astrocyte markers Gfap,
Aldh1l1, and Aqp4.

Flow Cytometry Staining and Acquisition
Mononuclear cell suspensions were prepared as previously
described.10 Antibodies for flow cytometry were purchased
from eBioscience or BD Pharmingen and used at a concen-
tration of 1:100 unless recommended otherwise by the
manufacturer. Cells were then analyzed on an LSRII or

Glossary
AHR = aryl hydrocarbon receptor; EAE = experimental autoimmune encephalomyelitis; EDTA = ethylenediaminetetraacetic
acid; GFAP = glial fibrillary acidic protein; GSEA = gene set enrichment analyses; IL = interleukin; IPA = ingenuity pathway
analysis; Laq = laquinimod; NF-κB = nuclear factor kappa B; PPMS = primary progressive MS; qPCR = quantitative PCR;
RRMS = relapsing-remitting MS; SPMS = secondary progressive MS; TNFα = tumor necrosis factor-α.
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MACSQuant flow cytometer (BD Biosciences, Franklin
Lakes, NJ, and Miltenyi Biotec, Bergisch Gladbach, Germany,
respectively).

Sequence Alignment and Quantification
The reads were aligned to the GRCm38 reference genome
using STAR (v2.7.3a),21 and the aligned reads were quantified
using RSEM (v1.3.1).22

Differential Expression Analysis and
Downstream Analysis
The quantification results from RSEM were aggregated and
analyzed using DESeq2,23 and the log2 fold changes of genes
were shrunk using the Approximate posterior estimation for
GLM coefficients (ApeGLM).24 The downstream analysis was
performed using gene set enrichment analyses (GSEA) and in-
genuity pathway analysis (IPA).

Ingenuity Pathway Analysis
To determine significant pathways, differentially expressed genes
that passed false discovery rate <0.1 for vehicle vs Laq-treated

mice were uploaded and analyzed using the IPA tool. p Values
were calculated using the Fisher exact test.

Network Analysis
The network diagram was generated using IPA. The activation
status of a pathway was predicted using IPA’s upstream regula-
tory tool by an activation z score. The z score was calculated
using the formula z = (Σiwixi)/(√Σiwi

2), where wi is the weight
of gene i and xi is the number of activating and inhibiting pre-
dictions of gene i. Positive z score indicated upregulated path-
way, whereas negative z score indicated downregulated pathway
as the overall effect.

Quantitative PCR
RNA was extracted with RNAeasy kit (Qiagen, Hilden, Ger-
many), and complementary DNA was prepared and used for
qPCR, with the results normalized to Gapdh levels. All primers
and probes were from Applied Biosystems. Mouse: Ccl2
Mm00441242_m1, Cyp1b1 Mm00487229_m1, Gapdh
Mm99999915_g1, Il10 Mm00439614_m1, Nos2
Mm00440502_m1, and TnfaMm00443258_m1.

Figure 1 Laquinimod Acts on Dendritic Cells to Ameliorate EAE

EAEwas induced in control (A) and LysM-AHR (LysMCre AHRfl/fl, B) mice. Animals were treatedwith daily oral doses of laquinimod or vehicle starting fromday 2
after immunization. Clinical scores are mean ± SEM and representative of 2 independent experiments. **p < 0.01 by 2-way analysis of variance (ANOVA). (C
andD) Absolute numbers and (E) relative fractions of CNS-infiltrating T cells were determined by fluorescence-activated cell sorting staining for CD3, CD4, IFN-
γ, and IL-17A. Data are mean ± SEM. *p < 0.05. AHR = aryl hydrocarbon receptor; EAE = experimental autoimmune encephalomyelitis; IFN = interferon; IL =
interleukin; n.s. = not significant as determined by 1-way analysis of variance followed by the Tukey post hoc test.
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Primary Astrocyte Cultures
Cerebral cortices from neonatal C57Bl/6J mice aged 1–3 days
were dissected, stripped of their meninges, digested with
0.25% trypsin–ethylenediaminetetraacetic acid (EDTA) and
DNAse I (1 mg/mL) for 15 minutes, and dispersed to single-
cell level by passing through a cell strainer (70 μm). The cell

suspension was then cultured at 37°C in humidified 5% CO2,
95% air on poly-L-lysine (Sigma) coated 175-cm2 cell culture
flasks. The medium was replaced every 4–5 days. After 7–10
days, cells reached confluence, and astrocytes were isolated by
mild trypsinization with trypsin-EDTA (0.06%) as previously
described.10 Cells were >95% astrocytes as determined by

Figure 2 Laquinimod Acts on Astrocytes to Ameliorate Late Stage EAE

(A) EAE was induced in control and GFAP-AHR (GFAPCre AHRfl/fl). Animals were treated with daily oral doses of laquinimod or vehicle starting from day 2 after
immunization. Clinical scores are mean ± SEM and representative of 2 independent experiments. *p < 0.05. **p < 0.01. ***p < 0.001 by 2-way analysis of
variance (ANOVA). (B) Absolute numbers of CNS-infiltrating proinflammatory monocytes as determined by fluorescence-activated cell sorting (FACS) staining
for CD11b, CD45, and Ly6C. Data aremean ± SEM. (C) Absolute numbers and (D) relative fractions of CNS-infiltrating T cells were determined by FACS staining
for CD3, CD4, IFN-γ, and IL-17A. Data are mean ± SEM of n = 5 mice per group and representative of 3 independent experiments. AHR = aryl hydrocarbon
receptor; EAE = experimental autoimmune encephalomyelitis; GFAP = glial fibrillary acidic protein; IFN = interferon; IL = interleukin; n.s. = not significant as
determined by 1-way ANOVA followed by the Tukey post hoc test.
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staining with GFAP or GLAST, with less than 5% contami-
nation of CD11b+ microglia cells After the isolation pro-
cedure, cells were further plated as required for the specific
experiments. Astrocyte cultures were activated with tumor
necrosis factor-α (TNFα) and interleukin (IL)-1β (5 ng/mL
and 10 ng/mL, respectively, both R&D Systems) in the
presence of Laq 100 ng/mL, Delaq 100 ng/mL, or vehicle.
Unless otherwise indicated, RNA analysis was performed 24
hours after start of treatment.

Statistical Analysis
Statistical analyses were performed with Prism software
(GraphPad, San Diego, CA), using the statistical tests in-
dicated in the individual figure legends. No samples were
excluded. The investigators were blinded as to the treat-
ment of mice in individual experiments. p Values of <0.05
were considered significant. All error bars represent SEM
or SD as noted in the individual figure legends. Unless
otherwise stated, 3 independent experiments were used for
all assays, and displayed figures are representative.

Data Availability
Anonymized data that are not published in this article
will be made available on request from any qualified
investigator.

Results
Laq Ameliorates Autoimmune CNS
Inflammation Independent of AHR in
Myeloid Cells
To analyze the cell populations involved in the AHR-dependent
therapeutic effects of Laq on EAE, we used LysMCre AHRfl/fl

mice (LysM-AHR mice) in which AHR is deleted in myeloid
cells including monocytes, macrophages, granulocytes, and some
microglia. Starting 2 days after EAE induction by immunization
with MOG35-55, mice were treated with Laq or vehicle adminis-
tered by gavage. Laq ameliorated EAE both in control and LysM-
AHRmice as indicated by a reduction of the clinical score (figure
1, A and B) and the number and fractions of CNS-infiltrating
effector T cells (figure 1, C–E).

AHR in Astrocytes Contributes to the
Protective Effects of Laq in Late-Stage EAE
AHR in astrocytes limits CNS inflammation by suppressing
nuclear factor kappa B (NF-κB) activation and the expression
of NF-κB-driven transcriptional modules that promote in-
flammation and neurodegeneration.4,10 Thus, to evaluate the
role of AHR activation in astrocytes in the therapeutic effects
of Laq in EAE, we used GFAPCre Ahrfl/fl mice (GFAP-AHR
mice) in which AHR has been deleted from astrocytes.10

Figure 3 Laquinimod Acts on Astrocytes by Modulating the Production of Proinflammatory Cytokines, Chemokines, and
Neurotoxic Mediators

(A) Heat map of expressed (detected at level 0.1 in at least 2 of 3 samples) genes (signal:noise ratio) of astrocytes fluorescence-activated cell sorting sorted
fromanimals as in (figure 2A). Data representmeans of n = 3mice. Gene expression levels are row centered and log2 transformed and saturated at levels −0.5
and +0.5 for visualization satisfying a false discovery rate <0.1. (B) Principal component analysis plot of RNA sequencing data isolated frommicroglia of mice
as in (A). AHR = aryl hydrocarbon receptor; GFAP = glial fibrillary acidic protein.
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Laq administration delayed EAE onset in GFAP-AHR mice,
but failed to ameliorate EAE in GFAP-AHR mice during the
late stage of the disease (figure 2A). Moreover, Laq admin-
istration failed to reduce the number of CNS-infiltrating
proinflammatory monocytes and number and fractions of
effector T cells in GFAP-AHR mice (figure 2, B–D). Indeed,
Laq administration in GFAP-AHR mice exacerbated proin-
flammatory monocyte influx into the CNS (figure 2B), po-
tentially due to the pronounced upregulation of CCL2
following AHR deletion in astrocytes and a dysregulation of
the astrocyte to microglia crosstalk in GFAP-AHR mice,
which we have previously demonstrated.10 Taken together,
these findings suggest that AHR activation in astrocytes
contributes to the beneficial effects of Laq during chronic
CNS inflammation.

Laq Suppresses Disease-Promoting
Transcriptional Modules in Astrocytes via AHR
To further investigate the beneficial effects of AHR activation
by Laq during EAE, we analyzed by RNA-seq the transcrip-
tional response of control and AHR-deficient astrocytes in
Laq-treated mice. Laq treatment had significant effects in the
transcriptional response of astrocytes in control, but not
GFAP-AHR mice, suggesting that the effects of Laq on as-
trocytes are mediated by AHR (figure 3, A and B). Indeed, in
agreement with the reported ability of AHR to suppress NF-
κB activation in astrocytes during the course of EAE,10,11,25

ingenuity pathway analyses detected a significant down-
regulation of NF-κB-driven proinflammatory mechanisms
(table). In agreement with these findings, we detected the
downregulation of NF-κB–driven proinflammatory mediators
such as IL-6 and iNOS (table).11,26–28 Moreover, we also
detected a Laq-induced regulation of transcriptional programs
associated with the production of chemokines, neurotrophin,
and axonal guidance signaling, as well as pathways relevant for
transendothelial migration (figure e-1, links.lww.com/NXI/

A382). Collectively, these findings suggest that AHR activa-
tion induced in astrocytes by Laq treatment downmodulates
transcriptional responses that promote CNS pathogenesis.

Laq Acts on Astrocytes to Reduce Microglia
Proinflammatory Pathways
Astrocytes and microglia play important roles in the CNS
both during health and disease.12,29 Indeed, the crosstalk
between astrocytes and microglia controls their proin-
flammatory and disease-promoting responses in EAE and
MS.30 The inefficient activity of LysM-Cre in microglia limits
our ability to evaluate the effects of direct microglial AHR
activation by Laq treatment in EAE. However, astrocytes can
secrete granulocyte-macrophage colony-stimulating factor,
IL-33, and additional factors to modulate microglial re-
sponses.31 Thus, we evaluated the effects of AHR activation in
astrocytes by Laq administration on microglial transcriptional
response during EAE. Laq-triggered AHR activation in as-
trocytes during EAE had significant effects on the transcrip-
tional response of microglia as determined by RNA-seq
(figure 4). Indeed, GSEA detected the upregulation of
proinflammatory pathways in microglia from Laq-treated
GFAP-AHR compared with control mice (figure e-2, links.
lww.com/NXI/A382), supporting a role of AHR-driven
transcriptional modules in astrocytes on the control of
microglial responses during EAE.

Laq Metabolite Delaq Activates AHR-Driven
Protective Mechanisms in EAE
Hepatic metabolism leads to the breakdown of Laq to its de-
ethylated metabolite Delaq (de-ethylated Laq), a potent AHR
agonist.32 However, it is still unclear whether Laq or its me-
tabolite Delaq activates AHR to limit CNS inflammation. To
address this point, we treated primary murine astrocyte cul-
tures with equimolar concentrations of Laq or Delaq. Delaq,
but not Laq, induced the expression of the AHR

Table Ingenuity Pathway Analysis of Pathways Regulated in Astrocytes from Control Laquinimod vs Control
Vehicle-Treated Mice

Ingenuity canonical pathways p Value z score

NF-κB signaling 1.07152E-05 −1.616

VEGF signaling 1.23027E-05 −1.147

GM-CSF signaling 3.63078E-05 −1.291

Integrin signaling 3.98107E-05 −3.087

JAK/Stat signaling 6.0256E-05 −0.471

IL-6 signaling 0.000371535 −1.279

iNOS signaling 0.021877616 −1.134

Leukocyte extravasation signaling 0.024547089 −1.877

Neuroinflammation signaling pathway 0.029512092 −2.475

Abbreviations: GM-CSF = granulocyte-macrophage colony-stimulating factor; IL = interleukin; NF-κB = nuclear factor kappa B; VEGF = vascular endothelial
growth factor.
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transcriptional target Cyp1b1 both in resting astrocytes and in
astrocytes activated with the proinflammatory stimuli TNFα
and IL-β (figure 5A). Indeed, Delaq reduced the expression of
genes associated with disease-promoting astrocyte activities
during EAE, such as immune cell recruitment (Ccl2) and
neurotoxicity and microglia activation (Nos2 and Tnfa), while
it enhanced the expression of anti-inflammatory Il10 (figure
5B). These findings suggest that Delaq, but not Laq, activates

AHR in astrocytes to induce anti-inflammatory and tissue
protective mechanisms that limit CNS pathology.

Discussion
In clinical trials conducted in patients with MS, Laq reduced
MS relapse rates and slowed the accumulation of white and
gray matter atrophy,16,17,33 suggesting that in addition to its
effects on peripheral immune cells,34–38 AHR activation in-
terferes with mechanisms of disease pathogenesis driven by
CNS-resident cells. However, it remains unclear whether these
suppressive effects of Laq on brain atrophy are an indirect result
from its effects on peripheral immune cells and/or reflect direct
effects of Laq on CNS-residents cells. In this context, our study
identifies neuroprotective and anti-inflammatory effects of Laq
mediated byAHR activation inCNS-resident glial cells. Indeed,
Laq administration led to the activation of AHR in astrocytes,
which was associated with clinical improvement during late
stages of EAE, reduction of CNS-infiltrating proinflammatory
monocytes and T-cell numbers, and polarization. Transcrip-
tional analyses identified astrocyte-intrinsic effects of Laq,
which included dampening of proinflammatory pathways and
enhancement of anti-inflammatory and tissue-regenerative
mechanisms. Moreover, the astrocyte responses induced by
Laq also decreased proinflammatory responses in microglia
indirectly, suggesting that Laq affects the modulation of
microglial responses by astrocytes. Finally, our in vitro studies
on primary astrocytes in culture suggest that these beneficial
effects of Laq administration are mediated by its metabolite
Delaq. Taken together, these results underline the potential
role of AHR-targeted therapies for the management of neu-
rodegenerative diseases.

Several studies analyzed the effects of Laq on the peripheral
immune compartment. One of the first studies testing the
effects of Laq in EAE determined dose-dependent reduction
of clinical symptoms in MOG35-55-induced EAE: although
peripheral immune cell counts in secondary lymphoid organs
were unaltered, immune cell infiltration into the CNS was
greatly reduced in Laq-treated animals.38 Moreover, Laq
treatment initiated after the first relapse also proved effective
in reducing relapse number and severity in a chronic EAE
model.39 More recently, Laq was also shown to reduce au-
toimmune inflammatory damage to the optic nerve and retina,
which are usually affected in MS.40 These beneficial effects
were attributed in part to a shift in the phenotype and mi-
gratory properties of T cells.37,38 Moreover, Laq showed
beneficial effects in B cell–dependent spontaneous chronic
EAE models, where Laq reduced the activation of dendritic, T
follicular helper, and T memory cells, while expanding the
compartment of regulatory T cells.41 In addition, Laq
inhibited the development of meningeal B-cell aggregates and
myelin-specific antibody secretion.41 Finally, Laq was also
shown to enhance immunomodulatory functions of natural
killer cells in their interaction with CD155 positive dendritic
cells due to alterations in dendritic cell antigen presentation

Figure 4 Laq Acts on Astrocytes to Indirectly Modulate
Microglial Proinflammatory Pathways

Heat map of expressed genes (signal:noise ratio) of microglia fluorescence-
activated cell sorting sorted from Laq-treated control and GFAP-AHR ani-
mals. Gene expression levels are row centered and log2 transformed and
saturated at levels −0.5 and +0.5 for visualization satisfying a false discovery
rate <0.1. AHR = aryl hydrocarbon receptor; GFAP = glial fibrillary acidic
protein; Laq = laquinimod.
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function.42 Together with previous observations, our findings
suggest that the anti-inflammatory effects of Laq in the pe-
ripheral immune compartment target the interactions of
dendritic cells with components of the adaptive immune
system.

Laq administration has been shown to trigger AHR activation in
vivo,43,44 most likely via its active metabolite Delaq, as demon-
strated for glial cells here. Of note, Delaq itself cannot be ad-
ministered in vivo because of its low solubility and short half-life,
suggesting that Laq is metabolized into Delaq in the local mi-
croenvironment.32 Using complete AHR-deficient mice, 2 in-
dependent groups determined that the suppression of EAE by
Laq administration is AHR dependent, although AHR-
independent mechanisms may also play a role.43,44 Indeed, the
induction of brain-derived natriuretic factor, a glial neuro-
protective factor, is driven by Laq in an AHR-independent
manner, suggesting that Laq engages additional pathways in glial
cells in addition to AHR to promote the production of neuro-
protective factors and regulators of excitotoxic neurotransmitters
including glutamate.44–46 Although our transcriptional analyses
corroborate profound alterations in astrocyte transcriptional
profiles during EAE induced by astrocyte AHR deficiency,10 they
also point to the existence of AHR-independent mechanisms

induced by Laq in AHR-deficient astrocytes in GFAP-AHRmice.
In these lines, the expression of neuroprotective factors induced
by Laq in astrocytes was only partially suppressed in GFAP-AHR
mice. In this context, Tapinarof is a novel AHR agonist developed
for the treatment of skin inflammation.47 Of interest, the thera-
peutic effects of Laq are mediated by AHR and the transcription
factor NFR2,47 which promotes the production of neutrotrophic
and anti-oxidant factors in astrocytes and is the target of dimethyl
fumarate.48 Thus, Laq may potentially activate NRF2 and other
transcription factors in addition to AHR to modulate the tran-
scriptional response of astrocytes during CNS inflammation.
These pathways are of great relevance for disease progression in
chronic stages of MS, which are not properly modeled by the
C57Bl/6 model of EAE. Hence, additional studies should in-
vestigate the effects of Laq on additional preclinical models, such
as the chronic progressive EAEmodel in nonobese diabetic mice
or the cuprizone-induced model of demyelination and neuro-
degeneration, which recapitulates recapitulate some aspects of the
progressive MS.

In summary, our study suggests that AHR activation in as-
trocytes is a potential therapeutic approach for neurologic
disorders. Our findings also suggest that Delaq, a short-lived
metabolite of Laq produced in the liver, mediates the

Figure 5 Delaq Is the Active Metabolite of Laquinimod and Dampens Proinflammatory Activation of Primary Astrocytes

(A) Primary astrocytes fromneonatalmicewere activatedwith TNFα and IL-1β in the presence of vehicle, laquinimod, or Delaq. RNAwas isolated, transcribed,
and subjected to qPCR for the AHR responsive gene Cyp1b1. Data are mean ± SEM and representative of 2 independent experiments. (B) Primary astrocytes
were activated as in (A) in the presence of vehicle orDelaq. RNAwas isolated, transcribed, and subjected to qPCR for the indicated genes. Data aremean± SEM
and representative of 2 independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. IL = interleukin; n.s. = not significant as determined by
1-way analysis of variance followed by the Tukey post hoc test; qPCR = quantitative PCR; TNFα = tumor necrosis factor-α.
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therapeutic effects of Laq. Thus, a second generation of AHR
activators aimed at achieving increased AHR activation within
the CNS may provide novel therapeutic approaches for MS
and other neurologic disorders.
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Abstract
Objective
To determine whether studying patients with strictly unilateral relapsing primary angiitis of the
CNS (UR-PACNS) can support hemispheric differences in immune response mechanisms, we
reviewed characteristics of a group of such patients.

Methods
We surveiled our institution for patients with UR-PACNS, after characterizing one such case.
We defined UR-PACNS as PACNSwith clinical and radiographic relapses strictly recurring in 1
brain hemisphere, with or without hemiatrophy. PACNSmust have been biopsy proven. Three
total cases were identified at our institution. A literature search for similar reports yielded 4
additional cases. The combined 7 cases were reviewed for demographic, clinical, imaging, and
pathologic trends.

Results
The median age at time of clinical onset among the 7 cases was 26 years (range 10–49 years); 5
were male (71%). All 7 patients presented with seizures. The mean follow-up duration was 7.5
years (4–14.1 years). The annualized relapse rate ranged between 0.2 and 1. UR-PACNS
involved the left cerebral hemisphere in 5 of the 7 patients. There was no consistent relationship
between the patient’s dominant hand and the diseased side. When performed (5 cases),
conventional angiogram was nondiagnostic. CSF examination showed nucleated cells and
protein levels in normal range in 3 cases and ranged from 6 to 11 cells/μL and 49 to 110 mg/dL
in 4 cases, respectively. All cases were diagnosed with lesional biopsy, showing lymphocytic type
of vasculitis of the small- and medium-sized vessels. Patients treated with steroids alone showed
progression. Induction therapy with cyclophosphamide or rituximab followed by a steroid
sparing agent resulted in the most consistent disease remission.

Conclusions
Combining our 3 cases with others reported in the literature allows better clinical un-
derstanding about this rare and extremely puzzling disease entity. We hypothesize that a
functional difference in immune responses, caused by such discrepancies as basal levels of
cytokines, asymmetric distribution of microglia, and differences in modulation of the systemic
immune functions, rather than a structural antigenic difference, between the right and left brain
may explain this phenomenon, but this is speculative.
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Primary angiitis of the CNS (PACNS) was first recognized in
1959 and is characterized by idiopathic inflammation of ar-
teries of the brain, spinal cord, and leptomeninges.1 The size
of the afflicted vessels carries significant diagnostic and
prognostic consequences. Disease of predominately small-
and medium-sized vessels is often missed by CT angiography,
magnetic resonance angiography, and conventional angiog-
raphy and rather diagnosed with brain biopsy. In such cases,
small infarctions are more typical and are associated with a
more favorable prognosis overall. Angiitis of large-sized ves-
sels is more likely to have diagnostic angiographic findings and
leads to large territorial infarctions and a less favorable
prognosis.2 Our understanding is limited regarding the factors
that lead to this difference in the size of the afflicted vessels
between different individuals.

Despite the well-known functional differences between the
right and left hemispheres of the brain, studies identifying the
transcribed RNA in different regions of the brain do not
demonstrate a significant difference in gene expression be-
tween the 2 hemispheres.3 Moreover, evidence of asymme-
tries of total arterial supply between the right and left brain is,
similarly, lacking.4 These data render a readily available ex-
planation for chronic or relapsing asymmetric brain disease
difficult to ascertain. In large case series reporting on PACNS,
relapsing vasculitis in only 1 hemisphere is not described.2,5

Salavarani et al. reported unilateral findings in 8.8% of patients
diagnosed by brain biopsy and in 11.5% of patients diagnosed
by angiogram, but did not identify whether further relapses
continued to focus on the same hemisphere.2

Here, we report the diagnostic approach, clinical course, and
treatment of 3 cases of unilateral relapsing PACNS (UR-
PACNS). In addition, we review the literature and summarize
the previously reported cases. We also explore how this dis-
ease entity can indicate hemispheric differences in immune
response mechanisms.

Methods
The index case (case 1) was identified through its pre-
sentation in our institution’s (Massachusetts General Hospi-
tal, Boston) weekly neuroimmunology faculty meeting. At
that time, other colleagues (M.M., J.M.H. and Y.G.) present at
that meeting identified the similar presentation of the patients
(cases 2 and 3) who they were following clinically.We queried
our Research Patient Data Registry to search for additional
patients with UR-PANCS within the last 5 years (January
2015–December 2019). Although 145 patients (53.7%

female; average age 54.3, SD 16.9) were seen atMassachusetts
General Hospital for suspected cerebral vasculitis, during that
time, we did not identify any additional UR-PACNS cases. In
our search, UR-PACNS was defined as biopsy-proven
PACNS with ≥2 relapses after the initial onset, strictly con-
fined to 1 cerebral hemisphere, with or without relative at-
rophy of that hemisphere. Relapses were defined as a new
clinical neurologic manifestation with brain MRI demon-
strating at least 1 new lesion with gadolinium enhancement. If
there was no gadolinium enhancement, a relapse could still be
recorded if it had been judged by the clinician to be so. We
identified 3 such patients, described below in detail. To fur-
ther characterize this entity, we performed an indexed litera-
ture search through PubMed for similar reports using the key
words “unilateral, unihemispheric, PACNS, vasculitis, and
angiitis” and their synonyms in varying combinations. The
references within the identified publications were also
reviewed for pertinent studies. This resulted in 4 additional
cases.6–9 The 7 cases were combined to review demographic,
clinical, imaging, and pathologic trends.

Data Availability
Upon appropriate request, the corresponding author can
provide deidentified data, e.g., normal serum and CSF tests.

Standard Protocol Approvals, Registrations,
and Patient Consents
The authors received written informed consent for research
publication from the 3 patients included in the study.

Case Descriptions
Case 1
A 23-year-old right-handed Caucasian woman with a history
of migraine headaches and cocaine and alcohol abuse pre-
sented in April 2003 with a generalized tonic-clonic seizure.
This also coincided with an increased frequency and severity
of her headaches. Her migraine history started at age 13 years
and was consistent with sporadic hemiplegic migraine, where
headaches were associated with transient (;2 hours) weak-
ness of the right arm and leg. Her MRI (4/2003) showed
strictly left hemispheric multiple periventricular and deep
white matter T2 hyperintense foci, some with faint contrast
enhancement (figure 1, A and B) without diffusion-weighted
imaging (DWI) changes. CSF analysis was normal without
oligoclonal bands. EEG showed intermittent left temporal
slowing in the theta and delta range, but no epileptiform
activity. She was started on antiepileptic drug (AED) therapy,
eventually accumulating 3 AEDs over the course of 4 years for
both nonepileptic and 17 epileptic events characterized as

Glossary
ABRA = amyloid beta-related angiitis; AED = antiepileptic drug;DWI = diffusion-weighted imaging; PACNS = primary angiitis
of the CNS; UR = unilateral relapsing; VZV = Varicella zoster virus; WBC = white blood cell.
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right arm tonic partial onset seizures with secondary tonic-
clonic generalization. Five years after presentation, her neu-
rologic examination was only remarkable for slightly slowed
finger-tap speed and alternating movements with the right
hand. A formal neuropsychiatric evaluation showed low-
normal performance in the executive function and language
domains. She was on 1 AED with good seizure control but
without a formal diagnosis.

Over the course of the 14 years following her initial pre-
sentation, she had 11 more brain MRIs exhibiting progressive
unihemispheric atrophy, and a total of 3 clinical relapses as-
sociated with new gadolinium-enhancing T2 lesions. All re-
lapses presented clinically with focal or generalized seizure
and headache. The first occurred 6 years and 4 months after
presentation (figure 1, E and F), and she was started on
mycophenolate mofetil for presumed CNS vasculitis without
angiographic or pathologic confirmation. The second oc-
curred 7 years and 3 months after presentation; AED regimen
was adjusted. Mycophenolate was discontinued 12 years after
presentation, which was followed by the third relapse occur-
ring 13 years and 3 months after presentation (figure 1, G and
H). Cerebral angiogram was normal, but lesional biopsy
showed nongranulomatous, non-necrotizing lymphocytic
vasculitis (figure 3). Mycophenolate was restarted, and she
received 2 cycles of rituximab 1 g infusions (6 months apart).
She has had no further relapses until her last follow-up 14
years after presentation, at which point her neurologic ex-
amination was not significantly changed from that docu-
mented above, 5 years after presentation. Additional studies
included 2 further unremarkable CSF studies (5 years and 13
years 3 months after presentation), unremarkable MRI of the
cervical and thoracic spine (3 years from presentation), and
serum autoimmune and genetic testing (table 1).

Case 2
A 19-year-old left-handed Caucasian woman presented with a
secondarily generalized tonic-clonic seizure that commenced
with focal right lower extremity numbness and paresthesia.
Brain MRI demonstrated left frontal and parietal multifocal
cortical and subcortical T2 hyperintense lesions with contrast
enhancement (figure 2, A and B). CSF analysis showed
lymphocytic pleocytosis (white blood cell [WBC] 8 cells/μL;
93% lymphocytes, 6% monocytes, and 1% polymorpho-
nuclear cells) and positive CSF oligoclonal bands. She had
weakly positive serum antinuclear antibody (1:40). Her lab-
oratory values were otherwise unremarkable (table 1). She
was commenced on levetiracetam 500 mg twice daily. One
month later, she developed episodes of right upper and lower
extremity numbness and paresthesia lasting up to 3 hours.
Brain MRI demonstrated interval progression of patchy
nodular enhancement within the left cerebellar hemisphere
and interval growth of a rounded lesion within the left mesial
temporal lobe. She was treated with IV methylprednisolone
1,000 mg daily for 3 days. At follow-up 2 months later, there
was interval improvement of symptoms and lesions on brain
MRI, although small residual foci of enhancement remained
(figure 2, C and D).

Ten months after initial presentation, she developed a pro-
longed episode of right-sided numbness. Brain MRI showed
enhancing lesions in the left temporal, frontal, and parietal
lobes. Her dose of levetiracetam was increased to 750 mg
twice daily. Twelve months after presentation, she un-
derwent brain biopsy that demonstrated inflammatory
and reactive changes, as well as a necrotic focus, consis-
tent with small vessel lymphoplasmacytic vasculitis
(figure 3). She was commenced on prednisone 60 mg
daily for 6 weeks followed by taper and mycophenolate

Figure 1 MRI for Case 1

(A) Fluid-attenuated inversion recovery (FLAIR)
and (B) T1 postcontrast sequences at pre-
sentation demonstrating strictly unilateral sub-
cortical lesions with subtle contrast
enhancement. (C) FLAIR sequence 4 years and 8
months after presentation, showing the first in-
dication of volume loss in the afflicted left hemi-
sphere despite developing no new discrete
lesions since presentation and no change in the
previous foci of subcortical disease. (D) Diffusion-
weighted imaging throughout her clinical course
has not shown significant restricted diffusion. (E
and G) FLAIR and (F and H) T1 postcontrast se-
quences showing new T2 lesions on FLAIRwith (H)
and without (F) corresponding gadolinium en-
hancement. (E and F) are 6 years and 4 months
after presentation, whereas (G andH) are 13 years
and 3 months after presentation, and all demon-
strate progression of unilateral brain atrophy.
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1,000 mg twice daily. Her dose of levetiracetam was also
increased to 1,000 mg twice daily postoperatively for
worsening right-sided numbness. Four years after initial
presentation, she has not had new symptoms or wors-
ening on MRI. She remains on the same therapeutic
regimen and continues to have occasional focal seizures.

Case 3
A healthy 26-year-old right-handed Chinese man presented
to the emergency department in March 2012 with general-
ized tonic-clonic seizure after an aura of abnormal vision as if
witnessing a 3Dmovie. Brain MRI showed patchy T2 lesions

in the right temporal and occipital lobes with multiple
nodular and patchy areas of enhancement. CT angiogram of
the head was unremarkable apart from showing a common
blood supply to both thalami (artery of Percheron). Lumbar
puncture opening pressure was 105 mmH2O, with mild
pleocytosis (8 WBC/μL) and normal protein (44 mg/dL).
Autoimmune encephalitis and ganglioside spectrum anti-
body panels of CSF were negative. CSF immunoglobulin G
index was 0.96 (normal 0.32–0.6). Cryptococcus, cysticerco-
sis antibody, Mycobacterium tuberculosis PCR, and bacteria
were not detected in CSF. Other normal serum tests are
summarized in table 1.

Table 1 Clinical Features

1: 2002 Derry
et al.6

2: 2009
Damasceno
et al.7

3: 2011 Ho
et al.8

4: 2016 Johnson
et al.9

5: 2020
AbdelRazek
et al. #1

6: 2020
AbdelRazek
et al. #2

7: 2020
AbdelRazek
et al. #3

Age at
clinical
onset/sex/
race

10/M 35/M 49/M/Hispanic 30/M 23/F/Caucasian 19/F/Caucasian 26/M/Chinese

Handedness No mention Right No mention Right Right Left Right

Follow-up
duration, y

11.75 10 4 4 14.1 4 5

Presenting
symptoms

L focal motor
seizure, L
hemiparesis, and
R-sided
headache

Generalized
seizure, R
hemiparesis,
and
expressive
aphasia

R focal seizure,
R hemiparesis,
and aphasia

R hemiparesis,
hemianopia,
nonfluent aphasia,
and seizures

Generalized
tonic-clonic
seizure

R focal seizure
with
secondarily
generalized
tonic-clonic
seizure

Generalized
tonic-clonic
seizure

Treatments
and
responses

Deteriorated on
dexamethasone;
stable on CYC

Failed
steroids,
azathioprine,
and beta-
interferon 1a

Steroids and
CYC very
successful with
near-complete
resolution

Pulse steroids, CYC/
rituximab induction
and MPM
maintenance
controlled disease for
4 y

Relapse on
MPM, followed
for 1 y on
rituximab
without relapse

Steroids, MPM
largely
successful

Deteriorated
on pulse
steroids and
stable for 1 y
on MPM

Eventual
cognitive
deficits

No Yes (aphasia
and problem
solving)

No Yes (moderate
nonfluent aphasia)

Low-normal
executive
function and
language
domains

No Mild (MMSE
30 and MoCA
26 2 y after
onset)

Eventual
motor
deficits

L hemiplegia R hemiparesis No Mild R hemiparesis No No R hemiparesis

Eventual
sensory
deficits

Hemianopia No mention No mention No mention No No No mention

Seizure is
the
presenting
symptom

Yes Yes Yes Yes (first seizure
during the first
hospitalization)

Yes Yes Yes

Headache
with
relapses

Yes No mention Yes Yes Yes No No

No. of
relapses

At least 3 At least 3 At least 4 At least 3 3 At least 4 4

Annualized
relapse rate

0.26 0.3 1 0.75 0.21 1 0.8

Abbreviations: CYC = cyclophosphamide; MMSE = Mini-Mental State Examination; MoCA = Montreal Cognitive Assessment; MPM = mycophenolate mofetil.
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Ten months after presentation, he gradually developed
numbness in his left upper limb. Thirteen months after
presentation, his left upper and lower limbs were weak. He
could not hold light objects. When walking, he felt as if his
left lower limb was treading on cotton. He was admitted to
a hospital in Beijing, China. Examination showed reduced
muscle tone of left upper limb. His left hand showed
weakness and incoordination described as thalamic hand.
Distal muscle strength of the left upper limb was 4/5, and
proximal was 5−/5; the left lower limb was 4/5 proximally
and distally. Hoffman sign was present in both hands, and
his left toes showed positive Puusepp sign. Brain MRI, 14
months after presentation, showed radiographic pro-
gression with patchy T2 lesions in the right thalamus,
temporal lobe, frontal lobe, occipital lobe, basal ganglia
region, midbrain, and pons. Multiple nodular and patchy
enhancement signals were seen in the right cerebral
hemisphere. Brain MRI 3 months later (17 months after
presentation) showed further progression with all lesions,
old and new, remaining strictly confined to the right
hemisphere (figure 2, E–G). Lesional biopsy from the
superficial right occipital lobe of about 1.5 cm block of
subcortical, cortical, and leptomeningeal tissue was per-
formed. Clinical pathologic diagnosis of primary angiitis of
the CNS was made (figure 3). The patient was commenced
on methylprednisolone pulse therapy 1,000 mg/d for 5
days with subsequent oral taper. Despite this, he continued
to have gradual clinical and radiographic progression.

Four years and 2 months after initial presentation, his left arm
and leg strength had deteriorated further with worsened
spasticity. He complained of cognitive deficits, although his
Mini-Mental State Examination was 30/30, and Montreal
Cognitive Assessment was 26/30. Brain MRI showed further
progression with new lesions in the right thalamus, midbrain,
upper pons, temporal lobe, occipital lobe, frontal lobe, and

basal ganglia region. There was significant atrophy of the right
hemisphere and right brainstem (figure 2H). There were new
enhancing lesions in the left thalamus. Immunosuppressive
therapy with mycophenolate 200 mg twice daily was pre-
scribed accompanied with prednisone 8mg daily. Tenmonths
later (5 years after presentation), the follow-up brain MRI
showed stability with no new lesions, although significant
unilateral brain atrophy including the brainstem remained
evident.

Results
In addition to the 3 cases we present in this report, there have
been 4 prior distinct case reports of biopsy-proven UR-
PACNS6–9 in patients aged 10, 30, 35, and 49 years at the time
of clinical onset (table 1). Although 2 case series from one
academic center reported on unilateral intracranial arterio-
pathy in 93 children,10,11 the disease entity described in these
pediatric neurology case series differs from UR-PACNS.
These reports describe a largely transient monophasic arte-
riopathy. In the first report, only 5 of 79 children had relapsing
arteriopathy, and only 1 of these 5 remained unilateral at
follow-up and was thought to be related to neuroborreliosis
and not PACNS.10 In the second report, none of the 14 cases
with unilateral arteriopathy had a relapse after a median 8.8-
year follow-up and appeared to be monophasic in character.11

Demographics, Clinical Course, and Response
to Therapy
In the 7 cases that have been reported to date, 3 of whom from
this study, the median age at time of clinical onset was 26 years
(range 10–49 years); 5 were male (71%); the mean follow-up
duration was 7.5 years (4–14.1 years); the mean annualized
relapse rate was 0.62 (0.2–1), defined as the average number
of clinical relapses with new MRI changes per year. All 7
patients presented with seizures; this is likely related to the
small caliber size of the inflicted blood vessels, which tend to

Figure 2 MRI for Case 2 (A–D) and Case 3 (E–H)

(A) Fluid-attenuated inversion recovery (FLAIR)
and (B) T1 postcontrast sequences at pre-
sentation demonstrating left frontal and parietal
multifocal cortical and subcortical T2 hyperin-
tense lesions with contrast enhancement. (C)
FLAIR and (D) T1 postcontrast sequences 2
months after treatment with IV pulse glucocorti-
coid therapy (3 months after presentation) dem-
onstrating near resolution of the previously
described lesions, although some T2 hyper-
intensity and contrast enhancement remain. (E
and F) FLAIR and (G) T1 postcontrast sequences 14
months after presentation demonstrating T2
hyperintensity in the right thalamus, occipital
lobe, temporal lobe, andmidbrain with enhancing
lesions in right thalamus and occipital lobe cortex.
(H) T1 postcontrast sequence during a relapse 4
years 2 months from onset demonstrating nu-
merous gadolinium-enhancing lesions in the right
occipital and temporal cortex and in the right
anterior midbrain and displaying significant
hemiatrophy of the right hemisphere of the brain.
Diffusion-weighted imaging sequences showed
no significant changes in both cases.
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be cortical and thus more likely to induce seizure activity. Two
of the cases presented with focal unilateral arm and leg con-
vulsions without generalization; in 3 cases, there was associ-
ated aphasia; and 4 had hemiparesis not related to Todd
paralysis at presentation. Throughout their clinical course, all
patients had several clinical and radiographic relapses, 4 pa-
tients with headache as a prominent feature, which is the most
common symptom in PACNS, occurring in 60% of cases.2 At
the end of the reported follow-up duration, 4 patients had
cognitive deficits (language and problem solving), 3 patients
had hemiparesis, and 1 had hemiplegia and hemianopia
without a deficit in cognition.

The 7 patients varied in response to immunomodulatory
therapy as detailed in table 1. Cyclophosphamide and ritux-
imab were successful in suppressing disease relapses whenever
used (4 of the 7 cases). Patients who did not receive early
induction therapy with these high-potent immunosuppres-
sants showed disease progression. Mycophenolate mofetil
was successful as maintenance therapy when it was used after
induction therapy in 2 cases. Whenever steroids were used
alone, disease was not controlled.

Neuroimaging
Conventional cerebral angiogram was performed in 4 of
the 7 cases and did not show evidence of vasculitis. Con-
versely, all cases were diagnosed due to recurring paren-
chymal disease on brain MRI leading to a diagnostic brain
biopsy. This suggests that the target in this disease entity is
the involvement of small- and medium-sized vessels rather
than large-sized vessels. This also explains the presentation

of the 7 cases with seizures, a cortical epiphenomenon
more likely to occur with distal vasculitis. Of interest, 2
patients showed asymmetry of the caliber size of the in-
tracranial vessels, one on conventional angiogram and the
other on magnetic resonance angiogram. All patients
showed recurring gadolinium-enhancing strictly unilateral
lesions. In the 3 cases we present, none had DWI restricted
diffusion, whereas in the prior 4 cases, there was no specific
comment on this. In case 3, only, there was infratentorial
involvement, above the level of fiber decussation. This case
also showed contralateral thalamic involvement late in the
disease, which we believe was related to the common
vasculature of both thalami, artery of Percheron, seen on
CT angiogram. Table 2 summarizes neuroimaging
findings.

In 4 of the 7 cases, there was progressive unilateral volume
loss such as that seen in Rasmussen encephalitis, including the
midbrain in 1 patient (case 3 of this report). We note that
early induction therapy with a strong immunosupressant was
absent in these cases. One case had evidence for subtle volume
loss between onset and the first radiographic disease relapse
(2 years and 9 months apart), which may indicate subclinical
baseline chronic inflammation affecting that single hemi-
sphere with superimposed acute inflammatory episodes
causing clinical relapse (case 1 of this report).

Laboratory Investigations
Extensive workup for systemic markers of infectious or
autoimmune/rheumatologic disease was unremarkable in all
patients. The specific workup in each case differed, outlined in

Figure 3 Histopathologic Findings in Cases 1, 2, and 3

Findings were similar in all 3 patients, consisting of
varying amounts of perivascular and parenchymal
chronic inflammation, tissue necrosis, and reactive
gliosis. Small sized vessels demonstrated trans-
mural inflammation, but fibrinoid necrosiswasnot
a prominent finding. No granulomas or microglial
nodules were identified. Microscopic examination
for Case 1 demonstrated multifocal perivascular
inflammatory infiltrates (A, H&E, ×400) composed
of mature lymphocytes, many of which were CD8+

T cells (B, CD8 IHC, ×400), rare plasma cells, and
some macrophages (C, CD68 IHC). Similar peri-
vascular inflammatory infiltrateswereseen inCase
2, with more prominent spillage into the adjacent
parenchyma (D, H&E, ×100), with occasional oblit-
erated vessels (D insert, H&E, ×400) and focal tissue
necrosis (not shown). Most inflammatory cells
werealsoT cells (E, CD3 IHC,×400),with scatteredB
cells (F, CD20 IHC, ×400). Case 3 demonstrated in-
flammatory infiltrates within the vascular walls of
medium-sized leptomeningeal vessels in addition
to small-sized parenchymal vessels (G, H&E, ×100),
composed of many T cells (H, CD3 IHC, ×100) with
an additional component of plasma cells (I, CD138
IHC, ×100). The lackof leptomeningeal involvement
in Cases 1 and 2 however may be due to limited
sampling with a smaller biopsy size in comparison
with Case 3. In all cases, there were no histopath-
ologic findings to suggest any process different
from PACNS. H&E = hematoxylin and eosin; IHC =
immunohistochemistry; PACNS = primary angiitis
of the CNS.
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table 2. Noteworthy, CSF examination was overall un-
remarkable or mildly abnormal. Nucleated cells and protein
levels were normal in 3 cases (<6 cells/μL and <46 mg/dL)
and ranged from 6 to 11 cells/μL and 49 to 110 mg/dL in the
remaining 4 cases, respectively. Oligoclonal bands were
mentioned to be positive in 3 cases. Varicella zoster virus
(VZV) PCR from CSF was reported to be negative in 3 cases,
and immunostaining for VZV on the brain biopsy was nega-
tive in a fourth case.

Neuropathology
All 7 cases were diagnosed as PACNS by brain biopsy. Two
cases had a nondiagnostic first brain biopsy, one on pre-
sentation with a positive biopsy 3 years later, and the second 6
years into the disease with a positive biopsy 2 years after that.
The pathologic findings in all 7 cases were consistent with
lymphocytic vasculitis of the small- and medium-sized vessels,
without evidence of granulomatous or significant vessel wall
necrotizing components. In our 3 cases, the most salient
finding was transmural and perivascular inflammation, with

evidence of ischemic injury from small vessel involvement,
most prominent in case 2 (figure 3). No particular finding on
biopsy explained the unilateral nature of the vasculitis. Amy-
loid staining was not performed in any case, likely given the
young age (under 50 years) in all patients, the absence of
granulomatous changes in all cases, which amyloid beta-
related angiitis (ABRA) classically shows, and that ABRA al-
most exclusively occurs in older patients. VZV immunohis-
tochemical stain was performed in 2 cases (cases 1 and 2) and
was negative.

Discussion
The most striking feature of these patients’ presentation was
the laterality of their clinical and neuroimaging findings. Al-
though the occurrence of lesions in 1 hemisphere repeatedly
may be due to chance, not only did patients have multiple
relapses in only 1 hemisphere but also most of the relapses
had multiple lesions. For example, in case 3 of this article,

Table 2 Laboratory and imaging features

1: 2002 Derry
et al.6

2: 2009
Damasceno
et al.7

3: 2011 Ho
et al.8

4: 2016 Johnson
et al.9

5: 2020
AbdelRazek
et al. #1

6: 2020
AbdelRazek
et al. #2

7: 2020
AbdelRazek
et al. #3

CSF analysis Positive OCB,
protein 110
mg/dL,
otherwise
normal

6 WBC/μL no
OCB, protein
68 mg/dL,
and negative
VZV DNA

Unremarkable 11 WBC/μL, 87%
lymphocytes, protein
50mg/dL, 2OCBs, and
negative DNA for VZV,
HSV, EBV, and CMV

Normal WBC,
protein.
Immunostain
on brain biopsy
for VZV is
negative.

Positive OCB, 6
WBC/μL, 96%
lymphocytes,
protein 49 mg/dL,
and negative VZV
DNA

8 WBC/μL
and protein
44 mg/dL

Conventional
angiogram
diagnostic of
vasculitis
(other
angiography
done)

No (although
showed R MCA
and its
branches of
smaller caliber
than L)

No No (but
showed LMCA
and R MCA
aneurysms)

No mention (MRA
showed small caliber
of R MCA, ACA, and
PCA compared with L)

No Not performed
(although CTA
head and neck
normal)

Not
performed
(CTA normal,
artery of
Percheron
seen)

Parenchymal
lesion vascular
distribution

RMCA and PCA L MCA and
ACA at least

L MCA L MCA and PCA L MCA L ACA, MCA, and
PCA

R MCA and
PCA

Gadolinium
enhancement

Yes Yes Yes Yes Yes Yes Yes

Lesion DWI
positivity

No mention No mention No mention No mention No No No

Hemiatrophy
on follow-up
MRI

Yes Yes No No Yes No Yes

Pathologic
variant

Lymphocytic Lymphocytic Lymphocytic Lymphocytic Lymphocytic Lymphocytic Lymphocytic

Inflamed artery
caliber

Small Small Small Small and medium Small Small Small and
medium

Diagnosismade
by biopsy or
angiogram

Lesional
biopsy

Lesional
biopsy

Lesional
biopsy

Lesional biopsy Lesional biopsy Lesional biopsy Lesional
biopsy

Abbreviations: ACA = anterior cerebral artery; CMV = cytomegalovirus; CTA = CT angiography; DWI = diffusion-weighted imaging; EBV = Epstein-Barr virus;
HSV = herpes simplex virus; MCA =middle cerebral artery; MRA =magnetic resonance angiography; OCB = oligoclonal band; PCA = posterior cerebral artery;
VZV = varicella zoster virus; WBC = white blood cell.
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there were at least 10 new enhancing lesions over the course
of 4 relapses; thus, the chance of random lateral occurrence
would be 0.001 (using the formula 0.5n where n = number of
lesions). Similar statistical chance was demonstrated in all 7
cases included here.

In detailed databases of human brain transcriptomes, no
difference in the transcribed protein between the 2 hemi-
spheres of the brain was displayed, despite the well-known
differences in functional organization between the dominant
and nondominant hemispheres.3,12 This does not rule out
posttranslational modifications to protein structure, and
thus an antigenic basis for unilateral vasculitis remains pos-
sible. Also, no significant difference in total arterial supply
between the 2 hemispheres exists according to the best
available evidence.4 Granted, no immunologic study of the
difference between the 2 cerebral hemispheres in arterial wall
antigenic structure has been conducted. We did find that 2 of
the 7 cases showed hemisphere asymmetry of arterial caliber
size, although in 1 case, the diseased hemisphere showed
smaller vessels, whereas the opposite was true in the other.
Given that no consistent asymmetrical vessel distribution
was seen by neuroimaging, it is unlikely that abnormal an-
giogenesis or a vascular endothelial growth factor–driven
process is related to disease mechanisms in these cases. The
lymphatic drainage system participates in immune responses
and surveillance and could be associated with unilateral in-
flammation, but there is no current method to measure
asymmetry of the lymphatic system.13 Some researchers
advocate for a correlation between handedness and immune
response, with reports of an increased tendency toward au-
toimmune disease (2.5 odds ratio) in left-handed individ-
uals14; however, there was no consistent relationship
between the patient’s dominant hand and the diseased side
of the brain in these 7 cases with UR-PACNS.

Thus, it is more likely that intrinsic hemispheric asym-
metries in immune reactivity between the right and left
brain, rather than antigenic or structural differences, ex-
plain the puzzling unilaterality of disease in these cases.
Interhemispheric discrepancies in basal levels of cytokines
(e.g., interleukin 1 and interleukin 6), differences in
modulation of immune function, and asymmetric distri-
bution of microglia have been described in animal
models.15–20 In patients with Rasmussen encephalitis,
schizophrenia, Creutzfeldt-Jakob disease, and Parkinson
disease, interhemispheric differences in genomic and epi-
genomic states that regulate immune cell development,
function, and signaling are implicated in lateralized
hemispheric dysregulation.21–23 Lateralization of brain
functional immune properties may have predisposed to
asymmetric inflammatory responses in our patients, but
this remains to be determined.

There is the possibility for overlap of UR-PACNS with
Rasmussen encephalitis, although the European consensus
diagnostic criteria for Rasmussen encephalitis require the

exclusion of unihemispheric vasculitis.24 Indeed, case 1 and
case 3 otherwise fulfill the diagnostic criteria. We note that
the biopsy results for these cases most prominently suggest
perivascular inflammation and do not demonstrate the typ-
ical microglial nodules seen with Rasmussen encephalitis.
Furthermore, Rasmussen encephalitis commonly presents
with seizures in childhood that progress to epilepsia partialis
continua. It is possible, however, that Rasmussen encepha-
litis and UR-PACNS lie on a spectrum of related disorders
especially as some Rasmussen biopsies have suggested dual
pathology including perivascular lymphocytes.25 We also
note here that anti–myelin oligodendrocyte glycoprotein
encephalitis has been reported to mimic CNS vasculitis in
histopathologic samples.26 Unfortunately, serum testing for
this was not commercially available during the time frame of
follow-up of these patients, and thus, this is a limitation to
our report.

In patients with a high diagnostic suspicion of PACNS, we
advocate for early brain biopsy. If an initial biopsy is non-
diagnostic, and high suspicion remains, we advocate for a
second targeted lesional biopsy during disease relapse,
ideally including meninges, cortex, and white matter. Two
of the 7 cases we reviewed here were diagnosed on the
second brain biopsy. Based on current experience from this
case series, early induction therapy with cyclophosphamide
(15 mg/kg every 2 weeks for 3 doses and then every 3
weeks for 3–6 doses)27,28 is advised, followed by mainte-
nance therapy with a steroid sparing agent such as meth-
otrexate (20–25 mg/wk) or mycophenolate (1–2 mg/kg
daily). Rituximab (375 mg/m2 once a week for 4 doses or
1,000 mg twice, 2 weeks apart; each dose being successful
in 1 of the 7 cases) in lieu of cyclophosphamide or as
maintenance therapy is also favorable in many cases.28,29 In
addition, a 3- to 5-day course of IV pulse glucocorticoid
therapy during an acute relapse is recommended. Clinical
and neuroimaging (brain MRI with contrast) follow-up
should be performed once every 1–2 years or more fre-
quently as needed.
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20. Shen YQ, Hébert G, Moze E, Li KS, Neveu PJ. Asymmetrical distribution of brain
interleukin-6 depends on lateralization in mice. Neuroimmunomodulation 2005;12:
189–194. doi: 10.1159/000084852.

21. Steiner J, Mawrin C, Ziegeler A, et al. Distribution of HLA-DR-positive microglia in
schizophrenia reflects impaired cerebral lateralization. Acta Neuropathol 2006;112:
305–316. doi: 10.1007/s00401-006-0090-8.

22. Wu HM, Lu CS, Huang CC, et al. Asymmetric involvement in sporadic Creutzfeldt-
Jakob disease: clinical, brain imaging, and electroencephalographic studies. Eur
Neurol 2010;64:74–79. doi: 10.1159/000315148.

23. Li P, Ensink E, Lang S, et al. Hemispheric asymmetry in the human brain and in
Parkinson’s disease is linked to divergent epigenetic patterns in neurons. Genome Biol
2020;21:61. doi: 10.1186/s13059-020-01960-1.

24. Bien CG, Granata T, Antozzi C, et al. Pathogenesis, diagnosis and treatment of
Rasmussen encephalitis: a European consensus statement. Brain 2005;128(pt 3):
454–471. doi: 10.1093/brain/awh415.

25. Hart YM, Andermann F, Robitaille Y, Laxer KD, Rasmussen T, Davis R. Double
pathology in Rasmussen’s syndrome: a window on the etiology? Neurology 1998;50:
731–735. doi: 10.1212/wnl.50.3.731.

26. Patterson K, Iglesias E, Nasrallah M, et al. Anti-MOG encephalitis mimicking small
vessel CNS vasculitis. Neurol Neuroimmunol Neuroinflamm 2019;6:e538. doi: 10.
1212/NXI.0000000000000538.

27. de Groot K, Harper L, Jayne DR, et al. Pulse versus daily oral cyclophosphamide for
induction of remission in antineutrophil cytoplasmic antibody-associated vasculitis: a
randomized trial. Ann Intern Med 2009;150:670–680. doi: 10.7326/0003-4819-150-
10-200905190-00004.

28. Mukhtyar C, Guillevin L, Cid MC, et al. EULAR recommendations for the man-
agement of primary small and medium vessel vasculitis. Ann Rheum Dis 2009;68:
310–317. doi: 10.1136/ard.2008.088096.

29. Stone JH, Merkel PA, Spiera R, et al. Rituximab versus cyclophosphamide for ANCA-
associated vasculitis. N Engl J Med 2010;363:221–232. doi: 10.1056/
NEJMoa0909905.

Appendix Authors

Name Location Contribution

Mahmoud A.
AbdelRazek,
MD

Mount Auburn
Hospital,
Cambridge, MA

Designed and conceptualized the
study; analyzed the data;
interpreted the data; and drafted
the manuscript

James M.
Hillis, MBBS

Massachusetts
General Hospital,
Boston

Major role in drafting the
manuscript for intellectual content
and provided patient radiographic
data

Yanjun Guo,
MD

Beijing Tongren
Hospital, China

Major role in drafting the
manuscript for intellectual content
and provided patient radiographic
data

Maria
Martinez-
Lage, MD

Massachusetts
General Hospital,
Boston

Minor role in drafting the
manuscript; revised the
manuscript for intellectual
content; and reviewed and
provided pathology slides and
commentary

Taha
Gholipour,
MD

The George
Washington
University, DC

Revised the manuscript for
intellectual content

Jacob Sloane,
MD, PhD

BIDMC, Boston,
MA

Revised the manuscript for
intellectual content

Tracey Cho,
MD

University of Iowa Revised the manuscript for
intellectual content

Marcelo
Matiello, MD

Massachusetts
General Hospital,
Boston

Study design; interpreted the data;
major role in revising the
manuscript for intellectual
content; andminor role in drafting
the manuscript

Neurology.org/NN Neurology: Neuroimmunology & Neuroinflammation | Volume 8, Number 2 | March 2021 9

https://dx.doi.org/10.1212/wnl.9.9.599
https://dx.doi.org/10.1097/MD.0000000000000738
https://dx.doi.org/10.1038/nature11405
https://dx.doi.org/10.1038/nature11405
https://dx.doi.org/10.1016/j.heliyon.2018.e01086
https://dx.doi.org/10.1016/j.heliyon.2018.e01086
https://dx.doi.org/10.1002/art.38340
https://dx.doi.org/10.1212/wnl.58.2.327
https://dx.doi.org/10.1212/wnl.58.2.327
https://dx.doi.org/10.1097/NRL.0b013e31818fc74e
https://dx.doi.org/10.1007/s00415-011-5993-1
https://dx.doi.org/10.1007/s00415-011-5993-1
https://dx.doi.org/10.1016/j.jns.2016.06.049
https://dx.doi.org/10.1093/brain/awn313
https://dx.doi.org/10.1161/STROKEAHA.112.653212
https://dx.doi.org/10.1016/j.neuron.2009.03.027
https://dx.doi.org/10.1038/nature14432
https://dx.doi.org/10.1073/pnas.79.16.5097
https://dx.doi.org/10.1016/0165-0173(92)90010-j
https://dx.doi.org/10.1016/s0074-7742(02)52014-6
https://dx.doi.org/10.1016/s0306-4522(02)00746-7
https://dx.doi.org/10.1016/s0306-4522(02)00746-7
https://dx.doi.org/10.1002/ana.20105
https://dx.doi.org/10.1016/j.jneuroim.2004.06.011
https://dx.doi.org/10.1159/000084852
https://dx.doi.org/10.1007/s00401-006-0090-8
https://dx.doi.org/10.1159/000315148
https://dx.doi.org/10.1186/s13059-020-01960-1
https://dx.doi.org/10.1093/brain/awh415
https://dx.doi.org/10.1212/wnl.50.3.731
https://nn.neurology.org/content/6/2/e538/tab-article-info
https://nn.neurology.org/content/6/2/e538/tab-article-info
https://dx.doi.org/10.7326/0003-4819-150-10-200905190-00004
https://dx.doi.org/10.7326/0003-4819-150-10-200905190-00004
https://dx.doi.org/10.1136/ard.2008.088096
https://dx.doi.org/10.1056/NEJMoa0909905
https://dx.doi.org/10.1056/NEJMoa0909905
http://neurology.org/nn


ARTICLE OPEN ACCESS

Different Fumaric Acid Esters Elicit Distinct
Pharmacologic Responses
Brian T. Wipke, PhD,*‡ Robert Hoepner, MD,* Katrin Strassburger-Krogias, MD, Ankur M. Thomas, MS,

DavideGianni, PhD, Suzanne Szak, PhD,Melanie S. Brennan, PhD,‡Maximilian Pistor, MD, Ralf Gold,MD, PhD,

Andrew Chan, MD,† and Robert H. Scannevin, PhD†‡

Neurol Neuroimmunol Neuroinflamm 2021;8:e950. doi:10.1212/NXI.0000000000000950

Correspondence

Dr. Chan

Andrew.Chan@insel.ch

Dr. Szak

suzanne.szak@biogen.com

Abstract
Objective
To test the hypothesis that dimethyl fumarate (DMF, Tecfidera) elicits different biological
changes from DMF combined with monoethyl fumarate (MEF) (Fumaderm, a psoriasis
therapy), we investigated DMF and MEF in rodents and cynomolgus monkeys. Possible
translatability of findings was explored with lymphocyte counts from a retrospective cohort of
patients with MS.

Methods
In rodents, we evaluated pharmacokinetic and pharmacodynamic effects induced by DMF and
MEF monotherapies or in combination (DMF/MEF). Clinical implications were investigated
in a retrospective, observational analysis of patients with MS treated with DMF/MEF (n = 36).

Results
In rodents and cynomolgus monkeys, monomethyl fumarate (MMF, the primary metabolite of
DMF) exhibited higher brain penetration, whereas MEF was preferentially partitioned into the
kidney. In mice, transcriptional profiling for DMF andMEF alone identified both common and
distinct pharmacodynamic responses, with almost no overlap between DMF- and MEF-
induced differentially expressed gene profiles in immune tissues. The nuclear factor (erythroid-
derived 2)-like 2 (Nrf2)-mediated oxidative stress response pathway was exclusively regulated
by DMF, whereas apoptosis pathways were activated by MEF. DMF/MEF treatment dem-
onstrated that DMF and MEF functionally interact to modify DMF- and MEF-specific re-
sponses in unpredictable ways. In patients with MS, DMF/MEF treatment led to early and
pronounced suppression of lymphocytes, predominantly CD8+ T cells. In a multivariate re-
gression analysis, the absolute lymphocyte count (ALC) was associated with age at therapy
start, baseline ALC, and DMF/MEF dosage but not with previous immunosuppressive med-
ication and sex. Furthermore, the ALC increased in a small cohort of patients withMS (n = 6/7)
after switching from DMF/MEF to DMF monotherapy.

Conclusions
Fumaric acid esters exhibit different biodistribution and may elicit different biological re-
sponses; furthermore, pharmacodynamic effects of combinations differ unpredictably from
monotherapy. The strong potential to induce lymphopenia in patients with MS may be a result
of activation of apoptosis pathways by MEF compared with DMF.
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MS is a chronic, inflammatory, demyelinating, autoimmune
disease of the CNS.1 During different stages of MS, oxidative
stress precipitated by mitochondrial damage also may con-
tribute to oligodendrocyte and neuronal injury.2 Fumaric acid
esters (FAEs) exhibit pleiotropic immunomodulatory effects
and antioxidative properties. The FAE dimethyl fumarate
(DMF), which has monomethyl fumarate (MMF) as its pri-
mary metabolite, is an oral treatment approved for use in
patients with relapsing-remitting MS (RRMS),3,4 clinically
isolated syndrome, and active secondary progressive MS.3

The efficacy of DMF and a combination of different salts of
monoethyl fumarate (MEF) in patients with RRMS was in-
vestigated in an early exploratory study,5 and it is marketed in
Germany as an oral therapeutic to treat psoriasis (DMF/
MEF, Fumaderm).

It is unclear whether different FAEs are functionally equiva-
lent and whether a combination treatment could alter phar-
macologic properties and clinical parameters although in vitro
evidence shows that different FAEs may stimulate distinct
responses.6–8 Both DMF and MEF treatment are associated
with lymphopenia in some patients; however, the underlying
mechanisms and relative contributions of each FAE are
unknown.9,10

We hypothesized that the standard clinical regimen of DMF
and DMF/MEF might have different pharmacokinetic dis-
tributions and provoke different pharmacodynamic re-
sponses. We administered FAEs (DMF, MEF, and DMF/
MEF) individually or at doses reflecting the Fumaderm
formulation and evaluated their distribution in various tis-
sues and changes in transcriptional profiles. Finally, we
evaluated lymphopenia in patients with MS treated with
DMF/MEF.

Methods
Animals
All procedures involving animals were performed in ac-
cordance with standards established in the Guide for the
Care and Use of Laboratory Animals (US NIH). All rodent
animal protocols were approved by the Biogen Institutional
Animal Care and Use Committee (IACUC). Animals used
included female C57BL/6 mice aged 8–10 weeks (Jackson
Laboratories, Bar Harbor, ME), male Sprague Dawley rats
aged 12–14 weeks (Harlan Laboratories, Indianapolis, IN or

Charles River Laboratories, Wilmington, MA), or female
cynomolgus monkeys weighing 2–4 kg (dosing excretion
studies were conducted at Charles River Laboratories
[Reno, NV] in accordance with protocols approved by their
IACUC).

Compound Dosing
For transcriptional profiling and biodistribution studies,
C57BL/6 mice or Sprague Dawley rats were dosed with
DMF, a mixture of MEF salts (Ca2+, Mg2+, and Zn2+ in the
ratio 91.5%:5.2%:3.2%), or a combination of DMF andMEF
salts to mimic the ratio of fumarates in Fumaderm. DMF,
MEF, and DMF/MEF were formulated as fine suspensions
in 0.8% hydroxypropyl methylcellulose (vehicle) and stirred
continuously throughout the studies. DMF was dosed at 100
mg/kg (the efficacious dose in a mouse experimental auto-
immune encephalomyelitis model); MEF was dosed at 79.2
mg/kg (total MEF salts), representing the proportional
MEF dose in Fumaderm; and DMF/MEF, which is reflective
of the ratio of DMF:MEF salts in Fumaderm used in the
clinic, comprised DMF 100 mg/kg and MEF 79.2 mg/kg.
Mice received either a single dose (10 mL/kg for pharma-
cokinetics) or 10 daily doses (10 mL/kg) of FAEs or vehicle-
only control (0.8% hydroxypropyl methylcellulose) via oral
gavage. For urine excretion studies, rats were dosed (30 mg/
kg) with a mixture of DMF (55.5%), Ca2+ MEF (39.8%),
Mg2+ MEF (2.4%), Zn2+ MEF (1.49%), and fumaric acid
(0.98%), reflective of Fumaderm dosing. Cynomolgus
monkeys were dosed (50 mg/kg) with either DMF or a
mixture of MEF salts in the same proportions used in rats
and mice.

In Vivo Gene Expression Profiling
Whole blood and, after perfusion, tissues were collected from
naive C57Bl/6 mice dosed with vehicle, DMF, a mixture of
MEF salts, or DMF/MEF at 12 hours after the final oral dose
(10-day series), and snap frozen. RNA was prepared from
tissues and whole blood per standard practice. RNA integrity
was assessed using the HT RNA reagent kit (part number
760410, Caliper Life Sciences, Hopkinton, MA) and a Lab-
Chip GX (PerkinElmer, Waltham, MA). RNA samples with
an RNA Quality Score (RQS) >8.0 were considered high
quality for microarray profiling. Sample labeling, hybridiza-
tion, and scanning were performed as described11 using an
Affymetrix chip HT-MG-430 PM (Affymetrix, Santa Clara,
CA). Affymetrix scans were subject to quality control (QC)
measures.12 All sample scans that passed QC were included in

Glossary
ALC = absolute lymphocyte count;DEG = differentially expressed gene;DMF = dimethyl fumarate; FAE = fumaric acid ester;
GAPDH = glyceraldehyde 3-phosphate dehydrogenase; GCRMA = GC-content-based Robust Multi-Array Average; GSH =
glutathione; IACUC = Institutional Animal Care and Use Committee; ILN = inguinal lymph node; IPA = Ingenuity Pathway
Analysis; IQR = interquartile range;Keap1 = Kelch-like ECH-associated protein 1; LI = lymphopenia index;MEF =monoethyl
fumarate;MLN = mesenteric lymph node;MMF = monomethyl fumarate; Nrf2 = nuclear factor (erythroid-derived 2)-like 2;
QC = quality control; RQS = RNA Quality Score; RRMS = relapsing-remitting MS; WBC = white blood cell count.
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the analysis; these 204 CEL files (GEO accession number
GSE63343) were either pooled all together or segregated
based on tissue and subjected to content-based GC-Robust
Multi-Array Average (GCRMA) normalization (version
2.20.0).13,14

To identify genes that change uniquely in response toDMF or
MEF administration in each individual tissue, a linear mod-
eling approach was used to fit gene expression levels (log2
transformed) according to the defined groups of samples and
Bayesian posterior error analysis as implemented by Smyth
(Bioconductor library limma, version 3.4.5).15 Genes were
considered significantly different in DMF-vs-vehicle and
MEF-vs-vehicle if they met the following criteria: (1) average
normalized signal intensity >4; (2) logarithm (base 10) of
odds (“lods”) score >0; and (3) fold change >1.5. All calcu-
lations and analyses were carried out using R (version 2.11.1)
and Bioconductor.16

Alternately, samples across all tissues and blood were pooled
and normalized together to avoid characterizing tissue-to-
tissue variability in the limited subset of tissues sampled and to
fully capture all differences in DMF/MEF responses; this
approach generalized the analysis and allowed us to find probe
sets that were specifically changing because of DMF or MEF,
as well as probe sets that exhibited a DMF:MEF interaction
effect. The following linear mixed model was applied to the
normalized data set:

Gene expression ; DMF + MEF + DMF:MEF + random
(tissue)

Interaction probe sets were defined as those with a
Bonferroni-adjusted p value <0.05 for the interaction term in
this model. A simpler model (without the interaction term)
was fit to probe sets that exhibited no interaction effect.
Similarly, probe sets were considered significant and specific
to DMF if the Bonferroni-corrected p value was <0.05 for the
DMF term and >0.05 for the MEF term (and no interaction
effect was found). MEF-specific probe sets were identified by
requiring the Bonferroni-corrected p value to be > 0.05 for
DMF and <0.05 for MEF.

An in vivoMEF-DMF interaction was evaluated by analyzing
the specific differentially expressed genes (DEGs) modu-
lated when these 2 compounds were coadministered (DMF
100 mg/kg and MEF salts 79.2 mg/kg). The absolute value
of the difference between (DMF − vehicle) and (combina-
tion − vehicle) was calculated for each of the identified in-
teraction probe sets and presented as the log2 absolute
difference for each probe set. To identify the most highly
enriched molecular pathways, the sets of DMF-specific,
MEF-specific, and DMF/MEF interaction probe sets were
analyzed using Ingenuity Pathway Analysis (IPA) software
(Qiagen, Germantown, MD). The top 10 enriched pathways
for each were compared with each other for p value
significance.

Bioanalytical Studies
For biodistribution studies, immediately following blood
collection, a stabilizer (sodium fluoride solution, 250 mg/mL
NaF in water) was added to each blood sample (10 mg/mL
final) in a chilled lithium heparin blood collection tube (to
inhibit metabolism of MMF or MEF), and plasma was sepa-
rated from whole blood by centrifugation. Plasma was then
snap frozen on dry ice and maintained at −80°C until ana-
lyzed. MEF and MMF were measured in all experiments.
MMF represents the main metabolite of DMF, which itself
cannot be detected in systemic circulation after oral admin-
istration because of rapid presystemic conversion in vivo.
Sample extracts were evaluated by liquid chromatography
tandem mass spectrometry to determine MMF and MEF
levels using absolute quantitation based on standard curves
spiked in the appropriate biomatrix. Results are expressed as
absolute concentration (ng/g of tissue or ng/mL of plasma)
and relative concentration expressed as a percentage of
plasma concentration.

To measure the renal excretion of MMF and MEF, Sprague
Dawley rats were administered a single oral dose of 30 mg/kg
DMF plus MEF salts in the Fumaderm ratio (DMF [55.5%],
Ca2+ MEF [39.8%], Mg2+ MEF [2.4%], Zn2+ MEF [1.49%],
and fumaric acid [0.98%]). In a separate study, cynomolgus
monkeys received a single oral dose of 50 mg/kg DMF or
MEF salts. In both studies, urine was collected over a 24-hour
period and analyzed for MMF and MEF levels.

Patients With MS
Patients were identified by retrospective analysis of medical
records from a single university hospital. Clinical character-
istics (table e-1, links.lww.com/NXI/A394) of the majority of
patients (RRMS or relapsing progressive MS, n = 18; pro-
gressive MS, n = 17; neuromyelitis optica, n = 1) treated with
DMF/MEF (Fumaderm, mean [SD] 285 [123] mg) in this
retrospective, observational, cross-sectional study were de-
scribed previously.17 Baseline values of white blood cell count
(WBC) and absolute lymphocyte count (ALC) of the DMF/
MEF cohort were obtained 1 week (median and interquartile
range [IQR]) before initiation of DMF/MEF and every 3
months thereafter. The 7 patients who switched from DMF/
MEF toDMF switched within a mean (SD) of 0.9 (2.3) weeks
(6/7 no treatment-free interval, 1 patient 6-weeks interval). In
these patients, a lymphopenia index (LI) normalized for
dosage of the DMF component was calculated using the
following formula: (lymphocyte count during medication –
baseline lymphocyte count)/mg of DMF. Statistical analyses
including a multivariate regression analysis, chi-square anal-
ysis, and Spearman rho correlation were performed with SPSS
20 (IBM, Armonk, NY).

Standard Protocol Approvals, Registrations,
and Patient Consents
The retrospective observation was approved by the local
ethics committee (Ruhr University Bochum; numbers 5408-
15 and 4797-13) and conducted in accordance with the
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Declaration of Helsinki, the International Conference on
Harmonisation Guideline for Good Clinical Practice, and all
applicable laws and regulations.

Data Availability
Data supporting this article can be requested via the corre-
sponding authors.

Figure 1 Tissue Distribution of MEF and DMF Metabolite (MMF) in Mice and Rats

(A–D) Mice and rats were administered a single dose of DMF (100 mg/kg) (A and C) or MEF (79 mg/kg) (B and D). Plasma and tissue levels (brain, spleen,
jejunum, kidney, and liver) of MEF andMMFwere determined 30minutes after dosing. Percentages above each bar represent the percent tissue penetration
relative to plasma concentration. (E) Plasma to brain ratios for DMF and MEF treatment in mice and rats highlight significantly higher DMF (MMF) brain
exposure (p < 0.001 for both species). (F) Plasma to kidney ratios for DMF andMEF treatment inmice and rats indicate significantly lower kidney exposure for
DMF treatment comparedwithMEF (**p < 0.01 and ****p < 0.001 inmice and rats, respectively). DMF = dimethyl fumarate; MEF =monoethyl fumarate; MMF
= monomethyl fumarate.
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Results
Biodistribution of DMF Metabolite (MMF) and
MEF in Mice and Rats
Thirty minutes after DMF administration by oral gavage, MMF
was broadly distributed throughout the bodies of both rats and
mice. MMF (dosed as DMF) achieved higher brain penetration
after oral administration compared with MEF, by both absolute
and relative concentration (mouse, figure 1, A vs B; rat, figure 1,
C vs D). In contrast, MEF preferentially partitioned to the
kidney, leading to higher absolute and relative concentrations.
These differences led to an increased brain to plasma ratio for
DMF (p < 0.001) (figure 1E) and conversely a higher kidney to
plasma ratio for MEF compared with each other (p < 0.01)
(figure 1F). Differences in biodistribution remained similar after
a 10-day dosing period (data not shown).

Renal Excretion ofMMF andMEF Is Significantly
Different in Rats and Cynomolgus Monkeys
Consistent with pharmacokinetic and tissue distribution data,
mean excretion of intact MEF was significantly higher relative

toMMF in rats (9-fold; p < 0.05) and in cynomolgusmonkeys
(26-fold; p < 0.001) (data not shown). Thus, the kidney
experienced significantly greater exposure to MEF compared
with MMF (after DMF dosing), which might be expected as
the kidney to plasma ratio was higher for MEF.

Interaction Between DMF and MEF Based on
Gene Expression Changes in Mice
As determined by induced gene expression changes relative to
vehicle, DMF, MEF, and their combination exhibited varied
pharmacodynamic activity based on tissue type, with many
gene expression changes unique to either DMF or MEF ex-
posure (figure e-1, links.lww.com/NXI/A394). All samples
were normalized and analyzed together to identify genes that
exhibit a change in expression uniquely due to DMF or MEF
and interaction effects between DMF and MEF. In the
combined tissue data set, 487 genes were found to change
specifically as a result of DMF treatment. These genes were
enriched for pathways for the nuclear factor (erythroid-
derived 2)-like 2 (Nrf2)-mediated oxidative stress response,
glutathione (GSH)-mediated detoxification, and other

Figure 2 (A) DMF and MEF Specificity Across Tissues and Blood and (B) Magnitude of Interaction Effect in Mice

(A) After pooling all tissues, the absolute value in
each tissue of the group averages DMF—vehicle
andMEF—vehiclewere subjected to unsupervised
hierarchical clustering (n = 7biological sample sets
each) for the 487 DMF-specific and 224 MEF-spe-
cific probe sets. The relative magnitude of the
degree of specificity in each tissue is shown. DMF
specificity ismostpronounced inMLN, ILN, spleen,
and whole blood, whereas MEF specificity is most
evident in the kidney andMLN. (B) For each of the
132 interaction probe sets, the absolute value of
thedifferenceofDMF— vehicleand combination—
MEF was subjected to unsupervised hierarchical
clustering. The interaction effect in each tissue is
shown. An interaction between DMF and MEF is
most pronounced in the immunologic tissues:
whole blood, MLN, ILN, and spleen. DMF = di-
methyl fumarate; ILN = inguinal lymph node; MEF
= monoethyl fumarate; MLN = mesenteric lymph
node; WBC = white blood cell.
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environmental sensing pathways (e.g., aryl hydrocarbon re-
ceptor signaling) (table e-2, links.lww.com/NXI/A394). In
total, 224 genes were identified with expression changes
specifically due to MEF; they were enriched for the death
receptor signaling pathway, apoptosis signaling, and
autophagy-related pathway. The absolute mean value of each
tissue for the DMF- and MEF-specific groups was subjected
to unsupervised hierarchical clustering (figure 2A). DMF
specificity was more pronounced in the mesenteric lymph
node (MLN), inguinal lymph node (ILN), spleen, and
whole blood, whereas MEF specificity was found pre-
dominantly in the kidney and MLN. After combination

therapy, 132 DEGs exhibited a significant interaction effect
between DMF andMEF. The most pronounced interactions
between fumarates were found in tissues related to immune
function (whole blood, MLN, ILN, and spleen) (figure 2B
and table e-3, links.lww.com/NXI/A394), which is of in-
terest for the relative amount of lymphocyte suppression by
each fumarate compound. The unfolded protein response (a
stress response) and neurodegenerative signaling (e.g.,
Huntington disease, RNA polymerase III assembly, and
protein degradation) pathways were uniquely enriched for
DMF and MEF interaction. These biological trends were
constant regardless of whether the tissues were pooled or
kept separate for the analysis.

DMF/MEF Combination Induces Fast and
Moderate-to-Severe Lymphopenia in Patients
With MS
To assess biological consequences in humans, effects
on lymphocyte counts in patients with MS treated with
DMF/MEF were retrospectively analyzed. DMF/MEF
treatment led to a fast and profound reduction (44%) of
ALC within the first year of treatment (figure 3 and table 1).
ALCs remained suppressed beyond 12 months until the
end of the observation (24 months). A multivariate linear
regression analysis revealed that DMF/MEF dose (co-
efficient −1.05, 95% CI −2.09 to −0.01, p = 0.047), age at
treatment start (coefficient −13.32, 95% CI −23.61 to
−3.04, p = 0.01), time point of sampling (coefficient −73.97,
95% CI −133.68 to −14.26, p = 0.02), and baseline ALC
(coefficient 0.51, 95% CI 0.33 to 0.70, p < 0.001) influenced
ALC, whereas previous use of immunosuppressive treat-
ments and sex did not.

Grade 2 or 3 lymphopenia was not present at baseline but
occurred in 27.8% (grade 2) and 5.6% (grade 3) of patients at
the second year of DMF/MEF treatment (table 2).

In 17 of 21 patients with available lymphocyte subpopulation
data, the CD4+:CD8+ ratio correlated with the ALC (Spear-
man rho correlation −0.52; p = 0.02; n = 21) and increased
1.5-fold in the first year and 2.3-fold in the second year (figure
4 and table 3). The increase in the CD4+:CD8+ ratio was
driven by a 3.5-fold higher suppression of CD8+ compared
with CD4+ T cells (maximum reduction of CD4+ T cells 19%
vs CD8+ T cells 66%). Finally, we analyzed lymphocyte data
longitudinally from patients who switched from DMF/MEF
to DMF. In general, the LI normalized for dosage of the DMF
component increased in 6 of 7 patients, with an increase of
median (IQR) LI from −4.33 (4.83) to −1.04 (4.33) (Mann-
Whitney U test, p = 0.04) after switching from DMF/MEF to
DMF. In addition, when analyzing the ALC values without
normalization to DMF dosage, an ALC increase in 4 of 7
patients was observed despite an increase in DMF dosage of
23%. One patient demonstrated stable ALCs, with a 100%
increase in DMF dose. The remaining 2 patients experienced
a further decrease in ALC with a 78% increase in DMF dose
after withdrawal of MEF.

Figure 3 White Blood Cell Data From DMF/MEF-Treated
Patients

The figure shows absolute lymphocyte counts in DMF/MEF-treated patients.
Mean (SEM) lymphocyte counts (× 109/L) over 3-month periods for patients
treated with DMF/MEF. ALC = absolute lymphocyte count; DMF = dimethyl
fumarate; MEF = monoethyl fumarate.

Table 1 White Blood Cell Data From DMF/MEF-Treated
Patients

Month Mean (SEM) N

0 1.80 (0.11) 28

3 1.49 (0.12) 18

6 1.00 (0.12) 12

9 1.14 (0.11) 14

12 1.01 (0.17) 13

15 1.10 (0.26) 10

18 1.01 (0.15) 10

21 0.98 (0.12) 4

24 1.00 (0.19) 6

Abbreviations: ALC = absolute lymphocyte count; DMF = dimethyl fumarate;
MEF = monoethyl fumarate.
The table shows absolute lymphocyte counts in DMF/MEF-treated patients.
Mean (SEM) lymphocyte counts (× 109/L) over 3-month periods for patients
treated with DMF/MEF.
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Discussion
Fumaderm provided initial evidence of the potential
therapeutic effects of fumarates in patients with MS.17,18

The specific in vivo pharmacokinetic, pharmacodynamic,
and immunologic effects of DMF and MEF salts in
Fumaderm have not been investigated.7 In vitro studies
have demonstrated differential effects of DMF and MEF,
which may provide insight into the in vivo differences
observed. Specifically, differential effects of DMF and
MEF were observed for a targeted set of biological prop-
erties, including Kelch-like ECH-associated protein 1
(Keap1) modification, Nrf2 activation, and GSH con-
sumption and biosynthesis.7 DMF and MMF could po-
tentially inhibit the activation of lymphoid and myeloid
cells by downregulation of aerobic glycolysis via the suc-
cination and inactivation of glyceraldehyde 3-phosphate
dehydrogenase (GAPDH).19 In addition, DMF and MMF
activate endogenous detoxifying and antioxidant pathway
genes by binding to Keap1, activating Nrf2 transcriptional
activity, modulating GSH levels, and activating GSH
biosynthesis.7,20

A primary goal of these studies was to determine whether
coadministration of DMF and MEF would provide an addi-
tive response or trigger unique biological responses in vivo.
An unbiased transcriptional approach was used to characterize
the differences between DMF, MEF, and DMF/MEF under
steady-state exposure in vivo. The individual contributions of
DMF and MEF were explored using doses that reflected the
composition of Fumaderm. Oral administration of DMF and
MEF showed significant differences in their biodistribution
and excretion profiles in mice, rats, and monkeys. MEF
exhibited 10- to 20-fold higher compound exposure in the
kidney relative to MMF. Compared with systemic exposure,
DMF levels were 4-fold higher than MEF levels in the brain.
This could indicate that DMF might be more potent in di-
rectly targeting oxidative stress pathways in the CNS.

In mice, DMF showed preferential modulation of transcripts
in tissues related to immune function (spleen, MLN, ILN, and
whole blood), whereas MEF showed a preference for tran-
script modulation in the kidney and MLN. This difference
with MEF might be explained by its remarkably reduced
concentration and area under the curve compared with DMF,

Table 2 Distribution of Lymphopenia Grades 1–4 in DMF/MEF-Treated Patients

Lymphopenia, n/N (%)
Before
DMF/MEF

1st year of
DMF/MEF

2nd year of
DMF/MEF

No. of patients with lymphopenia
(1st and 2nd year)

No lymphopenia, >900/μL 27/28 (96.4) 24/31 (77.4) 8/18 (44.4) 21/32 (65.6)

Grade 1, 800–900/μL 1/28 (3.6) 4/31 (12.9) 4/18 (22.2) 4/32 (12.5)

Grade 2, 500–799/μL 0/28 (0) 1/31 (3.2) 5/18 (27.8) 5/32 (15.6)

Grade 3, 200–500/μL 0/28 (0) 2/31 (6.5) 1/18 (5.6) 2/32 (6.3)

Abbreviations: DMF = dimethyl fumarate; MEF = monoethyl fumarate.

Figure 4 CD4+:CD8+ Ratio Correlated With Lymphocyte Count

CD4+ and CD8+ T cells in patients before DMF/MEF and 1 and 2 years after
DMF/MEF treatment. The box and whiskers plot shows median, IQR, and
minimum/maximum for the CD4+:CD8+ ratio. DMF = dimethyl fumarate;
IQR = interquartile range; MEF = monoethyl fumarate.
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which are likely the result of the combination of a lower
relative dose and increased renal excretion. However, these
effects might also be associated with individual transcriptional
effects of the 2 compounds because the number of DEGs
modulated by DMF is considerably higher in organs with
exposure similar to MEF, such as the kidney. It remains un-
certain whether the DMF-induced transcriptional changes are
mediated by MMF signaling through HCAR221 (expressed
on myeloid cells), through Nrf2 (ubiquitously expressed in
the body), or through an additional pathway yet to be de-
scribed. DMF likely has multiple therapeutic targets as it
functions through both Nrf2-dependent and -independent
pathways, indirect and/or direct inhibition of NF-κB, and
modulation of oxidative stress-sensitive transcription factors
and STATs through DMF-induced glutathione depletion and
reactive oxygen species induction.6,18,22 These analyses did
not identify differential effects of DMF/MEF on Keap1 and
GAPDH transcripts. In contrast, previous studies have shown
post-transcriptional regulation through direct modification of
activity of proteins such as Keap1 and GAPDH.19,23 Specifi-
cally, DMF modification of lipid metabolic pathways and
impairment of aerobic glycolysis and GAPDH activity by di-
rect modification of the GAPDH protein itself are both re-
lated to DMF-induced immunologic changes.19,23 There are
legitimate questions about whether the GAPDH preclinical
data at high doses are relevant for human subjects that have
much lower Cmax levels of MMF relative to mice, but the
potential exists for it to be active in vivo. Pharmacodynamic
data for DMF andMEFmonotherapies and combined DMF/
MEF treatment, as well as DEG data assessing the com-
pounds’ interactions, indicate that differential gene expression
may be more complex than increasing potency or total dos-
age. It is not known whether the fumarate tissue distribution
and gene expression profiles shown in animals in this analysis
differ from those in humans.

Our analyses of lymphocyte kinetics in patients with MS
support the pharmacodynamic results. In patients who
switched from DMF/MEF to DMF monotherapy, ALC in-
creased even after normalization for DMF dosage. A pro-
nounced and early reduction of ALCs during treatment with
DMF/MEF was shown over a follow-up of 24 months.
Treatment of patients with MS with DMF/MEF led to an
increase in the CD4+:CD8+ ratio, with a predominant re-
duction of CD8+ cells. Similar increases in CD4+:CD8+ ratios

were observed in DMF/MEF-treated patients with psoriasis,9

yet this appears to be more pronounced than in patients with
MS receiving DMF monotherapy (1.4-fold).24 In a recent
study, DMF monotherapy shifted the immunophenotype of
circulating lymphocyte subsets, and ALC closely correlated
with CD4+ and CD8+ T-cell counts.25 No increased risk of
serious infection was observed in patients with low T-cell
subset counts.25

Owing to the limited sample size, data analyses were limited,
especially for T-cell subpopulations. Despite these limitations,
multivariate regression analysis demonstrated that ALC was
significantly forecasted by age, baseline ALC, DMF/MEF
dose, and time point of sampling. Age and baseline ALC are
also known parameters predicting baseline ALC during DMF
monotherapy, further supporting our analysis.26 Specifically,
previous analyses found that age ≥60 years and a baseline ALC
<2 g/L are independent risk factors for the development of a
severe lymphopenia during DMF therapy.26 The small sub-
population of patients from our study who switched from
DMF/MEF to DMF and exhibited an increase in ALC had a
mean (SD) age of 54.1 (14.9) years.27,28 The retrospective
design with intervals between testing not being well defined
might introduce bias in the results.

In conclusion, our experimental and clinical data provide
evidence for different immunologic effector mechanisms of
DMF compared with MEF. It is not clear whether these
different pathways are associated with lymphopenia induced
by FAEs, yet this study provides data on potential mecha-
nisms for the individual therapies. Although several mech-
anisms leading to lymphopenia have been proposed
(e.g., apoptosis, GSH depletion, oxidative stress, and bone
marrow affection), exact pathomechanisms remain
elusive.6,7,20,29 Prolonged severe and moderate lymphope-
nia is considered a risk factor for very rare cases of pro-
gressive multifocal leukoencephalopathy in patients treated
with DMF; therefore, identifying the differential effects of
FAEs on lymphocyte counts is relevant for the management
of patients with MS.25,29
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Abstract
Objective
To determine whether neutrophils contribute to amyotrophic lateral sclerosis (ALS) pro-
gression, we tested the association of baseline neutrophil count on ALS survival, whether the
effect was sex specific, and whether neutrophils accumulate in the spinal cord.

Methods
A prospective cohort study was conducted between June 22, 2011, and October 30, 2019.
Blood leukocytes were isolated from ALS participants and neutrophil levels assessed by flow
cytometry. Participant survival outcomes were analyzed by groups (<2 × 106, 2–4 × 106, and >4
× 106 neutrophils/mL) with adjustments for relevant ALS covariates and by sex. Neutrophil
levels were assessed from CNS tissue from a subset of participants.

Results
A total of 269 participants with ALS within 2 years of an ALS diagnosis were included.
Participants with baseline neutrophil counts over 4 × 106/mL had a 2.1 times higher mortality
rate than those with a neutrophil count lower than 2 × 106/mL (95% CI: 1.3–3.5, p = 0.004)
when adjusting for age, sex, and other covariates. This effect was more pronounced in females,
with a hazard ratio of 3.8 (95% CI: 1.8–8.2, p = 0.001) in the >4 × 106/mL vs <2 × 106/mL
group. Furthermore, ALS participants (n = 8) had increased neutrophils in cervical (p = 0.049)
and thoracic (p = 0.022) spinal cord segments compared with control participants (n = 8).

Conclusions
Higher neutrophil counts early in ALS associate with a shorter survival in female participants.
Furthermore, neutrophils accumulate in ALS spinal cord supporting a pathophysiologic cor-
relate. These data justify the consideration of immunity and sex for personalized therapeutic
development in ALS.

Classification of Evidence
This study provides Class III evidence that in female participants with ALS, higher baseline
neutrophil counts are associated with shorter survival.
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Amyotrophic lateral sclerosis (ALS) is a fatal neurodegener-
ative disease1 with incompletely understood mechanisms and
treatment options. The immune system is a therapeutic target
in ALS. Early attempts to treat ALS using global immune
suppression were ineffective or exacerbated disease.2,3 How-
ever, an increasing body of literature suggests that specific
immune cell types may have beneficial or detrimental effects
on disease outcomes4,5; therefore, global immune suppression
would suppress beneficial cell function in parallel with de-
structive function. In response, the next generation of
immune-based ALS therapeutic trials is more precise, target-
ing specific cell populations or immune pathways.

We used our existing immunophenotyping pipeline to explore
the potential impact of sex and immunity on ALS survival.
Previously, we have shown an association between neutrophil
levels and ALS progression,6,7 findings supported by Choi
et al.8 who report a connection between the ratio of neutro-
phils to lymphocytes and ALS survival. We therefore exam-
ined total neutrophil levels and how differences in peripheral
neutrophil levels associate with survival in men and women, as
there are significant differences in ALS rates between sexes.9

As it is still unclear whether peripheral neutrophil changes
actively contribute to ALS progression or are simply a marker
of disease, we also compared neutrophil levels in postmortem
CNS tissue from ALS and control participants to determine
whether neutrophils accumulate in the CNS during disease.
We also examined whether cellular accumulation is affected
by sex.

Methods
Survival Study Participants
All patients seen at the University of Michigan Pranger ALS
clinic were invited to participate in this study. Participants
provided written informed consent, and the study was ap-
proved by the institutional review board. Study protocols
were previously published.6,7,10,11 Participants with sampling
within 2 years of diagnosis were included; furthermore, 2
participants with a prolonged symptom onset to diagnosis
interval (9.8 and 15.8 years) were also excluded. Flow
cytometry data were obtained between June 22, 2011, and
October 20, 2019.

Postmortem Tissue Participants
Persons with ALS seen at the University of Michigan Pranger
ALS clinic and control volunteers (no neurologic disease,
Alzheimer disease, probable Alzheimer, or possible Parkinson
disease) consented to donate postmortem CNS tissue to the
University of Michigan Brain Bank.

Enrichment of Leukocytes From
Peripheral Blood
Study participants provided blood during clinical encounters.
Following peripheral venipuncture, blood was collected into a
BD Vacutainer sodium heparin tube (BD Biosciences, San
Jose, CA), placed at 4°C, transferred to the laboratory on ice,
and processed within 3 hours of collection. One milliliter of
whole blood was split into 2 tubes and lysed with red blood
cell lysing buffer (0.8% NH4Cl, 0.098% KHCO3, 0.1 mM
EDTA, and 13.8 mM HEPES) using gentle rocking for 12
minutes. Cells were then pelleted, washed twice with flow
buffer (phosphate-buffered saline [PBS], 4% fetal bovine se-
rum [FBS], and 0.1% sodium azide), and counted using a
hemocytometer (Hausser Scientific, Horsham, PA).

Isolation of Leukocytes From Human
CNS Tissue
Postmortem tissue was collected from ALS and control par-
ticipants between February 27, 2019, and January 1, 2020.
After death postmortem, the spinal cord was divided into
cervical, thoracic, and lumbar sections and transferred for
laboratory analysis, at which point the immunologist (B.J.M.)
was blinded to the diagnosis. Spinal cord tissue was physically
dissociated using surgical scissors and enzymatically dissoci-
ated with collagenase for 90 minutes with gentle mixing at 15-
minute intervals in RPMI-1640 medium (supplemented with
5% FBS [both Thermo Fisher Scientific, Waltham, MA],
50 μg/mL penicillin, 100 μg/mL streptomycin, and 20 mg/
mL Clostridium histolyticum collagenase [all 3 from Sigma-
Aldrich, St. Louis, MO]). The resulting suspension was placed
on a 70-μm cell strainer (Corning, Corning, NY) over a 50-
mL conical tube (Corning) and dissociated further by
grinding with a sterile 3-mL syringe plunger (BD Biosci-
ences), resuspended in 30% stock isotonic Percoll (90%
Percoll [GE Healthcare, Chicago, IL] and 10% 10X Hanks’
balanced salt solution without Ca2+ or Mg2+ [Thermo Fisher
Scientific]), layered on the top of 70% stock Percoll, and
centrifuged at 500g for 30 minutes. After removal of neuronal
debris, the resulting interface was collected, washed, resus-
pended, and counted using a hemocytometer before analysis
by flow cytometry.

Flow Cytometry
Human leukocyte suspensions were plated in round bottom
96-well plates (Corning) at ≤106 cells/25 μL flow buffer and
blocked using 10 μg/mL human TruStain FcX blocking so-
lution (BioLegend, San Diego, CA). Cells were stained for 30
minutes in the dark at 4°C in a 50 μL final volume using a
cocktail of fluorescently labeled antibodies against cell surface
markers suspended in flow buffer (1X PBS, 2% FBS, and 1%
sodium azide). After staining, cells were washed with 200 μL

Glossary
ALS = amyotrophic lateral sclerosis; ALSFRS-R = ALS Functional Rating Scale, Revised; FBS = fetal bovine serum; PBS =
phosphate-buffered saline.
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flow buffer, pelleted, resuspended in 185 μL of BD stabilizing
fixative (BD Biosciences), and transferred for analysis to
polystyrene tubes (12 × 75 mm) (Becton Dickinson, Franklin
Lakes, NJ). Cells were analyzed on a BD FACSCanto or
LSRFortessa flow cytometer with FACSDiva software (BD
Biosciences) and analyzed by FlowJo (FlowJo, Ashland, OR).
Fluorophore-conjugated antibodies were CD45-BV421
(BioLegend, catalogue #304032), CD16-PE (BioLegend,
catalogue # 302056), CD11b-PerCP-Cy/5.5 (BioLegend,
catalogue #301328), control IgG-PE-Cy7 (BioLegend, cata-
logue # 400125), and CD15-PE-Cy7 (BD, catalogue #
560827). Peripheral neutrophil levels were gated as previously
described7; CNS neutrophils were gated using CD45, CD11b,
and CD15. A nonspecific IgG control was used for CD15
staining to subtract nonspecific events.

Survival Analysis
Descriptive statistics were produced for demographics and
ALS disease characteristics. Study population differences were
compared between male and female participants and partici-
pants with differing neutrophil counts by analysis of variance
tests and chi-square tests.

Cox proportional hazards models assessed the association
between neutrophil levels and ALS survival endpoints, de-
fined as the time from diagnosis to death. Associations were
adjusted for potential confounders, e.g., age, sex, onset seg-
ment, El Escorial criteria at diagnosis, and time from symptom
onset to diagnosis. A delay in blood sample collection (me-
dian duration of 7 months) occurred in some participants,
potentially leading to a selection bias if ignored. To account
for this gap, a left-truncated survival analysis was performed.12

To determine a functional form of continuous neutrophil
counts, we first fit penalized spline regression models and
found a nonlinear effect of neutrophils. Continuous neutro-
phil counts were categorized into 3 groups (neutrophil
counts: <2, 2–4, and >4 × 106 neutrophils/mL of blood)
based on the nonlinear effect of neutrophils identified by
penalized spline regression (figure 1). Neutrophil grouping
was also confirmed by a sensitivity analysis in which the
recategorized neutrophil variables into one-unit-change bins
were examined, and bins of similar effect sizes were combined.
Linearity of continuous adjustment factors (age and time
from symptom onset to diagnosis) was checked, and no vi-
olation was found for their linearity assumption. The pro-
portional hazards assumptions were checked using global and
individual Schoenfeld tests with graphical assessment of the
rescaled Schoenfeld residuals over time, and there were no
concerning violations. Estimated, covariate-adjusted survival
curves were plotted based on the Cox proportional hazards
model using the survminer R package following published
methods.13,14 To perform this method, the data are replicated
6 times (once for each sex by the neutrophil group), and each
replicated data set serves as a pseudopopulation where sex by
neutrophil groupings are assigned to be the same, keeping all
other covariates unchanged. This ensures that plotted survival
differences are due to the association with neutrophils and not

a result of imbalances in other clinical factors such as sex, age,
and onset segment. Analyses were performed with R ver-
sion 3.6.2.

CNS Infiltration Analysis
Neutrophil level differences were compared using Prism
(GraphPad, San Diego, CA). The Shapiro-Wilk test assessed
the normality of distribution. One or more data sets did not
adhere to Gaussian distribution in each tissue section; Mann-
Whitney was therefore used to assess significance.

Data Availability
Deidentified data will be shared on request from a qualified
investigator.

Results
Survival Analysis
To examine the impact of sex on immune-based therapies in
ALS, we used flow cytometry to measure neutrophil levels in
the peripheral blood of 271 study participants who had
provided samples within 2 years of initial diagnosis. Two
participants were excluded for missing covariates, one with
uncertain onset segment and the other with uncertain onset
date (see table 1 for population demographics). Thus, this
analysis included 269 participants with a median age of 67.6
years, 45% female, a median diagnostic delay (time from
symptom onset to diagnosis) of 1.02 years, median time
from symptom onset to flow cytometry of 1.75 years, and a
median Revised ALS Functional Rating Scale (ALSFRS-R)
of 33. The median time to death was 1.5 years with a median
time to censoring of 1.59 years, indicating that observation
time was longer in the censored participants compared with
those who died. These data indicate the participants were
still early in their ALS disease course with preserved func-
tional abilities at study entry. Furthermore, male and female
groups were comparable in terms of baseline neutrophil
value, age, family history of ALS, race, El Escorial criteria,
ALSFRS-R, time from symptom onset to diagnosis, and time
from diagnosis and symptom onset to neutrophil collection;
the only significant difference was onset segment favoring
bulbar onset in females (table 1). When divided by neutro-
phil levels and sex, there were no significant differences in
age, family history of ALS, race, El Escorial criteria, time
from symptom onset to diagnosis, and time from diagnosis
and symptom onset to neutrophil collection. There was a
significant difference in baseline ALSFRS-R scores that were
lower in the higher neutrophil group and in onset segment,
with females showing a higher proportion of bulbar onset
and males showing a higher proportion of cervical onset
(table 2). Two separate statistical survival models were
constructed to associate peripheral neutrophil levels with
participant survival and sex.

In the first survival model (model 1), data from male and
female study participants were combined and adjusted for
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potential confounders such as sex, age, onset segment, El
Escorial criteria at diagnosis, and time from symptom onset
to diagnosis. Study participants were grouped based on pe-
ripheral neutrophil levels: <2 × 106 neutrophils/mL of
blood, 2–4 × 106/mL, and >4 × 106/mL for survival analysis.
In the second survival model (model 2), participant data
were similarly grouped based on peripheral neutrophil levels,
and data were adjusted based on potential cofounders.
Rather than adjusting for sex, participants were stratified into
male and female groups.

After constructing each model and adjusting for covariates, we
examined the association between peripheral neutrophil levels
and ALS survival before and after stratifying for sex. In model 1
(combined male and female participants), neutrophil levels were
inversely associated with survival: participants with low peripheral
neutrophils had the longest survival (median 2.11 years), followed
by participants with moderate neutrophil levels (median 1.59
years) and participants with high neutrophil levels (median 1.15
years) (figure 2A). The mortality rate of participants with high
neutrophil levels was 2.11 times higher than that of participants
with low neutrophil levels (p = 0.004; table 3), when adjusting for
sex, age, onset segment and other covariates. There was a trend
toward reduced survival in participantswith amoderate number of
peripheral neutrophils compared with low neutrophils not
reaching statistical significance. These data indicate that increasing
levels of peripheral neutrophils are associated with reduced sur-
vival in ALS. Although as we show below, this association was
likely driven by sex.

Survival Analysis by Sex
Next, we used the second statistical model where the
neutrophil-survival association was stratified by sex. In model
2, median survival times for those with >4 × 106 neutrophils/
mL were 1.23 years in males and 1.21 years in females (figure
2B). Median survival times for those with >2–4 × 106

neutrophils/mL were 1.66 years in males and 1.55 years in
females. However, the absolute difference in median survival
times was most pronounced in those with <2 × 106

neutrophils/mL resulting in 1.34 years in males and 3.34 years
in females The 5 of 6 neutrophil and sex groups had a sta-
tistically significant higher mortality rate when compared with
the one <2 × 106/mL neutrophil female group (table 4) when
adjusting for age, onset segment, and other covariates. Similar
associations were not seen when comparing the hazard ratio
and p value with each of the other neutrophil and sex groups
acting as the reference category (table 5). These data suggest
that low neutrophil levels have a different impact in males and
females.

As effect modification by sex was of particular interest, a
likelihood ratio test comparing the marginal (model 1) and
interaction (model 2) models assessed how well the data set
fit each statistical model. The likelihood ratio test yielded a p
value of 0.026, indicating that the sex-based interaction model
(model 2) significantly fit the data better. Importantly, these

Figure 1 Estimated Functional Form of the Association
Between Neutrophils and Survival

Plots show the estimated functional form of the association between neu-
trophils and survival (the larger the value on the y axis, the higher the haz-
ard) for (A) all participants (model 1), (B) male participants (model 2), and (C)
female participants (model 2). (A) Model 1 shows an overall flat line between
the 2 × 106/mL and 4 × 106/mL neutrophil counts with an upward sloping line
on either side, therefore justifying the cutoffs at <2 × 106/ml, 2–4 × 106/mL,
and >4 × 106/mL. Similar trends in the functional form of neutrophils and
survival were observed for males (B) and females (C). Each tick mark at the
bottom of the graph represents a single participant sample. As illustrated,
the decreased risk for the highest neutrophil count is driven by 1 participant.
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models showed no violation of proportional hazards with the
global Schoenfeld test, yielding p values of 0.29 and 0.14 for
the marginal and interaction models, respectively. Thus, both
models are valid, but model 2—which stratifies by sex—is
more accurate.

CNS Neutrophil Levels in ALS
Finally, we examined whether neutrophils accumulate in the
CNS during ALS and whether CNS neutrophil levels were
affected by sex. We measured neutrophil levels in CNS
postmortem tissue of 8 control and 8 ALS participants.

Table 1 Peripheral Blood Participant Demographics

Covariate Overall (N = 269) Female (N = 120) Male (N = 149) p Value

Age (y) 67.6 (59.0–74.3) 68.3 (60.8–73.8) 67.5 (56.6–74.9) 0.084

Neutrophils (×106/mL) 2.87 (2.19–3.85) 2.70 (2.09–4.01) 2.95 (2.22–3.77) 0.884

Last contact event 0.779

Death 160 (59.5) 73 (60.8) 87 (58.4)

Censored 109 (40.5) 47 (39.2) 62 (41.6)

Median time to event (y)

Death 1.5 (1.0–2.37) 1.53 (1.0–2.3) 1.42 (1.0–2.3) 0.469

Censored 1.59 (1.0–2.4) 1.68 (1.3–2.2) 1.44 (0.9–2.5) 0.870

Family history of ALS 0.759

No 227 (84.4) 102 (85.0) 125 (83.9)

Yes 28 (10.4) 14 (11.7) 14 (9.4)

Missing 14 (5.2) 4 (3.3) 10 (6.7)

Race NA

African American 5 (1.9) 2 (1.7) 3 (2.0)

White 254 (94.4) 116 (96.7) 138 (92.6)

Other 3 (1.1) 0 (0.0) 3 (2.0)

Missing 7 (2.6) 2 (1.7) 5 (3.4)

El Escorial criteria 0.114

Possible/suspected 46 (17.1) 14 (11.7) 32 (21.5)

Probable, LS 74 (27.5) 31 (25.8) 43 (28.9)

Probable 86 (32.0) 43 (35.8) 43 (28.9)

Definite 63 (23.4) 32 (26.7) 31 (20.8)

Onset segment <0.001

Bulbar 82 (30.5) 50 (41.7) 32 (21.5)

Cervical 94 (34.9) 24 (20.0) 70 (47.0)

Lumbar 93 (34.6) 46 (38.3) 47 (31.5)

ALSFRS-Ra 33.0 (27.0–38.0) 34.0 (26.0–37.0) 32.0 (27.0–38.0) 0.587

Time between symptom onset and neutrophil measure (y) 1.75 (1.20–2.52) 1.79 (1.33–2.33) 1.66 (1.12–2.66) 0.288

Time between diagnosis and neutrophil measure (y) 0.58 (0.35–0.94) 0.60 (0.34–0.95) 0.57 (0.37–0.94) 0.916

Time between symptom onset and diagnosis (y) 1.02 (0.69–1.67) 1.06 (0.78–1.46) 1.01 (0.62–1.85) 0.189

Abbreviations: ALS = amyotrophic lateral sclerosis; ALSFRS-R = Amyotrophic Lateral Sclerosis Functional Rating Scale, Revised; LS = lab supported.
Table of descriptive statistics for the ALS cases. For continuous variables, median (25th–75th percentile), and for categorical variables, n (%). p Values for
continuous and categorical variables correspond to analysis of variance tests and χ2 tests, respectively.
a Closest ALSFRS-R score to neutrophil measurement. Participants without an ALSFRS-R score within 1 month of neutrophil measurement were not included
in this calculation (N = 250).
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Table 2 Peripheral Blood Participant Demographics by Neutrophil Group

Covariate

Neutrophils 0–2 Neutrophils 2–4 Neutrophils >4

p
Value

Female
(N = 26)

Male
(N = 30)

Female
(N = 64)

Male
(N = 89)

Female
(N = 30)

Male
(N = 30)

Age (y) 68.2
(62.4–73.5)

59.8
(51.5–72.2)

68.0
(60.8–73.3)

67.6
(59.9–75.7)

68.3
(60.9–74.2)

69.6
(57.8–73.0)

0.275

Time to event (y)

Death 2.21
(1.62–2.73)

1.11
(0.77–1.93)

1.45
(0.98–1.98)

1.65
(1.15–2.53)

1.67
(0.87–2.19)

1.34
(0.85–2.18)

0.058

Censored 1.62
(1.29–3.26)

2.03
(0.88–3.03)

1.84
(1.28–2.25)

1.30
(0.89–2.36)

1.42
(0.95–1.51)

1.83
(1.34–2.98)

0.773

Last contact event 0.008

Death 10 (38.5) 15 (50.0) 39 (60.9) 49 (55.1) 24 (80.0) 23 (76.7)

Censored 16 (61.5) 15 (50.0) 25 (39.1) 40 (44.9) 6 (20.0) 7 (23.3)

Education NA

HS/GED or less 5 (19.2) 8 (26.7) 17 (26.6) 17 (19.1) 12 (40.0) 7 (23.3)

Some college/associate’s 5 (19.2) 7 (23.3) 21 (32.8) 25 (28.1) 11 (36.7) 6 (20.0)

Bachelor’s 5 (19.2) 6 (20.0) 7 (10.9) 21 (23.6) 4 (13.3) 4 (13.3)

Master’s/professional 8 (30.8) 2 (6.7) 8 (12.5) 12 (13.5) 1 (3.3) 4 (13.3)

Missing 3 (11.5) 7 (23.3) 11 (17.2) 14 (15.7) 2 (6.7) 9 (30.0)

Family history of ALS NA

No 25 (96.2) 25 (83.3) 56 (87.5) 72 (80.9) 21 (70.0) 28 (93.3)

Yes 1 (3.9) 3 (10.0) 6 (9.4) 9 (10.1) 7 (23.3) 2 (6.7)

Missing 0 (0.0) 2 (6.7) 2 (3.1) 8 (9.0) 2 (6.7) 0 (0.0)

Race NA

African American 2 (7.7) 2 (6.7) 0 (0.0) 1 (1.1) 0 (0.0) 0 (0.0)

White 23 (88.5) 25 (83.3) 63 (98.4) 84 (94.4) 30 (100.0) 29 (96.7)

Other 0 (0.0) 2 (6.7) 1 (1.6) 1 (1.1) 0 (0.0) 0 (0.0)

Missing 1 (3.9) 1 (3.3) 0 (0.0) 3 (3.4) 0 (0.0) 1 (3.3)

Ethnicity NA

Hispanic/Latino 0 (0.0) 1 (3.3) 0 (0.0) 2 (2.3) 0 (0.0) 0 (0.0)

Not Hispanic/Latino 24 (92.3) 29 (96.7) 62 (96.9) 85 (95.5) 30 (100.0) 30 (100.0)

Missing 2 (7.7) 0 (0.0) 2 (3.1) 2 (2.3) 0 (0.0) 0 (0.0)

El Escorial criteria NA

Possible/suspected 7 (26.9) 6 (20.0) 4 (6.3) 17 (19.1) 3 (10.0) 9 (30.0)

Probable, LS 6 (23.1) 11 (36.7) 18 (28.1) 27 (30.3) 7 (23.3) 5 (16.7)

Probable 9 (34.6) 9 (30.0) 25 (39.1) 25 (28.1) 9 (30.0) 9 (30.0)

Definite 4 (15.4) 4 (13.3) 17 (26.6) 20 (22.5) 11 (36.7) 7 (23.3)

Onset segment <0.001

Bulbar 10 (38.5) 4 (13.3) 30 (46.9) 23 (25.8) 10 (33.3) 5 (16.7)

Cervical 4 (15.4) 17 (56.7) 15 (23.4) 40 (44.9) 5 (16.7) 13 (43.3)

Lumbar 12 (46.2) 9 (30.0) 19 (29.7) 26 (29.2) 15 (50.0) 12 (40.0)

Continued
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Mean death age for cases and controls was 72.5 and 85.6
years, respectively. ALS cases were 50% male and controls
were 100% male. Final neuropathologic diagnosis in all cases
was ALS and, in controls, was Alzheimer 12.5%, probable
Alzheimer 50%, possible Parkinson 12.5%, and no diagnosis
25%. We previously found that neutrophils accumulate in
the spinal cord of ALS mice,15 so in human participants we
examined neutrophil levels in 3 distinct spinal cord sections
(cervical, thoracic, and lumbar). When assessed using flow
cytometry, we detected increased neutrophil levels in the
spinal cord of ALS compared with control participants
(figure 3A). When quantified, mean neutrophil counts were
significantly increased in the cervical (p = 0.049) and tho-
racic (p = 0.022) sections of ALS participants compared with
control participants (figure 3B). However, significant dif-
ferences in neutrophil levels between ALS male and female
participants were not observed (figure 3C), indicating that
neutrophils accumulate in the CNS of ALS participants
without a clear difference between sexes.

Discussion
We demonstrate that the immune system has differing effects
in male and female ALS participants and that sex should be
accounted for during the development of ALS therapeutics
and early phase clinical trials, particularly those focused on the
immune system. Our analysis was performed by associating
peripheral neutrophil levels with participant survival. Two
separate survival models examined the potential role of neu-
trophils in ALS and to determine whether sex affects immu-
nity in ALS. When data from male and female study
participants were combined, we found increasing levels of pe-
ripheral neutrophils were associated with increased mortality.
However, when stratified by sex, we found that neutrophil
levels had drastically different associations with ALS mortality.

These observations are of particular importance given the re-
cent interest in ALS immune factors and the growing number
of clinical trials targeting the immune system.

Our first statistical model combined data from male and female
participants to elucidate the overall impact of neutrophils in ALS,
to set a baseline of comparison for the second statistical model,
and to ensure our analysis was consistent with previously pub-
lished studies. When participants were grouped by peripheral
neutrophil levels, we found that increasing peripheral neutrophils
were associated with increased mortality in ALS. These data are
consistent with our previous studies that have linked neutrophil
levels to disease progression,6 linked neutrophil levels to disease
progression rates,7 and have demonstratedCNS accumulation in
an ALS mouse model.15 They are also highly consistent with a
recent study, which found that a high ratio of neutrophils
to lymphocytes was associated with reduced survival in ALS.8

Furthermore, they are consistent with another recent study
showing that higher neutrophil levels associate with a faster
disease progression as measured by the change in ALSFRS-R.16

Although to date these studies have been correlative, other
studies have demonstrated a central role for neutrophils in
neurologic damage. Neutrophils are some of the first responders
to neurologic damage,17 and although they can facilitate repair in
the spinal cord, they are equally capable of inducing damage.18

For example, in MS, neutrophils facilitate further damage by
activating other immune cell types,19 and targeting neutrophils
attenuates disease.19,20 The accumulation of neutrophils in the
CNS supports their involvement in disease progression, al-
though the underlying mechanism or mechanisms driving neu-
trophil accumulation in the CNS of ALS participants remain
unclear. Multiple proinflammatory cytokines are upregulated in
the plasma of ALS participants,21–23 and these cytokines could
be increasing neutrophil activity and trafficking. In addition,
other immune factors linked with ALS can also affect neutrophil
function. Leukotriene B4, platelet-activating factor, and C5a, for

Table 2 Peripheral Blood Participant Demographics by Neutrophil Group (continued)

Covariate

Neutrophils 0–2 Neutrophils 2–4 Neutrophils >4

p
Value

Female
(N = 26)

Male
(N = 30)

Female
(N = 64)

Male
(N = 89)

Female
(N = 30)

Male
(N = 30)

ALSFRS-Ra 37.0
(35.0–40.0)

36
(29.5–41.0)

33.0
(26.5–36.5)

32.0
(27.0–36.8)

30.0
(22.0–35.0)

29.5
(23.8–35.2)

<0.001

Time between symptom onset and
neutrophil measure (y)

1.80
(1.36–2.12)

1.54
(1.17–2.56)

1.71
(1.33–2.36)

1.77
(1.12–2.77)

2.13
(1.34–2.50)

1.43
(1.12–2.47)

0.733

Time between diagnosis and neutrophil
measure (y)

0.57
(0.35–0.84)

0.44
(0.30–0.83)

0.63
(0.35–0.95)

0.62
(0.37–0.98)

0.59
(0.35–1.25)

0.59
(0.45–0.75)

0.735

Time between symptom onset and
diagnosis (y)

1.09
(0.78–1.24)

0.94
(0.63–1.85)

1.10
(0.82–1.45)

1.07
(0.60–1.92)

0.98
(0.70–1.62)

0.97
(0.68–1.65)

0.686

Abbreviations: ALS = amyotrophic lateral sclerosis; ALSFRS-R = ALS Functional Rating Scale, Revised; HS = high school; LS = lab supported.
Table of descriptive statistics for the ALS cases. For continuous variables, median (25th–75th percentile), and for categorical variables, n (%). p Values for
continuous and categorical variables correspond to analysis of variance tests and χ2 tests, respectively. NA indicates that cell countswere too small to perform
the χ2 test.
a Closest ALSFRS-R score to neutrophil measurement. Participants without an ALSFRS-R score within 1 month of neutrophil measurement were not included
in this calculation (N = 250).
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example, have all been associatedwithALS24–27 and can enhance
the activity, trafficking, and survival of neutrophils.28,29

However, although our data and previous studies suggest
neutrophils may directly contribute to increased mortality

during ALS, our second statistical model suggests that the role
of neutrophils is complicated by sex. When the neutrophil-
survival association was stratified by sex, we found that low
peripheral neutrophil levels had completely different effects in
males and females. In female participants, low peripheral

Figure 2 Neutrophil Impact on ALS Survival in Male and Female Participants

Estimated survival curves using 2 separatemodels for analysis. (A) Inmodel 1, survival curves were adjusted for age, sex, onset segment, El Escorial criteria at
diagnosis, and time between symptom onset and diagnosis. Study ALS participants were categorized into 3 neutrophil groups (<2, 2–4, and >4 × 106

neutrophils/mL of blood). Survival curves were generated by creating a pseudopopulation with identical population characteristics as the study participants
for each neutrophil group and calculating their expected survival based on model 1 (table 3). Dashed lines indicate the median survival for each neutrophil
group. (B) In model 2, female andmale survival curves were displayed separately after adjusting for age, onset segment, El Escorial criteria at diagnosis, and
time between symptom onset and diagnosis were estimated from the interaction model. Male and female data sets were categorized into 3 neutrophil
groups per sex (<2, 2–4, and >4 × 106 neutrophils/mL of blood). Survival curves were generated by creating a pseudopopulation with identical population
characteristics as the study participants for each neutrophil and sex group and calculating their expected survival based on model 2 (table 4). Dashed lines
indicate the median survival for each neutrophil and sex group. ALS = amyotrophic lateral sclerosis.

Table 3 Model 1: Cox Proportional Hazard Survival Model for All Participants

Term HR 95% CI p Value

Neutrophils 2–4 × 106/mL 1.403 0.882–2.229 0.152

Neutrophils >4 × 106/mL 2.112 1.278–3.493 0.004

Male 1.169 0.829–1.648 0.373

Onset segment

Cervical 0.660 0.433–1.007 0.054

Lumbar 0.740 0.490–1.117 0.152

Age (y) 1.026 1.010–1.041 0.001

El Escorial criteria

Definite 2.778 1.626–4.745 <0.001

Probable 1.515 0.915–2.511 0.107

Probable, LS 1.194 0.703–2.027 0.513

Time between symptom onset and diagnosis (y) 0.803 0.668–0.965 0.019

Abbreviations: HR = hazard ratio; LS = lab supported.
Estimated median survival time for individuals with neutrophils <2 × 106/mL is 2.11 years, estimated median survival time for those with neutrophils 2–4 ×
106/mL is 1.59 years, and estimated median survival time for those with neutrophils >4 × 106/mL is 1.15 years.
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neutrophil levels are associated with a longer median sur-
vival. By contrast, low neutrophil levels in male participants
did not associate with increased survival. The mechanism
for this discrepancy is currently not clear, although several
possibilities exist. The first is the direct effects of sex hor-
mones on cellular activity: males and females display al-
tered immune activation states in multiple cell types,30–32

including neutrophils,33–35 because of the immunomodu-
latory effects of male and female hormones.36 A second
possibility is that sex-based differences contribute to altered
neutrophil levels or altered CNS infiltration. This is

unlikely, however, as we saw no differences in peripheral or
spinal cord neutrophil levels between male and female ALS
participants. A third possibility is that sex fundamentally
alters the immune environment within the CNS. Previous
data support this last possibility. In rodent models, for
example, the microglia of healthy males and females have
different transcriptomic signatures,37 and hormone levels
create different immune environments during sexual
development.38,39 The ability of neutrophils to initiate
tissue repair or drive further damage has also been linked to
the local microenvironment.40

Table 4 Model 2: Cox Proportional Hazard Survival Model by Sex

Term HR 95% CI p Value

Female, neutrophils 2–4 × 106/mL 2.685 1.299–5.549 0.008

Female, neutrophils >4 × 106/mL 3.829 1.777–8.249 0.001

Male, neutrophils <2 × 106/mL 3.420 1.445–8.092 0.005

Male, neutrophils 2–4 × 106/mL 2.561 1.267–5.174 0.009

Male, neutrophils >4 × 106/mL 3.755 1.758–8.022 0.001

Onset segment

Cervical 0.630 0.410–0.967 0.035

Lumbar 0.785 0.518–1.188 0.252

Age (y) 1.029 1.013–1.045 <0.001

El Escorial criteria

Definite 2.495 1.452–4.287 0.001

Probable 1.366 0.819–2.280 0.232

Probable, LS 1.042 0.609–1.784 0.881

Time between symptom onset and diagnosis (y) 0.782 0.651–0.944 0.010

Abbreviations: HR = hazard ratio; LS = lab supported.
Estimatedmedian survival time for females with neutrophils between <2 × 106/mL is 3.34 years, estimatedmedian survival time for females with neutrophils
2–4 × 106/mL is 1.55 years, estimated median survival time for females with neutrophils >4 × 106/mL is 1.21 years, estimated median survival time for males
with neutrophils <2 × 106/mL is 1.34 years, estimated median survival time for males with neutrophils 2–4 × 106/mL is 1.66 years, and estimated median
survival time for males with neutrophils >4 × 106/mL is 1.23 years.

Table 5 Hazard Ratios and p Values Corresponding to Different Reference Categories in the Final Cox Proportional
Hazards Model

Reference (Ref) group

Female, 0–2 Female, 2–4 Female, >4 Male, 0–2 Male, 2–4 Male, >4

HR (p value) HR (p value) HR (p value) HR (p value) HR (p value) HR (p value)

Female, 0–2 Ref 0.372 (0.008) 0.261 (<0.001) 0.292 (0.005) 0.391 (0.009) 0.266 (<0.001)

Female, 2–4 2.685 (0.008) Ref 0.701 (0.185) 0.785 (0.456) 1.049 (0.832) 0.715 (0.235)

Female, >4 3.829 (<0.001) 1.426 (0.185) Ref 1.120 (0.756) 1.495 (0.133) 1.020 (0.950)

Male, 0–2 3.420 (0.005) 1.274 (0.456) 0.893 (0.756) Ref 1.336 (0.349) 0.911 (0.790)

Male, 2–4 2.561 (0.009) 0.954 (0.832) 0.669 (0.133) 0.749 (0.349) Ref 0.682 (0.145)

Male, >4 3.756 (<0.001) 1.399 (0.235) 0.981 (0.950) 1.098 (0.790) 1.467 (0.145) Ref
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Although the underlying mechanism remains to be determined,
our data demonstrate that sex should be considered when ex-
amining the role of the immune system inALS. Although fewALS
studies have specifically examined the effect of sex on disease,
others have detected immune discrepancies as well. For instance, 1
study examining the role of fractalkine receptor function in the
microglia of ALS mice found that knockout of the receptor ac-
celerated disease progression only in male mice.41 Another study
showed that axonal sprouting varies between male and female
SOD1G37R mice.42 A more recent prospective study found that

prediagnostic eosinophil levels associated with ALS risk differently
in males and females.43 Finally, low-density lipoprotein–related
receptor protein 4 antibodies are more commonly detected in
female vs male ALS participants.44 Combined with our observa-
tions, these studies suggest that multiple immune cell types, not
just neutrophils, are affected by sex during ALS. We contend that
any ALS study addressing immunity should account for sex.

This is particularly important because the ALS field becomes
increasingly interested in immune-based therapies. A recent

Figure 3 Accumulation of Neutrophils in the CNS During ALS

(A) Spinal cord tissue from control and ALS
participants (cervical sections, collected
postmortem) was analyzed for neutrophils
using flow cytometry. (B) Total neutrophils
were quantified in postmortem tissue of the
cervical, thoracic, and lumbar spinal cord
sections from control and ALS participants.
Mean neutrophil counts were: cervical cord,
ALS = 10.9 × 103/g, control = 1.6 × 103/g, p =
0.049; thoracic cord, ALS = 3.8 × 103/g, con-
trol = 0.7 × 103/g, p = 0.002; and lumbar cord,
ALS = 8.4 × 103/g, control = 1.5 × 103/g, p =
0.194. (C) Neutrophil accumulation in the
CNS of male and female ALS study partici-
pants is compared in the cervical, thoracic,
and lumbar sections of the spinal cord.Mean
neutrophil counts were: cervical cord, males
12.2 × 103/g, females 9.7 × 103/g, p = 0.686;
thoracic cord, males 4.9 × 103/g, females 2.6
× 103/g, p = 0.343; lumbar cord, males 10.6 ×
103/g, females 6.2 × 103/g, p = 0.314. *p <
0.05. ALS = amyotrophic lateral sclerosis; FSC
= forward scatter.
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phase I trial, for instance, isolated regulatory T cells through
leukapheresis and expanded the cell population ex vivo before
reintroducing them into the trial participant.45 In addition, the
upcoming HEALEY ALS Platform Trial will include immu-
nomodulatory drugs targeting complement or myeloperox-
idase.46 Despite this new focus on immunity in ALS, sex-
specific treatments are frequently not addressed, and sex was
not specified as an important variable in the most recent ALS
clinical trial guideline revisions47 despite higher proportions
of ALS in men than in women, particularly in younger study
participants.9 Our data suggest that separate immune mech-
anisms may exist in men and women and that future immune-
based ALS studies should account for sex.

These findings should not be surprising given that autoim-
mune diseases, such as systemic lupus erythematosus andMS,
disproportionately affect females.36 Furthermore, there are
inherent differences in neutrophil activity between males and
females,33–35 and neutrophil extracellular traps differ between
males and females with relapsing remitting MS.48 Overall, sex
and immune system differences are well understood in non-
neurologic disease and MS, and our data suggest the same
may be true for ALS.

Our study does have limitations. It is primarily correlative, as it
did not use any intervention to assess the impact of neutro-
phils on disease progression. Similarly, the accumulation of
neutrophils in the CNS could be a byproduct of neuronal
damage, rather than a contributing factor. Peripheral neu-
trophil levels were not measured in participants until they
visited the ALS clinic, meaning participants in the earliest
stages of observable disease who were yet to be diagnosed
were missed; however, the immune system may also be in-
volved before observable symptoms. When participants were
divided by neutrophil count (table 2), the group with the
highest neutrophils did have a lower ALSFRS-R score. Im-
portantly, there were no differences in (1) time from symp-
tom onset to neutrophil measure; (2) time between diagnosis
and neutrophil measure; and (3) time between symptom
onset and diagnosis. Therefore, we believe these ALSFRS-R
differences by subgroup reflect the severity of this group as
opposed to capturing these participants later in disease. All 8
control participants who donated CNS tissue were male and
older, on average, than ALS participants, meaning that innate
immune differences between the sexes or based on age were
not accounted for in the CNS analysis. Although a strength of
our study is the use of an inclusive clinic population, in con-
trast to a clinical trial population that largely excludes pa-
tients,49 replication of our findings in other cohorts is needed
to address generalizability.

In summary, the heterogeneous nature of ALS complicates
the identification of therapeutic targets and the outcomes of
early phase clinical studies.50 However, despite the well-
established differences in ALS rates between males and fe-
males,9 few studies take sex into consideration as an in-
dependent variable. Our current data indicate that not only do

differences in immunity exist between males and females
during ALS but also that these differences link to different
disease outcomes. Our observations suggest that immuno-
modulatory therapies for the treatment of ALS should be
assessed separately by sex in both preclinical and early phase
studies to better account for patient-specific immune signa-
tures. Such a shift moves us closer to more personalized
therapeutics for the treatment of ALS.
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Abstract
Objective
To identify the clinical phenotypes and infectious triggers in the 2019 Peruvian Guillain-Barré
syndrome (GBS) outbreak.

Methods
We prospectively collected clinical and neurophysiologic data of patients with GBS admitted to
a tertiary hospital in Lima, Peru, between May and August 2019. Molecular, immunologic, and
microbiological methods were used to identify causative infectious agents. Sera from 41 con-
trols were compared with cases for antibodies to Campylobacter jejuni and gangliosides. Ge-
nomic analysis was performed on 4 C jejuni isolates.

Results
The 49 included patients had a median age of 44 years (interquartile range [IQR] 30–54 years),
and 28 (57%) were male. Thirty-two (65%) had symptoms of a preceding infection: 24 (49%)
diarrhea and 13 (27%) upper respiratory tract infection. Themedian time between infectious to
neurologic symptoms was 3 days (IQR 2–9 days). Eighty percent had a pure motor form of
GBS, 21 (43%) had the axonal electrophysiologic subtype, and 18% the demyelinating subtype.
Evidence of recent C jejuni infection was found in 28/43 (65%). No evidence of recent
arbovirus infection was found. Twenty-three cases vs 11 controls (OR 3.3, confidence interval
[CI] 95% 1.2–9.2, p < 0.01) had IgM and/or IgA antibodies against C jejuni. Anti-GM1:
phosphatidylserine and/or anti-GT1a:GM1 heteromeric complex antibodies were strongly
positive in cases (92.9% sensitivity and 68.3% specificity). Genomic analysis showed that the C
jejuni strains were closely related and had the Asn51 polymorphism at cstII gene.

Conclusions
Our study indicates that the 2019 Peruvian GBS outbreak was associated with C jejuni infection
and that the C jejuni strains linked to GBS circulate widely in different parts of the world.

*These authors contributed equally to this work and are co–senior authors.
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Guillain-Barré syndrome (GBS) is an immune-mediated
disorder frequently triggered by infections, characterized by
an acute flaccid paralysis, accompanied by sensory symptoms
and cranial nerve deficits.1 In recent years, several outbreaks of
GBS have been observed globally, including the large out-
breaks in Latin America during the Zika virus (ZIKV)
epidemic,2–4 and the possibility of an association between
severe acute respiratory syndrome coronavirus 2 infection and
GBS has been raised.5 As the ZIKV epidemic transitioned to
an endemic phase in the Americas in 2017, 2 major outbreaks
of GBS occurred in Peru in 2018 and 2019. The number of
reported GBS cases increased from 59 in 2017 (incidence:
0.19/100,000) to 262 in 2018 (incidence: 0.81/100,000) and
1,120 in 2019 (incidence: 3.44/100,000).6 During these
outbreaks, the increases in GBS cases were also reported in
areas where there is no potential arboviral transmission, such
as the highlands of Peru. The outbreaks had a seasonal pattern
with the major peaks occurring between April and July in both
years (figure 1A).6,7 We investigated the causality of these
outbreaks, by performing an observational clinical cohort
study of adult patients with GBS evaluated at a tertiary uni-
versity hospital in Lima during the 2019 outbreak.

Methods
Study Population and Design
We prospectively evaluated the clinical and laboratory fea-
tures of patients suspected of GBS at the Hospital Cayetano
Heredia (HCH), a university-based tertiary care hospital in
Lima, Peru, during the 2019 GBS outbreak (May–August) in
Peru. We included all patients who were evaluated by a
neurologist and fulfilled the Brighton Collaboration Working
Group criteria for diagnosis of GBS with a classification level
1, 2, or 3.8 Included patients underwent neurologic evaluation
during the acute and convalescent phase of their illness and
were followed up to 6 months after discharge. Patients with
alternative diagnoses or insufficient data were excluded.
Blood, CSF, respiratory, and stool samples were obtained
during the acute phase as part of the standard of care to
identify potential infectious etiologies. Nerve conduction
studies (NCSs) and EMG were performed and classified
according to the criteria of Hadden et al.9,10 The clinical and
laboratory information was documented using standardized
questionnaires of the Neuroviruses Emerging in the Americas
Study forms adapted from the International GBS Outcome
Study.3,11

The onset of GBS and disease nadir were defined as the first
day of neurologic symptoms and the most severe clinical
weakness, respectively. Pure motor GBS was defined as limb
weakness in the absence of sensory deficits at neurologic ex-
amination, and sensorimotor GBS was defined as presence of
both limb weakness and sensory deficits. Limb muscle
strength was evaluated using the Medical Research Council
(MRC) sum score.12 Severity was assessed according to the
modified Rankin Scale (mRS),13 the GBS Disability Score
(GBSDS),14 the modified Erasmus GBS Outcome Score
(mEGOS),15 and the Erasmus GBS Respiratory Insufficiency
Score at admission (EGRIS).16

Laboratory Testing
Hematologic and comprehensive metabolic assessments, in-
cluding among others sodium and potassium levels, liver and
kidney function tests, and HIV serology, were performed in all
patients at admission. For the investigation of infectious agents,
blood, CSF, oropharyngeal swabs, and stool samples were
tested at the Naval Medical Research Unit 6 in Lima, Peru.
Blood samples were assessed for arboviral infections including
ZIKV, dengue virus (DENV), and chikungunya virus
(CHIKV) using quantitative real time-PCR.17 Oropharyngeal
swabs were tested for 20 respiratory pathogens using a multi-
plexed PCR assay (BioFire Diagnostics, Salt Lake City, UT).
Stool swabs in Cary Blair medium were analyzed using a
multiplexed PCR assay for gastrointestinal pathogens (BioFire
Diagnostics), which included 22 pathogens associated with
gastroenteritis, such as Campylobacter species (jejuni, coli, and
upsaliensis), and Escherichia coli. Stool samples were cultured
for identification and characterization of E coli and C jejuni.18

Positive culture samples were further characterized using
multiplexed PCR assays for identification of C jejuni19 and
Penner types.19,20 C jejuni isolates from stool cultures were
sequenced using next-generation sequencing techniques, and
the genomic assemblies underwent genomic and phylogenetic
analysis based on the hypervariable lipo-oligosaccharide (LOS)
region. Phylogenetic analysis was based on 83 C jejuni genome
assemblies from the National Center for Biotechnology In-
formation (NCBI), which included all 16 genomes reported to
be associated with GBS in the NCBI metadata and 67 addi-
tional genomes selected to represent a wide range of the col-
lection locations, dates, and studies available (appendix e-1,
links.lww.com/NXI/A403). These 83 genomes, the C jejuni
reference genome (NCTC11168),21,22 and the 4 genomes of 4
C jejuni isolates assembled from the present study were used to
construct a phylogenic tree from the sequence of the

Glossary
CHIKV = chikungunya virus;DENV = dengue virus; EGRIS = Erasmus GBS Respiratory Insufficiency Score;GBS = Guillain-
Barré syndrome; GBSDS = Guillain-Barré syndrome Disability Score; HC = healthy control; HCH = Hospital Cayetano
Heredia; IQR = interquartile range; LOS = lipo-oligosaccharide; mEGOS = modified Erasmus GBS Outcome Score;MRC =
Medical Research Council; mRS = modified Rankin Scale; NCBI = National Center for Biotechnology Information; NCS =
nerve conduction study; PS = phosphatidylserine; ROC = receiver operating characteristic; ST = sequence type; ZIKV = Zika
virus.
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hypervariable LOS biosynthesis gene locus using the
Nextstrain-Augur pipeline.23

To evaluate the association between C jejuni infection and
GBS, serum samples from 42 GBS cases were compared with
serum samples of 41 controls for the presence of anti–C jejuni
IgA, IgM, and IgG antibodies by ELISA following a case-
control methodology.24 Control samples were obtained from
subjects from the same or neighboring households of the
patients with GBS. The controls were evaluated by a neu-
rologist to exclude a history of weakness within the previous
year and to document normal neurologic status. The presence
of anti–C jejuni antibodies was expressed as a ratio of optical
density between a test sample and the cutoff serum sample. A
ratio > 1.0 for IgM or IgA was considered evidence of a recent

C jejuni infection. Concomitant C jejuni infection was defined
as a positive Campylobacter PCR in a stool sample or by stool
culture.

Case-control methodology was also used to study anti-
ganglioside immunity using a multiplexed array panel to
identify specific antiganglioside IgG antibodies. Patient and
control sera were screened on microarrays.25 Glycolipid
microarrays consisted of a panel of 16 single glycolipids, the
majority of which are gangliosides (GM1, GM2, phosphati-
dylserine [PS], GM4, GA1, GD1a, GD1b, GT1a, GT1b,
GQ1b, GD3, SGPG, LM1, GalNAc-GD1a, GalC, and sulfa-
tide) and 120 heteromeric 1:1 (v:v) complexes printed in
duplicate. The presence of antiglycolipid antibodies was de-
termined using human IgG isotype-specific, fluorescent-

Figure 1 Epidemiologic Profile of 2018–2019 Guillain-Barré Syndrome (GBS) Outbreaks in Peru

(A) Epidemiologic curves (2018–2019)
of GBS cases in Peru based on Peru-
vian Ministry of Health data.6 (B) Map
of Peru shows regions of origin of
GBS cases included in the study.
Cajamarca, Huaraz (Ancash), and
Huancavelica are cities located in the
highlands where no arbovirus trans-
mission was reported.
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conjugated secondary antibodies, and its intensity was mea-
sured on a scale of 0–65,535 using a Genepix 4300A (Mo-
lecular Devices, San Jose, CA) microarray scanner. Antibody
intensity values were reported as the average of duplicate
median fluorescent intensity values per sample. Results were
graphically displayed as heat maps using Pearson correlation
hierarchical clustering (MeV software). The optimal cutoff
value for antiglycolipid IgG antibodies, above baseline levels,
was calculated from receiver operating characteristic (ROC)
curves using Youden index.

Statistical Analysis
The clinical and laboratory findings were described using
absolute and relative frequencies. Median and interquartile
ranges (IQRs) were reported for quantitative variables. The
χ2 or Fisher exact test, OR, and 95% CIs were used to de-
termine differences between the groups. A p value <0.05 was
considered significant. Area under the curve was calculated for
each antiglycolipid antibody combination in ROC analysis.
Statistical analyses were performed using Stata software,
V15.0 (College-Station, TX).

Ethical Considerations
This study was reviewed and approved by the HCH In-
stitutional Review Board. All patients (or relatives when pa-
tients were incapacitated) and healthy controls (HCs)
provided written informed consent.

Data Availability
All data reported within the article are available anonymized
on reasonable request by qualified investigators.

Results
Clinical Features
Fifty-nine patients suspected of GBS were seen between May
and August 2019. Ten were excluded: 8 had insufficient data
due to transfer to other hospitals during the outbreak, 1 patient
had a recent infectionwithHIV, syphilis and tuberculosis, and 1
patient had only cranial nerve involvement. Of the 49 included
patients, 43 were from Lima city and 6 fromNorthern area and
highlands of Peru (figure 1B). The demographic and clinical
characteristics of the 49 patients are described in table 1. All
patients fulfilled Brighton criteria level 1 (84%) or level 2
(16%). The median age was 44 years (IQR 30–54 years), and
28 (57%) were male. Thirty-two patients (65%) had symptoms
of an infection 6 weeks preceding the onset of GBS: 24 (49%)
diarrhea and 13 (27%) upper respiratory tract symptoms, and 2
patients (4%) received an influenza vaccine. The median time
from onset of infectious to neurologic symptoms was 3 days
(IQR 2–9 days), and the time from onset of neurologic
symptoms to nadir was 6 days (IQR 3–7 days). At admission,
all patients reported limb weakness. Quadriparesis evolving in
less than 24 hours from neurologic symptom onset was ob-
served in 5 patients (10%). The median GBSDS at admission
was 4 (IQR 3–4), and EGRIS was 3 (IQR 2–4). Fifteen

patients (31%) had cranial neuropathy, with the facial nerve
most commonly involved. The medianMRC sum score was 42
(IQR 26–50). Most patients (80%) were classified clinically as
pure motor GBS. Neurologic examination, treatment, and
outcome at nadir and at 6-month follow-up are detailed in table
e-1 (links.lww.com/NXI/A406).

NCSs/EMG studies were performed in all patients at amedian of
16 days after onset of neurologic symptoms (IQR 10–23 days).
Twenty-one patients (43%) had axonal neuropathy (acutemotor
axonal neuropathy), 9 (18%) demyelinating neuropathy (acute
inflammatory demyelinating polyneuropathy), 8 (16%) equivo-
cal, 5 (10%) inexcitable, and 6 (12%) had normal studies.

Forty-seven patients (96%) received treatment with IVIg
(51%), plasmapheresis (18%), or both (27%). The standard
treatment was 5 sessions of plasmapheresis or 0.4 mg/kg/
d IVIg for 5 days. IVIg treatment was stopped in 1 patient who
developed angioedema during their second session and who
died before starting plasmapheresis. Two patients did not
receive treatment, 1 because of lack of treatment availability
on admission and 1 due to initial misdiagnosis. Both patients
improved without treatment. Thirteen patients (27%) were
admitted to the intensive care unit, 12 (24%) required ven-
tilatory support, and 6 (12%) had cardiac dysautonomia. The
median hospitalization time was 14 days (IQR 9–23 days).

One week after admission, the median mEGOS was 5 (IQR
2–9). Most patients improved as indicated by mRS score at
6-month follow-up (median 2, IQR 1–2) compared with
nadir (median 4, IQR 4–5). Four patients (8%) died. The
most common sequela after 6 months was neuropathic pain
(69%) (table e-1, links.lww.com/NXI/A406).

Laboratory Testing
Hematologic and biochemical testing at admission were
normal in all cases. CSF examination was performed in 48/49
patients at a median of 5 days (IQR 4–7 days) after start of
neurologic symptoms. All patients had normal cell counts
(median 0, IQR 0–1), and 14 (29%) had an increased protein
level (>52 mg/dL) (table 1).

Laboratory results for infectious agents and antiganglioside
profiles are described in table 2. One patient with known HIV
infection was HIV positive. Twenty (41%) patients un-
derwent testing for ZIKV, 26 (53%) for DENV, and 22 (45%)
for CHIKV, and all were negative. Nineteen patients (39%)
underwent testing by Film Array respiratory panel, and 5
(26%) were positive for common respiratory viruses not
known to be associated with GBS (table 2).

In 43 patients (88%), biosamples were available for C jejuni
infection testing with either molecular or serologic assays or
stool cultures (table e-2, links.lww.com/NXI/A407). In 23/
42 (55%) patients, anti-C jejuni IgM and/or IgA antibodies
were found, of whom 9 also tested positive for Campylobacter
sp PCR in stool. In contrast, only 11/41 (27%) controls had
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evidence of anti-C jejuni IgM or IgA (OR: 3.3, CI 95% 1.2–9.2,
p < 0.01) (table 2).

The PCR-based gastrointestinal panel showed that 14/37
(38%) patients had evidence of Campylobacter sp genome.
Stool cultures from 4 of these patients grew bacteria, which
were confirmed as C jejuni by immunologic and molecular
assays (table 2, table e-2, links.lww.com/NXI/A407). Penner
molecular typing indicated that these isolates were all HS41
capsule type. Genomic analysis showed that these strains were
clonal, sequence type (ST) ST2993, with class A LOS bio-
synthesis locus, a pathogenicity island that contains genes with
the potential to generate LOS that mimic human gangliosides.
Phylogenetic analysis showed that of the 20 GBS-associated C
jejuni genomes, 15, including the 4 isolates from this study, have
LOS regions fairly closely related to one another and to other
strains of C jejuni associated with GBS isolated in China and
Africa (figures 2 and 3). Sample collection regions do not
appear to define clades, with strains from countries with nu-
merous samples spread throughout the tree. All 4 C jejuni
isolates from our study had the Asn51 polymorphism at cstII
gene (figure e-1, links.lww.com/NXI/A404) based on the
alignments to ICDCCJ07001 indicating the capability to syn-
thesize both alpha 2–3 and alpha 2–8 sialic acid linkages on
their LOS core oligosaccharide.26,27 The genomes of these 4 C
jejuni isolates were deposited at NCBI within BioProject
PRJNA643291 (accession numbers SAMN15508151,
SAMN15508152, SAMN15508153, and SAMN15508154,
ncbi.nlm.nih.gov/bioproject/PRJNA643291).

Combining serologic assay and stool PCR, 28/43 patients
(65%) had evidence of recent C jejuni infection (table 2, table
e-2, links.lww.com/NXI/A407). Of interest, these 28 patients
did not significantly differ in the time to nadir, clinical variants,
or electrophysiologic subtypes to the 15 patients without
evidence of a recent C jejuni infection (table e-2). Patients

Table 1 Demographic and Clinical Characteristics of
Patients With GBS

Characteristics N = 49

Age, y 44
(30–54)

Male sex 28 (57)

General symptoms before the
onset of the GBS (last 6 wk)

32 (65)

Diarrheaa 24 (49)

Upper respiratory symptomsa 13 (27)

Fever 5 (10)

Headache 3 (6)

Arthralgia 4 (8)

None 17 (35)

Time from onset of infectious
symptoms to admission, db

7 (7–14)

Time from onset of infectious symptoms to GBS onset, db 3 (2–9)

Time from onset of GBS symptoms to admission, d 4 (3–6)

Time from onset of GBS symptoms to nadir, d 6 (3–7)

GBS Disability Score at admission 4 (3–4)

Erasmus GBS Respiratory Insufficiency Score at
admission

3 (2–4)

Admission to ICU 13 (27)

Mechanical ventilation 12 (24)

Autonomic dysfunction 6 (12)

Duration of hospitalization, d 14 (9–23)

Brighton criteria for GBS diagnosis

Level 1 41 (84)

Level 2 8 (16)

GBS clinical variant

Pure motor 39 (80)

Sensorimotor 6 (12)

Pharyngeal-cervical-brachial 2 (4)

Miller Fisher syndrome 1 (2)

Bickerstaff brainstem encephalitis 1 (2)

CSF analysis 48 (98)

Time from onset neurologic symptoms
to CSF sampling, d

5 (4–7)

White cell count, cells/mm3 0 (0–1)

Total protein, mg/dL 33
(16–58)

Increased protein levelc 14 (29)

Time from GBS symptom onset to EMG, d 16
(10–23)

Table 1 Demographic and Clinical Characteristics of
Patients With GBS (continued)

Characteristics N = 49

NCS/EMG results and subtype

AMAN 21 (43)

AIDP 9 (18)

Inexcitable 5 (10)

Equivocal 8 (16)

Normal 6 (12)

Abbreviations: AIDP = acute inflammatory demyelinating polyneuropathy;
AMAN = acute motor axonal neuropathy; GBS = Guillain-Barré syndrome;
ICU = intensive care unit; NCS = nerve conduction study.
Data are presented as n/N (%) or median (interquartile range).
a Six patients had both diarrhea and upper respiratory symptoms.
b Based on 32 patients with a history of preceding general symptoms.
c Increasedprotein level is defined as >52mg/dL. The percentage is based on
48 CSF samples.
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Table 2 Laboratory Studies

A. Investigation of Infectious Agents in GBS Cases

Test/Target n/N (%)

qRT-PCR (serum)

ZIKV 0/20 (0)

DENVa 0/26 (0)

CHIKV 0/22 (0)

HIV (ELISA) 1/49 (2)

Respiratory FilmArray (oropharyngeal swab)b

Rhinovirus/enterovirus 3/19 (16)

Respiratory syncytial virus 1/19 (5)

Coronavirus OC43 1/19 (5)

Gastrointestinal FilmArray (stool)c 24/37 (65)d

Campylobacter spe 14/37 (38)

Escherichia coli 16/37 (43)

Stool culture 11/37 (30)f

Campylobacter jejuni HS41 4/37 (11)

E coli 10/37 (27)

B. Serologic Case-Control Studies

GBS, no. (%) Controls, no. (%) OR (p)

Campylobacter jejuni serology

Patients tested, no. (%) 42 (100) 41 (100) —

Anti–C jejuni IgG 42(100) 41 (100) —

Anti–C jejuni IgM or IgA 23 (55) 11 (27) 3.3 (0.01)

Anti–C jejuni IgM 19 (45) 11 (27) 2.3 (0.081)

Anti–C jejuni IgA 12 (29) 0 —

Antiganglioside profile

Patients tested, no. (%) 42 (100) 41 (100) —

GalNAc-GD1a-GBS cases 3 (7) 4 (10) 0.7 (0.668)

GM1-GBS cases 4 (10) 1 (2) 4.2 (0.175)

GM1:GT1a-GBS cases 14 (33) 4 (10) 4.6 (0.009)

GM1:PS-GBS cases 17 (40) 8 (20) 2.8 (0.037)

GT1a-GBS cases 4 (9) 1 (2) 4.2 (0.175)

Abbreviations: CHIKV= chikungunyavirus;GBS=Guillain-Barré syndrome;DENV= denguevirus; PS= phosphatidylserine;qRT= quantitative real time;ZIKV= Zikavirus.
Bold values in OR (p) column indicate statistical significance (p < 0.05).
a All samples were tested for DENV-1, DENV-2, DENV-3, and DENV-4.
b In addition to the listed pathogens detected by the respiratory array assay, other pathogens tested were found negative and those included Mycoplasma
pneumoniae, adenovirus, coronavirus HKU1, NL63, 229E, and OC43, human metapneumovirus, influenza A, A/H1, A/H3, and A/H1-2009, influenza B, para-
influenza virus 1, 2, 3, and 4, Bordetella pertussis, and Chlamydia pneumoniae.
c In addition to the C jejuni and E coli detected, testing for other bacteria, parasite, and viruses included in the assay were negative, which included bacteria:
Clostridium difficile (toxin A/B), Plesiomonas shigelloides, Salmonella, Yersinia enterocolitica, Vibrio (parahaemolyticus, vulnificus, and cholerae), Vibrio cholerae,
diarrheagenic E coli/Shigella, enteroaggregative E coli (EAEC), enteropathogenic E coli (EPEC), enterotoxigenic E coli (ETEC), Shiga-like toxin-producing E coli
(STEC), E coli O157, and Shigella/enteroinvasive E coli (EIEC). Parasites: cryptosporidium, Cyclospora cayetanensis, Entamoeba histolytica, and Giardia lamblia.
Viruses: adenovirus F 40/41, astrovirus, norovirus GI/GII, rotavirus A, and sapovirus (I, II, IV, and V).
d Six patients had coinfection of both Campylobacter sp and E coli.
e Campylobacter (jejuni, coli, and upsaliensis).
f Three patients had positive culture for both C jejuni HS41 and E coli.
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with evidence of a recent C jejuni infection had a higher
percentage of preceding gastrointestinal symptoms, although
this was not significant (43% vs 27%, p = 0.69). Other pre-
ceding infectious symptoms were also not significantly
different.

Antiganglioside IgG antibodies of differing specificities were
detected in a high proportion of cases compared with HCs
(figure e-2, links.lww.com/NXI/A405). Summarizing this

overview heatmap, 2 broad populations of IgG antibodies
were dominantly present in this cohort: those reactive with
GM1 alone or in complexes and those reactive with GT1a,
alone or in complexes (table 2, figure 4). A smaller number of
samples contained antibodies to GalNAc-GD1a alone or in
complexes. Antibodies to other gangliosides including GM2,
GD1b, GD1a, and GT1b and to myelin glycolipids including
SGPG, LM1 and GalC were either very infrequently or not
observed. Ganglioside antigens were probed as single

Figure 2 Phylogenetic Tree of Campylobacter jejuni Isolates in GBS

Phylogenetic tree built from the lipo-oligosaccharide region of 88 C jejuni species using the Nextstrain pipeline, colored by region. The 4 Peruvian strain
assemblies are indicated. The tree was built via alignment to the ICDCCJ07001 strain and then rooted by inferring ancestral states. GBS = Guillain-Barré
syndrome.

Figure 3 Phylogenetic Map of Campylobacter jejuni Isolates in Guillain-Barré Syndrome (GBS)

Map distribution of strains depicted in the phylogenetic tree. Strains are colored by region of collection, which was available for all but 2 genomes, the C jejuni
reference, NCTC11168, and 1GBS-associated strain, G1, which had no listed collection location. The size of the circles within countries on the associatedworld
map is proportional to how many samples are included from that country.
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molecules and when in heteromeric complex (1:1 ratio) with
one other ganglioside or lipid. This use of complexes is known
to enhance antiganglioside antibody signals in a proportion of
serum samples.28 To identify the enhanced binding intensities
resulting from complexes, samples were probed against GM1
and GT1a in complex with other lipids (figure 4A). Results
were then analyzed and displayed using ROC curve analysis in
which the true and false-positive rates are calculated at various
threshold settings to generate sensitivity and specificity data
for the assay. ROC data for the major targets are shown in
figure 4, B and C and figure e-2B and C. Using this approach,
GM1 ganglioside in a 1:1 heteromeric complex ratio with PS
or GT1a ganglioside proved to be the most significant di-
agnostic marker. When GM1 was in complex with PS, anti-
bodies to the GM1:PS complex returned a sensitivity 78.6%
and a specificity of 78.0% for GBS (figure e-2B). When GM1
was in complex with GT1a, antibodies to the GM1:GT1a
complex returned a sensitivity of 81.0% and a specificity of
80.5% for GBS (figure 4B). The enhancing effect, as man-
ifested by an increase in fluorescence intensity units, of GM1
in complex with GT1a vs either antigen alone is shown in
figure 4C. In contrast, the GM1:GalNAc-GD1a complex did

not enhance reactivity with either glycolipid alone (figure
e-2C). When selecting the GM1:PS and GT1a:GM1 complex
antigen targets as biomarkers of GBS, 92.9% of patients had
IgG antibodies to one or both of these glycolipid complexes
compared with 31.7% of HCs.

Discussion
In the aftermath of the ZIKV epidemic in Latin America, that
was associated with significant increases in the incidence of
GBS, 2 large seasonal outbreaks of GBS occurred in Peru in
2018 and 2019.6,29 Our study, describing a large cohort of
patients and controls during the 2019 GBS outbreak in Lima,
Peru, demonstrates that this outbreak was associated with C
jejuni infection, a diarrheal bacterium that is the most com-
mon trigger of GBS worldwide. As the outbreak of GBS in
2018 occurred in the same season and regions of the country
(figure 1B), this outbreak was likely related to C jejuni as well.
Because stricter public health measures were instituted in
Peru, after the first COVID-19 case in March 2020, GBS
incidence decreased to less than 0.27/100,000.6

Figure 4 Antiganglioside Antibody Binding Profile in Peruvian GBS Cases

Graphical displays of GBS and healthy control (HC) serum IgG antiganglioside antibody binding. (A) Heatmaps illustrating the IgG binding intensity to 3 single
glycolipids and 4 heteromeric complex antigen targets in GBS cases (uppermap, n = 42) and HC sera (lowermap, n = 41). Each horizontal row refers to the IgG
binding reactivity of an individual GBS or HC serum sample, and each vertical row refers to each of the 7 targets displayed. The rainbow bar denotes the
intensity scale of IgG binding from low (blue) to high (red) intensity. Two patterns of reactivity are greatly amplified by presenting glycolipids/lipids targets as
heteromeric complexes compared with binding to each target alone: GM1:GT1a complex (first column *) and GM1:PS complex (fourth column **). Note that
these 2 patterns of heteromeric complex reactivity do not substantially overlap within any 1 patient, being mutually exclusive. (B) An illustrative receiver
operating characteristic (ROC) curve comparing the sensitivity and specificity of GT1a and GM1 as single glycolipids with the GT1a:GM1 heteromeric complex.
The highest sensitivity (81%) and specificity (80.5%) are seenwith the GM1:GT1a complex. (C) IgG reactivity values of each individual patient are plotted for the
same 3 antigen targets (GM1, GT1a, and GM1:GT1a complex) subjected to ROC analysis in panel B. Greatly enhanced binding intensity to the GT1a:GM1
heteromeric complex compared with the sum of the single glycolipid antigens is present in most samples. GBS = Guillain-Barré syndrome; PS =
phosphatidylserine.
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We found evidence of recent C jejuni infection in 28/43 pa-
tients (65%), of whom 9 were positive for Campylobacter sp
PCR in stool. Other preceding infections previously associated
with GBS, includingMycoplasma pneumoniae, DENV, CHIKV,
and ZIKV, were negative in all tested cases. Recent C jejuni
infection was significantly more likely to occur in GBS cases
(23/42, 55%) compared with controls (11/41, 27%, OR: 3.3, p
< 0.01). Of interest, the proportion of controls with a recent C
jejuni infection was high (27%), which may be indicative of an
ongoing outbreak of C jejuni, although our study was not
designed to investigate this. This high percentage may also be
in part due to overmatching of cases and controls or a high
prevalence ofC jejuni in Peru, as has been indicated by previous
serosurveillance studies.30,31 Notably, the vast majority of C
jejuni infections, even when bearing ganglioside mimics in their
LOS, manifest as uncomplicated enteritis and are not associ-
ated with the development of GBS. Genomic analysis of C
jejuni isolates showed that they have closely related LOS re-
gions to one another and to previously described GBS-
associated C jejuni genomes from China and Africa reported in
the past 2 decades, suggesting that these strains were in-
troduced or reemergent infections from an endemic reservoir
rather than being new emergent strains.32–34

Besides the laboratory evidence, the clinical and electro-
physiologic profile is typical for C jejuni–associated GBS as
described in previous studies.9,35,36 The majority of cases had
a preceding diarrheal illness, followed by an early-onset, rap-
idly progressive pure motor axonal GBS. This profile is in
contrast to the clinical profile that has been reported in as-
sociation with ZIKV or COVID-19, where most patients have
facial palsy, sensory and motor deficits, and a demyelinating
electrophysiologic subtype.37,38

However, there was not a uniform relationship between C
jejuni serotype and clinical, electrodiagnostic, and anti-
ganglioside profile. This may be due tomethodological factors
that prevent unambiguous case definition and ascertainment.
For example, CSF examination and electrodiagnostic studies
are not always sensitive diagnostic tools in GBS, especially
when done early in the disease course. This may have resulted
in only 29% of patients having an increased protein level in
CSF, or inaccurate classification of electrophysiologic studies
as axonal or demyelinating.8,39 The time between onset of
systemic and neurologic symptoms (median 3 days, IQR 2–9
days) was also shorter than expected based on previous
studies, which may be due to the wide range of the incubation
period of C jejuni (1–10 days); patients only reporting
symptoms when they become severe; or the presence of a
parainfectious rather than postinfectious mechanism, as pre-
viously reported in ZIKV-related GBS.3,40 Another surprising
finding was the high percentage (27%) of cases with diarrhea
in the group without evidence of a recent C jejuni infection.
This may due to the presence of other infections able to
trigger GBS that may lead to gastrointestinal symptoms or low
sensitivity of the standard serologic testing method for recent
C jejuni infection (presence of IgM antibody) in a population

where the incidence of infection, as indicated by the univer-
sally positive IgG serology, is very high. Notwithstanding
previous studies that show diarrhea has been associated with a
poor prognosis, the percentage of our patients able to walk at
6 months was high (82%), although we did find that diarrhea
was more frequent (67% vs 45%) in patients with worse
outcome, as defined by mRS score ≥ 4 at 6 months.35,41

The antiganglioside antibody profile, with strong positivity for
GM1 and anti-GT1a, as single antigens or in complex, is
similar to what has previously been found in post–C jejuni
GBS in other parts of the world and lends strong support that
these patients represent the typical immune phenotype seen
inC jejuni–associatedGBS.42–44 The use of complexes of GM1
and GT1a with each other or other lipids (herein PS) greatly
enhanced the sensitivity of antibody detection in this cohort.
The significant presence and high frequency of antiganglio-
side antibodies lends strong evidence to the conclusion that
molecular mimicry between Campylobacter LOS and gangli-
osides is the immunopathologic driver of this form of GBS in
Peru. The high prevalence of anti-GT1a antibodies in this
groups is consistent with the cstII polymorphism (Asn51)
seen in this study and similar to that observed in a GBS
outbreak in China.45

The main limitation of our study is that we were not able to
perform complete laboratory studies in all patients and con-
trols as the study was conducted in the context of an emerging
outbreak. We were able to exclude other preceding infections,
including arboviruses, in 53% of cases and completed the
serologic case-control study in 86% of cases. It is unlikely that
different results would have been obtained had all subjects
been tested.

In conclusion, we showed that C jejuni, and not ZIKV as was
initially thought, was the infectious driver of the 2019 GBS
outbreak in Peru, and the clinical, electrophysiologic, and
immunologic profile was consistent with C jejuni–related
GBS. The C jejuni strains were likely introduced or ree-
mergent infections from an endemic reservoir and not new
emergent strains. This finding has global relevance as it in-
dicates that the C jejuni strains linked to GBS circulate widely
in different parts of the world. This shows that researchers
should remain aware of C jejuni as a trigger for GBS when
investigating the association between other infections, in-
cluding COVID-19, and GBS. Reinforcing public health
measures, including setting up campylobacteriosis and GBS
surveillance, to rapidly identify new epidemics, pathologic
strains, and sources of transmission should be encouraged to
prevent future outbreaks.30,31,46
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Acquired clinical data and
revised the manuscript for
intellectual content

Jesus T.
Abanto,MD

Hospital Cayetano
Heredia, Lima, Perú
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2. WHO. Guillain–Barré syndrome. Available at: who.int/csr/don/archive/disease/

guillain-barre-syndrome/en/. Accessed May 31, 2020.
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968–975.

16. Walgaard C, Lingsma HF, Ruts L, et al. Prediction of respiratory insufficiency in
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Abstract
Objective
To investigate the incidence of coronavirus disease 2019 (COVID-19) in a single-center cohort
of patients with MS and to explore the contribution of their comorbidities and therapies to the
outcome.

Methods
A cross-sectional mixed-method study was conducted involving an email-based, self-
administered questionnaire sent on May 21, 2020, to 586 patients with MS followed at the
MSUnit of Hospital Clinic, University of Barcelona, along with telephone interview, and review
of electronic medical records until June 18, 2020. The cumulative incidence of confirmed
COVID-19 (positive PCR or antibody test) and all COVID-19 cases (confirmed and sus-
pected) from the start of the pandemic was compared with the population estimates for
Barcelona.

Results
A total of 407 patients (69.5%) completed the survey. Most of the responders (67%) were
female. The responders had amedian age of 48 years (range 19–86), relapsing-remitting disease
(84%), at least 1 comorbidity (45%), and were on disease-modifying therapy (DMT; 74.7%).
COVID-19 was confirmed in 5 patients (1.2%) and suspected in 46 (11.3%). The cumulative
incidence of confirmed COVID-19 cases was similar to that of the general population but was
almost 2-fold higher when all cases were considered (p < 0.001). Six patients (11.7%) were
hospitalized, of which 5 had good recovery and 1 died. Hospitalized patients were more
frequently male, had diabetes and had progressive forms of MS (p < 0.05). DMT was not
associated with the risk of infection or the outcome.

Conclusions
In the studied MS cohort, the incidence of COVID-19 was higher than that of the general
population; however, most patients did not require hospitalization and had a good outcome
despite the frequent presence of comorbidities and treatment with DMT.
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Severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2), the causative virus of the coronavirus disease 2019
(COVID-19) pandemic, has high mortality in a vulnerable
population with chronic diseases, including those who are
treated with immunosuppressive therapies.1,2 Patients with
MS have a chronic inflammatory disorder, are usually treated
with immunosuppressive or immunomodulatory therapies,
and frequently have several comorbidities that have been re-
lated to worse COVID-19 prognosis.3–5 It is currently unclear
whether patients with MS have an increased susceptibility to
develop COVID-19 and worse outcomes compared with the
general population; some studies even suggest that immu-
notherapy could be a protective factor against worse COVID-19
outcome,3,4,6 but they have not compared the incidence and
mortality estimates of COVID-19 in patients with MS with
those of the general population.

In response to the COVID-19 pandemic, finding answers to
these questions is important if we want to make appropriate
decisions and implement protective strategies. Toward the
end of February 2020, Barcelona was one of the earliest cities
in Spain to be affected by COVID-19. This led to a 3-month
confinement of the population and provided an opportunity
to address the aforementioned issues. Therefore, we con-
ducted a cross-sectional study to investigate potential differ-
ences between the incidence of COVID-19 in a large cohort of
patients with MS and the general population of the city of
Barcelona. In addition, we explore the effect of patient
comorbidities and therapies on the COVID-19 outcome.

Methods
This was a cross-sectional mixed-method study involving an
email-based, self-administered questionnaire sent to the co-
hort of patients with MS followed at the Neuroimmunology
and MS Unit of Hospital Clinic of Barcelona (patients aged
≥18 years), coupled with a telephone interview, and review of
electronic health records. On May 21, 2020, an email that
included the aim of the study, the information on the approval
by the Ethic Committee, and 3 questions that could be an-
swered by replying to the same email was sent to 586 patients.
The questions were the following: (1) Have you had COVID-
19 infection?: Yes or No, and if Yes: confirmed by PCR or
SARS-CoV-2 serology or diagnosed by a doctor without
confirmation; (2) Have you had any of these symptoms that
the World Health Organization (WHO) considered suspi-
cious: fever and at least 1 sign/symptom of a respiratory
disease, e.g., cough, shortness of breath,7 or had one of these
symptoms together with loss of smell and taste?; and (3) Do
you consent to have a telephone interview by a doctor from

the MS Unit to clarify any additional information such as
admission to the hospital and symptoms of relapse? The
telephone interview was conducted within 4 weeks after the
email was sent. For the identification of potential participants,
we also cross-checked our databases of patients and therapies
(iMED v 6.6.4) with the records of admitted cases of COVID-
19 available at the hospital. The following variables were re-
trieved from the hospital electronic record: age, sex, presence/
absence of comorbidities related to SARS-CoV-2 infection
(smoking, hypertension, dyslipidemia, diabetes mellitus, car-
diovascular disease, chronic lung disease, and neoplasm), and
admission to the hospital and/or intensive care unit (ICU).
The MS history including the Expanded Disability Severity
Scale (EDSS) score8 and relapses was collected from our MS-
specific database (iMED v 6.6.4).

Patients were confirmed to have COVID-19 if they had a
positive PCR or antibody test result. Patients were suspected
to have COVID-19 if they were diagnosed by a clinician
without PCR or serologic confirmation, and (1) had typical
SARS-CoV-2 pneumonia findings in their chest X-ray or CT,
(2) had symptoms considered suspicious by the WHO (fever
and 1 or more sign/symptom of a respiratory disease), or (3)
had fever or a respiratory symptom in addition to anosmia
and/or ageusia. The COVID-19 course was classified as mild
for patients who did not require hospitalization or oxygen
administration, severe for hospitalized patients, and critical
illness for those who required admission to the ICU and/or
mechanical ventilation.

Standard Protocol Approvals, Registrations,
and Patient Consents
The email also collected consent to participate in the study.
Utilization of medical data was carried out according to the
Spanish law and the General Data Protection Regulation. The
study received approval from the Ethic Committee of Hos-
pital Clinic (HCB/2020/0600).

Data Availability
Anonymized data will be made available on request from any
qualified investigator. No deidentified patient data or study-
related documents will be shared.

Statistical Analysis
Demographic and clinical characteristics between responders
and nonparticipants to the email, between all patients with
COVID-19 (confirmed and suspected) and without COVID-
19, and between patients with COVID-19 and severe or mild
course were compared using χ2 (or Fisher exact) tests for
categorical data and the Student t test (or Mann-Whitney U
test) for continuous data. Disease-modifying therapies

Glossary
DMT = disease-modifying therapy; EDSS = Expanded Disability Severity Scale; ICU = intensive care unit; SARS-CoV-2 =
severe acute respiratory syndrome coronavirus 2; WHO = World Health Organization.
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(DMTs) were grouped according to potential infection risk
(no risk: interferon beta and glatiramer; low risk: teri-
flunomide, dimethyl fumarate, and natalizumab; intermediate
or high risk: fingolimod, anti-CD20 therapies, cladribine, and
alemtuzumab) as proposed in previous studies.3 Two-sided p
< 0 0.05 was considered statistically significant. Cumulative
incidence in the MS cohort was adjusted by sex and age, using
the Barcelona population as reference. Cumulative incidence
in Barcelona was calculated using the data of an epidemiologic
database from the city generated by the local health system,
which is updated daily and contains district-level information
of confirmed and suspected COVID-19 cases.9 Cumulative
cases were updated from this database until June 18, 2020.
Data series of Barcelona of confirmed cases (positive PCR or
antibody test) and all COVID-19 cases (confirmed and sus-
pected cases) were analyzed independently and compared
with data obtained from patients with MS. We compared our
data with those of the city because almost 40% of our patients
belong to city health areas not covered by our hospital. Sta-
tistical analysis of these data was performed with MATLAB
and Excel.

Univariate and multivariate logistic regression models were
performed on identified variables to assess their association
with COVID-19 infection and outcome. We conducted a
multivariate stepwise logistic regression analysis with hospi-
talization as the dependent variable and age, sex, EDSS, MS
disease phenotype (relapsing-remitting vs progressive),
comorbidities, and DMT level as independent variables. Re-
sults were expressed as OR and 95% CI. Data analyses were
performed with SPSS statistics package version 25.

Results
As of June 18, 2020, 407 patients (69.5%) completed the
survey. Two hundred seventy-three responders (67%) were
female, with a median age of 48 years (range 19–86 years) and
a mean (SD) disease duration of 15 (9.6) years (table 1). No
significant demographic differences were found between the
participants and those who did not respond to the survey, but
the former more frequently had relapsing-remitting MS forms
(84% vs 72%, p = 0.007), had a lower EDSS score (mean 2.6
[1.9] vs 2.9 [2.2], p = 0.029), and were more frequently on
DMT (75% vs 58%, p < 0.001) (table e-1, links.lww.com/
NXI/A396).

Cumulative Incidence of COVID-19
Of the 407 responders, 5 (1.2%) were confirmed and 46
(11.3%) were suspected COVID-19 cases (table 1). The cu-
mulative incidence of confirmed cases adjusted by sex and age
was not significantly different from that of Barcelona city
(1.27%, 95%CI 0.18–2.36 vs 1.32%, 95%CI 1.30–1.34), but it
was 1.74-fold higher for all COVID-19 cases (confirmed and
suspected) (11.65%, 95% CI 9.31–15.75 vs 6.69%, 95% CI
6.65–6.73, p < 0.001) (table 2). Similar results were found
when the estimates were compared with the population of the

geographic area covered by Hospital Clinic in Barcelona (e-
Results, links.lww.com/NXI/A395).

Demographic and Clinical Characteristics of
Patients With COVID-19
Clinical and demographic data of the 51 COVID-19 cases (5
confirmed and 46 suspected) and 356 patients without
COVID-19 are summarized in table 1. Patients with COVID-
19 were younger (mean 44.9 [10.8] years vs 49.4 [12.3] years,
p = 0.016) and had a lower frequency of comorbidities (31%
vs 47%, p = 0.047) than those without COVID-19 (table 1).
There were no significant differences between the 5 patients
with confirmed and the 46 with suspected COVID-19 (table
e-2, links.lww.com/NXI/A397) or the 356 non–COVID-19
cases (table e-3, links.lww.com/NXI/A398).

Forty-five of the 51 (88.2%) patients with COVID-19 had
mild disease that did not require hospitalization. The
remaining 6 (11.8%) were admitted to the hospital, but only 1
died. This patient was a 71-year-old man with primary pro-
gressive MS, who was admitted to the emergency department
with severe respiratory distress (bilateral pneumonia) and
died a few hours later; none of the other 5 patients required
ICU admission. One of the patients was readmitted 2 weeks
after discharge for bronchiolitis obliterans with organized
pneumonia that responded to prednisone therapy.

Variables Associated With COVID-19 Severity
and Mortality
Compared with the patients who had a mild course, those
hospitalized were more frequently male (5/6 [83%] vs 12/45
[26.6%], p = 0.012), more frequently had diabetes (2/6
[33.3%] vs 0/45, p = 0.012), and had a progressive MS form
(3/6 [50%] vs 5/45 [11%], p = 0.042) (table 3). Significant
risk factors associated with hospitalization in the univariate
logistic regression models were male sex (OR 13.08, 95% CI
1.39–122.85, p = 0.024) and progressive MS (OR 8.4, 95% CI
1.32–53.3, p = 0.024). In the multivariate logistic regression
model, male sex was retained as an independent variable (OR
12.56, 95% CI 1.21–130.78, p = 0.034), whereas a trend was
observed for progressive MS type (OR 7.93, 95% CI
0.97–64.78, p = 0.053).

No data of hospitalizations in Barcelona during the study
period were available. The mortality rate, including confirmed
and suspected cases, in the MS cohort was not significantly
different from that of the population of the city (1/51 [1.9%]
vs 4,243/96,456 [4.39%], p = 0.41) or the geographical area
covered by Hospital Clinic (1/51 [1.9%] vs 1,211/27,960
[4.3%], p = 0.4 (e-Results, links.lww.com/NXI/A395).

Discussion
This epidemiologic survey of COVID-19 incidence in a large
cohort of patients with MS from a tertiary hospital of Barce-
lona covering the first 4 months of the pandemic provides
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several important observations: (1) the cumulative incidence of
confirmed COVID-19 cases is similar to that of the general
population, but it is almost 2-fold higher when suspected cases

are included in the analysis; (2) the MS clinical profile and the
type of DMT are not associated with the risk of having COVID-
19; (3) the clinical outcome of patients with MS with confirmed

Table 1 Demographic and Clinical Characteristics of Patients With or Without COVID-19

All COVID-19 (n = 51) No COVID-19 (n = 356) p Value

Female, n (%) 34 (66.7) 239 (67.1) 0.947

Age at survey, y, median (range) 44 (19–69) 48 (20–86) 0.016

At least 1 comorbid condition, n (%) 16 (31.0) 167 (47.1) 0.047

Smoking 7 (13.7) 65 (18.2) 0.835

Dyslipidemia 5 (9.8) 78 (21.9) 0.061

Diabetes 2 (3.9) 24 (6.7) 0.755

Hypertension 4 (7.8) 54 (15.1) 0.195

Heart disease 0 8 (2.2) 0.599

Pulmonary disease 2 (3.9) 17 (4.8) 1.00

Malignancy 0 8 (2.2) 0.599

MS type, n (%)

RRMS 43 (84.3) 298 (83.7)

SPMS 5 (9.8) 31 (8.7) 0.853

PPMS 3 (5.9) 22 (6.2)

CIS 0 5 (1.4)

Disease duration, y, mean (SD) 12.6 (8.4) 15.4 (9.7) 0.143

Annualized relapse rate, mean (SD) 0.6 (1.6) 0.4 (0.3) 0.214

Last EDSS score, median (range) 1.5 (0–6.5) 2.0 (0–8.0) 0.207

Disease-modifying treatment, n (%) 40 (78.4) 264 (74.1) 0.538

Interferon beta 6 (15) 60 (22.6)

Glatiramer acetate 6 (15) 35 (13.2)

Dimethyl fumarate 10 (25) 50 (18.9)

Teriflunomide 5 (12.5) 30 (11.3)

Ocrelizumab 3 (7.5) 10 (3.7)

Rituximab 4 (10) 17 (6.4) 0.106

Natalizumab 1 (2.5) 14 (5.3)

Fingolimod 2 (5) 34 (12.8)

Alemtuzumab 1 (2.5) 4 (1.5)

Cladribine 2 (5) 5 (1.9)

Ofatumumab 0 2 (0.7)

Azathioprine 0 1 (0.3)

Ponesimod 0 2 (0.7)

Patients who developed MS relapse during the study period, n (%) 1 (2) 6 (1.7) 0.906

Abbreviations: CIS = clinically isolatedMS; EDSS = ExpandedDisability Severity Scale; PPMS = primary progressiveMS; RRMS = relapsing-remittingMS; SPMS =
secondary progressive MS.
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or suspected COVID-19 is good, with a mortality rate similar to
that of the general population; and (4) male sex and a pro-
gressive MS form are the main risk factors to be hospitalized.

The incidence of COVID-19 in people with MS compared with
that of the general population is unknown. Our study shows an
almost 2-fold increase in the incidence of COVID-19 in patients
with MS compared with the general population. The low fre-
quency of confirmed cases was expected because in Barcelona
during the period of the study, PCR testing was restricted to
patients who were admitted to hospitals, and even patients with
typical symptoms and bilateral pneumonia were not always
tested. In fact, the ratio of suspected/confirmed COVID-19 in
the general population of Barcelona was 4, but it was 2.5 times
higher in our MS population (table 2). The latter is not un-
expected taking into account that people withMS are considered
a vulnerable population, and it is likely that this led them tomore
frequent health care consultations than the general population.
Nevertheless, we did not find any difference regarding

demographic or MS-related features between patients with
confirmed and suspected COVID-19; however, the information
should be taken with caution given the small sample size.

In our cohort, patients with COVID-19 were younger and
had comorbidities less frequently than those without
COVID-19. The mean age of our patients was similar to
that reported in a French study with 347 patients3 and a
study from New York city with 76 patients,10 suggesting
that patients with MS who are older and have more
comorbidities undergo a stricter confinement. This hy-
pothesis is supported by the association found between
younger age of patients with COVID-19 with higher ex-
posure to possible sources of infection, as reported in 2
large studies of MS conducted in Europe and the United
States11,12 and in a study of patients with rheumatic dis-
eases treated with biological and synthetic disease-
modifying antirheumatic drugs carried out in Barcelona.13

This fact, and more frequent medical consultation due to

Table 2 Cumulative Incidence Rates of COVID-19 in Our MS Cohort and Barcelona City (BCN) Population

Age group, y Sex

Confirmed cases Suspected cases All COVID-19 cases

Cumulative
incidence in BCN

Crude
cumulative
incidence MS
cohort

Cumulative
incidence inBCN

Crude
cumulative
incidence MS
cohort

Cumulative
incidence inBCN

Crude
cumulative
incidence MS
cohort

18–34 F 1,466/172,926
(0.85%)

0/24 8,971/172,926
(5.19%)

4/24 (16.67%) 10,437/172,926
(6.04%)

4/24 (16.67%)

M 887/168,294
(0.53%)

1/19 (5.26%) 4,952/168,294
(2.94%)

2/19 (10.53%) 5,839/168,294
(3.47%)

3/19 (15.79%)

35–44 F 1,392/135,178
(1.03%)

0/87 8,102/135,178
(5.99%)

15/87 (17.24%) 9,495/135,178
(7.02%)

15/87 (17.24%)

M 956/136,294
(0.70%)

0/30 4,340/136,294
(3.18%)

4/30 (13.33%) 5,296/136,294
(3.89%)

4/30 (13.33%)

45–54 F 1,581/127,508
(1.24%)

2/90 (2.22%) 8,060/127,508
(6.32%)

9/90 (10.00%) 9,641/127,508
(7.56%)

11/90 (12.22%)

M 1,200/123,770
(0.97%)

0/34 4,637/123,770
(3.75%)

5/34 (14.71%) 5,837/123,770
(4.72%)

5/34 (14.71%)

55–64 F 1,595/114,342
(1.39%)

0/47 7,452/114,342
(6.52%)

4/47 (8.51%) 9,047/114,342
(7.91%)

4/47 (8.51%)

M 1,325/98,956
(1.34%)

2/30 (6.67%) 4,735/98,956
(4.78%)

0/30 6,060/98,956
(6.12%)

2/30 (6.67%)

>65 F 5,231/217,758
(2.40%)

0/25 15,879/217,758
(7.29%)

0/25 21,110/217,758
(9.69%)

0/25

M 3,441/146,670
(2.35%)

0/21 10,253/146,670
(6.99%)

3/21 (14.29%) 13,694/146,670
(9.34%)

3/21 (14.29%)

All All 19,075/1,441,696
(1.32%, 95% CI
1.30–1.34)

5/407 (1.23%, CI
0.02–2.30)

77,381/1,441,696
(5.37%, 95% CI
5.33–5.40)

46/407 (11.30%,
CI 8.23–14.38)

96,456/1,441,696
(6.69%, 95% CI
6.65–6.73)

51/407 (12.53%,
CI 9.31–15.75)

Sex- and age-
adjusted
cumulative
incidence

1.27%, CI
0.18–2.36
*p > 0.05

10.38%, CI
7.42–13.34
*p < 0.0001

11.65%, CI
8.53–14.77
*p < 0.0001

* vs cumulative incidence in BCN.
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patients’ concern of an increased risk associated with therapy,
would explain the increased incidence of COVID-19 observed
in our study. However, we cannot rule that the observed in-
crease in MS could be reflecting an underestimation of
COVID-19 cases in the general population.We did not identify
other differential features between patients with and those
without COVID-19, including exposure toDMTor association
with comorbidities that could explain a higher risk of infection
in those patients. Other studies have also suggested a higher
prevalence of COVID-19 in people with MS14 or an excess of
COVID-19–infected patients on anti-CD20 therapies.10,15,16

Despite the increased incidence of COVID-19 in our cohort
of patients with MS, the hospitalization rate (11.8%) and
mortality (1.9%) were low. These rates are in line with the
data of other studies characterized by a low percentage of
confirmed cases. For example, a UK community-based study
with 15.6% of confirmed cases reported 1.3% of hospitaliza-
tions and no deaths; a European and US study with 17% of
confirmed cases described 5.6% of hospitalizations and no
deaths; and an Italian programme with 24.5% of confirmed
cases reported 4% of patients with mild disease and 2.1% of
mortality. In contrast, higher rates of hospitalization (21%–25.6%)

Table 3 Demographics and Clinical Features of Patients With Severe and Mild COVID-19 Course

Patients with COVID-19 (n = 51) Severe COVID-19 (n = 6) Mild COVID-19 (n = 45) p Value

Female, n (%) 1 (16.7) 33 (73.3) 0.012

Age at survey, y, median (range) 43 (28–69) 44 (19–69) 0.921

At least 1 comorbid condition, n (%) 2 (33.3) 14 (31.1) 0.912

Smoking 0 7 (15.6) 1.00

Dyslipidemia 1 (16.7) 4 (8.9) 0.538

Diabetes 2 (33.3) 0 (0) 0.012

Hypertension 0 4 (8.9) 1.00

Heart disease 0 0 1.00

Pulmonary disease 0 2 (4.4) 1.00

Malignancy 0 0 1.00

MS type, n (%)

RRMS 3 (50) 40 (88.9)

SPMS 2 (33.3) 3 (6.7) 0.042

PPMS 1 (16.7) 2 (4.4)

Disease duration, y, mean (SD) 14.6 (11.6) 12.2 (7.8) 0.827

Annualized relapse rate, mean (SD) 0.3 (0.3) 0.6 (1.5) 0.249

Last EDSS score, median (range) 2.5 (1.0–7.5) 1.5 (0–6.5) 0.077

Disease-modifying treatment, n (%) 4 (66.7) 36 (80.0) 0.598

Interferon beta 0 6 (16.7)

Glatiramer acetate 0 6 (16.7)

Dimethyl fumarate 2 (50) 8 (22.2)

Teriflunomide 1 (25) 4 (11.1)

Ocrelizumab 0 3 (8.3) 0.734

Rituximab 1 (25) 3 (8.3)

Natalizumab 0 1 (2.8)

Fingolimod 0 2 (5.5)

Alemtuzumab 0 1 (2.8)

Cladribine 0 2 (5.5)

Abbreviations: CIS = clinically isolatedMS; EDSS = ExpandedDisability Severity Scale; PPMS = primary progressiveMS; RRMS = relapsing-remittingMS; SPMS =
secondary progressive MS.
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andmortality (3.5%–7.9%)were reported in studies that included a
high proportion of confirmed cases (42%–50%).3,10,18 Taken to-
gether, these data suggest a bias toward the confirmation of more
severe cases. Nevertheless, consistent reports of a relatively young
age of patients withMSwithCOVID-19 appear to be related to the
observed favorable course of the disease in this setting.

Although infections are a known cause of pseudo-relapses in pa-
tients with MS, few patients reported a worsening of preexisting
symptoms or were seen for a relapse during this period. Because
this information is infrequently reported in other series, the exact
impact that the pandemic has had in terms of clinical disease
activity is currently unknown.

In our study, male sex and progressive MS forms were iden-
tified as risk factors for COVID-19 severity, and these to-
gether with age, disability, and some comorbidities such as
obesity, diabetes, and hypertension have been described in
other series.3,10 It is noteworthy that most reports3,6,10,11,17,18

have not identified an association between DMT exposure
and COVID-19 severity; however, a recent Italian study15

found not only an increased frequency of anti-CD20 therapy
in patients with COVID-19 but also a higher frequency of
severe course compared with other DMTs. This finding needs
to be confirmed with large population-based studies or larger
registry studies.

Our study has several limitations. The study design depends
on self-reported data and survey response rates, and although
the latter was high (;70%), differences were found between
responders and nonresponders, which may suggest a selection
bias. On the contrary, we conducted a telephone interview
and cross-checked our database of patients and therapy with
the records of patients with COVID-19 admitted to the
hospital to improve case ascertainment. In addition,
throughout the study period, patients were contacted to re-
schedule their ambulatory visits, and instead, had a telephone
visit that would have identified nonresponders with more
severe illness or hospitalized elsewhere; however, we did not
identify any other confirmed or suspected COVID-19 case.
The low proportions of patients who were SARS-CoV-2
PCR-tested (9.8%) may have had an impact on estimates of
incidence as mentioned above but not in the observed fa-
vorable outcome. In addition, confirmed cases were not dif-
ferent from the suspected COVID-19 cases with respect to
demographic or MS disease–related characteristics.
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Abstract
Objective
To determine whether B-cell presence in brainstem and white matter (WM) lesions is asso-
ciated with poorer pathological and clinical characteristics in advanced MS autopsy cases.

Methods
Autopsy tissue of 140 MS and 24 control cases and biopsy tissue of 24 patients with MS were
examined for CD20+ B cells and CD138+ plasma cells. The presence of these cells was
compared with pathological and clinical characteristics. In corresponding CSF and plasma,
immunoglobulin (Ig) G ratio and oligoclonal band (OCB) patterns were determined. In a
clinical cohort of 73 patients, the presence of OCBs was determined during follow-up and
compared to status at diagnosis.

Results
In 34% of active and 71% of mixed active/inactive lesions, B cells were absent, which correlated
with less pronounced meningeal B-cell infiltration (p < 0.0001). The absence of B cells and
plasma cells in brainstem and WM lesions was associated with a longer disease duration (p =
0.001), less frequent secondary progressive MS compared with relapsing and primary pro-
gressive MS (p < 0.0001 and p = 0.046, respectively), a lower proportion of mixed active/
inactive lesions (p = 0.01), and less often perivascular T-cell clustering (p < 0.0001). Moreover,
a lower CSF IgG ratio (p = 0.006) and more frequent absence of OCBs (p < 0.0001) were
noted. In a clinical cohort, numbers of patients without OCBs in CSF were increased at follow-
up (27.4%).

Conclusions
The absence of B cells is associated with a favorable clinical and pathological profile. This
finding may reflect extremes of a continuum of genetic or environmental constitution, but also a
regression of WM humoral immunopathology in the natural course of advanced MS.
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MS is a heterogeneous disease differing in clinical disease
course,1 radiologic appearance of lesions,2 and response to
immunomodulatory therapies.3 Of interest, variability be-
tween patients with MS is observed in the involvement of
humoral immunity in the disease. At the time of diagnosis,
10% of patients with MS show the absence of oligoclonal
bands (OCBs) consisting of intrathecally produced immu-
noglobulin (Ig) Gs.4 The absence of OCBs is associated with a
decreased number of lesions on MRI and a more benign
disease course.4,5 Furthermore, the presence of OCBs in pa-
tients with clinically isolated syndrome is associated with an
increased risk for clinically definite MS and with an increased
risk of disability progression.6,7

In contrast to its limited presence in early MS,8 advanced
progressive MS is characterized by extensive cortical de-
myelination.9 Active cortical demyelination is observed in
conjunction with the presence of meningeal follicle-like in-
flammatory structures.10–12 The distinct zones of B cells,
plasma cells, and T cells resemble tertiary lymphoid
structures.12,13 The presence of these follicle-like structures
associates with more severe disease, reflected by an earlier
disease onset and faster accumulation of disability and earlier
death.11,12 Recently, Reali et al.14 reported that the density of
meningeal B cells in MS spinal cords correlates with extensive
axonal loss and white matter (WM) lesion area, but also with
density of B cells in the WM perivascular space.

Besides cortical demyelination, demyelinating WM lesions
also add up to disease severity in donors with advanced MS.
In MS autopsy cases, the presence of active and mixed
active/inactive lesions has been reported to be substantial
and correlate with a short time to reaching expanded dis-
ability status scale (EDSS) end points, a shorter time to
death, an unfavorable profile of risk factors for adverse
outcomes, and an unfavorable profile of genetic risk factors
for adverse outcomes.15,16 Furthermore, we showed these
active lesions to be populated by infiltrating T cells with a
dominant tissue-resident memory T (TRM)-cell fraction
showing signs of recent reactivation.17,18 Frischer et al.19

quantified the presence of B cells in MS WM lesions and
found these to be predominantly present in perivascular
cuffs and meninges and less frequently in the parenchyma.
The presence of B cells was found most frequently in acute
lesions in relapsing-remitting (RR) donors and less fre-
quently in progressive patients.19 IgG-producing cells and
IgG deposits are regularly found in MS WM lesions.20,21

Furthermore, the number of B cells reported in late MS
autopsy lesions is highly variable between cases.19,22

The correlation of B-cell presence in WM lesions with clinical
end points and risk factors as well as with meningeal B-cell
infiltration has been limitedly explored. Here, we investigated
the clinical and pathological characteristics of Netherlands
Brain Bank (NBB)MS autopsy cases in association with B-cell
infiltration of brainstem and subcortical WM lesions.

Methods
Donor and Sample Characteristics
One hundred forty-one MS brain donors and 24 non-
neurologic controls from the NBB autopsy cohort
(Amsterdam, The Netherlands) were included for this
analysis of B cells and plasma cells. Donors came to autopsy
between 1991 and 2015 and were diagnosed with MS
according to the contemporary diagnostic criteria by their
treating physicians. Clinical files were collected post-
mortem by the NBB. By retrospective chart analysis, the
clinical diagnosis of MS was confirmed for all patients, and
the clinical course was defined as either RR, secondary
progressive (SP), or primary progressive (PP) by a neu-
rologist.15 No MRI data were available. None of the donors
received MS disease-modifying therapies in the year before
autopsy, except for 1 (B cell–positive) donor on fingolimod.
Detailed donor and tissue characteristics are described in
supplementary table 1, links.lww.com/NXI/A399, and treat-
ment status is provided in supplementary table 2, links.lww.
com/NXI/A399. The pathological diagnosis of MS was con-
firmed for all cases by a certified neuropathologist.15 All donors
were analyzed for anti–myelin oligodendrocyte glycoprotein
(MOG) and anti–aquaporin-4 antibodies using cell-based as-
says (figure e-1, links.lww.com/NXI/A399).23–25

For the immunohistochemical part of this study, 3 types of
tissues were analyzed for the presence of B cells and plasma cells:
(1) standardly dissected tissue blocks at the level of the medulla
oblongata (MO) from 140 MS autopsy cases, (2) subcortical
WM lesions from 73/140 MS autopsy cases (158 WM lesions
with a median 2 lesions per donor for both the donors with and
without B cells) and 24 non-neurologic control donors, and (3)
earlyMS biopsyWM lesions (N= 28) from 24 patients withMS
to explore how findings in postmortem autopsy samples of do-
nors with advanced MS correlate with findings at the earliest
stages ofMS. These sections weremade available by the Institute
for Neuropathology, University Hospital Münster (Münster,
Germany). Additional information on the analysis and selection
of the different tissue samples is described in the supplementary
methods, links.lww.com/NXI/A399.

Glossary
GM = gray matter; IgG = immunoglobulin G;MO =medulla oblongata;MOG =myelin oligodendrocyte glycoprotein;NBB =
Netherlands Brain Bank; OCB = oligoclonal band; PP = primary progressive; RR = relapsing-remitting; SP = secondary
progressive; TRM = tissue-resident memory T (cells); WM = white matter.
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A CSF sample was acquired with a lumbar puncture from 73
patients with MS with an average disease duration of 11.7 ±
8.5 (mean ± SD) years. These patients visited the MS Center
Amsterdam (Amsterdam, The Netherlands) for analysis of
cognitive complaints, which is a common symptom in MS.26

Information on OCB pattern at the time of diagnosis was
collected by a retrospective chart analysis. Patients’ charac-
teristics are provided in table 1.

Standard Protocol Approvals, Registrations,
and Patient Consents
Informed consent was given by the donors of the NBB for
brain autopsy and for the use of material and clinical data for
research purposes. NBB autopsy procedures have been ap-
proved by the medical ethics committee of Amsterdam
UMC, location VUmc, Amsterdam, The Netherlands.

Sampling of biopsies and CSF has been approved by the
medical ethics committee of the University Hospital
Münster and Amsterdam UMC, location VUmc,
respectively.

Immunohistochemistry
Immunohistochemistry of the autopsy tissue samples was
performed on 8-μm-thick formalin-fixed paraffin-embedded
tissue sections. All brainstem and subcortical WM tissue
sections were immunostained for myelin (proteolipid pro-
tein) and HLA (HLA-DR/DQ, referred to as HLA) as pre-
viously described.15,16 Lesions were annotated, and sections
were stained for CD20, CD138,27 and CD3 as described in
the supplementary methods, links.lww.com/NXI/A399. For
CD138, an image of the positive control in tonsil is provided
in figure e-2, links.lww.com/NXI/A399.

Table 1 Clinical Cohort of Patients With MS With OCB Examinations

Diagnosis
Cases (n
(%))

Age at OCB
(y) Sex

MS type
(%)

Disease duration at OCB
(y)

Treatment
(%)

All MS 73 49.2 ± 10.0 46F/
27M

RR 68
SP 19
PP 5
Various 8

11.7 ± 8.5 49 DMT
51 none

OCB-positive 53 (72.6) 48.3 ± 9.7 32F/
21M

RR 75
SP 19
PP 8
Various 2

11.4 ± 8.5 53 DMT
47 none

OCB-negative 20 (27.4) 51.5 ± 10.7 14F/6M RR 55
SP 20
Various 25

13.2 ± 8.7 40 DMT
60 none

All OCB-negative

At diagnosis OCB-positive 6 (30) 49.5 ± 9.7 5F/1M BD 17
RR 67
SP 17

11.0 ± 7.0 83 DMT
17 none

Previously elevated IgG, OCB
unknown

4 (20) 60.0 ± 9.6 2F/2M CIS 25
RR 50
SP 25

17.3 ± 5.7 25 DMT
75 none

At diagnosis OCB-negative 4 (20) 49.0 ± 10.6 3F/1M CIS 50
RR 50

6.0 ± 9.4 25 DMT
75 none

Not reported 6 (30) 49.5 ± 12.1 4F/2M RR 50
SP 33
NR 17

16.0 ± 10.1 17 DMT
83 none

OCB-negative, at diagnosis positive

Case 1 56 F RR 20 GLA

Case 2 54 F RR 8 DMF

Case 3 37 F RR 13 DMF

Case 4 52 F BD 4 IFNβ

Case 5 38 F RR 2 DMF

Case 6 60 M SP 16 None

Abbreviations: BD = Balo disease; CIS = clinically isolated syndrome; DMF = dimethyl fumarate; GLA = glatiramer acetate; IFNβ = interferon-β; IgG =
immunoglobulin G; NR = not reported; OCB = oligoclonal band; PP = primary progressive; RR = relapsing-remitting; SP = secondary progressive; various = BD,
CIS, and NR.
Provided is the mean ± SD.
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OCB and IgG Measurement in CSF and Plasma
A selection of 16 NBB MS cases without the presence of
B cells and CD138+ plasma cells in the perivascular space and
parenchyma of both MO and subcortical active WM lesions
and 16MS cases with B cells and CD138+ plasma cells at these
locations was made to analyze postmortemCSF samples. One
case was excluded due to CSF anti-MOG positivity (figure
e-1, links.lww.com/NXI/A399). Paired plasma samples were
available from 20 of these MS autopsy cases (10 with B cells
and 10 without B cells). In addition, paired CSF and serum
samples of 73 patients with MS were analyzed. In all samples,
IgG levels were determined with nephelometry, and the
presence of OCBs was analyzed with isoelectric focusing
followed by IgG immunoblotting.28

Statistical Analysis
Statistical analysis was performed using GraphPad Prism 8
(8.1.1, April 2019; GraphPad, San Diego, CA, USA). Pro-
portional differences between 2 or more strata were tested
with the Fisher exact and χ2 tests, respectively. Brainstem
lesion load and reactive site load were log transformed.
Normally distributed data were analyzed using a Student t
test. A nonparametric Mann-Whitney U test was used when
data were not normally distributed data. For disease duration
and age at death a survival, analysis was performed using the
Gehan-Breslow-Wilcoxon test.

Data Availability
The data that support the findings of this study are available
from the corresponding author on reasonable request.

Results
B Cells Are Present in Early MS Biopsy Lesions
and in Active and Mixed Active/Inactive MS
Autopsy Lesions
Of the NBBMS autopsy cohort, we analyzed thematerial of N
= 140 donors for the current study. First, we analyzed the
presence of B cells and CD138+ plasma cells in the MO
because this is one of the few standardly dissected regions in
the NBB MS autopsy protocol, which contains both the WM
and gray matter (GM) brain parenchyma and the meninges.
B cells were more often present in the perivascular space (p =
0.004) and meninges (p < 0.0001) compared with the brain
parenchyma (17%, 51%, and 4% of cases, respectively; figure
1, A and B). In the MO collection, 85 sections contained MS
lesions, and 53 sections did not contain MS lesions. B cells
and CD138+ plasma cells were found more frequently (p =
0.028 and p = 0.038, respectively) in sections with MS lesions
(21% had B cells and 19% had plasma cells) compared with
normal-appearingMO tissue sections (9% had B cells, and 8%
had plasma cells) (figure 1, C and D).

To investigate the association with WM lesion characteristics,
we scored the presence of B cells and CD138+ plasma cells in
subcortical WM from 24 non-neurologic controls and 73 MS

autopsy cases, containing 158 MS lesions (10 reactive, 41
active, 66 mixed active/inactive, 25 inactive, and 16 remyeli-
nated). Moreover, we determined the presence of B cells and
CD138+ plasma cells in 28 early MS biopsies from WM le-
sions, which were all active. In the non-neurologic controls,
we identified B cells (2–5 cells per section) in the meninges in
4% (2 of 24) of the cases. B cells were more frequently found
in early biopsy (93%; p < 0.0001) and in active (66%; p <
0.0001) and mixed active/inactive (29%; p < 0.0001) autopsy
MS lesions compared with control WM. Notably, in 34% of
the active autopsy lesions, no B cells were identified. In re-
active (10%), inactive (8%), and remyelinated lesions (6%),
B cells were not significantly enriched compared with control
WM (figure 1E). In control WM and meninges, no CD138+

plasma cells were identified. CD138+ plasma cells were found
in early biopsy lesions (56%; p = 0.004) and in all autopsy MS
lesion subtypes—reactive (10%; p = 0.002), active (22%; p <
0.0001), mixed active/inactive (8%; p = 0.007), inactive
(24%; p < 0.0001), and remyelinated (19%; p < 0.0001)
compared with control WM (figure 1, F–I).

The Presence of B Cells and CD138+ Plasma
Cells Is a General Donor Characteristic
We next assessed the presence of B cells and CD138+ plasma
cells within multiple locations (parenchyma, perivascular
space, and meninges) and tissue blocks (MO and subcortical
WM) from the same donors (figure 2, A and B). The presence
of B cells in the perivascular space was associated with the
presence of B cells in the meninges (92% and 43% in donors
with and without perivascular B cells, respectively; p < 0.0001;
figure 2D). This is in accordance with Reali et al.,14 who also
observed an increased number of B cells in meninges to be
associated with an increased number of B cells in perivascular
space of MS spinal cords. Furthermore, the presence of B cells
in the MO was associated with the presence of B cells in the
subcortical WM (50% and 27% in donors with and without
MO B cells, respectively; p = 0.001; figure 2E).

Limited Presence of B Cells in MS Autopsy
Cases Associates With a Favorable Clinical and
Pathological Profile
To assess whether the presence of B and CD138+ plasma cells
in MO and subcortical WM lesions correlates with more se-
vere MS, likewise earlier reported for meningeal B-cell infil-
trates, we compared donors with and without B cells at these
locations. B cells were frequently encountered in perivascular
clusters with T cells (figure 3A). Cases without B cells at the
MO showed less often perivascular cuffing of T cells in the
MO (11% and 35%; p < 0.0001, figure 3B). Cases without
B cells in subcortical WM showed a trend for a lower number
of T cells in subcortical MS lesions (median 3.3 vs 8.3 cells/
mm2; p = 0.06; figure 3C) and a lower overall percentage of
mixed active/inactive lesions (mean 23.7% vs 39.6%; p = 0.01;
figure 3D) compared with MS donors with B cells. Clinically,
they showed a higher age at death (median 69.0 vs 55.5; p =
0.0006; figure 3E) and a less severe clinical disease course,
defined as a longer disease duration (median 31.0 vs 22.0; p =
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0.007; figure 3F), and they more often had a persistent re-
lapsing or PP course compared with an SP course (100% and
87% vs 75%; p < 0.0001 and p = 0.046; figure 3G). There was
no difference in brainstem lesion load, reactive site load,

percentage of inactive remyelinated areas, and incidence of
cortical GM lesions between MS cases with and without
B cells at the investigated locations (figure e-3, links.lww.
com/NXI/A399).

Figure 1 B Cells Are Enriched in Biopsy Lesions and Active and Mixed Active/Inactive Lesions at Autopsy

(A/B) B cells and plasma cells were enriched in the perivascular space and meninges of the MO compared with the MO parenchyma. (C/D) MO lesions
contained more frequently B cells and plasma cells compared with the normal-appearing medulla oblongata (NA MO). MS lesion subtypes were analyzed in
the subcortical WM. (E) Early MS biopsy lesions significantly more often contained B cells compared with all autopsy lesions. In active and mixed active/
inactive autopsy lesions, B cells were significantly more often present compared with control WM. (F) Early MS biopsy lesions significantly more often
contained plasma cells compared with autopsy lesions. Plasma cells were significantly more often present in all MS lesion types compared with control WM.
(G) Example of an inflammatory active MS lesions of a secondary progressive MS brain donor with MS for 27 years, stained for HLA (black) and proteolipid
protein (brown). Scale bar is 500 μm. (H/I) In the perivascular space, B cells (CD20+, panel H, scale bar is 50 μm) and a plasma cell (CD138+, panel I, scale bar is
25 μm) were present (both brown color). *p < 0.05, **p < 0.01, and ****p < 0.0001. WM = white matter
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MS Autopsy Cases With Limited Presence of
B Cells Show a Lower Intrathecal IgG
Production and Lack More Often OCBs
Because our data suggest an association between the
presence of B cells in meninges and MO/subcortical WM,
as well as an association with a more severe pathological
and clinical profile, we explored its relevance for intrathecal
B-cell activation. Because an increased intrathecal IgG
production and OCB presence are highly correlating bio-
markers of MS,29 and the presence of OCB’s is associated
with adverse outcomes,6,30 we explored whether these CSF
biomarkers were associated with B-cell and CD138+

plasma-cell presence in MO and subcortical WM lesions.
We conducted an extreme-of-outcome analysis by selecting
16 cases with B cells and 16 cases without B cells and
CD138+ plasma cells in both MO and subcortical WM

lesions. One MS case with B cells and CD138+ plasma cells
was excluded before OCB analysis because anti-MOG an-
tibodies were detected in the postmortem CSF. There was
no significant association of IgG index and OCB presence
(figure 4A) with postmortem delay. The pH of postmortem
CSF showed a positive correlation with IgG index
(Spearman correlation R = 0.498; p = 0.035), but not with
OCB presence or presence of B cells (figure e-4, links.lww.
com/NXI/A399). Selected cases lacking B cells and
CD138+ plasma cells in MO and subcortical WM lesions
showed a lower CSF IgG level (median 0.04 vs 0.07; p =
0.02, figure 4B) and a lower IgG CSF/plasma ratio (median
0.003 vs 0.008; p = 0.007, figure 4C), indicating a lower
intrathecal IgG production compared with MS cases with
B cells. CSF OCBs were absent in 37% of cases without
B cells and CD138+ plasma cells, whereas all cases with

Figure 2 B-Cell and Plasma Cell Presence in the Meninges and Perivascular Space Is Consistent Within Donors

(A) In the MO of donor 1 with 27 years
of secondary progressive MS, B-cell
and plasma cell infiltrates were iden-
tified in both the perivascular space
(PVS) and themeninges (M). Scale bars
are 100 μm for CD20 and 50 μm for
CD138. (B) In the MO of donor 2 with a
primary progressive disease course
and a disease duration of 2 years, B
cells were detected in the perivascular
space but not in themeninges, and no
plasma cells were identified. Scale
bars are 50 μm for CD20 and CD138 in
the PVS and 100 μm for CD20 in the
meninges. (C) In the MO of donor 3
with a relapsing disease course for 38
years, no B cells or plasma cells were
identified in both the meninges and
the perivascular space. Scale bars are
as in A. (D) The absence of B cells in the
perivascular space (PVS) is associated
with the absence of B cells in the me-
ninges. (E) The absence of B cells in the
MO is associatedwith the absence of B
cells in the subcortical white matter.
**p < 0.01 and ****p < 0.0001. MO =
medulla oblongata
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B cells displayed CSF OCBs (p < 0.0001; figure 4D). This
observation suggests that these MS cases with limited
presence of B cells and CD138+ plasma cells in MO and
subcortical WM lesions are characterized by an overall al-
tered CSF IgG clonality and lower IgG production. This
observation is again in line with the strong correlation
reported by Reali et al.14 between meningeal and peri-
vascular B-cell presence. In addition, the IgG index, but not
the presence of OCBs, was positively correlated with the
number of T cells in subcortical WM (figure e-5A, links.
lww.com/NXI/A399). Other pathological end points did
not correlate with IgG production or clonality (figure e-
5B–D, links.lww.com/NXI/A399).

OCBs Can Disappear Over Time in Patients
With MS
In MS autopsy cases selected for absence of B cells and CD138+

plasma cells, the prevalence of OCBs was lower than the
expected 90%OCB positivity of patients withMS at diagnosis.31

This difference could be explained by selection of MS donors
with an extreme profile of genetic or environmental factors,16 but
also by a decline of the intrathecal humoral immune response
over time in chronic MS. In our current study, 2 of 6 MS cases
without OCBs at autopsy had an elevated IgG ratio at diagnosis
without information on OCBs, 1 of 6 donors had normal di-
agnostic CSF examination, and no information was available for
the 3 other donors. To explore whether a dynamic course of

Figure 3 MS Cases With Limited Presence of B Cells Show a Favorable pathological and Clinical Profile

(A) B cells were often encountered in
perivascular clusters together with
T cells. Scale bars are 100 μm. (B) MS
cases with the limited presence of B
cells showed less often perivascular
clustering of CD3+ T cells, (C) a lower
number of CD3+ T cells in MS lesions,
(D) a lower percentage of mixed ac-
tive/inactive (mA/I) lesions, (E) a higher
age at death, (F) a longer disease du-
ration, and (G)more often a secondary
progressive disease course. *p < 0.05
and ****p < 0.0001.
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OCB pattern throughout the disease course of MS can be a
plausible explanation of our findings, the presence of OCBs was
determined in a clinical cohort of 73 patients with MS who
underwent a lumbar puncture after an average disease duration
of 11.7 ± 8.5 (mean ± SD) years. In 27.4% (20 of 73) of the
patients withMS,OCBs were absent. In 6 of the 20 patients with
MS without OCBs at follow-up, OCBs were present at the time
of diagnosis (table 1). Although laboratory differences can be
confounders, these data support the hypothesis that the contri-
bution of B cells toMS pathology may decline during the course
of MS.

Discussion
We here demonstrate the absence of B cells and CD138+

plasma cells in 34% of the active WM lesions of advanced

MS cases in the NBB autopsy cohort. Cases without B cells
at the MO or subcortical WM showed a more favorable
pathological profile as indicated by a lower number of
T cells in MS lesions, a lesser frequency of perivascular
cuffing of T cells, and a lower percentage of mixed active/
inactive lesions. Clinically, they manifested with a less fre-
quent SP disease course, a longer disease duration, and a
lower percentage of mixed active/inactive lesions compared
with the MS donors with B cells in MO or subcortical WM
lesions. Furthermore, a selected subgroup of patients with
MS without WM B cells and CD138+ plasma cells had a
lower intrathecal IgG production and lacked more often
unique OCBs in postmortem CSF. Our findings indicate
that besides an important role of meningeal B cells in cor-
tical pathology of advanced progressive MS, B-cell in-
filtration in WM is also a detrimental phenomenon at the
later stages of MS.

Figure 4 MS Cases With Limited B Cells Show Lower Intrathecal IgG Production and More Often Lack OCBs

(A) Example of OCB patterns in paired
CSF and plasma for a donor without
(donor 1) and a donor with (donor 2)
CSF-unique OCBs. MS cases with lim-
ited presence of B cells showed (B) a
lower concentration of IgG in post-
mortem CSF and (C) a lower CSF/
plasma IgG ratio, suggesting a lower
intrathecal IgG production, and (D)
more often lacked CSF OCBs. *p < 0.05,
**p < 0.01, and ****p < 0.0001. IgG =
immunoglobulin G; OCB = oligoclonal
band.
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In MS and also other autoimmune diseases, B cells have been
described to play an important role in antigen presentation
and cytokine production, which induces the activation and
proliferation of T cells.32–35 MS cases with B cells show an
increased number of T cells in their MS lesions suggesting
increased T-cell activation. We and others previously showed
that reactivated TRM cells are associated with the ongoing
inflammatory lesion activity in WM lesions from advanced
MS cases.19,22,36 InMS lesions, these reactivated TRM cells are
often encountered in clusters in the perivascular space to-
gether with B cells,17,37 suggesting that antigen presentation
and reactivation of TRM cells induced by B cells potentially
occur at this location.17,18,38 This illustrates that besides IgG
production, B cells may have different functional roles in MS
WM lesions.

We show that CD138+ plasma cells are present more often in
MS lesions compared with control and normal-appearing
WM in line with earlier reports, however, only in a low per-
centage of the MS autopsy cases.20,21 Of interest, CD138+

plasma cells were most often present in inactive lesions
compared with the other lesion subtypes. Prineas et al.21

previously showed in a detailed electron microscopy study of
the perivascular space in MS tissues that high numbers of
plasma cells are present in inactive lesion areas. This suggests
that CD138+ plasma cells play a less prominent role compared
with B cells in the ongoing microglial activity of MS lesions.
Ocrelizumab and rituximab, which show an effect on disease
progression in MS, are directed against circulating CD20+

B cells but do not affect CD138+ plasma cells.

A large heterogeneity in the number of B cells and the pres-
ence of IgG depositions inMS lesions has been described over
the past decades. In both early MS biopsies and late MS
autopsies, the presence39–41 and absence39,42 of IgG deposits
inMS lesions have been described. Also, the number of B cells
in MS autopsy lesions is highly heterogenous between MS
cases. In 34% of the inflammatory active MS lesions in au-
topsy tissue, we identified no B cells, and we showed that the
presence of B cells correlates between different location (MO
and subcortical WM) and compartments (parenchyma, per-
ivascular space, and meninges) in an individual donor.

In a selected subgroup of MS cases without WM B cells, a
lower intrathecal IgG production and a more frequent ab-
sence of OCBs were found. The presence of OCBs in 60% in
these MS cases is lower compared with clinical MS cohorts,
where 90% showed OCBs at diagnosis.4 Possibly, we now
selected an extreme subgroup of MS cases with a genetic
profile at one side of a continuum that restricts involvement
of B cells in MS lesion pathogenesis.16 Alternatively, because
we identified B cells in 92% of the early MS biopsy lesions,
and the MS cases with limited B-cell presence in autopsy
tissue had a longer disease duration and older age, B-cell
involvement in WM lesion activity might be extinguishing
over time. Accordingly, Frischer et al.19 reported higher
numbers of perivascular B cells in donors with relapsing and

progressive disease compared with inactive disease. We
provided some support for this hypothesis, by observing in a
clinical cohort the absence of OCBs in 27.4% of patients
after a disease duration of 11.7 ± 8.5 (mean ± SD) years. In 6
of these patients without OCBs, their presence at diagnosis
could be validated. In 4 of these patients, the elevated IgG
index at diagnosis was validated. These data require careful
interpretation because comparison with historical data on
OCB presence may be inaccurate. It is not likely that treat-
ment with disease-modifying therapies confounds these re-
sults. In clinical studies, the presence of CSF OCBs was not
affected by highly efficacious therapies as fingolimod,43 rit-
uximab,44 and alemtuzumab,45 whereas treatment with
natalizumab46,47 and cladribine48 was associated with re-
duced OCBs. Treatment with dimethyl fumarate has not
been associated with lower CSF IgG production.49 Although
loss of CSF OCBs has been described in a cohort of in-
terferon-beta– and glatiramer acetate–treated patients with
MS,50 this has not been observed in controlled studies.
Whether the absence of perivascular B cells truly is a bio-
marker for the regression of WM inflammatory disease ac-
tivity in advanced MS remains to be determined. Regarding
cessation of disease-modifying therapies in advanced MS,
this could be a clinically useful hypothesis to pursue.

Our study has some limitations. Because of the structure of
the NBB MS tissue dissection protocol, we could only in-
vestigate the presence of B cells at selected locations in WM
and meninges. Bias in our data by sample and site selection
cannot be excluded, which may be partially overcome by
selecting a standardly dissected location and comparing
multiple locations within the same donor. The extreme out-
come analysis, comparing donors with or without B cells at
multiple locations in a dichotomous approach, provides a
rather crude estimate of biological associations than correla-
tion analyses. However, due to limited availability of material,
this was for the current research question in this cohort the
most feasible approach.

In sum, we here demonstrate in an advanced MS autopsy
cohort that the absence of B cells at the MO and subcortical
WM is associated with a favorable clinical and pathological
profile. This finding may reflect extremes of a continuum of
genetic or environmental constitution but also a regression of
WM humoral immunopathology in the natural course of ad-
vanced MS.
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choroby. Cesk Slov Neurol N 2007;103:674–677.

Neurology.org/NN Neurology: Neuroimmunology & Neuroinflammation | Volume 8, Number 2 | March 2021 11

http://neurology.org/nn


ARTICLE OPEN ACCESS CLASS OF EVIDENCE

Defining Benign/Burnt-Out MS and
Discontinuing Disease-Modifying Therapies
Derek McFaul, DO, Nektar N. Hakopian, PharmD, Jessica B. Smith, MPH, Allen Scott Nielsen, MD, and

Annette Langer-Gould, MD, PhD

Neurol Neuroimmunol Neuroinflamm 2021;8:e960. doi:10.1212/NXI.0000000000000960

Correspondence

Dr. Langer-Gould

Annette.M.Langer-Gould@kp.org

Abstract
Objective
To determine whether MS disease-modifying therapies (DMTs) can be safely discontinued in
patients aged 50 years or older with suspected benign/burnt-out MS and to define criteria to
identify such patients.

Methods
We conducted a retrospective cohort study of 136 patients with suspected benign/burnt-out
MS who discontinued DMTs from the electronic health record (EHR) at Kaiser Permanente
Southern California.

Results
The majority discontinued an injectable DMT (n = 131, 96%). At the time of DMT discon-
tinuation, mean and SD for age was 60.6 (6.2) years, disease duration 19.5 (10.7) years, and
time since last relapse 11.0 (7.2) years. After a mean duration of follow-up of 5.0 years post-
DMT discontinuation, 5 (3.7%) patients had a relapse, 2 (1.5%) had mild residual deficits, and
3 (2.2%) had asymptomatic MRI disease activity. Patients with MS disease activity following
DMT discontinuation were younger (median = 53.6 years) than those who remained disease
activity free. Fifty patients (36.8%) had only 1 lifetime relapse, of whom 1 relapsed post-DMT
discontinuation. Sixty (56.6%) of 106 patients with spinal cord MRIs before discontinuation
showed demyelinating lesions.

Conclusions
DMT discontinuation in older patients with suspected benign/burnt-out MS appears safe. Our
findings suggest that MRI evidence of spinal cord involvement does not preclude the possibility
of benign/burnt-out MS, and for those with 2 or more lifetime relapses, a benign/burn-out
classification is best reserved for those aged 55 years and older. Future studies to determine
whether DMT discontinuation is safe at a younger age in patients with a single lifetime relapse
are needed.

Classification of Evidence
The study provides Class IV evidence that DMTs can be safely discontinued in older patients
with suspected benign/burnt-out MS.

MORE ONLINE

Class of Evidence
Criteria for rating
therapeutic and diagnostic
studies
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The effect of immunosenescence1 in MS is characterized by
dissipation of relapses and inflammatory MRI activity in the
elderly, at which point patients either transition to secondary
progressive MS (SPMS) or not. Population-based studies
indicate that up to 40% of patients with relapsing-remitting
MS (RRMS) do not transition to SPMS and never develop
clinically important disability.2,3 There is, however, no con-
sensus on precisely which term should be used to denote such
elderly persons with MS who do not transition to SPMS.

The term benign MS is controversial,4,5 as many studies de-
fine it as the absence of physical but not cognitive disability.6

Benign MS also does not capture those patients who reach
immunosenescence and never transition to SPMS but have
significant disability acquired from old relapses. Thus, we
prefer the term benign/burnt-out MS to capture the full
spectrum of MS-related disability that can occur in elderly
patients who never transition to SPMS.

Disease-modifying therapies (DMTs) have demonstrated
short-term benefit in patients with active RRMS by reducing
the frequency and severity of relapses and formation of new
lesions on brain MRIs.7 But the evidence supporting con-
tinuing DMTs in patients with long-standing and inactive MS
is weak to nonexistent.8

Several observational studies suggest that discontinuing
DMTs, particularly in older patients,9 does not lead to in-
flammatory disease activity in excess of those who remain on
DMTs.9–11 These results are reassuring but do not specifically
address patients with suspected benign/burnt-out MS, as the
studies included young patients10,11 in whom a benign disease
course cannot be accurately predicted and/or patients with
progressive MS9,11 in whom randomized controlled trials of
most DMTs have failed to demonstrate benefit.12

The purpose of this study was to assess the safety of dis-
continuing DMTs in patients with suspected benign/burnt-out
MS and develop a consensus case definition based on the results.

Methods
Overview
We developed guidance for when continuing or discontinuing
DMTs was in equipoise in 2013 as requested by our general
neurologists. They, like others, were increasingly encounter-
ing patients who do not want to take DMTs in perpetuum for
a variety of reasons including but not limited to financial
toxicity.8,9 This guidance (figure e-1, links.lww.com/NXI/

A408) incorporated concepts of benign/burnt-out MS,
prevalent MS cases with minimal disease activity, and what
was called clinically isolated syndrome (CIS) and now MS.13

To specifically define benign/burnt-out MS and the safety of
DMT discontinuation, we conducted a retrospective cohort
study of all patients with relapsing, nonprogressive MS aged
50 years or older who discontinued their MS DMT from
January 1, 2012, to December 31, 2016, while receiving care in
Kaiser Permanente Southern California (KPSC).

The primary study outcome was incomplete recovery fromMS
relapse following DMT discontinuation. This was chosen be-
cause it is clinically meaningful, all MS DMTs have been shown
to reduce the risk of relapses, and most DMTs also reduce the
risk of incomplete recovery from relapses.7 Secondary outcomes
included conversion to SPMS and a combined outcome of any
inflammatory disease activity, defined as any MS relapse (re-
gardless of degree of recovery) and/or any MS-related MRI
disease activity following DMT discontinuation. Outcomes and
covariates were abstracted from the complete electronic health
records (EHRs) through October 1, 2019. These findings were
used to develop a consensus definition of benign/burnt-out MS
and additional guidance for patients with nonprogressive MS
with only a single lifetime attack. The study is rated Class IV
because of the absence of a control group of patients with
suspected benign/burnt-outMS who were continued on DMT.

Process of Defining Benign/Burnt-Out MS
Our definition of benign/burnt-out MS is intended to capture
elderly persons with RRMS inwhomdiscontinuingDMTs is not
harmful. This requires that immunosenescence is strongly sus-
pected, and the person has not transitioned and is at a low risk of
transitioning to SPMS. To explore how immunosenescence
should be defined, we examined age, time since last relapse, and
time since last active MRI. Additional variables to explore risk of
transitioning to SPMS were physical disability, spinal cord le-
sions on MRI,14–16 and whether patients met the Poser di-
agnostic criteria17 for definite MS because the vast majority of
the prognostic literature relies on this case definition.18

Others have used the term burnt-out MS to also capture those
patients with SPMS or primary progressive MS (PPMS) who
have stopped progressing.19 We decided not to include these
patients and prefer the term plateaued in these situations
because we are not sure whether these SPMS or PPMS pa-
tients’ disability level will start progressing again at a later date.

Setting
KPSC is a large prepaid health care organization that provides
comprehensive health care services to over 4.6 million

Glossary
CIS = clinically isolated syndrome; DMT = disease-modifying therapy; EDSS = Expanded Disability Status Scale; EHR =
electronic health record; IQR = interquartile range;KPSC =Kaiser Permanente Southern California;NNT = number needed to
treat; PPMS = primary progressive MS; RRMS = relapsing-remitting MS; SPMS = secondary progressive MS.
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members in Southern California. Themembership of KPSC is
representative of the general Southern California pop-
ulation.20 KPSC uses an integrated EHR system, which in-
cludes all inpatient and outpatient encounters, laboratory and
imaging tests, diagnoses and medications, and demographic
and behavioral characteristics.

Study Population
We searched electronic databases to identify KPSC members
with last dispensed date of an MS DMT between January 1,
2012, and December 31, 2016, and reviewed the EHR to
confirm that the following inclusion criteria were met: (1)
confirmed MS diagnosis, 2017 criteria13; (2) discontinuation
of any MS DMT between January 1, 2012, and December 31,
2016, for at least 3 months; (3) ≥50 years of age at DMT
discontinuation; and (4) suspected benign/burnt-out MS at
the time of discontinuation.

To identify patients with suspected benign/burnt-out MS at
DMT discontinuation, we required the absence of progressive
MS or active RRMS. Progressive MS was defined as docu-
mentation of progressively worsening neurologic deficits in-
dependent of relapses for at least 1 year at any time in the
disease course. To account for potential discrepancies between
documented subjective complaints (e.g., fatiguing leg weak-
ness), the neurologist’s physical examination findings (e.g.,
progressively worsening spasticity and ataxia), and/or the MS
subtype documented by the neurologist (RRMS in this ex-
ample), we a priori decided to rely on the documented physical
examinations (in this case the patient would be classified as
SPMS). Active RRMS was defined as patients with a relapse or
MRI disease activity within 1 year before DMT discontinua-
tion. Relapses were defined as the occurrence, reappearance, or
worsening of symptoms of neurologic dysfunction lasting for
48 hours or more (e-Methods, links.lww.com/NXI/A409).

Exclusion criteria were (1) misdiagnosis or diagnostic un-
certainty (n = 17); (2) continued treatment with the same or
another DMT (n = 32); (3) age <50 years at the time of DMT
discontinuation (n = 2); (4) progressive disease course at the
time of DMT discontinuation (n = 273); (5) active relapsing-
remitting MS at the time of discontinuation (n = 4); (6) dis-
continuation due to initiation of chemotherapy for cancer (n =
6); or (7) insufficient documentation to confirm diagnosis and/
or subtype (n = 5).

Data Collection
Data were extracted by manually reviewing the EHR through
the end of the study period (e-Methods, links.lww.com/NXI/
A409). MS-related disability was obtained from neurologists’
notes and other potentially MS-related visits (e.g., ophthal-
mology, physical therapy, urology, and psychiatry) as pre-
viously described.21 Briefly, patients were classified as no
disability (normal/near-normal examinations), some disability
but fully ambulatory, some ambulatory impairment but no
assist device and cane, walker, or wheelchair dependent. MRI
scans and radiology reports were reviewed by a neurologist

(D.M.) to identify new or enlarging T2 lesions, diffusion-
restricting lesions, or gadolinium contrast-enhancing lesions
and those scans obtained after DMT discontinuation were
adjudicated by anMS specialist (A.L.-G.) to determine whether
the new or enlarging lesions were consistent with de-
myelinating disease.22

Statistical Analyses
We were unable to conduct multivariable analyses because
too few patients developed the primary outcome (incomplete
recovery from MS relapse following DMT discontinuation, n
= 2) or other outcomes (SPMS, n = 1, any inflammatory
disease activity, n = 8).

Themean values and SDs of normally distributed variables were
compared using 2-sample t tests; for variables with non-normal
distributions, the Wilcoxon rank-sum test; and for binary or
categorical variables, χ2 with the Fisher exact test. Statistical
significance was set at p = 0.05. No adjustment for multiple
comparisons was made. All statistical analyses were performed
using SAS version 9.4 (SAS Institute Inc., Cary, NC).

Standard Protocol Approvals, Registrations,
and Patient Consents
The study protocol was approved by the KPSC Institutional
Review Board (#5707).

Data Availability
Due to KPSC’s Institutional Review Board, data would be
available on reasonable request.

Results
We identified 136 patients who were aged 50 years or older
and had suspected benign/burnt-out MS at the time of
stopping their DMTs. DMT discontinuation was primarily
initiated by the patient (n = 121, 89.0%), of whom 47 (34.6%)
discussed it with their physician before stopping (table 1).
The main reasons recorded were side effects and injection
fatigue. After a median follow-up time of 5.0 years (inter-
quartile range [IQR] = 4.1–5.8 years), 8 patients experienced
inflammatory disease activity: 3 (2.2%) experienced a relapse
withMRI disease activity, 2 (1.5%) had a relapse withoutMRI
disease activity, and another 3 (2.2%) had asymptomatic MRI
disease activity. Among those experiencing a relapse and/or
MRI disease activity, the median time to event was 2.7 years
(IQR = 2.1–3.9 years) (figure 1).

Table 1 shows the demographic, clinical, and MRI charac-
teristics at the time of DMT discontinuation stratified by
outcomes. The patients’ median age was 60.7 years, disease
duration 17.0 years, and last experienced an MS relapse 10.2
years ago. The majority were females, were stopping an in-
terferon-β or glatiramer acetate (GLAT) product, and had no
functional limitations from MS (83.8%, n = 114; Expanded
Disability Status Scale [EDSS] or equivalent ≤2.5) at the time
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Table 1 Characteristics at Discontinuation of MS DMT Stratified by Outcome

Relapse or MRI
activity post-DMT (n = 8)

Relapse and MRI
activity-free post-DMT (n = 128) Total (n = 136) p Value

Age, y, median (IQR) 53.6 (52.2–61.3) 61.0 (55.9–65.4) 60.7 (55.2–65.2) 0.0274

Sex, n (% female) 7 (87.5) 113 (88.3) 120 (88.2) 1.00

Race/ethnicity, n (%) 0.3477

White, non-Hispanic 6 (75.0) 104 (81.3) 110 (80.9)

Hispanic 0 (0) 11 (8.6) 11 (8.1)

Black 2 (25.0) 12 (9.4) 14 (10.3)

Asian 0 (0) 1 (0.8) 1 (0.7)

Disease duration, y, median (IQR) 17.8 (12.5–18.9) 16.8 (11.9–24.9) 17.0 (11.9–24.6) 0.6471

Single lifetime relapse, n (%) 2 (25.0) 48 (37.5) 50 (36.8) 0.7099

Time since last relapse, y, median (IQR) 5.8 (3.6–9.2) 10.4 (6.0–15.3) 10.2 (5.7–15.2) 0.0765

Ever active MRI, n (%) 4 (50.0) 48 (37.5) 52 (38.2) 0.7115a

Time since last active MRI, y,
median (IQR)

7.2 (4.2–9.7) 5.4 (2.6–7.0) 5.4 (2.8–7.2) 0.3148

Ever spinal cord lesion, n (%) 0.4612b

Yes 6 (75.0) 54 (42.2) 60 (44.1)

No 2 (25.0) 44 (34.4) 46 (33.8)

Missing 0 (0) 30 (23.4) 30 (22.1)

Relapse or MRI activity in past 3 y, n (%) 1 (12.5) 22 (17.2) 23 (16.9) 1.00

Relapse or MRI activity in past 5 y, n (%) 3 (37.5) 40 (31.3) 43 (31.6) 0.7075

MS-related disability, n (%) 0.4689

No disability 6 (75.0) 108 (84.4) 114 (83.8)

Some disability but fully ambulatory 2 (25.0) 15 (11.7) 17 (12.5)

Some ambulatory impairment 0 (0) 1 (0.8) 1 (0.7)

Cane, walker, or
wheelchair dependent

0 (0) 4 (3.1) 4 (2.9)

Last DMT used, n (%) 0.7939

Interferon-β 5 (62.5) 63 (49.2) 68 (50.0)

Glatiramer acetate 3 (37.5) 60 (46.9) 63 (46.3)

Fingolimod 0 (0) 2 (1.6) 2 (1.5)

Dimethyl fumarate 0 (0) 3 (2.3) 3 (2.2)

Duration of DMT use, y, median (IQR) 13.2 (8.0–18.5) 13.0 (7.5–16.0) 13.1 (7.5–16.1) 0.7779

Reason for stopping DMT, n (%) 0.5719

Patient initiated, without physician 6 (75.0) 68 (53.1) 74 (54.4)

Patient initiated, with physician 2 (25.0) 45 (35.2) 47 (34.6)

Physician initiated 0 (0) 15 (11.7) 15 (11.0)

Abbreviations: DMT = disease-modifying therapy; IQR = interquartile range.
a Ever active vs never active, excluding n = 4 with unavailable/indeterminant MRI data.
b Ever vs never spinal cord lesion.
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of DMT discontinuation (table 1). Two patients had signifi-
cant residual disability from their MS onset relapse (EDSS =
6.0 and 7.5). Both patients were treated with GLAT (1 also
with mitoxantrone at disease onset) and had no further re-
lapses or disability progression before or after GLAT dis-
continuation. Seventy-nine (58.1%) patients were diagnosed
with MS while KPSC members.

Of interest, 50 (36.8%) patients had only 1 lifetime MS relapse.
These patients were relapse free for a median of 12.5 years (IQR
= 8.8–16.2 years), and only 9 (18%) had new MRI disease
activity after diagnosis and before DMT cessation. Following
DMTdiscontinuation, 1 had asymptomaticMRI disease activity,
and 1 had a relapse with mild residual sensory symptoms, de-
clined to resume DMTs, and remained relapse free 5 years later.

Most patients (n = 112, 82.4%) had multiple MRIs before
DMT discontinuation, over an average of 9.5 years (SD 4.8).
Eighty patients (58.8%) had never had an active MRI scan
recorded during their KP membership; among those who did,
the time since last activeMRI was similar across groups defined
by outcomes (table 1). Following DMT discontinuation, most
patients had at least 1 brain MRI scan (n = 114, 83.8%).

Patients who experienced inflammatory disease activity fol-
lowing DMT discontinuation were younger and had experi-
enced a relapse more recently compared with those who
remained relapse and MRI activity free, although the later
finding did not reach statistical significance in crude com-
parisons (table 1). Disease duration, MS-related disability,
relapses or active MRI in the past 3 or 5 years, presence of
spinal cord lesions, and type of DMT being discontinued were
similar across groups defined by outcomes. MRI disease ac-
tivity was rare and did not differ across groups (table 1).

Of the 5 patients with relapses after DMT discontinuation, 3
(2.2%) made full recoveries, and 2 (1.5%) had mild residual
deficits (figure 1). One described above with mild residual
numbness; another developed bilateral uveitis without any
MRI disease activity, refused treatment, and eventually im-
proved with mild residually impaired visual acuity (20/40) in
1 eye. One patient reported having SPMS and stopping the
DMT because it was not helping, but the general neurologist’s
notes did not document progressive deficits or symptoms to
support transition to SPMS until after DMT discontinuation;
thus, the patient was included in the study. This patient de-
veloped progressive disability in the absence of relapses or
MRI disease activity and remained off DMTs during the
follow-up period.

Eight patients (5.9%) restarted DMTs after a median of 20.2
months after discontinuation (IQR = 8.7–38.8), 5 following
disease activity, 2 based on patient/physician preference, and 1
after small vessel disease changes on MRI were mistaken for
newMS disease activity. In total, we identified 6 (4.4%) patients
post-DMT discontinuation whose MRI reports misclassified
new or slightly enlarged T2 lesions attributable to small vessel
disease/microvascular ischemia or differences in scanning pro-
tocols as MS-related demyelinating disease. Assuming that in-
flammatory disease activity would have been prevented had the
patients continued their DMT, the number needed to treat
(NNT) to prevent a single relapse with incomplete recovery is
66.7 for 5 years, and to prevent any relapse, 27.0 for 5 years.

Discussion
Discontinuing DMTs in our population of patients with
suspected benign/burnt-out MS appears safe. Only 5 of 136

Figure 1 Study Inclusion and Outcomes Following DMT Discontinuation in Benign/Burnt-Out MS

Depicted is the study inclusion flow-
chart and post-DMT discontinuation
outcomes among the patients with
MS with a suspected benign/burnt-
out disease course at the time of DMT
discontinuation. Of the 475 KPSC
members whose last dispensed MS
DMT was between 2012 and 2016,
andwhowere 50 years or older at the
time of last dispensed DMT, 136 had
a suspected benign/burnt-out dis-
ease course at DMT discontinuation.
Of these, only 5 experienced a re-
lapse following DMT discontinuation,
of which only 2 resulted in new, albeit
mild, residual deficits. *Asymptom-
atic MRI disease activity was defined
according to the MAGNIMS criteria16

to avoid misclassification of micro-
vascular ischemic changes as MS
disease activity. DMT = disease-
modifying therapy; dz = disease;
KPSC = Kaiser Permanente Southern
California; RRMS = relapsing-re-
mitting MS; SPMS = secondary pro-
gressive MS.
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patients had a relapse, and none accumulated significant dis-
ability following DMT discontinuation. Of interest, approxi-
mately one-third of patients had only a single lifetime relapse,
and approximately half had spinal cord involvement without
clinically significant disability. Younger age in this older
population was associated with an increased risk of relapse
and/or MRI disease activity after DMT discontinuation.
Taken together with previous studies,9–11 these findings
suggest that for those with 2 or more lifetime relapses,
benign/burn-out MS is best reserved for those aged 55 years
and older and that MRI evidence of spinal cord involvement
does not preclude the possibility of benign/burnt-out MS.
Our 2020 consensus case definition for benign/burnt-out MS
are presented in table 2.

Defining benign MS is controversial4,5 yet increasingly im-
portant. The controversy stems in part from older definitions
that combined disease duration of 10 or 15 years with no
significant physical disability (EDSS ≤2.5 or 3.0) but fail to
account for young patients who may meet these definitions at
ages 30–35 years, and are still at risk of relapses and tran-
sitioning to SPMS. Transition to SPMS is an age-related phe-
nomenon, typically beginning in the 40s, but often not
recognized for several years.23,24 For this reason, we do not
recommend attempting to classify a person with 2 or more
lifetime attacks (i.e., meet Poser criteria) as benign MS before
age 55 years. Other objections have been raised over the term
benign because it does not capture disabling symptoms like
fatigue, depression, or neuropathic pain5 and because older
definitions do not include MS-related cognitive dysfunction.6

For these reasons, we prefer the combined term benign/burnt-
out. We, like others,6 consider progressive cognitive decline an
indicator of SPMS. The rationale that benign MS is not an MS
subtype because it is an RRMS outcome4 is illogical as SPMS is
also an RRMS outcome.

Accurately identifying patients with benign/burnt-out MS has
become more urgent to spare these patients the financial
toxicity of DMTs25 and the unnecessary serious risks of
DMTs that are increasingly being prescribed (dimethyl fu-
marate, teriflunomide, B cell–depleting drugs, natalizumab,
and alemtuzumab). The most recent American Academy of
Neurology MS treatment guidelines26 acknowledge these
real-world clinical challenges and recommend considering
stopping DMTs in stable MS but do not define this.

Some experts have raised concerns that DMT discontinuation,
even in patients with potentially benign/burnt-out MS, will
lead to rebound disease activity resulting in irreversible dis-
ability. In this respect, findings from our and prior studies9–11

are reassuring, with none finding evidence of uncontrolled in-
flammatory disease activity following discontinuation of DMTs
in older patients, regardless of MS subtype. Previous observa-
tional studies that have compared patients with MS who con-
tinued on DMTs to those who discontinued showed no
difference in the risk of relapses.9–11 Even with the very gen-
erous assumption that continuing DMTs would have

prevented all relapses and/or MRI disease activity, the NNT of
27 over 5 years to prevent 1 relapse in this population under-
scores the low value of continuing DMTs in these patients with
benign/burnt-out MS.

It is worth noting that the vast majority of patients were
discontinuing DMTs that have not been associated with re-
bound disease activity.9–11 For those patients discontinuing
DMTs associated with rebound relapses (e.g., natalizumab
and sphingosine-1-receptor modulators), we generally rec-
ommend a single dose of a B cell–depleting DMT given the
uncertain risks.

We found a slightly higher proportion of postdiscontinuation
relapses (3.7%) compared with a previous study of DMT dis-
continuation in patients over 60 (0.6%)9 and a lower risk of
relapse and rate of restartingDMTs comparedwith the study of
DMT discontinuation in patients over the age of 18 (36.4%),11

despite similar lengths of follow-up, yet similarly low rate of
restarting DMTs. These differences in post-discontinuation
relapses are most likely because we included only patients with
suspected benign/burnt-out MS who were on average 60 years
old at DMT discontinuation, whereas the other studies in-
cluded patients with progressive forms of MS (67.4%),9 who
were older (mean age 65 years)9 or younger (mean age 45
years)11 compared with our patients.

Further increasing the sense of urgency to identify patients
with benign/burnt-out MS is their expected rise in prevalence
with the multiple revisions to the MS diagnostic criteria.13

With the incorporation of MRIs in MS diagnostic criteria (a
highly sensitive diagnostic test) and revisions to include those
with a single relapse, a single second demyelinating lesion on
MRI and the presence of oligoclonal bands in the CSF13 are

Table 2 KPSC’s Proposed Diagnostic Criteria for Benign/
Burnt-Out MS

Must meet all the following criteria

(1) ≥55 y of age

(2) Absence of progressive MS at any time in the disease course

(3) Normal/near-normal neurologic examination (EDSS ≤3.0)

OR

Stable residual deficits from old relapse (≥10 y prior)

(4) No relapse in the past 5 ya

(5) No new/enlarging typical T2 MS lesionsb in the past 5 ya

(6) ≥10 y of disease duration

Abbreviations: DMT = disease-modifying therapy; EDSS = Expanded Dis-
ability Status Scale; KPSC = Kaiser Permanente Southern California.
a For patients who meet these criteria while treated with natalizumab, fin-
golimod, other sphingosine-1-receptor modulators, or other DMTs associ-
ated with rebound disease activity, we recommend a single dose of B
cell–depleting DMT to prevent rebound disease activity.
b Periventricular, juxtacortical, infratentorial lesions.22
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expected to lead to an increased incidence of mildly affected
cases, a finding supported by the dropping relapse rate in
placebo arms of randomized controlled trials27,28 and our
contemporary, population-basedMS cohort.21We also expect
that it will lead to overdiagnosis of MS, similar to how
screening mammography has led to an overdiagnosis of breast
cancer.29 Our finding that approximately one-third of patients
with benign/burnt-out MS had had only a single lifetime re-
lapse after a total median of 12.5 years of follow-up, yet were
exposed to 8–16 years of DMT treatment, supports the
concern of MS overdiagnosis and overtreatment. Although
these patients only met CIS criteria at diagnosis, by current
diagnostic criteria, they have MS.

We therefore think it is reasonable to discuss a trial of DMT
discontinuation in patients with a single lifetime relapse after
≥10 years of clinical and radiographic stability, regardless of
age. However, a term other than benign/burnt-out MS should
be used in younger patients because the pathophysiologic
process resulting in disease quiescence is not immunose-
nescence. At what age and after how many years of lack of
disease activity a trial of DMT discontinuation would be safe
in younger patients needs to be addressed in future studies.

We were surprised to find that spinal cord lesions on MRI
were common in our benign/burnt-out MS cohort, most of
whom had no significant disability. At first glance, this seems
counterintuitive as spinal cord lesions on MRI are associated
with a higher risk of MS-related disability.17 However, this
may be becauseMRI evidence of spinal cord lesions alone fails
to consider the severity of myelopathic involvement. It has
long been recognized that sphincter and motor symptoms
(i.e., bad myelopathic relapses) early in MS disease course are
strongly associated with an increased risk of conversion to
SPMS, but sensory symptoms (including mild myelopathic
relapses) have no prognostic significance.14 Thus, the pres-
ence of spinal cord MRI lesions alone should not be consid-
ered an exclusion criterion for suspected benign/burnt-out
MS or a trial of DMT discontinuation.

Following DMT discontinuation, 6 patients had new or en-
larging T2 lesions from either small vessel disease or differences
in scanning protocols that were mistaken as indicators of MS
disease activity. This is a real-world challenge in community-
based practices where radiologists’ reports are often vague (e.g.,
slight increase in scatteredT2 lesions) and neurologists lack the
skills to correctly identify typical MS lesions,30 particularly in
aging patients with MS and vascular risk factors. Future studies
of operational definitions of benign/burnt-out MS should ex-
amine requiring unequivocally new typical MS plaques (e.g.,
periventricular, juxtacortical, or infratentorial lesions) as we did
or loosening this requirement in patients older than 65 years
who have been clinically stable for many years.

Themain limitations of this study are selection bias and lack of a
comparator group. As such, our findings should not be extrap-
olated to younger patients, those with relapses and/or MRI

disease activity within the past 3 years or those with relatively
short disease duration as we had very few of these patients in our
cohort, and it is possible that many of these patients remained
on DMTs. We also found relatively few patients younger than
55 years who met the inclusion criteria. We may have under-
estimated howmany elderlies withMS remain stable offDMTs,
as we did not include those who never took DMTs or stopped
them before age 50 years. Other limitations include small
sample size and reliance on routine medical records. This
resulted in misclassification of 1 patient with early SPMS as
potentially benign andmay have resulted in inaccurate estimates
of MRI disease activity due to irregular scanning intervals and
lack of standardized acquisition protocols. Strengths of our
study include the importance of the question and access to
patients’ complete medical records including all interactions
with non-neurology health care providers.

Taken together with population-based natural history
studies2,3 and findings from previous DMT discontinuation
studies, stopping DMTs in older patients following a pro-
longed period of disease inactivity appears safe. Operational
definitions that can accurately identify patients with benign/
burnt-out MS in regular practice settings are needed. Al-
though this study provides a reasonable starting point, future
studies to identify precise cutoffs for chronological age and
time since last relapse or last active MRI are needed.
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Abstract
Objective
To present observations on administration of natalizumab to 18 patients with the comorbidMS
and psoriasis, who represented a full subset of patients with such comorbidity within the patient
records available.

Methods
A retrospective analysis of patient records was performed. Patient histories were gathered
and included date of diagnosis of MS and psoriasis, MS disease-modifying therapies (DMTs),
Expanded Disability Status Scale (EDSS), reason for DMT switch, and effects on MS and
psoriasis status.

Results
On initiation of natalizumab, all 18 patients had a complete cessation of MS disease activity
(within 2–8 months) with significant patient-reported improvement of psoriasis (within 1–5
months). This improvement was independent of previous MS therapy and led to 15 of 18
patients needing no additional treatment for MS and psoriasis (remaining 3 patients continued
to use topical treatments for psoriasis).

Conclusions
In this cohort of 18 patients with comorbid MS and psoriasis, beneficial results on both diseases
were observed after initiation of therapy with natalizumab.
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Natalizumab is a humanized monoclonal antibody that
is approved for the treatment of relapsing forms of MS.1

Its mechanism of action is associated with modulation
of lymphocytes trafficking through biological barriers.
Current literature on MS and comorbid psoriasis dis-
cuss both detrimental and beneficial associations with
natalizumab.2–5

In 2010, we reported at the American Academy of Neurology
that our first 4 cases showed improvement of psoriasis with
natalizumab treatment.6 In the present report, we have extended
these observations to a total of 18 patients with MS—who
represent the entire cohort of patients with such comorbidities
from 3 different neurology practices—and were followed with
regular intervals over a period from 2004 through 2020.

Methods
The Institutional Review Board found that this research meets
requirements for a waiver of consent form under 45 CFR
46.116(f) [2018 Requirements] 45 CFR 46.116(d) [pre-2018
Requirements]. Retrospective data were gathered including
date of diagnosis of MS and psoriasis, MS disease-modifying
therapies (DMTs), MS activity, Expanded Disability Status
Scale (EDSS), reason for DMT switch, concomitant medica-
tions, and ongoing data on MS and psoriasis status. To mini-
mize potential bias, clinical observations were obtained from 3
independent neurology clinics.

Every case of comorbid MS and psoriasis was collected,
provided that the patient was on natalizumab treatment for
MS; this amounted to 18 cases. In all 18 cases, the MS was
diagnosed based on concurrent McDonalds criteria. Sixteen
of 18 patients had CSF analysis positive for several unique
oligoclonal bands (2 patients declined the lumbar puncture
procedure). Psoriasis diagnosis was confirmed by treating
dermatologists. Psoriasis status was evaluated using the
Subject Global Impression scale (grades: much worse,
worse, somewhat worse, no change, somewhat better, better,
and much better); only “better” and “much better” counted
as improvement. No tumor necrosis factor inhibitors were
used in the observed cases. All psoriasis cases observed were
plaque skin psoriasis. Two cases also had upper extremity
nail involvement with cuticle atrophy.

Statistical analysis was performed with Kruskal-Wallis non-
parametric analysis of variance using Graph pad InStat software.

Data Availability
Anonymized data will be shared by request from any qualified
investigator.

Results
As demonstrated by the data presented in table, interferon-beta
(IFNb) treatment was used by 11 patients; in 10 of 11 cases, it
coincided either with worsening of psoriasis or with psoriasis
developed de novowhile on the treatment. IFNb treatment was
associated with new MS activity in 3 of 11 patients. According
to our data, glatiramer acetate treatment was not associated
with psoriasis worsening. Three patients were started on di-
methyl fumarate (DMF) but discontinued because of tolera-
bility issues or lack of efficacy for MS. Two patients who
discontinued DMF for tolerability reasons were not on DMF
for a sufficient amount of time to determine any effects on
psoriasis. OneDMFpatient was on therapy for approximately 2
years and had incomplete control on psoriasis.

All 18 patients at different points were started on natalizumab.
One of the patients actually had natalizumab treatment ini-
tiated twice—as a first-line DMT and as his 3rd DMT.

In all 18 cases, natalizumab use was associated with patient-
reported improvement of the comorbid psoriasis; 16 of 18
patients at the time of last evaluation (2017–2020) were not
needed to be on systemic/immunosuppressive therapy for
psoriasis. Most cases, positive clinical effects attributed to
natalizumab were reported first in the clinical presentation of
skin condition before any effects on their MS.

We examined whether the treatment regimens resulted in any
significant difference in response time for benefit for either
MS or Ps (see last 3 columns in table). There was no signif-
icant difference between any of the 3 treatment paradigms
(direct transition from IFN to Nat, indirect transfer from IFN
to Nat, or no IFN before Nat) for the time for benefit for MS
or Ps (data not shown). Furthermore, there was no significant
difference between any of these treatment paradigms and the
lag in time between MS benefit and beginning of Ps benefit.

Discussion
Given still limited published data, no definite conclusion on
direct relationship between natalizumab treatment and pso-
riasis condition can be drawn. Moreover, no clinical recom-
mendations can be made. However, these observations
provide additional data for better understanding of treatment
responses of patients having comorbid MS and psoriasis.

Comorbidity of psoriasis in a fraction of patients with MS was
recognized several decades ago,7,8 and a more recent report
suggested that psoriasis comorbiditymay influence progression
of MS.9 There is also similar immunologic connections of

Glossary
DMF = dimethyl fumarate;DMT = disease-modifying therapy;EDSS = Expanded Disability Status Scale; IFNb = interferon-beta.
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psoriasis and MS, with involvement of Th17 cells in both
diseases.10,11 Although both diseases share common genetic
risk factors to influence susceptibility to autoimmune disease,
the association of MS with other immune-mediated diseases
such as psoriasis has recently been recognized to be due pre-
dominantly to surveillance bias or similar influence by envi-
ronmental factors in both diseases.12,13

Psoriasis is a dermatological chronic immune-mediated dis-
ease. The cellular component of the psoriatic lesion tissue
includes epidermal infiltration with lymphocytes, including
Th1 and Th17, activated T cells, innate lymphocytes, and
dendritic cells, causing keratinocyte proliferation.14,15 Nata-
lizumab blocks immune cell entry to the CNS including the
entry of T cells and B cells.16 Natalizumab also has been
studied for the treatment of the Crohn’s disease because it was

shown to modulate adhesion between the leukocytes and
endothelial cells.17 Natalizumab may exert its putative benefit
in psoriasis by blocking immune cell infiltration into the skin
in a similar manner.

In spite of this relatively close association between MS and
psoriasis and higher incidence of psoriasis in MS population
compared with the general population, it is well known that at
least someMSDMTnot only show no efficacy in psoriasis but
also may exacerbate the condition. Two hypotheses could be
proposed to explain how treatment with natalizumab was
associated with a potential improvement of the psoriasis: (1)
transition of patients to natalizumab may alleviate exacerba-
tion of psoriasis resulting from an iatrogenic previous DMT or
(2) there may be beneficial effects from the natalizumab to-
ward psoriasis.

Table Summary of Patient Information

MS Dx CSF
Base-line
EDSS

Psoriasis
diagnosis

Psoriasis
treatment
(t = top, s =
steroid) 1st DMT Year start

Reason
for d/c EDSS 2nd DMT Year start

Patients treated with IFN

Direct transfer of IFN to Nat

2007 Pos 2 2007 t GA 2007 LOE 2.5 IFNb 2009

2001 Pos 4 2005 t, s GA 2001 LOE 6 IFNb 2003

2005 Pos 4 2005 t GA 2005 LOE 4.5 IFNb 2009

2007 Pos 2 2002 t GA 2007 LOE 4 IFNb 2011

1987 Pos 2.5 1999 t GA 2000 tlrb 4 IFNb 2002

1999 Pos 4 1998 t IFNb 1999 Ps 4.5 Nat 2006

1996 Pos 4.5 1999 t IFNb 1997 LOE, Ps 6 Nat 2006

Indirect transfer of IFN to Nat

1989 Pos 5 2001 t, s IFNb 1996 Ps 6.5 GA 2003

2008 Pos 1 2011 t, s IFNb 2008 Ps 1 GA 2011

2001 Pos 2.5 2000 t, s IFNb 2001 Ps 2.5 GA 2004

1999 Pos 3 2002 t IFNb 1999 Ps 6 GA 2004

Patients not treated with IFNb

2012 Pos 2.5 2010 t, s GA 2012 LOE 3 Nat 2014

2002 0 3.5 2002 t, s GA 2004 LOE 4 DMF 2013

2009 0 3 2009 t GA 2010 LOE 4 DMF 2013

2011 Pos 2.5 1996 t Nat 2012 JCV+* 2 Fing 2016

2008 Pos 4 2001 t Nat 2008 3.5

2006 Pos 3 2004 t, s GA 2007 Pregn 3.5 GA 2015

2003 Pos 3 2001 t GA 2006 tlrb 3 DMF 2013

Abbreviations: DMF = dimethyl fumarate; DMT = disease-modifying therapy; Dx = diagnosis; GA = glatiramer acetate; IFNb = interferon-beta; JCV = JC virus;
LOE = loss of effectiveness; NA = not applicable; Nat = Natalizumab; pregn = pregnancy; Ps = Psoriasis; tlrb = not tolerated; top = topical.JCV+* occurred in
2016.
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It is well known, for example, that IFNb treatment has been
suggested to potentially trigger onset of psoriasis in patients
with MS. In our population, 5 of the 11 patients who received
IFNb were subsequently diagnosed with psoriasis after
initiation of IFNb therapy. It has been postulated that IFNb
may induce the IL 17-driven conditions such as psoriasis
because IL-17 enhances keratinocyte proliferation while
inhibiting keratinocyte its differentiation; in the meantime,
keratinocytes induce further Th17 cell recruitment and IL-17
production.15

Regarding potential improvement of psoriasis after discon-
tinuation of IFNb, 4 of the 11 IFNb patients received another
DMT before initiation of natalizumab. Notably, of the
remaining 7 IFNb patients who transitioned directly from
IFNb to natalizumab, 2 of those patients had lag times be-
tween therapies of 2–3 years. These results indicate that mere
transition from IFNb may not totally account for the im-
provement of psoriasis observed with natalizumab treatment
and suggest that natalizumab may actually exert some

beneficial effect toward psoriasis. The possible interaction of
other MS therapies with psoriasis (and vice versa) has not yet
been investigated. Of note, an effective psoriasis treatment
with a monoclonal antibody efalizumab that blocks trafficking
through inhibition of LFA-1/ICAM-1 interaction was with-
drawn because of risk for progressive multifocal leukoence-
phalopathy.18 In light of this example where an effective drug
for psoriasis blocks trafficking, it would seem quite plausible
that another drug for MS, such as natalizumab that also blocks
trafficking, might also be effective in psoriasis. This also raises
the question as to whether other MS drugs that interfere with
trafficking might also have efficacy in psoriasis.

Preclinical studies showed that Th1 cells preferentially infiltrate
the spinal cord via an α4 integrin-mediated mechanism,
whereas the entry of Th17 cells into the brain parenchyma
occurs in the absence of α4 integrins but is dependent on the
expression of αLβ2.19 If these preclinical findings are applicable
to psoriasis, it emphasizes that α4 integrin blockade does pro-
vide benefit in psoriasis when accompanied by MS.

Table (continued)

Reason for d/c EDSS 3rd DMT Year start EDSS
1st obs benefit
MS (mo)

1st obs benefit
Ps (mo)

Current Ps
treat-ment

Patients treated with IFN

Direct transfer of IFN to Nat

LOE 3 Nat 2011 2.5 4 2 0

Ps 6.5 Nat 2006 6.5 6 3 0

LOE, Ps 4.5 Nat 2012 4 6 4 0

Ps 3 Nat 2012 2.5 2 2 Topical

Ps 5 Nat 2010 5 8 3 0

NA 4.5 4.5 3 2 0

NA 5.5 5.5 4 3 0

Indirect transfer of IFN to Nat

LOE 6.5 Nat 2007 6 4 1 0

LOE 2 Nat 2012 1 2 1 0

LOE 2.5 Nat 2008 2.5 3 1 0

LOE 6 Nat 2008 6 5 3 Topical

Patients not treated with IFNb

3 3 6 3 0

LOE 5 Nat 2015 4 3 2 0

tlrb 4 Nat 2013 3.5 4 1 0

LOE 2.5 Nat 2018 2 3 1 0

3 2 0

LOE 3.5 Nat 2016 3 5 5 Topical

tlrb 3.5 Nat 2013 3 4 3 0
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There has been one case reported of a patient who de-
veloped disseminated psoriasis over the course of six in-
fusions with natalizumab.3 The direct link of natalizumab
was not established in this case, but those authors noted
that psoriatic (and not rheumatic) arthritis patients can
harbor anti-integrin antibodies and that natalizumab might
similarly alter laminin function to promote dermal changes
seen in psoriasis. However, there are not any subsequent
reports of natalizumab-associated exacerbation of psoria-
sis, suggesting that if this was the cause, then the incidence
would be more wide-spread. In our case, we have seen just
the opposite in that natalizumab was associated with
clinical improvement of psoriasis. It would be potentially
more plausible that natalizumab may potentially block
the deleterious effects of patient associated anti integrin
antibodies. More studies would be needed to test this
possibility.

This observational study was limited because only a small
number of patients were observed and were not compared
against any control group. Further randomized studies will
enable neurologists to obtain definitive answers to the optimal
therapy when this comorbidity arises.
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Abstract
Objective
CNS damage can increase the susceptibility of the blood-brain barrier (BBB) to changes
induced by systemic inflammation. The aim of this study is to better understand BBB per-
meability in patients with MS and to examine whether compromised BBB integrity in some of
these patients is associated with CNS damage and systemic inflammation.

Methods
Routine CSF measurements of 121 patients with MS were analyzed including number and type
of infiltrating cells, total protein, lactate, and oligoclonal bands, as well as intrathecal production
of immunoglobulins and CSF/serum quotients for albumin, immunoglobulins, and glucose. In
addition, in a subcohort of these patients, we performed ex vivo immunophenotyping of CSF-
infiltrating and paired circulating lymphocytes using a panel of 13 monoclonal antibodies, we
quantified intrathecal neurofilament light chain (NF-L) and chitinase 3-like 1 (CHI3L1), and
we performed intrathecal lipidomic analysis.

Results
Patients with MS with abnormal high levels of albumin in the CSF showed a distinct CSF cell
infiltrate and markers of CNS damage such as increased intrathecal levels of NF-L and CHI3L1
as well as a distinct CSF lipidomic profile. In addition, these patients showed higher numbers of
circulating proinflammatory Th1 and Th1* cells compatible with systemic inflammation. Of
interest, the abnormally high levels of albumin in the CSF of those patients were preserved over
time.

Conclusions
Our results support the hypothesis that CNS damage may increase BBB vulnerability to
systemic inflammation in a subset of patients and thus contribute to disease heterogeneity.
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Systemic inflammation can influence blood-brain barrier
(BBB) permeability and increase vesicular trafficking of al-
bumin from serum to the CNS.1 In animal models of Alz-
heimer disease,2 ischemic stroke,3 and MS,4,5 it has been
observed that the effect of systemic inflammation on BBB
permeability was higher in animals with these CNS patholo-
gies, suggesting that brain damage could increase the sus-
ceptibility of the BBB to changes induced by systemic
inflammation. Consistent with these findings, a human study
demonstrated a link between markers of systemic in-
flammation and markers of increased BBB permeability, in
particular high CSF/serum albumin quotient (QAlb) in in-
dividuals with abnormal CSF measures but not in those
without. Because abnormal CSF measures most likely reflect
CNS alterations, these results support a role of CNS damage
in increasing BBB susceptibility to systemic inflammation.6

MS is a heterogeneous immune-mediated neurologic disease
that damages the CNS. This damage might increase the sus-
ceptibility of the BBB to changes induced by a systemic in-
flammation in some patients and contribute to MS
heterogeneity. Supporting such an association between CNS

damage and changes in BBB permeability, it has been ob-
served that high QAlb and other CSF markers of compro-
mised BBB integrity in patients with MS are accompanied by
brain atrophy and faster increase in disability.7,8

To better understand BBB permeability inMS and its putative
association with CNS damage and systemic inflammation, we
performed a detailed characterization of CSF and paired
blood samples that included immunophenotyping and
lipidomics.

Methods
Patient Material
Paired CSF and blood samples were collected from 121 un-
treated patients with MS (20 patients with radiologically or
clinically isolated syndrome, 91 with relapsing-remitting MS,
and 10 with progressive MS), 40 controls with other non-
inflammatory neurologic diseases (ONIND), and 21 with
other inflammatory neurologic diseases (OIND). All CSF
samples were obtained for diagnostic purposes. Demographic

Glossary
BBB = blood-brain barrier; CHI3L1 = chitinase 3-like 1; FADS3 = fatty acid desaturase 3; HLA = human leukocyte antigen;
IFN = interferon; Ig = immunoglobulin; NF-L = neurofilament light chain; OIND = other inflammatory neurologic diseases;
ONIND = other noninflammatory neurologic diseases; PC = phosphatidylcholine;QAlb = serum albumin quotient;QNorm =
normal QAlb; RBC = red blood cell; SAdienine = sphingadienine; SM = sphingomyelin.
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Table 1 Demographic and Clinical Features of Patients With MS and Controls

MS cohort Controls

Main Sub-1 Sub-2 ONIND OIND

No. of patients 121 79 36 40 21

Female/male ratio 2.02 2.16 2.3 0.72 0.72

Age (y) 35.9 ± 9.9 35.9 ± 10.2 37.5 ± 11.4 40.7 ± 12.6 45.2 ± 9.5

Disease duration (mo) 25.5 ± 48.3 26 ± 51.7 29.4 ± 55.1

MS main cohort

With increased QAlb Without increased QAlb p Value

No. of patients 30 91

Female/male ratio 1.1 2.5

Age at CSF puncture (y) 35.2 ± 10.2 36.6 ± 10 ns

Age at onset (y) 32.1 ± 8.3 34.4 ± 9.8 ns

RIS/CIS (%) 33.4 40

RRMS (%) 56.6 53.7

PMS (%) 10 6.3

Disease duration (mo) 27.6 ± 49.2 26.5 ± 48.3 ns

Time since last relapse (d) 119.3 ± 317.7 287.8 ± 642.5

Clinically activea (%) 73.3 54.9

Gd contrast-enhancing lesionsa (%) 60 48.7

Lesions location

Optic neuritis (%) 28.6 18.6

Myelitis (%) 25 19.7

Brainstem (%) 7.1 8.1

Several (%) 39.3 53.6

Expanded Disability Status Scale 2.25 ± 1.8 1.7 ± 1.5

HLADR15 (%) 41.3 50.5

CSF

CSF OCB type II (%) 90 81

Albumin quotient 7.94 ± 1.03 4.24 ± 1.81 <0.0001

IgA index 0.37 ± 0.36 0.32 ± 0.27 ns

IgG index 0.79 ± 0.38 1.11 ± 0.87 ns

IgM index 0.14 ± 0.21 0.16 ± 0.16 ns

Patients with IgG(loc) >10% (%) 35.7 52.9

Total intrathecal protein (mg/L) 619.0 ± 159.7 392.8 ± 88.88 <0.0001

Intrathecal lactate (mmol/L) 1.64 ± 0.20 1.61 ± 0.25 ns

Glucose quotient 0.65 ± 0.09 0.66 ± 0.11 ns

Albumin in serum (g/L) 46.08 ± 3.57 45.63 ± 5.03 ns

Abbreviations: CIS = clinically isolated syndrome; Ig = immunoglobulin; OCB = oligoclonal band; OIND = other inflammatory neurologic diseases; ONIND =
other noninflammatory neurologic diseases; PMS = progressive MS; QAlb = serum albumin quotient; QNorm = normal QAlb; RIS = radiologically isolated
syndrome; RRMS = relapsing-remitting MS.
Mean ± SD is shown.
a Clinically active means during a relapse, i.e., in the presence of new neurologic symptoms lasting at least 24 hours and with no evidence of signs/symptoms
of systemic inflammation within 3 months before or after lumbar puncture.
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and clinical characteristics are summarized in table 1.
Patients were recruited from the Neuroimmunology and
MS Research Section, Neurology Clinic, University Hos-
pital Zurich. MS diagnosis was based on the revised
McDonald criteria.9 Patients who had not received ste-
roids at least 4 weeks before enrollment or any immuno-
modulatory or immunosuppressive agent during the last 3
months were considered untreated and included in the
study. In particular, 97 patients were never treated, 16
patients were previously treated only with steroids, 4 pa-
tients received steroids and an immunomodulatory or
immunosuppressive agent (1 patient, interferon [IFN]
β-1a; 1 patient, glatiramer acetate; and 2 patients, dimethyl
fumarate), and 4 patients received only an immunomod-
ulatory or immunosuppressive agent (1 patient, IFNβ-1a;
2 patients, glatiramer acetate; and 1 patient, dimethyl
fumarate).

Standard Protocol Approvals, Registrations,
and Patient Consents
The Cantonal Ethics Committee of Zurich approved the
study procedures (EC-No. 2013-0001). Informed consent
was obtained from all patients or relatives.

Routine CSF and Serum Measures
CSF-infiltrating cells were counted with a Fuchs Rosenthal
counting chamber under the microscope within 1 hour after
lumbar puncture. CSF total protein as well as CSF and serum
albumin, immunoglobulin (Ig) G, IgM, and IgA were de-
termined by immunonephelometry. Quotients (Q) were de-
fined as Q = (concentration in CSF [mg/L]/concentration in
serum [g/L]). Because QAlb increases with age, we calculated
a maximum normal QAlb (QNorm) for each patient that
takes into account the age at lumbar puncture (QNorm =
[age/15] + 4 × 10−3).10 Intrathecal Ig synthesis (Ig(loc)) was
calculated using hyperbolic functions according to Reiber and
expressed as percentage (%).11 Identification of CSF-
restricted oligoclonal bands was performed by isoelectric
focusing.

HLA Typing
Patients were typed for human leukocyte antigen (HLA) class
I (A* and B*) and II (DRB1*, DRB3*, DRB4*, DRB5*,
DQA1* and DQB1*) molecules using high-resolution HLA
sequence-based typing at Histogenetics LLC, Ossining, NY.
Isolation of DNA from whole blood with a final concentration
of 15 ng/μL was performed with a standard DNA isolation

Figure 1 Characterization of CSF From Patients With MS With and Without Increased QAlb

(A) Graph showsQAlbminus QNorm. Patients inwhich this difference is positive are showed in red and those in which is negative in black. Comparison between
patientswith andwithout increasedQAlb of: (B) quotients and Igs(loc) expressed as percentage (%) for IgA, IgG, and IgMand (C) CSF-infiltrating cells (number of
cells/μL) and frequency (%) of lymphocytes and monocytes analyzed under the microscope. (D) Correlation between number of CSF-infiltrating cells and
IgG(loc) expressed as percentage (%). Graphs (A–D) represent the main cohort of 121 patients with MS. Each dot in the graphs corresponds to 1 patient, and
bars show the mean. A t test for normally distributed variables and U test (Mann-Whitney) for non-normally distributed variables was used to compared
patients. Linear correlation was tested using Pearson for normally distributed and Spearman r for non-normally distributed variables. Statistical significance
(* p < 0.05, ** p < 0.01, and **** p < 0.0001) is shown. Ig = immunoglobulin; QAlb = serum albumin quotient; QNorm = normal QAlb.
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protocol using a Triton lysis buffer and proteinase K
treatment.

Flow Cytometric Immunophenotyping
Flow cytometric immunophenotyping of CSF-infiltrating and
paired circulating lymphocytes was performed as previously
reported.12 Briefly, a minimum of 10,000 CSF-infiltrating cells
were concentrated by centrifugation and processed in the first
hour after collection. Blood circulating cells were obtained
from 800 μL of peripheral blood after lysis of red blood cells
(RBCs) using RBC Lysis buffer (BioLegend, San Diego, CA).
Cells were stained with a cocktail of 13monoclonal antibodies.12

SPHERO AccuCount Particles (Sperotech, Inc., Lake Forest,
IL) were added to determine absolute counts following

manufacturer’s instructions. Sample acquisition was per-
formed in an LSR Fortessa cytometer (BD Biosciences,
Franklin Lakes, NJ), and data were analyzed using FACSDiva
(BD) and FlowJO (TreeStar Inc., Ashland, OR) software.
The gating strategy is summarized in figure e-1 (links.lww.
com/NXI/A413).

Legend Plex and ELISAs
Cytokines directly in the CSF were measured using the Hu-
man T Helper Cytokine Panel LEGENDplex bead-based
immunoassay (BioLegend) according to the manufacturer’s
instructions.

Intrathecal neurofilament light chain (NF-L) and chitinase
3-like 1 (CHI3L1) proteins were quantified in CSF samples

Figure 2 Characterization of CSF-Infiltrating Cells and Markers of CNS Damage in Patients With MS With and Without
Increased QAlb

(A) Comparison between patients with and without increased QAlb of frequencies of Th2-A (CCR6- CCR4+ CRTH2−) in CM CD28+ CD27-, EM CD28+ CD27-, EM
CD28-, and TEMRACD28+ CD27+ CD4+ CSF-infiltrating T cells. (B) Comparison between patients with IgG(loc) (>10%) andwithout IgG(loc) (<10%) of frequencies
of EM CD28+ CD27- CD4+ CSF-infiltrating cells with a Th2-A (CCR6- CCR4+ CRTH2−) functional phenotype. Correlation between these frequencies and IgG(loc)
expressed as %. (C) Comparison between patients with and without increased QAlb of frequencies of Th1 (CCR6- CCR4- CRTH2−) cells in EM CD28- CD4+ CSF-
infiltrating T cells and amount of IFNγ expressed as pg/mL present in the CSF of 30 patients as well as correlation between the amount of IFNγ and QAlb. (D)
Comparison of NF-L and CHI3L1 intrathecal concentration between patients with and without increased QAlb. (E) Correlation between the intrathecal
concentration of these 2biomarkers andQAlb and also between themselves. Graphs (A–C) represent subcohort 1 of 79 patientswithMS, and frequencies have
been obtained by ex vivo immunophenotyping, and (E–D) represent themain cohort of 121 patients withMS. Each dot in the graphs corresponds to 1 patient,
and bars show the mean. Patients with increased QAlb are shown in red. T test t test for normally distributed variables and U test (Mann-Whitney) for non-
normally distributed variables was used to compared patients. Linear correlation was tested using Pearson for normally distributed and Spearman r for non-
normally distributed variables. Statistical significance (*p < 0.05, **p < 0.01) is shown.
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Figure 3 Lipidomic Profile in Patients With MS With and Without Increased QAlb

(A) Heatmap of the 10 statisticallymost significant altered lipid species between patients withMSwith andwithout increased QAlb. The abundance of the lipid
species is qualitatively represented by color intensity for each of the 36 patients with MS (subcohort 2). Mean, SD, and p values of the group comparisons are
shown. (B) Correlations between QAlb and the intrathecal concentration for 6 of the identified lipid species. Linear correlation between variables was tested
using Pearson correlation, and p values are shown. (C) Ratios between mean CSF concentration of lipid species in patients with MS and the concentration in
plasma from a reference control cohort with 24 healthy controls. Marked in red are the 4 SM and 5 PC species that were significantly more abundant in
patients with MS with increased QAlb. Ig = immunoglobulin; QAlb = serum albumin quotient.
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by ELISA (Human Diagnostics, Umea, Sweden, and Micro-
Vue, Athens, OH, respectively) according to the manufac-
turer’s instructions.

Lipid Extraction and Lipidomics
Lipid extraction was performed as previously described13

with some modifications. The MMC solvent (methanol:
methyl tert-butyl ether: chloroform, 4:3:3, vol:vol:vol) was
supplemented with the SPLASH mix internal standard and
additional internal standards (all from Avanti Polar Lip-
ids): d7-sphinganine (SPH d18:0), d7-sphingosine (SPH
d18:1), dihydroceramide (Cer d18:0/12:0), ceramide

(Cer d18:1/12:0), glucosylceramide (GluCer d18:1/8:0),
sphingomyelin (SM d18:1/12:0), and d7-sphingosine-1-
phosphate (S1P d18:1). Liquid chromatography was per-
formed according to Ref. 14 with some modifications.
Lipids were separated using a C30 Accucore LC column
(150 × 2.1 mm, 2.6 μm particle size) and a Transcend
UHPLC pump (Thermo Fisher Scientific). Mass spec-
trometry analysis was performed on a hybrid quadrupole-
orbitrap mass spectrometer (Q-Exactive; Thermo Fisher
Scientific). Lipid identification criteria were (1) resolution
with an accuracy of 5 ppm from the predicted mass at a
resolving power of 70,000 at 200 m/z, (2) isotopic

Figure 4 Immunophenotyping of Peripheral Circulating Lymphocytes in PatientsWithMSWith andWithout IncreasedQAlb

Comparison, between patients with (red) andwithout (black) increased QAlb, of number of CD8+ CM CD28+ Th1 (CCR6- CCR4- CRTH2-) and Th1* (CCR6+ CCR4-
CRTH2-), CD4+ CM CD28+ CD27+ Th1 (CCR6- CCR4- CRTH2-) and Th1* (CCR6+ CCR4- CRTH2-), CD4+ EM CD28+ CD27+ Th1 (CCR6- CCR4- CRTH2-) and Th1*
(CCR6+ CCR4- CRTH2-), and CD4+ TEMRACD28+ Th1 (CCR6- CCR4- CRTH2-) and Th1* (CCR6+ CCR4- CRTH2-) in patientswith andwithout increasedQAlb, aswell
as the correlation between these cell counts andQAlb. All graphs represent subcohort 1 consisting of 79 patientswithMS. Each dot in the graph corresponds to
a single patient, and bars show themean. T test t test for normally distributed variables andU test (Mann-Whitney) for non-normally distributed variables was
used to compared patients. Linear correlation was tested using Pearson for normally distributed and Spearman r for non-normally distributed variables.
Statistical significance (*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001) is shown. Statistical significance (*p < 0.05, **p < 0.01, ***p < 0.001, and ****p <
0.0001) is shown. QAlb = serum albumin quotient.
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distribution, (3) expected retention time, and (4) frag-
mentation pattern.

Data analysis was performed using TraceFinder 4.1 (Thermo
Fisher Scientific) for peak picking, annotation, and matching
to an in-house lipid database.

Statistics
For comparison of 2 groups of patients, we used the un-
paired t test for normally distributed variables and the U test
(Mann-Whitney) for non-normally distributed variables.
Linear correlation between variables was tested using Pear-
son for normally distributed and Spearman r for non-
normally distributed variables. The significance level was set
at p < 0.05.

Data Availability
Any data not published within the article because of space
limitations will be shared as anonymized data by request from

any qualified investigator for purposes of replicating proce-
dures and results.

Results
Patients With MS With Increased QAlb
We determined the QAlb in our cohort of 121 patients with
MS, and, assuming that this parameter increases with age, we
marked a maximum QNorm for each patient as explained in
M&M. We defined patients with increased QAlb as patients
having a QAlb > QNorm. We used increased QAlb as in-
dicator of BBB permeability although we are aware that it is
not a perfect measurement because other factors such as al-
tered CSF flow due to meningeal inflammation might in-
fluence it.15 Based on this definition of increased QAlb, 30
(24.8%) of patients with MS had an increased QAlb and 91
(75.2%) not (figure 1A). Demographic and clinical features of
these patients are summarized in table 1. None of these pa-
rameters showed significant differences between patients with

Figure 5 QAlb Analysis Over Time

(A and B) Linear representations of QAlb minus QNorm values
(B) and number of CSF-infiltrating cells per μL (C) over time
in a cohort of 33 patientswithMS fromwhich CSF samples at
different time points were available. X-axis represents time
in months, and Y-axis represents QAlb-QNorm and number of
CSF-infiltrating cells per μL. The number of patients in each
graph is indicated. The dotted line represents the limit for
normal values (0 for QAlb-QNorm and 4 for number of CSF-
infiltrating cells). Patients who maintain high levels over
time are shown in red, those who maintain low levels in
black, and those who change the levels in gray. Fine lines
and circles correspond to untreated patients. Patients
treated between lumbar punctures are shown with bold
lines and squares (dimethyl fumarate), triangles (natalizu-
mab), and diamonds (fingolimod). QAlb = serum albumin
quotient; QNorm = normal QAlb.
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MS with and without increased QAlb. HLA typing of these
patients demonstrated that the expression of the MS-
associated DR15 haplotype was also comparable in both
groups of patients (table 1). We did not find any HLA class I
or class II molecule over- or under-represented in patients
with increased QAlb (data not shown).

CSF Measures in Patients With MS With
Increased QAlb
IgA quotients were much higher in patients with MS with
increased QAlb, IgG quotients were also significantly higher
in these patients although to a lesser extent, and minimal
differences were found for IgM quotients (figure 1B). In
contrast, the indices for these 3 Igs corrected for albumin
concentration (see M&M) were comparable in both groups
of patients suggesting a strong association between the traffic
of albumin and IgA and to a lesser extent IgG (table 1).
Regarding the Igs(loc), only IgG(loc) was significantly lower

in patients with increased QAlb (table 1 and figure 1B). Total
CSF protein was significantly higher in patients with MS with
increased QAlb, whereas serum albumin, intrathecal lactate,
and glucose quotient were comparable in patients with and
without increased QAlb (table 1).

CSF-Infiltrating Cells in Patients With MS With
Increased QAlb
CSF analysis under the microscope showed comparable num-
bers of CSF-infiltrating cells in patients with and without in-
creased QAlb, but different composition. CSF from patients
with increased QAlb contains less lymphocytes but significantly
more monocytes (figure 1C). This different cell composition of
the CSFmight underlie the lower correlation between IgG(loc)
and number of CSF-infiltrating cells in patients with increased
QAlb (figure 1D). Flow cytometry immunophenotyping of
CSF and paired blood from a subcohort of 79 patients with MS
(table 1, subcohort 1)12 allowed a detailed characterization of

Figure 6 Characterization of CSF-infiltrating Cells in Controls With and Without Increased QAlb

(A and B) QAlb minus QNorm has been used like in patients with MS to differentiate controls with (in red) and without (in black) increased QAlb. Comparison
between controls (ONIND [n = 40] (A) and OIND [n = 21] (B)) with and without increased QAlb of IgA and IgG quotient, CSF-infiltrating cells, and frequency of
TH2-A (CCR6- CCR4+ CRTH2-) and TH2-B (CCR6- CCR4+ CRTH2+) in CD4+ CMCD28+ CD27- and in CD4+ EMCD28+ CD27- CSF-infiltrating cells. In all graphs, each
dot corresponds to 1 patient, and bars show themean. T test t test for normally distributed variables andU test (Mann-Whitney) for non-normally distributed
variables was used to compared patients. Statistical significance (*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001) is shown. Statistical significance (*p <
0.05, **p < 0.01, and ****p < 0.0001) is shown. QAlb = serum albumin quotient; QNorm = normal QAlb.
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CSF-infiltrating and circulating lymphocytes (table e-1, links.
lww.com/NXI/A413). Although most of the CSF-infiltrating
cells in patients with and without increased QAlb showed
similar frequencies, we found that CD4+ T cells with a Th2-A
functional phenotype, based on the combination of chemokine
receptors (CCR6− CCR4+ CRTh2−), and the following dif-
ferent maturation states: (1) CM and EM CD28+ CD27−

CD4+ T cells, that have downregulated CD27 most likely

following repetitive stimulation with antigen,16 (2) EM
CD28−and (3) TEMRA CD28+ CD27+, were all significantly
reduced in patients with increased QAlb (table e-1, figure e-2A,
and figure 2A). Patients with MS with increased QAlb showed
lower levels of these Th2 CD4+ T cells than patients without
increased QAlb independently of disease activity and most
likely clinical form of the disease (data not shown). Th2 cells
are required for humoral immunity, and accordingly, we found

Figure 7 Characterization of Peripheral Circulating Cells in Controls With and Without Increased QAlb

(A and B) Comparison between controls (ONIND [n = 40] (A) and OIND (n = 21) (B)) with and without increased QAlb of number of: CD8+ CM CD28+ Th1
(CCR6- CCR4- CRTH2-) and Th1* (CCR6+ CCR4- CRTH2-), CD4+ CMCD28+ CD27+ Th1 (CCR6- CCR4- CRTH2-) and Th1* (CCR6+ CCR4- CRTH2-), CD4+ EMCD28+

CD27+ Th1 (CCR6- CCR4- CRTH2-) and Th1* (CCR6+ CCR4- CRTH2-), and CD4+ TEMRA CD28+ Th1 (CCR6- CCR4- CRTH2-) and Th1* (CCR6+ CCR4- CRTH2-)
circulating cells. Cell counts have been determined using SPHEROTM AccuCount Particles. In all graphs, each dot corresponds to 1 patient, and bars show
the mean. T test t test for normally distributed variables and U test (Mann-Whitney) for non-normally distributed variables was used to compared
patients.
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a significant association between the frequencies of EMCD28+

CD27− CD4+ Th2-A cells and IgG(loc) (%) (figure 2B). Pa-
tients with increased QAlb also showed significantly higher
frequencies of EM CD28− TH1 cells as well as significantly
higher amounts of IFNγ in the CSF that correlated with QAlb
(figure 2C). None of the other 12 cytokines showed differences
between patients with and without increased QAlb (figure
e-2B). The frequencies of these cell types in peripheral blood
were comparable between patients with and without increased
QAlb (table e-1 and figure e-2C).

Markers of CNS Damage in Patients With MS
With Increased QAlb
Because previous studies associated increased QAlb with
higher disability in patients withMS,7,8 we explored indicators
of CNS damage in our cohort of 121 patients with MS using 2
promising biomarkers: NF-L, a cytoskeletal component of
neurons that is very abundant in axons,17 and it has been
associated with BBB integrity,18 and CHI3L1, a glycoprotein
secreted by activated glia.19 Our results demonstrated that the
intrathecal quantity of both biomarkers was statistically higher
in the CSF of patients with increased QAlb (figure 2D), and
their amount correlated with QAlb and with each other as
already reported20 (figure 2E). The higher amount of NF-L
and CHI3L1 in patients with MS with increased QAlb does
not seem to be related to disease activity or clinical form of the
disease (data not shown), although the low number of pa-
tients with radiologically isolated syndrome/clinically isolated
syndrome and progressive MS forms limits conclusions.

Next, we used liquid chromatography/mass spectrometry to an-
alyze the lipidomic profile in a subcohort of 36 patients with MS
(table 1, subcohort 2). Because the brain has the second highest
lipid content after adipose tissue, lipids are the main components
of myelin sheaths and changes in lipid metabolism have been
observed in damaged cells, we used lipidomics to explore CNS
damage. The total lipid content inCSF reflected about 0.1%–0.5%
of the plasma levels. In total, we identified 510 different lipid
species inCSF ofwhich 105 passed theQCcriteria (R2 >0.9 +CV
<20%). The intrathecal concentrations of 10 species were signif-
icantly higher in the CSF of patients with increased QAlb (figure
3A). Themajority of these species showed a significant correlation
with QAlb, whereas the strongest association was seen for the
phosphatidylcholines (PCs) PC (38:3) and PC (40:5) and the
sphingomyelins (SMs) SM (d40:3), SM (d41:2), SM (d42:2),
and SM (d42:3) (figure 3B). Comparing the lipid profile in the
CSF from patients with MS with the plasma levels from an in-
dependent reference cohort (n = 32) showed a distinct CSF/
plasma ratio for the individual species indicating that this increased
in the intrathecal lipids was selective and not simply caused by
diffusion from plasma (figure 3C).

Peripheral Inflammation in Patients With MS
With Increased QAlb
Because previous studies associated increased QAlb with sys-
temic inflammation in patients with abnormal CSF measures,6

we quantified peripheral blood lymphocytes inMS subcohort 1

(table 1) using flow cytometry immunophenotyping and
counting beads. Although the frequencies of the lymphocyte
subtypes did not show significant differences between patients
with and without increased QAlb, the real counts of several of
these cells did (table e-1, links.lww.com/NXI/A413). Patients
with increased QAlb had significantly higher counts of circu-
lating CD3+ T cells, CD8+, and in particular CD4+ cells (table
e-1). For each T-cell type, particularly CM and EM cells were
increased (table e-1). Regarding the functional phenotype of
these T cells, CMCD28+ CD8+ T cells and CM, EM, as well as
TEMRA CD28+ CD27+ CD4+ T cells, all with Th1 (CCR6−

CCR4− CRTh2−) and Th1* (CCR6+ CCR4− CRTh2−)
functional phenotypes were significantly increased in the blood
of patients with increased QAlb (figure 4). In addition, a sta-
tistically significant correlation between the number of these
T-cell subtypes in blood and the QAlb was observed (figure 4).

Disease activity and the clinical form of the disease does not
seem to influence the higher frequency of these cells in pa-
tients with MS with increased QAlb (data not shown).

Increased Albumin Quotient Is Preserved
Over Time
CSFs from 33 patients with MS were analyzed at different
time points. All patients were untreated at the first time point.
Eleven patients (33.3%) had increased QAlb at the first time
point and 10 of these patients (83.3%) maintained increased
QAlb over time, in 2 patients for even more than 40 months
(figure 5A). Six of these patients received treatment between
lumbar punctures (1 dimethyl fumarate, 3 fingolimod, and 2
natalizumab), whereas 4 patients remained untreated. The
increased QAlb disappeared only in 1 patient after 58 months
without treatment. Of the 22 patients without increased QAlb
at the first time point, only 2 showed increased QAlb in
subsequent analyses (figure 5A). Although some treatments
can have an effect on BBB permeability and reduced QAlb
values, our results suggest that in patients with increasedQAlb
the reduction to normal QAlb values is not easy and, if pos-
sible, it might take time.

We analyzed the number of CSF-infiltrating cells in the same
samples. Fifteen patients (45.45%) had more than 4 CSF-
infiltrating cells per μL at the first time point, but only 6 of these
patients (40%) maintained elevated CSF cell counts over time
and no patient for more than 20 months (figure 5B).

Regarding the 16 patients with low CSF cell counts at the first
time point, only 2 patients showed increased numbers over
time (figure 5B).

Increased QAlb in ONIND and OIND
Finally, we examined whether the differences in CSF-infiltrating
and circulating lymphocytes between patients with MS with and
without increased QAlb were also present in controls (table 1).
Using the definition of increased QAlb as QAlb > QNorm, we
identified 9 (22.5%) ONIND and 10 (47.6%) OIND patients
with increased QAlb and 31 (77.5%) ONIND and 11 (52.4%)
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OIND patients without (figure 6, A and B). As observed in
patients with MS, all controls with increased QAlb showed sig-
nificantly higher intrathecal IgA and IgG (figure 6, A and B). The
number of CSF-infiltrating cells was comparable between
ONIND controls with and without increased QAlb, whereas it
was significantly higher in OIND controls with increased QAlb
(figure 6, A and B). The differences in CSF-infiltrating and
peripheral blood lymphocytes that we observed in patients with
MSwith and without increased QAlb were not found in controls
(figure 7, A and B).

Discussion
Different studies2–6 have suggested that CNS damage may
increase the susceptibility of the BBB to changes induced by
systemic inflammation such as increased vesicular trafficking
of albumin. MS is a complex immune-mediated disease that
affects the CNS and BBB permeability.21 In some patients
with MS, CNS damage and systemic inflammation may co-
exist and influence BBB function. With the aim to better
understand BBB permeability in MS and to investigate a
putative role of CNS damage and systemic inflammation on
BBB dysfunction, we identified patients with MS with in-
creased QAlb and characterized them in detail. The com-
parison of demographic and clinical features between patients
with MS with and without increased QAlb did not reveal any
statistically significant difference, although the limited clinical
data did not allow a definitive statement. Unfortunately,
neither longitudinal MRI data nor longitudinal disability
measures were available from our cohort to confirm the
previously reported association between increased QAlb and
greater deterioration in patients with MS.7,8

However, the detailed analysis of CSF revealed interesting
differences between patients with and without increased
QAlb. Patients with MS with increased QAlb showed signif-
icantly higher intrathecal levels of IgA and IgG and to a lesser
extent of IgM. Because the indices of IgA and IgG, in which
the values are corrected for the traffic of albumin, were
comparable between patients, our results suggest that the
passage of IgA and IgG across the BBB is most likely associ-
ated with the passage of albumin. IgM with its pentameric
nature, much larger size, and molecular weight may not use
vesicular trafficking. Patients with MS with increased QAlb
also showed reduced IgG(loc). Regarding the CSF infiltrate,
although the number of infiltrating cells was comparable in
patients with and without increased QAlb, the cellular com-
position was different. Patients with MS with increased QAlb
contained significantly more monocytes.

Because monocytes are not involved in antibody production,
the correlation between CSF-infiltrating cells and IgG(loc) was
significantly lower in patients with increased QAlb. Of interest,
mediators involved in BBB dysfunction such as reactive oxy-
gens species22 and matrix metalloproteinase 923 are produced
by monocytes. Our ex vivo immunophenotyping of CSF-

infiltrating lymphocytes demonstrated that patients with MS
with increased QAlb and reduced IgG(loc) also showed sig-
nificantly lower frequencies of CD4+ T cells with a Th2 func-
tional phenotype. In particular, the following CD4+ T cell
subsets: CM and EMCD28+ CD27− CD4+ T cells, which may
be relevant due to their downregulation of CD27 after re-
petitive stimulation with antigen,16 EM CD28− and TEMRA
CD28+ CD27+ CD4+ T cells. Th2 cells are relevant for hu-
moral immunity, and accordingly, we demonstrated an asso-
ciation between these cells and intrathecal IgG synthesis. Th2
cells, in addition to their role in humoral immunity, may also
have a protective anti-inflammatory role as has been assumed in
some MS clinical trials aimed to deviate immune responses
from Th1 toward Th2.24 Their reduction in patients with MS
with increased QAlb might thus have harmful consequences.
We also found that EM CD28− CD4+ T cells with a Th1
functional phenotype were significantly higher in patients with
increased QAlb as well as the amount of IFNγ in the CSF.
Long-term memory CD4+ CD28− T cells can produce high
amounts of IFNγ in the absence of costimulation and showed
increased survival and proliferation capacity after activation.25

Their putative role in MS is supported by their expansion in a
subgroup of patients with MS and their myelin basic protein
specificity.26 Immunophenotyping of paired blood samples did
not show the same differences that have been observed be-
tween patients by CSF analyses. It is therefore unlikely that
mere bystander traffic is responsible for the changes in the CSF.
The higher concentration of IgG and IgA observed in patients
withMSwith increasedQAlb, as well as the higher frequency of
monocytes, the higher amount of IFNg and the lower fre-
quency of potentially protective Th2 CD4+ T cells might fa-
cilitate CNS damage in these patients. Accordingly, our results
demonstrate that patients with MS with increased QAlb show
significantly higher levels of biomarkers of CNS damage and
inflammation such as NF-L and CHI3L1 and support previous
studies, in which increasedQAlb in patients withMSwas found
to be associated with atrophy and greater deterioration7,8 as
well as higher levels of serumNF-L.18 In addition, we identified
10 intrathecal lipid species that are more abundant in patients
with MS with increased QAlb.

Although we do not know the underlying mechanisms, the
increase of these lipids may be involved in CNS damage. Two
of the 4 identified SM species contained a Sphingadienine
(SAdienine) long chain base, which is formed as a down-
stream product of sphingosine via fatty acid desaturase 3
(FADS3).27 The increase in SAdienine-based SM suggests a
possible role of FADS3 in this process. Of interest, a previous
study linked changes in the same SAdienine-based SM species
to an increased activity of acid sphingomyelinase, which
converts SM to ceramide.28 The activation of the acid
sphingomyelinase/ceramide system has been demonstrated
to be a central step for the development of EAE.29

Regarding a putative association between systemic in-
flammation and BBB permeability in patients with MS, our
results demonstrate that several lymphocyte populations, in
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particular T cells with a Th1 and Th1* functional phenotype,
were significantly more abundant in patients with MS with
increased QAlb and cell counts correlated with QAlb. Of in-
terest, this association was not observed in controls patients
with ONIND and OIND diseases, suggesting that the type of
systemic inflammation that might influence BBB permeability
most likely differs between pathologies. Unfortunately, the
usual and easy-to-determine markers of systemic inflammation
such as C-reactive protein or neutrophil counts were not
available from the blood taken at the time of lumbar puncture.

The coexistence of markers of CNS damage and systemic
inflammation in patients with MS with increased QAlb sup-
ports a putative role of CNS damage in increasing BBB vul-
nerability to systemic inflammation in these patients. Because
the capacity of remyelination is limited and neuroregenerative
treatments are missing, we can assume that CNS damage
might persist over time. Accordingly, increased QAlb in pa-
tients with MS was also preserved over time even after initi-
ating immunomodulatory treatments. It will be interesting to
see in the future if treatments or treatment combinations with
neuroregenerative potential have an effect on QAlb. Finally,
given that CNS damage and systemic inflammation vary
among patients with MS and influence BBB permeability, also
it will be of interest to examine their impact on MS hetero-
geneity and its value in patient classification. Patients with
increasedQAlbmight especially profit from a better control of
systemic inflammation as well as from neuroprotective/
neuroregenerating treatment approaches.
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Abstract
Objective
To study the factors associated with relapse and functional outcomes in patients with anti-
NMDA receptor encephalitis in Western China.

Methods
TheOutcome of the anti-NMDA receptor Encephalitis Study inWestern China was initiated in
October 2011 to collect prospective observational data from consecutively enrolled patients
with anti-NMDA receptor encephalitis.

Results
We consecutively enrolled 244 patients (median age: 26 years, range: 9–78 years; females: 128
[52.45%]) between October 2011 and September 2019. Fatality occurred in 17 (6.96%)
patients, and tumors were found in 38 (15.57%) patients. The median follow-up duration was
40 (6–96) months. Of these patients, 84.8% showed clinical improvements within 4 weeks after
immunotherapy, with a median modified Rankin Scale of 2 (interquartile range [IQR]: 2–3),
and 80.7% (median: 1, IQR: 0–2) and 85.7% (median: 0, IQR: 0–1) had substantial recovery
(i.e., mild or no residual symptoms) at 12 and 24 months, respectively. The overall prognosis
was still improving at 42 months after onset. Disturbance of consciousness during the first
month was the only independent predictor (OR: 2.91, 95% CI: 1.27–6.65; p = 0.01) of a poor
functional neurologic outcome. Overall, 15.9% of the patients had one or multiple relapses, with
82.0% experiencing the first relapse within 24 months and 76.9% experiencing relapses that
were less severe than the initial episodes. Relapse-related risk factors included the female sex
and delayed treatment (p < 0.05).

Conclusions
Most patients achieved favorable long-term functional outcomes. Some patients experienced
one or multiple relapses, especially female patients. Timely immunotherapy at onset may
reduce the risk of relapse.
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Anti-NMDA receptor (NMDAR) encephalitis is a recently
identified autoimmune disorder with characteristic clinical
features,1 which was first described in 2007 by Dalmau and
Bataller.2 The target antigens in this disorder are neuronal
cell-surface proteins, and all patients have immunoglobulin G
(IgG) antibodies against the GluN1 subunit of the NMDAR.3

Most patients experience a viral-like prodrome (e.g., fever and
headache) as a prodromal symptom, followed by the de-
velopment of severe psychiatric symptoms, memory loss,
seizures, decreased consciousness, and dyskinesias.4 Despite
the expanding knowledge base, the factors underlying disease
prognosis and relapse are poorly understood.

Previous reports describing the clinical characteristics, radiologic
features, tumor associations, treatment strategies, and relapse
rates have varied across populations.3,5,6 Previous reports in the
United States and Europe7–9 showed that more than 80% of
patients were female, and 20%–59% of patients had tumors. Our
previous studies revealed a relatively higher proportion of males
(45.0%) and reduced tumor rates (15.0%); furthermore, only
15% of Chinese patients were admitted to the intensive care unit
(ICU), compared with 50%–77% in the other cohorts.10,11 The
relapse rate in our study was 15.95%, whereas that in other
studies varied between 7.8% and 25%,12,13 even reaching
36.4%.14 These phenomena may suggest that anti-NMDAR
encephalitis is heterogeneous among people of different races,
which could be due to the differences in genetic backgrounds or
due to the etiology of the disease. To date, large cohort studies
on the factors associated with relapse and functional outcomes in
patients with anti-NMDAR encephalitis in Western China are
lacking.

To obtain estimates of the functional outcomes associated with
anti-NMDAR encephalitis inWestern China, a study named the
Outcome of anti-NMDAR Encephalitis Study inWestern China
(ONE-WC study) was initiated in October 2011 to collect
prospective observational data from consecutively enrolled pa-
tients with anti-NMDAR encephalitis. As part of the ONE-WC
study, this study updates the clinical profiles of patients with anti-
NMDAR encephalitis in a large cohort size with a 9-year follow-
up. In addition, we particularly focused on patient functional
outcomes, relapse phenomena, and factors that may predict and
affect the risk of relapse.

Methods
Study Design and Participants
The ONE-WC study was registered with the World Health
Organization international clinical trial registry platform

(registration number: ChiCTR1800019762) and was de-
scribed in more detail in our previous publications.11,15–17

Briefly, the ONE-WC study consecutively enrolled patients
with anti-NMDAR encephalitis from the Department of
Neurology at West China Hospital beginning in October
2011 and collected prospective observational data (e.g., de-
mographic information, clinical characteristics, treatment
strategy, and functional outcomes). Participants in this study
were recruited between October 2011 and September 2019.
We included patients who satisfied the criteria for definite
anti-NMDAR encephalitis according to definitions of auto-
immune encephalitis from a recent consensus statement.18

The inclusion criteria were as follows18: (1) acute onset of 1
or more of the following 8 major groups of manifestations:
psychosis, memory deficit, speech disturbance, seizures,
movement disorder, disturbance of consciousness, autonomic
dysfunction, and central hypoventilation; (2) CSF tests pos-
itive for NMDAR antibodies (cell-based assay); and (3) rea-
sonable exclusion of other disorders.

The exclusion criteria were as follows: (1) patients with HIV
infection, brain abscess, prion diseases, cerebral malaria, brain
tumor, or a diagnosis of a noninfectious CNS disease, such as
acute demyelinating encephalomyelitis; (2) patients with CNS
viral, bacterial, fungal, parasitic, or Mycobacterium tuberculosis
infection; (3) patients with encephalopathy secondary to sepsis
or systemic inflammatory response syndrome; (4) patients
diagnosed with epilepsy, cerebral trauma, and/or other nervous
system diseases before the onset of encephalitis; (5) patients
with positive serum and/or CSF laboratory tests for another
autoimmune encephalitis: a-amino-3-hydroxy-5-methyl-4-
isoxazol-propionic acid receptor antibody encephalitis,
contactin-associated protein 2 antibody encephalitis, leucine-
rich glioma-inactivated protein 1 antibody encephalitis,
gamma-aminobutyric acid receptors B1/B2 receptor antibody
encephalitis, voltage-gated potassium channel complex anti-
body encephalitis, and glutamate decarboxylase antibody en-
cephalitis; and (6) patients lacking key clinical data.

Data Collection
The statuses of patients in the acute stage were obtained from
hospital medical records, and face-to-face interviews were con-
ducted by experienced neurologists. The standardized data col-
lection included (1) epidemiologic data such as sex, age at
disease onset, education, location, and ethnicity; (2) clinical data
such as typical symptoms (such as psychosis, memory deficits,
speech disturbances, seizures, movement disorders, disturbance
of consciousness, autonomic dysfunction, and central hypo-
ventilation), cooccurrence of symptoms such as fever, headache,

Glossary
HR = hazard ratio; ICU = intensive care unit; IgG = immunoglobulin G; IQR = interquartile range; IVIg = IV immunoglobulin;
IVMP = IV methylprednisolone;MMF = mycophenolate mofetil;mRS =modified Rankin Scale;NMDAR = NMDA receptor;
ONE-WC = Outcome of anti-NMDAR Encephalitis Study in Western China; RTX = rituximab; SE = status epilepticus.
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dizziness, ICU admission (including severe anti-NMDAR en-
cephalitis with ovarian teratoma requiring surgical operation,
status epilepticus [SE], mechanical ventilation requirement, and
autonomic instability), and other clinical phenotypes at onset,
number of relapses, clinical phenotype at relapse and at last
follow-up, and time to first relapse; (3) biological data such as
CSF cell count (pleocytosis >5 cells/mm3), open pressure,
glucose, chloride, and immunoglobulin G index; (4) MRI and
EEG results; (5) immunotherapies including first-line treat-
ments (corticosteroids, IV immunoglobulin [IVIg], and plas-
mapheresis alone or in combination), second-line treatments
(rituximab [RTX] and cyclophosphamide [CTX] alone or in
combination),5,18 and long-term immunotherapies (immuno-
suppressants [mycophenolate mofetil (MMF), tacrolimus, and
CTX] or low-dose corticosteroids for at least 3 months).7

Evaluation Prognosis and
Operational Definitions
Follow-up information was evaluated every 3 months after
disease onset by a clinician and objectively assessed by the
treating neurologist. Clinical relapse was defined as new onset
or worsening of symptoms occurring after an initial im-
provement or stabilization of at least 2 months.18 If patients
reported clinical worsening or relapse, an extra visit was
scheduled, and they were assessed by a relapse questionnaire
designed for this study. The questionnaire included the fre-
quency of relapses, number of events, time to relapse, clinical
data at relapse, and treatment at relapse. Thorough clinical
and laboratory examinations were conducted to rule out other
etiologies and to validate the diagnosis of relapse.

Clinical functional outcomes were assessed through the modified
Rankin Scale (mRS),19 which was used to classify patients who
were able to walk without aid (mRS ≤2) or needed assistance
while walking (mRS ≥3) (0 = asymptomatic; 1 = nondisabling
symptoms that do not interfere with lifestyle; 2 = minor disabling
symptoms that lead to some restriction of lifestyle but do not
prevent totally independent existence; 3 = symptoms significantly
interfering with lifestyle or preventing totally independent exis-
tence; 4 = moderately severe disabling symptoms that clearly
prevent independent existence with total support needed for basic
daily activities; 5 = severe disabling symptoms, totally dependent
and requiring constant attention day and night; and 6 = death due
to neurologic symptoms). A poor response to immunotherapy
was defined as no improvement in the mRS score or an mRS
score ≥4 for 4 weeks; clinical improvement was defined as a
decrease in the mRS score ≥1 point from that at the previous
visit.7,14 Long-term favorable and poor functional outcomes were
defined as an mRS score of ≤2 and an mRS score of >2 at 12
months of follow-up, respectively.7,13 Early treatment was defined
as the initiation of immunotherapy within 30 days of onset.20 We
defined the use of 3 or more different immunotherapies as the
combination of at least 3 of the abovementioned agents.21

Statistical Analysis
Data were entered in an Excel spreadsheet and analyzed with
SPSS IBM 20.0, and figures were generated with GraphPad

Prism 7 and Origin 2019. Quantitative data with normal
distributions are presented as mean ± SD, otherwise as the
median with the range. Symptoms and demographic data
were analyzed using the χ2 test, χ2 analysis with continuity
correction or Fisher’s exact test for categorical variables where
applicable, and the Mann-Whitney U test for continuous
variables. Factors affecting functional outcomes were assessed
using univariate logistic regression. Predictor variables with p
values below 0.10 as determined by univariate analysis were
included in the multivariate logistic regression analysis, which
was used to evaluate independent predictors of long-term
functional outcomes for patients with NMDAR encephalitis
after adjusting for potential confounding factors.

According to the main objective of the study, demographic,
clinical, and treatment data at disease onset were considered
predictors of time to relapse. In the analysis of survival from
the first event, the follow-up times were as follows: for re-
lapsing patients, the time to first relapse; for relapse-free pa-
tients, the time to last follow-up. The follow-up times for the
relapse analysis were calculated with the Kaplan-Meier
method.22 The factors predictive of survival from the first
relapse were analyzed by univariate Cox regression. Multi-
variate analysis was not performed in view of the low number
of patients with relapses.23 Subgroup analyses of predictive
factors were also performed in cases that relapsed early
(within 3–6 months) and later. p < 0.05 was considered
significant.

Standard Protocol Approvals, Registrations,
and Patient Consent
Approval for this study was provided by the Research Ethics
Committee of the Medical School of Sichuan University. In-
formed consent was obtained from each patient. All the data
analyzed in the study were strictly anonymous.

Data Availability
The authors confirm that the data supporting the findings of
this study are available within the article and from the cor-
responding author upon reasonable request.

Results
Demographic and Clinical Characteristics
A total of 244 patients were enrolled. Table 1 describes the
patient demographic and clinical characteristics in detail. The
proportions of patients with cumulative clinical symptoms
during the first month of disease stratified by different ages at
onset are shown in figure 1A. The figure shows increasing
trends for the proportions of patients with central ventilation,
autonomic symptoms, and cognitive disorders as patients
aged. By contrast, the proportions of speech disturbance and
seizures decreased with age.

Figure 1B shows the distributions of the presence or absence
of tumors in patients by age and sex. Tumors were found in 38
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Table 1 Comparisons of the Clinical Data From Patients With Anti-NMDA Receptor Encephalitis in Different Age Groups

No. of patients (%)

p ValueAll (n = 244) Age <18 (n = 43) Age ≥18 (n = 201)

Demographic data

Age, y, median (IQR) 26 (9–78) 16 (9–18) 29 (19–78)

Sex (female) 128 (54.50) 27 (49.09) 101 (53.43) 0.27a

Symptomse

Fever 95 (38.9) 19 (43.2) 76 (38.0) 0.43a

Headache 89 (36.5) 5 (11.6) 84 (41.8) 0.001a

Ataxia 6 (2.5) 1 (2.3) 5 (2.5) 1.00b

Limb weakness 13 (5.3) 1 (2.3) 12 (6.0) 0.47b

Limb numbness 3 (1.2) 1 (2.3) 2 (1.0) 0.47b

Cognitive disorder 161 (66.0) 25 (58.1) 136 (69.7) 0.14a

Dizziness 17 (7.0) 0 (0) 17 (8.5) 0.04c

Disturbance of consciousness 100 (41.0) 22 (51.2) 78 (38.8) 0.13a

Speech disturbance 60 (24.6) 11 (25.6) 49 (24.4) 0.86a

Dyskinesias and movement disorders 98 (40.2) 18 (41.9) 80 (40.0) 0.82a

Sleep disorders 92 (37.7) 18 (41.9) 74 (36.8) 0.53a

Seizures 186 (76.2) 31 (72.1) 155 (77.7) 0.48a

Focal onset 91 (37.3) 19 (47.5) 72 (35.8) 0.16a

Generalized onset 155 (63.5) 27 (64.3) 128 (63.7) 0.94a

Epileptic state 73 (29.9) 20 (47.6) 53 (26.4) 0.006a

Psychosis 222 (91.0) 38 (88.4) 184 (91.5) 0.51a

Mania 106 (43.4) 20 (46.5) 86 (42.8) 0.65a

Depression 27 (11.1) 2 (4.7) 25 (12.4) 0.18b

Hallucinations 203 (83.2) 36 (83.7) 167 (83.1) 0.91a

Autonomic dysfunction, ≥1 of the following 118 (48.4) 18 (41.9) 100 (49.8) 0.34a

Hyperhidrosis 114 (46.7) 22 (51.2) 92 (45.8) 0.52a

Tachycardia 61 (25.0) 5 (11.6) 56 (27.9) 0.02a

Urinary retention or hesitation 56 (23.0) 7 (16.3) 49 (24.4) 0.25a

Hyponatremia 38 (15.6) 5 (11.6) 33 (16.4) 0.43a

Central hypoventilation 41 (16.8) 4 (9.3) 37 (18.4) 0.14b

Admission to the intensive care unit 35 (14.3) 2 (4.7) 33 (16.4) 0.04b

Complication 176 (72.1) 30 (68.2) 146 (73.0) 0.31a

Tumor 38 (15.6) 7 (16.3) 31 (15.4) 0.88a

Teratoma 27 (11.1) 5 (11.6) 22 (10.9) 0.89a

Auxiliary examinations

Abnormal MRI 104 (42.6) 19 (44.2) 85 (42.2) 0.81a

Abnormal EEG 188 (77.0) 32 (74.4) 156 (77.6) 0.65a

Abnormal CSF 127 (52.0) 20 (45.5) 107 (53.5) 0.40a

Continued
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(15.6%) patients and predominated in females (p < 0.05); 28
females had ovarian teratomas and 1 male had mediastinal
teratoma. The remaining 9 tumors (23.1%) were as follows: 3
lung cancers (2 with small cell lung cancer and 1 with lung
adenocarcinoma); 2 thyroid tumors; 1 thymoma; 1 brain
glioma; 1 adrenal carcinoma, and 1 bladder cancer. All the
patients with the remaining 9 tumors were older than 40
years.

Comparisons of the differences between male and female
patients are summarized in table e-1 (links.lww.com/NXI/
A412). There was no sex ratio difference in our cohort (fe-
male vs male: 128 [52.4%] vs 116 [47.5%]). The average age
at onset in male patients was younger than that in female
patients (24.5 vs 30.8, respectively, p = 0.04). Abnormalities in
MRI, CSF examinations, and the frequency of seizures were
found to be more prevalent in male patients (p < 0.05).
However, the frequencies of other symptoms, including
treatment, immunotherapy response, baseline mRS, and
hospitalization time, were not significantly different between
males and females.

Neurologic Functional Outcomes and Factors
Associated With a Poor Long-term
Functional Outcome
The median follow-up duration was 40 months (6–96
months), and the median mRS scores at baseline and at 4
weeks after the initial immunotherapy were 4 and 2, re-
spectively. To investigate the long-term prognosis of patients
with this disease, the mRS scores were evaluated over time

and stratified by whether the patients had recurrence, and
these results are summarized in figure 1, C–E. Overall, 80.7%
and 85.7% of patients had attained favorable neurologic
functional outcomes (mRS of 0–2) at 12 and 24 months of
follow-up, respectively. The overall prognosis was still im-
proving at 42 months after onset. The median mRS score at
the 24-month follow-up was 0, which was significantly lower
than the score of 4 (range: 2–5) at onset (Wilcoxon test: Z =
−12.839, p < 0.0001).

In total, 17 patients died, most of whom died because of
disease progression and complications. Seven patients died in
the ICU within 6 months of follow-up after disease onset (3
died of sepsis, 2 died of acute respiratory distress, and 2 died of
refractory SE). Four patients died after the withdrawal of
medical support, and 3 patients committed suicide. Three
patients died of other causes (1 due to acute myocardial in-
farction, 1 due to accidental death, and 1 due to pneumonia).
All patients with tumors underwent removal surgery, and 1
patient with lung cancer died. Sequela and deficits included
speech disturbances (n = 22), movement disorders (n = 6),
psychiatric symptoms (n = 7), memory deficits (n = 40), and
seizures (n = 6).

Table 2 summarizes the comparisons between the patients
with favorable and poor clinical functional outcomes among
225 patients with anti-NMDAR encephalitis at the 12-month
follow-up. The patients with worse neurologic functional
outcomes (mRS 3–6) had a higher rate of pleocytosis (Z =
3.63, p = 0.05) and higher frequencies of central

Table 1 Comparisons of the Clinical Data From Patients With Anti-NMDA Receptor Encephalitis in Different Age Groups
(continued)

No. of patients (%)

p ValueAll (n = 244) Age <18 (n = 43) Age ≥18 (n = 201)

Treatment 0.06c

No treatment 10 (4.1) 0 (0.0) 10 (5.0)

IVIg alone 80 (32.8) 17 (39.5) 63 (31.3)

IVMP alone 29 (12.3) 1 (2.3) 28 (13.9)

IVIg combined with IVMP 125 (50.8) 25 (56.8) 100 (49.5)

≥3 different immunotherapies 22 (9.0) 3 (6.8) 19 (9.5) 0.77b

mRS on admission, median (IQR) 4 (4–5) 4 (4–5) 4 (4–5) 0.95d

Length of hospital stay, d, mean ± SD 28.5 ± 30.1 29.0 ± 32.2 26.0 ± 17.6 0.61d

Poor response to treatmentf 37 (15.2) 4 (9.3) 33 (16.4) 0.23b

Abbreviations: IQR = interquartile range; IVIg = IV immunoglobulin; IVMP = IV methylprednisolone.
Bold entries indicate p < 0.05.
a Pearson’s χ2 test.
b Chi-squared test with continuity correction.
c Fisher’s exact test.
d Mann-Whitney U test.
e The cumulative symptoms during the first month of the disease.
f A poor response to immunotherapy was defined as no improvement in the mRS score or an mRS score of ≥4 for 4 weeks.
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hypoventilation (Z = 3.89, p = 0.04), disturbance of con-
sciousness (Z = 8.49, p = 0.04), and SE (Z = 3.35, p = 0.05)
during the first month of the disease than the patients with
favorable neurologic functional outcomes (mRS 0–2). Finally,
disturbance of consciousness was the only independent pre-
dictor after performing multivariate logistic regression anal-
ysis (OR: 2.91, 95% CI: 1.27–6.65; p = 0.01). Multivariate
analyses of independent predictors of poor functional out-
comes are shown in table e-2 (links.lww.com/NXI/A412).
Although there were no significant differences in the rates of
ICU admission and the presence of tumors between the 2
groups, these parameters were higher in patients with poor
functional outcomes than in those with favorable functional
outcomes.

Relapse
In total, 39 patients (39/244, 15.9%) relapsed. The median
duration from onset to the first relapse was 11 (range:
2–38) months. During the first 24 months, 32 (82.0%)
patients experienced an initial relapse. However, after 3
years of onset, 1 female patient in our cohort still relapsed.
The median age at relapse was 26 (range: 12–71) years. Of
the relapsed patients, 27 (65.8%) were female, and 2 had

ovarian teratomas and tumor removal at disease onset.
Nine patients had 2 or more relapse events (23.1%; range:
2–3 episodes). Of the 36 patients who underwent lumbar
puncture, CSF antibodies were detected in 34 (87.2%). All
39 patients with relapse underwent serum antibody moni-
toring, and 13 of 39 (33.3%) patients showed elevated
antibody titers at relapse during serial serum testing. MRI
was abnormal in only 8 (20.5%) patients with relapse, and
no ovarian teratoma was detected in the patients at relapse.

In relapsing patients with data available at both the first and
second events, 30 (76.9%) of 39 relapses were less severe than
the initial episodes (figure 2). The mRS score at the second
event was significantly lower (median mRS: 2, mean: 2.38,
range: 2–4) than that at onset (median mRS: 4, mean: 3.87,
range: 2–5). The rate of ICU admission was much lower at the
second event (1/39) than at the initial event (7/39), and
symptom expression was overall more limited at the second
event than at the first event (table e-3, links.lww.com/NXI/
A412). The initial median hospitalization duration was 29
(range: 6–82) days, and the subsequent hospitalization duration
was 11 (range: 4–38) days, which was shorter than the initial
duration.

Figure 1Demographic and Clinical Outcomes Evaluated at Different Follow-up Points (3, 6, 12, 18, 24, and 48Months After
Disease Onset) of 244 Patients With Anti-NMDA Receptor Encephalitis

(A) The proportions of patients with cumulative clinical symptoms stratified by different ages at onset. (B) The distributions of patients by age, sex, and the
presence or absence of tumors. The modified Rankin Scale scores of the patients with anti-NMDA receptor encephalitis at different follow-up points are
shown in (C) for all patients and stratified by patients with (D) a monophasic course and (E) a relapsing course.
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Table 2 Factors Associated With Poor Clinical Outcomes at the 12-Month Follow-up in 225 Patients With Anti-NMDA
Receptor Encephalitis

No. of patients (%) Univariate analysis

Favorable outcome (n = 191) Poor outcome (n = 34) Z value p Value

Age, y, median (range) 27 (9–78) 24 (12–71) 0.06 0.79

Sex (female) 86 (44.5) 18 (52.9) 0.72 0.39

Symptomsa

Fever 66 (34.5) 18 (52.9) 0.72 0.39

Headache 71 (37.2) 12 (35.3) 0.04 0.83

Dyskinesias and movement disorders 73 (38.2) 17 (50.0) 0.89 0.34

Ataxia 5 (2.6) 1 (2.9) 0.01 0.91

Limb weakness 2 (1.0) 1 (2.9) 0.93 0.33

Limb numbness 2 (1.5) 1 (2.9) 0.72 0.39

Cognitive disorder 128 (67.0) 20 (58.8) 0.85 0.35

Dizziness 12 (6.3) 3 (8.8) 0.29 0.58

Disturbance of consciousness 76 (39.8) 23 (67.6) 8.49 0.004

Sleep disorders 70 (36.6) 15 (44.1) 0.68 0.40

Seizures 147 (76.9) 26 (76.4) 0.004 0.95

Focal onset 124 (64.9) 21 (61.7) 0.15 0.69

Generalized onset 71 (37.1) 19 (55.9) 0.04 0.84

Epileptic state 52 (27.2) 15 (44.1) 3.35 0.05

Psychosis 174 (91.1) 30 (88.2) 0.27 0.59

Mania 82 (42.9) 17 (50.0) 0.42 0.51

Depression 24 (12.5) 1 (2.9) 2.24 0.13

Hallucinations 160 (83.7) 27 (89.4) 0.38 0.53

Autonomic dysfunction, ≥1 of the following 93 (48.7) 19 (55.8) 0.24 0.62

Hyperhidrosis 85 (44.5) 19 (55.9) 1.48 0.22

Tachycardia 49 (25.6) 8 (23.5) 0.06 0.79

Urinary retention or hesitation 40 (20.9) 11 (32.3) 2.10 0.14

Constipation 39 (20.4) 8 (23.5) 0.44 0.68

Hyponatremia 31 (16.2) 5 (14.7) 0.05 0.82

Central hypoventilation 29 (15.2) 10 (29.4) 2.32 0.04

Admission to the intensive care unit 27 (14.1) 3 (8.8) 0.69 0.40

Auxiliary examinations

MRI total with abnormal findings 78 (40.8) 15 (44.1) 0.09 0.75

CSF analysis with abnormal findings

Intracranial open pressure (mmH2O) 58 (30.3) 15 (44.1) 2.44 0.18

WBC (×106/L) 91 (47.6) 22 (64.7) 3.63 0.05

Protein (g/L) 53 (27.7) 9 (26.4) 0.02 0.87

EEG with abnormal findings 147 (76.9) 23 (67.6) 0.03 0.85

Continued
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At the second disease event (first relapse), all 39 patients with
relapse received immunotherapy and underwent reinitiation
of the first-line immunotherapy, and among these patients,
only 8 received second-line agents (RTX: 4; CTX: 4). There
was no significant difference in further relapse risk between
the patients treated with and without second-line immuno-
therapy (3/8 [37.5%] vs 6/31 [19.3%], Fisher’s exact test: p =
0.35). Seven patients were also given long-term MMF, and 2
patients were given long-term tacrolimus. There was also no
significant difference in the occurrence of subsequent relapse
betweenMMF/tacrolimus-treated patients and other patients
(3/9 [33.3%] vs 6/30 [20%], Fisher’s exact test: p = 0.7).
However, 1 patient experienced a second relapse during the
MMF withdrawal period. The detailed disease and treatment
courses for patients with relapse are shown in figure 2.

Cox regression analysis suggested that the female sex (hazard
ratio [HR]: 0.42, 95% CI: 0.20–0.87; p = 0.02, figure 3A) and
a delay in treatment (HR: 0.41, 95% CI: 0.21–0.78; p = 0.005,
figure 3B) were significantly associated with an increased risk
of relapse. The factors predictive of survival from the first
relapse were verified by Cox proportional hazard analysis and
are presented as a forest plot in figure e-1 (links.lww.com/
NXI/A410).

To avoid inclusion of potential viral infection or incomplete
initial treatment as relapse cases, we separated the patients
who relapsed early with antibody negativity, suggesting
pseudorelapse or incomplete initial treatment (within 2–6
months; n = 13) from those who relapsed later with auto-
antibodies in their CSF (and therefore may be more truly
representative of relapse; n = 26). Examining the subsets
separately revealed the same predictive factors for all clinical

relapse patients and for patients who relapsed late (female
[HR: 0.30, 95% CI: 0.16–0.79; p = 0.01] and experienced
delayed treatment [HR: 0.20, 95% CI: 0.09–0.44; p =
0.0001]). However, the female sex and delayed treatment
predictive factors were not significantly different for patients
who relapsed early. Although neither nontumor (HR: 0.20,
95% CI: 0.07–0.57; p = 0.08, figure e-2A, links.lww.com/
NXI/A411) nor treatment modalities (no treatment [HR:
0.34, 95% CI: 0.55–2.44; p = 0.29, figure e-2B] or patients
with more than 3 different immunotherapies [HR: 3.01, 95%
CI: 0.74–12.17; p = 0.12, figure e-2C] at the first onset) were
not statistically associated with the reported relapse fre-
quency, all figures were slightly higher in the relapse group.

Discussion
This study updated the clinical features of patients with anti-
NMDAR encephalitis in Western China in a large cohort and
prospectively reported the long-term functional outcomes
and relapses. Themain findings of the study are as follows: (1)
There were differences in demographic data between our
cohort and Western countries, with more males and a lower
tumor frequency prevailing in our cohort. The male patients
were much younger and showed more abnormal ancillary
tests and less frequent tumors than females at disease onset.
(2) Symptom presentation varied between children and
adults, and most patients achieved substantial recovery during
the long-term follow-up, which was in line with the studies of
Western countries. The overall prognosis continued to im-
prove through 42 months after onset. (3) The patients with
disturbance of consciousness at onset remained in a poor
neurologic status in the long term. (4) Relapses occurred in

Table 2 Factors Associated With Poor Clinical Outcomes at the 12-Month Follow-up in 225 Patients With Anti-NMDA
Receptor Encephalitis (continued)

No. of patients (%) Univariate analysis

Favorable outcome (n = 191) Poor outcome (n = 34) Z value p Value

Tumor 29 (15.1) 7 (20.5) 0.62 0.43

Teratoma 21 (10.9) 4 (11.7) 0.10 0.89

Acute immunotherapy

First immunotherapy day ≥30 d from onset 79 (41.3) 14 (41.2) 0.01 0.98

Treatment modalities 1.64 0.53

IVMP alone 25 (13.1) 2 (5.9)

IVIg alone 64 (33.5) 14 (41.1)

IVMP combined with IVIg 94 (49.2) 18 (52.9)

No treatment 8 (4.2) 0 (0.0)

≥3 different immune therapies at the first event 16 (6.6) 3 (14.9) 0.93 0.42

Abbreviations: IVIg = IV immunoglobulin; IVMP = IV methylprednisolone; WBC = white blood cell.
Bold entries indicate p < 0.05.
a The cumulative symptoms during the first month of the disease.
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approximately one-sixth of patients and were generally milder
than at onset. In particular, delayed treatment and female sex
were risk factors for relapse.

According to most previous studies, patients with anti-
NMDAR encephalitis are predominantly young females.

However, no sex difference was found in our cohort, which is
in agreement with previous Asian countries’ reports on adult-
onset patients in Korea6 and on children with anti-NMDAR
encephalitis in China.24 In addition, we found that male pa-
tients presented much younger and less frequently exhibited
tumors than females at disease onset. Abnormal MRI, EEG,

Figure 2 Disease and Treatment Courses in 39 Patients With Relapsing Disease

Each line shows 1 disease and the treatment course of the patient with relapse. The black triangles represent a disease event, which included the disease
initial onset and relapse episode. The numbers in the triangles and squares represent themodified Rankin Scale scores during the event and at last follow-up,
respectively. CYC = cyclophosphamide; IVIG = IV immunoglobulin; IVMP = IV methylprednisolone; MMF =mycophenolate mofetil; NMDAR = NMDA receptor;
OP = oral prednisone; PE = plasma exchange; RTX = rituximab.
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and CSF analyses were reported in 42.21%, 77.04%, and 47.54%
of the patients in our study, respectively, and male patients
appeared to have more abnormal ancillary test results than fe-
male patients. Signals of atypical MRI findings, such as meninx
enhancement, pituitary lesions, and nonspecific periventricular
white matter lesions, were also included in our study, which did
not have clinicopathologic significance (table e-4, links.lww.
com/NXI/A412). In our study, many more male patients lived
in rural areas, were exposed to poor sanitation and living con-
ditions, and were susceptible to viral infection. In addition, most
male patients had smoking habits. All these factors might be
associated with frequent ancillary test abnormalities. Compared
with that in Western study populations,3,7,25 the prevalence of
tumors (8% before 201510 and 15.57% through 2019) was still
much lower in our study, but it was similar to that reported in
other Asian populations (Lim et al., 22.7%; Xu et al., 19.5%; and
Wang et al., 1.9%).6,10,14,26 These phenomena and discrepancies

between different populations thereby indicate that genetic
background characteristics (e.g., sex hormones, tumors, and
human leukocyte antigens) may attribute to susceptibility to
anti-NMDAR encephalitis, and viral infection could also trigger
the disease.5,7,26–29

Symptom presentation varied between children and adults.
The most common clinical profile of the adolescents with
anti-NMDAR encephalitis in our study was more neurologic
disorders (e.g., fever, sleep disorder, seizures, and disturbance
of consciousness), whereas adults presented with more psy-
chiatric and cognitive disorders, which aligns with previous
findings.7,24,28 In a previous study, ataxia, dyskinesias, and
movement disorders were more frequently exhibited in chil-
dren. However, there were no differences in our study,
probably because our cohort did not include patients younger
than 9 years. We reported that 48.4% of patients displayed
autonomic symptoms, and other studies on anti-NMDAR
encephalitis also reported elevated incidences of autonomic
dysfunction (Titulaer: 37%–48%; Dalmau: 69%).5,7

In this series of patients, 84.8% showed clinical improvement
within 4 weeks after beginning immunotherapy, and 80.7% and
85.7% exhibited substantial recovery (i.e., mild or no residual
symptoms) at 12 and 24 months, respectively. The overall
prognosis continued to improve through 42 months after on-
set, which also agrees with the findings in other previous studies
(75%–93%).7,14 In Western countries, general clinical im-
provements of 50%–60% within 4 weeks have been reported.
This is likely because the baseline characteristics of theWestern
cohort (the median mRS on admission was 5, and the ICU
admission rate was 50%–77%) were more severe than those in
our cohort (the median baseline mRS was 4, and only 15%
were admitted to the ICU). Thus, our results might not be
applicable to Western populations. Moreover, different pop-
ulations with varied genetic backgrounds and other external
factors (e.g., lifestyle, metabolism, and diet) might also respond
differently to treatment. Therefore, more research is required
to understand the mechanisms underlying disease initiation,
aggravation, and progression in different populations.

The mortality of anti-NMDAR encephalitis in our cohort was
also low (only 6.9% in our study; 7% in the study by Titu-
laer7). In previous studies, the predictors of good functional
outcomes were the lack of ICU admission and early treat-
ment,7 whereas the poor functional outcome predictors were
memory deficits, disturbance of consciousness, young age,
and high CSF and serum titers.6,7,13 In our study, disturbance
of consciousness (an indication of ICU admission) was an
independent predictor of poor functional outcomes, which
was in line with previous research, whereas young age and
cognitive disorders did not predict poor functional outcomes.
Our study showed that patients of older ages at disease onset
had higher frequencies of ICU admission, and older age was
associated with worse functional outcomes. However, only
children from 9 years of age and older were included because
younger children were all referred to other children’s

Figure 3 Kaplan-Meier Curves Showing the Frequency of
Relapse-free Disease in 244 Patients With Anti-
NMDA Receptor Encephalitis

The plots show that patients who (A) were female and (B) had delayed im-
munotherapy were associated with an increased risk of relapse.
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specialist hospitals. This fact might also relate to the lack of
significance between being of a younger age and poor func-
tional outcome.

Our study showed a relapse rate of 15.9%. Most (82.0%)
patients experienced an initial relapse during the first 24
months. Titulaer et al. followed their cohort for a median
time of 2 years, and 12% of the patients with anti-NMDAR
encephalitis experienced clinical relapse. The relapse rate
reported in other studies varied between 20% and 25%,12,13

even reaching 36.4%.14 With regard to treatment modalities,
the risk of further relapse was elevated in those who did not
receive immunotherapy at onset in the cohort described by
Gabilondo et al.30 and in patients who did not receive ag-
gressive immunotherapies at the first episode as described by
Nosadini et al.21; these results also echoed those observed in
our cohort (delayed treatment [HR: 0.41, 95% CI:
0.20–0.75; p = 0.01]; figure 3B). Therefore, timely and ag-
gressive immunotherapies might be beneficial for patients
with anti-NMDAR encephalitis. Notably, females had an
increased risk of recurrence in our follow-up study, which
indicated that sex hormones and other genetic background
factors may also affect susceptibility to relapses. Compared
to Western populations, lack of treatment and lack of
second-line immunotherapies during the initial episode were
not statistically associated with an increased relapse fre-
quency. These differences were probably due to the small
number of patients not receiving immunotherapy (n = 10)
or using second-line immunotherapies and plasma exchange
at onset (n = 22), as well as due to reduced tumor incidences
(n = 38), in our cohort.

However, the current proposed definition of clinical re-
lapse is not based on the presence of antibodies in the
CSF but rather on observations and manifestations of
clinical symptoms.7,12–14,21 Therefore, the reported
15.9% relapse rate in our study, along with other earlier
studies (12%–35%), might have been diagnosis bias
partially if antibodies in the CSF were lacking because the
disease is caused by antibodies. In this cohort, we ob-
served 2 patients with antibody negativity and 3 patients
without CSF retesting who experienced early relapse
(within 3–6 months). These patients performed a clinical
relapse but lacked antibody evidence; thus, pseudor-
elapse may have occurred because of viral infection, in-
complete initial treatment, and so on. Therefore, we
divided the subjects into those who relapsed early and
those who relapsed later in the hope of revealing more
convincing predictive factors and potentially better
aligning with relapse data from other studies.

In our study, different treatment modalities at disease
onset were not considered to be predictors of time to re-
lapse because such an analysis would have increased the
false positive rate. In addition, selective treatment bias
occurred in our cohort because of the observational and
nonrandomized controlled nature of the study. In our

cohort, different treatment modalities were statistically
associated with sex (as shown in table e-1, links.lww.
com/NXI/A412). The mRS scores at baseline were also
significantly different among the IV methylprednisolone
(IVMP) alone, IVIg alone, and IVIg + IVMP groups
(analysis of variance: p < 0.05).

Despite substantial progress in understanding this disease,
many questions remain, and our study has several limitations.
First, there was no significant difference in the subsequent
recurrence rates between second-line and MMF/tacrolimus-
treated patients and other patients in our study, and only a
relatively small proportion of patients received second-line or
long-term noncorticosteroid regimen therapy. This may be
because CTX and RTX are off-label drugs in China and pa-
tients fear their cost or adverse effects. Second, it is inevitable
that in clinical practice, patients with anti-NMDAR enceph-
alitis and neurologic worsening are more likely to be classified
as having autoimmune-mediated relapse rather than viral in-
fection. Thus, to validate relapse and rule out other potential
causes, we need to both dynamically observe autoantibodies
in the CSF and perform PCR testing to detect herpes simplex
virus. Finally, mRS as a primary outcome measure might
overshadow findings on relapse and opens the study up to
criticisms of the relevance of identifying predictors of poor
outcomes in the setting of an incomplete outcome measure.
Data have shown that mRS outcomes do not correlate with
cognitive, behavioral, psychosocial, or quality of life
outcomes.11,17,19 To better assess and detect potential risk
factors related to prolonged cognitive deficits, neuropsychi-
atric symptoms, or seizure recurrence symptoms, using a
more specific questionnaire and detailed evaluations is nec-
essary (e.g., Neuropsychiatric Inventory, Cognitive Impair-
ment Rating Scale, Montreal Cognitive Assessment, and
National Hospital Seizure Severity Scale). Despite these
limitations, we describe the clinical profiles, long-term out-
comes, and relapse in the largest group of Chinese patients
with anti-NMDAR encephalitis in China (n = 244) examined
to date, which promotes a deeper understanding of the
prognosis of this disease.
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Abstract
Objective
To expand the spectrum of anti-IgLON5 disease by adding 5 novel anti-IgLON5–seropositive
cases with bulbar motor neuron disease-like phenotype.

Methods
We characterized the clinical course, brain MRI and laboratory findings, and therapy response
in these 5 patients.

Results
Patients were severely affected by bulbar impairment and its respiratory consequences. Sleep-
related breathing disorders and parasomnias were common. All patients showed clinical or
electrophysiologic signs of motor neuron disease without fulfilling the diagnostic criteria for
amyotrophic lateral sclerosis. One patient regained autonomy in swallowing and eating, pos-
sibly related to immunotherapy.

Conclusion
IgLON5 disease is an important differential diagnosis to evaluate in patients with bulbar motor
neuron disease-like phenotype and sleep disorders. There is need for a deeper understanding of
the underlying pathobiology to determine whether IgLON5 disease is an immunotherapy-
responsive condition.
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Patients presenting with sleep apnea, REM-sleep behavior dis-
order or non-REMparasomnia, and stridor who are seropositive
for anti-IgLON5 antibodies have been first described in 2014.1

Since then, more than 60 cases with anti-IgLON5 disease have
been reported.2,3 The function of the IgLON5 protein, a neu-
ronal cell adhesion molecule, and the pathomechanism of anti-
IgLON5 antibody-associated diseases are still insufficiently
understood. Neuropathologic postmortem findings of a few
cases include gliosis, neuronal loss, and neuronal agglomeration
of hyperphosphorylated tau protein in areas correlating with the
clinical deficits such as signs of dysfunction of the brainstem,
tegmentum, hypothalamus and hippocampus areas, and to a
lesser extent, anterior horns of the spinal cord.4

Whether anti-IgLON5 antibodies directly cause neuronal dys-
function and degeneration5 or only are produced secondary to a
neurodegenerative process is unclear. The strong association
with HLA-DRB1*10:01 and HLA-DQB1*05:01 alleles suggests
an autoimmune pathogenesis.1,2 Among anti-IgLON5 anti-
bodies, the noncomplement-fixing IgG4 subclass predominates
over IgG1, but the latter can induce internalization of IgLON5 in
vitro.5 Previous case reports described patients with (1) sleep
behavior abnormalities, (2) a progressive supranuclear palsy-like
phenotype, (3) a bulbar syndrome,6,7 and (4) cognitive decline
with or without chorea.2,3 In addition, Wenninger, Honorat, and
colleagues reported the presence of motor-neuron signs (e.g.,
fasciculations, atrophy, and spasticity) in some patients with anti-
IgLON5 disease.8,9 Bulbar symptoms combined with these signs
can led to suspect a bulbar-onsetmotor-neuron disease. Here, we
present 5 anti-IgLON5-seropositive patients with predominant
bulbar dysfunction including severe laryngeal stridor causing
episodes of respiratory failure, different types of sleep-related
breathing disorders, and parasomnia and dysphagia that received
immunotherapy and partially improved or stabilized during the
disease course. Patients with IgLON5-associated disease were
identified by the clinical phenotype and polysomnography
(PSG) findings. They were referred to the Neuromuscular
Center, UniversityHospital Zurich, Switzerland, betweenAugust
2017 and November 2019 for bulbar symptoms and with the
question whether there were further signs of motor neuron
disease. This observational study should alert physicians to
consider anti-IgLON5 disease as differential diagnosis of a clin-
ical phenotype resembling bulbar-onset motor neuron disease.

Methods
Patient Consents
Informed consent was obtained from all 5 patients in this
clinical case series.

Data Availability
Anonymized data including laboratory results, imaging, and
electrophysiologic and sleep testing data will be shared by
request from any qualified investigator.

Case Descriptions
Clinical Findings
Five men aged 52–77 years (median: 70) at diagnosis pre-
senting with recurrent respiratory distress and progressive
neurogenic dysphagia as cardinal symptoms were referred
because of suspicion of bulbar-onset motor neuron disease.
The time from onset of symptoms to diagnosis of anti-
IgLON5 disease ranged from 7months to 3.5 years (median 2
years). None of them had a history of autoimmune disease or
cancer. The demographics and clinical features are described
in detail in tables 1 and 2. Two patients (patients 1 and 3)
presented with recurrent acute hypercapnic respiratory failure
because of laryngeal dysfunction requiring intubation and
subsequent tracheotomy: Patient 1 had been diagnosed with
obstructive and central sleep apnea 3 years earlier, but both
continuous positive airway pressure (CPAP) and adaptive
servoventilation (ASV) were unsuccessful. Episodes of acute
dyspnea accompanied by stridor worsened and led to re-
peated tracheal intubations. Furthermore, he developed dys-
arthria and dysphagia over the previous 2 years. Patient 3 had
a 9-month history of severe dyspnea attacks resulting in acute
hypercapnic respiratory failure that were also attributed to
laryngeal dysfunction. Three patients were referred mainly
because of progressive dysphagia with weight loss, tongue
dysmotility, and dysarthria for 7months (patient 5) to 1.5–2.5
years (patient 4 and 2). In addition, patients 2 and 4 com-
plained of episodes of breathing difficulties and disturbed
sleep with daytime sleepiness (patient 2) or recurrent noc-
turnal tongue biting (patient 4). Patients 1, 2, 4, and 5 re-
ceived nocturnal positive airway pressure therapy (CPAP,
ASV, or bilevel positive airway pressure) 4–10 years before
the diagnosis of anti-IgLON 5 disease. In patients 1, 2, 4, and
5, clinical features of motor neuron involvement were docu-
mented including an increased jaw jerk reflex and muscle
spasticity and occasional muscle fasciculations in tongue, arm
and thigh muscles, facial myokymia, and cramps.

Investigations
All 5 patients had serum antibodies against IgLON5 (table 1),
2 also in the CSF. The serum anti-IgLON5 antibodies
belonged to the IgG1 (patients 2–5) and IgG4 isotype (all 5
patients). By contrast, when we retrospectively tested ar-
chived serum and CSF samples of 5 male patients diagnosed

Glossary
AHI = apnea-hypopnoea-index; ALS = amyotrophic lateral sclerosis; ASV = adaptive servo-ventilation; CPAP = continuous
positive airway pressure; FOIS = Functional Oral Intake Scale;OSA = obstructive sleep apnea; PEG = percutaneous endoscopic
gastrostomy; PSG = polysomnography.
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previously with amyotrophic lateral sclerosis (ALS) and
identified by a search in our neuromuscular center database,
they were negative for anti-IgLON5 antibodies (ALS

“clinically possible” or “definite” according to the Awaji cri-
teria,10 age range: 57–75 years; 4 with bulbar symptoms).
There were no inflammatory changes in the CSF of patients

Table 1 Demographics, Initial Findings, HLA-Alleles, Serology, and Immunotherapy

Case 1 Case 2 Case 3 Case 4 Case 5

Demographics

Age at diagnosis 74 years 52 years 77 years 63 years 70 years

Gender Male Male Male Male Male

Origin Swiss Sri Lankan Swiss Swiss Italian

Time from onset to
diagnosis

Approx. 2 years after
onset of dysarthria and 6
months after onset of
acute respiratory crises

Approx. 3.5 years
after onset of
dysphagia

Approx. 2 years after
onset of hoarseness and
14months after onset of
attacks of dyspnea

Approx. 1.5 years
after onset of
dysphagia

Approx. 7 months
after onset of
dysphagia

Symptoms at onset OSA Dysphagia Hoarseness Episodes of dyspnea,
OSA + parasomnia

OSA

Symptoms at
diagnosis

Same as above +
dysphagia dysarthria,
stridor and episodes of
dyspnea

Same as above +
dysarthria, OSA,
increased daytime
sleepiness

Same as above +
episodes of dyspnea,
dysphagia

Same as above +
dysphagia

Same as above +
“swollen tongue,”
dysphagia,
dysarthria, and
dysgeusia

Reason for referral
to neurologist

Unclear bulbar
symptoms

Progressive
dysphagia

Unclear difficulties with
voice and swallowing

Progressive
dysphagia

Progressive
dysphagia

HLA-allele

HLA-DRB1*10:01 −/− +/− −/− +/− +/−

-HLA-DQB1*05:01 +/− +/− −/− +/− +/−

Anti-IgLON5

In serum Positive (1:1,000)a Positive (>1:1,000)a Positiveb Positive (>1:1,000)a Positive (1:320 and
1:1,000)a

In CSF Negativea Positive (>1:100)a Not analyzed Positive (1:32)a Negativea

IgG1c Negative Positive Positive Positive Positive

IgG4c Positive Positive Positive Positive Positive

Immunotherapy

Period between
onset of
symptoms and
beginning of
immunotherapy

7 months after onset of
episodes of acute
dyspnea

Approx. 45 months
after onset of
dysphagia

15months after onset of
attacks of dyspnea

Approx. 20 months
after onset of
dysphagia

Approx. 7 months
after onset of
dysphagia

Compound,
duration, dose

Mercaptopurine
(75 mg/d)

IV methyl-
prednisolone 1g/d, 5
consecutive days
PEX, 5 cycles, every
other day
Rituximab (375 mg/
m2 body surface, 1×)

PEX, 3 cycles, every
other day
IVIG, 2 cycles (0.4 g/kg/
d for 5 days, monthly
interval)
Rituximab (375 mg/m2

body surface, 2×)

2× IV methyl-
prednisolone 1g/d, 5
consecutive days
2× PEX, 5 cycles,
every other day
Rituximab (375 mg/
m2 body surface, 1×)

IV methyl-
prednisolone 1g/d,
5 consecutive days
PEX, 5 cycles, every
other day
Rituximab (375mg/
m2 body surface,
1×)

Response to
immunotherapy

Partial improvement
(PEG removed, re-
tracheostomy
necessary)

Persistent bulbar
symptoms
(tracheostomy
recommended but
refused by patient)

Partial improvement
(swallowing),
(tracheostomy)

Persistent dysphagia
(PEG), recurrent
attacks of acute
dyspnea
(tracheostomy)

Persistent
dysphagia, (PEG
and tracheostomy)

mRS at last visit 2 2 2 3 3

Abbreviations: IVIG = IV immunoglobulins, mRS = modified Rankin Scale; PEG = percutaneous endoscopic gastrostomy; PEX = plasma exchange.
Cell-based immunofluorescence assays performed aat the Dep. of Clinical Immunology, University Hospital Zurich, bat the Dep. of Neurology, Medical
University of Innsbruck, Austria, canalyzed by Euroimmun, Lübeck, Germany.
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1–5 except mild-to-moderate elevated CSF protein (no in-
trathecal IgG synthesis in 3 of 5 CSF samples analyzed). Brain
and spinal cord MRI findings of all 5 patients were un-
remarkable. Serologic tests were negative for HIV, Borrelia
burgdorferi, Treponema pallidum and acetylcholine receptor,
muscle specific tyrosine kinase (MuSK), titin, lipoprotein
receptor-related protein 4, and cN-1A (Mup44) antibodies.
Creatine kinase values were not significantly elevated. Anal-
ysis of phosphorylated neurofilament heavy chain (pNf-H), a
proposed diagnostic biomarker for ALS, showed marginally
positive results in 1 of 5 of our patient serum samples and one
of one analyzed CSF samples (patient 4; analyzed by Euro-
immun, Lübeck, Germany). Three of the 5 patients expressed
HLA-DRB1*10:01 in combination with HLA-DQB1*05:01
alleles, and one patient expressed HLA-DQB1*05:01 without
HLA-DRB1*10:01. Of the 2 patients negative for HLA-
DRB1*10:01, patient 3 was homozygous for HLA-DRB1*03:
01 and patient 1 was HLA-DRB1*01:01 and HLA-DRB1*04:
04. EMG revealed subtle pathologic spontaneous activity and
chronic neurogenic changes in different regions including the
masseter, limb, and even thoracic paravertebral muscles in all
5 patients, individually not fulfilling the Awaji-Shima con-
sensus criteria for ALS10 (table 2). A disturbed sleep archi-
tecture with an alpha-delta pattern was detected in the PSG of
patient 1 who had a history of parasomnia (table 3). Re-
spiratory moaning, inspiratory flow limitations with cyclic
oxygen desaturations, and central apneas (apnea-hypopnea
index [AHI] 16/h), inspiratory stridor, smacking, and in-
creased periodic limb movements were noted. The PSG of
patient 2 demonstrated a markedly reduced sleep efficiency
and REM sleep behavior disorder. A respiratory polygraphy
with capnography off CPAP confirmed severe obstructive
sleep apnea (OSA) and demonstrated episodes of sleep-
related hypoventilation and inspiratory stridor. The PSG of
patient 4 revealed a markedly fragmented sleep profile with
many arousals (rarely associated with periodic limb move-
ments), REM sleep behavior disorder, but showed no residual
sleep-disordered breathing or stridor on noninvasive ventila-
tion. Patient 3`s PSG did not reveal any relevant breathing
disorder or stridor but increased periodic limb movements in
part associated with arousals. The PSG of patient 5 on ASV for
treatment-emergent central sleep apnea demonstrated in-
creased periodic limb movements and REM-sleep behavior
disorder. A cardiorespiratory polygraphy after tracheotomy
revealed mild central sleep apnea (AHI 14/h). A video fluo-
roscopic and endoscopic swallowing examination was per-
formed in all 5 patients and showed signs of salivary and silent
aspiration and laryngeal penetration. The lowest FOIS
(Functional Oral Intake Scale) value reached was I-II (pa-
tients 1, 4, and 5) (level I: nothing by mouth and level II: tube
feeding with minimal attempts of oral feeding), and thus, a
percutaneous endoscopic gastrostomy (PEG) was inserted.
The ability of oral intake in patient 2 and 3 were evaluated as
FOIS value V (total oral intake of multiple consistencies re-
quiring special preparations) or V to VI (total oral intake with
no special preparation, but must avoid specific foods and
liquid items), respectively. All patients underwent fiberoptic

evaluation/laryngoscopy by ENT/phonation specialists
demonstrating velopharyngeal insufficiency and functional
laryngeal impairment (e.g., bilaterally impaired vocal cord
function and paresis) (table 2).

Follow-Up
All 5 patients received immunotherapy that was started be-
tween 7-15 months after onset of recurrent respiratory failure
(patients 1 and 3) and approximately 7 months to 3.5 years
after gradual onset of dysphagia (patients 5, 4, and 2) (table
1). One patient improved (patient 1) under Mercaptopurine
(up to 75 mg/d p.o.) as maintenance immunotherapy. Mer-
captopurine was chosen based on the personal experience and
preference of his treating neurologist back at home. On a
follow-up visit, dysphagia was only mild, and it was planned to
remove the PEG. Physical activity and exertional dyspnea
improved. The tracheostoma was removed, but retracheot-
omy was necessary shortly after because of an acute dyspnea
attack at night. Patient 2 received a steroid pulse therapy,
plasma exchange, and a B cell depleting maintenance treat-
ment with rituximab, but anti-IgLON5 antibody levels
remained high. Nevertheless, he was doing well in the past 6
months. Patient 3 received plasma exchange, followed by IV
immunoglobulins and rituximab. At follow-up visits, he
reported improved swallowing and no further weight loss. He
still has a tracheostoma, but there were no respiratory crisis
and emergency admissions to the hospital since the first
plasma exchange 11 months ago. Despite initiation of an IV
methylprednisolone pulse therapy, patient 4 had to be hos-
pitalized repeatedly because of acute episodes of lar-
yngospasm and acute respiratory failure requiring intubation
and additional plasmapheresis. The patient finally consented
to a tracheostomy and PEG tube placement. After another IV
methylprednisolone pulse and rituximab therapy, patient 4
still suffers from severe dysphagia, and recurrent attacks of
acute dyspnea and serum anti-IgLON5 antibodies are still
positive. Patients 5’s immunotherapy was started with an IV
methylprednisolone pulse, plasma exchange sessions, and
continues with rituximab. So far, he is still dependent on the
PEG tube.

Discussion
The initial symptoms suggested bulbar onset motor neuron
disease further supported by the fact that all 5 patients dem-
onstrated signs of spasticity, hyperreflexia, mild atrophy and
limb weakness, and fasciculations of the tongue and peripheral
muscles. Disease duration since diagnosis spanned from 3 to 19
months. It has been reported that IgLON cell surface proteins
are expressed also outside of the CNS and that peripheral
involvement in anti-IgLON5 syndromes can occur.2,3 Alto-
gether, our patients did not fulfill diagnostic criteria for clini-
cally definite ALS10 because there was no typical progressive
spread to other body regions. ALS patients are at increased risk
for sleep-related breathing disorders, particularly OSA and
nocturnal hypoventilation. However, the sleep disturbances
associated with anti-IgLON5 disease such as a short REMonset
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latency, a high proportion of REM sleep, and a low proportion
of slow wave sleep and parasomnias including vocalizations,
limb movements, and gesturing do usually not occur. Recently,
patient populations with the classical tauopathy progressive
supranuclear palsy or isolated OSA have been tested negative
for IgLON5 autoimmunity.1,11,12 Our retrospective analysis of
serum and CSF specimens of 5 additional patients with ALS

identified by a search in our neuromuscular database revealed
no reactivity against IgLON5 and supports results that these
antibodies are highly specific.1 Previous data suggest that pa-
tients with anti-IgLON5 disease who are not treated or only
treated with systemic corticosteroids have a higher mortality.3

Patients with a bulbar or motoneuron-like phenotype might
have a worse response to immunotherapy,2,6,7 but case

Table 2 Bulbar and Motor-Neuron Signs, EMG, and Other Neurological Features

Case 1 Case 2 Case 3 Case 4 Case 5

Bulbar symptoms Dysphagia dysarthria,
episodes of dyspnea

Dysphagia, dysarthria Hoarseness, episodes of
dyspnea, dysphagia

Episodes of dyspnea,
dysphagia

“Swollen
tongue,”
dysphagia,
dysarthria

Stridor Yes Yes Yes — No

Laryngeal
dysfunction

Bilateral vocal cord
paresis,
dyssynchrony,
paradoxical
movements

Symmetric mobility of
vocal cords

Severe bilateral vocal
cord paresis

Bilateral vocal cord
paresis

Bilateral vocal
cord paresis,
swelling of
arytenoid
mucosa

Tracheotomy Yes — Yes Yes Yes

Motor signs

Limbs, cranial
(except tongue)

Increased masseter
reflex activity, leg
spasticity, arm and leg
muscles’
fasciculations, mild leg
muscles’ atrophy

Increased masseter reflex
activity, perioral
myokymia,

None Perioral fasciculations None

Tongue Slightly reduced
tongue motility/
strength, no atrophy
or fasciculations

Reduced tongue motility/
strength, no atrophy, but
fasciculations

None Slightly reduced
tongue motility/
strength, no atrophy or
fasciculations

Severe tongue
palsy, feeling
of having a a
“swollen
tongue,”
fasciculations

EMG study Fibs-sw (anterior tibial,
vastus lateralis), FPs
(biceps brachii) and
CRD (masseter), and
chronic neurogenic
changes

Fibs (tongue, anterior
tibial), CRD, doublets (FDI),
and chronic neurogenic
changes

Fibs-sw, CRD in limb
muscles, and signs of
chronic denervation

A few FPs (masseter
and FDI), chronic
neurogenic changes in
1 muscle (FDI)

A few FPs
(biceps, FDI),
mild chronic
neurogenic
changes (FDI)

Gait instability,
movement
disorder

None (walks more
than 1 hour in the
mountains)

Reduced endurance
(needs to rest every 10
minutes when walking),
rare falls

None; 6 minutes walking
test without aid: 560 m

Slightly unsteady gait,
no falls, 6 minutes
walking test without
aid: 420 m

None; 6
minutes
walking test
without aid:
400 m

Cognitive
impairment,
neuropsychiatric
symptoms

None reported Fatigue, difficulties
concentrating, and
reduced drive and
executive functions
(neuropsychological
testing). Family reports
occasional memory
disturbances, confusion,
and visual hallucinations

None reported Recurrent depressive
disorder, “burnout
syndrome,” reduced
impulse control and
semantic fluency
(neuropsychological
testing)

None reported

Dysautonomia Episodes of
tachycardia (catheter
ablation for re-entrant
tachycardia),
tachyarrhythmia,
torsade-de-pointes,
AV-block 3rd degree

None reported Nycturia (BPH),
obstipation, night sweats,
during episodes of
dyspnea: Palpitations,
NSTEMI requiring
coronary artery stenting,
and DD Takotsubo
cardiomyopathy

Signs of BPH, erectile
dysfunction, episodes
of tachycardia and
palpitations, 24 hours
ECG: normal heart
rhythm, 71–149 beats/
min

Hyperhidrosis,
no signs of
orthostatic
hypotension
(schellong test)

Abbreviations: BPH =benign prostatic hyperplasia; BPH =benign prostatic hyperplasia; CRD = complex repetitive discharges; DD =differential diagnosis; Fibs-
sw = fibrillation and sharpwaves; FPs = fasciculation potentials; FDI, first doral interosseusmuscle; NSTEMI =Non-ST segment elevationmyocardial infarction.
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numbers are too small to draw definite conclusions. Partial and
transient improvements of symptoms could also be related to
spontaneous fluctuations during the natural course of the ill-
ness. In our study, 2 of 5 patients (patients 1 and 3) demon-
strated improved swallowing-related quality of life, weight
status, and physical activity under immunotherapy, but laryn-
geal dysfunction was persistent and required long-term tra-
cheostomy. Of note, patient 1 who fully recovered from
dysphagia differed not only in the point of immune medication
but also HLA-status (presence of HLA-DQB1*05:01 without
HLA-DRB1*10:01) and absence of anti-IgLON5 antibody of
the IgG1 subclass. The potential impact of certain immune

phenotypes is presently highly speculative but will hopefully be
examined by larger, collaborative efforts in the future.

Taken together, anti-IgLON5 disease with bulbar syndrome is
an uncommon but important diagnostic consideration for
neurologists, ear nose throat, respiratory, and sleep specialist
in cases of suspected bulbar onset ALS. Antibody testing
should be considered in patients with stridor, acute dyspnea
attacks due to upper airway dysfunction early during the
disease course, OSA, a prominent sleep disorder and severe
dysphagia even without inflammation in MRI, and CSF
studies. Our case series has limitations because it is

Table 3 Sleep Symptoms and Studies

Case 1 Case 2 Case 3 Case 4 Case 5

Parasomnia NREM RBD No NREM, RBD RBD

Sleep apnea OSA (first diagnosis
2 years before the
onset of bulbar
symptoms)

OSA (first diagnosis 2 years
before, HSAT)
OSA & hypoventilation (after
symptom onset)

No OSA, later
treatment-
emergent central
CSA

OSA (first diagnosis 11
years prior, PSG, AHI 65/h),
later treatment-emergent
CSA

PAP treatment
before the
diagnosis of IgLON5
disease

CPAP, then ASV CPAP, then BiPAP No CPAP, then BiPAP CPAP, then ASV

Excessive daytime
sleepiness

— Yes — No No

Sleep study I PSG RP PSG after
tracheotomy

PSG on NIV PSG on ASV

Sleep study II — PSG on BiPAP — — RP after tracheotomy

Sleep latency
(min)

2 58 8.5 19

Sleep
architecture

Abnormal
structure, alpha-
delta-pattern

Disturbed sleep architecture;
short REM latency, high
proportion of REM sleep, no slow
wave sleep, and long wake
phases

Short REM
latency,
otherwise
normal sleep
architecture

Disturbed sleep
architecture, short
REM latency, and
incomplete REM
atonia,

Disturbed sleep
architecture; high
proportion of REM sleep,
no slow wave sleep, and
long wake phases

Arousal index
(events/hour)

— 8 28.9 19.7

PLMI (events/h) 77.3 0 89.9 95.6 37

Stridor during
sleep study

Yes Yes No No No

AHI (events/hour) 16.4 59, 42 on NIV 0.9 1.3 on NIV 32 on ASV

ODI (events/hr) — 124, 36 on NIV 0.2 1.1 on NIV

Nocturnal
SpO2 (%)

92 88, 89 on NIV 93 97 93 on ASV

Hypoventilation No Yes No No No

Summary of sleep
abnormalities

Sleep apnea,
stridor, PLMD,
parasomnia, and
disturbed sleep
architecture

OSA, sleep-hypoventilation,
stridor, and REM motor activity

PLMD,
myoclonus

Sleep apnea,
parasomnia, PLMD,
and REM motor
activity

Sleep apnea, PLMD, and
REM motor activity

Abbreviations: AHI = Apnea-hypopnea-index; ASV = adaptive servo-ventilation; BiPAP = bilevel positive airway pressure ventilation; CPAP = continuous
positive airway pressure; CRD: complex repetitive discharges; CSA = central sleep apnea; Fibs-sw: fibrillation and sharp waves; FDI = first dorsal interosseus
muscle; FPs = fasciculation potentials; NREM = Non-rapid eye movement; ODI = oxygen desaturation-index; OSA = obstructive sleep apnea; PAP = positive
airway pressure; PLMI = periodic limb movement index; PSG = polysomnography; RP = respiratory polygraphy.
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retrospective and involves a small number of patients.
Whether early recognition and immune intervention alter
disease progressions remains to be determined. In-
terdisciplinary management and care including otolaryngol-
ogists and pulmonologists is crucial to reduce the risk of
respiratory failure or sudden death. Although new cases are
emerging, additional mechanistic studies will be important to
understand the immune process and pathophysiology un-
derlying this disorder.
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Abstract
Objective
Investigate the value of including cerebellar degeneration-related protein 2-like (CDR2L) as a
marker in commercial diagnostic tests for anti-Yo–associated paraneoplastic cerebellar de-
generation (PCD).

Methods
We included sera and CSF samples from 24 patients with suspected PCD (6 of whom had PCD
with underlying gynecologic or breast cancer), who were positive for Yo antibodies using the
commercially available, paraneoplastic neurologic syndromes (PNS) 14 Line Assay from Ravo
Diagnostika. The samples were further evaluated using the EUROLINE PNS 12 Ag Line Assay
and a cell-based assay (CBA) fromEuroimmun. For confirmation of positive lineblot results, we
used indirect immunofluorescence of rat cerebellar sections. We also tested all samples in 2
assays developed in-house: a CBA for CDR2L and a Western blot analysis using recombinant
cerebellar degeneration-related protein 2 (CDR2) and CDR2L proteins.

Results
In PNS 14 and PNS 12 Ag Line Assays, anti-CDR2 reactivity was observed for 24 (100%) and
20 (83%) of the 24 samples, respectively. Thirteen of 24 subjects (54%) were also positive using
the Euroimmun CBA. Rat cerebellar immunofluorescence was the best confirmatory test. In
our in-house CBA for CDR2L and Western blot for CDR2 and CDR2L, only the 6 patients
with confirmed PCD reacted with CDR2L.

Conclusions
Commercially available tests for Yo antibody detection have low specificity for PCD because
these assays use CDR2 as antigen. By adding a test for CDR2L, which is the major Yo antigen,
the accuracy of PCD diagnosis greatly improved.

Classification of Evidence
This study provides Class III evidence that a CBA for CDR2L accurately identifies patients with
PCD.
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Paraneoplastic neurologic syndromes (PNS) are rare,
immune-mediated diseases triggered by cancer that differ in
clinical features, prognosis, and associated onconeural
antibodies.1–4 Paraneoplastic cerebellar degeneration
(PCD) is one of the most common of these syndromes,
observed in individuals with gynecologic or breast cancer.
These patients usually have Yo antibodies in serum and
CSF.5–7 Evidence suggests that anti-Yo targets 2 intracellular
antigens, cerebellar degeneration-related protein 2 (CDR2)
and CDR2-like (CDR2L), expressed in the nucleus and
cytoplasm of Purkinje neurons in the cerebellum,
respectively.8–10 The interaction between anti-Yo and CDR
proteins is believed to mediate Purkinje neuron dysfunction
and death, leaving the patients in a severely disabled
state.11,12

Onconeural antibodies identified in the sera or CSF of pa-
tients are key diagnostic biomarkers for PCD.3 Commercial
line assays are available, but the diagnostic value of these tests
has been questioned.1,13 The specificity of anti-Yo is low, with
less than 10% confirmation rate.1 Because anti-Yo is associ-
ated with most PCD cases related to gynecologic and breast
cancer, improved diagnostic tests for anti-Yo is important to
ensure a correct clinical diagnosis and prevent unnecessary
tests or inappropriate treatment.

Our recent studies have suggested that CDR2L, which shares
50% sequence homology with CDR2, is likely the main target
of anti-Yo.12 We postulate that the low specificity for
detecting Yo antibodies seen with commercial immunoassays
is that they use CDR2 as the Yo-antigen. Here, we assessed
the value of including CDR2L as a diagnostic marker to in-
crease the specificity for Yo antibody detection.

Methods
Patients
We performed a retrospective analysis of 9,527 sera and CSF
samples from patients screened for onconeural antibodies at
the Neurological Research Laboratory, Haukeland University
Hospital, Bergen, from 2017 to 2020. We included the 24
patients with serum and/or CSF Yo reactive bands detected
by the commercial PNS 14 Line Assay from Ravo Diagnostika
(Freiburg im Breisgau, Germany) in the study. Positive
samples were also tested with EUROLINE PNS 12 Ag and
cell-based assay (CBA) fromEuroimmun (Lübeck, Germany)
and were further explored by indirect immunofluorescence of
rat cerebellar section. Samples were also tested in 2 assays for
CDR2L developed in-house.

Standard Protocol Approvals, Registration, and
Patient Consents
Patient records for the 24 included cases were obtained and
anonymized before the study. PCD was diagnosed according
to the established criteria.2 The study was approved by The
Regional Committee for Health and Medical Research Ethics
in Norway, REK #123524.

Commercial Line Immunoassays for
Anti-CDR2 Detection
The PNS 14 Line Assay (Ravo Diagnostika, #PNS14-003)
includes 14 different antigens for PNS: GAD65, HuD, Yo, Ri,
CV2/CRMP5, amphiphysin, Ma1, Ma2, SOX1, Tr/DNER,
Zic4, titin, recoverin, and Protein Kinase C γ. The EURO-
LINE PNS 12 Ag (Euroimmun, #DL1111-1601-7-G) in-
cludes 12 different antigens for PNS: amphiphysin, CV2/
CRMP5, Ma2, Ri, Yo, Hu, recoverin, SOX1, titin, Zic4,
GAD65, and Tr/DNER. Serum and CSF samples from 24
patients were analyzed in both immunoassays following the
manufacturer’s instructions. Two independent investigators
graded band intensities from + to +++, compared to a positive
control sample (+++).

The serum and CSF from the 24 patients were also tested for
anti-Yo using a commercial CBA (Purkinje Cell Mosaic 1;
Euroimmun, #FA1113-1005-1) consisting of BIOCHIP Mo-
saics with 4 positions (Yo/CDR2-, Tr/DNER-, ITPR1-, and
CARP-transfected human embryonic kidney 293 [HEK293]
cells), positive and negative controls. Briefly, aliquots of 30 μL
serum (diluted 1:100) or of CSF (diluted 1:1) were applied to
each reaction field on the BIOCHIP slide. After incubation
(30 minutes, room temperature), the slide was washed with
phosphate-buffered saline containing 0.2% Tween 20 (PBS-
Tween 20; 5 minutes, room temperature), followed by in-
cubation with goat anti-human IgG secondary antibody
conjugated to Alexa Fluor 488 (Thermo Fisher Scientific,
Waltham, MA, 1:500, #A-11013, 30 minutes, room temper-
ature). The slide was rinsed with PBS-Tween 20 andmounted
on a glass coverslip. The cutoff for Yo/CDR2was set to 1:100,
as advised by the manufacturer. Two independent investiga-
tors evaluated the results.

Indirect Immunofluorescence
All procedures were performed according to the NIH
Guidelines for the Care and Use of Laboratory Animals
Norway (FOTS 20135149/20157494/20170001). Wistar
Hannover GLAST rats were anesthetized and transcardially
perfused with ice-cold 4% paraformaldehyde (PFA) in PBS.
The brains were postfixed (24 hours, 4°C), incubated with
18% sucrose in PBS (72 hours, 4°C), snap-frozen, and cut on

Glossary
BSA = bovine serum albumin; CBA = cell-based assay; CDR2 = cerebellar degeneration-related protein 2; CDR2L = cerebellar
degeneration-related protein 2-like;HEK293 = human embryonic kidney 293; PCD = paraneoplastic cerebellar degeneration;
PFA = paraformaldehyde; PNS = paraneoplastic neurologic syndromes; SDS = sodium dodecyl sulfate.
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a cryostat to 10-μm parasagittal sections.14 Heat-induced an-
tigen retrieval was performed with a pressure cooker in Diva
Decloaker buffer solution (Biocare Medical, Pacheco, CA;
#DV2004MX). Sections were blocked in bovine serum albu-
min (BSA) and Triton X-100 in PBS (2 hours, room temper-
ature), followed by incubation with patient samples (1:500 in
blocking solution, overnight, 4°C). Finally, the sections were
rinsed with PBS, incubated with secondary antibody (Alexa
Fluor 488 goat anti-human IgG, 1:100, 90 minutes, room
temperature), rinsed, and mounted with ProLong Diamond
Antifade Mountant with 4’,6-diamidino-2-phenylindole
(DAPI) (Thermo Fisher Scientific, #P36962).8

CBA for Anti-CDR2L Detection
HEK293 cells were cultured in 8-well Nunc Lab-Tec II Chamber
Slide System (Thermo Fisher Scientific, #154534) in Eagle
MinimumEssentialMedium supplementedwith 10% fetal bovine
serum and penicillin/streptomycin (37°C, 5% CO2). Cells were
transfected with a plasmid for expression of Myc-DDK-tagged
CDR2L (Origene, Rockville, MD; #RC206909) using Lipofect-
amine 3000 Reagent (Invitrogen, Carlsbad, CA; #L3000008).
At 48 hours after transfection, coverslips were washed with PBS
and fixed with 4% PFA/4% glucose in PBS (20 minutes, room
temperature). Demembranation with 0.1% triton X-100 in PBS
(7 minutes, room temperature) was followed by blocking with

Table Results of Commercial Line Immunoassays, Confirmatory Tests, Clinical Presentation, and Potential Cancer Found
in 24 Patients Tested for Anti-Yo

Patient F/M Age Ravoa EUROLINEa CBA CDR2 IIF CBA CDR2L WB (CDR2L/CDR2) Clinical presentation Cancer

1 F 37 Yo +++ Yo +++ + + + +/+ PCD Breast

2 F 63 Yo +++ Yo +++ + + + +/+ PCD Uterine

3 F 63 Yo +++ Yo +++ + + + +/+ PCD Uterine

4 F 74 Yo +++ Yo +++ + + + +/+ PCD Ovary

5b F 77 Yo +++ Yo +++ + + + +/+ PCD Uterine

6 F 73 Yo +++ Yo +++ + + + +/+ PCD Ovary

7c F 66 Yo +++ Yo +++ + + − +/+ Headache Breast

8 M 61 Yo ++ — + + − −/+ Polyneuropathy Lung

9 F 20 Yo ++ Yo ++ + − − −/+ Myalgia No

10 F 34 Yo + Yo ++ + − − −/+ Myalgia No

11 M 53 Yo ++ Yo +++ + − − −/+ Polyneuropathy No

12 M 47 Yo ++ Yo +++ + − − −/+ Confusion No

13 M 36 Yo + Yo ++ + − − −/+ Psychosis No

14 F 70 Yo ++ Yo ++ − − − −/+ Neuropathy No

15 M 47 Yo + Yo + − − − −/− Epilepsy No

16 M 71 Yo ++ Yo ++ − − − −/+ Neuropathy No

17 F 54 Yo + Yo ++ − − − −/− Myalgia No

18 F 69 Yo + − − − − −/− Encephalopathy No

19 M 35 Yo + Yo + − − − −/− Encephalopathy No

20 F 73 Yo + − − − − −/− Encephalopathy No

21 M 31 Yo + Yo ++ − − − −/− Psychosis No

22 M 74 Yo + − − − − −/− Myalgia No

23 F 42 Yo + Yo + − − − −/− Paresthesia No

24 M 71 Yo + Yo + − − − −/− Diplopia No

Abbreviations: CBA = cell-based assay; CDR2 = cerebellar degeneration-related protein 2; CDR2L = cerebellar degeneration-related protein 2-like; IIF = indirect
immunofluorescence; PCD = paraneoplastic cerebellar degeneration; WB = Western blot analysis.
a Lineblots were graded by trained investigators as − (negative), + (weak positive), ++ (moderate positive), or +++ (strong positive) depending on the band
intensity.
b All samples are sera except from patient 5, which was the CSF.
c All cancers were detected within 2 years of sampling except for patient 7 where cancer was diagnosed 19 years previously.

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

http://neurology.org/nn


10% Sea Block blocking buffer (Thermo Fisher Scientific,
#37527) in PBS (1 hour, room temperature). Coverslips were
incubated with the serum (1:10 and 1:100) or CSF (1:10 and
1:100), mouse anti-DYKDDDDK tag or FLAG tag (DDK)
(Origene, #TA50011-100, 1:1,000), anti-CDR2L (Protein
Technology, Pencroft Way, Manchester, UK; #14563-1-AP),
or anti-CDR2 (Sigma-Aldrich, St. Louis, MO; #HPA023870)
in blocking solution (1 hour, room temperature). Finally,
coverslips were washed with PBS, incubated with secondary
antibody (Alexa Fluor 488 goat anti-human, Alexa Fluor 488
goat anti-rabbit, or Alexa Fluor 594 goat-anti-mouse, Thermo
Fisher Scientific, #A-11013, #A-11008, #A-11005, respectively,
1 hour, room temperature) and mounted using ProLong Di-
amond Antifade Mountant with DAPI.

Western Blot for Anti-CDR2 and
Anti-CDR2L Detection
The transcription/translation-coupled reticulocyte lysate sys-
tem (Promega, Madison, WI; #L4610) was used for cell-free
protein expression of CDR2L and CDR2. Purified plasmids
encoding the 2 proteins (2.0 μg; Origene, RC204900 [CDR2]
and #RC206909 [CDR2L]) were incubated with the tran-
scription/translation lysate, T7 RNA polymerase promoter,
reaction buffer, recombinant RNasin ribonuclease inhibitor
(Promega, #N2511), and amino acid mixture (30°C, 1.5
hours). A negative control without plasmid was included in
each experiment. The reaction products were evaluated by
sodium dodecyl sulfate (SDS)-polyacrylamide gel electropho-
resis, followed by Western blot analysis.

The reticulocyte extract was denatured in Laemmli buffer (Bio-
Rad, Hercules, CA; #1610747, 95°C, 5 minutes) and 2.5%
β-mercaptoethanol subjected to SDS-polyacrylamide gel electro-
phoresis separation on a 10%TGX gel (Bio-Rad, #456-1035) and
transferred to a polyvinylidene difluoride membrane using the
Trans-Blot Turbo Transfer kit (Bio-Rad, #170-4274). The blots
were blocked in 5%drymilk (Bio-Rad, #170-6404) dissolved in 1x
Tris-buffered saline with 0.1% Tween 20 (TBS-Tween 20) and
incubated with serum or CSF sample diluted in 3% BSA in TBS-
Tween 20 (1:250/1:100, 4°C, overnight). Antibody fixation was

visualized using horseradish peroxidase anti-human IgG (Dako,
Carpinteria, CA; #P0214, 1 hour, room temperature).

Imaging
Rat cerebellar sections and CBAs were imaged on a Leica
Leitz DM RBE fluorescence microscope with CoolLED pE-
300-W LED illumination. Images were evaluated by 2 in-
dependent investigators. ImageJ was used for background
subtraction of microscopy images and evaluation of Western
blot results.

Data Availability
Data related to the current article are available from the cor-
responding authors on reasonable request.

Results
Between 2017 and 2020, 24 of 9,527 tested serum or CSF
samples (0.25%) from patients with suspected PNS showed a
reactive band for Yo antibodies using the PNS 14 Line Assay
from Ravo Diagnostika and 20 (83%) showed a reactive band
using EUROLINE PNS 12 Ag from Euroimmun (table).
Thirteen of the 24 patients (54%) had a confirmed positive
CBA CDR2 assay, whereas only 8 stained Purkinje cells in the
immunofluorescence assay (table).

Using staining of rat cerebellar sections as a confirmatory test,
we found that Yo positive sera from 6 PCD patients showed
granular, cytoplasmic staining in Purkinje neurons (figure
1A). In the group of 18 nonconfirmed PCD cases, serum
samples from 2 patients (7 and 8) stained Purkinje neurons
but with no granular cytoplasmic staining; these patients were
therefore interpreted as anti-Yo negative (figure 1B). The
remaining 16 serum samples were negative (figure 1C). The
commercial line immunoassays alone yielded a high number
of false positive results (18/24 [75%] for the Ravo assay and
16/24 [67%] for the Euroimmun assay). Even when com-
bined with the CBA CDR2 (Euroimmun), the false positive
rate was high at 7 of 24 (29%). The best-established method
for Yo antibody confirmation was careful interpretation of

Figure 1 Representative Images of Rat Cerebellar Sections Incubated With Patient Samples

(A) Sera from confirmed paraneoplastic cerebellar degeneration (PCD) cases (cerebellar degeneration-related protein 2-like [CDR2L]+/cerebellar de-
generation-related protein 2 [CDR2]+, patients 1–6) show granular, cytoplasmic staining of Purkinje neurons. (B) Sera from the 2 cases without PCD but with
previously detected cancer (CDR2L−/CDR2+, patients 7 and 8) stain the cytoplasm of Purkinje neurons, but no granular staining is observed. (C) Sera from the
remaining cases without PCD andwithout cancer (CDR2L−/CDR2+, patient 9–13) do not stain Purkinje neurons of rat cerebellar sections. CDR2L/CDR2 testing
is based on line blots and cell-based assays. G = granular layer; M =molecular layer; P = Purkinje neuron layer. Scale bar = 20 μm; zoom in scale bar = 10 μm.
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immunofluorescent staining of Purkinje neurons in rat cere-
bellar sections.

Because we recently showed that the major target for Yo-
antibodies is not CDR2, but CDR2L,12 we developed an assay
based on HEK293 cells transfected with a plasmid for ex-
pression of Myc-DDK-tagged CDR2L and stained these cells
with patient sera or CSF. To evaluate the specificity of our in-
house CDR2L CBA, HEK293 cells that express Myc-DDK-
tagged CDR2L were stained with anti-DDK, anti-CDR2L, or
anti-CDR2 (figure 2). There was complete overlap between
CDR2L and DDK cytoplasmic staining. The absence of
CDR2 antibody staining confirmed that there was no cross-
reactivity between CDR2 and CDR2L antibodies.

Samples from the 6 confirmed PCD cases stained both
CDR2L-transfected cells and commercial CBA for CDR2
(figure 3, A.a and A.b). However, the samples from the 7
patients with CBA CDR2-positive staining, but no PCD, did
not show CBA staining for CDR2L (figure 3, B.a and B.b).
These results were confirmed by Western blot analysis of
recombinant CDR2 (62 kDa) and CDR2L (55 kDa) proteins
(figure 3, A.c and B.c) with the exception of the sample from
one patient without PCD (patient7) who tested positive for
CDR2L in Western blot but not in CBA. We also found that
Western blot analysis with CDR2 was negative for 9 and 6
patients who were weak-to-moderate positive on the Ravo
and Euroimmun assays, respectively (table).

Discussion
Commercial line immunoassays enable simple and rapid de-
tection of onconeural antibodies in patients with suspected
PNS. In this study, we evaluated the diagnostic accuracy of Yo
antibody testing by commercial line immunoassays and rou-
tine confirmatory tests. We found an approximate 70% false
positivity rate using commercial assays alone, which is in line
with recent studies.1,13 The discrepancy between the 2 com-
mercial assays is most likely related to the nature of the an-
tigens: Both use recombinant CDR2 proteins, but the
sequence length, and therefore protein structure, and the cell
lines in which the recombinant CDR2 is produced differ.
Band intensities were graded from + to +++ compared to a
positive control. Overall, we observed that samples with in-
tense reactive bands on the line immunoassays were more
likely to be from patients with PCD than those with weaker
reactive bands, as was also reported recently.13

The number of false positive tests for PCD was reduced by
combining the results from the 2 line immunoassays with a
CBA for CDR2. In agreement with another study,1 we found
several men among the CDR2-positive but PCD-negative
patients, supporting the hypothesis that CDR2 is not the
natural Yo antigen.

In our hands, the best confirmatory test among the estab-
lished techniques were rat cerebellar immunofluorescence.

Figure 2NoCross-Reactivity Is Observed Between CDR2 Antibodies and CDR2L in Human Embryonic Kidney 293 Cells That
Express Myc-DDK-Tagged CDR2L

Upper row: cells stained with anti-CDR2L (green) and anti-DDK (red). Lower row: cells stained with anti-CDR2 (no reaction), and anti-DDK (red). Nuclei are
stained with DAPI. Scale bar = 20 μm. CDR2 = cerebellar degeneration-related protein 2; CDR2L = cerebellar degeneration-related protein 2-like.
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However, many clinical laboratories are not equipped to
perform indirect immunofluorescence assays, and Purkinje
cell staining can be difficult to interpret because only granular
cytoplasmic staining is characteristic of anti-Yo.8,12 This pat-
tern probably represents ribosomal staining because it has
been shown recently that CDR2L interacts with the ribosomal
subunit protein rpS6.10 Sera from 2 of our patients without
PCD, but with previous cancer, also stained the rat Purkinje
cell cytoplasm, but the cytoplasmic staining was not granular.
The specific target for this staining is unknown, but such false
positive anti-Yo staining must be interpreted with caution
because it is unrelated to PCD.

In our cohort of 24 patients, all positive for Yo antibodies
based on the commercial line immunoassays, only 6 had PCD.
This means that routine testing using only line immunoassays
must be performed with care and must be confirmed to pre-
vent misdiagnosis, unnecessary testing, and incorrect treat-
ment. Some laboratories use immunohistochemistry for initial
screening, which may avoid false positive results based on
commercial line immunoassays alone. However, these analy-
ses are laborious and require skilled personnel to interpret the
binding patterns.

We have previously shown that Yo antibodies bind both en-
dogenous and recombinant CDR2L but only recombinant
CDR2.12 These findings imply that there are independent
antibody responses to CDR2L and CDR2, supported by the
fact that the most highly enriched regions of CDR2L are the
most divergent regions between the 2 proteins.15 Because
CDR2 and CDR2L share common epitopes, this probably

explains the frequent detection of false positive results, which
are CDR2 restricted. This is supported by our recent findings
that PCD-related Yo antibodies bind only endogenous
CDR2L not endogenous CDR2.12

We hypothesized that the specificity of the routine commer-
cial tests could be increased by including CDR2L as a target
protein. In the present study, we developed 2 techniques for
detection of CDR2L: a CBA consisting of HEK293 cells that
express Myc-DDK-tagged CDR2L and a Western blot–based
analysis of recombinant CDR2 and CDR2L proteins. Our
CDR2L CBA identified all 6 patients with PCD and was
negative for the 18 nonconfirmed cases. Western blot analysis
with recombinant CDR2L identified the 6 PCD patients and
one patient with no PCD but with a previous diagnosis of
breast cancer. The apparent mismatch between our CBA and
Western blot assays is unclear but may represent a differently
expressed epitope of CDR2L detected by each of the 2 assays.
Interestingly, patients with weak-to-moderate positive com-
mercial line immunoassays were also found negative by the
CDR2 Western blot analysis, again suggesting differences in
the epitopes detected.

Although our study cohort is small, our data demonstrate
that detection of CDR2L adds an important dimension to
the diagnostic accuracy of PCD testing. Currently, we do
not know whether testing for CDR2L antibodies alone
would be sufficient for diagnosis of PCD because our co-
hort were selected based on anti-CDR2 positivity. This
question will require larger patient cohorts including
PCD patients who test negative in commercial line

Figure 3 Representative Images of Patient Sera (1:100) Double Positive for CDR2L and CDR2 (A.a–A.c), and Single Positive
for CDR2 (B.a–B.c) in Indirect Immunofluorescence of CDR2L Transfected Human Embryonic Kidney 293 Cells
(A.a, B.a), Commercial CBA for CDR2 (A.b, B.b), and WB (A.c, B.c)

A negative control containing reticulocyte lysate without recombinant protein was included in each experiment. Anti-CDR2/CDR2L, green; anti-DDK, red;
merge, yellow. Scale bar = 20 μm. CBA = cell-based assay; CDR2 = cerebellar degeneration-related protein 2; CDR2L = cerebellar degeneration-related protein
2-like; WB = Western blot analysis.
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immunoassays and patients who have PNS caused by other
onconeural antibodies.

In conclusion, our results underline the importance of confir-
matory tests when interpreting results from the currently com-
mercially available anti-Yo detection assays. The high proportion
of false positive results appears to be due to the use of CDR2 as
antigen. Therefore, all positive samples tested by commercial line
immunoassays must be confirmed by immunofluorescence or
immunohistochemistry. However, our results support the thesis
that CDR2L is the major Yo antigen, and we suggest that
CDR2L should be included in the commercially available line
immunoassays and CBAs for Yo antibody detection.

Acknowledgment
The authors thank Torbjørn Kråkenes for technical help and
Laurence Bindoff for valuable discussion.

Study Funding
The study was funded by Helse Vest.

Disclosure
I. Herdlevær, M. Haugen, K. Mazengia, C. Totland, and
C. Vedeler report no disclosures relevant to the manuscript.
Go to Neurology.org/NN for full disclosures.

Publication History
Received by Neurology: Neuroimmunology & Neuroinflammation
October 21, 2020. Accepted in final form December 9, 2020.

References
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Abstract
Objective
To evaluate radiologic and clinical inflammatory activity in women with MS during pregnancy
and postpartum.

Methods
We performed a retrospective analysis of prospectively collected clinical and MRI reports for
women who became pregnant while followed at the University of California, San Francisco MS
Center between 2005 and 2018. Proportion of brain MRIs with new T2-hyperintense or
gadolinium enhancing (Gd+) lesions (primary outcome) and annualized relapse rate (ARR;
secondary) were compared before and after pregnancy.

Results
We identified 155 pregnancies in 119 women (median Expanded Disability Status Scale
[EDSS] 2.0). For the 146 live birth pregnancies, prepregnancy ARR was 0.33; ARR decreased
during pregnancy, particularly the third trimester (ARR 0.10, p = 0.017) and increased in the 3
months postpartum (ARR 0.61, p = 0.012); and 16% of women experienced a clinically
meaningful increase in EDSS. Among 70 pregnancies with paired brainMRIs available, 53% had
new T2 and/or Gd+ lesions postpartum compared with 32% prepregnancy (p < 0.001).
Postpartum clinical relapses were associated with Gd+ lesions (p < 0.001). However, even for
patients without postpartum relapses, surveillance brain MRIs revealed new T2 and/or Gd+
lesions in 31%. Protective effects of exclusive breastfeeding for ≥3 months (odds ratio = 0.3,
95% confidence interval 0.1–0.9) were observed for relapses.

Conclusions
Building on previous reports of increased relapse rate in the first 3 months postpartum, we
report a significant association between inflammation on MRI and this clinical activity. We also
detected postpartum radiologic activity in the absence of relapses. Both clinical and radiologic
reassessment may inform optimal treatment decision-making during the high-risk early post-
partum period.
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MS typically begins between the ages of 20–40 years and has a
female-to-male ratio of 3:1.1–3 As such, MS is primarily di-
agnosed in women of reproductive age. Several studies have
demonstrated that women experience fewer MS relapses
during the immunotolerant state of pregnancy; however, an
increase in relapses has been observed postpartum.4–6 Recent
exceptions to this trend are notable. First, in the disease-
modifying therapy (DMT) era, women discontinuing DMTs
interfering with lymphocyte trafficking (fingolimod and
natalizumab) have increased relapse risk during pregnancy
due to ‘rebound’ disease activity.7 Second, in a more clinically
benign population-based cohort, fewer women were noted to
experience relapses postpartum.8 Third, exclusive breast-
feeding has been associated with reduced postpartum
relapses.9,10

Because clinical inflammatory activity postpartum could be
confused with other common neurologic conditions (such as
migraines,11 meralgia paresthetica,12 or DeQuervain teno-
synovitis13), MRI detects new inflammatory lesions objec-
tively. Three small neuroimaging studies have reported
increased inflammatory activity postpartum: a cohort of 28
Finnish women with MS,14 women with radiologically iso-
lated syndrome,15 and a report of 2 patients with MS.16 There
is a need for larger case series of MRI-defined postpartum
inflammatory activity.

In the current study, we evaluated inflammatory activity on
brain MRIs of women with MS during pregnancy and post-
partum (primary) and clinical relapses (secondary). We hy-
pothesized that inflammatory activity was increased
radiologically and clinically postpartum and that exclusive
breastfeeding was associated with a reduction in the rate of
both outcomes.

Methods
Sample Selection
In this retrospective analysis of prospectively collected clinical
data, we screened the electronic medical record (EMR) to
identify women followed at the University of California, San
Francisco (UCSF) MS and Neuroinflammation Center who
became pregnant between 2015 and 2018 and for whom
prospectively recorded clinical data were available. We iden-
tified 88 women with 103 pregnancies; we also included 13
additional pregnancies for these women that preceded the
search window (2005–2015). From a separate study chart
review, we included an additional 39 pregnancies between
2005 and 2015 from 31 women. Altogether, we identified 119

women, with 155 pregnancies. Women participating in an
ongoing prospective pregnancy registry that began in 2018
were excluded (N = 56 as of July 15, 2020).

Standard Protocol Approvals, Registrations,
and Patient Consents
The UCSF Committee of Human Research approved the
study protocol for retrospective analysis of EMR–derived MS
data with no patient contact (Ref #13–11686).

Data Collection
Maternal MS clinical history was extracted from medical re-
cords, including year of MS onset, disease course at concep-
tion, Expanded Disability Status Scale (EDSS) score, clinical
relapses, and DMT use from the 12-month preconception to
the 12 months after delivery or pregnancy loss. Both pre-
scription records and clinician notes were reconciled during
chart review to determine DMT use. Clinical relapses were
defined as new or worsening neurologic symptoms for at least
24 hours in the absence of fever or infection, as documented
in clinical records by the treating neurologist. When EDSS
was not explicitly included in the treating neurologist’s note,
this was extrapolated from the neurologic examination,
documented symptoms, and reported ambulatory abilities by
a neurologist (K.M.K.), blinded to timing of the EDSS re-
garding pregnancy. Any use of prophylactic steroids (pre-
scribed, for example, when delaying DMT initiation
postpartum to allow breastfeeding, but not after a clinical
relapse) during this timeframe was also recorded.

Neuroradiology reports for brain MRIs, as well as spinal cord
(cervical and thoracic) MRIs when available, performed
during the time interval from 12-month preconception to 12
months after delivery were collected. Neuroimaging reports
for MS-related brain and spinal cord MRIs were manually
reviewed for the presence of T2-weighted hyperintense le-
sions that were new relative to a previous MRI and of gado-
linium enhancing (Gd+) lesions when contrast was
administered. In some cases (24% brain and 29% overall),
MRIs were performed and interpreted outside of UCSF; the
neuroimaging report and/or UCSF clinician’s note were used
to identify new T2 and Gd + lesions in these cases. Clinical
indication for the MRI was categorized as either “monitoring”
(surveillance, treatment planning, or treatment monitoring)
or “new symptom” based on clinical notes and/or imaging
orders.

Obstetrical data, collected from medical record review for the
study pregnancies, included gravidity and parity pre-
conception, use of assisted reproductive technologies,

Glossary
ARR = annualized relapse rate;CI = confidence interval;DMT = disease modifying therapy; EDSS = ExpandedDisability Status
Scale; EMR = electronic medical record; Gd+ = gadolinium enhancing; IQR = interquartile range; mAb = monoclonal
antibody; OR = odds ratio; USCF = University of California, San Francisco.
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pregnancy complications, gestational age at delivery or pregnancy
loss, infant sex, and breastfeeding status (exclusive, nonexclusive,
or not at all) up to 12months after delivery. Tominimize the risk
of overestimating the impact of breastfeeding on clinical out-
comes, breastfeeding was assumed to be nonexclusive unless
explicitly indicated to be exclusive by the neurologist’s or obste-
trician’s notes in the EMR. Duration of exclusive breastfeeding
was also collected, and based on previous reports, women were
categorized as “exclusive breastfeeding” if they did so for at least 3
months17; pregnancies with shorter duration of exclusive
breastfeeding, nonexclusive breastfeeding, or no breastfeeding
were together categorized as “not exclusive breastfeeding.”

Statistical Analyses
Descriptive statistics were reported with mean and SD, median,
interquartile range (IQR) and range, or frequency, as appropri-
ate. For pregnancies resulting in live births, we then carried out
further analyses.

To determine how MS inflammatory activity changes with
pregnancy, we evaluated MRI activity by the proportion of
MRIs demonstrating new T2 hyperintense and/or Gd+ le-
sions (“active MRI”) and clinical activity by the annualized
relapse rate (ARR). Our primary outcome was difference in
MRI inflammatory activity postpartum relative to before; we
performed a number of other exploratory analyses. We cal-
culated proportion of active MRIs and ARR for each three-
month period (“trimester”) in the year preconception, during
pregnancy, and in the year postpartum.

We compared the number of clinical relapses for each trimester
during and after pregnancy to the year preconception using a
mixed-effects negative binomial regression model with a ran-
dom person-specific relapse rate, accounting for the repeated
measures nature of the data andmultiple pregnancies occurring
in some women. The outcome in the model was relapse count
with an offset by the natural log of disease duration. ARR was
calculated from themodel and parameterized as exp(constant +
beta) for each time period. We also performed sensitivity
analyses for ARR for these time periods in 2 conditions: ex-
cluding pregnancies (1) with deliveries before 2010 and (2) in
women treated with fingolimod or natalizumab preconception.

For women withMRIs available both before and after pregnancy,
we compared the proportion of pregnancies with active brain
MRIs (new T2 and/or Gd+ lesions) in the year postpartum with
those of the year before pregnancy, using conditional logistic
regression, accounting for women who contributed more than
one pregnancy; determination of yes/no activity was based on all
MRIs available for each time period. We evaluated the relation-
ship between postpartum clinical relapse and MRI activity (new
Gd+ lesions) when performed within 60 days of symptom onset
using univariable logistic regression for both the first trimester
and the entire year postpartum.

We also evaluated for a clinically meaningful worsening in
EDSS from prepregnancy baseline to last available within 12

months of delivery (for baseline score of 0: 1.5-point increase;
baseline score 1.0–5.5: 1.0-point increase; baseline score ≥6:
0.5-point increase, as previously defined18). EDSS scores
within 30 days after a clinical relapse were not included.

We evaluated for predictors of clinical relapse in the first trimester
postpartum using univariable logistic regression. We included:

c disease duration and maternal age at conception, given a
priori relationships with inflammatory risk

c factors previously related to postpartum inflammatory
activity: ARR in the year before pregnancy, relapses during
pregnancy (no relapses vs ≥1 relapse),5 and breastfeeding
status (nonexclusive vs exclusive for at least 3 months)9,10

c treatment factors: prophylactic steroid use, DMT in the
year preconception, and DMT initiation in the 3 months
postpartum, each evaluated as any use vs no use.

To evaluate predictors of brainMRI activity (newGd+ lesions) in
the first trimester postpartum, we performed similar univariable
logistic regressions, with the exception that we additionally in-
cluded the occurrence of a new Gd+ lesion in the year before
pregnancy, and we determined breastfeeding status (non-
exclusive vs exclusive) andDMT initiation up to the time ofMRI.

Based on previous findings in reported case series, we also eval-
uated additional clinical scenarios. We evaluated the association
of early initiation of postpartumDMT(use vs nonuse) in the first
3 months from delivery with ARR (independent sample t-test)
and development of Gd+ lesions on MRI brain (univariable lo-
gistic regression) in the second and third postpartum trimesters.

To describe use of prophylactic steroids, we qualitatively assessed
relapses across the first 2 trimesters (i.e., months zero to 6) post-
partum inwomen receiving prophylactic steroids andbreastfeeding
for at least 3 months. We also qualitatively evaluated relapses and
MRI activity in the subset of women who used anti-CD20
monoclonal antibody (mAb) therapies before conception and
postpartum.

Alpha was set at 0.05, and all tests were two sided. The mixed-
effects negative binomial regression was performed in STATA 15
(College Station, TX). All other analyses were performed with
JMP Pro software version 15.0.0. We did not adjust for multiple
comparisons because of the exploratory nature of secondary
analyses.

Data Availability
Deidentified data will be shared with any qualified investigator by
request.

Results
Characteristics of the Study Cohort
A total of 155 pregnancies in 119 women were included. All
pregnancies identified in the EMR had follow-up clinical data
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available for the entirety of their pregnancy; 145 had at least 3
months of postpartum follow-up. The 119 women contributed 1
(n = 90), 2 (n = 22), or 3 (n = 7) pregnancies; 3 of these women
contributed a twin pregnancy each. Baseline characteristics were
typical for a pregnancy cohort, with a mean age of 33 years at
conception and median EDSS of 2.0 (table 1). In 109 pregnan-
cies, the mother received DMT in the year before conception.
DMT was stopped before conception in 51 pregnancies, during
the first or second trimester in 49, and continued throughout
pregnancy for 9 (N = 8 glatiramer acetate; N = 1 elected ter-
mination to continue with natalizumab infusions).

After delivery, there were various treatment approaches. For
the 145 live births with first trimester postpartum data, in 26
women, DMT was initiated within 3 months of delivery
without breastfeeding; in 81 women, DMT was deferred for
breastfeeding (exclusively [N = 49] or nonexclusively [N =
32]); and 9 women initiated glatiramer acetate while breast-
feeding (exclusively [N = 2] and nonexclusively [N = 7]). For
29 pregnancies, there was no initiation of DMT or breast-
feeding (for ≥ 3 months) in the first trimester postpartum.

Brain MRIs were available for 97 pregnancies in the year
before conception, and for 137 women in the year postpartum
(among 105 live-birth pregnancies; 134 with gadolinium, ta-
ble e-1, lww.com/NXI/A414), with mean (SD) time of first
MRI since delivery of 5.6 (3.6) months. Most (107) of the 137
postpartumMRIs had been obtained for monitoring purposes
(104 with any previous MRI for comparison), and 30 in re-
sponse to changes in symptoms. In 70 pregnancies, brain
MRIs were available from both the year before (N = 85) and
after pregnancy (N = 94). The smaller number of postpartum
cervical (N = 51) and thoracic spine (N = 18) MRIs, or brain
MRIs from pregnancies that did not result in live births (N =
6) precluded statistical analysis. There were no differences in
age, MS duration, or ARR between the women who did and
did not have paired MRIs available.

Pregnancy Outcomes
Among the 155 pregnancies, 146 resulted in a live birth—133 at
term and 13 prematurely (table 1). Reasons for pregnancy loss
(N = 9) included spontaneous abortion (N = 6), elective ter-
mination (N = 2), and stillbirth (N = 1). Women experiencing
pregnancy loss or termination did not differ in age, disease du-
ration, or EDSS from women who experienced live births (p >
0.05 in independent sample t-tests). In the 6 cases of sponta-
neous abortion, treatment included none (N = 3), rituximab (N
= 2, 23, and 30 weeks before conception), and glatiramer acetate
(N = 1, stopped 6 weeks after conception). One woman expe-
rienced a stillbirth at 39w1d (etiology not available) and had
received an ocrelizumab infusion 10 weeks before conception.

Among the 146 live-birth pregnancies, mean gestational age
(SD) at delivery was 39.2 (1.8) weeks (available N = 129);
52% of infants were boys (available N = 142). One infant had
neonatal encephalopathy and died 6 hours after delivery; the
mother had received no DMT in the year before conception,

and her only pregnancy complication was an uncomplicated
urinary tract infection in the second trimester. Mothers
breastfed after 136 of the 146 live births; this breastfeeding
was exclusive for at least 3 months in 51 pregnancies.

Live-Birth Pregnancies: MS Inflammatory
Activity During and After Pregnancy
In the year before pregnancy, for the 146 live-birth pregnan-
cies, the mean baseline ARR (95% CI [confidence interval])
was 0.33 (0.24–0.45). This increased in the final trimester
before pregnancy, when a clinical relapse occurred in 17 of
146 pregnancies: 4 women had not received DMT in the
previous year, 5 had discontinued DMT in anticipation of
conception (including fingolimod or natalizumab in 2), and 8
experienced breakthrough activity while on DMT (glatiramer
acetate, interferon-β, fingolimod, or natalizumab). In the 48
live-birth pregnancies in which DMT was discontinued in
anticipation of conception, a clinical relapse occurred in 7
(15%) between DMT discontinuation and conception.

During pregnancy, mean ARR decreased beginning in the first
trimester and significantly so in the third trimester (0.10
[0.00–0.26], p = 0.017), compared with the year before preg-
nancy (overall effect of time period on ARR p = 0.004). Among
the 19 pregnancies with a relapse during pregnancy, 7 (39%)
occurred in women who discontinued fingolimod or natalizu-
mab; each of these relapses occurred within the second or third
trimester, comprising 64% of relapses in this period.

Postpartum, the ARR in the first trimester (months 1–3) was
higher (0.61 [0.40–0.93], p = 0.012) than that of the year
before pregnancy and thereafter decreased to prepregnancy
levels. Altogether, 17% women had at least one relapse in the
first 3 months postpartum (available N = 145), and 38% over
the entire year postpartum (available N = 130) (table 2, figure
1). In sensitivity analyses, excluding pregnancies before 2010
did not affect the results; however, excluding pregnancies in
women treated with fingolimod or natalizumab before con-
ception (N= 24) resulted in a lower ARR (0.50 [0.30–0.82]) in
the first trimester postpartum; this did not reach statistical
significance compared with the year prepregnancy (p = 0.12).

We then evaluated postpartum MRI activity. Among the 70
pregnancies with an MRI performed both in the year before
conception and in the year postpartum, the overall proportion of
brain MRIs demonstrating new T2 hyperintense lesions was
stable across all three-month periods before pregnancy. However,
MRI activity increased in the year postpartum: 31 (52%) preg-
nancies had at least one “active”MRI (newT2±Gd+) in the year
postpartum compared with 19 (32%) in the year before con-
ception (N = 59 evaluated for both T2 and Gd+) (p < 0.001).
Overall, in the entire year postpartum, 35 pregnancies (50%)
showed new T2 lesions compared with 18 (30%) in the previous
year (N = 60 pregnancies with a previousMRI to evaluate for T2
lesions, p < 0.001) and 21 (30%) showed Gd + lesions compared
with 17 (25%) in the previous year (N = 69 pregnancies with
gadolinium MRIs, p = 0.17) (table 3).
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We then evaluated for a relationship between MRI activity and
clinical relapse using all postpartumMRIs collected (N = 137 for
105 pregnancies, figure 2 and table e-1, lww.com/NXI/A414). Of
the 64 relapses experienced in the year postpartum, only 34 had
accompanying brainMRIs completed within ± 60 days of onset of
new symptoms; 78% of these showed new T2 lesions (N = 32
with a previous MRI to enable identification of new T2 lesions)
and 68% of these showed Gd+ lesions. There was a significant
relationship between the occurrence of a clinical relapse and the
observation of a newGd+ lesion onMRI within ± 60 days (figure
2), for thefirst trimester postpartum(p<0.001, odds ratio [OR]=
30.0, 95% CI [4.6–194.3]) and the entire postpartum year (p <
0.001, OR = 21.1, 95% CI [7.8–57.0]). Furthermore, of the 137
postpartum brain MRIs completed, 107 were completed for
monitoring purposes, i.e., in the absence of clinical relapse (figure
2; 104 received gadolinium and had previous MRI for evaluation
of new T2 lesions). Among these monitoring MRIs in the post-
partum year (figure 2) and 32% revealed new T2 lesions (33/
104), and 11% revealed Gd+ lesions (11/104); altogether, 33%
had active MRIs (33/101 evaluated for both T2 and Gd+). For 4
pregnancies, postpartum monitoring MRIs were followed by
clinical relapse within 60 days (figure 2); these showed both new
T2 andGd+ lesions (N= 2), newT2 lesions only (N= 1) and no
changes (N= 1).Overall, 31%ofMRIs performed for postpartum
monitoring with no associated clinical relapse within 60 days were
“active” (N = 97 evaluated for both T2 and Gd+; figure 2).

EDSS Progression
Median (IQR) EDSS at evaluation closest to 12 months post-
partum for live-birth pregnancies (mean [SD] of 5.8 [4.0]months
since delivery) was 1.5 (1.0–2.0) (available N = 109). Among the
99 pregnancies with both preconception and postpartum EDSS
scores available, 15 women (16%) experienced a clinically
meaningful increase in EDSS after delivery compared with
preconception.

Table 1 Characteristics of the Study Cohort Relative to
Each Pregnancy (N = 155 Pregnancies)

Before conception

No. of women 119

No. of pregnancies 155

Disease course at conception, n

Healthya 1

Clinically isolated syndrome 9

Relapsing-remitting 145

Age at conception, mean years ± SD 33 ± 5

Disease duration at conception, median years,
IQR (range)b

6, 3–9 (0.5–20)

EDSS in year before conception, median, IQR
(range)c

2.0, 1.0–2.5
(0.0–6.0)

Annualized relapse rate before conception, mean
(95% CI)

0.37 (0.27–0.47)

DMT use in year before conception, n (%)

Glatiramer acetate 34 (22)

Interferon-βs 28 (18)

Dimethyl fumarate 10 (6)

Fingolimod 13 (8)

Natalizumab 12 (8)

Rituximab 10 (6)

Ocrelizumab 2 (1)

No use 46 (30)

Gravidity before conception, median, IQR (range) 1, 0–1 (0–7)

Parity before conception, median, IQR (range) 0, 0–1 (0–4)

No. of pregnancies using ART 24

Postpartum

Pregnancy outcomes, n

Term 133

Preterm 13

Stillbirth 1

Spontaneous abortion 6

Elective termination 2

EDSS in year postpartum, median, IQR (range)d 1.5 (1.0, 2.0)

Time to postpartum DMT initiation, median
months, IQR (range)e

5.5, 3.6–7.8
(0.5–12.3)

DMT use in the year postpartum, n (%)f

Glatiramer acetate 23 (16)

Interferon-βs 15 (10)

Dimethyl fumarate 11 (7)

Table 1 Characteristics of the Study Cohort Relative to
Each Pregnancy (N = 155 Pregnancies) (continued)

Fingolimod 13 (9)

Teriflunomide 1 (1)

Natalizumab 11 (7)

Rituximab 15 (10)

Ocrelizumab 9 (6)

No use 48 (33)

Abbreviations: ART = assisted reproductive technologies; CI = confidence
interval; DMT = disease-modifying therapy; EDSS = Expanded Disability
Status Scale; IQR = interquartile range.
a N = 1, Clinically Isolated Syndrome diagnosed with clinical event in third
trimester of pregnancy.
b Excluding 1 individual with disease onset in pregnancy.
c Information available for 121 pregnancies.
d Information available for 109 pregnancies.
e Delivery date and postpartumDMT start date available for 33 pregnancies.
f The first DMT used during the period for which there was postpartum
follow up in live-birth pregnancies.
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Predictors of Clinical and Radiographic Activity
After Live Births

Clinical Activity
In univariable analyses, the odds of having at least one clinical
relapse during the first trimester postpartumwas increased with
the occurrence of ≥1 relapse during pregnancy (OR 6.2, 95%
CI 2.2–17.5, p < 0.001) and reduced with exclusive breast-
feeding for 3 months (OR 0.3, 95% CI 0.1–0.9, p = 0.03)
compared with nonexclusive breastfeeding (table 4). Restrict-
ing the analyses to visits occurring between 2013 and 2018

(N = 20 clinical relapses for 110 pregnancies) did not affect the
significance of the results (occurrence of ≥1 relapse during
pregnancy: OR 6.8, 95% CI 2.2–21.6, p < 0.001; exclusive
breastfeeding: OR 0.2, 95% CI 0.03–0.7, p = 0.02).

MRI Activity
In univariable analyses, there was no statistically significant asso-
ciation between new Gd+ lesions in the first trimester postpartum
and any of our selected predictors (table 5). However, both re-
lapses during pregnancy, and not exclusively breastfeeding, showed

Table 2 MS Relapses During Pregnancy and Postpartum in Live-Birth Pregnancies (N = 146 Pregnancies for 113Women)

Period No. of pregnanciesa No. of pregnancies with ≥1 relapse ARR (mean, 95% CI) p Valueb

Year before conception 146 54 0.33 (0.24–0.45) Ref

Pregnancy

First trimester 146 8 0.19 (0.10–0.40) 0.16

Second trimester 146 7 0.17 (0.08–0.36) 0.09

Third trimester 146 4 0.10 (0.04–0.26) 0.02

Year postpartum

Months 1–3 145 25 0.61 (0.40–0.93) 0.01

Months 4–6 140 14 0.36 (0.21–0.62) 0.81

Months 7–9 133 13 0.35 (0.20–0.61) 0.89

Months 10–12 127 12 0.33 (0.19–0.60) 0.98

Abbreviations: ARR = annualized relapse rate; CI = confidence interval.
p values < 0.05 are bold to indicate significance.
a Number of pregnancies followed for the entire three-month period. Only relapses in these pregnancies are included.
b Comparison to ARR during year before pregnancy; p-values are calculated from amixed-effects negative binomial regression with a random person-specific relapse
rate; ARR was calculated from the model and parameterized as exp(constant + beta) for each time period. Overall effect of time period on ARR: p = 0.004.

Figure 1 Annualized Relapse Rate Before, During and After Pregnancies That Resulted in Live Births (N = 146 pregnancies)

The x-axis denotes each trimester (3-month pe-
riod) before, during, and after pregnancy. Error
bars represent 95% confidence intervals esti-
mated with mixed-effects negative binomial re-
gression. Only pregnancies for which the patient
was followed for the entire three-month period
were included (see Table 2 for N in each trimester).
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a trend toward increased odds of new Gd+ lesions in the first
trimester postpartum (0.05 <p < 0.10). Point estimates suggested
increased odds of a postpartumGd+ lesion in womenwith relapse
in pregnancy and decreased odds in women exclusively breast-
feeding. Restricting the analyses to visits occurring between 2013
and 2018 did not affect the significance of the results.

Selected Clinical Scenarios

Prophylactic Steroids
Monthly prophylactic steroids were administered in the first 3
months postpartum for 10 pregnancies; women did not
breastfeed in 4. Among the 6 women receiving steroids in the
setting of at least 3 months of breastfeeding (exclusively [N =
5], nonexclusively [N = 1]), none relapsed, and one exclu-
sively breastfeeding had new T2 and Gd+ lesions on brain
MRIs completed within the first 6 months postpartum.

Early Initiation of DMT Postpartum
Of 35 women resuming DMT (including anti-CD20 mAbs)
within 3 months of delivery, 33 were followed for the first 2
trimesters postpartum. Five experienced relapses after re-
suming glatiramer acetate (15%; 1 relapse in 3 pregnancies and

2 relapses in 2 pregnancies). Of 13MRIs completed within this
period, 7 demonstrated new T2 lesions and 2Gd+ lesions;
women with MRI activity were on either interferon-β or gla-
tiramer acetate. We did not find a statistically significant dif-
ference in ARR or proportion with Gd+ lesions on brain MRI
in the second or third trimesters postpartum for women who
started DMT in the first 3 months after delivery vs those who
did not.

Treatment With Anti-CD20 mAbs
Of 12 anti-CD20-associated pregnancies, in 10, the mothers were
infused within 6 months of conception; 8 resulted in live births; 1
in spontaneous abortion (rituximab; case occurred after a previous
case series19); and 1 in stillbirth (ocrelizumab; details not avail-
able). In 2 additional pregnancies, rituximab infusion occurred >6
months before conception: 1 (infusion 30 weeks before) resulted
in a spontaneous abortion at 10 weeks gestational age, 1 (infusion
10 months before) resulted in a healthy, term live-birth, but a
clinical relapse occurred in the second trimester of pregnancy.
Postpartum, the mother opted to nonexclusively breastfeed off
DMT; she experienced 3 clinical relapses with several new T2
lesions demonstrated on MRI in the third trimester postpartum.

Table 3 Disease Activity on Brain MRIs in 70 Live-Birth Pregnancies (N = 59 Women) With MRI Performed in the Year
Before Pregnancy and the Postpartum Year

Period

No. of
pregnancies
evaluated
for new T2
lesionsa

No. of
pregnancies
with new T2
lesions (n
[%])

p
Valueb,d

No. of
pregnancies
with Gd
given

No. of
pregnancies
with Gd
lesions (n
[%])

p
Valueb,d

No. of
pregnancies
evaluated
for both new
T2 and Gd
lesions

No. of
pregnancies
with new T2
and/or Gd
lesions (n
[%])

p
Valuec,d

Year before
conception

60 18 (30) Ref 69 17 (25) Ref 59 19 (32) Ref

Months
1–3

21 9 (43) — 25 7 (28) — — — —

Months
4–6

11 2 (18) — 12 2 (17) — — — —

Months
7–9

24 6 (25) — 24 3 (12) — — — —

Months
10–12

20 5 (25) — 23 5 (22) — — — —

Year
postpartum

70 35 (50) <0.001 70 21 (30) 0.17 59 31 (52) <0.001

Months
1–3

32 13 (43) — 34 9 (26) — — — —

Months
4–6

21 11 (52) — 20 4 (20) — — — —

Months
7–9

22 9 (40) — 22 11 (50) — — — —

Months
10–12

18 8 (44) — 18 2 (11) — — — —

Abbreviations: Gd+ = gadolinium enhancing.
p values < 0.05 are bold to indicate significance.
a N reflects no. of pregnancies with MRI that had a comparison or baseline MRI to allow for evaluation of new T2 lesions.
b p-values calculated with conditional logistic regression.
c p-values calculated with conditional logistic regression, N = 59 pregnancies with evaluation for both T2 and Gd+ lesions in the year prior to conception and
the year postpartum.
d Conditional logistic regression was only performed for the entire year postpartum due to small sample size in individual “trimesters.”
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In the 8 live-birth pregnancies with anti-CD20 treatment in the 6
months before conception (N = 7 rituximab, N = 1 ocrelizumab),
none of themothers experienced a relapse between treatment and
conception or during pregnancy. All 8 were retreated with anti-
CD20mAbs within 12months from delivery; none experienced a
clinical relapse during the year postpartum. Of the 7 who un-
derwent anMRI in the year postpartum, one had a new T2 lesion
before retreatment (compared with an MRI dated more than a
year before conception); none had Gd + lesions postpartum.

Discussion
Increased MS-related clinical relapse activity after pregnancy has
been reported for over 20 years,6 but its association with MRI
activity has been incompletely assessed. In the current study of
women with low disability (median EDSS of 2.0), we advance
these clinical findings by showing that these clinical symptoms
were significantly associated with MRI activity (vs non-
demyelinating etiologies) and that radiologic activity was signifi-
cantly increased in the postpartum period compared with the year
before conception. Furthermore, radiologic disease activity was
frequent in the postpartum year even on MRIs performed for
surveillance purposes; almost one third of surveillance MRIs
demonstrated newT2 hyperintense and/or gadolinium enhancing
lesions. Exclusive breastfeeding seemed to reduce the odds of early
postpartum gadolinium enhancing lesions. We secondarily con-
firmed previous reports of increased risk of relapse activity post-
partum, which was decreased by exclusive breastfeeding for at least
3 months and of a loss of the protective effect of pregnancy on
relapses in women discontinuing fingolimod and natalizumab.7,20

Recently, the question has been raised whether changes in MS
clinical diagnosis and management (including recent revisions to
the McDonald Criteria that allow for earlier diagnosis and DMT

initiation21 and widespread use of DMTs) have resulted in amore
benign disease course less likely to have increased postpartum
inflammatory disease activity.8 However, in our low-disability
cohort of women with mean age 33 years, median EDSS of 2.0
and 70% with DMT use before pregnancy, we confirmed an
elevated rate of relapses postpartum, and this was not associated
with preconception ARR. Interestingly, postpartum relapses were
not significantly related to DMT use preconception, possibly
because of broader clinical trends toward avoiding long periods off
DMT and mitigating rebound risk after fingolimod and natali-
zumab. This odds of postpartum relapse was, however, decreased
by exclusive breastfeeding for at least 3 months, consistent with
previous reports and a meta-analysis.9,10,17,22 Relapse during
pregnancy was the only other statistically significant predictor of
relapses in the first trimester postpartum.5 Early postpartumDMT
resumption was not associated with reduced odds of postpartum
relapse. However, all DMTs were combined, and we categorized
earlyDMTresumption as use or no use any time between delivery
and 3 months postpartum, which did not allow for time-
dependent analysis, limiting conclusions that can be drawn.

In addition to evaluating clinical and radiologic disease activity
postpartum and predictors of these, we further probed com-
mon clinical scenarios potentially influencing postpartum
inflammatory activity. Women who exclusively breastfed for
at least 3 months experienced a lower rate of clinical relapse.
In the small subset of 10 women treated with anti-CD20 mAb
therapies within 6 months of conception in this cohort and
within 12 months of delivery, none experienced clinical re-
lapses or Gd+ lesions during pregnancy or postpartum.

The current study has important limitations. Our overall
sample size, although in line with other published cohorts,
limited statistical evaluation of some of the observed rela-
tionships. This is particularly the case in analyses of predictors

Figure 2 MRIs Completed Within 1 Year Postpartum

N = 137 MRIs, for 105 pregnancies in 85 women.
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of postpartum radiologic activity, given the limited number of
MRIs obtained. Our primary analyses evaluated changes in
MRI activity postpartum; we did not perform Bonferroni
corrections or otherwise adjust for multiple comparisons for
our exploratory analyses. The low number of outcome events
in our cohort resulted in odds ratios with wide, imprecise CIs
that should be cautiously interpreted to identify possible
trends and predictors of disease activity. This exploratory
study strongly implicates the need for more robust, pro-
spective evaluation of the predictors identified. Our center is a
large referral center with possible biases toward patients with
more disease activity; however, preconception patient age and
ARR were similar to those reported from a large health sys-
tem, and disability was only slightly higher.8 Nonetheless,
important differences between population-based and referral
center-based cohorts highlight the need to follow women
prospectively to ensure minimal loss to follow-up and adequate
accounting for baseline risk factors. Reliance on clinical reports
could have led to underascertainment of relapses both before,
during, and after pregnancy. We also relied on clinical notes
labeling breastfeeding as explicitly exclusive in the EMR and

assumed nonexclusive breastfeeding for all other cases. Al-
though this is consistent with the field (e.g.,17), relying on
clinicians’ reports and possibly variable definitions of exclusive
breastfeeding likely introduced bias, thereby underestimating
the protective effect of exclusive breastfeeding. MRIs were not
systematically collected at prespecified time points; rather,
timing varied by patient, clinician, and insurance. As a conse-
quence, we likely underestimated the true extent of new lesions
across the entire year postpartum. Furthermore, there was
substantial heterogeneity, for example, in time since DMT
discontinuation preconception. Reassuringly, 78% of post-
partum MRIs were performed for surveillance purposes rather
than in reaction to a clinical change, and we benefited from
standardized UCSF radiology protocols for most patients. In
addition, evaluation of predictors of postpartum clinical and
radiologic disease activities may be subject to confounding as
the low number of outcome events precluded multivariable
analyses. Of note, we did not assess for specific mechanisms of
immune activation postpartum.23 Our patients’ low disability
precluded analysis of pregnancy experiences of women with
more advanced disability (as is the case inmost cohorts17,24). In

Table 4 Predictors of at Least One Relapse in the First Trimester Postpartum After Live Births (N = 145 Pregnancies for
112 Women; N = 25 Pregnancies With Clinical Relapse in the First Trimester)

Variable OR 95% CI p Valuea

Univariable analysis

Disease duration (per 1-year increase)b 1.1 0.9–1.1 0.91

Maternal age at the time of conception (per 1-year increase) 0.9 0.8–1.0 0.10

ARR before pregnancy (per 1-unit increase) 1.5 0.8–2.7 0.21

Relapses during pregnancy

No relapse 1 (ref)

≥1 relapse 6.2 2.2–17.5 <0.001

DMT use in year before conception

No use 1 (ref)

Any use 1.8 0.6–5.3 0.25

Initiation of DMT in 3 months postpartum

No use 1 (ref)

Any use 0.7 0.4–2.2 0.60

Prophylactic steroids in 3 months postpartum

No use 1 (ref)

Any use 1.2 0.2–6.1 0.81

Breastfeeding in 3 months postpartum

Nonexclusive 1 (ref)

Exclusive 0.3 0.1–0.9 0.03

Abbreviations: ARR = annualized relapse rate; CI = confidence interval; DMT = disease modifying therapy; OR = odds ratio.
p values < 0.05 are bold to indicate significance.
a p value is 2-tailed from logistic regression models.
b N = 144, one mother excluded due to first clinical demyelinating event in the third trimester of pregnancy.
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these women, decision-making25 and physiologic factors could
result in different disease outcomes. Finally, although preg-
nancy losses did not represent a focus of the current study, we
likely underascertained the frequency of early pregnancy loss,
which may have occurred between 2 clinical visits.

Our observations have several important implications. The
association between clinical and radiographic inflammatory
changes improved our confidence that clinical relapses
reported in our, and likely also others’, cohorts do reflect
underlying inflammatory activity. Our observations also
support a now-widely reported protective effect of breast-
feeding. In clinical practice, the presence of inflammatory
lesions in patients who are not suspected of clinical relapses
underscores the importance of obtaining routine early
postpartum MRIs to monitor women who have not re-
sumed highly effective DMTs. Indeed, postpartum MRI

inflammatory activity may not always lead to clinical re-
lapses with their own immediate effects on clinical dis-
ability, but demyelinated axons are nonetheless vulnerable
to neurodegeneration and progressive clinical worsening.
Presence of asymptomatic new lesions could prompt phy-
sicians to consider earlier DMT initiation or a change to
more effective DMT in the postpartum period. Although
prospective monitoring is needed to clarify which time
points would best capture this activity, in our clinical
practice, we routinely recommend a baseline MRI before
conception attempts, followed by a surveillance MRI in the
first trimester postpartum.24,26 Overall, management of
women in the postpartum period should include strategies
to decrease both clinical and radiologic disease activity.

Study Funding
The authors report no targeted funding.

Table 5 Predictors of New Gadolinium Enhancing Lesions on Brain MRIs Performed in the First Trimester Postpartum
(N = 44 Pregnancies for 38 Women With MRI in the First Trimester Postpartum; N = 12 Pregnancies With New
Gadolinium Enhancing Lesion)

Variable OR 95% CI p valuea

Univariable analysis

Disease duration (per 1-year increase) 0.9 0.7–1.1 0.17

Maternal age at the time of conception (per 1-year increase) 0.9 0.7–1.1 0.10

ARR before pregnancy (per 1-unit increase) 0.9 0.4–2.2 0.84

Relapses during pregnancy

No relapse 1 (ref)

≥1 relapse 4.8 0.9–26.1 0.06

DMT in year before conception

No use 1 (ref)

Any use 0.6 0.2–2.5 0.51

Gd+ lesion on MRI in the year before conceptionb

No 1 (ref)

Yes 3.2 0.6–16.5 0.16

Initiation of DMT in 3 months postpartum

No use (before MRI) 1 (ref)

Any use (before MRI) 1.1 0.2–6.5 0.93

Prophylactic steroids in 3 months postpartum

No use (before MRI) 1 (ref)

Any use (before MRI) 0.7 0.1–4.5 0.72

Breastfeeding in 3 months postpartum

Nonexclusive (before and at time of MRI) 1 (ref)

Exclusive (before and at time of MRI) 0.3 0.1–1.1 0.07

Abbreviations: ARR = annualized relapse rate; CI = confidence interval; DMT = disease-modifying therapy; Gd+ = gadolinium enhancing; OR = odds ratio.
a p value is 2-tailed from logistic regression models.
b N = 34 with available MRI in the year prior to conception; among these 34 women, N = 12 women with new Gd+ lesion.
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Case Report
A 46-year-old man presented with a 5-year history of fatigue, frequent painful muscular spasms
in the extremities, and tingling sensations in the hands and feet. His medical history consisted of
attention-deficit/hyperactivity disorder, a cervical Mycobacterium avium lymphadenitis during
childhood and lateral ligament reconstruction of both ankles after trauma.

Neurologic examination revealed hyperesthesia of arms and legs and inconsistent motor dys-
function without paresis. No muscle spasms were witnessed. During the examination, the
patient showed inconsistent limb weakness without objective paresis as seen in patients with
functional neurologic disorder. MRI reports of brain and spinal cord were unremarkable. EMG
did not show any sign of polyneuropathy. CSF had 5 white blood cells/mm3, no red blood cells,
and normal protein (0.36 g/L) and glucose (3.4 mmol/L) levels. Peripheral blood chemistry
showed no abnormalities except for elevated gamma-glutamyl and alanine aminotransferases
(GGT and ALT of 139 and 58 U/L, respectively). Microbiological examinations provided
detectable anti-hepatitis E virus (HEV)-immunoglobulin (Ig) M and IgG antibodies and HEV
RNA in serum and CSF. Intrathecal antibody production of anti-HEV IgG was confirmed by
calculation of the CSF-serum antibody index, being 7.5. Other hepatitis serology and HIV were
negative. The patient did not use immunosuppressive drugs, and a basic immunologic screening
did not reveal any immunodeficiencies, with 800/mm3CD4 cells and normal IgA, IgM, and IgG
subclass analysis. There were no signs of an underlying autoimmune disease and no history of
recurrent infections.

Because it was expected that the immunocompetent man would clear the HEV infection, no
treatment with ribavirin was started until it became evident at day 205 after the initial pre-
sentation that HEV RNA persisted in feces, plasma, and CSF (figure, A). After treatment was
started at day 205, HEV RNA became undetectable in serum (day 236) and feces (day 282) and
GGT and ALT levels normalized (figure, B). In CSF, however, HEV RNA remained detectable
under ribavirin treatment for more than a year, with PCR cycle threshold values between 29.3
and 32.5, without a consistent decrease of viral load. The anti-HEV IgG CSF-serum antibody
index increased to 30, which provided evidence for increased intrathecal IgG production
(figure, A). Ribavirin plasma concentrations were within therapeutic levels (day 551, >2.00 mg/
L). PEG-interferon alpha 2a was added to ribavirin at day 567 because HEV RNA in CSF
persisted and the patient showed only very limited signs of (subjective) improvement. Adding
PEG-interferon alpha 2a did not result in clinical or virologic improvement, with HEV RNA in
CSF still being present after 14 months of combined treatment. At day 991, it was decided to
stop further treatment with ribavirin and PEG-interferon alpha 2a. After treatment was dis-
continued, HEV RNA in feces was tested at day 1,084 and in CSF and serum at day 1,089, with
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RNA in CSF still being present but no detectable RNA in
serum or feces. Nonetheless, a follow-up MRI scan at day
1,109 was unremarkable.

Virologic Analyses (Methods
and Results)
To determine if the CNS containedHEV quasispecies distinct
from other bodily compartments, HEV RNA was sequenced
from serum and CSF. HEV RNA from serum (day 12) and
CSF (day 102) before antiviral treatment was Sanger-
sequenced according to Sari et al.,1 with minor adaptations.
Near full genome (99.2%) was obtained from serum (Gen-
Bank accession numberMT362711). FromCSF, 66.7% of the

genome could be retrieved due to low viral load (GenBank
accession number MT362712). The genomes were genotype
3c, and both showed a deletion in the polyproline-rich region
in ORF1, a region known to affect and enhance viral adap-
tation.2 Notably, serum and CSF showed a 4 amino acid in-
frame deletion (del 733–736, PTPP), and CSF showed an
additional 8 amino acid in-frame deletion (del 740–747,
IRVLPPPS) compared with reference sequence KX172133
(figure, B and table e-1, links.lww.com/NXI/A367). The
presence of a distinct viral population in the CNS in combi-
nation with viral persistence in the CSF strongly suggests
independent viral replication of HEV in the brain. Ribavirin
resistance-associated mutations were not found in samples
obtained before treatment.3 After treatment, viral loads in
CSF were below the detection limit for Sanger sequencing.

Figure HEV PCR Cycle Threshold Values (Serum, CSF, Faeces) and IgG Antibody Index

(A) Course of infection showing HEV RNA PCR cycle threshold values for serum, CSF, and feces and anti-HEV IgG antibody index values, (B) ALT and GGTs in
blood vsWBC values in CSF, and (C) the alignment of reference, serum, and CSF sequence fragmentwith 4 amino acid in-frame deletion (del 733–736, PTPP) in
serum and CSF. An additional 8 amino acid in-frame deletion (del 740–747, IRVLPPPS) in CSF. HEV = hepatitis E virus; IgG = immunoglobulin G.
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Discussion
Apart from hepatitis, HEV infections may also cause neu-
rologic disorders, such as meningoencephalitis, peripheral
neuropathies, and polyradiculitis.4 The etiology of HEV-
associated neurologic manifestations is still inconclusive. If
the HEV is primarily hepatotropic, the neurologic injury
could be the result of postinfectious immune mechanisms.
However, previous studies reported evidence for neuro-
tropism of HEV, based on intrathecal anti-HEV antibody
synthesis and CNS quasispecies compartmentalization of
the HEV.4 Neurologic symptoms are often accompanied by
the transient presence of HEV in CSF; however, it is un-
known whether this is the result of a productive or abortive
infection of cells in the nervous system. In the first scenario,
the nervous system would support HEV replication in-
dependent of the rest of the body, whereas in the latter a
localized infection cannot be sustained because infected
cell types are incapable of completing the full viral repli-
cation cycle. The distinction is important because the
possibility of a compartmentalized infection could lead to
(unrecognized) viral persistence, clinical rebound of in-
fection, treatment failure, and development of antiviral
resistance. It also has implications for diagnostic testing and
follow-up of patients.

Various human neural cell lines (embryonic stem cell-
derived neural lineage cells) have been shown to support in
vitro HEV replication.5 In the present case, HEV was cleared
from blood and feces on treatment with ribavirin, but HEV
RNA persisted in the CSF for 1,089 days. In addition, the
patient remained symptomatic and had evidence of CNS
inflammation and progressively increasing intrathecal anti-
body synthesis. Although it could not be determined if HEV
in CSF was infectious, this case provides direct evidence that
the human CNS supports a persistent HEV infection pos-
sibly because of viral adaptation in the polyproline-rich re-
gion of ORF1.

The problems typical of compartmentalization are also evi-
dent in our case: treatment failure likely because of insufficient
penetration of ribavirin in the nervous system.6 Un-
fortunately, HEV RNA in CSF could not be tested for mu-
tations associated with failure of ribavirin treatment during
therapy because the viral load in CSF was too low.7 The
prognosis of HEV persistence in the CNS is unknown.

In conclusion, we present a first case of chronic HEV RNA
persistence and compartmentalization in CSF in an immu-
nocompetent patient, suggestive of viral replication in the
CNS. Our case also illustrates that new treatments are needed
for persistent HEV infections.
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Organ-specific and nonorgan-specific autoimmune diseases commonly coexist with aquaporin-
4 antibody (AQP4-IgG)–positive neuromyelitis optica spectrum disorder (NMOSD). We
report an unusual case in which a young woman with known systemic lupus erythematosus
(SLE) was discovered to be AQP4-IgG seropositive when she developed simultaneous severe
longitudinally extensive transverse myelitis, reversible intracranial vasculopathy, cutaneous
vasculitis, and myocarditis. We discuss the pathogenic mechanisms that may underlie systemic
and CNS disease activity in these coexisting diseases.

Case Description
A 27-year-old woman with a 10-year history of SLE treated with mycophenolate mofetil and
hydroxychloroquine was transferred to our facility for rapidly progressive sensorimotor paraparesis
with areflexia, a thoracic sensory level (T6–T8), and urinary retention that developed over 36
hours. Her symptoms started 6 days earlier with fever, headache, nausea, vomiting, back spasms,
and pruritic skin eruptions involving the right cheek, left shoulder, upper back, and lower abdomen.

Spinal MRI showed extensive T2 hyperintensity involving the entire spinal cord from the conus
to the lower medulla (figure, A.a–e). CSF analysis showed lymphocytic pleocytosis (152
nucleated cells per microliter with 85% lymphocytes, 8.5% neutrophils, 5.2% monocytes, and
1.3% eosinophils), hypoglycorrhachia of 29 mg/dL, elevated CSF protein of 299 mg/dL,
negative oligoclonal bands, and elevated CSF IgG index of 1.94. Laboratory testing showed
elevated inflammatory markers (C-reactive protein 25.2 mg/dL and erythrocyte sedimentation
rate 19 mm/h), low complement levels (C3 47 mg/dL, C4 13 mg/dL), and positive titers for
antinuclear antibodies, anti-Ro (SS-A), andDNA double-stranded antibodies (>12U, >8U and
305 IU/mL, respectively), as well as elevated cardiac markers (troponin T 157 ng/L, creatinine
kinase 1,387 U/L, and N-terminal-pro hormone BNP8198 pg/mL). Serum AQP4-IgG was
positive at a titer of >1:100,000; myelin oligodendrocyte glycoprotein and antiphospholipid
antibodies were negative. Transthoracic echocardiogram demonstrated reduced left ventricular
ejection fraction of 49%, and skin biopsy of the rash demonstrated leukocytoclastic vasculitis
(figure, E.a and b). Brain MRI demonstrated scattered, nonenhancing T2 hyperintensities in
the deep subcortical white matter, brainstem, and cerebellum and a punctate periventricular
infarct (figure, B.a and b). MRI brain angiogram (MRA) on day 3 of admission showed
segmental narrowing and dilation involving small and medium sized vessels (figure, C.a and b).

A diagnosis of NMOSD with AQP4-IgG and SLE-related CNS vasculopathy and/or vasculitis
was made. Treatment with IV methylprednisolone, plasma exchange, and one cycle of IV

From the Department of Neurology (D.G., A.A.M., E.Y.H., D.M.W.), and Department of Neuroradiology (B.W.C.), Mayo Clinic, Scottsdale, AZ.

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

The Article Processing Charge was funded by the authors.

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

Copyright © 2021 The Author(s). Published by Wolters Kluwer Health, Inc. on behalf of the American Academy of Neurology. 1

http://dx.doi.org/10.1212/NXI.0000000000000956
mailto:gritsch.david@mayo.edu
https://nn.neurology.org/content/8/2/e956/tab-article-info
http://creativecommons.org/licenses/by-nc-nd/4.0/


cyclophosphamide was initiated. On day 12 of admission, the
patient developed severe thunderclap headache and repeated
MRA showed significant improvement in the appearance of the
intracranial vasculature (figure, D.a and b), suggesting re-
versible vasoconstriction rather than vasculitis as the likely
mechanism. The patient was transitioned to oral mycopheno-
late mofetil and IV rituximab. At the 6-month follow-up, the
patient showed significantly improved quadriparesis with good
grip strength and antigravity movement in lower extremities.

Discussion
NMOSD is a rare but well-documented and potentially dev-
astating coincident disease in patients with SLE.1 A high

prevalence of AQP4-IgG had previously been demonstrated
in patients with connective tissue disease and clinical signs of
NMOSD.2 More recently, Asgari et al.3 examined the preva-
lence of AQP4-IgG in a prospective cohort of 208 patients
with SLE and reported AQP4-IgG in only 2 of 30 patients
with neuropsychiatric SLE (NPSLE), both of whom had
myelitis. These findings demonstrate that AQP4-IgG retain a
high specificity for NMOSD in the setting of SLE, suggesting
2 distinct but overlapping disease entities.

The simultaneous occurrence of active SLE, AQP4-NMOSD,
and CNS vasculopathy in our case is intriguing and raises
important questions as to whether common disease mecha-
nisms exist. Interestingly, Birnbaum et al. had described a

Figure Simultaneous Transverse Myelitis, Reversible Cerebral Vasculopathy, and Cutaneous Vasculitis

(A.a) Sagittal T2-weighted fast spin echo (FSE)MRI of the thoracic spine demonstrating extensive T2 hyperintensity of the entire thoracic cord and involving the
cervical cord (image not shown). (A.b) Sagittal T1-weighted MRI spine without gadolinium contrast. (A.c) Sagittal T1-weighted MRI spine with gadolinium
contrast demonstrating mild and diffuse thoracic cord enhancement. (A.d) Axial T2-weighted FSE, (A.e) axial T1-weighted precontrast and (A.f) postcontrast
thoracic spine images all taken at the same level (white line) demonstrating centrally located T2 hyperintense and enhancing lesions (arrowhead). (B.a) Fluid-
attenuated inversion recovery MRI of the brain demonstrating scattered, nonenhancing T2 hyperintensities in the deep subcortical white matter (arrows).
(B.b) Diffusion-weighted imaging reveals a punctate right periventricular focus of diffusion restriction (arrow), with corresponding correlate on apparent
diffusion coefficient imaging (not shown). (C.a and C.b)MRI brain angiogram (MRA) on day 3 of admission showing segmental narrowing (arrows) and dilation
(arrowheads) involving the right M1 middle cerebral artery (C.a), right A1 anterior cerebral artery (C.a), and right P1 posterior cerebral artery (C.b). (D.a and
D.b) repeat MRA on day 12 of admission showing significant improvement in the appearance of the intracranial vasculature. (E.a) Patient’s photograph
depicting an erosive skin rash in the left paraumbilical region. (E.b) Skin biopsy of the rash demonstrating leukocytoclastic vasculitis with perivascular
neutrophilic (arrows) and histiocytic dermal inflammationwithmarked fibrin deposition (asterixes) surrounding thin-walled superficial vessels (hematoxylin-
eosin; original magnification ×400).

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

http://neurology.org/nn


subset of patients with SLE-myelitis and similar presentation
of flaccidity-hyporeflexia, inflammatory prodrome, and uri-
nary retention in the setting of active SLE. However, unlike
in our case, most of these were AQP4-IgG seronegative.4

Serum-derived autoantibodies are central in the pathogen-
esis of AQP4-NMOSD and thought to mediate several
pathologic manifestations in NPSLE.5 Furthermore, com-
plement activation is a critical mediator of tissue damage in
both SLE and AQP4-NMOSD.6 Notably, production of
proinflammatory cytokines, immune complex formation,
and vascular injury in NPSLE can lead to disruption of the
blood-brain barrier (BBB) and facilitate CNS entry of
pathogenic autoantibodies.7

To our knowledge, this is the first reported case of AQP4-IgG
positive NMOSD with reversible cerebral vasculopathy in the
setting of active SLE. Systemic inflammation, complement
activation, and increased permeability of the BBB are im-
portant mechanisms in NPSLE and may be contributing
factors to both vascular injury and NMOSD. A better un-
derstanding of the pathogenic mechanisms involved will be
instrumental in developing future preventative and thera-
peutic strategies.
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Although primarily targeting the respiratory system, coronavirus disease 2019 (COVID-19)
affects the CNS in up to 80% of patients.1 Yet, findings on COVID-19 neuropathology have
been conflicting: autopsy reports range from inflammatory CNS syndromes, cerebrovascular
events,1 and endothelial damages2 to no COVID-19-specific brain pathologies.3 Little is known
about the clinical course of neurologic autoimmune diseases and concurrent severe acute
respiratory syndrome coronavirus-2 (SARS-CoV-2) infection. Limited evidence suggests no
difference in the incidence of hospitalization in patients with COVID-19 with autoimmune
diseases as compared to the general population.4,5 Therefore, further in-depth pathologic
investigations of patients with COVID-19 with autoimmune comorbidities are needed.

MS is the most frequent autoimmune disease of the CNS with inflammatory demyelination and
blood-brain barrier (BBB) disruption being typical pathologic hallmarks.6 However, whether
MS renders patients more susceptible to CNS involvement during SARS-CoV-2 infection or
worsens MS-related disease activity remains elusive. In this study, we performed a compre-
hensive histologic and spatial transcriptomic assessment of a patient with MS deceased of
COVID-19-associated respiratory failure in comparison with a non-MS patient with COVID-
19 to address (1) whether an impaired BBB in MS facilitates viral entry to the CNS and (2)
whether COVID-19-associated immune dysregulation leads to MS lesion (re)activation.

The decedent was a 67-year-old woman diagnosed with relapsing MS in 1990. Brain MRI
revealed multiple white matter lesions including gadolinium-enhancing lesions in MS-typical
locations. An immunomodulatory therapy with interferon beta-1b was started in 1996 and
discontinued for the past 3 years. Gradual clinical worsening eventually led to the diagnosis of
secondary-progressive MS with superimposed relapses. Her most recent MRI scan from 2009
showed residual disease activity with 2 gadolinium-enhancing lesions. She was initially admitted
to the hospital in March 2020 for respiratory tract infection presenting with cough, intermittent
fever, and dyspnea. SARS-CoV-2 infection was confirmed by nasopharyngeal swab testing, and
COVID-19 was diagnosed on CT scan and accompanied by laboratory signs of systemic
inflammation (elevated C-reactive protein and neutrophils) and lymphopenia. She was treated
experimentally with hydroxychloroquine and cefepime for bacterial superinfection. After her
denial of mechanical ventilation, she died from respiratory failure 13 days after COVID-19
onset.

*These authors contributed equally to this work.

†These authors are co-shared senior authors and co-corresponding authors.
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The postmortem gross examination of the brain revealed
pronounced frontotemporal atrophy and at least 12 macro-
scopically visible lesions at MS-typical locations. Routine
histologic examination (e-methods, links.lww.com/NXI/
A402) of lesion areas revealed demyelination based on Luxol
fast blue and antibody stains against myelin basic protein with
relative axon preservation in lesion areas (figure 1A, figure e-1,
A and B, links.lww.com/NXI/A400). Based on routine

hematoxylin and eosin stain, we could rule out vascular and
hypoxic pathologic changes focusing on hypoxia-sensitive
areas, such as the hippocampus and cerebellum (figure e-1C).
To assess BBB disruption and inflammatory lesion activity,
brain tissue samples were further assessed with antibodies
against dysferlin, Iba1, and CD45 (figure 1, A and B, figure
e-1, A and B). Dysferlin staining indicated low-grade residual
BBB leakage through weak to moderate endothelial

Figure 1 Histopathologic Assessment of MS COVID-19 Brain

(A–B) Macroscopically visible lesions were assessed by (A) H&E, LFB staining, and MBP, Iba1, CD45, and (B) dysferlin immunohistochemical evaluation. Given
the lack of ongoingmyelin phagocytosis presence of Iba1+macrophages, all examined lesions were staged as chronic-inactive. Scale bar indicates 100 μm. (C)
Assessing the presence and spatial distribution of severe acute respiratory syndrome coronavirus-2 (SARS-COV-2) transcripts by in situ hybridization in MS
COVID-19 comparedwith non-COVID-19 tissue, we found presence of SARS-CoV-2 transcripts (pink arrows) in lung tissue, ependymal cells, and choroid plexus
(CP) epithelial cells from MS-COVID-19 in comparable amount with non-MS COVID-19 CP epithelial cells with some coexpression of ACE2 (white arrows).
Notably, SARS-CoV-2 transcripts were not present in MS lesions areas, suggesting CP epithelial cells as a key constraint of viral CNS entry. Arrows indicate
positive cells. Left and right panel showdifferent areas of the respective tissue section. Scale bar indicates 20μm.COVID-19 = coronavirus disease 2019; H&E =
hematoxylin and eosin; LFE = luxol fast blue; MBP = myelin basic protein; PV = periventricular; WM = white matter.
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expression within or nearby MS lesions (figure 1B). All
assessed lesions were classified as chronic inactive with low
numbers of perivascular CD45+ leukocytes and only weak
Iba1+ microglia activation particularly at lesion rims (figure
1A, figure e-1B). We did not find signs of active de-
myelination in the form of myelin phagocytosis or presence
of foam cells (figure 1A, figure e-1, A and B). Hence, absence
of inflammatory immune infiltrates and myelin phagocytosis
confirmed that systemic SARS-CoV-2 infection did not re-
sult in MS lesion (re)activation. To complement our pre-
vious quantitative reverse transcription (qRT)-PCR findings
in COVID-19 demonstrating low-level presence of viral
transcripts in the olfactory bulb3 (table e-2), we next
assessed the presence and spatial distribution of SARS-CoV-2
RNA by multiplex in situ hybridization (ISH, e-methods).
We used ISH probes targeting the S gene encoding the viral
spike protein and ACE2 as a viral entry target. Lung tissues
from both the MS and non-MS patients with COVID-19
(figure e-1D) were used as a positive control (figure 1C,
figure e-2B, links.lww.com/NXI/A401). Although no SARS-
CoV-2 transcripts were present in the examined lesion areas
(figure 1C), SARS-CoV-2 and ACE2 transcripts were con-
sistently detected in epithelial cells of the choroid plexus
(CP) and ependymal cells of the CSF-brain interface in both
cases, often in co-presence (figure 1C, figures e-1E and e-2).
Notably, SARS-CoV-2 transcripts were regularly found in
lung tissues in conjunction with ACE2 transcripts in the
same cells (figure 1C, figure e-2B). In summary, we found no
direct evidence for neuronal or glial cell infection neither in
healthy nor demyelinated areas (figure 1C, figure e-2A)
despite evidence for residual BBB leakage in MS COVID-19
(figure 1B).

The differential detection of viral transcripts in the CP, but its
absence in the brain parenchyma suggests that the BBB is a
key restraint of viral entry into the CNS (figure-1E, links.lww.
com/NXI/A400). This is in line with recent data examining
the SARS-CoV-2 infection route in brain organoids indicating
that the CP as a prime CNS entry site.7 Furthermore, damage
of the BBB itself is an alternative CNS entry point, and, in-
deed, endothelial damage has been reported in COVID-19
neuropathology.2 However, in our case, although we observed
some focal signs of BBB leakage, we did not detect SARS-CoV-
2 RNA in MS lesion and adjacent normal-appearing tissue
areas by in situ assessment. The absence of viral RNA in the
brain parenchyma, yet positive qRT-PCR results from the
nasopharyngeal swab and olfactory bulb, could be indicative
of previous CNS clearance because the deceased patient was
in the late/postinfectious stage of COVID-19. Indeed, signs of
viral clearance at autopsy were seen in the corresponding lung
tissue showing low transcript load both by spatial tran-
scriptomic assessment (figure 1C) and by qRT-PCR (table
e-2, links.lww.com/NXI/A402).

Although this is a single case of a COVID-19-affected patient
with a long-standing history of progressive MS, our findings
provide no evidence for MS disease exacerbation or lesion

(re)activation. These results are in line with recent clinical
studies on stable disease in patients with COVID-19 with
other autoimmune diseases.4,5 Importantly, our study
highlights the significance of CNS barriers, such as the CP,
as a critical entry point for SARS-CoV-2 and calls for fur-
ther studies to provide more insight into the underlying
mechanisms. Because our study reports on a chronic dis-
ease course, future studies will need to shed light on SARS-
CoV-2-associated pathologies in patients with active dis-
ease activity in MS and other underlying autoimmune CNS
diseases.
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CORRECTION

Treating MS after surviving PML: Discrete strategies for rescue,
remission, and recovery patient 2
From the National Multiple Sclerosis Society Case Conference Proceedings
Neurol Neuroimmunol Neuroinflamm 2021;8:e968. doi:10.1212/NXI.0000000000000968

In the Neurology® Neuroimmunology & Neuroinflammation Article “Treating MS after surviving
PML: Discrete strategies for rescue, remission, and recovery patient 2: From the National
Multiple Sclerosis Society Case Conference Proceedings” by R. Cruz et al.,1 the 15th author’s
name and credentials should be listed as “Scott D. Newsome, DO.” The authors regret the
error.

Reference
1. Cruz R, Hogan N, Sconzert J, et al. Treating MS after surviving PML: Discrete strategies for rescue, remission, and recovery patient 2:

from the National Multiple Sclerosis Society Case Conference Proceedings. Neurol Neuroimmunol Neuroinflamm 2021;8:e930. doi:
10.1212/NXI.0000000000000930.
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CORRECTION

Tumefactive Inflammatory Lesions in Juvenile Metachromatic
Leukodystrophy
Neurol Neuroimmunol Neuroinflamm 2021;8:e969. doi:10.1212/NXI.0000000000000969

In the Clinical Scientific Note “Tumefactive inflammatory lesions in juvenile metachromatic
leukodystrophy” by Meier et al.,1 a few of the references to the figure within the Results section
were incorrect; they should read as follows:

1. The reference in line 6 should read (figure, C).
2. The reference in line 11 should read (figure, E and F).
3. The reference in line 12 should read (figure, I and J).
4. The reference in line 17 should read (figure, P).

The authors regret these errors. Further, the sentence appearing in lines 7 and 8 of the
Discussion section should read “The second patient presented at age 5 years with acute left-
sided hemiparesis.” The publisher regrets this error.
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Neuroinflamm 2021;8:e922. doi:10.1212/NXI.0000000000000922.
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