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Pushpa Narayanaswami, MBBS, DM, FAAN
Alex Rae-Grant, MD

Vision Neurology® Neuroimmunology &
Neuroinflammation will be the premier
peer-reviewed journal in the fields of
neuroimmunology and neuroinflammation.

Mission Neurology: Neuroimmunology &
Neuroinflammation will provide neurologists
and clinical research scientists with
outstanding peer-reviewed articles, editorials,
and reviews to enhance patient care and
facilitate basic and translational research.

Editorial
Inquiries

Tel: 612-928-6400
Toll-free: 800-957-3182 (US)
Fax: 612-454-2748
nnnjournal@neurology.org

Stay
Connected

facebook.com/NeurologyNN

twitter.com/greenjournal

youtube.com/user/NeurologyJournal

instagram.com/aanbrain

mailto:nnnjournal@neurology.org
http://www.instagram.com/aanbrain


TABLE OF CONTENTS Volume 8, Number 1, January 2021 Neurology.org/NN

Editor’s Corner

e925 N2 Year in Review
J. Dalmau, M.C. Dalakas, D.L. Kolson, F. Paul, and S.S. Zamvil

Open Access

Editorial

e932 Obesity’s Role in MS: An Intervention Target With
Possible Interactions
K. C. Fitzgerald, and E. M. Mowry

Open Access

Articles

e906 Chitinase 3–Like 1 and Neurofilament Light Chain in
CSF and CNS Atrophy in MS
R. Schneider, B. Bellenberg, B. Gisevius, S. Hirschberg,
R. Sankowski, M. Prinz, R. Gold, C. Lukas, and A. Haghikia

Open Access Class of Evidence

e904 Mild Progressive Multifocal Leukoencephalopathy
After Switching FromNatalizumab to Ocrelizumab
A.A. Toorop, Z.Y.G. van Lierop, E.E.M. Strijbis, C.E. Teunissen,
A. Petzold, M.P. Wattjes, F. Barkhof, B.A. de Jong,
Z.L.E. van Kempen, and J. Killestein

Open Access

e907 Clostridium Bolteae Is Elevated in Neuromyelitis
Optica Spectrum Disorder in India and Shares
Sequence Similarity With AQP4
L. Pandit, L.M. Cox, C. Malli, A. D’Cunha, T. Rooney, H. Lokhande,
V. Willocq, S. Saxena, and T. Chitnis

Open Access

e908 Laquinimod Dampens IL-1β Signaling and
Th17-Polarizing Capacity ofMonocytes in Patients
With MS
S. Engel, V. Jolivel, S.H.-P. Kraus,M. Zayoud, K. Rosenfeld, H. Tumani,
R. Furlan, F.C. Kurschus, A. Waisman, and F. Luessi

Open Access

e913 Anti-CD20 Therapies and Pregnancy in
Neuroimmunologic Disorders
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Open Access

e916 Seizure-related 6 Homolog Like 2 Autoimmunity:
Neurologic Syndrome and Antibody Effects
J. Landa, M. Guasp, M. Petit-Pedrol, E. Mart́ınez-Hernández,
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Josep Dalmau, MD, PhD, FAAN, Marinos C. Dalakas, MD, FAAN,
Dennis L. Kolson, MD, PhD, Friedemann Paul, MD and Scott S. Zamvil, MD, PhD

N2 year in review
Neurol Neuroimmunol Neuroinflamm January 2021 vol. 8 no. 1 e925. doi:10.1212/NXI.0000000000000925

2020 has been the year of coronavirus disease 2019 (COVID-19), and all of us have been
affected. The impact on Neurology® Neuroimmunology, Neuroinflammation (N2) is reflected by
themany articles on a variety of COVID-19–related topics such as whether patients withMS and
other neuroimmunologic diseases are more vulnerable to severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) infection1–7; how extending treatment dosing intervals (to reduce
the risk of viral infections) affects the course of MS8,9; and the possible effects of the virus on the
peripheral and CNS. An early review by Dr. Dalakas10 covered many of the potential compli-
cations of COVID-19 on the peripheral nervous system. In addition, multiple clinical case reports
described other infrequent COVID-19–related complications in the peripheral nervous system
and CNS including Guillain-Barré syndrome (GBS),11,12 acute encephalopathy attributed to
cytokines,13 acute necrotizing encephalitis and myelitis,14,15 complications suspected to be CNS
vasculitis (or vasculopathy),16,17 ophthalmoparesis and hypothalamic deficits caused by unclear
mechanisms,18 and studies on SARS-CoV-2 antibodies in CSF and blood-brain-barrier (BBB)
dysfunction potentially affecting neurologic outcome.19 Despite the lockdowns and confine-
ments (or perhaps because of them), the number of articles received in 2020 compared with the
same period in 2019 has increased in 95.8%. In 2020, the impact factor of the journal increased to
a competitive 7.724, which may have attracted some of these articles. Here, we review some
studies published this year in N2.

In many patients, the clinical significance of glutamic acid decarboxylase 65 (GAD65) antibodies
can be difficult to establish. These antibodies can be identified in many clinical scenarios in-
cluding type I diabetes mellitus, several neurologic syndromes such as cerebellar degeneration,
stiff-person syndrome, limbic encephalitis, seizures, and in up to 8% of healthy people.20 The
ability to detect the antibodies depends on the technique used, which from high to low sensitivity
include ELISA, radioimmunoassay, brain tissue immunohistochemistry (IHC), and cell-based
assays (CBAs), the latter 2 with a similar low sensitivity. However, for GAD65 antibody–
associated neurologic syndromes, the lower sensitivity assays (IHC andCBA) are not necessarily
the less useful, rather the opposite. The reason for this is that no cutoff values have been defined
for the high sensitive assays (ELISA or radioimmunoassay) to establish that neurologic symp-
toms are in fact linked to GAD65 autoimmunity. In contrast, clinical experience and expert
opinions have suggested that when antibodies are detected with low sensitive assays, particularly
in CSF, the associated neurologic symptoms are most likely related to GAD65 autoimmunity. In
line with this concept, some investigators indicate that a definite relationship can only be

From the Institut d’Investigacions Biomèdiques August Pi i Sunyer (IDIBAPS) (J.D.), Hospital Cĺınic, Universitat de Barcelona, Spain; Institució Catalana de Recerca i Estudis Avançats
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established if there is specific synthesis of intrathecal GAD65
antibodies.20 To determine the cutoff values of the tests in-
dicated above for the diagnosis of GAD65 antibody–associated
neurologic syndromes, Muñoz-Lopetegi and colleagues21 ex-
amined the serum and CSF (when available) of 56 patients
with several types of neurologic symptoms using ELISA, IHC,
and CBA.When the ELISA cutoffwas ≥100 IU/mL, all tests in
CSF showed 100% concordance. As far as serum was con-
cerned, when the ELISA cutoff was 10,000 IU/mL, all samples
with lower concentration of antibodies were negative by IHC,
whereas 97% of those with higher (>10,000 IU/mL) antibody
concentration were positive by IHC. Most IHC results cor-
responded well with CBA findings. Importantly, 34 (94%) of
36 patients with high-concentration (>10,000 IU/mL) anti-
bodies had typical GAD65 antibody-associated neurologic
syndromes (cerebellar ataxia, stiff-person syndrome, limbic
encephalitis, epilepsy, or overlapping syndromes). In contrast,
12 (60%) of the 20 patients with low-concentration (<10,000
IU/mL) antibodies had alternative diagnoses, and the other 8
patients had chronic epilepsy, otherwise seronegative limbic
encephalitis, or nonspecific ataxia and gait disorder. Immu-
notherapy was associated with a decrease in antibody con-
centration that frequently associated with partial clinical
improvement. The study confirmed that in patients with low
anti-GAD65 concentrations, particularly those without typical
GAD65-associated phenotypes, alternative diagnostic etiolo-
gies should be considered.

In 2016, Graus and colleagues22 reported an algorithmic
diagnostic approach to autoimmune encephalitis including
diagnostic criteria for some specific syndromes. The approach
was mainly based on experience with adult patients, although
data from children were also taken in consideration for some
diseases (e.g., anti-NMDAR encephalitis). To validate these
algorithmic diagnostic guidelines in children, de Bruijn and
colleagues23 investigated 113 children that were initially in-
cluded in 3 categories: (1) children with antibody-mediated
encephalitis (n = 21), (2) children with acute disseminated
encephalomyelitis (ADEM, n = 34), and (3) children with
neurologic symptoms suspected to be autoimmune (n = 60).
Overall, 103 children fulfilled the criteria of possible autoim-
mune encephalitis. Among the 21 cases with antibody-
mediated encephalitis, 19 had anti-NMDAR, 1 anti-AMPAR,
and 1 anti-LGI1 encephalitis. Among the rest of the patients,
34 eventually had ADEM, 2 Hashimoto encephalopathy, and
46 other diagnoses that included possible autoimmune/
inflammatory encephalitis (21), no evidence of autoimmune
encephalitis and other etiology identified (10), and no evi-
dence of autoimmune encephalitis and etiology unknown
(15). The mean incidence rates were 1.54 children/million for
antibody-mediated encephalitis and 2.49 children/million for
ADEM. Thus, except for anti-NMDAR encephalitis and
ADEM, other autoimmune encephalitis were uncommon in
children. The authors concluded that current diagnostic
guidelines for autoimmune encephalitis are also useful in
children. Yet, in children with nonspecific symptoms (n = 46,
45%), it was important to review the data critically, perform

comprehensive workup for alternative diseases, and consult
specialized neuroinflammatory centers. Almost in parallel with
this study, Celluci and colleagues24 as part of a subcommittee
of the Autoimmune Encephalitis InternationalWorkingGroup
specifically adapted the guidelines to children. The sub-
committee highlighted themain clinical features distinguishing
adults and children with autoimmune encephalitis and pro-
vided 3 diagnostic categories (possible, probable, and definite)
and a diagnostic algorithm. The task for the future is to validate
this pediatric algorithm with a large cohort of children sus-
pected to have autoimmune encephalitis.

One important challenge in the field of autoimmune and
paraneoplastic encephalitis is the sensitivity and specificity
of the clinical assays. To determine the accuracy of com-
mercial tests for antibodies against onconeuronal (in-
tracellular) paraneoplastic antigens, Déchelotte and
colleagues25 examined sera of 5,300 patients with suspected
paraneoplastic neurologic syndromes (PNSs) with 2 different
commercial immunoblot tests. The samples that were found
positive were additionally examined with confirmatory tests
that included rat brain IHC and a recombinant protein-based
assay, either CBA or in-house immunoblot. Using one of the
commercial tests, 128 (8%) of 1,658 sera were found positive,
and of these, only 47 (37%) were established as truly positive
for paraneoplastic antibodies. Using the other commercial test,
186 (5%) of 3,626 sera were positive, and of these, only 56
(30%) were identified as positive. The degree of correspon-
dence between the commercial assays and the confirmatory
tests varied broadly according to the antigens; for anti-Yo
(PCA1), only 7% and 6% of the samples found positive by the
commercial assays were eventually established as positive. In
contrast, for anti-Hu (ANNA1), 88% and 65% of samples
positive by commercial tests were confirmed with validation
assays. Most of the false-positive cases by commercial tests
were eventually diagnosed with nonparaneoplastic or auto-
immune diseases, and most did not even have cancer. There-
fore, although immunoblots may be useful for general
screening of paraneoplastic antibodies, a threshold should be
established for each antibody, and clinical information and
confirmation of results with other techniques are essential.

Another study from Xu and colleagues26 described 220 patients
with anti-NMDAR encephalitis. Overall, the clinical findings
and frequent improvement were similar to those reported in
other series from Europe or the United States. However, 17%
of the patients had relapses during the first 12months, which is
higher than previous studies (e.g., 12% over the first 2 years),
and the frequency of tumors was lower (19.5%) than that
previously reported (38%). In a separate study fromChina, Dr.
Peng and colleagues27 studied 111 patients with anti-NMDAR
encephalitis and validated the anti-NMDAR encephalitis 1-
year functional status (NEOS) score as a reliable predictor of
poor functional status at 1-year follow-up.

Another study by Ruiz-Garćıa and colleagues28 described a
novel neuronal cell surface antibody against the metabotropic
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glutamate receptor 2 (mGluR2) in 2 patients with paraneo-
plastic cerebellar ataxia. One of the patients was a 78-year-old
woman with progressive cerebellar ataxia with an initial re-
lapsing and remitting course who developed a small-cell cancer
of unknown origin. The other patient was a 3-year-old girl who
presented with steroid-responsive acute cerebellitis preceding the
diagnosis of an alveolar rhabdomyosarcoma. In both cases, the serum
and CSF antibodies immunolabeled the cell surface of cultured live
neurons and produced a neuropil-like immunostaining, particularly
involving the hippocampus and cerebellum. The antibodies did not
cross-react with other previously characterized mGluR antigens
(mGluR1 or mGluR5) and did not internalize the receptors. The
study suggests that mGluR2 antibodies are novel biomarkers of
paraneoplastic cerebellar ataxia and that the antibodies are potentially
pathogenic, although the mechanisms involved are different from
downregulation or receptor internalization. Although only 2 patients
were included in the study, the partial improvement of one of the
patients and full recovery of the other are noteworthy because par-
aneoplastic cerebellar ataxia rarely improves with treatment.

For themedical sleuths and those interested in the history of neurology,
Tényi and colleagues29 provided a likely resolution of a 190-
year-old unresolved medical case. These authors while
reviewing the historical medical literature found reference of a
patient reported in medical journals from Hungary, Italy, and
Germany. The patient was initially studied in 1830 and was
presented in 1841 at the third meeting of the Italian Scientists
held in Florence. Before symptom onset, she was a healthy 18-
year-old woman who developed seizures followed by a 6-day-
long clinical state characterized by unresponsiveness, catalepsy,
and shallow breathing. These symptoms apparently resolved
but returned over the following 18 months during which a
progressively growing abdominal tumor was identified. One
day she suddenly developed emesis that included pus and
blood mixed with more than 100 bone fragments. In addition,
she had evacuation from the anus and vagina of a membranous
substance mixed with blood and pus. After this event, the
seizures and catalepsy-like episodes resolved. Over the fol-
lowing years, she gave birth to 3 healthy children and was still
well 11 years later. Tényi and colleagues29 postulate that the
shallow breathing was likely due to hypoventilation, and the
catalepsy-like state was catatonia, which was not identified as
an entity until more than 40 years later. They also suggest that
the mass was likely an ovarian teratoma that can become very
large, contain bone, and perforate into the bowel and vagina.
This historical finding is remarkable; it probably represents the
first description of a paraneoplastic syndrome given that the
case predates by 35 years the description of Trousseau syn-
drome, which is considered the first paraneoplastic syndrome
reported.30

During the last year, the SARS-CoV-2 pandemic not only dominated
our lives and affected direct interactionswith our patients but also had a
prominent presence in neurology journals. In N2, 11 published ar-
ticles were centered on whether SARS-CoV-2 infects the CNS
or PNS, triggers neuro-autoimmunity, or increases suscepti-
bility to infection in patients on immunotherapies, shedding

light on the challenging concerns of neuroinvasion and
autoimmunity.

COVID-19–associated neurologic events, including strokes,
hypercoagulable state, hypoxic-ischemic, and toxic-metabolic
encephalopathies, were reported early this year,31 but evidence
that COVID-19 can trigger neuro-autoimmunity emerged
when GBS, the prototypic viral-triggered autoimmune disease,
was recognized almost concurrently in several worldwide
hotspots.11,12,32–34 A review in N2 by Dalakas10 synthesized
these cases pointing out that 2 early clinical and laboratory
signs, anosmia/ageusia, and lymphocytopenia/
thrombocytopenia are red flags in suspecting COVID-19
in asymptomatically infected individuals that present not
only with GBS but with any acute neurologic event. GBS
peaks 5–10 days after the first COVID-19 symptoms and can
present with multiple cranial neuropathies or Miller Fisher
syndrome (MFS).10,35 Other evolving COVID-19–triggered
autoimmunities were pointed out, including acute necrotiz-
ing autoimmune myositis, evidenced by high CK levels
(>10,000) in 10% of COVID-19–infected patients31 res-
ponding, whenever treated, to immunotherapy10,36; acute
necrotizing encephalopathy or brainstem encephalitis with
MRI-enhancing white matter lesions14,16; encephalitis with
increased CSF interleukin (IL)-1β, IL-6, and rapid recovery13;
and endothelial inflammation (endothelialitis) with encepha-
lopathy and meningeal enhancement responding to
immunotherapy.37

Because SARS-CoV-2 RNA shares 75%–80% genomic se-
quence with its 2 neurovirulent coronavirus predecessors,
Middle East respiratory syndrome coronavirus and SARS-
CoV, neuroinvasion was suspected considering its high viru-
lence and lethality. The sudden loss of smell and taste not only
in GBS but in up to 60% of COVID-19 carriers early in the
infection38 strengthened the view of viral entry into the
brain. In contrast to commonly reversible anosmia when
the non-neural olfactory epithelial cells are virally infected,
persistent anosmia/ageusia was suggestive of neuro-
tropism targeting olfactory neurons.38 In mice, oronasal
infection with SARS-CoV infects olfactory receptor neu-
rons in the neuroepithelium gaining access to the olfactory
bulb and brainstem.39 SARS-CoV may also enter the CNS
via retrograde axonal transport through the trigeminal
nerve nociceptive receptors in the nasal cavity and the
sensory fibers of glossopharyngeal nerves.39 The MRI-
enhanced oculomotor, trigeminal, and facial nerves observed
in patients with brainstem encephalitis or MFS strengthened
the notion of neuroinvasion or edematous neuro-
inflammation.35 SARS-CoV-2 invades cells by binding to
angiotensin-converting enzyme-2 (ACE2) receptors, re-
portedly expressed—although not fully substantiated—in
endothelial cells of brain vessels, nerves, and muscles, facili-
tating potential CNS and PNS entry.38 Macrophages also ex-
press ACE2 receptors that may carry the virus into neural
tissues, like HIV (Trojan horse phenomenon), augmenting
neuroinflammation and tissue injury.40 Notwithstanding its
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neuroinvasive potential however, most published data point to
COVID-19–triggered autoimmunity,10,35 as also summarized
by Bodro et al.13

A step toward clarifying the above was a pivotal study by
Alexopoulos et al.,19 who assessed in 8 patients with enceph-
alopathy whether anti–SARS-CoV-2 antibodies are in-
trathecally produced in response to locally persisting viral
antigens or are passively transferred into the CSF from the
circulation due to the impaired BBB. Anti–SARS-CoV-2 an-
tibodies were detected in the CSF of all patients, but 4/8 had
high titers comparable to their serum values denoting BBB
disruption; only 1/8 had anti–SARS-CoV-2 immunoglobulin
G (IgG) intrathecal synthesis.19 A disrupted BBB allows pas-
sive entry into the CNS not only of antibodies but also cir-
culating cytokines and inflammatory mediators, which may
affect endothelial cells, a structural part of the BBB, resulting in
endothelialitis and further BBB disruption. Anti–SARS-CoV-2
antibodies entering the CNS can, by mobilizing complement
or guiding SARS-CoV-2–infected macrophages, lead to acti-
vation of microglia or resident macrophages enhancing neu-
roinflammation and neurodegeneration, as supported by the
presence of 14-3-3 protein in 4/8 patients with poor out-
come.19 These observations highlight the need for prospective
CSF studies to determine the pathogenic role of anti–SARS-
CoV-2 antibodies or other neuroinflammatory molecules, ex-
plore markers of neurodegeneration, and guide early initiation
of proper therapeutic interventions.19 Considering that the
CSF from most published patients, not only with encepha-
lopathies but also with GBS and cranial neuropathies, has been
acellular and SARS-CoV-2–PCR negative,10,13,19 the possibil-
ity of intrathecal viral replication driven by locally persisting
viral antigens appears unlikely, except if there is rapid viral
clearance or unique compartmentalized immune response
within the CNS.

That SARS-CoV-2 triggers neuro-autoimmunity is addition-
ally supported by the data from COVID-19–triggered GBS
wheremany treated patients responded fast to IVIg, whereas at
least 2 examined patients harbored antibodies to GD1b
ganglioside,34,41 as seen in other postviral-induced GBS.10 As
pointed out,10 these antibodies are of significance because the
attachment of COVID-19 spike S protein to respiratory cells is
mediated not only by ACE2 receptors, but also by binding to
sialic acid–containing glycoproteins and gangliosides on cell
surfaces.42 Because in GBS and other autoimmune neuropa-
thies, gangliosides containing disialosyl moieties can serve as
antigens and anti-GD1b gangliosides are pathogenic,43 cross-
reactivity between epitopes within the COVID-19 spike–
bearing gangliosides and signature sugar moieties on nerve
glycolipidsmay representmolecularmimicry similar to the one
observed between nerve glycolipids and Campylobacter jejuni
or Zika virus–triggered GBS.10,35

Regarding common autoimmune neurologic disorders, like
MS, neuromyelitis optica spectrum disorder (NMOSD),
chronic inflammatory demyelinating polyneuropathy,

myasthenia gravis, or inflammatory myopathies, there is con-
vincing evidence that neither the disease itself nor the main-
tenance therapies they receive with steroids, mycophenolate,
or azathioprine increase susceptibility to COVID-19 or place
them into an immunosuppressed or immunocompromised
category; if clinically stable and not lymphopenic, there is no
need to alter therapies.10 The same applies to disease-
modifying therapies in patients with MS,1,3 especially be-
cause these therapies target mostly adaptive immunity with
insignificant effect on innate immunity that facilitates infection
of macrophages and viral spread,10 as also summarized by
Berger et al.1 For patients on monthly IVIg, there may be even
a theoretical advantage of IVIg offering natural protective au-
toantibodies. The anticomplement agent eculizumab, ap-
proved for NMOSD and myasthenia gravis, should not be
withheld as it may have an added protective benefit.10,44

Complement, being an integral component of the innate im-
mune response to viruses and an instigator of proinflammatory
responses, exacerbates SARS-CoV–associated respiratory
distress44,45; eculizumab, currently tested for the inflammatory
complications of COVID-19, already shows early benefits.46

Postponing or suspending cladribine, alemtuzumab, mitoxan-
trone, and hematopoietic stem cell transplantation is highly
advisable.47 For patients on rituximab (RTX) and ocrelizumab,
infusion intervals can be prolonged to more than 6 months, as
both B-cell reduction and clinical benefit persist longer.1,10,47

Notwithstanding the need to further explore the COVID-
19–driven acute events of neuro-autoimmunity or
neurovirulence, there is an urgent need to assess post-
neuroinflammatory effects in COVID-19 survivors. In anal-
ogy to postviral fatigue syndromes associated with less invasive
viruses, the post–COVID-19 neurologic sequelae are expected
to be profound considering the multisystemic effects of
COVID-19, even if many acute events are not directly caused
by the virus, as argued by Bodro et al.13 Many discharged
patients, as pointed out,10 are left with muscle weakness, at-
rophy, and gait imbalance; several have lost smell and taste;
and still others exhibit cognitive and mental issues, even after
short-term illness, compounded by social isolation, anxiety,
and fears. A systematic study of neurologic, cognitive, and
neuropsychological assessments is needed to help all recovered
patients return to normalcy.

T-helper 17 (Th17) cells are considered a hallmark
proinflammatory T-cell subset that participates in patho-
genesis of several organ-targeted autoimmune diseases,
including MS. IL-26, a member of the IL-10 cytokine
family, has been identified as a human Th17-associated
cytokine that is regulated by IL-1β, IL-23, and RAR-related
orphan receptor γt, the master regulator in Th17 differentia-
tion. IL-26 appears to have a proinflammatory role in in-
flammatory bowel disease48 and rheumatoid arthritis.49 In the
November issue ofN2, Broux et al.50 investigated the potential
role of IL-26 in MS. Based on the earlier observations in Th
differentiation and other autoimmune diseases, these authors
hypothesized that IL-26, like IL-17, would have a
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proinflammatory role and promote BBB disruption.51 Indeed,
they observed that IL-26 is preferentially expressed by Th17
cells. However, when examining the transcriptome of IL-26–
treated human BBB endothelial cells, they observed that IL-26
downregulated expression of proinflammatory cytokines, tu-
mor necrosis factor α, interferon (IFN)-γ, and IL-6. Further-
more, IL-26 promoted expression of certain BBB tight junction
(TJ) molecules, including JAM-1, and this effect was inhibited
by antibodies that prevented binding to the IL-26 receptor (R),
a heterodimer composed of IL-10R2 and IL-20R1. Although
mice do not express IL-26, they do express the IL-26R, which
permitted the authors to examine the influence of IL-26
treatment in mice. IL-26 treatment of mouse BBB endothelial
cells promoted expression of certain TJ proteins, including
JAM-1 and CLDN5. IL-26 treatment in vivo was associated
with reduced severity of clinical EAE, decreased CNS extrav-
asation of blood proteins, and reduced CNS infiltration of
Th17 cells. Conversely, IL-26 treatment was associated with an
increased CNS accumulation of Treg and Th10 cells, a well-
known regulatory T-cell subset. Thus, although IL-26 is
expressed by Th17 cells, this cytokine exhibits anti-
inflammatory characteristics, promoting BBB integrity and
CNS accumulation of regulatory T cells. The authors’ obser-
vations are exciting and raise additional questions. In further
studies, it will be important to determine whether all activities
of IL-26 are mediated through IL-10R2. It will also be im-
portant to determine how this cytokine influences antigen-
presenting cell (APC) function ofmyeloid cells and other APC
subpopulations. Given that IL-26 exerted proinflammatory
responses in 2 other organ-specific autoimmune diseases,48,49

one will need to be cautious in advancing IL-26 therapeutically
in MS. Clearly, more work is needed to further elucidate the
role of IL-26 in CNS autoimmune diseases.

Several disease-modifying therapies (DMTs) used for treatment
of MS cause alterations in cellular or humoral immunity that may
be sustained after treatment discontinuation. This is a particular
concern when a patient has breakthroughMS activity or develops
medication intolerance, leading one to consider subsequent al-
ternate therapy. Fingolimod (Gilenya), one of the S1P modula-
tors, traps lymphocytes in secondary lymphoid tissues, resulting in
reduced lymphocyte counts within peripheral blood.52 Fingoli-
mod is immunosuppressive, predisposing to viral infections,
including herpes simplex and varicella, and less commonlymay
be associated with progressivemultifocal leukoencephalopathy
in JC virus–seropositive patients.53 In a recent study published
in N2, Nagy et al. investigated the dynamics of immune cell
recovery in 58 patients after discontinuation of fingolimod
treatment.54 Surprisingly, 22% remained lymphopenic 1 year
later. Risk factors for sustained lymphopenia included low
baseline lymphocyte counts, prior treatment with mitoxan-
trone, and subsequent treatment with the anti-CD20, RTX.
Sustained lymphopenia in association with RTX may not be
surprising, as RTX can cause a near complete elimination of
peripheral blood B cells, which may account for approximately
15% of circulating lymphocytes. Regardless, the study by Nagy
underscores the concern for sustained immune suppression

when using certainDMTS sequentially and the need for careful
monitoring.

The MS DMT, alemtuzumab (Campath, Lemtrada), a
monoclonal antibody that targets CD52 and depletesmature B
and T cells, is highly effective in relapsing-remitting MS. In
contrast with fingolimod and other DMTs that pose greater
risk for viral infections or other consequences from immune
suppression, alemtuzumab is associated with risk for secondary
(iatrogenic) humoral autoimmunity in up to 40% of patients.
Signs or symptoms of 3 secondary autoimmune conditions,
Graves' disease, immune thrombocytopenia, or, more rarely,
antiglomerular basement membrane disease are delayed, oc-
curring more than 18 months after the first treatment course, a
time when there is B-cell hyperrepopulation and reduced
thymic T-cell reconstitution. Independent of alemtuzumab
treatment, the corresponding primary (idiopathic) humoral
autoimmune conditions are sometimes treated with anti-
CD20 B-cell depletion. Meltzer et al.55 therefore hypothesized
that scheduled anti-CD20 B-cell depletion could mitigate
against the risk for alemtuzumab-induced secondary autoim-
munity. In a 10-patient pilot study, they administered low-dose
(50–100 mg/m2) RTX after the first or second cycle of
alemtuzumab. Some of their patients were followed for a mean
of 41 months. They did not observe evidence of secondary
autoimmunity in any of their patients. Although their results
are provocative, additional studies are needed to confirm their
findings, establish how effectively low-dose RTX depletes
B cells, and determine whether concomitant treatment of anti-
CD52 and anti-CD20 provides greater benefit than approved
dosing with anti-CD20 alone. Of additional interest, cases of
paradoxical MS disease activation after alemtuzumab treat-
ment have also been reported.56,57 In these rare instances, RTX
has been administered and has been effective in stabilizing
those patients.

Whether MS and NMO influence susceptibility to COVID-19
infection are questions that have concerned patients and their
treating neurologists. Reports published in N2 early in the
COVID-19 pandemic have indicated that MS or NMO alone
does not confer greater susceptibility to either disease.3–5

However, a large study of patients with MS with confirmed
COVID-19 identified age, obesity, and Expanded Disability
Severity Score as independent risk factors for more severe
COVID-19 outcome.58 How individual DMTs alter risk of
COVID-19 is not clear. Because of the antiviral properties of
type I IFNs α and β, it has been suggested that IFN-β therapy in
MS could be protective against COVID-19.7 Whether anti-
CD20 B cell–depleting antibodies pose greater risk of COVID-
19 is not clear. A large study of patients with MS in Italy
identified a higher risk of severe outcome of COVID-19 in-
fection in patients withMS treatedwith ocrelizumab or RTX.59

In contrast, report of a pharmacovigilance case series con-
ducted by themanufacturer of ocrelizumab indicated that there
was no greater risk of severe COVID-19 outcome in
ocrelizumab-treated patients with MS. As B cells serve as the
source of antibody-secreting plasmablasts and plasma cells, one
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is also concerned whether anti–CD20-treated patients will
mount protective antibody responses to COVID-19 vaccines
that may soon become available. In this context, a recent study
observed that humoral responses to several nonlive vaccina-
tions were attenuated in patients with MS treated with ocre-
lizumab.60 It is clear that additional studies are needed before
considering recommendations regarding use of MS thera-
peutics and COVID-19 risk.

In recent years, myelin oligodendrocyte glycoprotein (MOG)-
associated disease (MOGAD) has emerged as immune-
mediated nosologic entity distinct from typical aquaporin-4
(AQP4) ab–positive NMOSD.61–63 Moreover, MOG sero-
positivity is rarely found in patients with classic MS.64 Avail-
ability of reliable assays to test for antibodies to MOG is
important for managing these patients. Here, an international
consortium examined several MOG antibody assays in a
multicenter approach.65 Thirty-nine clearly MOG-IgG–
positive sera, 39 low-positive sera, 13 borderline-negative sera,
40 clearly negative sera, and 30 sera from healthy blood donors
were distributed to 5 testing centers where several live and
fixed immunofluorescence cell-based assays, live flow cytom-
etry cell-based assays, and ELISA assays were performed.
Eighteen replicates (9 MOG-IgG positive and 9 negative)
served as technical controls. Agreement was excellent (96%)
between live cell-based assays for MOG-IgG in samples pre-
viously clearly identified as positive or negative, whereas
agreement was not as good for the fixed cell-based assay (90%).
Cell-based assays showed an excellent interassay re-
producibility, whereas ELISA failed to show concordance with
cell-based assays for detecting MOG-IgG. In contrast, the
agreement of cell-based assays for borderline negative and low
positive samples was much lower (77% and 33%, respectively).
This work has important implications for MOG-IgG testing
and interpretation of test results in clinical practice: (1) com-
mercially available fixed cell-based assays are useful when live
cell-based assays are not available; however, the former will
miss approximately 10%–15% of positive cases. This under-
scores the recommendation to retest patients with a typical
clinical presentation of MOGAD in a center offering live cell-
based assays when the fixed cell-based assay is negative; (2)
ELISAs are not adequate for the detection of MOG-IgG and
should therefore not be used; (3) the interpretation of bor-
derline seropositivity remains an unresolved issue until the
most useful cutoff for clinical purposes will have been estab-
lished. In the meantime, low-positive MOG-IgG is probably
only meaningful in conjunction with the suitable clinical pre-
sentation (in patients with ON, ADEM, myelitis, and some
forms of encephalitis) but not classic MS.

Another study from Korea reported a different biomarker
profile between AQP4 ab–positive NMOSD and MOGAD.66

AQP4 ab–positive patients with NMOSD had higher serum
levels of glial fibrillary acidic protein than patients with
MOGAD, and levels of this biomarker of astrocyte damage
were higher in relapse than remission in NMOSD but not in
MOGAD. Serum levels of another widely researchedmarker of

neuroaxonal damage, neurofilament light chain (NfL), were
comparable in both conditions, but only patients with
NMOSD had higher NfL values in relapse than in remission.
By contrast, only patients with MOGAD had higher serum tau
levels in relapse as compared to remission. These findings
emphasize distinct mechanisms of tissue damage in AQP4
ab–positive NMOSD and MOGAD and moreover propose
that tau, a microtubule-associated protein in neurons, could be
further investigated as clinically applicable biomarker in pa-
tients with MOGAD.

The question as to whether MOGAD should be treated with
immunotherapy right after the first clinical event is still con-
tentious owing to a presumably high proportion of mono-
phasic cases and an on average more favorable prognosis than
AQP4 ab–positive NMOSD. However, most experts would
advocate relapse-preventive immunotherapy after 2 or more
attacks.67 Unfortunately, data on the appropriate drugs for
treating MOGAD are still scarce. Although larger case series
have demonstrated good efficacy of oral corticosteroids and
generic immunosuppressants such as azathioprine and myco-
phenolate mofetil (MMF), the situation seems to be less clear
for RTX, and classic MS drugs were reported to be of no effect
or even harmful as in AQP4 ab–positive NMOSD.68,69 Against
this background, a prospective observational cohort study from
China, although not a randomized trial, provides valuable
clinical evidence on the effect of MMF on relapse rates in
MOGAD.70 Seventy-nine patients with MOGAD (children
and adults, 54 on MMF and 25 without MMF; both groups
had an additional and comparable steroid taper) were followed
over a median of 261 days (without MMF) and 472.5 days
(with MMF). Relapse rates were 7.4% in the w/ MMF group
and 44% in the w/o MMF group. MMF treatment was asso-
ciated with a profoundly reduced risk of relapse, even after
adjusting for covariates such as age group (children vs adults),
sex, disease course, and initial MOG-IgG titer (HR 0.08, 95%
CI 0.02–0.28, p < 0.001). Only 1 patient discontinued MMF
owing to side effects. Despite inherent limitations of this
noncontrolled trial, the results show that MMF might confer
effective attack prevention in patients with MOGAD.

Treatment with monoclonal antibodies (mAbs) is a thera-
peutic mainstay in many autoimmune diseases, which often
affect young females in child-bearing age.71–73 As disease ac-
tivity may be increased in the peripartum period in some
conditions, withholding immunotherapy may be hazardous for
the mother. On the other hand, women are often advised to
forego breastfeeding because of scant safety data on the use of
mAbs during this period, although both the mother and the
neonate may benefit from it. LaHue and colleagues conducted
a review of the medical literature and extracted data from 30
studies on breast milk concentrations of 19 mAbs (among
them natalizumab, RTX, tocilizumab, and eculizumab), which
were generally low.74 The relative infant dose, a parameter
comparing infant with maternal drug dose, was assessed for
some mAbs including RTX and natalizumab and was below
10%, which is generally considered safe. None of 368 infants
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followed for 6 or more months after exposure to breast milk of
mothers treated with mAbs had overt developmental delay or
serious infections. Despite some limitations, this work suggests
low mAb transfer into breast milk and may help inform in-
dividual treatment decisions as to mAb treatment during the
postpartum and lactation period. However, the authors rightly
call for registries to substantiate these findings. This review is
paralleled by another study in 9 women with MS who received
RTXwhile breastfeeding.75 In serial samples collected between
hours to several weeks from RTX infusion, maximum con-
centrations were attained 1–7 days after infusion and yielded a
relative infant dose of 0.08%. The authors conclude that RTX
therapy may confer an acceptable risk-to-benefit ratio, sup-
porting both maternal treatment and breastfeeding, in women
with severe neurologic autoimmune diseases.

Neuroinflammation, oxidative stress, and aging are linked to
cognitive risk in persons living with HIV (PLWH), even in
individuals achieving suppression of virus replication with
antiretroviral therapy.76 Several studies in the May 2020 issue
addressed the potential impact of these factors in PLWH.
Certain populations (distinguished by genetic background,
age, or other factors) may be more vulnerable to effects of
neuroinflammation and oxidative stress. In a study of 528
PLWH (276 African Americans and 252 European Ameri-
cans), Garza et al.77 showed that a common genetic regulatory
variation [(GT)n dinucleotide repeat length] in the promoter
region of the antioxidant enzyme, heme oxygenase-1 (HO-1),
is a unique risk factor for cognitive impairment in PLWH. The
presence of at least 1 short (GT)n repeat allele, which asso-
ciates with higher HO-1 expression, associated with a 2-fold
reduction in an individual’s cognitive impairment risk. Fur-
thermore, this reduced risk effect appears to be linked to
neuroinflammation, particularly in individuals of African an-
cestry. The implications are important. Because HO-1 is
therapeutically targetable (e.g., dimethyl fumarate), neurologic
complications of virus infections associated with neuro-
inflammation and oxidative stress (HIV, SARS-CoV-2, and others)
may potentially be preventable with HO-1–inducing drugs.78

Also, in the May 2020 issue, Groff et al.79 used magneto-
encephalography (MEG) and neuropsychological testing to
compare 77 PLWH with 93 HIV-negative controls to assess
the effects of HIV infection on the integrity of occipital-parietal
visual-spatial responses, which this group had shown before to
vary predictably with aging.80 Cognitively impaired PLWH
differed from unimpaired PLWH in age-dependent responses.
Although not specifically examined in this study, biomarkers of
neuroinflammation andoxidative stress increasewith age in the
HIV-infected brain, which suggests that studies linking MEG
responses with biomarkers of neuroinflammation linked to
cognitive impairment are warranted.

Neuroinflammation and the use of the recreational drug
cannabis (once considered a drug of abuse) in PLWH were
the subject of study by Ellis et al.81 in the September 2020
issue. In this study, plasma and CSF samples from 35 PLWH

and 21 HIV-negative controls matched for cannabis use (re-
cency, density, cumulative months, and grams) were analyzed.
The investigators found that recent cannabis use associated
with reduced neuroinflammation (indicated by reduced CSF
expression of IL-16, C-reactive protein, and soluble receptor
for TNF type II). This is not necessarily surprising, as CB2
receptors (CB2Rs) are expressed in microglia and astrocytes,
and CB2R activators have anti-inflammatory effects.82 This
study builds upon a body of literature that suggests some po-
tential neuroprotective effects of cannabis use and thus de-
fining specific effects of these is increasingly important as the
use of medical marijuana rises in PLWH.83

Study funding
No targeted funding reported.
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In the accompanying study by Hedström et al., the investigators explore modifying effects of
several well-known MS risk factors. They consider excess risk and synergistic effects of obesity,
Epstein-Barr virus (EBV) infection, and genetic factors (human leukocyte antigen [HLA]-
DRB1*15:01, primarily) on the risk of MS in 2 Swedish population-based cohorts. Findings
describe that overweight and obesity in young adulthood confer a nonadditive effect on the risk
of MS among those with a history of EBV infection or are HLA-DRB1*15:01 carriers.

Assuming a lack of bias, deviation from risk additivity suggests that some subgroups would
theoretically benefit more (e.g., obtain a greater absolute risk reduction) from a specific in-
tervention than other individuals would.1 In this case, the observed departure from additivity
associated with obesity among EBV-infected or HLA-DRB1*15:01 carriers implies that reduction
in body weight would be most beneficial for those with a previous history of EBV infection or
carry HLA-DRB1*15:01 alleles. Further excess risk above additivity for multiple exposures (e.g.,
superadditivity, or the 3-way interactions tested here) may be particularly valuable from a pre-
ventive medicine perspective because risk for the outcome could be theoretically be reduced
considerably by intervening on either exposure, assuming both are causal and modifiable.1,2

As with most epidemiologic research, some assumptions and data requirements are necessary to
obtain valid inference. Those related to interaction rely intricately on adequate control of con-
founding and, often, rely on large effects of the study exposures in question to make reliable
conclusions pertaining to biologic interaction.1,2 Relatedly, a large sample size is also necessary,
particularly in the context of assessment of risk superadditivity1 (3-way interactions) included in this
report. Herein, these conditions were relatively true. Some of study design elements, however, may
potentially have introduced bias. The median disease duration at enrollment was 2 and 18 years for
the 2 included cohorts, which may affect the interpretability of the EBV nuclear antigen-1 titers.
Relatedly, the assessment of body mass index at age 20 years, infectious mononucleosis history, and
some of the other confounders was retrospective and self-reported. Last, 1 additional concern is the
differential response rates in cases and control populations potentially inducing some selection bias;
the prevalence of obesity or the distribution of body weight (or other potential confounders) may
differ among thosewho respond to the survey vs thosewho donot, especially in the non-MS controls.

The reproducibility of the observed interaction effects (especially for observed 3-way inter-
actions) in other populations would be a valuable next step; some studies in non-Northern
European populations do not observe excess risk of MS for HLA-DRB1*15:01 carriers asso-
ciated with EBV infection.3,4 Furthermore, exploration of the dose-response for early adulthood
body mass index, incorporating more flexible modeling strategies (rather than the dichotomous
overweight vs nonoverweight), would additionally bolster the findings.

Identification of underlying mechanisms of interaction depends on biologic assumptions that are
often difficult to verify using epidemiologic data alone, even in the context of large effect sizes,
optimal data, and control for confounding. For this study, detailed information describing the
biological mechanisms that might explain the findings is not well known. Some hypothesized
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mechanisms include that an already primed proinflammatory
immune system in people with high genetic risk for MS (e.g.,
HLA-DRB1*15:01 carriers), or among those with previous EBV
infection, is exaggerated by the low-grade inflammatory state
observed in obese individuals, which then confers an excess risk
for MS.5–8 It is important to note that the genetic burden of MS
risk and EBV infection (outside the context of an effective
vaccine that is currently not available) is largely nonmodifiable,9

whereas body weight is at least somewhat modifiable. Thus,
from a public health perspective, the results of this study con-
tinue to highlight that obesity prevention and maintenance of a
healthy weight, especially earlier in life, remains a critical com-
ponent in MS prevention in both subgroups of individuals with
a higher MS risk (e.g., those with a family history of MS) as well
as overall (because early-life obesity itself is a risk factor forMS).
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Abstract
Objective
To investigate cross-sectional associations of CSF levels of neurofilament light chain (NfL) and
of the newly emerging marker chitinase 3–like protein 1 (CHI3L1) with brain and spinal cord
atrophy, which are establishedMRImarkers of disease activity inMS, to study CHI3L1 andNfL
in relapsing (RMS) and progressive MS (PMS), and to assess the expression of CHI3L1 in
different cell types.

Methods
In a single-center study, 131 patients withMS (42 RMS and 89 PMS) were assessed for NfL and
CHI3L1 concentrations in CSF, MRI-based spinal cord and brain volumetry, MS subtype, age,
disease duration, and disability. We included 42 matched healthy controls receiving MRI.
CHI3L1 expression of human brain cell types was examined in 2 published single-cell RNA
sequencing data sets.

Results
CHI3L1 was associated with spinal cord volume (B = −1.07, 95% CI −2.04 to −0.11, p = 0.029)
but not with brain volumes. NfL was associated with brain gray matter (B = −7.3, 95% CI −12.0
to −2.7, p = 0.003) but not with spinal cord volume. CHI3L1 was suitable to differentiate
between progressive or relapsing MS (p = 0.015, OR 1.0103, CI for OR 1.002–1.0187), and its
gene expression was found in MS-associated microglia and macrophages and in astrocytes of
MS brains.

Conclusions
NfL and CHI3L1 in CSF were differentially related to brain and spinal cord atrophy. CSF
CHI3L1 was associated with spinal cord volume loss and was less affected than NfL by disease
duration and age, whereas CSF NfL was associated with brain gray matter atrophy. CSF NfL
and CHI3L1 measurement provides complementary information regarding brain and spinal
cord volumes.

Classification of evidence
This study provides Class II evidence that CSF CHI3L1 is associated with spinal cord volume
loss and that CSF NfL is associated with gray matter atrophy.
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Class of Evidence
Criteria for rating
therapeutic and diagnostic
studies
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In recent years, MS research has progressed, especially in
the field of immune therapies of MS, raising the need for
reliable markers of individual disease activity and treatment
response.1

Neurofilament (NF) proteins, as part of the neuronal cy-
toskeleton,2 have been proposed as markers of neuronal
damage in MS and various other neurologic disorders. Be-
cause neuroaxonal degeneration causes their release into the
adjacent body fluid compartment, NF levels can be detected
in the CSF and in the blood serum. In MS, associations have
been reported between NF light chain (NfL) levels and
disease activity, progression, and long-term clinical
outcome.3,4 Increased CSF NfL levels also predicted the risk
of conversion from a clinically isolated syndrome (CIS) to
relapsing-remitting MS (RRMS).5 Recently, the relevance
of serum NfL for discerning CIS from newly diagnosed MS
has been demonstrated6; however, CSF NfL displayed a
higher sensitivity for disease activity than serum NfL.7,8

Moreover, NfL levels were related with MRI-derived
markers, such as brain MS lesion load, atrophy of the

brain and spinal cord, and with previous radiologic disease
activity.4,7,9,10

Besides NfL, other CSF markers of tissue damage have been
proposed in MS, e.g., chitinase 3–like protein 1 (CHI3L1),
a glycoprotein which is secreted by activated glia cells in the
CNS. Increased CHI3L1 levels have been associated with
disease progression11,12 and with conversion from CIS to
MS.13 Recently, the benefit of combining NFL and CHI3L1
measures in CSF to discriminate MS phenotypes and to
predict disease progression in RRMS was demonstrated.14

In the present study on patients with MS, we studied the asso-
ciations of CHI3L1 and NfL levels in CSF with atrophy of the
brain and spinal cord. Brain and spinal cord atrophy served as
established paraclinical markers of disease progression that are
known to be associated with axonal degeneration and de-
myelination in early and chronic MS subtypes.15,16 We hypoth-
esized that the CSF CHI3L1 and NfL levels were related to both
brain and spinal cord atrophy. A second aim was to test whether
CSF levels of NfL and CHI3L1 acquired in the mixed cohort of

Glossary
BGM = brain gray matter; BWM = brain white matter;CHI3L1 = chitinase 3–like protein 1;CIS = clinically isolated syndrome;
DD = disease duration; EDSS = Expanded Disability Severity Scale;HC = healthy control;MUCCA =mean upper cervical cord
area;NfL = neurofilament light chain; PMS = progressive MS; RMS = relapsing MS; RRMS = relapsing-remitting MS; scRNA-
seq = single-cell RNA sequencing; T1w = T1 weighted.
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patients with relapsing MS or progressive MS can distinguish
between these 2 subtypes. Finally, the expression of CHI3L1 in
different cell types from healthy and MS brains was examined to
further investigate its relevance with respect to MS pathogenesis.

Methods
Participants
A total of 131 patients (table 1) with clinically definite MS or
CIS with subsequent conversion to MS,17 availability of CSF
samples for assessment of CHI3L1 andNfL, and an associated
MRI examination were assessed for the analysis. Clinical data,
i.e., Expanded Disability Severity Scale (EDSS) and disease
duration (DD) at the times of CSF assessment andMRI, were
extracted from the patient files.

For the evaluation of CNS atrophy, MRI data of 42 healthy
controls (HCs), which had been acquired with the same
scanner and identical MRI protocol as the patients, were in-
cluded from a preexisting in-house MRI database. Patient and
control recruitment was performed over a 4-year period from
2011 to 2014.

Standard protocol approvals, registrations,
and patient consents
The study protocol was approved by the ethics committee of the
Medical Faculty of the Ruhr University Bochum (Approval No.

15-5268) and the research ethics boards of all participating
centers. All individuals gave their written informed consent
according to the Declaration of Helsinki.

CSF analysis and NfL/CHI3L1 measurements
The concentrations of CHI3L1 (also called YKL-40) and NfL
in CSF were analyzed using the assays MicroVueTM YKL-40
EIA (Quidel, San Diego, CA) and NF-light ELISA (IBL In-
ternational, Hamburg, Germany), respectively. The limit of
detection was 5.4 ng/mL for CHI3L1 and 32 pg/mL for NfL.
The intra- and interassay coefficients of variation for Micro-
VueTM YKL-40 EIA were <5.6%–6.6% and <6.0%–7.0%.
The intra- and interassay coefficients of variation for NF-light
ELISA were <5% and <9%.

MRI and quantitative image analysis
All participants underwentMRI scans at a single 1.5T scanner,
which included 3D T1-weighted (T1w) and T2-weighted
fluid-attenuated inversion recovery imaging. The MRI pro-
tocol is provided in the electronic supplement (links.lww.
com/NXI/A329).

The MRI analysis aimed at quantification of the mean upper
cervical cord area (MUCCA), the volumes of brain gray and
white matter (BGM and BWM), and the brainMS lesion load.
MUCCA was calculated on the basis of the T1w brain image
series using a previously described semi-automated method
and normalized relative to the distance between the C1 and

Table 1 Demography and MRI results of patients and HCs, clinical status, and CSF results for patients and patient
subgroups

Variable (unit);
No. of participants in the groups All patients (n = 131) RMS (n = 42) PMS (n = 89) HC (n = 42)

Within-group
p value

Female (%) 57 55 57 48 0.582a

Age (y) 49.9 (10.9); <0.001b 42.2 (12.7); 0.552b 53.7 (7.6); <0.001b; 0.001d 39.4 (11.4) <0.001c

EDSS 5.5 [1.0, 8.5] 3.0 [1.0, 6.5] 6.0 [3.0, 8.5]; <0.001d n.a. —

Disease duration (y) 12 (10) 7 (9) 15 (9); <0.001d n.a. —

CHI3L1 (ng/mL); 126/37/89/— 211 [96, 342] 186 [96, 282] 227 [104, 342]; 0.001d n.a. —

NfL (pg/mL); 93/34/59/— 1,038 [252, 6,617] 857 [252, 5,590] 1,319 [358, 6,617]; 0.008d n.a. —

MUCCA (mm2); 130/41/89/36 67.9 (11.3); <0.001b 75.3 (12.0); 0.248b 64.5 (9.3); <0.001b; <0.001d 78.8 (6.7) <0.001c

BGM (mL); 109/29/80/42 577.1 (62.1); 0.001b 599.1 (43.7); 0.502b 569.2 (65.9); <0.001b; 0.021d 609.9 (33.3) <0.001c

BWM (mL); 110/30/80/42 571.3 (47.6) 577.4 (47.2) 569.1 (47.9) 583.8 (30.2) 0.196c

BLL (mL); 111/31/80/— 9.6 [0, 91] 2 [0, 89] 14 [0, 91]; <0.001d n.a. —

Abbreviations: BGM = brain gray matter volume normalized to intracranial cavity volume, corrected for physiologic aging; BLL = brain lesion load (FLAIR
contrast); BWM = brain white matter volume normalized to intracranial cavity volume, corrected for physiologic aging; CHI3L1 = chitinase 3–like 1 protein in
CSF; EDSS = Expanded Disability Severity Scale; HC = healthy control; max =maximum; min =minimum;MUCCA =mean upper cervical cord area normalized
to C1-C3 length; n.a. = not applicable; NfL = neurofilament light in CSF; PMS = progressive MS; RMS = relapsing MS.
EDSS, CHI3L1, NfL, and BLL presented as median [min/max]; MUCCA, BGM, and BWM presented as mean (SD).
a p Value of group differences assessed by the χ2 test.
b p Value of comparison patients vs controls (all patients vs HCs: 1-factorial analysis of variance; RMS or PMS vs HC: post hoc pairwise comparisons of “c”).
c p Value of comparison within groups (HC, RMS, and PMS) using 1-factorial analysis of variance with post hoc pairwise Games-Howell tests.
d p Value of comparison PMS vs RMS by Mann-Whitney U tests.
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C3 vertebrae to compensate for physiologic differences re-
lated to body size.15

To calculate volumes of BGM and BWM, we used the VBM8
preprocessing and segmentation tools with default parame-
ters.18 All 3D T1w series were corrected for WM lesions
before volumetric analysis using the lesion growths algorithm
as implemented in the LST toolbox (version 1.2.2).19 In-
tracranial cavity volumes were determined by summation of
the volumes of GM, WM, and CSF.

We normalized BGM and BWM with regard to head size
differences by normalization according to the intracranial
cavity volume and corrected for physiologic aging effects
compared with HC.

Expression of CHI3L1 in different cell types
from healthy and MS brains
CHI3L1 expression of the human brain was examined in 2
published single-cell RNA sequencing (scRNA-seq) data sets
(Jäkel et al. and Masuda et al. data sets).20,21 Both data sets
were analyzed using the RaceID algorithm. The Jäkel et al.20

data set was prepared from white matter areas of postmortem
human brain from patients with MS and from unaffected
controls using a nuclear sequencing protocol. It provided an
overview of different cell types from healthy and MS brains
and was acquired from different MS lesions.20 The findings of
the Jäkel et al. data set were validated in an scRNA-seq data set
that was acquired from stereotactic biopsies and fluorescence-
activated cell sorting sorted for CD45+ cells of patients with
MS and HCs (Masuda et al. data set).21 This data set con-
tained cells from chronically active lesions. The results were
grouped into 10 clusters (Hu-C1 to Hu-C10), representing
the transcriptome signatures of different cell types.

Statistical analysis

Association study between MRI and CHI3L1 and NfL
concentrations in CSF
We used IBM SPSS for Windows version 24 (IBM Corp.,
Armonk, NY) for statistical analyses. Results were considered
statistically significant at p < 0.05.

All parameters were tested for normality with a Kolmogorov-
Smirnov test. Intergroup comparisons of CNS volumes, age,
and DD were assessed using 1-way analysis of variance (nor-
mally distributed data), with post hoc pairwise tests adjusted for
multiple comparisons with Games-Howell correction when
more than 2 groups were compared. Intergroup differences of
relapsing MS (RMS) and progressive MS (PMS) regarding
EDSS, brain lesion load, and CHI3L1 and NfL levels were
studied by using Mann-Whitney U tests (ordinal or not nor-
mally distributed data). We used χ2 tests to investigate differ-
ences in the male-female distribution within the subgroups.

Because we detected no differences related to sex in the var-
iables (CHI3L1, NfL, age, DD, EDSS, MUCCA, BGM, or

BWM by using Mann-Whitney U tests or Student t tests), the
results of female and male patients were pooled for further
analyses.

We evaluated potential associations between CHI3L1, NfL,
and clinical variables (age, DD, and EDSS) and between
CHI3L1 and NfL using Spearman rank correlation analyses.
Estimates of standard errors and CIs for the correlation co-
efficients were derived using the bootstrapping method
implemented in SPSS (1,000 samples).

Univariate simple linear regression and multiple linear re-
gression analyses with backward selection of variables (ex-
clusion criteria: probability of F ≥ 0.1) for CHI3L1 or NfL as
dependent variables and MUCCA, BGM, and BWM as in-
dependent variables served to investigate whether the CSF
biomarker levels were related brain and/or spinal cord
atrophy.

Figure 1 CHI3L1 (A) and NfL (B) concentrations in CSF of
PMS and RMS

The 2D plots depict the distribution of the results; the boxes mark the me-
dian and interquartile ranges. The 2D plots depict the distribution of the
results; the boxesmark themedian and interquartile ranges. *p < 0.050, **p
< 0.001 in Mann-Whitney U tests. CHI3L1 = chitinase 3–like protein 1; NfL =
neurofilament light chain; PMS = progressive MS; RMS = relapsing MS.
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Discrimination between the RMS (CIS/early RRMS and
RRMS >2 years) and PMS (primary progressive and sec-
ondary progressive) by CHI3L1 and NfL levels was tested
through multiple binary logistic regression analyses with MS
type as dependent variable (RMS coded: 0, PMS: coded 1)
and CHI3L1 and NfL as independent variables using back-
ward conditional exclusion (pin = 0.05, pout = 0.10).

Expression of CHI3L1 in different cell types from
healthy and MS brains
Published scRNA-seq data sets were examined for the ex-
pression of CHI3L1. Both data sets were analyzed using the
RaceID algorithm using standard settings.22 CHI3L1 ex-
pression was presented using mean and standard error of the
mean. Data analysis and visualization of the genetic data was
performed using the R programming suite and the tidyverse
package.23

Data availability
Anonymized data used for this study are available from the
corresponding author on reasonable request.

Results
Patient characteristics
Of the 131 patients with MS, 42 (32%) had relapsing MS
(CIS and early RRMS with DD ≤2 years [n = 17] or RRMS
with DD >2 years [n = 25]), and 89 (68%) patients had
progressive MS (secondary progressive [n = 69] or primary
progressive subtype [n = 20]). Mean/median values of age,
DD, and EDSS were higher in the PMS group than in the
RMS group. Clinical and demographic details of the entire
patient group, RMS, PMS, and HC are shown in table 1.

CSF ELISA analyses of CHI3L1 and
NfL concentrations
Themedian of CHI3L1 concentration was higher in PMS than
in the RMS subgroup, and maximal values of CHI3L1 con-
centrations were observed progressiveMS (table 1, figure 1, left
panel). Similarly, the median of NfL concentration was higher
in the PMS group than in RMS (figure 1, right panel). Com-
pared with CHI3L1, the NfL concentrations of the entire pa-
tient group spanned a considerably wider relative range (factor
0.24–6.4 of the whole group median in NfL compared with
0.5–1.6 of the median of the entire group in CHI3L1).

Although correlations between CHI3L1 and age, DD, and
EDSS were moderate (Spearman ρ [95% CI], p: 0.241
[0.064–0.419], p = 0.006; 0.198 [0.011–0.368], p = 0.198;
0.217 [0.010–0.407], p = 0.015), NfL showed stronger asso-
ciations with these clinical parameters (ρ [95%CI], p: 0.556
[0.352–0.715], p < 0.001; 0.452 [0.248–0.624], p < 0.001;
0.279 [0.060–0.469], p = 0.009), especially with age (reflected
by higher correlation coefficients and lower p values).

The CSF concentrations of CHI3L1 and NfL were correlated
(Spearman ρ [95% CI], p: 0.373 [0.177–0.552], p < 0.001), A

scatter plot of the association between CHI3 and NfL is
provided in the supplement (figure e-1, links.lww.com/NXI/
A329).

MRI-derived atrophy of the cervical cord and
the brain in patients with MS
We observed MUCCA atrophy in the entire MS group as
compared to HC (table 1 and figure e-2A, links.lww.com/
NXI/A329), which was driven by MUCCA reduction in
the PMS subgroup Furthermore, the mean of MUCCA in the
PMS group was smaller than in the RMS subtype. In the latter
group, no significant group differences compared with HC
were observed. Atrophy of BGM was observed in the entire
patient group compared with HC and in PMS compared with
RMS (figure e-2B). Brain lesion load was higher in chronic
MS compared with RMS. We observed no BWM atrophy in
the patient groups.

Associations between CSF biomarkers and
cervical cord area or brain volumes addressed
using backward linear regression analyses
To study associations between the CSF biomarkers and the
MRI-derived CNS volumetry measures, we used univariate and
multiple linear regression analyses separately for CHI3L1 or
NfL as dependent variables including MUCCA, brain GM, and
WM as independent variables. The multiple regressions used
backward stepwise exclusion (table 2). As a prerequisite for the
applicability of the multiple linear regressions, we checked
conditions, such as independence and normal distribution of
the residuals, no collinearity of the independent variables, and
occurrence of potential outliers. As a consequence, we excluded
5 samples with NfL >3,500 ng/mL from the analysis.

CHI3L1: In the univariate regression analyses, MUCCA
showed the strongest associations with CHI3L1 (reflected by
the t statistic and lowest p value). In the final multiple re-
gression model, MUCCA was the only predictive MRI volu-
metry variable for CHI3L1. Still, the corrected R2 of the final
model reflected merely a small effect size.24 According to
the negative regression coefficient, a decrease of MUCCA
of 10 mm2 predicted an average increase in CHI3L1 of
11 ng/mL in this regression model.

NfL: For NfL, the univariate regressions showed the strongest
associations between BGM and NfL. BGM was found to be
the only predictive MRI volumetry variable in the final mul-
tiple regressionmodel. Within this model, a decrease of 10mL
in BGM predicted an average increase of 73 pg/mL NfL. The
final model explained 12% of the variance of NfL, corre-
sponding to a small to medium effect size24; figure 2, A and B
further illustrates the associations between CHI3L1 and
MUCCA and between NfL and BGM.

Discrimination between the RMS and chronic
MS types by CHI3L1 and NfL CSF levels
To address the impact of CHI3L1 and NfL levels in CSF to
discriminate between the RMS and progressive MS types, we
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used multiple binary logistic regression analyses (backward
conditional exclusion) with type (RMS coded: 0, PMS: coded
1) as dependent variable and CHI3L1 and NfL as independent
variables (table 3). CHI3L1 turned out to be most suitable for
differentiating between PMS or RMS types. Thus, in the final
model (χ2(1) = 6.445, p = 0.011, N = 88), the odds of having
PMS are 1.11 times larger for a patient with a 10 ng/mL higher

CHI3L1 level, Nagelkerke R2 = 0.097 of the final model cor-
responded to a medium effect size, Cohen f = 0.33.24

Expression of CH3L1 in different cell types from
healthy and MS brains
In the Jäkel et al. data set, reflecting CH3L1 inMS and healthy
BWM, CHI3L1 was mainly expressed in 2 astrocyte subsets

Table 2 Univariate and multiple linear regression analyses between CHI3L1 and NfL concentrations in CSF and CNS
volumes (including MUCCA, BGM, and BWM) using backward stepwise exclusion

Linear regression
MRI
parameter

Regression
coefficient, B

95% CI of B
Standardized
coefficient, β t p ValueLower Upper

CHI3L1 (ng/mL) Univariate simple
regressions

MUCCA −1.07 −1.96 −0.19 −0.210 −2.39 0.018

BGM 0.017 −0.18 0.21 0.016 0.17 0.869

BWM −0.08 −0.34 0.18 −0.060 −0.63 0.533

Multiple: final model MUCCA −1.07 −2.04 −0.11 −0.210 −2.21 0.029

Constant 284 215 352 8.21 <0.001

NfL (pg/mL) Univariate simple
regressions

MUCCA −0.88 −20.4 18.7 −0.01 −0.09 0.929

BGM −7,31 −11.9 2.66 −0.36 −3.14 0.003

BWM 3.11 −3.55 9.77 0.11 0.93 0.345

Multiple: final model BGM −7.3 −12.0 −2.7 −0.361 −3.14 0.003

Constant 5,077 2,627 7,527 4.14 <0.001

Abbreviations: BGM = brain gray matter volume (ml); BWM = brain white matter volume (ml); CHI3L1 = chitinase 3–like protein 1; NfL = neurofilament light
chain; MUCCA = mean upper cervical cord area (mm2).
CHI3L1: final model (includes 109 patients with all parameters available) corrected R2 = 0.04.
NfL: final model (includes 69 patients with all parameters available) corrected R2 = 0.12.

Figure 2 Association between (A) CHI3L1 and MUCCA and (B) NfL and BGM

The line represents simple linear regressions between the variable pairs with R2: coefficient of determination. BGM = brain gray matter; CHI3L1 = chitinase
3–like protein 1; NfL = neurofilament light chain; MUCCA = mean upper cervical cord area.
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and in microglia and macrophages (figure e-2A, links.lww.
com/NXI/A329). Of interest, in MS samples, CHI3L1 ex-
pression was mainly found in MS-associated microglia and
macrophages, but not in other immune cells, such as mono-
cytes and lymphocytes (figure e-2B).

These findings were validated using theMasuda et al. scRNA-Seq
data set. Herein, MS-associated microglia and macrophages
(clusters Hu-C2, Hu-C3, and Hu-C8) expressed elevated levels
of CHI3L1,21 while CH3L1 was almost undetectable in the ho-
meostatic clusters (figure e-2C, links.lww.com/NXI/A329).
Moreover, like in the Jäkel et al. data set, hematogenic immune
cells (monocytes and lymphocytes) showed no detectable and
barely detectable levels of CHI3L1. Overall, specific CHI3L1
gene expression was found in MS-associated microglia and
macrophages, but not in homeostatic microglia or other immune
cells. In contrast, astrocytes expressed CHI3L1 in healthy control
samples andmoreover in active and chronically activeMS lesions.

Discussion
Contrary to our hypothesis, CHI3L1 and NfL were not asso-
ciated equally with both cervical cord area and brain volumes in
our study. Although CHI3L1 was associated with cervical cord
volume loss (MUCCA reduction) but not with brain volumes,
NfL was related to BGM decrease and not to MUCCA.

To date, relations between CSF biomarkers and spinal cord
atrophy in MS have rarely been investigated. CSF NF heavy
chain levels were associated with late spinal cord atrophy
progression, but not with baseline spinal cord measures in a
longitudinal study including a small cohort of patients with
MS.25 Similarly, NfL in blood serumwas associated with long-
term progression of spinal cord volume loss but not with
baseline measures in a large longitudinal study including a
mixed MS cohort7 This association between NfL and spinal
cord volume might seem contradictory to our findings, but
differences in the study design (longitudinal spinal cord vol-
ume loss was assessed, while the patient group did not include
patients with later-stage secondary PMS) and assessment of
serum NfL instead of CSF NfL may be reasons for differing
results.8

Our findings of associations between NfL levels and base-
line reduction of BGM are corroborated by recent findings
based on serum NfL.26 Other studies reported relations
between NfL in CSF or serum with longitudinal brain vol-
ume changes.7,8

These differing patterns of associations, especially referring
to the association of CHI3L1 with MUCCA, may be based
on different pathophysiologic sources of CHI3L1 and NfL
CSF concentrations in the patient subgroups.

In line with previous studies, average levels of CHI3L1 and
NfL were higher in PMS compared with RMS.11,27–29 Still,
CHI3L1 was better suited to differentiate between both
subtypes than NfL. This might be due to broader ranges of
values in NfL and cases of high NfL levels both in the RMS
and in the PMS group.

The relevance of CSF CHI3L1 to neurologic disability in
PMS was recently reported.30 In PMS compared with
RMS, higher levels of spinal cord atrophy are common
findings.31

Spinal cord atrophy in MS, correlating with clinical dis-
ability, has been shown to be at least in part independent of
local inflammation. Thus remote effects of Wallerian de-
generation secondary to neuroaxonal tissue damage in the
brain have been suggested as drivers of spinal cord atrophy
in MS.15 In PMS, neurodegenerative rather than in-
flammatory processes are the main drivers of disease
progression. Neurodegeneration generates higher relative
volume losses in the spinal cord than in the brain due to a
lack of compensatory capabilities in this relatively small
structure. We hypothesize that diffuse neurodegeneration
along with ongoing astrocytic and microglial activation
results in higher levels of CSF CHI3L1 in progressive MS,
which correlates with cervical spinal cord volume re-
duction. Thus, CHI3L1 may have a closer association to
spinal cord atrophy than NfL.

Brain GM atrophy, on the other hand, is driven by in-
flammatory activity reflected by new or gadolinium-
enhancing brain lesions in relapsing-remitting disease

Table 3 Binary logistic regression of differentiation between RMS and progressiveMS subtypes including CHI3L1 andNfL
in CSF as independent variables (backward conditional exclusion; PMS coded: 1, RMS coded: 0)

95% CI for OR

Binary logistic regression Regression coefficient B SE Wald p Value OR Lower Upper

Final model CHI3L1 (ng/mL CSF) 1.03E-2 4.2E-3 5.946 0.015 1.0103 1.0020 1.0187

Constant −1.40 0.819 2.937 0.087 0.2457

Abbreviations: CHI3L1 = chitinase 3–like protein 1; NfL = neurofilament light chain; PMS = progressive MS; RMS = relapsing MS; Wald = square of Wald test
statistic for regression coefficients B.
Final model (includes 88 patients with both parameters available): coefficient of determination R2 = 0.097 (Nagelkerke).
Bold text indicates p < 0.05.
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courses and by diffuse neurodegeneration and chronical
inflammation in progressive MS.16,25,32 NfL has widely
been described as a marker for axonal damage secondary
to acute inflammatory processes in MS,2,4,28 which might
explain the strong association between CSF NfL and BGM
atrophy.

We also could verify a differing pattern of CHI3L1 and NfL
related to age and DD. In contrast to CHI3L1, NfL showed
stronger associations with age and DD. In line with our CSF-
based results, increasing levels of serum NfL with age in HC
and in patients with MS have been previously reported,7

suggesting a limitation for the use of NfL as disease marker in
older patients with longer DD.33,34 The weaker impact of age
and DD on CHI3L1 may underline its suitability for use as
biomarker in PMS.

Although elevated CHI3L1 and NfL levels are not MS
specific,35,36 both markers have been associated with in-
flammatory processes in MS, whereby CHI3L1 has a regu-
latory function on inflammation, whereas NfL is a product of
axonal degeneration.28 Furthermore, the expression of
CHI3L1 and NfL can be considerably increased by various
inflammatory and immunologic conditions.37

The occurrence of CHI3L1 in inflammatory environments as
described38,39 was further substantiated by the analysis of cell-
specific CHI3L1 expression patterns: CHI3L1 expression was
mainly found in active and chronically active MS lesions in
activated macrophages/microglia of MS and in activated
astrocytes.

Our study is not without limitations. A drawback is its ret-
rospective design and a lack of CSF probes of HC, which
excluded the discrimination between physiologic and disease-
related age dependencies. Another limitation is the cross-
sectional design. In particular, to clarify whether CHI3L1
baseline levels might be sensitive markers for future spinal
cord atrophy progression, longitudinal studies including
CHI3L1 and spinal cord atrophy are warranted.

Conclusions
NfL and CHI3L1 in CSF were differentially related to
brain and spinal cord atrophy. We demonstrated associa-
tions between CHI3L1 and spinal cord volume. In con-
trast, NfL was not correlated with MUCCA, but we
confirmed recently reported correlations of NfL with BGM
reduction. CHI3L1 was suited to differentiate between
relapsing and progressive MS and was less affected by DD
and age than NfL. Consistent with a recent study showing
that the pattern of combined measurement of CSF-based
NfL and CHI3L1 was useful to discriminate MS pheno-
types,14 the combined measurement of CSF NfL and
CHI3L1 provides complementary information with regard
to brain and spinal cord volumes.
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27. Hinsinger G, Galéotti N, Nabholz N, et al. Chitinase 3-like proteins as diagnostic and
prognostic biomarkers of multiple sclerosis. Mult Scler 2015;21:1251–1261.

28. Mane-Martinez MA, Olsson B, Bau L, et al. Glial and neuronal markers in cerebrospinal
fluid in different types of multiple sclerosis. J Neuroimmunol 2016;299:112–117.
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Abstract
Objective
To describe the disease course of carryover progressive multifocal leukoencephalopathy (PML)
after switching from natalizumab to ocrelizumab in 2 patients with relapsing-remitting MS.

Methods
Two case reports with 1 year of follow-up and retrospective longitudinal measurements of
serum neurofilament light (NfL) levels and B-cells.

Results
PML was diagnosed 78 days (case 1) and 97 days (case 2) after discontinuation of natalizumab.
Both patients developed mild immune reconstitution inflammatory syndrome (IRIS) despite
B-cell depletion caused by ocrelizumab. NfL levels increased in both patients during PML-IRIS.
PML-IRIS lesions stabilized after treatment with mefloquine and mirtazapine, followed by
methylprednisolone, and both patients continued therapy with ocrelizumab when B-cells
started to repopulate.

Conclusions
The clinical course of carryover PMLwas mild in both patients, suggesting that B-cell depletion
possibly did not aggravate PML-IRIS in these 2 patients.
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Natalizumab is an effective drug approved for the treatment of
relapsing-remitting MS (RRMS). A rare but dangerous
complication is progressive multifocal leukoencephalopathy
(PML), an opportunistic infection of the brain caused by the
John-Cunningham virus (JCV). After PML diagnosis, dis-
continuation of natalizumab often leads to immune re-
constitution inflammatory syndrome (IRIS).1

Ocrelizumab is another effective disease-modifying therapy in
MS. Nine confirmed cases of PML have been reported in
patients using ocrelizumab, although not yet published
(Clifford et al. ECTRIMS 2020; Roche data on file 2020). In 8
cases, patients previously used natalizumab or fingolimod,
likely causing PML. This phenomenon has been described as
carryover PML.2

Neurofilament light (NfL) is a promising biomarker of neu-
ronal damage and could potentially support early radiologic
findings of PML.3,4 We report 2 cases of carryover PML-IRIS
after switching from natalizumab to ocrelizumab with a

relatively mild clinical disease course in whom longitudinal
serum NfL (sNfL) was measured in retrospect.

Data availability
Anonymized data will be shared by request from any qualified
investigator.

Standard protocol approvals, registrations and
patient consents
Both patients provided informed consent for publishing of
this article.

Case 1
A 34-year-old man with RRMS started treatment with natali-
zumab in 2012. JCV serostatus was positive (index 2.22–3.23
between 2012 and 2018) as measured by the STRATIFY-2 test
(Unilabs, Copenhagen, Denmark). The patient wished to
continue treatment despite PML risk. Consequently, every 3
months, MRI brain scans were performed as per local

Figure 1 Magnetic resonance images demonstrating the disease course of PML-IRIS of case 1

Axial FLAIR (A–D), diffusion-weighted (E–G), and contrast-enhanced T1-weighted (H)magnetic resonance images of PMLwith IRIS of case 1. In lateMarch 2019,
a fast-growing juxtacortical white matter lesion in the right frontal lobe suspect for PML was detected. Follow-up scans showed progression of enhancement
suspect for PML-IRIS (C, D, G, H). The amount of days indicates the time from the first infusion with ocrelizumab. Natalizumab was discontinued in January
2019, and PMLwas diagnosed after 78 days. Blue arrow indicates subtle signs suggestive of PML in retrospect before diagnosis (B). White arrows indicate the
lesions suggestive of PML-IRIS. FLAIR = fluid-attenuated inversion recovery; IRIS = immune reconstitution inflammatory syndrome; PML = progressive
multifocal leukoencephalopathy.

Glossary
EDSS = expanded disability status scale; EID = extended interval dosing; IRIS = immune reconstitution inflammatory
syndrome; IVMP = IV methylprednisolone; JCV = John-Cunningham virus; NfL = neurofilament light; PML = progressive
multifocal leukoencephalopathy; RRMS = relapsing-remitting MS; sNfL = serum NfL.
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pharmacovigilance scan protocol.5 The follow-up showed no
disease activity under natalizumab treatment. In January 2019,
because of the patient’s desire for a treatment switch to ocre-
lizumab, natalizumab was discontinued. Per local pharmaco-
vigilance scan protocol to exclude PML before ocrelizumab, 2
MRI brain scans showed no new or enlarging T2 lesions and
CSF was negative for JCV DNA with CSF NfL levels of 396

pg/mL. The expanded disability status scale (EDSS) score was
4.0. The patient received 300mg of ocrelizumab 43 days after the
last natalizumab infusion. A third MRI was performed per local
pharmacovigilance protocol before the second 300 mg ocreli-
zumab infusion. A white matter lesion suspect for PML was
detected (figure 1). No lesions suspect for MS disease activity
were present. In retrospect, subtle signs suggestive of PML were

Figure 2 Longitudinal serum neurofilament light levels and B-cells during PML-IRIS

Longitudinal serum NfL levels (Left Y-axis) and B-cells (Right Y-axis) over time (X-axis; months) during PML-IRIS for case 1 (A) and case 2 (B). No immuno-
suppressant therapy was used before treatment with natalizumab in both cases. NfL = neurofilament light (case 1 reference range 1–15 pg/mL; case 2
reference range 2–18 pg/mL); Therapy for PML consists ofmefloquine andmirtazapine. CSFNfL levels in case 1were 396 pg/mLbefore PMLdiagnosis, 844 pg/
mL after diagnosis, and 1,212 pg/mL after recovery. CSF NfL levels in case 2 were 211 pg/mL before PML diagnosis and 466 pg/mL after diagnosis. IRIS =
immune reconstitution inflammatory syndrome; IVMP = IV methylprednisolone; NTZ = natalizumab; OCR = ocrelizumab; PML = progressive multifocal
leukoencephalopathy.
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already present on MRI in October 2018 under natalizumab
treatment. CSF was positive for JCV DNA (11.0 copies/mL).
CSF NfL levels increased to 844 pg/mL, and sNfL levels were
9.9 pg/mL (figure 2A). Based on limited evidence, the patient
started mefloquine 250 mg for 3 days, continued at a dose of
250 mg weekly, and mirtazapine 30 mg daily.6 MRI brain scans
with gadolinium showed progression of enhancement suspect
for PML-IRIS. The patient received 1 g IV methylprednisolone
(IVMP) for 3 days. Over the next 2months,MRI scans showed a
decrease of the inflammatory component of PML-IRIS and
treatment for PML was discontinued. CSF was negative for JCV
DNA. The neurologist felt comfortable to continue treatment
with 300 mg of ocrelizumab after the first signs of B-cell repo-
pulation. The patient reported no clinical symptoms during the
disease course of PML-IRIS with a stable EDSS score of 4.0.

Case 2
A 37-year-old man with RRMS started treatment with natali-
zumab in 2009. JCV serostatus was positive (index 0.37–0.84
between 2014 and 2019). The patient wished to continue
natalizumab treatment; consequently, every 3 months, MRI
brain scans were performed.5 Regular follow-up showed no
disease activity under natalizumab treatment. In January 2017,
the patient switched to personalized extended interval dosing
(EID) based on trough concentrations (6 week interval). In
April 2019, because of the patient’s desire for treatment switch,
natalizumab was discontinued. Two MRI brain scans showed
no new or enlarging T2 lesions, and CSF was negative for JCV

DNA with CSF NfL levels of 211 pg/mL. The EDSS score was
2.5. The patient received 300 mg of ocrelizumab 55 days after
the last natalizumab infusion. A third MRI scan showed new
focal areas with elevated signal on the diffusion-weighted im-
aging setting (figure 3). No lesions suspect for MS disease
activity were present. In retrospect, subtle signs suggestive of
PML were already present on MRI in May 2019 under nata-
lizumab treatment. CSF was positive for JCV DNA (copy
number not quantified). CSF NfL levels increased to 466 pg/
mL, and sNfL levels were 16.7 pg/mL (figure 2B). The patient
started mefloquine 250 mg for 3 days, continued at a dose of
250mgweekly, andmirtazapine 60mg daily.6 Two weeks later,
anMRIwith gadolinium showedmultiple foci of elevated signal
suspect for PML-IRIS. By then, the patient became symp-
tomatic with a mild left upper limb paresis. There was wors-
ening of his gait because of instability of the left leg and new
numbness of the right arm. The patient received 1 g IVMP
twice, and the progression of clinical symptoms and lesions on
MRI stabilized. Treatment for PML was discontinued in Oc-
tober 2019. Clinical symptoms improved, and the neurologist
felt comfortable to continue treatment with 300 mg of ocreli-
zumab after the first signs of B-cell repopulation. The patient
reported only mild clinical symptoms during the disease course
of PML-IRIS with an EDSS score of 2.5 after recovery.

Discussion
We report 2 patients with RRMS with a relatively mild disease
course of carryover PML after switching from natalizumab to

Figure 3 Magnetic resonance images demonstrating the disease course of PML-IRIS of case 2

Axial FLAIR (A–D), diffusion-weighted (E–H) and contrast-enhanced T1-weighted (I) magnetic resonance images of PML with IRIS of case 2. In July 2019, new
focal areas with elevated signal on the diffusion weighted imaging setting in the right pre- and postcentral gyrus and gyrus supramarginalis were detected (C
andG). Follow-up scans showedmultiple foci of elevated signal suspect for PML-IRIS (D, H, I). The amount of days indicates the time from the first infusionwith
ocrelizumab. Natalizumab was discontinued in April 2019 and PML was diagnosed after 97 days. Blue arrow indicates subtle signs suggestive of PML in
retrospect before diagnosis (B). White arrows indicate the lesions suggestive of PML-IRIS. FLAIR = fluid-attenuated inversion recovery; IRIS = immune
reconstitution inflammatory syndrome; PML = progressive multifocal leukoencephalopathy

4 Neurology: Neuroimmunology & Neuroinflammation | Volume 8, Number 1 | January 2021 Neurology.org/NN

http://neurology.org/nn


ocrelizumab. Interestingly, both patients developed IRIS de-
spite complete B-cell depletion for several months after a
single infusion of 300 mg ocrelizumab. One patient developed
PML despite EID of natalizumab. PML is described in pa-
tients on EID, implicating EID does not obliterate the risk of
PML. However, a recent case series suggests a possible less
severe disease course of PML in 4 patients on EID.7 Fur-
thermore, 7 confirmed cases of carryover PML in patients
with MS switching from natalizumab to ocrelizumab have
been reported (Clifford et al. ECTRIMS 2020; Roche data on
file 2020). Although not described in detail, 6 cases were
nonfatal. In a previous case report in a patient with MS,
complete B-cell depletion by rituximab did not aggravate
PML and did not prevent development of IRIS.8 A histologic
study showed that IRIS is predominantly initiated by CD8+
T cells in natalizumab-associated PML.9 However, high
numbers of B-cells were present in lesions from patients with
PML-IRIS, whereas no B-cells were present in low-
inflammatory PML not related to natalizumab therapy. Be-
cause ocrelizumab caused total depletion of CD20+ B-cells in
both patients, it might be possible that ocrelizumab allowed
immune reconstitution by T-lymphocytes with reduction of
the inflammatory component of IRIS by depletion of B-cells.

Both patients were asymptomatic at the time of PML di-
agnosis. Subtle radiologic signs of PML were initially missed
despite an extensive protocol for radiologic detection of
PML in our tertiary MS center. It has been previously de-
scribed that MRI diagnosis of PML remains difficult because
of heterogeneous lesions.10 We measured longitudinal sNfL
levels before and during PML-IRIS in retrospect in one
batch (figure 2). SNfL levels increased during development
of PML-IRIS. After PML-IRIS stabilized, sNfL values started
to decline. A recent cohort study showed elevation of sNfL at
PML onset compared with sNfL levels before PML onset.3

Another study found a correlation between PML lesion
volume and sNfL.4 sNfL was not elevated before radiologic
diagnosis of PML. However, individual relative change of
sNfL might be helpful to support early radiologic findings
suspect for PML.

We present 2 cases of carryover PML-IRIS with a relatively
mild disease course after switching from natalizumab to
ocrelizumab. Depletion of B-cells by ocrelizumab possibly
contributed to reduction of the inflammatory component of
IRIS in these 2 patients.
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Abstract
Objective
To understand the role of gut microbiome in influencing the pathogenesis of neuromyelitis
optica spectrum disorders (NMOSDs) among patients of south Indian origin.

Methods
In this case-control study, stool and blood samples were collected from 39 patients with
NMOSD, including 17 with aquaporin 4 IgG antibodies (AQP4+) and 36 matched controls.
16S ribosomal RNA (rRNA) sequencing was used to investigate the gut microbiome. Pe-
ripheral CD4+ T cells were sorted in 12 healthy controls, and in 12 patients with AQP4+
NMOSD, RNA was extracted and immune gene expression was analyzed using the NanoString
nCounter human immunology kit code set.

Results
Microbiota community structure (beta diversity) differed between patients with AQP4+
NMOSD and healthy controls (p < 0.001, pairwise PERMANOVA test). Linear discriminatory
analysis effect size identified several members of the microbiota that were altered in patients
with NMOSD, including an increase in Clostridium bolteae (effect size 4.23, p 0.00007). C
bolteae was significantly more prevalent (p = 0.02) among patients with AQP4-IgG+ NMOSD
(n = 8/17 subjects) compared with seronegative patients (n = 3/22) and was absent among
healthy stool samples. C bolteae has a highly conserved glycerol uptake facilitator and related
aquaporin protein (p59-71) that shares sequence homology with AQP4 peptide (p92-104),
positioned within an immunodominant (AQP4 specific) T-cell epitope (p91-110). Presence of
C bolteae correlated with expression of inflammatory genes associated with both innate and
adaptive immunities and particularly involved in plasma cell differentiation, B cell chemotaxis,
and Th17 activation.

Conclusion
Our study described elevated levels of C bolteae associated with AQP4+ NMOSD among
Indian patients. It is possible that this organism may be causally related to the immunopa-
thogenesis of this disease in susceptible individuals.
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Neuromyelitis optica spectrum disorders1 (NMOSDs) are
a group of autoimmune inflammatory diseases that pre-
dominantly target optic nerve and spinal cord. A disease-
specific serum autoantibody (aquaporin-4 (AQP4) IgG)
targets AQP4, which is an important water channel protein
in the CNS.2 The resulting cascade of events include ac-
tivation of compliment produced locally by astrocytes,
increased blood-brain permeability and a massive influx of
leukocytes (particularly neutrophils and eosinophils), and
death of astrocytes, oligodendrocytes, and neurons.3 An
interleukin 6 (IL-6)–dependent B cell subpopulation plays
an important role in NMOSD pathogenesis, transforming
into AQP4-IgG synthesizing plasmablasts during an acute
relapse. Hence, NMOSD is primarily considered to be a
humorally mediated autoimmune disorder. Evidence also
points to a pivotal role for T lymphocytes in NMOSD
immunopathogenesis.4,5 AQP4-IgG belongs to the IgG1
subclass, which is T cell dependent for its activity. Exper-
imental models of NMOSD with passive transfer of AQP4-
IgG requires a T cell–mediated inflammation to be con-
currently present. Among T lymphocytes, T-helper cell 17
(Th17) cells and interleukin 17 (IL-17) secreting T cells
are increased in the sera of patients in acute relapse6, and
NMOSD lesions have elevated levels of IL-17, suggesting a
prominent role for Th17 cells.7 Recently, AQP4-specific
T cells were identified in patients with NMOSD that
showed a Th17 bias.8

Globally, demographic data suggest that NMOSD, par-
ticularly AQP4-IgG–associated NMOSD, is likely to
be more prevalent among non-White populations.9 Al-
though genetic association suggests implication of human
leucocyte antigen Class 11 molecules,10 very little is un-
derstood about the environmental factors related to this dis-
ease. The intestinal microbiota is an important environmental
factor that can play a role in the initiation and progression of
autoimmune disorders. Few studies have looked at the asso-
ciation of gut microbiome with NMOSD. Cree et al.11 found a
strong association between AQP4-IgG–associated NMOSD and
Clostridium perfringens, a Gram-positive commensal in the gut. This
study suggested that aquaporin-4–specific T cells cross-react with
an adenosine triphosphate–binding cassette (ABC) transporter of
C perfringens that shares sequence homology with AQP4.8,12 An-
other study of Chinese patients living in Asia showed an abundance
of Streptococcus associated with AQP4-IgG–positive NMOSD.13

Our study investigated the gut microbiome among Indian patients
with NMOSD to explore the possibility that it may provide a
greater understanding of the pathophysiology of disease among our
patients.

Methods
Seventeen AQP4-IgG–positive patients (AQP4+), 22 AQP4-
IgG–negative patients (AQP4−), and 36 healthy volunteers
matched for age and body mass index were included from our
registry (table 1). All patients were in remission at the time of
sample collection, had AQP4 IgG status confirmed by live
cell-based assay, and had given stool and blood samples. One
AQP4-IgG+ patient and 6 seronegative patients were not on
treatment at the time of sample collection. All others were
receiving immunosuppressants. Patients and controls had not
been on probiotics or antibiotics in the 3 months preceding
stool collection. Histories of bowl surgery, inflammatory
bowel disease, and other autoimmune disorders were ex-
cluded. Vegetarian status among patients and healthy volun-
teers was ascertained.

Sample collection
Stool samples were collected in containers provided to pa-
tients. They were delivered in person or by a relative on the
same day of collection over a median period of 3 hours (range:
1–5 hours). Stool samples were then immediately frozen at
−80°C until DNA extraction. Peripheral blood mononuclear
cells were isolated using ficoll hypaque gradient centrifugation
and stored in liquid nitrogen until use.

16S rRNA sequencing of the gut microbiota
DNA was extracted from stool using QIAamp® DNA Stool
extraction kit as per the manufacturer’s instructions. DNA
was transported in dry ice from Nitte University to Brigham
and Women’s Hospital, Boston, USA, for further analysis.
Samples were normalized, and bacterial 16S ribosomal RNA
(rRNA) gene was amplified using primers for amplification
of V4 region as per protocols described in the Earth
Microbiome Project.14 Samples were sequenced by paired
end 250 base pair reads at the Harvard Medical School
Biopolymer facility using the Illumina MiSeq platform.
FastQC program (www.bioinformatics.babraham.ac.uk/
projects/fastqc/) was used to evaluate sequence quality. We
used Qualitative Insights into Microbial Ecology, an open
source bioinformatics platform, for downstream analysis.15

Sequences were demultiplexed and denoised using Divisive
Amplicon Denoising Algorithm 2. Taxonomy was assigned
using reference database SILVA (arb-silva.de). In addition,
we used the EZ-Taxon (EzTaxon.org) to identify some
species that could not be annotated by SILVA. Alpha di-
versity was calculated using Faith’s phylogenetic diversity
(PD), observed operational taxonomic unit (OTU), and
Shannon diversity metrics. Beta diversity was calculated

Glossary
ASD = autism spectrum disorder; ASV = amplicon sequence variant level; KEGG = Kyoto encyclopedia of genes and genome;
LDA = linear discriminant analysis; LEfSe = Linear discriminatory analysis effect size; NCBI = National Center for
Biotechnology Information; NMOSD = neuromyelitis optica spectrum disorder; PD = phylogenetic diversity.
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using weighted and unweighted UniFrac distances.16 Rela-
tive abundance of individual species was calculated as the
relative frequency in each sample/sum of relative frequency
in all samples tested (n = 75) and expressed as percentage.

We used linear discriminant analysis (LDA) effect size (LEfSe)
on the Galaxy Browser, huttenhower.sph.harvard.edu/galaxy,
to detect compositional changes in the microbiome in patients
with NMOSD and controls.17 Accordingly, a nonparametric
factorial Wilcoxon rank-sum test was used initially to detect

bacterial taxa with significant (α set at 0.01) differential abun-
dance in patients with NMOSD vs healthy controls. Then,
estimate of the effect size of each differentially abundant feature
was calculated using LDA, with a cutoff greater than 3.

Gene expression studies and correlation
with microbiome
Gene expression studies were performed at Nitte University. In
brief, CD4 T cells were sorted from PBMC of patients with
AQP4-IgG+ NMOSD (N = 12) and healthy controls (N = 12)
using the Miltenyi Biotec positive selection kits. Later, mRNA
extractionwas performed using RNeasymini kits (QIAGEN) and
stored at −80°C until further analysis. All 24 samples were sub-
jected to immune gene expression using a NanoString array
(nCounter, Gene expression code set, human immunology kit).
One patient’s sample failed to meet quality standards and was
removed from the analysis. Data were normalized using nSolver
Analysis software (nanostring.com/products/analysis-software/
nsolver). Significant differences between patient and control
samples were analyzed by t tests, and p-values were adjusted for
multiple comparisons using Benjamini-Hochberg correction.
Correlation between microbiome abundance and immune gene
expressionwas determined using SpearmanRho correlation (IBM
SPSS statistics 20). Kyoto encyclopedia of the genes and genomes
(KEGGs) pathway analysis was performed using Enrichr web
server18 (amp.pharm.mssm.edu/Enrichr), and the top canonical
pathways that had an activation score >1.5/−1.5 were reported.

Sequencehomology andphylogenetic placement
Sequence homology between AQP4 and other proteins were
addressed using the Basic Local Alignment Search Tool
(BLAST) from the National Center for Biotechnology In-
formation (NCBI) and Clustal 2.1 multiple sequence align-
ment tool from European Molecular Biology Laboratory-
European Bioinformatics Institute (EMBL-EBI). Phylogenetic
placement of 16S rRNA sequences was completed using
Phylogeny.fr(phylogeny.fr).

Table 1 Demographic and clinical features of the study
population

NMOSD
AQP4+ (17)

NMOSD
AQP4-(22)

Control
(36)

F/M 14/3 12/10 14/22

Age

Mean 36.4 ± 8.6 35.3 ± 13.1 33.7 ± 8.3

Median 36 (25–56) 35.5(18–54) 34 (27–49)

BMI (mean ± SD) 22 ± 4.5 25.8 ± 6.3 23.4 ± 3.4

Diet

Nonvegetarian 15 20 21

Vegetarian 2 2 15

Treatment —

RTX 1 1

MMF 11 11

AZA 4 4

Untreated 1 6

Abbreviations: AQP4 = aquaporin-4; AZA = azathioprine; BMI = body mass
index; MMF = mycophenolate mofetil; NMOSD = neuromyelitis optica
spectrum disorders; RTX = rituximab.

Figure 1 Beta diversity between AQP4+ and healthy controls

(A) 3D principal component analysis (PCoA) of weighted UniFrac distances of 16S rRNA genes showing significant beta diversity between AQP4+ patients
(green) and healthy controls (red). (B) Results of pairwise PERMANOVA analysis showing a significant difference in beta diversity (p < 0.001, pairwise
PERMANOVA test) between patients with AQP4-IgG+ NMOSD and healthy controls. NMOSD = neuromyelitis optica spectrum disorder.
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Figure 2 Differential bacterial composition at species level between patients and controls

(A) Taxa graph showing bacterial composition at the
species level—differential abundance (>0.1% in any
sample group) of microbes among patients with
NMOSD and healthy controls. (B) Cladogram based on
LEfSe of bacterial communities showing differentially
abundant microbes between patients with AQP4+
NMOSD and controls and (C) showing differential
abundance between patients with AQP4- NMOSD and
controls. LEfSe = Linear discriminatory analysis effect
size; NMOSD = neuromyelitis optica spectrum
disorder.
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Standard protocol approvals, registrations,
and patient consents
This study was approved by the institutional ethics committees
at Nitte University (India) and Brigham andWomen’sHospital
(USA). It was conducted in compliance with the Declaration of
Helsinki and national regulations. A written informed consent
was obtained from all participants involved in the study.

Data availability
The 16S rRNA sequencing data along with deidentified
metadata have been deposited at DRYAD (Pandit, Lekha
[2020], 16S rRNA sequences of gut microbiome and meta
data, Dryad, Dataset, doi.org/10.5061/dryad.jsxksn075).

Results
Microbiota community structure differs in
NMO patients
There were 39 patients with NMOSD (17 were AQP4+) and
36 healthy controls. Details of the study population are out-
lined in table 1. Measures of alpha and beta diversities were
calculated to determine the overall differences in the microbial
community among patients and controls. Alpha diversity
(microbial diversity within samples) was similar between all
patients with NMOSD and healthy controls, including Faith
PD and Shannon metric diversity. The difference in beta di-
versity (measurement of microbial community structure be-
tween groups) was determined using unweighted andweighted
UniFrac metric. The 3-dimensional principal component
analysis of weighted UniFrac distances of 16S rRNA genes
showed a shift in the microbiota community structure between
AQP4+ patients and healthy controls (figure 1A), which was
significant using the pairwise PERMANOVA analysis (adjusted
p value = 0.002) (figure 1B). Beta diversity also differed by diet
(vegetarian/nonvegetarian), showing a trend for significance
(pairwise PERMANOVA, adjusted p value = 0.05).

Compositional differences in the gut
microbiome in patients with NMOSD
At the phylum level, Bacteroidetes, Firmicutes, and Proteobacteria
were dominant in both patients with NMOSD and healthy
controls (data not shown), with smaller contributions from
Tenericutes and Actinobacteria. A taxa graph (figure 2A) shows an
overview of the differential abundance of microbiota at the spe-
cies level among patients with NMOSD and healthy controls.
Circular cladograms (figure 2, B and C) reporting the LEfSe
results showed significant changes from the phylum to genus
levels between the 2 groups. At the phylum level, Proteobacteria
was significant in patients with AQP4+ NMOSD and Verruco-
microbia in patients with AQP4-NMOSD. At the genus level,
Clostridium, Megamonas, Streptococcus, Enterobacteriaceae, and
Bilophila were prominent in patients with AQP4+ NMOSD,
whereas Bacteroides, Megamonas, Phascolarctobacterium, and
Akkermansia were prominent in patients with AQP4-NMOSD.

At the species level, there was a significant difference in microbial
abundance between patients with AQP4+NMOSD and controls
(table 2) and patients with AQP4-NMOSD and controls (table
3).Microbial populations with an LDA>3 and adjusted p value <
0.01 were considered significant. Among patients with AQP4+
NMOSD, Clostridium bolteae (p = 0.00007) and Flavonifractor
plautii (p = 0.00008) were the top hits, whereas Megamonas
funiformis (p = 0.00003) and Clostridium ramosum (p = 0.0001)
were the same for patients with AQP4-NMOSD. Some organ-
isms were significantly abundant among patients with both se-
ropositive and seronegative NMOSD and includedM funiformis,
Phascolarctobacterium faecium, F plautii, and C ramosum.

Lachnospiraceae was one of the significantly altered taxa. At
the amplicon sequence variant level (ASV), which is akin to the
strain level, we found that Lachnospiraceae comprised 4 unique
sequence variants, namely, ASV_d5b22a367668019c66-
d346e758f7a1ee, ASV_f90fe5d03a1c66fbae34d7261fb134d9,

Table 2 Differentially abundant microbes in patients with AQP4+ NMOSD compared with healthy controls

Taxa Group LDA p Value

K_Bacteria.P_Firmicutes.C_Clostridia.O_Clostridiales.F_Lachnospiraceae.G_Clostridium_g24.S_Clostridium bolteae AQP4+ 4.2292 0.00007

K_Bacteria.P_Firmicutes.C_Clostridia.O_Clostridiales.F_Ruminococcaceae.G_Pseudoflavonifractor.
S_Flavonifractorplautii.ASV_d54e84e50addcb527e4290d59525524f

AQP4+ 3.3088 0.00008

K_Bacteria.P_Firmicutes.C_Erysipelotrichi.O_Erysipelotrichales.F_Erysipelotrichaceae.G_Clostridium_g6.
S_Clostridium ramosum.ASV_55275c7900d36914bcebfaf9cdd89063

AQP4+ 3.0992 0.0002

K_Bacteria.P_Bacteroidetes.C_Bacteroidia.O_Bacteroidales.F_Prevotellaceae.G_Prevotella.S_PAC001304_s.
ASV_16e30e0be625f6adfcc7626984d8fa70

Control 4.5274 0.003

K_Bacteria.P_Actinobacteria.C_Actinobacteria_c.O_Bifidobacteriales.F_Bifidobacteriaceae.G_Bifidobacterium.
S_Bifidobacteriumlongum.ASV_8517ed72f5e84cdc5d3bcebd03a7e2cb

Control 3.4730 0.003

K_Bacteria.P_Firmicutes.C_Clostridia.O_Clostridiales.F_Ruminococcaceae.G_Ruminococcus_g2.S_Ruminococcus
bromii.ASV_0881804b168c0b7d1bf1b601b1513990

Control 3.3809 0.004

Abbreviations: AQP4 = aquaporin 4; ASV = amplicon sequence variant level; LDA = linear discriminate analysis; NMOSD = neuromyelitis optica spectrum
disorder.
LDA (linear discriminant analysis) > 3 and p value <0.01 was considered as significant.
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ASV_aa2eeeb505ac76273e49ca4ac4c973c1, and ASV_
5796684ced9efadf36da73862ae01df3. The maximum per-
centage prevalence of Lachnoclostridium was 8.44%, 5.10%,
and 2.74%, respectively, for patients with AQP4+ NMOSD,
patients with seronegative NMOSD, and healthy controls,
respectively (figure 3A). Using the EZ-taxon database, we
identified ASV_d5b22a367668019c66d346e758f7a1ee as C
bolteae, with a 100% homology to the type strain WAL1631T
(ATCC (T)-BAA-613T, CCUG (T)-46953T. Total abun-
dance of C bolteae in patients with AQP4+ NMOSD (4.06%)
was more than double (figure 3, B and C) than that in patients
with AQP4-NMOSD (2.04%). Clostridium bolteae was absent
among control samples. It was detected in 47.1% (8/17) of
patients with AQP4+ NMOSD and 13.6% (3/22) patients
with AQP4-NMOSD (p 0.02). It is worth noting that the
single untreated patient in the AQP4-IgG+ group and 2 of 6
untreated patients in the seronegative group harbored C
bolteae. The remaining 3 non annotated species were evenly
distributed among seropositive and negative patients but was
significantly more abundant among patients (p < 0.001) than
healthy controls. Clostridium bolteae showed phylogenetic
dissimilarity from the other Lachnoclostridium species isolated
in this study (figure e-1, links.lww.com/NXI/A334).

C. bolteae has partial protein homology
to AQP4
Sequence homology analysis (figure 4, A and B) showed that
C bolteae peptide 59–71 (NCBI protein reference—Taxid
ID208479) aligned with AQP4 peptide (p) 92–104.

Topology (uniport.org) shows that AQP4 peptide sequence
92–104 is predominantly cytoplasmic (figure e-2, links.lww.
com/NXI/A335) and likely to be highly reactive to AQP4
specific T cells.18 We identified a 62% homology (62%
identity, 76% positive, and 0% gap) in the 13 aminoacid se-
quence 59–71 that falls within the highly conserved
domain—glycerol uptake facilitator and related aquaporins
(GlpF). It belongs to the major intrinsic proteins (MIP) re-
sponsible for carbohydrate transport and metabolism in the
microbial cell.

Gene expression studies in peripheral
CD4+ lymphocytes
The NanoString Immunology Panel was used to measure the
expression of 568 immune-related genes from peripheral blood
derived CD4+ T cells from a subset of patients with AQP4+
NMOSD (n = 11) and healthy controls (n = 12). Because
C bolteae was significantly elevated in AQP4-IgG+ patients,
samples were selected based on the presence (n = 5) or absence
of the same (n = 6). Demographic features of both groups were
comparable (table e-1, links.lww.com/NXI/A337). The top list
of genes upregulated (figure e-3, links.lww.com/NXI/A336) in-
cluded those related to both innate and adaptive immunities. The
presence of C bolteae correlated positively (Rho ≥ 0.5, p < 0.05)
with transcriptomes of CD4+T cells implicated in inflammatory
response, particularly CD70, IFI35 (interferon induced protein
35), MAPK11 (mitogen activated protein kinase 11), TAP2
(transporter 2), CCR10 (chemokine receptor 10), KLRAP1
(killer cell lectin like receptor A1), PML (promyelocyte

Table 3 Differentially abundant microbes in patients with AQP4- NMOSD compared with healthy controls

Taxa Group LDA p Value

K_Bacteria.P_Firmicutes.C_Negativicutes.O_Selenomonadales.F_Selenomonadaceae.G_Megamonas.
S_Megamonasfuniformis.ASV_43303b616239cfb4ac93969fa8511f38

AQP4-ve 3.681 0.00003

K_Bacteria.P_Firmicutes.C_Erysipelotrichi.O_Erysipelotrichales.F_Erysipelotrichaceae.G_Clostridium_g6.
S_Clostridiumramosum.ASV_55275c7900d36914bcebfaf9cdd89063

AQP4-ve 3.093 0.0001

K_Bacteria.P_Firmicutes.C_Negativicutes.O_Acidaminococcales.F_Acidaminococcaceae.
G_Phascolarctobacterium.S_Phascolarctobacteriumfaecium.ASV_26d5c4614643a0b9609257f324bbcaae

AQP4-ve 3.02 0.002

K_Bacteria.P_Firmicutes.C_Clostridia.O_Clostridiales.F_Ruminococcaceae.G_Pseudoflavonifractor.
S_Flavonifractorplautii.ASV_d54e84e50addcb527e4290d59525524f

AQP4-ve 3.178 0.003

K_Bacteria.P_Firmicutes.C_Erysipelotrichi.O_Erysipelotrichales.F_Erysipelotrichaceae.G_Holdemania.
S_Holdemaniamassiliensis.ASV_d1dd9f09e5374278dbe38fc473ae9f80

AQP4-ve 3.101 0.007

K_Bacteria.P_Bacteroidetes.C_Bacteroidia.O_Bacteroidales.F_Bacteroidaceae.G_Bacteroides AQP4-ve 4.742 0.009

K_Bacteria.P_Verrucomicrobia.C_Verrucomicrobiae.O_Verrucomicrobiales.F_Akkermansiaceae.
G_Akkermansia.S_Akkermansiamuciniphila.ASV_438fb020cf251f2c2f4e89552e4a78ff

AQP4-ve 3.839 0.011

K_Bacteria.P_Firmicutes.C_Clostridia.O_Clostridiales.F_Lachnospiraceae.G_Roseburia.S_Roseburia_unclassified.
ASV_b8bff7baca856f5baba321a03beb073c

Control 3.493 0.001

K_Bacteria.P_Firmicutes.C_Clostridia.O_Clostridiales.F_Lachnospiraceae.G_Lachnospira.
S_Lachnospira_unclassified.ASV_bfec3f48be151947542d749f589a9792

Control 3.254 0.002

K_Bacteria.P_Bacteroidetes.C_Bacteroidia.O_Bacteroidales.F_Prevotellaceae.G_Prevotella.S_Prevotellacopri.
ASV_73430bc839451a90e446092bddb91416

Control 4.678 0.011

Abbreviations: AQP4 = aquaporin- 4; ASV = amplicon sequence variant level; LDA = linear discriminate analysis; NMOSD = neuromyelitis optica spectrum
disorder.
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leukemia) and IKBE (NF-kappa-B inhibitor epsilon gene)(figure
5A, table e-2, links.lww.com/NXI/A337). There was, in addition,
a significant difference in gene upregulation among pa-
tients with AQP4+ NMOSD who harbored F plautii
(KLRAP1 and PML) P faecium (MAPK11), and Bacteroides
ovatus (MAPK11). Conversely, Prevotella, Bifidobacterium,
and Ruminococcus showed a negative correlation for the same
genes among patients and was similar to results in healthy
controls. The KEGG pathway analysis (Enrichr)19 showed
upregulation of pathways relevant to immunopathogenesis
of AQP4-IgG–associated NMOSD (figure 5B). These in-
cluded TH1, Th2, and Th17 differentiations, TLR1, TNF-
alpha, and NFKB signaling pathways. Pathways projected to

be upregulated in this study also shared similarity with other
B cell mediated disorders such as inflammatory bowel dis-
ease and rheumatoid arthritis (RA).

Discussion
We have for the first time studied gut microbiome associa-
tions in Indian patients with NMOSD, using high through-
put sequencing of 16S rRNA. There were significant
alterations in beta diversity in gut microbiota among patients
with NMOSD when compared with healthy controls and
particularly in the AQP4+ NMOSD cohort. The microbial
composition at the genus level showed over expression of
Lachnoclostridium species (Class Clostridia and family
Lachnospiraceae) in patients with NMOSD as opposed to
healthy controls. Among them C bolteae, a gram positive,
spore-forming bacterium was detected exclusively in pa-
tients, but not in healthy controls. There was also a signifi-
cant difference in the relative prevalence (p = 0.02) when
patients were stratified based on the presence/absence of
AQP4-IgG. Because most patients with NMOSD were on
treatment with immunosuppressants, hypothetically, it is
possible that treatment favored microbial overgrowth in
patients. However, the single untreated patient in the AQP4-
IgG+ and 2 others in the seronegative group also harbored
C bolteae.

Profiling of peripheral CD4+ T cell transcriptomes showed a
positive correlation with this species for most upregulated
genes in this study, and particularly relevant to gut dysbiosis
and NMOSD pathogenesis. The latter included CD70, a
tumor necrosis factor family ligand that binds to its receptor
CD27 expressed on memory B cells and promotes plasma
cell differentiation and immunoglobulin secretion.20 Gut
microbiota are known to activate the differentiation of
lamina propria cells, particularly CD70 into Th17.21 Another
upregulated gene in our study was MAPK11. MAPK sig-
naling pathway activation is known to be associated with gut
dysbiosis.22 It is notable that CCR10 plays a role in the
induction of mucosal humoral immunity. When stimulated
by toll-like receptor 2 (TLR2), it is expressed in circulating
B cells resulting in increased chemotaxis and B cell homing
to the gastrointestinal tract.23 Other genes linked to innate
immunity that were over expressed included PML, KLRAP1,
and IFI35. IKBE gene, an NF-kB regulator involved in IL-6
gene transcription, and TAP2 gene have been previously
linked with susceptibility to RA.24 In summary, pathways
upregulating B cell activation, plasma cell differentiation,
B cell chemotaxis, and Th17 activation were implicated.
Further support came in the form of KEGG pathway analysis
(Enrichr) that projected upregulation of pathways relevant
to immunopathogenesis of AQP4-IgG-associated NMOSD.
These included Th1, Th2, and Th17 differentiation, TLR,
TNF-alpha, IL17, and NFKB signaling pathways. These
pathways are also common to other B cell–mediated disor-
ders such as inflammatory bowel disease and RA (figure 5B).

Figure 3 Distribution of Lachnoclostridium species among
patients and controls

Lachnoclostridium distribution among (A) patients and control, (B) distribu-
tion of Lachnoclostridium species, and (C) distribution of Clostridum bolteae/
d5b22a367668019c66d346e758f7a1ee among patients and controls.
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In our study, Lachoclostridium species, particularly C bolteae,
was the most prominent microbe associated with gut dys-
biosis among patients with AQP4+ NMOSD. Clostridium
bolteae has gained attention in recent years because of its
close association with autism spectrum disorders (ASD).
The capsular polysaccharide of C bolteae, comprising di-
saccharide repeating blocks of mannose and rhamnose units,
has been identified to be immunogenic in animal models.25

In children with ASD, C bolteae association is known to
cause the upregulation of inflammatory cytokines (particu-
larly IL-6 and IL-17).26,27 A study of gut microbiome in
children with food allergy (an autoimmune mediated in-
flammatory state) has shown increased C bolteae when
compared with nonallergic siblings and healthy controls.28

There was abundance of other microbiota in patients with
NMOSD, which have been previously implicated in disease
states, which could have additionally contributed to gut
dysbiosis among our patients. These include Flavonifractor,
which was recently found over expressed in gut dysbiosis
associated with pemphigous vulgaris—an autoimmune
disorder affecting the skin.29 Flavonifractor and Lachno-
clostrium species (unidentified) have been associated with
gut dysbiosis in ASD among Chinese children.26 There was
a reduction in the abundance of Prevotella species among
patients, which is similar to alterations in patients with
MS.30 Prevotella histicola can ameliorate disease severity in
experimental autoimmune encephalomyelitis, the animal
model for MS.31 However, Prevotella copri is elevated in
new onset RA patients and can drive inflammation when
transferred to mice.32 Thus, further study on species-
specific effects of Prevotella is warranted in NMOSD. Pre-
votella is the common species among vegetarians living in
India and was most prominent in our control sample.33

Bifidobacterium species was reduced in patients, and this has
been previously reported with another autoimmune dis-
order namely Crohn’s disease.34 Clostridium bolteae was
also increased in a small number of seronegative patients
with NMOSD. A previous study has shown that C per-
fringens was not only associated with patients with AQP4+
NMOSD but was seen in a small number of MS patients
also.11 It is possible that proinflammatory Clostridia species
may be causally linked with more than one autoimmune
disease.

The results of our study suggest that C bolteae plays a central
in the immunopathogenesis of patients with AQP4+
NMOSD among our cohort of Indian patients, and we have
identified 2 potential mechanisms. First, high levels of C
bolteae may contribute to NMOSD by increasing Th17 and
other inflammatory immune-mediated responses. It is well
known that Clostridium species, which are prominent ane-
robes in the human intestinal tract, can influence the balance
between Th17 and regulatory T cells.35,36

Second, the sequence similarity between C bolteae peptide
59-71 and AQP4 peptide 92-104 may have implications in
disease pathogenesis. Several extracellular, membranous,
and cytoplasmic AQP4 epitope determinants have been
identified (figure e-2, links.lww.com/NXI/A335).8,18 Mat-
suya et al.18 have shown that AQP4-specific T cells exhibit
significant reactivity to 2 intracellular AQP4 epitopes, one of
which was AQP4p91-110 that overlaps with peptide se-
quences identified in our study (the other wasp11-40). In
experimental settings, AQP4-specific T cells, which were
CD4+ and MHC I I restricted, showed a similar response to
this epitope in C57BL/6 mice and in SJL/J mice.37 In-
terestingly, in a separate study, B cell antigenic linear

Figure 4 Determination of sequence homology between AQP4 peptides and C. bolteae

Sequence homology between AQP4 P92-104 and
C. bolteae P59-71 peptides determined using (A) a
basic local alignment tool (National Center for
Biotechnology Information). (B) CLUSTAL 2.1
(multiple sequence alignment tool fromEuropean
Molecular Biology Laboratory-European Bio-
informatics Institute [EMBL-EBI]).
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Figure 5 Correlation between microbiota abundance and immune gene expression

(A) Heat map showing correlation (Spearman Rho) be-
tween microbiota abundance and immune gene expres-
sion in patients with AQP4+ NMOSD (n-11) and healthy
controls (n = 12). (B) KEGG pathway analysis (Enrichr*).
Top list of pathways upregulated by the set of genes
identified in the nanostring analysis were sorted by a
combined score (log of p value obtained by the Fisher
exact test multiplied by a Z score of the deviation from
expected rank). Input genes are the rows, and cells in the
matrix indicate whether a gene is associated with a term.
KEGG = Kyoto encyclopedia of genes and genome;
NMOSD = neuromyelitis optica spectrum disorder
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epitopes of AQP4 protein were found to be same as the
T cell epitopes mentioned above.38 This response to AQP4
may be due to immunologic memory acquired through past
infection with pathogens that share molecular similarity with
AQP4.39 A potential link between infections and NMOSD
pathogenesis has been studied before. An E coli–derived
aquaporin-Z has been implicated in NMOSD in previous
studies.40 In a more recent study, an immunodominant
AQP4 T cell epitope was identified (p63-76), which showed
90% homology with p217-216, within a conserved ABC
transporter protein from strains of C perfringens5 expressed
abundantly in patients with NMOSD.11 In our study, an-
other member of the clostridial class, namely, C bolteae p59-
71, showed partial sequence homology with a recognized
AQP4 specific T cell epitope within AQP4 p91-110. The
aligned protein sequence corresponded to a multispecies
aquaporin family protein, a member of the major intrinsic
protein (MIP) superfamily ubiquitously present in eukary-
otes, bacteria, and archaea. It is therefore possible that mo-
lecular mimicry, the mechanism by which exogenous agents,
including plant, bacterial, and viral proteins, may trigger
immune responses against self or nonself antigens contrib-
utes to the autoimmune response against AQP4 in NMOSD.

There are several limitations to our study, including the
small sample size and the lack of sufficient number of un-
treated patients available for the analysis. Furthermore,
evidence for a direct role for C bolteae in NMOSD patho-
genesis needs to be established through invitro studies,
which include the localization of the immunodominant
peptide within the intracellular T cell–specific AQP4 epi-
tope that we identified historically. Animal studies that in-
volve colonization of germ-free mice with fecal samples
from patients with NMOSD and individual bacterial species
such as C bolteae may help to further strengthen the asso-
ciation between the gut microbiome and NMOSD.
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Abstract
Objective
To assess the impact of laquinimod treatment on monocytes and to investigate the underlying
immunomodulatory mechanisms in MS.

Methods
In this cross-sectional study, we performed in vivo and in vitro analyses of cluster of differ-
entiation (CD14+) monocytes isolated from healthy donors (n = 15), untreated (n = 13), and
laquinimod-treated patients with MS (n = 14). Their frequency and the expression of surface
activation markers were assessed by flow cytometry and the viability by calcein staining.
Cytokine concentrations in the supernatants of lipopolysaccharide (LPS)-stimulated mono-
cytes were determined by flow cytometry. The messenger ribonucleic acid (mRNA) expression
level of genes involved in cytokine expression was measured by quantitative PCR. The LPS-
mediated nuclear factor kappa-light-chain-enhancer of activated B-cell (NF-κB) activation was
determined by the quantification of the phosphorylation level of the p65 subunit. Laquinimod-
treated monocytes were cocultured with CD4+ T cells, and the resulting cytokine production
was analyzed by flow cytometry after intracellular cytokine staining. The interleukin (IL)-17A
concentration of the supernatant was assessed by ELISA.

Results
Laquinimod did not alter the frequency or viability of circulating monocytes, but led to an
upregulation of CD86 expression. LPS-stimulated monocytes of laquinimod-treated patients
with MS secreted less IL-1β following a downregulation of IL-1β gene expression. Phos-
phorylation levels of the NF-κB p65 subunit were reduced after laquinimod treatment, in-
dicating a laquinimod-associated inhibition of the NF-κB pathway. T cells primed with
laquinimod-treated monocytes differentiated significantly less into IL-17A–producing T helper
(Th)-17 cells.

Conclusions
Our findings suggest that inhibited NF-κB signaling and downregulation of IL-1β expression in
monocytes contributes to the immunomodulatory effects of laquinimod and that the impair-
ment of Th17 polarization might mediate its disease-modifying activity in MS.
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In MS, the complex orchestration of various cell types of the
innate and the adaptive immune system leads to an
autoimmune-mediated inflammation of the CNS.1 De-
myelination and the consecutive tissue damage are largely
mediated by encephalitogenic T helper (Th)-1 and in-
terleukin (IL)-17–producing Th17 cells, which are key play-
ers of the proinflammatory adaptive immune system.2

However, the pathogenic role of the innate immune system,
consisting of myeloid cells such as monocytes, dendritic cells,
macrophages and local microglia, is increasingly recognized.

Recent data suggest that myeloid cells not only mediate the
expansion of antigen-specific lymphocytes via their antigen-
presenting function but that they also promote proinflammatory
immune cell responses through cytokine and chemokine se-
cretion.3 Furthermore, tissue-resident monocytes may even di-
rectly contribute to lesion formation by the adoption of an
inflammatory phenotype as macrophages4 and by the pro-
duction of reactive oxygen species.1,4,5 The importance of my-
eloid cells in MS pathogenesis is further underlined by the fact
that they constitute the predominant immune cell subset in
active MS lesions.6 Infiltrating monocytes are also evident in
different animal models of MS such as experimental autoim-
mune encephalomyelitis (EAE) or cuprizone-induced de-
myelination,7 where they were identified as a pathogenic
granulocyte-macrophage colony-stimulating factor (GM-CSF)–
responsive cell type for the development of tissue inflammation.8

Furthermore, the blocking of monocyte recruitment to the CNS
inhibits EAE development.9

Laquinimod is a quinoline-3-carboxamide derivative, which
has been evaluated as an orally administered medication for
the treatment of relapsing-remittingMS (RRMS). In EAE and
the cuprizone model, laquinimod ameliorated the severity of
clinical signs and prevented demyelination.10–12 In the 2
phase 3 trials, ALLEGRO and BRAVO, laquinimod was well
tolerated, yet at the dosage tested (0.6 mg/d) only led to
moderate effects on the reduction of relapse rates as primary
study end points.13–15 Although data indicated beneficial ef-
fects on disability progression, brain atrophy, and the risk of
sustained disability,13,14 the Committee for Medicinal Prod-
ucts for Human Use refused marketing authorization for
RRMS based on the assessment of the risk-benefit ratio with

regard to safety data from animal studies.16 In the phase 2 trial
ARPEGGIO, laquinimod did not demonstrate a significant
effect on brain volume loss in primary progressive MS
(PPMS).17 Furthermore, laquinimod treatment of patients
with Huntington disease did not improve total motor scores
in the LEGATO-HD trial.18 Subsequently, its development
for treatment of MS and Huntington disease was dis-
continued. Still, the potential of laquinimod for the treatment
of Crohn disease19 and uveitis is currently being evaluated.

Although recent data suggest various mechanisms of action by
which laquinimod exerts its immunomodulatory effects, much
still remains to be elucidated, particularly with regard to the im-
pact of laquinimod on the complex interplay of different immune
cell types. Several preclinical studies have demonstrated that
laquinimod treatment inhibits the production of proin-
flammatory cytokines like interferon (IFN-γ), tumor necrosis
factor (TNF)-α, IL-12, and IL-17 and increases the production of
IL-4, IL-10, and transforming growth factor (TGF)-β, leading to a
downregulation of encephalitogenic Th1 and Th17 immune re-
sponses and to an upregulation of regulatory Th2 immune re-
sponse, respectively.20–22 It has further been shown that the
downregulation of the reactivity of autoaggressive T cells can
partly be attributed to the modulation of proinflammatory sig-
naling at the level of antigen-presenting cells (APCs), such as
dendritic cells.23,24 Murine experiments also implicated a contri-
bution of monocytes to this immunomodulatory effect.25 On a
molecular basis, an upstream inhibition of the nuclear factor
kappa-light-chain-enhancer of activated B cells (NF-κB) pathway
might be one of the underlying pathomechanisms for the afore-
mentioned immunomodulatory effects of laquinimod.24,26,27

Besides these anti-inflammatory effects, laquinimod also
seems to display neuroprotective properties, as it was found to
increase the level of brain-derived neurotrophic factor in the
serum of patients with MS,25 to exert direct antiapoptotic
activity on neurons,28 to protect against glutamate excito-
toxicity,29 and to improve remyelination.30

Given the critical role exerted by myeloid cells in MS path-
ophysiology, this study aimed to assess the impact of laqui-
nimod on monocytes, to illustrate the underlying molecular
pathomechanisms, and to investigate the effect of monocyte

Glossary
AF = alexa fluor; APC = antigen-presenting cell; BD = Becton Dickinson; CCL = CC-chemokine ligand; CD = cluster of
differentiation; cDNA = complementary deoxyribonucleic acid; EAE = experimental autoimmune encephalomyelitis; FITC =
fluorescein isothiocyanate; GAPDH = glyceraldehyde 3-phosphate dehydrogenase; GM-CSF = granulocyte-macrophage
colony-stimulating factor; HLA = human leukocyte antigen; ICAM = intercellular adhesion molecule; IFN = interferon; IL =
interleukin; LPS = lipopolysaccharide;MCP = monocyte chemoattractant protein;MHC = major histocompatibility complex;
MIP = macrophage inflammatory protein; MMP = matrix metalloproteinase; mRNA = messenger ribonucleic acid; NF-κB =
nuclear factor kappa-light-chain-enhancer of activated B cells; PE-CF = phosphoethanolamine N-carboxyfluorescein; PI =
propidium iodide; PPMS = primary progressiveMS;RRMS = relapsing-remittingMS;TGF = transforming growth factor;Th =
T helper cell; TLR = toll-like receptor; TNF = tumor necrosis factor.
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modulation on proinflammatory T-cell responses. We here
report that laquinimod dampens IL-1 signaling and the Th17-
polarizing capacity of monocytes in patients with MS.

Methods
Study design, sample collection,
and processing
A cross-sectional analysis of monocyte phenotype, cytokine
expression, and interaction with T-cell populations was per-
formed in healthy donors (n = 15), untreated patients with
RRMS (n = 13), and laquinimod-treated patients with RRMS
(n = 14) (table). Treated patients received 0.6 mg laquinimod
once daily for an average duration of 4.2 years. A comparable
level of disability, as assessed by the Expanded Disability
Status Scale,31 was found between the laquinimod-treated
patients with MS and the untreated patients with MS.

Heparinized blood samples were collected from healthy do-
nors, untreated, and laquinimod-treated patients with MS.
Cluster of differentiation (CD14+) monocytes were magneti-
cally sorted from peripheral blood mononuclear cells with
human CD14 MicroBeads (Miltenyi Biotec). Purity and sur-
face expression of CD86, human leukocyte antigen (HLA)-DR,
and CD14 of isolated monocytes were assessed by flow
cytometry. Thereafter, these cells were plated in a 48-well plate
(1 × 106 cells/well) in X-VIVO 15 medium. For messenger
ribonucleic acid (mRNA) analysis, monocytes were snap fro-
zen after 4 hours.

Standard protocol approvals, registrations,
and patient consents
Informed written consent was obtained by all patients and
healthy donors, and the study was approved by a local ethical
committee (number 837.019.10). The laquinimod-treated pa-
tients were enrolled in open-label extensions of phase III trials.

Flow cytometric analysis
Cells were stained with the following antibody conjugates:
anti-CD14-APC, anti-CD14-V500, anti-HLA-DR-V450, anti-
CD3-APC-H7, anti-CD4-V450, anti-CD4-PerCP, anti-
CD80-fluorescein isothiocyanate (FITC), anti-CD83-PE,
anti-CD86-PE, anti-IL-17A-APC, anti-IL-17A-alexa fluor (AF)
647, anti-IFN-γ-FITC, anti-IFN-γ-V450, and anti-NF-κB
p65-phosphoethanolamine N-carboxyfluorescein (PE-CF)

594. Antibodies were obtained from Becton Dickinson
(BD) Biosciences or eBioscience. Intracellular stainings for
IFN-γ and IL-17A were performed using the Cytofix/
Cytoperm kit from BD Biosciences. Stained cells were
measured by FACSCanto II (BD Biosciences) and analyzed
with FlowJo software (Tree Star).

Viability measurements
Isolated CD14+ monocytes from healthy donors were cul-
tured with or without laquinimod (10 and 100 μM) in
X-VIVO 15medium. After 24 hours of culture, the monocytes
were harvested and counted. Moreover, their viability was
assessed by calcein (Invitrogen) that only stains living cells.
Propidium iodide (PI, Sigma-Aldrich) was used to stain the
dying cells. Calcein was used in a concentration of 1 μg/mL,
whereas PI was used in a concentration of 0.5 μM.

Cytokine and chemokine assays
To stimulate the secretion of cytokines and chemokines, the
CD14+ monocytes were incubated with 1 μg/mL lipopoly-
saccharide (LPS) for 24 hours. Thereafter, the supernatant was
collected to determine the levels of cytokines and chemokines
produced. Cytokine concentrations were measured with the
FlowCytomix (eBioscience) Human Th1/Th2/Th9/Th17/
Th22 13plex kit (IFN-γ, IL-1β, IL-2, IL-4, IL-5, IL-6, IL-9, IL-
10, IL-12 p70, IL-13, IL-17A, IL-22, and TNF-α). Chemokine
concentrations were measured with the FlowCytomix Human
Chemokine 6plex kit (G-CSF, IL-8, monocyte chemoattractant
protein (MCP)-1, MIG, macrophage inflammatory protein
(MIP)-1α, and MIP-1β). Data were analyzed with Flow-
Cytomix Pro 2.4. The experimental results represent the fold
induction of protein secretion after stimulation with LPS.

RNA isolation and quantitative PCR analysis
The gene expression level of cytokines (IL-1β and TNF-α) and
chemokines (MIP-1α and MIP-1β) in isolated CD14+ mono-
cytes following 4-hour stimulation with LPS was measured by
quantitative PCR. Total RNA from cultured CD14+ mono-
cytes was isolated using the RNeasyMini Kit (Qiagen). DNase-
I treatment was additionally performed to avoid genomic DNA
contamination. The total RNA was used to obtain comple-
mentary deoxyribonucleic acid (cDNA) by the SuperScript III
First-Strand Synthesis System and random hexamer primers
(Invitrogen). Real-time PCR was performed with amplification
primers by using iQ SYBR Green supermix (BioRad) and the
iCycleriQ (BioRad). Relative changes in gene expression were

Table Patients details

Group Female/male Age Disease duration Laquinimod treatment duration

Healthy donors (n = 15) 10/5 41.8 ± 8.4 (28–54) n.d. n.d.

Untreated patients with MS (n = 13) 11/2 36.6 ± 12.4 (24–60) 4.1 ± 3.6 (0.1–10) n.d.

Laquinimod-treated patients with MS (n = 14) 10/4 40.8 ± 10.2 (28–57) 9.5 ± 4.2 (3–18) 4.2 ± 1.9 (1–7)

Abbreviation: n.d. = not determined.
Age, disease duration, and laquinimod treatment duration are presented as mean ± SD (range) expressed in years.
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determined using the DDCt method with glyceraldehyde
3-phosphate dehydrogenase (GAPDH), β-actin, and EF1α as
reference genes. The experimental results represent the fold
induction of the gene expression after stimulation with LPS
normalized to GAPDH expression.

Quantitative assessment of NF-κB activation
in monocytes
CD14+ monocytes from healthy donors were magnetically iso-
lated as described above and pretreated with 10 and 100 μM of
laquinimod and activated with LPS (1 μg/mL) for 30minutes in
vitro. Monocyte fixation and permeabilization were performed
according to BD Phosflow Protocol III for human peripheral
blood mononuclear cells (BD Phosflow Protocol III 2011). To
ensure permeabilization of both cell and nuclear membranes, the
BD Phosflow Perm Buffer III was used. After permeabilization,

the cell samples were washed twice with BD Pharmingen Stain
Buffer and resuspended in 100 μL of the buffer. Then, 5 μL
aliquots of anti-NF-κB p65-PE-CF594 were added to LPS-
treated samples and respective reference samples without stim-
ulus. After incubation for 30 minutes in the dark, samples were
analyzed by flow cytometry to assess phosphorylation of p65.

Differentiation of T cells by
autologous monocytes
CD14+ monocytes from healthy donors were magnetically iso-
lated as described above. Autologous T cells were purified using
the human Pan T Cell Isolation Kit (Miltenyi Biotec). The iso-
lated monocytes were treated with or without laquinimod
(10 μM) and LPS (1 μg/mL) for 18 hours in X-VIVO 15 me-
dium, washed, and subsequently cocultured with isolated 105

autologous T cells with or without tetanus toxin (5 μg/mL) in a

Figure 1 The frequency and viability of circulating CD14+ monocytes remain unchanged in laquinimod-treated patients
with MS

(A) Comparison of the absolute numbers of CD14+ mono-
cytes per milliliter of whole blood in HDs, untreated patients
withMS (MS), and laquinimod-treated patients withMS (Laq-
MS) did not reveal any significant group differences of the
frequency of CD14+ monocytes. Mean values ± SEM are
shown (n ≥ 13). (B) Surface expression of CD14 on mono-
cytes isolated from healthy donors and treated in vitro with
10 or 100 μM laquinimod. (C) The cell viability of monocytes
isolated from healthy donors and treated in vitro with
laquinimodwas evaluated using a PI staining (D) coupled to a
calcein staining. (E) Monocytes isolated from healthy donors
recovered the end of the culture period after incubationwith
indicated concentrations of laquinimod expressed as a
percentage of untreated control. Data represent mean ±
SEM (n = 3). CD = cluster of differentiation; HD = healthy
donor; Laq = laquinimod; MFI =mean fluorescence intensity;
PI = propidium iodide; SEM = standard error of mean.
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final volume of 200 μL X-VIVO 15 medium. After 3 days of
coculture, cytokine production was analyzed by flow cytometry
after intracellular cytokine staining and by ELISA. For the latter,
IL-17A in the supernatant was measured using human IL-17A–
specific (homodimer) ELISA Ready-SET-Go! (eBioscience).

Statistical analysis
All data were analyzed using PRISM6 (Graphpad software).
Data are presented as mean ± standard error of mean from at
least 3 independent experiments (in vitro experiments). We
used the nonparametric Mann-Whitney U test to compare
differences of the mean between 2 independent groups and
the Kruskal-Wallis test in case of more than 2 independent
groups. To account for errors due to multiple testing, these
were followed by a Dunn multiple comparison test.

Data availability
The raw data used in preparation of the figures and tables will
be shared in anonymized format on request of a qualified
investigator to the corresponding author for purposes of
replicating procedures and results.

Results
Laquinimod does not alter the frequency of
circulating monocytes in patients or their
viability in vitro
There was no significant difference in the CD14+ monocyte
counts between healthy donors, untreated, and laquinimod-
treated patients with MS (figure 1A).

The treatment of CD14+ monocytes isolated from healthy
donors with laquinimod in a dose of 10 or 100 μM in vitro did
not modify the expression of CD14 (figure 1B) or the per-
centages of PI- (figure 1C) and calcein-positive cells (figure
1D). The cell yield at the end of the culture period reflecting
the survival and the proliferation was also not modified by
laquinimod (figure 1E).

Laquinimod modulates the expression of
activation markers on monocytes
Ex vivo, the expression of CD86 was higher on monocytes of
laquinimod-treated patients than on monocytes of healthy
donors and untreated patients with MS, whereas there was no
difference of the expression of major histocompatibility
complex (MHC-II) (figure 2A).

However, the in vitro treatment of HD monocytes with 10
and with 100 μM of laquinimod did not lead to significant
changes of the expression of CD80, CD83, and CD86,
whereas here, we observed a slight upregulation of MHC-II
expression after incubation with 10 μM laquinimod but not
after incubation with 100 μM laquinimod (figure 2B).

Laquinimod reduces the IL-1β secretion of
monocytes via downregulation of
gene expression
LPS stimulation of isolated CD14+ monocytes of laquinimod-
treated patients with MS led to a significant downregulation of
IL-1β secretion compared with LPS-stimulated monocytes of
HDs and untreated patients withMS (figure 3A). Furthermore,

Figure 2 Laquinimod modulates the expression of monocyte activation markers in patients with MS

(A) Surface expression of CD86 andMHC-II on CD14+monocytes isolated fromHDs, untreated patientswithMS (MS), and laquinimod-treated patientswithMS
(Laq-MS) was assessed by flow cytometry. Laquinimod-treated patients with MS demonstrated higher expression levels of CD86 than healthy donors and
untreated patients with MS. MHC-II expression did not differ between the 3 groups. The individual MFI ± SEM is shown (n ≥ 10), **p < 0.01, ***p < 0.001. (B)
Surface expression of CD80, CD83, CD86, and MHC-II on monocytes isolated from healthy donors and treated in vitro with 10 and 100 μM laquinimod was
quantified by flow cytometry. Only the treatment ofmonocytes with 10 μMof laquinimod led to a slight increase inMHC-II expression. Data representmean ±
SEM (n = 3), *p < 0.05. CD = cluster of differentiation; HD = healthy donor; Laq = laquinimod; MFI = mean fluorescence intensity; MHC = major histocom-
patibility complex; SEM = standard error of mean.
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the IL-1β gene expression of the monocytes of laquinimod-
treated patients on LPS stimulation was significantly down-
regulated compared with HDs. Compared with untreated
patients with MS, the IL-1β gene expression also showed a
trend to be lower, which, however, failed to reach significance
(figure 3B).

The secretion of TNF-α, IL-6, IL-10, andMIP-1βwas reduced
in LPS-stimulated monocytes of laquinimod-treated patients
with MS compared with HDs, but not in comparison to un-
treated patients with MS, and the secretion of MIP-1α
(CC-chemokine ligand [CCL] 3) was lower in both untreated
and laquinimod-treated patients with MS compared with
HDs. The secretion of MCP-1 (CCL2) showed no significant
group differences (figure e-1, links.lww.com/NXI/A333).

The mRNA expression of TNF-α, MIP-1α, MIP-1β, Caspase-
1, IL-18, IL-1R1, IL-1R2, toll-like receptor (TLR) 4, MyD88,
intercellular adhesion molecule (ICAM)-1, CD62L, and
matrix metalloproteinase (MMP)-9 genes did not differ be-
tween HDs, untreated patients with MS, and patients on
laquinimod treatment (figure e-2, links.lww.com/NXI/
A333).

Laquinimod inhibits NF-κB signaling
in monocytes
In vitro treatment of monocytes isolated from HDs with
10 μM laquinimod led to a reduction of LPS-induced phos-
phorylation levels of the NF-κB p65 subunit compared with
untreated monocytes, whereas 1 μM laquinimod did not
demonstrate relevant effects (figure 4A). This indicates a
dose-dependent inhibition of the NF-κB signaling pathway by
laquinimod.

Laquinimod reduces the Th17-polarizing
capacity of monocytes
Intracellular staining revealed that T cells primed with
laquinimod-treated monocytes loaded with tetanus toxin
differentiated significantly less into IL-17A–producing T cells
compared with T cells, which were primed with untreated
monocytes (figure 4B). This was confirmed by lower IL-17A
levels in the coculture supernatant (figure 4C). In contrast,
the differentiation into IFN-γ–producing T cells was not
influenced by laquinimod treatment (figure 4D).

Discussion
Myeloid cells, including monocytes, are known to exert
prominent roles in the pathology of MS.32 In this cross-
sectional study, we analyzed the effect of laquinimod therapy
on circulating monocytes of patients with RRMS and in-
vestigated the underlying pathomechanisms by performing in
vitro experiments.

In line with previous reports,33,34 our study confirmed that
laquinimod treatment does not change the absolute count of
circulating monocytes of patients with MS in vivo. Moreover,
the absence of any antiproliferative activity coupled to the
innocuity exerted on monocytes cultured in vitro underlines
the hypothesis that the effects of laquinimod treatment are
not mediated by immunosuppression.

Because of their function and expression kinetics, CD86 and
CD80 affect the immune response in different ways. CD86
delivers themain costimulatory signal in the early stage, whereas
CD80 is expressed later after previous proinflammatory

Figure 3 Laquinimod reduces the secretion of IL-1β and downregulates its gene expression in patients with MS

(A) The concentrations of IL-1β in the
supernatants of CD14+ monocytes
cultured with or without LPS for 24
hours were assessed by flow cytom-
etry, and the fold induction of cyto-
kine secretion after stimulation with
LPS was determined. Monocytes of
laquinimod-treated patients with MS
secreted significantly less IL-1β than
those of untreated patients with MS
and healthy donors. Mean values ±
SEMare shown (n ≥ 10); **p < 0.01. (B)
The gene expression level IL-1β in
isolated CD14+ monocytes following
4-hour stimulation with LPS was
measured by quantitative PCR. The
experimental results represent the
fold induction of the gene expression
after stimulationwith LPS normalized
to GAPDH expression. Laquinimod-
treated patients with MS had lower
IL-1β expression levels than healthy
donors. Results are presented as
mean ± SEM (n = 10); *p < 0.05. CD =
cluster of differentiation; HD =
healthy donor; GAPDH = glyceralde-
hyde 3-phosphate dehydrogenase; IL
= interleukin; Laq = laquinimod; LPS =
lipopolysaccharide; SEM = standard
error of mean.
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stimulation.35,36 Defects of proteins involved in these pathways
have been associated with the development of MS.37,38

In the ex vivo assessment of costimulatory profiles, we ob-
served an elevated expression of CD86 on unstimulated
monocytes of laquinimod-treated patients in comparison to
monocytes of healthy donors and untreated patients with MS.
This parallels previous studies reporting that laquinimod in-
creases the CD86 expression on unstimulated murine
monocytes in EAE25 and unstimulated human DCs in MS.24

The in vitro laquinimod exposition of unstimulated mono-
cytes from healthy donors did not change the expression of
CD86 and CD80 in the current study. In contrast, it has been
shown recently that monocytes of laquinimod-treated pa-
tients with MS express lower levels of CD86 than those of
untreated patients with MS after stimulation with LPS,
whereas CD80 expression was not affected.33 This apparent
discrepancy to our data might indicate that the impact of
laquinimod on CD86 expression of monocytes depends on
their state of activation.

Although we did not observe a difference in CD86 expression
on monocytes of untreated patients with MS and healthy
donors, Chuluundorj et al.39 have previously reported an el-
evated CD86 expression in a larger cohort of untreated pa-
tients with MS, which led them to hypothesize that
inflammatory monocytes from patients with MS might have a
higher capability to costimulate T-cell activation.

Monocytes are recognized as major sources of cytokine and
chemokine secretion in MS40 and are sensitive to LPS stim-
ulation because CD14 represents a high-affinity receptor for
LPS.41 As the expression levels of CD14 in our study showed
no differences between monocytes cultivated in the absence

or in the presence of laquinimod, the responsiveness to LPS
was unlikely affected by the treatment with laquinimod.

Themonocytes of the laquinimod-treated patients withMS in
our study released significantly lower levels of various cyto-
kines and chemokines (TNF-α, IL-6, IL-10, MIP-1α, and
MIP-1β) in comparison to healthy donors, but not compared
with untreated patients with MS. Therefore, it is not possible
to attribute these effects solely to the treatment with laqui-
nimod, and disease-specific differences in the monocytes’ re-
sponse to stimulation need to be taken into consideration.

However, we did observe a significant downregulation of IL-
1β secretion in laquinimod-treated patients compared with
both healthy controls and untreated patients with MS, which
strongly indicates that the suppression of the IL-1β secretion
in monocytes is caused by laquinimod. This assumption could
be supported at the transcriptomic level as the mRNA ex-
pression of IL-1βwas also significantly reduced on laquinimod
therapy in patients with MS. The mRNA expression of other
genes relevant to IL-1β cleavage or IL-1β receptor signaling
like Caspase-1, IL-1R1, IL1-R2, or MyD88 was not altered by
laquinimod treatment. Thus, it can be hypothesized that
laquinimod leads to a reduction of IL-1β secretion through
the selective inhibition of IL-1β gene expression.

The NF-κB pathway is known to play an important role in the
regulated expression of cytokines and chemokines in mono-
cytes.42 Here, we demonstrated that in human monocytes,
laquinimod reduced the p65 phosphorylation after stimulation
with LPS. Phosphorylation of the p65 subunit in the cytosol of
monocytes leads to a translocation of the transcription factor
NF-κB into the nucleus, where it induces the expression of
cytokines, including IL-1β.42,43 Our current finding supports an

Figure 4 Laquinimod inhibits LPS-mediated NF-κB activation and reduces the Th17-polarizing capacity of monocytes

(A) Monocytes with laquinimod pretreatment at indicated concentration were stimulated with LPS for induction of NF-κB p65 subunit phosphorylation.
Monocytes without LPS stimulation served as controls. Phosphorylation levels of p65 of were reduced in monocytes pretreated with 10 μM of laquinimod.
Phosphorylated p65 levels were quantified as geometric means. (B) Quantification of the percentage of CD4+ T cells producing IL-17 after stimulation with
autologousmonocytes previously treated or not with laquinimod showed that laquinimod treatment led to a lower number of CD4+ differentiating into Th17
cells. (C) The concentrations of IL-17A in the coculture supernatants were determined by ELISA. Laquinimod treatment led to significantly lower levels of IL-
17A. (D) Quantification of the percentage of CD4+ T cells producing IFN-γ after stimulation with autologous monocytes previously treated or not with
laquinimod revealed nodifferences. Values representmean ± SEM (n = 3), *p < 0.05; **p < 0.01. CD = cluster of differentiation; IFN = interferon; IL = interleukin;
Laq = laquinimod; LPS = lipopolysaccharide; MFI =mean fluorescence intensity; NF-κB = nuclear factor kappa-light-chain-enhancer of activated B cells; SEM =
standard error of mean; Th = T helper cell.
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earlier report that laquinimod prevents the loss of inhibitory I-
κB protein in laquinimod-treated monocytes on LPS stimula-
tion, reflecting an inhibition of NF-κB pathway activation.44

Furthermore, a laquinimod-mediated downregulation of NF-
κB activation has been demonstrated previously for other cell
types such as dendritic cells or astrocytes.11,24

Of interest, similar effects of laquinimod treatment have re-
cently been demonstrated in experimental models of other
neurologic and systemic inflammatory diseases. For example,
laquinimod treatment of monocytes taken from patients with
Huntington disease was also found to secrete lower levels of
inflammatory cytokines, including IL-1β,45 and in osteoar-
thritis, laquinimod ameliorated the IL-1β–induced generation
of reactive oxygen species via a suppression of the NF-κB
pathway.46

The functional relevance of laquinimod-induced alteration
of cytokine secretion pattern in MS pathology was con-
firmed in our in vitro coculture experiments. Here,
laquinimod-treated monocytes had a reduced capacity to
polarize CD4+ T cells into Th17 cells and led to lower
levels of IL-17A secretion. A similar observation has been
reported in EAE mice where laquinimod reduced the ca-
pacity of isolated monocytes to promote a proin-
flammatory T-cell response in vitro.25

The role of IL-1β in the generation of Th17 cells, which are
major culprits in the pathogenesis of EAE and are considered
to play a pathogenic role in causing sustained tissue damage in
neuroinflammation,47,48 has been proposed previously.22,49

IL-1β can act on subsets of human Th cells expressing the IL-
1R,50 and the in vitro polarization of naive human Th cells in a
mixture containing IL-1β induced the expression of IL-17A.51

Furthermore, the importance of the IL-1R1 in the generation
of proinflammatory Th17 cells regulated by GM-CSF–driven
monocyte-derived DCs has also been highlighted.8

Two limitations of this study have to be addressed. First, the
findings have to be interpreted with care as the observed
effects are based on a small sample size. Second, our study
lacks data from patients with PPMS, in which laquinimod has
been tested as well.17 Further investigations need to elucidate
how monocyte subsets relevant to MS39,52 are differentially
affected by laquinimod.

Our current findings suggest that the immunomodulatory
effects of laquinimod involve decreased phosphorylation of
p65 in NF-κB pathway and downregulation of IL-1β expres-
sion in monocytes. The consecutive decrease in IL-1β levels
might further translate to an impaired differentiation and
maintenance of inflammatory Th17 cells. Although the ad-
mission procedure of laquinimod for the treatment of MS has
been discontinued, these findings are still of importance as
they offer valuable insights into the pathogenesis of MS and
for the evaluation of the potential of laquinimod for the
treatment of other disease.
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22. Wegner C, Stadelmann C, Pförtner R, et al. Laquinimod interferes with migratory
capacity of T cells and reduces IL-17 levels, inflammatory demyelination and acute
axonal damage in mice with experimental autoimmune encephalomyelitis.
J Neuroimmunol 2010;227:133–143.

23. Schulze-Topphoff U, Shetty A, Varrin-Doyer M, et al. Laquinimod, a quinoline-3-
carboxamide, induces type II myeloid cells that modulate central nervous system
autoimmunity. PLoS One 2012;7:e33797.

24. Jolivel V, Luessi F, Masri J, et al. Modulation of dendritic cell properties by
laquinimod as a mechanism for modulating multiple sclerosis. Brain 2013;136(pt
4):1048–1066.
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45. Dobson L, Träger U, Farmer R, et al. Laquinimod dampens hyperactive cytokine
production in Huntington’s disease patient myeloid cells. J Neurochem 2016;137:
782–794.

46. Xie P, Dan F, Yu G, Ruan W, Yu H. Laquinimod mitigated IL-1beta-induced im-
pairment of the cartilage extracellular matrix in human ATDC5 chondrocytes. Chem
Res Toxicol 2020;33:933–939.

47. Korn T, Bettelli E, Oukka M, Kuchroo VK. IL-17 and Th17 cells. Annu Rev Immunol
2009;27:485–517.

48. Sie C, Korn T, Mitsdoerffer M. Th17 cells in central nervous system autoimmunity.
Exp Neurol 2014;262(pt A):18–27.

49. Chung Y, Chang SH, Martinez GJ, et al. Critical regulation of early Th17 cell dif-
ferentiation by interleukin-1 signaling. Immunity 2009;30:576–587.

50. Shirakawa F, Tanaka Y, Ota T, Suzuki H, Eto S, Yamashita U. Expression of in-
terleukin 1 receptors on human peripheral T cells. J Immunol 1987;138:4243–4248.

51. Sha Y, Markovic-Plese S. Activated IL-1RI signaling pathway induces Th17 cell dif-
ferentiation via interferon regulatory factor 4 signaling in patients with relapsing-
remitting multiple sclerosis. Front Immunol 2016;7:543.

52. Fingerle-Rowson G, Angstwurm M, Andreesen R, Ziegler-Heitbrock HW. Selective
depletion of CD14+ CD16+monocytes by glucocorticoid therapy. Clin Exp Immunol
1998;112:501–506.

10 Neurology: Neuroimmunology & Neuroinflammation | Volume 8, Number 1 | January 2021 Neurology.org/NN

http://neurology.org/nn


ARTICLE OPEN ACCESS

Anti-CD20 therapies and pregnancy in
neuroimmunologic disorders
A cohort study from Germany
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Abstract
Objective
To report pregnancy outcomes and disease activity (DA) in women with MS, neuromyelitis
optica spectrum disorders (NMOSDs), and other neuroimmunologic diseases (ONID) after
treatment with rituximab (RTX)/ocrelizumab (OCR) 12 months before or during pregnancy.

Methods
Data were collected in the German MS and pregnancy registry and centers from the Neuro-
myelitis Optica Study Group. Sixty-eight known outcomes of 88 pregnancies from 81 women
(64 MS, 10 NMOSD, and 7 ONID) were included and stratified in 3 exposure groups: >6M-
group = RTX/OCR >6 but ≤12 months before the last menstrual period (LMP) (n = 8); <6M
group = RTX/OCR <6 months before the LMP (n = 47); preg group = RTX/OCR after the
LMP (n = 13).

Results
Pregnancy outcomes were similar between groups, but significantly more preterm births (9.8%
vs 45%) occurred after exposure during pregnancy. Overall, 2 major congenital abnormalities
(3.3%), both in the preg group, were observed. Three women had severe infections during
pregnancy. All women with MS (35) and 12/13 women with NMOSD, RTX/OCR exposure
before the LMP and known pregnancy outcomes after gestational week 22 were relapse free
during pregnancy. Five of 29 (17.2%) women with relapsing-remittingMS (RRMS) and 1 of 12
(8.3%) with NMOSD and at least 6 months postpartum follow-up experienced a relapse
postpartum. Duration of RTX/OCR and early retreatment but not detection of B-cells were
possible predictors for postpartum relapses in patients with RRMS/NMOSD.

Conclusions
Although RTX/OCR might be an interesting option for women with RRMS/NMOSD who
plan to become pregnant to control DA, more data on pregnancy outcomes and rare risks are
needed.
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Only limited (<200) data on pregnancy outcomes after anti-
CD20 monoclonal antibodies (mAbs) exposure—mainly
focusing on rituximab (RTX)—in women with neuro-
immunologic diseases have been published.1–3 Because of the
fear of potential fetal B-cell depletion, the label is conservative
and recommends to discontinue anti-CD20 mAbs at least 6
(US Food and Drug Administration) to 12 months (Euro-
pean Medicine Agency) before planned conception.

With the introduction of highly effective disease-modifying
therapies (DMTs), women with relapsing-remitting MS
(RRMS) or neuromyelitis optica spectrum disorders
(NMOSDs) might consider pregnancy after stabilization of
active disease courses,4–6 but reoccurrence or even rebound
of disease activity (DA) has been reported in patients with
MS after discontinuation of DMTs such as natalizumab and
fingolimod.7–12 Thus, women may be confronted weighing
the risk of relapses against potential risks of fetal DMT
exposure.13 In NMOSD, relapses during pregnancy and
postpartum have been reported, particularly in patients
who stopped immunosuppressive therapy, and mainte-
nance of immunotherapy has been discussed.14,15 Anti-
CD20 mAbs could be an interesting option as in contrast to
other drugs, no rebound has been reported so far.2,16

Therefore, the objective of this cohort study was to investigate
the safety of RTX/ocrelizumab (OCR) during the last 12
months before or during pregnancy in women with neuro-
immunologic diseases and to assess DA in a subcohort of
women with RRMS or NMOSDs.

Methods
Participants and data collection
We identified 88 pregnancies of 81 women with neuro-
immunologic diseases treated with RTX or OCR ≤12
months before the last menstrual period (LMP) through
the German MS and pregnancy registry (DMSKW) and
centers from the Neuromyelitis Optica Study Group
(NEMOS) network between November 2004 and Febru-
ary 2020 (figure). In the DMSKW, pregnant women with
MS or other neuroimmunologic diseases (ONID) are en-
rolled at any time point during pregnancy and followed up
prospectively with a standardized questionnaire.17 For
pregnancies reported from NEMOS centers, we used a core
minimal data set from the DMSKW consisting of the fol-
lowing variables: diagnosis, age, LMP, date of last RTX/
OCR infusion before or after the LMP, pregnancy

outcome, severe maternal and infant infections, relapses
during pregnancy, and postpartum in patients with RRMS/
NMOSD. Four pregnancies (1 PPMS, 1 NMOSD, and 2
ONID) from NEMOS centers were included retrospec-
tively (all 4 with healthy newborns). Available B-cell counts
from mothers and babies were collected. We stratified our
cohort according to exposure to anti-CD20 mAbs before or
after the LMP into 3 groups: >6M group = RTX/OCR >6
but ≤12 months before the LMP; <6M group = RTX/OCR
<6 months before the LMP; preg group = RTX/OCR after
the LMP.

Outcomes
Spontaneous abortion (SA) was defined as fetal loss before
22 completed gestational weeks (GWs). Congenital
anomalies (CA) were rated and classified in accordance
with the guidelines of EUROCAT and confirmed by the
treating pediatrician/obstetrician. Birth weight and length
and preterm birth (PB, live birth before 37 completed
GWs) were analyzed as reported in mothers’ maternity
logs. Elective abortions (EAs) and ectopic pregnancies
were also documented. B-cells, depletion in newborns was
defined as not detectable B-cells, borderline as detectable
but under the lower range of the reference.

In the subgroup of women with RRMS/NMOSD, the
number of relapses before, during, and after pregnancy
(follow-up 6 months) was analyzed using the current
McDonald criteria relapse definition18 and disability pro-
gression12 by using the Expanded Disability Status Scale
(EDSS).19 Except one, the EDSS was taken outside relapse
(≥2 months). The baseline EDSS was the last available
EDSS during the last year before pregnancy and without
the occurrence of a relapse between the EDSS date and the
LMP. Relapses were confirmed, and the EDSS was
obtained by the treating neurologist.

Standard protocol approvals, registrations,
and patient consents
All patients gave their informed consent. The DMSKW is
approved by the review board of the Ruhr University in
Bochum (Reg Nr.: 18-6474-BR). All patients who partici-
pated in the NEMOS gave written informed consent, and
each local institutional review board of participating centers
approved the study.

Statistical analysis
To compare pregnancy outcomes as well as relapses and dis-
ability progression during pregnancy and postpartum between

Glossary
CA = congenital anomalies; DA = disease activity; DMT = disease-modifying therapy; EA = elective abortion; EDSS =
Expanded Disability Status Scale; GW = gestational week; LMP = last menstrual period; mAb = monoclonal antibody;
NEMOS = Neuromyelitis Optica Study Group; NMOSD = neuromyelitis optica spectrum disorder; OCR = ocrelizumab;
ONID = other neuroimmunologic diseases; RRMS = relapsing-remitting MS; RTX = rituximab; SA = spontaneous abortion.
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groups, we used the Kruskal-Wallis rank-sum test for continuous
and the χ2 test or Fisher exact test for categorical variables. A
2-sided p < 0.05 was considered as statistically significant.

Pregnancy outcomes were analyzed regardless of the un-
derlying disease. To account for the difference in being at risk,
we used different denominators: all known pregnancy

Figure Flowchart of the pregnancies enrolled in the study

*ONID included in this cohort: 1 myasthenia gravis, 1 autoimmune myositis, 1 neurosarcoidosis, 1 MOG disease, 1 CRION, 2 NMDA-Ab encephalitis.
CRION = chronic relapsing inflammatory optic neuropathy; DMSKW = German MS and pregnancy registry (Deutsches Multiple Sklerose und Kinderwunsch
Register); DMT= disease-modifying therapy;GW= gestationalweek;mAb=monoclonal antibody;MOG=myelinoligodendrocyteglycoprotein;NEMOS=Neuromyelitis
Optica StudyGroup; NMOSD= neuromyelitis optica spectrumdisorder; ONID = other neuroimmunologic diseases; PPMS = primary progressiveMS; RRMS= relapsing-
remitting MS; SPMS = secondary progressive MS
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outcomes for the outcomes live birth, SA, and EA and all live
births for the outcomes CA and PB. In addition, we performed
four sensitivity analysis with (i) prospective pregnancies and (ii)
patients with MS and NMOSD (ONID excluded). We also
stratified exposure (iii) by drug RTX/OCR or (iv) by timing <3
months, >3 but ≤12 months before the LMP, or after LMP.

For all analysis of DA, we stratified our cohort into patients with
RRMS and NMOSD. The analysis of DA during pregnancy only
includes pregnancies with outcome after 22 GWs and treated
with anti-CD20 mAbs already before pregnancy. The analysis of
DA postpartum includes all pregnancies with anti-CD20 mAbs
before or during pregnancy and a postpartum follow-up of 6
months (figure). Statistical analysis was performed using RStudio
Version 1.2.5019.

Data availability
No deidentified patient data will be shared. No study-related
documents will be shared. Reasonable requests from any
qualified investigator for anonymized data will be considered
by the corresponding author.

Results
Baseline characteristics
We analyzed 49 (55.7%) pregnancies after treatment with
RTX and 39 (44.3%) after therapy with OCR. Most
pregnancies occurred in women with MS (n = 64, 72.7%;
n = 39 OCR and n = 25 RTX) or NMOSD (n = 17, 19.3%),
and 7 (8.0%) in women with ONID (figure), the majority
(n = 64, 72.7%) within 6 months after the last infusion
administered with a median of 67 days before the LMP
(range 4–169 days).

Fourteen pregnancies (15.9%) were exposed after the LMP
(median 39 days, range 2–148 days), but only 4 because of
worsening of the underlying autoimmune disease (RRMS,
NMOSD, and chronic relapsing inflammatory optic neuropa-
thy and myositis). One woman (NMOSD) followed her rou-
tine infusion scheme, and the remaining (n = 9) were infused
during early pregnancy because pregnancy was undetected.
Five of these 14 (35.7%) were treated with anti-CD20 mAbs
for the first time during pregnancy: 2 because of a relapse, 1 due
to worsening of myositis, and 2 due to undetected pregnancies.

Two pregnancies (1 RRMS and 1 NMOSD) were exposed
simultaneously to another DMT (1 fingolimod and 1 aza-
thioprine). Two (1 NMOSD and 1 myositis) received con-
comitant low-dose steroid therapy during pregnancy and 3 (1
RRMS and 2 NMOSD) high-dose corticosteroids for relapse
treatment during pregnancy. Baseline characteristics of all
pregnancies are shown in table 1.

Pregnancy outcomes
We analyzed the outcomes of 67 pregnancies (76.1%) in-
cluding 1 twin pregnancy, most resulting in live births

(n = 60/68; 88.2%) (table 2). Twenty-one (23.9%) preg-
nancies are still ongoing. The overall number of SAs (n = 5/68;
7.4%) was low regardless if reported by the DMSKW or by
NEMOS centers. Overall, 15% of pregnancies ended in PB,
significantly more often in those exposed during pregnancy
(>6M group: 0/8; <6M group: 4/41 9.76%; preg group: 5/11
45.45%: p value: 0.019, table 2). Excluding PB, the birth weight
was statistically not significantly lower in the preg group. PB
occurred in median GW 35 (range 29.14–36.14), and preterm
newborns had a mean birth weight of 2,308.13 ± 534.50 g.
Potential reasons for PB are shown in table e-1, links.lww.com/
NXI/A338.

Two of 60 live births (3.3%) were born with a major CA,
both (a ventricular septum defect and an atrium septum
defect with pulmonary stenosis) in the preg group (2/11,
18.2%, p value = 0.046) (table e-1, links.lww.com/NXI/
A338). Three (4.4%) EAs due to social indication were
performed.

Additional sensitivity analysis with a more conservative ex-
posure cutoff of 3 months (see above Statistical analysis)
replicated our findings concerning major CA (>3M group: 0/
19; <3M group: 0/30; preg group: 2/11 18.2%: p value:
0.034) and PB (>3M group: 1/19 5.3%; <3M group: 3/30
10.0%; preg group: 5/11 45.4%: p value: 0.020). Excluding
retrospective cases and ONID does not change the results.
After stratification of exposure by drug (RTX or OCR), no
statistically significant differences can be observed for major
CA and PB (data not shown).

B-cell counts in newborns
B-cell counts were available for 14 babies (23.4%), 12 with
1 (9 cord blood, 2 during the first weeks of live, and 1 at age
3 months) and 2 with 2 B-cell counts (cord blood/2 and 5
months postpartum, respectively). B-cells according to
anti-CD20 mAb exposure are shown in table 2. Despite
exposure 6 months before the LMP (n = 8) or during
pregnancy (n = 4), most had normal B-cell counts. Four
(28.6%) newborns showed borderline B-cell counts (RTX
50 days before the LMP, 325 (ref. 600–1,000)/μL, 10 (ref.
13–39)%; OCR 99 days before the LMP, 420 (ref.
150–1,200)/μL, 9.1 (ref. 15–40)%; RTX 200 days before
the LMP, 47 (ref. 50–631)/μL, 2 (ref. 5–24)%; and OCR
131 days after the LMP 339 (ref. 600–1,900)/μL, 12 (ref.
4–26)%). In the OCR-exposed baby, B-cells normalized at
age 2 months (1,107 [ref. 600–3,000]/μL, 15 [ref.
13–39]%) despite OCR exposed breastfeeding.20 The B-
cell–depleted newborn was exposed to RTX 141 days after
the LMP and azathioprine until GW 7. At age 5 months,
the B-cell count was normal and no serious infections were
observed in 20 months of follow-up.

Breastfeeding
Of 57 women with available information on breastfeeding,
38 breastfed exclusively (n = 20/52.6%) or partly (n = 18/
47.4%) for a median duration of 119 days (range 1–205
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days). Three of them received anti-CD20 mAbs during
breastfeeding, with a duration of exposed breastfeeding of
82, 54, and 53 days recently reported in Ref. 20.

Infections in mothers and infants
Severe infections during pregnancies occurred in 3mothers (2
with decreased/depleted B-cells) and infections leading to

Table 1 Baseline characteristics of all 88 pregnancies

>6M group, n = 10 <6M group, n = 64 Preg group, n = 14 p Value

Disease: MS/NMOSD/ONID, n 6/3/1 49/11/4 9/3/2 —

Exposure RTX/OCR, n 7/3 36/28 6/8 —

Age at conception, mean (±SD), y 29.63 (4.41) 31.53 (4.88) 30.80 (6.79) 0.492a

GW at first contact, mean (SD) 16.34 (13.44) 11.50 (8.75) 18.41 (21.00) 0.497a

Disease duration, mean (±SD), y 6.82 (5.94) 7.35 (4.83) 4.50 (3.51) 0.098a

No. of DMTs before RTX/OCR, median (range) 1.5 (0–5) 2 (0–8) 2.5 (0–6) 0.676a

No. of cycles RTX/OCR, median (range) 4 (1–21) 3 (1–21) 3 (2–14) 0.886a

BMI, mean (±SD), kg/m2 24.49 (3.95) 23.85 (5.51) 24.87 (4.78) 0.515a

Smoking during first trimester, n (%) 0 8 (12.5) 1 (7.14) 0.728b

Alcohol during pregnancy, n (%) 0 1 (1.56) 1 (7.14) 0.454b

Abbreviations: BMI = body mass index; DMT = disease-modifying therapy; GW = gestational week; LMP = last menstrual period; n = number of women;
OCR = ocrelizumab; Preg group = RTX/OCR after the LMP; RTX = rituximab; NMOSD = neuromyelitis optica spectrum disorder; >6M group = RTX/OCR >6 but
≤12 months before the LMP; <6M group = RTX/OCR <6 months before the LMP.
a Comparison with the Kruskal-Wallis rank-sum test between the 3 groups.
b Ccomparison with the Fisher exact test between the 3 groups.

Table 2 Pregnancy outcomes in 67 pregnancies with known pregnancy outcome

>6M group, n = 8 <6M group, n = 47 Preg group, n = 13a p Value

Live birth, n (%) 8 (100.00) 41 (87.23) 11a (84.62) 0.528b

Spontaneous abortion, n (%) 0 4 (8.51) 1 (7.69) 1.000c

Elective abortion social indication, n (%) 0 2 (4.26) 1 (7.69) 0.677c

Major congenital abnormalities, n (%) 0 0 2 (18.18) 0.046c

Preterm birth, n (%) 0 4 (9.76) 5 (45.45) 0.019c

Gestational week at birth, mean (±SD) 40.68 (0.89) 39.13 (2.47) 37.81 (3.09) 0.021d

Birth weight, mean (±SD), g 3,496.25 (445.14) 3,251.25 (661.46) 2,839.50 (620.13) 0.087d

Birth weight (excluding preterm birth), mean (±SD), g 3,496.25 (445.14) 3,368.89 (560.58) 3,116.67 (547.54) 0.506d

Birth length, mean (±SD), cm 52.63 (2.33) 51.21 (3.24) 49.15 (4.30) 0.127d

Newborns with borderline B-cells n/a (%) 1/2 (50.00) 2/8 (25.00) 1/4 (25.00) 1.000c

Newborns with depleted B-cells n/a (%) 0/2 0/8 1/4 (25.00) 0.429c

Pregnancies with severe infections, n (%) 0 2 (4.26) 1 (7.69) 0.677c

Infant infections leading to hospitalization, n (%) 0 2 (4.26) 1 (7.69) 0.677c

Abbreviations: a = available number of newborns; LMP = last menstrual period; n = number of pregnancies/newborns; Preg group = RTX/OCR after the LMP;
<6M group = RTX/OCR <6 months before the LMP; >6M group = RTX/OCR >6 but ≤12 months before the LMP.
Bold text indicates p value < 0.05.
a Including twins.
b Comparison with the χ2 test between the 3 groups.
c Comparison with the Fisher exact test between the 3 groups.
d Comparison with the Kruskal-Wallis rank-sum test between the 3 groups.
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hospitalization in 3 newborns (table 2 and table e-2, links.lww.
com/NXI/A338).

Relapses and disability progression during
pregnancy and postpartum in women
with RRMS
All pregnancies in women with RRMS (n = 35), anti-CD20
mAbs before conception, and known pregnancy outcomes
after GW 22 were relapse free (table 3).

For 5 of 29 pregnancies (17.2%), a relapse during the first 6
months postpartum (median time to first relapse postpartum
2.3 months; range 0.1–4.9 months) was documented. The
majority (n = 21, 72.4%) restarted DMT (all anti-CD20
mAbs) with a median time of 3.0 months (range 0.3–26.0
months) after birth (median DMT-free interval 14.1 months,
range 5.2–35.6). Only 1 woman had a relapse 44 days after the
infusion withOCR, 69 days after delivery (table e-3, links.lww.
com/NXI/A338). The median time between the last RTX/
OCR and the relapse postpartum was 16.3 months (range
1.5–21 months).

The baseline EDSS (median 2.5, range 0–5) was evaluated
median 33 days before the LMP (range 17–250) and the delta
EDSS analyzed in 32/35 (91.4%; median 0, range −2 to 0)
during pregnancy and 16/29 (55.2%; median 0 range −2 to
0.5) postpartum (table 3 and table e-3, links.lww.com/NXI/
A338). All but 1 woman (autoimmune myositis) with ONID
showed a stable DA during pregnancy without change of
therapy.

Relapses and disability progression during
pregnancy and postpartum in women
with NMOSD
Most pregnancies (n = 12/13; 92.3%) in women with
NMOSD, anti-CD20 mAbs before conception, and known
pregnancy outcomes after GW 22 were relapse free (table 3).
Only 1 woman had a relapse in GW 33 despite having re-
ceived RTX before and during pregnancy. She had reduced
her previous concomitant prednisolone therapy after notice of
pregnancy. One woman started anti-CD20 mAbs during
pregnancy because of a disastrous relapse with an EDSS in-
crease from 2 to 7 after withdrawal of azathioprine at the
beginning of pregnancy.

For one of 12 pregnancies (8.3%), 2 relapses during the first 6
months postpartum (time to first relapse postpartum 0.3
months) were documented (table 3 and table e-3, links.lww.
com/NXI/A338). All restarted anti-CD20 mAbs with a me-
dian time of 0.45 months (range 0–4.2 months) after birth
(median DMT-free interval 13.2 months, range 6.3–18.8).

The baseline EDSS (median 3; range 1.5–4) was evaluated
median 120 days before the LMP (range 5–308) and delta
EDSS analyzed in 11/13 (84.6%, median 0 range −1 to 0.5)
during pregnancy and 12/12 (100%; median 0 range −0.5 to
2.5) postpartum. The EDSS remained stable during

pregnancy in all patients. Postpartum, all but 1 (11/12;
91.7%) patients with NMOSD showed a stable EDSS. This
patient received RTX for the first time during pregnancy due
to a disastrous relapse and had 2 relapses during the second
half of the postpartum year (table 3).

Relapses in patients with RRMS and NMOSD
depending on the B-cell count
For analysis of DA during pregnancy, we had 12 (25.0%) B-cell
counts of 48 included pregnancies available. Most (9; 75.0%) had
detectable B-cells in peripheral blood during pregnancy, only 1
(NMOSD) of them relapsed. Postpartum, 9 (22.0%) B-cell
counts—all of them before the first anti-CD20mAb infusion after
delivery—from 41 pregnancies were available and detectable in all
of them, 3 (2RRMSand 1NMOSD)of thesewomen relapsed. In
3 women with MS with postpartum relapses, B-cell counts were
not available.

Predictors for postpartum relapses in patients
with RRMS and NMOSD
Women (RRMS/NMOSD) without postpartum relapses had
received anti-CD20 mAbs for a longer time with more cycles
and were retreated earlier postpartum than those who re-
lapsed (table 4). However, this difference was not statistically
significant.

Discussion
In our cohort study, we found that pregnancy outcomes
after treatment with anti-CD20 mAbs in the year before
pregnancy in women with neuroimmunologic diseases
were within the range what is expected for the general
population. If anti-CD20 mAbs were given during preg-
nancy, we observed significantly more PBs and 2 major
CAs. Another important finding of our study is the good
control of DA during pregnancy (98%) and postpartum
(85%), observed in most pregnancies in women with
RRMS/NMOSD, although treatment was generally sus-
pended during pregnancy.

In contrast to a recently published study from southern Cal-
ifornia with similar sample size, where 27% of the women had
SA,2 we did not observe an increased risk. In this population-
based study of a health insurance where data linkage to the
gynecologic records is possible, pregnancies are captured very
early. In our study, first contact was at the beginning of the
second trimester, after the risk for SA is already decreasing, a
common limitation in pregnancy registries.21

The overall prevalence of major CA was 3.3% (n = 2), both
in women who were treated with OCR during pregnancy,
which is in line with outcomes from unexposed pregnan-
cies from our DMSKW registry.17 RTX or OCR exposure
was not associated with teratogenicity in humans,1,3 nor in
animal studies22,23 so far, and we believe that it is a chance
finding.
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Although the overall risk of PB was similar to other
studies,2,24 we found a higher risk for PB (45%) and lower
birth weight when anti-CD20 mAb was given during preg-
nancy. This might be partially related to the underlying
disease and/or concomitant autoimmune diseases,25 espe-
cially in NMOSD, to the previous DMT exposure and/or
other concomitant medication with steroids, and deserves
further investigation. To what extent long-term treatment
with anti-CD20mAbsmay lead to hypogammaglobulinemia,
which in turn could increase the risk of neonatal and ma-
ternal infections26,27 including chorioamnionitis—another
potential underlying mechanism of PB—is still unknown.
Recently, it was shown that treatment with RTX increases
the risk of infections in the general MS population.28 We did
not collect systematically information on IgG levels, but 3
women experienced severe infections potentially attribut-
able to B-cell depletion.

In most women who were treated during pregnancy, anti-
CD20 mAbs were given early during the first trimester, sug-
gesting that only limited amounts of the drugs passed through
the placental barrier and fetal exposure was low.29 So far, data
on B-cell counts in the newborn, especially frommothers with
MS or NMOSD, are based on single case reports.30 In our
study, B-cell counts were normal in the majority (73%) of the
babies, of note also in 2 first trimester exposed babies. Four
babies were born with borderline values, but determination of
B-cell counts in those newborns was not standardized and the
exact methods used unknown. The fact that one newborn was

B-cell depleted after pregnancy exposure to RTX during the
second trimester is in line with previous reports and indicates
that treatment after the second trimester is a risk factor for
neonatal B-cell reduction. This should require the measure-
ment of B-cells at birth and a close interaction with pedia-
tricians to time vaccinations accordingly.1,31

Our data that all women with RRMS who had been treated
with anti-CD20 mAbs before pregnancy experienced a
stable DA during pregnancy are very reassuring and in line
with a recent observation in a retrospective cohort of 27
patients with MS from Sweden16 and both Californian
studies.1,2 Of note, women who were treated >6 months
before the LMP were effectively untreated by the end of
pregnancy.

Although more women with RRMS in our cohort (17,2%)
relapsed postpartum compared with the southern Cali-
fornian study (2.7%), our results still demonstrate a very
good control of DA specially in comparison to other active
MS pregnancies, e.g., after the suspension of natalizumab
(36.5% relapsed during pregnancy and 21.7% in the first
postpartum year).12 Reasons for the higher number of
postpartum relapses in our patients with RRMS may in-
clude the close prospective follow-up of our patients as
well as a more active disease cohort, which is reflected by
the high number of previous DMTs in 4 RRMS patients
with relapses. As B-cells were detectable in 2 women with
RRMS who relapsed but also in 4 women without

Table 3 Relapses during pregnancy and postpartum in pregnancies in women with RRMS and NMOSD

RRMS, n = 35 NMOSD, n = 13

>6M
group

<6M
group

Preg
group

p
Value

>6M
group

<6M
group

Preg
group

p
Value

Pregnancies with outcomes after GW 22 and anti-CD20
mAbs before pregnancy, n

4 28 3 — 3 8 2 —

Pregnancies with relapses during pregnancy, n (%) 0 0 0 — 0 0 1
(50.00)

0.154a

Pregnancies with high-dose steroid exposure, n (%) 0 0 0 — 0 0 1
(50.00)

0.154a

Baseline EDSS before pregnancy, median (range) 1.75
(1–5)

2.75
(0–5)

2 (0–3.5) 0.629b 3 (2–3) 3
(1.5–4)

3 (3–3) 0.774b

Pregnancies with disability progression during pregnancy,
n/a (%)

0/4 0/25 0/3 — 0/3 0/7 0/1 —

RRMS, n = 29 NMOSD, n = 12

Pregnancies with 6 mo postpartum follow-up, n 3 24 2 — 3 7 2 —

Pregnancies with relapses up to 6 mo pp, n (%) 1 (33.33) 4 (16.67) 0 0.642a 0 1 (14.29) 0 1.000a

Pregnancies with disability progression up to 6 mo pp, n/a (%) 0/3 0/11 0/2 — 0/3 0/7 1/2 (50.00) 0.167a

Abbreviations: a = number of women with available EDSS; anti-CD20-mAb = anti-CD20 monoclonal antibody; EDSS = Expanded Disability Status Scale;
GW = gestational week; LMP = last menstrual period; mo = months; n = number of women; NMOSD = neuromyelitis optica spectrum disorder; pp =
postpartum; Preg group = RTX/OCR after the LMP; RRMS = relapsing-remitting MS; >6M group = RTX/OCR >6 but ≤12 months before the LMP; <6M group =
RTX/OCR <6 months before the LMP.
a Comparison with the Fisher exact test between the 3 groups.
b Comparison with the Kruskal-Wallis rank-sum test between the 3 groups.
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postpartum relapses, the reoccurrence of B-cells did not
seem to predict these relapses.

In our cohort, women with NMOSD had a surprisingly low
relapse risk, although relapse rates are known to increase
after delivery in this disease spectrum15,32,33 or perhaps
already during pregnancy.14 Because of the low number of
relapses, we were not able to identify significant risk factors
for recurrent DA. So far, suspension of immunosuppres-
sion has been identified as the main risk factor for relapses
during pregnancy and postpartum,14 which is reflected by
the 1 case in our cohort with the disastrous relapse during
pregnancy after withdrawal of azathioprine and before
start with RTX. In addition, the presence of B-cells in the
peripheral blood has been associated with NMOSD re-
lapses in previous studies,34 which is partly supported by
our observations because 3 relapses occurred all in women
with detectable B-cells.

Although nonsignificant, we identified the overall treat-
ment duration with anti-CD20 mAbs and number of RTX/
OCR cycles before pregnancy and the later reinfusion
postpartum as possible risk factors for postpartum relapses
in patients with RRMS/NMOSD. Thus, women with ac-
tive disease before pregnancy might benefit from

postponing pregnancy until stabilization of DA and re-
suming anti-CD20 mAbs early after delivery, but more data
are needed to give a definite advice.

Recent publications deliver reassurance for the use of mAbs
during breastfeeding in neuroimmunologic diseases.35 The
amount of RTX in the breast milk was shown to be minimal.
Data onOCR transfer are not available yet but can be anticipated
to be very low.36 Even if not officially labeled, we believe that
women should not forego nursing of mature newborns because
of anti-CD20mAbs, but again, more data with a longer follow-up
of the children are needed.

Beside the short follow-up time, our study has other limitations:
importantly, our data are limited by a relatively small sample size,
which precluded a more detailed, multivariable adjusted analysis,
especially as adverse pregnancy outcomes and in our cohort also
relapses were rare events. The fact that 2 neonatal strokes have
been reported recently after anti-CD20 mAb therapy2,37 under-
lines the importance of a systematic collection of data and if
possible a combined analysis between different registries to in-
crease sample size in the future. In our cohort, the treatment
duration with OCR before pregnancy is still short because it was
only approved inGermany for RRMS in early 2018, an important
limitation if the risk for infection increases with longer use. In

Table 4 Comparison of pregnancies in patients with RRMS/NMOSD with and without documented relapses during the
postpartum period

Pregnancies with postpartum
relapse, n = 6

Pregnancies without postpartum
relapse, n = 35

p
Value

RRMS/NMOSD, n 5/1 24/11 —

Exposure RTX/OCR, n 5/1 25/10 0.651a

Age, mean (SD), y 31.90 (5.38) 31.30 (4.65) 0.883b

Disease duration, mean (SD), y 8.11 (5.26) 6.88 (4.79) 0.417b

No. of DMTs before RTX/OCR, median (range) 3.5 (1–6) 1 (0–8) 0.108b

Duration of RTX/OCR treatment before the LMP, median
(range), mo

0.25 (0–35.17) 12.77 (0–146.34) 0.205b

No. of RTX/OCR cycles before the LMP, median (range) 1 (1–7) 2 (1–13) 0.157b

No. of relapses in the year before the LMP, median (range) 0 (0–2) 0 (0–2) 0.782b

Pregnancies with RTX/OCR restart pp, n (%) 5 (83.33) 28 (80.00) 1.000c

Total duration of anti-CD20 mAb treatment-free interval,
median (range), mo

13.80 (10.80–25.50) 13.90 (5.17–35.57) 0.744b

Time to RTX/OCR restart pp, median (range), mo 4.07 (0.83–14.13) 2.47 (0–26.00) 0.248b

Pregnancies in women with detectable B-cells any time
during 6 mo pp, n/a (%)

3/3 (100) 6/6 (100) 0.317c

Pregnancies in women breastfeeding exclusively, n (%) 2 (33.33) 12 (34.29) 1.000a

Abbreviations: a = available number of women with B-cell counts; DMT = disease-modifying therapy; LMP = last menstrual period; mo =months; n = number
of women; NMOSD = neuromyelitis optica spectrum disorder; OCR = ocrelizumab; pp = postpartum; RTX = rituximab; RRMS = relapsing-remitting MS.
a Comparison with the Fisher exact test regarding RTX exposure between the 2 groups.
b Comparison with the Kruskal-Wallis rank sum test between the 2 groups.
c Comparison with the χ2 test between the 2 groups.
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addition, we only have limited information on the health status of
the infants at birth such as the Apgar score and long-term out-
comes of the babies including developmental milestones, all in-
fections, vaccinations, and systematic data on B-cells.

Nonetheless, our study has strengths, among them is the inclusion
of the largest cohort of RTX-treated women with NMOSD, the
possibility to stratify for 3 different exposure groups, and at least in
some women and babies, the availability of B-cell counts.

Our findings demonstrate that anti-CD20 mAbs are highly ef-
fective for disease control in women with RRMS and NMOSD
during and also partly after pregnancy and no major safety signal
was observed after use within 6 months before conception. This
finding is biologically plausible as the placental transfer for mAbs
during the first trimester is negligible.38 Anti-CD20 mAbs offer
advantages for women with neuroimmunologic diseases, espe-
cially with active RRMS/NMOSDwhowant to get pregnant due
to its long-lasting effects. Both RTX and OCR are interesting
options as the drugs themselves are cleared within 4–6 months
after exposure, but the biological effect seems to continue. Be-
sides, B-cell monitoring for the mothers and newborns long-term
data and data from larger patient cohorts are necessary to de-
termine the safety profile and identify the best time point when to
restart after delivery. Especiallymore information on the infection
risk during and after pregnancy in association with serum im-
munoglobulin levels in the mother and child is needed. There-
fore, most importantly, outcome on pregnancies after anti-CD20
mAbs should be all carefully documented in registries, especially
in rare diseases such as NMOSD.
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Abstract
Objective
To determine whether maternofetal transfer of NMDA receptor (NMDAR) antibodies has
pathogenic effects on the fetus and offspring, we developed a model of placental transfer of
antibodies.

Methods
Pregnant C57BL/6J mice were administered via tail vein patients’ or controls’ immunoglobulin
G (IgG) on days 14–16 of gestation, when the placenta is able to transport IgG and the
immature fetal blood-brain barrier is less restrictive to IgG crossing. Immunohistochemical and
DiOlistic (gene gun delivery of fluorescent dye) staining, confocal microscopy, standardized
developmental and behavioral tasks, and hippocampal long-term potentiation were used to
determine the antibody effects.

Results
In brains of fetuses, patients’ IgG, but not controls’ IgG, bound to NMDAR, causing a decrease
in NMDAR clusters and cortical plate thickness. No increase in neonatal mortality was ob-
served, but offspring exposed in utero to patients’ IgG had reduced levels of cell-surface and
synaptic NMDAR, increased dendritic arborization, decreased density of mature (mushroom-
shaped) spines, microglial activation, and thinning of brain cortical layers II–IV with cellular
compaction. These animals also had a delay in innate reflexes and eye opening and during
follow-up showed depressive-like behavior, deficits in nest building, poor motor coordination,
and impaired social-spatial memory and hippocampal plasticity. Remarkably, all these para-
digms progressively improved (becoming similar to those of controls) during follow-up until
adulthood.

Conclusions
In this model, placental transfer of patients’ NMDAR antibodies caused severe but reversible
synaptic and neurodevelopmental alterations. Reversible antibody effects may contribute to the
infrequent and limited number of complications described in children of patients who develop
anti-NMDAR encephalitis during pregnancy.

*These authors are joint senior authors.

From the Institut d’Investigacions Biomèdiques August Pi i Sunyer (IDIBAPS) (A.G.-S., M.R., A.P., V.B., E.A., E.M., H.A., M.S., F.M., M.P., B.J., S.G., J.P., J.D.), Hospital Cĺınic, Universitat de
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Anti-NMDA receptor (NMDAR) encephalitis is a neuronal
antibody-mediated disease that associates with prominent
neurologic and psychiatric symptoms.1 Most clinical series
show that 60%–80% of patients are women of childbearing
age2–4 who sometimes develop the encephalitis during
pregnancy.5,6 In addition to the obstetric complications that
can arise from the severity of the disease,5–7 there is the
concern that patient’s antibodies can reach the fetal brain and
cause synaptic and neurodevelopmental alterations. This
concern is supported by the demonstration of the pathoge-
nicity of the antibodies in cultured neurons8–10 and in a
mouse model of cerebroventricular transfer of patients’ anti-
bodies.11 Moreover, peritoneal injection of a human NMDAR
monoclonal antibody to pregnant mice resulted in high
neonatal mortality and long-lasting irreversible neuro-
developmental deficits in the offspring.12

Therefore, considering the severity of patients’ symptoms,
pathogenicity of the antibodies, and the fact that NMDAR
signaling regulates neuronal maturation,13 migration,14 and
synaptogenesis,15 one would expect severe abnormalities in
the offspring of patients with anti-NMDAR encephalitis.
However, the clinical experience is markedly different; other
than a few exceptional cases,16 most reports indicate that the
offspring of these patients appear to have good outcomes.6

Indeed, among the limited number of problems reported in
the babies, most are described as transient17 or attributed to
medications.6 These discrepancies led us to investigate in a
model of maternofetal transfer of patients’ immunoglobulin G
(IgG) antibodies, the effects on synaptic NMDAR, dendritic
complexity, cortical development, and microglial activation in
fetal and postnatal brains. We also determined whether mice
exposed in utero to patients’ IgG had impairment of memory,
behavior, and hippocampal long-term plasticity and whether
the antibody effects persisted or resolved from newborn to
adulthood stages.

Methods
Most of the methods and techniques used here have been
previously reported11,18 and are described in appendix e-1
(links.lww.com/NXI/A341).

Human serum samples, IgG purification,
and immunoabsorption
IgG was isolated by ammonium sulfate precipitation from
serum of 7 patients with anti-NMDAR encephalitis and 7
healthy blood donors. All patients with anti-NMDAR

encephalitis were women (median age 20 years, range 16–26
years) with anti-NMDAR encephalitis. The presence of
NMDAR antibodies (NMDAR-abs) was determined with rat
brain immunohistochemistry and a cell-based assay (CBA).1

To rule out the presence of other antibodies, pooled IgG from
patients was immunoabsorbed with HEK293T cells express-
ing GluN1/2B, and the reactivity determined with brain im-
munohistochemistry, CBA of GluN1/2B, and live neurons,
showing with all 3 techniques abrogation of reactivity.10,18 We
confirmed that immunoabsorbed patients’ IgG no longer
decreased the levels of NMDARs after 12-hour incubation, as
reported.19

Animals, infusion of IgG, tissue processing, and
determination of antibodies in blood from
pregnant mice and fetuses
Animal care and processing of brain of fetuses and offspring
were performed as reported.11 Overall, 54 pregnant C57BL/
6J mice, 165 fetuses, and 187 pups were used for behavioral,
electrophysiologic, morphologic, and synaptic brain studies.

Pooled IgG (800 μg) from patients or controls was injected
via tail vein to pregnant mice on days 14, 15, and 16 (E14,
E15, and E16) of gestation (figure 1A). These experiments
were planned according to the window of time in which the
neonatal receptor (FcRn), which allows IgG transplacental
transfer, is expressed in placental tissue, and the immature
fetal blood-brain barrier (BBB) does not restrict the crossing
of IgG (by day E16, the BBB becomes more restrictive).20

The presence of human NMDAR-abs in blood from pregnant
mice and fetuses was demonstrated with immunolabeling of
live rat hippocampal neurons in culture and conventional
CBA.1 Antibody titers were obtained by serial sample dilution
using CBA.

Determination of human IgG, NMDAR clusters,
and cortical plate thickness in fetal brain tissue
To determine whether human NMDAR-abs injected to
pregnant mice reached the brain of fetuses, 5-μm-thick fetal
brain sections were immunostained for human IgG using
Alexa Fluor 488 goat anti-human IgG, as above. Quantifica-
tion of fluorescence intensity was performed using the public
domain Fiji ImageJ software (fiji.sc/Fiji).8 Confirmation that
patients’ IgG was bound to NMDAR was done by
immunoprecipitation.18

The effects of patients’ antibodies on total cell-surface and
synaptic NMDAR clusters and postsynaptic density protein
95 (PSD95) were examined using immunohistochemistry

Glossary
BBB = blood-brain barrier; CBA = cell-based assay; fEPSP = field excitatory postsynaptic potential; GEE = generalized
estimated equation; GLM = generalized linear model; IgG = immunoglobulin G; LTP = long-term potentiation; NMDAR =
NMDA receptor; NMDAR-ab = NMDAR antibody; NOL = novel object location; PD = postnatal day; PPI = prepulse
inhibition; PSD95 = postsynaptic density protein 95.
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and confocal microscopy.11 The thickness of the cortical plate
was measured using 4', 6-diamidino-2-phenylindole (DAPI)-

stained fetal brain sections and quantified using Fiji ImageJ
software.

Figure 1 Patients’ antibodies intravenously administered to pregnant mice reach fetal brain and bind to NMDAR

(A) Diagram of the experimental design. IV injection of pooled IgG was performed on gestational days E14, E15, and E16. Brain and blood samples from the
fetus or offspring were collected on E16, E17, and E18 and PD 21, PD 70, and PD 155; blood samples of pregnantmice were collected on E16–E18. Brain tissue
studies were performed on the same time points and electrophysiology on PD 21 and PD 70. Newborns were assessed daily for neurodevelopmental
milestones from birth until PD 21. After breastfeeding withdrawal, mice underwent a battery of behavioral tests at age 1, 2, and 4months. Gestational period
ismarked in pink and postnatal period in green. (B) Representative images of HEK293T cells expressing GluN1/2B immunolabeledwith human IgG contained
in serum of fetuses (E17) exposed to controls’ or patients’ IgG. Scale bar = 10 μm. (C and D) Representative human IgG immunolabeling in E17 fetal brain
sections of animals exposed in utero to controls’ (C) or patients’ (D) IgG; the 2 insets (small squares in C and D, developing hippocampus) are shown enlarged
on the right of each panel. Scale bar whole brain = 100 μm, insets = 10 μm. (E) Quantification of human IgG immunofluorescence intensity in the developing
hippocampus of fetal brains obtained on gestational days E16-E18 exposed to controls’ IgG or patients’ IgG. Controls’ IgG, E16, n = 5; E17, n = 13; E18, n = 8;
patients’ IgG, E16, n = 9; E17, n = 16; E18, n = 8. Median intensity of IgG immunofluorescence in brain of mice exposed to controls’ IgG was defined as 100%.
Data presented in box plots show the median, 25th, and 75th percentiles; whiskers indicate minimum and maximum. Significance of treatment effect was
assessed by the Mann-Whitney U test. ****p < 0.0001. (F) Immunoprecipitated NMDAR-bound IgG from E17 and E18 brains of fetuses exposed in utero to
controls’or patients’ IgG. Lanebrain tissue corresponds to homogenate ofmouse brain usedhere as control. The band at;100 KDa corresponds to theGluN1
subunit of the NMDAR. Each lane corresponds to the immunoprecipitation of the brains from 4 fetuses, per each indicated condition. IgG = immunoglobulin
G; NMDAR = NMDA receptor; PD = postnatal day.
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Determination of human IgG, NMDAR clusters,
synaptic density, cortical layer thickness, and
microglial activation in offspring
The presence of human IgG in the brain of offspring and
the density of NMDAR were examined as indicated for
fetal brains (time points shown in figure 1A). NMDAR
clusters were quantified from a total of 15 images acquired
from CA1, CA3, and dentate gyrus of the hippocampus (5
different areas per region).

The density of glutamatergic synapses was assessed with im-
munohistochemistry using presynaptic (Bassoon) and post-
synaptic (Homer1)markers and the corresponding secondary
antibodies (appendix e-1, links.lww.com/NXI/A341).

Cortical layer thickness was measured in sections of brains
immunostained with specific cortical layer markers including a
monoclonal mouse anti-CUTL1 for layers II–IV, and a
polyclonal sheep anti-FoxP2 for layer VI, followed by the
appropriate secondary antibodies. The layers’ thickness was
quantified using Fiji ImageJ software. Cell density in CUTL1-
labeled layers was measured on brain sections using DAPI
staining with spots algorithm in Imaris software.

Microglial activation was assessed in brain sections using a
monoclonal rat antibody against CD68 (pan-macrophage)
and a polyclonal rabbit antibody against Iba-1 (activated
microglia). The CD68- or Iba-1–stained surface density was
quantified using Imaris software.

Dendritic complexity and spine
morphology analysis
These studies were performed using DiOlistic (gene gun
delivery of fluorescent dye) staining and confocal microscopy
(appendix e-1, links.lww.com/NXI/A341). Dendritic com-
plexity was examined with Sholl analysis in cortical and CA1
hippocampal pyramidal neurons.21 Spine morphology was
examined in DiI-labeled segments of apical secondary den-
drites of cortical and CA1 pyramidal neurons. Quantification
of mushroom-shaped dendritic spines was performed with the
spine classification algorithm (Imaris software).

Field potential recordings, hippocampal long-
term potentiation, and paired-
pulse facilitation
Acute sections of the hippocampus of the offspring were used
to determine long-term plasticity by the classical paradigm of
stimulation at the Schaffer collateral pathway and recording
the field potentials at CA1 synapses.19

Neurobehavioral assessment in postnatal and
adult stages
From birth to weaning (defined as breastfeeding with-
drawal on postnatal day [PD] 21), mice were assessed
daily for achievement of developmental milestones using a
modified Fox battery, similar to that previously repor-
ted.22 From weaning to adulthood (155 days), subsets of

mice underwent a comprehensive battery of memory and
behavioral tests (appendix e-1, links.lww.com/NXI/A341,
and figure e-1, links.lww.com/NXI/A342).

Statistical analysis
Comparison of human IgG intensity, confocal densities of
NMDAR, PSD95, Homer1, Bassoon, Iba-1, CD68, and
mushroom-shaped spines between mice exposed to pa-
tients’ IgG vs controls’ IgG was performed with the Mann-
Whitney U test as non-normally distributed parameters.
Comparison of cortical plate thickness, cortical layers II–
IV and VI, cortical cell density, and electrophysiologic field
excitatory postsynaptic potential (fEPSP) slope changes
between the 2 experimental groups was performed using
independent sample t tests. Sholl analysis data were ana-
lyzed with a generalized linear model (GLM) for global
and time point effects. For behavioral paradigms, longi-
tudinal analyses were performed by generalized estimated
equations (GEEs) using an AR(1) matrix to account for
intraindividual correlations. All models include litter size,
group, and group by time as fixed factors. Time to rooting,
ear detachment, auditory startle, and eye opening were
analyzed with the Mann-Whitney U test. All experiments
were assessed for outliers with the ROUT method apply-
ing Q = 1%. In all analyses, we used a 2-sided type I error of
5%. All tests were performed using GraphPad Prism
(version 8; GraphPad Inc., San Diego, CA) or SPSS
(version 25; IBM Corp., Armonk, NY) for GLM and GEE
models. Mean values or estimated mean values (body
weight, righting reflex, and negative geotaxis for the GEE
model) were presented with ±SEM.

Ethical approval
Written informed consent was obtained from all patients;
the study was approved by the local institutional review
board at Hospital Cĺınic, Barcelona (HCB/2018/0192).
Animal studies were approved by the Ethical Committee of
the University of Barcelona (2010/63/UE) and Spanish
(RD 53/2013) regulations.

Data availability
Data supporting these findings are available on reasonable
request.

Results
Presence of human NMDAR-abs in serum of
pregnant mice and fetuses
Serum samples collected on E16, E17, and E18 from pregnant
mice and fetuses exposed to patients’ IgG, but not those ex-
posed to controls’ IgG, showed human IgG binding to cell
surface of live hippocampal neuronal cultures and
HEK293T cells expressing GluN1/GluN2B (figure 1B). The
human NMDAR antibody titer (obtained by serial dilution of
samples in CBA) was 1:160–1:320 in pregnant mice and 1:
80–1:160 in fetuses (data not shown).
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Patients’ IgG reach fetal brain, causing a
reduction of synaptic NMDAR and thinning of
the cortical plate
On days E16–18, fetuses exposed to patients’ IgG showed
increased human IgG fluorescence in the developing hippo-
campus compared with those exposed to controls’ IgG (figure
1, C–E). Immunoprecipitation experiments confirmed the
presence of NMDAR bound to IgG in the brain precipitate
(figure 1F). Analysis of the density of NMDAR clusters
showed that fetuses harboring patients’ IgG had a significant
decrease in cluster density of total cell-surface and synaptic
NMDARs (figure 2, A and D). The cortical plate of these
fetuses was also thinner on E17 and E18 compared with that
of controls (figure 2, G and J).

Offspring exposed in utero to patients’ IgG
have decreased NMDAR and synaptic density,
thinning of cortical layers, and
microglial activation
On PD 21 and 70, mice exposed in utero to patients’ IgG no
longer had significant brain deposits of IgG (not shown).
Despite this, the reduction of total cell-surface NMDAR
clusters persisted until day 70 (figure 2, B and C) with sub-
sequent normalization, so that by day 155, the levels were
similar to those of controls (not shown). In contrast, the levels
of synaptic NMDAR normalized faster; they were decreased
on day 21 (figure 2E), but were normal on days 70 and 155
(figure 2F, not shown). PSD95 cluster density was not af-
fected at any time point (data not shown).

Mice exposed to patients’ IgG, but not controls’ IgG, showed
thinning of cortical layers II–IV (assessed with CUTL1/FoxP2
staining) on PD 21 (figure 2, H and K) that was no longer
present on PD 70 (figure 2, I and L). This transient thinning of
cortical layers II–IV was associated with an increase in cell
density in these layers on PD 21 (p = 0.0065, data not shown).

On PD 21, the density of glutamatergic synapses (assessed by
colocalization of Homer1/Bassoon clusters) was decreased in
mice exposed in utero to patients’ IgG (figure 3, A and B).
These effects were no longer seen on day 70 (not shown).

On PD 21 and 70, there was an increase of 57% and 53% in
activated microglia (assessed by expression of Iba-1 in so-
matosensory cortex) in mice exposed in utero to patients’ IgG
(figure 3, C and D). This difference in activated microglia was
no longer present on PD 155 (not shown). No significant
difference in the total number of microglial cells (assessed by
expression of CD68) was noted between groups of mice at
any time point examined (figure 3E).

Exposure to patients’ IgG causes alterations in
dendritic complexity, spine density, and spine
morphology in cortical and hippocampal
pyramidal neurons
Dendritic arborization was assessed by Sholl analysis (figure 4,
A and B). On PD 21, the Sholl analysis in cortical and

hippocampal areas showed a higher dendritic arborization in
mice exposed in utero to patients’ IgG (figure 4, C and D, left).
No differences were noted on PD 70 (figure 4, C and D, right).

The density of mushroom-shaped (mature) dendritic spines
was assessed in the cerebral cortex and hippocampus using the
Imaris standard parameters for dendritic spine classification
(example shown in figure 4, E–G). On PD 21, the density of
these spines was significantly decreased in mice exposed in
utero to patients’ IgG (cortex, figure 4H, left; hippocampus,
figure 4I, left). The changes were no longer seen on PD 70
(cortex, figure 4H, right; and hippocampus, figure 4I, right).

Intrauterine exposure to patients’ IgG causes a
reversible impairment in hippocampal long-
term potentiation formation
Assessment of fEPSPs showed that on PD 21, mice that had
been exposed in utero to patients’ IgG had impairment in
long-term potentiation (LTP) formation compared with mice
exposed in utero to controls’ IgG (figure e-2, A–C, links.lww.
com/NXI/A343). This change in LTP formation was no
longer detected on PD 70 (figure e-2, D–F). Paired-pulse
facilitation studies at 50 and 100 milliseconds of interstimuli
interval (which assess presynaptic release mechanisms) were
not different between groups of animals (data not shown).

Neurodevelopmental delay due to in utero
exposure to NMDAR-abs
Newborn pups exposed in utero to patients’ IgG showed
multiple alterations including transient decrease of weight
(figure 5A); longer times for proper body righting (figure 5B)
and negative geotaxis (figure 5C); delayed eye opening
(figure 5D); and longer time in open field locomotion (not
shown, p < 0.01). Neonatal mortality occurred in litters of
mice exposed in utero to controls’ IgG (26%) or patients’ IgG
(25%), which is in line with general litter loss in laboratory
mice.23 No significant differences were observed in ear de-
tachment, tactile rooting response, and auditory startle (data
not shown).

Spontaneous reversal of behavioral alterations
from early to mature adulthood
At age 1 month, mice exposed in utero to patients’ IgG
showed a significant decrease in the novel object location
(NOL) index indicating impairment in visuospatial memory
(figure 5E), a higher amount of unused material for nest
building (figure 5F), and a longer time of exploration of a
familiar intruder mouse indicating impairment in social
memory (figure 5G, trial 4). Assessment of motor co-
ordination and balance showed that mice exposed in utero to
patients’ IgG had shorter times on the accelerating rotarod
(figure 5H). No significant differences were noted in prepulse
inhibition (PPI) of acoustic startle reaction, locomotor ac-
tivity, or adult body weight at age 1 month (data not shown).

At age 2 months, the alterations of NOL, nest building, and
social interaction in mice that had been exposed to patients’
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IgG were no longer present (figure 5, I and J; social in-
teraction not shown). PPI and locomotor activity remained
unaffected at age 2 months (not shown). However, mice ex-
posed in utero to patients’ IgG showed a shorter time on the
accelerating rotarod (data not shown, p = 0.0292) and longer

time of immobility in the tail suspension test (which assesses
core helplessness) (figure 5K).

At age 4 months (adulthood), no significant difference was
noted between mice exposed in utero to patients’ IgG and

Figure 2 Intrauterine exposure to patients’ IgG causes a transient reduction of cell-surface NMDARs and thinning of the
cortical plate and cortical layers II–IV

(A–F) Quantification of total cell-surface (A–C) and synaptic (D–F) NMDAR cluster density in brains obtained on gestational days E16, E17, and E18 (A andD), PD
21 (B and E), and PD 70 (C and F) from animals exposed in utero to controls’ IgG or patients’ IgG. Median of NMDAR clusters in mice exposed to controls’ IgG
was defined as 100%. Controls’ IgG, E16, n = 6; E17, n = 15; E18, n = 7; PD 21, n = 11; PD 70, n = 9; patients’ IgG, E16, n = 13; E17, n = 21; E18, n = 5; PD 21, n = 14; PD
70, n = 10. (G) Representative cortical plate thickness (assessed with DAPI) in E17 and E18 brains of fetuses exposed in utero to controls’ or patients’ IgG. Scale
bars = 100 μm. (H–I) Representative sections of the somatosensory cortex (H, PD 21; I, PD 70) of animals exposed in utero to controls’ or patients’ IgG, showing
cortical layers II–IV (CUTL1 positive, green fluorescence) and cortical layer VI (FoxP2 positive, red fluorescence); arrows indicate the thickness of the indicated
layers. Scale bars = 100 μm. (J) Quantification of cortical plate thickness in E16, E17, and E18 brains of fetuses exposed in utero to controls’ IgG or patients’ IgG.
Controls’ IgG, E16, n = 4; E17, n = 11; E18, n = 10; patients’ IgG, E16, n = 8; E17, n = 14; E18, n = 8. (K and L) Quantification of the indicated cortical layers’ thickness
(K, PD 21; L, PD 70) in animals exposed to controls’ IgG or patient’s IgG. Controls’ IgG, PD 21, n = 7; PD 70, n = 8; patients’ IgG, PD 21, n = 15; PD 70, n = 10. For J–L,
the mean thickness of the cortical plate or the indicated cortical layers in mice exposed in utero to controls’ IgG was defined as 100%. Data presented in box
plots show the median, 25th, and 75th percentiles; whiskers indicate minimum and maximum. Significance of treatment effect was assessed by the Mann-
Whitney U test in A–F and independent sample t test in J–L. *p < 0.05, **p < 0.01, ****p < 0.0001. IgG = immunoglobulin G; NMDAR = NMDA receptor; PD =
postnatal day.
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those exposed to controls’ IgG in any of the following tests:
tail suspension (figure 5L), rotarod, locomotor activity, NOL,
PPI, nest building, and social interaction (not shown).

Discussion
We show that antibodies from patients with anti-NMDAR en-
cephalitis infused to pregnant mice reached the fetal brain,
caused multiple alterations ranging from NMDAR synaptic
changes to delayed neurodevelopment and behavioral deficits in
the offspring, and that all these alterations progressively resolved
after birth (summary in table e-1, links.lww.com/NXI/A341). As

expected from previous experience with adult mice in which
patients’ IgG was infused in the cerebroventricular system,11,19

we observed a robust antibody-mediated decrease in NMDAR
clusters in the brain of the fetuses. These effects occurred quickly
(noted 2 days after injecting the antibodies to the mothers), and
the observed reduction of NMDAR clusters and impairment of
memory and hippocampal long-term plasticity were detectable
during the first postnatal month.

In addition, hippocampal and cortical neurons from mice
exposed in utero to patients’ IgG showed an increase in
dendritic arborization accompanied by a reduction of mature

Figure 3 Intrauterine exposure to patients’ IgG causes a reversible decrease in synaptic density and increase in activated
microglia

(A) Representative z-stacks of brain sections obtained on PD 21 from mice exposed in utero to controls’ or patients’ IgG immunostained for Homer1 and
Bassoon expression. Colocalization of both markers is defined as a glutamatergic synapse. Scale bar = 2 μm. (B) Quantification of synaptic density (Homer1/
Bassoon colocalization) in brains obtained on PD 21 from animals exposed in utero to controls’ IgG or patients’ IgG. Median density of Homer1/Bassoon
synapses in mice exposed in utero to controls’ IgG was defined as 100%. Controls’ IgG, n = 11; patients’ IgG, n = 14. (C) Representative CD68 (macrophage
specific) and Iba-1 (activated microglia specific) immunostainings in brains obtained on PD 21 frommice exposed in utero to controls’ or patients’ IgG. Scale
bar = 20 μm. (D and E) Quantification of Iba-1 (D) and CD68 (E) immunostaining in brains obtained at PD 21 and PD 70 frommice exposed to controls’ IgG or
patients’ IgG. Median surface density of immunostaining inmice exposed in utero to controls’ IgGwas defined as 100%. Controls’ IgG, PD 21, n = 11; PD 70, n =
9; patients’ IgG, PD 21, n = 14; PD 70, n = 10. Data presented in box plots show the median, 25th, and 75th percentiles; whiskers indicate the minimum and
maximum. Significance of treatment effect was assessed by theMann-WhitneyU test. **p < 0.01, ****p < 0.0001. IgG = immunoglobulin G; PD =postnatal day.
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Figure 4 Intrauterine exposure to patients’ IgG causes a transient increase in dendritic complexity and decrease in spine
density

(A and B) Representative confocal image (A) and Sholl analysis (B) of a DiI-stained CA1 hippocampal pyramidal neuron showing in B the 10-μm spaced
concentric rings used for quantification of dendritic complexity. Scale bar in A = 50 μm. (C and D) Number of dendrite intersections according to the indicated
distance to the neuronal soma in cortical and hippocampal neurons examined at PD 21 and PD 70 of mice exposed in utero to controls’ (Black) or patients’
(blue) IgG. Number ofmice exposed in utero to controls’ IgG, PD 21, n = 6; PD 70, n = 4; number ofmice exposed in utero to patients’ IgG, PD 21, n = 6; PD 70, n =
4. Per each animal, condition, and brain region, 4 neuronswere examined. Data presented asmean ± SEM. Significance of treatment effect was assessed by a
generalized lineal model. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. (E–G) Representative images by confocal microscopy of a DiI-stained CA1
hippocampal pyramidal neuron (E) and a secondary apical dendrite (F), with morphologically classified dendritic spines (G, mushroom-shaped spines in
green); Scale bar in E = 50 μm; scale bar in F = 5 μm. (H and I) Quantification of mushroom dendritic spine density in cortical and hippocampal neurons
examined at PD 21 and PD 70 in mice exposed in utero to controls’ or patients’ IgG. The median density of mushroom spines (number of spines/μm) in mice
exposed to controls’ IgG was defined as 100%. Total number of dendrites examined/total number of mice exposed to controls’ IgG: PD 21, cortex n = 122/6,
hippocampus n = 120/6; PD 70, cortex n = 81/4, and hippocampus n = 81/4. Total dendrites/mice exposed to patients’ IgG: PD 21, cortex n = 141/6,
hippocampus n = 148/6; PD 70, cortex n = 70/4, and hippocampus n = 72/4. Data presented in box plots show themedian, 25th, and 75th percentiles; whiskers
indicateminimumandmaximum. Significance of treatment effect was assessed by theMann-WhitneyU test in H and I. *p < 0.05. IgG = immunoglobulin G; PD
= postnatal day.
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(mushroom-shaped) dendritic spines and synaptic density.
These alterations have not been reported in previous models
of immunodepletion of NMDAR and likely contributed to the
impairment of hippocampal LTP. The effect of NMDAR
hypofunction on dendritic arborization and the morphology
of the spines are not well understood. In a cortex-specific
GluN1 knockout model, the cortical neurons in layer IV
elaborated exuberant dendritic specializations24; however, in a
study using MK801 (an NMDAR antagonist) during early
postnatal development, there was a transient decrease in
dendritic arborization in hippocampal pyramidal neurons that
reversed when MK801 was discontinued.25 Our findings

resemble those of the cortex-specific GluN1 knockout, al-
though in our immune model, the alterations were reversible.

We believe that the increased dendritic arborization observed
in animals exposed in utero to patients’ IgG was likely caused
by the reduction of NMDAR levels along with microglial
activation. Any perinatal immune challenge such as the
binding of antibodies to NMDAR in the fetal brain can result
in microglial activation26 and consequently affect microglia-
mediated synaptic pruning. This normal microglial function is
also triggered by neural activity in the developing brain.27,28

For example, impaired microglia-neuron interactions in

Figure 5 Intrauterine exposure to patients’ IgG causes transient developmental delay and behavioral alterations in
offspring

(A–D) Developmental milestone assessment (from birth to PD 21) in mice that were exposed in utero to controls’ (Black) or patients’ (blue) IgG including (A)
body weight, (B) time needed for body righting using the surface righting reflex test (PD 1, 3, 5, 7, 9, and 11), (C) time needed for 180° turning to head up
position using the negative geotaxis reflex (PD 2, 4, and 6), and (D) scored eye opening (PD 12–16). Number of mice exposed in utero to controls’ IgG = 36;
number ofmice exposed to patients’ IgG = 40. Data fromA–Care represented as estimatedmean ± SEM inferred by theGEEmodels described inMethods and
in D are represented as median. Significance of treatment effect was assessed by a GEE adjusted model (A–C) and Mann-Whitney U test (D). *p < 0.05, ***p <
0.001. (E–L) Battery of behavioral tests performed at the indicated time points including novel object location index (E, 1month; I, 2months), nest building test
(F, 1 month; J, 2 months), social interaction test (G, 1 month), rotarod test (H, 1 month), and tail suspension test (K, 2 months; L, 4 months). For E–I and K,
number of mice exposed to controls’ IgG = 18 and mice exposed to patients’ IgG = 18. For J and L, number of mice exposed to controls’ IgG = 8 and mice
exposed to patients’ IgG = 9. Data from panels E, F, and I–L are represented as box plots with median, 25th, and 75th percentiles; whiskers indicate minimum
andmaximum values; data from G and H are represented as mean ± SEM. For all behavioral tests, significance of treatment effect was assessed by GEE. *p <
0.05, **p < 0.01, ***p < 0.001. GEE = generalized estimated equation; IgG = immunoglobulin G; PD = postnatal day.
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CX3CR1-deficient mice showed delayed synaptic functional
maturation29 and immature and redundant connectivity, the
latter attributed to reduced synaptic pruning.30 These alter-
ations spontaneously reverted by PD 30–40,29,30 similar to
our findings.

In our model, the brain of fetuses and offspring exposed in
utero to patients’ IgG had a reduction in the thickness of the
cortical plate and cortical layers II–IV. In mice, glutamate
serves as a chemoattractant for neurons in the developing
cortex, signaling cells to migrate into the cortical plate through
receptor activation.14 Studies with NMDAR antagonists
(MK801 or APV) have shown that they block neuronal cell
migration from the ventricular zone into the cortical plate,
delaying neuronal migration to the upper cortical layers
(II–III).14,31 In our immune-mediated model, the transient
decrease in thickness of cortical layers II–IV was associated
with an increase in cell density in the upper cortical layers that
likely contributed to the restoration of the cortical layer
thickness after PD 21. These findings are somewhat similar to
those obtained in models of genetic disruption of other pro-
teins and receptors where the decrease in cortical thickness is
reversible and associates with an increase in cell density in the
upper cortical layers.32,33 For example, loss of MeCP2 in the
Rett syndrome model results in a reduction in thickness of
somatosensory cortical layers II–III and VI, with a total rescue
of thickness after treatment with mirtazapine during PD
28–42.33 In another model based on a constitutive reduction
in central serotonin (VMAT2sert-cre mice), the total cortical
thickness reduction at PD 7 spontaneously recovered by PD
14.32 Like this model, our anti-NMDAR model associates
with a temporary delay in the development of the upper
cortical layers along with increased compaction of these
layers.

Preceding the indicated memory deficit, the newborn pups
exposed in utero to patients’ IgG showed impaired innate
reflexes and developmental delay. Similar impairment of na-
tive reflexes and developmental delay have been reported in
GluN1 gene-manipulated mice,34 and newborn rats treated
with a competitive NMDAR antagonist.35

A previous model of transplacental transfer of a human-
derived NMDARmonoclonal antibody showed high neonatal
mortality (27%), impairment of native reflexes, and long-
lasting neuropathologic alterations without evidence of re-
versibility.12 In contrast, we did not observe increased neo-
natal mortality, and the symptoms and developmental
alterations spontaneously improved. Moreover, although the
monoclonal antibody model did not assess dendritic arbori-
zation, spine density, cortical development, and number of
cell surface and synaptic NMDAR clusters, we found that
patients’ IgG antibodies robustly altered all these paradigms,
along with a dramatic decrease in NMDAR clusters and
hippocampal LTP. Thus, the reversibility of these alterations
and associated symptoms cannot be attributed to a milder
phenotype. The reasons for the discrepancies between our

model, in which serum NMDAR-abs representative of several
patients were used, and the model in which a human mono-
clonal NMDAR-ab was used are unclear. It is likely that the
monoclonal antibody model, lacking the repertoire NMDAR-
abs of patients, is less representative of the disease. Never-
theless, the outcome of newborns from pregnant patients with
anti-NMDAR encephalitis6 is remarkably different from that
obtained with the mouse monoclonal antibody model.12

Our study does not allow generalization of the notion that
anti-NMDAR encephalitis during pregnancy does not repre-
sent a risk for serious effects in the offspring. For example, our
model does not associate with encephalitis of the mothers,
which in our experience6 is the most important risk factor for
obstetric complications and potential brain damage of the
newborns. However, the low frequency of antibody-mediated
complications in newborns of patients with anti-NMDAR
encephalitis is puzzling and may also be related to the timings
of IgG placental transfer and BBB restriction properties for
IgG crossing into the brain. In humans, placental transfer of
maternal antibodies starts at 12–13 weeks of pregnancy36–38

that is approximately the same time the BBB of the fetus starts
to become more restrictive to the passage of albumin (and
likely Igs) to the brain.39 It is unknown whether this time
window and the efficiency of the fetal BBB are affected by the
presence of maternal encephalitis or systemic inflammation.
Future studies with pregnant patients who develop anti-
NMDAR encephalitis and close follow-up of the babies are
needed to determine the frequency of deficits (if present,
mostly overlooked until now) and the timing of improve-
ment. Keeping these limitations in mind, the current model
suggests that reversibility of some of the antibody-mediated
alterations can potentially occur. Moreover, the model can be
manipulated to assess the effects of systemic inflammation
and provides also the possibility to determine whether in-
hibitors of FcRn have potential utility in preventing the po-
tential neonatal abnormalities reported here.
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disclosures. J. Dalmau receives royalties from Athena Diag-
nostics for the use of Ma2 as an autoantibody test and from
Euroimmun for the use of NMDA, GABAB receptor, GABAA
receptor, DPPX and IgLON5 as autoantibody tests. Go to
Neurology.org/NN for full disclosures.

Publication history
Received by Neurology: Neuroimmunology & Neuroinflammation
July 13, 2020. Accepted in final form August 26, 2020.

References
1. Dalmau J, Gleichman AJ, Hughes EG, et al. Anti-NMDA-receptor encephalitis: case

series and analysis of the effects of antibodies. Lancet Neurol 2008;7:1091–1098.
2. Titulaer MJ, McCracken L, Gabilondo I, et al. Treatment and prognostic factors for

long-term outcome in patients with anti-NMDA receptor encephalitis: an observa-
tional cohort study. Lancet Neurol 2013;12:157–165.

3. Irani SR, Bera K, Waters P, et al. N-methyl-D-aspartate antibody encephalitis: tem-
poral progression of clinical and paraclinical observations in a predominantly non-
paraneoplastic disorder of both sexes. Brain 2010;133:1655–1667.

4. Viaccoz A, Desestret V, Ducray F, et al. Clinical specificities of adult male patients with
NMDA receptor antibodies encephalitis. Neurology 2014;82:556–563.

5. Kumar MA, Jain A, Dechant VE, et al. Anti-N-methyl-D-aspartate receptor enceph-
alitis during pregnancy. Arch Neurol 2010;67:884–887.

6. Joubert B, Garcia-Serra A, Planaguma J, et al. Pregnancy outcomes in anti-NMDA
receptor encephalitis: case series. Neurol Neuroimmunol Neuroinflamm 2020;7:
e668.

7. Xiao X, Gui S, Bai P, et al. Anti-NMDA-receptor encephalitis during pregnancy: a case
report and literature review. J Obstet Gynaecol Res 2017;43:768–774.

8. Hughes EG, Peng X, Gleichman AJ, et al. Cellular and synaptic mechanisms of anti-
NMDA receptor encephalitis. J Neurosci 2010;30:5866–5875.

9. Mikasova L, De Rossi P, Bouchet D, et al. Disrupted surface cross-talk between
NMDA and Ephrin-B2 receptors in anti-NMDA encephalitis. Brain 2012;135:
1606–1621.

10. Moscato EH, Peng X, Jain A, Parsons TD, Dalmau J, Balice-Gordon RJ. Acute
mechanisms underlying antibody effects in anti-N-methyl-D-aspartate receptor en-
cephalitis. Ann Neurol 2014;76:108–119.

11. Planaguma J, Leypoldt F, Mannara F, et al. Human N-methyl D-aspartate receptor
antibodies alter memory and behaviour in mice. Brain 2015;138:94–109.

12. Jurek B, Chayka M, Kreye J, et al. Human gestational N-methyl-d-aspartate receptor
autoantibodies impair neonatal murine brain function. Ann Neurol 2019;86:656–670.

13. Hirasawa T, Wada H, Kohsaka S, Uchino S. Inhibition of NMDA receptors induces
delayed neuronal maturation and sustained proliferation of progenitor cells during
neocortical development. J Neurosci Res 2003;74:676–687.

Appendix Authors

Name Location Contribution

Anna
Garćıa-
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Abstract
Objective
To describe the clinical syndrome of 4 new patients with seizure-related 6 homolog like 2
antibodies (SEZ6L2-abs), study the antibody characteristics, and evaluate their effects on
neuronal cultures.

Methods
SEZ6L2-abs were initially identified in serum and CSF of a patient with cerebellar ataxia by
immunohistochemistry on rat brain sections and immunoprecipitation from rat cerebellar
neurons. We used a cell-based assay (CBA) of HEK293 cells transfected with SEZ6L2 to test
the serum of 95 patients with unclassified neuropil antibodies, 331 with different neurologic
disorders, and 10 healthy subjects. Additional studies included characterization of immuno-
globulin G (IgG) subclasses and the effects of SEZ6L2-abs on cultures of rat hippocampal
neurons.

Results
In addition to the index patient, SEZ6L2-abs were identified by CBA in 3/95 patients with
unclassified neuropil antibodies but in none of the 341 controls. The median age of the 4
patients was 62 years (range: 54–69 years), and 2 were female. Patients presented with subacute
gait ataxia, dysarthria, and mild extrapyramidal symptoms. Initial brain MRI was normal, and
CSF pleocytosis was found in only 1 patient. None improved with immunotherapy. SEZ6L2-
abs recognized conformational epitopes. IgG4 SEZ6L2-abs were found in all 4 patients, and it
was the predominant subclass in 2. SEZ6L2-abs did not alter the number of total or synaptic
SEZ6L2 or the AMPA glutamate receptor 1 (GluA1) clusters on the surface of hippocampal
neurons.

Conclusions
SEZ6L2-abs associate with a subacute cerebellar syndrome with frequent extrapyramidal
symptoms. The potential pathogenic effect of the antibodies is not mediated by internalization
of the antigen.
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Go to Neurology.org/NN for full disclosures. Funding information is provided at the end of the article.

The Article Processing Charge was funded by the authors.

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

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

http://dx.doi.org/10.1212/NXI.0000000000000916
mailto:francesc.graus@idibaps.org
https://nn.neurology.org/content/8/1/e916/tab-article-info
http://creativecommons.org/licenses/by-nc-nd/4.0/


The identification of autoantibodies against neuronal cell sur-
face antigens in patients with predominant or isolated cere-
bellar ataxia has progressed more slowly compared with the
discovery of antibodies in the field of autoimmune
encephalitis.1,2 However, characterization of these type of an-
tibodies is important because they identify potentially treatable
autoimmune neurologic syndromes that otherwise are mis-
diagnosed. In 2014, seizure-related 6 homolog like 2 antibodies
(SEZ6L2-abs) were identified in a patient with subacute cer-
ebellar ataxia and retinopathy and later in another patient with
progressive cerebellar ataxia associated with hypomimia, bra-
dykinesia, and postural instability.3,4 SEZ6L2 (also known as
BSRPA, for brain-specific receptor-like protein A) is a type 1
transmembrane protein highly expressed in the brain, particu-
larly in the hippocampus and cerebellum, and in many types of
cancer.5,6 Triple knockout mice in SEZ6, SEZ6L, and SEZ6L2
(the seizure-related gene 6 family) have motor discoordination
and abnormal innervation of Purkinje cells by climbing fibers
in the cerebellum.7 Studies on cell lines (HeLa or HEK293)
transfected with SEZ6L2 and α-amino-3-hydroxy-5-methyl-
4-isoxazolepropionic acid (AMPA) glutamate receptor 1
(GluA1) showed that these 2 proteins are binding partners, and
the interaction between both is key for neural cell signal
transduction via the adducing protein pathway.8 Furthermore,
antibodies from the first reported patient inhibited the physi-
ologic interaction of SEZ6L2 with GluA1 and impaired the
AMPA receptor signaling pathway.9 Here, we report the clinical
and immunologic features of 4 additional patients with
SEZ6L2-abs and evaluate the antibody effects on cultures of
live rat hippocampal neurons.

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

Patients
The observation that the serum and CSF of a patient, de-
scribed in detail below, with subacute gait ataxia, postural
instability, and frequent falls, reacted with the neuropil of rat
brain and cell surface of cultured rat hippocampal neurons led
us to immunoprecipitate SEZ6L2. Then, we retrospectively
analyzed the presence of SEZ6L2-abs by cell-based assay
(CBA) of HEK293 cells transfected with SEZ6L2 in the se-
rum of 95 patients with unclassified immunoreactivities
against rat brain neuropil, disclosing 3 additional positive
patients. Investigators that selected these 95 cases with

unclassified neuropil reactivities were blinded to clinical in-
formation. SEZ6L2-abs were also tested in the serum of 10
healthy blood donors and 331 patients with the following
neurologic diagnosis: multiple system atrophy with pre-
dominant cerebellar phenotype (76), paraneoplastic cere-
bellar degeneration (62), nonhereditary degenerative ataxia
(60), MS (61), neuromyelitis optica spectrum disorder (10),
progressive supranuclear palsy (29), opsoclonus-myoclonus
syndrome (20), and Creutzfeldt-Jakob disease (13).

Immunoprecipitation and mass spectrometry
Cultures of rat cerebellar granular neurons were obtained as
previously described.10 For the immunoprecipitation experi-
ments, neurons were incubated with 300 μL of patient or
control CSF for 1 hour at 37°C, washed, lysed, centrifuged,
and the supernatant incubated with 60 μL of A/G beads
(20423, Thermo Fisher Scientific, Waltham, MA) and in-
cubated overnight at 4°C. After extensive washing, beads were
cleaned 3 times with 500 μL of 200 mM ammonium bi-
carbonate (09830, Sigma-Aldrich, St. Louis, MO) and 60 μL
of 6M Urea (17-1319-01, Sigma-Aldrich). Samples were then
reduced with dithiothreitol (30 nmol, 37°C, 60 minutes;
D9163, Sigma-Aldrich), alkylated in the dark with iodoace-
tamide (60 nmol, 25°C, 30 minutes; I1146, Sigma-Aldrich),
and diluted to 1M urea with 200mM ammonium bicarbonate
for digestion with trypsin (1 μg, 37°C, 8 hours; V5111,
Promega, Madison, WI). The peptide mix was acidified with
formic acid, desalted with a MicroSpin C18 column (SUM
SS18V, The Nest Group, Southborough, MA), and analyzed
using a LTQ-Orbitrap Velos Pro mass spectrometer (Thermo
Fisher Scientific) coupled to an EASY-nLC 1000 (Thermo
Fisher Scientific). Peptides were loaded onto the 2-cm Nano
Trap column and were separated by reversed-phase chro-
matography (Nikkyo Technos Co., Ltd. Japan). The mass
spectrometer was operated in positive ionization mode with
nanospray analyzer. All data were acquired with Xcalibur
software v2.2. Digested bovine serum albumin (P8108S, New
England Biolabs, Ipswich, MA) was analyzed between each
sample to avoid sample carryover. Acquired spectra were
analyzed using the Proteome Discoverer software suite (v1.4,
Thermo Fisher Scientific) and the Mascot search engine
(v2.6, Matrix Science2). The data were searched against a
Swiss-Prot human plus NCBInr Rat database.

Immunohistochemistry,
immunocytochemistry on HEK293 cells, and
evaluation of IgG subclasses
Patients’ antibody reactivity in serum (1:200) and CSF (1:5)
was assayed on: (1) frozen sections of rat brain postfixed with
paraformaldehyde (PFA) using a standard avidin-biotin per-
oxidase method; (2) CBA with HEK293 cells transfected with
MYC-DDK–tagged SEZ6L2 human clone (catalog number

Glossary
CBA = cell-based assay; IgG = immunoglobulin G; MuSK = muscle-specific kinase.
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RC224059, accession number NM_012410 Origene, Rock-
ville, MD). Cells were incubated with patients’ serum or CSF
for 1 hour at room temperature, fixed in 4% para-
formaldehyde, permeabilized with 0.3% Triton X-100 and
incubated with MYC-tag antibody (2276S, Cell Signaling
Technology, Danvers, MA) following corresponding fluo-
rescent secondary antibodies; and (3) rat hippocampal and
cerebellar granular neurons using an indirect immunofluo-
rescence method as in the CBA. All these procedures have
been previously published in detail.10–12

Analysis of SEZ6L2 immunoglobulin G (IgG) subclasses was
performed by indirect immunofluorescence on HEK293 cells
transfected with SEZ6L2 incubated with serial dilutions of
patient’s serum or CSF followed by specific fluorescein-
conjugated secondary antibodies against the 4 human IgG
classes (1:500; IgG1-IgG4, The Binding Site, Birmingham,
England) and processed as previously described.13

Immunoprecipitation of HEK293 cells and
Western blot assays
To confirm the specificity of SEZ6L2-abs detected by the
CBA, nonpermeabilized HEK293 cells transfected with
SEZ6L2 were incubated with patients’ or control serum (1:
100) for 1 hour at 37°C, washed, lysed, centrifuged, and the
supernatant incubated with protein A/G agarose beads. After
centrifugation, the pellet containing the beads with the pro-
teins bound to the serum antibodies from patients or controls
was washed and the proteins separated electrophoretically
and transferred to a nitrocellulose membrane (1704158, Bio-
Rad, Hercules, CA) that was sequentially incubated with
MYC-tag commercial antibody, the appropriate secondary
antibody, and developed following a standard enhanced

chemiluminescence developing kit (RPN2108, GE Health-
care, Chicago, IL).

To determine whether patients’ SEZ6L2-abs recognized lineal
epitopes, lysates of HEK293 cells transfected with SEZ6L2
were subjected to electrophoresis under denaturing condi-
tions, transferred to a nitrocellulose membrane, and incubated
with patient’s serum (1:500). A commercial antibody that
recognizes a lineal epitope of SEZ6L2 (1:500; PA5-64172,
Thermo Fisher Scientific) was used as a positive control.

Cultures of neurons, antibody effects on
SEZ6L2, and confocal microscopy
Cultures of rat hippocampal neurons were prepared from isolated
rat hippocampi of E18 embryos.12 After 14 days, CSF of patient 4,
who had predominantly IgG1 SEZ6L2-abs, or control (1:20 in
culturemedium)was added to the culturemedia for either 24 or 72
hours. After removing the media and extensively washing with
phosphate buffered saline, neurons were live incubated with serum
from patient 4 (1:200) for 1 hour at 37°C to stain and visualize the
clusters on the cell surface. Subsequently, neurons were fixed with
4% PFA for 10 minutes, incubated with Alexa Fluor 488 goat anti-
human IgG (1:1000, 109-545-088, Jackson ImmunoResearch,
Newmarket, UK) for 1 hour at room temperature, and per-
meabilized with 0.3% Triton for 5 minutes. This was followed by
incubation with a rabbit anti-PSD95 antibody (1:200, ab18258,
Abcam,Cambridge,UK) for 1hour and incubationwithAlexaFluor
594 goat anti-rabbit IgG (1:1000, A-11012, Thermo Fisher Scien-
tific). The same experiment was performed in parallel with a sample
with NMDA autoantibodies as a control for internalization.12

To evaluate the effects of SEZ6L2-abs on GluA1, treatments
were performed on hippocampal neurons for 72 hours. Anti-

Table Clinical features and outcome of 4 patients with SEZ6L2 antibodies

Patient (age/sex) 1 (69/M) 2 (55/F) 3 (54/M) 4 (69/F)

Time to mRS3 2 mo 3 mo 4 mo 3 mo

Main symptoms
at onset

Gait ataxia, postural instability, and
frequent falls

Gait ataxia, dizziness, and mild
cognitive impairment

Dysarthria and gait ataxia Gait ataxia and
dysarthria

Dysarthria Yes Yes Yes Yes

Gait ataxia Yes Yes Yes Yes

Limb ataxia No Yes Yes Yes

Cognition Bradypsychia, echolalia, and
apraxia

Deficit in memory, language, and
executive function

Mild deficits in executive function,
language, and memory

Mild memory
complaints

Parkinsonism Axial rigidity, hypomimia
bradykinesia, and hypophonia

Mild unilateral parkinsonism Mild bradykinesia No

Ocular motor
symptoms

Slow saccadic movements Downbeating and torsional
nystagmus

Saccadic intrusions. Bilateral end-
gaze nystagmus

Down-beating
nystagmus

Treatment IVIG, IVMP, rituximab, and CTX IVMP and IVIG IVMP and plasmapheresis Prednisone/CTX

Follow-up (mRS
at last visit)

10 mo (4) 52 mo (4, at the time of death
from ovarian cancer)

36 mo (3) 72 mo (4)

Abbreviations: CTX = cyclophosphamide; IVIG = IV immunoglobulin; IVMP = IV methylprednisolone; mRS = modified Rankin Scale.

Neurology.org/NN Neurology: Neuroimmunology & Neuroinflammation | Volume 8, Number 1 | January 2021 3

http://neurology.org/nn


GluA1 (1:200, AGP-009, Alomone Labs, Jerusalem, Israel)
was incubated in addition to serum of patient 4, as previously
described. After fixation, neurons were incubated with Alexa
Fluor 488 goat anti-guinea pig IgG (1:1000, A11073, Thermo
Fisher Scientific) and Alexa Fluor 633 goat anti-human IgG
(1:1000, A21091, Thermo Fisher Scientific). Cells were then
washed, permeabilized, and incubated with anti-PSD95 (1:
200), followed by Alexa Fluor 594 goat anti-rabbit IgG (1:
1000). Cell surface clusters were captured using confocal
microscopy (LSM710, Carl Zeiss, Jena, Germany). Images
were deconvolved using Huygens Professional version 17.04
(Scientific Volume Imaging, The Netherlands) and quantified
using Imaris 8.1 software (Bitplane AG, Zürich, Switzerland).

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

Results
Clinical findings
The index patient was a 69-year-old man, initially evaluated
in July 2019 for an 8-week history of headache, progressive
gait instability with frequent falls, and vertical diplopia. On

neurologic examination, the patient was bradyphrenic with
reduced verbal output, constructive and ideomotor apraxia,
and hypophonic andmarkedly dysarthric speech. Saccadic eye
movements were slow and fragmented in all directions of
gaze, and he had severe axial rigidity and postural instability.
Gait was broad based and required full support. No dysmetria
was observed in the limbs, and the rest of the neurologic
examination was normal.

Routine blood analysis, EEG, brain and spinal MRI, and 18-
FGD body PET/CT scan were normal. CSF analysis showed
90 lymphocytes/mm3 with normal glucose and protein levels.
IgG oligoclonal bands were negative. The patient did not
benefit from sequential treatments with IV methylpredniso-
lone, immunoglobulins, and rituximab with cyclophospha-
mide. Over the ensuing months, his neurologic problems
worsened progressively, particularly the bradyphrenia, the
reduction of verbal output, which became echolalic and
monosyllabic, and the gait ataxia.

The demographic and clinical features of the 4 patients with
SEL6L2-abs are summarized in the table. All of them were
aged >50 years (range: 54–69 years), and 2 were female. The
clinical presentation was characterized by progressive walking

Figure 1 Initial and follow-up brain MRI of patient 2

Axial fluid-attenuated inversion recovery (FLAIR) MRI images
of the cerebellum at 5 months after onset show minor
changes of atrophy in the cerebellar hemispheres (A) and
vermis (B) that becamemore evident in theMRI performed 1
year later (C and D).
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difficulty (in all 4 patients) associated with postural instability
(2 patients), dysarthria (2), and mild cognitive impairment
(1; not noted by family but found on cognitive testing). The
neurologic symptoms had a subacute evolution. All patients
showed moderate or substantial disability with a score ≥3 on
the modified Rankin Scale in <5 months from onset. Patient 3
was also diagnosed with glomerular membranous nephropa-
thy at the same time of the ataxia. Initial evaluation and follow-
up of all patients did not show any malignancy except in
patient 2 who was diagnosed with metastatic ovarian cancer 4
years after the onset of cerebellar ataxia.

Neurologic examination during the follow-up showed in all
patients cerebellar ataxic gait and dysarthria and limb ataxia in
3. All but patient 4 presented symptoms beyond the cere-
bellum. Three patients had extrapyramidal symptoms, such as
bradykinesia, hypomimia or hypophonia, or mild subcortical-
type cognitive impairment. In addition, 2 patients (patients 2
and 3) developed dysphagia, 1 (patient 3) spastic paraparesis,
and another (patient 1) referred vivid nightmares. The
combination of parkinsonian and cerebellar symptoms usually
raised the possibility of multiple system atrophy, but none of
them showed orthostatic hypotension or other signs of
dysautonomia.

Brain MRI was normal in patient 1 and showed mild to mod-
erate cerebellar atrophy in the other 3 patients, that worsened
over time, without contrast enhancement or other inflammatory
features (figure 1). CSF pleocytosis was observed only in patient
1. Despite the initial subacute progressive course, clinical de-
terioration slowed down or stopped even in the absence of
treatment with immunosuppressors, but never improved. Ex-
cept for patient 1 who was treated <2months from onset, in the
remaining 3 patients, the treatment was initiated 23, 13, and 5
months after diagnosis and only for short time periods.

Immunologic studies and characterization of
the antigen
Immunoprecipitation of granular cells of the cerebellum with
the CSF of patient 1 revealed 9 unique peptides containing
the 9% of the protein sequence of the SEZ6L2 (Accession
numberQ6UXD5). The CBA usingHEK293 cells transfected
with SEZ6L2 identified 3 additional patients out of 95 with
uncharacterized neuropil antibodies. None of the sera from
the 10 healthy subjects or the 331 patients with diverse
neurologic disorders were positive for SEZ6L2-abs in the
CBA (figure 2, A–F). To confirm the specificity of the CBA
assay, the 4 sera with SEZ6L2-abs and 6 randomly selected
controls were used for immunoprecipitation of SEZ6L2-

Figure 2 Detection of SEZ6L2-ab using a HEK293 cell-based assay

HEK293 cells were transfected to ex-
press SEZ6L2 and incubated live, not
permeabilized, with a patient’s (A–C)
or control (D–F) serum. Patient’s se-
rum, but not control serum, stained
the cell surface of cells (green) that
specifically express SEZ6L2, as dem-
onstrated by the Myc-tag antibody
(red). Both reactivities are shown
merged in C. Nuclei counterstained
with 4’,6-diamidino-2-phenylindole
(DAPI). Scale bar = 10 μm. (G, upper
row): Western blot showing that the 4
patients’ serum samples with SEZ6L2-
ab (lanes 2–5) immunoprecipitated
SEZ6L2. Lane 1 shows the immuno-
precipitation using the commercial
antibody, and lanes 6–9 demonstrate
the lack of SEZ6L2 immunoprecipita-
tion with 6 control samples. (G, lower
row): Immunoblot strips of cell lysates
of SEZ6L2-expressing HEK293 cells
under denaturing conditions. None of
thepatient’s serum (lanes2–5) reacted
with the denaturalized SEZ6L2 pro-
tein. Strips were also tested with a
commercial SEZ6L2-ab (lane 1) and 6
control humansera (lanes6–11). (H–K)
Example of detection of SEZ6L2-ab IgG
subclasses using a HEK293 cell-based
assay. This patient’s serum had IgG1
and IgG4 SEZ6L2-ab (green reactivity)
being the IgG1 subclass immunoreac-
tivity (H) more intense than that of the
IgG4 (K). Nuclei counterstained with
DAPI. IgG = immunoglobulin G.
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expressing HEK293 cells. All 4 samples but none of the
controls immunoprecipitated SEZ6L2 (figure 2G).

The serum of the 4 patients with SEZ6L2-abs showed the same
pattern of reactivity in immunohistochemical studies of the rat
brain (figure 3). Immunoreactivity was more intense in the neu-
ropil of the hippocampus and in the molecular layer and synaptic
buttons of the granular layer of the cerebellum. All samples also
labeled the membrane of live neurons in culture (figure 3A),
indicating that antibodies recognized an extracellular epitope of
SEZ6L2. To study whether the epitope recognized by SEZ6L2-
abs was linear or conformational, we incubated patients’ serums
with immunoblot strips containing whole-cell lysates of SEZ6L2-
expressing HEK293 cells under denaturing conditions. None of
the patient’s serum reacted with the denaturalized protein,
whereas a commercial antibody against the extracellular part of the
protein did recognize the linear epitope, indicating that the human
SEZ6L2-abs identify conformational epitopes (figure 2G).

Analysis of serum IgG subclasses showed that all sera had IgG4
immunoreactivity. IgG1 SEZ6L2-abs were identified in 3 pa-
tients (patient 3 was negative), and it was the predominant IgG
subclass in patients 1 and 4. None of the patients’ serum showed
reactivity with IgG2 or IgG3 subclasses (figure 2, H–K). CSF
IgG subclasses were similar to those identified in serum.

SEZ6L2 antibody effects on live rat
hippocampal cultures
Total SEZ6L2 surface clusters or synaptic SEZ6L2 clusters were
not reduced after 24 or 72 hours of incubation with patient’s CSF
compared with control CSF (figure 4). In parallel, neurons treated
with CSF harboring NMDAR antibodies showed a dramatic

decrease of total cell surface and synaptic NMDAR clusters at 24
and 72 hours, as expected (figure 4). Treatment with SEZ6L2-abs
positive CSF during 72 hours and posterior triple immunostaining
of GluA1, PSD95, and SEZ6L2 showed no antibody derived al-
terations on total or synaptic GluA1 (figure 1S in supplemental
material, links.lww.com/NXI/A344). Similarly, colocalization of
SEZ6L2 andGluA1was not altered after the treatment (figure 1S).

Discussion
We describe the clinical features of 4 new patients with
SEZ6L2-abs and several novel immunologic findings in-
cluding the presence of IgG4 SEZ6L2-abs in 4 patients that
was the predominant subtype in 2 and the lack of effects of the
antibodies on the surface levels of SEZ6L2 or GluA1 in rat
hippocampal neurons. We also confirm that SEZ6L2-abs
recognize conformational epitopes in the extracellular region,
suggesting their potential pathogenic role, as supported by
immunolabeling of live neuronal cultures and lack of immu-
noblot reactivity with SEZ6L2 denaturated protein.

Our study confirms the association of SEZ6L2-abs with cer-
ebellar ataxia. Besides the index patient, the other 3 patients
were selected among a group of 95 patients with different
clinical syndromes who had in common the presence of
uncharacterized serum neuropil antibodies. This methodo-
logical approach excluded the possibility of clinical selection
bias. The clinical features of our 4 patients along with those of
2 previously reported cases show that the main manifestation
is a subacute onset of gait ataxia and dysarthria that progresses
over several months and later stabilizes.

Figure 3 Immunoreactivity of SEZ6L2-ab in hippocampal neurons and rat brain sections

Culture of rat hippocampal neurons incubated (nonpermeabilized) with a patient’s serum with SEZ6L2-ab showing intense reactivity with the cell surface
antigen (A), whereas a control serum is negative (D). (B) Sagittal section of the rat brain immunostained with a patient’s CSF with SEZ6L2-ab: there is a diffuse
staining of the neuropil, which is not seen when rat brain sections are incubated with a control CSF (E). Immunoreactivity was particularly robust in the
hippocampus (C) and cerebellum (F) where there was diffuse staining of the molecular layer and synaptic glomerula of the granular cell layer. Scale bars in A
and B = 10 μm, B and D = 2000 μm, E = 500 μm, and F = 50.
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Unlike patients with paraneoplastic cerebellar degeneration or
acute postinfectious cerebellitis, the cerebellar syndrome was not
isolated, and mild cognitive impairment, extrapyramidal symp-
toms, hypomimia, bradykinesia, and postural instability were also
present.1 Response to immunotherapy is difficult to assess as the
diagnosis of SEZ6L2-abs was performed in retrospect, but none
of our patients improved. One could argue that immunotherapy
was given late in the course of the disease, but actually in the
index patient, the diagnosis was made only a few months after
the onset of the ataxia, and intense immunotherapy was in-
effective. Thus, based on these cases and those previously
reported with different antibodies against surface antigens, these
cerebellar disorders seem to have a poorer prognosis than au-
toimmune encephalitis associated with cell surface antibodies,
probably due to the loss of Purkinje cells in the cerebellum (table
1S in supplemental material, links.lww.com/NXI/A344).14,15

Our findings demonstrate that SEZ6L2-abs do not cause in-
ternalization of SEZ6L2 in cultures of live neurons. The inability of
SEZ6L2-abs to cross-link the antigen and induce internalization
could potentially be explained by the distribution of SEZ6L2 in the

neuronal membrane preventing the cross-linking or more likely
because the functional effects of SEZ6L2-abs are mediated by
antibodies of the IgG4 subclass, which are functionallymonovalent
and therefore unable to crosslink the target.16 According to the
later possibility, our study shows that all 4 SEZ6L2-ab–positive sera
contained IgG4 antibodies, although this subtypewas predominant
in only 2 patients. However, the lack of predominance of an IgG
subtype does not necessarily mean that it is responsible for the
antibody pathogenicity. For example, in anti-IgLON5 disease,
IgG4 antibodies are predominant in themajority of patients, but in
primary cultures of neurons, the IgG1 IgLON5 antibodies are
responsible for an irreversible decrease of cell surface IgLON5
clusters in a time-dependentmanner without affecting the number
of excitatory synapses.17

The lack of internalization of SEL6L2 by patients’ antibodies
on cultured live neurons favors a functional pathogenic role of
the IgG4 subclass. Unlike IgG1, IgG4 antibodies more often
interfere with normal protein-protein interactions of the tar-
get antigen.18 This is the case of myasthenia in which in an
experimental animal model, IgG4 but not IgG1-3 muscle-

Figure 4 SEZ6L2-abs do not decrease SEZ6L2 clusters on neuronal surface

(A) Immunofluorescence onhippocampal neurons treated for 72 hourswith CSF control andwith SEZ6L2-ab orNMDAR-ab (bottompanels). SEZ6L2-ab, unlike
NMDAR-ab, did not affect the surface cluster density of the antigen. Scale bar = 4μm.Quantification of total (B) and synaptic (D) SEZ6L2 and PSD95 clusters (C)
after treatment with a SEZ6L2-ab–positive or control CSF for 24 hours or 72 hours. (E–G) The same experiment to evaluate density of NMDAR clusters after
treatment with a serum with NMDAR-ab. p = 0.03. ****p < 0.0001.
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specific kinase (MuSK) antibodies were able to transfer the
neuromuscular junction dysfunction.19 In line with this pos-
sibility, a previous study showed that SEZ6L2-ab from the first
reported patient impaired the interaction between the GluA1
subunit of the AMPAR and SEZ6L2 affecting the GluA1
signal transduction.9 However, these studies were conducted
in HELA cells transfected with the extracellular domain of
SEZ6L2 and GluA1. Our study in cultures of live neurons, a
more physiologic system where the full-length SEZ6L2 pro-
tein is expressed and folded in its native state, did not provide
clues for the pathophysiology. It showed no internalization of
SEZ6L2, but blocking of the interaction between SEZ6L2 and
GluA1possible. For example, in MuSK myasthenia gravis
IgG4 serum antibodies block the interaction between MuSK
and low-density lipoprotein receptor-related protein 4, but do
not necessarily show internalization of MuSK.20

The findings of our study are important in helping to recognize
the syndrome associated with SEZ6L2-abs. Although all pa-
tients had a subacute presentation of symptoms, and case 1 had
CSF pleocytosis, this disorder does not appear to manifest with
features of inflammation in the brain MRI or CSF that may
suggest an autoimmune-mediated ataxia. Pending of the de-
scription of more patients, the combination of cerebellar gait
ataxia, dysarthria, and mild manifestations of parkinsonism ap-
pear to be the core symptoms of this novel autoimmune cere-
bellar ataxia. Although the syndrome does not seem to respond
to immunotherapy, prompt diagnosis and treatment should be
considered. This approach may lead to results similar to those
seen in patients with cerebellar ataxia and mGluR1 antibodies,
that is, patients who improved or stabilized after immunother-
apy were those who were more promptly treated.21
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Abstract
Objective
To determine the clinical presentation and patient outcomes after treatment with IV immu-
noglobulin (IVIG), high-dose steroids, or standard of care alone in Eastern equine encephalitis
(EEE), a mosquito-borne viral infection with significant neurologic morbidity and mortality.

Methods
A retrospective observational study of patients admitted to 2 tertiary academic medical centers
in Boston, Massachusetts, with EEE from 2005 to 2019.

Results
Of 17 patients (median [IQR] age, 63 [36–70] years; 10 (59%) male, and 16 (94%) White
race), 17 patients had fever (100%), 15 had encephalopathy (88%), and 12 had headache
(71%). Eleven of 14 patients with CSF cell count differential had a neutrophil predominance
(mean = 60.6% of white blood cells) with an elevated protein level (median [IQR], 100 mg/dL
[75–145]). Affected neuroanatomic regions included the basal ganglia (n = 9/17), thalamus (n
= 7/17), and mesial temporal lobe (n = 7/17). A total of 11 patients (65%) received IVIG; 8
(47%) received steroids. Of the patients who received IVIG, increased time from hospital
admission to IVIG administration correlated with worse long-term disability as assessed by the
modified Rankin Scale (mRS) (r = 0.72, p = 0.02); steroid use was not associated with the mRS
score. The mortality was 12%.

Conclusions
Clinicians should suspect EEE in immunocompetent patients with early subcortical neuro-
imaging abnormalities and CSF neutrophilic predominance. This study suggests a lower
mortality than previously reported, but a high morbidity rate in EEE. IVIG as an adjunctive to
standard of care may be considered early during hospitalization.
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Eastern equine encephalitis (EEE) is a mosquito-borne viral in-
fection that can result in devastating neurologic disease. Although
EEE has likely existed for centuries,1 the first significant outbreak
in humans occurred in 1938.2 Since then, outbreaks have been
sporadic,3 with an average incidence of 8 cases per year in the
United States.4 In 2019, there were 37 confirmed cases of EEE in
theUnited States and 12 inMassachusetts, with 15 deaths,making
this the largest outbreak since 1959.5 EEE virus (EEEV) is one of
the most virulent neurotropic viruses with an estimated 40%
mortality rate observed in the past 2 decades.4 Outbreaks before
1956 predominantly affected the pediatric population, with 82%
of those infected younger than 18 years.6 In contrast, between
2003 and 2016, 63% of those affected were older than 40 years.4

Although the majority of people infected with EEEV are sus-
pected to be asymptomatic,7 the clinical presentation of symp-
tomatic adults8 and children9 is characterized by acute onset of
fever, headache, nausea, and encephalopathy with variable
presence of meningismus, weakness, and seizure. Long-term
outcomes data in EEE are limited to the earlier outbreaks in
1938, 1955, and 1956 withmortality at follow-up at 68%.6Of the
survivors, 69% had paralysis or cognitive impairment, with only
31% without a significant impairment at follow-up.6,10 Long-
term outcomes of pediatric EEE cases between 1970 and 2010
similarly demonstrated significant disability in 64% of survivors
at follow-up.9 Notably, these survival and follow-up studies were
conducted before the regular use of IV immunoglobulin (IVIG)
in the treatment of EEE and other arboviral infections.8,11–13

There are no specific antiviral treatments for EEE, unlike other viral
encephalitides including herpes simplex virus, varicella zoster virus,
and cytomegalovirus.14 Case reports suggest possible benefit from
treatmentwith IVIGor negative outcomeswith high-dose steroids;
however, data are limited in EEE.15–18 IVIG has been trialed as a
treatment for West Nile virus (WNV) encephalitis and other re-
lated arboviral infections in small trials with inconclusive results
showing no clear benefit on morbidity or mortality.11,12,19,20

The clinical, laboratory, and radiographic characteristics of EEE,
including treatment with IVIG and high-dose steroids, remain lim-
ited. Here, we describe 17 cases of EEE diagnosed in the northeast
over the past 15 years, including the most recent major outbreak in
2019. We also provide available data on postdischarge outcomes in
patients treatedwith IVIGor steroids in addition to standard of care.

Methods
Ethics
The study protocol was approved by the Partners Healthcare
Institutional Review Board of Massachusetts General

Hospital and Brigham and Women’s Hospital (Protocol
2019P003215).

Patient identification
EEE cases were identified by searching the Partners Health-
care Research Patient Data Registry system using the In-
ternational Classification of Diseases (ICD) 9th and 10th edition
diagnostic codes for EEE (ICD-9: 0622 and ICD-10: A83.2).
Testing of patients for EEE was based on clinical suspicion for
encephalitis per practice guidelines from the Infectious Dis-
eases Society of America.14 All patients definitively diagnosed
with EEE using the Massachusetts Department of Public
Health CSF immunoglobulin M/G (IgM/IgG) diagnostic
test (screening enzyme immunoassay [EIA] IgM specific for
EEE and WNV),21 with the exception of 1 patient on ritux-
imab diagnosed by CSF EEEV PCR (PCR) targeted to the
structural polyprotein coding sequence, performed at the
William A. Hinton State Laboratory Institute, Department of
Public Health, Boston, MA). Although false-positive and
negative rates may vary with individual assays, enzyme-based
immunoassays for EEE have been reported to have a false-
positive rate of 5.6% and a false-negative rate of 0.7%.22

Positive samples were subsequently confirmed by the plaque
reduction neutralization test. Patients evaluated at Mas-
sachusetts General Hospital or Brigham and Women’s Hos-
pital between January 1, 2005, and January 1, 2020, were
included in the review.

Data collection and variables
Data on clinical presentation, laboratory values, MRI and EEG
studies, treatment, and outcomes were collected until a censor-
ing date of January 1, 2020, and entered into a central HIPAA-
complaint database (REDCap). Prodromal period was defined
as time from onset of symptoms typical for EEE, including fever,
altered mental status, and headache, to presentation to the
emergency department. The modified Rankin Scale (mRS)23

was retrospectively determined by 2 independent neurologists
(D.R.W. and S.S.M.) for the time points of presentation, dis-
charge from the hospital, and last known follow-up. Treatment
groups were identified by patients who received IVIG or high-
dose steroids during hospitalization. High doses were defined as
greater than 100 mg of prednisone equivalent per day.24,25

All available brain MRI studies were reviewed by 3 study
neurologists (F.J.M., D.R.W., and S.S.M.), or when unavail-
able, the radiologist reports were used. Neuroanatomic re-
gions of involvement were determined by abnormal T2-
FLAIR hyperintensity. Regions of interest were determined a
priori based on published reports of EEE. Two study neu-
rologists (D.R.W. and S.S.M) independently reviewed EEG
reports.

Glossary
AED = antiepileptic drug; EEE = Eastern equine encephalitis; EEEV = EEE virus; IgG/M = immunoglobulin G/M; IVIG = IV
immunoglobulin; WNV = West Nile virus.
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Statistical analysis
All statistical analyses were performed and graphs created
using Prism by GraphPad (8) or R software (v. 3.6.1, Vienna,
Austria).26 Univariate analyses were performed for clinical
characteristics and laboratory values with mean averages and
SD reported. Comparative studies were performed using a
Spearman rho. A p value with a 2-tailed distribution was cal-
culated with a level of significance set at 0.05.

Data availability
Full anonymized data from this study are available on request
to any qualified investigator.

Results
Patient demographics
The median EEE patient age was 63 years (IQR = 36–70 years)
(table 1) with a bimodal distribution that included 3 pediatric
cases and an age range from 8 months to 78 years (figure e-1,
links.lww.com/NXI/A348). The cases spanned 5 states in the
Northeastern United States (table e-1, links.lww.com/NXI/
A348). Symptom onset occurred between July and September,
with the earliest symptomonset July 30 and the latest September
13. The majority (59%; 10/17) of cases had symptomatic onset
in August, with 35% of the remaining cases occurring in Sep-
tember. In 76% (13/17) of patients, there was an identifiable
outdoor and mosquito exposure before symptom onset, in-
cluding outdoor work, hiking, camping, or outdoor school ac-
tivities (table e-1, links.lww.com/NXI/A348). Sixteen patients
had no relevant medical history; 1 patient was immunosup-
pressed with rituximab (%CD19+ cell count = 0 during hospi-
talization) as maintenance therapy for non-Hodgkin lymphoma
and reported previously.27

Clinical presentation
Patients had fever (100%, average maximum temperature
39.4°C in adults, 39.7°C in children), altered mental status (n
= 15; 88%), and headache (n = 12; 71%) (table 1). The
average prodromal period from symptom onset to pre-
sentation was 3.4 days (SD = 3 days) (figure e-1, links.lww.
com/NXI/A348). The prodromal period ranged from 1 pa-
tient with rapid progression of symptoms over the course of 1
day to a maximum length of 9 days. In the emergency de-
partment, the majority of patients presented with neurologic
symptoms, including altered mental status in 88% and clinical
seizures (generalized tonic-clonic episodes) in 41% (n = 7).
When analyzed by age group, 100% of children had seizures at
presentation compared with 29% of adults. Classic signs
suggestive of meningitis, including neck stiffness and photo-
phobia, were less common (n = 3, 18%).

Laboratory characteristics
Serum studies at presentation were characterized by a median
leukocytosis of 13,000 cells/mL3 (IQR = 8,000–16,000 cells),
low end of normal sodium levels (median = 135mmol/L, IQR=
133–138 mmol/L), normal platelet counts (median = 187,000

cells/mL3, IQR = 158,000–236,000 cells/mL3), and normal
aspartate transaminase and alanine aminotransferase (table 1).
All patients had a lumbar puncture performed within 3 days of
presentation. The CSF was characterized by a pleocytosis with a
median white blood cell (WBC) count of 369 cells/mL3 (IQR =
185–831 cells/mL3) (table 1); the majority (n = 14; 82%) of
CSF samples contained less than 1,000 WBC/mL3 (figure 1A).
The median CSF WBC count in the 3 pediatric cases was 324
WBC/mL3 compared with 680 WBC/mL3 in adults. It is chal-
lenging to make definitive comparisons given the small sample
size, but consistent with historical data, there is no apparent
difference in CSF WBC count between children and adults.9

CSF protein was elevated to a median of 100 mg/dL (IQR =
75–145 mg/dL), and CSF glucose was normal (median = 65
mg/dL, IQR = 57–78 mg/dL) (figure 1, B and C). A total of
79% (n = 11/14 with differential) of patients had a neutrophilic
predominance (60.6% of WBC, SD = 22.8) in their CSF (figure
1D). Two patients had a repeat lumbar puncturewithin 1–3 days
of their initial lumbar puncture and showed a shift to an
increased lymphocyte fraction. During admission, 29% of pa-
tients developedmyelosuppression with leukopenia (n = 1; 6%),
thrombocytopenia (n = 1; 6%), or both (n = 3; 18%).

Imaging studies
All patients had a brain MRI during admission, and 76% (n =
13) of patients received anMRI within 3 days of presentation.
Seventy-one percent of patients (n = 12) had at least 1 ad-
ditional follow-up MRI during the course of their disease. All
patients had an abnormal MRI at presentation with the ex-
ception of the immunocompromised patient on rituximab;
details of this patient’s MRI have been previously reported.15

Typical MRI findings included T2-FLAIR hyperintense signal
in the bilateral basal ganglia, thalami, and mesial temporal
lobes (figure 2A). Figure 2B demonstrates representative
images of patients with mild (mRS 0–2), moderate (mRS
3–4), and severe (mRS 5–6) disability score at discharge.
Figure 2C demonstrates a representative T2-FLAIR MRI
evolution of an adult case (case 8) over the course of hospi-
talization. Seven cases had extension of T2-FLAIR hyper-
intensity into the midbrain and pons (figure 2D), whereas
only 1 patient had evidence of meningeal enhancement. In
addition to the thalamus, pediatric cases had involvement of
the cortex, a feature less commonly observed in adult patients
(100% of pediatric cases vs 29% of adults).

EEG findings
During hospital admission, all but 1 patient had an EEG
performed to evaluate for clinical and subclinical seizures. A
total of 41% of patients with EEE had electrographic seizures
during their admission as determined by EEG. The majority
(59%) of all patients had an abnormal EEG, including elec-
trographic seizures (n = 5), occasional bursts of generalized
rhythmic delta activity (n = 2), generalized periodic dis-
charges (n = 2), periodic lateralized epileptiform discharges
(n = 2), periodic sharp waves (n = 4), and patterns typical of
encephalopathy including diffuse delta and theta frequency
slowing (n = 12).
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Table 1 Demographics, clinical characteristics, laboratory data, and outcomes in patients with Eastern equine
encephalitis

Overall prevalence (n = 17) Received IVIG (n = 11) Did not receive IVIG (n = 6)

Demographics

Age, years (median [IQR]) 63 [36–70] 63 [52–72] 44 [22–61]

Race, n (%)

White 16 (94) 11 (100) 5 (83)

Hispanic 1 (6) 0 (0) 1 (6)

Sex, n (%)

Male 10 (59) 6 (55) 4 (67)

Female 7 (41) 5 (46) 2 (33)

Clinical characteristics (n (%))

Fever 17 (100) 11 (100) 6 (100)

Altered mental status 15 (88) 10 (91) 5 (83)

Headache 12 (71) 7 (64) 5 (83)

Photophobia 3 (18) 1 (9) 2 (33)

Neck stiffness 3 (18) 2 (18) 1 (17)

Nausea 5 (29) 2 (18) 3 (50)

Vomiting 6 (35) 2 (18) 4 (67)

Abdominal pain 3 (18) 0 (0) 3 (50)

Respiratory symptoms 2 (12) 1 (9) 1 (17)

Tremor 6 (35) 6 (55) 0 (0)

Seizures 7 (41) 5 (46) 2 (33)

Abnormal EEG 10 (59) 7 (64) 3 (50)

Prodrome, days, mean (range) 3 (0–9) 3 (0–7) 3 (0–9)

Laboratory characteristics (median [IQR])

CSF WBC, cells, uL 369 [185–831] 369 [177–860] 529 [171–1,152]

CSF glucose, mg/dL 65 [57–78] 65 [55–79] 66 [58–92]

CSF total protein, mg/dL 100 [75–145] 113 [80–149] 80 [73–152]

Serum WBC, K/uL 13 [8–16] 13 [7–16] 11 [9–17]

Sodium, mmol/L 135 [133–138] 135 [132–138] 136 [134–139]

Platelets, K/uL 187 [158–236] 171 [142–217] 215 [174–252]

ALT, U/L 22 [16–57] 22 [19–57] 18 [13–137]

AST, U/L 36 [19–70] 26 [24–73] 37 [11–68]

Alk Phos, U/L 59 [50–68] 62 [45–69] 54 [49–77]

Length of stay, days (median (range))

Hospital LOS 18 (5–38) 18 (6–38) 16 (5–35)

ICU LOS 10 (0–34) 12 (1–34) 5 (0–14)

Outcomes, n (%)

Survival 15 (88) 9 (82) 6 (100)

Death 2 (12) 2 (18) 0 (0)

Continued
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IV immunoglobulin and high-dose steroids
Of the patients in this cohort, 65% (n = 11) received IVIG as part
of their treatment plan for EEE (table 1). The average time to
IVIG treatmentwas 5 days (range 2–8days), and the average time
to steroid treatmentwas 7 days (range 3–27 days). Approximately
half of patients (n = 6; 35%) who received IVIG also received
high-dose steroids, and 12% (n = 2) received steroids alone.

Outcomes
The overall mortality in patients with EEE in this study during
hospitalization was 12% (table 1), lower than historical
reports.4,6,8 Twelve of the 15 patients who survived EEE had
available follow-up clinical data. The median follow-up time
was 138 days after initial presentation (range 14–1,586 days).
No patients had a reported disability before symptom onset.

Table 1 Demographics, clinical characteristics, laboratory data, and outcomes in patients with Eastern equine encephalitis
(continued)

Overall prevalence (n = 17) Received IVIG (n = 11) Did not receive IVIG (n = 6)

mRS, median (range)

Admission mRS 4 (1–5) 4 (1–5) 4 (1–5)

Discharge mRS 4 (1–6) 4 (1–6) 4 (1–5)

Follow-up mRS 3 (0–6) 3 (1–6) 1 (0–4)

Abbreviations: ALT = alanine aminotransferase; AST = aspartate transaminase; EEE = Eastern equine encephalitis; ICU = intensive care unit; IVIG = IV
immunoglobulin; LOS = length of stay; mRS = modified Rankin Scale; WBC = white blood cell.
Demographic data were collected for all patients with confirmed EEE. Altered mental status included any description of encephalopathy, confusion, or
difficultywith attention. Seizureswere defined as clinical eventswith a high degree of suspicion to be true seizures andwere entirely comprised of generalized
tonic-clonic seizures. High-dose steroids includedmethylprednisolone anddexamethasone. The typical dose used in the treatment of adult patientswas 0.4 g
of IVIG per kilogram of patient body weight for a duration of 5 days; 1 adult patient received 1g/kg IVIG for 2 days. One pediatric case (case 13) received an
initial loading dose of 2g/kg IVIG for 1 day, followed by 1 day of 0.5 mg/kg, and the dose was not reported in the other case (case 16).

Figure 1 Laboratory characteristics: CSF and serum studies in patients with Eastern equine encephalitis

Case number vs units of white blood cells (A), protein (B), and glucose (C) in the CSF of patients with EEE. CSF WBC differential (D) for patients with EEE with
available data. EEE = Eastern equine encephalitis.
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On average, patients presented to the hospital with moder-
ately severe disability (mRS 3.8) and were discharged without
a clinically meaningful change in scores (mRS 3.6) (figure
3A). Seventy-one percent of patients (n = 12) were dis-
charged to an acute inpatient rehabilitation center, 1 patient
who was immunosuppressed (6%) died while hospitalized, 1
patient (6%) was discharged to hospice care and died, and the
remainder (n = 3; 18%) were discharged home without re-
quiring any at-home services. Among those with available
follow-up by chart review, there was a reduction in the median
mRS compared with discharge mRS (follow-upmRS 3, IQR =
0–6 vs discharge mRS 4, IQR = 1–6) (figure 3A). Long-term
management with antiepileptic drugs (AEDs) at follow-up
was necessary in 2 of 3 children (67%) and no adult patients.

Wewere interested to determine whether there was a correlation
between discharge or follow-up mRS and time to IVIG admin-
istration among treated individuals (figure 3, B and C). Admis-
sion mRS before treatment did not correlate with time to IVIG
administration, indicating that the severity of neurologic disease
did not affect the time to IVIG initiation (figure e-2A, links.lww.
com/NXI/A348), and themedian baselinemRS among patients
who received IVIG and those who did not receive IVIG was
similar. In contrast, time to IVIG administration correlated with
mRS scores at discharge and follow-up (figure 3, B and C). This

trend held true when the immunocompromised patient was
excluded. There was no correlation between admission, dis-
charge, or follow-up mRS and time to steroid administration
(figure e-2, links.lww.com/NXI/A348). Six patients did not re-
ceive immunomodulatory therapy, making comparisons be-
tween IVIG and standard of care challenging.

Although the overall number of patients is not large enough to
determine a clear relationship between radiographic findings and
disability score, patients with more neuroanatomic regions af-
fected at presentation tended to have worse disability at discharge
and follow-up (figure e-3, links.lww.com/NXI/A348). Outliers
include the patient (case 5) who had an unremarkable MRI at
presentation, was on rituximab, and ultimately died. The patient
(case 16) with 4 neuroanatomic regions affected and admission
mRS 4 had low follow-up mRS 1 and was a pediatric case.

Follow-up clinical visits for patients who survived EEE were
reviewed to understand the long-term disability among sur-
vivors and the typical pattern of disability. Patients with on-
going disability at follow-up (11/12 with available data)
commonly had clinical evidence of cognitive or memory im-
pairment, increased muscle tone in the extremities, and
spasticity. Thirty-three percent (n = 4) had difficulty in lan-
guage, ranging from decreased spontaneous speech to global

Figure 2 Imaging characteristics: typical pattern of MRI involvement and affected neuroanatomic regions in patients with
Eastern equine encephalitis

All images displayed are the T2-FLAIR sequence. (A) Representative images of pattern of typical neuroanatomic region involved in 1 patient with demon-
strated involvement of the temporal lobe and pons, temporal lobe and midbrain, and basal ganglia by T2-FLAIR hyperintensity (panels left to right). (B)
Representative images of patientswithmild (mRS 0–2),moderate (mRS 3–4), and severe (mRS 5–6) disability score at discharge. (C) Representative images of 1
patient over course of hospitalization at days 1, 4, and 10 after admission. (D) Quantification of neuroanatomic region involvement in initial MRI of patients
with EEE as determined by T2-FLAIR hyperintensity. An area was scored as abnormal only once per patient. EEE = Eastern equine encephalitis.
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aphasia with no language understanding or production. Eight
patients (67%) regained ability to participate in the activities
of daily living. Only 1 patient (case 12) with an admission
mRS of 1 had no disability at follow-up. It is difficult to be
certain if IVIG had any impact on the natural history of EEE as
only 8 patients were in the treatment group and there is no
matched control group by age or severity of illness.

Discussion
This study is a case series detailing clinical, laboratory, ra-
diographic, and patient outcomes with use of IVIG for off-
label treatment of EEE. The overall mortality in this pop-
ulation was 12%, compared with past studies, which estimated
the mortality from EEE to be approximately 40%, including a
prior case series from New England.8 This difference in
mortality is likely multifactorial, including improvements in
standard care modalities and possibly increased EEE CSF
testing to identify less severe cases.

The clinical presentation and epidemiology of EEE patients in this
study closely reflects prior studies, with a presentation character-
ized by fever, headache, and encephalopathy in an endemic
region.1,4,8 No cases presented later than mid-September, and
patients had amaximumprodrome length of 9 days, an important
consideration when evaluating patients for possible EEE. The
seasonal timeline of cases is also consistentwith theMassachusetts
Department of Public Healthmosquito surveillance data, with the
latest EEE positive mosquito vector on October 3 in the most
recent 2019 outbreak.28 Unlike some opportunistic viral CNS
infections, including cytomegalovirus, human herpes virus 6, and
JC virus, the majority of EEE patients were healthy immuno-
competent adults, and only 1 patient in this study was immuno-
compromised. The age distribution of EEE cases was bimodal
with a cluster of pediatric cases and most adult cases occurring in
patients older than 60 years. This possibly reflects age-dependent
changes in the CNS immune response leading to increased sus-
ceptibility and severity of disease in children and older adults.29–31

Unlike other viral encephalitides typically characterized by a
lymphocytic predominance in the CSF,32 including herpes-
viruses and enteroviruses, the majority (79%) of patients with
EEE had an initial neutrophilic predominance, consistent with
prior studies.33 These data reflect preclinical models and
pathologic studies of EEE34,35 and suggest that patients have a
robust early neutrophilic innate immune response to EEEV,
which later develops into a lymphocyte-predominant adaptive
response. Why some viruses initiate a neutrophilic response
early in infection while others are lymphocyte predominant is
likely the result of multiple complex host-pathogen interac-
tions, including viral evasion of the early innate response,
generation of pathogen-specific T cells, and correlation be-
tween a patient’s clinical presentation and viral replication in
the brain.36,37

The neuroanatomic distribution of EEE pathology seen on
MRI reflects a viral predilection for the basal ganglia, thala-
mus, and mesial temporal lobe. Although other etiologies of
viral encephalitis affect the mesial temporal lobe, namely HSV
encephalitis,38 EEEV also has characteristic involvement of
deep basal ganglia and thalamic structures.8 Of interest, chil-
dren in this study had more cortical involvement compared
with adults, which was also seen in a large review of pediatric
cases.9 Preclinical studies in other CNS arboviral infections
suggest that tropism may be driven by region-dependent
immune responses resulting in differential susceptibility
within the brain.39 Although there are no standardized MRI
scoring systems for CNS infections, comparing the MRI at
admission to the long-term disability score, there is a trend
toward more neuroanatomic regions involved relating to
worse disability at follow-up.

The theoretical benefit from IVIG is thought to be due to an-
tibody neutralization of virus particles and IgG suppression of
immune function. The influence of IVIG on the immune re-
sponse may occur partly through inhibition of macrophage ac-
tivity, disruption of T-cell interactions with antigen-presenting
cells, and downregulation of B-cell proliferation and endogenous

Figure 3 Outcomes in patients with Eastern equine encephalitis

Patient disability bymodified Rankin Scale (mRS) of patientswith EEE at admission to the hospital, discharge from the hospital, and last recorded follow-up (A).
Time to IVIG administration compared with mRS at discharge (B) and most recent clinical follow-up (C). Comparative studies were performed using a
Spearman rho and a p value with a 2-tailed distribution. EEE = Eastern equine encephalitis; IVIG = IV immunoglobulin.
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antibody production.40 Although there was a positive correlation
between time to IVIG administration and disability score at
follow-up, which could suggest that early IVIG administration
decreases long-term disability, we interpret these data with
caution. Conclusions regarding the utility of IVIG in the treat-
ment of EEE are limited by the relatively small size of the sample
population and inability to control for relevant patient factors
including age, sex, and disease severity. At this time, it is only
speculative that earlier initiation of IVIG may be associated with
a reduction in disability and would require a prospective study or
clinical trial. High-dose steroids did not correlate with disability
in this study.

Of interest, all patients with the exception of case 4 (adult)
and case 5 (immunosuppressed) had improvement in their
mRS between admission and follow-up, regardless of steroid
and IVIG intervention. In addition, these data demonstrate
that despite almost half of patients with EEE experiencing
seizures at presentation or during admission, no adult patients
went on to require long-term management with AEDs. This
may be related to the primarily basal ganglia and thalamic
location of pathology in EEE compared with other etiologies
of viral encephalitis, such as herpes simplex virus, which
typically have cortical involvement and high rates of postviral
epilepsy.41 In contrast to adults with EEE, children in this
study had higher rates of cortical involvement, and the ma-
jority (67%) required long-term management with AEDs.

This study is limited by its retrospective nature and reliance
on electronic medical record for the collection of data
throughout the disease course. Patients were not randomized
to receive IVIG or steroids, and the factors that went into
treatment decisions were not clear in the medical notes. The
study is also limited by the small number of patients, which is
driven by the rarity of EEE resulting in neurologic compli-
cations requiring hospitalization, typically considered to be
approximately 5% of all people infected with EEEV. It is likely
that as testing becomes more frequent, there will be a larger
portion of mildly symptomatic and asymptomatic patients
identified, similar to other arboviral infections including
WNV.42 Of interest, the mortality rate in our study was low
(12%) despite most patients being transferred to tertiary
hospitals for advanced care, which typically occurs in more
severe cases, and can constitute referral bias. Although a
prospective study of EEE with larger samples sizes would
reduce some of these limitations, the rarity of this disease
makes prospective studies challenging to perform.

This study, despite the challenges with its retrospective na-
ture, suggests that any immunomodulator trials will need to
consider early intervention in trial designs and possibly be
aided by biomarkers such as neuroimaging. Irrespective of
intervention, there was minimal change from admission mRS
to discharge mRS in immunocompetent adults, which sug-
gests that preventive measures to reduce EEEV transmission
will provide the most benefit in endemic areas in the absence
of an effective vaccine or targeted antiviral therapy.
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Abstract
Objective
We evaluated the short-, medium-, and long-term effects of sepsis on dementia incidence using
German health claims data.

Methods
A total of 161,567 patients (65 years or older) were followed from 2004 to 2015 at quarterly
intervals. Time since sepsis was categorized into 0 (the effective quarter of sepsis diagnosis),
1–8, and ≥9 quarters since the latest diagnosis of sepsis, taking into account admission to
intensive care unit and controlling for delirium, surgery, age, sex, and comorbidities. Incident
dementia was defined for all persons who did not have a validated dementia diagnosis in 2004
and 2005 and who received a first-time, valid diagnosis between 2006 and 2015.

Results
During the quarter of sepsis diagnosis, patients not admitted to intensive care had a 3.14-fold
(95% CI 2.83–3.49) increased risk, and those with intensive care stay had a 2.22-fold (95% CI:
1.83–2.70) increased risk of receiving an incident dementia diagnosis compared with patients
without sepsis. The impact of sepsis on incident dementia remained in the following 2 years,
remitting only thereafter.

Conclusions
For sepsis survivors, medium-term dementia risk remains elevated, whereas long-term risk may
reach the level of those without sepsis, even after controlling for delirium. These findings
encourage identifying modifiable components of hospital and rehabilitation care.
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Systemic inflammation caused by microbial infection, hereafter
referred to as sepsis, compromises the function of peripheral
organs, but also affects the brain. Immediate changes in cog-
nition and behavior on sepsis have been collectively described
as sickness behavior and functionally analyzed in rodentmodels
and human patients with sepsis.1 There is little doubt that an
acute inflammatory reaction of the brain leads to transient EEG
changes, cognitive dysfunction, and memory deficits. Far less
clear, however, are the mid- to long-term consequences of
sepsis for brain function and integrity. Particularly, the risk of
developing neurodegenerative disorders in the subsequent
months and years requires careful examination.

Adult sepsis survivors were found to be impaired with regard
to a whole scale of activities of daily living and also displayed
an increase in mild to moderate cognitive deficits.2 Similarly,
patients who were followed after intensive care unit (ICU)
treatment for sepsis were found to have persistent slowing of
EEG activity and memory deficits along with hippocampal
volume reduction.3 Research has shown that diagnosis of
sepsis, delirium, or critical illness in general and major sur-
geries are each often followed by an acute lowered cognitive
ability, which may or may not be permanent.4–7

How these events overlap or interact is a Gordian knot. To
further delineate postseptic cognitive changes in patients with
sepsis, we used a health insurance data set, identifying incident
diagnoses of dementia in the months and years after sepsis and
controlling for specific important diseases and medical events.

Methods
Data
We analyzed dementia incidence using routine claims data of
the largest German statutory health insurance, the Allgemeine
Ortskrankenkasse (AOK). In Germany, 70 million people
insured via statutory health insurance (about 84.7% of the
total population); about one-third of these are insured
through the AOK.8

A random, 5-year age-stratified sample of insurance claimants
born in or before 1939 and who had at least 1 day of insurance
coverage by the AOK in the first quarter of 2004 was drawn by
the Scientific Institute of the AOK (Wissenschaftliches
Institut der AOK [WIdO]). Access to health claims data is
strictly regulated by law to ensure privacy of claimants.
Insurees were, therefore, anonymized such that individuals
cannot be identified. A unique person ID was allocated to
retrospectively track individuals from 2004 through 2015 at
quarterly intervals to establish a longitudinal sample. Data are

available on a quarterly basis because outpatient physicians
settle services with the Associations of Statutory Health In-
surance Physicians (Kassenärztliche Vereinigungen) quar-
terly. Because information on the organization of medical
visits and the specific date of diagnoses were unavailable, we
used quarters as the reference parameter regarding the defi-
nition of commencement and duration of specific events. The
data included complete records of inpatient and outpatient
treatment received. Excluding those with inconsistent or
missing information regarding date of birth, date of death, or
sex, and those with a diagnosis of either dementia or sepsis in
the first 2 observation years (2004 or 2005) yielded a study
sample of 161,567 participants. This was not a study with
human participants requiring an internal review board eval-
uation. The WIdO legally granted data access.

Definition of dementia
We used coding of the International Classification of Diseases,
10th Revision (ICD-10 codes) to define dementia diagnosis:
G30, G31.0, G31.82, G23.1, F00, F01, F02, F03, and F05.1.
We combined all ICD codes into 1 group named dementia.
We applied an internal validation procedure to rule out false-
positive diagnoses. First, both outpatient verified diagnoses
and inpatient discharge or secondary diagnoses were selected.
Second, if dementia was diagnosed during the same quarter in
both the inpatient and outpatient settings or if at least 2
physicians (general practitioners, neurologists/psychiatrists,
and other specialists) diagnosed dementia within the same
quarter for a given individual, the diagnoses were considered
valid. Dementia diagnoses were also confirmed by co-
occurrence over time during the entire observation period.
Last, dementia diagnoses were considered valid in the case of
death within the quarter of dementia diagnosis, which pre-
cluded validation by a second diagnosis.9,10

Incident dementia was defined as the first occurrence of a
valid dementia diagnosis between 2006 and 2015. Using a
period of at least 2 years (2004 and 2005) without a valid
dementia diagnosis avoids confusion between incident di-
agnoses and prevalent cases with a history of dementia.9,11

Independent variables
We explored whether time since the latest sepsis diagnosis, ICU
stay, delirium diagnosis, and surgery during the period of ob-
servation 2006–2015 affected the risk of dementia by creating
periods defined as 0 (the effective quarter of diagnosis/
procedure), 1–8, and >9 quarters since the latest diagnosis or
procedure, respectively. These time-varying variables allowed
two issues to be accounted for. First, wewere able tomeasure the
time since the latest diagnosis or event. From a technical point of
view, persons switch from 1 category to the next, depending on

Glossary
AOK = Allgemeine Ortskrankenkasse;HR = hazard ratio; ICD-10 = International Classification of Diseases, 10th Revision; ICU =
intensive care unit; WIdO = Wissenschaftliches Institut der AOK.
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the quarters since the latest event of interest. This approach also
implicates that persons switch back again to the category in-
dicating the effective quarter of the recurring event.

For descriptive analyses, we differentiated more intervals for
time since the latest sepsis diagnosis, delirium, ICU stay, or
surgeries: quarter 0, 1–2 quarters, 3–4 quarters, 2, 3, 4, 5, or
≥6 years (figure 1).

Sepsis was defined by ICD-10 code A41. Using both sepsis
and admission to an ICU, we created a combined variable,
which indicated whether a person had received a sepsis di-
agnosis in quarter 0, 1–8, or ≥9 quarters before, and we
considered whether a person received intensive care in the
quarter of the sepsis diagnosis. Deliria were defined by ICD-10
codes F05 (F05.1 excluded) and F06.

Surgeries were defined according to the classification of opera-
tional procedures (Operationen-und Prozedurenschlüssel),12 an
adaptation of the former version of the current International
Classification of Health Interventions.13 The complete code
range of chapter 5 (Surgical procedures) was used, thus in-
cluding a wide range from small to extensive surgeries.

We adjusted for comorbidities and for age and sex. The following
diseases were coded according to ICD-10 classification: diabetes
mellitus (E10–E14); hypertension (I10–I13 and I15); hyper-
cholesterolemia (E78.0); cerebrovascular diseases (I60–I69,
G45, G46, and H34.0); depression (F32, F33, and F341); and
Parkinson disease (G20–G22). All of the diagnoses used in this
study were billing-relevant outpatient-verified diagnoses or in-
patient discharge or secondary diagnoses by physicians.

Statistical analysis
Methods of survival analysis were applied to explore the risk of
incident dementia diagnosis. Calendar time of the observation

period (2006–2015) was used to operationalize the underlying
process time. Exploring the effect of sepsis diagnosis and ICU stay
on dementia incidence was performed with the help of Cox
models. We controlled for the occurrence of delirium diagnoses,
surgeries, and for sex and time-varying information on age, ce-
rebrovascular diseases, diabetes mellitus, hypertension, hyper-
cholesterolemia, depression, and Parkinson disease. Individuals
were followed to the time of incident dementia diagnosis, death,
withdrawal from insurance, loss to follow-up, or December 31,
2015, whichever occurred first.

Furthermore, we explored mortality following a sepsis di-
agnosis by using Kaplan-Meier survival curves. A 1∶1-matched
case-control design was applied, in which each patient with
sepsis diagnosis was matched to 1 patient without sepsis di-
agnosis with respect to age, sex, and index date. The index
date was the date of the latest sepsis diagnosis before death or
censoring. Patients with sepsis were further stratified
according to those with and without intensive care stays
during the quarter of sepsis diagnosis (N = 14,188; nno sepsis =
7,094; nsepsis, no ICU = 5,318; nsepsis, ICU = 1,776).

Data availability
The WIdO has strict rules regarding data sharing because of the
fact that health claims data are a sensible data source and have
ethical restrictions imposed due to concerns regarding privacy.
Anonymized data are available to all interested researchers on
request. Interested individuals or an institution who wish to re-
quest access to the health claims data of the AOK, please contact
the WIdO (webpage: wido.de/, email: wido@wido.bv.aok.de).

Results
The highest dementia incidence rate for each event group
(latest sepsis diagnosis, ICU stay, delirium diagnosis, and

Figure 1 Dementia incidence rates by time since the latest sepsis diagnosis, ICU stay, surgery, and delirium diagnosis
(N = 161,567)

Source: Health claims data AOK 2004–2015; 95% CIs. AOK =
Allgemeine Ortskrankenkasse; ICU = intensive care unit.
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surgery) existed in the quarter (0) of the event itself. In-
cidence rates declined thereafter, but remained above the level
of those without sepsis diagnosis, ICU stay, delirium di-
agnosis, or surgery, respectively (table 1, figure 1).

The incidence rate of dementia in the quarter of the sepsis
diagnosis was disproportionally elevated among those aged 85

years and older (figure 2). This age gradient slightly attenu-
ated over time since the latest sepsis diagnosis.

Table 2 presents the hazard ratios (HRs) for incident de-
mentia diagnosis by time since sepsis diagnosis and distin-
guishes between patients who did or did not experience
intensive care during the quarter of the sepsis diagnosis. It also

Table 1 Dementia incidence rates by time since the latest sepsis diagnosis, ICU stay, surgery, and delirium diagnosis
(N = 161,567)

Variable Category Exposures
Incident
dementia

Rate per 1,000
person-years LCI UCI

Time since the latest sepsis diagnosis No diagnosis 1,222,746.0 27,838 22.77 22.50 23.04

Quarter 0 2,072.0 477 230.21 210.45 251.83

1–8 quarters 6,024.0 328 54.45 48.86 60.67

≥9 quarters 5,856.5 208 35.52 31.00 40.69

Time since the latest ICU stay No ICU stay 1,140,306.5 24,949 21.88 21.61 22.15

Quarter 0 6,425.5 1,048 163.10 153.52 173.28

1–8 quarters 34,476.8 1,310 38.00 35.99 40.11

≥9 quarters 55,489.8 1,544 27.82 26.47 29.25

Time since the latest surgery No surgery 681,800.0 12,741 18.69 18.37 19.01

Quarter 0 32,173.9 2,895 89.98 86.76 93.32

1–8 quarters 196,827.0 5,261 26.73 26.02 27.46

≥9 quarters 325,897.6 7,954 24.41 23.88 24.95

Time since the latest delirium diagnosis No diagnosis 1,207,336.0 24,710 20.47 20.21 20.72

Quarter 0 4,000.7 2,097 524.16 502.20 547.08

1–8 quarters 13,556.5 1,364 100.62 95.42 106.10

≥9 quarters 11,805.3 680 57.60 53.43 62.10

Time since the latest sepsis diagnosis by ICU stay in
quarter of sepsis diagnosis

No diagnosis, no
ICU stay

1,216,886.5 26,924 22.13 21.86 22.39

No diagnosis,
ICU stay

5,859.5 914 155.99 146.19 166.43

Quarter 0, no ICU
stay

1,679.8 372 221.45 200.05 245.14

1–8 quarters, no
ICU stay

4,880.8 256 52.45 46.40 59.29

9+ quarters no
ICU stay

4,817.6 169 35.08 30.17 40.79

Quarter 0, ICU
stay

392.2 105 267.74 221.13 324.18

1–8 quarters, ICU
stay

1,143.2 72 62.98 49.99 79.35

9+ quarters, ICU
stay

1,039.0 39 37.54 27.43 51.38

Total 1,236,698.5 28,851 23.33 23.06 23.60

Abbreviations: + = in person-years; AOK = Allgemeine Ortskrankenkasse; ICU = intensive care unit; LCI = 95% lower CI; UCI = 95% upper CI.
Source: Health claims data AOK 2004–2015.
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shows the hazard ratios by time since delirium and surgery. All
models were adjusted for comorbidities, age, and sex.

In model 1a, compared with cases without sepsis diagnosis,
the hazard ratio of dementia was significantly increased during
the quarter of sepsis diagnosis for both groups with (HR =
6.92, 95% CI: 5.72–8.39) and without ICU stay (HR = 6.06,
95% CI: 5.47–6.72). The effects remained significant, albeit at
a lower level, at 1–8 quarters after sepsis (with ICU: HR =
2.17, 95% CI: 1.72–2.74; without ICU: HR = 1.60, 95% CI:
1.41–1.81). There appeared to be no long-term effects of
sepsis diagnosis having taken place 9 or more quarters ago.

We find an altered pattern in model 2 after additionally
adjusting for time since the latest delirium diagnosis and sur-
gery. Compared with cases without sepsis diagnosis, the de-
mentia risk in the immediate quarter of sepsis was now highest
for persons without ICU stay (HR = 3.14, 95% CI: 2.83–3.49)
and lower for those with ICU stay (HR = 2.22, 1.83–2.70).
Medium-term effect continued to be significant (without ICU:
HR = 1.36, 95% CI: 1.20–1.54; with ICU: HR = 1.55, 95% CI:
1.23–1.96), whereas long-term effects are still nonexistent.

Model 1b explores the effect of delirium on dementia in-
cidence, which was highest in the immediate quarter of the
delirium diagnosis (HR = 10.81, 95% CI: 10.33–11.32) but
also remained significant, albeit at a lower level, in themedium
(HR = 2.33, 95% CI: 2.20–2.46) and longer term (HR = 1.43,
95% CI: 1.32–1.54). Controlling for sepsis, ICU stay, and
surgery, the effect of delirium was attenuated but remained
significant, with the highest HR in quarter 0 (HR = 7.36, 95%
CI: 7.01–7.73) and dropping off thereafter (model 2).

Model 1c shows the effect of surgeries on the risk of dementia.
Similar to sepsis and delirium, the hazard ratio of dementia
was significantly increased during the quarter of surgery
(quarter 0: HR = 3.66, 95% CI: 3.52–3.81) and 1–8 quarters

after surgery (HR = 1.13, 95% CI: 1.10–1.17). Effects slightly
attenuated in model 2.

Calculating the number needed to harm from a model that
distinguishes individuals who never had a sepsis from those
who ever had one, we arrived at a figure of 51 for the median
follow-up time of 7.625 years (table e-1, links.lww.com/NXI/
A350). This implies that 1 of 51 individuals having ever had
sepsis receives an incident dementia diagnosis.

To compare the mortality patterns between patients with and
without intensive care in the quarter of the sepsis diagnosis, we
used Kaplan-Meier survival curves (figure 3). Compared with
patients without ICU stay, the Kaplan-Meier-curve demon-
strated a stark survival disadvantage of those with ICU stay
during the quarter of the sepsis diagnosis. The parallel trajectory
of the survival curves in the following quarters, however, sug-
gested no long-term effect of ICU stay on mortality.

We performed sensitivity analyses using a subsample without
patients with a delirium diagnosis and a subsample without
patients with a delirium diagnosis, surgery, or ICU treatment
during the observation period to examine the robustness of
the results. We yielded consistent results for regression
models and Kaplan-Meier survival analysis (table e-2 and
figure e-1, links.lww.com/NXI/A350).

Discussion
Next to acute and negative symptoms of sepsis on cognition
and behavior, persistent cognitive deficits have been demon-
strated, and an increased risk of developing neurodegenera-
tive disorders has been postulated.14 Using a large sample of
claims data obtained from the largest German statutory health
insurance, we showed that as expected, delirium most fre-
quently preceded with diagnosis of dementia. Next followed
an independent effect of a prior diagnosis of sepsis, then a
prior occurrence of an ICU stay and a previous surgery. For all
of these clinical events, the incidence of dementia diagnosis
was highest in the quarter during which the respective clinical
event occurred. Thereafter incidence declined, but continued
to persist at a raised level up to 2 years. This may suggest that
the described clinical events all represent risk factors for a
relatively rapid cognitive decline, even reaching the level of
dementia within the first quarter.

A possible confounding factor could have been the higher
medical attention that patients having these conditions re-
ceived during hospitalization, and thus, previously un-
recognized dementia cases may have been identified for the
first time. Alternatively, clinical events such as perturbation of
cerebral homeostasis during sepsis, delirium, procedures
during ICU, or surgery may have accelerated clinically silent
cases of predementia syndromes, moreover, because age
represents the strongest risk factor for the development of
dementia and all included patients were aged 65 years or

Figure 2 Dementia incidence rates by time since sepsis
diagnosis and age

Source: Health claims data AOK 2004–2015; 95% CIs. AOK = Allgemeine
Ortskrankenkasse; ICU = intensive care unit.
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older. This is supported by our finding that the immediate
effect of sepsis on dementia diagnosis was largest among those
aged 85 years and older. Last, documented delirium does not
cover all cases of delirium, which actually occurred. Hence, the
effect of delirium, which was coded, was higher than that of
sepsis, which is not equivalent to the effect of delirium per se.
Further, the observation period of 2 years without a diagnosis
of either dementia or sepsis does not exclude the possibility
that a case of sepsis occurred prior to 2004. Nor does it
exclude a given claimant having had experienced previous
ICU stays or surgical procedures.

Precise pathologic mechanisms could not be identified by our
data set due to the diversity of microbial pathogens inducing
sepsis, the heterogeneity of pathogenetic mechanisms un-
derlying delirium,15 the divers interventions during an ICU
stay, or the different surgical procedures. Despite this, all 4
clinical events were subsequently associated with the in-
creased incidence of dementia either concurrently or there-
after. This is congruous with previous studies showing

increased incidence of cognitive decline and dementia after
sepsis,2,16,17 delirium,18–20 hospitalization for critical
illness,4,5,21 and cardiac and noncardiac surgery.22,23 Possible
mechanisms that may contribute to the sepsis-induced neu-
rocognitive deterioration may include compromised micro-
glial clearance function and subsequent accumulation of
cerebral beta-amyloid,24 inflammatory changes at the synapse
level25 or increased susceptibility to excitotoxic events after
exposure to bacterial lipopolysaccharide.26 It is important to
note that pathogenetic mechanisms have mostly been iden-
tified using rodent models, which in the case of sepsis share
only a minor number of molecular signaling mechanisms with
men.27 Thus, the underlying pathologic processes need to be
further explored in particular in humanized models or the
actual human cases itself. Of note, the incidence of dementia
diagnoses following the described clinical events progressively
lessened during the subsequent quarters, yet remained sig-
nificantly greater than that of the respective case controls up
to 2 years after the event. For delirium, the effect extended
even beyond this period.

Table 2 Cox proportional hazard models for the complete sample with outcome incidence of dementia diagnosis

Model 1a–c Model 2

HR p Value LCI UCI HR p Value LCI UCI

Time since the latest sepsis diagnosis by ICU stay in quarter 0

No diagnosis, no ICU (RG) 1 1

No diagnosis, ICU 4.70 0.000 4.40 5.02 1.93 0.000 1.80 2.08

Quarter 0, no ICU 6.06 0.000 5.47 6.72 3.14 0.000 2.83 3.49

1–8 quarters, no ICU 1.60 0.000 1.41 1.81 1.36 0.000 1.20 1.54

9+ quarters, no ICU 1.14 0.101 0.98 1.32 1.07 0.400 0.92 1.24

Quarter 0, ICU 6.92 0.000 5.72 8.39 2.22 0.000 1.83 2.70

1–8 quarters, ICU 2.17 0.000 1.72 2.74 1.55 0.000 1.23 1.96

9+ quarters, ICU 1.18 0.296 0.86 1.62 1.04 0.811 0.76 1.42

Time since the latest delirium diagnosis

No diagnosis (RG) 1 1

Quarter 0 10.81 0.000 10.33 11.32 7.36 0.000 7.01 7.73

1–8 quarters 2.33 0.000 2.20 2.46 2.29 0.000 2.16 2.42

9+ quarters 1.43 0.000 1.32 1.54 1.43 0.000 1.33 1.55

Time since the latest surgery

No surgery (RG) 1 1

Quarter 0 3.66 0.000 3.52 3.81 2.39 0.000 2.28 2.50

1–8 quarters 1.13 0.000 1.10 1.17 1.06 0.000 1.03 1.10

9+ quarters 1.03 0.053 1.00 1.06 1.01 0.536 0.98 1.04

Abbreviations: AOK = AllgemeineOrtskrankenkasse; HR = hazard ratio; ICU = intensive care unit; LCI = 95% lower CI; RG = reference group; UCI = 95%upper CI.
Source: Health claims data AOK 2004–2015; N = 161,567; all models adjusted for age, sex, cerebrovascular diseases, hypertension, diabetes, hypercholes-
terolemia, depression, and Parkinson disease;models 1a–c show the gross effect of the variable of interest unadjusted for the other information but adjusted
for age, sex, cerebrovascular diseases, hypertension, diabetes, hypercholesterolemia, depression, and Parkinson disease; model 2 shows the joint effects of
sepsis, ICU stay, delirium, and surgery.
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The comparison of different age clusters (65–74, 75–84, and
85+ years) revealed that dementia incidence after sepsis in-
creased by age and that the oldest cluster was at highest risk of
incidental dementia after sepsis, possibly indicating a con-
tributing factor of immune senescence or reduced compen-
satory mechanisms of the brain to cope with the sepsis-caused
challenge.28 Nevertheless, it seems important to note that the
risk of developing dementia and, in particular, Alzheimer
disease follows a similar age-dependent slope. When consid-
ering the decrease of incident dementia after the quarter of the
respective clinical event, one may have expected a longer
lasting effect of sepsis on the risk of developing dementia. One
reason why sepsis may not show a more obvious effect on the
incidence of dementia in the subsequent years may be the
increased mortality of patients after initially surviving sepsis,
which is in line with earlier epidemiologic studies of sepsis-
related mortality.29,30 Here, cases of hospitalization in an ICU
showed increased mortality as compared to sepsis cases,
which had not required intensive care. One underlying and
frequent reason for ICU admission during sepsis is the oc-
currence of a multiorgan failure, which may reflect the severity
of the infection,31 the frailty of the respective individual, and,
certainly, a higher risk of cerebral involvement.32 The results
may indicate a selection effect, with less cognitive-impaired
and less frail individuals being healthy enough to survive the
rigors of intensive care. Either way it is remarkable that sepsis
increases mortality immediately in its aftermath but has no
medium- and long-term consequences on survival.

One major methodological problem is to cleanly separate the
effects of delirium, sepsis, and underlying acute or chronic
diseases.20,33,34 However, the effect of sepsis on dementia risk
in our data was independent of other critical events, age, sex,
or comorbidities. In sensitivity analyses excluding patients

with a delirium diagnosis, as a strong driver for dementia risk,
we yielded consistent results for sepsis. Another problem is
that we cannot differentiate between primary degenerative,
progressive, and irreversible cognitive decline and potentially
reversible dementia of secondary origin. The latter may be
caused by physical diseases or injuries.35 For example, dis-
tinguishing delirium from dementia can be difficult.36 If such
reversible dementia is assigned to one of the dementia di-
agnoses included in our study and persists over a longer pe-
riod, our validation procedure may define these cases as valid
dementia cases. Using the subsample without patients with
delirium diagnosis, surgery or ICU treatment may partly ex-
clude cases with potentially reversible dementia due to these
critical events. Again, we yielded consistent results for sepsis.

The primary objectives of administrative health claims data
are cost reimbursement and calculation, with implications for
secondary data analyses. Not every diagnosis is relevant for
the purposes of cost calculation. Thus, a patient’s cognitive
impairment or mild dementia might not be documented if no
further treatment is given. The incidence of dementia will
certainly be biased to higher ages, when the symptoms of the
disease become more obvious.10 We thus cannot explore
premorbid cognitive data as long as there is no diagnosis.
Hence, it is difficult to disentangle whether such patients may
in fact have had preexisting cognitive impairments or gener-
ally lower cognitive abilities before the major event, poten-
tially even leading to a higher risk of admission to ICU or
diagnoses such as sepsis or delirium. Our results may partly
reflect such reverse causality.36–38 Preliminary analyses with
sepsis diagnosis as the dependent variable revealed that ever
experiencing a dementia diagnosis during the observation
period is associated with an increased risk of incident sepsis
diagnosis (results available on request), indicating such

Figure 3 Kaplan-Meier survival analysis for cases and controls

Zero signifies date of sepsis before censoring for
cases and index date for controls (N = 14,188).
Source: Health claims data AOK 2004–2015; nno

sepsis = 7,094 nsepsis, no ICU = 5,318 nsepsis, ICU =
1,776. AOK = Allgemeine Ortskrankenkasse; ICU
= intensive care unit.
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bidirectional relationships. Delirium is known to be under-
coded in administrative data using ICD, ninth edition or ICD-
10 criteria compared with data using, e.g., Diagnostic and
Statistical Manual of Mental Disorders, Fourth Edition
criteria.39,40 Delirium diagnoses, particularly in severe cases,
are most often made in the inpatient setting where we are not
able to define the specific type of physician who made the
diagnosis. In general, such a diagnostic code is made either by
a neurologist or psychiatrist. Furthermore, we are not able to
define the severity of sepsis. Health claims data do not include
clinical parameters, and clinical sepsis codes (R65.0! for sepsis
and R65.1! for severe sepsis in 2005; R57.2 for septic shock in
2010) were introduced later and may not have been used
consistently over time. In our study, we used ICD code A41,
which may be associated with an underestimation of sepsis
cases, but with a high positive predictive value.41,42

We are not able to explore the association between sepsis and a
specific dementia type. Health claims data do not represent the
actual distribution of specific dementia diagnoses. In the AOK
data, 45%–50% of the dementia diagnoses were of unspecified
dementia, and only 27% of dementia cases were diagnoses of
Alzheimer disease dementia. That is in contrast to the prevalence
of Alzheimer disease dementia (60%–80%) in epidemiologic
studies.43 The significantly different distributions by etiology
compared with population-based cohort studies result from the
lack of standardized criteria of diagnoses in claims data. Themain
reason for the different diagnosis pattern is that about 42% of
dementia diagnoses are made by general practitioners, who are
unable to identify the exact etiology of the disease.44 This is
primarily attributable to the fact that in contrast to specialist care,
general practitioners are not obliged to code the complete 5-digit
ICD-10 code. Furthermore, often, computer-based practice in-
formation systems only require a documentation of 3 digits and
add a “.9” for unspecified types of a disease.45 But even specialists
such as neurologists and psychiatrists have been shown to classify
31% of their patients with dementia as having unspecified de-
mentia.44 However, recent research revealed that single di-
agnoses of dementia disease, such as Alzheimer disease, become
rarer with advancing age and that mixed pathologies prevail.46

We therefore used an overall indicator for dementia.

Dementia diagnoses in medical claims data are neither specific
nor standardized, and a claims-based definition of dementia and
other diagnoses is not the same as prospective clinical assessment.
However, the prevalence and incidence based on AOK claims
data fit well with other national and international studies.9,10

Furthermore, using formal medical diagnoses prevents recall bias
by the patient. Health claims data do not provide lifestyle and
medical information, such as intensity of former or current to-
bacco use, dietary habits, or body mass index, which could po-
tentially affect the association between sepsis and dementia.

We analyzed a nationwide population-based data set with a
large sample size that allowed investigating the relationship
between sepsis and dementia. The analysis of health claims
data avoids potential biases that often occur in population-

based surveys. There is no bias arising from response behavior
or self-selection, selection by the health care provider, or the
study design. In particular, community dwelling and people
living in nursing homes are included, with the latter usually
missing in surveys. All of the data were legally made available
in anonymous form, thereby eschewing any selection bias due
to active volunteerism. In addition, medical diagnoses were
documented, preventing recall bias by individual participants,
and were validated, avoiding use of false-positive diagnoses.

Our observational study showed that for up to 2 years after
sepsis, incidents of dementia doubled and even tripled com-
pared with those without sepsis, after accounting for other
clinical events, such as delirium. Hence, incident dementia may
be precipitated by or perhaps even induced by sepsis, in addi-
tion to or in combination with other clinical events such as
delirium, surgery, and/or intensive care stay. To our knowledge,
this independent effect has not been shown for sepsis diagnosis
until now. Further research using primary data analysis will
need to consider factors ameliorating or rescuing patients from
cognitive decline and dementia following these events. Focus
should rest on medical therapies and interventions, premorbid
cognitive ability, including cognitive reserve, psychiatric illness,
physical rehabilitation and after care, and potential confluences
of causal factors sepsis and delirium and neurodegeneration.
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Abstract
Objective
To examine whether lifelong genetically increased serum urate levels, a potent antioxidant,
contribute to MS susceptibility using Mendelian randomization (MR).

Methods
This 2-sample MR study included 25 independent genetic variants strongly associated with
serum urate levels in a genome-wide association study meta-analysis of 140,949 individuals.
Effects on the risk of MS were assessed with summary statistics from 3 large-scale MS genetic
data sets totaling 61,667 MS cases and 86,806 controls from the International MS Genetic
Consortium. Multiple sensitivity analyses were performed to evaluate the assumptions of MR
and remove potentially pleiotropic variants.

Results
Using inverse-variance weighted MR, we found no evidence for a causal effect of serum urate
level on the risk of MS in any of the cohorts (MS1: OR 0.99 per each mg/dL unit increase in
urate, 95% CI 0.89–1.08, p = 0.76; MS2: OR = 0.99, 95% CI 0.89–1.11, p = 0.90; MS3: OR =
1.00, 95% CI 0.98–1.2, p = 0.91). Pleiotropy robust MR methods yielded consistent estimates.

Conclusion
This MR study does not support a clinically relevant causal effect of serum urate levels on the
risk of MS.
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Urate, the anionic form of uric acid, is the final metabolite
of purine metabolism in humans. Urate acts as a potent free
radical scavenger and accounts for 60% of the antioxidant
capacity in plasma.1 Evidence involving oxidative stress in
the pathogenesis of MS2 and proposed neuroprotective
effects of urate1 have motivated the investigation into the
role of urate in MS. Indeed, an early population study
revealed lower than predicted co-occurrence of MS and
gout, a condition characterized by hyperuricemia.3 In ad-
dition, several case-control studies3–12 and 2 meta-
analysis13,14 have reported lower serum urate levels in in-
dividuals with MS compared with healthy controls and
other neurologic disorders. These data have led to the
hypothesis that elevated serum urate may be protective
against the development of MS. However, other case-
controls studies have demonstrated discordant
findings,15–17 with 1 prospective study suggesting that the
association between lower serum urate and higher risk of
MS could be due to bias from reverse causality.18 In addi-
tion, observational studies are also susceptible to residual
confounding, which further limits causal inference.

Although randomized clinical trials would be ideal to pro-
vide evidence for or against a causal role for urate in MS, the
few that have been performed have focused on disease
outcomes among patients with MS rather than testing the
proposed preventive effects.19–21 The latter question has
population-wide implications, but such a trial would re-
quire prohibitively large sample sizes followed for an ex-
tended period of time and is probably not feasible.
Therefore, the role of urate in the risk of developing MS
remains unclear.22

In the absence of such experimental evidence, Mendelian
randomization (MR) can provide an alternative approach for
causal inference.MR uses genetic associations to investigate the
causal effect of a risk factor on an outcome.23 This approach
greatly reduces the likelihood of residual confounding because
these genetic variants are randomly assigned at conception and
relatively independent of socioeconomic and lifestyle charac-
teristics that could bias transitional observational studies.24 The
fact that genotypes are not modifiable by disease onset also
limits reverse causality.23 Serum urate levels show a large her-
itable component estimated at 40%–60%.25 As such, several
genetic loci have been robustly associated with serum levels,
including variants in urate transporters.26 This makes MR
ideally suited to resolve questions of causality involving serum
urate levels, as recently shown in Parkinson disease.27

In this article, we aimed to assess whether genetic pre-
disposition toward lifelong higher serum urate levels alters the
risk of developing MS. For this analysis, we undertook a
2-sample MR approach in 3 large genetic studies of MS sus-
ceptibly with up to 61,667 MS cases and 86,806 controls.

Methods
Genetic variants associated with serum urate
We identified genetic variants reliably associated with serum
urate levels in a large genome-wide association study meta-
analysis of up to 140,949 individuals from 48 cohorts.26 De-
tails of serum urate measurement for each of the cohorts have
been described previously by the Global Urate Genetic
Consortium (GUGC).26 Summary statistics were retrieved
for 29 single nucleotide polymorphisms (SNPs), which were
genome-wide significant in the meta-analysis. The effect of
each allele on serum urate levels is presented in mg/dL and
adjusted for age, sex, and study-specific covariates. To miti-
gate bias from population stratification,28 all effect estimates
were derived from individuals of European ancestry. We cal-
culated linkage disequilibrium (LD) between each pair of
variants to ensure that they are not correlated (r2 < 0.01) as
this can lead to biasedMR estimates.29 We also excluded from
analysis variants within the extended major histocompatibility
complex (MHC) region, defined as base positions 24,000,000
to 35,000,000 on chromosome 6 (GRCh37).30 This is be-
cause the strength of the association of this region with MS
and its complex LD structure renders it susceptible to hori-
zontal pleiotropy and violation of the MR assumptions.

MS genetic data
For each genetic variant associated with serum urate levels, we
obtained corresponding effect estimates on MS susceptibility
using summary statistics from 3 MS genetic studies by the In-
ternational MS Genetics Consortium (IMSGC) and totaling
148,473 individuals (61,667MS cases and 86,806 controls).30–32

Participants for each data set are presented in the table. The first
data set (MS1) corresponds to the discovery cohort of the latest
IMSGC meta-analysis and contains more than 8 million geno-
typed and imputed variants.30 The 2 remaining data sets are
identified by the genotyping array used for the majority of
participants, namely the Immunochip32 (MS2) and ExomeChip
(MS3).31 The former corresponds to the discovery cohort of
IMSGC et al. 201332 and lists 161,312 markers. The latter is the
combined cohort from IMSGC et al. 2018,31 which focused on
low frequency and rare variants (173,746 markers).

Glossary
GIANT = Genetic Investigation of Anthropometric Traits; GUGC = Global Urate Genetic Consortium; IMSGC =
International Multiple Sclerosis Genetics Consortium; IVW = inverse-variance weighted; MHC = major histocompatibility
complex;MR = Mendelian randomization;MR-PRESSO = Mendelian Randomization Pleiotropy RESidual Sum and Outlier;
SNP = single nucleotide polymorphism; LD = linkage disequilibrium.
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Table Characteristics of the genetic variants included in the Mendelian randomization analysis and their corresponding effects in the MS genetic data sets

SNP Nearest gene Urate increasing allele Other allele

Urate effects
(140,949
individuals)

MS1 effects (14,802
cases and 26,703
controls)

MS2 effects (14,498 cases and 24,091
controls)

MS3 effects (32,367 cases and 36,012
controls)

Betaa SE Betab SE Betab SE Proxy SNP r 2 Betab SE Proxy SNP r 2

rs10480300 PRKAG2 T C 0.035 0.006 −0.023 0.018 0.021 0.018 rs10224002 0.88 0.001 0.003 rs7805747 0.99

rs10821905 A1CF A G 0.057 0.007 0.029 0.021 NA NA NA NA NA NA NA NA

rs11264341 TRIM46 C T 0.050 0.006 −0.036 0.017 −0.027 0.017 NA NA NA NA NA NA

rs1171614 SLC16A9 C T 0.079 0.007 −0.005 0.019 NA NA NA NA NA NA NA NA

rs1178977 BAZ1B A G 0.047 0.007 −0.018 0.021 −0.029 0.021 rs17145713 1.00 −0.010 0.004 rs17145713 1.00

rs12498742 SLC2A9 A G 0.373 0.006 0.002 0.018 0.003 0.019 rs737267 0.90 0.002 0.003 rs734553 0.90

rs1260326 GCKR T C 0.074 0.005 −0.009 0.016 −0.005 0.017 NA NA 0.005 0.003 NA NA

rs1394125 UBE2Q2 A G 0.043 0.006 −0.024 0.018 NA NA NA NA −0.008 0.003 NA NA

rs1471633 PDZK1 A C 0.059 0.005 −0.031 0.018 NA NA NA NA 0.004 0.004 rs12129861 0.61

rs17050272 INHBB A G 0.035 0.006 0.004 0.016 NA NA NA NA NA NA NA NA

rs17632159 TMEM171 G C 0.039 0.006 −0.006 0.017 NA NA NA NA NA NA NA NA

rs17786744 STC1 G A 0.029 0.005 −0.007 0.016 NA NA NA NA −0.002 0.003 rs10109414 0.97

rs2078267 SLC22A11 C T 0.073 0.006 0.035 0.017 0.011 0.017 rs17300741 0.96 −0.004 0.003 NA NA

rs2079742 BCAS3 T C 0.043 0.008 −0.012 0.022 NA NA NA NA 0.001 0.004 rs9895661 0.61

rs2231142 ABCG2 T G 0.217 0.009 0.004 0.024 −0.007 0.027 NA NA NA NA NA NA

rs2307394 ORC4L C T 0.029 0.005 −0.002 0.016 −0.003 0.018 rs3768687 0.98 0.006 0.003 NA NA

rs2941484 HNF4G T C 0.044 0.005 −0.029 0.017 NA NA NA NA NA NA NA NA

rs3741414 INHBC C T 0.072 0.007 −0.006 0.018 −0.008 0.019 NA NA −0.006 0.004 rs2229357 1.00

rs478607 NRXN2 G A 0.047 0.007 −0.003 0.021 NA NA NA NA −0.008 0.005 rs12273892 0.97

rs6598541 IGF1R A G 0.043 0.006 −0.003 0.016 NA NA NA NA 0.004 0.003 rs4966020 0.93

rs6770152 SFMBT1 G T 0.044 0.005 0.038 0.017 0.039 0.017 rs9847710 0.99 NA NA NA NA

rs7188445 MAF G A 0.032 0.005 0.045 0.017 NA NA NA NA 0.011 0.008 rs17767419 0.94

rs7193778 NFAT5 C T 0.046 0.008 0.017 0.023 NA NA NA NA NA NA NA NA

rs7224610 HLF C A 0.042 0.005 −0.008 0.016 −0.032 0.017 rs3829578 0.70 NA NA NA NA
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All participants were of European ancestry. For each SNP, the
effect size onMS susceptibility was aligned with respect to the
urate increasing allele. All genetic data sets reported alleles on
the forward strand, except the Immunochip data for which
strand mismatches were reconciled. No palindromic variants
were present. Participant overlap between the GUGC and
IMSGC data sets was negligible and limited to controls (1.0%
for MS1) or absent (MS2 and MS3), meaning that no bias
should have been introduced.33 When urate-associated vari-
ants were not present in either of the MS genetic data sets, we
identified a proxy SNP in LD (r2 > 0.6) using PLINK v1.934

and samples of European ancestry from 1000 Genomes
phase 3.35

MR analysis
For each of the MS data sets separately, we performed an
inverse-variance weighted (IVW) 2-sample MR to estimate
the effect of a genetically related unit increase in plasma urate
levels (in mg/dL) on the odds of MS, using previously de-
scribed methods.36,37 In brief, we weighted the effect of each
variant on MS susceptibility by its effect on serum urate using
theWald ratio method.37 These individual MR estimates were
then combined into a summary measure using random effect
meta-analysis with inverse-variance weighting. There is no
participant overlap between the MS1 and MS2 cohorts, but
there is at least partial overlap between the MS2 and MS3
study samples.38 Therefore, we combined the IVW MR re-
sults from theMS1 andMS2 data sets (but notMS3) in a fixed
effect meta-analysis. To ensure that the overall MR results
were not driven by any particular variant, we iteratively re-
moved each SNP and recalculated the IVW MR estimate in
each of the data sets.

A fundamental assumption of MR is that the genetic variants
associated with the exposure phenotype (serum urate) must
not affect the risk of the outcome phenotype (MS) through
independent pathways. Presence of such pathways is known
as horizontal pleiotropy and can bias the MR estimates. For
each of theMS data sets, we investigated the robustness of our
main results to pleiotropy by applying 3 established MR
sensitivity methods with complementary attributes.39 First,
we formally examined for overall horizontal pleiotropy using
the MR pleiotropy residual sum and outlier (MR-PRESSO)
Global test.38 This method compares the observed distance of
all variants to the regression line of the SNP-outcome effects
on SNP-exposure effects with the expected distance under the
null hypothesis of no horizontal pleiotropy. We also applied
the MR-PRESSO outlier test using the imputed MS1 data set
to identify and exclude from all analyses outlier and thus
potentially pleiotropic variants.38 Second, we applied MR-
Egger regression, a weighted linear regression of the SNP-
outcome effects on the SNP-exposure effects allowing for the
intercept to be estimated.40 This intercept provides a measure
of average pleiotropic bias. The slope coefficient gives an
unbiased estimate even in the presence of pleiotropic effects,
as long as the size of these pleiotropic effects is independent of
the effect of the SNP on the exposure. Third, we performed aTa
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weighted median analysis, which provides consistent esti-
mates robust to the presence of pleiotropy in a subset (<50%)
of the variants.41 In addition, we inspected funnel plots of the
individual MR estimates against their precision.42 Asymmetry
on this plot is indicative of directional horizontal pleiotropy.40

All statistical analyses were performed in R (version 3.6.0).
The alpha level for statistical significance was set to 0.05.

Standard protocol approvals, registrations,
and patient consents
The data sources used in this study (GUGC and IMSGC)
obtained informed consent from all participants.26,30–32 Sep-
arate institutional review board approval was not required for
this study.

Data availability
Summary level genetic data for serum urate levels and MS
susceptibility are publicly available through their respective
consortia. In addition, the data used to generate the main
results are available in the table

Results
Selection of genetic variants
Of the 29 genome-wide significant variants for serum urate in
the GUGC meta-analysis, none were in LD. We excluded a
single SNP in the extended MHC region (rs1165151 in
SLC17A1), leaving 28 variants. Next, we applied the MR-
PRESSO outlier test using the MS1 data set and identified 3
potentially pleiotropic variants (rs642803 near OVOL1,
rs653178 near ATXN2, and rs675209 near RREB1). These
were excluded from all subsequent analyses. We estimated the
remaining 25 variants to explain approximately 6.7% of the
variance in serum urate levels, with 3.4% explained by
SLC2A9 and ABCG2 alone.26 All 25 urate-associated variants
were available in the MS1 data set for assessing the genetic
association with MS susceptibility. Both MS2 (using Immu-
nochip) and MS3 (using Exome Chip) studies have lower
genome coverage and no imputed variants. Therefore, we
were able to identify 11/25 variants in MS2, 4 directly present
and 7 via proxies (median r2 = 0.96), as well as 15/25 variants
in MS3, 4 directly present and 11 via proxies (median r2 =
0.94). The list of variants and proxies for each data set can be
found in the table

MR analysis
The main IVW MR analysis did not provide evidence for a
causal effect of serum urate levels on odds of MS in either of
the MS data sets (MS1: OR per each mg/dL unit increase in
serum urate was 0.99, 95% CI 0.89–1.08; MS2: OR = 0.99,
95% CI 0.89–1.11; MS3 OR = 1.00, 95% CI 0.98–1.2).
Similarly, meta-analysis of the MS2 and MS3 results in a null
effect with narrow CI (OR = 0.99, 95% CI 0.92–1.06) and no
heterogeneity (Q = 0.01, p = 0.91; I2 = 0%). These results
remained consistent after iteratively removing each individual

SNP from the IVWMR analysis (figures e-1 to e-3, links.lww.
com/NXI/A349), including the strongest variants near
SLC2A9 and ABCG2.

There was weak evidence of horizontal pleiotropy on theMR-
PRESSO Global test (p = 0.051) using the more complete
MS1 data set. Similarly, the MR-Egger intercept was centered
around the null and showed no evidence of directional plei-
otropy across all MS case-control studies (MS1: intercept
−0.01, p = 0.41; MS2: intercept −0.003, p = 0.73; MS3: in-
tercept −0.001, p = 0.73). The pleiotropy robust methods
(weighted median and MR-Egger) yielded effect estimates
consistent with the main finding across all samples (figure 1).
In addition, the funnel plots for each variant were symmetric
and provided no evidence of directional horizontal pleiotropy
(figure 2).

Discussion
In this study, we investigated the causal relationship between
serum urate levels andMS susceptibility, using a 2-sampleMR
design in 3 MS case-control studies with a cumulative sample
size of 148,473 individuals (61,667 MS cases and 86,806
controls). The main results consistently found no effect of
lifelong genetically related differences in urate levels on the
risk of developing MS. The narrow CIs around this null effect
afforded by our large sample size provide strong evidence
against any clinically relevant influence. In addition, we ap-
plied several sensitivity analyses, each with different un-
derlying assumptions, which found no evidence of pleiotropy
and further reinforce the validity of the results. This suggests
that the previously reported association between serum urate
and MS risk could be attributed to residual confounding, re-
verse causality, or both.

Our findings conflict with the results of most case-control
studies conducted on serum urate and MS. A previous study
reported lower serum urate levels in MS when compared to
noninflammatory neurologic disease controls. The same study
also found that the rate of MS and gout co-occurrence was
lower than expected by chance. A more recent meta-analysis of
1308MS cases and 908 controls similarly reported lower serum
urate levels inMS.14However, there was considerable between-
study heterogeneity,14 and a recent umbrella review classified
the evidence for an association between serum urate levels and
MS as Class IV (weak).22 Importantly, those studies used urate
measurements in prevalent MS cases. Therefore, they cannot
determine whether the decrease in serum levels precedes MS
onset or is a consequence thereof, rendering them susceptible
to bias from reverse causality. In contrast, a small prospective
case-control study, which measured serum urate levels years
before MS symptom onset, found no association with the risk
ofMS.18 The same study also observed lower urate levels as the
interval between sample collection and MS symptom onset
decreased.18 In combination, these findings are consistent with
the interpretation that higher serum urate levels are not
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protective against MS, but rather a consequence of the MS
disease process. This is in line with the results from our MR
approach, which is robust to reverse causality. In addition, using
genetic proxies of urate levels lowers the risk of confounding
fromdiet and body weight, which were not routinely accounted
for in previous observational studies.14

Indeed, serum urate levels are modulated in part by dietary
purine consumption, particularly the intake of purine-rich
food groups such as meat, seafood, and alcohol.43 In addition,
obesity is a risk factor for the development of hyperuricemia,

whereas weight loss in that group results in serum urate level
reduction.43 That said, a recent study combining food fre-
quency questionnaire and genetic data from 5 US cohorts
found that dietary patterns explained only 4.3% of variation in
serum urate levels, whereas common genetic variants
explained 23.9% (of which 7.9% was captured by the genome-
wide significant SNPs included in the present study).44

Our study did not address the separate question of whether
serum urate levels influence MS disease course. This has been
explored in 3 small randomized clinical trials in relapsing-

Figure 2 Funnel plots of the individual MR estimates against their precision in each of the MS cohorts

IVW = inverse-variance weighted; MR = Mendelian randomization; SE = standard error.

Figure 1 Forest plot of the main MR estimates and sensitivity analyses for each of the MS data sets

The combined MS1 and MS2 data set IVW MR
results were obtained after fixed-effects meta-
analysis. IVW = inverse-variance weighted; MR =
Mendelian randomization.
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remitting MS using inosine, an oral precursor of urate, which
increases it serum levels.19–21 A first small study in 16 patients
reported an improvement in EDSS scores at 1 year with
inosine treatment compared with placebo.19 However, 2
subsequent clinical trials in 36 and 159 patients with
relapsing-remitting MS, of 1- and 2-year duration, re-
spectively, compared the combination of interferon β and
inosine vs interferon β with placebo and did not found any
effect on disability or other clinical and MRI metrics.20,21

These results are not directly comparable to our research
findings.

Our study has some limitations. First, while the use of
summary statistics in a 2-sample MR design maximized
statistical power, it precluded sex-stratified analyses. How-
ever, despite women having generally lower serum urate
levels, the association with MS in case-control studies was
similar between sexes.14 Second, this study did not differ-
entiate between MS subtypes. Although a small study
reported higher serum urate levels in 11 primary progressive
MS cases compared with other subtypes,45 others have
found no difference.13 Third, the estimates reported in our
study assume a linear effect between the risk factor and
outcome. Last, the possibility of horizontal pleiotropy
cannot be entirely excluded. Nevertheless, we undertook
several sensitivity analyses, which found no evidence of
pleiotropy. In addition, we excluded variants in the MHC
region and those showing outlier effects using an established
method.

In conclusion, we provide strong evidence against a causal
effect of serum urate levels on the risk of MS. This helps
inform the role of this metabolite in MS pathogenesis and
indicates that approaches to increase urate levels would not be
effective in preventing disease while potentially leading to
adverse events.
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du Québec—Santé (FRQS). J.B. Richards is funded by an
FRQS Clinical Research Scholarship and received research
support from the NMSS and the MSSC. TwinsUK is funded
by the Wellcome Trust, Medical Research Council, European
Union, the National Institute for Health Research (NIHR)-
funded BioResource, Clinical Research Facility and Bio-
medical Research Centre based at Guy’s and St Thomas’NHS
Foundation Trust in partnership with King’s College London.

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

Publication history
Received by Neurology: Neuroimmunology & Neuroinflammation
May 3, 2020. Accepted in final form October 2, 2020.

References
1. Petruzzo M, Moccia M. Time to reconsider urate: neuroprotective potential may

prevail on cardiovascular risk in animal models and clinical trials. EBioMedicine 2018;
37:5–6.

2. Gilgun-Sherki Y, Melamed E, Offen D. The role of oxidative stress in the pathogenesis
of multiple sclerosis: the need for effective antioxidant therapy. J Neurol 2004;251:
261–268.

3. Hooper DC, Spitsin S, Kean RB, et al. Uric acid, a natural scavenger of peroxynitrite, in
experimental allergic encephalomyelitis and multiple sclerosis. Proc Natl Acad Sci U S
A 1998;95:675–680.

4. Toncev G, Milicic B, Toncev S, Samardzic G. Serum uric acid levels in multiple
sclerosis patients correlate with activity of disease and blood-brain barrier dysfunction.
Eur J Neurol 2002;9:221–226.

5. Sotgiu S, Pugliatti M, Sanna A, et al. Serum uric acid and multiple sclerosis. Neurol Sci
2002;23:183–188.

6. Spitsin S, Hooper DC, Mikheeva T, Koprowski H. Uric acid levels in patients with
multiple sclerosis: analysis in mono- and dizygotic twins. Mult Scler 2001;7:165–166.

7. Rentzos M, Nikolaou C, Anagnostouli M, et al. Serum uric acid and multiple sclerosis.
Clin Neurol Neurosurg 2006;108:527–531.

8. Peng F, Zhang B, Zhong X, et al. Serum uric acid levels of patients with multiple
sclerosis and other neurological diseases. Mult Scler 2008;14:188–196.

9. Zamani A, Rezaei A, Khaeir F, Hooper DC. Serum and cerebrospinal fluid uric acid
levels in multiple sclerosis patients. Clin Neurol Neurosurg 2008;110:642–643.

10. Dujmovic I, Pekmezovic T, Obrenovic R, et al. Cerebrospinal fluid and serum uric acid
levels in patients with multiple sclerosis. Clin Chem Lab Med 2009;47:848–853.

11. Zoccolella S, Tortorella C, Iaffaldano P, et al. Low serum urate levels are associated to
female gender in multiple sclerosis patients. PLoS One 2012;7:e40608.

12. Moccia M, Lanzillo R, Palladino R, et al. Uric acid: a potential biomarker of multiple
sclerosis and of its disability. Clin Chem Lab Med 2015;53:753–759.

13. Liu B, Shen Y, Xiao K, Tang Y, Cen L, Wei J. Serum uric acid levels in patients with
multiple sclerosis: a meta-analysis. Neurol Res 2012;34:163–171.

14. Wang L, Hu W, Wang J, Qian W, Xiao H. Low serum uric acid levels in patients with
multiple sclerosis and neuromyelitis optica: an updated meta-analysis. Mult Scler
Relat Disord 2016;9:17–22.

15. Mostert JP, Ramsaransing GS, Heersema DJ, Heerings M, Wilczak N, De Keyser J.
Serum uric acid levels and leukocyte nitric oxide production in multiple sclerosis
patients outside relapses. J Neurol Sci 2005;231:41–44.

16. Kastenbauer S, Kieseier BC, Becker BF. No evidence of increased oxidative degra-
dation of urate to allantoin in the CSF and serum of patients with multiple sclerosis.
J Neurol 2005;252:611–612.

17. Amorini AM, Petzold A, Tavazzi B, et al. Increase of uric acid and purine compounds
in biological fluids of multiple sclerosis patients. Clin Biochem 2009;42:1001–1006.

Appendix Authors

Name Location Contribution

Adil
Harroud,
MD

University of California
San Francisco, San
Francisco

Designed and conceptualized
the study; acquisition of the
data; analyzed the data;
interpreted the data; and
drafted the manuscript for
intellectual content

J. Brent
Richards,
MD MSc

McGill University,
Montreal, Canada

Interpreted the data and
revised the manuscript for
intellectual content

Sergio E.
Baranzini,
PhD

University of California
San Francisco, San
Francisco

Designed and conceptualized
the study; interpreted the
data; and drafted the
manuscript for intellectual
content

Neurology.org/NN Neurology: Neuroimmunology & Neuroinflammation | Volume 8, Number 1 | January 2021 7

https://nn.neurology.org/content/8/1/e920/tab-article-info
http://neurology.org/nn


18. Massa J, O’Reilly E, Munger KL, Delorenze GN, Ascherio A. Serum uric acid and risk
of multiple sclerosis. J Neurol 2009;256:1643–1648.

19. Markowitz CE, Spitsin S, Zimmerman V, et al. The treatment of multiple sclerosis
with inosine. J Altern Complement Med 2009;15:619–625.

20. Munoz Garcia D, Midaglia L, Martinez Vilela J, et al. Associated Inosine to interferon:
results of a clinical trial in multiple sclerosis. Acta Neurol Scand 2015;131:405–410.

21. Gonsette RE, Sindic C, D’Hooghe MB, et al. Boosting endogenous neuroprotection
in multiple sclerosis: the ASsociation of Inosine and Interferon beta in relapsing-
remitting Multiple Sclerosis (ASIIMS) trial. Mult Scler 2010; 16: 455–462.

22. Li X, Meng X, Timofeeva M, et al. Serum uric acid levels and multiple health out-
comes: umbrella review of evidence from observational studies, randomised con-
trolled trials, and Mendelian randomisation studies. BMJ 2017;357:j2376.

23. Smith GD, Ebrahim S. “Mendelian randomization”: can genetic epidemiology con-
tribute to understanding environmental determinants of disease? Int J Epidemiol
2003;32:1–22.

24. Smith GD, Lawlor DA, Harbord R, Timpson N, Day I, Ebrahim S. Clustered envi-
ronments and randomized genes: a fundamental distinction between conventional
and genetic epidemiology. PLoS Med 2007;4:e352.

25. Krishnan E, Lessov-Schlaggar CN, Krasnow RE, Swan GE. Nature versus nurture in
gout: a twin study. Am J Med 2012;125:499–504.

26. Kottgen A, Albrecht E, Teumer A, et al. Genome-wide association analyses identify 18
new loci associated with serum urate concentrations. Nat Genet 2013;45:145–154.

27. Kia DA, Noyce AJ, White J, et al. Mendelian randomization study shows no causal
relationship between circulating urate levels and Parkinson’s disease. Ann Neurol
2018;84:191–199.

28. Price AL, Zaitlen NA, Reich D, Patterson N. New approaches to population strati-
fication in genome-wide association studies. Nat Rev Genet 2010;11:459–463.

29. Burgess S, Scott RA, Timpson NJ, Davey Smith G, Thompson SG, Consortium EI.
Using published data in Mendelian randomization: a blueprint for efficient identifi-
cation of causal risk factors. Eur J Epidemiol 2015;30:543–552.

30. International Multiple Sclerosis Genetics Consortium. Multiple sclerosis genomic
map implicates peripheral immune cells and microglia in susceptibility. Science 2019;
365:eaav7188.

31. International Multiple Sclerosis Genetics Consortium. Low-frequency and rare-
coding variation contributes to multiple sclerosis risk. Cell 2018;175:1679–1687 e7.

32. International Multiple Sclerosis Genetics Consortium; Beecham AH, Patsopoulos
NA, Xifara DK, et al. Analysis of immune-related loci identifies 48 new susceptibility
variants for multiple sclerosis. Nat Genet 2013;45:1353–1360.

33. Burgess S, Davies NM, Thompson SG. Bias due to participant overlap in two-sample
Mendelian randomization. Genet Epidemiol 2016; 40: 597–608.

34. Chang CC, Chow CC, Tellier LC, Vattikuti S, Purcell SM, Lee JJ. Second-generation
PLINK: rising to the challenge of larger and richer datasets. Gigascience 2015;4:7.

35. 1000 Genomes Project Consortium, Auton A, Brooks LD, Durbin RM, et al. A global
reference for human genetic variation. Nature 2015;526:68–74.

36. Dastani Z, Hivert MF, Timpson N, et al. Novel loci for adiponectin levels and their
influence on type 2 diabetes and metabolic traits: a multi-ethnic meta-analysis of
45,891 individuals. PLoS Genet 2012;8:e1002607.

37. Lawlor DA, Harbord RM, Sterne JA, Timpson N, Davey Smith G. Mendelian ran-
domization: using genes as instruments for making causal inferences in epidemiology.
Stat Med 2008;27:1133–1163.

38. Verbanck M, Chen CY, Neale B, Do R. Detection of widespread horizontal pleiotropy
in causal relationships inferred from Mendelian randomization between complex
traits and diseases. Nat Genet 2018;50:693–698.

39. Hemani G, Bowden J, Davey Smith G. Evaluating the potential role of pleiotropy in
Mendelian randomization studies. Hum Mol Genet 2018;27:R195–R208.

40. Bowden J, Davey Smith G, Burgess S. Mendelian randomization with invalid in-
struments: effect estimation and bias detection through Egger regression. Int J Epi-
demiol 2015;44:512–525.

41. Bowden J, Davey Smith G, Haycock PC, Burgess S. Consistent estimation in men-
delian randomization with some invalid instruments using a weighted median esti-
mator. Genet Epidemiol 2016;40:304–314.

42. Egger M, Davey Smith G, Schneider M, Minder C. Bias in meta-analysis detected by a
simple, graphical test. BMJ 1997;315:629–634.

43. Torralba KD, De Jesus E, Rachabattula S. The interplay between diet, urate trans-
porters and the risk for gout and hyperuricemia: current and future directions. Int J
Rheum Dis 2012;15:499–506.

44. Major TJ, Topless RK, Dalbeth N, Merriman TR. Evaluation of the diet wide contribution
to serum urate levels: meta-analysis of population based cohorts. BMJ 2018;363:k3951.

45. Piancone F, Saresella M, Marventano I, et al. Monosodium urate crystals activate the
inflammasome in primary progressive multiple sclerosis. Front Immunol 2018;9:983.

8 Neurology: Neuroimmunology & Neuroinflammation | Volume 8, Number 1 | January 2021 Neurology.org/NN

http://neurology.org/nn


ARTICLE OPEN ACCESS

Overlapping central and peripheral nervous
system syndromes in MOG antibody–associated
disorders
Simon Rinaldi, PhD, MRCP, Alexander Davies, PhD, Janev Fehmi, MSc, Heidi N. Beadnall, FRACP, PhD,

Justine Wang, FRACP, Todd A. Hardy, FRACP, PhD, Michael H. Barnett, FRACP, PhD,

Simon A. Broadley, FRACP, PhD, Patrick Waters, PhD, FRCPath, Stephen W. Reddel, FRACP, PhD,

Sarosh R. Irani, DPhil, FRCP, Fabienne Brilot, PhD, Russell C. Dale, MRCP, PhD,* and

Sudarshini Ramanathan, FRACP, PhD,* the Australian and New Zealand MOG Study Group

Neurol Neuroimmunol Neuroinflamm 2021;8:e924. doi:10.1212/NXI.0000000000000924

Correspondence

Dr. Ramanathan

sudarshini.ramanathan@

sydney.edu.au

Abstract
Objective
Antibodies to myelin oligodendrocyte glycoprotein (MOG) are associated with CNS demyelination
inclusive of optic neuritis (ON) and transverse myelitis (TM). To examine whether peripheral
nervous system (PNS) involvement is associated with MOG antibody–associated disorders
(MOGAD), we performed detailed characterization of an Australasian MOGAD cohort.

Methods
Using a live cell–based assay, we diagnosed 271 adults with MOGAD (2013–2018) and performed
detailed clinical and immunologic characterization on those with likely PNS involvement.

Results
We identified 19 adults with MOGAD and PNS involvement without prior TM. All patients had
CNS involvement including ON (bilateral [n = 3], unilateral [n = 3], and recurrent [n = 7]), a
cortical lesion (n = 1), meningoencephalitis (n = 1), and subsequent TM (n = 4). Clinical phe-
notyping and neurophysiology were consistent with acute inflammatory demyelinating poly-
neuropathy (n = 1), myeloradiculitis (n = 3), multifocal motor neuropathy (n = 1), brachial neuritis
(n = 2), migrant sensory neuritis (n = 3), and paresthesia and/or radicular limb pain (n = 10). Onset
MRI spine was consistent with myeloradiculitis with nerve root enhancement in 3/19 and normal in
16/19. Immunotherapy resulted in partial/complete PNS symptom resolution in 12/15 (80%)
(steroids and/or IV immunoglobulin n = 9, rituximab n = 2, and plasmapheresis n = 1). We
identified serum antibodies targeting neurofascin 155, contactin-associated protein 2, or GM1 in 4/
16 patients with MOGAD PNS compared with 0/30 controls (p = 0.01). There was no binding to
novel cell surface antigens using an in vitro myelinating sensory neuronal coculture model.

Conclusions
Myeloradiculitis, combined central and peripheral demyelination syndromes, and inflammatory
neuropathies may be associated with MOGAD and may be immunotherapy responsive. We
identified a subgroup who may have pathology mediated by coexistent autoantibodies.
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Myelin oligodendrocyte glycoprotein (MOG) is a com-
ponent of myelin expressed in the CNS on the outer la-
mellae of myelin.1,2 The refinement of live cell–based
assays that preserve the conformational structure of full-
length human MOG has enabled the accurate detection of
serum and CSF MOG antibodies to diagnose patients with
MOG antibody–associated disorders (MOGAD).3–6 The
classic associations of MOGAD include CNS de-
myelination manifesting as acute disseminated encepha-
lomyelitis in children and optic neuritis (ON) and
transverse myelitis (TM) in children and adults in the
absence of the typical radiologic white matter changes seen
in MS. However, the clinical spectrum is expanding with
increasing clinical experience.7–9

Herein, we identified 19 patients with symptoms suggestive of
peripheral nervous system (PNS) involvement from a large
Australasian cohort of adult patients with MOGAD. We de-
scribe the clinical associations of these patients and further
identify a subgroup that have coexistent surface-targeting
autoantibodies with pathogenic potential.

Methods
Study design, patients, and
control recruitment
From 2013 to 2018, our laboratory was referred 4,820
adult serum samples for testing for MOG antibodies and
identified 271 adults as being seropositive using a live
cell–based assay as we have previously described.5,7 We
undertook systematic questioning of 62 clinicians from 35
tertiary referral centers within the Australian and New
Zealand MOG Study Group regarding these 271 sero-
positive adult patients to identify those who had prom-
inent sensory and motor symptoms consistent with PNS
involvement. Patients presenting with symptoms attrib-
uted to PNS involvement who had prior TM, which was
either radiologically confirmed or clinically suspected (due
to the presence of sphincter dysfunction, a sensory level,
Lhermitte phenomenon, spasticity, hyperreflexia, or a
positive Babinski response on neurologic examination),
were excluded, as preexisting myelitis may confound in-
terpretation of pain and sensory changes.

We identified 19 patients (15 female [79%], median age at
onset 34 years, range 9–68 years) from 271 adults with
MOGAD who fulfilled our inclusion criteria and undertook
detailed clinical characterization from clinical records and
review of neurophysiologic, radiologic, and serologic results in
collaboration with their treating clinicians. All patients were
adults at the time of first detecting MOG antibody seroposi-
tivity, but 2/19 patients had clinical onset of demyelination in
childhood, with clinical phenotypes consistent withMOGAD.
None of these patients fulfilled the revised 2017 McDonald
criteria for MS.10 All patients’ clinical notes and correspon-
dence were available for review, and documentation of
physical examination findings was used to calculate the Sen-
sory Functions System Score (SFSS) as a component of the
Expanded Disability Status Scale to quantify sensory dys-
function before and following therapy.

We additionally selected the following age- and sex-matched
control groups (23 female [77%], median age 38, range 20–69
years): patients with MOGAD without any PNS involvement
(n = 10), other neurologic diseases (n = 10), and healthy
controls (n = 10).

Standard protocol approvals, registrations,
and patient consents
Ethics approval for this study was granted by the Sydney
Children’s Hospitals Network Human Ethics Committee and
affiliated sites (12/SCHN/395, SSA/13/WMEAD/53, SSA/
13/CRGH/257, and SSA/13/RPAH/599) and the Univer-
sity of Oxford (14/SC/0280, REC16/YH/0013). Informed
consent was obtained from all patients and controls.

Assays for the detection of serum antibodies
implicated in peripheral neuropathies
Antigen-specific live cell–based assays were performed on
patient and control sera for the following antigens as pre-
viously described6,11 and as used in the diagnostic laboratory
service provided by the Inflammatory Neuropathy and Au-
toimmune Neurology Groups in Oxford: neurofascin (NF)
155, NF186, contactin 1 (CNTN1), contactin-associated
protein-like 1 (CASPR1), CASPR2, and leucine-rich glioma
inactivated 1 (LGI1). Samples that were identified as sero-
positive were titrated to identify end-point dilutions. ELISAs
were performed for the detection of ganglioside antibodies

Glossary
AIDP = acute inflammatory demyelinating polyneuropathy; AQP4 = aquaporin 4; BON = bilateral optic neuritis; CNTN1 =
contactin 1;CASPR1 = contactin-associated protein-like 1;CASPR2 = contactin-associated protein-like 2;CCPD = combined
central and peripheral demyelination; CIDP = chronic inflammatory demyelinating polyneuropathy; HEK293 = human
embryonic kidney 293; IgG = immunoglobulin G; iPSC = induced pluripotent stem cell; IVIg = IV immunoglobulin; LETM =
longitudinally extensive transverse myelitis; LGI1 = leucine-rich glioma inactivated 1; MMN = multifocal motor neuropathy;
MOG = myelin oligodendrocyte glycoprotein; MOGAD = MOG antibody–associated disorder; NCS = nerve conduction
study; NF155 = neurofascin 155; NF186 = neurofascin 186; OCB = oligoclonal band; ON = optic neuritis; PMN =
polymorphonuclear cell; PNS = peripheral nervous system; SFN = single fiber neuropathy; SSEP = somatosensory evoked
potential; TM = transverse myelitis; UON = unilateral optic neuritis.
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GM1, GQ1b, and sulfatide antibodies, as previously
described.12

Detection of human sera immunoglobulin G
binding to human induced pluripotent stem
cell (iPSC)-derived sensory neuronal cultures
myelinated with rat Schwann cells
Myelinating cocultures of human iPSC-derived sensory neu-
rons and rat Schwann cells were generated using a previously
published method13,14 to identify binding to potential cell
surface myelin antigens.

Statistical analysis
Statistics and figures were generated using Prism software
version 8.0 (GraphPad Software, La Jolla, CA).

Data availability
Qualified investigators may request access to anonymized
data relevant to this study, pending appropriate institutional
review board approvals.

Results
Clinical phenotyping
Sixteen of 19 patients in the MOGAD PNS cohort had a
relapsing clinical course when taking into account both cen-
tral and peripheral manifestations of their neurologic disease.
Three of 19 had a monophasic presentation with concurrent
CNS and PNS involvement, 11/19 had CNS demyelination
as the initial presentation, and 5/19 had PNS involvement as
the initial presentation. The clinical and immunologic char-
acterization of the MOGAD PNS cohort is summarized in
table 1 and detailed in supplementary e-table 1, links.lww.
com/NXI/A352.

All patients with MOGAD had CNS involvement during their
disease course. This included monophasic bilateral ON
(BON, n = 3), monophasic unilateral ON (UON, n = 3),
recurrent ON (either BON or UON or a combination of
these phenotypes, n = 7); a large cortical lesion (n = 1), and a
meningoencephalitic presentation (n = 1). Two patients had
longitudinally extensive transverse myelitis (LETM) concur-
rent with neurophysiologically confirmed PNS involvement.
Two patients developed TM some years following the onset
of their PNS manifestations. None of the patients had iden-
tified cranial neuropathies. These 19 patients had a total of 47
episodes consistent with CNS demyelination (figure 1A).
Overall, ON was the most frequent CNS phenotype, making
up 39/47 (83%) episodes.

Serologic and CSF analyses
Serum and/or CSF antibodies targeting aquaporin 4 anti-
bodies were tested in 13/19 patients and were negative.
Screening for other autoimmune, infectious, and granulo-
matous etiologies was performed in the majority of patients
(supplementary e-table 1, links.lww.com/NXI/A352). CSF
analyses was undertaken in 13/19 patients and revealed a

mononuclear lymphocytic pleocytosis in 4/13, an elevated
protein level in 4/13, and intrathecal oligoclonal bands in 3/
13. The highest CSF protein levels were present in the 3
patients with LETM + acute inflammatory demyelinating
polyneuropathy (AIDP) (n = 1, 3.95 g/L) and myelor-
adiculitis (n = 2–0.68 g/L and 2 g/L). Six of 13 patients had
unremarkable CSF analyses.

Neurophysiologic and
radiologic characterization
Neurophysiologic investigations were available in 16/19
patients including nerve conduction studies (NCSs) and
EMG alone (7/16), somatosensory evoked potentials
(SSEPs) alone (4/16), and both NCS/EMG and evoked
potentials (5/16) (table 1, supplementary e-table 1, links.
lww.com/NXI/A352). In 7 patients, neurophysiology was
consistent with a final diagnosis of AIDP (n = 1), multi-
focal motor neuropathy (MMN, n = 1; figure 1B), an ax-
onal sensorimotor neuropathy (n = 1), myeloradiculitis (n
= 2), and brachial neuritis (n = 2). In 1 patient with distal
limb and radicular pain/paresthesia (patient 15), despite
repeated MRI not indicative of TM and no clinical features
of myelitis, the lower limb SSEPs 2 years after PNS
symptom onset were consistent with a spinal cord lesion
with follow-up SSEPs being within normal limits.

MR spinal imaging was available in all patients and was normal
at onset of PNS symptoms in 16/19 patients and abnormal in
3/19. Of the 3 with abnormal MRIs, patient 1 had concurrent
LETM with diffusely enhancing nerve roots and neurophys-
iologically confirmed AIDP. Patient 2 had a swollen thor-
acolumbar spinal cord with involvement of the conus and
diffusely enhancing spinal nerve roots (figure 1, C and D).
Patient 3 had enhancement of the cauda equina nerve roots
only (figure 1E) and no spinal involvement on onset MRI, but
developed an asymptomatic C2 lesion on follow-up, which
subsequently resolved. In 3 patients (patients 8, 18, and 19),
spinal MRI at PNS symptom onset and follow-up was re-
peatedly negative, except for a single time point (54, 33, and
82 months postonset of PNS symptoms, respectively), which
revealed a spinal lesion consistent with short TM that re-
solved on subsequent imaging.

Characterization of PNS syndrome
The classification of PNS syndromes in this cohort is sum-
marized in figure 1F. The PNSmanifestations of 6/19 patients
were diagnosed as AIDP (n = 1), myeloradiculitis (n = 2),
MMN (n = 1), and brachial neuritis (n = 2). The remaining
13/19 patients had PNS manifestations, which were more
difficult to characterize. These included prominent distal limb
pain and paresthesia in 5 patients, limb pain and paresthesia in
a radicular pattern in 3, a combination of distal pain/
paresthesia and radicular involvement in 2, and a possible
migrant sensory neuritis (Wartenberg neuritis) in 3 patients.
One of the patients with distal lower limb pain/paresthesia
had neurophysiology consistent with an axonal sensorimotor
neuropathy.

Neurology.org/NN Neurology: Neuroimmunology & Neuroinflammation | Volume 8, Number 1 | January 2021 3

http://links.lww.com/NXI/A352
http://links.lww.com/NXI/A352
http://links.lww.com/NXI/A352
http://links.lww.com/NXI/A352
http://links.lww.com/NXI/A352
http://neurology.org/nn


Table 1 Summary of the clinical and serologic characterization of the MOGAD PNS cohort

Patient age,
sex, course,
and follow-up

Chronology and clinical
characterization of CNS and PNS
episodes (time post onset)a

MRI spine
abnormalities Neurophysiology

Response of PNS
symptoms to
immunotherapy
(change in SFSS)b

PNS
antibodies

Patient 1, 9 yo F
Monophasic, 104 m

1: CNS + PNS (LETM +myeloradiculitis
+ AIDP)

T3-T10, conus, nerve
roots + CE

NCS—AIDP Partial resolution with
steroids + IVIg; SFSS 5 to 4

Serum not
available

Patient 2, 31 yo F
Monophasic, 21 m

1: CNS+ PNS (LETM+myeloradiculitis) T8-conus, nerve
roots + CE

SSEPs—myelopathy Complete resolution with
steroids; SFSS 4 to 0

Serum not
available

Patient 3, 34 yo M
Monophasic, 12 m

1: CNS + PNS (meningoencephalitis +
myeloradiculitis)

Lepmen + c.equina +
CE; C2+S1 (2 m)

NCS—proximal nerve/nerve
root

Complete resolution with
steroids + IVIg; SFSS 3 to 0

Negative

Patient 4, 26 yo F
Relapsing, 69 m

1: PNS—MMN; 2: CNS—R UON (30 m) Normal NCS—R median conduction
block

Complete resolution with
IVIg; SFSS 2 to 0

Negative

Patient 5, 29 yo F
Relapsing, 384 m

1: CNS—RON, brainstem;
2: PNS—bilateral LL pain/
paraesthesia (30 y)

Normal NCS—axonal sensorimotor Partial resolution with
rituximab; SFSS 3 to 2

NF155 Ab
positive

Patient 6, 54 yo F
Relapsing, 57 m

1: CNS—BON; 2: PNS—L brachial
neuritis (23 m)

Normal NCS—left brachial neuritis Spontaneous recovery; SFSS
3 to 0

Negative

Patient 7, 58 yo M
Relapsing, 126 m

1: PNS—L brachial neuritis;
2: CNS—LETM (72 m)

T6-T10 + CE NCS—left brachial neuritis Partial resolution with
steroids; SFSS 3 to 2

GM1 Ab
positive

Patient 8, 30 yo F
Relapsing, 86 m

1: CNS—2× R UON; 2: PNS—bilateral
UL/LL + facial pain/paresthesia (48 m)

Normal initially,
T1- 2 (54 m)

Normal NCS and SSEPs Steroid responsive sensory
episodes and spontaneous
resolution; SFSS 3 to 1

CASPR2 Ab
positive

Patient 9, 13 yo F
Relapsing, 108 m

1: CNS—4× UON; 2: PNS—bilateral
UL/LL pain/paresthesia (60 m)

Normal Normal NCS Unresponsive to steroids or
MMF. Partial response with
RTX; SFSS 3 to 2

Negative

Patient 10, 26 yo F
Relapsing, 128 m

1: CNS—RON (BON ×3, UON ×5);
2: PNS—bilateral UL/LL pain/
paresthesia (8 m)

Normal Normal NCS and SSEPs Steroid responsive sensory
episodes and spontaneous
resolution; SFSS 3 to 1

Negative

Patient 11, 36 yo F
Relapsing, 9 m

1: PNS—bilateral UL/LL pain/
paresthesia; 2: CNS—UON (6 m)

Normal Not available No immunotherapy trialed;
SFSS 2

Negative

Patient 12, 45 yo F
Relapsing, 68 m

1: CNS—RON (BON ×2, UON); 2:
PNS—bilateral LL radicular pain/
paresthesia (12 m)

Normal Normal SSEPs Unresponsive to MMF; SFSS
remained 2

Negative

Patient 13, 51 yo F
Relapsing, 84 m

1: CNS—BON; 2: PNS—L LL radicular
pain/paresthesia (24 m)

Normal Not done Steroid responsive sensory
episodes and spontaneous
resolution; SFSS 2 to 1

Negative

Patient 14, 68 yo F
Relapsing, 35 m

1: CNS—L UON; 2: PNS—L UL/LL
radicular pain/paresthesia (7 m)

Normal Not done No immunotherapy trialed.
E4 spontaneously resolved;
SFSS 1

Serum not
available

Patient 15, 19 yo M
Relapsing, 134 m

1: CNS—RON (UON ×6); 2:
PNS—bilateral LL radicular pain +
distal pain/paresthesia (54 m)

Normal LL SSEPs—central to lumbar
entry zone

Unresponsive to
prednisone, MMF, RTX, and
PLEX; SFSS remained 3

Negative

Patient 16, 36 yo F
Relapsing, 100 m

1: CNS first—BON ×3; 2: PNS—L LL
radicular pain; bilateral LL pain/
paresthesia (18 m)

Normal Normal NCS Response to PLEX;
SFSS 2 to 1

Negative

Patient 17, 31 yo F
Relapsing, 75 m

1: PNS—migrant sensory neuritis; 2:
CNS—large right cortical lesion (49 m)

Normal Normal SSEPs and NCS No immunotherapy trialed;
SFSS 1

GM1Ab
positive

Patient 18, 39 yo M
Relapsing, 35 m

1: PNS—migrant sensory neuritis; 2:
CNS—short TM (33 m)

Normal initially,
C1 (33 m)

Normal NCS Unresponsive to steroids
and MMF; SFSS remained 1

Negative

Patient 19, 49 yo F
Relapsing, 180 m

1: CNS—UON ×4; short TM; 2:
PNS—migrant sensory neuritis (27 m)

Normal initially,
C5 (82 m)

Normal NCS/SSEPs Steroid-responsive sensory
episodes and spontaneous
resolution; SFSS 2 to 1

Negative

Abbreviations: Ab = antibody; AIDP = acute inflammatory demyelinating polyneuropathy; BON = bilateral optic neuritis; CASPR2 = contactin-associated
protein-like 2; C = cervical; +CE =with contrast enhancement; c.equina = cauda equina; GM1 = ganglioside epitope; H1N1 = an influenza A virus subtype; IVIg =
IV immunoglobulin; L = left; Lepmen = leptomeningeal; LETM= longitudinally extensive transversemyelitis; LL = lower limb;MMF =mycophenolate;MOGAD =
myelin oligodendrocyte glycoprotein antibody-associated disorder; monos = mononuclear cells; NCS = nerve conduction study; NF155 = neurofascin 155;
PLEX = plasma exchange; PNS = peripheral nervous system; R = right, RTX = rituximab; SFSS = Sensory Functions System Score (a component of the Expanded
Disability Status Scale); SSEP = somatosensory evoked potentials; T = thoracic; TM = transverse myelitis; UL = upper limb; UON = unilateral optic neuritis.
a The chronology of first CNS and PNS presentations is annotated as first (1) or second (2) with the interval between these events stated in brackets [inmonths
(m) or years (y)].
b The Sensory Functions System Scores are documented to represent the changes from preimmunotherapy to postimmunotherapy.
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Figure 1 The clinical, neurophysiological, and radiological characterization of PNS involvement in MOGAD

(A) Clinical phenotyping of the number of CNS episodes in patients in this cohort. ON, inclusive of both BON and UON presentations, was the most frequent
clinical phenotype,making up 39/47 (83%) episodes. (B) The rightmedian nervemotor response (white) is smaller than the left (red) with a further reduction of
amplitude at the elbow and with reduced persistence of median nerve F wave responses. These findings are consistent with right median neuropathy with
conduction block at the elbow in a patient diagnosedwithMMN. (C) Axial T1-weightedMRIwith gadolinium showing enhancement of dorsal and ventral nerve
roots (white arrows). (D) Sagittal T1-weightedMRI with gadolinium showing expansion of the conus (white arrow). (E) Axial fat-suppressed T1with gadolinium
showing enhancement of intradural right S1 nerve root (white arrow). (F) Proportion of the PNS syndromes identified in this cohort of patients with MOGAD.
(G) A summary of the immunotherapy responsiveness of particular PNS syndromes—complete resolution occurred in 3/15 patients in whom immuno-
therapy was trialed (2 withmyeloradiculitis and 1 withmultifocal motor neuropathy), with 9/15 having only partial resolution and 3/15 being unresponsive to
immunotherapy. AIDP = acute inflammatory demyelinating polyneuropathy; BON = bilateral optic neuritis; CIDP = chronic inflammatory demyelinating
polyneuropathy; LETM = longitudinally extensive transverse myelitis; MMN =multifocal motor neuropathy; MOG =myelin oligodendrocyte glycoprotein; ON
= optic neuritis; PNS = peripheral nervous system; sTM = short transverse myelitis; UON = unilateral optic neuritis.
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There was no significant difference in mean age at onset be-
tween the patients who had confirmed diagnoses of AIDP,
myeloradiculitis, MMN, or brachial neuritis (35 years) com-
pared with those with distal limb pain/paresthesia and/or
radicular pain (36 years). None of the patients in this cohort
had concomitant diabetes mellitus.

Immunotherapy responsiveness
and outcomes
The treatment of the CNS manifestations of MOGAD is
detailed in supplementary e-table 1, links.lww.com/NXI/
A352. Immunotherapy was trialed for the treatment of the
PNS syndromes in 15/19 patients with documented symp-
tomatic improvement in 12/15 (80%) treated with steroids
plus IV immunoglobulin (IVIg) (n = 2), steroids alone (n =
6), IVIg (n = 1), rituximab (n = 2), and plasmapheresis (n =
1). Patient responses to immunotherapy ranged from com-
plete resolution (3/15) and partial resolution (9/15) to un-
responsive (3/15) according to patient and clinician reports
(figure 1G). Sensory Functions System Scores in the 15 pa-
tients in whom immunotherapy was trialed were significantly
higher preimmunotherapy (mean 2.7, median 3, range 1–5)
compared with postimmunotherapy (mean 1.4, median 1,
range 0–4) (p = 0.0004) (table 1, supplementary e-table 1,
links.lww.com/NXI/A352).

Five patients reported recurrence of PNS symptoms with
tapering off prednisone (n = 3), 6 months after rituximab
infusion (n = 1), and repeatedly at 3 weeks following sched-
uled monthly plasmapheresis (n = 1). Complete resolution
following immunotherapy occurred in 3 patients who had
either myeloradiculitis (n = 2) or MMN (n = 1), with the
patients with paresthesia and/or radicular pain either dem-
onstrating a partial response or no response following im-
munotherapy. Targeted treatment for neuropathic pain was
documented as being trialed and partially successful in 1 pa-
tient and unsuccessful in 4/19 patients (supplementary
e-table 1, links.lww.com/NXI/A352).

Evaluation of antibody-associated
peripheral neuropathies
Serum collected within 6 months of the onset of PNS
symptoms was available in 16/19 patients, with 7 patients
having serial samples available. In patients who had a first
presentation with PNS manifestations, serum samples col-
lected at the onset of peripheral symptoms for other di-
agnostic tests were available to test retrospectively. A total of
26 serum samples (all of which were MOG antibody sero-
positive) from this cohort were tested for antibodies associ-
ated with peripheral neuropathies (table 1, supplementary
e-table 1, links.lww.com/NXI/A352 appendix e-1, links.lww.
com/NXI/A353). Antibodies associated with peripheral
autoantibody-mediated neuropathies were identified in 4/16
patients with MOGAD PNS and 0/30 controls (p = 0.01).

Patient 5 had a nerve conduction study consistent with an
axonal sensorimotor neuropathy 1 year after the onset of

her bilateral ascending foot pain/paresthesia and was se-
ropositive for NF155 antibodies to an end-point dilution
of 1:6,400 (figure 2A). Live cell–based assays analyzed by
microscopy identified serum binding for total immuno-
globulin G (IgG) and IgG1, IgG2, and IgG4 subclasses.
This patient had initial improvement in her neuropathic
symptoms following the institution of rituximab; however,
her clinical response subsequently plateaued despite
maintaining B-cell depletion with rituximab. Patient 8 was
positive for CASPR2 antibodies in 3 serial samples taken
during relapsing sensory episodes, up to end-point dilu-
tions of 1:3,200, 1:3,200, and 1:12,800, respectively (figure
2B). She experienced pain and paresthesia starting in the
feet, initially intermittent, followed by similar symptoms in
the hands, in combination with additional radicular limb
pain and atypical facial pain in the absence of MRI changes
in the spine at onset and for over 4 years of radiologic
follow-up with recurrent symptoms of pain. During exac-
erbations of pain on 3 occasions, she reported a marked
reduction in symptoms following commencement of ste-
roids. At 54 months postonset, and while asymptomatic,
she was noted to have increased T1/2 signal on her MRI,
which resolved on subsequent imaging. Two patients had
low titer GM1 IgM antibodies. Patient 7 (brachial neuritis)
was positive at a dilution of 1:100; however, sample ex-
haustion did not permit further end-point titrations. This
patient had partial resolution of his symptoms with ste-
roids, although residual deficits remain. Patient 17 (mi-
grant sensory neuritis) was positive for GM1 IgM
antibodies to an end-point dilution of 1:200. This patient
was never trialed on immunotherapy.

None of the 16 patients with MOGAD PNS or 30 controls
were positive for NF186, CNTN1, CASPR1, LGI1, GQ1b, or
sulfatide antibodies. In addition, none of the patient or control
sera revealed discernible IgG binding in myelinated sensory
neuron cocultures in comparison to positive controls
(figure 2C).

Discussion
In our collective clinical experience, we have noted chal-
lenging sensory symptoms in a subgroup of patients with
MOGAD suggestive of PNS involvement, prompting a
structured evaluation of this phenomenon. Herein, we high-
light the association of myeloradiculitis and combined central
and peripheral demyelination (CCPD) in MOGAD, the im-
munotherapy responsiveness of many patients, and identify a
subgroup who may have a coexisting antibody-mediated
neuropathy.

We previously identified the presence of prominent ventral
and dorsal nerve root enhancement in a series of children with
MOGAD,15 which has been corroborated in 2 recent case
reports.16,17 The first 3 patients in this MOGAD PNS cohort
demonstrated diffusely swollen and enhancing nerve roots.
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Figure 2 Antibody-associated peripheral nerve involvement

(A) Human IgG binding (green) colocalizes on the cell surface of HEK293 cells to binding of a commercial pan-neurofascin antibody (red) when cells were
incubated with sera from anNF155 positive control andMOGAD PNS patient 5, but not in a healthy control. (B) Human IgG binding (red) colocalizes on the cell
surface ofHEK293 cells transfectedwithCASPR2-eGFP (green)when cells were incubatedwith sera fromaCASPR2-positive control andMOGADPNSpatient 8,
but not in a healthy control. (C) Images of serum-treated myelinating cocultures labeled with anti-human IgG antibodies (green). Anti-NF200 (blue) and anti-
MBP (red) primary antibodies were used to visualize axonal processes andmyelin internodes, respectively. This coculture, treated with serum from a healthy
control, anti-CNTN1 antibody or anti-NF155 antibody positive controls, and a representative MOGAD PNS patient are shown. Arrows indicate the nodal/
paranodal deposition of human IgG. Note lack of specific labeling in healthy control and MOGAD PNS patient serum. CASPR2 = contactin-associated protein-
like 2; CNTN1 = contactin 1; DAPI 49,6-diamidino-2- phenylindole; eGFP = enhanced green fluorescent protein; IgG = immunoglobulin G; MBP = myelin basic
protein; MOGAD = myelin oligodendrocyte glycoprotein antibody–associated disorder; NF = neurofascin; NF155 = neurofascin 155; NF200 = neurofilament
200; PNS = peripheral nervous system.
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Although a noncompressive myeloradiculopathy would nor-
mally raise suspicion for inflammatory, infectious, and in-
filtrative etiologies, we propose that myeloradiculitis is
increasingly identified as being associated with MOGAD and
should be an early diagnostic consideration. It has long been
recognized that CCPD occurs usually in the context of MS,
although this is rare and biologically enigmatic.18 A case re-
port of a patient with MOGAD with CCPD who presented
with multifocal demyelination and an acquired demyelinating
sensory andmotor neuropathy has been described.17 Our case
series identifies a second patient with MOGAD with CCPD
who presented with concurrent LETM and AIDP.

Animal studies have identified MOG in the PNS of rodents
and primates at a cytoplasmic rather than cell surface locali-
zation and have implicated contributions of MOG to neuro-
pathic pain.19,20 The significant differences in binding
epitopes of MOG antibodies in humans compared with
rodents5,21 and the lack of surface PNS expression of MOG in
humans suggest that it is less likely that MOG antibodies are
driving immune-mediated PNS presentations in these
patients.

A potential explanation for some patients having
immunotherapy-responsive peripherally referred symptoms
may be attributed to radiologically negative TM, and the
patients in our cohort underwent repeated spinal imaging to
exclude this possibility. A case series of 73 patients with
MOGAD at first presentation of clinical myelitis highlighted
an initially normal spinal MRI in 10% of patients, with half
going on to develop radiologically detectable cord in-
volvement with follow-up imaging.22 Apart from the 3 pa-
tients with concurrent TM and either AIDP or
myeloradiculitis, the remaining 16/19 patients in the present
cohort did not have clinical or radiologic evidence suggestive
of a coexistent or prior myelopathy at PNS symptom onset,
and 13/16 did not have cord lesions on follow-up imaging.
Although this suggests a peripheral etiology in this cohort, we
acknowledge that radiologically negative cord involvement
and central pain may yet be a contributing factor in some of
the patients we describe with normal neurophysiology and
radiology.

Another explanation for immune-mediated PNS involvement
in a small group of patients with MOGAD is the presence of 2
overlapping autoantibody-mediated syndromes. Albeit rare,
the coexistence of multiple autoantibodies implicated in the
pathogenesis of autoimmune encephalitis and antibody-
associated demyelination is now well established.23–25 In
this cohort, we describe 4 patients, all of whom exhibited CNS
manifestations consistent with MOGAD, who were addi-
tionally positive for PNS autoantibodies.

NF155 antibodies targeting cell adhesion molecules at the para-
node have been described in patients with CIDP and CCPD.26,27

A previous case report demonstrates an overlap of aquaporin 4
(AQP4) antibody–positive neuromyelitis optica spectrum

disorder and NF155 antibody–associated CIDP. Our cohort
highlights the novel observation of a patient with MOGAD and
coexisting NF155 antibodies. Antibodies to CASPR2 are identi-
fied in autoimmune encephalitis, peripheral nerve hyperexcit-
ability, and neuromyotonia11,28 with neuropathic pain in up to
46% of patients.29,30 There are reports of CASPR2 and LGI1
antibodies associated with neuropathic pain in the absence of
associated CNS manifestations (29,31 and Irani and Ramanathan,
unpublished observations). The patient in this MOGAD PNS
cohort with strongly positive CASPR2 antibodies experienced
neuropathic pain with rapid amelioration of symptoms following
steroid initiation. GM1 antibodies are typically associated with
acute motor axonal neuropathy and MMN, although they have
been described in motor neurone disease and chronic
neuropathies.26,32 Two patients in our cohort were positive for
GM1 antibodies at low titers, with diagnoses of brachial neuritis
and migrant sensory neuritis, respectively. The clinical relevance
of these results requires conservative consideration.

Close to a third of patients in this cohort had distal limb
pain and paresthesia either in isolation or in combination
with radicular symptoms with normal neurophysiology,
suggestive of a small fiber neuropathy (SFN). SFN is a
painful disease characterized by the loss of unmyelinated
and thinly myelinated sensory nerve fibers and often
normal NCS and requires quantitative sensory testing and
evaluation of intraepidermal nerve fiber density for de-
finitive diagnosis.33 The patients in this cohort who may be
considered as having a SFN had the same median age at
symptom onset as the patients with neurophysiologically
confirmed AIDP, MMN, brachial neuritis, and myelor-
adiculitis; and none of the patients in this cohort had di-
abetes mellitus, excluding an age related or metabolic
confounder. Although some of the patients with pain/
paresthesia had intermittent symptoms, which were
steroid responsive early in the clinical course with
asymptomatic intervals, many went on to develop more
long-term persistent neuropathic pain and loss of pinprick
and temperature sensation in a glove and stocking distri-
bution, suggesting that the long-term functional sequelae
and pain experience of these patients are considerable.

An alternate explanation for PNS presentations identified
in patients with MOGAD includes the presence of binding
to as yet unidentified target antigens in the peripheral
nerve sheath. However, the absence of prominent binding
of patient sera IgG in a myelinating sensory neuronal co-
culture system13,14 does not support this assertion. Alter-
native etiologies include as yet unidentified immune
processes that may be T cell–, cytokine-, or complement-
mediated or coexisting toxic, ischemic, or metabolic pro-
cesses. The partial or complete immunotherapy
responsiveness of 80% of the patients with MOGAD PNS
who were trialed on immunotherapy suggests an in-
flammatory phenomenon. Our clinical experience recog-
nizes that PNS involvement is less common in pediatric
patients with MOGAD compared with adults.
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Our study is limited by the retrospective nature of case
identification and characterization. Patients presenting with
symptoms attributed to PNS involvement who had prior TM,
which was either radiologically confirmed or clinically sus-
pected, were excluded from this study to mitigate the con-
founding effect of prior TM on pain and sensory symptoms,
which may have resulted in an underestimation of PNS in-
volvement in MOGAD in this cohort. The subjective nature
of how pain is experienced, the lack of SSEPs to exclude
radiologically negative myelitis in some of the patients, and
the lack of definitive histopathology including skin and nerve
biopsies or more definitive investigations including quantita-
tive sensory testing or autonomic function testing in the pa-
tients we describe pose additional limitations. Prospective
recruitment of patients with MOGAD with PNS involvement
and systematic neurophysiologic evaluation and targeted bi-
opsies would be of value to distinguish potentially treatable
inflammatory neuropathies from other etiologies including
fibromyalgia.

Nevertheless, this cohort enables discussion of an emerg-
ing theme of PNS involvement in patients with MOGAD.
Specifically, MOG antibodies should be considered as part
of the diagnostic workup of patients who present with
peripheral nerve root enhancement or enlargement, mye-
loradiculitis, and CCPD. In patients with known MOGAD,
we now recognize challenging sensory symptoms that are
attributable to the PNS, which are often immunotherapy
responsive, and may be associated in a subgroup with PNS
specific autoantibodies as part of an overlap syndrome. A
wider awareness of autoimmune pain, detailed in-
vestigation with neurophysiology, consideration of skin or
nerve biopsy, and a trial of immunotherapy in selected
patients may translate to improved symptom control and
quality of life in these patients and add to the literature on
causes of autoimmune pain.
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Abstract
Objective
To evaluate to which extent serum neurofilament light chain (NfL) increase is related to
diffusion tensor imaging–MRI measurable diffuse normal-appearing white matter (NAWM)
damage in MS.

Methods
Seventy-nine patients with MS and 10 healthy controls underwent MRI including diffusion
tensor sequences and serum NfL determination by single molecule array (Simoa). Fractional
anisotropy and mean, axial, and radial diffusivities were calculated within the whole and seg-
mented (frontal, parietal, temporal, occipital, cingulate, and deep) NAWM. Spearman corre-
lations and multiple regression models were used to assess the associations between diffusion
tensor imaging, volumetric MRI data, and NfL.

Results
Elevated NfL correlated with decreased fractional anisotropy and increased mean, axial, and
radial diffusivities in the entire and segmented NAWM (for entire NAWM ρ = −0.49, p = 0.005;
ρ = 0.49, p = 0.005; ρ = 0.43, p = 0.018; and ρ = 0.48, p = 0.006, respectively). A multiple
regression model examining the effect of diffusion tensor indices on NfL showed significant
associations when adjusted for sex, age, disease type, the expanded disability status scale,
treatment, and presence of relapses. In the same model, T2 lesion volume was similarly
associated with NfL.

Conclusions
Our findings suggest that elevated serum NfL in MS results from neuroaxonal damage both
within the NAWM and focal T2 lesions. This pathologic heterogeneity ought to be taken into
account when interpreting NfL findings at the individual patient level.
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MS is an inflammatory autoimmune disease of the CNS, in
which both acute and chronic inflammation lead to de-
myelination and neuronal damage.1 Neurofilament light chain
(NfL) is one of the most promising soluble biomarkers for
assessing disease activity in MS.2 The cause and underlying
pathology of the increased NfL concentration indicative of
neuroaxonal injury may, however, vary greatly both inter- and
intraindividually. Significant CSF or blood NfL elevations
have been shown in association with acute focal inflammation
and gadolinium-enhancing lesions in relapsing-remitting MS
(RRMS).3–8 On the other hand, moderate elevations in NfL
concentrations have been measured in patients with chronic
progressive MS.5,6,8–10

We hypothesize that the NfL elevation in the context of more
advanced MS disease where no signs of acute inflammation are
present is caused by the diffuse pathologic process in the normal-
appearing white matter (NAWM), which leads to a diffuse
neuroaxonal damage not visible in conventional MRI. This dif-
fuse axonal injury in the NAWM can, however, be sensitively
measured using diffusion tensor imaging (DTI).11 Of the DTI
scalars, fractional anisotropy is highly sensitive for microstructural
changes overall, whereas axial and radial diffusivities are more
specific to axonal and myelin damage, respectively.12 It is not
known whether DTI scalars associate with NfL in MS.

The aim of this study was to measure to which extent serum
NfL increase is related to the diffuse damage in the NAWM,
including the type and spatial distribution of these changes.
To address this, we performed correlation analyses of NAWM
DTI and serumNfL levels and showed significant associations
between these measures.

Methods
Standard protocol approvals, registrations,
and patient consents
The study was approved by the Ethical Committee of the
Hospital District of Southwest Finland. Written informed
consent was obtained from all participants according to the
Declaration of Helsinki.

Study cohort
Seventy-nine patients with MS from the Neurology Out-
patient Clinic of the Division of Clinical Neurosciences at
the Turku University Hospital, Turku, Finland, and 10
healthy age-matched controls were included in the study.
MRI and serum sampling were performed ≥30 days after a
clinical relapse. Clinical disease course, disease duration,

and patient age were reviewed, and the Expanded Dis-
ability Status Scale (EDSS)13 score was assessed by the
investigating neurologist.

Serum samples
Blood samples were collected, and serum was stored at −40°C
within 4 hours of sampling. Concentration of serum NfL was
measured by single molecule array (Simoa) assay technology
as described previously.6,14

MRI and DTI
Brain MRI was performed in Turku PET center with a 3 T
MRI Phillips Ingenuity scanner (Philips Healthcare,
Cleveland, OH). Conventional MRI (3-dimensional T1-
weighted MRI, T2, and fluid-attenuated inversion recovery
[FLAIR] with spatial resolution of 1 × 1 × 1 mm) and DTI
sequences were included in the protocol. The details of the
imaging protocol have been described previously.15 For
DTI sequences, the following parameters were used: b
value = 1,000 s/mm−2, repetition time/time to echo =
9,500/120 milliseconds, field of view = 256 × 256 mm,
spatial resolution 2 × 2 × 2 mm, acquisition matrix 128 ×
128 mm, flip angle = 90°, and acceleration factor 2 with 33
(n = 15), 64 (n = 48), or 67 gradient directions (n = 16).
The number of gradient directions did not have a re-
markable impact on fractional anisotropy, mean diffusivity,
radial diffusivity, and axial diffusivity.15

NAWM region of interest was created by excluding all
lesions and the cerebellar white matter from the white
matter region of interest (appendix e-1, links.lww.com/
NXI/A355). The lesions were identified from FLAIR im-
ages using Lesion Segmentation Toolbox.16 The NAWM
region of interest was further segmented to 6 subregions
(frontal, parietal, temporal, occipital, cingulate, and deep
white matter, which includes left and right unsegmented
white matter and insula) using FreeSurfer software.17 The
areas included in subregions are shown in detail in ap-
pendix e-2. The FreeSurfer software was also used to define
the volumes of cortical gray matter, whole cerebral white
matter, NAWM, and total T1 and T2 lesion volumes
according to our previously reported methodology.18

The DTI data were preprocessed and analyzed with
ExploreDTI software.19 T1 and raw diffusion-weighted
image files were first flip permuted after which the T1 file
was masked. The files were then converted to diffusion
tensor maps using robust diffusion tensor estimation after
which diffusion tensor maps were corrected for motion,
eddy current, and echo planar imaging/susceptibility

Glossary
DTI = diffusion tensor imaging; EDSS = Expanded Disability Status Scale; FLAIR = fluid-attenuated inversion recovery; IQR =
interquartile range; NAWM = normal-appearing white matter; NfL = neurofilament light chain; RRMS = relapsing-remitting
MS; SPMS = secondary progressive MS.
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induced distortions using the robust estimation of tensors
by outlier rejection tensor estimation method. Fractional
anisotropy, mean diffusivity, radial diffusivity, and axial
diffusivity maps were extracted from the corrected DTI
maps. Coregistering of maps to corresponding T1-
weighted images was performed using SPM8 (The Well-
come Centre for Human Neuroimaging, University Col-
lege London) running on MATLAB (The MathWorks,

Natick, MA). Finally, the mean values for fractional an-
isotropy, mean diffusivity, radial diffusivity, and axial dif-
fusivity within the whole NAWM and in the segmented
regions of NAWM were calculated in MATLAB.

Statistical analysis
The statistical analysis was performed using R statistical soft-
ware (version 4.0.0). The differences between different MS

Table 1 Demographics, clinical characteristics, volumetric brain MRI data, and cingulate DTI-MRI indices of patients with
MS and HCs

MS (n = 79) HC (n = 10)
p
Value RRMS (n = 56) SPMS (n = 23)

p
Value

NfL(low)
(n = 45)

NfL(high)
(n = 34)

p
Value

Female/male 60/19 7/3 0.7 45/11 15/8 0.16 37/8 23/11 0.18

Age 48.3
(43–53)

47.6
(44–53)

1 47.4 (42–51) 55.8 (48–61) <0.001 46.2 (42–51) 51.9 (45–58) 0.003

Durationa 14.9 (9–19) NA — 12.1 (8–14) 19.6 (14–25) <0.001 12.6 (9–15) 14.5 (10–21) 0.09

EDSS score 3 (2–3.75) NA — 2.5 (2–3) 4 (3.5–6.5) <0.001 2.5 (2–3) 3.5 (3–5) 0.005

Relapsesb 4 (2–6) 3 (2–6) 6 (3–8) 0.02 4 (2–6) 3 (2–6.25) 1.0

DMT (yes/no) 54/25 NA — 45/11 9/14 <0.001 33/12 21/13 0.33

First linec 28 NA — 27 1 — 18 10

Second lined 26 NA — 18 8 — 15 11

NfL (pg/mL) 21.7
(15–31)

23.1
(21–28)

0.3 18.8 (14–26) 31.4 (22–44) 0.001 16 (12–19) 31.9 (29–43) <0.001

Volume (cm3)

WM 452.1
(412–485)

492.8
(463–525)

0.009 464.2 (423–501) 422.7 (372–463) 0.002 452.1 (415–485) 454.2 (406–481) 0.6

NAWM 444.5
(396–479)

NA — 457.8 (407–498) 410.7 (339–446) 0.001 444.5 (396–477) 434.5 (391–479) 0.6

GMctx 428.8
(409–465)

473
(450–512)

0.006 430.5 (414–470) 416.3 (392–450) 0.09 429.4 (409–464) 424.6 (397–464) 0.4

T1 lesion 3.4 (2–8) NA — 2.7 (2–6) 6.5 (4–10) 0.007 3.1 (2–9) 4.1 (2–7) 0.3

T2 lesion 6.9 (3–18) NA — 4.9 (2–12) 15 (13–25) <0.001 5.6 (2–15) 9.6 (4–19) 0.2

Cingulate DTI

FA 0.46
(0.43–0.48)

0.49
(0.47–0.50)

0.007 0.46 (0.44–0.49) 0.44 (0.42–0.48) 0.1 0.46 (0.44–0.48) 0.47 (0.42–0.48) 0.9

MD (mm2/s) 0.91
(0.86–0.96)

0.83
(0.82–0.87)

0.005 0.90 (0.84–0.94) 0.92 (0.88–0.11) 0.05 0.91 (0.86–0.95) 0.91 (0.83–1.0) 0.7

AD (mm2/s) 1.41
(1.36–1.46)

1.35
(1.31–1.39)

0.028 1.39 (1.35–1.44) 1.44 (1.37–1.55) 0.03 1.41 (1.37–1.45) 1.40 (1.3–1.5) 0.7

RD (mm2/s) 0.65
(0.59–0.71)

0.58
(0.56–0.62)

0.004 0.64 (0.59–0.70) 0.69 (0.63–0.81) 0.05 0.66 (0.60–0.71) 0.64 (0.58–0.75) 0.7

Abbreviations: AD = axial diffusivity; DMT = disease-modifying treatment; DTI = diffusion tensor imaging; EDSS = Expanded Disability Status Scale; FA =
fractional anisotropy; GMctx = cortical graymatter; HC = healthy control; MD=meandiffusivity; NA = not applicable; NAWM=normal-appearingwhitematter;
NfL = neurofilament light chain; RD = radial diffusivity; RRMS = relapsing-remitting MS; SPMS = secondary progressive MS; WM = white matter.
Patients withMSwere divided into NfL(low) andNfL(high) subgroups based on themedian value of HCs (23.1 pg/mL). Median (interquartile range) values are
shown except for sex and DMT where the number of patients is shown. The p values are from the Wilcoxon rank-sum test for continuous variables and the
Fisher exact test for class variables. Significant p values are bolded. Values of mean, axial, and radial diffusivities are expressed as e10−3.
a Disease duration (years), calculated from the onset of symptoms.
b Total number of relapses before study onset, data of 2 patients are missing.
c First-line DMT = interferon-beta, dimethyl fumarate, glatiramer acetate, and teriflunomide.
d Second-line DMT = fingolimod, natalizumab, and rituximab.

Neurology.org/NN Neurology: Neuroimmunology & Neuroinflammation | Volume 8, Number 1 | January 2021 3

http://neurology.org/nn


groups and between patients and healthy controls were
assessed using theWilcoxon rank-sum (Mann-WhitneyU) test.
Holm multiple comparison adjustment was used in RRMS vs
secondary progressive MS (SPMS) vs healthy control multiple
comparisons. The division into NfL(low) and NfL(high)
subgroups was based on the median NfL value of the healthy
controls.

To test our main hypothesis, Spearman correlations were calcu-
lated to assess the relationships between NfL and DTI indices
(fractional anisotropy, mean diffusivity, radial diffusivity, and axial
diffusivity) in the whole NAWM and in NAWM subregions.
Spearman correlation was used instead of Pearson correlation to
avoid outlier-induced overestimation of correlations. The p values
of correlation analyses were further adjusted with the false dis-
covery rate method (Benjamini-Hochberg procedure) for the
number of investigated parameters (n = 28).20 The NfL values
were further modeled by the DTI indices and volumetric MRI
data using multiple regression models. The logarithm of NfL was
used as the response because nontransformed values led to non-
normality of residuals. The models were adjusted by sex, age,
disease type (relapsing-remitting/secondary progressive), the
EDSS score, disease-modifying treatment (no treatment, first line
[dimethyl fumarate, glatiramer acetate, interferon-beta, and teri-
flunomide], or second line [fingolimod, natalizumab, and ritux-
imab] treatment), and the presence of relapses within 1 year
before sampling (yes/no). The normality of the residuals was
checked using the Shapiro-Wilk test. Variance inflation factor
values were used to check that independent variables were not
highly correlated with each other. Regression coefficients were

standardized tomake themdirectly comparable to each other. For
standardization, the regression results weremultiplied by twice the
SD of the DTI or volume variables.21 The p values of the multiple
regression model were adjusted with the false discovery rate
method for the number of investigated variables (n = 32).

In addition, to verify the quality of the data and increase the
generalizability and comparability of the results, we used
Spearman correlation to assess the relationships between
following parameters: NfL with age, disease duration, the
EDSS score, parenchymal fractions of NAWM, cortical gray
matter, and T1 and T2 lesion volumes; DTI with the EDSS
score and parenchymal fractions of NAWM, cortical gray
matter, and T1 and T2 lesion volumes (results are shown in
appendix e-3, links.lww.com/NXI/A355). Spearman cor-
relation was used instead of Pearson correlation to avoid
outlier-induced overestimation of correlations and because
Spearman correlation is preferred in case of ordinal vari-
ables, i.e., EDSS score. All statistical tests were 2 tailed, and
p = 0.05 was used as the threshold for statistical significance.

Data availability
The anonymized raw data will be shared over the next 3 years
on request from a qualified investigator.

Results
The demographics, clinical characteristics, and conventional
imaging data of the 79 patients with MS included in the study

Figure 1 Correlation of serum NfL and DTI indices of the whole NAWM in the NfL(high) subgroup

The serum level of NfL is moderately associated
with fractional anisotropy (A), mean diffusivity
(B), axial diffusivity (C), and radial diffusivity (D).
The NfL(high) subgroup is comprised of patients
with serum NfL above the median value of
healthy controls (23.1 pg/mL). Shown are
Spearman correlation coefficients (ρ) and p val-
ues. The black lines indicate the level and di-
rection of the relationship. AD = axial diffusivity;
DTI = diffusion tensor imaging; FA = fractional
anisotropy; MD = mean diffusivity; NAWM =
normal-appearing white matter; NfL = neuro-
filament light chain; RD = radial diffusivity.
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Table 2 Spearman correlations between serum NfL concentrations and DTI-MRI indices

All MS NfL(low) NfL(high)

ρ p Value ρ p Value ρ p Value

Entire NAWM

FA −0.16 0.2 −0.20 0.2 −0.42 0.013

MD 0.12 0.3 0.14 0.4 0.47 0.005

AD 0.01 0.9 0.05 0.7 0.41 0.017

RD 0.13 0.3 0.15 0.3 0.45 0.008

Frontal NAWM

FA −0.18 0.1 −0.20 0.2 −0.37 0.033

MD 0.17 0.1 0.11 0.5 0.47 0.005

AD 0.09 0.4 0.04 0.8 0.44 0.010

RD 0.15 0.2 0.13 0.4 0.44 0.009

Parietal NAWM

FA −0.09 0.4 −0.11 0.5 −0.34 0.046

MD 0.05 0.7 0.05 0.8 0.43 0.011

AD −0.04 0.8 −0.03 0.8 0.34 0.053

RD 0.07 0.5 0.08 0.6 0.44 0.009

Temporal NAWM

FA −0.19 0.1 −0.12 0.4 −0.33 0.060

MD 0.14 0.2 0.08 0.6 0.43 0.012

AD −0.03 0.8 0.04 0.8 0.26 0.139

RD 0.14 0.2 0.09 0.7 0.38 0.026

Occipital NAWM

FA −0.09 0.4 −0.18 0.2 −0.43 0.011

MD 0.12 0.3 0.17 0.3 0.53 0.001

AD 0.04 0.7 0.14 0.4 0.38 0.029

RD 0.10 0.4 0.15 0.3 0.48 0.004

Cingulate NAWM

FA −0.10 0.4 −0.06 0.7 −0.48 0.004

MD 0.08 0.5 0.02 0.9 0.49 0.003

AD 0.09 0.4 0.10 0.5 0.46 0.007

RD 0.08 0.5 0.04 0.8 0.50 0.003

Deep NAWM

FA −0.14 0.2 −0.20 0.3 −0.36 0.036

MD 0.08 0.5 0.10 0.6 0.33 0.053

AD 0.03 0.8 0.01 0.9 0.36 0.039

RD 0.1 0.4 0.12 0.5 0.36 0.036

Abbreviations: AD = axial diffusivity; DTI = diffusion tensor imaging; FA = fractional anisotropy; MD = mean diffusivity; NAWM = normal-appearing white
matter; NfL = neurofilament light chain; RD = radial diffusivity.
Patients with MS were divided into NfL(low) and NfL(high) subgroups based on the median value of healthy controls (23.1 pg/mL). Fractional anisotropy and
mean, axial, and radial diffusivities of the entire NAWMand of 6 parcellated subregions of NAWMwere correlated with serumNfL level in all patients with MS
and in NfL(low) and NfL(high) subgroups. Shown are Spearman correlation coefficients (ρ) and uncorrected p values. Significant p values are bolded.
Significance of these correlations was sustained after adjustment using the false discovery ratemethod for the number of DTI parameters (n = 28) except for
parietal FA.
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are shown in table 1. The median (interquartile range [IQR])
age of this cohort was 48.3 (43–53) years, which is similar to
the age of the healthy individuals in the control group (47.6
[44–53], p = 1). Overall, the patient cohort was represented
with a quite stable disease, as only 13% of the patients (9 RRMS
and 1 SPMS) had had a relapse within 1 year before sampling.
Sixty-eight percent of the patients (45 RRMS and 9 SPMS)
were on disease-modifying therapy (dimethyl fumarate n = 3,
fingolimod n = 14, glatiramer acetate n = 5, interferon beta-1a n
= 6, natalizumab n = 8, rituximab n = 4, and teriflunomide n =
14). In MRI, white matter and cortical gray matter volumes
were decreased in patients compared with healthy controls.
DTI measures were obtained from both the entire cerebral
NAWM and from 6 different NAWM subregions. In the cin-
gulate area, there were significant differences in all 4 DTI pa-
rameters in patients with MS compared with healthy controls:
fractional anisotropy was decreased, whereas mean diffusivity,
radial diffusivity, and axial diffusivity were increased (table 1).

Serum NfL levels in patients with MS and
healthy controls
The median (IQR) NfL level was higher in patients with
SPMS compared with patients with RRMS (31.4 [22–44] vs
18.8 [14–26] pg/mL, p = 0.001, table 1). NfL levels in the
whole MS group were not different from healthy controls
(21.7 [15–31] vs 23.1 [21–28] pg/mL, p = 0.3) regardless
whether the analysis was performed with age correction.
Acute inflammation did not appear to be a factor to affect the
NfL level in this cohort with relatively modest acute in-
flammatory activity, as the median NfL value among the
patients with or without relapse within the previous year was
comparable (22.3 [16–32] vs 18.6 [15–25] pg/mL, p = 0.3,
Wilcoxon rank-sum, data not shown).

Characterization of patients with high
NfL levels
To explore associations between increased NfL levels and DTI-
measurable diffuse neuroaxonal damage, patients with MS were
divided into NfL(high) and NfL(low) subgroups. The division
was based on the median NfL value measured among healthy
controls (23.1 [21–28] pg/mL). In the NfL(high) subgroup, the
NfL concentration was significantly elevated compared with
healthy controls (p = 0.018, table 1), and in the further NfL vs
DTI correlation analyses, we focused on the NfL(high) subgroup.
Based on the demographic and clinical data, the patients in the
NfL(high) subgroupwere at amore advanced stage of the disease.
TheNfL(high) subgroup includedmore patients with SPMS (p =
0.003), and the patients in the subgroup were also older (p =
0.003) and had a higher EDSS score (p = 0.005; table 1). In
evaluation using conventional MRI, the NAWM, white matter, or
cortical gray matter volumes and T1 and T2 lesion loads were not
different between NfL(low) and NfL(high) subgroups (table 1).

Associations between NfL and DTI
Our results show that DTI metrics of diffuse neuroaxonal
damage within theNAWMassociatewith high serumNfL levels
in MS. As a demonstration of this, in the NfL(high) subgroup,

several (n = 24) significant correlations were found between
serum NfL levels and NAWM DTI indices both in the entire
NAWM and in various brain subregions: higher NfL levels were
associated with lower fractional anisotropy and higher diffusivity
(mean, axial, and radial) in the whole NAWM (figure 1) and in
all its subregions, except for fractional anisotropy in temporal
NAWM, axial diffusivity in parietal and temporal NAWM, and
mean diffusivity in remaining NAWM (table 2). Significance of
these correlations was sustained after adjustment using the false
discovery rate method for the number of DTI parameters (n =
28) except for parietal fractional anisotropy. Results remained
similar when the data were analyzed without patients who had
had a relapse within the previous year before sampling (n = 3,
data not shown). No correlations between serumNfL levels and
DTI metrics were observed in the NfL(low) subgroup or in the
overall MS cohort (table 2).

Multiple regression modeling was performed to further evaluate
the effect of DTI on NfL. In the NfL(high) subgroup, the DTI
indices weremore significantly associated withNfL thanwith the
clinical parameters included in the model (sex, age, disease type,
EDSS score, treatment, and the presence of relapses within 1
year before sampling) (table 3). On average, 48% of the variance
in NfL (SD 4.4) could be explained by DTI indices and the
clinical parameters mentioned above (figure 2). There were
multiple (n = 26) significant associations between NfL and DTI
in the whole NAWM and in all its 6 subregions. All except 2 of
the associations remained significant after adjustment with the
false discovery rate method for the number of investigated var-
iables (n = 32). The strongest associations were observed in the
cingulate area between higher NfL and higher mean and radial
diffusivity and in deep and frontal NAWM between higher NfL
and higher mean diffusivity (figure 2). Analyzing the data
without the patients with a relapse (n = 3) within the previous
year did not alter the associations (data not shown).

Higher NfL was also associated with lower NAWM and
cortical gray matter and higher T2 lesion volumes (figure 2).
The volumes and clinical adjustments explained 43.4%,
49.4%, and 43.3% of the variance in NfL, respectively.

Discussion
Present results demonstrate that the DTI-MRI measures of
NAWM correlate with serumNfL in MS. We found that among
patients with more advanced disease, increased serumNfL levels
associate with DTI measures reflecting diffuse microstructural
damage, i.e., decreased fractional anisotropy and increasedmean,
axial, and radial diffusivities in the NAWM. In a multiple re-
gression model, which was adjusted with sex, age, disease type,
EDSS score, treatment and the presence of relapses, the DTI
indices were more significantly associated with NfL than the
above-mentioned demographic and clinical parameters.

The pathophysiology of MS involves acute and chronic mech-
anisms that lead to gradual axonal and myelin damage that
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Table 3 Multiple regression analyses evaluating separately the effect of DTI-MRI indices or volumetric brain MRI data on
NfL in the NfL(high) subgroup of patients with MS

Variable in model DTI Sex Age Type EDSS score DMT Relapses

Entire NAWM

FA 0.018 0.7 0.8 1.0 0.3 0.4 0.2

MD 0.003 0.7 0.9 1.0 0.2 0.4 0.4

AD 0.010 0.9 1.0 0.8 0.1 0.7 0.5

RD 0.005 0.7 1.0 1.0 0.2 0.4 0.3

Frontal NAWM

FA 0.045 0.8 1.0 1.0 0.2 0.7 0.2

MD 0.001 0.5 0.7 1.0 0.2 0.6 0.4

AD 0.004 0.5 0.9 0.8 0.3 0.7 0.4

RD 0.003 0.6 0.9 0.9 0.2 0.6 0.3

Parietal NAWM

FA 0.023 0.9 0.9 0.9 0.2 0.5 0.1

MD 0.004 0.7 0.7 0.8 0.1 0.5 0.2

AD 0.017 0.8 1.0 1.0 0.1 0.6 0.3

RD 0.006 0.8 0.8 0.9 0.2 0.5 0.2

Temporal NAWM

FA 0.116 0.7 0.7 1.0 0.3 0.5 0.3

MD 0.007 0.6 1.0 1.0 0.1 0.5 0.5

AD 0.009 0.7 0.8 0.8 0.1 0.5 0.5

RD 0.020 0.6 0.9 1.0 0.2 0.5 0.4

Occipital NAWM

FA 0.011 0.9 0.6 0.9 0.3 0.3 0.1

MD 0.009 0.8 0.8 0.9 0.1 0.6 0.2

AD 0.086 0.8 0.7 0.8 0.1 0.8 0.3

RD 0.011 0.8 0.8 0.8 0.2 0.5 0.2

Cingulate NAWM

FA 0.004 0.5 0.4 0.8 0.6 0.4 0.3

MD 0.001 0.6 0.9 0.8 0.6 0.2 0.7

AD 0.003 0.8 0.9 0.8 0.3 0.4 0.7

RD 0.001 0.6 0.7 0.8 0.7 0.2 0.6

Deep NAWM

FA 0.047 0.5 0.6 0.9 0.3 0.5 0.3

MD 0.001 0.7 0.9 0.9 0.5 0.2 0.7

AD 0.005 1.0 0.8 1.0 0.3 0.4 0.8

RD 0.002 0.6 0.8 1.0 0.5 0.2 0.8

Volume (pf)

NAWM 0.019 0.8 0.8 0.8 0.3 0.5 0.5

Continued
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eventually manifest by brain atrophy and clinically by steady
worsening of disability in almost all patients over time. This diffuse
pathology, which in the majority of cases leads to progressive
worsening of the MS-related symptoms, is now the focus of in-
terest for patients and physicians, as modern disease-modifying
therapies have led to an almost complete suppression of relapse
activity, while their impact on progression is at best modest. Our
incomplete understanding of the molecular mechanisms that lead
to progression is one of the main reasons for the failure in de-
velopment ofmore efficacious therapies for secondary progressive
form of MS. Another impediment is the relative insensitivity of
current measurement tools to capture features of progression at
subclinical stages and hence to quantitate the effects of anti-
neurodegenerative treatments at a time point where the overall
brain structure is still largely intact. Specifically, conventional MRI
can only quantitate brain volume loss as an end result of the
disease but does not provide insights into the underlying micro-
structural changes. DTI is a nonconventional MRI technique that
provides a measure of such diffuse changes, beyond volumetry.

NfL is a highly sensitive biomarker to detect neuronal damage
and is the first of its kind applicable in blood-derived probes.22

However, the cause and underlying pathology of the increased
NfL concentration may vary greatly both inter- and intra-
individually. In clinically isolated syndrome and RRMS, acute
NfL elevation is particularly associated with focal in-
flammation, i.e., relapses and focal lesion formation.4–8,23

However, the indication for the contribution of diffuse pa-
thology to higher NfL levels has so far been only incidental
and consisted of associations of increased NfL with more
advanced clinical disability and brain atrophy.8,24 Novel
findings presented here provide more direct evidence for the
effect of diffuse pathologic process in the NAWM on in-
creased serum NfL. We observed that among a subgroup of
older and more disabled patients, NfL associates both with
radial and axial diffusivities. In the context of MS, these DTI
scalars are thought to reflect myelin loss and axonal damage,
respectively.11 NfL also associated with mean diffusivity that
can also indicate on axonal andmyelin loss.11 The associations
were most pronounced in the cingulate, deep, and frontal
NAWM.

NfL differs in 2 important aspects from MRI: first, as a
signal of neurodegeneration, it reflects ongoing pathologic
processes in real time, while imaging captures morphologic
features that are inherently retrospective. Second, NfL
levels reflect neuronal damage in the CNS comprehen-
sively, i.e., in addition to brain pathology, it also captures
spinal cord pathology that is not routinely evaluated by
imaging in the workup of MS for individual patients. As a
downside, NfL levels cannot differentiate between
acute inflammatory and chronic neurodegenerative disease
activity. Our results suggest that DTI-MRI allows us to
categorize the pathogenic source of NfL at least semi-
quantitatively. We demonstrate that both diffuse axonal
damage within the NAWM measured using DTI and focal
inflammatory white matter lesion load measured using
conventional MRI contributed to the elevated NfL serum
levels. This highlights that both focal and diffuse pathologic
changes must be taken into account when levels of NfL in
individual patients are interpreted. A somewhat larger
proportion of NfL variance was explained by DTI indices in
average than by T2 lesion load. This implies that in non-
relapsing patients, the ongoing diffuse microstructural
damage in the NAWM outside lesions might predominate
over focal axonal damage that has occurred within lesions,
as a source of NfL in serum. Accordingly, in other neuro-
logic disease with brain diffuse pathology such as amyo-
trophic lateral sclerosis, Alzheimer disease, traumatic brain
injury, and age-related white matter pathology, elevated
serum NfL levels have been associated with DTI-
measurable diffuse damage within the CNS.25–28 These
studies are further evidence for the concept that brain
diffuse, chronic neuropathologic mechanisms contribute to
NfL release and that nonconventional MRI techniques are
able to identify the CNS areas of its morphologic source.

Current results demonstrate that the cingulate area is the
brain area with the most prominent white matter tract
damage outside focal lesions. Periventricular regions are
characteristically the brain area with a particularly heavy
lesion load in MS.29 We addressed the question whether
the cingulum-NAWM DTI abnormalities would arise from

Table 3 Multiple regression analyses evaluating separately the effect of DTI-MRI indices or volumetric brain MRI data on
NfL in the NfL(high) subgroup of patients with MS (continued)

Variable in model DTI Sex Age Type EDSS score DMT Relapses

GMctx 0.004 0.9 0.2 0.4 0.03 0.3 0.6

T2 0.019 0.6 0.3 0.7 0.4 0.7 0.3

T1 0.15 0.7 0.4 1.0 0.5 0.7 0.3

Abbreviations: AD = axial diffusivity; DMT = disease-modifying treatment; DTI = diffusion tensor imaging; EDSS = Expanded Disability Status Scale; FA =
fractional anisotropy; GMctx = cortical gray matter; MD = mean diffusivity; NAWM = normal-appearing white matter; NfL = neurofilament light chain; pf =
parenchymal fraction; RD = radial diffusivity.
Patients withMSwere divided into NfL(low) and NfL(high) subgroups based on themedian NfL value of healthy controls (23.1 pg/mL). Model was adjusted by
sex, age, disease type (relapsing-remitting/secondary progressive), EDSS score, treatment (no, first-, and second-line), and presence of relapses within 1 year
before sampling (yes/no). Bolded p values indicate that the parameter affected the logarithmofNfL value statistically significantly, whenDTI or volume and all
the adjusting variables were in the models.
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the dirty-appearing white matter due to close proximity to a
heavy lesion load, but the relative lesion volume in the cingulate
area was not found to be significantly larger compared with
lesion load in other regions or in the whole NAWM. Therefore,
it seems unlikely that differences in the DTI indices would be
solely due to dirty-appearing white matter adjacent to lesions,
whereas it is more likely that remote lesions lead to DTI changes
in the cingulateNAWM throughWallerian degeneration.30 Also,
other studies have observed diffusion changes in the cingulate
area of patients with MS.31–33 Because the cingulum bundle of
fibers projects from the cingulate gyrus to the entorhinal cortex
in the brain, allowing for communication between components

of the limbic system, the DTI abnormalities may be the mor-
phologic substrate for impaired cognitive function and fatigue,
symptoms that are typical in progressive MS.34,35

Present results are in line with previous observations on the
relation between NfL concentration and MS disease sub-
type, with progressive patients having greater NfL levels
compared with relapsing-remitting patients.5,6,8–10,23,24

However, the median NfL value of the entire patient cohort
was relatively low compared with healthy controls, which is
the main limitation of our study. Because of this, we were
not able to use the previously defined cutoff values3 for

Figure 2 The effect of DTI-MRI indices or volumetric MRI data on NfL in the NfL(high) subgroup

The NfL(high) subgroup is comprised of patients with serum NfL above the median value of healthy controls (23.1 pg/mL). Logarithmic serum NfL was
modeled separately by DTI indices of the entire and parcellated NAWM and volumetric brain MRI data using multiple regression analyses. Models were
adjusted by sex, age, disease type (RRMS/SPMS), the EDSS score, treatment (no, first, and second line), and presence of relapseswithin 1 year before sampling
(yes/no). The results are illustrated using dot and whisker plots in which red dots represent standardized regression coefficients and red lines represent the
CIs of the estimates. Significant p values of the DTI parameters and the percentage of variance in the response that can be explained by the independent
variables (R2) are also shown. The results were ordered according to the R2 value. All except 2 of the p values (fractional anisotropy of the frontal and deep
NAWM) shown in the figure remained significant after adjustment using the false discovery ratemethod for the number of investigated variables (n = 32). AD =
axial diffusivity; DTI = diffusion tensor imaging; EDSS = Expanded Disability Status Scale; FA = fractional anisotropy; GMctx = cortical gray matter; MD =mean
diffusivity; NAWM = normal-appearing white matter; NfL = neurofilament light chain; PF = parenchymal fraction; RD = radial diffusivity; RRMS = relapsing-
remitting MS; SPMS = secondary progressive MS; WM = white matter.
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NfL(low) and NfL(high) subgroups. Instead, we used the
median value of healthy controls. Although the divider used
in our study was based on a small group of individuals,
similar values have been observed in previous, larger
studies.6,8 One reason for the low median NfL level could
be that the patients with RRMS are represented with a
relatively benign disease course. In addition, our patients
with RRMS were sampled during a relapse-free time and
had no signs of ongoing focal inflammatory activity in the
MRI. Moreover, most of the patients (68%) were using a
disease-modifying treatment at the time of evaluation.
Hence, similar as observed in other studies,3,5,23,36,37 this
resulted in low serum NfL concentration. Following the
similarity in the NfL levels between healthy controls and
patients with MS, the main results of our study are based on
a relatively low number of patients. In addition, the patient
numbers under different immunomodulatory treatments
varied substantially. However, the heterogeneity of the
cohort was taken account in the multiple regression model
where both EDSS score and disease-modifying treatment
were used as adjustments.

Our findings suggest that elevated serum NfL in MS results
from neuroaxonal damage both within the NAWM and in
focal T2 lesions. The association between DTI-measurable
diffuse microstructural white matter damage and serumNfL is
further conceptual evidence for the latter being a useful
monitoring tool in assessing the degree of ongoing neuro-
degenerative processes in MS.
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Abstract
Objective
To determine the long-term safety and efficacy of repeated intrathecal (IT) administration of
autologous mesenchymal stem cell-derived neural progenitors (MSC-NPs) in patients with
progressive MS by evaluating subjects 2 years after treatment.

Methods
Twenty subjects were enrolled as part of a phase I, open-label single-arm study of 3 IT
injections of MSC-NPs spaced 3 months apart. Subjects were evaluated for adverse events and
disability outcomes including the Expanded Disability Status Scale (EDSS) and the timed 25-
foot walk (T25FW). Long-term evaluation was conducted 2 years after the third treatment.
CSF was collected before and 3 months after treatment.

Results
Eighteen of the 20 study participants completed the full 2-year follow-up protocol. There were
no long-term adverse events associated with repeated IT-MSC-NP treatment. Seven subjects
showed sustained improvement in EDSS after 2 years, although the degree of improvement was
not maintained in 5 of the subjects. Three of the 10 ambulatory subjects showed sustained
improvement in the T25FW after 2 years. CSF biomarker analysis revealed a decrease in C-C
motif chemokine ligand 2 (CCL2) and an increase in interleukin 8, hepatocyte growth factor,
and C-X-C motif chemokine ligand 12 (CXCL12) after treatment.

Conclusions
Safety and efficacy of repeated IT-MSC-NP treatment was sustained for 2 years; however, the
degree of disability reversal was not sustained in a subset of patients. CSF biomarkers altered in
response to IT-MSC-NP treatment may reflect specific immunoregulatory and trophic
mechanisms of therapeutic response in MS.

Classification of evidence
This study provides Class IV evidence that for patients with progressive MS, IT administration
of MSC-NPs is safe and effective. The study is rated Class IV because of the absence of a
non–IT-MSC-NP-treated control group.
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MS is an autoimmune CNS disease that is classified clinically
into relapsing-remitting (RR), secondary progressive (SP)
and primary progressive (PP) forms. In RRMS, the relapses
are caused by inflammatory mechanisms that are highly re-
sponsive to an ever-increasing number of approved disease-
modifying therapies (DMTs). However, the pathologic
mechanisms driving progressive disease are poorly un-
derstood; fewer DMTs are approved, and these are generally
less effective in comparison to RRMS. The accrual of neu-
rologic disability in SPMS and PPMS represents a major
unmet therapeutic challenge in neurology.

Mesenchymal stem cell-derived neural progenitors (MSC-
NPs) are autologous bone marrow-derived cells currently
under clinical investigation as a regenerative cell therapy for
progressive MS.1 MSC-NPs represent a neural subpopulation
of MSCs, characterized by high expression of neural markers
including Nestin, down regulation of mesenchymal markers
such as smooth muscle α-2 actin and CD90, and reduced
mutlipotency.2 In vitro, MSC-NPs retain trophic and immu-
nomodulatory functions associated with increased expression
and secretion of growth factors including hepatocyte growth
factor (HGF) and insulin-like growth factor.2 Based on the
preclinical efficacy of intrathecal (IT) injection of MSC-NPs
into mice with experimental autoimmune encephalomyelitis
(EAE), we conducted a phase I open-label clinical trial testing
the safety and tolerability of multiple IT injections of autol-
ogous MSC-NPs in 20 patients with MS.1,3 Short-term out-
comes supported the overall safety of this therapeutic
approach, in addition to revealing encouraging trends in ef-
ficacy, particularly in subjects who were ambulatory at the
beginning of the study.1 This objective of the current study
was to follow these patients for 2 years to better understand
whether safety and efficacy trends were sustained long term.

Methods
Study design and patient selection criteria
Twenty subjects with clinically definite SPMS or PPMS were
recruited from the International MS Management Practice,
which is affiliated with the Tisch MS Research Center of New
York where the study was conducted. To be eligible, subjects
had to have significant disability (Expanded Disability Status
Scale [EDSS] ≥3.0) and stable disease. Disease stability was
determined by less than a 1.0-point change in EDSS, lack of
gadolinium-enhancing lesions on MRI, and stable MRI dis-
ease burden (number and size of T2 lesions) in the 12months

before the initiation of the experimental treatment. Subjects
were excluded from the study if they had cognitive impair-
ment or existing comorbidities that might complicate safety
outcomes. As previously published, subjects who were already
receiving DMTs on entering the study continued as a con-
comitant treatment through the course of the study and
through the 2-year follow-up period.1 The exception was
subject 9, who was untreated during the treatment phase of
the study and started on rituximab 1 year after the third IT-
MSC-NP dose.

Standard protocol approvals, registrations,
and patient consents
The study was approved by Western Institutional Review
Board and the Food andDrug Administration, and all subjects
provided written informed consent before conducting any
study-related procedures. The study was registered on clin-
icaltrials.gov (NCT01933802).

Classification of evidence
The study is an interventional phase I clinical trial with no
controls and provides Class IV evidence that for patients with
progressive MS, repeated IT administration of autologous
MSC-NPs is safe and effective.

Study procedures
From 2014 to 2016, study subjects received 3 IT injections of
autologous MSC-NPs at an average dose of 9.4 × 106 cells
(target dose was 1.0 × 107 cells). Injections were spaced 3
months apart. MSC-NPs were manufactured from bone
marrow-derived MSCs as previously described and resus-
pended in sterile saline before injection.1 For all IT-MSC-NP
treatments, prophylactic IV infusion of antibiotics (80 mg of
tobramycin and 500 mg of vancomycin) was coadministered
to minimize any risk of meningitis.

Clinical evaluations were performed at baseline, 3 and 6
months after the third treatment (months 9 and 12, re-
spectively), and 2 years after the third treatment (month 30)
to determine long-term effects (figure 1). Assessment of
neurologic disability included EDSS, timed 25-foot walk
(T25FW), and 9-hole peg test (9HPT). Safety assessments
included physical and neurologic examinations, headache pain
scale, and brain MRI scans with and without gadolinium en-
hancement. Additional assessments, including bladder func-
tion andmuscle strength, are reported elsewhere and were not
performed as part of the 2-year follow-up.1

Glossary
9HPT = 9-hole peg test; ALS = amyotrophic lateral sclerosis; DMT = disease-modifying therapy; EAE = experimental
autoimmune encephalomyelitis; EDSS = Expanded Disability Status Scale;HGF = hepatocyte growth factor; IL = interleukin;
IT = intrathecal;MCP-1 =monocyte chemoattractant protein-1;MSC-NP =mesenchymal stem cell-derived neural progenitor;
NfL = neurofilament light; PPMS = primary progressive MS; RRMS = relapsing-remitting MS; SDF = stromal cell-derived
factor; SPMS = secondary progressive MS; T25FW = timed 25-foot walk; TGF = transforming growth factor.

2 Neurology: Neuroimmunology & Neuroinflammation | Volume 8, Number 1 | January 2021 Neurology.org/NN

http://clinicaltrials.gov
http://clinicaltrials.gov
http://neurology.org/nn


CSF biomarker analysis
As part of the study protocol, the CSF was collected during
each IT procedure and at the 3-month follow-up visit. Cell-
free CSF was processed immediately and stored in aliquots at
−80 °C as previously described.4 Levels of analytes C-C motif
chemokine ligand 2 (CCL2)/monocyte chemoattractant
protein-1 (MCP-1), HGF, C-X-C motif chemokine ligand 12
(CXCL12)/stromal cell-derived factor (SDF) 1α, and in-
terleukin (IL)-8/CXCL8 were measured in undiluted CSF by
human magnetic luminex assay (R&D Systems, Minneapolis,
MN). Transforming growth factor β2 (TGF-β2) was mea-
sured in undiluted CSF using the luminex TGF-β multiplex
kit (R&D Systems). Neurofilament light (NfL) levels were
measured in the CSF diluted 1:2 using NF-light® ELISA
(UmanDiagnostics, Umeå, Sweden).

Statistics
Differences between biomarker levels before and after treat-
ment were evaluated by the Wilcoxon matched-pairs signed
rank test, and correlations were evaluated using linear re-
gression analysis. A p value of <0.05 was considered to be
statistically significant. Statistical analysis was performed using
GraphPad Prism 8.

Data availability
Anonymized data presented in this article will be made
available to any qualified investigator on request to the cor-
responding author.

Results
Long-term safety of IT-MSC-NP treatment
Of the 20 patients in the treatment cohort (table 1), only 2
(subjects 17 and 18) were unable to complete the 2-year post-
third treatment follow-up visit in person and were assessed via
telemedicine. Both subjects were severely disabled with an
EDSS of 8.0 for the duration of the study up to the 30-month
follow-up. In all subjects, there were no serious adverse events
reported 2 years after receiving IT-MSC-NP treatment. One
subject reported a minor headache during the 2-year follow-
up visit and required no medication to resolve. Additional
minor adverse events categorized as musculoskeletal (2 sub-
jects) and dermatological (3 subjects) were deemed not

related to the study treatment. These results confirm that
multiple IT administration of MSC-NPs was associated with
long-term safety.

Analysis of brainMRI scans did not show changes in any of the 20
patients in the trial and findings were typical of progressive MS
(data not shown). Specifically, pretreatment scanT1 hypointense
lesions, T2 hyperintense lesions, and atrophy measures were
unchanged over the duration of the study. None of the patients
had Gadolinium-enhancing lesions at any point during the study.
There were also no discernible trends in any MRI parameters
between patient “responders” and “nonresponders.”

Long-term EDSS and walking outcomes
EDSS changes for the duration of the 2.5-year study are shown in
figure 2. EDSS values were predominantly derived from the py-
ramidal system and motor strength scores, with little-to-no con-
tribution from cerebellar and other system values. We previously
reported that 6 months after the third treatment, 8 of 20 subjects
had demonstrated at least a 0.5 point improvement in EDSS, with
4 of the 8 subjects showing an improvement of 2.0 or greater
positive change compared with baseline.1 At the 2-year follow-up
assessment, 7 of the 8 subjects showed continued improvement.
Two subjects demonstrated sustained improvement of 2.0 or
greater (figure 2A) and 5 subjects demonstrated sustained EDSS

Figure 1 Schematic of phase I trial design testing 3 IT injections of autologous MSC-NPs

IT = intrathecal; MSC-NP = mesenchymal stem
cell-derived neural progenitor.

Table 1 Study subject characteristics

Study subjects, n 20

MS subtype, n (%)

SPMS 16 (80)

PPMS 4 (20)

Sex, n (%)

Female 14 (70)

Age, y (range) 49 (27–65)

Disease duration, y (range) 19 (10–32)

Baseline EDSS (range) 6.8 (3.5–8.5)

Abbreviations: EDSS = Expanded Disability Status Scale; PPMS = primary
progressive MS; SPMS = secondary progressive MS.
Age, disease duration, and baseline EDSS are expressed as mean values.
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improvement of 0.5 points (figure 2B).One subject (12)who had
previously demonstrated 1.0-point improvement between base-
line and 6 months demonstrated a 0.5-point worsening from

baseline at 2 years (figure 2D). In the remaining subjects, 6
showed continued stable EDSS throughout the course of the
study (figure 2C), 2 subjects (10 and 13) continued to show

Figure 2 Changes in EDSS scores up to 2 years after IT-MSC-NP treatment

(A) EDSS scores of 2 study subjects with sustained improvement of 2.0 or greater. (B) EDSS scores of 5 study subjects with sustained improvement of 0.5
points. (C) EDSS scores of 6 study subjects with stable disease throughout the course of the study. (D) EDSS scores of 5 subjects who showed disease
worsening between baseline and long-term follow-up. Arrows in each graph represent each IT-MSC-NP treatment. EDSS = ExpandedDisability Status Scale; IT
= intrathecal; MSC-NP = mesenchymal stem cell-derived neural progenitor.

Table 2 T25FW results at baseline and at 3- and 24-month post-third IT-MSC-NP treatment

Study
subject ID

T25FW time at
baseline (s)

T25FW time 3 mo post-
treatment (s)a

T25FW time 24 mo post-
treatment (s)a

% Improvement of
T25FW 3 mo

% Improvement of
T25FW 24 mo

1 6.0 5.0 5.9 17 2

2 10.8 5.9 6.9 46 36

3 12.7 9.6 10.4 24 18

4 8.4 6.1 6.4 26 24

5 12.2 12.6 12.7 −3 −4

6 18.3 18.6 20.7 −2 −13

7 28.1 27.0 34.0 4 −21

8 53.4 23.9 24.6 55 54

9b 25.3 22.0 28.8 13 −14

10 97.4 — — n/a n/a

Abbreviations: “—” = test not performed because subject not ambulatory; IT = intrathecal; MSC-NP =mesenchymal stem cell-derived neural progenitor; n/a =
not applicable; T25FW = timed 25-foot walk.
Nonambulatory study subjects not shown. Percentages in bold indicate sustained improvement of > 20 % after 2 years.
a Pre- and post-walk times were determined using the same assistive device (if any) for each individual study subject.
b Subject 9 was untreated during the treatment phase of the study and started on rituximab 1 year after the third IT-MSC-NP dose. All other subjects had no
change of disease-modifying therapy for the duration of the study.
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disease worsening at all follow-up visits from baseline (figure 2D),
and an additional 2 study subjects (14 and 15) showed disease
worsening at 2 years comparedwith the 6-month visit (figure 2D).

Walking speed using the T25FW test was assessed in the 10
ambulatory patients within the cohort. We previously repor-
ted that 4 of the 10 ambulatory patients demonstrated a >20%
improvement in walking speed 3 months post-treatment
compared with baseline.1 At 2 years post-treatment, 3 of the
subjects (2, 4, and 8) showed a sustained improvement in
walking speed and the fourth subject (3) maintained a speed
of just below 20% improvement from baseline (table 2). Subject 1
demonstrated a normal walking speed for the duration of the study.
In addition, 1 subject (11) who was nonambulatory at baseline was
capable of performing the walk test both 3 and 24 months after
treatment. Regarding upper-limb function, there were no sustained
differences in 9HPT in any of the patients (data not shown).

These results show that reversal of disability after 3 IT-MSC-NP
treatments is sustained for 2 years after the treatment course;
however, the degree of improvement is not sustained in a subset
of patients. The remaining subjects in the trial experienced either
sustained disease stability or disease worsening that is typical of
progressive MS.

CSF biomarker analysis
A panel of potential biomarkers was measured in the CSF drawn
before thefirst treatment and 3months after the third treatment in
18 of the 20 study participants. To determine whether CSF bio-
marker changes correlated with treatment-associated disease im-
provement, subjects were divided into 2 groups as “responders”
(subjects in figure 2, A and B) and “nonresponders” (subjects in
figure 2,C andD)basedonEDSS improvement.CSF levels of the
proinflammatory chemokine CCL2 were significantly decreased

after IT-MSC-NP treatment in the entire treatment population
(figure 3A) with no apparent difference between responders and
nonresponders (not shown). In addition, TGF-β2 levels in the
CSF increased post-treatment compared with baseline (figure
3B). Other TGF-β family members, TGF-β1 and TGF-β3, were
not detectable in the CSF. Previous clinical studies found a cor-
relation between decreased CCL2 and increased TGF-β in the
CSF of amyotrophic lateral sclerosis (ALS) patients after ITMSC
treatment.5,6 Similarly, we found that the overall levels of TGF-β2
and CCL2 were inversely correlated (figure 3C).

Additional biomarkers demonstrated some correlation with
treatment response. CSF levels of HGF, CXCL12, and IL-8
(figure 4, A–C, respectively) were significantly increased in
the CSF post-treatment in nonresponders compared with
responders, possibly associating ongoing IT inflammation
with lack of response to IT-MSC-NP. Overall CSF levels of
NfL were unchanged after treatment (figure 4D). However, in
the few patients with elevated CSF NfL (>1,000 pg/mL),
responders showed a decrease in CSF NfL, whereas nonre-
sponders exhibited an increase in CSF NfL (figure 4D). None
of the candidate biomarkers correlated with age, disease du-
ration, or EDSS, with the exception of HGF, which showed a
positive correlation with subject age (p = 0.018) and disease
duration (p = 0.0004). Overall, these findings identify a panel
of CSF biomarkers altered in response to IT-MSC-NP
treatment that may reflect specific immunoregulatory and
trophic mechanisms of therapeutic response in MS.

Discussion
As cell therapy clinical trials in neurologic diseases such as
MS become more common, a better understanding of the

Figure 3 Decreased CCL2 and increased TGF-β2 in CSF following IT-MSC-NP treatment

Individual values at baseline and post-treatment for all study subjects are shown. Levels of (A) CCL2 were significantly decreased and (B) TGF-β2 significantly
decreased in CSF sampled 3months after the third IT-MSC-NP treatment comparedwith baseline. (C) CSF levels of CCL2 and TGF-β2were inversely correlated.
IT = intrathecal; MSC-NP = mesenchymal stem cell-derived neural progenitor; TGF = transforming growth factor.
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long-term impact of these interventions is critical. Of the
many early phase trials investigating autologous MSC-
derived therapies administered intrathecally in MS,7–9 very
few have reported on the long-term safety and efficacy of
this approach.10,11 A recent dose-finding pilot study fol-
lowed 6 patients with MS for an average of 7.4 years after IT
MSC-NP treatment, suggesting long-term safety and tol-
erability.10 The long-term safety of IT MSC-NPs is further
supported by the current Phase I clinical trial, demon-
strating continued safety in the 2 years’ time period after 3

IT injections of autologous MSC-NPs in 20 patients with
progressive MS.

Improvements in mobility and overall disability as measured by
EDSS was sustained in a subset of patients and correlated with
lower EDSS and ambulatory status at baseline. Study subjects
were selected based on their long-standing disease, which was
optimally managed by DMTs; thus, the observed sustained
improvements in EDSS were unlikely because of a regression to
the mean. However, a placebo effect cannot be ruled out

Figure 4 Increased inflammatory biomarkers in CSF of subjects who lacked EDSS improvement following IT-MSC-NP
treatment

Individual values at baseline and post-treatment for subjects who showed improved EDSS (black lines) and subjects who lacked EDSS improvement (gray
lines) are shown separately in left and right panels, respectively. Levels of (A) HGF, (B) CXCL12, and (C) IL-8 were significantly increased post-treatment in the
CSF from nonresponders compared with responders. (D) Overall levels of CSF NfL were not significantly altered post-treatment in either group. In subjects
with elevated CSF NfL (>1,000 pg/mL), responders exhibited decreased CSF NfL, wherease nonresponders exhibited increased CSF NfL after treatment. EDSS
= Expanded Disability Status Scale; HGF = hepatocyte growth factor; IT = intrathecal; MSC-NP = mesenchymal stem cell-derived neural progenitor; NfL =
neurofilament light.
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because of the open-label, single-arm design of this study.
Based on the observed sustained improvement in the 2
patients with the lowest EDSS at baseline, we hypothesize
that additional ITMSC-NP injections might be required to
maintain improvements in patients above a certain
threshold of disability. Although all of the patients with
sustained improvement were SPMS, there were too few
PPMS patients included in the study to draw any conclu-
sion regarding efficacy. Two of the 3 PPMS subjects
demonstrated sustained lack of progression for 2 years
after treatment (subjects 9 and 20). Taken together, these
observations have informed the design of a phase II clinical
trial which will test a total of 6 IT-MSC-NP injections
spaced 2 months apart against a placebo (NCT 03355365)
in a randomized double-blinded study in a total of 50 pa-
tients (40 SPMS and 10 PPMS).

CSF analysis demonstrated a shift in biomarkers associated
with IT inflammation and tissue repair, highlighting potential
therapeutic targets of IT-MSC-NP treatment inMS. Decreased
CCL2 in the CSF was consistent with previous studies in ALS
which similarly demonstrated reduced CSF CCL2 inversely
correlating with increased TGF-β in ALS patients after ITMSC
injections,5,6 suggesting a common target of MSC-based cell
therapy in both diseases. CCL2 (MCP-1) in the brain is pro-
duced by astrocytes and resident microglia, where it plays a role
in the progression of MS disease pathology and chronic
neuroinflammation.12,13 The reported modulation of microglia
activity by MSCs suggests that this may be a therapeutic target
of MSC-NP-based therapy as well.14,15 TGF-β, which is
expressed by MSC-NPs and MSCs and increases its anti-
inflammatory function of MSCs on microglia.16

Additional inflammatory biomarkers were found to be signifi-
cantly increased in the CSF in subjects who did not show a
clinical response to IT-MSC-NP treatment and included HGF,
a potent immunoregulatory factor with pleiotropic effects on
neurons and glial cells.17 HGF was previously implicated in
mediating the efficacy of MSCs in EAE,18 and although MSC-
NP cells express high levels of HGF,2 the cellular source of HGF
in the CSF remains unknown. Elevated levels of the chemokines
IL-8 (CXCL8) and CXCL12 (SDF1) in the CSF were also
observed in nonresponders after IT-MSC-NP treatment. In-
creased CSF IL-8 was previously associated with IT in-
flammation in active MS,19,20 although the role of IL-8 in
progressive MS is unknown. Increased levels of IL-8 may reflect
its role in neuroprotection and myelin repair.13,21 CXCR2, the
receptor for IL-8, is expressed by microglia and oligodendroglia
in active MS lesions22,23 and is required for tissue repair in
EAE.24 Similarly, CXCL12 is a chemoattractant for MSCs and
for OPCs and neural precursors where it can function to pro-
mote myelin repair.25–27 Increased IL-8 and CXCL12 may re-
flect upregulation in cells including astrocytes associated with a
neuroprotective response.28

Although the study was not designed to determine efficacy,
the results suggest that nonambulatory subjects with more

advanced disease and higher EDSS at baseline did not exhibit
reduced EDSS after treatment. The preliminary evidence of
increased inflammatory biomarkers in the nonresponder
group suggests that modulation of neuroinflammation by
MSC-NPs is not sufficient to overcome a threshold of dis-
ability associated with ongoing IT inflammation and long-
standing disease burden. Although only a small number of
subjects in the cohort exhibited elevated CSF NfL at baseline,
decreased CSF NfL after treatment seemed to correlate with
treatment response suggesting that acute neurodegeneration
may be affected by IT-MSC-NP treatment. The predictive
value of these candidate biomarkers is limited, however, be-
cause of the small number of subjects in the study and the lack
of a placebo control.

In conclusion, in the long-term follow-up of 20 patients with
progressive MS in the phase I clinical trial, we observed that
most subjects who received repeated IT-MSC-NP injections
exhibited either a reversal in disability or lack of disease
progression that was sustained for 2 years after treatment. The
impact of any efficacy conclusion, however, are severely lim-
ited by the very small number of patients in the study and the
lack of blinding and placebo controls. Notably, the excep-
tional safety profile of repeated IT-MSC-NP treatment is in
agreement with our previous long-term study and supports a
favorable risk-benefit ratio associated with this therapeutic
approach.10 A larger phase II placebo-controlled study is
currently under way to determine efficacy of IT-MSC-NP
treatment in MS.
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Abstract
Objective
We posit that interleukin-15 (IL-15) is a relevant contributor to MS pathobiology as this
cytokine is elevated in the CNS and periphery of patients with MS. We aim to investigate (1)
the impact of IL-15 on T lymphocytes from patients with MS and (2) the in vivo role of IL-15
using the experimental autoimmune encephalomyelitis (EAE) mouse model.

Methods
We compared the impact of IL-15 on T lymphocytes obtained from untreated patients withMS
(relapsing-remitting, secondary progressive, and primary progressive) to cells from age/sex-
matched healthy controls (HCs) using multiparametric flow cytometry and in vitro assays. We
tested the effects of peripheral IL-15 administration after EAE disease onset in C57BL/6 mice.

Results
IL-15 triggered STAT5 signaling in an elevated proportion of T cells from patients with MS
compared with HCs. This cytokine also enhanced the production of key proinflammatory
cytokines (interferon γ, granulocyte-macrophage colony-stimulating factor [GM-CSF], IL-17,
and tumor necrosis factor) by T cells from both MS and controls, but these effects were more
robust for the production of IL-17 and GM-CSF in T-cell subsets from patients with MS. At the
peak of EAE disease, the proportion of CD4+ and CD8+ T cells expressing CD122+, the key
signaling IL-15 receptor chain, was enriched in the CNS compared with the spleen. Finally,
peripheral administration of IL-15 into EAE mice after disease onset significantly aggravated
clinical scores and increased the number of inflammatory CNS-infiltrating T cells long term
after stopping IL-15 administration.

Conclusions
Our results underscore that IL-15 contributes to the amplification of T-cell inflammatory
properties after disease onset in both MS and EAE.
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Interleukin-15 (IL-15) is a potential contributing factor to the
pathobiology of MS.1–3 CNS cells (astrocytes and microglia)
and peripheral blood cells (monocytes and B lymphocytes)
from subjects with MS express elevated levels of IL-15 com-
pared with controls.1–4 We demonstrated that human CD8+

T lymphocytes pre-exposed to IL-15 exhibit an increased
ability to kill oligodendrocytes in vitro and to migrate across
an in vitro humanmodel of the blood-brain barrier.2 Although
IL-15 and IL-2 share the same receptor signaling chains, IL-15
displays unique properties and targets a broader range of
cells.5,6

The effects of IL-15 on disease induction have been previously
examined in experimental autoimmune encephalomyelitis
(EAE).7–9 Although aggravated EAE was reported for IL-15−/
− mice compared with controls,8–10 definitive conclusions are
hindered by the abnormal immune system in IL-15−/−

mice11,12 (i.e., reduced numbers of several immune cell sub-
sets). Therefore, this model does not closely reflect human
MS pathobiology.

We sought to investigate whether IL-15 shapes T-cell re-
sponses in patients with MS and the underlying mechanisms
of such IL-15–mediated effects. We herein report that in both
patients with relapsing-remitting MS (RRMS) and pro-
gressive MS (PMS), IL-15 induces signaling in a greater
proportion of CD4+ and CD8+ T lymphocytes compared
with age/sex-matched healthy controls (HCs). We also show
that IL-15 more potently increases proinflammatory proper-
ties (e.g., IL-17 production) byMST lymphocytes. Moreover,
we establish using the EAE model that elevated peripheral IL-
15 levels contribute to disease progression after the onset of
symptoms. Thus, IL-15 represents a novel, relevant thera-
peutic target in MS.

Methods
Ethics
Written informed consent was obtained from every donor
before sample collection, in accordance with institutional
guidelines; these studies were approved by the Centre Hos-
pitalier de l’Université de Montréal research ethics committee
(approval numbers BH 07.001 and HD 07.002). Untreated
patients with MS were recruited from the MS-CHUM Clinic
between 2016 and 2019. Each untreated patient was di-
agnosed according to the 2010 and 2017 revised McDonald
criteria13 and classified as RRMS, secondary progressive
(SPMS), or primary progressive (PPMS) at the time of blood

collection by a highly trained MS neurologist. Untreated pa-
tients withMSwere separated into 2 groups: RRMS and PMS,
the latter including patients with SPMS and PPMS.
T lymphocytes from patients with SPMS and PPMS exhibited
similar properties and responses in our assays. Age- and sex-
matched healthy volunteers were used as controls. To account
for the differences in age and sex between the 2 MS cohorts,
each untreated MS group was compared with a different
group of age/sex-matched HCs.

All mice were treated in strict adherence with approved
protocols (N13043NAs and N17031NAs) from the
CRCHUM Institutional Committee for the Protection of
Animals and the Canadian Council on Animal Care.

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

Results
CD122 is similarly expressed by CD4+ and CD8+

T cells from patients with MS and HCs
CD8+ T lymphocytes from patients with MS are more re-
sponsive to IL-15 than their counterparts from HC.2 How-
ever, the underlying mechanisms that control IL-15’s impact
on MS T lymphocytes have not been identified. We sought to
determine whether this is due to elevated expression of the
cognate receptor. The IL-15 signaling receptor is composed
of 2 chains: CD132 and CD122. CD132 (also known as
common γ chain, γc) is shared by many cytokines and
expressed by most lymphocytes.14 In contrast, CD122 is
specific to IL-15 and IL-2.5 We assessed the expression of
CD122 (IL-2/IL-15Rβ) on ex vivo peripheral blood mono-
nuclear cells (PBMCs) from untreated patients with MS and
age/sex-matched HCs (figure 1A). The percentages of CD4+

and CD8+ T-cell subsets (naive, central memory, and effector
memory) expressing CD122 were similar or slightly higher,
without reaching significance, in patients with RRMS and
PMS compared with their respective age/sex-matched HCs
(figure 1B). As CD122 is shared by IL-15 and IL-2, we also
measured the expression of CD25 (IL-2Rα), the high-affinity
IL-2 receptor chain (figure e-1, links.lww.com/NXI/A356).
CD4+ and CD8+ T lymphocytes from patients with RRMS
and PMS contained similar or slightly elevated proportions of
CD25+ cells compared with matched HCs without reaching
statistical significance (figure e-1, A and B). Overall, our

Glossary
EAE = experimental autoimmune encephalomyelitis; GM-CSF = granulocyte-macrophage colony-stimulating factor; HC =
healthy control; IFN = interferon; IL = interleukin; PBMC = peripheral blood mononuclear cell; PMS = progressive MS;
PPMS = primary progressive MS; RRMS = relapsing-remitting MS; SPMS = secondary progressive MS;TNF = tumor necrosis
factor.
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results show that the proportions of CD4+ and CD8+ T cells
expressing CD122 or CD25 are not significantly different in
patients with MS compared with age/sex-matched HCs. Our
results corroborate our previous report on the expression of
CD122 by global CD4+ and CD8+ T cells.2 Therefore, factors
other than CD122 expression contribute to the altered IL-15
responsiveness in T lymphocytes from patients with MS.

IL-15 triggers pSTAT5 in a greater proportion of
T lymphocytes from patients withMS than HCs
We next inquired whether a more robust signaling could
contribute to the enhanced IL-15 responsiveness of
T lymphocytes from patients with MS.2 As IL-15 primarily
triggers STAT5 in T lymphocytes,5 we compared the IL-
15–induced STAT5 phosphorylation (pSTAT5) in patients
with RRMS and PMS with age/sex-matched HCs. Ex vivo
PBMCs were incubated with increasing concentrations of IL-
15 for 15 minutes (peak response to IL-1515) before being
analyzed by flow cytometry (figure 2A). The proportions of
central memory CD4+ and CD8+ T lymphocytes expressing
pSTAT5 on IL-15 stimulation were significantly greater in
RRMS compared with age/sex-matched HCs (figure 2, B and
C); similar results were obtained for naive counterparts, al-
most reaching significance. Moreover, all CD4+ and CD8+

T-cell subsets from patients with PMS exhibited significantly
elevated proportions of pSTAT5 on IL-15 stimulation com-
pared with matched HCs (figure 2, B and C). In contrast, IL-2
induced pSTAT5 in similar proportions of T lymphocytes
from patients with RRMS and PMS compared with their re-
spective age/sex-matched HCs (figure e-1C, links.lww.com/
NXI/A356). Although IL-2 and IL-15 share common sig-
naling receptor chains, only the IL-15–triggered pSTAT5 was
increased in T lymphocytes from patients with MS compared
with HCs, particularly in patients with PMS.

IL-15 favors the production of key
proinflammatory cytokines
It is well established that T lymphocytes contribute to the
pathobiology of MS by multiple mechanisms including the
release of key inflammatory cytokines such as granulocyte-
macrophage colony-stimulating factor (GM-CSF), IL-17, and
interferon (IFN) γ.16 IL-15 increases the production of IL-
17,17 tumor necrosis factor (TNF),18 and IFNγ2 by human
T cells. Moreover, STAT5 signaling has been shown to pro-
mote GM-CSF production by mouse and human T cells.19,20

We therefore investigated whether the enhanced IL-15 re-
sponsiveness of T lymphocytes from patients with MS aug-
ments the production of these inflammatory cytokines by

Figure 1 CD122 is similarly expressed by T lymphocytes from patients with MS and healthy controls

Ex vivo PBMCs obtained from untreated patients with MS and age/sex-matched healthy controls (HCs) were analyzed by flow cytometry for CD3, CD4, CD8,
CD45RA, CD45RO, CCR7, CD25, and CD122. The expression of CD122 (IL-2/IL-15β chain) was determined on naive, centralmemory (CM), and effectormemory
(EM) subsets of CD4+ and CD8+ T lymphocytes. Gating strategywas performed as previously described.15 (A) Representative contour plots (black FMO/isotype,
red CD122) on CMCD4+ T cells from1RRMS donor. (B) Percentages of cells expressing CD122 are shown for each subset of CD4+ and CD8+ T lymphocytes and
compared between untreated patients with MS and HCs; each dot represents 1 donor. Patients with RRMS and PMS (including SPMS and PPMS) were
analyzed separately and compared with respective age/sex-matched HCs (RRMS: n = 13, PMS: n = 9–10). Naive T lymphocytes are shown in green, CM T
lymphocytes in red, and EM T lymphocytes in blue. Results are expressed asmean ± SEM. IL = interleukin; PBMC = peripheral bloodmononuclear cell; PMS =
progressive MS; PPMS = primary progressive MS; RRMS = relapsing-remitting MS.
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unpolarized or Th1/Tc1 or Th17/Tc17 polarized CD4+ and
CD8+ T cells (representative IFNγ and IL-17 production
detected after polarization shown in figure e-2A, links.lww.
com/NXI/A357). To determine the direct effects of IL-15 on
T lymphocytes, we activated purified naive CD4+ and CD8+

T cells with α-CD3/α-CD28 in the absence of antigen-
presenting cells. We observed elevated percentages of Th1/
Tc1 cells producing IFNγ in the presence of IL-15 (figure
3A); however, we did not detect differences between patients

with MS and HCs (figure 4A). In contrast, IL-15 significantly
increased the proportion of IL-17+ cells in Th0 and Th17
conditions in patients with RRMS, but not in HCs (figures 3B
and 4B). IL-15 also significantly enhanced the proportion of
IL-17+ cells in the Th17 condition for patients with PMS. The
IL-15–mediated increase, illustrated as D percentage of
cytokine+ cells (percentage cytokine+ cells in the presence of
IL-15 minus percentage cytokine+ cells without IL-15) (figure
4B, right panel), shows that Th0 from RRMS and Th17 from

Figure 2 IL-15 triggers pSTAT5 in greater percentages of T lymphocytes from patients with MS compared with controls

(A) Ex vivo PBMCs incubated in the presence of increasing concentrations of IL-15 were stained for CD3, CD4, CD8, CCR7, CD45RA, CD45RO, and pSTAT5 and
analyzed by flow cytometry. Representative contour plots of typical pSTAT5 expression in CMCD4+ T cells, untreated or stimulatedwith 0.1, 0.5, and 1.0 ng/mL
of IL-15 for 15 minutes, are shown. (B) Dose-response of IL-15 triggering pSTAT5 for each T-cell subset of CD4+ and CD8+ (naive, CM, and EM) in HCs and
patients with MS (RRMS n = 9 and PMS n = 10). (C) For the 1.0 ng/mL IL-15 dose, the percentage of pSTAT5 expressing cells is illustrated for each T-cell subset
and donor group. Results are expressed as mean ± SEM. One-way analysis of variance followed by the Fisher least significant difference post hoc test
comparing pSTAT5 expression by each T-cell subset from patients with MS vs HCs #0.05 < p < 0.1, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. CM =
central memory; EM = effector memory; IL = interleukin; PBMC = peripheral blood mononuclear cell; PMS = progressive MS; RRMS = relapsing-remitting MS.
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PMS exhibited the greatest IL-15–mediated increase in IL17
production. The percentage of IL-17–producing CD8
T lymphocytes starting from naive cells was too low for most
donors to investigate the impact of IL-15.

We observed that IL-15 significantly increased the proportions
of GM-CSF+ and TNF+ cells in Th17/Tc17-polarized T cells
from all donors (figures 3, C and D and 4, C and D). Notably,
the impact of IL-15 on GM-CSF was more significant on Tc17
cells (mean D percentage: 19.1%) from patients with PMS
compared with age/sex-matched HCs (mean D percentage:
8.5%) (figure 4C, right panel). We observed that IL-15 boosted
the amount of secreted GM-CSF and TNF in the supernatants
of several T-cell populations from both healthy and MS donor
groups (figure e-2B, links.lww.com/NXI/A357). Notably,
Tc17 cells from RRMS produced greater amounts of GM-CSF
and TNF than cells from HCs, regardless of IL-15 addition
(figure e-2B). IL-15 increased the expression of GM-CSF in
Th0/Tc0 and TNF in most Th0/Tc0 and Th1/Tc1 to similar
levels in all donors (figure e-2, C and D). Overall, we showed
that IL-15 significantly augments the expression of key medi-
ators of the Th1/Tc1 and Th17/Tc17 signature. Such IL-
15–mediated effects are more robust in specific T-cell subsets
and conditions in patients with MS compared with age/sex-
matched HCs (IL-17 production by RRMS Th0 and PMS
Th17 and GM-CSF production by PMS Tc17).

CD122+ T cells from EAE mice display
proinflammatory properties
We have previously shown that T cells from patients with MS
are exposed to elevated levels of IL-15 both in the periphery

and CNS.1,2 Moreover, IL-15 significantly boosts key in-
flammatory cytokines produced by human CD4+ and CD8+

T lymphocytes (figures 3 and 4). These T-cell subsets and
cytokines play central roles in the pathobiology of the EAE
mouse model.16,21 Therefore, we sought to evaluate the
presence of potential IL-15 responder T lymphocytes, which
express the CD122 receptor, at the peak of EAE (EAE score
3.0–4.0). Using cell surface markers CD45 and CD11b, we
identified microglia (CD45lowCD11b+), macrophages
(CD45hiCD11b+), and nonmyeloid leukocytes
(CD45hiCD11b−) in the CNS of these mice. Then, we
identified CD4+ and CD8+ T lymphocytes by gating on
nonmyeloid leukocytes (CD45hiCD11b−) as illustrated in
figure 5A. At the peak of disease (EAE score 3.0–4.0; day
14–19 postimmunization), the majority of CD4+ and CD8+

T lymphocytes that have infiltrated the CNS (pooled brain +
spinal cord for each mouse) of EAE mice expressed CD122,
and these proportions were significantly greater compared
with their splenocyte counterparts (figure 5B). As the broadly
used short phorbol myristate acetate/ionomycin/brefeldin A
in vitro stimulation downregulated the CD122 surface ex-
pression, we characterized T lymphocytes from mice that
received an intraperitoneal injection of brefeldin A 5 hours
before being killed for organ collection and flow cytometry
assessment. The in vivo production of the proinflammatory
cytokines IFNγ and GM-CSF was compared in CD122+ vs
CD122− T lymphocytes obtained from the CNS and spleen
from EAE mice at disease peak (figure 5, C and D). Among
CNS-infiltrating CD4+ and CD8+ T lymphocytes, signifi-
cantly higher proportions of CD122+ cells produced IFNγ
and GM-CSF compared with their CD122− counterparts

Figure 3 IL-15 stimulation increases the production of cytokines by T lymphocytes under polarizing conditions

Naive CD4+ and CD8+ T lymphocytes were cultured under polarizing conditions or not in the presence or absence of IL-15 and subsequently treated with
phorbol myristate acetate + ionomycin + brefeldin A for 5 hours before being stained for CD4, CD8, IFNγ, IL-17, GM-CSF, and TNF. (A–D) Representative
contour plots of T cells expressing the cytokine in the absence/presence of IL-15–producing IFNγ (A), IL-17 (B), GM-CSF (C), or TNF (D). GM-CSF = granulocyte-
macrophage colony-stimulating factor; HC = healthy control; IFN = interferon; IL = interleukin; TNF = tumor necrosis factor.
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Figure 4 IL-15–mediated increase in the production of cytokines by T lymphocytes is enhanced in MS

Naive CD4 and CD8 T lymphocytes were cultured under polarizing conditions or not in the presence or absence of IL-15 and subsequently treated with
phorbol myristate acetate + ionomycin + brefeldin A for 5 hours before being stained for CD4, CD8, IFNγ, IL-17, GM-CSF, and TNF. (A–D) Percentages of Th0,
Th1, Th17, Tc0, Tc1, or Tc17 cells (as indicated on each graph) producing IFNγ (A), IL-17 (B), GM-CSF (C), or TNF (D) in untreated patients withMS (RRMS n = 7–9
and PMS n = 6–8) compared with respective age/sex-matched HCs. Graphs on the left show percentage of cytokine producing cells by subset and donor
groups and graphs on right-hand side show IL-15–induced effects (percentage of cytokine + cells in the presence of IL-15minus percentage cytokine + cells in
the absence of IL-15) for each condition and donor group. Each dot represents 1 donor. Results are expressed asmean ± SEM. Student 2-tailed paired t test or
Wilcoxon test comparing IL-15− vs IL-15+ stimulation for each cell subset and donor subset p values are shown in color; 1-way analysis of variance followed by
the uncorrected Fisher least significant difference test or Friedman test for comparison of MS vs HC p values shown in black. #0.05 < p < 0.1; *p < 0.05, **p <
0.01, ***p < 0.001, ****p < 0.0001. GM-CSF = granulocyte-macrophage colony-stimulating factor; HC = healthy control; IFN = interferon; IL = interleukin; PMS =
progressive MS; RRMS = relapsing-remitting MS; TNF = tumor necrosis factor.
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(figure 5, C and D). Finally, a higher proportion of splenic
CD122+ CD4+ T lymphocytes produced IFNγ or GM-CSF
compared with CD122− counterparts, whereas only the per-
centage of splenic CD122+ CD8+ T lymphocytes producing
GM-CSF was elevated compared with CD122− counterparts
(figure 5, C and D). Overall, our results highlight that at the
peak of EAE disease, within CNS-infiltrating T lymphocytes,
proinflammatory CD4+ and CD8+ T lymphocytes are enriched
among those carrying CD122 and are thus susceptible to IL-15.

Peripheral administration of the active form of
IL-15 increases EAE severity
To definitively establish the role of IL-15 in EAE and to mimic
the elevated IL-15 levels we and others detected in the blood

of patients with MS,2,22 we investigated the impact of in-
creasing peripheral levels of IL-15 after disease onset. We used
the same approach as published by others and injected the
biologically active form of IL-15 precomplexed with IL-
15Rα.23,24 We used a physiologic approach to increase IL-15
levels in vivo using the IL-15/IL-15Rα complex.25 This
complex is the biologically active form of the cytokine25 and
mimics what is found in mouse and human biological fluids.26

At disease onset (EAE score 1.0–1.5), mice were randomized
into 2 groups and received a daily injection of the IL-15/IL-
15Rα complex or the control IL-15Rα for 8 consecutive days.
EAE clinical scores from 3 pooled experiments are repre-
sented (figure 6A). IL-15/IL-15Rα–treated mice exhibited a
clear and significant worsening of disease severity compared

Figure 5 Enrichment of CD122+ T cells in the CNS of EAE mice

Splenocytes and CNS-infiltrated leukocytes were collected from EAE mice at disease peak and analyzed by flow cytometry. (A and B) Cells were stained for
CD45, CD11b, CD3, CD4, CD8, and CD122. Representative contour plots of CNS cells illustrating the detection of microglia (CD45lowCD11b+), macrophages
(CD45hiCD11b+), and nonmyeloid leukocytes (CD45hiCD11b−) and gating for CD4+ and CD8+ T lymphocytes within CD45hiCD11b− cells. (B) Assessment of
CD122 expression by T lymphocytes from EAE mice at disease peak. Representative contour plots illustrating CD122 expression on CNS-infiltrating CD4+ T
lymphocytes in EAE. Percentages of CD4+ and CD8+ T lymphocytes expressing CD122 in the CNS (white bars) and the spleen (black bars) n = 20. Results are
expressed as mean ± SEM. One-way ANOVA followed by the Sidak multiple comparison test comparing percentage of CD122+ CD4+ or CD8+ T lymphocytes
CNS vs spleen **p < 0.01, ****p < 0.0001. (C and D) Cells were collected from EAE mice at disease peak 5 hours after the in vivo injection of brefeldin A and
stained with CD45, CD11b, CD3, CD4, CD8, CD122, IFNγ, and GM-CSF. Representative contour plots gated on CD4+CD122− or CD4+CD122+ T lymphocytes
illustrating the expression of GM-CSF (C) or IFNγ (D) in the CNS. Percentage of CD122− (white bars) and CD122+ (gray bars) CD4+ and CD8+ T lymphocytes
expressing GM-CSF (C) or IFNγ (D) in the CNS and the spleen, n = 9–13. Results are expressed asmean ± SEM. One-way ANOVA followed by the Sidakmultiple
comparison test comparing percentage of CNS or splenic GM-CSF+ in CD122− vs CD122+ CD4+ or CD8+ T lymphocytes. Friedman test followed by theDunn test
comparing percentage of CNS or splenic IFNγ+ in CD122− vs CD122+ CD4+ or CD8+ T lymphocytes *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; **p < 0.01,
****p < 0.0001. ANOVA = analysis of variance; EAE = experimental autoimmune encephalomyelitis; GM-CSF = granulocyte-macrophage colony-stimulating
factor; IFN = interferon; IL = interleukin; TNF = tumor necrosis factor.
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with control mice from day 9 posttreatment up to the end of
the monitoring period (up to 20 days after treatment); mice
injected with PBS only had similar clinical scores to IL-15Rα
only (data not shown). Increasing peripheral IL-15 levels thus
triggered long-lasting effects beyond the treatment period.

To uncover the impact of IL-15 on immune cells, we per-
formed flow cytometry analysis on spleen and CNS (pooled
spinal cord and brain) cells. The number of splenocytes was

significantly increased on day 9 (1 day after the last injection)
in the IL-15/IL-15Rα–treated mice compared with controls,
but came back to similar levels at day 15 (figure 6B). The
proportion of CD8+ T lymphocytes within splenocytes was
significantly greater in the IL-15/IL-15Rα compared with the
control group at day 9 (figure 6B). Our results correlate with a
previous report showing induced proliferation of CD8+

T lymphocytes on IP injection of the IL-15/IL-15Rα com-
plex.24 We compared CNS-infiltrating T lymphocytes in both

Figure 6 Peripheral administration of the active form of IL-15 increases EAE severity

From disease onset and for 8 days, EAE mice were injected IP with either the IL-15/IL-15Rα complex or IL-15Rα alone (used as a control) and followed for
clinical score over numerous days. A subset of mice (not included in the clinical scoring) were killed 9 or 14–15 days after treatment initiation for flow
cytometry analysis of the CNS and spleen. (A) Clinical scores are shownasmean ± SEM. Two-way ANOVA andBonferroni test IL-15/IL-15Rα complex vs IL-15Rα
alone day 8–26. * to ****p values: *p < 0.05 (days 8, 18, 19, and 22–26), **p < 0.01 (days 20 and 21), ***p < 0.001 (days 15–17), ****p < 0.0001 (days 9–14), n =
18–22 per group. (B) Number of splenocytes (upper graph) and percentage of CD4+ and CD8+ T lymphocytes among splenocytes (lower graph) at day 9 (D9)
and 15 (D15) posttreatment initiation. Unpaired t test D9-number of splenocytes IL-15/IL-15Rα complex vs IL-15Rα **p < 0.01. One-way ANOVA followed by
the Fisher LSD post hoc test comparing percentage of CD8+ T lymphocytes IL-15/IL-15Rα complex vs IL-15Rα **p < 0.01. (C) Percentages of CD4+ and CD8+ T
lymphocytes within CNS-infiltrating CD45hiCD11b− cells in each group, day 15 (upper graph). Relative number of CNS cells per mouse for each group, day 15
(lower graph). One-way ANOVA followed by the Fisher LSD post hoc test comparing IL-15/IL-15Rα complex vs IL-15Rα *p < 0.05. (D) Relative numbers of CD4+

and CD8+ T lymphocytes within the CNS producing IFNγ, IL-17, GM-CSF, or granzyme B for each group, day 15. One-way ANOVA followed by the Fisher LSD
post hoc test number of mediator-producing CD4+ or CD8+ T lymphocytes IL-15/IL-15Rα complex vs IL-15Rα #p = 0.0686, *p < 0.05, **p < 0.01. Results are
expressed as mean ± SEM n = 3–8 for (B and D). ANOVA = analysis of variance; EAE = experimental autoimmune encephalomyelitis; GM-CSF = granulocyte-
macrophage colony-stimulating factor; IFN = interferon; IL = interleukin; LSD = least significant difference; TNF = tumor necrosis factor.
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groups at day 15 posttreatment initiation, which was 1 week
after the treatment regimen was stopped (figure 6C). We
observed that the percentage within nonmyeloid CNS leu-
kocytes and the relative number of CD4+ T lymphocytes per
CNS were significantly increased in the IL-15/IL-15-
Rα–treated group compared with the controls (figure 6C).

We evaluated the percentages of mediator-producing
T lymphocytes in the spleen and CNS of EAE mice at day
15 posttreatment initiation. We observed that the percentage
of splenic CD8+ T lymphocytes producing IFNγ was signifi-
cantly increased in the IL-15/IL-15-Rα group compared with
the controls, whereas the proportions of CD4+ T lymphocytes
producing this cytokine were similar in both groups (figure
e-3A, links.lww.com/NXI/A358). The percentages of splenic
CD4+ or CD8+ T lymphocytes producing IL-17, GM-CSF, or
granzyme B were similar in both groups (figure e-3A). Among
the CNS-infiltrating CD4+ and CD8+ T lymphocytes, the
percentages of IFNγ, GM-CSF, or granzyme B were similar
between both groups (figure e-3B). Furthermore, the per-
centage of IL-17–producingCD4+ T lymphocytes was elevated
in the IL-15/IL-15-Rα group compared with the control group,
without reaching significance. However, we observed a signif-
icantly higher number of CNS-infiltrating CD4+

T lymphocytes producing IL-17, GM-CSF, or granzyme B in
IL-15/IL-15-Rα–treated mice compared with controls (figure
6D). The transitory increase of IL-15 levels (8 days) was suf-
ficient to cause a long-term effect on EAE disease pathobiology
(figure 6A) and an increased number of CNS-infiltrating in-
flammatory CD4+ T lymphocytes (figure 6D). Overall, our
results highlight that a transient increase of peripheral IL-15
levels has a long-term impact on EAE pathobiology.

Discussion
Accumulating evidence supports a key role for IL-15 in chronic
inflammatory diseases including MS.2,27–30 In the present
study, we establish that IL-15 contributes to the amplification
of inflammatory T-cell responses after disease onset in both
patients with MS and EAE mice. We demonstrate that despite
similar expression of the CD122/IL-15Rβ chain (figure 1),
CD4+ and CD8+ T-cell subsets from both patients with RRMS
and PMS exhibit an enhanced response to IL-15, but not IL-2,
compared with age/sex-matched HCs as documented by the
STAT5p response (figure 2 and figure e-1, links.lww.com/
NXI/A356). IL-15 enhances more strongly the production of
IL-17 by CD4+ T lymphocytes and the production of GM-CSF
byCD8+ T lymphocytes from patients withMS compared with
HCs (figures 3 and 4). Finally, we establish that a transient
boost of peripheral IL-15 levels after symptom onset causes a
sustained increase in EAE disease severity and an elevated
number of IL-17, GM-CSF, or granzyme B–producing CD4+

T lymphocytes in the CNS (figure 6).

Our results demonstrate that expression of CD122 does not
contribute to the altered responses of T lymphocytes from

patients with MS (figure 1). Others reported an enhanced
expression of IL-15R by CD4+ T cells from patients with
RRMS and SPMS compared withHCs, but they did not specify
which receptor chain was assessed.4 We observed similar or
elevated proportions of CD25+ T lymphocytes in MS com-
pared with HC (figure e-1, links.lww.com/NXI/A356). This is
in line with other reports showing either enhanced proportions
of CD25+CD4+ and CD25+CD8+ effectors T lymphocytes in
patients with RRMS or no change of CD25 expression in CD4+

T lymphocytes obtained from patients with RRMS and
SPMS.31,32We did not assess regulatory T lymphocytes among
the CD25+CD4+ T lymphocyte population, which would re-
quire additional identifying markers (FoxP3+ CD127low).
However, we do not believe that this population significantly
contributes to the greater proportions of CD25+CD4+

T lymphocytes we observed in patients with PMS compared
with HCs (figure e-1) since several groups demonstrated that
patients with MS have an unaltered number of regulatory
T cells compared with controls.33

We show that the IL-15–induced STAT5 signaling is en-
hanced in most T-cell subsets from both patients with RRMS
and PMS compared with HCs (figure 2). Total unphos-
phorylated STAT5 and baseline pSTAT5 have been shown to
be similar in T lymphocytes from MS and HC34; notably, we
did not detect differences in baseline pSTAT5 between donor
groups (data not shown). Therefore, we can rule out that
elevated availability of STAT5 contributes to the enhanced
STAT5p triggered by IL-15 in patients with MS. Notwith-
standing upregulated CD25 expression in some MS T-cell
subsets (figure e-1B, links.lww.com/NXI/A356), IL-2–
induced pSTAT5 signaling was similar in all T-cell subsets
from patients with MS and controls (figure e-1C). Thus, IL-
15 and IL-2, despite their shared receptor chains, have distinct
biological impacts.5 Notably, another cytokine using CD132
as a coreceptor, IL-7, triggered pSTAT5 in higher proportions
of CD4+ and CD8+ memory T lymphocytes from patients
with RRMS compared with controls.34 Moreover, increased
pSTAT5 levels in autoreactive CD4+ T lymphocytes have
been associated with a more aggressive disease course in pa-
tients with systemic lupus erythematosus.35

The mechanisms contributing to the enhanced IL-15–
triggered STAT5 phosphorylation we observed in
T lymphocytes from patients with MS remain unknown.
Signaling responses of T lymphocytes are shaped by the
composition and abundance of lipid rafts.36 Notably,
T lymphocytes from patients with autoimmune disease (e.g.,
systemic lupus erythematosus) contain more cholesterol and
GM1 (lipid raft maker) than cells from healthy donors.36

Moreover, higher expression of lipid rafts on murine CD8
T lymphocytes has been shown to correlate with greater re-
sponses to IL-2 and IL-15, including pSTAT5.37 Additional
studies will be necessary to investigate whether the compo-
sition and abundance of lipid rafts in T lymphocytes of pa-
tients with MS is altered compared with HCs and how such
alterations affect their responses to cytokines. Overall, these
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studies and our work underscore the potential central role of
altered STAT5 signaling in response to multiple cytokines in
T lymphocytes from patients with autoimmune diseases.

Several reports suggest that STAT5 contributes to T cell–
mediated neuroinflammation. Mice carrying stat5-deficient
CD4+ and CD8+ T lymphocytes developed EAE with a lower
incidence and disease severity due to impaired production of
GM-CSF by autoreactive CD4+ T lymphocytes and reduced
expansion of pathogenic Th17 cells.20 Moreover, the interplay
between Th17 cells and IL-15 has been suggested in human
inflammatory diseases such as psoriasis and rheumatoid
arthritis.17,38–40 IL-15 increased the percentage of IL-17–
producing CD4+ T lymphocytes from patients with MS, but it
had no impact on such production by T lymphocytes from
HCs in our conditions (figure 4B). The boosting impact of IL-
15 on the proportion of TNF or IFNγ-producing
T lymphocytes was similar in MS and HC. Remarkably, IL-
15’s capacity to enhance GM-CSF production by
T lymphocytes was more prominent in patients with PMS
than in cells from HCs (figure 4C). Further studies will be
necessary to delineate the relationship between the elevated
STAT5 signaling and the upregulation of inflammatory cy-
tokines by T lymphocytes in patients with MS.

Others have postulated that IL-15 is beneficial to EAE based on
the aggravated disease in IL-15–deficient mice compared with
wild-type controls.7–9 However, the immune system of IL-15–
deficient mice exhibits multiple impairments such as reduced
numbers of several immune cell subsets (e.g., natural killer cells
and CD8 T lymphocytes),11,12 some of which are comprised of
potential regulatory immune cell subsets. Therefore, the worse
disease observed in IL-15–deficient mice could be due to
multiple factors beyond the sole absence of IL-15. One group
found that injection of IL-15 alone before EAE symptom onset
tends to alleviate disease severity, albeit very modestly.10 This
discrepancy with our results may be due to several methodo-
logical differences such as mouse strain (SJL/J), dose, and form
of IL-15 (IL-15 alone). We recognize these differences; never-
theless, we believe that our experimental approach more closely
models the human disease and provides solid evidence that IL-
15 enhances the severity of the ongoing disease.

Collectively, our results point to the deleterious role of IL-15
in MS and its animal model EAE. Our in vivo data support IL-
15 as an appealing therapeutic target given its impact after
disease onset. Finally, the universality of the enhanced IL-
15–triggered responses in T lymphocytes from all kinds of
patients with MS (RRMS and PMS) underlines that this cy-
tokine represents a common deleterious factor that could
potentially be targeted in most patients with MS.
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Abstract
Objective
Because obesity affects the cellular immune response to infections, we aimed to investigate
whether high body mass index (BMI) in young adulthood and high Epstein-Barr nuclear
antigen 1 (EBNA-1) antibody levels interact with regard to MS risk. We also aimed at exploring
potential 3-way interactions between BMI at age 20 years, aspects of Epstein-Barr virus (EBV)
infection (high EBNA-1 antibody levels and infectious mononucleosis [IM] history, re-
spectively) and the human leukocyte antigen (HLA)-DRB1*15:01 allele.

Methods
Using Swedish population-based case-control studies (5,460 cases and 7,275 controls), we
assessed MS risk in relation to interactions between overweight/obesity at age 20 years, IM
history, EBNA-1 levels, and HLA-DRB1*15:01 status by calculating ORs with 95% CIs using
logistic regression. Potential interactions were evaluated on the additive scale.

Results
Overweight/obesity, compared with normal weight, interacted significantly with high (>50th
percentile) EBNA-1 antibody levels (attributable proportion due to interaction 0.2, 95% CI
0.1–0.4). The strength of the interaction increased with higher category of EBNA-1 antibody
levels. Furthermore, 3-way interactions were present between HLA-DRB1*15:01, overweight/
obesity at age 20 years, and each aspect of EBV infection.

Conclusions
With regard to MS risk, overweight/obesity in young adulthood acts synergistically with both
aspects of EBV infection, predominantly among those with a genetic susceptibility to the
disease. The obese state both induces a chronic immune-mediated inflammation and affects the
cellular immune response to infections, which may contribute to explain our findings.
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MS is a multifocal inflammatory disease of the CNS with
underlying genetic and environmental factors. Variations in
the human leukocyte antigen (HLA) region influence sus-
ceptibility to MS with the main effect originating from the
Class II DRB1 gene.1 Environmental and lifestyle factors in-
creasing MS risk include smoking,2 low sun exposure,3 low
vitamin D status,4 high body mass index (BMI),5,6 and
Epstein-Barr virus (EBV) infection.7 High BMI during ado-
lescence and young adulthood, but not at the time of MS
onset, has repeatedly been associated with an increased risk of
developing MS.5,6 The risk increases in a dose-dependent
manner.6

Elevated Epstein-Barr nuclear antigen 1 (EBNA-1) antibody
levels and infectious mononucleosis (IM) history are aspects
of EBV infection that seem to represent separate risk factors
for MS.7 An additive interaction has been observed between
high BMI at age 20 years and a history of IM,8 but whether a
similar interaction occurs between obesity and elevated
EBNA-1 antibody levels is unclear.

Because most environmental and lifestyle risk factors for MS
seem to act synergistically with the main genetic risk factor for
MS, the HLA-DRB1*15:01 allele,7,9 it is also of interest to
study both separate and joint effects of these factors.

Using Swedish population-based case-control studies, com-
prising 5,460 cases and 7,275 controls, we thus aimed to
investigate potential 2- and 3-way interactions between BMI
at age 20 years, aspects of EBV infection, and presence of
DRB1*15:01.

Methods
Study design and study subjects
We used 2 Swedish population-based case-control studies on
environmental and genetic risk factors for MS: Epidemio-
logical Investigation of Multiple Sclerosis (EIMS) and Genes
and Environment in Multiple Sclerosis (GEMS). The study
population comprised the general population aged 16–70
years. In EIMS, newly diagnosed cases of MS were recruited
from neurology clinics, including all university hospitals in
Sweden. Cases were diagnosed by a neurologist according to
the 2005 or 2010 McDonald criteria.10,11 For each case, we
randomly selected 2 controls from the national population
register, frequency matched by age in 5-year age strata, sex,
and residential area. The participants were included between
April 2005 and June 2015.

In GEMS, we identified prevalent cases of MS from the
Swedish National MS Registry.12 All cases in both studies
fulfilled the 2005 or 2010McDonald criteria.10,11 One control
for each case was selected in the same manner as in EIMS. All
participants were recruited between November 2009 and
November 2011.

To increase the number of controls, we also used controls
from the Epidemiological Investigation of Rheumatoid Ar-
thritis (EIRA), which is a population-based case-control study
with incident cases of rheumatoid arthritis, designed in the
same manner as EIMS, using a similar study population in
southern and middle parts of Sweden. The EIRA controls
were not matched on age, sex, or residential area to MS cases
in either EIMS or GEMS. The study has been described in
detail elsewhere.13

Data collection
We used a standardized questionnaire to collect information
regarding environmental exposures and lifestyle factors. The
response rate was 93% for cases and 73% for controls in EIMS,
82% for cases and 66% for controls in GEMS, and 75% for
controls in EIRA.

In all studies, participants were asked whether they had ever
had IM, and if yes, at what age the infection occurred. Those
who were unsure regarding IM history were excluded. For
each case in EIMS andGEMS, the clinical onset of disease was
defined as the index year. The corresponding controls were
given the same index year. IM history was considered before
the index year and was recorded as either reported infection or
no infection.

Self-reported information was obtained regarding current
body height and body weight at age 20 years. Subjects younger
than 20 years at the index year were excluded. Using current
height, we calculated BMI at age 20 years by dividing weight in
kilograms by height in meters squared.

All participants were asked to provide a blood sample and
those who did not donate blood were excluded from the main
analysis. The number of study subjects in each study is pre-
sented in table 1.

Potential confounding variables
Ancestry was dichotomized into Swedish or non-Swedish. Edu-
cational level was categorized into no postsecondary education,
postsecondary education, or university degree. Based on 3
questions about exposure to ultraviolet radiation where each

Glossary
BMI = body mass index; EBV = Epstein-Barr virus; EIMS = Epidemiological Investigation of Multiple Sclerosis; EIRA =
Epidemiological Investigation of Rheumatoid Arthritis; EPNA-1 = Epstein-Barr nuclear antigen 1; GEMS = Genes and
Environment in Multiple Sclerosis; HLA = human leukocyte antigen; IM = infectious mononucleosis; MFI = median
flourescence intensity.
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answer alternative was given a number ranging from1 (the lowest
exposure) to 4 (the highest exposure), we constructed an index
by adding the numbers together and thus acquired a value be-
tween 3 and 12.14 Sun exposure was then dichotomized based on
the 25th percentile among controls. Smokers were dichotomized
into ever or never smokers. Exposure to passive smoking at home
or at work on a daily basis was dichotomized into ever or never
exposed. Alcohol consumptionwas categorized into the following
subgroups based on the amount of alcohol intake per week: low
consumption (<50 g/wk for women and <100 g/wk for men),
moderate consumption (50–112 g/wk for women and 100–168
g/wk for men), and high consumption (>112 g/wk for women
and >168 g/wk for men). The cutoffs were the same as those
used by Statistics Sweden, a government agency that produces
official statistics.

Standard protocol approvals, registrations,
and patient consents
Ethical approval for both EIMS andGEMSwas obtained from
the Regional Ethical Review Board at Karolinska Institutet. All
participants gave their written informed consent.

Genotyping and measurement of EBNA-1
antibody levels
In EIMS and GEMS, HLA-DRB1 and HLA-A alleles were de-
termined at 4-digit resolution. Genotyping was performed on the
MS replication chip,15 which is based on an Illumina exome chip,
andHLAwas then imputedwithHLA*IMP:02.16 In EIRA,HLA-
DRB1 genotypes were obtained as previously described.13 In
EIMS and GEMS, we used multiplex serology to detect immu-
noglobulin G antibodies against the EBNA-1 peptide segment
(aa 385–420),17,18 which has been identified as the primary

EBNA-1 fragment associated with MS risk.19 Dual-laser flow-
based detection was used to quantify the antibodies in median
flourescence intensity (MFI) units. We dichotomized EBNA-1
antibody levels based on the median seroreactivity among con-
trols (5,620 MFI) into groups with high and low EBNA-1 anti-
body levels.7 To study whether the potential interaction between
obesity at age 20 years and high EBNA-1 antibody levels was
affected by increasing EBNA-1 levels, we also divided the par-
ticipants into 4 groups based on the seroreactivity among controls
at the 50th, 75th, and 95th percentiles.

Statistical analysis
All analyses were adjusted for study, age, sex, residential area,
ancestry, smoking, and when appropriate for A*02:01,
DRB1*15:01, and IM history. Adjustments were also made for
educational level, sun exposure habits, passive smoking, and
alcohol consumption, but these factors had minor influence
on the results and were not retained in the final analyses.

Subjects characterized by BMI at age 20 years, EBNA-1 and
IM status were compared with regard to MS risk, by calcu-
lating ORs with 95% CIs using unconditional logistic re-
gression models.20 Potential interactions were analyzed using
departure from additivity of effects as criterion of interaction.
Synergistic effects between overweight/obesity at age 20 years
and each aspect of EBV infection were evaluated by calcu-
lating the attributable proportion due to interaction and rel-
ative excess risk due to interaction together with 95% CI.21,22

Superadditive associations between overweight/obesity at age
20 years,HLA-DRB1*15, and a history of IM (or high EBNA-
1 antibody levels) were calculated by comparing the joint
effect of the 3 risk factors to the situation when each one acts

Table 1 Number of cases and controls included in the study

Study
Included in
the study

Disease onset
20 y or older

Data on BMI
at age 20 y
and IM history

Data on HLA
genotype. Data
set for analysis

Data on EBNA-1
antibody levels.
Data set for analysis

EIMS

Cases 2,880 2,740 2,309 1,729 1,681

Controls 6,122 5,766 4,851 2,494 2,114

GEMS

Cases 6,156 5,588 4,385 3,731 3,139

Controls 5,408 4,893 3,987 2,941 2,889

EIRA

Controls 5,935 5,892 4,907 1,840 —

Total

Cases 9,036 8,328 6,694 5,460 4,820

Controls 17,465 15,555 13,745 7,275 5,003

Abbreviations: BMI = body mass index; EIMS = Epidemiological Investigation of Multiple Sclerosis; EIRA = Epidemiological Investigation of Rheumatoid
Arthritis; EPNA-1 = Epstein-Barr nuclear antigen 1; GEMS = Genes and Environment in Multiple Sclerosis; HLA = human leukocyte antigen; IM = infectious
mononucleosis.
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separately, using the total relative excess risk due to
interaction.18

As sensitivity analyses, we performed the interaction analyses
stratified by study.We also conducted all analyses restricted to
include subjects with data on HLA alleles as well as anti–
EBNA-1 antibody levels. These analyses were further adjusted
for DRB1*15:01 when appropriate and for the following al-
leles from other HLA regions that have been shown to in-
fluence MS risk independently of DRB1*15:01 status1:
DRB1*03:01, DRB1*13:03, DRB1*08:01, B*44:02, B38:01,
B44:02, DQA1*01:01, DQB1*03:02, and DQBI*03:01.1 Ho-
mozygote correction was made for DRB1*15:01, DRB1*03:
01, and A*02:01. All analyses were conducted using Statistical
Analysis System version 9.4.

Data availability
Anonymized data will be shared by request from any qualified
investigator who wants to analyze questions that are related to
the published article.

Results
Among the cases, the mean age at disease onset was 33.7
(SD 10.4) years. The majority of cases in EIMS were
recruited within 1 year after the diagnosis, and the ques-
tionnaires were completed after a median of 2.0 years
following MS onset. In GEMS, the median duration from
disease onset to study inclusion was 18.0 (SD 11.7) years.
Selected characteristics of cases and controls are presented
in table 2. Characteristics were similar between those who

donated blood and those who did not (table e-1, links.lww.
com/NXI/A374).

BMI at age 20 years and a history of IM
Overweight/obesity at age 20 years and a history of IM syn-
ergistically increased the risk of MS. Overall, IM history
among nonoverweight subjects was associated with a 90%
increased risk of MS, whereas overweight/obesity at age 20
years (BMI ≥25 kg/m2) with no history of IM was associated
with a 40% increasedMS risk. Compared with nonoverweight
subjects without IM history, the combination of the 2 risk
factors increased MS risk 5-fold.

BMI at age 20 years and EBNA-1 status
A similar but less pronounced interaction was observed be-
tween BMI at age 20 years and high EBNA-1 antibody levels.
The interaction became stronger with increasing category of
EBNA-1 antibody levels, using a variety of different cut-points
(table 3). Our findings remained significant when subjects
with a history of IM were excluded.

DRB1*15 status, BMI at age 20 years, and
aspects of EBV infection
With regard to MS risk, 2-way interactions were present be-
tween DRB1*15:01 and overweight/obesity at age 20 years,
between DRB1*15:01 and each aspect of EBV infection, and
between overweight/obesity at age 20 years and each aspect
of EBV infection (tables 4 and 5).

Furthermore, significant 3-way interactions on the additive
scale were observed between DRB1*15:01, BMI at age 20
years, and each aspect of EBV infection (IM history and high

Table 2 Characteristics of cases and controls, overall and by study

Overall EIMS GEMS EIRA

Cases Controls Cases Controls Cases Controls Controls

Women, n (%) 4,022 (74) 5,520 (76) 1,263 (73) 1,892 (76) 2,759 (74) 2,287 (78) 1,341 (73)

Men, n (%) 1,438 (26) 1,755 (24) 466 (27) 602 (24) 972 (26) 654 (22) 499 (27)

Swedish origin, n (%) 4,454 (82) 5,949 (82) 1,385 (80) 1,929 (77) 3,069 (82) 2,436 (83) 1,584 (86)

BMI at age 20 y, kg/m2, mean (SD) 22.0 (3.5) 21.6 (3.0) 22.6 (3.8) 21.8 (3.1) 21.7 (3.3) 21.5 (2.9) 21.5 (2.8)

BMI ≥25 kg/m2, n (%) 719 (13) 686 (9.4) 304 (18) 265 (11) 415 (11) 362 (8.5) 170 (9.2)

A history of IM, n (%) 877 (16) 616 (8.5) 330 (19) 267 (11) 547 (15) 223 (7.6) 126 (6.9)

Ever smoking, n (%) 3,132 (57) 3,688 (51) 934 (54) 1,138 (46) 2,198 (59) 1,466 (50) 1,084 (59)

HLA-DRB1*15:01, n (%) 3,145 (58) 2,069 (28) 955 (55) 688 (28) 2,190 (59) 866 (29) 515 (28)

HLA-A*02:01, n (%) 2,355 (43) 2,986 (55) 719 (42) 1,354 (54) 1,636 (44) 1,632 (55) —

Median EBNA-1 IgG (MFI) 7,828 5,601 7,807 5,448 7,855 5,699 —

Total 5,460 7,275 1,729 2,494 3,731 2,941 1,840

Abbreviations: BMI = body mass index; EIMS = Epidemiological Investigation of Multiple Sclerosis; EIRA = Epidemiological Investigation of Rheumatoid
Arthritis; EPNA-1 = Epstein-Barr nuclear antigen 1; GEMS = Genes and Environment in Multiple Sclerosis; HLA = human leukocyte antigen; IgG = immuno-
globulin G; IM = infectious mononucleosis; MFI = median flourescence intensity.

4 Neurology: Neuroimmunology & Neuroinflammation | Volume 8, Number 1 | January 2021 Neurology.org/NN

http://links.lww.com/NXI/A374
http://links.lww.com/NXI/A374
http://neurology.org/nn


EBNA-1 antibody levels, respectively) (tables 4 and 5). The
results presented in tables 4 and 5 are illustrated in the figure.

All main findings remained significant when the analyses were
stratified by study (EIMS andGEMS). The overall interaction
between BMI at age 20 years and high EBNA-1 antibody
levels, stratified by study, is presented in table e-2, links.lww.
com/NXI/A374. All findings also remained significant when
we performed the analyses restricted to subjects with com-
plete data on HLA alleles and EBNA-1 antibody levels (data
not shown).

Discussion
According to our findings, overweight/obesity in young
adulthood acts synergistically with both a history of IM
and high EBNA-1 antibody levels. The effect estimates for
the interaction between BMI at age 20 years and EBNA-1

antibody levels became stronger with increasing category
of antibody levels. Furthermore, significant 3-way inter-
actions on the additive scale were observed between
DRB1*15:01, BMI at age 20 years, and each aspect of EBV
infection.

Adipose tissue is considered an active endocrine organ that
results in a strong proinflammatory environment in sub-
jects with obesity. Inflammatory mediators such as in-
terleukin 6, C-reactive protein, and tumor necrosis factor
alpha significantly correlate with BMI. Obesity has been
associated with a decreased number of regulatory T and B
subsets, expansion of Th17 cells, and promotion of auto-
antibodies, which may lead to breakdown of self-tolerance
and promote the onset and progression of autoimmune
responses.23–25 Obesity contributes to the development of
a number of inflammatory and autoimmune diseases, in-
cluding MS.26,27 Obesity also results in a state of

Table 3 OR with 95% CI of developing MS for subjects with different combinations of BMI at age 20 years and EBNA-1
antibody levels

EBNA-1 category ca/coa OR (95% CI)b OR (95% CI)c AP (95% CI) RERI (95% CI)

BMI at age 20 y, kg/m2

<25 <50th percentile 1,004/2,264 1.0 (reference) 1.0 (reference)

≥25 <50th percentile 135/237 1.3 (1.1–1.7) 1.4 (1.1–1.8)

<25 ≥50th percentile 3,194/2,263 3.1 (2.9–3.5) 2.8 (2.5–3.0)

≥25 ≥50th percentile 487/239 4.7 (3.9–5.5) 4.1 (3.4–4.8) 0.2 (0.1 to 0.4) 1.4 (1.1 to 1.8)

BMI at age 20 y, kg/m2

<25 <50th percentile 1,004/2,264 1.0 (reference) 1.0 (reference)

≥25 <50th percentile 135/237 1.5 (1.1–1.7) 1.5 (1.1–1.8)

<25 50th–75th percentile 1,198/1,130 2.4 (2.2–2.7) 2.1 (1.9–2.4)

≥25 50th–75th percentile 163/120 3.2 (2.5–4.1) 2.7 (2.1–3.5) 0.02 (−0.3 to 0.3) 0.1 (−0.2 to 0.3)

BMI at age 20 y, kg/m2

<25 <50th percentile 1,004/2,264 1.0 (reference) 1.0 (reference)

≥25 <50th percentile 135/237 1.3 (1.0–1.6) 1.4 (1.1–1.8)

<25 75th–95th percentile 1,481/903 3.7 (3.3–4.1) 3.0 (2.7–3.4)

≥25 75th–95th percentile 236/98 5.7 (4.4–7.3) 4.6 (3.6–6.0) 0.3 (0.1 to 0.5) 1.5 (1.1 to 2.2)

BMI at age 20 y, kg/m2

<25 <50th percentile 1,004/2,264 1.0 (reference) 1.0 (reference)

≥25 <50th percentile 135/237 1.3 (1.1–1.7) 1.4 (1.1–1.8)

<25 >95th percentile 515/230 4.8 (4.0–5.7) 4.0 (3.3–4.8)

≥25 >95th percentile 85/21 9.2 (5.7–14.9) 7.3 (4.4–12.0) 0.4 (0.1 to 0.7) 2.8 (0.9 to 6.5)

Abbreviations: AP = attributable proportion due to interaction; BMI = bodymass index; EPNA-1 = Epstein-Barr nuclear antigen 1; RERI = relative excess risk due
to interaction.
a Number of exposed cases and controls.
b Adjusted for study, age, sex, residential area, ancestry, and smoking.
c Adjusted for study, age, sex, residential area, ancestry, smoking, IM history, A*02:01, and DRB1*15:01.
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immunodeficiency, including altered lymphocyte func-
tionality, rendering obese people more susceptible to in-
fections.28 Immunodeficiency due to obesity may thus
alter immune responses to pathogens and increase the risk
of an inflammatory response directed at self-antigens.
Several environmental factors that predispose to MS, in-
cluding both high BMI and EBV infection, seem to act long
before the clinical onset of the disease. This suggests a
sensitive period for lifestyle and environmental factors in
MS or may reflect the existence of a prodromal phase for
the disease.

Both EIMS and GEMS, as well as EIRA, retrospectively
gathered information regarding environmental and life-
style factors. EIMS included incident cases to minimize

recall bias, whereas GEMS was based on prevalent MS
cases and recall bias may therefore be more substantial in
this study. However, a validation study among women in
the Nurses’ Health Study found high correlations between
recalled and measured past weight.29

There is a risk of misclassification when dichotomizing
subjects into those with and without self-reported IM
history. Because infection by other pathogens than EBV
may cause an IM-like illness, subjects may unknowingly
have had IM. However, this misclassification is not
expected to differ between cases and controls. Further-
more, the risk of MS among subjects with a history of IM
was in accordance with that of previous studies on past IM
and MS risk.30 EBNA-1 antibody levels after MS onset

Table 4 OR with 95% CI of developing MS for subjects with different combinations of DRB1*15:01 status, BMI at age 20
years, and IM history

BMI at age 20 y, kg/m2 A history of IM DRB1*15:01 ca/coa OR (95% CI)b RERI (95% CI) TotRERI (95% CI)

<25 − − 1,698/4,305 1.0 (reference)

≥25 − − 239/465 1.4 (1.1–1.6)

<25 + − 313/399 2.0 (1.7–2.3)

≥25 + − 65/37 4.5 (2.9–7.0) 2.1 (0.5–3.7)

<25 − + 2,313/1,715 3.4 (3.1–3.7)

≥25 − + 333/174 4.8 (3.9–5.9) 1.5 (0.3–2.6)

<25 + + 417/170 6.4 (5.2–7.8) 2.4 (1.0–3.8)

≥25 + + 82/10 22.2 (10.7–43.6) 15.4 (0.8–30.1)

Abbreviations: BMI = body mass index; EPNA-1 = Epstein-Barr nuclear antigen 1; RERI = relative excess risk due to interaction; TotRERI = total relative excess
risk due to interaction; controls from EIRA were included.
a Number of exposed cases and controls.
b Adjusted for study, age, sex, residential area, ancestry, and smoking.

Table 5 OR with 95% CI of developing MS for subjects with different combinations of DRB1*15:01 status, BMI at age 20
years, and anti-EBNA-1 antibody levels

BMI at age 20 y, kg/m2 High EBNA-1 antibody levels DRB1*15:01 ca/coa OR (95% CI)b RERI (95% CI) TotRERI (95% CI)

<25 − − 534/1,710 1.0 (reference)

≥25 − − 89/186 1.6 (1.2–2.1)

<25 + − 1,230/1,511 2.5 (2.2–2.9)

≥25 + − 173/162 3.3 (2.6–4.2) 1.2 (0.4–2.1)

<25 − + 470/554 2.8 (2.4–3.3)

≥25 − + 46/51 3.1 (2.0–4.7) 1.5 (0.3–2.6)

<25 + + 1,964/752 8.2 (7.2–9.4) 4.2 (3.4–5.0)

≥25 + + 314/77 13.5 (10.3–17.8) 8.6 (5.0–12.1)

Abbreviations: BMI = body mass index; EPNA-1 = Epstein-Barr nuclear antigen 1; RERI = relative excess risk due to interaction; TotRERI = total relative excess
risk due to interaction.
a Number of exposed cases and controls.
b Adjusted for study, age, sex, residential area, ancestry, smoking, A*02:01, and IM history.
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were assumed to reflect levels before disease onset. This
assumption is supported by findings that EBNA-1 antibody
levels become elevated between 15 and 20 years before the
clinical onset of MS and thereafter remain constant over
time.31 Another concern is that the recruitment of cases
and controls may introduce selection bias.

Because the Swedish health care system provides equal free of
charge access to medical services for all Swedish citizens, most
MS cases are referred to neurologic units. In both MS studies,
selection bias was minimized by the population-based design.
Although there was proportion of nonresponders among the
controls, this bias is probably modest because the prevalence of
lifestyle factors, such as smoking and socioeconomic status,
among controls was consistent with that of the general pop-
ulation.32 Subjects who were excluded due to unknown IM his-
tory did not differ with regard to obesity at age 20 years, EBNA-1
antibody levels, orDRB1*15:01 status compared with those with
known IM history. Furthermore, there were no significant

differences with respect to age, sex, BMI at age 20 years, or IM
history between those donated blood and those who did not,
indicating that selection bias did not take place in this step.

The worldwide prevalence of overweight/obesity during
childhood and young adulthood has increased over the last
decades and has emerged as a serious public health con-
cern.33 The increasing MS incidence in some countries
may, at least to some extent, be explained by the increasing
prevalence of obesity. Overweight and obesity are largely
preventable, and intervention efforts need to be high pri-
ority to reduce long-term health consequences, including
inflammatory diseases such as MS.

In summary, overweight/obesity in young adulthood acts
synergistically with both aspects of EBV infection, pre-
dominantly among those with a genetic susceptibility to the
disease. The obese state both induces a chronic immune-
mediated inflammation and affects the cellular immune

Figure OR of developing MS for subjects with different combinations of DRB1*15:01, overweight/obesity (>25 kg/m2), and
IM history and EBNA-1 status, respectively, compared with unexposed DRB1*15:01-negative subjects

Based on data from tables 4 and 5.
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response to infections, which may contribute to explain our
findings. Our data reinforce the importance of intervention
efforts against childhood and adolescent obesity to reduceMS
incidence.
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Encephalitis with leucine-rich glioma-inactivated-1 (LGI1) immunoglobulin G (IgG) anti-
bodies classically presents with cognitive impairment and characteristic faciobrachial dystonic
seizures.1 In a murine model, human LGI1 IgG caused reduction of Kv1.1 channels and
α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor receptors resulting in neuro-
nal hyperexcitability indicating probable pathogenicity of LGI1 antibodies.2 LGI1 autoimmu-
nity is associated with malignancy in less than 10% of cases, including small cell lung cancer,
prostate and colon cancer, squamous cell skin carcinoma, and neuroendocrine pancreatic
cancer.3,4 We present a case of LGI1 encephalitis only partially responsive to immunotherapy
with eventual complete resolution after resection of a squamous cell lung carcinoma.

Case report
A 78-year-old woman was seen for evaluation of worsening cognition and brief spasmodic
episodes affecting the arm and face. On examination, she had stereotyped episodes of gri-
macing and left arm posturing, without impairment of awareness, lasting 2–4 seconds,
consistent with faciobrachial seizures. She also had dysarthria, hypophonia, and mild left hand
bradykinesia. Her mental status examination showed impaired orientation to our clinic,
impairment in delayed recall, and working memory deficits in reversed spelling and serial
subtraction tasks.

A brain MRI showed an incidental CSF cyst on the anterior pole of the left lateral ventricle and
bilateral subcortical microvascular changes, but no signs of limbic encephalitis. The CSF was
normal with only mild protein elevation of 68 mg/dL and negative for JC virus and neuro-
syphilis. Continuous EEG monitoring demonstrated no EEG correlation with her dystonic
events. She was hyponatremic, with sodium concentrations ranging from 127–132 mmol/L.
Initial serologic testing was positive for antibodies to the voltage-gated potassium channel
(VGKC) complex (0.11 nmol/L), but the results did not indicate specific protein targets
(i.e., LGI1 or Caspr2). She was treated with high-dose IV immunoglobulin and methylpred-
nisolone, and levetiracetam and clonazepam, but with only partial improvement of her dystonic
seizures. She hadmoderate improvement in her cognitive functioning with partial improvement
in delayed recollection and working memory. Follow-up testing for antibody specificity within
the VGKC complex by a different laboratory was negative. However, 2 months later, repeated
serum tested at the same laboratory using cell-based assay was positive specifically for LGI1.

Sevenmonths after her initial presentation, a CT of the chest showed a right lung mass. Surgical
resection demonstrated a moderately differentiated squamous cell carcinoma. After surgery, she
had a complete resolution of faciobrachial dystonic seizures; her cognitive dysfunction also
resolved, both subjectively and on follow-up examination. All previously applied neurologic
therapies were discontinued. She had remained seizure free for over 1 year, through her most
recent follow-up.
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To explore the association of her squamous cell lung cancer with
encephalitis, we tested sections from her paraffin-embedded
tumor tissue for expression of LGI1 antigen. After deparaffini-
zation, rehydration, antigen retrieval, and blocking, as previously
described,5 the tissue sections were incubated overnight with a
commercial rabbit polyclonal antibody against LGI1/EPT
(Abcam 30868) 10 μg/mL diluted in 1:20 normal goat se-
rum, followed by rhodamine-conjugated goat anti-rabbit IgG.5

Strong staining of many tumor cells was observed (figure, A).
Incubation of tumor sections with the same rhodamine-
conjugated secondary antibody, omitting the primary anti-
LGI1, showed no staining of tumor cells (figure, B), confirming
the specificity of the reaction. Immunostaining with LGI1-
positive serum from an autoimmune patient with encephalitis
diluted at 1:50 also showed that LGI1 was expressed in many
tumor cells with a patchy membrane staining (not shown).

Discussion
We present an association of LGI1 autoimmune encephalitis
with squamous cell lung carcinoma with dramatic resolution
of all clinical phenomena after surgical resection. The case
broadens the spectrum of paraneoplastic association with
LGI1 encephalitis and demonstrates that the response to
immunotherapy can be insufficient.

Although initial testing for the antibody was negative, the
patient eventually tested positive for LGI1 antibodies
confirming previous reports that LGI1 antibodies may
initially show only seropositivity for antibodies to the
VGKC complex.6 The connection of the encephalitis to the
tumor was strengthened by finding that the tumor strongly
expressed LGI1 antigen, although it was unclear which
specific tumor cells express LGI1. A study of gene ex-
pression in oral squamous cell cancer has shown that LGI1
expression may be elevated in the surrounding mucosa of
early squamous cell tumors, perhaps reflecting a mecha-
nism of tumor suppression.7 The neurologic autoimmunity
developed in our patient likely represents a paraneoplastic
mechanism with cross-reactive autoimmunity triggered by
LGI1 antigen expression within the neoplastic or the sur-
rounding non-neoplastic tumor cells as supported by the
complete resolution of the patient’s symptoms after tumor
resection.

Although still rare, the association of the typical neurologic
phenotype of LGI1 encephalitis with cancer and the complete
clinical response to tumor resection suggests an increased
need to evaluate for malignancy in future cases, especially
when the initial clinical response to immunotherapy is
incomplete.
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Figure Immunohistochemical staining of tumor sections
for LGI1 (×40)

Deparaffinized sections from the patient’s tumor immunostained with a
commercial polyclonal anti-LGI1 antibody, followed by rhodamine-conju-
gated secondary antibody (A, top) or only with the same secondary antibody
omitting the anti-LGI1 serum (B, bottom). Many LGI1-positive cells (red) are
identifiedwithin the tumor (A); no tumor cells were stained, other than some
connective tissue or vessels with the rhodamine-conjugated secondary
antibody alone (B). LGI1 = Leucine-rich glioma-inactivated-1.
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Moyamoya syndrome (MMS) is a chronic progressive cerebrovascular condition characterized
by bilateral stenosis/occlusion of the terminal internal carotid artery (ICA) often extending to
neighboring cerebral arteries with prominent collateral circulation and increased risk of hem-
orrhage. Symptoms include stroke, TIA, and headache.1 MMS’s etiology is unknown. However,
experimental evidence from arterial smooth muscle cells (SMC) derived from patients with
MMS has suggested that interleukin-1 beta (IL-1β)-dependent prostaglandin overproduction
plays a crucial role in its pathogenesis.2 Neonatal onset multisystem inflammatory disease
(NOMID) is an autosomal dominantly inherited disease characterized by excessive IL-1β-
overproduction and autoinflammation. Accordingly, NOMID is treated with IL-1 receptor
antagonists such as anakinra (Kineret, Swedish Orphan Biovitrum AB, Sweden, Stockholm) or
IL-1 receptor antibodies such as canakinumab (Ilaris, Novartis, Basel, Switzerland).3 We here
report the development of MMS in a NOMID patient. In this patient, escalation of IL-1
receptor antagonistic treatment led to a significant reduction of disease activity and TIAs. Both
the occurrence of MMS in this NOMID patient and the clinical and laboratory improvement
because of IL-1 receptor antagonism provide direct clinical evidence that IL-1β overproduction
could play a pathophysiologic role in MMS.

Case report
A novel NOMID-causing mutation (S331R mutation of the CIAS1 gene) was identified and
published when the patient was 4 years old.4 Genetic testing was performed because the patient
showed neonatal onset urticaria-like rash, fever, laboratory findings of systemic inflammation,
hepatosplenomegaly, facial features with frontal bossing and saddleback nose, arthritis, and
chronic inflammation of the CNS with sensorineural deafness. The mutation led to an over-
production of IL-1β, multisystem autoinflammation, and aseptic meningitis characterized by
blood-brain barrier impairment (BBBI). His symptoms showed an excellent response to IL-1
receptor antagonistic treatment with anakinra.4 NOMID disease activity remained well con-
trolled until the age of 16 when anakinra was discontinued and treatment with canakinumab
was started. Anakinra requires a daily subcutaneous application, whereas canakinumab is more
practical because it is only administered once in every 8 weeks. However, at age 19, the patient
presented to our stroke unit with a 2-year history of occipital headache and recurrent, in-
creasingly more intense and frequent TIAs associated with hypesthesia of the right upper limb.
Digital subtraction angiography showed occlusion of the left terminal ICA/anterior cerebral
artery (A1)/middle cerebral artery (M1) segment with MMS-typical prominent arterial col-
lateral circulation and stenosis of the right ICA/A1/M1 segment (figure e-1, links.lww.com/
NXI/A339). CSF analysis demonstrated pleocytosis (368/μL) and elevated protein (889.5
mg/L) indicating BBBI. CSF cytokines IL-1β, IL-6, and interferon-gamma induced protein 10
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kD (IP-10) were significantly increased (table). No infectious
agents were detected. Serum analysis revealed elevated in-
flammatorymarkers and cytokines including IL-1β, IL-6, and IP-
10 (table). We changed treatment from canakinumab to high-
dose anakinra 8mg/kg body weight/d based on a previous study
of CSF biomarkers that had suggested superiority of anakinra
over canakinumab especially in the intrathecal compartment.5

Follow-up CSF analysis showed a significant decrease of pleo-
cytosis (47/μL), normal protein levels (412 mg/L), and a sig-
nificant reduction of CSF cytokines after only 1 week.
Simultaneous serum analysis showed reduced inflammatory
parameters (table). At the follow-up 3 months later, the patient
showed a near-complete clinical recovery with no further TIAs
and significantly less headache. CSF analysis revealed even
milder pleocytosis (29/μL) and normal protein content (395
mg/L). Serum analysis demonstrated no signs of systemic in-
flammation anymore (table). MRI and magnetic resonance
angiography vessel wall imaging did not reveal changes.

Discussion
The etiology of MMS is largely unknown. However, BBBI is
characteristic for MMS and has been suggested to play a role in
MMS pathogenesis.6,7 Experimental findings in arterial SMCs
of patients with MMS without NOMID additionally indicated
an important role of IL-1β-induced prostaglandin E2 (PGE2)
overproduction, decreasing vascular tone, increasing vascular

permeability, promoting intimal thickening, and mediating
inhibitory effects on growth and migration of SMCs.2 It is
interesting in this respect that NOMID involves IL-1β
associated BBBI and that our patient with NOMID- and
IL-1β-associated aseptic meningitis and BBBI developed
MMS.5 The causal importance of IL-1β was further sup-
ported by our findings that the systemic inflammation, the
inflammatory CSF markers, the elevated CSF protein in-
dicating BBBI, and the recurrent TIAs responded well to
the treatment escalation from canakinumab to high-dose
anakinra. If the previous experimental hypothesis is correct
that IL-1β-induced PGE2 overproduction is an important
pathway in MMS pathogenesis, NOMID should be a
strong risk factor for MMS. This is suggested by the pre-
sent report and should be further studied in a larger cohort.
On the other hand, IL-1β antagonistic treatment could be
an interesting option for the treatment of MMS in patients
without NOMID, if the IL-1β pathway is generally in-
volved in the pathogenesis of MMS. For example, MMS
can be associated with trisomy 21, hyperthyroidism, sickle
cell disease, and cranial irradiation in all of which IL-1 has
been implicated. Thus, it is speculative at this point in time
and should nevertheless be mentioned that NOMID
could be a Mendelian model disease for MMS. This
places our case in the emerging literature on genetic,
autoinflammation-related vasculopathies that also include
other MMS-associated conditions, such as, for example,
mutations in the SAMHD1 gene.

Table CSF and serum analysis before treatment with IL-1 antagonists at the age of 4 years4 (before IL-1 antagonists),
under canakinumab treatment at admission to our unit at the age of 19 years (canakinumab), 1 week after
treatment escalation from canakinumab to high-dose anakinra (1-week anakinra) and 3 months later under
continued treatment with high-dose anakinra (3 months anakinra)

Before IL-1 antagonists4 Canakinumab 1-week Anakinra 3-months Anakinra

Serum

C-reactive protein (mg/L) 93 23 4.8 2.5

Leukocytes (/nL) 18.2 10.2 5.3 5.4

Serum-amyloid A (mg/mL) 250 317 3 –

IL-1β (pg/mL) – 21 172 76

IL-6 (pg/mL) – 4.0 <2.0 <2.0

IP-10 (pg/mL) – 598 198 –

Calprotectin (μg/mL) – 7.8 2.2 2.6

CSF

IL-1β (normal range: 0.36–0.74 pg/mL) – 14.3 5.8 –

IL-6 (normal range: 2.0–5.8 pg/mL) – 923 4.8 –

IP-10 (normal range: 211–423 pg/mL) – 2,446 623 –

Cell count (/μL) Elevated 368 47 29

Protein (mg/L) Elevated 889.5 411.5 395.1

Pathologic changes are marked in bold. “–” indicates when values were not measured.
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Juvenile metachromatic leukodystrophy (MLD) is caused by autosomal recessive defects in the
ARSA gene coding for arylsulfatase A. Clinically, it is characterized by slowly progressive ataxia,
spasticity, cognitive decline, and behavioral disturbances starting at age 4–10 years. White
matter abnormalities are often first seen in the corpus callosum subsequently extending into the
periventricular regions with a diffuse symmetrical pattern.

Results
We report on a previously healthy girl who first presented with a focal seizure affecting the left
arm and the left side of the face at age 5 years. On admission, mild left-sided ataxia and
clumsiness were noted. Cranial MRI showed a large contrast-enhancing lesion in the right
somatosensory cortex, suggestive of acute disseminated encephalomyelitis (ADEM) (figure, A
and B). Retrospectively, subtle white matter abnormalities of the corpus callosum and the
bilateral periventricular white matter were present at the time (figure, G). CSF analysis dem-
onstrated no pleocytosis but elevated protein (415 mg/L). Oligoclonal bands, myelin oligo-
dendrocyte glycoprotein, and aquaporin-4 antibodies were negative. Steroid treatment lead to
clinical improvement, and cranial MRI after 14 days showed regression of the lesion. The
following 6 months, she suffered 2 further attacks, both responsive to steroids, 1 with right-
sided facial paresis and a left precentral lesion (figure, C and D) and 1 with headaches and
clumsiness with a mesencephalic lesion (figure, E and F). Only after the third attack, the girl
developed the typical symptoms of juvenile MLD with a progressive cognitive decline and
behavioral problems. Within 6 months, she was not able to attend school anymore. Clinical
examination at age 7 demonstrated ataxia, pyramidal signs, and an IQ of 70 (Wechsler In-
telligence scale). MRI showed progressive bilateral periventricular T2-hyperintensities with a
tigroid pattern typical of MLD (figure, H). Analysis of arylsulfatase A activity (30.4 nmol/h ×
mg; Ref 31–151) and genetic testing of the ARSA gene (compound heterozygosity for variants
c.1283C>T and c.684+1G>A) confirmed the diagnosis. No further episodes with inflammatory
lesions have occurred since, but her MLD symptoms have continued to progress.

Discussion
We describe a juvenile MLD patient, who initially presented with 3 attacks of an acute in-
flammatory demyelinating disorder. Review of the literature revealed that 3 very similar cases
have been reported. The first patient, a girl aged 6 years, was diagnosed with MLD after she
developed a gait disturbance. Her condition remained stable for 1 year before she experienced 4
further episodes with focal seizures, vertigo, diplopia, headaches, and loss of consciousness.1

MRI demonstrated tumefactive contrast-enhancing lesions in the cerebrum and mesenceph-
alon very similar to the lesions seen in our patient. The second patient presented at age 5 years
with acute left-sided hemiparesis to our clinic.1 MRI showed a tumefactive lesion in the right
centrum semiovale. Two years later, he developed symptoms typical of juvenile MLD. The
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third case, a girl, developed an acute flaccid left-sided hemi-
paresis and a focal seizure at age 4 years.2 Cranial MRI
demonstrated a tumefactive contrast-enhancing right occipi-
tal lesion, and brain biopsy was compatible with a de-
myelinating disorder. During the following 10 months, 3
further severe demyelinating attacks occurred. MRI in the
symptom-free interval between the third and fourth attack
already demonstrated periventricular white matter hyper-
intensity. Symptoms typical of juvenile MLD occurred 2 years
after the first demyelinating attack.

Demyelinating attacks with single tumefactive lesions are very
rare in childhood. In fact, brain tumors, which were initially
suspected in 3 of the patients including the one presented
here, are more common in this age group. A recent review
yielded only 79 published cases with tumefactive de-
myelinating lesions.3 The most frequent childhood de-
myelinating disorders, MS, neuromyelitis optica spectrum
disorders, and ADEM, typically present with multifocal le-
sions. Because both MLD (1 per 100,000 live births in
Europe) and tumefactive lesions are extremely rare, it seems

unlikely that the co-occurrence is a coincidence. One may
speculate that the developing MLD exposes epitopes that
trigger an immune reaction. Interestingly, the cerebral form of
adrenoleukodystrophy, also characterized by large contrast
enhancing lesions, and ADEM, the most common de-
myelinating disorder in childhood, also most commonly
manifest at age 3–8 years, possibly reflecting a vulnerable
phase in development of either the brain or the immune
system.

Recently, it has been reported that allogeneic hematopoi-
etic stem cell transplantation and hemopoietic stem-cell
gene therapy can lead to stabilization of MLD.4,5 However,
only patients who are treated presymptomatically or in the
very early stages of the disease profit from these interven-
tions. In 3 of the patients, the demyelinating events pre-
ceded the onset of MLD symptoms by 1–2 years, and in the
fourth patient, only a gait disturbance was present.
Knowledge of the rare occurrence of tumefactive lesions in
early MLD might allow a timely diagnosis and therapy in
some patients.

Figure MRI images demonstrating the tumefactive lesions and the development of leukodystrophy typical for MLD

(A–D) MRI images at the first attack at
age 5 years showing a right-sided
tumefactive lesion with contrast en-
hancement and subtle white matter
abnormalities in the corpus callosum
and periventricular regions; (E–H)
MRI images demonstrating a left-
sided tumefactive lesion with con-
trast enhancement 4 months later;
(I–L) MRI images at the third attack 2
months later showing a de-
myelinating mesencephalic lesion
with contrast enhancement and pro-
gressive leukodystrophy; (M–P) MRI
images at age 7 years showing the
typical tigroid pattern ofMLD. (A, C, D,
E, I, O, P) T2-weighted images; (B, F, J)
T1-weighted images after gadolinium
administration, and (N) without
gadolinium; (G, H, K, L) flair-weighted
images. MRD = metachromatic
leukodystrophy.
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Progressive multifocal leukoencephalopathy (PML) is one of the most important adverse
events in relapsing-remitting MS (RRMS) patients treated with disease-modifying therapies
(DMTs). Especially natalizumab is known to increase the risk for PML, depending on the
John Cunningham virus (JCV) index in serum and the number of years on therapy with
natalizumab.1 Fingolimod and dimethyl fumarate are associated with a considerably lower
risk of PML.2

Currently, there is no causal treatment for PML. Stopping the DMT and thereby allowing the
immune system to clear the virus from the CNS is the current clinical practice. This approach
may be followed by MS disease reactivation and even an immune reconstitution inflammatory
syndrome (IRIS). The conundrum of how to balance between boosting the antiviral and
dampening the autoimmune response is still unresolved.

Case
We describe a 53-year-old woman diagnosed with MS based on optic neuritis, positive oligo-
clonal bands in the CSF, and multiple T2-hyperintense lesions with periventricular, juxta-
cortical, and infratentorial localization in brain MRI in December 2000. Owing to ongoing
disease activity on treatment with interferon β-1b, she was switched to fingolimod in 2011. At
this time, she had an expanded disability status score of 3.0. During the following years, she was
clinically stable, but her follow-up brain MRI in November 2017 revealed subclinical disease
activity with a new, non–contrast-enhancing T2 lesion in the periventricular region.

In March 2018, she complained about a nominal aphasia. Otherwise, the neurologic exami-
nation was unchanged. The subsequent brain MRI was highly suspicious for PML with con-
fluent fluid-attenuated inversion recovery hyperintense lesions affecting the U-fibers in the
frontal and temporal lobes (left sided) in addition to new MS-typical lesions.

All blood tests were normal except for an expected lymphopenia (300/μL) under fingolimod.
CSF examination showed 341 copies/mL JCV (NIH, Bethesda, MD). Fingolimod was im-
mediately discontinued, and she was initially treated with IV immunoglobulins 30 g/d for 5
days. Eight weeks later, she developed worsening of her speech disorder and a slight right
hemiparesis. Brain MRI (April 2018) was compatible with IRIS. She received another cycle of
immunoglobulins 30 g/d for 5 days and steroid treatment in combination with the chemokine
receptor 5 antagonist maraviroc 600 mg/d for 1 month.3
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Under this treatment IRIS improved, but new MS lesions
were observed in a brainMRI inMay 2018. In June 2018, CSF
analysis revealed 23 copies/mL of JCV. Teriflunomide was
started because of continuingMS disease activity in July 2018.

Repeated CSF analysis in September 2018 showed complete
clearance of JCV, and the patient recovered partially from the
PML-related symptoms, with only intermittent nominal
aphasia. The clinical and MRI follow-ups in January 2019

Figure 1 Exemplary MRI images demonstrating PML and MS activity

(A) (March 2018) FLAIR scan with confluent le-
sions involving U-fibers of left frontal and tem-
poral lobes. (B) (March 2018) Postgadolinium
T1w scan with enhancing lesions typical for MS
(lower arrow) and “salt and pepper” pattern en-
hancement (upper arrow) suspicious for PML. (C)
(May 2018) FLAIR scan showing enlarged area of
increased signal indicating progression of PML
lesions compared with March 2018 (A). (D) (May
2018) Postgadolinium T1w scan with enhancing
lesions typical for MS and reflecting IRIS (lower
arrow) and lesions typical for PML (upper arrow)
can be seen. (E) (January 2019) FLAIR scan with
significant decrease of the hyperintense area. (F)
Postgadolinium T1w scan: no detectable en-
hancement. FLAIR = fluid-attenuated inversion
recovery, IRIS = immune reconstitution in-
flammatory syndrome, PML = progressive mul-
tifocal leukoencephalopathy, T1w = T1 weighted.

Figure 2 Time course of serum NfL levels

IRIS = immune reconstitution inflammatory syn-
drome; NfL = neurofilament light chain; PML =
progressive multifocal leukoencephalopathy.
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showed no new neurologic symptoms and no indication of
new PML-related lesions, but on-going MS activity. There-
fore, peg interferon β-1a was added to teriflunomide in Sep-
tember 2019. MRI in December 2019 and February 2020
showed no signs of new MS disease activity.

Mirroring the clinical and MRI findings, neurofilament
light chain (NfL) remained stable and low during fingo-
limod treatment but increased in November 2017 when a
new lesion was detected in MRI (figure 1G). During PML,
there was a further dramatic increase of NfL with maxi-
mum levels measured in April 2018 that coincided with
radiologic IRIS manifestation. On IRIS treatment and
start of teriflunomide, NfL levels decreased but were still
high in comparison to 2011, correlating with increased
MRI activity (figure 2). Adding peg interferon β-1a to
teriflunomide was paralleled by a decrease in NfL levels
and a stabilization of MRI.

Discussion
Teriflunomide, which is registered for the treatment of
RRMS, is the active metabolite of leflunomide. Case re-
ports and cohort studies in the field of kidney trans-
plantation have indicated that leflunomide might be
effective in enabling clearance of the BK virus (BKV)
while still preserving immunosuppression to prevent re-
jection of the graft.4–6 BKV and JCV both belong to the
family of Polyomaviridae. Under the hypothesis that ter-
iflunomide might not worsen PML, we chose teri-
flunomide as a follow-up DMT. Under teriflunomide
treatment, the JCV PCR became negative in the CSF, NfL
levels decreased, and follow-up MRIs did not show evi-
dence of recurring PML, but ongoing MS disease activity.
Owing to continuing MS disease activity in combination
with further increasing NfL levels, we escalated the
treatment by adding peg interferon β-1a, which provides
another mode of action compared with teriflunomide and
is not associated with an increased risk for PML. As shown
in a phase II trial, this combination treatment was well
tolerated, and it was associated with a further decrease of
NfL in our patient.7

We conclude that—although teriflunomide has no proven
antiviral effect—it at least did not worsen PML. In combination
with interferon, it might be a safe treatment option in patients
recovering from PML to prevent recurring MS activity.
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Abstract
Uveitis is a major cause of visual impairment and blindness among working-age adults, ac-
counting for 10% of legal blindness in the United States. Among people with MS, the preva-
lence of uveitis is 10 times higher than among the general population, and because MS and
uveitis share similar genetic risk factors and immunologic effector pathways, it is not clear
whether uveitis is one of the manifestations of MS or a coincident disorder. This uncertainty
raises several diagnostic and management issues for clinicians who look after these patients,
particularly with regard to recognizing visual symptoms resulting from demyelination, in-
traocular inflammation, or the visual complications of disease modifying drugs for MS, e.g.,
fingolimod. Likewise, management decisions regarding patients with uveitis are influenced by
the risk of precipitating or exacerbating episodes of demyelination, e.g., following anti–tumor
necrosis factor biologic therapy, and other neurologic complications of immunosuppressive
treatments for uveitis. In this review, we explore the similarities in the pathophysiology, clinical
features, and treatment of patients with uveitis andMS. Based on the latest evidence, we make a
set of recommendations to help guide neurologists and ophthalmologists to best manage
patients affected by both conditions.
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Uveitis is a major cause of visual impairment and blindness
among working-age adults, accounting for 10% of legal blind-
ness in the United States.1 Uveitis is traditionally defined as
inflammation of the uveal tract, although inflammation is not
confined to the uvea; consequently, uveitis is now defined an-
atomically based on the principal sites of inflammation: anterior
uveitis affects the iris and ciliary body; intermediate uveitis (IU)
predominantly affects the vitreous; posterior uveitis affects the
retina and/or choroid; and panuveitis refers to anterior, in-
termediate, and posterior uveitis combined.2 The incidence of
uveitis varies between 17.4 and 52.4 cases per 100,000 person
years, and the prevalence between 69.0 to 114.5 per 100,000
persons,3 but among patients with MS, the prevalence is 1%.4

MS is an inflammatory demyelinating disease of the CNS, af-
fecting almost 2.5 million people worldwide.5 It is frequently
associated with visual symptoms caused by demyelinating le-
sions of afferent and efferent visual pathways. IU is the uveitis
subtype most commonly associated with MS, but because
retinal neurons are normally unmyelinated, IU is not a conse-
quence of demyelination. Yet it is still not known whether IU is
one of the manifestations of MS or a coincident disorder. This
raises several diagnostic and management issues for clinicians
who look after patients affected by both disorders with regard
to recognizing visual symptoms resulting from demyelination,
intraocular inflammation, or the complications of treatment.

This review summarizes the common pathophysiology and
clinical features of IU andMS to draw inferences regarding the
optimal management of patients affected by both conditions.

Common pathways in the
pathogenesis of MS and IU
The eye and brain are immune-privileged sites, created by tight
junctions between vascular endothelial cells and the cytokine
milieu. Inflammation occurs through breakdown of the normal
immunoregulatory mechanisms in the eye and brain. Although
it is still unclear what triggers inflammation in both conditions,
several sources of evidence suggest that they share similar risk
factors and immunologic effector pathways.6,7

Common risk factors for MS and IU
Environmental risk factors, including exposure to Epstein-Barr
virus, smoking, northern latitude, and low vitamin D are as-
sociated withMS,7 with evidence for an immunoregulatory role
of the gut microbiome.8 These risk factors are not linked to IU,

although the etiology of uveitis varies worldwide: 30%–50% of
cases are caused by infection in developing nations, whereas a
greater proportion are attributed to noninfectious, immune-
mediated mechanisms in higher-income countries.3

The associations between MS and uveitis with infection support
the hypothesis that they may be triggered by infectious agents in
genetically susceptible individuals. Genome-wide association
studies have identified loci accounting for up to 30% of an indi-
vidual’s risk ofMS,7 andmany overlap with genetic risk factors for
IU, notably, human leukocyte antigen (HLA) class II genes,HLA-
DR15 and HLA-DR-51.4 Other shared genetic risk loci provide
clues to immunologic effector pathways common to both disor-
ders: tumor necrosis factor (TNF, rs361525, rs1800629), lym-
photoxin alpha (rs909253), interleukin 6 (IL-6, rs1800795), IL-2/
IL-21 (rs6822844), IL-2 receptor alpha (rs2104286, rs12722489),
interferon regulatory factor 5 (rs10954213),7,9,10 and through one
genetic linkage study, functional variants affecting TNF receptor
superfamily members 10a and 13b (B cell–activating factor),
G-protein subunit gamma transducing-1, alpha-2-macroglobulin
domain containing-8, diacylglycerol kinase iota and reelin.11 Fur-
ther support for their role in MS and uveitis pathogenesis comes
from animal models (section Common immunologic effector
mechanisms in MS and IU, figures 1 and 2).

Common immunologic effectormechanisms in
MS and IU
Experimental autoimmune uveitis (EAU) and experimental
autoimmune encephalitis (EAE) are commonly used animal
models of uveitis andMS, respectively, and there is evidence for
cross-reactivity between the antigens used to precipitate them.
Transient bilateral anterior uveitis occurs in EAE induced by
myelin basic protein (MBP),12 whereas panuveitis occurs in
EAE induced with S100B.13MBP is also used to induce EAU.14

These experimental data imply some commonality in the
precipitants of MS and uveitis that is further supported by
evidence of autoreactive T cells from patients with MS dis-
playing proliferative responses to retinal arrestin.15

In the eye (figure 1), the ocular microenvironment normally
favors T-cell differentiation to the regulatory FoxP3+ (Treg)
phenotype, maintaining ocular immune privilege.16 Likewise,
FoxP3+ Tregs, Tr1 cells, and a subset of regulatory B cells
(Bregs)17,18 limit immune activation in the brain (figure 2).
However, compartmentalization of autoantigens in the eye
and brain impairs the development of peripheral tolerance in
autoreactive T cells, which can then precipitate uveitis andMS
relapses. Evidence from EAU models suggests activated

Glossary
CSCR = central serous chorioretinopathy; EAE = experimental autoimmune encephalitis; EAU = experimental autoimmune
uveitis; HLA = human leukocyte antigen; IU = intermediate uveitis; MBP = myelin basic protein; MMF = mycophenolate
mofetil; OCT = optical coherence tomography; RRMS = relapsing-remitting MS; Th1 = T-helper 1; TNF = tumor necrosis
factor.
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pathogenic T cells entering the eye fail to respond to regu-
latory cues and contribute to immune-mediated tissue dam-
age via release of reactive oxygen species, nitric oxide
synthesis, and cell-mediated damage.16 Progressive forms of
MS are similarly thought to represent compartmentalized
immune responses: B cells, microglia, and astrocytes may
initiate the immune response, but trafficking of immune cells
from the periphery becomes less important as disease pro-
gression becomes independent of these cells and progressive
mitochondrial injury, oxidative stress, and ion channel re-
distribution ensue.17,18

Key effector cells in uveitis andMS relapses include distinct subsets
of CD4+ T-helper 1 (Th1) cells producing signature cytokines
interferon (INF)-γ and TNF-α andCD4+ T cells producing IL-17
(Th17).6,19 These cytokines activate an acute inflammatory cas-
cade with recruitment of macrophages and neutrophils.6 In addi-
tion, CD8+ T cells and B cells are implicated: in postmortem
specimens from patients with MS, CD8+ T cells are significantly
enriched in perivascular cuffs and acute parenchymal lesions.20

Furthermore, 90% of patients with MS have oligoclonal bands in
their CSF (intrathecally synthesized IgG),21 and lymph node–like
follicles containing B cells have been identified adjacent to cortical

Figure 1 Model for uveitis immunopathogenesis and the effects of immunotherapies on its mediators

Uveitis is considered to be a T cell–mediated disease driven by CD4+ Th1/Th17 cells. Release of major cytokines, IL-17 and IFN-γ, activates inflammatory
cascades, which disrupt the blood-retinal barrier, and causes local tissue damage via reactive oxygen species (ROS), nitric oxide synthesis (NOS), and cell-
mediated damage. Antigen-presenting cells (APCs) activate CD4 T cells and are further activated by their respective cytokines, which accentuate their function.
Pathogenic B-cell populations are less well described, but also contribute to uveitis manifestations in humans via antigen specific autoimmunity and release
of proinflammatory cytokines. Regulatory cells, including FoxP3+ Treg cells, suppress or control the manifestations of uveitis. Therapeutic agents with their
proposed actions on key pathways in uveitis are highlighted in this figure. AZT = azathioprine; ALM = alemtuzumab; CYPH = cyclophosphamide; FLM =
fingolimod; IFN = interferon; MMF = mycophenolate mofetil; MTX = methotrexate; NTZ = natalizumab; RTX = rituximab; SKM = secukinumab; TCZ =
tocilizumab; TLM = tacrolimus; USK = ustekinumab.
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MS lesions.22 Likewise, B-cell inflammatory infiltrates have been
demonstrated in aqueous samples and chorioretinal biopsies from
patients with active uveitis,6,23 and lymph node–like follicles can be
found in the eyes of some patients with persistent uveitis.24 Hence,
similar immune cell populations (CD4+Th1 andTh17 cells, CD8+

cytotoxic T cells, Tregs, B cells, macrophages, and NK cells) and
cytokines (TNF, IFNγ, IL-2, IL-6, IL-10, IL-12, IL-17, and IL-21/
22/23) are involved in the pathogenesis of MS and uveitis (sum-
marized in figures 1 and 2).

Shared clinical features of MS and IU
Diagnostic criteria
IU accounts for 10%–20% of uveitis cases overall, but
61%–80% of MS-associated uveitis.3,11 At present, MS-
associated uveitis is not defined separately from un-
differentiated (formerly idiopathic) IU, a term normally re-
served for anatomically defined IU that is not associated with
infection or systemic diseases, like sarcoidosis or Behçet

Figure 2 Model for MS immunopathogenesis and effects of immunotherapies on its mediators

Episodes of acute demyelination in relapsing-remittingMS aremediated by T cells and B cells. The effector T cells are CD4+ Th1/Th17 cells, which release their
respective lineage cytokines and promote further disease manifestations via their direct effects on CD8+ T cells and their indirect effects caused by cytokine
release, for example, leading to the augmentation of APC function. They are activated in the periphery and reactivated in the CNS. Effector pathogenic B-cell
populations form local lymphoid follicle–like collections within the CNS as disease becomes progressive, leading to the formation of plasma cells, which
generate Igs and oligoclonal bands detected in the CNS. Innate immune cells such as APCs activate T-cell populations and are further activated by the
cytokines released by CD4 T cells and pathogenic B cells. Natural killer cells have both pro- and anti-inflammatory roles in MS but form part of the regulatory
milieu. Regulatory T-cell populations include the FoxP3+ Treg cells and CD4+ Tr1 cells, which produce anti-inflammatory cytokines and inhibit effector CD4+

T cells. Disease-modifying drugs forMS act by blocking leukocyte trafficking, e.g., FLM andNTZ, or they directly suppress pathogenic B cells and effector T-cell
populations, e.g., TFN, CDN, and ALM, or they inhibit proinflammatory cytokines, e.g., IFN-β and DMF, or they suppress B cells by blocking CD20 activity, e.g.,
RTX andOCZ. ALM = alemtuzumab; APC = antigen-presenting cell; CDN = cladribine; DMF = dimethyl fumarate; FLM = fingolimod; IFN-β = interferon-beta; Ig =
immunoglobulin; NTZ = natalizumab; OCZ = ocrelizumab; RTX = rituximab; TFN = teriflunomide.
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disease.2 This is because a sizable proportion of people first
diagnosed with IU might develop MS several years later.4

Neuroimaging is not currently recommended for patients
with IU unless they already have neurologic symptoms or
signs or they are being evaluated for certain biologic therapies
(section Recommendations for management of MS-
associated IU).25 Consequently, there are no known pre-
dictive clinical or investigation findings to identify those
people with IU at greater risk of developing MS later. Because
of the difficulties in definingMS-associated IU in patients who
do not already have MS, the most conservative approach is to
use the latest 2017 McDonald criteria for MS5 and the ana-
tomic definition of undifferentiated IU by the Standardization
of Uveitis Nomenclature Group.2

Shared clinical symptoms and signs
The clinical presentation of IU differs from demyelinating
lesions of the afferent and efferent visual pathways. Patients
with IU may be asymptomatic for several years or develop
symptoms insidiously. The most common symptoms (if they
occur) are floaters, blurred vision, pain, photophobia, and red
eye. Although symptoms of eye pain, blurred vision, and
photophobia are also experienced by patients with acute optic
neuritis (which affects 30%–50% of patients with MS),26 they
normally start to improve spontaneously after a few weeks,
although some degree of optic atrophy, reduced acuity, color
vision, visual field, and contrast sensitivity may be long-term
outcomes. In contrast, symptoms of IU tend to persist

Figure 3 Fundal changes associated with intermediate uveitis and the complications of treatment

Fundus photographs (A and B) and corresponding OCT images (C and D) taken from the same patient before (A and C) and after (B and D) treatment for IU. (A
and C) Pretreatment images showhow severe active vitritis makes the fundal view hazy (A) and blur OCT images of the retina (C). Thewhite asterisk highlights
the appearance of vitritis onOCT,which looks like a gray snowstorm. Thewhite arrowpoints to coincident neuroretinitis causing retinal thickening in the same
patient. (B and D) Posttreatment images show how the resolution of active vitritis mean that the fundal view (B) and OCT image of the retina (D) become
clearer and the vitreous appears black (yellow asterisk). (E) OCT image showing cystoidmacular edema: a complication of IU and fingolimod. The white arrow
points to intraretinal cystic spaces and retinal thickening. (F) OCT image of central serous chorioretinopathy: a complication of steroid treatment. The yellow
arrow points to subretinal fluid. (G) Two MRI brain slices from the same patient who developed demyelination following exposure to anti-TNF biologic
therapy, demonstrating high T2 signal in the periventricular and deep white matter. Images are supplied courtesy of Dr. C. Rice, Dr. L. Kobayter, and Mr. T.
Burke. IU = intermediate uveitis; OCT = optical coherence tomography.
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without treatment and are more likely to be confused with
chronic optic neuropathy associated with progressive forms of
MS.26 However, IU is not associated with an RAPD, unless it
becomes complicated by optic disc edema (which is un-
common). Nor is undifferentiated IU associated with any
neurologic symptoms. Examination findings include vitreous
opacities (snowballs), exudates around the vitreous base or
ora serrata (snowbanking), and peripheral periphlebitis,
sometimes associated with vitreous hemorrhages.27

Clinical course
Although IU typically affects both eyes, it usually has a good long-
term visual prognosis. For example, theMulticenterUveitis Steroid
Trial found that patients with IU had a relatively good prognosis,

except when macular thickening and edema were detected on
optical coherence tomography (OCT) scans combinedwith active
inflammation (figure 3C).28 Moreover, a retrospective case review
at a tertiary center found that 22.5% of patients with IU did not
require treatment, and 60% had relatively preserved visual acuity
after 10 years of follow-up.29 Hence, the aim of management is to
treat sight-threatening features (not uncomplicated or asymp-
tomatic IU) such as glaucoma, cataract, epiretinal membrane, optic
disc edema, retinal vasculitis, and retinal detachment. As these
complications can develop insidiously, regular follow-up by an
ophthalmologist is required to manage them.

Typically, the onset of MS-associated IU is in middle age.
Patients with MS-associated IU are more commonly female

Table 1 Disease-modifying therapies for MS

Therapy Mechanism of action Clinical and experimental evidence Visual side effects

Interferon-beta Cytokine with pleiotropic effects,
appears to limit the actions of IL-
17 and IFN-gamma.

Reduced inflammation in EAE.e1,e2 Evidence from trials of
reduced disease progression in RRMS.e3-5

Interferon-related retinopathy.
Higher risk in patients with
diabetes and hypertension.

Glatiramer A synthetic polypeptide, competes
with myelin antigens for T-cell
presentation.e6

Inhibited EAE induction in different species.e6 Evidence
from trials of reduced disease progression in RRMS.e7

No significant visual side effects.

Teriflunomide Inhibits B- and T-cell proliferation
by inhibition of pyrimidine
synthesis.

Reduced demyelination and inflammation in the RRMS
animal model.e8 Reduced relapse rate of RRMS.e9,e10

No visual side effects.

Cladribine T- and B-cell depletion via
impaired DNA metabolism.e11

Attenuated EAE by interfering with IL-beta-1 activity.e12

Reduced relapse rate in RRMS.e13
No significant visual side effects.

Natalizumab mAb interfering with leukocyte
migration via inhibition of alpha4-
integrin

Reduction of activated lymphocyte migration in EAE.e14

Reduced relapse rate, disability progression, and
demyelination on MRI scans in RRMS.e15,16

PML can manifest with visual
symptoms.e17

Dimethyl
fumarate

Immune modulation and
upregulation of the transcription
factor Nrf2.

Suppresses IFN-gamma and IL-17–producing CD4+ cells in
EAE.e18 Reduced relapse rate in RRMS.e19,e20

PML has been linked to DMF.

Fingolimod Nonselective S1P receptor
modulator, limits lymphocyte
trafficking.

Inhibits EAE disease development.e21,e22 Reduced RRMS
inflammatory disease activity, limited effect on
disability.e23,e24

Macular edema in <0.5%. PML.

Siponimode25 Selective S1P receptor modulator.
Similar mechanism to fingolimod.

Reduced inflammatory disease activity in RRMSe26 and
disability progression in patients with SPMS.e25

Macular edema in 2%. Possible
risk of PML.

Alemtuzumabe27 Anti-CD52 monoclonal antibody
causing T- and B-lymphocyte
depletion.

Reduced demyelination and axonal loss in EAE.e28

Reduced RRMS disease progression and relapse rate.e29-31
Autoimmune diseases,
particularly thyroid disease.

Rituximab* Anti-CD20 monoclonal antibodies
predominantly targeting maturing
B-cell populations.

Evidence of efficacy in PPMS and RRMS.e32,e33 No significant visual side effects.

Ocrelizumab* Patients with PPMS and RRMS had reduced rates of clinical
and MRI progression.e34,e35

Mitoxantrone* Topoisomerase II inhibiting
chemotherapy agent.

Prevents EAE onset if administered during the induction
phase.e36,e37 Reduced relapse rate and progression in
RRMS, SPMS, and PPMS.38–40

Acute promyelocytic leukemia
can present with visual
symptoms.

Stem cell
therapy

Autologous hematopoietic stem
cell transplant following
immunoablation

Evidence for reduced relapse rate and progression in
multicenter trials for RRMS.e41 Ongoing trials for PPMS
and SPMS.

Cataract formation

Abbreviations: EAE = experimental autoimmune encephalitis; mAb = monoclonal antibody; PML = progressive multifocal leukoencephalopathy; PPMS =
primary progressive MS; RRMS = relapsing-remitting MS; SPMS = secondary progressive MS.
All therapies in the table are used to treat RRMS.
Starred therapies (*) are also used in management of PPMS and SPMS.
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with relapsing-remitting MS (RRMS); however, these fea-
tures likely reflect the female preponderance and higher
prevalence of RRMS overall. The prevalence of periphlebitis
and other vasculitic changes in the retinal periphery is re-
portedly higher in patients with IU with MS compared with
those without, although their clinical significance is uncertain
because the visual prognosis of IU in patients with or without
MS appears to be similar.29

It is not known whether IU is a predictor of worse MS dis-
ability as reports have been conflicting.4,30 A thinner retinal
nerve fiber layer on OCT imaging is linked to worse MS
disability,31 but because patients were not stratified by those
with or without IU, the association is likely to reflect previous
episodes of optic neuritis rather than IU. The relapse rate is
higher in patients with MS with uveitis in clinical trials of
fingolimod.32 Hence, it is possible that patients with MS-
associated IU may have different MS prognostic or treatment
outcomes, but the evidence in this area is still lacking.

Shared treatment approaches in the
management of MS and IU
Available treatments for MS and IU aim to reduce symptoms
and cumulative visual or neurologic disability, but the com-
plications of treatment can also affect visual and neurologic
function (tables 1 and 2). The unintended consequences of
treatment need careful differentiation from disease relapses or
progression because their management will differ.33 The
multidisciplinary management of patients by a neurologist
and ophthalmologist is recommended for the best outcomes.

Management of acute relapses of MS and IU
In the acute setting, MS relapses and sight-threatening in-
flammation in IU are both managed with corticosteroids. Oral or
IVmethylprednisolonewill shorten the duration of anMS relapse,
but does not have any meaningful impact on long-term neuro-
disability.5 Systemic steroids are used to treat acute relapses of IU;
but unlike MS, intraocular inflammation is amenable to local
therapy. Topical steroid drops do not penetrate the posterior
segment of the eye, but periocular steroid injections or intravitreal
injection of steroid implant are viable alternatives, which avoid the
side effects of systemic corticosteroids. Moreover, the effects of
intravitreal steroid implants can last up to 6 months.34

Important considerations are the possible complications of
corticosteroid treatment and how they may be distinguished
from relapses of MS or IU. Corticosteroids can cause systemic
symptoms that may be confused with progressive neuro-
disability from MS. Likewise, frequent or chronic treatment
with local or systemic corticosteroids can cause sight-
threatening complications, like cataract, glaucoma and, cen-
tral serous chorioretinopathy (CSCR).

Cataracts cause progressive reduction in visual acuity, contrast
sensitivity, night vision, and color perception, which might be

confused with optic neuropathy. Nevertheless, cataracts are
not a contraindication to steroid treatment, and cataract
surgery will restore vision. Glaucoma also causes insidious
visual loss that is largely asymptomatic until advanced. It is a
progressive optic neuropathy that is distinguished from de-
myelinating optic neuropathy based on characteristic optic
nerve cupping. However, glaucoma can be treated medically
and/or surgically to prevent permanent visual loss and rep-
resents a relative contraindication to local steroid treatment.33

Importantly, cataracts and glaucoma are also common sight-
threatening complications of IU.

CSCR is another complication of local/systemic steroid
treatment. The population incidence of CSCR is 9.9 per
100,000 in men and 1.7 per 100,000 in women, but among
patients on long-term steroids, the prevalence is as high as
1%–6%.35 CSCR causes symptoms of visual distortion and
central visual loss, and OCT imaging shows subretinal fluid
in the central macular region (figure 3F). The condition is
generally reversible following steroid withdrawal, but rep-
resents a relative contraindication to steroid treatment
because chronic CSCR can lead to permanent visual loss.35

Without OCT imaging, the condition may be confused
with macular edema associated with active inflammation in
IU or the side effect of certain disease modifying drugs
(DMDs) for MS, e.g., fingolimod (figure 3E, section Im-
munomodulatory drugs for MS and IU).

Immunomodulatory drugs for MS and IU
Patients with MS with frequent relapses and patients with IU
with sight-threatening or steroid-resistant disease may require
additional immunomodulatory therapies. Several DMDs
are now available to reduce the frequency of relapses in
RRMS, and recent trials have shown promise for ocrelizumab
and siponimod in primary and secondary progressive
MS18,36,37(summarized in figure 2 and table 1). Similarly, a
range of immunomodulatory treatments for the whole spec-
trum of uveitic disorders is available for inflammation re-
fractory to local or systemic steroids (summarized in table 2
and figure 1).38 As large clinical trials of medical treatments
for uveitis normally include heterogeneous groups of patients
with different uveitis subtypes, the choice of medical treat-
ment for IU specifically is more difficult. Expert consensus
statements are available, albeit not specific to IU.38 Most
first-line immunosuppressants used to treat uveitis act by
suppressing T- and B-cell activation and/or proliferation.
Anti-TNF biologic therapies are usually reserved for patients
with uveitis with disease refractory to first-line immunosup-
pressants, but there is a risk of precipitating demyelination
(see below).38 The case for first-line anti-TNF treatment is
stronger in patients with uveitis with other systemic diseases
like Behçet disease.

Few studies have specifically examined the impact of estab-
lished treatments for IU on MS or MS on IU, but as many
immunomodulatory treatments for MS and uveitis target the
same effector cells and/or leukocyte trafficking from the
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blood to the CNS, there is great potential for these agents in
treating patients with coexistent disease. IFN-α is an effective
treatment for uveitis, particularly associated with Behçet
disease, but there is weaker evidence for the efficacy of IFN-β
in uveitis.38 Isolated case reports and retrospective studies
have reported improvements in patients with IU co-
incidentally started on glatiramer acetate or mycophenolate
mofetil (MMF) for the management of MS, although evi-
dence for MMF is much stronger in uveitis than MS. Aza-
thioprine has been used to treat both MS and uveitis, but the
evidence base is weaker.38–40 Studies of EAU support the use
of fingolimod during active uveitis,41 but as human clinical
trial data are currently lacking, one must weigh the benefits
against the risk of ocular complications (see below). Fur-
thermore, the relapse rate is higher in patients with MS with
uveitis in clinical trials of fingolimod.32 More recently,
anti–IL-6 receptor monoclonal antibodies (tocilizumab) and
anti–IL-17 therapy (secukinumab) have been considered as
additional options for treatment-refractory uveitis.42 Toci-
lizumab reduces inflammation in EAE and has been used to

treat patients with neuromyelitis optica, suggesting that
tocilizumab might be a good option in the treatment of both
conditions.43,44 In 1 patient with tumefactive MS, treatment
with natalizumab led to near-complete resolution of co-
incident IU,45 but there are no clinical trials supporting the
use of natalizumab in IU. Alemtuzumab, which inhibits the
activation of effector T cells in the peripheral circulation, has
been reported to improve treatment-refractory uveitis.46

Furthermore, anti-CD20 therapies have been shown to be
independently effective in uveitis and MS.18,47

The main limitation for using DMDs designed for MS to treat
patients with uveitis is the risk of causing visual complications.
These complications need to be distinguished from de-
myelinating optic neuropathy and IU (table 1). Macular
edema associated with S1P inhibitors is the most significant:
approximately 0.2% of patients on fingolimod develop mac-
ular edema within the first 6 months of treatment, and the
incidence may be higher in patients with diabetes mellitus.
Baseline OCT imaging is recommended before initiation of

Table 2 Immunomodulatory therapies for the treatment of uveitis

Therapy Mechanism of action Clinical and experimental evidence Neurologic side effects

Methotrexate Antimetabolite inhibiting
dihydrofolate reductase and folate
metabolism and thymidine
synthesis.

Inhibited development of EAU in guinea
pigs.e42 Steroid-sparing effect to control
inflammation in uveitis.e43-45

Nonspecific neurologic side effects.

Azathioprine Antimetabolite, mercaptopurine
derivative inhibiting DNA replication,
and purine synthesis.

Moderate inflammation control as steroid-
sparing agent.e46-48

Risk of progressive multifocal
leukoencephalopathy

Mycophenolate
mofetil

Antimetabolite, inosine
monophosphate dehydrogenase,
and cytostatic effect on T and B
lymphocytes.

Inhibited EAU inmice.e49 Inflammation control
and steroid-sparing effect in uveitis.e50-52

Nonspecific neurologic side effects.
Risk of progressive multifocal
leukoencephalopathy.

Ciclosporin Inhibits IL-2–dependent T-
lymphocyte activation by calcineurin
inhibition.

Inhibited EAU manifesting in Lewis rats and
guinea pigs.e53,e54 Inflammation control and
steroid-sparing effect.e55,e56

Seizures and encephalopathy.
Optic disc swelling reported.

Tacrolimus Inhibits IL-2–dependent T-
lymphocyte activation by calcineurin
inhibition.

Inhibited EAU in rats.e57 Inflammation control
and steroid-sparing effect in uveitis.e56,58

Confusion, encephalopathy,
psychomotor disturbance, psychosis,
and seizure.

Cyclophosphamide Alkylating agent, cross-linking DNA
strains leading to reduced DNA
synthesis.

Cyclophosphamide inhibited EAU in mice.e49

Inflammation control and steroid-sparing
effect in uveitis.e59,e60

Reversible posterior
leukoencephalopathy syndrome in <1%
of treated patients. Neurotoxic.

Anti-TNF
(adalimumab,
infliximab, and
certolizumab)

mAb to TNF-alpha. Anti–TNF-alpha serum inhibited EAU inmice.e61

Strong evidence of inflammation control and
steroid-sparing effect in uveitis.e62-65

Nonspecific neurologic side effects.
Rare side effects include Guillain-Barre
syndrome, stroke, optic neuritis, and
demyelination.

Secukinumab mAb inhibiting IL-17A. Anti-IL17 mAb inhibited EAU development in
rats but lower efficacy in uveitis.e66,e67

No directly neurotoxic side effects
reported.

Tocilizumab mAb inhibited IL-6 by binding to IL-
6R.

Anti-IL6R mAb inhibited EAU in mice.e68

Moderate evidence for inflammation control
in uveitis.e69

Demyelination in a patient previously
treated with anti-TNF.e70

Interferons Interferons alpha and beta are
cytokines with pleiotropic effects
and an important role in interfering
with viral replication.

IFN beta reduced the severity of EAU in rats.e71

Moderate evidence of effect of interferon
alpha.e72,e73 There is limited evidence for a
therapeutic effect from interferon-beta.e74

Interferons alpha and beta cause mood
changes, confusion, sleep impairment,
memory changes, stroke, hallucinations,
and psychosis.

Abbreviations: EAU = experimental autoimmune uveitis; IL-6 = interleukin 6; mAb = monoclonal antibody.
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fingolimod treatment, with a second evaluation at 3–4
months.48 Symptoms of fingolimod-induced macular edema
are identical to macular edema associated with IU and similar
to CSCR but resolve following the withdrawal of fingolimod.
Hence, OCT imaging is indicated in patients with MS who
develop visual distortion or central visual loss to differentiate
between the complications of IU, DMDs like fingolimod, and
corticosteroid treatment (figure 3).

Similarly, all of the immunomodulatory treatments used to
treat IU can cause neurologic side effects, and many of these
could be confused with the onset of MS symptoms (table 2).
Nonspecific neurologic symptoms such as confusion, dizzi-
ness, paresthesia, and muscle weakness are common. Fur-
thermore, complications arise because of increased
immunosuppression and the associated risks of JC viral in-
fection and neoplasia.

An additional concern among ophthalmologists is the risk of
precipitating new-onset demyelination and MS following
treatment with biologic therapies. Experimental evidence that
anti-TNF agents were effective in EAE led to clinical trials that
paradoxically showed anti-TNF agents precipitated and ex-
acerbated demyelination in patients with MS (figure 3G).49

There are also reports of CNS demyelination in patients with
rheumatoid arthritis treated with tocilizumab.42,50 Why anti-
TNF and anti–IL-6 receptor agents might precipitate de-
myelination in people not known to have MS or exacerbate
demyelination in those who do is unclear, but underline the
caveats of evidence derived from animal models. Conse-
quently, ongoing caution and surveillance are required when
using biological therapies to treat uveitis.

Recommendations for management of MS-
associated IU
There are several challenges for clinicians managing patients
with MS and IU. First, it is difficult to detect uncomplicated IU
in patients with MS without ophthalmic equipment or exper-
tise. Second, the complications of chronic intraocular in-
flammation, e.g., cataract, glaucoma, and macular edema, are
also complications of treatments for MS and IU, e.g., cortico-
steroids and fingolimod. In addition, several DMDs for MS
cause visual side effects that could be confused with episodes of
demyelination and the complications of IU or its treatment.
Likewise, treatments for uveitis can cause neurologic side ef-
fects and demyelination. Multidisciplinary team working be-
tween ophthalmologists and neurologists is, therefore, key to
ensuring better treatment outcomes for patients with MS
and IU.

In patients withMSwho are naive to DMDs, the development
of IU is not an indication to start DMDs; management should
be tailored to that required for uveitis. In patients with MS
already on DMDs, local therapies for IU such as intravitreal
dexamethasone implants are likely to work best to treat local
inflammation while avoiding additional systemic side effects
from escalating immunomodulatory treatment. Decisions
regarding changes to DMDs for MS would also benefit from
ophthalmology input to optimize the management of both
conditions.

For patients with IU treated with anti-TNF agents who later
develop demyelination, it is not clear whether these de-
myelinating episodes would have occurred in these patients
regardless of whether they were treated with anti-TNF agents

Table 3 Management recommendations for patients with intermediate uveitis and/or MS

Patients with MS with no history of IU

Normal practice: refer for an ophthalmic assessment if new symptoms develop of visual blurring, distortion, floaters, or red eye to evaluate whether uveitis
or complications of DMDs are the cause of symptoms.

Patients with MS who later develop IU

Consider local therapies for IU, such as an intravitreal steroid implant, to control intraocular inflammation. Role for MDT to discuss optimummanagement
of dual pathology.

Patients with IU with no history of MS

Normal practice: refer for neurology opinion if new neurologic symptoms or signs develop.

Recommend MRI of the brain to screen for white matter lesions consistent with demyelination if considering starting an anti-TNF agent. Radiologically
isolated syndrome is a relative contraindication for anti-TNF treatment: refer to a neurologist to assess any new signs of possible demyelination.

Patients with IU who later develop demyelination

If already on anti-TNF treatment, this should be stopped. Refer to a neurologist for the assessment of demyelination and appropriate treatment.

Monitor IU and adjust management based on any therapy initiated by a neurologist. Role for MDT to discuss optimum management of dual pathology.

Patients with MS and IU demonstrating progression on treatments recommended above.

Role for MDT to consider use of therapies with potential for dual benefit in both conditions, e.g., interferon-beta, glatiramer, antimetabolites
(mycophenolate and azathioprine), or biologics such as natalizumab, alemtuzumab, rituximab, and ocrelizumab.

Abbreviations: IU = intermediate uveitis; MDT = multi-disciplinary team.
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or not. This is because it is still not known whether IU is an
early manifestation of MS or whether demyelination is purely a
complication of anti-TNF treatment in those who would never
have developed demyelination otherwise. Our recommenda-
tion is that all patients with IU have a brain MRI scan to
determine their risk of developing clinically relevant de-
myelination before the introduction of anti-TNF therapy. For
those patients with white matter lesions suggestive of de-
myelination (figure 3G), we consider anti-TNF therapy to be
contraindicated pending further neurologic assessment, and all
other treatment options for uveitis should be explored instead.

In patients with coexistent MS and IU, based on our current
understanding of their pathophysiology, informed by disease
models, case reports, and clinical trials, it is possible to make
tentative recommendations for treatments that target specific
aspects of the immune response common to both conditions.
There is evidence pointing to the dual efficacy of IFNβ,
glatiramer acetate, MMF, natalizumab, alemtuzumab, and
anti-CD20 therapies in the treatment of both MS and IU,
suggesting that treatments, which target leukocyte trafficking,
B cells, or effector T cells in the peripheral circulation, may be
most effective (table 3). However, there is a need for addi-
tional clinical trials in this area.

Conclusions
MS and IU are both immune-mediated inflammatory diseases
affecting immune-privileged sites in the eye and brain. Both
disorders share similar immunopathogenic mechanisms, and,
consequently, many of the same treatments are effective in the
treatment of acute relapses and chronic inflammation in MS
and IU, with the clear exception of anti-TNF therapies. An
important consideration is that many of the treatments forMS
and IU can cause visual and neurologic side effects and
complications that may be confused with progression of either
disease without careful examination, imaging and multidisci-
plinary team working between ophthalmologists and neurol-
ogists. However, there is a need for additional clinical trials to
optimize management.
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Abstract
MS is regarded as a disease of the CNS where a combination of demyelination, inflammation,
and axonal degeneration results in neurologic disability. However, various studies have also
shown that the peripheral nervous system (PNS) can be involved in MS, expanding the
consequences of this disorder outside the brain and spinal cord, and providing food for thought
to the still unanswered questions about MS origin and treatment. Here, we review the emerging
concept of PNS involvement in MS by looking at it from a clinical, molecular, and biochemical
point of view. Clinical, pathologic, electrophysiologic, and imaging studies give evidence that
the PNS is functionally affected during MS and suggest that the disease might be part of a
spectrum of demyelinating disorders instead of being a distinct entity. At the molecular level,
similarities between the anatomic structure of the myelin and its interaction with axons in CNS
and PNS are evident. In addition, a number of biochemical alterations that affect the myelin
during MS can be assumed to be shared between CNS and PNS. Involvement of the PNS as a
relevant disease target in MS pathology may have consequences for reaching the diagnosis and
for therapeutic approaches of patients with MS. Hence, future MS studies should pay attention
to the involvement of the PNS, i.e., its myelin, in MS pathogenesis, which could advance MS
research.
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MS is the most common cause of acquired neurologic dis-
ability in young adults.1 It is pathologically characterized by a
combination of inflammation, demyelination, and axonal de-
generation in the CNS, which, ultimately, results in neuro-
logic disability.2 Clinically, MS is very heterogeneous,
resulting in an array of symptoms.3 Although it is generally
regarded as a disease restricted to the CNS, several studies
have reported that some patients with MS also have de-
myelination in the peripheral nervous system (PNS),4–8

where axonal fiber demyelination is correlated with a reduced
mean myelin sheath thickness and internode length.4 For
instance, conduction abnormalities in peripheral nerves sug-
gestive of demyelination were observed in patients with MS,7

and magnetic resonance neurography has shown a higher
occurrence of PNS abnormalities in patients with MS com-
pared with controls.8 These observations suggest that a
common pathologic process may underlie CNS and PNS
demyelination in a subset of patients with MS.9 Furthermore,
central and peripheral myelin share many molecules, such as
myelin basic protein (MBP) and myelin-associated glyco-
protein (MAG),10–13 which could lead to autoimmune re-
activity to myelin antigens in both the CNS and the PNS.

Based on these findings, it is tempting to hypothesize that MS,
despite being considered a canonical CNS disorder, can also
affect the PNS. Therefore, in this review, we focus on the myelin
composition and axo-myelin interaction in the CNS vs PNS, the
biochemical myelin alterations that contribute to MS pathology,
and a number of MS clinical observations supporting impaired
functioning of the PNS in addition to theCNS, which could have
an impact on disease monitoring and treatment.

Clinical observations in MS: the
overlooked involvement of the PNS
The onset of MS is usually during early adulthood, and the
prognosis of the disease is highly variable.14 Currently, 3 main
types of clinical MS are acknowledged with common patterns
of symptoms associated with various levels of inflammation:
relapsing-remitting MS (RRMS), primary progressive MS, and
secondary progressive MS.15 In patients with MS, CNS dys-
function can cause a wide range of symptoms and results in the
considerable clinical heterogeneity of MS. For example, pa-
tients can have sensory disturbances, optic neuritis, limb
weakness, fatigue, cognitive impairment, depression, pain,
bladder, bowel and sexual dysfunction, and/or spasticity.16–18

At the moment, there is still no curative treatment available for
MS. Several drug therapies have been approved during the last
20 years, whichmainly aim to reduce inflammation in the CNS.
However, there is increasing evidence that these therapies are
most effective during the early phases of the disease, while there
is active inflammation of the brain and spinal cord.19 The di-
agnosis of MS is based on established clinical, imaging, and
spinal fluid observations, also known as the 2017 McDonald
criteria.20 Of interest is that the criteria used for the diagnosis of
MS are all focused on CNS pathology and related clinical
dysfunction, which are at the forefront of the disease.

Although the majority of clinical and pathologic studies on
MS have specifically concentrated on the CNS, the in-
volvement of the PNS in MS is not an entirely new concept,
being already reported early in the 20th century.4–6,9,21 In
these studies, the pathology observed in the PNS could be due
to confounding factors such as malnutrition and vitamin
deficiency.5,6,22 In addition, the presence of PNS pathology
was considered exceptionally rare in chronic MS23 and more
associated with a specific acute, aggressive form of MS.4,24 In
those early days, the in vivo diagnosis of MS was uniquely
based on clinical observations and not confirmed by MRI.
Therefore, it is possible that the diagnosis of MS in those
patients was not correct. Conversely, more recent investiga-
tions examining PNS involvement in patients diagnosed with
MS according to theMcDonald criteria exclude those patients
with risk factors for neuropathy and for vitamin deficiency or
malnutrition.8,25,26

Clinical and neurophysiologic observations have repeatedly de-
scribed peripheral nerve dysfunction in MS, and pathologic
studies have confirmed peripheral nerve demyelination in bi-
opsies or autopsies of patients with MS. For example, single
pathologic studies described a reduction of myelin thickness21

and demyelinating activity, including the invasion of myelin
sheaths by macrophages and by inflammation involving mono-
nuclear cells4 in the peripheral nerves of patients with MS. In
addition, neurophysiologic investigations have mentioned that
almost 30% of the examined patients with RRMS presented at
least 1 abnormality on standard nerve conduction velocity of the
tibial, sural, or peroneal nerve.25 In another study, electrophysi-
ologic abnormalities of the peripheral nerves were observed in
28% of the participating patients with MS with concomitant
clinical signs in 12% of the patients with MS.26 In addition,
magnetic resonance neurography investigations have highlighted
that patients with MS have significantly more lesions in the

Glossary
AMS = axo-myelinic synapse; CCPD = combined central and peripheral demyelination; CNP = cyclic nucleotide
phosphodiesterase; dMAG = degraded form of MAG; Ig-CAM = immunoglobulin-like cell adhesion molecule;MAG =myelin-
associated glycoprotein; MBP = myelin basic protein; NFasc = neurofascin; NMDAR = NMDA receptor; NRG1 type III =
neuregulin-1; OPC = oligodendrocyte progenitor cell; PAD = peptidyl arginine deiminase; PLP = proteolipid protein; PNS =
peripheral nervous system; P0 = myelin protein 0; RRMS = relapsing-remitting MS.
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sciatic nerve, tibial, and peroneal nerves compared with healthy
controls.8 Also by MRI in 79.2% of the patients with MS, con-
trast enhancement of the trigeminal nerve extended to the distal
part of the nerve was found, which indicated pathology of pe-
ripheral myelin.27 Recently, a patient with established MS in our
MS Center Amsterdam presented with radicular pain that co-
incided with MRI abnormalities in the nerve root L4. Other
possible diagnoses (such as compression, infection, or in-
flammatory disorders other than MS) were excluded (figure 1).
Overall, these findings indicate that the PNS is affected in, at least
a subset of, patients with MS based on clinical symptoms, neu-
rophysiologic examinations, and on imaging and pathologic
observations. It could also be argued that the common concept
about inflammatory demyelinating diseases of theCNS and PNS
being distinct entities should be revised. Instead, they could
represent a broad spectrum of possible manifestations of CNS
and PNS demyelination. These diseases would vary in regional
distribution, clinical course, and pathology. Prototypical MS
would be at one end of the spectrum (demyelination in CNS),
chronic inflammatory demyelinating polyneuropathy at the
other end of the spectrum (demyelination in PNS), and com-
bined central and peripheral demyelination (CCPD) in between
(demyelination in both the CNS and the PNS).28–32 Hence, the
spectrum view is a potential explanation for the heterogeneity
observed within the diseases and the overlapping features
reported between the diseases.28,30,33 PNS involvement in MS
can then be placed between prototypical MS and CCPD on the
spectrum. Of interest, also CNS involvement can affect a PNS
disease, namely acute motor axon neuropathy, which might be
caused by molecular mimicry.34 Notably, the spectrum view of
MS would have important consequences for the pathophysio-
logic concepts, disease monitoring, and future treatments of the
diseases. By focusing on patients with MS who have both CNS
and PNS demyelination, we may gain insight into the mecha-
nisms underlying demyelination. To this end, it is relevant to
compare CNS and PNS myelin to indicate possible target sites.

Composition of CNS and PNS myelin
The loss of myelin during MS is of critical clinical and path-
ologic importance. Myelin produced by either oligodendro-
cytes (CNS) or Schwann cells (PNS) extends from the glial
plasma membrane and spirally enwraps axonal segments.35

The myelinated axonal segments are also known as inter-
nodes, whereas the unmyelinated axonal segments are called
the nodes of Ranvier (figure 2A).2 The node of Ranvier lies
between the outermost paranodal loops of adjacent myelin
sheaths. The innermost paranodal loop is adjacent to the
juxtaparanode, which borders the internode proper.36 Myelin
in the CNS and PNS is thought to have the same vital func-
tion, namely saltatory impulse propagation along the axon.2

As demyelination has been established in the PNS as is in the
CNS, it is of interest to compare the anatomic structure and
molecular constituents of CNS myelin to PNS myelin, which
may give insight into possible overlapping or divergent factors
attacked during the demyelination process.

Anatomic structure
Myelin sheaths in the CNS and PNS exist of a compact and a
noncompact domain. Compact myelin consists of double-
layered glial plasma membranes that are closely apposed at both
intracellular and extracellular surfaces. These surfaces can be
visualized by major dense lines and intraperiod lines, re-
spectively. In noncompact myelin, the double-layered mem-
branes do not compact. The majority of PNS myelin consists of
compact myelin; noncompact myelin is found in paranodes and
Schmidt-Lanterman incisures. The most external layer of myelin
apposes to the Schwann cell basal lamina.37 The lateral borders
of the Schwann cell cytoplasm are tipped with microvilli, which
are in contact with the nodal axolemma.38,39 In the CNS, myelin
is compact except for the myelinic channel system, consisting of
a single channel of cytoplasm around the perimeter of the oli-
godendrocytic process, which includes both the abaxonal (por-
tion of myelin far from the axonal process) and adaxonal
(portion of the myelin close to axonal process) surface, as well as
paranodes and transient openings of previously compacted
myelin in some CNS fibers. It connects the most distal part of
the myelin sheath with the soma of the oligodendrocyte.36 A
distinctive structural feature of CNS myelin are the radial com-
ponents. These structures consist of a series of radially arranged
intralamellar strands spanning the myelin sheath and resemble
tight junctions.37 Hence, radial components primarily hinder the
diffusion ofmaterial through the CNSmyelin sheath andmake it
less permeable.40 Unlike the PNS, myelin sheaths in the CNS do
not have a basal lamina or microvilli. Some nodes are in contact
with perinodal astrocytes or oligodendrocyte progenitor cell
(OPC) processes, but the function remains unknown.41 Thus,
CNS myelin and PNS myelin both exist of compact and non-
compact domains, but they also have distinctive components.

Molecular constituents
Myelin consists of multiple components and has a high lipid-to-
protein ratio comprising about 70%–85% of the dry weight in
both CNS and PNS myelin.42–44 Only small quantitative differ-
ences between the lipid composition of the 2 types of myelin have
been reported. In both CNS and PNSmyelin, the most abundant
lipids present are cholesterol, glycolipids (cerebroside and cere-
broside sulfate), and ethanolamine glycerophosphatides. Of in-
terest is that CNS myelin contains more glycolipids and less
sphingomyelin compared with myelin in the PNS (table).42,43

Proteomic studies have identified the presence of over 1,200
different proteins in CNS myelin and 545 different proteins in
PNS myelin using mass spectrometry.13,45 CNS and PNS
myelin each express a distinct set of proteins (table).37,46

However, 44% of the identified myelin proteins are shared by
PNS and CNS myelin.13 The most dominant proteins of CNS
and PNS myelin are proteolipid protein (PLP) and myelin
protein 0 (P0), respectively, and might be involved in the
myelin compaction.2,12,13 PLP is a tetraspan transmembrane
protein,12 which is important for various myelin-related cellular
events, and several mutated myelin tetraspans are known to
cause neuropathies. Transmembrane protein P0 is an
immunoglobulin-like cell adhesion molecule (Ig-CAM) and
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mediates the adhesion of the extracellular myelin
surfaces.13,47,48 Periaxin is the secondmost abundant protein in
PNS myelin and is a scaffolding protein.2,13,49 Periaxin is
expressed before P0, MBP, or MAG and is suggested to play an
important role during ensheathment and myelination in the
PNS.49 In the CNS and PNS, MBP accounts for 8% of the
myelin proteins and mediates the intracellular adhesion of cy-
toplasmic surfaces between individual layers of compact
myelin.12,13,50MBP is a highly heterogeneous protein as a result
of alternative splicing and posttranslational modifications such
as N-terminal acylation, GTP- and ADP-ribose binding sites,
deamidation, methylated arginine, methionine sulfoxide,
phosphorylation, and deimination of arginyl residues.51,52 In
the CNS of shiverer mutant mice, which do not express MBP,
major dense lines are missing. This can be rescued by
expressing the MBP gene in transgenic shiverer mice.53 Of
interest, loss of major dense lines is not observed in the PNS of

shiverer mice because the cytoplasmic domain of P0 can
compensate forMBP loss.54,55 The remaining identifiedmyelin
proteins have a relative low abundance compared with the CNS
and PNS myelin proteins described above.12,13

An example of a protein, which despite its low abundance (0.2%)
is thought to play an important role in PNSmyelin, is the myelin
protein P2.13 In particular, P2 seems to be strongly involved in
lipid homeostasis of myelinated Schwann cells.56 The protein is
sufficient to induce clinical, electrophysiologic, and neuropath-
ologic characteristics of experimental allergic neuritis.57

Thus, CNS and PNSmyelin each have a unique but also partly
overlapping lipid and protein profile. In particular, the over-
lapping or functional compensating lipids and proteins may
be considered as common target in the demyelination process
of CNS and PNS during MS.

Figure 1 MRI observations in the CNS and PNS of a patient with MS

MRI scans of a patient who was diagnosed with
MSbased on clinical presentation in combination
with the presence of CNS lesions suggestive of
demyelination with dissemination in space and
time. The diagnosis was confirmed by the pres-
ence of unique oligoclonal bands in the spinal
fluid, in the absence of any other inflammatory
signs that are atypical for MS such as a severe
pleiocytosis. In addition, we excluded a diagnosis
of neurosarcoidosis, systemic inflammatory
condition, or central nervous infection. At 18
months after the diagnosis of MS, the patient
developed severe radicular pain in the trajectory
of L4 on the right side, with an absent patellar
tendon reflex. Subsequent MRI and laboratory
investigations systematically ruled out neuro-
sarcoidosis, infection of the CNS, or a systemic
inflammatory condition. (A–C) FLAIR images of
multiple confluent lesions periventricular, juxta-
cortical, and in the corpus callosum with a Daw-
son finger aspect. (D) Focal hyperintensity
(arrow) on the T2-PD-weighted image of the spi-
nal cord at the level of C4. There was also a
smaller lesion (not depicted) at the level of Th8-
Th9. A follow-up scan 1 year after these images
showed a new, small, focal lesion at the level of
C2-C3. (E) At 6 months after the images shown in
(A–D), 3 axial T1-weighted images after contrast
enhancement on the level of the exit of root L4 of
the spinal cordweremade.We observed isolated
intradural contrast enhancement of the nerve
root L4 with some postganglionic nerve root
enhancement (arrow). There was neither spinal
disc protrusion nor nerve root compression. No
leptomeningeal enhancement was seen. The
patient with MS gave permission to present the
imaging data as shown in this figure.
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Figure 2 The periaxonal region of a myelinated axon in the CNS is similar to the PNS

(A) Overview of the myelinated axonal domains in the CNS and PNS. The upper half shows an axon that is myelinated by a Schwann cell, including the basal
lamina, microvilli, Schmidt-Lanterman incisures, sodium (Na+) channels and potassium (K+) channels, and myelin proteins that are highly abundant in the
PNS. The lower half represents an axon that is myelinated by an oligodendrocyte, including the process from a perinodal astrocyte/oligodendrocyte
progenitor cells (OPCs), Na+ channels and K+ channels, and myelin proteins that are highly abundant in the CNS. (B) NFasc155 and NFasc186 are required to
ensure the integrity of the clustered Na+ and K+ channels in the CNS and PNS. Paranodal NFasc155 binds to axolemmal Caspr and Contactin to form the
paranodal complex and ensure paranodal integrity. Axolemmal NFasc186 ensures nodal integrity by clustering Na+ channels at the node of Ranvier. (C) The
periaxonal region is suggested to function as a synapse in the CNS and PNS. The upper half represents amyelinated axon in the PNS. On arrival of the action
potential, the voltage-gated K+ channel opens, resulting in a potassium efflux into the periaxonal region. Potassium is taken up by the myelin sheaths and
eventually exits the myelin via nodal abaxonal voltage-gated K+ channels. The lower half represents a myelinated axon in the CNS. On arrival of the action
potential, the voltage-gated periaxonal calcium (Ca2+) channel initiates subsequent calcium release from the axoplasmic reticulum. This results in the release
of glutamate into the periaxonal region, which in turn binds tomyelinic AMPA receptors (AMPARs) andNMDA receptors (NMDARs) to stimulate Ca2+ release in
themyelin.58,e18 CLDN11 = claudin 11; CNP = cyclic nucleotide phosphodiesterase; FASN = fatty acid synthase; MAG =myelin-associated glycoprotein; MOG =
myelin oligodendrocyte glycoprotein; P0 = myelin protein 0; PLP = proteolipid protein; SIRT2 = sirtuin 2; 4.1 G = band 4.1-like protein G.
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Axo-myelin interaction in the CNS
vs PNS
The interaction between axons and myelinating glial cells is re-
quired for the initiation of myelination and subsequent mainte-
nance to protect the axon and seems to be affected in MS.35,58

Myelinating glia determine the axonal diameter,59,60 help define the
nodal and internodal domains of the axolemma,e1,e2 and provide
survival signals to neurons.35 In turn, axons provide signals to
regulate myelin formation.2,35 In the PNS, the initiation of myeli-
nation is completely controlled by axonal signals.35 Axon caliber is a
key signal for myelination by Schwann cells, and axons above a
threshold size of;1 μm diameter are typically myelinated.e3 The

axon diameter can be measured based on the abundance of neu-
regulins, for example, neuregulin-1 (NRG1 type III) present on the
axon surface, which is sensed by Schwann cell receptor tyrosine
kinases erbB2 and erbB3.e4,e5 Similar to the PNS, only a selection
of axons in the CNS becomes myelinated.2 The threshold axonal
diameter formyelination in theCNS is 0.4 μm.e6 AlthoughNRG1-
ErbB signaling is not essential forCNSmyelination, overexpression
of NRG1 also stimulates myelination by oligodendrocytes.e7,e8

Beside axonal signals, CNS myelination is also controlled by ad-
ditional mechanisms such as spatial density of OPCs, electrical
activity, and cues from other glial cells.2 This difference in myeli-
nation initiation of the CNS and PNS suggests that oligodendro-
cytes have acquired additional mechanisms to control myelination.

After myelination has been initiated, myelinating glia maintain
neuronal health, axonal diameter, and axolemmal organization.
In turn, axons are responsible for the myelin integrity.35 For
instance, a tight association between axons and myelinating glia
is essential for the integrity of the molecular domains of the
axolemma.e1,e2 In both the CNS and the PNS, paranodal neu-
rofascin (NFasc)155 binds to axolemmal Caspr and contactin to
form the paranodal complex (figure 2b). This complex is es-
sential for the formation of the septate-like axo-myelinic junc-
tions that prevent the invasion of sodium and potassium
channels into the paranode. Furthermore, axolemmal NFasc186
is required to ensure nodal integrity by clustering sodium
channels at the node of Ranvier.e1,e2 P0 has been identified as an
additional binding partner of NFasc155 and NFasc186 in pe-
ripheral myelin. Loss of its transcriptional regulators histone
deacetylase 1 and 2 resulted in impaired axon-Schwann cell
interaction.e1 It is unknown whether NFasc155 and NFasc186
also have an additional binding partner in CNS myelin. In ad-
dition, myelin protein cyclic nucleotide phosphodiesterase
(CNP) is required to maintain the integrity of the specialized
domains. In the CNS, loss of CNP disrupts the axoglial inter-
actions and results in the disorganization of nodal sodium
channels and paranodal Caspr.e9 It has not been reported
whether CNP deficiency in the PNS also disorganizes nodal and
paranodal components. However, it has been shown that loss of
CNP causes peripheral hypermyelination and axonal loss and
reduces noncompact myelin.e10 This suggests that CNP is re-
quired for axo-myelin maintenance in both the CNS and
the PNS.

In contrast to degenerated axons in the PNS, degenerated
axons poorly regenerate in the CNS.e11 For instance, inhibi-
tors of regeneration, called myelin-associated inhibitors, have
been found specifically in CNS myelin. These include ephrin-
B3, MAG, Nogo-A, and myelin oligodendrocyte glycoprotein.
MAG is the only myelin-associated inhibitor that is also
expressed in the PNS myelin.e12 However, the high concen-
tration of laminin in the PNS overrides the inhibitory effect of
MAG.e10 There are also myelin components that seem to
prevent axon degeneration, such as oligodendrocytic peroxi-
somes or myelin proteins PLP and CNP. Loss of these
components results in the formation of axonal spheroids and
subsequent axonal degeneration.e14–e16

Table Overview of the lipid and protein composition in
CNS and PNS myelin

Myelin content CNS PNS

Lipids

Total lipid 78.0% 71.3%

Cholesterol 19.7% 27.1%

Total glycerophosphatides 24.8% 21.5%

Ethanolamine glycerophosphatides 11.2% 11.2%

Serine glycerophosphatides 5.3% 5.6%

Choline glycerophosphatides 8.3% 4.7%

Sphingomyelin 5.1% 10.8%

Glycolipids 19.4% 11.9%

Unidentified 9% N/A

Proteins CNS PNS

PLP 17% 0.2%

P0 ND 21%

Periaxin ND 16%

MBP 8% 8%

CNP 4% 0.5%

MOG 1% ND

MAG 1% 0.3%

Sirtuin 2 1% ND

Claudin 11 1% ND

Fatty acid synthase ND 1%

Band 4.1-like protein G ND 1%

Others 67% 52%

Abbreviations: CNP = cyclic nucleotide phosphodiesterase; MAG = myelin-
associated glycoprotein; MBP = myelin basic protein; MOG = myelin oligo-
dendrocyte glycoprotein; N/A = not applicable; ND = not detected; PLP =
proteolipid protein; PNS = peripheral nervous system.
The lipid and protein compositions are shown in percentages of total
myelin.12,13,42,43
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According to new discoveries in the CNS, axons are able to
form an axo-myelinic synapse (AMS) with myelin (figure 2c).
Action potentials depolarize the internodal axolemma, which
is detected by voltage-gated calcium channels located on the
axonal surface. These calcium channels initiate subsequent
calcium release from the axoplasmic reticulum, resulting in
the release of glutamate in the periaxonal space located be-
tween the myelin sheath and axolemma. Glutamate then ac-
tivates the myelinic AMPA and NMDA receptors
(NMDARs) leading to a calcium influx into themyelin.e17 It is
postulated that the AMS is responsible for the myelin struc-
tural dynamics and couples electrical activity to the metabolic
output of the oligodendrocyte.58 In the PNS, the periaxonal
space also seems to function as a synapse. Action potentials
result in the opening of axonal potassium channels, leading to
an increase of potassium in the periaxonal space, which is
subsequently taken up by myelin via tight junctions.e18

In conclusion, reciprocal signaling between neurons and oli-
godendrocytes or Schwann cells is required for myelination
and the maintenance of the myelinated axons. An important
distinction between myelination in the CNS and PNS is that
axonal expression of NRG1 type III alone is sufficient to
initiate myelination by Schwann cells but not by oligoden-
drocytes. Although the CNS and PNS use similar mechanisms
tomaintain the interaction between the axon andmyelin, such
as paranodal complexes and AMSs, differences have been
observed. Furthermore, the axons in the CNS are more prone
to degeneration, which can be partly be explained by CNS-
specific axo-glial signaling.

Biochemical alterations in CNS vs
PNS myelin during MS
Damage to myelin can result in demyelination of the axon,
which makes the neuron prone to degeneration. Hence,
remyelination is required to restore normal neural signaling.
Most people have the innate ability to reestablish any dam-
aged myelin in the CNS. However, patients with MS even-
tually lose this ability for reasons that are not entirely
understood yet.e19 Several biochemical changes affecting CNS
myelin have been identified in patients with MS. Unlike the
CNS, far less studies have been performed that investigated
the biochemical alterations in the PNSmyelin of patients with
MS. This might be the result of the persisting dogma
according to which MS exquisitely affects the CNS.8

White matter MS lesions are heterogeneous and can be di-
vided into 4 fundamentally different types of demyelinating
lesions. One group of lesions, accounting for 25% of all active
lesions, was characterized by preferential loss of the periaxonal
Ig-CAM MAG. Other highly abundant CNS myelin proteins
(PLP, MBP, and CNP) were still present within the partly
damaged myelin.e20 In studies using MAG-deficient mice, it
was found that in face of a normal CNS/PNS myelination
process, the periaxonal myelin sheath contained intra-
cytoplasmic depositions and inclusion bodies.e21 Of interest, a
uniform widening of the periaxonal myelin sheath was also
observed during the pathologic examination of MS brains. In
contrast, the outer myelin sheaths are often still intact in early
lesions.e22,e23 These findings all suggest that demyelination
can be initiated by a process starting in the innermost myelin
layers, also called a dying-back oligodendropathy.

Consistent with this hypothesis are the findings from a study
that investigated the breakdown of myelin sheaths in several
CNS demyelination models. In this study, the myelin protein
required for compact myelin formation, MBP, was targeted by
elevating the intracellular calcium levels. This led to the dis-
placement of MBP and subsequent myelin fragmentation by
the breakdown of the innermost myelin lamellae into vesic-
ular structures.e24 As mentioned, MBP is a very heteroge-
neous protein due to alternative splicing and posttranslational
modifications.51 A mass spectrometry study found that
phosphorylation of MBP is strongly reduced or even absent in
myelin of patients with MS compared with healthy myelin.
Furthermore, arginine methylation of mostMBP components
is decreased in MS.e25 Moreover, citrullinated MBP levels are
increased in patients with MS compared with healthy indi-
viduals.e25,e26 Because these posttranslational modifications
affect the charge, conformation, and hydrogen bonding of
MBP, it is suggested that these alterations compromise the
ability of MBP to form stable myelin multilayers and compact
myelin. Hence, the altered levels of MBP observed in patients
withMSwould result in a loss of compact myelin and unstable
myelin multilayers. Citrullination/deimination of MBP is an
enzymatic reaction involving the conversion of arginine to

Figure 3 The axo-myelinic synapse in the CNS might be
involved in the pathogenesis of MS

It is thought that oligodendrocytes produce lactate that is transported to the
axonal mitochondria for the production of ATP. If the oligodendrocyte is
unable to transport lactate, this would result in a reduction of axonal ATP.
This in turn results in the pathologic depolarization of the axon. As a con-
sequence, voltage-gated calcium (Ca2+) channels become activated and
cause an increased release of Ca2+ from the axoplasmic reticulum and a
subsequent increase of glutamate release into the periaxonal region. Glu-
tamate activates the myelinic NMDA receptor (NMDAR), resulting in the ac-
tivation of Ca2+-dependent peptidyl arginine deiminases (PADs). PADs will
citrullinate myelin basic protein (MBP), which hinders the function of MBPs
and might lead to the breakdown of myelin.58
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citrulline by a family of 5 citrullinating enzymes known as
peptidyl arginine deiminases (PADs).e25 Mice exhibiting
upregulation of PAD2 have increased levels of citrullinated
MBP and show subsequent demyelination. Clusters of PAD2
were found in the periaxonal regions of these mice, which
supports the theory of a dying-back pathology.52 It has been
shown that citrullinated MBP has lost its ability to compact
myelin and that it is more vulnerable to proteolytic attack.
Hence, MBP citrullination might increase myelin breakdown
duringMS.e27 Increased citrullinatedMBP is found in areas of
ongoing demyelination and strongly correlates with the se-
verity ofMS.e28,e29 This suggests a central role for deimination
of MBP in the pathogenesis of MS.e29 Recently, a new mouse
model was introduced showing that a primary myelinopathy
can trigger secondary pathologic inflammation. In this model,
called cuprizone autoimmune encephalitis, a brief cuprizone
treatment increased MBP citrullination. This led to bio-
chemically destabilized myelin followed by a pathologic de-
myelinating immune response comparable to active MS
plaques.e30 Of interest, drugs targeting PAD are able to at-
tenuate inflammatory demyelination in animal models and
may hold promise for MS.52,e30 It is possible that certain
patients with MS have increased amounts of citrullinated
MBP in PNS myelin. As mentioned, deimination of MBP
hinders its ability to compact CNS myelin.52 It has been
shown that PAD2 and PAD3, the enzymes responsible for
deimination, are coexpressed with MBP in cultured rat and
human Schwann cells. Furthermore, citrullinated proteins
were observed in cultured Schwann cells of patients having
peripheral lesions.e31

Besides the role of MBP in MS pathology, the role of the
MAG is also attracting a lot of interest. As mentioned above,
pathologic studies in newly forming MS lesions often show a
preferential loss of MAG,e20 and other investigations have
underlined a higher degree of formation of a degraded form of
MAG (dMAG) in the brain of patients with MS compared
with non-neurologic controls.e32,e33 MAG is proteolyzed into
dMAG by a putative cysteine protease (cathepsin-L) acting
on the amino acid sequence 512–513 of the MAG depriving
the molecule of the majority of its intracellular myelin com-
partment, making it soluble and allegedly less functional.e34

MAG being a sialic acid binding lectin and playing a role as an
adhesion molecule to hold axon and myelin together,e35 it is
then possible that a reduced MAG functionality might affect
the stability of the AMS, contributing to the pathologic cas-
cade of mechanisms that might lead to demyelination. Be-
cause this protein has a similar periaxonal distribution in
healthy CNS and PNSmyelin (MAG is additionally located in
the paranodal and incisure membranes of PNS myelin),e36 its
expression may also be decreased in peripheral myelin. For
example, Mag-null mice show dysmyelination and axonal
degeneration in both the CNS and the PNS.e37 Furthermore,
a disrupted organization of central and peripheral periaxonal
regions is observed inMag-null mice.e38 Hence, these studies
suggest that MAG might not only be reduced in central my-
elin but also in peripheral myelin.

Because the myelin pathology seems to start at the most distal
myelin compartment, it has recently been hypothesized that
the AMS is involved in the pathogenesis of MS.58 MS
genome-wide association studies have identified mutations
that are important for glutamate homeostasis.e39 An altered
glutamatergic transmission might establish an environment of
chronic excitotoxicity, via myelinic NMDARs or additional
mechanisms, resulting in biochemically altered myelin.58

Myelinating oligodendrocytes provide metabolic support for
mitochondria by transporting lactate to the axons.e40 Lactate
is reconverted into pyruvate and subsequently used by axonal
mitochondria for ATP production.e41 Thus, the inability of
oligodendrocytes to transport lactate would reduce the axonal
ATP production. This results in a pathologic depolarization of
axons due to ion transporter failure. This would in turn acti-
vate the voltage-gated calcium channels and excessive release
of calcium from stores, leading to glutamate excitotoxicity in
the periaxonal space (figure 3).58 The resulting excessive
calcium entry through myelinic receptors can lead to the
deimination of MBP by the calcium-dependent enzyme PAD
and subsequent breakdown of the adaxonal myelin into ve-
sicular structures.52,58,e24,e30 Schwann cells also express
NMDARs, suggesting that the overactivation of myelinic
NMDARs might also result in hypercitrullination of MBP in
the PNS myelin.e31,e42 However, whether patients with MS
also experience glutamate toxicity in the PNS remains
unknown.

It has also been shown that paranodal and juxtaparanodal
tethering proteins are diffusely distributed in demyelinated
lesions of patients with MS.e43,e44,e45 Disruption of paranodal
and nodal structures was also observed in a model of PNS
demyelination. This resulted in the loss of septate-like junc-
tions, allegedly affecting the stability of the axon-myelinic unit.
Thus, demyelination in the PNSmight be related to an altered
expression of nodal, paranodal, and juxtaparanodal molecular
structures. These findings suggest that the myelin integrity is
harmed, which negatively affects the induction and fast
propagation of electric signals along axons in the CNS and
PNS.e1

To conclude, multiple biochemical alterations have been
discovered in CNS myelin of patients with MS. Several of the
alterations are related to the periaxonal region, suggesting that
the CNS demyelination observed in MS might be initiated by
a dying-back oligodendropathy. Multiple studies have shown
that patients with MS may experience PNS demyelination in
addition to loss of myelin in the CNS,4–6,8,9,21,25,26 but how
this pathology relates to each other needs to be elucidated.

Summary and outlook for PNS myelin
impairment in MS
To date, the prevalent dogma is that MS is a demyelinating
disorder of the CNS,8 leaving the PNS relatively unaffected.
However, multiple studies reported clinical symptoms,
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pathologic findings, electrophysiologic examinations, and
imaging data that are indicative of PNS dysfunction,
i.e., peripheral demyelination in patients with MS.4–9,25

Whether there are common pathologic processes underlying
demyelination in the CNS and PNS (in a subset of) patients
with MS is currently unknown. Of interest is that the myelin
lipid composition is very similar between the CNS and
PNS42,e46 and that 44% of the proteins are similarly present in
CNS and PNS myelin.12,13 The initial process of PNS mye-
lination is completely regulated by axonal signals, whereas
CNS myelination has acquired additional mechanisms.2,35 In
both the CNS and the PNS, axonal and myelin components
are required to ensure the integrity of nodal and internodal
domains.e1,e2 Furthermore, the periaxonal space seems to
function as a synapse in CNS and PNS myelin.e17,e18

Myelinated axons depend on myelinating glia for support and
maintenance. Any disturbance in themyelin has the potential to
hinder axo-myelin interaction. During MS, several biochemical
alterations have been observed in CNS myelin that affect this
interaction. For example, a subtype of MS lesions shows pref-
erential loss of MAG.e20 Furthermore, increased levels of cit-
rullinated MBP are found in MS, which might be caused by
glutamate excitotoxicity in the AMS.58,e28,e29 Moreover, several
autoantigenic myelin proteins have been identified.10,11 Besides
that, it has recently been observed that myelin lipids are globally
altered in MS brains.e47 In addition, the nodal, paranodal, and
juxtaparanodal domains are disrupted during MS.e44 Because
numerous biochemical alterations in myelin of the CNS suggest
a dying-back oligodendropathy,52,e20,e22–e24 it might be in-
teresting to focus on the periaxonal region as an important
disease target during future studies.

Based on the overlap in myelin content between the CNS and
PNS, and on studies in animal models of MS, we propose that
several alterations in CNS myelin can also take place in PNS
myelin and subsequently affect the axo-myelin interaction. For
example, the PNS myelin can be affected by loss of MAG,e38–e40

hypercitrullination of MBP,e41,e42 and disturbed myelin domain-
s.e1,e2 Because multiple clinical observations suggest that the PNS
is affected during MS, it is important to further examine potential
biochemical alterations in PNS myelin during MS.

What is the consequence of PNS
involvement in MS?
PNS involvement in MS might be more frequent than is
generally assumed. We propose that clinical observations of
PNS dysfunction should be more explicitly questioned and
tested for. In addition, PNS involvement also has conse-
quences for research studies on MS. Studies on the PNS
should be taken into account to accomplish better un-
derstanding of the pathophysiologic mechanism underlying
MS and possibly also other demyelinating diseases. It will
enable new concepts including the search for a possible
common pathologic mechanism for PNS and CNS

demyelination. When using human material in this search,
future studies could study the myelinated or demyelinated
peripheral nerves from patients with MS and controls, which
will be accessible through biopsy which the CNS is not.e48

Furthermore, longitudinal studies examining both CNS and
PNS dysfunction may be beneficial to unravel the primary or
secondary PNS involvement to CNS pathology. When in-
cluding PNS analysis in the diagnostic protocol, it may direct
to a subtype of patients with MS that has not be recognized
thus far and offers opportunities for lower strain disease
monitoring and a therapeutic approach that fits with the
spectrum of demyelinating pathology.
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MS is the most common immune-mediated, chronic in-
flammatory disease of the CNS, affecting approximately 2.5
million individuals worldwide. The course of the disease is
either relapsing-remitting or progressive.1,2 Although the
precise triggers for this disease are not clear, evidence indi-
cates that the pathogenesis is multifactorial and includes ge-
netic, immunologic, and environmental factors. There is no
cure for MS to date. The past 2 to 3 decades have nonetheless
been characterized by the encouraging development of a great
number of immunomodulatory treatment modalities.1,3,4

Particularly noteworthy among these is the introduction of
the CD20 B cell–depleting monoclonal antibody rituximab
and subsequently its humanized version ocrelizumab.5,6

Neuromyelitis optica spectrum disease (NMOSD) is a less
frequent inflammatory disease, primarily affecting the op-
tic nerve(s) and the spinal cord, that is caused by patho-
genic immunoglobulin G (IgG) antibodies directed at the
astrocytic endfoot aquaporin 4 water channel, which is
made up of 6 transmembrane helical domains.7 Here,
evidence-based therapies have recently taken center stage.
The pathologic differences between MS and NMOSD have
been concisely reviewed.8 NMOSD must be distinguished
from myelin oligodendrocyte glycoprotein (MOG)-IgG–
related disease that features perivenous inflammation and
white matter demyelination.9–16

The prevalence of NMOSD among Whites globally is 1/
100,000, with an annual incidence of less than 1/million. In
Asians, the prevalence is 3.5/100,000. The annual incidence
of MOGAD in adults has been estimated to be 1.3/million, in
children 3.1/million.17

The purpose of this review is to provide a better un-
derstanding of the pathophysiologic role of B cells and their
activity in MS and related disorders and to dissect the
mechanisms by which B-cell modulation and depletion exert
therapeutic effect in CNS disease.18,19 Treatment trials with
B cell–targeted approaches are detailed. Benefits of this
interventional strategy are weighed against known risks.

B cell–driven immune responses
underlying MS, NMOSD,
and MOGAD
Proof of principle: rituximab
The critical role of B cells in MS20 and NMOSD21 was re-
cently reviewed. It was the demonstration that rituximab is

highly effective in MS that prompted a reappreciation of the
contributions of B cells to MS pathogenesis (figure 1).

In the first case report of a patient with aggressive relapsing MS
disease stabilized with rituximab, B cells were depleted in CSF
and peripheral blood.22 B-cell counts in patients with primary
progressive MS were lowered more in peripheral blood than in
CSF.23 In a phase 2 trial of patients with relapsing-remittingMS
(RRMS) receiving rituximab as add-on therapy, decreases of
both B- and T-lymphocyte counts were observed in CSF.24

Several case reports convincingly demonstrated that rituximab
not only mitigated or arrested progression of a fulminant dis-
ease course but also led to clinical improvement.22,25,26

The beneficial effects of B-cell depletion inNMOSDwere first
demonstrated in an open-label study of rituximab, published
in 2005,27 followed by a retrospective analysis of 25 patients
with NMOSD in 200828 and a prospective long-term cohort
study of 10 patients.29

MS
Mode of action of CD20 cell depletion in
MS—evidence emphasizing the role of B cells in
MS pathogenesis

Binding of monoclonal antibodies to CD20
CD20 is a member of the membrane-spanning 4A gene family
encoded by theMS4A1 gene on chromosome 11.30 TheCD20-
targeting monoclonal antibodies recognize shared or slightly
different epitopes. Ublituximab (TG-1101) binds to a unique
part of the CD20 domain31,32 (figure 2). Recent work suggests
a double-barrier dimer structure.33 In general, binding of these
antibodies induces the redistribution of CD20 into lipid rafts
within the plasma membrane and may thus disrupt B-cell re-
ceptor signaling. Because of amino acid mutations in the Fc
portion, rituximab and ofatumumab bind C1qmore avidly than
ocrelizumab and lead to complement activation and comple-
ment-dependent cytotoxicity. In contrast, ocrelizumab more
potently promotes antibody-dependent cellular cytotoxicity
and phagocytosis via its interaction of Fcγ receptors on natural
killer cells, monocytes, macrophages, and neutrophils.34,35

Based on these differential properties, anti-CD20 antibodies are
termed type I (rituximab and ofatumumab) or type II
(ocrelizumab).36,37

CD20 cell depletion had not only a therapeutic effect on RMS
or RRMS but also, for the first time, on the primary pro-
gressive course of the disease (PPMS).38,39 In the first trial

Glossary
BTK = Bruton tyrosine kinase; IgG = immunoglobulin G; IL = interleukin; MOG = myelin oligodendrocyte glycoprotein;
NEDA = no evidence of disease activity; NMOSD = neuromyelitis optica spectrum disease; PPMS = primary progressive MS;
RRMS = relapsing-remitting MS; TNF = tumor necrosis factor.
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using rituximab in PPMS, the primary end point was not
reached. However, when stratified to subsets, the group
(1) <50 years and (2) Gd + did better statistically than
placebo.38

One of the most fascinating aspects of CD20 depletion in MS
is that although the target cell is known, it remains unclear
which intercepted B-cell function is most relevant in this
context. B cells may contribute to autoimmune disease via

Figure 1 The central role of B cells in the immunopathogenesis of MS

B and T cells in the peripheral lymphoid
tissues reciprocally activate each other.
They migrate to the CNS passing
through the blood-brain barrier. Most
B cells locate to the perivascular space.
Aggregates of B lymphocytes are ob-
served in the pia mater overlying the
cortex. In secondary progressive MS, a
compartmentalized inflammation in an
ectopic follicle-like lymphoid tissue is
driven by B cells, plasma cells, T cells,
and follicular dendritic cells. In the CSF,
antibody-producing memory B cells,
plasmablasts, andplasma cells give rise
to oligoclonal bands. From ref. 18 with
permission by Springer Nature.
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autoantibody-dependent and autoantibody-independent
functions.40,41

Figure 3 illustrates the specific B-cell developmental stages
targeted by a therapy directed against the CD20 differentiation
antigen. This is an effective therapeutic approach, which clearly
underpins the current clinical developments and recent ap-
provals granted to subsequent preparations with similar ac-
tivity profiles (e.g., evobrutinib42 NCT04032158,
ofatumumab43 NCT02792218 or NCT02792231, ublitux-
imabNCT03277261 or NCT03277248, andNCT04032171).
Furthermore, the development of rituximab biosimilars like
obinituzumab is in progress to reduce drug resistance.44 It

is interesting to note that low-dose intrathecal adminis-
tration of rituximab leads to complete depletion of CD20 in
peripheral blood45 but not to complete CD20 depletion in
the CNS.46

CD20-depleting antibodies and the role of B cells in MS
These therapeutic developments have contributed to a major
revision of our understanding of the pathophysiologic role of
immune cells in MS.47 It is currently widely accepted that
B cells—and not exclusively or predominantly T cells—play a
central role in MS (figure 1, e-figure 1, links.lww.com/NXI/
A345). Table 1 summarizes the evidence invoking a key
pathophysiologic role of B cells in MS.

Initially, B-cell depletion was expected to exert its effect by
diminishing the production of autoantibodies (e-figure 1,
links.lww.com/NXI/A345). However, the rapid onset of the
profound effects of CD20 B cell–targeted therapies has
prompted a reevaluation of the humoral immune response in
MS. The concept holds that clinical benefit preceded humoral
change/autoantibody synthesis. This ties to the cellular effect
of B-cell depletion—e.g., B- and -T lymphocyte collaboration
with decreased Th17 and Th1 cytokine production.48,49

The precise mechanisms underpinning the efficacy of CD20
cell depletion in MS and its animal models remain in-
completely understood.47,50–55 The interaction of specifically
B and T cells may be particularly relevant to MS pathology.56

The effectiveness of B-cell depletion in MS has been invoked
to support the hypothesis that B cells latently infected with
Epstein-Barr virus may play an important role in the patho-
genesis of MS.57,58 Animal studies have indicated that CD20
depletion modulates activation of monocytes and microglia

Figure 2 Epitopes on CD20 recognized by anti-CD20
monoclonal antibodies

CD20-targeted monoclonal antibodies recognize epitopes either identical or
spatially in close neighborhood. Only ublituximab binds to a unique epitope
on the CD20 domain. From ref. 31 with permission by SAGE Publishers.

Figure 3 Cellular targets of CD19 and CD20 cell depletion therapies

A number of differentiation antigens are expressed on the cell surface during B-cell maturation and are subsequently recognized by the respective
monoclonal antibodies used during therapy. Monoclonal antibody/antigen binding ultimately leads to depletion via antibody mediated or complement-
dependent cytotoxicmechanisms. It is important that both early and latematuration stages are not depleted because they do not express CD19 or CD20. This
means that the ability to repopulate B cells is preserved and humoral immune memory is not impaired. This maintains the function of natural defense
mechanisms. CD19 in contrast to CD20 is expressed also on pro–B cells and plasma cells. Thus, CD19-directed monoclonal antibodies have a broader
coverage of the B-cell lineage. Aminor subpopulation of CD3 T lymphocytes, CD8more than CD4 T cells, also display the CD20 antigen. They have been shown
to be depleted following rituximab administration.e25 It is controversial whether they are increased in activity exhibiting higher proinflammatory potential in
blood and CSF of people with MS compared with healthy individuals. CD20-depleting therapy removes myelin-reactive CD8 T lymphocytes from the
circulation of patients with MS.e33
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and the recruitment of T lymphocytes.49,59 Pathogenic CD40-
mediated NF-κB activation of B cells is increased in patients
with MS.60 In addition, the significance of B-cell aggregates in
lymphoid follicle-like structures of the subarachnoid space,
particularly in patients with secondary progressive forms of
the disease, is the subject of intense discussion.e1,e2 An animal
study demonstrated that an intrathecal administration of anti-
CD20 antibodies induces significant B-cell depletion in
established CNS lesions.e3

There is also evidence of direct crosstalk between the CNS
and the periphery in patients with MS, which is notably
mediated by class-switched immunoactive B cells,e4 in
conjunction with the observation that B cells of patients
with MS exhibit augmented antigen-presenting proper-
tiese5 (figure 1). These lymphocytes must overcome sev-
eral immune barriers via complex cascadese6 to enable
clonal expansion,e7 produce specific immunoglobulins,e8

and promote lymphangiogenesis.e9 It is currently un-
derstood that the maturation of CNS B cells of patients
with MS occurs in the draining cervical lymph nodes.e10

B cells of patients with RMS are able to manufacture
complement- and immunoglobulin-independent factors
that are toxic to neurons and oligodendrocytes in
vitro.e11,e12 Patients with myelitis as the sole clinical
manifestation, who are therefore potentially at an early
stage of MS, were found to have an expanded and mutated
plasmablast subgroupe13 and a specific distribution of in-
terleukin-6/-10–producing B lymphocytes,e14 consistent
with our current understanding of cytokine function in
autoimmune diseases.e15 It would therefore appear that
B cells assume an important role both at the onset and
during the perpetuation of MS.e16 Regulation of the
macrophage migration inhibitory factor pathway appears
to be pertinent as CD74 deficiency and upregulation of
CXCR4 are associated with early MS.e17

However, not all B lymphocytes are considered to be patho-
physiologically significant, but rather restricted subgroups of
B cells only. Proinflammatory cells, particularly CD27+

memory B cells, can act as antigen presenters and

manufacture tumor necrosis factor (TNF) alpha, interleukin
(IL)-6, and granulocyte-macrophage colony stimulating
factor, with IL-6 being a driver of pathogenic Th17 T-cell
responses. Anti-inflammatory regulatory B cells (Bregs) re-
lease IL-10, TGFß, and IL-35 e18–e20 and other specific
B-lymphocyte subgroups present in CSF that may be primary
determinants of disease phenotype.e21

Based on the observations of MS phase–dependent surface
expression of differentiation antigens during B-cell maturation
and the results of the recently completed phase 2/3 trial of
inebilizumab, a monoclonal antibody directed against
CD19e22, a distinction must be made between CD20 and
CD19 depletion in NMOSD (figure 3). CD20 is not
expressed on the surface of plasma cells nor pro–B cells,
whereas CD19 can be detected on the majority of plasma cells
in secondary lymphatic organs (e.g., spleen and tonsils), on all
blood plasma cells, and in more than 50% of bone marrow
plasma cells.e23,e24 CD19+ B cells can also still expressMHC II
(i.e., human leukocyte antigen-DR); thus, anti-CD19 elimi-
nates residual APC function, whereas anti-CD20 does not.18

It should be noted that in contrast to CD19, CD20 is
expressed also by a subgroup of CD3-positive T cells.e25

These CD20 CD3 T cells have been shown to be depleted
following rituximab administration. It is controversial whether
they are increased in activity exhibiting higher proin-
flammatory potential in blood and CSF of people with MS
compared with healthy individuals.

In summary, B cells are not exclusively responsible for the
development and perpetuation of MS. There is evidence
supporting the notion that (memory) B cells induce autor-
eactive, autoproliferative,e26 proinflammatory T cells (in-
cluding TH17 cells), which in turn play a crucial role in CNS
inflammatory cascadese27–e29 and that polymorphonuclear
myeloid-derived suppressor cells selectively control the ac-
cumulation of B cells in the CNS.e30 Nevertheless, to date, the
specific target antigen(s) of these immune cells remains to be
identified.e31 The role played by CD20-positive CD3 T cells, a
small subgroup of T cells, in MS also remains to be defined.e32

Table 1 Evidence for potential pathophysiologic functions of B lymphocytes in MS

Synthesis of intrathecal oligoclonal bands

Production of antibodies against myelin components in blood and CSF

B-cell accumulation and activated complement deposition in brain lesions

Meningeal B-cell aggregates in SPMS

Increased number of plasmablasts in blood and CSF

Antigen presentation, cytokine production, stimulation, and regulation of autoreactive proinflammatory T cells

Induction and regulation of the proliferation of autoreactive, proinflammatory T cells (including TH17 cells) homing to the CNS

Induction of neuronal apoptosis and oligodendroglial cytotoxicity

Abbreviation: SPMS = secondary progressive MS.
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One study suggests that they comprise myelin-reactive CD8
T cells.e33

Rituximab in MS
A phase 1 trial evaluating 26 patients with RRMS, in the
absence of a control group, demonstrated a good 72-week
rituximab safety profile and showed that rituximab reduced
the development of new lesions between week 4 and week 72,
as well as flare-ups, compared with the year preceding the
treatment.e34 The double-blind, placebo-controlled phase 2
trial (Helping to Evaluate Rituxan in Relapsing-Remitting
Multiple Sclerosis [HERMES], e-table 1, links.lww.com/
NXI/A346) additionally confirmed that rituximab 1,000 mg
administered on days 1 and 15 was more effective than pla-
cebo, not only in terms of the primary MRI end points but
also for all secondary clinical end points examined.e35 Phar-
macodynamically, rituximab was associated with rapid almost
complete depletion of CD19+ B cells from weeks 2 to 24. By
week 48, CD19 cells had returned to 31% of baseline.

e35 B-cell
depletion resulted in markedly diminished proinflammatory
Th1 and Th17 responses of CD4 and CD8 T lymphocytes.48

Given the surprisingly good efficacy of CD20 cell depletion in
patients with RRMS, it was hoped that this therapeutic ap-
proach might also prove to be effective in the primary pro-
gressive course of the disease. To this end, a randomized,
double-blind, placebo-controlled phase 2/3 trial was con-
ducted in patients with PPMS (OLYMPUS, e-table 1, links.
lww.com/NXI/A346). Four hundred thirty-nine patients re-
ceived 2 1,000 mg rituximab or placebo infusions every 24
weeks until week 96. This trial failed to meet the clinical
primary end point, as there was no significant difference in
confirmed disease progression. Despite this disappointing
result, expectations for rituximab’s efficacy remained, as the
secondary radiologic end point of T2 lesion load was met and
post hoc subgroup analyses indicated that younger patients
(less than 50 years of age) with active inflammatory lesions, in
particular, seemed to benefit from rituximab treatment.38,e36

Furthermore, several retrospective analyses and a subgroup
analysis provided evidence that rituximab can be effective
both in aggressive RMS and progressive MSe37–e43 and that it
is also more effective than first-generation MS treatments
(i.e., interferon-beta and glatiramer acetate).e44,e45 In the large
Swedish study, doses of rituximab above 750 mg/6 months
were not more effective than those below.e43 A retrospective
Swiss study of 37 patients with RRMS and 22 patients with
SPMS observed that lowering rituximab from 1,000mg to 500
mg/6 months was safe and produced clinical and MRI sta-
bility. It also left serum neurofilament light chain levels un-
affected. The authors suggested that with a lower dose one
might avoid more marked hypogammaglobulinemia and
thereby the risk of infectious complicationse46

Ocrelizumab: breakthrough in MS therapy
Subsequent studies, investigating the efficacy of CD20 de-
pletion in patients with MS, used the humanized equivalent

ocrelizumab instead of the chimeric monoclonal antibody rit-
uximab (table 3). Ocrelizumab was administered initially in 2
induction doses of 300mg IV at a 14-day interval, followed by a
dose of 600 mg IV every 6 months over the course of the trial.
In the initial randomized, double-blind, placebo-controlled
phase 2 trial in RMS with a double-dummy design, interferon
beta-1a administered IM served as the active comparator in
RMS. Ocrelizumab was shown to be more effective than pla-
cebo and the active comparator in terms of the radiologically
defined primary end point (number of gadolinium-positive T1
lesions in brainMRI). No significant differences were identified
between individual groups in terms of side effects.e47

Subsequent phase 3 trials led to the approval of ocrelizumab
for the treatment of RMS and PPMS.e48 Both ocrelizumab vs
IM interferon beta-1a in RMS (OPERA I and II)e49 and
ocrelizumab vs placebo in early PPMS (A Study of Ocreli-
zumab in Participants With Primary Progressive Multiple
Sclerosis [ORATORIO])39 met the defined clinical primary
end points. The RMS twin studies achieved the primary end
point, which was defined as the annualized relapse rate, with
an absolute risk reduction of 46% and 47%, respectively. All
secondary end points were also met with the exception of the
percentage change in brain volume in the OPERA II trial.

Following the double-blind phase, patients from bothOPERA
studies were maintained on ocrelizumab or switched from
interferon-ß 1a for 3 years when clinical and MR outcomes
and safety were assessed. Pooled analysis of the 88.6% of
patients that completed 5 years showed maintenance of
clinical (annualized relapse rate, 24-week confirmed disability
progression and improvement) and MRI effects (total num-
ber of new or newly enlarged T2 lesions and T1 gadolinium-
enhancing lesions assessed every 48 weeks).

Patients on continuous ocrelizumab treatment from begin-
ning fared better than those with delayed treatment onset.
Whole, gray and white matter brain volume loss was less
marked in the group on continuous vs delayed treatment. No
new safety signals emerged.e50

In the double-blind period, NEDA (no evidence of clinical or
MRI disease activity) was attained in 48.5% of the ocrelizumab
and 27.8% in the IFNß-1a–treated patients. During the open-
label extension, the proportion of patients with NEDA was
65.4% in patients continuously receiving ocrelizumab vs 55.1%
in the switching population.e51

In the PPMS trial, both the primary end point (disease pro-
gression confirmed after 12 weeks) and the secondary MRI
end points were met. After 120 weeks, 32.9% of patients in the
ocrelizumab and 39.3% in the placebo group had progressed
(relative risk reduction of 24%), whereas absolute brain lesion
volume decreased by 3.4% (ocrelizumab) and 7.4% (placebo),
respectively. A recent post hoc analysis confirmed an im-
provement in arm function using the 9 Hole Peg Test. The
proportion of patients with confirmed deterioration in the 9
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Hole Peg Test was also lower in the ocrelizumab treatment
group.e52 A retrospective analysis of a large multicenter MS
cohort revealed that 5% of all patients experienced confirmed
disease progression, whereas the annualized relapse rate was
0.17.e53

It is noteworthy that the PPMS trial patterned on the results of
the phase 2OLYMPUS trial of rituximab only included patients
who had a relatively short duration of the disease, as defined by
age (18–55 years) and symptoms <15 years in patients with an
expanded disability status score of >5.0 or <10 years in those
with an expanded disability status score of <5.0 at the time of
screening. Both acute infusion reactions and respiratory tract
and oral herpes infections emerged as significant adverse
events. There was also a trend toward an increased risk of
cancer (particularly of breast cancer) (2.3% vs 0.8%), although
extended follow-up and postmarketing experience did not
confirm this association. Besides, the incidence was in the range
expected in the general population.e54,e55

Repletion of B cells appears not to be uniform. A recent study
of 74 patients with MS noted 41.8% who had their CD19 cells
returning at 6 months, the so-called fast responders. Twenty-
four percent had CD19 cells above 2%. Fast response was
associated with a higher body mass index.e56

B-cell repopulation has been associated with a rise in the
relapse rate in the case of NMOSD, a relapsing-remitting
chronic inflammatory CNS disease with concomitant
astrocytopathy.e57 In this context, CD19/CD27-positive
B cells seem to be especially important.e58 It remains un-
clear to what extent this correlation can be extrapolated to
RMS. In the pivotal clinical trials, 20.7% of patients with
RMS and 26.3% of patients with PPMS experienced a
decrease in absolute lymphocyte counts below the lower
limit of normal.e59 The majority of patients developed
grade 1 or 2 lymphopenia, the incidence of grade 3 lym-
phopenia was 1%, and no CD19-positive cells could be
detected in peripheral blood as early as 2 weeks after the
start of the treatment.42,e49 The lymphocyte population
was restored in 90% of the patients, after a 2.5-year (me-
dian 72 weeks) ocrelizumab treatment pause.e59 In com-
parison, the lymphocyte population in the rituximab phase
2/3 trial (OLYMPUS) was restored in 35% of the patients,
48 weeks after discontinuing treatment.38 Results from the
surveillance studies after marketing authorization was
granted in January 2018e59 (for indications, refer to e-table
2, links.lww.com/NXI/A346) confirmed the benefits of
ocrelizumab. Of note, 66.4% of patients with RMS re-
ceiving ocrelizumab vs 24.3% of interferon beta-1a patients
exhibited no evidence of clinical or radiologic disease ac-
tivity (NEDA).e60 In the absence of direct comparative
studies evaluating ocrelizumab against other MS therapies,
a meta-analysis performed showed that ocrelizumab is a
viable treatment option, particularly for patients with
highly active RMS.e61 Furthermore, several retrospective
analyses and a subgroup analysis provided evidence that

rituximab can be effective both in aggressive RMS and
progressive MSe37–e43 and that it is also more effective than
first-generation MS treatments (i.e., interferon beta and
glatiramer acetate).e44,e45 To better characterize the re-
sponse of patients with PPMS to immunotherapy, the
composite outcome termed NEPAD—no evidence of
progression or active disease—has recently been in-
troduced. Operationally, it is defined as absence of 12-
week confirmed disability progression; absence of 12-week
confirmed progression of ≥20% on the Timed 25-Foot
Walk test and 9-Hole Peg Test; no brain MRI activity (no
new/enlarging T2 lesions and no T1 gadolinium-
enhancing lesions); and no protocol-defined relapses.e58

In the ORATORIO trial, ocrelizumab tripled the pro-
portion of patients with PPMS with NEPAD after 120
weeks compared with placebo.e62 An analysis of pooled
phase 2 and 3 data suggests that ocrelizumab effectively
suppresses disease activity detected by MRI within 4 weeks
and suppresses clinical disease activity within 8 weeks.e63 A
post hoc study suggests that ocrelizumab is also effective in
patients with MS with increased baseline disability.e64 An
MR spectroscopy study taking sequential measurements of
markers of neuronal-myelin coupling over a 96-week pe-
riod demonstrated that ocrelizumab reduces cerebral
gliosis compared with patients who received interferon-
beta.e65 It also appears that progression in patients with
PPMS is associated with chronic lesion activity in the white
matter.e66 Currently, multiple phase 3b studies are being
performed to better characterize ocrelizumab in MS (table
2). ORATORIO HAND (NCT04035005) explores its
effect on the function of the upper extremity in PPMS,
CONSONANCE (NCT03523858) monitors disease ac-
tivity in PPMS, and CHORDS (NCT02637856) and
CASTING (NCT02861014) scrutinize safety and efficacy in
RRMS after suboptimal response to a different DMT.

ENSEMBLE (NCT03085810) examines the effect of ocreli-
zumab in people with early RMS. A recently published study
(ENSEMBLE PLUS) showed that shorter infusion times
were well tolerated and not associated with more adverse
events.e67

A phase III b open-label study, VELOCE (NCT00676715),
evaluated the effectiveness of common vaccinations in patients
with relapsing MS treated with ocrelizumab. Responses to
clinically relevant antigens (tetanus toxoid, pneumococcal an-
tigens, and influenza or keyhole limpet hemocyanin as a neo-
antigen) were elicited but attenuated compared with controls
on interferon-ß or no disease-modifying drug.e68 OBOE
(NCT02688985) investigates immunologic changes occur-
ring during ocrelizumab treatment.

In the absence of a phase 3 trial, the issue of whether rituximab
is an equivalent alternative to ocrelizumab remains open to
debate.e69–e72 Direct comparative studies between rituximab
and other treatment options would be helpful to close the
gaps in our current understanding.e73
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Ofatumumab
Ofatumumab is a human monoclonal antibody that binds to a
small-loop epitope on CD20. It depletes B cells through
complement-dependent cytotoxicity and antibody-dependent
cell-mediated cytotoxicity with great efficiency even when
CD20 expression is low.32,43

A small phase 2 study examining ascending doses of 100, 300, and
700 mg IV ofatumumab showed almost complete reduction in
new MRI lesion activity.e74 These results prompted a larger-scale
phase 2 dose-response study of subcutaneous ofatumumab in
patients with relapsing-remitting MS.42 Two hundred thirty-two
patients were randomized to receive 3, 30, or 60 mg every 12
weeks, ofatumumab60mg every 4weeks, or placebo for 24weeks.
The primary end point was the number of cumulative new
gadolinium-enhancing lesions on cerebral MRI. The cumulative
number of gadolinium-enhancing lesions was reduced by 2 thirds
in patients allocated to ofatumumab with a dose-dependent de-
pletion of circulating CD19 B cells. Complete depletion appar-
ently was not necessary for a treatment effect. Onset of action was
observed by week 12. Furthermore, a conditioning dose added no
benefit, and repletion occurred faster in all ofatumumab doses

than previously reported with anti-CD20 therapy. Adverse events
were mostly injection related and mild.43 An overview of further
trials of subcutaneous ofatumumab in MS is provided in table 3.

Two pivotal ofatumumab phase 3 clinical trials enrolling par-
ticipants with typical relapsing (94%) and secondary pro-
gressive (5–6%) MS were conductede71,e72. The primary end
point was annualized relapse rate, and pooled analysis was
performed in a preplanned meta-analysis of disability worsen-
ing. Ofatumumab produced a relative risk reduction in the
annualized relapse rate of between 50.5% (ASCLEPIOS I) and
58.5% (ASCLEPIOS II) compared with teriflunomidee75,e76

(details in table 3). In the prespecified combined analysis of
both trials, ofatumumab was superior to teriflunomide in cut-
ting the risk of 3- and 6-month confirmed disability worsening
by 34.4.% and 32.5%, respectively. These clinical results were
corroborated by MRI evaluation of metrics of disease activity
and burden with one exception. No difference was noted for
brain volume loss. Serum neurofilament light chain levels were
lowered more markedly in the ofatumumab than the ter-
ilunomide group. Injection site reactions were common, but
overall, ofatumumab was well tolerated.e76

Table 2 Ocrelizumab phase 2 and 3 trials for the treatment of MS

Trial
Primary end point
Result

Secondary end point
Result

Phase 2 RRMS
Kappos et al. 2011
Lancet
n = 220
1:1:1 randomization to placebo, 600 mg or
2000 mg ocrelizumab IV at days 1 and 15 or
IFNß1a 30 μg IM.
At week 24, all received ocrelizumab.

• Number of gadolinium-
positive T1 lesions between
weeks 12 and 24
➢Ocrelizumab is more
effective than placebo

• Annualized relapse rate
• Percentage of nonrelapsing patients
• Change in absolute T2 lesion volume
•Number of new gadolinium-positive T1 lesions betweenweeks 4 and
24
• Number of gadolinium-positive T1 lesions between weeks 4 and 24
➢Ocrelizumab is more effective than placebo on all end points
examined with the exception of nonrelapsing patients and change in
absolute T2 lesion volume

Phase 3 RMS
Hauser et al. 2017
NEJM (OPERA I and II)
n = 1,656
1:1 randomization to 600 mg ocrelizumab IV
every 6months vs IFNß1a 30 μg IM every wk for
86 wks

• Annualized relapse rate
➢Ocrelizumab is more
effective than IFN beta-1a
(reduction by 44%)

• Timeuntil onset of 6months CDP (risk reduction of 40% confirmed at
12 and 24 wks)
• Number of gadolinium-positive T1 lesions
• Number of new and/or enlarged T2 lesions
• Percentage of patients with CDI
• Number of T1 lesions
• Change of MSFC compared with baseline
• Percentage change in brain volume
• Change in Short Form Health Survey-36 (SF-36) Physical Component
Summary (PCS) compared with baseline
• Percentage of patients with NEDA:
➢Ocrelizumab is more effective on all secondary end points except
for OPERA I MSFC and SF-36 and is also more effective on all
secondary end points except for CDI, andOPERA II percentage change
in brain volume

Phase 3 PPMS
Montalban et al.39 2017
NEJM (ORATORIO)
n = 732
Placebo or ocrelizumab 2 × 300 mg every 6
months for 120 wks

• Time to onset of sustained
CDP of at least 12 wks
➢Ocrelizumab is more
effective than placebo

• Time to onset of sustained CDP of at least 24 wks
• Percentage change of T25FW compared with baseline
• Percentage change in absolute T2 lesion volume compared with
baseline
• Percentage change in brain volume
• Change in Physical Component Summary Score (PCS) and SF-36
Health Survey
• Percentage of patients with at least one adverse event:
➢Ocrelizumab ismore effective in terms of time to onset of sustained
CDP of at least 24 wks; percentage change in T25FW compared with
baseline; percentage change in absolute T2 lesion volume compared
with baseline; and percentage change in brain volume

Abbreviations: CDI = confirmed disability improvement; CDP = confirmed disability progression; IFN = interferon; IM = intramuscular; MSFC = MS functional
composite; NEDA = no evidence of disease activity; T25FW = Timed 25-Foot Walk.
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Ofatumumab in August 2020 received approval by the FDA
for relapsing forms of MS (CIS, RRMS, and active SPMS)
(e-table 2, links.lww.com/NXI/A346). The efficacy of ofa-
tumumab offers patients an alternative administration route.
They could self-inject.

This could obviate the need to attend a medical enter and
avoid exposure to infective agents. This may arguably reduce
utilization of healthcare resources. It remains to be seen
whether the less profound depletion and faster repletion of
B cells achieved with ofatumumab will also translate into a
more favorable safety profile.

Ongoing: ublituximab
Ublituximab (TG-1101) is a novel glycoengineered anti-CD20
chimeric IgG1 monoclonal antibody. Potential advantages over
currently available CD20 directed antibodies encompass in-
duction of a higher degree of antibody-dependent cellular cy-
totoxicity, activity in low CD20 epitope expressing cells as is
characteristic in rituximab resistance, binding to a novel epitope
of CD20, and the shorter infusion time of 1 hour. Results of a
phase 2 placebo-controlled trial, highlighting both efficacy and
safety data, have recently been published.31 CD19-positive cell
depletion, the primary outcome, was achieved in >95% and
NEDA in 74% of patients receiving ublituximab. Infusion-
related reactions were the most common adverse events but
mild in nature. Two phase 3 trials of ublituximab vs teri-
flunomide in patients with relapsing MS are currently ongoing.

Atacicept, an inhibitor of B-cell differentiation
that failed in MS
Atacicept is a fully humanized recombinant fusion protein
that interferes with B-cell differentiation, maturation, sur-
vival, and antibody production by binding to the cytokines
BLyS (B-lymphocyte stimulator) and APRIL (also known as
TNFSF13).e77,e78 Animal studies suggested that its mode

of action could produce therapeutic benefit in MS.e79 Un-
fortunately, a phase 2 trial revealed that this promisinge80

mode of action leads rather to an exacerbation of disease, and
the study had to be prematurely terminated.e81 This finding
underscores the complex involvement of B cells in MS.e82

The failure of atacicept in MS may be associated with its
shifting the balance of regulatory B cellse83 and memory
B cells.e84–e86 As a result, pathogenic memory B cells were
stimulated. In addition, atacicept failed in optic neuritis,
rheumatoid arthritis, and systemic lupus erythematosus.e87

Basic research on the B-cell survival factor suggests that the
mode of modulation is crucial to achieve clinical efficacy.e88

Perspectives: Bruton tyrosine kinase inhibitors
Kinase inhibitors have recently appeared on the horizon as
potential immunotherapeutics for MS.e89 The implications of
kinase inhibition and transition from bench to bedside in
oncological diseases have been reviewed.e90–e92 The cytosolic
Bruton tyrosine kinase is expressed exclusively on cells of the
hematopoetic lineage and therefore affects the safety profile of
this class of kinase inhibitors.

Evobrutinib, a selective, covalent, oral Bruton tyrosine kinase
(BTK) inhibitor, blocks B-cell activation and cytokine relea-
se.e93 The development of BTK inhibitors has generated
promising agents.e94 Ibrutinib was the first in class to be
assessed in B-cell malignancy clinical trials.e95 Preclinical
characterization and phase 1 trials revealed that evobrutinib and
branebrutinib are both well tolerated and potent inhibitors with
high kinase selectivity.e96–e99 The first kinase inhibitors are li-
censed for hematooncologic indications, including mantle cell
lymphoma, chronic lymphocytic leukemia, and graft-versus-
host disease.e100 The BTK inhibitor acalabrutinib has been
granted breakthrough designation by the US Food and Drug
Administration for the treatment of chronic lymphocytic leu-
kemia.e101 Thus, in malignancy, BTK inhibition is a promising

Table 3 Overview of trials of subcutaneous ofatumumab in MS

Trial Patient population: relapsing MS

Phase 2 MIRROR
Dose-response study in patients with relapsing-remitting MS.
n = 232 patients were randomized to receive 3, 30, or 60 mg
every 12 wks, 60 mg every 4 wks, or placebo for 24 wks. The
primary end point was the number of cumulative new
gadolinium-enhancing lesions on cerebral MRI.
APOLITOS (OMB157G1301)
Japanese Registration Study
Ofatumumab versus placebo
24-wks randomized double-blind placebo-controlled followed
by at least 24-wk open-label ofatumumab

APLIOS (OMB157G2102)
prefilled syringe vs autoinjector, 12 wks

Phase 3
Hauser et al., 2020 (NEJM)

ASCLEPIOS I and II (OMB157G2301/OMB157G2301)
Ofatumumab 20 mg vs teriflunomide 14 mg daily plus placebo
SC plus oral placebo daily
(n = 927 and n = 955, respectively) (see text)

Phase 3b ALITHIOS (OMB157G2399)
Open-label long-term extension
Ofatumumab 20 mg every 4 wks

ARTIOS Planned
Single-arm open-label study in patients transitioning
from dimethyl fumarate or fingolimod to ofatumumab,
96 wks

Abbreviation: SC = subcutaneous.
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therapeutic approach in B-cell diseases.e102,e103 In MS, a phase
2 study of evobrutinibmet its primary end point by significantly
reducing the risk of developing gadolinium-enhancing le-
sions.42 It was well tolerated. A reversible increase in liver
function tests was noted. Currently, studies with the BTK in-
hibitors BTKi (`168) (SAR442168) and GDC-0853 (fene-
brutinib) have been completed, are ongoing, or about to get
started.e104,e105 E-table 3, links.lww.com/NXI/A346, summa-
rizes completed and planned phase 2 and 3 trials in MS.

Preclinical data from experimental autoimmune encephalo-
myelitis, EAE, suggest that BTK inhibitors may unfold
their beneficial effect in MS via multiple mechanisms,
i.e., modulation of the cytoplasmic tyrosine kinase and Toll-
like receptor signaling.e106 This may impair generation of
(auto)antibodies and B-cell antigen-presenting function. Ac-
tions on myeloid cells including microglia may be particularly
important given their presumed role in driving and main-
taining an immunoinflammatory response with consequent
neurodegeneration during the progressive stages of MS. As
small molecules, BTK inhibitors may access the CNS easily
and arrive in zones of subpial compartmentalized in-
flammation that are considered to significantly contribute to
the pathobiology of progression. Given the medium effect size
of, e.g., evobrutinib shown in phase 2 and the apparently
benign safety profile, combination of oral BTK inhibitors with
other high-efficacy drugs is being considered.

Study funding
No targeted funding reported.
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NMOSD
Following identification of immunoglobulin G (IgG) anti-
bodies to aquaporin 4 in some 75%–80% of patients, research
in humans and animal models has implicated aberrant B-cell
responses in the pathogenesis of neuromyelitis optica spectrum
disease (NMOSD)1–4 These include defects in central and
peripheral tolerance mechanisms allowing emergence of
pathogenic antibodies, impairment of B regulatory activity,
heightened production of proinflammatory cytokines, and
complement activation.

Rituximab
Relevant CD19− and CD20− B lymphocyte–depleting studies
in NMOSD are summarized in the table. Most studies were
observational and retrospective.5–7 Rituximab has long been
considered a first-line treatment in NMOSD.8 This recom-
mendation for many years relied on multiple smaller observa-
tional studies and expert opinion (Class IV evidence).7,9,10 Two
recent meta-analyses analyzed 4385 and 577 patients6 from
some 25 interpretable studies. The largest multicenter retro-
spective study from Italy included 73 patients. Two regimens
were mostly applied: either 375 mg/m2 weekly for 3 weeks or
1 g every 2 weeks twice. Rituximab reduces relapse frequency
and neurologic disability but does not alter the frequencies of
autoreactive B cells and does not reset defective early B-cell
tolerance checkpoints.11 B cells remain depleted in the circu-
lation for up to 12 months. Bimonthly assessment of CD19/
CD27-positive memory B cells was proposed to determine the
time point for reintroduction of rituximab therapy.12–16 A
multinational 14-center study reported real-world data on 67
children having aquaporin 4 antibody–positive NMOSD.17

They had a median follow-up of 4 years. Their mean age at
onset was 10.2 years. Twenty-nine children received rituximab,
half of them first line and one-third second line. In the entire
group, the annualized relapse rate dropped from 2.5 to 0.14 on
treatment. The patients on first-line rituximab treatment expe-
rienced no further relapse; 24% had further attacks. Two

patients were switched to ofatumumab due to severe infusion-
related reactions. One child developed persistent neutropenia.17

Recently, a multicenter, randomized, double-blind, placebo-
controlled clinical trial has been performed in Japan, proving its
capacity to prevent relapses,18 which can be considered a
breakthrough.19 Given the small size and some other method-
ological limitations, a larger, randomized, controlled phase 3 trial
would need to be undertaken to validate these observations.

Strategies to individualize rituximab treatment by changing
intervals of redosing rely on determining CD19-positive or
CD19+ CD27+ memory B cells or switched memory B cells
(CD19+/CD27+/IgM−/IgD−) as a percentage of peripheral
blood mononuclear cells.13,20

Inebilizumab
Inebilizumab is a glycoengineered, afucosylated anti-CD19
antibody that was specifically designed to increase affinity
to FcyRIIA and thereby enhance antibody-dependent
cytotoxicity.21,22 CD19 is more broadly expressed on cells
of the B-cell lineage. Late-stage memory B cells and plasma-
blasts carry CD19 on their surface but are CD20 negative.
Hence, it was predicted that depleting CD19 carrying cells
would affect pathogenic autoantibody production more
markedly than targeting CD20 cells. In vitro assays examining
antibody-dependent cell-mediated cytotoxicity demonstrated
B-cell depletion occurring at lower antibody concentrations
than with rituximab.21,23 Studies in preclinical models and
phase 1 trails in systemic sclerosis and MS provided evidence
for effective CD19 B-cell depletion.23,24

The N-MOmentum trial was the largest ever conducted in
NMOSD. This international multicenter double-blind, ran-
domized placebo-controlled phase 2/3 study with an open-
label extension period investigated the safety and efficacy of this
CD19-depleting monoclonal antibody in aquaporin 4 IgG-
positive and -negative patients with NMOSD. Of 231 patients,

Table Trials of CD20−and CD19-depleting monoclonal antibodies for NMOSD

Trial Rituximab (CD20 cell depletion) Inebilizumab (CD19 cell depletion)

Phase 2/3 RIN-1 study (UMIN000013453)18

vs placebo
n = 38 participants, AQP4 IgG positive
No participant on rituximab vs 37% of participants
in the placebo group developed an attack
Group difference 36.8%, 95% CI 12.3–65.5; log-rank p = 0.0058

N-Momentum (NCT02200770)25

vs placebo
n = 230 participants, AQP4 IgG positive and negative
12% of participants receiving inebilizumab vs 39% of
participants allocated to placebo developed an adjudicated attack
Hazard ratio 0.272, 95% CI 0.150–0.496; p < 0.0001

Abbreviations: IgG = immunoglobulin G; NMOSD = neuromyelitis optica spectrum disease.

Glossary
COVID-19 = coronavirus disease 2019; IgG = immunoglobulin G; NEMOS = Neuromyelitis Optica Study Group; MOG =
myelin oligodendrocyte glycoprotein; MOGAD = MOG IgG–associated disease; NMOSD = neuromyelitis optica spectrum
disease; PML = progressive multifocal leukoencephalopathy; SARS-CoV2 = severe acute respiratory syndrome coronavirus 2.

2 Neurology: Neuroimmunology & Neuroinflammation | Volume 8, Number 1 | January 2021 Neurology.org/NN

http://neurology.org/nn


175 were randomized to inebilizumab and 56 to placebo.
Ninety-two percent and 93% were aquaporin 4 IgG positive.
The primary outcome was time to onset of an NMOSD attack
determined by an adjudication committee. Secondary end
points included worsening of Expanded Disability Status Scale
from baseline, low-contrast visual acuity, cumulative number of
active MR lesions (new gadolinium-enhancing or new or en-
larging T2 lesions), and number of disease-related hospitali-
zations. Inebilizumab markedly reduced the risk of attacks, the
main cause of disability in this crippling disease25 (table). This
trial was terminated early by an independent data-monitoring
committee because of a clear demonstration of efficacy. Twelve
percent of the patients receiving inebilizumab vs 39% of the
patients receiving placebo encountered an attack (p < 0.0001;
hazard ratio 0–272). Significant and robust B-cell depletion
occurred within 4 weeks. Expanded Disability Status Scale
worsening was less with inebilizumab; no difference was ob-
served in low-contrast visual acuity, but post hoc analysis
showed a lower risk of inebilizumab-treated patients to expe-
rience optic neuritis. Cumulative active MRI lesion count was
lower in inebilizumab-treated participants as were NMOSD-
related hospitalizations.25

Adverse events occurred at similar frequency in both treat-
ment arms. Thus, CD19 depletion is a well-validated treat-
ment option for NMOSD.21–23,26 Further safety studies are
needed as long-term CD19 depletion may be associated with
an elevated risk of opportunistic infections.27

Perspective
A phase 1 study of ublituximab as an add-on therapy to
methylprednisolone in an acute relapse of NMOSD suggests
that CD20 depletion is safe in this regime and may improve
neurologic outcome.28 Further placebo-controlled studies are
to confirm these findings. Studies that emphasize the efficacy
of anti–interleukin 6 receptor antibodies, e.g., sartralizumab
and tocilizumab, underline the importance of interleukin 6 as
a B cell–activating factor in NMOSD.29–31

MOGAD
MOG, myelin oligodendrocyte glycoprotein, is a minor com-
ponent of CNS myelin expressed on its outer layer.
Conformation-dependent antibodies have been described in a
number of CNS inflammatory disease, but recent evidence
suggests that MOG IgG–associated disease (MOGAD), affect-
ing children and adults, is a distinct clinical and pathologic entity
with optic neuritis, myelitis, isolated brainstem, encephalitis,
encephalopathic, or acute disseminated encephalomyelitis-like
presentation. It runs a monophasic or more frequently relapsing
course.1,32–38 Pathologically, inflammation, demyelination, and
preservation of astrocytes have been observed. Studies on the
pathogenicity of MOG IgG have been largely undertaken in
rodent models where antibodies and autoreactive T cells in
isolation or in concert induce injury.4,38–40 In 60% of 21 MOG
IgG–positive patients, MOG-reactive B cells could be isolated.

They displayed a heterogeneous pattern of antibody pro-
duction.41 In a flow cytometric study looking at B- and T-cell
populations in 19MOG IgG–positive patients, regulatory B cells
were lower andmemory B cells higher in number comparedwith
controls.42 A range of immunosuppressive and immunomodu-
latory drugs have been used, among them rituximab, mostly to
prevent further attacks.

In an EU Pediatric Demyelinating Disease Consortium study,
102 children received rituximab first, second, or third line.
The majority continued to relapse despite effective peripheral
B-cell depletion.43 An Australian multicenter study of 33
children and 26 adult patients with relapsing MOG IgG–
associated demyelination found 1 of 7 patients not respond-
ing to rituximab, although B cells were depleted. The German
Neuromyelitis Optica Study Group (NEMOS) reported re-
lapses in 6 of 9 patients receiving rituximab.32 In a prospective
French study of 16 adult patients withMOG IgG, one-third of
patients relapsed in the presence of less than 0.05% memory
B cells.44 In the largest international cohort retrospectively
analyzing data from 121 patients, relapse rates on rituximab
declined by 37%. After 2 years, 33% were predicted to remain
relapse free.45 Effect size was largest with first-line adminis-
tration and higher in adult compared with pediatric patients.
In summary, rituximab has shown efficacy in up to two-thirds
of patients with MOGAD, but a sizable fraction continued to
have attacks with full B-cell depletion.

CD20/CD19 B-cell depletion in MS,
NMOSD, and MOGAD: adverse
events and safety profiles
The biggest concerns with immune cell depletion therapies
are the occurrence of serious infections, opportunistic infec-
tions, and malignancies as consequences of lymphopenia and
impaired lymphocyte function.46

Three controlled phase 2 and phase 2/3 trials and retrospective
series are available for determining the safety of rituximab in
MS,46 NMOSD, and MOGAD. Overall, rituximab was well
tolerated apart from infusion-related reactions, which tended to
diminish in severity with repeat infusion. The largest observa-
tional study with a retrospective design comes from Sweden
where rituximab has been commonly used as preferred high-
efficacy disease-modifying treatment of MS. In 2016, safety
results from 822 rituximab-treated patients (557 relapsing-
remitting, 198 secondary progressive, and 67 primary pro-
gressive MS) were reported.47 Again, infusion-related reactions
were the most frequent adverse events occurring during 7.8% of
infusions. They were usually mild. Importantly, 76 infections
developed in 72 patients. A 2-center retrospective study from
the United States recognized infections at a rate of 38.6/1,000
patient-years in 907 patients studied.48 A comparative study of
infection risks among patients on various disease-modifying
agents again from the Swedish national MS registry cohort
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associated rituximab use with the highest incidence of infec-
tions.49 Most common were upper respiratory and lower uri-
nary tract infections and pneumonia. In this study of 3,260
patients receiving rituximab, 2 cases of carry-over progressive
multifocal leukoencephalopathy (PML) were diagnosed. In a
study from Finland of 72 patients with MS, rituximab caused
severe neutropenia in 2 requiring discontinuation.50 In the US
study referred to above, neutropenia of less than 500 cells/mm3

was noted in 1.2% of patients on rituximab.48 The same group of
investigators observed low values of IgG evolving over a mean
treatment period of 31.1months and amean cumulative dose of
4,012 mg in 6%.48

When the FDA Adverse Event Reporting Database was re-
cently interrogated,51 623 and 7,984 reports for rituximab and
ocrelizumab, respectively, were identified. Serious adverse
events were more commonly reported for rituximab as were
adverse events related to blood, lymphatic, and immune sys-
tem. On the other hand, infections, although mild or mod-
erate such as nasopharyngitis and upper respiratory tract
infection, were twice as frequent with ocrelizumab whose
safety profile was in line with published data. The authors of
this report speculated about a different or more extensive
depletion of B cells by ocrelizumab underlying these obser-
vations but also admitted a number of methodological limi-
tations51 inherent in interpreting data from such a registry.

Linking data from the Swedish national MS registry and
Swedish Cancer registry, Alping et al.52 did not find a higher
incidence of invasive cancers in 4,187 first-ever treated rit-
uximab MS patients. These data are in line with the long-term
experience of over 11 years in the Rheumatoid Arthritis
Global Clinical Trial Program that enrolled 3,595 patients
receiving a mean of 4 courses.53

In essence, safety data for rituximab in NMOSD are compa-
rable. A systematic review and meta-analysis of 46 studies
published between 2000 and 2015 encompassing 438 patients
found infusion-related adverse events in 10.3%, infections in
9.1%, persistent leukopenia in 4.6%, and posterior reversible
encephalopathy in 0.5%.5 A single-center prospective obser-
vational study fromMilan recorded serious infections in 5 of 21
patients who had leukopenia and hypogammaglobulinemia.10

Regarding ocrelizumab, the safety profile has recently been sys-
tematically reviewed.54 Data on longer-term side effects, partic-
ularly relating to reactivation of infections and induction of
malignancies following completion of the pivotal trials, have been
presented at conferences and in a recent report of the 5-year
open-label extension pooled analysis of the twin OPERA (Study
of Ocrelizumab in Comparison With Interferon Beta-1a (Rebif)
in Participants With Relapsing Multiple Sclerosis) studies in
relapsingMS.55 These analyses did not identify new safety signals
among the approximately 150,000 patients who had been treated
with ocrelizumab worldwide (180,000 patient-years) (Roche,
data on file, March 2, 2020).56 In the pivotal clinical trials, 11
cancer cases occurred in patients with PPMS on ocrelizumab in

the placebo-controlled phase. These included 4 cases of breast
cancer and 3 cases of basal cell carcinoma, as well as 1 case each of
endometrioid adenocarcinoma, anaplastic large cell lymphoma,
malignant fibrous histiocytoma, and pancreatic carcinoma.

The open-label extension study reported 1 case of basal cell
carcinoma and 1 case of squamous cell carcinoma. The placebo
group included 1 basal cell carcinoma and 1 cervical adeno-
carcinoma in situ.57 Among patients with relapsing MS re-
ceiving ocrelizumab, there were 2 cases of breast cancer, 1 renal
cell carcinoma, and 1 malignant melanoma compared with the
placebo group, which reported 1 mantle cell carcinoma and 1
squamous cell carcinoma case. The ocrelizumab open-label
extension study reported 2 cases of breast cancer, 2 cases of
basal cell carcinoma, and 1 case of malignant melanoma.58 A
more recent analysis of 5,051 patients who received ocrelizu-
mab in controlled trials and open-label extensions for up to 6.5
years presented the latest available data set at the 2020 EAN
Meeting. Thirty-six patients with breast cancer (benign, ma-
lignant, and nonspecified) were recorded and 4 patients with
malignant melanoma. Single cases of other malignancies were
observed. However, these rates were in the range of incidence
data from the DanishMS Registry and the USNational Cancer
Institute SEER (Surveillance, Epidemiology, and End Results)
general population database and hence do not signify a specific
malignancy signal associated with ocrelizumab.58

In the phase 3 trials, patients with relapsing MS treated with
ocrelizumab, compared with interferon beta-1a, exhibited a
higher incidence of varicella zoster infections (17 vs 8, re-
spectively78), and patients with PPMS receiving ocrelizumab,
compared with placebo, had a higher prevalence of oral herpes
infections (2.3% vs 0.4%, respectively).58 Case reports highlight
the relevance of hepatitis reactivation in the setting of CD20
cell depletion59,60 and emphasize the need for and the benefits
of patient risk stratification before the start of therapy.e1

Similarly to its precursor, the chimeric CD20 monoclonal an-
tibody rituximab,e2 the postauthorization use of ocrelizumab
increased the risk of developing late-onset neutropenia,e3,e4

tumefactive demyelinating lesions,e5 and PML. As of January 31,
2020, when 150,000 patients were on ocrelizumab worldwide, 9
confirmed PML cases were reported.54,57,58 Eight patients de-
veloped PML on ocrelizumab after switching from previous
disease-modifying therapies, while to date, only 1 case of
non–carry-over PML has been reported in an elderly patient
who had low T lymphocyte counts before starting ocrelizumab.
He finally passed away.e6 Isolated case reports of herpes simplex
type 2 encephalitis,e7 B19 parvovirus infection,e8 and 2 cases of
meningitise9 have been published in patients treated with
ocrelizumab.e9 Ocrelizumab therapy is unlikely to be associated
with an elevated risk of tuberculosis infection.e10 Secondary
immunoglobulin deficiency can precipitate serious infections.e11

A review investigating potential associations of B-cell depletion
treatment with rituximab and the risk of developing hypo-
gammaglobulinemia or infection failed to identify any significant
risk factors.e12 Ongoing data analyses examine the incidence
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over time of hypogammaglobulinemia in patients treated with
ocrelizumab. Over the 5 years of the double-blind pooled OP-
ERA trials in relapsing MS and their open-label extension up to
5 years, IgG levels were lowered below lower limit of normal in
5.4%, IgA in 5.1%, and IgM in 29.5% of patients.55 A drug
reaction with eosinophilia and systemic symptoms after ocreli-
zumab therapy has also been described.e13

There were no specific safety concerns (i.e., spontaneous
abortions or fetal malformations) in pregnant women who
underwent CD20 depletion with rituximab during the first 6
months of pregnancy.e14 A current study suggests that mono-
clonal antibodies may be safe in breastfeeding.e15 Although a
retrospective analysis of patients with neuroimmunologic dis-
eases who underwent rituximab therapy over a period of 7
yearse16 and a meta-analysis of patients with rheumatoid
arthritise17 confirm rituximab’s good safety profile, the effects of
long-term B-cell depletion still remain unclear.

A retrospective study demonstrated that the incidence of
infusion-associated reactions was significantly reduced when
histamine antagonists and oral fluid were also administered.e18

There are very limited data available on the intrathecal admin-
istration of CD20 B cell–depleting monoclonal antibodies.e19

Given the aggregate evidence, it makes sense to perform regular
clinical surveillance including routine blood work of patients
with MS undergoing CD20 cell–depleting therapies.e20–e22

Implications of the COVID-19/SARS-
CoV2 pandemic
There is concern that B cell–depleting agents may increase the
risk of viral diseases, including severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV2)/coronavirus disease 2019
(COVID-19). Rituximab has in the past not been associated
with an elevated risk of developing viral infections.e23 Initially,
evidence suggested there was not a more severe course of
COVID-19 in ocrelizumab-treated patients with MS.e24 This is
based on a pharmacovigilance analysis conducted by Roche. As
of 30 April 2020, 26 suspected and 74 confirmed cases of
patients with MS on ocrelizumab contracting SARTS-CoV2
were identified. The great majority were asymptomatic, mild, or
moderately affected and 64 of 64 patients fully recovered.77

In line with these observations are a case report of a patient with
MS receiving ocrelizumabwho had amildCOVID-19 infectione25

and a case series of 60 patients under CD20 depletion from
Spain.e26 A recently published large case series from France found
that rituximab- and ocrelizumab-treated patients withMSwho got
infected with SARS-CoV2 have a milder course of COVID-19.e27

However, a cross-sectional survey in Iran revealed that B-cell de-
pletion may increase the susceptibility to contracting COVID-
19.e28 A recent large scale study of some 200 people with MS and
confirmed COVID-19 infection from Italy noted a higher in-
fection frequency among patients on anti-CD20 monoclonal

antibody therapy and a more severe course.e29 Of interest, a pa-
tient with MS on fingolimod who developed a severe COVID-19
infection benefitted from short-term interleukin 6 receptor
blockage with tocilizumab.e30 Practitioners may consider a tem-
porary delay of lymphocyte-depleting therapies in patients with
MS.e31 Clearly, management of inflammatory demyelinatingCNS
diseases with immunomodulatory and immunosuppressive treat-
ments needs to take into account the potential impact of COVID-
19, and it will be important to explore responsiveness to SARS-
CoV2 vaccines in these patients.e36,e37 The implications of the
current pandemic on neurologic diseases have recently been
discussed.e32,e33

Open issues and conclusion
Regarding MS, further studies are needed to better un-
derstand the mode of action and safety profile of (long-term)
CD20 depletion. Publication of the 2 completed phase 3 trials
of ofatumumab inMSmay provide crucial evidence as it is still
unknown whether a complete B-cell depletion is necessary for
a therapeutic effect. Oral Bruton’s tyrosine kinase inhibitors
may be a promising therapy in the future, but phase 3 studies
must prove a beneficial effect on clinical parameters. Today, it
remains uncertain if CD19 depletion may be an option in
patients with MS not responding to CD20 depletion.24,e34 Of
interest, 1 report suggested that cladribine preferentially de-
pletes B cells producing only a modest diminution of circu-
lating T cells.e35

Regarding NMOSD, the CD19 cell–depleting antibody ine-
bilizumab is the first B cell–directed treatment licensed. It
enlarges the therapeutic arsenal for this disabling disease.
Controlled trials are desirable in MOGAD. Clearly, for both
conditions, development of evidence-based treatment algo-
rithms is highly desirable.

In summary, much has been achieved in the treatment of MS,
NMOSD, and MOGAD in recent years. The approval of
ocrelizumab constituted another important step toward the
effective treatment of patients with MS. Ofatumumab has just
been licensed for the treatment of relapsing forms of MS in
the United States and is expected to receive market authori-
zation in the EU early 2021. Importantly, ocrelizumab is the
first drug shown to be effective in the treatment of PPMS.

Rigorous pharmacovigilance, analysis of registry data, and the
results of phase 3b and 4 trials and real-world data are in-
dispensable. There is also a strong case for further mechanistic
studies to clarify the effects of CD19 and CD20 B-cell de-
pletion. Ublituximab and kinase inhibitors are promising new
immunotherapies, which may open a path toward more in-
dividualized treatment of MS and related inflammatory de-
myelinating disorders of the CNS.
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Abstract
Chitinases are hydrolytic enzymes widely distributed in nature. Despite their physiologic and
pathophysiologic roles are not well understood, chitinases are emerging as biomarkers in a
broad range of neurologic disorders, where in many cases, protein levels measured in the CSF
have been shown to correlate with disease activity and progression. In this review, we will
summarize the structural features of human chitinases and chitinase-like proteins and their
potential physiologic and pathologic functions in the CNS. We will also review existing evi-
dence for the role of chitinases and chitinase-like proteins as diagnostic and prognostic bio-
markers in inflammatory, neurodegenerative diseases, and psychiatric disorders. Finally, we will
comment on future perspectives of chitinase studies in neurologic conditions.
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Biomarkers are important in neurologic disorders to aid in the
distinction between diseases with similar clinical phenotypes
or shared pathophysiologic mechanisms, to monitor and
stratify patients according to disease activity and progression,
and to predict the response to therapies. Biomarkers can also
be useful for a better understanding of disease etiopatho-
genesis and, in some instances, may become therapeutic tar-
gets for particular diseases. In neurologic conditions, they can
be roughly divided into biomarkers of inflammation and
neurodegeneration. It is well known that neuroinflammation
is not only an important component of more classical in-
flammatory disorders like MS but it is also an essential
mechanism in the pathophysiology of more purely neurode-
generative disorders such as Alzheimer disease or amyo-
trophic lateral sclerosis, among others. Despite their precise
function is still unknown, chitinases are emerging as bio-
markers in inflammatory and neurodegenerative disorders
where levels measured in body fluids may tag the neuro-
inflammatory component and overall reflect the degree of
astrocyte or microglial participation in the pathophysiology of
the different neurologic conditions. This review will summa-
rize existing evidence about the role of chitinases as bio-
markers in a number of inflammatory and neurodegenerative
diseases and their potential implication in the CNS physio-
pathology. References for the review were identified by
searches of the PubMed database literature from 1974 until
September 2020 using the search terms “chitinase” or “chi-
totriosidase” together with the neurologic diseases of the CNS
and psychiatric disorders included in the review: “multiple
sclerosis,” “Alzheimer’s disease,” “amyotrophic lateral sclero-
sis,” “stroke,” “traumatic brain injury,” “Creutzfeldt-Jakob
disease,” “Parkinson’s disease,” “HIV encephalitis,” “schizo-
phrenia,” or “bipolar disorder.” Only articles published in
English were reviewed. The final reference list was obtained
mainly based on originality and relevance to the topic of the
review.

Human chitinases: genes, family,
structure, and function
Chitin is the second most abundant polysaccharide in nature
and an essential structural component in numerous organisms

including arthropods, protozoan parasites, nematodes, bac-
teria, and fungi.1 Chitin synthetases and chitinases are re-
sponsible for chitin metabolism in chitin-containing
organisms.1 Despite the absence of endogenous chitin or
chitin synthases genes, mammals express true chitinases with
enzymatic activity and homologous structurally related
chitinase-like proteins (CLPs) that lack enzymatic activity but
still can bind to chitin with high affinity.2

Because of their amino acid sequence similarities, human
chitinases are classified into the 18 glycosyl hydrolase (GH18)
family.2–4 The human protein family encodes 2 true chiti-
nases, chitotriosidase (CHIT1), and acidic mammalian chi-
tinase (AMCase), and several CLPs: chitinase-3-like 1
(CHI3L1), chitinase-3-like 2 (CHI3L2), oviductin-specific
glycoprotein (OVGP1), and stabilin-1–interacting CLP (SI-
CLP).5 Proteins of the GH18 family are composed of the
following structural components: a signal peptide, no/several
serine-threonine–rich linkers, GH18 catalytic domains, and
no/several cysteine-rich carbohydrate or chitin-binding do-
mains.4 The triosephosphate isomerase (TIM) barrel domain
is the catalytical domain of the GH18 superfamily.6 Enzy-
matically active chitinases have a glutamate residue that acts as
a proton donor in their catalytic center and an aspartic acid
that stabilizes the substrate.7 Because of the substitution of
critical amino acids in the catalytic center, CLPs have lost their
chitinolytic activity but still conserve the TIM barrel and the
chitin-binding domain.8 Molecular phylogenetic studies sug-
gest that a first duplication event allowed the specialization of
CHIT1 and AMCase. The subsequent evolution of CLPs is a
product of posterior gene duplications and loss of function
mutations.3,8 Except for the SI-CLP gene that is located on
chromosome 11, all human GH18 members are located on
chromosome 1.8

Table 1 summarizes main properties and function of chiti-
nases and CLPs. CHIT1 and AMCase are true chitinases that
can degrade chitin. The main physiologic role of human true
chitinases is the defense and clearance of chitin and chitinous
organisms.9 CHIT1 was the first human chitinase discovered
and characterized in macrophages from patients with Gaucher
disease.10,11 CHIT1 is expressed in activated macrophages on
diverse triggering stimuli,12–14 neutrophils granules,15 and

Glossary
Aβ = β-amyloid; AMCase = acidic mammalian chitinase; CHI3L1 = chitinase-3-like 1; CHI3L2 = chitinase-3-like 2; CHIT1 =
chitotriosidase; CIS = clinically isolated syndrome; CJD = Creutzfeldt-Jakob disease; CLP = chitinase-like protein; CRTH2 =
prostaglandin D2 receptor 2; EAE = experimental autoimmune encephalomyelitis; Erk = extracellular signal-regulated kinase;
FAK = focal adhesion kinase; FTD = frontotemporal dementia; GH18 = 18 glycosyl hydrolase; IL-13Rα2 = interleukin-13
receptor α2; IFN = interferon;MAPK = mitogen-activated protein kinase;MCI = mild cognitive impairment;NF-κB = nuclear
factor kappa B;OVGP1 = oviductin-specific glycoprotein; PCS = post-concussion syndrome; PD = Parkinson disease; PPMS =
primary progressive MS; RRMS = relapsing-remitting MS; SI-CLP = stabilin-1–interacting CLP; SPMS = secondary
progressive MS; TGF-β = transforming growth factor β; Th2 = T-helper cell type 2; TIM = triosephosphate isomerase;
TMEM219 = transmembrane protein 219; TNFα = tumor necrosis factor alpha.
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cells that exhibit phagocytic activity such as monocyte-derived
cells, Kupffer cells, osteoclasts, and dendritic cells.16 Elevated
plasma levels of CHIT1 are found in disorders that involve
macrophage activation such as atherosclerosis,17 sarcoido-
sis,18 MS,19 and infectious diseases like malaria20 or fungal
infections. Existing data suggest that CHIT1 plays a role in
inflammation not only as a defense against chitinous patho-
gens but also as a mediator of the innate immune response
(table 1).

AMCase was the second chitinase to be discovered and is
mainly expressed in the stomach and to a lesser extent in the
lung,21 which are exposed to exogenous chitin through food
ingestion and air inhalation, respectively. AMCase is stable at
extremely acid pH and may be involved in processing the
exogenous chitin that enters the digestive tract.22 In the lung,
AMCase is expressed and secreted into the airway lumen by

the secretory epithelial cells and type 2 alveolar cells.23 Be-
sides, AMCase has been pointed out as a critical regulator of
pulmonary T-helper cell type 2 (Th2) inflammation in mu-
rine models.24,25

CLPs can bind to chitin but not to degrade it. CLPs exhibit
lectin properties and can bind to extracellular matrix com-
ponents such as hyaluronan or proteoglycans and cell surface
glycosaminoglycans.26 The physiologic functions of CLPs are
not entirely understood, but they appear to be involved in a
plethora of biological processes, including tissue remodeling,
inflammation, and regulation of the immune response.

CHI3L1 or YKL-40 is by far the most described CLP because
of its implication in diverse pathologic conditions. CHI3L1 is
a 40-kD glycoprotein that was first discovered as an abundant
molecule in media from cultured chondrocytes and synovial

Table 1 Human chitinases and CLPs

Name
Gene
symbol

Catalytic
activity Glycoprotein Cellular source

Subcellular
location Function

Chitotriosidase CHIT1 + + Macrophages,
neutrophils, and
microglia

Extracellular
region or
secreted;
lysosome

Degrades chitin, chitotriose, and
chitobiose; may participate in the defense
against nematodes and other chitinous
pathogens; and plays a role in reactive
gliosis

Acidic mammalian
chitinase

CHIA + + Macrophages Extracellular
region or
secreted

Degrades chitin and chitotriose; may
participate in the defense against
nematodes, fungi, and other pathogens;
and plays a role in T-helper cell type 2
(Th2) immune response

Chitinase-3–like
protein 1/YKL-40

CHI3L1 − + Monocytes/
macrophages,
chondrocytes,
synovial cells,
osteoclasts, and
astrocytes

Extracellular
region or
secreted

May play a role in tissue remodeling and
in the capacity of cells to respond to and
cope with changes in their environment;
positive regulation of angiogenesis; plays
a role in Th2 inflammatory response and
interleukin (IL)-13–induced inflammation,
regulating allergen sensitization,
inflammatory cell apoptosis, dendritic cell
accumulation, and M2 macrophage
differentiation; facilitates invasion of
pathogenic enteric bacteria into colonic
mucosa and lymphoid organs; mediates
activation of AKT1 signaling pathway and
IL8 production in colonic epithelial cells;
regulates antibacterial responses in the
lung by contributing to macrophage
bacterial killing, controlling bacterial
dissemination, and augmenting host
tolerance; regulates hyperoxia-induced
injury, inflammation, and epithelial
apoptosis in the lung; and plays a role in
reactive gliosis

Chitinase-3–like
protein 2/YKL-39

CHI3L2 − − Cartilage
chondrocytes

Extracellular
region or
secreted

Growth/differentiation factor for articular
chondrocytes and may play a role in
immune response and tissue remodeling

Oviductal
glycoprotein 1

OVGP1 − + Oviductal epithelial
cells

Extracellular
region or
secreted

Binds to oocyte zona pellucida in vivo and
may play a role in the fertilization process
and/or early embryonic development

Stabilin-interacting
chitinase-like
protein, chitinase
domain-containing
protein 1

CHID1 − + Macrophages Extracellular
region or
secreted;
lysosome

Binds to stabilin-1; saccharide- and LPS-
binding protein with possible roles in
pathogen sensing and endotoxin
neutralization
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Table 2 Summary of CHI3L1 studies in neurologic disorders

Disease Comments: findings Correlationsa CNS expression

MS High levels in early phases are associated with ↑ risk for MS and
neurologic disability (CSF)e15,e23–e25

NFL/CXCL13/
MMP-9

Astrocytes and macrophage/microglial cells
from chronic active lesions with high and low
inflammatory activity

Levels correlate with clinical and radiologic disease activity (CSF)e26

Levels are increased in progressive forms of the disease (CSF and
blood)e15,e27,e28

Predictor of progression to an SPMS phase of the disease (CSF)e28

Associated with brain volume loss (CSF)e23,e29 and the therapeutic
response to IFNβ (blood)e32

Alzheimer
disease (AD)

Levels are ↑ in preclinical, prodromal, and demential cases of AD
vs CNC (CSF)e38–e41

Tau (total and
phospho-tau)/
β-amyloid

In a subset of astrocytes from the frontal cortex

High levels are associated with ↑ risk of AD in CNCs or patients
with MCI (CSF)e37,e39,e42

Levels increase over time in patients with AD and MCI (CSF)e42

High levels are associated with cortical thinning in parietal and
temporal areas (CSF)e39,e43

Controversial results as diagnostic biomarker to distinguish AD
from FTD (CSF)e37,e38,e40,e41,e44

Levels ↑ in AD vs α-synucleinopathies (CSF)e38,e45

Amyotrophic
lateral
sclerosis (ALS)

Levels are ↑ in ALS vs ALS mimics, healthy controls, and other
disease controls (CSF)e18,e53,e55–e57

NFL/pNFH Astrocytes from the spinal and frontal cortex

Controversial results as prognostic biomarkere18,e53,e55,e57,e59,e60

Levels are longitudinally stable or slightly increase over
timee18,e53,e56,e57

Associated with cognitive impairment (CSF)e18

Stroke Levels correlate with infarct volume, stroke severity, and
functional outcome (blood)e66

Transient expression in astrocytes proximal to
the injury in the acute stage

Independent predictor of the clinical outcome of the LAA stroke
(blood)e67

High baseline levels are associated with an increased risk of
stroke (blood)e68–e71

Traumatic
brain injury
(TBI)

Levels increase at day 1 postinjury, peak at day 4, and decrease by
day 6 (CSF)e75

IL-1β, TNFα, and
CRP

Transient expression in astrocytes in the
contusional and pericontusional areab

May be predictor of worse survival outcome (CSF)e75

Levels correlate with volume of intracranial lesion (blood)e76

Associated with level of consciousness after TBI (blood)e76

Levels are ↑ in patients with PCS vs healthy controls and correlate
with symptom severity and lifetime number of contusions (CSF)
e77

Creutzfeld-
Jakob disease
(CJD)

Levels are ↑ in patients with CJD vs patients with Alzheimer
disease, FTD, and also controls (CSF)e49,e80

Tau protein Reactive protoplasmic and perivascular
astrocytes and fibrillar astrocytes in the WM

Levels are ↑ in patients with CJD vs patients with
neurodegenerative dementias, neurologic controls, and healthy
controls (blood)e81

Parkinson
disease (PD)

Levels are ↑ in patients with PD after 2 y of follow-up compared
with baseline (CSF)e85

Levels correlate with cognitive impairment (CSF)e85

Continued
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cells.27 Despite CHI3L1 is expressed in a wide variety of
cells, including macrophages,28 osteoclasts,29 microglia,
and astrocytes,30 its ligands and signaling have only re-
cently started to be unraveled. CHI3L1 signaling is com-
plex and depends on the cellular context (summarized in
figure 1). Recently, hyaluronan was described as the
physiologic ligand of CHI3L1.26 Several studies showed
physical interaction of CHI3L1 with the interleukin-13
receptor α2 (IL-13Rα2) and transmembrane protein 219
(TMEM219).31–33 The multimeric complex formed by
CHI3L1, IL-13Rα2, and TMEM219 was found to activate
mitogen-activated protein kinase (MAPK), protein kinase
B/AKT and Wnt/β-catenin signaling, and mediate a wide
range of CHI3L1 effector responses including, among
others, regulation of lung oxidant injury response and ap-
optosis, macrophage pyroptosis and inflammasome acti-
vation, transforming growth factor β1 (TGF-β1) induction,
and melanoma metastasis.31,32 In addition, M2
macrophage-secreted CHI3L1 promoted gastric and breast
cancer metastasis via IL-13Rα2 by activating the MAPK
signaling pathway and leading to an upregulation of matrix
metalloproteinase genes, thus facilitating extracellular ma-
trix degradation.33 CHI3L1 has also been reported to in-
teract with the prostaglandin D2 receptor 2 (CRTH2)34

and with galectin-335 leading to an exaggerated fibroproli-
ferative response and dysregulation of apoptosis in
Hermansky-Pudlak syndrome. Moreover, CHI3L1 has
been reported to bind to the side chain molecules of
syndecan-1 and integrin αvβ5 activating downstream focal
adhesion kinase (FAK) and MAPK and inducing tumor
angiogenesis.36 CHI3L1 interaction with CD44v3 has been
shown to induce epithelial-to-mesenchymal transition
through β-catenin/extracellular signal–regulated kinase
(Erk)/Akt signaling in gastric cancer.37 CHI3L1 was also
described as a RAGE receptor (receptor for advanced
glycation end products) binding partner activating STAT3,
β-catenin, and nuclear factor kappa B (NF-κB) pathways
and stimulating the proliferation of intestinal epithelial
cells.38 In summary, the binding of CHI3L1 to its receptors
activates multiple and heterogeneous signaling pathways
including ERK1/2, PI3K, Wnt/β-catenin, FAK861/397, or
MAPK leading to different cellular outcomes.39

CHI3L1 is an acute-phase reactant, secreted by immune
cells in response to proinflammatory stimuli such as IL6 and
interferon (IFN)-γ, IL-1β, or tumor necrosis factor alpha
(TNFα).40 CHI3L1 is expressed during the differentiation
and maturation of dendritic cells in a time-dependent
manner.29 Surprisingly, increased expression of CHI3L1 has
been observed in both M1- and M2-polarized macro-
phages,33 suggesting pleiotropic functions during in-
flammation. CHI3L1 seems to have a role regulating the
Th1/Th2 inflammatory balance.41 Upregulation of CHI3L1
is a shared biomarker of numerous inflammatory non-
neurologic conditions such as inflammatory bowel disease,
cardiovascular disease, rheumatoid arthritis, diabetes,
chronic obstructive pulmonary disease, atherosclerosis, and
cancer.42–45 CHI3L1 expression has been demonstrated in
many types of neoplastic cells and is associated with tumor
progression46 and epithelial-mesenchymal transition.37

Moreover, CHI3L1 is a potent angiogenic factor that pro-
motes tumor angiogenesis.47 Despite the apparent patho-
physiologic implication of CHI3L1 in both inflammatory
and reparative responses, there are many unknowns.
CHI3L1 has the potential to be a therapeutic target in
conditions characterized by chronic inflammation, fibrosis,
and tissue remodeling.

CHI3L2 or YKL-39 is closely related to CHI3L1 in size and
sequence, although has several structural differences.48 In
contrast to CHI3L1, CHI3L2 is not a glycoprotein.
CHI3L2 was discovered as a 39-kD protein from the con-
ditioned medium of human articular cartilage chondrocyte
primary cultures. CHI3L1 and CHI3L2 have been shown to
activate ERK1/2 in 293 and U373 cells leading to different
outcomes: CHI3L1 activates cell proliferation, whereas
CHI3L2 decreases it.49 CHI3L2 is a recognized biomarker
of the osteoarthritic condition and is thought to be a novel
growth/differentiation factor for articular cartilage chon-
drocytes.50 However, how CHI3L2 regulates cell pro-
liferation and differentiation is not yet understood due to a
lack of knowledge about its receptors and intracellular
signaling pathways. CHI3L2 is strongly expressed in
tumor-associated macrophages.51 In vitro studies showed
that TGF-β and IL-4 induce the expression of CHI3L2 in

Table 2 Summary of CHI3L1 studies in neurologic disorders (continued)

Disease Comments: findings Correlationsa CNS expression

HIV-
associated
dementia
(HAD)

Levels are ↑ in patients with HAD compared with asymptomatic
neurocognitive patients with HIV, patients with HIV receiving
antiretroviral treatment, and HIV-negative individuals (CSF)e90

NFL

Abbreviations: CHI3L2 = chitinase-3–like 2; CNC = cognitively normal control; CRP = C-reactive protein; FTD = frontotemporal dementia; IFNβ = interferon-
beta; IL-1β = interleukin 1β; LAA = large-artery atherosclerotic stroke; MCI = mild cognitive impairment; NFL = neurofilament light subunit; PCS = post-
concussion syndrome; pNFH = phosphorylated neurofilament heavy chain protein; SPMS = secondary progressive MS; TNFα = tumor necrosis factor alpha;
WM = white matter.
Blood refers to studies conducted in serum or plasma.
a Correlations between CHI3L1 and other biomarkers.
b Rat model of TBI.
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M2-polarized macrophages and that CHI3L2 acts as a
proangiogenic and monocyte recruiting factor.52 Similar to
CHI3L1, CHI3L2 function is also associated with immune
response and tissue remodeling.

Finally, OVGP1 and SI-CLP are the less describedCLPs.OVGP1
is a 120-kD glycoprotein, which is specifically secreted into the
oviductal lumen and may be implicated in the fertilization pro-
cess.53 SI-CLP, the most recent identified CLP, was first discov-
ered as a novel interacting partner of stabilin-1, and it appears to be
involved in macrophage alternative activation.54

Role of chitinases and CLPs in
the CNS
For many years, the CNS was thought to be an immunopri-
vileged site. Nowadays, it is accepted that the immune re-
sponse takes place in the brain involving peripheral and local
components. Neuroinflammation plays a role not only in
primarily inflammatory diseases such as MS but also in non-
immunologic disorders like Alzheimer disease, amyotrophic
lateral sclerosis, acute CNS injury, and psychiatric disorders.55

Neuroinflammation is a physiologic process triggered by a
wide range of harmful stimuli and involves a complex in-
terplay of distinct cell types, including microglia, astrocytes,
other glial cells, and peripheral components. It is necessary for
tissue repair, recovery, and regeneration. Nevertheless, it can
be a double-edged sword exerting detrimental effects when
dysregulated or chronic. In this regard, chitinases and CLPs
have been extensively described as markers of neuro-
inflammation and reactive gliosis in a wide variety of neuro-
logic disorders. For some of these disorders, chitinases and
CLPs have also been proposed as prognostic biomarkers and
potential therapeutic targets. Notwithstanding, their specific
role in neuroinflammation remains to be elucidated, and it
appears to be disease or context specific.

Despite CHIT1 implication in diverse neurologic diseases,
few studies addressing its function and signaling in the CNS
are available. CHIT1 expression in the CNS was mainly at-
tributed to microglia and infiltrating peripheral macro-
phages.56 CHIT1 immunoreactivity seems to be limited to
microglial cells in mixed mouse primary glial cultures.57

Moreover, exposure of the cultured microglial cells to CHIT1
causedmorphologic transformations indicative of an activated
status.57 However, M1/M2 polarization was not investigated
in their study. Oligomeric β-amyloid (Aβ) pretreatment in-
duced CHIT1 expression in a cultured N9 microglial cell
line.58 A significant reduction in Aβ oligomers was reported in
the D-galactose and aluminum chloride–induced Alzheimer
disease animal models after treatment with CHIT1, suggest-
ing that the Aβ oligomer deposition is influenced by CHIT1
activity.58 In addition, the proinflammatory cytokines TNFα
and IL-1β were significantly decreased in the brain of CHIT1-
treated animals and N9 microglial cells, whereas the M2

alternative activation markers arginase 1 and mannose re-
ceptor type C 1/CD206 were significantly increased.58 The
findings provided by this study suggest that CHIT1 may
exert a protective role through the regulation of microglial
polarization. In addition, CHIT1 was reported to increase
TGF-β1–induced Aβ phagocytosis by acting as a cofactor
of TGF-β1 in the N9 microglial cell line.59 Of interest,
CHIT1 did not affect Aβ uptake by itself, but enhanced the
TGF-β1–induced expression of TGF-β receptor 1 and ac-
tivation of Smad signaling.59 Despite these studies, addi-
tional research addressing CHIT1 expression, role, and
signaling in the CNS is still required.

CHI3L1 source in the human CNS has been mostly associ-
ated with reactive astrocytes in distinct neuroinflammatory
contexts.60,e1,e2 Besides, CHI3L1 expression was reported
both during in vitro human astrocytes differentiation from
neural progenitors and during postnatal brain development in
mouse, coincident with astrocyte differentiation.e3

There are several in vitro studies that explore CHI3L1 effects
and signaling on different cellular types of the CNS (figure 2).
Treatment with the proinflammatory cytokines IL-1β and
TNFα induced CHI3L1 expression in primary human astro-
cytese2 and in hiPSC-derived astrocytes.e4 The IL-1β and
TNFα–induced CHI3L1 transcription was completely
inhibited by IL-1R and TNFαR antagonists and partially by
NF-κB inhibitors.e2 CHI3L1 has been described as a migra-
tion factor for primary human astrocytes,e2,e3 and human as-
trocytes stably transfected with CHI3L1 exhibited radiation
resistance and increased invasion in vitro of glioma cells.e5

Moreover, CHI3L1 expression is induced in glioblastoma
tumor-associated astrocytes promoting proliferation and mi-
gration through IL-13Rα2 signaling.e6

Several groups reported CHI3L1 effects on oligodendro-
genesis. For instance, in a cellular model of Alexander disease,
a leukodystrophy caused by mutations in the GFAP gene,
increased astrocyte-secreted CHI3L1 mediated the inhibition
of oligodendrocyte progenitor cell proliferation and myeli-
nation through CRTH2 signaling.e7 On the other hand,
Starossom et al. described that CHI3L1 promoted in vitro
oligodendrogenesis in human neural stem cells.e8

Regarding CHI3L1 effects on neurons, 2 independent groups
reported a dose-dependent neurotoxic effect on mouse pri-
mary neuronal cultures.30,e9 The mechanisms driving the
CHI3L1-induced neuronal dysfunction and death are still
unknown.

CHI3L1 knockout mice exhibited worse outcomes and ex-
acerbated gliosis both in strokee10 and traumatic brain
injurye11 models suggesting a protective role of CHI3L1 in
acute neuroinflammation. In the stroke model of middle ce-
rebral arterial occlusion, CHI3L1 KOmice display accelerated
stroke development through enhancement of neuro-
inflammation because of decreased STAT6-dependent
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microglial activation.e10 Similarly, CHI3L1 KO mice pre-
sented more severe pathology and more pronounced reactive
gliosis after cortical controlled impact than their WT littermates,
thus supporting a role of CHI3L1 modulating astrocytic and
microglial reactive gliosis.e11 There are discrepant results re-
garding experimental autoimmune encephalomyelitis (EAE)
model in CHI3L1 KO mice. Although Bonneh-Barkay et al.
described an exacerbation of clinical EAE, inflammation, gliosis,
and demyelination in CHI3L1 KOmice,e12 Cantó et al. reported
no differences of EAE course and gliosis between CHI3L1 KO
mice and theirWT littermates.e13 Furthermore, treatment of Aβ1-
42–infused mice, a model of AD, with K284-6111, a CHI3L1
inhibitor, resulted in decreased neuroinflammation and a mem-
ory recovery effect.e14

All these data taken along underline the complexity of the
CHI3L1 signaling networks in the CNS. Further investigation

is needed to elucidate CHI3L1 signaling in the CNS and its
disease-specific roles.

Little is known about CHI3L2 physiologic and pathologic role
in the CNS. Increased CHI3L2 expression or CSF levels have
been reported in various neuroinflammatory conditions.e15–
e19 However, CHI3L2 role in the CNS pathology remains
obscure.

Chitinases and CLP as biomarkers of
neurologic and psychiatric disorders
MS
MS is a neurodegenerative immune-mediated disorder of the
CNS and one of the leading causes of nontraumatic neuro-
logic disability among young adults.e20,e21 Considering the

Table 3 Summary of CHIT1 and CHI3L2 studies in neurologic disorders

Disease Comments: findings

MS CHI3L2

High CSF levels in early phases were associated with ↑ risk for MS in 1 study,e16 but another study in CSF and serum failed
to find such associatione15

Levels are ↑ in patients with RRMS vs SPMSe15

CHIT1

Correlation of CSF levels with long-term disease activitye34

Alzheimer disease (AD) CHIT1

Both CSF levels and enzymatic activity are ↑ in patients with AD compared with no dementia controlse46–e48

Amyotrophic lateral
sclerosis (ALS)

CHI3L2

Levels are ↑ in patients with ALS vs ALS mimics and healthy controlse18,e53

Correlation of CSF levels with disease progression ratee53

Upregulation in the motor cortex of patients with sporadic ALS e19

CHIT1

Levels are ↑ in patients with ALS vs ALS mimics, disease controls, and healthy controls56,e18,e53–e58

Controversial results as prognostic biomarker

Expressed in the corticospinal tract of patients with ALS and colocalized with microglial and phagocytic markers56

Stroke CHIT1

Patients with acute stroke exhibit higher baseline plasma chitinolytic activity compared with healthy controls but with no
prognostic value in long-term clinical outcomee64

Association of low levels of plasma chitinolytic activity with short-term clinical improvemente64

Correlation of plasma chitinolytic activity with stroke severitye65

Traumatic brain injury CHIT1

Upregulated in the contusional and pericontusional areae78

Creutzfeld-Jakob disease
(CJD)

CHIT1

Levels are ↑ in patients with CJD vs controlse80

Abbreviations: CHI3L2 = chitinase-3–like 2; CHIT1 = chitotriosidase; RRMS = relapsing-remitting MS; SPMS = secondary progressive MS.
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high degree of heterogeneity that characterizes the disease,
there is a strong need for biomarkers that reliably capture the
different aspects of MS heterogeneity and help in the de-
velopment of a personalized medicine based on a better un-
derstanding of disease diagnosis, stratification, and prediction
of disease course and response to therapies.e22

The majority of chitinase studies in patients with MS mea-
sured CHI3L1 and were conducted in the CSF, although few
studies also determined CHI3L1 levels in peripheral blood
samples. Studies conducted at the time of the first neurologic
event suggestive of CNS demyelination or clinically isolated
syndrome (CIS) have pointed to a prognostic role of CHI3L1
in the early phases of the disease. In this context, high CSF
levels at the time of the CIS have been associated with a higher
risk of conversion to MSe15,e23–e25 and also with an increased
risk for the development of neurologic disability.e23,e25

In patients with relapsing-remitting MS (RRMS), CSF
CHI3L1 levels were found to correlate with disease activity,
and levels were significantly increased in patients at the
time of clinical relapses compared with patients in re-
mission and also correlated with a higher number of
contrast-enhancing lesions in the brain MRI.e26 Compari-
son of CHI3L1 levels between patients with different
clinical forms revealed significantly higher levels in patients
with progressive forms of the disease (secondary and pri-
mary progressive MS—SPMS and PPMS, respectively) in
relation to patients with RRMS and CIS, and these findings
were observed both in samples from the CSF and periph-
eral blood (serum and plasma).e15,e27,e28 In patients with
RRMS, high CSF CHI3L1 levels were an independent
predictor of neurologic disability worsening and also of
progression to an SPMS phase of the disease.e28 In patients
with CIS and RRMS, levels of CSF CHI3L1 were signifi-
cantly associated with brain volume loss evaluated by the
brain parenchymal fraction change during follow-up.e23,e29

CSF CHI3L1 levels can also be modified by MS therapies,
and for instance levels were significantly reduced by the
effect of natalizumab and fingolimod,e30,e31 and in another
study serum CHI3L1 levels were associated with the re-
sponse to IFNβ,e32 CSF CHI3L1 levels were found to
correlate with CSF levels of other neurodegenerative and
inflammatory biomarkers such as the neurofilament light
chain, CXCL13, or MMP-9.e28,e33

CHI3L1 expression was observed in chronic active lesions
from patients with MS, but it was absent in brain tissue from
non-neurologic controls. Within CNS lesions, CHI3L1 ex-
pression was present both in macrophages/microglial cells
and astrocytes, with an important contribution of astrocytes
to CHI3L1 expression in those chronic active lesions classi-
fied as having high inflammatory activity.e33

Regarding other chitinases, in 1 study, high CSF CHI3L2
levels were associated with an increased risk of MS in patients
with CIS,e16 although another study failed to find an

association between high CSF or serum CHI3L2 levels and
later conversion to MS.e15 In contrast to CHI3L1, CSF
CHI3L2 levels were found to be significantly increased in
patients with RRMS compared with patients with progressive
MS.e15 In a recent study, CSF CHIT1 levels were found to
correlate with long-term disease activity.e34

Alzheimer disease
Alzheimer disease is the most common cause of dementia in
the Western world and causes a progressive impairment of
cognitive functions.e35 Neuroinflammation can also be
detected in the brain from the early stages of the disease, and a
number of inflammatory biomarkers have been investigated in
patients with Alzheimer disease.e36

Similar to MS, the majority of chitinase studies in patients
with Alzheimer disease measured CHI3L1 levels and were
conducted in CSF samples from patients. Overall, these
studies reflect the utility of CHI3L1 as a diagnostic and
prognostic biomarker in Alzheimer disease. In an initial pro-
teomic study using 2 dimensional difference gel electropho-
resis and liquid chromatography tandem mass spectrometry,
CSF CHI3L1 was first proposed as a potential biomarker in
patients with Alzheimer disease.e37 Regarding its prognostic
role, CSF CHI3L1 levels are usually found increased in pre-
clinical, prodromal, and demential cases of Alzheimer disease
compared with cognitively normal individuals.e38–e41 CHI3L1
also behaves as a predictive biomarker of Alzheimer disease,
insomuch as high CSF CHI3L1 levels were found to be as-
sociated with an increased risk of future development of
Alzheimer disease in cognitively unimpaired individuals or
patients with mild cognitive impairment (MCI) compared
with patients with stable MCI.e37,e39,e42 CSF CHI3L1 levels
have been reported to increase longitudinally during the
stages of MCI and Alzheimer disease, but not in cognitively
normal individuals, suggesting that this biomarker might also
be useful for disease monitoring.e42 High levels of CSF
CHI3L1 have also been associated with brain MRI changes
such as cortical thinning in parietal areas including precuneus,
posterior cingulate, and superior parietal corticese39 and also
in temporal areas.e43

Regarding the role of CHI3L1 as a diagnostic biomarker,
several studies aimed to distinguish Alzheimer disease from
other dementing illnesses, with controversial results for the
frontotemporal dementia (FTD). Whereas some studies
reported no differences between patients with Alzheimer
disease and FTD,e38,e40 others found either increased
CHI3L1 levels in patients with FTD compared with patients
with Alzheimer diseasee37 or increased levels of CHI3L1 in
patients with Alzheimer disease vs FTD.e41 However, classi-
fication of patients with FTD into pathologic phenotypes
revealed higher CSF CHI3L1 levels in the tau-positive FTD
subtype compared with patients with Alzheimer disease.e44

Comparisons of CHI3L1 levels between Alzheimer disease
and α-synucleinopathies revealed significantly higher CHI3L1
levels in patients with Alzheimer disease compared with
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patients with Parkinson disease (PD) dementia or dementia
with Lewy bodies.e38,e45

CSF CHI3L1 levels have been found to significantly cor-
relate with other CSF biomarkers in patients with Alz-
heimer disease. In this context, strong correlations were
observed between CSF CHI3L1 levels and biomarkers of
neuronal degeneration such as phospho-tau or total
tau.e39,e43 Similarly, CHI3L1 was found to correlate with
β-amyloid.e38 No differences have been observed in
CHI3L1 levels between APOEe4 allele carriers and
noncarriers.e38,e45

Studies measuring CHIT1 revealed significantly higher
CSF CHIT1 levels in patients with Alzheimer disease
compared with cognitively healthy controls.e46 Similarly,
enzymatic activity of CHIT1 was also found increased in
the CSF of patients with Alzheimer disease compared with
no dementia controls.e47,e48

In the CNS, CHI3L1 expression is mainly found in a subset of
astrocytes in the frontal cortex from patients with Alzheimer
disease, sometimes in close apposition to amyloid plaques but
also independent of plaque pathology.e1,e49,e50

Amyotrophic lateral sclerosis
Amyotrophic lateral sclerosis (ALS) is a fatal neurode-
generative disease characterized by the selective neuro-
degeneration and death of the upper and lower motor
neurons, usually leading to death within 3–5 years from the
symptom onset.e51 Although the mechanisms are not yet
understood, activation of a neuroinflammatory response
and reactive gliosis are prominent features of ALS and are
related to disease progression.e52 There is growing interest
in the modulation of neuroinflammation as a potential
therapeutic target in ALS. Therefore, biomarkers that track
neuroinflammatory activity are necessary to stratify pa-
tients for clinical trials and monitoring treatment response.

Chitinases have been shown to play roles as diagnostic and
prognostic biomarkers in ALS. As diagnostic biomarkers,
studies using proteomice53,e54 and immune-
targeted56,e18,e55–57 approaches reported significantly in-
creased CSF CHIT1, CHI3L1, and CHI3L2 levels in patients
with ALS compared with healthy controls, ALS mimics (pa-
tients without ALS with motor weakness in whom ALS was
considered in the differential diagnosis), or other disease
controls. Diagnostic performance of CHIT1, CHI3L1, and
CHI3L2 distinguishing patients with ALS from ALS mimics

Figure 1 CHI3L1 reported signaling pathways

The interaction of CHI3L1 with IL-13Rα2 and TMEM219 activates several intracellular signaling pathways such as MAPK, protein kinase B/Akt, and Wnt/
β-catenin, leading to diverse cellular outcomes including regulation of lung oxidant injury response, apoptosis, tumor metastasis, and allergic inflammation.
CHI3L1 binding to CRTH2 mediates a fibroproliferative response and dysregulation of apoptosis in Hermansky-Pudlak syndrome and an inhibition of OPCs
proliferation in a human cellular model. CHI3L1 can induce angiogenesis by binding to the side chain molecules of syndecan-1, then inducing coordination
with integrin αvβ5 and activating downstream FAK and MAPK. CHI3L1 interaction with RAGE activates STAT6, Wnt/β-catenin and NF-κB and promotes
proliferation of intestinal epithelial cells. Last, CHI3L1 interacts with CD44v3 and IL-13Rα2 inducing epithelial tomesenchymal transition through Erk1/2,Wnt/
β-catenin, and Akt signaling. CHI3L1 = chitinase-3-like 1; CRTH2 = prostaglandin D2 receptor 2; Erk = extracellular signal–regulated kinase; FAK = focal
adhesion kinase; IL-13Rα2 = interleukin-13 receptor α2; MAPK = mitogen-activated protein kinase; OPC = oligodendrocyte progenitor cell; TMEM219 =
transmembrane protein 219.
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has also been acceptable,e18,e53 although with discrepant
results.e56

Several pieces of evidence support a prognostic value for
CHIT1, CHI3L1, and CHI3L2 in ALS. A number of studies
showed that CHIT1,e53,e57,e58 CHI3L1,e53,e57,e59,e60 and
CHI3L2e53 CSF levels correlated with disease progression
rates, and higher CSF baseline levels of CHIT1 and CHI3L1
were associated with shorter survival time.56,e53,e56,e60 How-
ever, other studies failed to find a prognostic value for CHIT1
and CHI3L1.e18,e55

Studies evaluating longitudinal profiles of CSF chitinase levels
obtained by repeated lumbar punctures revealed either con-
stant CSF CHIT1 or CHI3L1 levels over time78,117 or slightly
increased CSF CHI3L1 levels during the disease.e53,e56

Cognitive and behavioral impairment is present in up to 30%
of patients with ALS.e61 CHI3L1, but not CHIT1 or CHI3L2,
has been associated with cognitive dysfunction in patients
with ALS.e18

CSF CHI3L1 levels were found to strongly correlate with
biomarkers of neurodegeneration such as the neurofilament
light chain and the phosphorylated neurofilament heavy chain
protein.e18,e56,e57

CNS expression studies showed significant upregulation of
CHI3L1 and CHI3L2 in the motor cortex of patients with
sporadic ALS compared with neurologically healthy con-
trols, and their expression levels were correlated with the
survival time from date of onset.e19 Other studies showed
significantly increased expression of CHI3L1 in the ante-
rior horn of the spinal cord in patients with sporadic
ALS.e59 CHI3L1 immunoreactivity was restricted to
GFAP-positive astrocytes in the frontal cortex and spinal
cord of patients with ALS, indicating that reactive astro-
cytes are the main CNS cell source of CHI3L1 expressio-
n.e57,e59 CHIT1 immunostaining was found to colocalize
with Iba1 (microglial marker) and CD68 (phagocytic ac-
tivity marker)-positive cells in the postmortem spinal
cord of patients with ALS.56 CHIT1-immunoreactive cells
were present mainly in the corticospinal tract of patients
with ALS but not healthy controls, Creutzfeldt-Jakob
disease (CJD), or Alzheimer disease patients, thereby
suggesting a disease-specific CHIT1 expression pattern in
ALS.56

All these data taken together suggest that CHI3L1 seems to
be a promising biomarker of pathogenic glial activation in
ALS, and it may be useful as a surrogate for future treat-
ments targeting neuroinflammation. Regarding CHIT1, the
fact that homozygous carriers of a CHIT1 polymorphism,
which leads to diminished CHIT1 expression, do not ex-
hibit decreased ALS severity supports the hypothesis that
CHIT1 is rather a neuroinflammatory marker than an ac-
tive contributor to ALS pathogenesis.e58

Stroke
Ischemic stroke is a leading cause of disability and death in the
world.e62 Once the cerebral arteria is occluded, a cascade of
pathologic events starts. Necroptotic or apoptotic cell death,
oxidative stress, reactive gliosis, and migration of peripheral
immune cells into the brain parenchyma are features of is-
chemic brain damage.e62 Ischemic stroke is often related to
atherosclerosis, an inflammatory condition in which mono-
cytes infiltrate into the vessel wall and then differentiate into
lipid-laden macrophages. Serum CHIT1 activity has been
proposed as a biomarker of atherosclerosis, and its activity was
increased in patients with atherosclerosis and correlated with
the extension of the atherosclerotic lesion.17,e63 Patients with
acute stroke were reported to have significantly higher base-
line plasma CHIT1 enzymatic activity compared with healthy
controls, and low levels of plasma chitinolytic activity were
associated with short-term clinical improvement.e64 However,
the latter had no prognostic value in long-term clinical out-
comes.e64 Besides, CHIT1 plasmatic activity was reported to
correlate directly with stroke severity, independent of preex-
isting inflammatory conditions.e65

Similarly, serum CHI3L1 levels have been found to cor-
relate with infarct volume, stroke severity, and functional
outcome in patients with acute ischemic stroke with a
CHI3L1 peak on the second day after symptom onset.e66

Moreover, serum CHI3L1 has been described as an in-
dependent biomarker to predict the clinical outcome of
large-artery atherosclerotic stroke, and high CHI3L1 levels
were associated with poor clinical outcome.e67 Several
prospective epidemiologic large-scale studies reported that
elevated plasma baseline CHI3L1 levels are associated with
an increased risk of ischemic stroke.e68–e71 Nevertheless,
further investigation is needed to elucidate whether circu-
lating CHI3L1 has a causative role in ischemic stroke or it is
a nonspecific marker of inflammation.

Comparison of CHI3L1 transcription in acute, subacute, and
chronic infarcted human brain samples revealed a transient
expression at the acute stage (3–5 days poststroke) mostly in
astrocytes proximal to the injury site.60 It would thus appear
that acute inflammation induces CHI3L1 expression, and
when inflammation resolves, CHI3L1 expression diminishes.

Traumatic brain injury
Traumatic brain injury is one of the leading causes of dis-
ability and death worldwide.e72 The primary mechanical
insult is followed by acute neuroinflammation that leads to
astrocyte and microglial activation and increased secretion
of immune mediators.e73,e74 Temporal profiles of CSF
CHI3L1 levels following traumatic brain injury showed
significantly elevated CHI3L1 levels after the first day
compared with healthy controls, and levels reached a peak
at 4 days posttraumatic brain injury declining subsequently
at days 5 and 6 after injury. CHI3L1 levels were strongly
correlated with levels of proinflammatory cytokines in the
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CSF such as IL-1β, TNFα, and C-reactive protein.e75 Of
note, patients who died due to traumatic brain injury ten-
ded to have elevated CSF CHI3L1 levels compared with
patients who survived, suggesting that increased CHI3L1
levels may be predictive of worse survival outcomes.e75

Serum levels of CHI3L1 together with serum amyloid A1,
C-reactive protein, and S100β showed the most robust
association with level of consciousness following trau-
matic brain injury.e76 Furthermore, levels correlated
significantly with the extent of traumatic intracranial le-
sions and had good potential to identify bleeding in
several intracranial compartments, and for instance,
CHI3L1 was the best biomarker for subdural blood col-
lection detection.e76 Altogether, these findings point to
CHI3L1 as a promising biomarker to determine the
neurologic severity of patients with traumatic brain
injury.

In patients with persistent post-concussion syndrome (PCS)
secondary to repetitive concussive traumatic brain injury, CSF
CHI3L1 levels were significantly increased compared with
controls and correlated with symptom severity and the life-
time number of concussions.e77 These findings suggest that
PCS may be associated with biomarker evidence of astroglial
activation.

Proteomic analysis of craniotomy and postmortem human
brain samples revealed that both CHI3L1 and CHIT1 were
upregulated in the contusion and pericontusional area.e78

In this study, additional immunohistochemistries to iden-
tify the chitinase cellular source of CNS expression were
not performed; however, in a rat model of traumatic brain
injury, CHI3L1 expression was found to be associated with
reactive astrocytes in the pericontusional cortex starting 1
day after the insult and remaining stable for several days,
thus paralleling the findings of temporal profiles of CSF

Figure 2 Summary of reported CHI3L1 effects and signaling on CNS cellular types

Astrocytes are themain source of CHI3L1 in the CNS.Once secreted, CHI3L1 can inducemultiple responses depending on the cellular type and context. In vitro
studies reported that (1) CHI3L1 increasesmigration and radiation resistance of cultured human astrocytes; (2) CHI3L1 expression is induced in glioblastoma-
associated astrocytes promoting tumor proliferation andmigration through IL-13Rα2 signaling; (3) CHI3L1 inhibits proliferation andmyelination in OPCs and
(4) enhances oligodendrogenesis of NSCs; and (5) CHI3L1 is neurotoxic in mouse primary cultured neurons. In vivo study: CHI3L1 KOmice exhibit decreased
STAT6microglial activation after CCI. CCI = cortical controlled impact; CHI3L1 = chitinase-3–like 1; CRTH2 =prostaglandinD2 receptor 2; IL-13Rα2 = interleukin-
13 receptor α2; NSC = neural stem cell; OPC = oligodendrocyte progenitor cell.
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CHI3L1 levels observed in patients with traumatic brain
injury.e75

Creutzfeldt-Jakob disease
CJD is a fatal neurodegenerative disease caused by misfolded
transmissible proteinaceous particles named prionse79. Stud-
ies of chitinases in CJD evaluated their potential as diagnostic
biomarkers distinguishing CJD from other neurodegenerative
disorders. In a recent study measuring glial markers (CHI3L1,
CHIT1, and GFAP) in neurodegenerative dementias char-
acterized by protein misfolding and aggregation, CSF
CHI3L1 levels were significantly elevated in patients with
sporadic CJD compared with patients with Alzheimer disease,
FTD, and controls without clinical or neuroradiologic evi-
dence of CNS disease.e80 In contrast, although CSF CHIT1
and GFAP levels were elevated in patients with CJD vs
controls, they could not discriminate between different
neurodegenerative dementias.e80 Similar findings were ob-
served in another study, where CSF CHI3L1 levels were
reported significantly increased in patients with sporadic CJD
compared with neurologic controls and patients with other
neurodegenerative dementias, and levels significantly corre-
lated with tau, a marker of axonal degeneration.e49 Studies in
peripheral blood also revealed significantly increased plasma
CHI3L1 levels in patients with CJD compared with other
neurodegenerative dementias, neurologic controls, and
healthy controls.e81 All these findings underscore the pres-
ence of an important neuroinflammatory response in patients
with prion disease.

In CNS expression studies, CHI3L1 was reported to be highly
upregulated in sporadic CJD frontal cortex and cerebellum,
and it was positively correlated with GFAP expression.e49

Immunohistochemistry analysis revealed a specific pattern of
CHI3L1 distribution in sporadic CJD: although in control
brains, CHI3L1 immunoreactivity was mainly restricted to
fibrillar astrocytes in the white matter, the sporadic CJD
brains showed CHI3L1 expression in reactive protoplasmic
and perivascular astrocytes and also an increased signal in
fibrillar astrocytes in the white matter.e49

Parkinson disease
PD is a common neurodegenerative condition mainly
characterized by the death of dopaminergic neurons in the
substantia nigra and the presence of intracellular fibrillar
aggregates of α-synuclein.e82 Neuroinflammation seems also
to play a role in disease pathogenesis and contribute to
neurodegeneration.e83,e84 Studies of chitinases in patients
with PD are scarce. In a longitudinal study with lumbar
puncture performed at baseline and after 2 years of follow-
up, CSF CHI3L1 levels were significantly increased over
time in patients with both short and long disease duration.e85

Furthermore, the increase in CHI3L1 levels significantly
correlated with worsening of cognitive function.e85 Other
studies revealed either no differences in CSF CHI3L1,
CHI3L2, and CHIT1 levels between patients with PD and

controlse45,e53 or lower CHI3L1 levels in patients vs con-
trols.e86 In this context, more studies of chitinases are
needed in patients with PD to better understand their po-
tential role in disease pathogenesis.

HIV-associated dementia
Cognitive impairment in patients with HIV can range from
asymptomatic neurocognitive impairment to HIV-associated
dementia.e87 Astrocytes are known to play a role in the
pathogenesis of HIV-associated dementia.e88 In 1 study, CSF
CHI3L1 levels were found to be significantly increased in
patients with HIV-associated dementia compared with un-
treated neuroasymptomatic patients with HIV irrespective of
CD4+ T cell counts, patients with HIV under antiretroviral
treatment, and HIV-negative individuals.e89 Furthermore,
CSF CHI3L1 levels correlated with CSF neurofilament light
chain.e89 Similar to PD, more chitinase studies are necessary
in patients with HIV-associated dementia, although it should
be taken into account that the prevalence of this condition has
been drastically reduced in the post-antiretroviral treatment
era.e87

Psychiatric diseases
Schizophrenia is a complex major mental disorder affecting
1% of the population worldwide.e90 Schizophrenia etiology
is multifactorial, involving both genetic and environmental
factors.e91 A first genetic association study provided evi-
dence of an association between functional variants at the
CHI3L1 locus and schizophrenia genetic risk.e92 The ge-
netic variations of CHI3L1 may influence pathologic pro-
cesses taking place in schizophrenia development, thus
being involved in the disease susceptibility. Compelling
evidence sets a role for innate immune activation in schiz-
ophrenia.e93 First-episode psychosis patients showed a
higher number of blood monocytes and increased plasma
levels of CHI3L1 and monocyte chemoattractant protein 1
compared with controls.e94 However, caution must be ap-
plied to interpret these results owing to the small sample
size. Gene expression analysis of postmortem brain tissue
revealed an upregulation of CHI3L1 in the hippocampuse95

and prefrontal cortexe96 of patients with schizophrenia
compared with controls suggesting a neuroinflammatory
response. Nevertheless, these studies are limited to differ-
ential gene expression and do not assess the CHI3L1 source
in the schizophrenic brain.

Bipolar disorder is a chronic psychiatric disease character-
ized by recurrent episodes of depression and mania that
affects more than 1% of worldwide population.e97 Systemic
inflammation and neuroinflammation are gaining attention
as key players in bipolar disorder pathogenesis.e98 In this
regard, both CSF and serum CHI3L1 levels were reported
to be significantly higher in patients with bipolar disorder
than controls.e99 Moreover, CSF CHI3L1 levels have been
associated with cognitive impairment in patients with
euthymic bipolar disorder.e100 In a study investigating the
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relationship between baseline CSF CHI3L1 levels and long-
term clinical outcomes, CHI3L1 was found to be negatively
associated with maniac/hypomaniac or psychotic epi-
sodes.e101 Although the association survived correction for
multiple testing, this result should be interpreted with
caution because of a possible collinearity issue reported by
the authors.

Future perspectives of chitinase and
CLP studies in neurologic disorders
Based on the studies outlined in the previous section, chi-
tinases and CLPs, particularly CHI3L1, are playing roles as
biomarkers in a wide range of neurologic disorders in which
there is a neuroinflammatory component as part of their
pathophysiology. This inflammatory component will result
in astrocyte activation, which ultimately seems to be the cell
involved in chitinase secretion, although a contribution of
microglia cannot be ruled out as some studies also pointed
to a microglial source of chitinases. A number of consider-
ations in relation to chitinases and CLPs studies are the
following: (1) Depending on the neurologic disease and the
outcome analyzed, there are sometimes discrepancies in the
results. This has been and is still the rule in many biomarker
studies, and chitinases are not an exception, and most likely
reflects the complexity and heterogeneity of the neurologic
conditions that are being evaluated. However, other factors
such as preanalytical variability, insufficient sample size, or
the use of different criteria to classify patients may also
contribute to the discrepancies. (2) Although statistically
significant, differences among groups in some studies are
small and indicate important overlaps of CSF or blood
chitinase levels between patients belonging to different
categories. This aspect, which may also lead to discrepancies
across studies, may be a limitation for the use of chitinases as
diagnostic biomarkers. However, chitinase data may com-
plement clinical and radiologic information or may be
combined with other biomarkers to increase diagnostic ac-
curacy. (3) Despite more studies are needed in this di-
rection, chitinases probably have their greatest potential as
prognostic biomarkers in neurologic disorders. In this con-
text, the different studies outlined in the review have shown
a more solid role for chitinases as prognostic biomarkers
compared with their diagnostic potential, most likely
reflecting the usually detrimental contribution of astrocytes
to the pathophysiology of neurologic diseases. (4) In con-
trast to other biomarkers whose expression is more CNS
specific, for instance neurofilaments, tau or GFAP, chitinases
are secreted by a broad range of cells from peripheral
compartments. In this context, there is an important con-
tribution of blood monocytes/macrophages to chitinase
levels measured in serum or plasma, and hence, blood chi-
tinase levels may not be as informative as CSF levels to
monitor the pathophysiologic changes taking place in the
CNS of neurologic disorders. This is a limitation to the use
of blood as a surrogate of CSF to measure chitinase levels in

neurologic disorders (unlike the neurofilament light chain).
(5) Finally, chitinases may be not only CSF secreted bio-
markers that reflect the degree of astrocyte activation or
injury but also they have the potential to become therapeutic
targets that set the rationale for the design of new therapies.
For instance, CHI3L1 has shown to be neurotoxic in a dose-
dependent manner.30,e9

In conclusion, although there are still several unknowns in
the function of chitinases and CLPs in the CNS, they are
promising candidates that are consolidating their role as
diagnostic and prognostic biomarkers in a broad spectrum
of inflammatory and neurodegenerative diseases. The po-
tential for chitinases to become therapeutic targets cer-
tainly opens new avenues for future research in the field of
biomarkers for neurologic disorders.
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Abstract
Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is the cause of the coronavirus
disease 2019 (COVID-19) pandemic. In addition to severe respiratory symptoms, there are a
growing number of reports showing a wide range of CNS complications in patients with
COVID-19. Here, we review the literature on these complications, ranging from nonspecific
symptoms to necrotizing encephalopathies, encephalitis, myelitis, encephalomyelitis, endo-
theliitis, and stroke. We postulate that there are several different mechanisms involved in
COVID-19–associated CNS dysfunction, particularly activation of inflammatory and throm-
botic pathways and, in a few patients, a direct viral effect on the endothelium and the paren-
chyma. Last, critically ill patients frequently present with protracted cognitive dysfunction in the
setting of septic encephalopathy likely due to multifactorial mechanisms. Further studies are
needed to clarify the relative contribution of each of these mechanisms, but available data
suggest that CNS complications in COVID-19 are rare and probably not directly caused by the
virus.
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Severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2), the cause of the coronavirus disease 2019 (COVID-
19) pandemic, produces respiratory symptoms similar to
those of SARS-CoV and Middle East respiratory syndrome
coronavirus. The most dreadful complication is respiratory
distress, with many patients requiring intensive care man-
agement.1 The viral infection activates inflammatory and
prothrombotic pathways, which might be relevant for the
pathogenesis of systemic and CNS symptoms.

Coronaviruses can also invade the CNS. In the case of SARS-
CoV-2, trans-synaptic propagation from initial involvement of
the olfactory epithelium and nerve is 1 proposed route. Ac-
cordingly, hyposmia and dysgeusia are common in COVID-
19 and some studies suggest may associate with good
prognosis.2–4 Alternatively, the virus might reach the CNS via
the blood.5

The frequency and types of neurologic complications in pa-
tients with COVID-19 are being elucidated. Initial studies
showed that patients with mild cases of COVID-19 present
with headache or dizziness, whereas those with severe disease
can also develop an encephalopathy with agitation, confusion,
impaired consciousness, seizures, and signs of corticospinal
tract dysfunction.6 Ischemic stroke also occurs in COVID-19
and might be associated with a viral-related systemic pro-
thrombotic state.7 Isolated cases with acute COVID-19–
associated encephalitis have been reported, but demonstra-
tion of the presence of SARS-CoV-2 in the brain or CSF has
been inconsistent.8,9

In Spain, there have been at least 257,000 patients affected
with COVID-19. The Albacete COVID-19 registry included
841 cases with neurologic symptoms, including 14 cases of
ischemic or hemorrhagic stroke, totaling less than 2% of the
series. Only 1 patient with encephalitis, 1 with optic neuritis,
and 1 compatible with posterior reversible encephalopathy
syndrome (likely related to hypertension) were recorded.10

The aims of the present article are to review CNS complica-
tions associated with SARS-CoV-2 infection and analyze po-
tential mechanisms of CNS damage.

Literature search strategy
We search PubMed for articles with clinical information on
patients with CNS disorders related to SARS-CoV-2 in-
fection. We excluded reports where CNS dysfunction was

drug induced or could be explained by a nonspecific response
to systemic infection, particularly in patients with preexisting
structural lesions in the CNS. We also excluded (1) case
reports on isolated cranial nerve (including hyposmia) or
peripheral nervous system involvement (for this topic, see the
recent review by Dalakas,11 (2) reviews and recommenda-
tions about treatment of preexisting neurologic disorders in
the setting of COVID-19, and (3) studies on certain treat-
ments used for neurologic diseases that could modify the risk
or course of COVID-19.

Overview of CNS complications of SARS-CoV-2
Observational series have reported the presence of CNS
symptoms in 31%6 to 69%2 of patients with severe COVID-19
vs 21% in patients with nonsevere COVID-19 (severity being
established according to respiratory status). Dizziness (17%),
headache (13%), impaired level of consciousness (8%), acute
stroke (3%), ataxia (<1.0%), and seizures (<1.0%) were the
main symptoms or syndromes reported in hospitalized pa-
tients.6 Agitation (69%), confusion (65%), signs of cortico-
spinal tract dysfunction (67%), and impairment of executive
functions (36%) were frequent symptoms in an observational
series of 64 consecutive patients admitted to 2 intensive care
units (ICUs) due to acute respiratory distress syndrome
caused by COVID-19.2 In this series, at the time of hospital
discharge, 33% of patients had a dysexecutive syndrome
consisting of inattention, disorientation, and poorly organized
responses to commands.2

In patients with COVID-19 admitted in the ICU with neu-
rologic symptoms, the main MRI abnormalities include cor-
tical FLAIR signal abnormalities12 and silent ischemic
strokes.2 In one of these series,12 only 7 of the 58 patients
(12%) underwent real-time PCR for SARS-CoV-2 in CSF,
and all were negative. In the other series the patients who
underwent EEG, only nonspecific changes were detected.2 A
recent single case report of a patient with COVID-19 who
needed extracorporeal membrane oxygenation (ECMO) had
documented brain microbleeds as seen in other critical illness
cases requiring ECMO and previously associated with in-
fluenza virus. The authors suggested an underlying
endotheliopathy.13

A retrospective multicenter case series from France showed
that stroke, leptomeningeal enhancement, and encephalitis
were the 3 most frequent neuroimaging findings among 64
patients with COVID-19.14 Confusion, impaired conscious-
ness, agitation, corticospinal tract signs, and headache were

Glossary
ACE = angiotensin-converting enzyme; ADEM = acute disseminated encephalomyelitis; AQP4 = aquaporin 4; COVID-
19 = coronavirus disease 2019; ECMO = extracorporeal membrane oxygenation; ICU = intensive care unit; IL =
interleukin; IVIg = IV immunoglobulin; MOG = myelin oligodendrocyte glycoprotein; SARS-CoV-2 = severe acute
respiratory syndrome coronavirus 2; SIRS = systemic inflammatory response syndrome; TNF = tumor necrosis factor.
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the most common clinical features. Encephalitis occurred
more frequently in younger patients, and agitation was asso-
ciated with leptomeningeal enhancement.14

Finally, in a case series from the United Kingdom that in-
cluded 43 patients with definitive (n = 29), probable (8), and
possible (6) COVID-19, 5 categories of neurologic in-
volvement emerged, with 3 specifically affecting the CNS:
encephalopathies (n = 10); inflammatory CNS syndromes
(n = 12) including encephalitis, acute disseminated enceph-
alomyelitis (ADEM), and myelitis; and ischemic strokes
(n = 8).15

Other than these series, well-characterized case reports with
predominant CNS involvement other than stroke (reviewed
separately) are scarce and are summarized in the table. In
short, these include 14 cases, 9 of them (75%) were women,
with age ranging from 24 to 69 years. Three were diagnosed
with encephalitis, 4 with acute necrotizing encephalopathy, 2
with a clinicoradiologic picture compatible with endotheliitis
(without pathologic confirmation), 2 with toxic-metabolic or
vitamin deficiency–like encephalopathy, 2 with ADEM, and 1
with necrotizing myelitis.8,9,16–25 Of these 14 cases, only 3 had
positive SARS-CoV-2 PCR in CSF (2 with negative naso-
pharyngeal swabs). In the remaining 10 cases, SARS-CoV-2
infection was demonstrated with nasopharyngeal PCR.

Acute necrotizing encephalopathy (n = 4)
The 4 cases reported so far with acute necrotizing encepha-
lopathy resemble those seen after other viral infections,
mainly influenza. All these cases had negative PCR for SARS-
CoV-2 in CSF.19,22,25,26 Systemic inflammatory response
syndrome (SIRS) and cytokine storm are also thought to
underlie this condition. One of the patients also developed
myocarditis.16,17 Two of the patients did not respond to
treatment and died.16 An additional case without data on sex
and age but with positive PCR in CSF and improvement with
IV immunoglobulins (IVIgs) and plasma exchange has been
reported.26

Encephalitis (n = 3)
The 3 reported cases with encephalitis differ in terms of
clinical severity and CSF andMRI features.8,18 Thus, although
all 3 showed CSF lymphocytic pleocytosis with increased
protein concentration, 1 was severely ill, had positive PCR for
SARS-CoV-2 in CSF, and showed structural lesions (mostly
in the mesial right temporal lobe) on brain MRI.8 By contrast,
the other 2 patients had rapid recovery, negative CSF PCR for
SARS-CoV-2, and normal MRI.18 Of interest, these 2 patients
were the first reported cases in whom CSF levels of inter-
leukins (ILs) and angiotensin-converting enzyme (ACE)
were measured, showing increased levels of IL-1β (in both),
IL-6 (in 1), and ACE (both).18 Accordingly, encephalitis of
the former case might be related to direct CNS infection,8

whereas in the other 2, it could be linked to cytokine storm
and endothelial inflammation as suggested by increased ILs
and ACE levels in CSF.18

ADEM (n = 2) and acute necrotizing myelitis
(n = 1)
ADEM is a clinicoradiologic condition that requires a multi-
focal CNS event of presumed inflammatory demyelinating
cause, with an encephalopathic picture that cannot be
explained by fever or other causes. It requires the presence on
MRI of diffuse, poorly demarcated, large (>1–2 cm) lesions
mostly involving the white matter, rarely with T1 hypointense
white matter lesions.27 Deep gray nuclei (thalami and basal
ganglia) lesions can be seen, without additional clinical and
MRI findings in the ensuing 3 months. ADEM is not associ-
ated with aquaporin 4 (AQP4) antibodies, but up to 60% of
patients have myelin oligodendrocyte glycoprotein (MOG)
antibodies.

To the best of our knowledge, there are 2 single case reports of
ADEM associated with COVID-19.9,21 One had positive
SARS-CoV-2 PCR in CSF and a clinical picture that re-
sembled neuromyelitis optica and was treated with IV
methylprednisolone and IVIg.10 The other patient had a
negative PCR in CSF and developed decreased level of con-
sciousness and impaired oculocephalic response after a stay in
the ICU due to respiratory distress. Despite the diagnosis of
ADEM, findings of spinal MRI were not reported. This pa-
tient was treated with IVIg.21 Both patients had partial clinical
and radiologic responses. A single case report of a patient with
longitudinal extensive transverse necrotizing myelitis who
again had a negative PCR for SARS-CoV-2 in CSF, was also
negative for AQP4 and anti-MOG antibodies, and responded
to methylprednisolone and plasmapheresis.25

Overall, in these 3 cases, the different evidence of the in-
fectious status makes it difficult to infer the underlying
pathophysiology. Although in 2 of the patients, the CSF PCR
can potentially be considered a false-negative result, the
clinical and radiologic features of these cases are suggestive of
an inflammatory postinfectious process.

Endotheliitis-like involvement (n = 2)
The 2 reported cases of endotheliitis-like involvement include
1 patient with focal neurologic signs and the other with im-
paired level of consciousness. Both had marked perivascular
enhancement onMRI, were negative for SARS-CoV-2 PCR in
CSF, and had rapid clinical and radiologic recovery after
treatment with IV methylprednisolone and plasma exchange,
supporting the notion of an inflammatory mechanism.20,23

Although no pathologic studies were available, the MRI
findings led to the diagnosis of endotheliitis. The in-
flammatory endothelial reaction might be related to cytokine
storm or the ACE pathway, but neither of these mechanisms
was studied in blood or CSF.

More recently, Pugin et al.28 reported 5 cases of COVID-
19–related encephalopathy responsive to corticosteroids that
the authors suggested were caused by endotheliitis based on
the MR angiography features.
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Table Summary of published case reports of SARS-CoV-2–related CNS involvement other than stroke

Diagnosis
(proposed
mechanism)

Case/s
reported

Main clinical
features

SARS-CoV-2
diagnosis Laboratory tests Imaging

Anti-inflammatory/
immunomodulatory
treatment and
outcome

Acute necrotizing
encephalopathy
(cytokine storm?)

F (late 50s)
(Poyiadji
et al.)19

3 d of cough, fever,
and altered mental
status

+ Nasopharyngeal;
− CSF

Blood: not
mentioned; CSF:
hemorrhagic
(traumatic lumbar
tap)

MRI bithalamic,
medial temporal,
and subinsular
hemorrhagic
lesions

IV immunoglobulin →
admission to ICU due
to SARS and the
encephalopathy →
final outcome
undisclosed

F (59 y old)
(Dixon
et al.)22

Cough, fever,
dyspnea, and myalgia
10 d later → vacant
staring, speech arrest,
and seizures

+ Nasopharyngeal;
CSF undisclosed

Blood:
lymphopenia; CSF:
increased proteins
and normal cell
count

Chest X ray: right
basal
consolidation;
brain MRI:
bithalamic,
amygdala, striatal,
and brainstem
hemorrhagic
lesions

No anti-inflammatory/
immunomodulatory
treatment → death
following withdrawal
of ventilatory support
(postmortem study
declined)

F (33 y old)
(Elkady
et al.)17

Fatigue, fever, and
nasal congestion →
generalized status
epilepticus 4 d later

+ Nasopharyngeal;
− CSF

Blood: increased
IL-6 + CRP,
troponin-1 +
lymphopenia; CSF:
lymphocytic
pleocytosis and
increased proteins

Echocardiography:
29% left ventricular
ejection fraction;
brain MRI: bilateral
thalamic cerebellar
hemorrhagic
lesions

High-dose IV
methylprednisolone
→ death

M (56 y old)
(Morvan
et al.)16

Sudden loss of
consciousness

+ Nasopharyngeal;
− CSF

Blood: increased
CRP, procalcitonin,
and D-dimer

MRI: hypersignal of
the thalami,
brainstem, and
cerebellum with
some hemorrhagic
component

No anti-inflammatory
treatment →
ventricular derivation
and mannitol → death

Encephalitis
(directly viral or
due to cytokine
storm +/2 ACE?)

M (24 y old)
(Moriguchi
et al.)8

Headache and fatigue;
day 9: loss of
consciousness and
seizure and neck
stiffness

− Nasopharyngeal;
+ CSF

Negative (sic);
lymphocytic
pleocytosis;
negative cultures
and PCR for other
bacteria and
viruses

Chest CT: ground
glass opacities;
brain MRI: FLAIR
right mesial
temporal
hyperintensities

Steroids → still in the
ICU due to pneumonia
and impaired
consciousness on
publication

M (25 and
49 y old)
(Bodro
et al.)18

Headache (both);
left hemiparesthesias
and diffuse rash (case
1); dyspnea and
naming difficulties
(case 2); progression
to confusion, agitation
(both)

+ Nasopharyngeal;
− CSF

Blood: increased
CRP, LDH, and D-
dimer + mild
lymphopenia (case
2); CSF:
lymphocytic
pleocytosis +
increased proteins
+ increased IL-6
and ACE (both) and
IL-1β (case 1)

Chest CT: normal
(case 1) and
bilateral peripheral
opacities (case 2);
brain MRI: normal
(both)

No anti-inflammatory/
immunomodulatory
treatment → quick
recovery (48 and 72 h,
respectively) with
amnesia of the
episode

Acute
disseminated
encephalomyelitis
(directly viral or
due to cytokine
storm?)

F (64 y old)
(Novi et al.)9

Prior history of vitiligo
and monoclonal
gammopathy; Flu-like
syndrome for 2 wk →
anosmia-ageusia →
bilateral optic neuritis
and myelitis

− Nasopharyngeal;
+ CSF; + serum
anti–SARS-CoV-2
IgG

Blood: anti-AQ4
and anti-MOG:
negative; CSF:
lymphocytic
pleocytosis +
increased proteins

Brain MRI: multiple
T1 post-Gd-
enhancing lesions
of the brain
including bilateral
optic nerve
enhancement;
spinal MRI: a single
T8 lesion

IV
methylprednisolone 1
g/d × 5d + IVIg (2 g/kg
in 5 d)→ improvement
of visual symptoms →
follow-up brain
MRI = partial
improvement with a
reduction in Gd-
enhancing lesions

F (51 y old)
(Parsons
et al.)21

Dyspnea, fever, and
vomiting; →
unresponsive with
impaired
oculocephalic
response on sedation
withdrawal (day 18)

+ Nasopharyngeal;
− CSF

Blood: anti-AQ4
negative; CSF:
xanthochromia

Brain MRI day 24:
multifocal
demyelinating
lesions +
intraventricular
hemorrhage; brain
MRI days 29-38-58:
increase of lesions;
spinal MRI:
undisclosed

One course of IVIg →
improvement of
consciousness, but left
hemiparesis (day 36)

Continued
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Toxic/Wernicke-like encephalopathy (n = 2)
Two patients were identified at a single institution with
COVID-19 who had developed clinical and brain MRI
features that resembled Wernicke encephalopathy,
prompting supplementation of vitamins despite having
normal blood levels.24 The patients showed partial im-
provement. The authors considered the symptoms as re-
lated to SARS-CoV-2, either by direct viral involvement or
secondary to the systemic inflammatory response to the
virus.

Stroke
In a series of 388 patients, thromboembolic events occurred in
28 patients (8%) including 9 cases with ischemic stroke
(2.5%).29 Likewise, in a study of ischemic events in critically ill

patients with COVID-19, 28 of 184 cases had thrombotic
events (15%), including 3 with stroke.30 In another series of
1,683 COVID-19 cases, 23 (1.4%) developed cerebrovascular
disease.31 Cerebral and chest CT scans were performed in all
cases and MRI in 6, with histologic samples available for 6/23
cases (2 brain biopsies and 4 arterial thrombi). Cerebral is-
chemia occurred in 17 cases (74%), including 2 cases with
arterial dissection (9%), whereas intracerebral hemorrhage
happened in 5 (22%), and 1 (4%) had posterior reversible
encephalopathy. Ischemic strokes were frequent in the verte-
brobasilar territory. In the hemorrhagic group, subarachnoid
hemorrhage, parieto-occipital leukoencephalopathy, micro-
bleeds, and single or multiple focal hematomas were charac-
teristic. Brain biopsies showed thrombotic microangiopathy
and endothelial injury, with no evidence of vasculitis or

Table Summary of published case reports of SARS-CoV-2–related CNS involvement other than stroke (continued)

Diagnosis
(proposed
mechanism)

Case/s
reported

Main clinical
features

SARS-CoV-2
diagnosis Laboratory tests Imaging

Anti-inflammatory/
immunomodulatory
treatment and
outcome

Acute necrotizing
myelitis (cytokine
storm?)

F (69 y old)
(Sotoca
et al.)25

Fever and dry cough
for 8 d, followed by
cervical pain,
imbalance, and loss of
strength and
sensation in the left
hand

+ Nasopharyngeal;
− CSF

Blood: oligoclonal
bands, anti-AQ4,
anti-MOG, and
antineuronal
surface antibodies
negative; CSF: mild
lymphocytic
pleocytosis +
increased proteins

Brain MRI: normal;
spinal MRI: T2
hyperintensity
from the medulla
oblongata to the C7
level with patchy
enhancement;
follow-up spinal
MRI: caudal
progression to T6 +
central necrosis
with peripheral
enhancement at T1

Methylprednisolone
1g IV for 5 d → clinical
worsening →
plasmapheresis + oral
prednisone 1 mg/kg ×
5 d → eventual
improvement

Endotheliitis-like
involvement
(cytokine storm?
ACE?)

F (54 y old)
(Brun
et al.)23

Previous history of
mild hypertension.
Fever, dyspnea →
altered mental status
and right hemiparesis

+ Nasopharyngeal;
− CSF (twice)

Blood: increased
CRP,
hyperferritinemia,
and liver enzymes;
CSF: hemorrhagic
(traumatic lumbar
tap)

Chest CT: ground
glass opacities;
brain MRI:
restricted diffusion
not enhancing
supratentorial WM
and bilateral
pallidum

Steroids → after
intubation and ICU
stay, mild
improvement of
consciousness and
right hemiparesis

F (44 y old.)
(Pinto
et al.)20

Minor respiratory
symptoms for 7 d →
right hand
incoordination, word
finding difficulties,
and chest rash

+ Nasopharyngeal;
− CSF

Blood: +anti-MOG
antibodies; CSF:
lymphocytic
pleocytosis +
increased proteins

Brain MRI:
perivascular
enhancement in
the centrum
semiovale
bilaterally and left
temporal and
occipital
ventricular horns

IV
methylprednisolone +
plasma exchange →
rapid clinical and
radiologic recovery

Toxic/Wernicke
like
encephalopathy
(inflammation?
hypoxia?)

F (60 and
35 y old)
(Pascual-
Goni
et al.)24

Case 1: fever,
hyposmia, and cough
for 10 d → diplopia;
hypoxemia (PaO2

67 mm Hg) without
dyspnea; case 2:
vomiting (prior history
of bulimia) for 3 wk →
progressive
encephalopathy, with
hypoxemia (PaO2

61 mm Hg)

+ Nasopharyngeal;
− CSF

Blood:
lymphopenia and
increased CRP;
thiamine,
pyridoxine normal
(both); CSF: normal
proteins and cell
count but
increased LDH
(both)

Brain MRI: FLAIR
hyperintense
lesions in the
brainstem,
including the VI
cranial nerve
nuclei, thalami,
medial temporal
lobes, mamillary
bodies, and
hypothalamus
(similar in both)

No specific anti-
inflammatory or
immunomodulatory
treatments; thiamine
and pyridoxine
supplementation
despite normal
vitamin levels in case 2
→ persistence of
diplopia on discharge
in case 1 and partial
recovery in case 2

Abbreviations: ACE = angiotensin-converting enzyme; AQP4 = aquaporin 4; CRP = C-reactive protein; FLAIR = fluid-attenuated inversion recovery;
ICU = intensive care unit; IL = interleukin; IVIg = IV immunoglobulin; LDH = lactate dehydrogenase; MOG = myelin oligodendrocyte glycoprotein;
SARS-CoV-2 = severe acute respiratory syndrome coronavirus 2.
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necrotizing encephalitis. Outcomewas poor, 8 died, and 17 had
a median Rankin scale score of 4–6 at hospital discharge.31

In another study, Al Saiegh et al. reported 2 patients with
cerebrovascular disease in the setting of COVID-19. One was
a 31-year-old man with a Hunt & Hess grade 3 subarachnoid
hemorrhage and the other a 62-year-old woman with ischemic
stroke with massive hemorrhagic transformation.32 Oxley
et al. reported 5 patients with COVID-19 younger than 50
years with large vessel ischemic stroke,33 and Gonzalez-Pinto
et al.34 described a 36-year-old man with malignant ischemic
stroke of the middle cerebral artery and a free-floating
thrombus in the ascending aorta. Overall, these reports sug-
gest that stroke is more frequent than expected in patients
with COVID-19 younger than 50 years.

Other CNS involvement
There are other case reports difficult to classify. For example,
Méndez-Guerrero et al. described a 50-year-old man pre-
senting with a hypokinetic syndrome, hyposmia, opsoclonus,
and myoclonus after a severe COVID-19 infection with
positive nasopharyngeal but negative CSF PCR. TheMRI was
normal, but there was impaired presynaptic dopamine imag-
ing. The patient spontaneously recovered.35 In another re-
port, Rabano-Suarez and colleagues33,36 described 3 cases (2
men, 63 and 76 years and a woman of 88 years) with COVID-
19 who had generalized myoclonus with normal CSF, imaging
(MRI or CT), and EEG. They slowly improved with either
corticosteroids or plasma exchange, leading the authors to
conclude that the myoclonus was postinfectious and immune
mediated.

Mechanisms of CNS damage
associated with SARS-CoV-2
Direct viral injury
Like other well-recognized neuroinvasive human viruses,
coronavirus might invade the CNS, via trans-synaptic prop-
agation from the olfactory epithelium or through systemic
circulation, entering the CNS using the endothelial ACE2
receptors expressed in brain vessels, or crossing a leaky blood-
brain barrier affected by systemically produced cytokines
(figure).37

Therefore, SARS-CoV-2 might reach the CNS by different
routes and induce short-term illnesses, such as viral enceph-
alitis. On the other hand, SARS-CoV-2 might persist in resi-
dent cells of the CNS and be involved in long-term neurologic
sequelae in genetically or otherwise predisposed individuals.37

There are case reports of the detection of human coronavirus
OC43 RNA in brain biopsies by metagenomic sequencing in
immunosuppressed children with encephalitis.38,39 Moreover,
SARS-CoV-1 has also been detected at autopsy in brain tissue
of patients with SARS.40–42 However, as previously indicated,
there are limited data suggesting the presence of SARS-CoV-2

in the CNS of patients with COVID-19. In an autopsy series
of patients with COVID-19 without neurologic symptoms,
SARS-CoV-2 was detected in the brain of 8 (38%) of 21
patients with low levels of SARS-CoV-2 copies per cell.43 In
another autopsy study of 10 patients,44 no signs of encepha-
litis or CNS vasculitis were found, and the PCR in CSF was
negative.

Only 2 of the 11 patients who underwent PCR testing in CSF
(table) were positive (1 case of encephalitis and 1 ADEM),
suggesting that the virus can directly invade the nervous
system in some cases.8,9

Neuronal pathway
Some human coronaviruses such as HCO-OC43, HCOV-
229E, and SARS-CoV-1 can be considered neurotropic viru-
ses due to their capacity to invade the CNS via the neuronal
pathway.5,37,45 Viruses can migrate by infecting sensory or
motor nerve endings, achieving retrograde or anterograde
neuronal transport through kinesins, dynein, and motor
proteins.46 Experimental intranasal coronavirus infection in
susceptible mice shows that once the virus has invaded the
CNS through the olfactory route, it can disseminate to several
regions of the brain and brainstem before eventually reaching
the spinal cord.45,47

Blood circulation pathway
Viruses can enter the CNS without infecting neurons. Some
viruses, such as HIV, infect leukocytes and may infiltrate the
brain parenchyma. This Trojan horse mechanism is facilitated
by the fact that the infected cells are naturally able to cross the
blood-brain barrier.48 Alternatively, other viruses such as
Japanese encephalitis virus are released into the blood and
increase the permeability of the blood-brain barrier through
increased production of proinflammatory cytokines that fa-
cilitates entry into the CNS.49 This mechanism may be
plausible for SARS-CoV-2 due to the severe systemic in-
flammation with elevated cytokine levels that can constitute a
link between direct CNS infection and CNS damage due to
systemic and intrathecal cytokine storm.50 Alternatively, ex-
pression of ACE2 receptors in the endothelium of brain blood
vessels provides an additional entry route for SARS-CoV-2
that can be linked with endotheliitis and inflammatory injury
of the CNS (see below).51 Further studies analyzing how
SARS-CoV-2 invades the CNS are warranted.

Inflammatory-mediated injury

Cytokine storm
COVID-19 has caused a large number of fatalities, most due
to multiple organ failure secondary to the virus-induced SIRS
or SIRS-like immune disorders.52 Accumulating evidence
suggests that patients with severe COVID-19 might have a
cytokine storm syndrome characterized by increased IL-1, IL-
2, IL-6, granulocyte-colony stimulating factor, interferon-γ
inducible protein 10, macrophage inflammatory protein 1α,
and tumor necrosis factor (TNF)-α.53 Lung tissue from
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patients with SARS related to coronavirus showed hemo-
phagocytosis, which is a central pathologic feature of cytokine
storm.54 Patients with SARS also exhibited high levels of in-
terferon-γ and IL-18, which are particularly important in the
cytokine storm syndrome.55 Thus, the host’s immune re-
sponse and development of inflammation in the lung likely
plays an important role in COVID-19.56

Li et al.57 found that coronavirus neurovirulence correlates
with the ability of the virus to induce proinflammatory cyto-
kine (IL-12 p40, TNFα, IL-6, IL-15, and IL-1β) signaling from
astrocytes and microglia in a mouse model. Other investiga-
tors also showed that primary glial cell cultures exposed to
coronavirus secrete the proinflammatory cytokines IL-6, IL-
12, IL-15, and TNFα.58

In cases of acute necrotizing encephalopathy, acute nec-
rotizing myelopathy, encephalitis, and ADEM with nega-
tive PCR in CSF, cytokine storm is the most probable
mechanism of CNS dysfunction. A recent single autopsy
case report described a combination of hemorrhagic white
matter lesions with areas of necrosis and organizing mi-
croscopic infarcts, along with perivascular ADEM-like al-
terations, suggesting a combination of vascular and
inflammatory injury.59

The hyperinflammatory response that leads to SIRS can manifest
with high levels of C-reactive protein, coagulopathy (elevated D-
dimer levels, low platelet count, and fibrinogen levels), tissue
damage (elevated LDH and alanine aminotransferase and aspar-
tate aminotransferase levels), macrophage/hepatocyte activation

(elevated ferritin levels), and cytopenias (thrombocytopenia and
lymphopenia).56 Therefore, early anti-inflammatory intervention
such as anticytokine therapies could reduce the risk of injury in the
nervous system.60 Glucocorticoids remain the first treatment
option, and clinical trials are urgently needed to test their efficacy
and identify optimal dosing, especially given the clear advantage of
glucocorticoids in worldwide availability and cost.61

Endotheliitis
The binding of SARS-CoV-2 to the ACE2 receptor may cause
or worsen high blood pressure, increasing the risk of cerebral
hemorrhage. Moreover, the interaction of the SARS-CoV-2
spike protein with ACE2 receptors expressed in the capillary
endothelium of brain blood vessels may lead to injury of the
blood-brain barrier. This could explain the increased risk of
ischemic stroke (see below) accompanied by perivascular
inflammation suggestive of endotheliitis.

Thrombotic injury
Increased levels of circulating prothrombotic factors have
been reported in patients with severe COVID-19, reflecting a
hypercoagulable state.7,62 Proinflammatory cytokines can in-
duce endothelial and mononuclear cell activation with ex-
pression of tissue factor leading to activation of the
coagulation cascade and thrombin generation. Circulation of
free thrombin can activate platelets and lead to thrombosis. It
has been postulated that the binding of SARS-CoV-2 to the
ACE2 receptor causes an imbalance of the renin angiotensin
system favoring the ACE1-angiotensin axis and contribut-
ing to endothelial dysfunction, organ damage, and clot
formation.63

Figure Proposed CNS entry routes, mechanisms and their respective associated clinical pictures
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Hypoxia-mediated injury and encephalopathy
of the critically ill
The diffuse alveolar and interstitial inflammatory edema in
COVID-19 leads to impairment of alveolar gas exchange and
CNS hypoxia. Anerobic metabolism in the mitochondria of
brain cells results in acidosis, vasodilatation, increased in-
terstitial edema, obstruction of cerebral blood flow, in-
tracranial hypertension, and coma.

Between 5%1,2 and 14%3 of patients with COVID-19 require
admission to the ICU. A high number of patients in the ICU
develop symptoms of acute cerebral dysfunction described as
delirium, acute confusional state, acute brain failure, organic
brain syndrome, acute organic reaction, cerebral insufficiency,
and ICU psychosis and grouped under the term “encepha-
lopathy of the critically ill” or “critical illness brain syndrome.”
This encephalopathy is an independent predictor of mortality
and is associated with long-term cognitive dysfunction.64 The
mechanisms underlying this encephalopathy are heteroge-
neous and multifactorial, including direct brain injury, re-
spiratory, heart, renal or liver failure, sepsis, endocrine or
electrolyte imbalance, and pharmacologic agents.65

In a series of 18 patients with COVID-19 who died in the ICU
and underwent autopsy, acute hypoxic ischemic damage was
identified in all. Nevertheless, the clinical description is very
limited, and none of the cases underwent MRI, EEG, or CSF
examination.

Conclusions
CNS involvement in COVID-19 appears to be protean both
in its clinical presentations and underlying mechanisms. Di-
rect viral infection of the CNS has been demonstrated in a few
cases. In most patients with nonsevere forms of the disease
(according to the respiratory status), inflammatory or cere-
brovascular mechanisms appear to be the predominant CNS
complications. In this context, the involved mechanisms in-
clude inflammatory (cytokine storm), prothrombotic, and
endothelial (via ACE2) pathways. In critically ill patients with
COVID-19, additional mechanisms include those typically
related to encephalopathy of the critically ill, such as hypoxia,
systemic disturbances, and drugs, among others.

Nevertheless, the number of patients with specific syndromes
(encephalitis, ADEM, myelitis, and endotheliitis) is small,
suggesting that the frequency of these complications is rare,
making difficult an accurate classification. There are limited
data to determine whether hypoxemic or post-ICU or septic
encephalopathy is more frequent or severe in COVID-19 than
in other respiratory infections that are similarly severe.
Moreover, there is a need for more reliable and standardized
biomarkers for infection of the CNS (PCR and antibodies
against SARS-CoV-2 in CSF) and for the involvement of
endothelial, inflammatory, and prothrombotic pathways
within the CNS.

Last but not least, treatment strategies for these potential
pathophysiologic pathways are limited. The usefulness of
immunomodulatory treatments (corticosteroids and plasma
exchange), anti-IL antibodies (tocilizumab and anakinra), full-
dose anticoagulants, and others needs to be investigated and
established.

In summary, both parenchymal (encephalitis, myelitis, or
combination of both) and vascular (endotheliitis) CNS in-
flammatory responses along with an increased risk of hemor-
rhagic and ischemic stroke have been described as
complications of COVID-19. However, severe CNS compli-
cations associated with COVID-19 are rare and probably not
directly caused by the virus in most cases. Severe cases of
COVID-19 frequently manifest as a syndrome that overlaps
with encephalopathy of the critically ill, whereas fewer cases (at
least to date) present with specific CNS syndromes. Further
studies are needed to clarify the pathogenesis and long-term
prognosis of CNS involvement in patients with COVID-19.
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Case presentation
A 38-year-old woman withMS receiving natalizumab presented to the neurology clinic with the
complaint of a new neurologic symptom.

Clinical course
The patient had a 6-year history of clinically stable MS, albeit exhibiting radiographic pro-
gression despite strict adherence to daily subcutaneous glatiramer acetate (GA). Furthermore,
on switching first to weekly IM interferon beta (IFN-β)1a, she experienced clinical relapses and
subsequently developed recalcitrant transaminitis while using three times weekly, subcutaneous
IFN-β 1b (figure 1).

Owing to continued disease activity and side effects from GA and IFN, she was switched to
monthly IV natalizumab despite John Cunningham Polyomavirus antibody positivity (JCV
Ab+) with an Ab index 3.37–3.83. She remained clinically and radiographically stable from the
inception of natalizumab with surveillance MRIs performed quarterly. However, after her 47th
natalizumab infusion, she developed a coarse action and position tremor involving her right
distal upper extremity. Brain MRI revealed a nonenhancing left thalamic T2 hyperintensity
(figure 2, A and B).

Natalizumab was suspended while her physicians investigated the underlying etiology for her
new clinical symptom and corresponding imaging abnormality. CSF analyses was non-
inflammatory and JCV DNA was undetectable by PCR. The initial diagnostic supposition was
that the lesion was potentially on the basis of inflammatory demyelination, even in the absence
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of gadolinium (Gd) enhancement. The patient was treated
empirically with 1 g IV methylprednisolone daily for 3 doses
without benefit.

Given concerns of her history of protracted natalizumab
treatment and a high JCV antibody index, monthly serial
MRIs were obtained (figure 2, C–G), which showed lesion
progression, although JCV DNA was not detectable on serial
CSF PCR analyses (4 in total).

Over time, the patient’s tremor gradually worsened despite
treatment with clonazepam and carbamazepine. Botulinum
injection in combination with levetiracetam did mitigate the
amplitude and frequency characteristics of the tremor such
that the patient was able to recognize functional improve-
ments. Notwithstanding such benefits on her tremor, she later
exhibited features of dystonia that further interfered with her
use of the right arm. Despite the unremarkable CSF analyses,
clinical suspicion for progressive multifocal leukoencephal-
opathy (PML) remained high, although natalizumab was
redosed once at 3 months to reduce the risk for potential
rebound disease activity.1

Differential diagnosis
The patient’s right upper extremity tremor corresponded with
a new lesion that localized to the left ventral lateral posterior
aspect of the thalamic nuclear complex—the target for the
projections emanating from the right dentate nucleus of the
cerebellum—which then projects to the left precentral gyrus,
thereby providing right cerebellar influence on limb move-
ments in the right arm.

At the time of presentation, the possibility of a new MS de-
myelinating lesion was considered high in the differential di-
agnosis. Demyelinating lesions due to MS are commonly
localized in white matter (especially when using conventional
MRI sequences), but focal lesions in the thalamus are also well
documented.2 Typically, however, new demyelinating symp-
tomatic lesions exhibit enhancement, and the absence of such in
our patient compelled us to broaden the diagnostic differential.

Clinical manifestations of PML in MS are diverse and depend
on the areas of the brain involved. Typically, brain MRI shows
a T2 hyperintense/T1 hypointense lesion(s) with sharp
margins, commonly involving subcortical white matter in-
cluding extension into the U-fibers, although cortical in-
volvement is often reported. Contrast enhancement is
exceptional in HIV-associated PML, yet it is seen in about
40% of MS PML cases.3 Despite high sensitivity (>95%) of
CSF PCR for JCV in PML, JCV has infrequently remained
undetectable in the CSF in cases where PML was confirmed
by brain biopsy.4

Final diagnosis
As a precise diagnosis could not be made from the imaging
and laboratory data, a biopsy of the lesion was performed 5
months after presentation. Histology demonstrated bizarre

astrocytes, abundant CD68-positive macrophages, and nu-
clear changes suggestive of viral cytopathic effects. JCV DNA
was detected at 9,964,282 copies/10 μL of extract confirming
the diagnosis of PML.

Discussion
PML is a known complication of treatment with natalizumab
in patients with MS with a history of previous exposure to
JCV.5 Furthermore, risk of PML in patients who test positive
for serum JCV Abs exponentially increases with a history of
previous immunosuppression (e.g., cyclophosphamide,
mitoxantrone, etc) and longer duration of continuous nata-
lizumab therapy (e.g., >24 months).6 This does not include
pulse steroids for treating relapses. This risk is further strati-
fied by the quantitative index where a JCV Ab index >1.5 in
patients with MS treated with natalizumab at 4-week intervals
is associated with high risk of PML,7 although data suggest
that extended interval dosing confers a lower risk of PML
without compromising efficacy.8–10

Diagnostic confirmation of PML can often represent a for-
midable challenge, particularly given the heterogeneity in
imaging characteristics. The conspicuity of PML lesion mor-
phology in the context of HIV/AIDS can be distinctive from
lesions evolving as a consequence of protracted immuno-
suppression in patients with autoimmune disorders.3 In HIV,
PML lesions are typically hypointense and, on occasion, can
exhibit enhancement, whereas such lesions in the context of
patients with MS treated with natalizumab exhibit enhance-
ment in 30%–40% of cases.3 Together, clinical presentation,
radiologic findings, and presence of CSF JCV PCR DNA play
important roles in PML diagnosis, although tissue biopsy also
has a prominent and necessary role when other assessments
fails to confirm the diagnosis.

Our case report presented herein illustrates that in spite of
highly sensitive CSF assays for JCV DNA, such findings
cannot adequately counter against the diagnosis of PML,
particularly when a clinical syndrome in the setting of an
atypical CNS lesion remains suspicious. In situations such as
this, tissue biopsy is imperative and represents the gold
standard.

Treatment of natalizumab-associated PML is complex. Plas-
mapheresis is an option, but one needs to consider the effect
that the rapid removal of natalizumabmay have in accelerating
the development of the immune reconstitution inflammatory
syndrome (IRIS). This is especially important because the
clinical outcome can be worse with early PML-IRIS compared
with late PML-IRIS.11 Corticosteroids may be used for PML-
IRIS and have demonstrated benefit when used judiciously,
although no randomized control studies are available.

The patient experienced clinical worsening with increased
right sided weakness and dystonic tremor a few weeks after
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the biopsy. Postcontrast MRI performed at this time (27
weeks after symptom onset) showed nodular enhancement in
the right frontal and parietal subcortical white matter, left
frontal periventricular and precentral subcortical white

matter, and in the left dorsolateral pons in the region of the
left superior cerebellar peduncle (figure 3, small arrow heads).
Steroids were not used at this time because she had not tol-
erated them well on earlier administration. Instead, the

Figure 1 Chronological heat map

In this figure, we detail the condition of the patient over time. The longitudinal axis (left to right) depicts the condition of disease, where the smaller amplitude
and lighter color indicates greater stability of MS. Alternately, the expanded amplitude of the colored heat map (above and below the horizontal linear axis
over time) designates increased disease activity (whether on a clinical or paraclinical basis) or complications of the treatment of disease (e.g., PML). Four other
fields of information are added either above or below the heat map and include information about treatments, diagnoses, commentaries adding contextual
perspectives, and results from specific test assessments from each most relevant period of clinical decision-making. Each field is consistently color coded
throughout as defined in the figure legend. IRIS = immune reconstitution inflammatory syndrome; IVIG = IV immunoglobulin; JCV Ab = John Cunningham
Polyomavirus antibody; LFT = liver function test; PML = progressive multifocal leukoencephalopathy.

Figure 2 Evolution of the left thalamic lesion

In (A), an axial T2 fluid-attenuated in-
version recovery (FLAIR) image dem-
onstrates a new hyperintense lesion
localized to the left thalamus (red ar-
rows), with periventricular and juxta-
cortical lesions typical of MS. In (B), an
axial T1 postcontrast scan shows
hypointensity of the left thalamic lesion
without contrast enhancement. In
(C–G), we present axial FLAIR images
performed serially at 3, 7, 11, 16, and 20
weeks, respectively, after the inception
of the right upper extremity tremor.
Over this period, the lesion has slightly
increased in size, and in (F), the lesion
takes on a ring configuration with cen-
tral hypointensity (red arrows). This
lesion failed to exhibit any evidence of
contrast enhancement over the period
of surveillance imaging.
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patient was treated with 0.4 g/kg/d IV immunoglobulin for a
total of 5 days, after which she exhibited further improvement
in her symptoms.

Unfortunately, there are limited data in the literature re-
garding disease-modifying therapy (DMT) options in such
patients who have been diagnosed with natalizumab-
associated PML. However, one small case series suggests
that INF-β and GA, as well as dimethyl fumarate and fingo-
limod, seem to be safe in post-PML patients, although long-
term safety data are lacking.12,13 There are a few case reports
that describe utilization of rituximab in post-PML patients.14

In the case reported herein, there was significant concern that use
of an immunosuppressive DMTmight provoke recrudescence of
PML, thereby compromising neurologic recovery. As such, the
patient was started on immunomodulatory therapy, in spite of its
previous incomplete effectiveness for treating her MS. Specifi-
cally, IFN-β 1b was selected over daily subcutaneous GA because
of presumedmore rapid onset of actionwith IFN therapy and the
patient preference regarding tolerability with fewer injections.

The patient tolerated IFN-β 1b without side effects or ra-
diologic activity for 19 months. However, she then developed
a left parietal lobe T2 hyperintensity that demonstrated in-
complete peripheral Gd-enhancement, most compatible with
an active MS lesion. Repeat MRIs after 2 and 4 months
showed additional new enhancing lesions, although the pre-
viously identified left thalamic lesion and the subcortical white
matter changes extending from the left thalamus to prefrontal
cortex seemed less conspicuous. IFN-β neutralizing anti-
bodies were not detected.

Once clinical stabilization was achieved, attention then shifted
to the intensification of the patient’s MS DMT, with the goal

to use an agent with properties capable of achieving a durable
remission while also conferring a low risk of PML re-
crudescence. For these reasons, once-daily oral teriflunomide
was identified as an acceptable next step in the patient’s
treatment course (figure 1). This agent targets the bio-
synthetic enzyme, dihydro-orotate dehydrogenase, thereby
inhibiting the de novo pyrimidine synthesis pathway (prin-
cipally used by rapidly dividing cells such as T and
B lymphocytes and for virion replication).

To date, our patient has remained clinically and radiologically
stable for more than 2 years after the treatment transition to
teriflunomide. Despite the achievement of this period of re-
mission in our patient’s disease activity, careful and systematic
clinical and paraclinical surveillance investigations will be
imperative. Until evidence-based data sufficient to provide
treatment guidelines become available, the management of
MS after the development and survival of PML must be for-
mulated on a case-by-case basis.
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Case presentation
The patient is a right-handedWhite woman with relapsing-remittingMS diagnosed subsequent
to left acute optic neuritis (AON). She described a previous transient episode of severe,
electrical, and paroxysmal facial pain consistent with trigeminal neuralgia. Initial MRI dem-
onstrated supratentorial hyperintensities consistent with plaques of inflammatory de-
myelination. CSF analysis demonstrated oligoclonal bands that were not present in blood
samples.

The patient’s medical history was significant for multiple evanescent white dot syndrome
(MEWDS) in her left eye and a left hemianopic defect at baseline. MEWDS, typically affects
young women, is commonly unilateral and secondary to viral illness. Transient white dots are
observed at the level of the retinal pigmented epithelium and result in painless, sudden
monocular visual field loss localized to the central field.

The patient was adherent with azathioprine as an MS disease-modifying therapy (DMT), and
she remained neurologically stable for 8 years from her initial episode of AON until she
developed a second episode of painful left AON. Believed to represent breakthrough activity in
the patient’s MS, she was transitioned to a combination therapy regimen comprising weekly IM
interferon β-1a and mycophenolate mofetil (figure 1).

She remained stable for an additional 12 years until she developed a third episode of painful left
AON. Further investigations, including cell-based assay assessments for both aquaporin 4 and
antimyelin oligodendrocyte glycoprotein antibodies, were unrevealing. The patient’s DMT
regimen at this point was changed to fingolimod, with a clinical course complicated by herpes
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simplex 1 meningitis 3 months after initiation of this new
therapy and recovered after a course of IV acyclovir.

Fingolimod was continued for 12 months until she de-
veloped the abrupt onset of profound hearing loss on the
left. Investigations confirmed central hearing loss, with an
approximately 90 dB threshold on the left (figure 1). MRI
failed to exhibit any new or active lesions, and MR angi-
ographies of the carotid and vertebrobasilar circulations
were normal.

In the absence of any improvement in her hearing after the
administration of both IV and oral corticosteroids, we in-
tensified her therapy with punctuated cycles of plasma ex-
change (PLEX). These treatments resulted in an
improvement of 10–20 dB of hearing threshold after each
of 3 cycles of plasma exchange (each consisting of 5 full
volume exchanges), rescuing about 50 of the 90 dB
threshold derangement that characterized her left-sided
hearing loss (figure 1).

Given concern of auditory complications as a drug side
effect of fingolimod,1–4 it was discontinued. The patient
was started on weekly etanercept, an antitumor necrosis
factor (TNF) agent with audiologic protective effects.4

Specifically, TNF modulatory medications are beneficial in
treating severe neurosensory hearing loss,4 autoimmune
labyrinthitis, noise-related hearing loss, and in promoting

recovery after facial nerve injury.5 Alternately, TNF
blockers have been associated with the CNS and peripheral
nervous system demyelinating syndromes.6

In lieu of this risk that etanercept might precipitate an MS
exacerbation, we further intensified the patient’s MS DMT
with natalizumab. Given the patient’s positive John Cun-
ningham (JC) virus immunoglobulin G status, we decided
to administer every 8-week extended interval dosing (EID)
of natalizumab, given that evidence was emerging to
demonstrate that such a longer latency between treatments
was not associated with a compromise in clinical or para-
clinical measures of MS disease activity7 while simulta-
neously mitigating the risk of progressive multifocal
leukoencephalopathy (PML), when compared with stan-
dard interval dosing of every 4-week treatments.8,9 The
first infusion was strategically administered 1 week before
inception of etanercept treatment.

Ten months after the inception of EID of natalizumab, eta-
nercept, and cycles of PLEX, our patient noticed diminished
coordination and volitional control when attempting to use
her right arm, and 2 months henceforth, she developed dys-
arthric speech and intermittent falls.

Urgent examination demonstrated downbeat nystagmus and
saccadic dysmetria. Eccentric gaze holding to the right
revealed gaze-evoked nystagmus, consistent with a “leaky”

Figure 1 Chronological heat map

In this figure, we detail the condition of the patient over time. The longitudinal axis (left to right) depicts the condition of disease, where the smaller amplitude
and lighter color indicates greater stability of MS. Alternately, the expanded amplitude of the colored heat map (above and below the horizontal linear axis
over time) designates increased disease activity (whether on a clinical or paraclinical basis) or complications of the treatment of disease (e.g., PML). Four other
fields of information are added either above or below the heat map and include information about treatments, diagnoses, commentaries adding contextual
perspectives, and results from specific test assessments; including representative MRI images from each most relevant period of clinical decision-making,
Humphrey automated visual field analysis and pure tone audiometry hearing thresholds over time and in response to therapeutic interventions. Each field is
consistently color coded throughout as defined in the figure legend. IVIG = IV immunoglobulin; JCV = John Cunningham virus; MEWDS = multiple evanescent
white dot syndrome; PML = progressive multifocal leukoencephalopathy.
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neural integrator (implicating cerebellar flocculus dysfunc-
tion). Furthermore, we observed low-gain smooth pursuit eye
movements to the right and a reduced vestibulo-ocular reflex
suppression (VORS) on attempted head/eye combined
motion to the right in conjunction with a course tremor in the
right arm.

Brain MRI revealed many “punctate” enhancing lesions
spanning all 3 levels of the brainstem, albeit most significantly
affected was the right pons and the right cerebellum (figure 2).

Differential diagnosis
The constellation of punctate enhancements was reminiscent
of chronic lymphocytic inflammation with pontine peri-
vascular enhancement responsive to steroids (CLIPPERS).
We failed to detect the 68kd inner ear antigen antibody (also
known as heat shock protein 70); a potential etiology of inner
ear autoimmune disease. Given the administration of in-
tensive immune therapies, a diagnosis of PML was most likely
and was confirmed when CSF analysis revealed the presence
of 2180 JC virions/mL (figure 1).10–12

Final diagnosis
The patient was diagnosed with PML, and treatment was
aimed at first promoting an attenuated immune reconstitution
to avoid CNS damage from the immune reconstitution in-
flammatory syndrome (IRIS), then followed by the initiation
of a new MS DMT.

Natalizumab was discontinued and 3 courses of PLEX (at 1
full volume daily for a total of 3 days) were performed to
remove natalizumab. To reduce the risk of CNS IRIS, we
initiated 12 weeks of IV methylprednisolone dosed 1 g per
week, then followed by every other week infusions of meth-
ylprednisolone for 6 doses, and then monthly for 3 final
doses.13

After PLEX and corticosteroids, the patient demonstrated
improvement of her saccadic dysmetria, right arm coarse
tremor, VOR cancellation, down beating nystagmus, and
dysarthria. Notwithstanding improvements she exhibited
substantial neurologic deficits including dependency on a
cane and walker for ambulation. Seven months after corti-
costeroid therapy, JC virus was undetectable in both blood
and CSF (figure 1).

In June 2016, it was decided to commence MS DMT with
alemtuzumab, an anti-CD52 monoclonal antibody. After
cellular depletion, bone marrow mobilization of
B lymphocytes in large numbers occurs producing a discor-
dant B cell hyper-repopulation (generally within 3–6months)
with T cells approximating baseline levels at 12–24 months.
This period of B cell hyper-repopulation includes the pres-
ence of CD20+ T cells—exhibiting a proinflammatory phe-
notype, which has been hypothesized to promote B cell
antigen presentation in the absence of T cell help—a time
where B cells cannot differentiate between self and non–self-

Figure 2 Cataclysmic disease activity associated with PML is abolished with intensive immunotherapy

(A) T1-weighted postgadolinium MRI images performed on April 2014. (B) T2-weighted MRI images performed on April 2014. (C) T2-FLAIR MRI images
performed on July 2019 and revealing striking resolution of the disease processes previously active from PML, and potentially with some component of IRIS.
FLAIR = fluid-attenuated inversion recovery; IRIS = immune reconstitution inflammatory syndrome; PML = progressive multifocal leukoencephalopathy.
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epitopes; and which may be mechanistically germane to the
high incidence of secondary autoimmunity associated with
alemtuzumab DMT in MS.14

A recently published report theorized that a “Whack-A-Mole”
B cell depletion strategy involving the punctuated adminis-
tration of 100 mg of rituximab, temporally synchronized with
the return of B lymphocytes, may be capable of mitigating
secondary autoimmunity associated with alemtuzumab DMT
for MS by abolishing the discordant and precocious B cell
hyper-repopulation while also deleting CD20+ T cells.

Our patient received 1 course of alemtuzumab (5 consecutive
days of IV treatment). Furthermore, she was treated with the
“Whack-A-Mole” B cell depletion regimen with 100 mg of
rituximab when her CD19+ cells approximated 40%–50% of
baseline levels.14

One year after alemtuzumab therapy, our patient’s dysar-
thria resolved, and she recovered her ability to ambulate
independently. All of her cerebellar and brainstem signs
and symptoms disappeared. Likewise, marked improve-
ments on her brain MRI (figure 2) and near resolution of
her left eye hemianopic field defect was documented
(figure 3). Fifty-one months since the inception of alem-
tuzumab treatment, our patient exhibits “no evidence of
MS-related disease activity,” and she remains free of any
evidence of secondary autoimmunity.

Discussion
Our patient’s disease course was characterized by multiple
inflammatory exacerbations despite adherence to different
treatment strategies, including long periods of combination
therapy. While on fingolimod, she developed herpetic men-
ingitis and, about a year later, left-sided neurosensory hearing
loss. A broad diagnostic series of investigations for infectious,
vascular, inflammatory/demyelinating, neoplastic, paraneo-
plastic, and autoimmune disorders failed to elucidate an ex-
planation, other than an adverse manifestation of fingolimod.

The principal objectives for the aggressive interventions
characterized in our case report, were first aimed at achieving
remission of the disease process responsible for our patient’s
neurosensory hearing loss, followed by our attempt to pro-
mote recovery in her hearing on the left.

At the time of beginning the every 8-week dosing of natali-
zumab, there was already report of a cohort of patients with
MS treated with EID of natalizumab with no documented
cases of PML.8,15 Nevertheless, the previous utilization of
immune suppressive therapies in the context of etanercept
and steroid therapy—along with the coadministration of
natalizumab (even at 8-week dosing)—likely combined to
escalate the risk for the development of PML in our patient.

Our case highlights the importance of recognizing side effects
from common DMTs and the need for closely monitoring
patients undergoing transitions across immunotherapies. We
believe that the timely identification of PML, followed by
prompt intervention with PLEX and employment with one of
the AIDS-PML corticosteroid IRIS-dampening regimens in
those undergoing highly active antiretroviral therapy13 were
paramount to mitigating both our patient’s morbidity and

Figure 3 Serial pattern deviation plots from Humphrey
automated perimetry reveals recovery following
intensive immunotherapy

(A) Pattern deviation for automated Humphrey visual fields (HVFs) using the
30-2 test from July 1996. (B) Pattern deviation for automated HVF 30-2 from
January 2000. (C) Pattern deviation for automated HVF 30-2 from July 2016.
(D) Pattern deviation for automated HVF 30-2 from February 2020 demon-
strating striking resolution of the previously protracted visual field sup-
pression in a left homonymous hemianopic pattern.
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mortality. Furthermore, alemtuzumab therapy in conjunction
with our “Whack-A-Mole” B-cell depletion strategy14 was
used for purposes of promoting a durable remission and po-
tentially to obviate the development of alemtuzumab-
associated secondary autoimmunity.
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CORRECTION

Monitoring of radiologic disease activity by serum neurofilaments in
MS
Neurol Neuroimmunol Neuroinflamm 2021;8:e934. doi:10.1212/NXI.0000000000000934

In the article “Monitoring of radiologic disease activity by serum neurofilaments in MS” by
Uher et al.,1 the following sentence was omitted from the Study Funding statement: “The
project was also funded by International Mobility of Researchers at Charles University (reg. n.
CZ.02.2.69/0.0/0.0/16_027/0008495) supported by the Operational Programme Research,
Development and Education.” The authors regret the error.
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Identification of circulating MOG-specific B cells in patients with
MOG antibodies
Neurol Neuroimmunol Neuroinflamm 2021;8:e938. doi:10.1212/NXI.0000000000000938

In the article “Identification of circulating MOG-specific B cells in patients with MOG anti-
bodies” byWinklmeier et al.,1 there is an error in figure 1. The left Q3 panel in part D of figure 1
should read 56.2. The editorial staff regrets the error.
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CORRECTION

Acute disseminated encephalomyelitis after SARS-CoV-2 infection
Neurol Neuroimmunol Neuroinflamm 2021;8:e949. doi:10.1212/NXI.0000000000000949

In the Clinical/Scientific Note “Acute disseminated encephalomyelitis after SARS-CoV-2 in-
fection” by Novi et al.,1 there is an error in the opening paragraph. The first sentence should
read, “Acute disseminated encephalomyelitis (ADEM) is a rare autoimmune disease of the
CNS, that often develops after viral infections and mainly affecting children.” The publisher
regrets the error.
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