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EDITORIAL OPEN ACCESS

Can Systemic Anti-CD20 B Cell-Depleting
Antibodies Eliminate Meningeal Follicles in
Multiple Sclerosis?
Sasha Gupta, MD,* and Scott S. Zamvil, MD, PhD*

Neurol Neuroimmunol Neuroinflamm 2021;8:e1000. doi:10.1212/NXI.0000000000001000
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The dramatic success of systemic anti-CD20 monoclonal antibody (mAb) B cell depleting therapy
in the relapsing form of multiple sclerosis (MS) has highlighted the importance of B cells in MS
immunopathogenesis.1-3 This is believed to be due to B cells role as antigen-presenting cells2 and
their ability to produce proinflammatory cytokines.3 However, the impact of anti-CD20 mAb
therapy on preventing long-term disability in progressive forms of MS is modest.4 It has been
postulated that this relative lack of efficacy is because of the inadequate penetration by anti-CD20
mAb across the blood–brain barrier (BBB)5 into the CNS, where there is evidence of ongoing CNS
B cell activation.6 ThoseCNSB cells reside inmeningeal ectopic lymphoid follicles (mELT) and are
associated with subpial inflammation in patients with MS, particularly in secondary progressive MS
(SPMS), where they may contribute to progression and neurodegeneration.6,7 The effect of anti-
CD20 mAb therapy on mELT remains unknown, and there continues to be several unanswered
questions regarding its efficacy against the B cells within them.

Recently, 2 articles have been published in Neurology: Neuroimmunology & Neuroinflammation
addressing these questions. In this issue, Brand et al.8 examined whether anti-CD20 mAb
therapy could deplete B cells within mELT in a murine model of MS that develops spontaneous
chronic experimental autoimmune encephalomyelitis (EAE) with mELT found around the
spinal cord. In this study, the mice were treated with 2 different protocols: (1) prevention
(administration from weaning) and (2) treatment after onset of paralysis (clinical score ≥3). In
both protocols, anti-CD20 mAb therapy did not affect the clinical outcome or demyelination.
Anti-CD20 mAb therapy depleted systemic B cells and central B cells within mELT. Although
the cellular composition was reduced, mELT remained intact.

In the May 2021 issue, Roodselaar et al.9 evaluated the difference between 2 anti-CD20 mAb
therapies in a novel murine model of MS. They tested a traditional anti-CD20 mAb therapy
(rituximab), which they referred to as “type I” anti-CD20 mAb. In comparison, they tested an Fc-
engineered mAb that conferred greater antibody-dependent cellular cytotoxicity10 that they
referred to as “type II” anti-CD20 mAb. In their model, called delayed type hypersensitivity—
tertiary lymphoid-like structures (DTH-TLS), mice were immunized with myelin oligodendro-
cyte glycoprotein (MOG) p35-55 and complete Freund’s adjuvant (CFA), which contains
Mycobacterium tuberculosis (TB). Twelve days after immunization, heat-killed TB bacteria was
injected stereotactically into the piriform cortex. This paradigm resulted in the development of
clinically silent mELT that was associated with the presence of microglia followed by activated
astrocytes, along with lymphocyte infiltration in mELT. Demyelination was observed within the
lateral olfactory tract, adjacent to the site of injection. This model therefore shares histopathologic
features of SPMS. Forty days postinduction, mice were treated with either type I or II anti-CD20
mAb therapy. Both therapies resulted in peripheral B cell depletion, reduction in B and T cells
within mELT, and reduced size of mELT. Both were also associated with decreased microglial
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activation. Moreover, type II anti-CD20 mAb reduced astro-
cyte activation to a greater extent than type I anti-CD20 mAb
and was associated with less neuronal death. Of interest, MRI
with gadolinium (Gd) after anti-CD20 mAb therapy did not
show enhancement, implying a lack of BBB breakdown at the
time.

Although both research articles demonstrated depletion of
B cells within mELT with systemic anti-CD20 mAb therapy,
surprisingly they differed in the preservation of mELT. Differ-
ences between these 2 articles may be attributed to the mouse
models that were used. Although the DTH TLS model de-
scribed by Roodselaar et al. recapitulates the histopathology
observed in SPMS, it is artificial because it requires direct CNS
injury that results inCNS inflammation andmELT formation. In
the earlier relapsing phase of MS, there are areas of focal CNS
inflammation with BBB breakdown that corresponds to en-
hancing lesions on MRI. In SPMS, when the BBB is re-
established, there are fewer or no MRI CNS enhancing lesions.
Although Roodselaar et al. demonstrated that there was noMRI
enhancement, the MRI was conducted 60 days after anti-CD20
mAb administration. As the MRI was not performed at the time
of anti-CD20 mAb administration, it is unclear whether the anti-
CD20 mAb penetrated the CNS from residual BBB disruption
that resulted from the previous stereotactic injection. It is difficult
to the compare results from the DTH-TLS model to the
spontaneous EAEmodel used by Brand et al., which was created
by crossing MOG-specific T cell receptor transgenic mice with
MOG-specific B cell receptor knock-in mice. Systemic anti-
CD20 mAb treatment of spontaneous EAE did not result in
clinical benefit or decrease in size of mELT, despite reduction of
B cells within mELT. The reduction of meningeal B cells with
systemic anti-CD20 mAb therapy is consistent with previous
data in spontaneous EAE indicating some degree of anti-CD20
mAb penetration through an intact BBB.11 Overall, data from
these 2 research articles do not convincingly support systemic
administration of anti-CD20 for treatment of CNS B cells within
mELT.

One questions whether other approaches could be used to
selectively target CNS B cells in progressive MS. Two phase
1b clinical trials that tested intrathecal administration of rit-
uximab for progressive MS showed tolerability, but no clear
clinical benefit.5,12 Just as Roodselaar et al. tested type II anti-
CD20 mAb, it is possible that CNS targeting with more po-
tent B cell depleting antibodies may result in greater B cell
depletion and improved clinical outcomes. In the future, one
can also envisage targeting molecules expressed at the BBB
(e.g., selective adhesion molecules) or employing the trans-
ferrin receptor 1 to serve as a molecular shuttle to enhance

CNS penetration of B cell targeting therapies including anti-
CD20 mAb or Bruton tyrosine kinase inhibitors. Cell-based
therapies that target B cells may also have a role in the
treatment of progressive MS. In summary, the models used by
Roodselaar et al. and Brand et al. recapitulate certain features
of SPMS and also highlight the need to use multiple pro-
gressive MS models when evaluating CNS B cell targeting
approaches.
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In this issue of Neurology® Neuroimmunology & Neuroinflammation, Graus et al. have provided an
update to the 2004 paraneoplastic neurologic syndromes (PNS) diagnostic criteria.1,2 Cancer and
its remote effects in the body are not a new diagnostic entity. As early as the mid-1800s, Trousseau3

described recurrent thrombophlebitis in association with gastric carcinoma. Nonetheless, over the
past few decades, there has been increasing awareness of paraneoplastic syndromes, especially those
affecting the nervous system, underscoring the need for clear guidelines to ensure that diagnostic
nomenclature is used correctly in both the clinical and research settings.

The authors specifically and appropriately acknowledged confusion around commonly used ter-
minology and decided to move away from using the term “onconeural antibodies”—elimination of
this term helps clarify that not all neural autoantibodies are associated with malignancy. The panel
instead created 3 new risk categories to stratify autoantibodies and their associated syndromes
(high-risk, intermediate-risk, and low-risk phenotypes) which offer more precise terminology when
describing these conditions. In addition, these guidelines reinforce that a positive autoantibody
result is not a “stand-alone” diagnosis, but rather a piece of supportive data that must always be
interpreted in the correct clinical circumstance. The hope is that these guidelines provide improved
clinical context for clinicians and specify appropriate malignancy evaluation.

The panel developed a new clinical scoring system called the PNS-Care Score. This calculator
provides a level of diagnostic certainty in complicated clinical scenarios. Specifically, the PNS-Care
Score encompasses the clinical syndromes in the presence of specific neuronal antibodies and/or
cancer. The authors note that the criteria, by design, are rather specific and may underestimate the
occurrence of PNS cases. Particularly, the authors wanted to avoid “incidental” antibody associations
with commonly encounteredmalignancies, such as prostate cancer. This article also outlines updated
cancer screening recommendations. Previous recommendations suggested screening formalignancy
up to 4 years after the diagnosis of PNS.4 In this iteration, the authors recommend screening every
4–6 months for 2 years in patients with high-risk phenotypes/antibodies, with the caveat that the
guidelines must be adapted to the individual case. For example, if a woman of reproductive age
presents with a relapse of anti-N-methyl-D-aspartate receptor (NMDAR) encephalitis, further
screening measures to identify a potential ovarian teratoma are appropriate regardless of the
timeframe from the index diagnosis. Clinicians should also be aware of testing limitations (e.g., the
limited sensitivity of CT imaging for breast malignancy). The specific screening modality should
always be informed by the antibody/phenotype tumor association. Finally, the importance of
ensuring all patients follow age-appropriate cancer screening measures—in addition to any specific
monitoring dictated by the PNS phenotype—cannot be overemphasized in this population.

We commend the authors for taking a broad, comprehensive approach to these updated
criteria. Specifically, the comments on the laboratory technique are an important message for all
clinicians who order and interpret these assays. The interpretation of any autoantibody result
must be combined with a comprehensive clinical evaluation. Caution should be used when
interpreting an autoantibody that has low specificity for PNS, particularly when at low titers.5,6

Furthermore, the recent proliferation of assays of limited or unclear clinical significance can be
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confusing to distressed patients in search of a diagnosis, given
their limited sensitivity/specificity or appropriate validation.
In general, the most clinically relevant results are derived from
immunohistochemistry/immunofluorescence with confirma-
tory assays (i.e., immunoblot and cell-based assay).5 Often
clinicians and patients alike desire a single, simple test to
diagnose medical conditions, making it all the more urgent to
emphasize the danger of such an overly simplistic approach in
the diagnosis of autoimmune and paraneoplastic neurologic
conditions. It is unrealistic to expect that the results of neural
autoantibody testing in isolation can provide a comprehensive
understanding of this category of multisystem, immunologi-
cally complex diseases. Accurate diagnosis will always require
a thoughtful synthesis of all available clinical features, with
attention to the temporal and systemic context of symptoms,
along with objective ancillary evidence, including autoanti-
bodies, CSF abnormalities, and imaging abnormalities.

In this updated guideline, the authors address the effect on the
field of malignancy-directed immune-checkpoint inhibitor im-
munotherapy. The beneficial effect of these therapies in onco-
logical care has been remarkable, but these agents also have the
potential to cause neurologic side effects, including the induction
of PNS.7 The current PNS guidelines provide a diagnostic con-
struct to approaching this subset of PNS. The interplay of these
immunotherapies with PNS can be particularly challenging be-
causemany of the cancers that the immune-checkpoint inhibitors
target overlap with cancer types frequently involved in traditional
PNS, such as small-cell lung carcinomas. The authors have pro-
vided a framework for strategic management and future research,
including emphasizing the value of screening for neuronal anti-
bodies before initiating cancer immunotherapy.Most importantly,
they emphasize maintaining vigilance in patients treated with
immune-checkpoint inhibitor therapy because prompt recogni-
tion and treatment is imperative to achieve the best possible
outcomes.

Recognition of PNS has expanded dramatically over the past
few decades. Familiarity with these syndromes will facilitate
prompt recognition and treatment, and these updated di-
agnostic criteria serve to expedite the diagnostic process. In
particular, using unambiguous terminology along with
evidence-based risk stratification is imperative. Clinicians
must anchor a PNS diagnosis on objective clinical and labo-
ratory evidence to ensure optimal outcomes for patients while
also avoiding unnecessary treatments or interventions. The
scope of immune-mediated disorders continues to evolve,
especially regarding cancer immunotherapy-induced neuro-
logic autoimmunity and PNS. There have been few studies
investigating the diagnostic performance of the 2004 PNS
criteria, and this lack of investigation limits the ability to in-
terpret this latest iteration.8,9 Future studies need to examine
how these guidelines perform in clinical practice, but our hope

is that these updated recommendations will be easier to de-
ploy and subsequently study.
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Abstract
Objective
The clinical course of multiple sclerosis (MS) is variable and largely unpredictable pointing to
an urgent need for markers to monitor disease activity and progression. Recent evidence
revealed that tissue transglutaminase (TG2) is altered in patient-derived monocytes. We hy-
pothesize that blood cell–derived TG2 messenger RNA (mRNA) can potentially be used as
biomarker in patients with MS.

Methods
In peripheral blood mononuclear cells (PBMCs) from 151 healthy controls and 161 patients
withMS, TG2mRNAwas measured and correlated with clinical andMRI parameters of disease
activity (annualized relapse rate, gadolinium-enhanced lesions, and T2 lesion volume) and
disease progression (Expanded Disability Status Scale [EDSS], normalized brain volume, and
hypointense T1 lesion volume).

Results
PBMC-derived TG2 mRNA levels were significantly associated with disease progression,
i.e., worsening of the EDSS over 2 years of follow-up, normalized brain volume, and normalized
gray and white matter volume in the total MS patient group at baseline. Of these, in patients
with relapsing-remitting MS, TG2 expression was significantly associated with worsening of the
EDSS scores over 2 years of follow-up. In the patients with primary progressive (PP) MS, TG2
mRNA levels were significantly associated with EDSS, normalized brain volume, and nor-
malized gray and white matter volume at baseline. In addition, TG2 mRNA associated with T1
hypointense lesion volume in the patients with PP MS at baseline.

Conclusion
PBMC-derived TG2 mRNA levels hold promise as biomarker for disease progression in
patients with MS.

Classification of Evidence
This study provides Class II evidence that in patients with MS, PBMC-derived TG2 mRNA
levels are associated with disease progression.
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Multiple sclerosis (MS) is a chronic inflammatory, neuro-
degenerative disease of the CNS.1‐4 It is the most frequent
neurologic disease leading to permanent disability in young
adults. The severity and clinical course varies among patients
and is largely unpredictable.5,6 Nowadays, only few bio-
markers are clinically used of which the majority detect
conversion from clinically isolated syndrome to MS or re-
sponse to treatment.7 Moreover, most of them rely on CSF
collection, which is an invasive procedure. Neurofilament
light chain (NfL) is emerging as the most promising bio-
marker in MS. However, NfL correlates less accurately with
disease progression.8 Therefore, there is an unmet need for
blood-derived biomarkers that predict MS progression.

Tissue transglutaminase (TG2) is a Ca2+-dependent multi-
functional enzyme known for its protein cross-linking activity
involved in the apoptotic pathway9,10 and membrane
trafficking11,12 as well as involvement in cell adhesion pro-
cesses, including that of monocytes/macrophages.13 A role for
TG2 in the pathogenesis of several neurodegenerative disor-
ders, including Alzheimer disease, has been established.14 In a
previous study in a rat model of MS (chronic relapsing ex-
perimental autoimmune encephalomyelitis [EAE]), we ob-
served that inhibition of TG2 activity reduced monocyte
infiltration into the CNS as well as clinical symptoms.15

Moreover, in those rats as well as in human MS lesions, TG2-
positive macrophages were found.15,16 In addition, TG2 has
been proposed to contribute to encephalitogenic T-cell dif-
ferentiation in EAE.17 These findings suggest a role for blood-
derived leukocytes, which may enter the brain, contributing to
MS pathology.

The clinical implications of TG2 have already been de-
scribed for several human diseases. Indeed, TG2 can be used
as a biomarker for cervical dysplasia.18 Furthermore, anti-
TG2 antibodies are used as a serologic marker for Coeliac
disease’s diagnosis.19,20 Nevertheless, the potential applica-
tion of TG2 as a blood-derived biomarker in MS has not
been studied yet.

Hence, we aimed to assess whether peripheral blood mono-
nuclear cell (PBMC)-derived TG2 is altered in patients with
MS and whether TG2 messenger RNA (mRNA) associates
with disease activity and/or progression.

Methods
Subjects
From the MS Center Amsterdam (VU University Medical
Center), a total of 169 patients with MS were included from
the GeneMSA cohort in the years 2004 and 2005. Patients
were diagnosed with MS according to the McDonald Di-
agnostic Criteria21 and also further classified either as patients
with relapsing-remitting (RR; n = 111), secondary progressive
(SP; n = 36), or primary progressive (PP; n = 22) MS.22

Disability was scored at the baseline visit and after 2 years
using a numerical scale of the Expanded Disability Status Scale
(EDSS).23 The annualized relapse rate (ARR) was based on
the average number of relapses per year occurring between
baseline and 2-year follow-up. Inclusion criteria for patients
with MS were (1) age between 18 and 65 years; (2) EDSS
ranging between 0 and 7.5; (3) at MRI, all patients had been
relapse-free and steroid-free for at least 1 month, and (4) able
and willing to sign an informed consent form. In addition, a
total of 157 healthy control (HC) volunteers were included
(blood only). Inclusion criteria for HCs were (1) age between
18 and 65 years and (2) able and willing to sign an informed
consent form. Exclusion criteria were (1) a past history or
current diagnosis of any clinically relevant neurologic, onco-
logic, or autoimmune disease including MS and (2) being
related to a case or another control.

At baseline, in the RRMS group, 37% of the patients (n = 39)
were treated with disease-modifying drugs (DMDs; n = 9
glatiramer acetate; n = 29 interferon-β; n = 1 mitoxantrone).
In the SP MS group, 22.2% of the patients (n = 8) were
treated with DMD (n = 2 glatiramer acetate; n = 6 interferon-
β). In the PP MS group, 9.1% of the patients (n = 2) were
treated with DMD (n = 1 interferon-β; n = 1 methotrexate).

Standard Protocol Approvals, Registrations,
and Patient Consents
The study was approved by the local ethical committee.
Written informed consent was obtained from all participants.

Isolation of Primary Human Peripheral Blood
Mononuclear Cells
At the baseline visit, peripheral blood was drawn by veni-
puncture and collected into EDTA tubes (Becton Dickinson).
These were centrifuged within 4 hours after blood collection.

Glossary
3D = 3 dimensional; ARR = annualized relapse rate; cDNA = complementary DNA; DMD = disease-modifying drug; EAE =
experimental autoimmune encephalomyelitis; EDSS = Expanded Disability Status Scale; HC = healthy control; HPRT1 =
hypoxanthine phosphoribosyltransferase 1; IQR = interquartile range; mRNA = messenger RNA; MS = multiple sclerosis;
NBV = normalized total brain volume; NfL = neurofilament light chain; NGMV = normalized total gray matter volume;
NWMV = normalized white matter volume; PBMC = peripheral blood mononuclear cell; PD = proton density; POLR2F =
polymerase (RNA) II polypeptide F; PP = primary progressive; qPCR = quantitative real-time PCR; RR = relapsing-remitting;
SP = secondary progressive; T1LV = lesion volumes T1 hypointense lesion; T2LV = lesion volumes for T2 lesions; TE = echo
time; TG2 = tissue transglutaminase; TI = inversion time; TR = repetition time.
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PBMCs were isolated from the 169 patients with MS and 157
HCs by density centrifugation using Ficoll (Ficoll Isopaque
PLUS; GE Healthcare, Chicago, IL) and immediately stored
in liquid nitrogen until further processing. No differences
were reported regarding sample handling between MS and
HC groups.

mRNA Isolation and cDNA Synthesis
Total RNA was isolated from primary human PBMCs using
TRIzol Reagent (Invitrogen, Carlsbad, CA) according to the
manufacturer’s instructions. Total RNA was further purified
using the MicroElute RNA clean up kit (Omega Bio-Tek,
Norcross, GA). The RNA purity was assessed using the
NanoDrop 1000 (Thermo Scientific, Waltham, MA). The
quality ratios 260/280 and 260/230 were above 1.9 and 1.7,
respectively, for all samples included in the study. Total RNA
(200 ng/sample) was reverse transcribed into complementary
DNA (cDNA) using the High-Capacity cDNA Reverse
Transcription Kit (Applied Biosystems, Foster City, CA)
according to the manufacturer’s instructions.

Semiquantitative Real-Time PCR
For semiquantitative real-time PCR (qPCR), the Power SYBR
GreenMasterMix (AppliedBiosystems)was used. The following
primer sequences (Eurogentec, Maastricht, the Netherlands)
were used: TG2 forward 59-AGAGGAGCGGCAGGAGTATG-
39, TG2 reverse 59-AGGATCCCATCTTCAAACTGC-39,

HPRT1 forward 59-AGCCCTGGCGTCGTGATTAGT-39,
HPRT1 reverse 59-CGAGCAAGACGTTCAGTCCTGTCC-
39, POLR2F forward 59-GAACTCAAGGCCCGAAAG-39,
POLR2F reverse 59-TGATGATGAGCTCGTCCAC-3’. qPCR
was performed in LightCycler 480 Multiwell Plate 384 (Roche,
Basel, Switzerland) on a LightCycler 480 Real-Time PCRSystem
(Roche). The reaction mixture (10 μL) was composed of 1×
Power SYBR Green buffer (Applied Biosystems), 1.86 pmol of
each primer, and 5 ng cDNA. The thermal cycling conditions
were an initial 10 minutes at 95°C followed by 50 cycles of 15
seconds at 95°C and 1 minute at 60°C. The specificity of the
reaction was checked by melt curve analysis of the individual
qPCR reactions. The relative expression level of TG2 was de-
termined by the LinRegPCR software (version 2014.3; website:
hfrc.nl) using the following calculation N0 = Nq/ECq (N0 =
target quantity, Nq = fluorescence threshold value, E = mean
PCR efficiency per amplicon, and Cq = threshold cycle),24 after
which the value was normalized relative to the geometric mean of
the mRNA levels hypoxanthine phosphoribosyltransferase 1
(HPRT1) and polymerase (RNA) II polypeptide F (POLR2F).
HPRT1 and POLR2F were chosen as reference genes as being
most stably expressed based on the results of the GeNorm
software analysis (version 3.5) in which the stability of 6 different
human housekeeping genes (GAPDH, MRIP, POLR2F,
HPRT1, PGK1, and SDHA) was assessed in a random selection
of MS and HC subject samples.

Table 1 Demographic and Clinical Information of the Study Cohort

HC MS RR MS SPMS PPMS

N 151 161 103 36 22

Male/female 57/94 68/93 38/65 16/20 14/08

Age at BL, y, mean ± SD 41.9 ± 11.5 45 ± 10 42.7 ± 10 51.4 ± 7.2 51.6 ± 7.9

Disease duration at BL, y, mean ± SD NA 10.6 ± 7.5 8.7 ± 6.7 17.2 ± 7.1 9.1 ± 5.4

ARR (2 y), mean ± SD NA 0.10 ± 0.35 0.16 ± 0.43 0.014 ± 0.08 NA

EDSS at BL, mean (range) NA 3.9 (0–7.5) 3 (0–6.5) 5.6 (2–7.5) 5.1 (2–7.5)

EDSS at 24 mo, mean (range) NA 4.1 (1–8) 3.3 (1–6.5) 6.0 (3–8) 5.5 (1.5–8)

NBV at BL, mL, mean mL± SD NA 1,500 ± 98.4 1,151 ± 104 1,465 ± 88 1,500 ± 75.6

NGMV at BL, mL, mean ± SD NA 743 ± 60.8 754 ± 61.9 715 ± 54.4 730 ± 51.1

NWMV at BL, mL, mean ± SD NA 757 ± 50.4 757 ± 52.9 750 ± 52.4 769 ± 32.2

T2LV at BL, median (25–75 percentile) NA 3.4 (1.5–9.7) 3.56 (1.6–10.2) 3.8 (2.2–13.7) 2.03 (0.8–4.5)

T1LV at BL, median (25–75 percentile) NA 0.61 (0.1–2.9) 0.54 (0.1–2.6) 1.36 (0.4–5.7) 0.22 (0.1–1.6)

Relapse during 2-y follow-up (yes/no) NA 16/145 15/88 NA NA

Gd+ at BL (yes/no/unknown) NA 39/120/2 29/72/2 8/28/0 2/20/0

DMT at BL (untreated/treated)a NA 112/49 64/39 28/8 20/2

Abbreviations: ARR = annualized relapse rate; BL = baseline; DMT = disease-modifying treatment; EDSS = Expanded Disability Status Scale; Gd+ = gadolinium-
enhancing lesions; HC = healthy control; MS =wholeMS group; NA =not applicable; NBV = normalized brain volume; NGMV= normalized graymatter volume;
NWMV=normalizedwhitematter volume; RR = relapsing-remitting; SP = secondary progressive; PP = primary progressive; T1LV = T1 lesion volume; T2LV = T2
lesion volume.
a Treatment description to be found in the Methods section.
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MRI Acquisition and Analysis
Of the patients with MS, imaging was performed at the
baseline visit on a 1.5 T MRI scanner (Siemens Vision using
the standard circularly polarized head-coil) using a stan-
dardized and previously described protocol.25 The protocol
included 3-dimensional (3D) T1-weighted images (repeti-
tion time [TR]: 9.7–20.8 milliseconds; echo time [TE]: 2–4
milliseconds; inversion time [TI]: 300–400 milliseconds)
for brain volume measurements, consisting of 1.0 mm-thick
slices and a 1.0 × 1.0 mm2 in plane resolution. In addition,
dual echo proton density (PD)-T2-weighted images (TR:
2,000–4,000 milliseconds; TE: 14–20/80–108 millisec-
onds), with interleaved axial 3.0 mm-thick slices and an in
plane resolution of 1.0 × 1.0 mm2 and postcontrast T1-
weighted spin-echo images (TR: 467–650 milliseconds; TE:
8–17 milliseconds; axial 3.0 mm-thick slices with an in plane
resolution of 1.0 × 1.0 mm2) were obtained for lesion
quantification.

Two independent, trained, and experienced raters (em-
ployees of the former Image Analysis Center Amsterdam)
manually outlined T2 hyperintense lesions on the PD/T2
images and T1 hypointense lesions on the T1-weighted spin-
echo images. Subsequently, lesion volumes for T2 lesions
(T2LV) and T1 hypointense lesions (T1LV) were calculated.
The number of gadolinium-enhancing brain lesions on post-
contrast T1-weighted spin-echo images was scored.

Lesion filling was then applied to the 3D T1-weighted im-
ages to prevent an effect of hypointense lesions on brain
volumetry.26 Whole-brain volumes were than calculated
using SIENAX (part of FSL 5.0.4) and the recommended
settings for brain extraction.27 The whole-brain volume was
then normalized for differences in head size, resulting in
normalized total brain volume (NBV), normalized total gray
matter volume (NGMV), and normalized white matter
volume (NWMV) at baseline.

Statistical Analysis
According to the interquartile range (IQR) rule,28 6 HCs and 8
patients with RRMS were excluded from all the analysis based
on extreme TG2 mRNA levels (e.g., >1.5 IQR). To investigate
whether TG2 mRNA levels were altered in patients with MS,
linear regression analyses were performed with TG2 mRNA
levels as outcome and MS vs control as independent variable.
Besides, additional linear regression analyses were performed
with the different MS subgroups as a categorical independent
variable, in the model represented by dummy variables. Before
analysis, TG2 mRNA levels of all (sub)groups were evaluated
for normality by visual inspection. Because TG2 mRNA levels
were not normally distributed, the logarithmic transformation
of TG2 mRNA was used as dependent variable.

To investigate whether TG2 mRNA levels were related to
disease activity and/or progression, linear regression analyses
were used with TG2 mRNA levels as independent variable
and EDSS, relative change in EDSS over 2-year follow-up,
disease duration, NBV, NGMV, NWMV, T1LV, and T2LV as
outcome variables. In all linear regression analyses, an ad-
justment was made for sex and age.

Because of the non-normal distribution of T1LV, T2LV and
the relative change in EDSS, the linear regression analyses
were performed on the log transformed outcomes.

In additional sex- and age-adjusted linear regression analyses,
we also investigated either (1) the effect of DMDs on TG2
expression, (2) the differences in TG2 mRNA levels between
patients with active/inactive disease (based on presence/
absence of gadolinium enhancing lesions), (3) the differences
in TG2 mRNA levels regarding the presence/absence of re-
lapses during follow-up, or (4) the association between TG2
mRNA and ARR as additional independent variables. In those
4 analyses, the logarithmic transformation of TG2mRNAwas
used as a dependent variable.

Table 2 Linear Regression Analyses Comparing TG2 mRNA Levels Between Subject Groups

p Value Ratio

95% CI

Lower bound Upper bound

HC vs MS 0.274 0.91 0.78 1.07

HC vs RR 0.013 0.80 0.67 0.95

HC vs SP 0.320 1.14 0.88 1.49

HC vs PP 0.079 1.33 0.97 1.86

RR vs SP 0.011 1.43 1.08 1.88

RR vs PP 0.002 1.67 1.20 2.34

PP vs SP 0.411 0.85 0.59 1.25

Abbreviations: HC = healthy control; mRNA = messenger RNA; MS = whole MS group; RR = relapsing-remitting; SP = secondary progressive; PP = primary
progressive; ratio = Exp(B), exponentiation of the B coefficient; TG2 = tissue transglutaminase.
HC: M 0.41 (0.24–0.65); MS: M 0.37 (0.22–0.61); RR: M 0.35 (0.17–0.57); SP: M 0.43 (0.26–0.73); PP: M 0.46 (0.28–1.13). TG2 mRNA levels were not normally
distributed, and therefore, the natural logarithm was taken. TG2 mRNA distribution in the different groups is expressed as median (IQR).
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p < 0.05 was considered statistically significant. All the
analyses were performed using SPSS version 22.0 (IBM
Corp., Armonk, NY).

Data Availability
All the data are included in the article. Anonymized data can
be shared by request from any qualified investigator.

Results
TG2mRNA Levels in PBMCs of PatientsWithMS
A total of 151 HCs and 161 patients withMS were included in
the study. The demographic and clinical characteristics of
both groups are described in table 1.

First, we investigated the levels of TG2 mRNA in PBMCs
derived from patients with MS and HCs. The linear regression

analysis showed that TG2 mRNA levels were comparable be-
tween the 2 groups (median [IQR]: HC: 0.41 [0.24–0.65];
MS: 0.37 [0.22–0.61]; p = 0.274). In addition, RRMS patient-
derived PBMCs showed significantly lower levels of TG2
mRNA compared with that of HCs (median [IQR]: HC: 0.41
[0.24–0.65]; RR: 0.35 [0.17–0.57]; p = 0.013), whereas pa-
tients with PP MS tended to show higher TG2 mRNA levels
than HCs (median [IQR]: HC: 0.41 [0.24–0.65]; PP: 0.46
(0.28–1.13); p = 0.079). Of interest, patients with SP MS and
PP MS showed significantly higher TG2 mRNA levels com-
pared with patients with RR MS (median [IQR]: SP: 0.43
[0.26–0.73]; RR: 0.35 [0.17–0.57]; p = 0.011 and PP: 0.46
[0.28–1.13]; RR: 0.35 [0.17–0.57]; p = 0.002) (table 2).

Association of TG2 mRNA With Measures of
Disease Activity
Next, we determined whether PBMC-derived TG2 expres-
sion has any potential relevance as read out for disease activity.

Table 3 Association of TG2 With Measures of Disease Activity

Type

Median of relative TG2 mRNA

p Value Ratio

95% CI

Yes No Lower bound Upper bound

MS

Gd+ at BL 0.30 0.39 0.162 0.83 0.63 1.08

Relapse during follow-up 0.41 0.36 0.734 1.07 0.71 1.61

DMT at BL 0.35 0.38 0.643 0.94 0.73 1.21

RR

Gd+ at BL 0.25 0.38 0.080 0.75 0.55 1.03

Relapse during follow-up 0.39 0.33 0.647 1.10 0.72 1.69

DMT at BL 0.30 0.35 0.922 0.98 0.73 1.32

ARR p Value Std β Unstd B

95% CI

Lower bound Upper bound

Type

MS 0.596 0.044 0.174 −0.251 0.435

RR 0.489 0.073 0.176 −0.227 0.471

SP NA NA NA NA NA

PP NA NA NA NA NA

log(T2LV) p Value Std β Unstd B

95% CI

Lower bound Upper bound

Type

MS 0.979 −0.002 0.370 −0.742 0.722

RR 0.770 0.029 0.579 −0.980 1.320

SP 0.091 −0.327 0.875 −3.327 0.264

PP 0.071 0.434 0.559 −0.101 2.248

Abbreviations: ARR = annualized relapse rate; BL = baseline; DMT = disease-modifying treatment; Gd+ = gadolinium-enhancing lesions; mRNA = messenger
RNA; MS = whole MS group; NA = not applicable; PP = primary progressive; ratio = Exp(B), exponentiation of the B coefficient; RR = relapsing-remitting; SP =
secondary progressive; Std β = correlation coefficient; T2LV = T2 lesion volume; TG2 = tissue transglutaminase; Unstd B = unstandardized B coefficient.
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Table 4 Association of TG2 With Measures of Disease Progression

MS type

MS RR SP PP

Std β p Value
Unstd
B

CI (lower/
upper) Std β

p
Value

Unstd
B

CI (lower/
upper) Std β

p
Value

Unstd
B

CI (lower/
upper) Std β p Value

Unstd
B

CI (lower/
upper)

EDSS 0.260 <0.001*** 1.454 0.72/2.19 0.047 0.613 0.252 −0.733/
1.237

0.368 0.032* 1.555 0.144/2.966 0.478 0.029* 1.455 0.166/2.743

Log(rel. change EDSS
0–24 mo)

0.166 0.052 0.132 −0.001/
0.266

0.258 0.015* 0.28 0.056/0.505 −0.191 0.303 −0.075 −0.221/
0.072

0.039 0.873 0.02 −0.240/
0.279

NBV −0.180 0.015* −54.821 −98.69/
−10.95

−0.148 0.096 −60.572 −132.01/
10.868

−0.177 0.368 −50.611 −164.13/
62.91

−0.564 0.007** −87.132 −147.42/
−26.85

NGMV −0.148 0.033* −27.905 −53.47/
−2.34

0.122 0.159 −29.710 −71.29/
11.87

−0.049 0.797 −86.751 −77.18/
59.83

−0.427 0.022* −44.547 −82.03/
−7.06

NWMV −0.172 0.030* −26.916 −51.23/−2.6 −0.148 0.117 −30.862 −69.64/
−7.92

−0.246 0.212 −41.936 109.32/
25.44

−0.647 0.003** −42.585 −69.01/
−16.16

Log(T1LV) 0.048 0.543 0.394 −0.880/
1.667

0.009 0.925 0.096 −1.918/
2.110

−0.043 0.809 −0.341 −3.193/
2.510

0.476 0.046* 2.228 0.043/4.414

Abbreviations: EDSS = Expanded Disability Status Scale; MS = whole MS group; NA = not applicable; NBV = normalized brain volume; NGMV = normalized gray matter volume; NWMV = normalized white matter volume; PP =
primary progressive; rel. = relative; RR = relapsing-remitting; SP = secondary progressive; Std β = correlation coefficient; T1LV = T1 lesion volume; TG2 = tissue transglutaminase; Unstd B = unstandardized B coefficient.
*p < 0.05; **p < 0.01; ***p < 0.001.
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We observed no significant association between PBMC-
derived TG2mRNA levels and measures of disease activity. In
fact, TG2mRNA levels did not significantly associate with (1)
the presence or absence of gadolinium-enhanced lesions, (2)
presence of relapses during follow-up, (3) use of DMDs, and
(4) ARR either in patients with MS or any MS subtype. In
addition, no significant association was present between TG2
mRNA levels and T2LV (log (T2VL)) (table 3).

Association of TG2 mRNA With Measures of
Disease Progression
In addition to disease activity, we determined whether
PBMC-derived TG2 mRNA is potentially relevant as a read
out for disease progression (table 4). Indeed, TG2mRNAwas
associated with clinical disability, i.e., EDSS score at baseline
in overall patients with MS (std. β = 0.260; p < 0.0001)
(figure, A). Among these, TG2 mRNA levels associated with
EDSS scores at baseline particularly in patients with SP MS
(std β = 0.368; p = 0.032) and patients with PP MS (std β =
0.478; p = 0.029) (figure, G). Of interest, in overall patients
with MS and in particular in patients with RR MS, TG2
mRNA levels were associated with worsening of disability, as
measured by the change in EDSS score, over a 2-year follow-
up (log (EDSS): MS: std. β = 0.166; p = 0.052 and RR: β =
0.258; p = 0.015) (figure, B and F, respectively).

Furthermore, considering all patients with MS, a significant
association of TG2 mRNA with both NBV (std β = −0.180;
p = 0.015), NGMV (std. β = −0.148; p = 0.033), and
NWMV (std. β = −0.172; p = 0.030) at baseline was ob-
served (figure, C–E, respectively). Of these, in particular in
patients with PP MS, a significant association between TG2
mRNA levels and NBV (std β = −0.564; p = 0.007), NGMV
(std β = −0.427; p = 0.022), and NWMV (std β = −0.647;
p = 0.003) at baseline was observed (figure, H–J,
respectively).

Of interest, in PPMS patients also T1LV at baseline showed a
significant association with TG2 expression levels (log
(T1LV): std β = 0.476; p = 0.046) (figure, K).

Discussion
During the last decades, there has been an increasing interest in
TG2 as a potential prognostic marker or therapy target in
various human pathologies.29–31 Previous research has high-
lighted the possible role for TG2 in the pathogenesis of MS16,32

as well as in its animal model EAE.15,17,33 In search for potential
novel blood-derived biomarkers, this study reports on PBMC-
derived TG2 mRNA levels in patients with MS, and in its
clinical subtypes, in relation to markers of disease activity and
progression.

First, we found no difference in TG2 mRNA levels between
patients with MS as a group and HCs, probably due to high
variability in expression levels in the group of patients with
MS. Next, we observed that in PBMCs derived from patients

with RR MS, significantly lower levels of TG2 mRNA were
measured compared with HCs, whereas in PBMCs of patients
with SP MS and PP MS, more TG2 mRNA was found
compared with patients with RR MS. In a previous study, we
observed clear enhanced levels of TG2 mRNA in blood-
derived monocytes from patients with MS.34 The current
study presents a different TG2 expression pattern in MS
patient–derived PBMCs. Thus far, regulation of TG2 ex-
pression in the whole PBMC population has not been studied,
but it is known that TG2 expression is induced in monocytes
and macrophages by the anti-inflammatory cytokine in-
terleukin-434,35 and vitamins D and A.36 Lymphocytes, in
particular T cells, have also been described to produce
TG2.37,38 Thus, our data may indicate that TG2 expression
may be PBMC cell type, vitamin status, and inflammatory
factor dependently regulated. Nevertheless, PBMC-derived
TG2 mRNA levels do not differ between patients with MS
and HCs, and therefore, as such, it cannot clearly discriminate
between the 2 groups.

Regarding the association between TG2 and measures of dis-
ease activity (i.e., presence of a relapse, ARR, Gd+ lesions, and
T2 lesion volume), no significant associations were found,
suggesting that the presence of active disease in the CNS is not
associated with the level of TG2 mRNA in PBMCs. Moreover,
TG2 mRNA levels were not clearly associated with the use of
DMDs, which target inflammatory processes ongoing during
MS. Although TG2 expression has been shown to be regulated
by inflammatory mediators, we did not find such an effect in
our cohort of patients withMS. This can be due to the relatively
low number of patients with MS with active disease at baseline
when PBMCs were obtained.

In addition, association between TG2 expression and measures
for disease progression was evaluated. Of interest, we observed
that TG2 mRNA levels significantly associated with clinical and
radiologic measures of disease progression; In fact, TG2 ex-
pression showed significant association with patients disability
(EDSS) as well asNBV,NGMV, andNWMVat baseline in both
the total group of patients with MS among which in particular in
patients with PPMS. Furthermore, in patients with PPMS, TG2
mRNA was also significantly associated with T1LV. Together,
these data indicate that in particular in patients with PP MS,
PBMC-derived TG2 mRNA levels are associated with pro-
gression of the disease and axonal damage. Although the de-
scribed associations were detected cross-sectionally, TG2
mRNA also showed some potential to associate with disease
progression longitudinally; in fact, in the total group of patients
with MS and in particular in the RR MS subtype, TG2 mRNA
levels at baseline were associated with worsening of the clinical
symptoms (change in EDSS) over a 2-year follow-up. Longitu-
dinal correlations with disability progression that are largely
driven by the RR MS group should be interpreted with some
caution as changes in EDSS in the lower range occur rather easily
and may also reflect lack of recovery after possible relapses in
addition to more real disease progression. Lack of confirmation
of the longitudinal associations in the separate progressive
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patient groups may have to do with both limited follow-up du-
ration and possibly lack of power in the subgroups.

The goal of the present study was to perform an explorative
analysis, we there for decided to not perform any adjustment for
multiple testing. In a future validation study, this has to be taken
into account. Still, our data point to PBMC-derived TG2 mRNA

as biomarker for disease progression in patients withMS as group
and more specifically in the PP MS or RR MS subgroups of
patients with MS. Subsequent prospective, longitudinal studies in
patients with MS are required to evaluate individual PBMC-
derived TG2 mRNA levels over the course of the disease in
association with measures of disease activity and in particular,
disease progression. This may eventually result in a patient

Figure Association of TG2 With Measures of Disease Progression in Patients With MS and per Subtype of MS

Association of PBMCs-derived TG2 mRNA levels with (A) Expanded Disability Status Scale (EDSS); (B) relative change of EDSS over 2 years follow-up; (C)
normalized brain volume (NBV); (D) normalized gray matter volume (NGMV), and (E) normalized white matter volume (NWMV) in patients with MS. Asso-
ciation of PBMC-derived TG2mRNA levels with (F) relative change of EDSS over 2-year follow-up in patients with RRMS (LogRelative Change EDSS). Association
of PBMC-derived TG2 mRNA levels with (G) EDSS; (H) NBV; (I) NGMV; (J) NWMV; and (K) T1 lesions volume (T1LV) (LogT1LV). Linear regression analysis was
performed controlling for sex and age. mRNA = messenger RNA; PBMC = peripheral blood mononuclear cell; TG2 = tissue transglutaminase.
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predictive blood-derived biomarker for disease progression in
patients with MS for which there is an unmet need. Moreover,
biomarkers reliably measuring disease progression in MS are im-
portant to make timely decisions on treatment and early switches
if needed. If confirmed, these biomarkersmay potentially be useful
to monitor progression both in trials testing new neuroprotective
agents as well as in daily practice, e.g., monitoring progressive
patients on therapies like ocrelizumab and siponimod.

To date, many of the proposed candidate biomarkers for MS
disease activity and progression are measured in the CSF,
which can only be collected through an invasive procedure,
thus making a CSF-derived biomarker less patient friendly
compared with a blood-derived marker, especially if repeated
measurements are indicated. There is an urgent need for bio-
markers that can predict and monitor long-term disease pro-
gression and reflect ongoing axonal damage specifically in
progressive patients. Thus far, NfL seems to bemost promising
as a marker of MS disease activity and response to DMDs39–42

being also validated in serum samples.43,44 Although some re-
cent articles also suggest correlations with disease progression
in MS,8,43 this has to be confirmed. In addition, serum level of
glial fibrillary acidic protein has been proposed as biomarker for
disease severity in patients with PP MS,45 however, no asso-
ciation with MRI parameters was found.45

In conclusion, the novel findings reported in this study in-
dicate that PBMCs-derived TG2 mRNA levels associate with
clinical and radiologic measurements of MS disease pro-
gression and therefore hold promise as biomarker for disease
progression in MS and especially in patients with PP MS.
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Abstract
Objective
Based on animal models and human studies, there is now strong suspicion that host/microbiota
mutualism in the context of gut microbial dysbiosis could influence immunity and multiple
sclerosis (MS) evolution. Our goal was to seek evidence of deregulated microbiota-induced
systemic immune responses in patients with MS.

Methods
We investigated gut and systemic commensal-specific antibody responses in healthy controls
(n = 32), patients with relapsing-remitting MS (n = 30), and individuals with clinically isolated
syndromes (CISs) (n = 15). Gutmicrobiota composition and diversity were compared between
controls and patients by analysis of 16S ribosomal ribonucleic acid (rRNA) sequencing. Au-
tologous microbiota and cultivable bacterial strains were used in bacterial flow cytometry assays
to quantify autologous serum IgG and secretory IgA responses to microbiota. IgG-bound
bacteria were sorted by flow cytometry and identified using 16S rRNA sequencing.

Results
We show that commensal-specific gut IgA responses are drastically reduced in patients with
severe MS, disease severity being correlated with the IgA-coated fecal microbiota fraction (r =
−0.647, p < 0.0001). At the same time, IgA-unbound bacteria elicit qualitatively broad and
quantitatively increased serum IgG responses in patients with MS and CIS compared with
controls (4.1% and 2.5% vs 1.9%, respectively, p < 0.001).

Conclusions
Gut and systemic microbiota/immune homeostasis are perturbed in MS. Our results argue that
defective IgA responses in MS are linked to a breakdown of systemic tolerance to gut micro-
biota leading to an enhanced triggering of systemic IgG immunity against gut commensals
occurring early in MS.
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Over the years, many microbes have been proposed as potential
multiple sclerosis (MS) triggers, but firm evidence for causality
has never been provided. A seminal murine study, however,
exploiting germ-free mice engineered to develop spontaneous
experimental autoimmune encephalomyelitis (EAE) suggested
that commensal gut bacteria contribute to the disease process.1

Microbiota transfer from patients with MS into mice was then
shown to induce and/or exacerbate symptoms, using the same
spontaneous model,1 or a more classic model in which EAE is
actively induced following colonization.2

In patients with MS, increased fecal abundances of Akker-
mansia, Blautia, Ruminococcus, and Bifidobacterium genera
have been described, whereas Faecalibacterium, Para-
bacteroides, Prevotella, and Lactobacilluswould have a relatively
low abundance compared with healthy controls.345 Most
studies supported, based on in vitro assays and murine
models, that MSmicrobiota composition affects host immune
responses, driving an impaired T-cell differentiation to CD25+

FoxP3+ regulatory T cells and inclined differentiation toward
proinflammatory Th1 and Th17 cells,2,6 or proinflammatory
changes in monocytes.5 The effect of immunomodulatory
(IMD) therapy was examined in multiple studies, indicating
that treatment might normalize the abundance of some mi-
crobial taxa such as Prevotella and Sutterella,5 yet affect other
microbial taxa such as Methanobrevibacter,5,7,8 Akkermansia
muciniphila,5,7 Roseburia, and Clostridium cluster IV.8,9 We
hypothesized that such gut microbiota alterations may affect
host humoral responses.

Original events leading to a breakdown of tolerance and gen-
eration of autoimmune response are still poorly understood in
MS. The molecular mimicry theory argues in favor of homolo-
gies between microbial components and human proteins likely
taking part in the development of systemic and/or CNS auto-
immune diseases. Both commensal and pathogenic strains could
lead to autoimmune responses through molecular mimicry. In
neuromyelitis optica, patients develop autoantibodies against
aquaporin 4, the predominant astrocyte water channel, which
cross-react with an adenosine triphosphate-binding cassette
transporter of Clostridium perfringens.10,11 Likewise, Guillain-
Barré syndrome (GBS) has been associated with Campylobacter
jejuni, a leading agent of bacterial gastroenteritis.12 GBS patho-
genesis would be related in some instances to the induction of
antibodies cross-reacting with C. jejuni surface polysaccharides
and similar human myelin-associated ganglioside structures.13

However, systemic immune responses to autologous microbiota
were never extensively explored in patients with MS.

Here, we investigated gut and systemic antibody anti-
microbiota responses in patients with MS. We report that
intestinal IgA interacts with a reduced proportion of com-
mensal bacteria in patients with severe MS. Aberrant anti-
microbiota IgG responses, associated with symptoms of
bacterial translocation, are also observed.

Methods
Patients
In the present study, 18 patients with clinically isolated syn-
dromes (CISs) (feces and serum were together available for
only 12 of them), 32 patients with relapsing-remitting (RR)-
MS, and 30 age- and sex-matched healthy individuals have
been enrolled. Patients with CIS and RR-MS were recruited
either at the Fondation Ophtalmologique Adolphe de
Rothschild (Paris, France) or at the Department of Neurology
of Pitié-Salpêtrière Hospital (Paris, France). Patients with RR-
MS fulfilled McDonald diagnostic criteria for MS.14 Patient
disability was assessed using the Expanded Disability Status
Scale (EDSS),15 which ranges from 0 (no disability) to 10
(death), with 0.5 unit increments. EDSS of included patients
ranged between 0 and 6.5. CIS was defined as a first CNS
inflammatory event that lasts at least 24 hours.16,17 IMD
treatments including glatiramer acetate and IFN-β were
reported in the table. Blood and stool collection occurred
before steroid therapy in patients with CIS and RR-MS. The
inclusion criteria specified no use of corticosteroids, antibi-
otics, or laxative drugs in the last 3 months prior the study.
Detailed patient information is summarized in the table. Fresh
stool and blood samples were collected simultaneously at a
single time point.

Stool Processing, Microbiota Purification,
and Processing
Stool samples were collected in a container including a reagent
for the generation of an O2-depleted and CO2-enriched at-
mosphere (Anaerocult band, Mikrobiologie), aliquoted in an
anaerobic atmosphere, and stored at−80°C. Fecal bacteria were
purified by gradient purification as previously described.18,19

Bacterial extracts were suspended in 1xPBS (phosphate buffer
saline)–10% glycerol, immediately frozen in liquid nitrogen,
and then stored at −80°C. Genomic DNA was extracted from
whole stool samples as previously described.20 Briefly, 200 mg
of fecal sample was lysed chemically (guanidine thiocyanate
and N-lauroyl sarcosine) and mechanically (glass beads) fol-
lowed by elimination of cell debris by centrifugation and pre-
cipitation of genomic DNA. Finally, genomic DNA was RNase

Glossary
CFU = colony-forming unit; CIS = clinically isolated syndrome; EAE = experimental autoimmune encephalomyelitis; EDSS =
Extended Disability Status Scale; EI = enrichment index;GBS = Guillain-Barré syndrome; IMD = immunomodulatory;MBP =
myelin basic protein; MS = multiple sclerosis; OTU = operational taxonomic unit; PBS = phosphate buffer saline; PCR =
polymerase chain reaction; rRNA = ribosomal ribonucleic acid; RR = relapsing-remitting; TNF = tumor necrosis factor.
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treated. DNA concentration was estimated by Nanodrop
(Thermo Scientific).

Bacterial Strains and Culture Conditions
Prevotella oris and Fusobacterium nucleatum were isolated from
human samples and identified by matrix-assisted laser desorption
ionization–time of flight mass spectrometry (Microbiology De-
partment, Pitié-Salpêtrière Hospital, Paris). Both bacterial strains
were cultured on sheep red blood agar plates at 37°C under
anaerobic conditions for 48 hours. Ruminococcus obeum (VPI B3-
21), Bacteroides caccae (VPI 3452A), Bifidobacterium longum
(E194v variant A), and Akkermansia muciniphila (DSM-22959)
were characterized at the Institut National de Recherche Agron-
omique (Jouy-en-Josas, France). A muciniphila was cultured in
L-YHBHI.4 medium (Liquid-Yeast extract Hemin Brain Heart
Infusion) with mucin, whereas R obeum was cultured in PYG
medium (peptone–yeast extract–dextrose) at 37°C under anaer-
obic conditions. Bacterial cultures were suspended in 1xPBS–10%
glycerol (109 colony-forming units [CFUs]/mL) and frozen at
−80°C. Quantification of CFUs was performed by adding
counting beads (Beckman Coulter) to bacterial suspensions and
then analyzed by flow cytometry (FACSCanto II, BD).

Bacterial Flow Cytometry
Systemic IgG and secretory IgA binding to microbiota was
assessed by bacterial flow cytometry as previously described.21

Briefly, thawed microbiota or bacterial strains (107 bacteria/
conditions) were fixed in a solution of 4% paraformaldehyde and
stained with Cell Proliferation Dye eFluor 450 (eBioscience).
After washing with 1xPBS (10 minutes, 4,000g, 4°C), cells were
suspended in 1xPBS, 2% bovine serum albumin (Sigma), and
0.02% sodium azide (Sigma) and incubated in a 96-V bottom
well plate with a 10 μg/mL IgG solution (from either human
serum or pooled human IgG Hizentra–CSL Behring France or
human anti-tumor necrosis factor (TNF) Remicade–MSD
France) per condition. All buffers were passed through sterile
0.22-μm filters before use. After washing, secondary conjugated
antibodies (goat anti-human IgA-FITC and goat anti-human
IgG-A647) or isotype controls (both from Jackson ImmunoR-
esearch Laboratories, West Grove) were added for 20 minutes at
4°C. Then, bacteria were suspended in sterile PBS. Thirty
thousand bacterial events were acquired on a FACSCanto II flow
cytometer (Becton Dickinson). Analysis was performed with
FlowJo software (Treestar). Frequencies of Ig-bound microbiota
were expressed as percentages, median, minimum, andmaximum
values throughout the article. Medians of fluorescence were used
to measure IgG-binding levels for pure bacterial strains.

16S Ribosomal RNA Phylogenetic Analysis of
Total Gut Microbiota and IgG-Coated Fractions
Purified microbiota (108/condition) was washed in 1xPBS
and stained with secondary conjugated antibodies (goat anti-
human IgA-FITC and goat anti-human IgG-A647) or isotype
controls (both from Jackson ImmunoResearch Laboratories,
West Grove). After washing, sorting was performed using a
microbiota-dedicated single laser S3 cell sorter (Bio-Rad
Laboratories, CA). 105 bacteria per fraction was collected in
1xPBS, centrifuged, and immediately stored as dry pellets at
−80°C. Purity for both fractions was systematically verified
after sorting. DNA was extracted, and the V3–V4 region of
the 16S ribosomal ribonucleic acid (rRNA) gene was ampli-
fied by seminested polymerase chain reaction (PCR). Primers
V3fwd (+357): 59 TACGGRAGGCAGCAG 39 and V4rev
(+857): 59 ATCTTACCAGGGTATCTAATCCT 39 were
used during the first round of PCR (10 cycles). Primers
V3fwd and X926_Rev (+926) 59 CCGTCAATTCMTT-
TRAGT 39 were used in the second PCR round (40 cycles).
PCR amplicon libraries were sequenced using a MiSeq Illu-
mina platform (Genotoul, Toulouse, France). The resulting
sequences from whole microbiota were analyzed using the
open source software package Quantitative Insights Into
Microbial Ecology22 as previously described.23 Demultiplexed
reads from IgG-coated bacteria were processed using MG-
RAST analysis pipeline. Sequencing artifacts, host DNA
contamination, and sequences less than 200 bp in length were
removed. Insufficient quality reads were discarded (<5% of
total reads). Sequences were then clustered into operational
taxonomic units (OTUs) with a 97% homology using
Greengenes database. OTUs containing only a single se-
quence were discarded. OTUs detected at >0.1% relative

Table Demographic and Clinical Features of the Cohort

Healthy
donors RR-MS CIS-MS

Sex (H/F) 12/20 11/19 5/13

BMI 21.8
(18.7–31.9)

22.6
(16.4–32.7)

22.9
(18.4–39.1)

Age 32.9
(23.6–61.3)

38.4
(18.9–60.6)

31.8
(18.1–54.8)

Age at onset NA 29.8
(12.3–53.2)

31.5
(18–54.7)

Duration of the
disease

NA 7 (0.5–26) NA

EDSS score

<3 NA 18 14

3–5 NA 10 4

>5 NA 2 0

Treatment

IFN-β 0 8 NA

Glatiramer
acetate

0 6 NA

Mitoxantrone 0 1 NA

Solumedrol 0 1 NA

Natalizumab 0 1 NA

w/o (or ND) 10 (3) NA

Abbreviations: BMI = bodymass index; IFN = interferon; NA = not applicable;
w/o = without.
Numbers for ages and duration of the disease refer to years.
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abundance in at least 2 samples were finally conserved. This
process reduced the total OTU count from 297 down to 102.
OTU table was rarefied to the minimum sample’s depth
(18,727 reads). Shannon index was calculated according to
the following equation: Shannon index = −Σpiln(pi) where pi is
the relative abundance of the ith OTU in the data set. In
calculating the enrichment index (EI), we scored a pseudo-
relative abundance equal to 0.0001, which was the lower limit
of detection, if a taxon was not detected in a given fraction.
IgA−IgG+ EI refers to:

log10

�
IgA − IgG+ taxon abundance
IgA − IgG− taxon abundance

�

and IgA+IgG+ EI to log10

�
IgA + IgG+ taxon abundance
IgA − IgG− taxon abundance

�
.

Statistical Analysis
Statistical analysis was performed using Graphpad Prism v6.
The Wilcoxon paired rank test was used when comparing
paired groups, whereas the Mann-Whitney test was used
when comparing 2 independent groups. For multiple com-
parisons, the Kruskall-Wallis test with post hoc Dunn test was
conducted. Significant p values are indicated on plots (*p <
0.05; **p < 0.01; ***<0.001).

Standard Protocol Approvals, Registrations,
and Patient Consents
The study had been approved by the local ethics committee of
Pitié-Salpêtrière Hospital (CPP Ile de France VI). A prior
written consent was obtained from all the patients and con-
trols before inclusion in the study.

Data Availability
All relevant data are available within the article. Anonymized
data are available and will be shared on request from any
qualified investigator.

Results
Collapsed IgA Interactions With Fecal
Microbiota in Patients With Severe MS
We postulated that not only microbiota composition345 but
also the immune/microbiota interface could be perturbed in
MS. We first compared IgA-bound fecal microbiota levels in
healthy donors and patients with MS. In accordance with
previous studies,19 we observed in the control group used for
the present study that IgA binds a median percentage of 7.6%
(0.8%–18.8%, n = 30) of the whole fecal microbiota (figure 1, A
and B). The proportion of IgA-bound fecal microbiota is not
significantly decreased in patients with MS (median [min–
max]%; 5.1 [0.2–27.2]%; n = 32, figure 1, A and B) compared
with controls (p = 0.33). We then evaluated whether the IgA/
microbiota interface could be more perturbed in severely af-
fected patients. Disease severity at the time of serum and
microbiota sampling was evaluated using the Extended Dis-
ability Status Scale (EDSS).24 We observed that disabled

patients with RR-MS (EDSS score >4) had significantly reduced
proportions of IgA-bound fecal bacteria compared with patients
with RR-MS without disability (EDSS score <2) (1.02
[0.24–6.02]% vs 12.3 [1.49–27.23]% respectively, p < 0.001,
figure 1, C). Strikingly, disease severity is inversely correlated with
the IgA-coated fecalmicrobiota fraction at the individual level (r=
−0.647, p < 0.0001; figure 1, D). Because the majority of severe
patients were on immunosuppressive treatment, we sought to
explore whether IMD therapies might alter IgA responses. We
found no difference in IgA-coated proportions of fecal microbiota
between untreated and treated patients (figure e-1, A, links.lww.
com/NXI/A468). Moreover, interferon- and glatiramer-treated
patients exhibited similar IgA-bound fecal microbiota levels
compared with untreated patients with MS (figure e-1, A, links.
lww.com/NXI/A468). These results argue for a defective survey
of the gut microbiota by IgA in disabled patients with MS.

MS-Associated Gut Microbiota Dysbiosis
We reasoned that defective IgA responses in disabled patients
with MS might be related to differences in gut microbiota
composition. We therefore performed 16S rRNA sequencing
and identified bacterial taxa at the genus level. We first examined
the microbial diversity by calculating the Shannon index. We
found that alpha-diversity, i.e.,: the number of different species
within a sample, was not different between healthy donors and
patients with MS (median [min–max]; 0.51 [0.30–0.59] vs 0.53
[0.39–0.61]; p = 0.19, figure e-2, A, links.lww.com/NXI/A469).
However, neither disease severity nor treatments appeared to
affect bacterial diversity (figure e-2, A, links.lww.com/NXI/
A469). We next investigated the frequency of prevalent genera
(>1% in any sample group). Consistent with previous findings,8

the relative abundance of Clostridium cluster IV was increased in
patients withMS compared with healthy donors (5.1 × 10−3 [5.4
× 10−4–0.03] vs 0.02 [1.5 × 10−3 × 0.11]; p = 0.02, figure e-2, B,
links.lww.com/NXI/A469). This difference was mainly driven
by a drastic increase ofClostridium cluster IV in disabled patients
(0.022 [3.1 × 10−3–0.11] in patients with EDSS score >2, p =
0.0011; figure e-2, C, links.lww.com/NXI/A469). As previously
described,5 we found that Prevotella tended to be un-
derrepresented in patients with MS (1.5 × 10−3 [0–0.36] vs 0.04
[0–0.6]; p = 0.09, figure e-2, B, links.lww.com/NXI/A469). We
also observed a decrease in the genus Coprococcus (0.01 [2 ×
10−4–0.07] vs 0.017 [0–0.08]; p = 0.12, figure e-2, A, links.lww.
com/NXI/A469). In both cases, these alterations tended to be
more profound in severe cases (figure e-2, C, links.lww.com/
NXI/A469). Previous reports described effects of IMD therapies
on gut microbiota composition.5,8,9 We therefore compared
most prevalent genera in untreated, interferon-, and glatiramer-
treated patients and healthy donors. Although unclassified Clos-
tridiales tended to be increased in interferon-treated patients
(0.08 [1.7 × 10−4–0.14] vs 0.009 [9.3 × 10−5–0.06] in healthy
donors; p = 0.06, figure e-3, links.lww.com/NXI/A470), we did
not observe statistically significant differences between groups,
which is likely explained by the limited number of patients in
each subgroup. Taken together, these results indicate subtle
differences in the gutmicrobial communities in patients withMS
that might modulate gut IgA responses.
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Exacerbated Antimicrobiota IgG Response in
Patients With MS
We then postulated that the perturbed gut IgA/microbiota in-
terface observed above could translate into abnormal systemic
anticommensal immune responses in patients. Indeed, the hu-
moral response to microbiota is not gut confined, as high anti-
commensal IgGs are detected in healthy donor’s serum.23,25,26

We used a previously described flow cytometric assay21 to con-
comitantly detect secretory IgA and serum IgG binding to au-
tologous fecal microbiota (figure 2, A). Of note, IgG is about 5
times more abundant in serum than IgA; consequently, this
protocol allows us to detect serum IgG, but not serum IgA
binding to fecal microbiota, as shown in figure e-4, A, links.lww.
com/NXI/A471. Moreover, IgG is not transferred in the gut
lumen leading to a negligible IgG-bound bacteria fraction in
human feces (figure e-4, B, links.lww.com/NXI/A471).23 Alto-
gether, this assay measured specifically secretory IgA prebound
locally in the gut and serum IgG binding without interference of
serum IgA, nor intestinal IgG. We found both quantitative and
qualitative antimicrobiota IgG alterations in patients with MS
regardless of disease severity. As shown, MS serum IgG interacts
with a broader proportion of fecal microbiota compared with
controls (6.7 [0.5–17.1]%, n = 32 vs 1.1 [0.2–3.2]%, n = 30, p <
0.0001, figure 2, B).

To investigate whether IgG binding to fecal bacteria is rather
Fc or Fab dependent, we tested the reactivity of an irrelevant

human IgG (chimeric anti-human TNF) against MS fecal
microbiota. As shown, irrelevant human IgG binding to MS
microbiota is significantly reduced compared with autologous
serum IgG (0.6 [0–2.2]% vs 6.7 [0.5–17.1]%, p < 0.0001,
figure 2, C), indicating that serum IgG targets fecal microbiota
in a mostly Fab-mediated manner.

We then askedwhether disease duration or treatments could skew
antimicrobiota IgG response. As shown, recently diagnosed and
untreated patients with CIS also exhibit an enhanced anti-
microbiota IgG response comparedwith controls (5.5 [3.4–8.4]%,
n = 12 vs 1.1 [0.2–3.2]%, n = 30, p < 0.0001, figure 2, B). Finally,
IgG+ proportions of autologous microbiota did not significantly
differ between treated and untreated patients with RR-MS (7.2
[0.5–17.1]% n = 16 vs untreated patients 5.4 [0.5–8.5]% n = 10, p
= 0.41, figure e-1, B, links.lww.com/NXI/A468). Taken together,
these data reveal an enhanced triggering of systemic IgG immunity
against gut microbiota occurring early in MS.

Loss of Antimicrobiota IgA/IgG Convergence
in MS
We previously observed that serum antimicrobiota IgG con-
verges with secretory IgA to target the same bacterial cells in
healthy individuals.23 As expected, serum IgG exclusively
colabels secretory IgA-bound fecal bacteria in healthy donors,23

but preferentially targets IgA-unbound bacteria in patients with
MS (1.9% [0.2–6.9] in healthy donors (n = 30) vs 4.1%

Figure 1 IgA-Coated Bacteria Are Reduced in Patients With Severe MS

(A) Representative Flow Cytometry Dot Plot Showing Endogenous Secretory IgA Coating on Indicated Fractions of Fecal Microbiota From aHealthy Donor or a
PatientWith RR-MS (B) Flow cytometry analysis of the fraction of fecalmicrobiota bound by secretory IgA in healthy donors (n = 32) and patients with RR-MS (n
= 32). Median values are indicated, and groups were compared with a nonparametric Mann-Whitney test (ns, not significant). (C) Flow cytometry analysis of
the fraction of fecal microbiota bound by secretory IgA in healthy donors (n = 32) and patients with RR-MS classified according to disease severity, measured
by the EDSS. Median values are indicated. Error bars represent minimum and maximum values. p Values were calculated using the nonparametric Mann-
Whitney test (*p < 0.05; ***p < 0.001). (D) Disease severity evaluated by the EDSS correlatedwith the percentage of secretory IgA-boundmicrobiota in patients
with MS-RR. Spearman coefficient (r) and p values are indicated. MS = multiple sclerosis; RR = relapsing-remitting.
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Figure 2 Enhanced IgG Antimicrobiota Response in Patients With MS

(A) Procedure (top) and representative flow cytometry detection (bottom) of endogenous secretory IgA and autologous systemic IgG (10 μg/mL) coating on
healthy or RR-MS fecal microbiota is presented (middle panels). (B) Proportions of IgG+IgA± (left) and IgG+IgA− (right) coated bacteria are compared in healthy
donors (n = 30), patients with RR-MS (n = 32), or patients with CIS (n = 12). Median values are indicated. p Values were calculated using the nonparametric
Mann-Whitney test (***p < 0.001). (C) Representative flow cytometry dot plot (left) and analysis (right) of irrelevant IgG (anti-TNFα 10 μg/mL) binding to RR-MS
and CIS fecalmicrobiota (n = 44). (D) Procedure (top), representative flow cytometry dot plot (middle panel) and analysis (bottom) of autologous IgG or pooled
healthy IgG binding to RR-MS fecal microbiota (n = 32). Proportions of IgG+IgA± coated bacteria (bottom left), IgG+IgA+ and IgG+IgA− coated bacteria (bottom
right) are shown. p Value was calculated by using the Wilcoxon paired test (****p < 0.0001; ns = nonsignificant). CIS = clinically isolated syndrome; MS =
multiple sclerosis; RR = relapsing-remitting.
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[0.1–16.4] and 2.5% [1.3–5.4] in patients with RR-MS (n =
32) and CIS (n = 12), respectively; p < 0.001; figure 2, B).

We then asked whether this observed loss of convergence was
related to IgG responses only found in MS or to an increased
MS microbiota reactivity to IgG in general. To address this
issue, we compared MS and pooled healthy IgG reactivity to
MS microbiota. As shown in figure 2, D, although pooled
healthy IgG bound a smaller fraction of RR-MS microbiota,
compared with autologous RR-MS IgG (1.9 [0–10]% vs 6.7
[0.5–17.1]%; n = 32; p < 0.0001; figure 2, D), pooled healthy
IgG targets not only in vivo IgA-bound but also IgA-free RR-
MS microbiota (0.7 [0–6.4]% vs 0.6 [0–6.2]%; p = 0.79;
figure 2, D), suggesting that MSmicrobiota are more prone to
interact with IgG, regardless of their origin.

From this part, we conclude that the IgA/IgG convergence
rule does not apply to MS. A previously IgA-ignored fraction
of MS microbiota is able to interact with IgG.

Antimicrobiota IgG Spreading in MS
It could be deduced from above that IgG binding to MS
microbiota might extend beyond the usual bacterial repertoire
of IgA targets that we and others previously defined.23,27 To
decipher antimicrobiota IgG specificities in patients with MS
with higher resolution, we next isolated IgG-bound bacteria by
flow cytometry sorting and identified their taxonomy using 16S
rRNA sequencing (figure 3, A). To avoid confounding factors
from IMD therapies, we sorted IgG-bound bacteria from un-
treated patients. We first examined microbial diversity by cal-
culating the Shannon index and found a similar diversity in
IgG-only and Ig-negative bacteria (2.06 [1.14–2.7] vs 2.12
[1.8–2.32]; n = 5; figure 3, B). In contrast, dually coated bacteria
tended to exhibit a decreased microbial diversity in comparison
with the previous fractions (0.74 [0.53–1.35]; n = 5; p = 0.062;
figure 3, B), suggesting a state of restricted antimicrobiota se-
cretory IgA diversity in MS. We observed that individual
IgA+IgG+ and IgA−IgG+ bacterial repertoires were remarkably
distinct in all tested patients (figure 3, C for back-to-back

Figure 3 MS IgG Binds a Diverse Repertoire of Commensals

(A) Sorting strategy of IgG+IgA+ and IgG+IgA−-coated bacteria in 5 patients with RR-MS. Composition of sorted fractions was next analyzed by using 16S rRNA
sequencing. (B) Genera diversity in IgG+IgA+ and IgG+IgA−-sorted fractions calculated by using the Shannon index. (C) Median relative abundance of the 30
most frequent genera in sorted fractions from 1 representative RR-MS patient. MS = multiple sclerosis; RR = relapsing-remitting.

Neurology.org/NN Neurology: Neuroimmunology & Neuroinflammation | Volume 8, Number 4 | July 2021 7

http://neurology.org/nn


taxonomic analysis of fecal IgA+IgG+, IgA−IgG+, and IgA−IgG-

fractions in a representative patient), supporting an IgG re-
sponse spread beyond IgA-surveyed taxa. To quantitatively
compare IgA−IgG+ and IgA+IgG+microbial compositions in the
studied population, we thereafter narrowed the analysis down to
the 30 most frequent genera that were present in at least 80% of
the Ig-sorted fractions. Three genera derived from Firmicutes:
Blautia, Clostridium, and Eubacterium appeared preferentially
targeted by MS serum IgG alone, as deduced from their com-
pared frequencies in IgA−IgG+ bacteria and IgA+IgG+ sorted
fractions (0.06 [0.02–0.2] vs 0.004 [0.002–0.033]; 0.07
[0.055–0.45] vs 0.003 [0.009–0.041] and 0.023 [0.003–0.04] vs
0.002 [0.001–0.003]; respectively, p < 0.05; figure 4, A–C). We
sought to validate these observations by calculating a log-based
EI that is not influenced by genera representation in the studied
samples. We confirmed that both Clostridium and Eubacterium
were predominant in IgA−IgG+- compared with IgA+IgG+-

sorted fractions (EI −0.6 [−0.83 to 0.22] vs −1.37 [−1.66 to
0.64] and −0.18 [−0.39 to 1.05] vs −0.93 [−1.74 to 0.19]; for
Clostridium and Eubacterium, respectively; p < 0.05; figure 4, B).

Taken together, these results demonstrate thatMS is associated
with a broad antimicrobiota systemic IgG response, with a
variety of bacterial genera being preferentially targeted by MS
IgG, compared with MS IgA. Because systemic IgG could re-
flect silent gut microbiota translocation episodes,23,28,29 these
observations could support an enhanced bacterial translocation
from the gut lumen to systemic compartments in patients
with MS.

Increased MS IgG Antibacterial Responses
Confirmed at the Strain Level
Bacterial identification remains at the genus level using 16S
rRNA sequencing. Using bacterial flow cytometry, we sought

Figure 4 IgG-Bound Commensal Shift in Patients With MS

(A) Relative abundance of the 30 most frequent genera in IgG+IgA+ and IgG+IgA−-sorted fractions, in blue and red, respectively. (B) EI of the 30 most frequent
genera in IgG+IgA+ and IgG+IgA−-sorted fractions compared, in blue and red, respectively. (C) Blautia, Clostridium, and Eubacterium frequencies in IgG+IgA+ and
IgG+IgA− fractions. For all box plots, each dot represents 1 donor, errors bars represent maximum andminimum values, andmedians are indicated. p Values
were calculated by using the nonparametric Mann-Whitney test (*p < 0.05; **p < 0.01). EI = enrichment index; MS = multiple sclerosis.
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to determine whether increased antimicrobiota IgG reactiv-
ities could also be measured at the species level in patients
with MS. We therefore selected representative bacterial
strains that were previously described as secretory IgA targets
in humans (A muciniphila, B longum, and R obeum) and 3
others that are not preferentially bound by IgA in humans (B
caccae, F nucleatum, and P oris).30-33 A majority of strains
tested (4 of 6) tended to be more brightly stained by MS (RR
and/or CIS) IgG that by control serum IgG (figure 5, A–C).
Preferred MS IgG targets are not systematically preferred
control IgA targets, as neither B longum nor B caccae were
preferentially bound by MS IgG compared with control IgG
(figure e-5, links.lww.com/NXI/A472). Of interest, we ob-
served that F nucleatum is particularly well opsonized by CIS
serum, compared with healthy control serum, but also com-
pared with RR serum (IgG median fluorescence intensity 518
[146–5.505] vs 126 [40.7–414] and 156 [42.1–3.350] in CIS,
healthy control, and RR serums, respectively, figure 5, A–B).
We conclude from this part thatMS serum contains high titers
of antimicrobiota IgG that can be measured against specific
bacterial strains.

Discussion
We report an imbalance between systemic and secretory
antimicrobiota antibody responses in patients with MS.

Antimicrobiota secretory IgA responses are impaired, whereas, at
the same time, systemic IgG responses directed against autolo-
gous microbiota are increased, compared with healthy controls.
Importantly, although we found MS-associated gut microbiota
alterations, the systemic IgG responses observed were not di-
rected to taxa overrepresented in MS microbiota. Furthermore,
low proportions of IgA-coated bacteria among fecal microbiota
are associated with disease severity. Consistently with the latter
observation, Rojas et al.34 have recently reported that proportions
of IgA-coated bacteria among fecal microbiota are decreased in
patients with relapsing MS compared with inactive patients. Re-
duced proportions of fecal IgA+ bacteria might result from re-
duced secretory IgA levels in relation with IgA-secreting cells
egress out of the gutmucosa. Previous works indeed shed light on
the dynamic trafficking of intraepithelial CD4T cells between gut
and an inflamed CNS,35 and also of IgA-producing cells between
gut and bone marrow.36 In the EAE model, commensal-reactive
IgA-producing cells regulate inflammation via the production IL-
10 after their migration in the CNS. Pröbstel et al. recently
demonstrated that gut microbiota IgA-producing cells infiltrate
the CNS in patients with MS leading to an increase in in situ IgA
production during MS relapses. However, commensal-specific
IgA does not cross-react with brain tissue.37 Further studies are
required to assess the role of gut-derived IgA-producing cells in
MS pathophysiology. Defective IgA binding to gut microbiota in
disabled patients with MS might be also related to microbial
community alterations.

Figure 5 MS Antimicrobiota IgG Signature Measured on Cultivable Bacterial Strains

(A) Representative flow cytometry analysis of
serum IgG binding to F nucleatum. Gray histo-
gram represents isotype control; blue, red, and
red dotted lines represent a healthy control,
patient with RR-MS, and patient with CIS, re-
spectively. (B) Flow cytometry analysis of serum
IgG binding to IgA-unbound bacteria (from left
to right: F nucleatum and P oris) in healthy do-
nors (n = 30), patients with RR-MS (=32), and
patients with CIS (n = 12). (C) Flow cytometry
analysis of serum IgG binding to IgA-bound
bacteria (from left to right: A muciniphila and R
obeum) in healthy donors (n = 30), patients with
RR-MS (=32), and patients with CIS (n = 12). Dark
bars represent medians. p Values were calcu-
lated by using the nonparametric Mann-Whit-
ney test (*p < 0.05; **p < 0.01; ***p < 0.001);
****p < 0.0001). MS = multiple sclerosis; RR =
relapsing-remitting.
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Impaired IgA-mediated microbiota survey might also favor
bacterial translocation and induction of systemic IgG re-
sponses, as we previously described in patients with IgA de-
ficiency.23 Numerous studies underline that IgG typically
present in the CSF of the patients might play a role in MS
pathogenesis.38-40 IgG purified from patients withMS increases
mouse CNS demyelination and exacerbates EAE.41 The main
clinical evidence for a potential pathogenic role for antibodies
in MS is the benefit of antibody removal in a subset of patients
with acute neurologic symptoms.42,43 However, what triggers
oligoclonal antibody responses observed in MS CSF remains a
mystery.38-40 Antimicrobiota antibodies are frequently cross-
reactive with self-antigens.44-46 Cross-reactivity is probably an
essential antimicrobial antibody feature, enabling control of a
large diversity of gut commensals and invading pathogens47,48

but is also associated with a theoretical risk of autoimmunity. It
has indeed been very recently proposed that some pathogenic
immune responses associated with lupus49,50 or myocarditis51

can be triggered by commensal bacteria through a molecular
mimicry mechanism. Of interest, more than 20 bacterial spe-
cies, well represented in human gut microbiota, express pro-
teins that contain potentially encephalitogenic peptides, i.e.,:
highly homologous to myelin basic protein (MBP) or myelin
oligodendrocyte protein. In particular, 4 proteins expressed by
F nucleatum have been identified as potentially encephalito-
genic.52 Moreover, 3 proteins expressed by members of the
Clostridium genera were described to be homologous to
MBP.52 We report that RR-MS, and even more so CIS IgG,
very brightly stain F nucleatum. We also report that the Clos-
tridium genus is significantly more targeted by systemicMS IgG
than by IgA. These observations open new avenues for ex-
ploring the hypothesis that immune responses induced by
commensal antigens might play a role in MS pathogenesis.

Enhanced induction of antimicrobiota IgG could also be a
consequence of intestinal barrier dysfunction in MS. Indeed,
not only blood-brain barrier defects have been reported inMS
but also a state of increased intestinal permeability charac-
terized by higher lactulose/mannitol urinary ratios, increased
lipopolysaccharide plasma levels and associated with in-
creased plasma zonulin, a regulator of epithelial and endo-
thelial barrier functions.53-55 In the EAE model, such
alterations preceded the onset of neurologic symptoms.56 It is
therefore conceivable that bacterial translocation could occur
at early stages of the disease and account for the increased
antimicrobiota IgG responses we observe as early as the CIS
stage. Systemic antimicrobiota IgG responses are likely to
mirror microbiota composition at the individual level. We
therefore tested some of the bacterial species differentially
identified between MS and healthy donor gut microbiota.2,4,5

We observed that patients with RR-MS and CISharbor ele-
vated serum anti–A muciniphila IgG reactivities compared
with controls. These results are in line with the higher levels of
anti–A muciniphila antibodies detected in CSF of patients
with MS.57 Of interest, a greater A muciniphila prevalence in
MS gut microbiota has been shown in previous reports.2,5 A
positive correlation between A muciniphila abundance and

gene expression in T cells and monocytes involved in key
pathways previously implicated in MS pathogenesis was also
reported.5 Located in close vicinity with the intestinal cells, A
muciniphila has also been reported to promote
Th1 lymphocyte differentiation, a T-cell subset classically
associated with MS pathogenesis.2,58 Altogether, although
only correlative, these observations suggest a role for A
muciniphila in driving exacerbated host immune response
in MS.

As mentioned above, signs of increased intestinal permeability
preceded the onset of neurologic symptoms in the EAE
model.56 It would now remain to determine to which extent
antimicrobiota IgG monitoring could represent a tool to
predict MS progression. Not all patients with CIS progress to
full blown MS. Baseline lesions, age at onset, and short time
delay between the first 2 relapses provide some predictive
value for disease progression, yet remain flawed.59,60 Whether
microbial/host signatures including immune responses to
commensals could help to distinguish between stable cases
and future progressive cases should be now tested in larger
studies.

In summary, we have found quantitative and qualitative al-
terations of the antimicrobiota antibody response in patients
with MS involving peculiar bacterial taxa. We propose that
such peculiar IgG responses associated with MS could rep-
resent a lead in the quest for antigenic drivers, possibly im-
plicated in MS pathogenesis through a molecular mimicry
mechanism. We also propose that antimicrobiota fingerprints
should be more widely used in further studies to seek for
correlates with disease status. Finally, microbiota manipula-
tion is now a recognized therapeutic option in the clinic.61

How our results could translate into treatments should
therefore be tested in murine MS models.
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and Hôpital Fondation Adolphe de Rotschild, 75019 Paris,
France) who participated in this study.

Study Funding
The study was supported by a grant from Fondation pour
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30. D’Auria G, Peris-Bondia F, Džunková M, et al. Active and secreted IgA-coated bac-
terial fractions from the human gut reveal an under-represented microbiota core. Sci
Rep 2013;3:3515.

31. Palm NW, de Zoete MR, Cullen TW, et al. Immunoglobulin A coating identifies
colitogenic bacteria in inflammatory bowel disease. Cell 2014;158:1000-1010.

32. Kau AL, Planer JD, Liu J, et al. Functional characterization of IgA-targeted bacterial
taxa from undernourished Malawian children that produce diet-dependent enterop-
athy. Sci Transl Med 2015;7:276ra24.

33. Magri G, Comerma L, Pybus M, et al. Human secretory IgM emerges from plasma
cells clonally related to gut memory B cells and targets highly diverse commensals.
Immunity 2017;47:118-134.e8.
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Abstract
Objective
Pediatric inflammatory multisystem syndrome temporally associated with SARS-CoV-2
(PIMS-TS) is a severe immune-mediated disorder. We aim to report the neurologic features of
children with PIMS-TS.

Methods
We identified children presenting to a large children’s hospital with PIMS-TS fromMarch to June
2020 and performed a retrospective medical note review, identifying clinical and investigative
features alongside short-term outcome of children presenting with neurologic symptoms.

Results
Seventy-five patients with PIMS-TS were identified, 9 (12%) had neurologic involvement:
altered conciseness (3), behavioral changes (3), focal neurology deficits (2), persistent head-
aches (2), hallucinations (2), excessive sleepiness (1), and new-onset focal seizures (1). Four
patients had cranial images abnormalities. At 3-month follow-up, 1 child had died, 1 had
hemiparesis, 3 had behavioral changes, and 4 completely recovered. Systemic inflammatory and
prothrombotic markers were higher in patients with neurologic involvement (mean highest
CRP 267 vs 202 mg/L, p = 0.05; procalcitonin 30.65 vs 13.11 μg/L, p = 0.04; fibrinogen 7.04 vs
6.17 g/L, p = 0.07; D-dimers 19.68 vs 7.35 mg/L, p = 0.005). Among patients with neurologic
involvement, these markers were higher in those without full recovery at 3 months (ferritin
2284 vs 283 μg/L, p = 0.05; D-dimers 30.34 vs 6.37 mg/L, p = 0.04). Patients with and without
neurologic involvement shared similar risk factors for PIMS-TS (Black, Asian and Minority
Ethnic ethnicity 78% vs 70%, obese/overweight 56% vs 42%).

Conclusions
Broad neurologic features were found in 12% patients with PIMS-TS. By 3-month follow-up,
half of these surviving children had recovered fully without neurologic impairment. Significantly
higher systemic inflammatory markers were identified in children with neurologic involvement
and in those who had not recovered fully.
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SARS-CoV-2 is a novel and highly pathogenic respiratory
coronavirus causing the global COVID-19 pandemic.
Neurologic syndromes have been reported within the acute
phase of disease, and these may arise from presumed direct
viral invasion or result from a para or postinfectious in-
flammation.1 Although children present with a milder
course of disease and case fatality rates are lower, a severe
multisystem hyperinflammatory response has been repor-
ted in children during the pandemic, clinically defined as
pediatric inflammatory multisystem syndrome temporally
associated with SARS-CoV-2 (PIMS-TS)2 or multisystem
inflammatory syndrome in children.3 Children present with
fever, abdominal pain, diarrhea, shock, myocardial injury,
and development of coronary artery aneurysms.4 Central
and peripheral neurologic involvement was also noted in
PIMS-TS.5 Here, we characterize the spectrum of neuro-
logic features among a cohort of 75 children with PIMS-TS
and aim to identify differences to those presenting without
neurologic symptoms.

Methods
A retrospective cross-sectional review of patients with
PIMS-TS admitted to Evelina London Children’s Hospital
was performed to identify the clinical and investigative
features alongside short-term outcome of children pre-
senting with neurologic symptoms. Patients younger than

18 years and admitted between March and June 2020 who
met the following criteria were included in our cohort:

1. Prospective diagnosis of PIMS-TS according to the
Royal College of Paediatrics and Child Health case
definition2 (persistent fever, inflammation, and evi-
dence of single or multiorgan dysfunction and exclusion
of other microbial causes) following review by a
multidisciplinary team comprising of at least 1 each of
infectious diseases, intensive care, cardiology, rheuma-
tology, and general pediatric specialists.

2. New onset of at least one of the following: features of
encephalopathy6 (altered consciousness that persisted
for longer than 24 hours, including lethargy, irritability,
or a change in personality and behavior), seizures,
movement disorder, psychiatric, and/or any neurologic
deficit.

All inflammatory and prothrombotic investigations (table
e-1, links.lww.com/NXI/A474) were taken before therapy
(including aspirin); the highest value was used for analysis.
The modified Rankin Scale (mRS)7 at last clinical review
was used to document clinical outcome. Demographic
features and inflammatory markers were compared with
the cohort of patients with PIMS-TS admitted during the
same period with no neurologic symptoms. Statistical
analysis was performed using SPSS 24.0 IBM (Chicago,

Table 1 Demographic and Clinical Information of the 9 Patients Presenting With Neurologic Features

Patients
Neurologic features
(syndrome)

Neurologic
investigations Systemic features

Inflammatory
markers

SARS-CoV-
2

Treatment
and outcome

1, female, 2 y,
Afro-
Caribbean,
obesity

Altered consciousness
(encephalopathy
secondary to systemic
inflammation)

Brain CT and MRI/
MRA: normal
EEG: fluctuating
encephalopathic
CSF: normal
(pleocytosis,
oligoclonal band,
and NSABs)

Fever
Lymphadenopathy,
periorbital and lip
edema
Abdominal pain
Mild left ventricular
impairment and
coronary aneurysm

Ferritin 275 μg/L; CRP:
189 mg/L; procalcitonin:
4.72 μg/L; fibrinogen:
8.6 g/L; D-dimers: 12.86
mg/L

PCR NP
and
serology
positive,
PCR CSF
negative

IVIG; IVMP (3
d); tocilizumab
(1 dose)
Complete
recovery at 3
mo (mRS 0)

2, male, 4 y,
Caucasian

Altered consciousness;
behavioral changes
(encephalopathy
secondary to systemic
inflammation)

Brain MRI: normal
EEG: normal
CSF: mixed
oligoclonal bands
(serum and CSF)

Fever
Intense abdominal
pain, diarrhoea, and
vomits
Bright coronaries
and dilated left
anterior descending
coronary artery

Ferritin: 172 μg/L; CRP:
283 mg/L; procalcitonin:
4.98 μg/L; fibrinogen:
6.8 g/L; D-dimers: 10.6
mg/L

PCR NP
and
serology
negative

IVIG; IVMP (3 d)
Behavioral
changes at 3
mo follow-up
(mRS 3)

3, female, 6 y,
Asian

Severe behavioral
changes (encephalopathy
secondary to systemic
inflammation)

Not performed Fever
Rash, face and feet
edema
Abdominal pain and
vomits
Coronary aneurysm

Ferritin: 74 μg/L; CRP: 80
mg/L; fibrinogen: 4.1 g/L;
D-dimers: 1.2 mg/L

PCR NP
and
serology
positive

Oral
prednisolone
Complete
recovery at 4
mo (mRS 0)

Continued

Glossary
ICU = intensive care unit; Ig = immunoglobulin; mRS = modified Rankin Scale; PIMS-TS = pediatric inflammatory
multisystem syndrome temporally associated with SARS-CoV-2.
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IL). A p value less than 0.05 was considered statistically
significant, and care was given to limiting multiple
comparison.

Standard Protocol Approvals, Registrations,
and Patient Consents
As only data required for standard medical care were
collected, a full ethics review under the terms of the

Governance Arrangements of Research Ethics Commit-
tees in the United Kingdom was deemed not necessary by
the institutional PIMS-TS Study Group.

Data Availability
Deidentified participant data not included in the article are
available on request by any qualified investigator to the cor-
responding author.

Table 1 Demographic and Clinical Information of the 9 Patients Presenting With Neurologic Features (continued)

Patients
Neurologic features
(syndrome)

Neurologic
investigations Systemic features

Inflammatory
markers

SARS-CoV-
2

Treatment
and outcome

4, female, 8 y,
Afro-
Caribbean,
obesity

Altered consciousness;
visual hallucinations
(encephalopathy
secondary to systemic
inflammation)

Brain MRI: normal
CSF: ND

Fever
Sore throat
Vomits and
diarrhoea
Impaired
ventricular function
and shock

Ferritin: 642 μg/L; CRP:
470 mg/L; procalcitonin:
56.15 μg/L; fibrinogen:
6.8 g/L; D-dimers: 10.36
mg/L

PCR NP
negative,
serology
positive

IVIG; IVMP (3 d)
Complete
recovery at 4
mo (mRS 0)

5, male, 12 y,
Caucasian,
overweight

Persistent severe
headaches; sleepiness
(encephalopathy
secondary to systemic
inflammation)

Brain CT and MRI/
MRA: normal
CSF: ND

Fever
Rash, pedal edema,
and conjunctivitis
Abdominal pain and
vomits
Bright coronaries
and hypotension

Ferritin: 136 μg/L; CRP:
94 mg/L; procalcitonin:
1.19 μg/L; fibrinogen:
1.4 g/L; D-dimers: 1.05
mg/L

PCR NP
and
serology
negative

IVIG; IVMP (3
d).
Complete
recovery at 3
mo (mRS 0)

6, female, 12
y, Afro-
Caribbean,
obesity

Behavioral changes;
cognitive deterioration
(toxo/metabolic
encephalopathy)

Brain MRI: subtle
cortical changes
EEG: reduced left
posterior
background
rhythms
CSF: ND

Fever
Rash, cracked lips,
conjunctivitis, and
lymphadenopathy
ARDS
Abdominal pain,
diarrhoea, and
vomits
Coronary
aneurysm,
impaired
ventricular function,
and shock

Ferritin: 4,815 μg/L; CRP:
343 mg/L; procalcitonin:
77.6 μg/L; fibrinogen:
6.8 g/L; D-dimers: 69.76
mg/L

PCR NP
negative,
serology
positive

IVIG (2 doses);
IVMP (5 d);
infliximab (1
dose)
Mild
behavioral
changes/low
mood at 4 mo
follow-up (mRS
1)

7, male, 14 y,
Afro-
Caribbean,
obesity,α-
thalassemia
trait

Headaches; focal
neurology with
asymmetric pupils
(stroke)

Brain CT: acute
infarction (figure 1E)
CSF: ND

Fever
ARDS
Diarrhea
Impaired
ventricular function
and shock

Ferritin: 4,220 μg/L; CRP:
556 mg/L; procalcitonin:
>100 μg/L; fibrinogen:
10.8 g/L; D-dimers: 13.49
mg/L

PCR NP
and
serology
positive

No immune
treatment
Deceased after
8 d of
admission

8, female, 15
y, Afro-
Caribbean,
overweight,
HbC trait

Behavioral changes; visual
and auditory
hallucinations; new onset
of seizures (toxo/
metabolic
encephalopathy)

Brain MRI:
hippocampal and
splenium of corpus
callosum changes
(figure 1, A–D)
EEG: focal spike-
wave discharges
CSF: normal
(pleocytosis,
oligoclonal band,
and NSABs)

Fever
ARDS
Impaired
ventricular function
and shock

Ferritin: 640 μg/L; CRP:
99 mg/L; procalcitonin:
0.22 μg/L; fibrinogen:
6.8 g/L; D-dimers: 28.79
mg/L

PCR NP,
PCR CSF,
and
serology
negative

IVIG; IVMP (3
d).
Memory
difficulties at 3-
mo follow-up.
Seizures
resolved (mRS
2)

9, male, 10 y,
Afro-
Caribbean,
sickle cell

Encephalopathy; left sided
facial weakness.
Hypertension and
bradycardia (raised ICP)
(stroke)

Brain CT/MRI: right
frontal
intraparenchymal
haemorrhage (figure
1F) and infarction
CSF: ND

Fever
Dorsal, chest, and
thighs pain (sickle
cell crisis).
Abdominal pain and
vomits

Ferritin: 1,572 μg/L; CRP:
296 mg/L; procalcitonin:
0.34 μg/L; fibrinogen:
7.3 g/L; D-dimers: 29.08
mg/L

PCR NP
negative,
serology
positive

IVIG; IVMP (3
d); tocilizumab
(1 dose)
Left
hemiparesis
(mRS 4)

Abbreviations: ARDS = acute respiratory distress syndrome; CRP = C-reactive protein; ; ICP = intracranial pressure; IVIG = IV immunoglobulin; IVMP = IV
methylprednisolone; MRA = magnetic resonance angiogram; mRS = modified Rankin Scale; ND = not done; NSAB = neuronal surface antibody; NP =
nasopharyngeal.
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Results
Clinical and Investigative Features
A total of 75 children (33% female; median 10 years, inter-
quartile range 7.9 years) were diagnosed with PIMS-TS. At
the time of testing availability (June–July 2020), 51 (68%)
had detectable immunoglobulin (Ig) G to SARS-CoV-2. Of
the 75 children, 9 (12%) had neurologic features (table 1;
table e-2, links.lww.com/NXI/A475), altered consciousness

(3/9; 33%), acute behavioral changes (3/9; 33%), focal
neurologic deficits (2/9, 22%), severe persistent headaches
(2/9; 22%), visual/auditory hallucinations (2/9, 22%), ex-
cessive sleepiness (1/9, 11%), and new-onset of focal seizures
(1/9, 11%). All patients had fever at symptom onset and the
range of systemic features include had gastrointestinal
symptom (8/9; 89%), cardiovascular instability (5/9; 56%),
and respiratory symptoms (4/9; 44%). Four patients (44%)
had left ventricular dysfunction and 5 (56%) coronary artery
abnormalities.

Four patients had abnormal imaging: focal diffusion re-
striction involving the splenium of the corpus callosum and
mild signal changes in hippocampal regions (patient 8,
figure 1, A–D); acute infarction (patient 7, figure 1E);
intraparenchymal hemorrhage and infarction (patient 9,
figure 1F); and subtle cortical changes as a possible se-
quelae of hypoxic event (patient 6). EEG showed abnor-
malities in the 3 of the 4 patients tested. These were
reduced amplitude of background rhythms in 2 (patients 1
and 6; features of encephalopathy) and sharpened slow
waves in 1 (patient 8; seizure liability). Three children had
CSF analysis, and this was normal in 2 and neither had
SARS-CoV-2 identified in CSF. One child had matched
oligoclonal bands in serum and CSF (patient 2). Mean
highest measured inflammatory markers were raised (table
2). Evidence of active infection (positive nasopharyngeal
swab PCR) was found in 3 (33%) patients, and a further 3
(33%) had evidence of recent infection (negative PCR and
positive IgG serology).

Early Neurologic and Behavioral Outcome
One patient died after extensive brain infarction (patient 7,
mRS 6), and another was transferred to a neurosurgical center
for management of intraparenchymal hemorrhage (patient 9,
mRS 4). The other 7 patients were discharged home after a
median period of 11 (range 6–25) days of admission. Four
(57%) patients recovered completely (mRS 0) at 3-month
follow-up review. In the other 3 children, the following out-
comes were seen: reported persistent significant behavioral
and social interaction difficulties (mRS 3), mild behavioral
changes with low mood (mRS 1), and memory difficulties
(mRS 2).

ComparisonWith ChildrenWhoDidNot Exhibit
Neurologic Symptoms
Comparison was made between those with PIMS-TS and
associated neurologic involvement (n = 9) and those without
neurologic involvement (n = 66) (table 2). Risk factors for
PIMS-TS were similar: Black, Asian and Minority Ethnic
ethnicity 78% vs 70%, obesity (body mass index >95th
centile)/overweight (86th–95th centile) 56% vs 42%. Both
groups had comparable number and duration of intensive care
unit (ICU) admission and cardiac involvement. Notably,
systemic inflammatory markers were higher in patients with
neurologic involvement (figure 2). Considering patients with
neurologic involvement (n = 9), peak inflammatory and

Figure 1 Brain MRI/CT Images

(A–F) MRI findings. The top row (A and B) showing ADC and DWI images of
patient 8 shows mild diffusion restriction in the splenium of the corpus
callosum (long arrows). The middle row (C and D) in the same patient also
shows mild bilateral hippocampal changes on FLAIR with diffusion re-
striction on DWI. The bottom row shows CT images in 2 different patients;
image E from patient 7 shows an acute right anterior circulation infarct, and
image F from patient 9 shows an acute right frontal intraparenchymal
hemorrhage. DWI = diffusion-weighted imaging; FLAIR = fluid-attenuated
inversion recovery.
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prothrombotic markers during acute disease were higher in
children with sequelae at 3-month follow-up (n = 5) in
comparison with children with complete neurologic recovery
(n = 4) (table 2, figure 2).

Discussion
In this study, we describe the spectrum of neurologic mani-
festations in 9 children with PIMS-TS. The frequency of

Table 2 Comparison Between Those With PIMS-TS and Associated Involvement and Those Without Neurologic
Involvement

PIMS-TS and neurology symptoms (n = 9)
No neurology symptoms
(n = 66)

p
Value

Female, n (%) 5 (56) 20 (30) 0.15

Median age at symptom onset, y 10 (IQR 8.4) 10 (IQR 8.1) 0.43

Ethnicity: BAME, n (%) 7 (78) 43 (65) 0.45

Obese/overweight, n (%)a 5 (56) 28 (42) 0.49

GI symptoms, n (%) 8 (89) 53 (80) 0.53

Respiratory symptoms, n (%) 4 (44) 31 (47) 0.89

Cardiac involvement, n (%) 7 (78) 46 (70) 0.62

Evidence of SARS-CoV-2 infection, n (%)b 6 (67) 45 (68) 0.93

Median admission duration, d 11 8 0.08

ICU admission, n (%) 6 (67) 42 (64) 0.86

Median ICU admission, d 6.5 3 0.69

Immunomodulatory treatment, n (%)

First line (IVIg/IVMP) 7 (78) 63 (95) 0.11

Second line (anakinra/infliximab/
tocilizumab)

2 (22) 25 (38) 0.48

Inflammatory markersc

CRP, mg/L 267 (median: 283; IQR: 244) 202 mg/L (median: 188; IQR:
141)

0.05

Ferritin, μg/L 1,395 (median: 640; IQR: 1,400) 980 (median: 549; IQR: 871) 0.21

Procalcitonin, μg/L 30.65 (median: 4.72; IQR: 61.51) 13.11 (median: 3.10; IQR:
8.03)

0.04

Fibrinogen, g/L 7.04 (median: 6.8; IQR: 0.5) 6.17 (median: 5.9; IQR: 1.7) 0.07

D-dimers, mg/L 19.68 (median: 12.86; IQR: 18.43) 7.35 (median: 3.36; IQR: 6.87) 0.005

Residual symptoms (n = 5) Complete recovery (n = 4)

CRP, mg/L 315 (median: 296; IQR: 60) 207 (median: 142; IQR: 170) 0.19

Ferritin, μg/L 2,284 (median: 1,572; IQR:
3,580)

283 (median: 206; IQR: 245) 0.05

Procalcitonin, μg/L 36.63 (median: 4.98; IQR:
77.26)

20.69 (median: 4.72; IQR:
27.48)

0.32

Fibrinogen, g/L 7.70 (median: 6.8; IQR: 0.5) 6.23 (median: 6.1; IQR: 2.18) 0.13

D-dimers, mg/L 30.34 (median: 28.79; IQR:
15.59)

6.37 (median: 5.78; IQR:
9.82)

0.04

Abbreviations: BAME = Black, Asian and Minority Ethnic; CRP = C-reactive protein; ICU = intensive care unit; IQR = interquartile range; IVIG = IV immuno-
globulin; IVMP = IV methylprednisolone.
Peak inflammatory marker comparison between those with residual neurologic symptoms and those with complete neurologic recovery at 3-month follow-
up.
a Obesity defined as body mass index >95th centile and overweight as 86th–95th centile for age and sex.
b Positive nasopharyngeal swab PCR or positive serology.
c Mean of highest measured inflammatory marker.
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neurologic symptoms was relatively low (12%), and this was
comparable to a previous smaller cohort.5 Two children de-
veloped extensive stroke. Stroke in adult patients has been
extensively reported and is thought to be due to inflammation
driven hypercoagulability with thrombotic microangiopathy
playing a major role in COVID-19 syndromes.8 A character-
istic radiologic feature noted in our cohort is the splenial
lesion. Among other neuroradiologic features, the same
splenial findings had been previously reported and also with a
favorable clinical outcome, during the acute SARS-CoV-2
infection5 and delayed hyperinflammatory syndrome.9

Of interest, SARS-CoV-2 IgG was undetected in 24 (32%) of
children. One plausible explanation for this is that antibody
concentrations may have decayed to below the threshold of
detection by the time testing was clinically available in our
patients.10 Alternatively, antibody specificity and concentra-
tions are known to differ in children with PIMS-TS in

comparison to adults with COVID-19,11 explaining an in-
complete seroprevalence in this PIMS-TS cohort. Seronega-
tive patients with PIMS-TS were phenotypically similar to
seropositive patients with PIMS-TS, presented in the period
of the first surge of cases in the UKCOVID-19 pandemic, and
were negative by PCR and relevant serology to extensive vi-
rologic testing.

The key finding of our study is that children with neurologic
symptoms as part of their PIMS-TS presentation have sig-
nificantly higher systemic inflammatory markers than children
without neurologic features. These findings support the hy-
pothesis that PIMS-TS–associated neurologic involvement
comprises a systemic para or postinfectious immune-
mediated phenomenon. A study from our institution has
demonstrated that there is a distinct immunophenotype with
high levels of interleukin activation in children with PIMS-
TS.12 The key question of how systemic inflammation might

Figure 2 Box Plot Graphs Comparing Highest Pretreatment Mean Inflammatory Markers

Box plot graphs comparing highestmean inflammatorymarkers. Left side of each plot: comparison of PIMS-TS patients (n = 75) without (blue, n = 66) andwith
(red, n = 9) neurologic involvement during acute illness. Right side of each plot: comparison of PIMS-TS patients with neurologic involvement at presentation
(n = 9) without (blue, n = 4) andwith (red, n = 5) neurologic residual symptoms at 3-month follow-up. Asterisks denote outliers >3 times the interquartile range
(IQR). PIMS-TS = pediatric inflammatory multisystem syndrome temporally associated with SARS-CoV-2.
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lead to CNS symptoms often implicates blood-brain barrier
integrity or direct transfer via the circumventricular organs
and regions devoid of a barrier.13

Of the surviving 8 children with PIMS-TS and neurologic
symptoms, only half have returned to their baseline at
3-month follow-up. Similar difficulties are described short-
term complications of ICU admissions in children.14 How-
ever, the important observation in our study is that those with
residual reported symptoms had higher inflammatory markers
at presentation. Systemic hyperinflammation may acutely
influence brain structural connections and could lead to long-
term neurocognitive sequelae, as seen in some patients fol-
lowing autoimmune encephalitis.15

This single-center retrospective observational study spans a
short period where the case definition and management of a
newly evolving disease entity was being established and has
inherent limitations. The full spectrum of the neurologic
symptoms would have been underestimated in children in
critical care and may result in inaccurate cross-sectional
comparison. In addition, treatment effects cannot be sys-
tematically evaluated, as within this cohort, virtually all have
been given first-line immune therapy (70/75, 93%), and that
therapy was variably escalated to second line in 28/75 (37%).

Nevertheless, we were able to demonstrate that children
with neurologic features during acute PIMS-TS illness have a
higher burden of inflammation, which may in turn influence
their recovery, raising the question as to the utility of these
biomarkers in directing inflammation treatments. Presence
of neurologic features should alert the clinician to the po-
tential for more systemic inflammation. Further larger scale
multicenter collaborative studies are already being initi-
ated16 to map the fuller spectrum of acute and long-term
neurologic features of PIMS-TS and to evaluate the treat-
ment effects of attenuating inflammation on neurologic
outcome.
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Abstract
Objectives
The study aimed to assess the potential for serum neurofilament light chain (NFL) levels to
predict the risk of progressive multifocal leukoencephalopathy (PML) in natalizumab (NTZ)-
treated patients with multiple sclerosis (MS) and to discriminate PML from MS relapses.

Methods
NFL levels were measured with single molecule array (Simoa) in 4 cohorts: (1) a prospective
cohort of patients withMS who developed PML under NTZ therapy (pre-PML) and non-PML
NTZ-treated patients (NTZ-ctr); (2) a cohort of patients whose blood was collected during
PML; (3) an independent cohort of non-PML NTZ-treated patients with serum NFL deter-
minations at 2 years (replication cohort); and (4) a cohort of patients whose blood was
collected during exacerbations.

Results
Serum NFL levels were significantly increased after 2 years of NTZ treatment in pre-PML
patients compared with NTZ-ctr. The prognostic performance of serum NFL levels to predict
PML development at 2 years was similar in the NTZ-ctr group and replication cohort. Serum
NFL levels also distinguished PML from MS relapses and were 8-fold higher during PML
compared with relapses.

Conclusions
These results support the use of serum NFL levels in clinical practice to identify patients with
relapsing-remitting MS at higher PML risk and to differentiate PML from clinical relapses in
NTZ-treated patients.

Classification of Evidence
This study provides Class I evidence that serum NFL levels can identify NTZ-treated patients
with MS who will develop PML with a sensitivity of 67% and specificity of 80%.
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Despite its proved efficacy for patients with highly active
relapsing-remitting multiple sclerosis (RRMS),1 the use of
natalizumab (NTZ) is limited due to the increased risk of
progressive multifocal leukoencephalopathy (PML).2 In ad-
dition to existing PML risk stratification algorithms based on
NTZ treatment duration, previous immunosuppressive ther-
apies, and JC virus index,2,3 other biomarkers may certainly
contribute to estimate the risk of PML at an individual level.

Numerous studies suggest that the concentration of neurofila-
ment light chain (NFL) in peripheral blood and CSF is a
promising biomarker in MS.4,5 In a recent study, the serum NFL
levels measured with an electrochemiluminescence assay were
proposed as a biomarker for early identification of PML in pa-
tients with MS under NTZ treatment.6 In the present study, we
aimed to expand on the potential for serumNFL levels measured
with singlemolecule array (Simoa) to predict the risk of PML in a
prospective cohort of NTZ-treated patients. We also aimed to
discriminate PML fromMS relapses based on serumNFL levels.

Methods
Patient Cohorts
Four different cohorts of patients with RRMS were included
in the study:

1. A multicentric prospective cohort of patients treated with
NTZ (BIONAT cohort; ClinicalTrials.gov identifier:
NCT00942214)7 was used to evaluate the association
between serumNFL levels at baseline and at 1 and 2 years
of NTZ treatment and PML development. Patients
belonging to this cohort were classified into 2 groups:
patients who did not develop PML after a follow-up longer
than 5 years (NTZ controls; NTZ-ctr) and patients who
developed PML (pre-PML) under NTZ treatment.

2. A cohort of patients whose blood was drawn during the
PML condition was included for comparison of NFL
levels with the pre-PML group after 2 years of treatment
(during PML cohort).

3. An independent cohort of patients treated with NTZ
who did not develop PML after more than 5 years of
follow-up was included to assess the reproducibility
between centers of serum NFL measurements after 2
years of NTZ treatment (replication cohort).

4. A cohort of patients whose blood was collected at the time
of an acute relapse was included to investigate the potential
for serum NFL levels to discriminate between the PML
condition and MS relapses (relapsing cohort). Twenty-
seven percent of these patients were receiving treatment
with interferon-beta at the time of exacerbations.

The table summarizes the main demographic and baseline
clinical characteristics of patients included in the study.

Standard Protocol Approvals, Registrations,
and Patient Consents
Written informed consent was obtained from each participant.
The study was approved by the local hospital ethics committees,
BIONAT cohort; ClinicalTrials.gov identifier: NCT00942214,
and Vall d’Hebron Hospital (EPA(AG)57/2013(3834)).

Quantification of Serum NFL Levels
Peripheral blood was collected by standard venipuncture and
allowed to clot spontaneously for 30 minutes. Serum was
obtained by centrifugation and stored frozen at −80°C until
used. Levels of NFL were measured in serum samples using
commercially available NFL immunoassay kits (Quanterix,
cat#103186) run on the fully automated ultrasensitive Simoa
HD-1 Analyzer (Quanterix). Samples were run in duplicate in
accordance with manufacturers’ instructions with appropriate
standards and internal controls. The intra-assay and interassay
coefficients of variation were 5% and 9%, respectively.

Classification of Evidence
Our primary research question was to ascertain whether se-
rum NFL levels can identify NTZ-treated patients with MS
who will develop PML. The classification of evidence assigned
to this question is Class I.

Statistical Analyses
Statistical analysis was performed by using the IBM SPSS Sta-
tistics version 22. The distribution of serumNFL levels was tested
for normality with a Kolmogorov-Smirnov test. Afterward, paired
and unpaired nonparametric tests were applied for comparisons
of mean NFL levels among groups. When needed, analysis was
adjusted by age and disease duration. Quantitative data are pre-
sented as mean values ± SD unless otherwise stated. Differences
were considered statistically significant when p values were below
0.05. Receiver operating characteristic (ROC) curve analyses
were used to determine the best cutoff values based on serum
NFL levels and the respective sensitivities and specificities.

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

Results
Serum NFL Levels Are Elevated After 2 Years of
NTZ Treatment in Pre-PML Patients and
During PML
At baseline, no significant differences were observed in serum
NFL levels between pre-PML and NTZ-ctr patients. At 1 and

Glossary
AUC = area under the ROC curve; MS = multiple sclerosis; NFL = neurofilament light chain; NTZ = natalizumab; PML =
progressive multifocal leukoencephalopathy; RRMS = relapsing-remitting multiple sclerosis.

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

http://ClinicalTrials.gov
http://ClinicalTrials.gov
http://neurology.org/nn


2 years, serumNFL levels were significantly reduced by the effect
of NTZ treatment both in the pre-PML and NTZ-ctr groups
(figure 1). Comparisons of serum NFL levels at 1 and 2 years
between pre-PML and NTZ-ctr patients revealed higher NFL
levels only in those patients withMSwhowill develop PML after
2 years of NTZ treatment with mean values of 10.1 ± 5.9 pg/mL
and 7.1 ± 2.5 pg/mL, respectively (p = 0.03 both unadjusted and
after adjusting for age and disease duration; figure 1).

In the during PML cohort, blood was collected at a mean time
from PML onset of 8.1 ± 16.3 days. Serum NFL levels during
PMLwere higher compared with pre-PML patients after 2 years
of NTZ treatment with mean values of 163.6 ± 153.8 pg/mL
and 10.1 ± 5.9 pg/mL, respectively (unadjusted, p = 7 × 10−5;
after adjusting for age and disease duration, p = 0.02; figure 1),
which represents a 16-fold increase in serum NFL levels.

Serum NFL Levels Discriminate Between Pre-
PML and NTZ-ctr Patients After 2 Years of
NTZ Treatment
Figure 2A shows the prognostic performance of serum NFL
levels to predict PML development at 2 years. The area under
the ROC curve (AUC) was 71% (p = 0.03), and a serum NFL
value of 8.4 pg/mL resulted in the best cutoff to classify pre-
PML and NTZ-ctr patients after 2 years of NTZ treatment,
with a sensitivity of 67% and specificity of 80%.

As shown in figure 2B, the distribution of serumNFL values in
the replication cohort was similar to the NTZ-ctr group at 2
years of treatment, with mean NFL values of 6.9 ± 2.5 pg/mL
and 7.1 ± 2.5 pg/mL, respectively. Performance of NFL levels
in the replication cohort to predict PML was comparable to
theNTZ-ctr cohort at 2 years, with an AUCof 71% (p = 0.03),
and a serum NFL level of 8.1 pg/ml as the best cutoff to
classify pre-PML patients at 2 years and patients from the
replication cohort, with a sensitivity and specificity of 67% and
76%, respectively (figure 2C).

Serum NFL Levels Distinguish PML From
MS Relapses
Serum NFL levels in the relapsing cohort did not significantly
differ between untreated and interferon-beta–treated patients,
and hence, this cohort was first analyzed as a whole. Comparison
of serum NFL levels between PML and MS relapses revealed
significantly higher NFL levels in patients during the PML con-
dition (p = 3 × 10−6; figure 3A), which represents a 8-fold in-
crease in serum NFL levels compared with the relapsing cohort
(mean levels: 163.6 ± 153.8 pg/mL vs 20.8 ± 28.0 pg/mL, re-
spectively). Performance of serum NFL levels to differentiate
between PML andMS relapses showed an AUC of 91% (p = 2 ×
10−5), with an NFL value of 52.7 pg/mL as the best cutoff to
classify PML and MS relapses (figure 3B). Sensitivity and spec-
ificity associated with this cutoff were 85% and 93%, respectively.

Table Demographic and Baseline Clinical Characteristics of Patients With RRMS Treated With NTZ

Baseline characteristics

BIONAT cohort

During PML cohorta
Replication
cohortb Relapsing cohortcNTZ-ctrd Pre-PMLe

n 37 17 13 29 30

Age (y) 36.2 (8.1) 38.6 (8.0) 37.6 (4.0) 37.1 (11.0) 32.3 (9.5)

Female/male (% women) 29/8 (78.4) 13/4 (76.5) 10/3 (76.9) 19/10 (65.5) 23/7 (76.7)

Duration of disease (y) 9.5 (6.4) 11.4 (6.1) 11.4 (6.4) 9.0 (6.6) 7.2 (6.2)

EDSS score at baselinef 3.0 (2.0–4.2) 3.7 (2.6–5.4) 4.2 (1.6–5.4) 4.0 (2.5–5.2) 3.0 (2.4–3.6)g,h

JCV status (+/2/unknown) at baseline 23/14/0 13/0/4 4/0/9 2/4/23 —

Duration of NTZ treatment/time to PML (y)i 6.1 (1.6) 3.7 (1.4) 3.2 (0.7) 7.1 (3.7) —

Serum NFL levels (pg/mL)f 8.9 (6.4–18.4) 16.0 (10.2–21.5) 171.1 (130.0–231.0) 6.2 (5.0–8.3) 13.9 (7.6–21.8)

Abbreviations: EDSS = Expanded Disability Status Scale; JCV = JC virus; NFL = neurofilament light chain; NTZ = natalizumab; PML = progressive multifocal
leukoencephalopathy; RRMS = relapsing-remitting multiple sclerosis.
Data are expressed as mean (SD) unless otherwise stated.
a During PML: refers to patients whose blood was collected during the PML condition (4 patients in this group are shared with the pre-PML group). In this
group, information on the time between PML onset and blood collection was not available in for 4 patients.
b Replication cohort: refers to an independent cohort of patients treated with NTZ who did not develop PML, and serum NFL levels were measured after 2
years of treatment.
c Relapsing cohort: refers to a cohort of patients with MS whose blood was collected at the time of a clinical relapse. In this group, 8 patients (26.7%) were
receiving treatment with interferon-beta during relapses, but none of the patients were treated with corticosteroids before blood extraction.
d NTZ-ctr: refers to patients with MS treated with NTZ who did not develop PML.
e pre-PML: refers to patients with MS treated with NTZ who developed PML.
f Data are expressed as median (interquartile range).
g Refers to EDSS score during relapse.
h Information on EDSS score was not available in 10 patients. Duration of disease is calculated from disease onset to baseline. Age, percentage of women,
duration of disease, and EDSS score at baseline did not statistically significantly differ between the NTZ-ctr group, pre-PML group, during PML cohort, and
replication cohort. A trend for older agewas observed in the during PML cohort comparedwith the relapsing cohort (p = 0.07). Percentage ofwomen, duration
of disease, and EDSS score were not significantly different between these 2 cohorts of patients.
i Refers to mean time of NTZ treatment in the NTZ-ctr group and replication cohort and time to conversion to PML in the pre-PML group and during PML
cohort.
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A subanalysis in the untreated relapsing patients revealed
similar results to the whole cohort, with an AUC of 90% (p = 9
× 10−5) and the same NFL value of 52.7 pg/mL as the best
cutoff to classify patients. Sensitivity and specificity were 85%
and 91%, respectively.

Discussion
Few molecular biomarker studies have aimed to identify pa-
tients with MS at increased risk for PML under NTZ
treatment.8-10 However, none of the proposed biomarkers are

at present routinely measured in clinical practice to estimate
PML risk in patients with RRMS receiving NTZ. In a recent
study, serum NFL levels measured with an electro-
chemiluminescence assay were found to be 10-fold higher at
PML onset compared with the pre-PML condition.6 Fur-
thermore, serum NFL levels also demonstrated high perfor-
mance to discriminate between patients with MS at PML
onset and NTZ-treated patients who did not develop PML
and treated patients with clinical or neuroradiologic evidence
of disease activity 4 weeks before sample collection.6

In our study, serum NFL levels measured in a prospective
cohort of NTZ-treated patients with the more sensitive Simoa
assay11 were not predictive of PML development at baseline
or after 1 year of treatment. However, despite a general sig-
nificant decrease by the effect of treatment, serum NFL levels
at 2 years were significantly increased in patients who will
develop PML compared with NTZ-ctr patients, and NFL
levels had good potential to discriminate between these 2
groups of patients in terms of PML development. Of interest,
performance of serum NFL levels to predict PML in an in-
dependent cohort of NTZ-treated patients for 2 years was
remarkably similar to the original cohort, results that support
the use of similar cutoff values between MS centers to esti-
mate PML risk in different cohorts of patients with MS after 2
years of NTZ treatment.

In agreement with Dalla Costa et al.,6 serum NFL levels were
far more elevated during PML compared with earlier stages of
the disease. In our study, NFL levels were 16-fold higher
during PML compared with pre-PML patients at 2 years of
NTZ treatment and 8-fold higher compared with a relapsing
cohort. The latter may have implications in clinical practice to
set a cutoff value of serum NFL levels that distinguish the
PML condition from clinical relapses in patients receiving
NTZ treatment. A limitation in our study was the inclusion of
a relapsing cohort either untreated or receiving interferon-
beta, a treatment that was not associated with significant re-
ductions in serum NFL levels. In this context, the inclusion of
a relapsing cohort of NTZ-treated patients would probably
have been associated with greater differences in serum NFL
levels between relapsing and PML patients, considering the

Figure 1 IncreasedNFL Levels in SerumAfter 2 Years ofNTZ
Treatment in Pre-PML Patients Compared With
NTZ-ctr

Graphs comparing serumNFL levels between pre-PML and NTZ-ctr patients
at baseline (T0; n = 16 for pre-PML and n = 36 for NTZ-ctr), after 1 (T1; n = 12
for pre-PML and n = 36 for NTZ-ctr) and 2 years (T2; n = 12 for pre-PML and n
= 34 for NTZ-ctr) of treatment and during PML (n = 13). Each symbol rep-
resents an individual, and horizontal bars indicate the median values and
interquartile ranges. A y-axis segmentation was performed to represent
better high and low serumNFL levels. *Refers to p values <0.05. **Refers to
p values <0.01. ***Refers to p values <0.001 in Mann-Whitney U tests (un-
paired data) and Wilcoxon matched-paired test (paired data). NFL = neu-
rofilament light chain; NTZ = natalizumab; PML = progressive multifocal
leukoencephalopathy.

Figure 2 Serum NFL Levels Differentiate Between Pre-PML and NTZ-ctr Patients After 2 Years of NTZ Treatment

(A) Performance of serum NFL levels to dis-
criminate between pre-PML and NTZ-ctr pa-
tients after 2 years of treatment. (B)
Distribution of serum NFL levels in the NTZ-ctr
cohort at 2 years of treatment (n = 34), and in
an independent cohort of patients with MS
treatedwithNTZ for 2 years (replication cohort;
n = 29). (C) Performance of the serum NFL
levels to discriminate between pre-PML pa-
tients at 2 years and patients from the repli-
cation cohort after 2 years of treatment. NFL =
neurofilament light chain; NTZ = natalizumab;
PML = progressive multifocal
leukoencephalopathy.
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effect of NTZ reducing significantly serum NTL levels, as
shown in our study.

Based on our findings, in patients receiving NTZ treatment,
we recommend to measure NFL levels longitudinally, and
those patients having protein levels above the cut-offs calcu-
lated in the study after 2 years of treatment should be mon-
itored more closely for neurologic symptoms with additional
NFL and MRI measures to rule out PML.

In conclusion, our results support the use of serumNFL levels
in clinical practice to identify patients with RRMS at higher
risk for PML based on protein levels at 2 years of NTZ
treatment and to differentiate PML from clinical relapses in
patients receiving NTZ.
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Figure 3 NFL Levels in Serum Identify PML From MS Relapses

(A) Distribution of serum NFL levels in the re-
lapsing cohort (n = 30) and during PML (n = 13).
A y-axis segmentation was performed to rep-
resent better high and low serumNFL levels. *p
= 3 × 10−6 In the relapsing cohort: untreated
patients are represented in solid squares and
interferon-beta–treated patients in solid trian-
gles. (B) Performance of the serum NFL levels
to discriminate between MS relapses and PML.
Numbers in parentheses represent 95% CIs of
the AUC. AUC = area under the ROC curve;MS =
multiple sclerosis; NFL = neurofilament light
chain; PML = progressive multifocal leu-
koencephalopathy; Se = sensitivity; Sp =
specificity.
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Abstract
Objective
To investigate in a cross-sectional study the effect of serum-derived exosomes on primary
human blood monocyte-derived macrophages (MDMs) comparing exosomes from healthy
donors vs patients with relapsing-remitting multiple sclerosis in remission and in relapse and to
assess whether the response correlates with exosomal Epstein-Barr virus (EBV) protein
expression.

Methods
A total of 45 serum-derived exosome preparations were isolated from patients and healthy
controls and verified for the expression of exosomal and EBV markers. MDMs were differ-
entiated from monocytes for 7 days and incubated for 24 hours with exosomes, and then, cell
supernatants were collected for cytokine measurement by cytometric bead array. Cells were
immunophenotyped before and after differentiation.

Results
Serum-derived exosomes of patients with multiple sclerosis (MS) expressed higher levels of
EBV proteins than healthy controls. Of interest, expression of EBV nuclear antigen EBNA1 and
latent membrane proteins LMP1 and 2A was higher on exosomes derived from patients with
active RRMS compared with healthy controls and stable patients. After data normalization, we
observed that incubation with EBV(+) exosomes induced CXCL10 and CCL2 secretion by
MDMs. MDMs differentiated from patients with active disease were better secretors of
CXCL10 and other interferon-γ–inducible chemokines, including CCL2 and CXCL9, than
MDMs from healthy and stable MS groups. MDMs from active patients had a higher frequency
of a CD14(++) subset that correlated with the secreted CXCL10.

Conclusion
Exosomes expressing EBV proteins correlate with disease activity and induce an inflammatory
response in MDMs that is compounded by the origin of the responder cells.

*These authors contributed equally to this work.

From the Nehme and Therese Tohme Multiple Sclerosis Center (M.F.M.), Faculty of Medicine, American University of Beirut Medical Center; Department of Experimental Pathology
(E.S.S., L.N.), Immunology and Microbiology, Faculty of Medicine, American University of Beirut; and Nehme and Therese Tohme Multiple Sclerosis Center (S.J.K.), and Abu Haidar
Neuroscience Institute, Faculty of Medicine, American University of Beirut Medical Center, Lebanon.

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

The Article Processing Charge was funded by the authors.

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

Copyright © 2021 The Author(s). Published by Wolters Kluwer Health, Inc. on behalf of the American Academy of Neurology. 1

http://dx.doi.org/10.1212/NXI.0000000000001004
mailto:sk88@aub.edu.lb
https://nn.neurology.org/content/8/4/e004/tab-article-info
http://creativecommons.org/licenses/by-nc-nd/4.0/


Among the environmental risk factors for multiple sclerosis
(MS), viral infections, specifically Epstein-Barr virus (EBV),
have been highly associated with the disease.1 In fact, the vast
majority of patients diagnosed with MS were found to be
infected with EBV and had increasing titers of antibodies
against the EBV nuclear antigen EBNA1 before the onset of
neurologic symptoms.2,3 Moreover, studies on EBV protein
expression in postmortem brains of patients with MS have
revealed that a high proportion of B cells within the peri-
vascular cuffs of active and chronic white matter lesions, as
well as CNS-infiltrating plasma cells and CD8(+) T cells,
express EBV proteins of latent and lytic phases.4,5 EBV may
also infect microglia and astrocytes.6

Previous work has suggested a defect in CD8(+) T-cell re-
activity to EBV in patients with MS.7,8 Of interest, adoptive
transfer of autologous in vitro expanded EBV-specific
CD8(+) T cells was used in a proof-of-concept study in a
patient with progressive MS.9

Exosomes are important mediators of intercellular communi-
cation, mediating cell to cell signaling by carrying a wide range
of molecules, and transferring them between cells.10 Their
cargo includes proteins, lipids, mRNAs, noncoding RNAs, and
miRNAs that can regulate gene expression and different sig-
naling pathways in the recipient cells.10,11 EBV-associated
exosomes pack a variety of viral components, including latent
membrane proteins, EBV-encoded small RNAs, and miRNAs,
which contribute to EBV infection and pathogenesis.12,13 In
this study, we investigated the expression of EBV proteins in
serum exosomes of patients with MS and controls and their
effect on primary human blood monocyte-derived macro-
phages (MDMs). Because of the known associations between
EBV infection andMS, our objective was to investigate whether
EBV proteins are expressed in serum exosomes and whether
they contribute to immune activation. Our results suggest that
exosomes expressing EBV proteins correlate with disease ac-
tivity and induce an inflammatory response in MDMs that is
compounded by the origin of the responder cells.

Methods
Study Population
Patients and donors were recruited at the Nehme and Therese
Tohme MS center as part of a longitudinal prospective cohort,
the AUBMC-Multiple Sclerosis Interdisciplinary Research
since 2012. This study was approved by research institutional
review board (IM.SK1.08), and all participants provided writ-
ten informed consent and assent as appropriate. For exosome

marker profiling, we enrolled 30 patients classified as relapsing-
remitting multiple sclerosis (RRMS) according to the revised
McDonald criteria.14 Subjects included stable RRMS (n = 15),
active RRMS (i.e., with a clinical relapse or gadolinium-
enhancing lesions onMRI) (n = 15), and healthy controls (n =
15). Responder cells were MDMs from peripheral blood
mononuclear cells (PBMCs) of 10 healthy controls, 7 stable
RRMS, and 7 active RRMS. Study population demographics
and clinical characteristics are listed in table 1.

Blood Processing, Exosome Isolation, and EBV
Viral Capsid Antigen IgG Serology
Peripheral blood was obtained by standard venipuncture and
allowed to clot for 30 minutes followed by centrifugation at
800g for 10 minutes at 4°C, and serum was then collected and
stored at −80 °C. Exosomes were isolated from sera using total
exosome isolation kit (Invitrogen) according to the manu-
facturer’s instructions. EBV-infected B-cell line (BCL) and
Hela exosomes were isolated from 48-hour serum-deprived
cell supernatants using ultracentrifugation protocol as pre-
viously described.15 Exosome pellets were resuspended in
phosphate-buffered saline (PBS), and protein content was
measured using the Bio-Rad DC protein assay. Exosomes
were stored in aliquots at −80 °C. For EBV viral capsid antigen
(VCA) IgG testing, sera samples were run in duplicates using
Abbott ARCHITECT VCA IgG kit in the Clinical Chemistry
laboratory at AUBMC.

Scanning Electron Microscopy and Dynamic
Light Scattering
Ten microliter droplets of exosomes resuspended in 2% para-
formaldehyde were applied and adsorbed on carbon-coated
electronmicroscopy grids and then fixed with 50 μL drop of 1%
glutaraldehyde, according to a previously described protocol.15

The grids were then washed thoroughly in distilled water,
dehydrated with an ascending ethanol sequence (40%, 60%,
80%, and 97%), left to dry, and then observed using TESCAN
MIRA3 SEM at 5 and 20 kV. Alternatively, exosomes were
diluted at different concentrations in PBS, filtered with 0.2-μm
pore size Minisart syringe filters, and measured on NanoPlus
HD Particle Size Analyzer (Particulate Systems).

Flow Cytometry of Exosomes
One hundred fifty micrograms of exosomes was resuspended
in PBS and incubated for 30 minutes with optimized con-
centrations of mouse monoclonal AF488-conjugated EBNA1
and AF647-conjugated LMP2 antibodies and rabbit poly-
clonal FITC-anticalnexin from Santa Cruz Biotechnology.

Glossary
BCL = B-cell line; CBA = cytometric bead array; DMT = disease-modifying therapy; EBV = Epstein-Barr virus; IFN =
interferon; MDM = monocyte-derived macrophage; MS = multiple sclerosis; PBS = phosphate-buffered saline; PBMC =
peripheral blood mononuclear cell; RRMS = relapsing-remitting multiple sclerosis; VCA = viral capsid antigen.
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Labeled exosomes were then washed with PBS and ultra-
centrifuged at 100,000g for 1 hour. Exosome acquisition was
performed using specific flow cytometer settings and filter
configurations.16,17 Briefly, the threshold was set to 200;
forward and side scatter FSC/SSC parameters were set to log
scale with both voltages set to 220 V and 250 V, respectively.
Acquisition was run at low flow rate (≃8 μL/minute), and
25,000 events were recorded for each sample. PBS and anti-
body alone in PBS were run for >5 minutes. Data acquisition
and analysis were performed on a BD FACSAria SORP
equipped with BD FACS Diva 6.0 software.

Immunoblot Analysis
Fiftymicrograms of proteins was heated to 95°C in 2× Laemmli
buffer (Bio-Rad), subjected to SDS-PAGE using mini-protean
4%–15% TGX Stain-Free gels (Bio-Rad), and then transferred
to supported nitrocellulose membranes. Immunoblots were
performed using mouse monoclonal CD63 and CD9, rabbit
monoclonal TSG101 and LMP1 antibodies from Abcam, and
rabbit polyclonal antibody against human calnexin H-70 from
Santa Cruz Biotechnology. This was followed by incubation
with anti-rabbit or anti-mouse peroxidase secondary antibodies
(Jackson ImmunoResearch). For CD9 and CD63 expression,
SDS-PAGE was run under nonreducing conditions. Protein
band signals were developed using enhanced chem-
iluminescence (Bio-Rad Clarity Western ECL Substrate).

Alternatively, immuno-dot blots of 5 μg exosomes, spotted and
adsorbed to nitrocellulose membranes, were performed using
TSG101, CD63, and LMP1 antibodies. Pixels intensity of dots
signals were quantified by ImageJ software.

MDM Differentiation
PBMCs, from whole-blood buffy coats isolated by Ficoll-density
gradient centrifugation, were thawed and seeded at a concen-
tration of ≃2.5 × 106 cell/mL in a 6-well plate using X-VIVO 15
(Lonza). After adherence of monocytes, supernatants were as-
pirated, and complete RPMI 1640-Glutamax (Gibco), contain-
ing 10% fetal bovine serum and 1% penicillin/streptomycin,
supplemented with 25 ng/mL M-CSF, was added. Cells were
incubated at 5% CO2, 37°C humid incubator for 7 days

Cell Treatment
On day 7, MDMs were scraped and reseeded in flat-bottom
96-well plates at a density of 5 × 104 cell/well. Cells were
treated for 24 hours with 25 μg of serum exosomes, derived
from 15 different healthy controls, 15 patients with stable
RRMS, and 15 active patients. In all experiments, some wells
were treated with 1 ng/mL LPS and 10 ng/mL interferon
(IFN)-γ as positive controls for induction of cytokine re-
sponse and with BCL exosomes as an EBV-positive control.
Exosome-free fluid, obtained after the final exosome pelleting,
was used as negative control in optimization studies. Hela and

Table 1 Exosome and Cell Donors’ Demographics

Characteristic Healthy controls Stable patients Active patients

Exosome set

No. 15 15 15

Female 9 9 10

Male 6 6 5

Age (yrs), mean ± SD 34 ± 12 32 ± 10 37 ± 13

Disease duration (yrs), mean ± SD — 6.4 ± 5.5 6.8 ± 7.8

EDSS score, mean ± SD — 2.3 ± 1.2 2.6 ± 1.9

DMTs None None None (9)
Interferon beta-1 (5)
Fingolimod (1)

PBMC set

No. 10 7 7

Female 6 4 5

Male 4 3 2

Age (yrs), mean ± SD 35 ± 8 35 ± 10 36 ± 13

Disease duration (yrs), mean ± SD — 6.8 ± 5.9 7.4 ± 6.8

EDSS score, mean ± SD — 2.2 ± 2 2.4 ± 1.4

DMTs None None (6)
Dimethyl fumarate (1)

None (6)
Teriflunomide (1)

Abbreviations: DMTs = disease-modifying therapies; EDSS = Expanded Disability Status Scale; PBMC = peripheral blood mononuclear cell.
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Raw264.7 cell lines were used as EBV-negative control. In
some experiments, MDMs were treated with exosomes that
were labeled with PKH-26 red fluorescent cell linker (Sigma-
Aldrich), according to the manufacturer’s instructions. Cell
fluorescence was acquired after 24 hours of treatment, using a
Zeiss LSM 710 confocal microscope (Z-stacks, 0.2 μm cell
depth, 63× lens), or alternatively, by flow cytometry. For in-
tracellular staining, cells were treated with exosomes in the
presence of brefeldin A for 18 hours.

Immunophenotyping for Monocyte/
Macrophage Cell Marker Expression
Monocytes on day 1 (before differentiation) and MDMs on
day 7 were stained with near-infrared live/dead stain (Invi-
trogen) and with multiple panels of antibodies, specified in
table e-1, links.lww.com/NXI/A480. Cells were fixed and
permeabilized using BD Cytofix/TF buffer set. Controls for
multi-color flow cytometry staining included specific single
antibody staining and compensation controls, as well as fluo-
rescence minus one. Data were acquired on a BD FACSAria
SORP. Analysis was subsequently performed using BD
FACSDiva and R software. Mean fluorescence intensity (MFI)
is presented on a logicle scale, as previously described.18

Measurement of Secreted Cytokines
Cell supernatants were collected 24 hours after treatment and
stored at −80°C. Measurement of cytokines was performed

using the BD Cytometric Bead Array (CBA) human soluble
protein master buffer kit, following the manufacturer’s in-
structions, for C-X-C motif chemokine ligand 10 (CXCL10,
also known as interferon gamma–induced protein 10), in-
terleukin 6, tumor necrosis factor α, chemokine (C-C motif)
ligand 2 (CCL2, otherwise known as monocyte chemo-
attractant protein-1/MCP-1), C-X-C motif chemokine ligand
9 (CXCL9, or monokine induced by gamma-interferon/
MIG), and chemokine (C-C motif) ligand 3 (CCL3, or
macrophage inflammatory protein 1-alpha/MIP-1-α). FCAP
Array Software was used for signal quantification. Data were
normalized to basal levels (subtracting the concentration of
untreated cells).

Statistical Analysis and Visualization
For continuous variables, a Kruskal-Wallis followed by Mann-
Whitney U test for pairwise comparison was used. Data cor-
relation was performed by the Pearson test. For categorical
variables, the χ2 test was used. All data were analyzed using
SPSS software Version 25. Differences in tests were consid-
ered statistically significant when p < 0.05. To visualize cell
subpopulations, individual flow cytometry standard (FCS) file
from each run were combined into a single FCS file to define
spatially distinct populations. Channels were first transformed
using logicle transformation, and viable cells were selected
from all events. Between 20,000 and 30,000 live cells were
acquired. To eliminate sample size bias before performing

Figure 1 Exosome Morphology and Protein Characterization

(A) Scanning electronmicroscope images showing exosomeaggregates derived from sera of 2 donors (5 and 20 kV). Exosomediameter ranged from50 to 120
nm. (B) Dynamic light scattering of 2 representative exosome isolates. (C) Western blot of representative serum-derived exosomes showing expression of
CD63, CD9, and TSG101 markers, but no detectable expression of calnexin. BCL exosomes were used as EBV-positive control and Raw 264.7 as EBV-negative
control. Hela cell lysates were added as positive control for human calnexin IgG. BCL = B-cell line; EBV = Epstein-Barr virus; MDM = monocyte-derived
macrophage.
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dimensionality reduction, samples were randomly down
sampled to 1,000 viable cells per sample, and analysis was run
on equal numbers of events per sample. t-SNE is a nonlinear
dimension reduction method that projects data into a lower
dimensional space.19 Here, we applied t-SNE to compute the
two-dimensional embedding of MDMs subtypes using the R
package Rtsne. The implementation uses default parameters
(iterations = 1,000, perplexity = 30, and θ = 0.5). Because we
are interested in changes in the density of cell populations
across different conditions, t-SNE is followed by the un-
supervised K-means clustering to cluster cells based on ex-
pression of different markers. K-means is a commonly used
clustering algorithm for single-cell analysis after di-
mensionality reduction.20

Data Availability
All relevant data are provided in the article and supplementary
files.

Results
Exosome Characterization
Exosomes were characterized according to the International
Society for Extracellular Vesicles–recommended criteria.21

The size of isolated extracellular vesicles, ranging from 30-nm
diameter, typical for exosomes, was verified by electron mi-
croscopy (figure 1A). A similar size profile was confirmed by
dynamic light scattering (figure 1B). These extracellular

Figure 2 Differential EBV Protein Expression on Exosomes of Subjects With MS vs Healthy Controls

Exosomes from the sera of 15 healthy controls, 15 patients with stable RRMS, and 15 active patients were tested for the expression of exosome-related
proteins and EBV-specific markers. (A and B) Boxplots showing pixel intensity and MFI of exosomes, tested for (A) LMP1, CD63, and TSG1 protein
expression by immunoblots and for (B) LMP2A and EBNA1 by flow cytometry. MFI is presented on a logicle scale. Exosomes derived from active patients
expressed significantly higher intensities of EBV-specific markers when compared with healthy controls. *Indicates a p < 0.05. Exosome-specific markers
did not show a significant distribution across tested groups. (C) Correlation curve of EBNA1 and LMP2A expression (MFI) on exosomes (n = 45, r = 0.812).
(D) Distribution table of exosomes, per EBV cutoff, into EBV(+) and (−) groups. A cutoff was created using exosomal EBV mean MFI of a VCA-seronegative
healthy control. EBV = Epstein-Barr virus; MDM =monocyte-derived macrophage; MS =multiple sclerosis; RRMS = relapsing-remitting multiple sclerosis;
VCA = viral capsid antigen.
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vesicles expressed exosome-enriched proteins CD63, CD9,
and TSG101 with undetectable expression of the non-
exosomal ER marker calnexin, as confirmed by Western blot
analysis (figure 1C).

Differential EBV Protein Expression by
Exosomes From MS and Controls
We have quantified using flow cytometry and dot blot the
expression of several markers on exosomes (figure e-1, A and
B, links.lww.com/NXI/A477). Some of the investigated
markers are exosome specific like TSG101 and CD63,22 and
others are related to EBV such as LMP1, LMP2A, and
EBNA1. Exosome-specific markers, CD63 and TSG101,
showed similar distribution across all groups (figure 2A).
Exosomes from patients with active RRMS expressed higher
EBV proteins when compared with exosomes of healthy
controls (figure 2A, B). Stable RRMS exosomes tended to
have a higher LMP2A expression compared with those from
healthy controls; however, the difference did not reach sta-
tistical significance (p = 0.07). Furthermore, expression of
LMP1, LMP2A, and EBNA1 was significantly correlated

(figure e-2A, links.lww.com/NXI/A478, with a very strong
correlation detected between LMP2A and EBNA1; p =
0.0001, r = 0.812) (figure 2C). All except 2 healthy indi-
viduals included in this study were EBV seropositive, with no
significant differences in VCA IgG titers between groups
(data not shown). There was no correlation between EBV
serology and exosomal EBNA1 or LMP2A expression
(r = 0.0006) (figure e-2B, links.lww.com/NXI/A478). Next,
using the mean of LMP2A and EBNA1 MFI, we stratified
exosomes into EBV-positive (EBV(+)) and EBV-negative
(EBV(−)) groups (figure 2D). The hypothetical cutoff was
established using exosome derived from an EBV seronega-
tive donor (by VCA IgG titers) (figure e-2B, links.lww.com/
NXI/A478).

Accordingly, we found that EBV(+) exosomes were those
mostly derived from patients with RRMS. Almost all healthy
control exosomes (80%) fell below the cutoff level, thus into
the EBV(−) group, whereas 57% of stable RRMS exosomes
and 66% of active RRMS exosomes were EBV(+) (figure 2D)
(Pearson χ2 p = 0.009).

Figure 3 Cellular Exosome Uptake and Response

(A) Representative confocal microscopy images (single z-stacks) for MDMs after 24 hours of treatment with PKH-26–labeled exosomes (red). Cell-exosome
uptake was confirmed with surface marker staining with V450-conjugated anti-CD14 and BB515-conjugated anti-CD11b. (B) Box plots of CXCL10, CCL2,
CXCL9, and CCL3 secretion 24 hours after MDM treatment with exosomes, assessed using CBA. EBV(+) exosomes induced a higher CXCL10 secretion than
EBV(−) exosomes in cells of patients with active MS and a higher CCL2 secretion in cells of stable patients. A differential cytokine secretion was detected
betweenMDMs of patients withMS and healthy controls. n = 24 responder cells (10 healthy controls, 7 subjects with stableMS, and 7 subjects with activeMS)
for CXCL10 and n = 12 (4/group) for CXCL9, CCL2, and CCL3, each treated with 45 different exosomes (15/origin group). p Values are indicated for comparison
between exosomegroups (EBV positive andnegative) and for comparison between different responder cell groups (healthy, stable, and activeMS cells). EBV =
Epstein-Barr virus; MDM = monocyte-derived macrophage; MS = multiple sclerosis; n.s. = nonsignificant.
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Figure 4 Myeloid Cell Marker Expression and Correlations Between Chemokine Secretion and Cellular Subsets

(A) t-SNE plots showing the distribution of different cell markers among monocytes and MDMs. The upper right panel indicates day 1 for clusters of
monocytes/before differentiation (pink) and day 7 for MDMs/after differentiation (blue). The other panels show the distribution of expression intensities of
single markers CD45, CD11b, CD14, CD16, and CD68 on the cellular clusters in relation to time, day 1 and day 7. The color scale goes from green (low) to red
(high) fluorescence intensity. Plots are representative of 12 different donors. (B) t-SNE showing the different monocytes and MDM subsets on days 1 and 7,
respectively. (C) Frequency (%) of cell populations before and after differentiation frommonocytes (day 1) tomacrophages (day 7). (D) Pearson correlations of
frequencies of differentMDMsubsets and chemokine secretion. Significant correlations (p< 0.05) are showing in red. n = 12 independent experiments of 4 cell
donors/group. MDM = monocyte-derived macrophage. *p < 0.05
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EBV(+) Exosomes Induce CXCL10 Secretion
by MDMs
Next, we investigated the effect of serum exosomes onMDMs
that were differentiated from monocytes of patients with MS
and healthy controls. Exosome uptake by MDMs was verified,
24 hours after treatment, by confocal microscopy (figure 3A)
and flow cytometry using PKH-26 red fluorescent dye for
exosome staining. Several cytokines were assessed in cells
supernatants, CXCL10, CXCL9, CCL2, and CCL3 secretion
showed certain dynamics upon treatment with exosomes
compared with basal (untreated) levels. Of interest, EBV(+)
exosomes induced a higher CXCL10 secretion than EBV(−)
exosomes that reached significance when MDMs were de-
rived from patients with active RRMS (p = 0.016) (figure 3B).
EBV(+) exosomes also induced a higher CCL2 secretion than
EBV(−) exosomes in cells of stable RRMS (p = 0.032). Fur-
thermore, cells from active patients were more sensitive to
exosome treatment independently of exosome phenotype
(EBV positive or negative) or exosome origin (healthy or
MS). These cells significantly secreted higher CXCL10 and
CCL2 levels when compared with cells from healthy controls
and stable patients and higher CXCL9 than healthy controls
(figure 3B). MDMs of stable RRMS were also better secretors
of CCL2 and CXCL9 relative to healthy controls. In contrast,
CCL3 production was significantly higher in MDM cultures
derived from healthy controls compared with patients with
MS (figure 3B).

Responder Cell Subsets in MDMs and
Monocytes and Correlation With Response
to Exosomes
Responder cells were stained before and after differentiation
using a panel of antibodies against CD45, CD11b, CD14,
CD16, and CD68 to characterize immunophenotypic
monocyte/macrophage subsets (table e-1, links.lww.com/
NXI/A480). On differentiation withM-CSF, cells acquired an
elongated fibroblast-like morphology. Macrophages had an
increased CD11b, CD16, and CD14 expression and a de-
creased CD45 and CD68 (figure 4A). High dimensionality
reduction t-SNE followed by cluster analysis showed an en-
richment of MDMs at day 7 toward 2 subsets CD45(+)
CD11b(++)CD14(++)CD16(+)CD68(+) and CD45(+)
CD11b(++)CD14(+)CD16(+)CD68(+) (figure 4B). Of in-
terest, the dominant CD45(+)CD11b(++)CD14(++)
CD16(+)CD68(+) population frequency showed a signifi-
cant correlation with CXCL10 secretion, while a decrease in
CD45(+)CD11b(++)CD14(+)CD16(+)CD68(+) population
correlated with CXCL10, indicating a link between CXCL10
secretion and MDMs differentiation status (figure 4C, D).
Furthermore, CXCL10 secretion was also correlated with
the presence at baseline of a monocytic subset characterized
by the following signature CD45(++)CD11b(+)CD14(+)
CD16(++)CD68(++) at day 1 (r = 0.643, p = 0.024).
Whether the CXCL10 secretion reported at day 7 is linked to
the presence of this specific type of cells is not known.
However, this suggests that the difference seen in cells at day
1 may have favored the differentiation toward a better

CXCL10 secretor population at day 7. We then compared
the proportion of these different subsets in each of our re-
sponder cell cultures; we found that the frequency of
CD45(+)CD11b(++)CD14(++)CD16(+)CD68(+) subset
was significantly higher in cells of patients with active RRMS
compared with stable MS and healthy groups, whereas
the frequency of CD45(+)CD11b(++)CD14(+)CD16(+)
CD68(+) was significantly higher in the healthy controls
cells (figure 4C). Our data suggest that MDM differentia-
tion toward a CD45(+)CD11b(++)CD14(++)CD16(+)
CD68(+) phenotype results in an enhanced CXCL10 se-
cretion, after treatment with exosomes; however, the op-
posite was observed for CCL3 as this cytokine correlated
with the CD45(+)CD11b(++)CD14(+)CD16(+)CD68(+)
subset that was more enriched in the healthy control cells
than MS cells (figure 4, C and D). There were no major
differences between patients’MDMs and healthy MDMs for
other myeloid cell markers including CD169/Siglec-1,
CD206/macrophage mannose receptor, CD86, CD163,
and HLADR (data not shown). The expression of HLADR,
CD169, CD163, and CD86 on monocytic cells was highly
retained on differentiation to MDMs. A mixed M1/M2
phenotype was identified in healthy and MS MDMs with a
combined expression of CD206(+)CD163(+)CD86(+)
phenotype. It is worth mentioning that the expression of
CD206 was acquired on cell differentiation, whereas
arginase-1 was absent on both monocytes and differentiated
macrophages on days 1 and 7, respectively.

Discussion
EBV infection is more common in patients with MS than in
individuals without MS, and several reports support both a
history of mononucleosis and high serum EBV antibody levels
as MS disease risk factors.2,23 Exosomes bearing EBV markers
are known to be released from EBV infected cells and in the
circulation of EBV-infected individuals.13 But most of the
available data on exosome expression of EBV markers origi-
nated from investigation performed on EBV-associated
cancers.24

Exosomes secreted from lymphoblastoid cell lines that con-
tain LMP1 inhibit T-cell proliferation,25 and LMP1 peptides
inhibit NK cell cytotoxicity.26 LMP1 may also modulate the
selective sorting of proteins into the exosomal pathway; it has
been reported that EBV-infected carcinoma cells secrete
exosomes with a modified content and their proteomic
analysis mapped to cellular activation pathways.27

To investigate the link between the epidemiologic findings
and the immune response in patients with MS, we selected
EBNA1 an essential protein for the replication and persis-
tence of the viral episomes that is steadily expressed in all
stages of EBV latencies and 2 membrane proteins, LMP1 and
LMP2A, that are found in latency type II and III.28 All the
responder cells were from EBV-positive individuals, and there
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was no difference in serum VCA IgG titer between patients
and controls. Our data show increased expression of EBV
proteins in serum exosomes from patients with MS, specifi-
cally in patients with active disease, suggesting a change in
dynamics of EBV protein expression associated with immune
activation in MS.

In lymphoblastoid cell lines that secrete LMP1-containing
exosomes, the LMP1 protein was found to be expressed in
about 30% of the cells, but its expression was not corre-
lated with the cell cycle.25 The authors speculated that
LMP1 was in an intracellular reservoir and mimicked a
constitutively active signaling molecule.25 Here, we fo-
cused on serum exosomes; thus, we do not know the
source of the exosomes. We can hypothesize that EBV
proteins are present in certain immune cells and their re-
lease into exosomes increases during periods of immune
activation. Given that MDMs from patients with exacer-
bations are more sensitive to the effects of exosomes, we
can speculate that they could have been sensitized in vivo.
Whether EBV(+) exosomes initiate the immune activation
during relapse or are a consequence of such activation
remains to be investigated.

There are recent reports on RNAs and proteins content of
exosomes in patients with MS,29,30 but no reports have
tackled exosome EBV protein expression in MS. The exo-
somal cargo has functional consequences on MDMs, pro-
moting the secretion IFN-γ-inducible cytokines. Here, we
show that exosomes expressing EBV proteins induced
CXCL10 and CCL2 secretion in cells of patients with
RRMS. Of interest, MDMs from active patients were more
sensitive to exosomes compared with cells from stable pa-
tients and healthy controls and secreted the highest amounts
of CXCL10 and other IFN-γ-inducible chemokines CCL2
and CXCL9. Nevertheless, these cells secreted significantly
less CCL3 when compared with cells from stable patients
and healthy controls. The observed response could be re-
lated to exosomes’ cargo, to MDMs’ differentiation status, or
to a combination of both.

Enhanced chemokine expression was described within active
demyelinating MS lesions, predominantly by macrophages/
microglial cells and reactive astrocytes.31 Recent single-cell
RNA-seq analyses identified a signaling cascade driven by
monocytes expressing CXCL9 and CXCL10 that together
with NK promotes Th1 responses in pathogen-exposed mice
lymph nodes.32 Lately, Giladi et al.33 described CXCL10(+)
monocytes as a pathogenic subset in the CNS of EAE mice.
Elevated levels of CXCL10 and other chemokines including
CCL2, CCL3, and CXCL9 were also reported inMS CSF and
serum,34,35 despite discrepancies in data regarding levels of
CCL2 and CCL3.36 These chemokines vary in expression in
different phases of MS34 and are differentially modulated by
disease-modifying therapies (DMTs), yet the data are in-
conclusive or conflicting in that regard.35,37 Different modes
of cellular exosome uptake have been described11 that is

highly dependent on the nature of recipient cells rather than
the exosomal molecules.38 Here, we have shown that exo-
somes are internalized within multiple MDM subsets, and the
subsets highly expressing CD14(++) were more responsive to
treatment.

Our data are in line with previous reports describing
nonclassical CD14(+)CD16(+) phenotypes in circulating
monocytes of patients with MS, and its association with
elevated expression of proinflammatory cytokines,39 and
with data suggesting that CD16(+) monocytes facilitate
T-cell migration to the CNS and preferentially activate
Th17 cells.40

Limitations of this study include the relatively small number
of responder cell donors and the cross-sectional design, so
future studies should include longitudinal evaluation of exo-
somes. Another possible limitation is the inclusion of a few
patients with MS on treatment raising the possibility that
DMTs can alter the outcome of the functional assays. How-
ever, we show that exosomes from treated or untreated pa-
tients had similar expression of EBV proteins (figure e-3A,
links.lww.com/NXI/A479), and their effects on CXCL10
production by MDMs were the same (figure e-3, B and C,
links.lww.com/NXI/A479), thus mitigating the possible in-
terference by DMTs.

This study contributes to our understanding of the association
between EBV andMS risk. EBV(+) exosomes are increased in
the serum of patients with MS in relapse that promote
proinflammatory response by antigen-presenting cells and
may contribute to the ongoing immune activation. Further
work is needed to clarify whether reactivation of EBV drives
MS disease activation or whether it is just a consequence of
immune activation.
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Abstract
Objectives
To compare the real-world effectiveness of newer disease-modifying therapies (DMTs) vs
injectables in children with relapsing-remitting multiple sclerosis (RRMS).

Methods
In this retrospective, multicenter study, from the UK Childhood Inflammatory Demyelination
Network, we identified children with RRMS receiving DMTs from January 2012 to December
2018. Clinical and paraclinical data were retrieved from the medical records. Annualized relapse
rates (ARRs) before and on treatment, time to relapse, time to newMRI lesions, and change in
Expanded Disability Status Scale (EDSS) score were calculated.

Results
Of 103 children treated with DMTs, followed up for 3.8 years, relapses on treatment were
recorded in 53/89 (59.5%) on injectables vs 8/54 (15%) on newer DMTs. The ARR was
reduced from 1.9 to 1.1 on injectables (p < 0.001) vs 1.6 to 0.3 on newer DMTs (p = 0.002).
New MRI lesions occurred in 77/89 (86.5%) of patients on injectables vs 26/54 (47%) on
newer DMTs (p = 0.0001). Children on newer DMTs showed longer time to relapse, time to
switch treatment, and time to new radiologic activity than patients on injectables (log-rank p <
0.01). After adjustment for potential confounders, multivariable analysis showed that inject-
ables were associated with 12-fold increased risk of clinical relapse (adjusted hazard ratio [HR]
= 12.12, 95% CI = 1.64–89.87, p = 0.015) and a 2-fold increased risk of new radiologic activity
(adjusted HR = 2.78, 95% CI = 1.08–7.13, p = 0.034) compared with newer DMTs. At 2 years
from treatment initiation, 38/103 (37%) patients had MRI activity in the absence of clinical
relapses. The EDSS score did not change during the follow-up, and only 2 patients had
cognitive impairment.
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Conclusion
Newer DMTs were associated with a lower risk of clinical and radiologic relapses in patients compared with injectables. Our study
adds weight to the argument for an imminent shift in practice toward the use of newer, more efficacious DMTs in the first instance.

Classification of Evidence
This study provides Class IV evidence that newer DMTs (oral or infusions) are superior to injectables (interferon beta/
glatiramer acetate) in reducing both clinical relapses and radiologic activity in children with RRMS.

Pediatric multiple sclerosis (MS) has an incidence ranging
between 0.13 and 0.66 per 100,000 children per year.1 In
comparison to MS in adults, pediatric MS is associated with a
higher relapse rate2 and rapid MRI lesion accrual early in the
disease course,3 with worse cognitive outcomes4 and physical
disability in the long term. Furthermore, patients show pro-
gressive brain atrophy, especially in the gray matter.5 Despite
a highly active disease, particularly in the initial years, patients
with pediatric-onset MS demonstrate a slower rate of accrual
of disability compared with adult-onset patients.6

The approach to treatment of relapsing-remitting multiple
sclerosis (RRMS) is rapidly evolving, with 15 disease-modifying
therapies (DMTs) currently licensed for adults, that target the
immune system peripherally and reduce MS relapse risk.7 These
range from injectables (interferon-β and glatiramer acetate), with
favorable side effect profiles but moderate clinical efficacy, to
newer oral or infusion DMTs, associated with greater treatment
efficacy, but a higher risk profile.8 Current treatment strategies in
pediatric MS are largely center specific and reliant on adult
protocols; there is a clear need to balance the risk of under-
treating children causing poor disease control and accrual of
motor, visual, and cognitive disabilities or overtreating them,
particularly with sequential immunotherapy, exposing the child
to unnecessary toxic effects, which may include reduced fertility,
malignancy risks, and premature immune senescence.9 Never-
theless, an improvement in prognosis with a globally reduced
annualized relapse rate in children with MS is observed com-
pared with the pretreatment era,10 indicating a possible long-
term effect of therapies. In a multicenter observational study of
741 pediatric patients with MS from the US Network of Pedi-
atric MS Centers, those on newer DMTs had lower relapse rates
(rate difference = 0.27, p = 0.004) and lower rates of new/
enlarging T2 (hazard ratio [HR] = 0.51, p < 0.001) and
gadolinium-enhancing lesions (HR= 0.38, p < 0.001) than those
on injectables.11 The results of the first pediatricMS randomized
controlled trial of fingolimod (newer oral DMT) vs interferon-β
(older injectable DMT) demonstrated the superiority of fingo-
limod over interferon-β, with a lower relapse rate, less accumu-
lation of lesions on MRI, and a lower annualized rate of brain
atrophy over a 2-year period.12,13

There are very few studies to guide optimal initial DMT choice
for pediatric MS. We therefore aimed to evaluate real-world
effectiveness of treatment with newer compared with injectable
DMTs in children with RRMS. In addition, we aimed to
compare the different clinical (annualized relapse rate [AAR]),
imaging (≥2 new T2 hyperintense and/or ≥1 gadolinium-
enhancing lesions), and disability parameters (Expanded Dis-
ability Status Scale [EDSS] score) before and on treatment.

Methods
This project was a multi-institutional, retrospective study run
within the UK Childhood Inflammatory Demyelination
Network, involving 7 pediatric neuroscience centers com-
missioned to manage pediatric-onset MS: Great Ormond
Street Hospital (London), Evelina London Children’s Hos-
pital (London), Birmingham Children’s Hospital, Adden-
brooke’s Hospital (Cambridge), Alder Hey Children’s
Hospital (Liverpool), Royal Manchester Children’s Hospital,
and Great North Children’s Hospital (Newcastle). Centers
were asked to identify patients aged <18 years with RRMS
receiving DMTs in the period of January 2012 to December
2018, using Blueteq records of DMT prescriptions (drug
management system used by NHS England for high-cost
drugs including DMTs).14 Patients who entered a clinical trial
with a DMT were excluded. Clinical data including de-
mographics, clinical findings and laboratory results, first and
subsequent relapse characteristics, and treatment information
were retrospectively reviewed from electronic medical records
of patients and entered into a standardized database.

All patients had undergone brain imaging according to local MRI
protocols every 6 months with a new baseline MRI once com-
menced on new treatment. Spinal cord imaging was only per-
formedwhen clinically indicated andwas not performed routinely.

The patient’s age at DMT start, year the DMTwas prescribed,
duration of use, side effects, and reasons for discontinuation
or switching therapies were included. The NCI Common
Terminology Criteria for Adverse Events (v.5) were used for
reporting of adverse events using a grading (severity) scale.15

Glossary
ARR = annualized relapse rate; DMT = disease-modifying therapy; EDSS = Expanded Disability Status Scale; HR = hazard
ratio; IQR = interquartile range; MS = multiple sclerosis; RRMS = relapsing-remitting multiple sclerosis.
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Markers of disease severity included first relapse characteristics
(polysymptomatic, transverse myelitis, and optic neuritis),
number of relapses and presence of new T2 hyperintense or
gadolinium-enhancing lesions on brain MRI before treatment
and on treatment, and EDSS scores at baseline and last follow-up.

DMTs classified as newer included dimethyl fumarate, fingo-
limod, teriflunomide, natalizumab, ocrelizumab, and alemtu-
zumab. DMTs were also classified by mode of administration,
including injectables (glatiramer acetate and interferon-β), oral
(dimethyl fumarate, fingolimod, and teriflunomide), or in-
fusion (natalizumab, ocrelizumab, and alemtuzumab). The
primary comparison was between patients on injectables and
those who were started on or escalated to newer DMTs (oral
and infusions).

The following outcome measures were calculated: (1) ARRs
before and on treatment, (2) time to clinical relapse from
treatment initiation (relapses are defined as new/worsening
neurologic symptoms lasting at least 24 hours in the absence
of fever or infection, as determined by the treating neurolo-
gist), (3) time to switching DMT from treatment initiation,
(4) time to development of ≥2 new T2 hyperintense and/or
≥1 gadolinium-enhancing lesions on brain MRI from treat-
ment imitation, and (5) change in EDSS score from baseline
to last follow-up on treatment.

ARRs were calculated as the number of relapses per year
before treatment (excluding index event) and during treat-
ment only in patients with at least 6 months of follow-up after
initiation of treatment. An attack was defined as “definitely

Table Demographics, Baseline, and Follow-up Clinical and Radiologic Features Stratified to Patients Starting Injectables
(n = 89) and Newer DMTs (n = 14) as Their First-Line Therapy

All patients with
MS (N = 103)

Patients starting
injectables (n = 89)

Patients starting newer
DMTs (n = 14) p Value

Age at presentation (yrs), median (IQR) 14.0 (12.0–14.8) 13.9 (11.9–14.6) 14.3 (12.9–15.1) 0.42

Sex (M:F) 1 : 2.7 24:64 (1:2.7) 3:11 (1; 3.7) 0.65

Ethnicity (White:other) 1 : 1.1 49:40 (1.3:1) 2:12 (1:6) <0.005

CIS phenotype at onset

Optic neuritis 27 (26%) 26 (29%) 1 (7%)

Transverse myelitis 4 (4%) 4 (45%) 0 (0%)

Polysymptomatica 72 (70%) 61 (69%) 11 (79%)

Intrathecal oligoclonal bands 87/93 (95%) 79/83 (95%) 8/10 (80%) 0.06

Abnormal MRI at onset 102 (99%) 88 (99%) 14 (100%) 0.69

Locations of MRI lesions at onset

Periventricular 95 (94%) 81 (91%) 14 (100%)

Infratentorial 76 (74%) 66 (74%) 10 (71%)

Cortical/juxtacortical 75 (73%) 67 (75%) 8 (57%)

Spinal cord 60 (59%) 51 (57%) 9 (64%)

New MRI lesions over time 92 (89%) 86 (97%) 6 (43%) <0.0001

Locations of new MRI lesions

Periventricular 100 (97%) 87 (98%) 13 (93%)

Infratentorial 96 (93%) 82 (92%) 14 (100%)

Cortical/juxtacortical 89 (86%) 79 (89%) 10 (71%)

Spinal cord 81 (79%) 75 (84%) 6 (43%)

No of relapses before DMT, median (IQR) 2 (1–3) 2 (1–3) 1 (1.5–2) 0.67

Time from initial presentation to DMT, median (IQR) 1.2 (0.7–2.0) 1.0 (0.6–1.9) 1.8 (1.4, 2.5) 0.50

Baseline EDSS score before DMT, median (IQR) 1.0 (0–1.5) 1.0 (0–1.5) 1.0 (0.25–1.5) 0.94

EDSS score at last follow-up, median (IQR) 1.0 (1–1.5) 1.0 (1–1.5) 1.0 (1–1.5) 0.83

Abbreviations: DMT = disease-modifying therapy; EDSS = Expanded Disability Status Scale; IQR = interquartile range; MS = multiple sclerosis.
a This category includes brainstem, cerebellar, and other presentations.
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new neurologic symptom” or “clear acute worsening of pre-
vious neurologic deficits” with objective clinical signs, lasting
for at least 24 hours and attributed to an inflammatory CNS
event, confirmed by the treating physician. Relapses were
analyzed for up to 2 years before initiation of therapy and for
the duration of the time undergoing therapy.

Statistical Analysis
Descriptive statistics were performed on the demographic and
clinical variables. Mean, median, SD, and interquartile range
(IQR) were reported as appropriate. A paired 2-tailed t test was
used to compare ARRs before and on treatment. Kaplan-Meier
survival analyses were used to estimate the cumulative risk of
clinical relapses on treatment, of switching treatment, and of the
development of ≥2 newT2 hyperintense and/or ≥1 gadolinium-
enhancing lesions on brain MRI, using the log-rank test to
compare patients starting injectables (n = 89) and those starting
newer DMTs (n = 14). Kaplan-Meier survival analyses were also
used to estimate the cumulative risk of clinical relapses, ≥2 new
MRI lesions, and EDSS score worsening for all 103 children in
our cohort. In addition, we built Cox proportional hazards
models to investigate the impact of DMT choice (newer vs
injectables) on the risk of clinical relapses, risk of switching
treatment, and risk of the development of ≥2 new T2 hyperin-
tense and/or ≥1 gadolinium-enhancing lesions on brain MRI,
after adjusting for potential confounders including sex, ethnicity,
age at presentation and DMT initiation, relapse characteristics at
presentation (optic neuritis, transverse myelitis, and poly-
symptomatic), number of relapses in the prior 6 months, and
EDSS score at baseline before treatment. For each analysis
performed, adjusted HRs are reported for DMT type.

For MRI outcome, we used midpoint survival analyses due to
the fact that there is variation in the timing of MRI scans in

clinical practice and the actual time of a new lesion developing
is not known. Therefore, we used the midpoint of time be-
tween the MRI with a new lesion and previous MRI to esti-
mate when the new lesion developed. For time to ≥2 new T2
hyperintense and/or ≥1 gadolinium-enhancing lesions anal-
ysis, we included patients if they had a baseline brain MRI
within the 6 months before starting a DMT, as well as ≥1MRI
midpoint during treatment on that DMT. Results associated
with a value of p < 0.05 were considered significant. Data were
analyzed with GraphPad Prism 8 (GraphPad Software) and
StataSE version 14 (StataCorp LLC, College Station, TX).

Standard Protocol Approvals, Registrations,
and Patient Consents
This study was approved by Great Ormond Street Hospital
Research and Development Department (reference: 16NC10).

Data Availability
For purposes of replicating procedures and results, any
qualified investigator can request anonymized data after ethics
clearance and approval by all authors.

Results
A total of 103 children with a diagnosis of RRMS who re-
ceived treatment with a DMT were identified. Median age at
symptom onset was 14.0 years (IQR 12.0–14.8 years). Clin-
ical features and patient demographics are summarized in the
table. The median length of follow-up from first clinical pre-
sentation was 3.8 years (IQR 3–7 years) and from DMT
initiation was 2.8 years (IQR 2.1–3.6 years).

Sixty-three (61%) patients were treated with 1 DMT, 37
(36%) were treated with 2 DMTs, and 3 (3%) were treated

Figure 1 Patient Disease-Modifying Therapy (DMT) Pathway

Patients were distributed across treatment cen-
ters as follows; 45 (44%) at Great Ormond Street
Hospital, 25 (24%) at Evelina Children’s Hospital,
18 (18%) at Birmingham Children’s Hospital, 5
(5%) at Royal Manchester Children’s hospital, 4
(4%) at Great North Children’s Hospital, 3 (3%) at
Addenbrooke’s Hospital, and 3 (3%) at Alder Hey
Children’s Hospital. Of the 103 children included,
89 patients (86%) were started on an injectable as
their first DMT (interferon-β [n = 73] and glatir-
amer acetate [n = 14]), and 14 (14%) were started
on a newer DMT (dimethyl fumarate [n = 7], fin-
golimod [n = 4], natalizumab [n = 2], and alem-
tuzumab [n = 1]). Three of the 89 patients (3%) on
injectables switched to another injectable (in-
terferon-β [n = 1] and glatiramer acetate [n = 2]),
of which 2 were then escalated to a newer DMT
(fingolimod [n = 1] and alemtuzumab [n = 1]).
Thirty five of 89 (39%) children who started on
injectables were escalated to a newer DMT (fin-
golimod [n = 14], natalizumab [n = 13], dimethyl
fumarate [n = 5], teriflunomide [n = 2], and
ocrelizumab (n = 1)), of which 1 switched to an-
other newer DMT (fingolimod [n = 1]). Two of the
14 patients who were started on a newer DMT as
their first drug switched to another newer DMT
(fingolimod [n = 2]).
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with 3 or more DMTs. Figure 1 describes the DMT pathway
for all 103 patients included. Patients had a median of 2 re-
lapses (range 1–5) before starting treatment. The median
time from initial presentation to starting injectables was 1.0
years (IQR 0.6–1.9 years), whereas from initial presentation
to starting a newer DMT was 1.8 years (IQR 1.4–2.5 years).
Of the 305 clinical relapses reported in the cohort, 113 of
these (37%) occurred while patients were on treatment.

The annualized relapse rate (ARR) reduced from 1.9 to 1.1
while on interferon-β and glatiramer acetate (n = 89, p <
0.001). The ARR was reduced from 1.7 to 0.4 for newer
DMTs when used as first medication (n = 14, p = 0.02). For
newer DMTs used as second- and third-line treatment, the
ARR was reduced from 1.6 to 0.2 (n = 40, p = 0.003).
Overall, when considering all patients on newer DMTs
(either starting on, or escalating to newer DMTs), ARR was
reduced from 1.6 to 0.3 (n = 54, p = 0.002). For individual
newer DMTs, ARR reduction before and on treatment was
as follows: 1.1 to 0.7 with dimethyl fumarate (n = 12, p =
0.3), 1.9 to 0.3 with fingolimod (n = 21, p = 0.01), 1.7 to 0.3
with natalizumab (n = 15, p = 0.04), 0.5 to 0.5 with teri-
flunomide (n = 2, p = 0.5), and 1.2 to 0 with alemtuzumab (n
= 2, p = 0.1) (figure 2; figure e-1, links.lww.com/NXI/
A492). For the 40 patients who escalated from injectables to
newer DMTs, there was an overall reduction of ARR from
1.7 to 0.2 (p = 0.0001).

Relapses on treatment were recorded in 53/89 (59.6%) of
patients who had an injectables compared with 8/54 (15%)
children who started on or escalated to newer DMTs. Of note,
20 patients (19.4%) who relapsed on treatment were not
escalated; of these, 13 were on injectables and 7 were on
newer DMTs. Kaplan-Meier survival analysis showed longer

time to first relapse in children on newer DMTs. compared
with injectables (log-rank p < 0.001) (figure 3A) and a longer
time to switching treatment in children on newer DMTs
compared with injectables (log-rank p = 0.0016) (figure 3C).

During the period, a median of 4 (range 3–10) repeated MRI
scans were performed. Radiologic activity occurred in 77/89
(86.5%) of patients who had injectables compared with 26/54
(47%) who started on or escalated to newer DMTs. Kaplan-
Meier survival analysis showed children on newer DMTs had
longer time to developing of ≥2 new T2 hyperintense and/or
≥1 gadolinium-enhancing lesions compared with those on
injectables (log-rank p = 0.002) (figure 3B). Median time to
new radiologic activity was 2.8 years (IQR 0.5–2.0 years) on
newer DMTs compared with 1.8 years (IQR 0.8–3.2 years)
on injectables. Overall, clinical relapses occurred in 53/103
(51%) patients and new MRI lesions occurred in 91/103
(88%) patients at 2 years from treatment initiation. In fact, at
2 years, 38/103 (37%) patients had ≥2 new T2 hyperintense
and/or ≥1 gadolinium-enhancing lesions in the absence of
clinical relapses.

Baseline and follow-up EDSS scores during treatment were
available for all children; the median EDSS score at baseline
before treatment initiation was 1.0 (IQR 0–1.5), and at last
follow-up on treatment was 1.0 (IQR 1–1.5). In total, only 10
children (9.7%) had an EDSS score ≥2 before treatment
initiation, and this increased to 12 (11.7%) children at last
follow-up. EDSS worsening ≥1.0 point was observed in 12
children (13%) on injectables compared with 7 children
(13%) who were started or escalated to newer DMTs. Of 88
children with cognitive assessments reported, only 2 (2%) had
cognitive impairment, as defined by impairment in 3 separate
domains on testing.16

We performed multivariable analysis and adjusted our results
for the variables that have been identified as potential con-
founders, showing that starting on injectables was associated
with a twelvefold increased risk of clinical relapse (adjusted
HR = 12.12, 95% CI = 1.64–89.87, p = 0.015) and a twofold
increased risk of new radiologic activity (adjusted HR = 2.78,
95% CI = 1.08–7.13, p = 0.034) compared with starting on
newer DMTs. For patients starting injectables, there was no
increased risk of switching treatment (adjusted HR = 0.96,
95% CI = 0.28–3.29, p = 0.94) compared with those starting
on newer DMTs.

Kaplan-Meier survival analysis demonstrated that the pro-
portion of patients with ≥2 new T2 hyperintense and/or ≥1
gadolinium-enhancing lesions was higher than the proportion
who had clinical relapses and EDSS score increase ≥1
throughout follow-up (figure 4).

Side effects were reported by 55/89 patients (61.8%) on in-
jectables, of which 50 were grade 1 adverse events on the
CTCAE grading scale,15 and 5 were grade 2. The most
commonly reported side effects for injectables were flu-like

Figure 2 Annualized Relapse Rates Before and on Treatment

Annualized relapse rates (ARRs) for patients starting injectables (A) and for
patients starting or escalating to newer DMTs (B) before and on treatment:
Each line corresponds to a single patient, blue lines correspond to re-
sponders (ARR reduction after treatment), and red lines correspond to
nonresponders (ARR increase after treatment). Overall, the ARR was re-
duced from 1.9 to 1.1 while on interferon-β and glatiramer acetate (n = 92, p
< 0.001). The ARRwas reduced from 1.7 to 0.4 for newer DMTswhen used as
first medication (n = 14, p = 0.02). For newer DMTs used as 2nd- and 3rd-line
treatment, the ARR was reduced from 1.6 to 0.2 (n = 40, p = 0.003). DMT =
disease-modifying therapy.
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symptoms (n = 19), injection site reaction (n = 16), head-
aches (n = 7), myalgia and fatigue (n = 5), gastrointestinal
disturbance (n = 3), and derangements in liver function tests
and full blood count (n = 5). Side effects were reported for
18/54 (33%) who started or were escalated to newer DMTs,
of which 14 were grade 1 adverse events, and 4 were grade 2.
The most commonly reported side effects for newer DMTs
were derangements in liver function tests and full blood count
(n = 2), gastrointestinal disturbance (n = 2), myalgia and
fatigue (n = 2), and headaches (n = 1). In 5 patients, DMTs
were discontinued (n = 2) or switched (n = 3) due to side
effects (blood derangements n = 3; severe myalgia/flu-like
symptoms n = 2).

Discussion
In this UK-wide observational study of DMTs in children with
MS, we demonstrated that treatment with newer DMTs (oral
or infusions) was more effective in preventing relapses and
new or gadolinium-enhancing T2 lesions compared with in-
jectable therapies. Our results are in keeping with the first
randomized control trial of fingolimod vs interferon-β in
children.12,17 A high rate of treatment failure with injectables
has been previously reported in children, ranging from 25% to
64% across studies.18

Over the past few decades, there has been a shift toward MRI-
based measures of quantifying inflammatory activity (focal
brain lesions) being the main efficacy outcomes in adult MS
clinical trials. Lesion-related MRI markers provide an objective
measure of the underlying MS pathology and correlate with
clinical outcomes in RRMS (in particular with relapses) in the
short and medium terms.19 Our results clearly demonstrate
that children on newer DMTs took longer to new radiologic
activity compared with those on injectables. However, at 2
years after treatment initiation, although only 51% patients had
relapsed on treatment, 88% had developed new lesions on
neuroimaging, highlighting the discrepancy between clinical
activity/disease severity and radiologic features of what is
largely a highly active disease phenotype in pediatrics.

With regard tomeasures of disability, in our cohort, children had a
median EDSS score of 1.0 both at baseline before treatment
initiation and at last follow-up on treatment. EDSS score ≥2 was
observed in 9.7%of patients prior to treatment, which increased to
11.7% at last follow-up. Only a minority of children had evidence
of disability progression (defined as EDSS worsening ≥1.0 point)
on both injectables (13%) and newer DMTs (13%). A recent
North American study demonstrated that children recover better
from relapses than adults with MS20; for every 10 years of age,
there was reduced EDSS recovery by 0.15 points (p < 0.0001). In
addition, improvement inEDSS score following a relapsewas seen
in a larger proportion of children compared with adults (p =
0.006)with every 10 years of age, increasing the odds of EDSS not
improving by 1.33 times. The effect of age on both heightened
inflammation and neuronal plasticity21 influences the clinical

Figure 3Kaplan-Meier Survival Analyses for Injectables and
Newer DMTs

Kaplan-Meier survival analyses estimating the cumulative risk over 24
months of clinical relapses on treatment (A), the cumulative risk of the de-
velopment of ≥2 new T2 hyperintense and/or ≥1 gadolinium-enhancing le-
sions on brainMRI (B), and the cumulative risk of switching treatment (C) for
injectables and newer disease-modifying therapies (DMTs).

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

http://neurology.org/nn


course with better and faster recovery from relapses (evenwithout
treatments) and frequent radiologic silent activity in the absence of
clinical relapse when treatments are presumably working.

This highlights that clinical outcome measures (including
EDSS and ARR) are not a sensitive enough reflection of
disease activity alone in children, and the current practice of
waiting for the next relapse to consider treatment initiation or
escalation is unsatisfactory. A cohort study of 1,555 adult
patients with RRMS showed that initial treatment with fin-
golimod, natalizumab, or alemtuzumab was associated with a
lower risk of conversion to secondary progressive MS com-
pared with injectables.22 Given that brain atrophy is already
evident in pediatric-onset MS at clinical presentation5,23 and
is linked to disease activity,24 alternative and more sensitive
pediatric specific outcome measures are therefore necessary
either independent of or in addition to clinical outcome
measures for accurately assessing disease activity and disease
impact on the developing brain.

In our real-life clinical cohort, no pediatric-specific side effectswere
reported, and newer DMTs had a similar short-term safety, tol-
erability, and side effect profiles as in adults.25 Only 5 patients
needed to discontinue or switch DMTs due to significant adverse
events. Side effects were reported in 60%of children on injectables
and 33% of children on newer DMTs. This is somewhat reas-
suring given the concerns of medication noncompliance in ado-
lescence (reported as high as 47% with injectables26,27).
Importantly, despite the reassuring safety profile, the long-term
sequelae of both newer infusion and oral DMTs (including
alemtuzumab, ocrelizumab, and cladribine) on the developing
immune system are still unknown and will need longer-term

longitudinal studies. In addition, the cumulative risk frommultiple
DMTs, particularly in children who are likely to require treatment
for decades, needs to be considered. Fewer patients on newer
DMTs switched treatment in this study, with 20 patients (19.4%)
continuing on the same treatment despite disease activity. This
was likely due to access and availability of DMTs at the time.

In our cohort, only 2/88 children (2%) had cognitive impairment
reported in the neuropsychology testing. This is surprising given
the high rates of cognitive impairment in children reported in the
literature (30% of patients across studies28,29) and may be
explained by the short follow-up period in our cohort with cog-
nitive decline likely to occur later on in early adulthood.Data from
a population-based longitudinal cohort study from the Swedish
MS Registry evaluating cognitive outcome of 5,704 patients with
MS revealed that 300 pediatric-onset patients had higher in-
formation processing disabilities than their counterparts with
adult-onset disease, independent of age or disease duration.30

Limitations of this study include its retrospective nature, the
small number of patients included (compared to adult MS
cohorts), and the lack of long-term safety data, especially for
newer DMTs. It was also not possible to blind the clinicians
reviewing patients’ electronic records and collecting outcome
data to the DMT they received, which may have introduced
measurement bias. Furthermore, as patients often switched
treatment horizontally across categories (e.g., one injectable to
another) or vertically (i.e., escalating from injectable to newer
DMT), the different mechanisms of action of various drugs and
duration to achieve effectiveness may have introduced further
bias. Despite these limitations, our findings are generalizable to
a broad range of patients with pediatric MS across diverse
geographic areas in the United Kingdom. In addition, our
findings corroborate with those from those in differing geo-
graphical locations such as the United States despite different
health care systems, practice preferences, and access to certain
DMTs. Furthermore, given that pediatric MS randomized
controlled trials have ongoing major recruitment challenges
and largely focus on establishing drug efficacy at the population
level, real-world observational cohort studies such as ours can
provide a valuable alternative in analyzing the multiple factors
shaping treatment response andMS clinical outcome in clinical
practice.

Our study adds weight to the argument for an imminent shift
in practice toward the use of newer, more efficacious DMTs in
the first instance. As relapses are the highest and MRI activity
continues on DMTs, and this can impact on brain atrophy,
which is most rapid in the first few years after onset of pedi-
atric MS, this time period may present a critical therapeutic
window for the use of highly effective therapies.
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Figure 4 Kaplan-Meier Survival Analysis for All Patients

Kaplan-Meier survival analysis estimating the cumulative risk over 24
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Abstract
Objective
To investigate whether κ-free light chain (κ-FLC) index predicts multiple sclerosis (MS)
disease activity independent of demographics, clinical characteristics, and MRI findings.

Methods
Patients with early MS who had CSF and serum sampling at disease onset were followed for 4
years. At baseline, age, sex, type of symptoms, corticosteroid treatment, and number of T2
hyperintense (T2L) and contrast-enhancing T1 lesions (CELs) on MRI were determined.
During follow-up, the occurrence of a second clinical attack and start of disease-modifying
therapy (DMT) were registered. κ-FLCs were measured by nephelometry, and κ-FLC index
calculated as [CSF κ-FLC/serum κ-FLC]/albumin quotient.

Results
A total of 88 patients at a mean age of 33 ± 10 years and female predominance of 68% were
included; 38 (43%) patients experienced a second clinical attack during follow-up. In multi-
variate Cox regression analysis adjusting for age, sex, T2L, CEL, disease and follow-up duration,
administration of corticosteroids at baseline and DMT during follow-up revealed that κ-FLC
index predicts time to second clinical attack. Patients with κ-FLC index >100 (median value
147) at baseline had a twice as high probability for a second clinical attack within 12 months
than patients with low κ-FLC index (median 28); within 24 months, the chance in patients with
high κ-FLC index was 4 times as high as in patients with low κ-FLC index. The median time to
second attack was 11 months in patients with high κ-FLC index whereas 36 months in those
with low κ-FLC index.

Conclusion
High κ-FLC index predicts early MS disease activity.

Classification of Evidence
This study provides Class II evidence that in patients with early MS, high κ-FLC index is an
independent risk factor for early second clinical attack.
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Class of Evidence
Criteria for rating
therapeutic and diagnostic
studies
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Multiple sclerosis (MS) is a chronic inflammatory immune-
mediated neurologic disease that mainly affects young adults
and bears the risk of physical and cognitive disability.1 In the
last decades, an increasing number of disease-modifying
therapies (DMTs) were proven to reduce the number of re-
lapses, accumulation of disability, and brain MRI activity in
relapsing MS.2 Current treatment concepts recognize the
importance of early treatment and plead toward suppressing
disease activity below the level of detectability.3

However, the interindividual courses of MS are extremely
variable,4 and weighing benefits vs risks of certain DMT has
become one of the main challenges for neurologists coun-
seling patients with MS.5 Since criteria guiding decisions
when to start treatment in early MS and, in case, whether
choosing a moderately or a highly efficacious DMT, are still
controversially debated, there is an urgent need for bio-
markers to predict disease activity.5,6 So far, the number of
brain MRI lesions and the presence of oligoclonal bands
(OCBs) in the CSF imply some prognostic value and are
widely accepted.7

Free light chains (FLCs) in the CSF are an emerging bio-
marker in MS that showed high diagnostic accuracy and sig-
nificant methodological advantages over detection of OCB.8,9

Although there is some evidence that FLCs have also prog-
nostic value,10,11 it is still unclear whether this holds true after
adjusting for other prognostic factors. The objective of this
study was to investigate whether κ- and λ-FLC index predict
disease activity in patients with early MS independent of de-
mographics, clinical, and MRI characteristics.

Methods
Study Design
This study included patients of the MS clinic of the De-
partment of Neurology, Medical University of Innsbruck, who
had a first demyelinating event of the CNS, had CSF and
serum collection for routine diagnostic purposes at disease
onset, and received the diagnosis of clinically isolated syn-
drome or MS according to the McDonald criteria 2017.12

Patients were prospectively followed over a period of 3–4
years.

At baseline, demographic characteristics and clinical and
paraclinical variables were assessed. Demographics included
sex and age. Clinical variables comprised disease duration
(time between symptom onset and lumbar puncture), type of
symptoms (monofocal vs multifocal syndrome; affection of

the optic nerve, brainstem/cerebellum, spinal cord, or brain
area of other topography), and use of corticosteroid treat-
ment. Paraclinical variables were number of hyperintense le-
sions on T2-weighted MRI (T2L), number of contrast-
enhancing lesions on T1-weighted MRI (CEL), and main
CSF findings including OCB status.

During follow-up, the confirmed occurrence of a second
clinical attack (i.e., conversion to clinically definite MS
[CDMS]) and start of DMT were registered. Clinical visits
were arranged at the treating physician’s discretion, at least
once a year. At each visit, disability status was assessed by the
Expanded Disability Status Scale (EDSS).13

MRI
MRI was performed for diagnostic purposes. T2-weighted
and gadolinium-enhanced T1-weighted MRI scans of the
brain (and if available of the spinal cord) were obtained.
Contiguous, axial, maximal 5-mm-thick slices at a field
strength of 1.5 T or 3 T were acquired. MRI analysis was
performed centrally at the Department of Neuroradiology,
Medical University of Innsbruck, by experienced raters blin-
ded for any specific clinical information except referral for the
suspected diagnosis of MS.

CSF Analysis
Routine CSF analysis was performed at the Neuro-
immunology Laboratory, Department of Neurology, Medical
University of Innsbruck. CSF white blood cell (WBC) and red
blood cell counts were determined in a Fuchs-Rosenthal
chamber, which has a volume of 3.2 μL.14 Division by 3.2
allowed reporting of cell counts per μL according to the In-
ternational System of units (SI). Albumin in CSF and serum
were measured by nephelometry (Beckman Coulter GmbH,
Brea, CA) as previously reported.15 The albumin quotient
(Qalb) was calculated as the ratio of CSF albumin/serum al-
bumin.14 Detection of OCB was performed by isoelectric
focusing and subsequent immunoblotting using IgG-specific
antibody staining as previously described.16 OCB patterns
were evaluated by experienced raters and classified as negative
(patterns I, IV, and V) or positive (patterns II and III).17 A
cutoff >2 CSF-restricted bands was used to define OCB
positivity.16

FLC Assay and Calculation of Intrathecal
FLC Synthesis
κ- and λ-FLC concentrations in CSF and serum samples were
analyzed by nephelometry using Behring ProSpec with the
serum FLC immunoassay (N Latex FLC kappa and N Latex
FLC lambda assay, Siemens, Erlangen, Germany) according

Glossary
CDMS = clinically definite multiple sclerosis;CEL = contrast-enhancing T1 lesion;DMT = disease-modifying therapy; EDSS =
Expanded Disability Status Scale; κ-FLC = κ-free light chain; MS = multiple sclerosis; OCB = oligoclonal band; T2L =
hyperintense T2 lesion; WBC = white blood cell.
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Table 1 Demographic, Clinical, MRI, and CSF Characteristics

Total
Non-CDMS
converter n

CDMS
converter n p Value

Baseline

Age (years), mean ± SD 33 ± 10 35 ± 11 50 31 ± 8 38 0.053#

Sex (female), n (%) 60 (68) 29 (58) 50 31 (82) 38 0.019*

Monofocal syndrome, n (%) 84 (96) 48 (96) 50 36 (95) 38 0.778*

Optic neuritis, n (%)a 25 (30) 13 (27) 48 12 (33) 36 0.715*

Myelitis, n (%)a 38 (45) 24 (50) 48 14 (39) 36 0.357*

Brainstem/cerebellum, n (%)a 20 (24) 10 (21) 48 10 (28) 36 0.311*

Other cerebral symptom, n (%)a 1 (1) 1 (2) 48 0 (0) 36 0.381*

Disease duration (days)b 12 (5–34) 18 (7–60) 50 7 (3–20) 38 0.003§

No corticosteroid treatment before LP, n (%) 56 (69) 34 (77) 44 22 (59) 37 0.329*

Brain MRI

Number of T2 hyperintense lesions 10 (3–15) 8 (3–15) 47 10 (7–20) 35 0.040§

Number of contrast-enhancing lesions 1 (0–2) 0 (0–1) 44 2 (1–3) 29 0.002§

Dissemination in space, n (%) 60 (73) 31 (66) 47 29 (83) 35 0.088*

Dissemination in time, n (%) 41 (56) 19 (43) 44 22 (76) 29 0.006*

Field strength (1.5 t), n (%) 71 (87) 39 (83) 47 32 (91) 35 0.338*

Spinal MRI

Number of T2 hyperintense lesions 1 (0–2) 1 (0–2) 26 1 (1–2) 17 0.663§

Number of contrast-enhancing lesions 1 (0–1) 0 (0–1) 26 1 (0–1) 14 0.418§

Field strength (1.5 t), n (%) 38 (88) 22 (85) 26 16 (94) 17 0.633*

CSF analysis

RBC count (/μl) 0 (0–2) 0 (0–8) 48 0 (0–1) 37 0.580§

WBC count (/μl) 5 (3–12) 5 (3–12) 48 6 (3–12) 37 0.635§

Qalb (×103) 4.4 (3.5–6.4) 5.2 (3.6–6.7) 50 4.0 (3.3–5.4) 38 0.080§

Oligoclonal IgG bands, n (%) 79 (90) 43 (86) 50 36 (95) 38 0.180*

CSF κ-FLC (mg/L) 1.91
(0.68–4.90)

1.75
(0.67–3.78)

50 2.79
(0.70–6.53)

38 0.106§

Serum κ-FLC (mg/L) 11.60
(9.42–15.50)

11.40
(9.53–15.50)

50 11.75
(8.96–15.60)

38 0.886§

CSF λ-FLC (mg/L) 0.68
(0.20–2.58)

0.67
(0.20–3.74)

50 0.71
(0.20–2.16)

38 0.636§

Serum λ-FLC (mg/L) 12.54
(9.76–17.17)

12.35
(9.69–16.00)

50 13.29
(9.82–18.60)

38 0.424§

Fulfillment of McDonald criteria 2017 at baseline, n (%) 63 (77) 33 (70) 47 30 (86) 35 0.100*

Follow-up

Follow-up duration (months) 47
(38–48)

43.6
(35.5–48.0)

50 47.9
(46.8–48.9)

38 0.001§

Disease-modifying treatment

DMT start before the second attack in CDMS converter or until the end of FU in
non-CDMS converter, n (%)c

20 (23) 11 (22) 50 9 (24) 38 0.852*

Time to DMT start (months) 7.0 (3.7–8.4) 7.4 (3.0–11.2) 11 6.9 (3.8–7.9) 9 0.790§

Continued
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to the manufacturer’s instructions. κ- and λ-FLC concentrations
are detected by latex-conjugated monoclonal antibodies to epi-
topes that are exposed when κ- and λ-FLC circulate freely.18,19

All samples were measured under blinded conditions centrally at
the FH Campus Wien, University of Applied Sciences.

Intrathecal synthesis of κ- and λ-FLC was determined as
previously published8,9 by the following formulas considering
serum FLC concentrations and blood-CSF barrier function.

κ−FLC index =
κ−FLCCSF=κ − FLCSerum

AlbuminCSF=AlbuminSerum
Eq. (1)

λ−FLC index =
λ−FLCCSF=λ − FLCSerum

AlbuminCSF=AlbuminSerum
Eq. (2)

A κ-free light chain (κ-FLC) index ≥6.6 and λ-FLC index ≥6.9
denoted the presence of an intrathecal κ-FLC and λ-FLC
synthesis, respectively (termed as “positive”). Index values
below these cutoffs denoted the absence of an intrathecal
synthesis (termed as “negative”).9

Primary Research Question
Does κ-FLC index in patients with early MS predict the time
to second clinical attack? This study provides Class II evi-
dence that in patients with early MS, high κ-FLC index is an
independent risk factor for early second clinical attack.

Statistical Analysis
Statistical analysis was performed using R software.20 Distribu-
tion of data was assessed by the Kolmogorov-Smirnov test, and
data were displayed as mean ± SD or as median and interquartile
range. For group comparisons, theMann-WhitneyU test, χ2 test,
or Fisher test was applied, as appropriate. Spearman correlation
coefficient was used for correlation analysis.

To identify predictors of the time to second clinical attack, Cox
regression was used including the independent variables that
statistically significantly differed between patients who converted
to CDMS and patients who remained stable during follow-up
(nonconverters), i.e., sex, disease duration, follow-up duration,
T2L, CEL (table 1), and each variable of interest, i.e., κ-FLC
index, λ-FLC index, or OCB status. p Values <0.05 were con-
sidered statistically significant. Age did not reach statistical sig-
nificance at this level (p = 0.053), but due to findings of previous
studies age was nevertheless included into Cox regression.7 In
addition, corticosteroid treatment administered before lumbar
puncture was considered as main effect, and as interaction effect,
because an impact of corticosteroid treatment on FLC index
(and OCB status) cannot be definitely excluded. Also, start of
DMT was considered as main effect to control for a potential
impact on time to second clinical attack.

To assess the additional performance of the κ-FLC index
compared with OCB, the κ-FLC index was added to the Cox

Table 1 Demographic, Clinical, MRI, and CSF Characteristics (continued)

Total
Non-CDMS
converter n

CDMS
converter n p Value

Duration of DMT before the second attack (months) 9.0
(5.5–12.6)

9

Clinical attacks

Time to second attack (months)d 11.1
(4.3–22.6)

38

Time to second attack in treated patients (months)d 18.0
(12.6–24.7)

9

Time to second attack in nontreated patients (months)d 9.8
(3.1–19.4)

29

Number of attacks until the end of FU 0 (0–2) 0 (0–0) 2 (1–3) 38 <0.001§

Disability

EDSS score ≥3.0 at yr 1, n (%) 3 (4) 2 (5) 44 1 (3) 33 0.734*

EDSS score ≥3.0 at yr 2, n (%) 7 (10) 2 (6) 36 5 (15) 34 0.202*

EDSS score ≥3.0 at yr 3/4 (LCF), n (%) 8 (9) 2 (4) 50 6 (17) 36 0.046*

Abbreviations: κ-FLC = κ-free light chain; CDMS = clinically definite multiple sclerosis; DMT = disease-modifying therapy; EDSS = Expanded Disability Status
Scale; FLC = free light chain; FU = follow-up; LCF = last carried forward; LP = lumbar puncture; Qalb = CSF/serum albumin quotient; RBC = red blood cell; WBC =
white blood cell.
Data are shown as median and interquartile range unless specified otherwise. For group comparisons, the #independent t test,*Pearson Chi-quadrat or
Fisher test, and §Mann-Whitney U test were applied as appropriate. Bold text indicates p values < 0.05.
a Frequencies (%) are shown for patients with monofocal syndrome only.
b Disease duration is the time between disease onset and lumbar puncture.
c DMTadministered before the occurrence of a second clinical attack comprised IM interferon-β-1a (n = 4), glatiramer acetate (n = 2), dimethyl fumarate (n = 1),
consecutively given teriflunomide and dimethyl fumarate (n = 1), as well as consecutively given glatiramer acetate and dimethyl fumarate (n = 1).
d Time is calculated from disease onset.
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regression with OCB, and the reduction of the log likelihood
was tested for statistical significance. The procedure was ap-
plied vice versa too. The assumptions of the Cox regression
were checked, and 2 influential observations were eliminated.

To visualize the effect of the κ-FLC index, we computed the
estimated Cox regression survival probabilities separately for
high and low κ-FLC index values. We calculated the 4th quintile
of all κ-FLC index values (102.5). All κ-FLC index values > 100
were thus considered as high. Low κ-FLC index values were set
≤100. The average of these high and low κ-FLC index values,
respectively, was used to plug into the Cox regression to com-
pute the graph. In addition, corticosteroid treatment and DMT
were set to “no treatment”, sex to “female”, and all other pa-
rameters were set to their median values.

An a priori computed power analysis for the Cox regression
with a significance level of 5%, a power of 80%, a total of 9
independent variables (plus an interaction effect), and a me-
dium effect size of the parameter of interest (according to
previous findings in the literature,21-23 a Cohen f2 of 0.15 was
used24) revealed a necessary sample size of 55 patients to test
just the parameter of interest and a sample size up to 118 for
testing all parameters in the Cox regression given a corre-
sponding medium effect size.

Ethics
The study was approved by the ethics committee of the
Medical University of Innsbruck (approval number 1244/

2019). Written informed consent was obtained from all
patients.

Data Availability
Anonymized data will be shared on reasonable request from
any qualified investigator.

Results
A total of 88 patients at amean age of 33 ± 10 years with a female
predominance of 68% were included into the study. Most pa-
tients showed a monofocal syndrome with myelitis (45%), fol-
lowed by optic neuritis (30%), affection of brainstem/
cerebellum (24%), or other topography (1%). OCBs were
positive in 79 (90%) of 88 patients. During follow-up of median
47 months, 38 (43%) of 88 patients converted to CDMS.
Twenty (23%) of 88 patients received early DMT, between
disease onset and the date of conversion to CDMS for con-
verters, or during follow-up for nonconverters. Of 86 patients
with available EDSS data at follow-up, 8 (9%) reached an EDSS
score of 3.0. Detailed demographic and clinical characteristics
and CSF and MRI findings are displayed in table 1.

κ-FLC Index Is Increased in Patients Who
Convert to Clinically DefiniteMultiple Sclerosis
κ-FLC index determined at baseline had a median of 36.5 and
was denoted positive in 76 (86%) of 88 patients. κ-FLC index
significantly correlated with WBC count (r = 0.55, p < 0.001)
and the number of T2Ls (r = 0.26, p = 0.020) and CELs (r =

Figure 1 Increased κ-FLC Index in Patients Who Convert to CDMS

κ-FLC = κ-free light chain; CDMS = clinically defi-
nite multiple sclerosis.
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0.25, p < 0.032) and was higher in patients with CSF-restricted
OCB compared with those without OCB (p < 0.001). κ-FLC
index was significantly elevated in patients who converted to
CDMS during follow-up compared with nonconverters (figure
1), but did not differ between patients who reached an EDSS
score of 3 and those who remained below. κ-FLC index was
higher in the group of OCB-positive CDMS converters com-
pared with OCB-positive nonconverters (table 2).

λ-FLC index at baseline had amedian of 12.9 and was denoted
positive in 55 (63%) of 88 patients. λ-FLC index did not show
any statistically significant correlations with WBC count and
number of T2Ls and CELs, but was elevated in OCB-positive
patients compared with OCB-negative patients (p = 0.001).
λ-FLC index did not differ between patients converting to
CDMS during follow-up and nonconverters (figure e-1, links.
lww.com/NXI/A481) and also did not differ with respect to
progression to an EDSS score of 3.

High κ-FLC Index Is Associated With Shorter
Time to Clinically Definite Multiple Sclerosis
To investigate whether κ-FLC index predicts the time to
CDMS conversion, multivariate Cox regression model

including age, sex, number of T2Ls, number of CELs, disease
duration and follow-up duration, and the administration of
corticosteroids before lumbar puncture and of DMT during
follow-up was performed. κ-FLC index was an independent
risk factor for the time to CDMS conversion with a hazard
ratio (HR) of 1.13 for an increase of κ-FLC index by 10 (p =
0.009), i.e., an increase of κ-FLC index by 10 means a 13%
higher risk for conversion to CDMS (table 3). Patients with a
κ-FLC index >100 (median value 147) at baseline had a twice
as high probability for a second clinical attack within 12
months than patients with a low κ-FLC index (median value
28); within 24 months, the estimated chance for a second
clinical attack in patients with high κ-FLC index at baseline
was 4 times as high compared with patients with low κ-FLC
index. The median time to second attack was 11 months in
patients with high κ-FLC index whereas 36 months in those
with low κ-FLC index (figure 2). The distribution of κ-FLC
index values and the absolute number of patients within the
high and low κ-FLC index categories is shown in figure e-2,
links.lww.com/NXI/A481.

λ-FLC index was not a statistically significant predictor of the
time to CDMS conversion in the multivariate Cox regression

Table 2 κ-FLC Index Depending on OCB Status and Conversion to CDMS

Non-CDMS converter CDMS converter

OCB negative OCB positive OCB negative OCB positive

n 7 43 2 36

κ-FLC index 5.3 (2.7–6.1) 39.0 (19.4–66.9) 4.6 (1.7–7.5) 67.7 (29.2–146.3)

Abbreviations: CDMS = clinically definite multiple sclerosis; OCB = oligoclonal bands; κ-FLC = κ-free light chain.
κ-FLC indexwas significantly higher inOCB-positive patientswho converted to CDMSduring follow-up comparedwithOCB-positive nonconverters (p = 0.020).
Data are shown as median and interquartile range.

Table 3 Regression Analysis Identifiying κ-FLC Index as Predictor for Time to Second Clinical Attack

Coefficient Hazard ratio Standard error z p Value

Age (years) −0.0269 0.9734 0.0271 −0.992 0.321

Sex (ref: male) −0.2160 0.8057 0.5478 −0.394 0.693

Disease duration (days) −0.0215 0.9787 0.0123 −1.756 0.079

Follow-up duration (months) 0.1523 1.1645 0.0619 2.461 0.014

Number of T2 hyperintense MRI lesions −0.0012 0.9988 0.0143 −0.087 0.930

Number of T1 contrast-enhancing MRI lesions 0.1198 1.1273 0.1329 0.902 0.367

DMT administration −0.3952 0.6736 0.6837 −0.578 0.563

Corticosteroid treatment prior LP 0.7119 2.0379 0.6585 1.081 0.280

κ-FLC index 0.0125 1.0126 0.0048 2.600 0.009

κ-FLC index: corticosteroid treatment prior LP −0.0026 0.9974 0.0086 −0.301 0.764

Abbreviations: κ-FLC = κ-free light chain; DMT = disease-modifying therapy; LP = lumbar puncture.
Disease duration was the time between symptom onset and lumbar puncture. Age was determined at the time of lumbar puncture. The number of MRI
lesions was also determined at baseline. Follow-up duration was the time between disease onset and the last clinical visit. DMT administration was
determined until occurrence of the second clinical attack or end of follow-up, respectively. Bold text indicates p values < 0.05.

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

http://links.lww.com/NXI/A481
http://links.lww.com/NXI/A481
http://links.lww.com/NXI/A481
http://neurology.org/nn


model (table e-1, links.lww.com/NXI/A484). Further analy-
ses showed a prognostic value of the κ/λ ratio (table e-2, links.
lww.com/NXI/A484), but not for OCB status (table e-3,
links.lww.com/NXI/A484).

Adding of κ-FLC index to the Cox regression already including
OCB improved the model for the time to second clinical attack
(p = 0.008; table e-3, links.lww.com/NXI/A484), whereas OCB
status did not in the presence of κ-FLC index (p = 0.621).

Various sensitivity analyses support the robustness of our
findings. First, a Cox regression performed only in the sub-
group of OCB-positive patients still revealed a statistically
significant effect of κ-FLC index for predicting the time to
second clinical attack (table e-4, links.lww.com/NXI/A484).
Further analyses, including only the subgroup of patients
without DMT (table e-5, links.lww.com/NXI/A484), or
considering also the type of disease manifestation as addi-
tional independent control variable (table e-6, links.lww.com/
NXI/A484), consistently showed an effect of κ-FLC index.

Discussion
In this study, we demonstrated that κ-FLC index measured at
the time of diagnostic lumbar puncture in patients with a first

demyelinating event of the CNS predicts the time to a second
clinical attack, that is conversion to CDMS, independent of
other prognostic factors including load and activity of brain
MRI lesions and independent of administered DMT. Fur-
thermore, we showed that κ-FLC index has a prognostic value
in contrast to determination of CSF-restricted OCB.

Free light chains that occur either as κ- or λ-isotype are secreted in
excess over intact immunoglobulins by terminally differentiated
B cells25 and accumulate in the CSF in case of intrathecal in-
flammation, as this is the case in chronic inflammatory CNS
diseases such as MS. Intrathecal κ-FLC synthesis determined by
an increased κ-FLC index was proven as a reliable diagnostic
biomarker in MS performing similar to OCB.8,9,26-30 However,
only a few previous studies have investigated the prognostic value
of κ-FLC in MS, some with considerable limitations. These in-
clude measuring κ-FLC concentrations only in CSF10,31-33 or
calculating the CSF/serum ratio10,34 without reference to the
blood-CSF barrier function and mixing different MS disease
courses within 1 group for statistical analysis.11,32,35 Furthermore,
studies investigating the effect of κ-FLC index independent of
already known prognostic factors including demographics, clini-
cal variables, and MRI findings are still lacking.36

Here, we showed in a multivariate analysis that in patients
after the first demyelinating event, the κ-FLC index allows risk

Figure 2 Probability of Clinically Definite Multiple Sclerosis Over 4 Years

The probability of development of a second clinical
attack, i.e., conversion to CDMS, during the 4-year
follow-up period was higher in the high κ-FLC index
(>100) group (n = 19) than in the low κ-FLC index
(≤100) group (n = 69; p = 0.009). κ-FLC = κ-free light
chain; CDMS = clinically definite multiple sclerosis.
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stratification. This multivariate approach is critical to identify
the independent prognostic effect of κ-FLC index and to
weigh its impact on the outcome in comparison with the
remaining baseline characteristics. Our cohort, which is rep-
resentative for patients with a first demyelinating event, shows
that an increase of κ-FLC index by 10 indicates an increased
risk by approximately 13% for a second clinical attack; and the
probability for a second clinical attack within 12 months in
patients with high κ-FLC index (>100) is twice as high as in
patients with low κ-FLC index.

Although OCBs also imply some independent prognostic value
predicting time to a second clinical attack,7,21 the determination
of κ-FLC index has considerable advantages. First, κ-FLCs are
measured by nephelometry, which is—in contrast to the de-
tection of OCB—an easy, reliable, labor-saving, and cost-
efficient method.19 Second, κ-FLC index returns a metric result
covering a range from approximately 1 up to 500,8 i.e., it is a
quantitative variable, whereas OCB status is dichotomous
returning either a positive or negative result as assessed by visual
inspection.17 OCBs were detected in 95% of CDMS converters,
whereas nonconverters were OCB positive also in 86% of cases.
As a continuous variable, κ-FLC index overcomes the weak
performance of OCB by further stratification. κ-FLC index had a
median of 68 in OCB-positive CDMS converters, whereas the
medianwas 39 inOCB-positive nonconverters (table 2). Testing
for log-likelihood reduction by adding either κ-FLC index or
OCB to the Cox regression including the corresponding other
parameter already confirmed the superior predictive value of
κ-FLC index. Also, when Cox regression analysis was performed
in the subgroup of OCB-positive patients only, κ-FLC index was
still a statistically significant predictor with statistically the same
effect size. Although other studies reported an association with
clinical outcome by counting the number of CSF-restricted
OCB,37,38 isoelectric focusing is a qualitative method and OCB
counting showed limited reliability due to interrater variability.39

The above discussed aspects and differences between FLC and
OCB determination should be considered, especially when a
wide use in clinical practice is aspired and when results are
compared across laboratories.

Of interest, κ-FLC index differed between CDMS converters
and nonconverters, whereas the absolute CSF κ-FLC con-
centrations were similar in these 2 groups. This finding
highlights again the importance of determining intrathecal
κ-FLC synthesis, e.g., by calculating the κ-FLC index. Some
authors have suggested using absolute CSF FLC concentra-
tions,40 as the contribution of blood-derived FLC to the total
CSF FLC concentration is low in cases with intrathecal syn-
thesis. In fact, the intrathecal fraction of κ-FLC is greater than
80% in most patients with MS.8 However, there are some
confounders such as grossly elevated serum FLC levels in
some cases leading to relatively low intrathecal FLC propor-
tions or a higher degree of blood-CSF barrier dysfunction. In
line with this, we could recently show that the diagnostic value
of FLC index is superior to that of absolute CSF FLC
concentrations.41

There are some limitations to this study. First, CSF and serum
samples have been stored for amedian of 6 years at−80°C before
analysis. However, the effect of freezing on FLC concentrations
(at −20°C) has been reported to be irrelevant.42 Furthermore, in
the present study, we used κ-FLC index that includes the ratio of
CSF and serum κ-FLC concentrations for its calculation and,
thus, is less prone to variations. Also, adding storage time to the
multivariate Cox regression model did not change the overall
result. Not all CSF and serum samples were collected before
administration of corticosteroids. It has been recently shown that
high-dose corticosteroids resulted in lower serum FLC con-
centrations, however, CSF levels and more importantly the FLC
index were not affected.43 In the present study, the proportion of
patients with corticosteroid treatment before lumbar puncture
did not differ between patients who converted to CDMS and
nonconverters. Considering corticosteroid treatment as in-
dependent variable as well as its interaction effect with κ-FLC
index in the Cox regression analysis confirms that corticosteroid
treatment does neither impact on the time to CDMS conversion
nor on κ-FLC index. The κ-FLC index estimates were compa-
rable between the groups (figure e-3, links.lww.com/NXI/
A481). Nevertheless, it has to be stated that an effect of corti-
costeroids cannot be ultimately excluded due to the limited
number of patients. The majority of patients did not receive
DMTduring follow-up, and the proportion of patients with early
DMT as well as the time to DMT initiation did not significantly
differ between CDMS converters and non-CDMS converters.
Anyway, we considered DMT as an independent variable in the
Cox regression analysis, performed subgroup analysis including
only patients without DMT, and consistently observed noDMT
effect on the time to second clinical attack. An interaction effect
between DMT and κ-FLC index was not considered, as all
patients started DMT after lumbar puncture.

In clinical practice, the benefit of a reliable biomarker—either
singular or in combination with others—is that patients with
earlyMSwith a higher risk for further disease activity, that is, e.g.,
shorter time to a second attack, could be advised to start DMT
early or use highly effective DMT. There is evidence that the
time to the second attack has a prognostic impact on long-term
disability44,45 and that early treatment significantly delays con-
version to CDMS as well as disability progression.46-48 Con-
versely, there is a certain proportion of patients who show a mild
disease course and who may not need a potentially harmful,
psychologically distressing, and, last but not least, costly DMT.
Current evidence suggests that κ-FLC index is a reliable prog-
nostic biomarker that might replace OCB determination taking
us one step closer to tailoredmedicine inMS. Further studies in a
multicenter setting including a higher number of patients are
required to replicate the independent prognostic value of κ-FLC
index in early MS. Also, besides clinical end points such as time
to second clinical attack, it might be of interest to investigate how
κ-FLC index performs for predicting MRI activity in the early
MS disease course.

Study Funding
No targeted funding reported.
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22. Tintore M, Rovira À, Rio J, et al. Do oligoclonal bands add information to MRI in first
attacks of multiple sclerosis? Neurology. 2008;70(13 pt 2):1079-1083.

23. Dalla Costa G, Martinelli V, Sangalli F, et al. Prognostic value of serum neurofilaments
in patients with clinically isolated syndromes. Neurology. 2019;92(7):e733-e741.

24. Cohen J. Statistical Power Analysis for the Behavioral Sciences. Lawrence Erlbaum
Associates Inc; 1988.

25. Nakano T, Matsui M, Inoue I, Awata T, Katayama S, Murakoshi T. Free immuno-
globulin light chain: its biology and implications in diseases. Clin Chim Acta. 2011;
412(11-12):843-849.

26. Christiansen M, Gjelstrup MC, Stilund M, Christensen T, Petersen T, Jon Møller H.
Cerebrospinal fluid free kappa light chains and kappa index perform equal to oligo-
clonal bands in the diagnosis of multiple sclerosis. Clin Chem Lab Med. 2018;57(2):
210-220.

27. Crespi I, Vecchio D, Serino R, et al K index is a reliable marker of intrathecal synthesis,
and an alternative to IgG index in multiple sclerosis diagnostic work-up. J Clin Med.
2019;8(4):446.

28. Emersic A, Anadolli V, Krsnik M, Rot U. Intrathecal immunoglobulin synthesis: the
potential value of an adjunct test. Clin Chim Acta. 2019;489:109-116.

29. Senel M, Mojib-Yezdani F, Braisch U, et al. CSF free light chains as a marker of
intrathecal immunoglobulin synthesis in multiple sclerosis: a blood-CSF barrier re-
lated evaluation in a large cohort. Front Immunol Front. 2019;10:641.
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Abstract
Objective
In multiple sclerosis (MS), clinical impairment is likely due to both structural damage and
abnormal brain function. We assessed the added value of integrating structural and functional
network MRI measures to predict 6.4-year MS clinical disability deterioration.

Methods
Baseline 3D T1-weighted and resting-state functional MRI scans were obtained from 233
patients with MS and 77 healthy controls. Patients underwent a neurologic evaluation at
baseline and at 6.4-year median follow-up (interquartile range = 5.06–7.51 years). At follow-up,
patients were classified as clinically stable/worsened according to disability changes. In
relapsing-remitting (RR) MS, secondary progressive (SP) MS conversion was evaluated.
Global brain volumetry was obtained. Furthermore, independent component analysis identified
the main functional connectivity (FC) and gray matter (GM) network patterns.

Results
At follow-up, 105/233 (45%) patients were clinically worsened; 26/157 (16%) patients with
RRMS evolved to SPMS. The treatment-adjusted random forest model identified normalized
GM and brain volumes, decreased FC between default-mode networks, increased FC of the left
precentral gyrus in the sensorimotor network (SMN), and GM atrophy in the fronto-parietal
network (false discovery rate [FDR]-corrected p = range 0.01–0.09) as predictors of clinical
worsening (out-of-bag [OOB] accuracy = 0.74). An expected contribution of baseline disability
was also present (FDR-p = 0.01). Baseline disability, normalized GM volume, and GM atrophy
in the SMN (FDR-p = range 0.01–0.09) were independently associated with SPMS conversion
(OOB accuracy = 0.84). At receiver operating characteristic analysis, including network MRI
variables improved disability worsening (p = 0.05) and SPMS conversion (p = 0.02) prediction.

Conclusions
Integration of MRI network measures helped determining the relative contributions of global/
local GM damage and functional reorganization to clinical deterioration in MS.
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Multiple sclerosis (MS) is the most common inflammatory,
demyelinating and neurodegenerative CNS disease charac-
terized by a great interindividual variability.1 Now that several
disease-modifying treatments (DMTs) are available,2 there is
an increasing need to identify patients with MS having a more
severe disease evolution, to optimize patients’ management
and increase the benefit/risk ratio.

Conventional MRI revolutionized MS evaluation and was for-
mally included inMS diagnostic criteria.3 In treated patients with
MS, MRI disease activity measures are combined with clinical
evaluation to guide treatment decisions.4 However, the predictive
value of conventional MRI on subsequent disease course is still
debated, with only some studies detecting a significant influence
of white matter (WM) lesion burden on disease evolution.5-7

A large effort has been spent to improve predictivity of MRI
in MS by assessing clinically relevant compartments (i.e., gray
matter [GM], strategic WM tracts, and spinal cord) and by
applying quantitative techniques, sensitive toward different
pathologic substrates.8 This helped demonstrate that in pa-
tients with established MS and in progressive MS (PMS), GM
damage plays amajor role in explaining long-term disability and
cognitive decline.9-12

Brain function depends on not only local processing but also
effective global communication and integration of information.
Because impaired interaction among the main brain areas may
cause disability accumulation in MS, mapping structural and
functional brain networks might be clinically relevant. Studies
of structural network abnormalities, which decomposed WM
lesions and GM maps into distinct patterns covarying across
subjects, revealed that a stronger network disruption in these 2
compartments was correlated with severe disability13 and was
able to predict the subsequent disease course.14,15 Resting-state
(RS) functional connectivity (FC) network studies showed
complex abnormalities in patients with MS,16,17 characterized
by an early RS FC increase and RS FC decrease in more
advanced phases. Abnormal within- and between-network RS
FC contributed to explain MS phenotypic variability and cog-
nitive deficits16,18 and was able to predict clinical deterioration
at medium term,19,20 whereas abnormal FC during a psycho-
logical stress functional (fMRI) paradigm contributed to ex-
plain future GM atrophy.21 However, the combined ability of
functional and structural network techniques in predicting
subsequent clinical worsening of MS was not investigated yet.

In this study, we hypothesized that integrating structural and
functional network information may help to identify specific
circuits being critical for clinical deterioration in heterogeneous
diseases such as MS, and may improve prediction of the sub-
sequent disease course, in terms of disability increase and evo-
lution to a more severe clinical phenotype. To test this, we
analyzed volumetric and RS fMRI data from a large MS cohort
and mapped abnormalities of the main data-driven functional
and structural GM networks. Then, we assessed the added value
of integrated structural and functional networkMRImeasures to
predict clinical disability deterioration and conversion to sec-
ondary progressive (SP) MS over a 6.4-year follow-up.

Methods
Standard Protocol Approvals, Registrations,
and Patient Consents
Approval was received from the local ethical standards com-
mittee on human experimentation (protocol ID: FISM 2008/
R/13); written informed consent was obtained from all sub-
jects before study participation.

Subjects
Recruited subjects are part of a prospective cohort at Hospital
San Raffaele. Patients are assessed clinically at the MS Center
at least once per year and are offered the opportunity to
undergo research brain MRI. Inclusion criteria are reported in
the e-Methods (links.lww.com/NXI/A486). For the current
analysis, we selected patients with a clinical follow-up ≥3 years
from MRI acquisition. The final cohort included 233 patients
withMS (90/143males/females; mean age = 42.3 years, SD =
10.8 years): there were 157 relapsing-remitting (RR) MS, 59
SPMS, and 17 primary progressive (PP) MS.22 Cross-
sectional MRI from 77 matched healthy controls (HCs)
(35/42 males/females; mean age = 41.0 years, SD = 14.5
years) were also analyzed. Part of baseline MRI/clinical
evaluations was previously published.16,23

Clinical Assessment
At baseline, a complete neurologic evaluation was performed
in patients with MS, with rating of the Expanded Disability
Status Scale (EDSS) score24 and DMT recording. The follow-
up neurologic assessment was performed after a median of 6.4
years (interquartile range = 5.06–7.51 years) and included
EDSS score rating, occurrence of clinical relapses, and DMT
changes (binary coded). At follow-up, patients were clinically

Glossary
AUC = area under the curve; BGN = basal ganglia network; DMN = default-mode network; DMT = disease-modifying
treatment; EDSS = Expanded Disability Status Scale; FC = functional connectivity; FDR = false discovery rate; fMRI =
functional MRI; FPN = fronto-parietal network;GM = gray matter;HC = healthy control; IC = independent component; LV =
lesion volume; MS = multiple sclerosis; OOB = out of bag; PPMS = primary progressive MS; RF = random forest; RR =
relapsing-remitting MS; RS = resting state; SBM = source-based morphometry; SMA = supplementary motor area; SMN =
sensorimotor network; SN = salience network; SPMS = secondary progressive MS; WM = white matter.
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Table 1 Main Demographic, Clinical, and Conventional MRI Measures of HCs and Patients With MS (as a Whole and
According to the Clinical Phenotype)

HCs
(n = 77)

Patients with MS
(n = 233)

p
Valuea

Patients with RRMS
(n = 157)

Patients with PMS
(n = 76)

p
Valueb

p
Valuec

p
Valued

Men (%) 35 (45) 90 (39) 0.29e 62 (40) 28 (37) 0.38e 0.28e 0.70e

Women (%) 42 (55) 143 (61) 95 (60) 48 (63)

Mean age (SD) [y] 41.0 (14.5) 42.3 (10.8) 0.49f 39.3 (9.8) 48.4 (10.2) 0.35f <0.001f <0.001f

Median disease duration
(IQR) [y]

— 13.0 (7.5–18.0) — 11.0 (5.8–16.1) 17.0 (12.5–24.0) — — <0.001g

Median EDSS score (IQR) — 2.5 (1.5–5.0) — 2.0 (1.5–2.5) 6.0 (5.3–6.5) — — <0.001g

Baseline DMT — — — — <0.001e

No DMT (n) 37 11 26

Interferons (n)/glatiramer
acetate (n)

106/44 85/33 21/11

Natalizumab (n) 16 13 3

Fingolimod (n) 13 12 1

Immunosuppressants:

Azathioprine (n) 10 1 9

Cyclophosphamide (n) 2 0 2

Methotrexate (n) 1 1 0

Mitoxantrone (n) 4 1 3

Median follow-up duration
(IQR) [y]

— 6.4 (5.1–7.5) — 6.5 (5.5–7.6) 53.3 (3.7–7.1) — — 0.001g

Mean ARR at follow-up (SD) — 0.07 (0.14) — 0.08 (0.15) 0.04 (0.11) — — 0.02h

DMT change — — — — 0.83i

Yes (%) 111(47) 76 (48) 35 (46)

No (%) 122 (53) 81 (52) 41 (54)

Median T2 LV
(IQR) [mL]

0.2
(0.08–0.8)

6.2 (2.5–13.8) <0.001j 4.5 (1.9–8.5) 14.0 (5.4–24.3) <0.001j <0.001j <0.001j

Median T1 LV
(IQR) [mL]

— 4.3 (9.4–10.0) — 2.8 (1.1–5.8) 9.2 (3.9–17.7) — — <0.001j

Mean NBV (SD) [mL] 1,568 (81) 1,489 (108) <0.001j 1,514 (102) 1,436 (102) <0.001j <0.001j <0.001j

Mean NGMV (SD) [mL] 732 (49) 672 (80) <0.001j 690 (75) 633 (75) <0.001j <0.001j 0.002j

Mean NWMV (SD) [mL] 836 (43) 817 (48) <0.001j 824 (43) 803 (56) 0.04j <0.001j 0.08j

Mean NDGMV (SD) [mL] 52 (4) 47 (6) <0.001j 48 (5) 44 (7) <0.001j <0.001j <0.001j

Abbreviations: ARR = annualized relapse rate; DMT = disease-modifying treatment; EDSS = Expanded Disability Status Scale; HC = healthy control; IQR =
interquartile range; LV = lesion volume; MS = multiple sclerosis; NBV = normalized brain volume; NDGMV = normalized deep gray matter volume; NGMV =
normalized gray matter volume; NWMV = normalized white matter volume; PMS = progressive multiple sclerosis; RRMS = relapsing-remitting multiple
sclerosis.
a Patients with MS vs HCs.
b Patients with RRMS vs HCs.
c Patients with PMS vs HCs.
d Patients with PMS vs RRMS.
e Chi-square test.
f Two-sample test.
g Mann-Whitney U test.
h Negative binomial regression model.
i Univariate logistic regression model, adjusted for follow-up duration.
j Age- and sex-adjusted linear models.
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worsened if they had an EDSS score increase ≥1.0 when the
baseline EDSS score was <6.0, ≥0.5 when the baseline EDSS
score was ≥6.0,9 or ≥1.5 if the baseline score EDSS was 0.25

EDSS score changes were confirmed after a 3-month, relapse-
free period. In RRMS, conversion to SPMS (defined, in
agreement with previous studies,11,26,27 by development of
irreversible EDSS score increase over at least a 1‐year dura-
tion, independent of relapses) was also assessed.

MRIAcquisition andConventionalMRI Analysis
At baseline, the following MRI scans were collected using a
3.0T scanner from patients and HC (e-Methods, links.lww.
com/NXI/A486): (1) T2*-weighted single-shot echo planar
imaging for RS fMRI; (2) 3D T1-weighted fast field echo for
T1-hypointense lesion volume (LV) and global brain

volumetry assessment; and (3) dual-echo turbo spin echo for
T2-hyperintense LV assessment.

RS FC Within and Among Networks
The main purpose was to use independent component (IC)
analysis to produce RS FC networks. This was achieved, after RS
fMRI preprocessing (e-Methods, links.lww.com/NXI/A486),
using the GIFT software (mialab.mrn.org/software/gift/) and
Infomax algorithm. The number of group ICs was 40, according
to the minimum description length criterion. Visual inspection
and template matching28-31 allowed selection of sensory, motor,
and high-order integrative networks. The temporal association
among selected ICs was explored using the functional network
connectivity (FNC) toolbox (mialab.mrn.org, e-Methods, links.
lww.com/NXI/A486).

Table 2 Demographic, Clinical, and Conventional MRI Measures of Patients With MS, Divided According to Clinical
Worsening at Follow-up, and of Patients With RRMS, Divided According to Conversion to SPMS at Follow-up

Clinically stable
MS (n = 128)

Clinically
worsened MS (n =
105)

p
Valuea

Patients with RRMS not
converting to SPMS (n = 131)

Patients with RRMS
converting to SPMS (n = 26)

p
Valuea

Men (%)
Women (%)

44 (34)
84 (66)

46 (44)
59 (56)

0.12 46 (35)
85 (65)

16 (62)
10 (38)

0.009

Mean baseline age (SD) [y] 39.5 (10.5) 45.6 (10.2) <0.001 38.2 (9.5) 44.8 (9.4) 0.002

Median baseline disease
duration (IQR) [y]

11.8 (5.7–16.7) 15.3 (10.0–20.0) 0.003 10.2 (5.7–15.9) 13.9 (9.5–17.0) 0.17

Median baseline EDSS
score (IQR)

2.0 (1.5–3.5) 4.0 (2.0–6.0) <0.001 1.5 (1.5–2.0) 3.0 (2.0–4.0) <0.001

Baseline phenotype
(RRMS/progressive MS)

105/23 52/53 <0.001 — — —

Baseline DMT 0.68 0.85

No (%) 22 (17) 15 (14) 9 (7) 2 (8)

Yes (%) 106 (33) 90 (86) 122 (93) 24 (92)

Median follow-up
duration (IQR) [y]

6.3 (4.8–7.2) 6.5 (5.3–7.7) 0.22b 6.5 (5.3–7.6) 6.8 (5.8–7.6) 0.44b

Mean ARR at follow-up
(SD)

0.07 (0.15) 0.07 (0.12) 0.69 0.09 (0.15) 0.07 (0.11) 0.53

DMT change 0.006 0.01

Yes (%) 50 (39) 61 (58) 57 (44) 19 (73)

No (%) 78 (61) 44 (42) 74 (56) 7 (27)

Median T2 LV (IQR) [mL] 4.7 (2.0–9.3) 8.1 (3.1–18.4) 0.002 4.2 (1.7–8.0) 6.2 (2.5–12.5) 0.22

Median T1 LV (IQR) [mL] 2.8 (1.1–6.1) 5.6 (2.1–13.3) 0.001 2.4 (1.0–5.6) 4.4 (1.5–9.9) 0.20

Mean NBV (SD) [mL] 1,518 (102) 1,453 (104) <0.001 1,527 (101) 1,451 (80) <0.001

Mean NGMV (SD) [mL] 696 (76) 643 (74) <0.001 701 (75) 639 (55) <0.001

Mean NWMV (SD) [mL] 822 (47) 810 (50) 0.05 826 (43) 812 (39) 0.12

Mean NDGMV (SD) [mL] 48 (5) 45 (6) <0.001 48 (5) 47 (4) 0.09

Abbreviations: ARR = annualized relapse rate; DMT = disease-modifying treatment; EDSS = Expanded Disability Status Scale; IQR = interquartile range; LV =
lesion volume; MS = multiple sclerosis; NBV = normalized brain volume; NDGMV = normalized deep gray matter volume; NGMV = normalized gray matter
volume; NWMV = normalized white matter volume; RRMS = relapsing-remitting multiple sclerosis; SPMS = secondary progressive multiple sclerosis.
a Univariate logistic regression model, adjusted for follow-up duration.
b Mann-Whitney U test.
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Structural GM Network Analysis: Source-
Based Morphometry
The main aim was to use source-based morphometry (SBM)
to produce GM networks, that is, groups of distinct GM re-
gions showing common covariations among subjects. Pre-
processed GMmaps (e-Methods, links.lww.com/NXI/A486)
underwent the GIFT SBM toolbox and the Infomax algo-
rithm.32 The SBM model order (n = 40) matched functional
analysis. After IC selection by visual inspection and spatial
matching with functional components,33 GM loading coeffi-
cients, representing the degree to which a network is present
in individual subjects, were extracted and used for statistics. If
the main sign was negative, GM IC maps and loading coef-
ficients were inverted.32 Only pairs of matching functional-
structural networks were included.

Statistical Analysis

Between-Group Comparisons
Analyses were performed using SAS (r.9.4) and R software
(v.3.4.4). Normal distribution was checked with the
Kolmogorov-Smirnov test, Shapiro-Wilk test, and Q-Q plots.
LVs were log transformed. Between-group comparisons of de-
mographic and clinical variables were assessed using the Pearson
χ2, 2-sample t, or Mann-Whitney U tests, as appropriate. Age-
and sex-adjusted linear models were used to compare conven-
tional MRI between groups. Patients with SPMS and those with
PPMSwere grouped together, leading to these comparisons: (1)
patients with MS vs HCs; (2) patients with RRMS vs HCs; (3)
patients with PMS vsHCs; and (4) patients with PMS vs RRMS.

Voxel-wise RS FC differences between patients with MS and
HCs were investigated using SPM12 and age- and sex-adjusted
linear models (p < 0.001, uncorrected, and p < 0.05, clusterwise
family-wise error corrected). Models were masked with cor-
rected effects of interest, retaining only significant RS FC within
each network. Average RS FC Z-scores of regional significant
difference were extracted using the MarsBaR toolbox.

Prediction Analysis
Follow-up duration-adjusted logistic regressions were run
on all demographic, clinical, conventional, and network-

Figure 2 Between-Group Comparison of Functional and
Structural Networks Between HC and MS

(A) Voxel-wise between-group comparisons of RS FC: the blue–light blue
color scale shows decreased RS FC inMS vsHC,whereas the red-yellow color
scale shows increased RS FC in MS vs HC (age- and sex-adjusted 2-sample t
test, p < 0.001 uncorrected for illustrative purposes). (B) Boxplots showing
average loading coefficients (means and SDs) of relevantGMnetworks.MS =
multiple sclerosis; FC = functional connectivity; GM = gray matter; HC =
healthy controls.

Figure 1 Main Functional and Structural Networks of In-
terest Related to Sensory, Motor, and High-Order
Integrative Functions in Patients With Multiple
Sclerosis (MS) and Healthy Controls (HCs)

Spatial maps of relevant (A) resting-state (RS) functional connectivity (FC)
and (B) gray matter (GM) networks. RS FC networks were thresholded at p <
0.05, with family-wise error corrected (positive effects of interest from the 2-
sample t test). GM structural networks were selected by visual inspection
and spatial matching with RS FC networks, and as in previous studies,23 they
were displayed using a threshold z-score >2.
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Table 3 Candidate Predictors (p < 0.10) of Disability Worsening in All Patients With MS and Candidate Predictors of
Conversion to SPMS in RRMS by Follow-up Adjusted Logistic Regression Models

Predictors of disability worsening
OR in all MS
(95% CI) SE p (unc) p (FDR)

OR in RRMS
(95% CI)

OR in PMS
(95% CI) p (unc)a p (FDR)

Baseline ageb 1.83 (1.39–2.41) 0.36 <0.001 <0.001 1.84 (1.26–2.69) 1.03 (0.62–1.7) 0.07 0.52

Baseline DDb 1.69 (1.20–2.38) 0.23 0.003 0.01 1.43 (0.87–2.36) 0.95 (0.53–1.7) 0.30 0.73

Baseline EDSS score 1.62 (1.38–1.90) 0.54 <0.001 <0.001 1.78 (1.26–2.51) 1.05 (0.65–1.7) 0.08 0.52

Baseline T2 LV 2.29 (1.34–3.89) 0.24 0.002 0.01 1.57 (0.75–3.28) 0.89 (0.3–2.64) 0.40 0.87

Baseline T1 LV 2.30 (1.40–3.80) 0.26 0.001 0.007 1.77 (0.90–3.5) 0.92 (0.34–2.5) 0.29 0.73

Baseline NBVc 0.53 (0.40–0.7) −0.38 <0.001 <0.001 0.50 (0.34–0.72) 1.0 (0.60–1.68) 0.03 0.52

Baseline NGMVc 0.38 (0.26–0.56) −0.42 <0.001 <0.001 0.37 (0.22–0.62) 0.80 (0.39–1.6) 0.08 0.52

Baseline NWMVc 0.57 (0.34–0.10) −0.15 0.05 0.13 0.41 (0.18–0.94) 1.56 (0.59–4.14) 0.04 0.52

Baseline NDGMVd 0.44 (0.27–0.71) −0.27 <0.001 0.006 0.36 (0.18–0.73) 1.25 (0.56–2.76) 0.02 0.52

RS FC SMN I/R SMA 0.72 (0.55–1) −0.15 0.05 0.13 0.77 (0.53–1.13) 0.65 (0.37–1.17) 0.64 0.92

RS FC SMN II – L Prec 1.51 (1.00–2.25) 0.15 0.05 0.13 1.37 (0.85–2.21) 1.89 (0.78–4.58) 0.52 0.92

FNC DMN I-DMN III 4.96 (0.89–27.47) 0.14 0.06 0.18 9.10 (0.34–938.9) 3.59 (0.39–32.3) 0.64 0.92

FNC DMN II-DMN III 0.17 (0.03–0.81) −0.17 0.02 0.09 0.25 (0.01–4.36) 0.15 (0.02–1.24) 0.79 0.95

FNC DMN III-FPN 2.36 (1.05–5.32) 0.15 0.03 0.12 6.34 (0.93–43.0) 1.66 (0.60–4.58) 0.22 0.71

GM SMN I 0.62 (0.47–0.83) −0.26 0.001 0.007 0.58 (0.40–0.85) 0.88 (0.49–1.58) 0.25 0.71

GM SMN II 0.71 (0.54–0.94) −0.19 0.02 0.06 0.70 (0.48–1.0) 0.85 (0.53–1.37) 0.51 0.92

GM BGN 0.59 (0.44–0.78) −0.30 <0.001 0.002 0.56 (0.38–0.82) 1.0 (0.62–1.64) 0.06 0.52

GM SN 0.57 (0.42–0.77) −0.29 <0.001 <0.001 0.67 (0.45–0.98) 0.70 (0.37–1.33) 0.88 0.95

GM DMN I 0.71 (0.54–0.94) −0.18 0.02 0.06 0.85 (0.60–1.21) 0.80 (0.45–1.42) 0.86 0.95

GM DMN II 0.67 (0.51–0.88) −0.22 0.004 0.02 0.82 (0.58–1.16) 0.64 (0.36–1.12) 0.45 0.92

GM FPN 0.72 (0.55–0.94) −0.19 0.01 0.06 0.71 (0.50–1.01) 1.03 (0.60–1.75) 0.26 0.71

Predictors of conversion to SPMS
OR for conversion to SPMS
in RRMS (95% CI) SE p (unc) p (FDR)

Sex (male vs female) 3.28 (1.34–8.03) 0.32 0.009 0.08

Baseline ageb 2.17 (1.32–3.57) 0.42 0.002 0.02

Baseline EDSS score 3.22 (2.05–5.07) 0.65 <0.001 <0.001

NBVc 0.47 (0.30–0.74) −0.42 <0.001 0.01

NGMVc 0.33 (0.18–0.61) −0.46 <0.001 0.01

NDGMVd 0.48 (0.21–1.11) −0.21 0.09 0.35

RS FC SMN I - R SMA 0.63 (0.39–1.04) −0.23 0.07 0.35

FNC DMN II - BGN 3.52 (0.86–14.3) 0.23 0.07 0.35

FNC DMN II – DMN III 0.08 (0.009–0.88) −0.22 0.04 0.24

GM SMN I 0.41 (0.24–0.70) −0.51 0.001 0.01

GM SMN II 0.42 (0.25–0.70) −0.46 <0.001 0.01

GM BGN 0.66 (0.42–1.04) −0.21 0.07 0.35

Continued
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based MRI variables assessed in this study (n = 62, listed in
e-table 1, links.lww.com/NXI/A485) to determine candidate
predictors (p < 0.1)9,10,34 of disability worsening and conversion
to SPMS to be further considered for random forest (RF) anal-
ysis. The heterogeneity of between-phenotype effects was tested
with interaction terms. Then, RF probabilitymodels were used to
identify variables independently associated with clinical worsen-
ing and SPMS conversion. For each model, 10,000 trees were
built on a random subset of covariates (including only de-
mographic and clinical variables, adding conventional and finally
network MRI variables), with a follow-up duration-weighted
bootstrap resampling of observations. We assessed feature rele-
vance with an outcome permutation test (1,000 permutations),
providing an unbiased measure of variable importance and sig-
nificance p values for each predictor.35 DMT change, but not
DMT at baseline, was included as a covariate because it did not
differ between stable/worsened MS, nor between SPMS
converters/nonconverters. We reported the out-of-bag (OOB)
Brier score (mean squared prediction error) of final models,
based on selected features. A receiver operating characteristic
analysis tested the significance of partial contributions of con-
ventional and network MRI vs clinical variables to model dis-
criminative ability (OOB area under the curve [AUC]).

Considering the exploratory nature of our analysis, significance
in logistic regression and RF analyses was set at p < 0.1, false
discovery rate (FDR) corrected for multiple comparisons
(Benjamini-Hochberg procedure). Uncorrected results (p <
0.05) are also reported.

Data Availability
The data set used and analyzed during the current study is
available from the corresponding author on reasonable request.

Results
Demographic, Clinical, and Conventional MRI
Compared with HCs, patients with MS (as a whole and
according to phenotype) showed significantly lower brain and
deep GM volumetry. Patients with PMS were older (p <

0.001), had higher EDSS score (p < 0.001), longer disease
duration (p < 0.001), higher T2 (p < 0.001) and T1 LV (p <
0.001), and lower brain volumetry (p = range <0.001–0.002)
than those with RRMS (table 1).

The median EDSS score at follow-up was = 4.0 (interquartile
range = 1.5–6.5) (median EDSS score change between
baseline and follow-up = 0.5, interquartile range = 0.0–1.5, p
value vs baseline<0.0001). According to EDSS score changes,
105 patients with MS (45%) were clinically worsened at
follow-up: 1 patient (of 2, 50%) had baseline EDSS score = 0,
71 patients (of 184, 38%) had baseline EDSS score between
0.5 and 5.5, and 33 patients (of 47, 70%) had baseline EDSS
score ≥6. Moreover, 26 patients with RRMS (16%) converted
to SPMS.

At baseline, compared with clinically stable, patients with
clinically worsened MS were older, had longer disease dura-
tion, higher EDSS score, higher LV, and more severe whole-
brain and GM atrophy (table 2). Compared with patients
remaining RRMS, SPMS converters had a higher proportion
of males, were older, and had higher baseline EDSS score and
lower brain volumetry (table 2).

RS FC Networks
Eight functional networks (figure 1) were selected: 2 senso-
rimotor networks (SMN I and II),28 1 basal ganglia network
(BGN),29 3 default-mode networks (DMNs I, II, and III),30 1
salience network (SN),31 and 1 fronto-parietal network
(FPN) associated with working memory and dorsal atten-
tion28 (r with corresponding templates = range 0.40–0.65).

At the regional level, decreased and increased RS FC within
specific regions in patients with MS vs HC were found (e-
table 2, links.lww.com/NXI/A485; figure 2). Specifically,
decreased RS FC was observed in patients with MS within the
SMN I in the right paracentral lobule and supplementary
motor area (SMA), within the BGN in the right cerebellum,
within the SN in the right insula and left caudate nucleus,
within the DMN I/III in the left posterior cingulate and right

Table 3 Candidate Predictors (p < 0.10) of Disability Worsening in All Patients With MS and Candidate Predictors of
Conversion to SPMS in RRMS by Follow-up Adjusted Logistic Regression Models (continued)

Predictors of conversion to SPMS
OR for conversion to SPMS
in RRMS (95% CI) SE p (unc) p (FDR)

GM DMN I 0.66 (0.41–1.05) −0.23 0.08 0.35

GM FPN 0.57 (0.36–0.92) −0.32 0.02 0.12

Abbreviations: BGN=basal ganglia network; CI = confidence interval; DD =disease duration; DMN=default-modenetwork; EDSS = ExpandedDisability Status
Scale; FDR = false discovery rate; FNC = functional network connectivity; FPN = fronto-parietal network; GM = gray matter; L = left; LV = lesion volume; MS =
multiple sclerosis; NBV = normalized brain volume; NDGMV = normalized deep gray matter volume; NGMV = normalized gray matter volume; NWMV =
normalizedwhitematter volume; PMS = progressiveMS; Prec = precentral gyrus; R = right; RRMS = relapsing-remittingmultiple sclerosis; RS FC = resting-state
functional connectivity; SE = standardized estimate of the beta regression coefficient; SMA = supplementary motor area; SMN = sensorimotor network; SN =
salience network; SPMS = secondary progressive multiple sclerosis; unc = uncorrected.
FDR-corrected p values are also reported.
a Predictor × phenotype interaction assessing the heterogeneity of effects between patients with relapsing and progressive MS.
b For age and DD, ORs associated with a 10-year increase are calculated to have a proper scaling.
c For NBV, NGVM, and NWMV, ORs associated with a 100-mL increase are calculated.
d For NDGMV, ORs associated with a 10-mL increase are calculated.
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Table 4 Informative Predictors of Disability Worsening in All Patients With MS, as Well as Independent Predictors of
Conversion to SPMS in RRMS, Selected by Random Forest Analyses

Predictors of disability worsening Relative importance
p
Value

p (FDR
corrected)

OOB-Brier
score

OOB-AUC (95%
CI)

p
Value

Clinical variables

Baseline EDSS score 100.0 0.001 0.003 0.227 0.68 (0.61–0.75) —

DMT change 21.7 0.03 0.05

Clinical and conventional MRI
variables

Baseline EDSS score 100.0 0.001 0.004 0.223 0.71 (0.64–0.77) 0.38a

NGMV 61.8 0.001 0.004

NBV 37.1 0.01 0.03

DMT change 18.3 0.01 0.03

Clinical, conventional, and network MRI
variables

Baseline EDSS score 100.0 0.001 0.01 0.199 0.76 (0.69–0.82) 0.009a

NGMV 73.5 0.001 0.01

NBV 35.7 0.005 0.03

FNC DMN II-DMN III 23.9 0.03 0.09

RS FC SMN II – L precentral gyrus 18.9 0.03 0.09

GM FPN 18.2 0.03 0.09

GM SMN II 16.8 0.04 0.11

GM SN 15.4 0.04 0.11

DMT change 7.9 0.01 0.08

Predictors of conversion to SPMS
Relative
importance p Value p (FDR corrected)

OOB-Brier
score OOB-AUC (95%CI) p Value

Clinical variables

Baseline EDSS score 100.0 0.001 0.03 0.120 0.75 (0.66–0.85) —

DMT change 18.9 0.04 0.09

Clinical and conventional MRI variables

NGMV 100.0 0.004 0.009 0.104 0.83 (0.73–0.92) 0.09a

Baseline EDSS score 70.5 0.001 0.006

DMT change 27.8 0.003 0.009

Clinical, conventional andnetworkMRI variables

Baseline EDSS score 100.0 <0.001 0.01 0.111 0.84 (0.76–0.91) 0.02a

NGMV 99.4 0.001 0.01

GM SMN I 47.7 0.03 0.09

DMT change 14.8 0.002 0.01

Abbreviations: AUC = area under the curve; CI = confidence interval; DMN = default-mode network; DMT = disease-modifying treatment; EDSS = Expanded
Disability Status Scale; FDR = false discovery rate; FNC = functional network connectivity; FPN = fronto-parietal network; GM = gray matter; L = left; MS =
multiple sclerosis; NBV = normalized brain volume; NGMV = normalized graymatter volume; OOB = out of bag; RRMS = relapsing-remittingmultiple sclerosis;
RS FC = resting-state functional connectivity; SMN = sensorimotor network; SN = salience network; SPMS = secondary progressive multiple sclerosis.
Out-of-bag (OOB) area under the curve (AUC) values and related p values highlight the performance increase associated with the inclusion of conventional
and network MRI variables, compared with models including confounding covariates and clinical variables.
a Compared with the model including clinical variables.
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caudate nucleus, and within the FPN in the right anterior
cingulate. Increased RS FC was detected in the bilateral

precentral and postcentral gyrus within the SMN I/II, and
frontal regions within the DMN II.

Considering FNC analysis, connectivity strength was signifi-
cantly decreased in patients with MS vs HCs between SMN
I-BGN (p = 0.02) and SMN I-DMN II (p = 0.01), as well as
between FPN-DMN I (p = 0.01) and FPN-SN (p = 0.002) (e-
table 2, links.lww.com/NXI/A485).

GM Networks
Seven GM networks matched functional networks: 2 SMNs,
one including precentral and postcentral, middle occipital gyri,
and cerebellum (r with functional SMN I = 0.32, p < 0.001) and
the other including precentral gyri, SMA, and cerebellum (r
with functional SMN II = 0.44, p < 0.001); 1 BGN, including
deep GM and cerebellum (r with functional BGN = 0.80, p <
0.001); 2 DMNs, one including posterior cingulate, precuneus,
and angular gyri (r with functional DMN I = 0.55, p < 0.001)
and the other including medial frontal, middle frontal, and
angular gyri (r with functional DMN II = 0.73, p < 0.001); 1 SN
(r with functional SN = 0.56, p < 0.001); and 1 FPN (r with
functional FPN = 0.43, p < 0.001).33 Patients with MS showed
significant GM atrophy (i.e., lower GM loadings) vs HCs in all
networks, except for SMN II (figure 2).

Prediction Analysis
The univariate analysis identified, at corrected threshold,
older baseline age, longer disease duration, higher EDSS
score, higher LV, lower global brain volumetry, lower GM
loading coefficients for all networks, and reduced FNC be-
tween DMN II-DMN III as candidate predictors of disability
worsening (table 3). At an uncorrected threshold, the fol-
lowing candidate predictors of EDSS score worsening were
also identified: decreased RS FC in the SMA and increased
RS FC in the left precentral gyrus of SMNs, reduced FNC
between DMN III-FPN, and increased FNC between DMN
I-DMN III (table 3).

RF analysis identified as FDR-corrected predictors of clinical
worsening a higher baseline EDSS score, lower normalized
brain and GM volumes, reduced FNC between DMN II-
DMN III, increased RS FC of the left precentral gyrus (SMN
II), and GM atrophy in FPN (table 4, figure 3). An FDR-
uncorrected contribution of GM atrophy in SMN II and SN
was also found. When considering all predictors, the receiver
operating characteristic analysis (AUC = 0.76, table 4, figure
3) highlighted that the inclusion of network MRI variables
significantly improved (p = 0.009) prediction performances.
Results did not change substantially with FDR-corrected
predictors only (AUC = 0.74, improvement of prediction
performance: p = 0.05).

The univariate analysis identified as FDR-corrected predictors
for SPMS conversion male sex, older baseline age, higher
EDSS score, lower normalized brain and GM volumes, and
GM loadings of SMN and FPN (table 3). At an uncorrected

Figure 3 Analysis of Prediction

Results of the ROC analysis showing the area under the curve (OOB AUC) of
random forest models predicting clinical disability worsening (A) and con-
version to SPMS (B).Models show the increments of AUC associatedwith the
inclusion of conventional MRI variables (green lines) and network MRI var-
iables (orange lines) in addition to confounding covariates and clinical var-
iables (purple lines). AUC = area under the curve; OOB = out-of-bag; ROC =
receiver operating characteristic; SPMS = secondary progressive multiple
sclerosis.
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threshold, the following candidate SPMS predictors were also
detected: lower deep GM volumes, decreased RS FC in the
SMA (SMN I), decreased FNC between DMN II-DMN III
and DMN II-BGN, and lower GM loadings of BGN and
DMN (table 3). As shown in table 4, the RF model selected
baseline EDSS score, normalized GM volume, and GM at-
rophy in the SMN I as FDR-corrected predictors of SPMS
conversion. The receiver operating characteristic analysis
(table 4, figure 3) highlighted the significant contribution (p =
0.02) of network MRI variables to model performance.

Discussion
By analyzing a large cohort of patients with MS having a 6.4-
year follow-up clinical evaluation, we found that integrating
structural and functional network measures significantly im-
proved clinical worsening prediction. Besides higher baseline
EDSS score and lower whole-GM volumetry, abnormal
baseline RS FC within and between sensorimotor and DMNs,
as well as sensorimotor and cognitive GM network atrophy,
contributed to explain overall disability progression. More-
over, GM atrophy in an SMN was among the determinants of
SPMS conversion. Prediction models of both clinical wors-
ening and SPMS conversion were produced using RF meth-
odology, a machine-learning technique that is less sensitive to
false discoveries than classic multivariate logistic models,36

being based on the use of different bootstrap samples of data
and different subsets of predictors to construct thousands of
decision trees, on which hypotheses are tested.36

As clinical outcomes, we selected the EDSS score, the most
widely validated MS disability measure, which was used in all
prognostic studies,6,7,9-12,14,15 and evolution to SPMS, that is
associated with a poor prognosis, mostly because of the lim-
ited DMT effect in these patients. During the 6.4-year follow-
up, 45% of patients had a worsening of disability and 16% of
patients with RRMS evolved to SPMS. In line with previous
studies, older age, longer disease duration, and higher baseline
EDSS score were associated with poorer clinical outcomes.7,37

In particular, a higher baseline EDSS score was retained by
multivariable analysis as a predictor of both worsening of
disability and evolution to SPMS. This is in line with a recent
meta-analysis, indicating baseline EDSS score as the most
frequent predictor of future disease course.7 On the other
hand, this result may be partially driven by autocorrelation
issues.

In addition to baseline disability, different MRI measures
contributed to the prediction of disease evolution. Concern-
ing conventional MRI, whole-brain atrophy was predictive of
disease worsening at RF analysis. Likewise, whole-GM atro-
phy was retained as a predictor of both clinical worsening and
SPMS conversion. The notion that whole-GM atrophy is one
of the most important MRI measures explaining disability
deterioration is in line with previous medium- and long-term
studies.9,11,12 Because we included both RRMS and PMS, our
results support the importance of this measure independently

from phenotype and reinforce the notion that the neurode-
generative MS-related damage is more critical than in-
flammation to explain a worse clinical course. In line with this,
LV was not retained as a predictor by any RF model.

One of the main strengths of this study, compared with pre-
vious ones, was the assessment of network-specific MRI
measures. This was a rewarding strategy to ameliorate pre-
diction of MS disease evolution because both functional and
structural network MRI abnormalities were found to be in-
formative of subsequent clinical deterioration at medium-
term, and inclusion of network MRI metrics in RF models
significantly improved prediction performance.

Considering the prediction of EDSS score worsening, 2 fMRI
outcomes were selected by RF analysis, namely, decreased
FNC among DMNs and increased RS FC of the left precentral
gyrus in the SMN II. The role of fMRI for prognosis has still to
be fully investigated. Although there is some preliminary evi-
dence of a significant influence of baseline FC during a psy-
chological stress fMRI task on subsequent development of
atrophy,21 and a significant influence of baseline RS FC ab-
normalities on subsequent clinical disability,19,20 studies in large
patients’ groups including all main disease phenotypes are still
missing. Here, a prevalent decrease of RS FC among net-
works18 and a heterogeneous pattern of regionally increased
and decreased RS FC were confirmed.18,23,38 However, only
abnormalities of RS FC in the DMN and SMNwere associated
with EDSS score worsening. The DMN is one of the key
networks of the brain, and abnormal DMNRS FC is present in
several brain disorders, including MS.23,30 A good control of
DMN activity is crucial for an efficient brain function.30 In line
with this, we found that reduced RS FC between 2 DMN
patterns (including the posterior and the anterior nodes of this
network, respectively) was able to explain clinical worsening.
This reinforces the notion of a close correlation between im-
paired functional communication and increasing disability in
MS. On the other hand, we also found that a selective increase
of RS FC within a specific region of the SMN (i.e., the left
precentral gyrus) was predictive of clinical deterioration. A
previous 2-year graph analysis study in 38 patients with early
RRMS20 showed that at baseline, patients had an increased
network RS FC, which tended to decrease during the study
follow-up, concomitantly with disability progression. Previous
findings suggest that increased RS FC may occur at early dis-
ease stages to compensate structural damage andmay stop after
reaching a maximum level.19,20,39 In later phases, RS FC de-
pletion is thought to contribute to disability progression.20,23

Our results further support such hypothesis in a larger group of
patients and with a longer follow-up. Remarkably, we found
that this behavior distinguished the SMN, which is most likely
clinically related to EDSS score deterioration.

Of interest, besides whole-GM atrophy, RF analysis also
identified GM atrophy in the FPN to be predictive of a worse
disease evolution. This is not the first study that highlights a
significant contribution of network GM measures to MS
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prognosis.14,15 Taken together, these results suggest that the
assessment of specific system involvement may convey more
clinically relevant pieces of information than global MRI
measures in these patients.

In patients with RRMS, RF analysis identified atrophy of
SMN I as significantly contributing to explain evolution to
SPMS, whereas none of the other advanced MRI measures
significant at the univariate analysis was retained. A unique
definition of SPMS is still lacking and is a matter of current
research.40 To be consistent with available literature, we ap-
plied the definition used in integrated clinical-MRI prognostic
studies.9,11,26 The relation that we found between SMN at-
rophy and evolution to SPMS is not unexpected, considering
that disability worsening in these patients is mostly driven by a
progressive impairment of ambulation. In line with this, pre-
vious cross-sectional studies found peculiar atrophy of brain
motor areas in patients with SPMS.41

Our study has the unique value of a large, monocentric, well-
characterized patients’ cohort. However, this study has some
limitations. First, clinical evaluation did not include a baseline
and follow-up cognitive assessment, which can have detri-
mental consequences on patients’ functioning. Moreover,
because we did not have a cognitive evaluation, we could not
assess worsening of other scores than EDSS (e.g., theMultiple
Sclerosis Functional Composite). Second, because of the
complexity of the MRI protocol, we did not include a spinal
cord evaluation, which may be relevant for disability accu-
mulation and SPMS evolution.11 Third, a follow-up MRI scan
was not available, thus making it impossible to quantify
changes of WM LV and/or other MRI disease severity pa-
rameters. Fourth, not all data-driven structural and functional
networks had a significant spatial correspondence, leading to
the exclusion of potentially interesting components (e.g., the
visual network); moreover, they may be not fully replicable in
different data sets. Fifth, given the exploratory nature of this
study, we used a relatively liberal threshold for FDR correc-
tion; moreover, the small portion of results not surviving at
this threshold should be interpreted with extreme caution.
Sixth, the use of the whole data set for feature selection (with
logistic regressions) and for the subsequent construction of
RF models may increase the risk of model overfitting; as such,
results may be biased by double-dipping issues. Finally, this
study was not planned to assess the role of treatment on
clinical outcomes. Therefore, detailed information on treat-
ment exposure was not collected and analyzed.

To conclude, we found that integrating structural and
functional MRI network measures improved prediction of
clinical worsening. The added value of other MRI and se-
rologic biomarkers, such as WM network damage assessed
by diffusion-weighted MRI, demyelination/remyelination
indices derived from magnetization transfer imaging, or
neurofilament light chain, might be the topic of future
investigations.
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Abstract
Objective
We sought to determine whether genetic risk modifies the effect of environmental risk factors
for multiple sclerosis (MS). To test this hypothesis, we tested for statistical interaction between
polygenic risk scores (PRS) capturing genetic susceptibility to MS and environmental risk
factors for MS in UK Biobank.

Methods
People with MS were identified within UK Biobank using ICD-10–coded MS or self-report.
Associations between environmental risk factors and MS risk were quantified with a case-
control design using multivariable logistic regression. PRS were derived using the clumping-
and-thresholding approach with external weights from the largest genome-wide association
study of MS. Separate scores were created including major histocompatibility complex (MHC)
(PRSMHC) and excluding (PRSnon-MHC) the MHC locus. The best-performing PRS were
identified in 30% of the cohort and validated in the remaining 70%. Interaction between
environmental and genetic risk factors was quantified using the attributable proportion due to
interaction (AP) and multiplicative interaction.

Results
Data were available for 2,250 people with MS and 486,000 controls. Childhood obesity, earlier
age at menarche, and smoking were associated with MS. The optimal PRS were strongly
associated with MS in the validation cohort (PRSMHC: Nagelkerke’s pseudo-R

2 0.033, p = 3.92
× 10−111; PRSnon-MHC: Nagelkerke’s pseudo-R

2 0.013, p = 3.73 × 10−43). There was strong
evidence of interaction between polygenic risk for MS and childhood obesity (PRSMHC: AP =
0.17, 95% CI 0.06–0.25, p = 0.004; PRSnon-MHC: AP = 0.17, 95% CI 0.06–0.27, p = 0.006).

Conclusions
This study provides novel evidence for an interaction between childhood obesity and a high
burden of autosomal genetic risk. These findings may have significant implications for our
understanding of MS biology and inform targeted prevention strategies.
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Susceptibility to multiple sclerosis (MS) is multifactorial with
genetic and environmental determinants.1-3 Environmental
exposures associated with MS risk include smoking, solvent
exposure, childhood obesity, vitamin D deficiency, increasing
latitude, and infectious mononucleosis (IM).2,3 The largest
genome-wide association study (GWAS) meta-analysis of MS
risk performed by the International Multiple Sclerosis Ge-
netics Consortium (IMSGC) revealed 233 independent sig-
nals that account for ;48% of the estimated heritability of
MS.1 Attempts to model MS risk using polygenic risk scores
(PRS) have had some success,4-6 supporting the view that MS
susceptibility is influenced by common variants across the
genome, in addition to the contribution from the major his-
tocompatibility complex (MHC).

A large proportion of MS risk remains unexplained despite
the well-described genetic architecture.1 One potential ex-
planation for this “missing risk” is the presence of gene-
environment interactions, whereby the effect of certain genes
or variants may depend on exposure to environmental risk
factors.

Evidence from Scandinavian and North American cohorts
suggests that environmental influences on MS risk can be
modified by the HLA genotype. The deleterious effects of
childhood obesity, smoking, IM, and solvent exposure on MS
risk are potentiated among carriers of the HLA DRB1*15
allele and those lacking the protective HLA A*02 genotype.7-
10 It is not currently known whether gene-environment in-
teractions in MS extend beyond the HLA locus.11,12

In this work, we harnessed the power of UK Biobank to
extend our understanding of how common genetic variation
interacts with environmental factors associated with MS de-
velopment. We achieved this by first performing a large case-
control study to confirm the role of established risk factors in
this cohort and by developing and validating PRS for MS,
which both included and excluded the MHC. Finally, we used
these data to look for potential interactions between poly-
genic risk and environmental factors associated with MS.

Methods
Data Sources
UK Biobank is a longitudinal cohort study described in detail
elsewhere.13 In brief, participants between the ages of 40 and
69 years were recruited between 2006 and 2010 from across
the United Kingdom. Participants underwent genotyping,
donated body fluid samples, and answered a range of

questions about lifestyle, environmental, and demographic
factors. Health records were linked to participants using
Hospital Episode Statistics (HES), primary care data, and the
death register. Phenotype data are composed of survey data,
linked health care records, anthropometric measurements,
and a variety of other biochemical and imaging data (which
were not used in this study).

Identification of Cases and Controls
Cases were defined by ICD-coded diagnoses (ICD-10-G35;
ICD-9-3409), self-reported MS diagnosis, and a GP-coded
diagnosis, or through death registration. Age at diagnosis was
determined using the first recorded MS diagnostic code (see
supplementary methods for further details, links.lww.com/
NXI/A488). Controls were unmatched UK Biobank partici-
pants without a coded diagnosis of MS. Individuals diagnosed
with MS before age 20 years were excluded because of diffi-
culties establishing the timing of exposures relative to MS
onset. Furthermore, the age of 20 years has been used in
previous studies and excludes a minimal number of MS cases,
and this is safely outside of the range of normal pubertal
timing. Participant flow through the study is depicted in figure
e-1, links.lww.com/NXI/A487; diagnostic codes used are
provided in supplementary data (table e-1, links.lww.com/
NXI/A488). To ensure that our results were robust to the
definition of MS, we conducted a sensitivity analysis
restricting the analysis to participants whose MS diagnosis
was corroborated by at least 2 sources (out of self-report, HES
code, GP report, and death register; see table e-2, links.lww.
com/NXI/A488).

Genotype Data
Genotyping and quality control protocols are described in
detail elsewhere.14 Imputed HLA alleles were provided by UK
Biobank. HLA alleles were imputed to four-digit resolution
using the HLA*IMP:02 software with a multipopulation ref-
erence panel (see biobank.ctsu.ox.ac.uk/crystal/crystal/docs/
HLA_imputation.pdf). We extracted each participant’s allelic
dosage for the MS risk allele HLA-DRB1*15:01 and the
protective allele HLA-A*02:01 by thresholding posterior al-
lele probabilities at 0.7 as suggested by UK Biobank. These 2
HLA alleles were used because they have the largest effect
sizes across multiple studies.2 Genetic principal components
(PCs) were supplied by UK Biobank (field ID 22009).

Definition of Exposures
Exposures were selected if they pertained to early life/
adolescence (to mitigate the risk of reverse causation) and
were previously associated with MS in at least one other ob-
servational cohort. Selected exposures were captured from

Glossary
AP = attributable proportion; GWAS = genome-wide association study; HES = Hospital Episode Statistics; IM = infectious
mononucleosis; IMSGC = International Multiple Sclerosis Genetics Consortium;MHC = major histocompatibility complex;
MS = multiple sclerosis; PC = principal component; PRS = polygenic risk score.
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baseline data recorded in UKB, along with age, ethnicity, sex,
birth latitude, and Townsend deprivation index at recruitment
(table e-1, links.lww.com/NXI/A488).

We examined the following 10 early life/environmental ex-
posures: month of birth, having been breastfed as a child,
childhood body size at age 10 years (a proxy for childhood
obesity15,16), exposure to maternal smoking around the time
of birth, age at menarche (females), age at voice breaking
(males), age at first sexual intercourse, smoking status before
age 20 years, birth weight, and infectious mononucleosis be-
fore age 20 years. Where multiple data points were available
for a participant, the first recorded reading was used.

Childhood body size was dichotomized, and participants were
classified as “not overweight” if they answered “thinner” or
“average” and “overweight” if they answered “plumper.”
Smoking status was characterized as “ever” or “never”
smoking. Age at menarche was treated as a continuous vari-
able, and analyses regarding menarche were restricted to
women. IM status before age 20 years was defined using the
source of first report fields. Participants whose IM diagnosis
was reported after age 20 years were coded as having not had
IM. Vitamin D status was not included, as vitamin D levels are
only available from the initial visit (i.e., at study recruitment),
which in most cases was subsequent to diagnosis.

Case-Control Study
For each risk factor, we built a multivariable logistic regression
model modeling MS status as the outcome, with age, sex,
ethnicity, current deprivation status, and birth latitude as
potential confounding covariates.17

The strength of evidence for association with MS was de-
termining using the model likelihood ratio, comparing the full
model with a null model comprising only the confounding
covariates. Strong evidence for association was defined using a
Bonferroni-adjusted p-value threshold to maintain an alpha of
0.05 (pthreshold = 0.05/10 = 0.005). Risk factors robustly as-
sociated with MS at alpha < 0.05 were then combined in a
multivariable model including the most potent genetic risk
factors, HLA DRB1*15:01 and HLA A*02:01, to assess
whether their effects showed evidence of independent asso-
ciation with MS.

Development of PRS for MS
A variety of PRS were created using the clumping-and-
thresholding approach with external weights derived from the
IMSGC discovery stage meta-analysis (supplementary
methods, links.lww.com/NXI/A488). We created scores both
including the MHC region (PRSMHC) and excluding this
region (PRSnon-MHC). To validate the PRS, the data set was
divided randomly into a training set (30%, nMS = 589, ncontrol
= 112,724) and a testing set (70%, nMS = 1,237, ncontrol =
263,159, figure e-1, links.lww.com/NXI/A487). To de-
termine the optimal PRS, we constructed multivariable lo-
gistic regression models for each PRS with MS status as the

outcome with age, sex, Townsend deprivation index, and the
first 4 genetic PCs as confounding covariates. For the sensi-
tivity analysis excluding MS cases with only one source of
diagnostic code report, MS case numbers were 395 (training
set) and 871 (testing set).

PRS performance was evaluated using Nagelkerke’s pseudo-
R2 metric, which is analogous to the R2 derived from linear
regression models. Nagelkerke’s pseudo-R2 was calculated
comparing the full model including the PRS with a null model
comprising the confounding covariates alone. This procedure
was repeated for all 64 scores (table e-3, links.lww.com/NXI/
A488). Altering the number of PCs adjusted for did not
substantially alter the results (figures e-2 and e-3, links.lww.
com/NXI/A487). Further validation is described in the sup-
plementary methods, links.lww.com/NXI/A488.

PRS × Environment Interactions
The optimal PRSMHC and PRSnon-MHC were used to look for
evidence of genome-wide gene-environment interactions us-
ing exposures identified as significantly associated with MS in
the case-control study. All interaction analyses were con-
ducted in the testing set to avoid PRS overfitting. Interaction
was assessed on the additive and multiplicative scales (sup-
plementary methods for full details, links.lww.com/NXI/
A488). Multiplicative interaction was quantified using the
interaction term beta from logistic models, and additive in-
teraction was quantified using the attributable proportion due
to interaction (AP).

HLA × PRS Interactions
To determine whether non-MHC genetic risk of MS modu-
lates the effects of the most potentMHC risk allele, DRB1*15:
01, we calculated additive and multiplicative interaction sta-
tistics using the methods described previously, considering
both the DRB 1*15:01 genotype (dominant-coding) and the
non-MHC PRS as independent covariates.

Association of PRS With Disease Measures
To determine whether theMS-PRS was associated with age at
first report and claiming of disability benefits, we constructed
regression models in the testing set. For age at first MS di-
agnostic code report, values were normalized using the
inverse-rank normalization. Linear regression models were
constructed, using age, sex, Townsend score, and the first 4
PCs as covariates. Claiming of disability benefits was assessed
using the UKB field “Attendance/disability/mobility allow-
ance” (field 6,146) and recoded this as a binary variable
(i.e., participants were coded as “1” if they claimed any of the
blue badge, attendance allowance, or disability living allow-
ance and as “0” if not). Logistic regression models were then
constructed using the same covariates as above (age, sex,
Townsend score, and first 4 genetic PCs).

Ethical Approval
This work was performed using data from UK Biobank (REC
approval 11/NW/0382). All participants gave informed
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Table 1 Demographic Characteristics of Included Participants and Results From the Case-Control Study

Trait Controls (N = 486,000) Cases (N = 2,250) OR (95% CI) Wald test p value Likelihood ratio p value

Sex

Female 263,058 (54.13%) 1,635 (72.67%)

Male 222,942 (45.87%) 615 (27.33%)

Age 56.54 (8.09) 55.17 (7.66)

Birth latitude 360,093.76 (162,174.29) 361,960.6 (168,566.29)

Age completed full-time education 16.72 (2.33) 16.96 (2.49)

Townsend deprivation index −1.31 (3.09) −1.38 (3.06)

Ethnic background

White 457,927 (94.69%) 2,193 (98.08%)

Non-White 25,664 (5.31%) 43 (1.92%)

HLA A*02:01 alleles

0 264,736 (54.47%) 1,431 (63.6%)

1 186,009 (38.27%) 704 (31.29%)

2 35,255 (7.25%) 115 (5.11%)

HLA DRB1*15:01 alleles

0 360,423 (74.16%) 1,144 (50.84%)

1 115,763 (23.82%) 948 (42.13%)

2 9,814 (2.02%) 158 (7.02%)

Country of birth

UK 446,343 (92.09%) 2,151 (95.81%)

Non-UK 38,314 (7.91%) 94 (4.19%)

Age had sexual intercourse 19.11 (3.89) 18.72 (3.81) 0.98 (0.97–1) 0.015709 0.013768

Age at menarche 12.97 (1.62) 12.8 (1.66) 0.94 (0.91–0.97) 0.000116 0.00011

Birth weight (kg) 3.32 (0.67) 3.28 (0.68) 0.98 (0.9–1.07) 0.603,259 0.603,452

Month of birth 0.931,194

April 41,716 (8.58%) 188 (8.36%) REF REF
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Table 1 Demographic Characteristics of Included Participants and Results From the Case-Control Study (continued)

Trait Controls (N = 486,000) Cases (N = 2,250) OR (95% CI) Wald test p value Likelihood ratio p value

August 40,064 (8.24%) 194 (8.62%) 1.06 (0.86–1.3) 0.610,756

December 39,042 (8.03%) 168 (7.47%) 0.94 (0.76–1.17) 0.59689

February 38,673 (7.96%) 178 (7.91%) 0.98 (0.8–1.22) 0.888,063

January 41,051 (8.45%) 175 (7.78%) 0.92 (0.75–1.14) 0.460,529

July 41,190 (8.48%) 190 (8.44%) 0.97 (0.79–1.2) 0.812,077

June 40,979 (8.43%) 185 (8.22%) 0.95 (0.77–1.18) 0.666,742

March 43,654 (8.98%) 203 (9.02%) 1.02 (0.83–1.25) 0.883,078

May 43,657 (8.98%) 204 (9.07%) 0.99 (0.81–1.22) 0.928,091

November 37,124 (7.64%) 178 (7.91%) 1.03 (0.83–1.27) 0.800,849

October 39,247 (8.08%) 201 (8.93%) 1.11 (0.9–1.36) 0.327,942

September 39,603 (8.15%) 186 (8.27%) 1.04 (0.85–1.29) 0.681,762

Breastfed as a baby 0.731,403

No 102,506 (27.61%) 565 (30.86%) REF REF

Yes 268,781 (72.39%) 1,266 (69.14%) 0.98 (0.88–1.09) 0.731,136

Comparative body size aged 10 years 7.02E-06

Thinner 158,610 (42.72%) 609 (33.26%) REF REF

About average 241,759 (65.11%) 1,162 (63.46%) 1.19 (1.08–1.32) 0.000697

Plumper 75,366 (20.3%) 438 (23.92%) 1.36 (1.2–1.55) 2.21E-06

Exposed to maternal smoking 0.329,681

No 296,291 (70.73%) 1,368 (70.55%) REF REF

Yes 122,618 (29.27%) 571 (29.45%) 0.95 (0.86–1.05) 0.331,253

Relative age at voice breaking (males only) 0.132,642

About average age 182,848 (89.71%) 504 (87.96%) REF REF

Younger than average 8,924 (4.38%) 35 (6.11%) 1.44 (1.02–2.03) 0.038506

Older than average 12,043 (5.91%) 34 (5.93%) 0.95 (0.66–1.37) 0.776,222

Smoking status before age 20 years 0.000915
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consent on Biobank registration and are free to withdraw from
the study at any point, at which point their data are censored
and cannot be included in further analyses.

Computing
This research was supported by the High-Performance
Cluster computing network hosted by Queen Mary Univer-
sity of London.18 Statistical analyses were performed in R
version 3.6.1. Extraction of European individuals from the
1,000 genomes reference genome was conducted using
vcftools. Construction of the PRS, application of the PRS to
individuals, and quality control were performed in PLINK 1.9
and PLINK2.

Data Availability
UK Biobank data are available on request from biobank.ctsu.
ox.ac.uk/crystal/. MS IMSGC GWAS data are available on
request from imsgc.net/?page_id=31. All codes used in this
study are available on GitHub (@benjacobs123456).

Results
Population Demographics
Phenotype and genotype data were available for 488,276 UK
Biobank participants comprising 2,276 people with MS and
486,000 unmatched controls. The median age at first MS report
was 43.5 years (IQR16.1, figure e-4, links.lww.com/NXI/A487).
Demographic characteristics are shown in table 1. Characteristics
of individuals with MS were consistent with published obser-
vational data (72.7% female, 98.1% White British). One thou-
sand six hundred fifty-five individuals were included in the
sensitivity analysis (table e-2, links.lww.com/NXI/A488).

Exposures Associated With MS in UK Biobank
There was strong evidence for association between 3 of the 10
risk factors examined andMS (pBonf < 0.05): higher childhood
body size at age 10 years (“plumper than average” vs “thinner
than average”: OR 1.36, 95% CI 1.20–1.55), smoking before
age 20 years (OR 1.21, 95% CI 1.08–1.34), and earlier
menarche (OR 0.94, 95% CI 0.91–0.97, figure 1, table 1). The
effects of these 3 risk factors remained similar in a combined
model incorporating HLA DRB1*15:01 and HLA A*02:01
genotype (table e-4, links.lww.com/NXI/A488).

Development and Validation of PRS for MS
The optimal PRSMHC and PRSnon-MHC explained 3.5% and
1.3% of MS risk in the training set, respectively (figure 2a,
table e-3, links.lww.com/NXI/A488, figures e-2 and e-3, links.
lww.com/NXI/A487). Both scores were strongly associated
with MS in the testing set (PRSMHC: Nagelkerke’s pseudo-R

2

0.033, p = 3.92 × 10−111; PRSnon-MHC: Nagelkerke’s pseudo-
R2 0.013, p = 3.73 × 10−43, figure 2, table e-5, links.lww.com/
NXI/A488). Both scores were reasonably well calibrated
(figure 3A) with good discriminative performance (AUCMHC

0.71, AUCnon-MHC 0.67, AUCnull 0.63; figure 3B). There was
no evidence of association between the PRSMHC or PRSnon-
MHC and either age at MS report (figure 3, C and D) orTa
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claiming of disability benefits (pMHC = 0.44, pnon-MHC = 0.96,
figure e-5, links.lww.com/NXI/A487).

PRS Interactions With Environmental Risk
Factors and DRB1*15:01
We found strong evidence of interaction on the additive scale
between the PRSMHC and PRSnon-MHC and childhood body
size (PRSMHC: AP = 0.17, 95% CI 0.06–0.25, p = 0.004;
PRSnon-MHC: AP = 0.17, 95% CI 0.06–0.27, p = 0.006). We
foundweaker evidence for interaction on this scale between age
at menarche and the PRSMHC (AP = −0.05, 95% CI −0.10 to
0.00, p = 0.033; figure 4A, table 2), consistent with a previous
report,19 but this estimate did not surpass the multiple testing
threshold (table 2). There was a lack of strong evidence for
other pairwise additive interactions (figure 4) or for multipli-
cative interactions (figure e-6, links.lww.com/NXI/A487, table
e-6, links.lww.com/NXI/A488). There was evidence of addi-
tive interaction between the PRSnon-MHC and HLA DRB1*15:
01 carriage (AP 0.24, 95% CI 0.17–0.30, p = 0.0002, figure 4B)
but no evidence of multiplicative interaction (beta 0.060, p =
0.30). We found similar results with a more stringent case
definition (only counting individuals as having MS if their di-
agnosis was supported by more than 1 source of report; table
e-7, links.lww.com/NXI/A488, figures e-7, e-8, e-9, links.lww.
com/NXI/A487). All CIs for the estimates overlapped be-
tween the primary and sensitivity analysis.

Discussion
In this study, we harnessed the scale and breadth of UK Biobank
to study >2000 MS cases and >480,000 controls, providing the
first evidence that the effect of an established risk factor for MS

(childhood obesity) may be potentiated by an individual’s
genome-wide genetic risk for MS. We show that this effect
persists even when theMHC locus is excluded from the PRS. By
using data from the largest GWAS of MS susceptibility to derive
and validate PRS for MS, both incorporating and excluding the
MHC region, we demonstrate supportive evidence for a gene-
gene interaction. This work shows that the effect of DRB1*15:01
onMS susceptibility may be potentiated among individuals with
a high background genetic risk for MS in this cohort. To our
knowledge, our study is the first to demonstrate that the poly-
genic risk of an individual for MS may alter the effect of estab-
lished environmental risk factors on their risk of MS.3 These
findings are especially interesting in the context of evidence from
mendelian randomization studies supporting a causal role for
childhood obesity in the pathogenesis of MS.20,21

Previous studies of gene-environment interactions in MS have
focused on interactions between HLA alleles and environmental
risk factors. Specifically, evidence suggests that carriage of high-
risk HLA haplotypes containing DRB1*15:01 and lacking A*02:
01 enhances the deleterious association of childhood obesity,
smoking, infectious mononucleosis, and solvent exposure with
MS risk.2,7-9 The intuitive biological explanation for such inter-
actions is that high-risk HLA alleles may promote presentation of
epitopes, e.g., from cigarette smoke or within adipose tissue, in
such a way that mimics myelin peptides and triggers CNS-
directed autoimmunity. Beyond the MHC, there has been rela-
tively limited study of how genetic variation modulates the effect
of environmental risk factors for MS,11,12 probably in large part
because of the relatively small number of data sets with sufficient
power, deep phenotyping, and high-quality genetic data required
for such analyses.

Figure 1 ORs and 95% CIs for the Association of Each Exposure With MS

ORs and CIs are from the output of a multivariable logistic regression with the following covariates: age, sex, ethnicity, birth latitude, current deprivation
status, and the exposure in question. For menarche (females only) and voice breaking (males only), sex was not included as a covariate.
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In this study, we created 64 individual PRS, both including
and excluding the MHC locus on chromosome 6, which is the
strongest single genetic determinant of MS risk and accounts
for;20% of the SNP heritability of MS in Europeans.1 Both
the non-MHC and MHC PRS were strongly associated with
MS risk in both training and testing sets. The non-MHC PRS
in this study captured a small proportion of overall MS liability
but was robustly associated with MS. Previous efforts using
the PRS from the IMSGC explained up to;3% of variance.5

The best-performing non-MHC PRS in this study explained
;1% of MS variance. This discrepancy could be explained by
several factors, including the relatively low number of cases in
UK Biobank, the possibility of missed cases, the possibility of
controls misclassified as cases, differences in population
structure, restriction according to self-declared ethnicity with
an additional genetic PC analysis, and some SNPs not being
available and/or failing QC checks in Biobank. Nevertheless,
despite low overall variance, the validity of the PRS is

Figure 2 (A) Nagelkerke’s Pseudo-R2 Metric for Each of the Individual PRS Used

The R2 was calculated by comparing the model fit (age, sex, Townsend deprivation index, the first 4 genetic PCs, and PRS) vs the null model (age, sex,
Townsenddeprivation index, and the first 4 genetic PCs). A variety of p value thresholds and clumping parameterswere used to create different PRS. Note that
the clumping R2 refers to the linkage disequilibrium threshold within which variants were “clumped” and is a different quantity from the Nagelkerke pseudo-
R2. PRS are shown both including and excluding the major histocompatibility complex region. (B) ORs and 95% CIs for MS for individuals in each PRS decile
(reference: lowest decile). ORs were calculated from logistic regression models with the following covariates: age, sex, first 4 genetic PCs, and PRS. (C)
Histogram showing PRS distributions amongMS cases and controls. MHC =major histocompatibility complex; PC = principal component; PRS = polygenic risk
score.

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

http://neurology.org/nn


underscored by the monotonic relationship between the PRS
and OR of MS, the robust model fit when using the PRS to
model MS risk, reasonable discriminative capacity, and good
calibration.

There are several important caveats to this work. Most im-
portantly, although we are able to observe and measure sta-
tistical interaction—that is, deviation from a model whereby
the effects of genetic and environmental risk factors are
combined additively (in the case of the AP) or multiplicatively
(in the case of multiplicative interaction—statistical in-
teraction does not straightforwardly imply biological

interaction, nor does it necessarily imply interaction that is
meaningful in terms of real-life disease prediction or pre-
vention). We were unable to demonstrate replication in a
truly independent cohort (dividing the cohort into training
and testing sets does not yield a genuinely independent co-
hort). Our findings have limited generalizability for non-
European groups because UK Biobank participants are pre-
dominantlyWhite. MS diagnosis in this cohort is derived from
linked health care records or self-report and so do not carry
the same degree of certainty as criteria-defined MS. Equally, it
is conceivable that there are “missed” cases in the data set, that
is, individuals with MS who do not have a coded diagnosis

Figure 3 (A) Calibration Plot Showing Absolute MS Disease Probabilities Within Each PRS Decile (of the Non-MHC PRS)

Other lines represent the mean fitted disease probabilities for models incorporating the MHC PRS, the non-MHC PRS, and null covariates alone (age, sex,
deprivation, and genetic PCs). (B) Receiver operating characteristic (ROC) curves demonstrating the discriminative performance (i.e., ability to distinguish MS
cases from controls) of each PRS. The null model, MHC PRS, and non-MHC PRS are shown. (C) Scatter plots showing no relationship between MHC PRS and
normalized age at MS report. (D) Scatter plots showing no relationship between non-MHC PRS and normalized age at MS report. HLA = human leukocyte
antigen; MHC = major histocompatibility complex; PC = principal component; PRS = polygenic risk score.
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available through linked health care records. However, MS
prevalence in UK Biobank approaches the expected UK
prevalence,22 suggesting that the overwhelming majority of
individuals with MS are correctly identified. The UKB cohort

is highly selected, and is enriched for individuals living near
assessment centers, frommore affluent socioeconomic groups
than the general population, for White British individuals, and
(intentionally) for individuals older than 40 years (the

Figure 4 (A) Forest Plot Demonstrating Attributable Proportion due to Interaction (AP) and 95% CIs for Interactions
Between Environmental Exposures and Genetic Risk Factors for MS

If there is no interaction, the AP is 0. AP > 1 indi-
cates positive interaction (combined effects ex-
ceed the sum of the individual effects) and vice
versa. CIs are derived from taking the 2.5th and
97.5th percentiles of 10,000 bootstrap replicates.
(B) Forest plot demonstrating ORs and 95% CIs for
participants in the top and bottom polygenic risk
score deciles. The outcome in each case is MS
status, and the exposures of interest are child-
hood body size, age at menarche, smoking before
age 20 years, and carriage of the HLA DRB1*15:01
allele. ORs are from the output of the logistic re-
gression model of the form MS risk ; age + sex +
first 4 genetic PCs. Models were built separately
for individuals with the highest 10% of genetic risk
scores and the lowest 10% of genetic risk scores
(“top” and “bottom” decile, respectively). MHC =
major histocompatibility complex; PC = principal
component; PRS = polygenic risk score.
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minimum age at recruitment). These factors carry a risk of
introducing various biases, for example, through collider bias,
which may induce spurious associations and destroy true as-
sociations. We emphasize that these findings require replica-
tion in other independent cohorts. Our findings concerning
gene-gene interactions could be replicated in “genetics-only”
cohorts such as the IMSGC, and we would encourage others
to attempt to replicate this finding in large GWAS cohorts
(with many more cases than the ;2000 in UKB), so we can
ascertain whether it is robust.

Our failure to replicate the previously reported interactions
between HLA genotypes, smoking, and childhood body
size2,7-9 could be explained by methodologic differences
between our study and the published literature: this cohort
is likely to differ in key respects from the Kaiser Perma-
nente and EIMS cohorts in that UK Biobank participants
are predominantly White, from relatively affluent parts of
the United Kingdom, are self-selecting, and are middle-
aged (recruitment from 40 to 69 years); we control for
different covariates in our interaction analyses (using PCs
to account for ancestry), and we used imputed HLA alleles
to four-digit resolution; UK Biobank survey data are also
prone to recall bias as it is retrospective. We would in-
terpret the lack of HLA-environment interactions in our
study with caution as an absence of evidence rather than
evidence of absence.

The key variables used in this study are retrospective or
cross-sectional (e.g., MS diagnosis, self-reported body size in
childhood, and self-reported smoking status). Not only are
these subject to recall bias, but more importantly our results
are not revealing about predicting an individual’s risk of
developing MS. To demonstrate predictive power, these re-
sults need to be replicated in a longitudinal cohort. In ad-
dition, the metric we focus on, “comparative body size at age
10 years,” is clearly not a perfect proxy for childhood obesity.
Furthermore, childhood obesity itself is not equivalent with
obesity during earlier life or sustained throughout adoles-
cence. The extent and timing of obesity during childhood

and adolescence determine the importance of BMI for MS
risk, and clearly, a snapshot of body size at age 10 years does
not reflect the complexity of BMI changes during the first 20
years of life.9,20,21 Other limitations to this study include the
limited overall variance explained by optimal PRS, the rela-
tively small absolute number of people with MS, and the
imperfect nature of self-reported phenotypes. Furthermore,
some exposures known to be strongly associated with MS
were either unavailable (e.g., vitamin D status before di-
agnosis) or so underreported as to be unreliable (e.g., in-
fectious mononucleosis).

Despite these limitations, our study also has some strengths.
We use the UK Biobank data set, which provides a unique
opportunity to study gene-environment interactions on a
large scale. The vast number of controls in UKB adds sub-
stantial power. We tune and test the PRS in separate samples,
which is important to prevent overfitting of the PRS to the
data. We use an agnostic approach to develop the PRS, using a
range of clumping-and-thresholding parameters to discover
the optimal structure of the PRS, allowing us to discover a
significant improvement in predictive power from using a
large number of variants weakly associated withMS over using
strictly “GWAS-significant” hits (p < 5e-8). These optimal
parameters also reiterate the polygenic architecture of MS.

We evaluate interactions on both the multiplicative and
additive scales, as has become standard practice to avoid
missing biologically significant interactions.2 We addi-
tionally evaluate the relationship between the PRS and
proxies for clinical characteristics of MS, including age at
diagnosis and claiming of disability benefits. We evaluated
whether the effect of DRB1*15:01 is modulated by poly-
genic risk, as has been demonstrated for high-effect variants
in the LDL-R (causing familial hypercholesterolemia) and
BRCA (causing breast cancer),23 and find evidence in
support of this hypothesis. Clearly, this finding is easily
replicated in the IMSGC cohort, and we would urge cau-
tion in overinterpreting the finding without confirmation in
this far larger cohort of cases.

Table 2 AP due to Interaction, 95% CIs, and 2-Sided p Values for Each of the PRS × E Interactions Examined

Interaction AP Lower CI Upper CI p value

MHC PRS × childhood body size 0.167,074 0.062196 0.254,741 0.0042

Non-MHC PRS × childhood body size 0.173,705 0.055642 0.27455 0.005599

MHC PRS × smoking 0.0768 −0.05055 0.177,474 0.214,179

Non-MHC PRS × smoking 0.122,975 −0.00556 0.228,431 0.058794

MHC PRS × age at menarche −0.05206 −0.0968 −0.00478 0.033197

Non-MHC PRS × age at menarche 0.021061 −0.04119 0.111,064 0.551,145

Abbreviations: AP =attributable proportion; MHC = major histocompatibility complex; PRS = polygenic risk score.
CIs represent the 2.5th and 97.5th centile from 10,000 bootstrap replicates. Two-sided p values represent absolute p values with a continuity correction, that
is, for a positive AP, the p value is given as: (number of iterations <0 + 1)/(total number of iterations + 1)*2.
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This study thus provides novel evidence that childhood body
size interacts with non-HLA MS genetic risk. Demonstrating
benefit for preventive measures in rare, complex diseases such
as MS is a challenge because of the low population incidence
and the small effects of individual interventions. Power can
be enhanced by enriching for high-risk individuals and by
selecting individuals who are likely to experience the greatest
benefit from the intervention. As the effect of childhood
body size on MS risk appears greater among individuals with
a high genome-wide genetic risk, trials attempting to dem-
onstrate the benefit of targeting childhood obesity may
benefit from risk-stratifying individuals using this approach.
Further efforts are required to localize the variants and genes
that account for the observed interaction effects, which
should help to shed further light on the biology of these risk
factors and improve efforts to individualize MS risk pre-
diction algorithms in the future.
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Abstract
Objective
To investigate whether anti-CD20 B-cell-depleting monoclonal antibodies (ɑCD20 mAbs)
inhibit the formation or retention of meningeal ectopic lymphoid tissue (mELT) in a murine
model of multiple sclerosis (MS).

Methods
We used a spontaneous chronic experimental autoimmune encephalomyelitis (EAE) model
of mice with mutant T-cell and B-cell receptors specific for myelin oligodendrocyte glyco-
protein (MOG), which develop meningeal inflammatory infiltrates resembling those de-
scribed in MS. ɑCD20 mAbs were administered in either a preventive or a treatment
regimen. The extent and cellular composition of mELT was assessed by histology and
immunohistochemistry.

Results
ɑCD20 mAb, applied in a paradigm to either prevent or treat EAE, did not alter the disease
course in either condition. However, ɑCD20 mAb depleted virtually all B cells from the
meningeal compartment but failed to prevent the formation of mELT altogether. Because of
the absence of B cells, mELT was less densely populated with immune cells and the cellular
composition was changed, with increased neutrophil granulocytes.

Conclusions
These results demonstrate that, in CNS autoimmune disease, meningeal inflammatory infil-
trates may form and persist in the absence of B cells. Together with the finding that ɑCD20
mAb does not ameliorate spontaneous chronic EAE with mELT, our data suggest that mELT
may have yet unknown capacities that are independent of B cells and contribute to CNS
autoimmunity.
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B-cell-depleting strategies with anti-CD20 monoclonal
antibodies (ɑCD20 mAbs), such as rituximab, ocrelizu-
mab, or ofatumumab, are among the most potent therapies
currently available in the treatment of relapsing-remitting
multiple sclerosis (RRMS). Modest efficacy has also been
shown in progressive MS (PMS), specifically active pri-
mary PMS, and early, relapse-independent progression in
RRMS.1-4 Their success highlights the importance of
B cells for MS pathogenesis. Among other factors, the
therapeutic effect of B-cell depletion may be mediated by
interrupting antigen presentation by B cells to T cells in
the CNS.5-9

Leukocytic infiltrates, forming meningeal ectopic lym-
phoid tissue (mELT), are found in patients with PMS and
to a lesser extent in RRMS. They correlate with an earlier
disease onset, a more rapid disease progression, and sub-
pial cortical damage.10-15 In general, ectopic lymphoid
tissue (ELT) is formed by aggregates of B and T cells,
which range from tight-cell clusters to highly organized
structures and resemble secondary lymphoid organs
(SLOs).16-20 In a model of MS, it was demonstrated that
B-cell repertoire expansion occurs in mELT, suggesting
germinal center activity in the CNS.21 Hereby, mELT may
facilitate smoldering autoimmunity in the CNS paren-
chyma sequestered beyond the blood-brain barrier. Yet, it
remains unclear whether and how mELT contributes to
early or progressive MS.

Because B cells are an integral part of mELT and ɑCD20
mAb that targets B cells not only in the periphery but also
in the meninges,22 it seems possible that ɑCD20 mAb
inhibits the formation or retention of mELT. Assuming
that mELT plays a role in MS pathogenesis, preventing or
suppressing mELT may contribute to the efficacy of B-cell
depletion in MS. In this study, we investigated the effects
of ɑCD20 mAb on mELT in a B-cell-dependent and
T-cell-dependent experimental autoimmune encephalo-
myelitis (EAE) model of MS. Approximately, 50% of 2D2
(TCRMOG) × Th (IgHMOG) mice develop spontaneous
chronic EAE and exhibit meningeal clusters of T and
B cells in the spinal cord, reminiscent of those found in
MS.23-25

In this model, we depleted B cells to investigate whether
ɑCD20 mAb prevents mELT formation. Surprisingly, our
results showed that, despite depleting virtually all B cells from
the meninges, mELT still formed or persisted.

Materials and Methods
Mice
2D2xTh mice, developing spontaneous chronic EAE with
mELT, were generated as previously described by crossing
myelin oligodendrocyte glycoprotein (MOG)-specific T-cell
receptor (TCR) transgenic 2D2 (TCRMOG)micewithMOG-B-
cell receptor (BCR) knockin Thmice (IgHMOG).23,24Mice were
bred and maintained in-house at the Center of Preclinical Re-
search (CPR) at Klinikum rechts der Isar (Technical University
of Munich) under specific pathogen-free conditions, according
to FELASA recommendations with free access to water and
standard rodent chow.

EAE and Clinical Assessment
2D2xTh mice develop spontaneous chronic EAE with an
incidence of approximately 30–50% in our facility. Clinical
scores of mice were evaluated on a daily basis and assessed as
follows: 0 = no clinical signs, 1 = tail weakness, 1.5 = addi-
tional impaired tail erection, 2 = ataxia and hind limb weak-
ness, 2.5 = hind limb paresis, 3 = high-grade hind limb paresis,
3.5 = additional minor weakness of the fore limbs, 4 = addi-
tional fore limb paresis, 4.5 = tetraplegia, and 5 = moribund.

ɑCD20 mAb Treatment
100 μg of antimouse CD20 mAb (clone 18B12, provided by F.
Hoffmann-La Roche, Switzerland) in a murine IgG2a Fc-
format or antihen egg lysozyme isotype control (Crown bio,
Cat: C0006) in 100 μL PBS was injected intraperitoneally (i.p.)
at day 0, 7, 14, and 21 for a total of 4 doses. Mice were grouped
for prevention or treatment of EAE. In an attempt to prevent
EAE, mice received the first injection at the age of 26 ± 3 days
(n = 18 in both groups). For the evaluation of the therapeutic
potential, mice were treated when reaching a clinical score of
≥3 (n = 11 ɑCD20 mAb-treated, n = 14 isotype-treated). Mice
were killed 28 days after the first injection. Reference mice at
the onset of disease (figure 3C) were dissected immediately
after reaching an EAE score of ≥3 without treatment.

Cell Isolation and Flow Cytometric Analysis
Blood was freshly obtained by terminal cardiac puncture and
mixed with 500 μL 2 mM EDTA. Cervical lymph nodes were
carefully dissected and passed through a 30-μm cell strainer.
Samples were washed with RPMI medium, and erythrocytes
were lysed using BD Pharm Lyse Buffer (BD Biosciences).
Cells were washed again, and the number of living cells was
determined using a hemocytometer (Cellometer Auto 2000,
Nexcelom Bioscience). Single-cell suspensions were stained
with antibodies in PBS containing 2% fetal calf serum for 20

Glossary
ɑCD20 mAb = anti-CD20 monoclonal antibody; BCR = B-cell receptor; EAE = experimental autoimmune encephalomyelitis;
mELT = meningeal ectopic lymphoid tissue; MOG = myelin oligodendrocyte glycoprotein; MPO = myeloperoxidase; MS =
multiple sclerosis; RRMS = relapsing-remitting multiple sclerosis; PMS = progressive MS; SLO = secondary lymphoid organ;
LFB-PAS = Luxol fast blue and periodic acid-Schiff reaction; TCR = T-cell receptor.
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minutes at 4°C in the dark. Fc-receptors were blocked to
prevent nonspecific antibody binding. Dead cells were ex-
cluded using the LIVE/DEAD Fixable Aqua Dead Cell Stain
Kit (Invitrogen). Cells were washed twice and acquired on a
CytoFLEX flow cytometer (Beckman Coulter). The follow-
ing antimouse antibodies were used: CD16/CD32 (2.4G2),
CD45R/B220 (RA3-6B2, FITC), and CD3e (145-2C11, PE)
(BD Bioscience). Data were analyzed using FlowJo version 10
(TreeStar).

Histology, Immunohistochemistry,
and Imaging
Spinal cord, spleen, and inguinal lymph nodes were perfused
before dissection, fixed with 4% paraformaldehyde, and par-
affin embedded. The spinal cord was additionally decalcified
with Osteosoft (Sigma-Aldrich) 72 hours before embedding.
To determine the degree of meningeal infiltrates, the spinal

cord was sectioned horizontally into 13–16 tissue blocks
(thickness: 2 × 5 mm cervical, subsequently 2.5 mm) per
mouse and stained with hematoxylin and eosin according to
standard protocols. The stained tissues were digitized (Leica
AT2 scanner) and examined using Image Scope (Pathology
Slide Viewing Software, version 12.4.3, Leica Biosystems).
Infiltrates with a size of ≥1 × 104 μm2 per section were con-
sidered as mELT. The cell density was analyzed using a nu-
clear algorithm (Nuclear v9, Image Scope; Leica). To
characterize the cellular composition of mELT, immunohis-
tochemistry was performed on representative sections with
antimouse CD45R/B220 (BD, 550286, 1:50), CD3 (DCS,
CI597R0, 1:50), and myeloperoxidase (MPO; Thermo
Fisher, RB-373-A, 1:50). Mouse spleens served as positive
controls. Numbers of B220+ and CD3+ positive cells were
determined using a membrane algorithm (Membrane v9,
Image Scope; Leica). In the CNS, MPO+ cells were counted

Figure 1 Spontaneous EAE Occurs in the Absence of Peripheral B Cells in Mice Preventatively Treated With ɑCD20 mAb

(A) Experimental setup. Mice were treated with a
weekly dose of 100 μg of ɑCD20 mAb (n = 18) or iso-
type control (n = 18) after weaning. (B) Flow cytometric
analysis of B220+ and CD3+ cells in blood (B.a) and
lymph nodes (B.b) after 4 weeks of treatment. The
representative flow cytometry contour plot (left) and
quantification (right). (C) Daily evaluated EAE scores
over the experimental period. Data are shown as
mean ± SEM. (D) Incidence of mice developing clinical
signs of disease. When not stated differently, data
shown as mean ±95% CI. *p < 0.05; ****p < 0.0001;
statistical significance between groups was analyzed
using the Student t test. ɑCD20 mAb = anti-CD20
monoclonal antibody; EAE = experimental autoim-
mune encephalomyelitis; i.p. = intraperitoneally; n/N
= mice with EAE/all mice observed.
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manually. In the periphery, MPO+ cells were quantified by
applying a nuclear algorithm (Membrane v9, Image Scope;
Leica). Two cross-sections of the cervicothoracic, the thor-
acolumbar, and the lower lumbar part were stained with Luxol
fast blue and periodic acid-Schiff reaction (LFB-PAS)
according to standard protocols. LFB-PAS staining was ana-
lyzed semiquantitatively by dividing spinal cord sections into
quadrants and counting quadrants with demyelination. All
histologic evaluations were performed in a blinded manner.

Detection of Anti-MOG Antibodies
Antirecombinant mouse MOG (1–125) (Eurogentec, Cat:
AS-55150-100) IgG was measured with a noncommercial

ELISA in duplicates as described,26 using MOG at a final
concentration of 10 μg/mL and horseradish peroxidase-
labeled goat antimouse IgG (Thermo Fisher Scientific). The
optical density was measured at a wavelength of 450 nm with
540 nm as a reference wavelength using the ELISA reader
(infinite M200 PRO, TECAN).

Statistical Analysis
Data are shown asmean ± SEMor 95%CI. Statistical significance
between groups was analyzed using the unpaired Student t test.
For correlation analysis, simple linear regression was calculated
for each group. A value of p≤ 0.05was considered significant with
*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.

Figure 2 mELT Formation Occurs in the Absence of B Cells in Mice Preventatively Treated With ɑCD20 mAb

After weaning, 2D2xThmice received aweekly dose of 100 μg ɑCD20mAb (n = 18) or isotype controlmAb (n = 18) andwere observed for 28 days (A + B) 8 of 18
aCD20 mAb-treated mice and 7 of 18 isotype mAb-treated mice developed EAE. One aCD20 mAb-treated mouse died prematurely and had to be excluded
from the histologic analysis. (A) Quantitative distribution ofmELT along the spinal cord with 12–16 cross-sections per animal analyzed. (B) Representative HE-
stained (upper left panel) and B220-stained (lower left panel) sections of the thoracolumbar part of the spinal cord and corresponding close-up views ofmELT.
Quantification of the mean area of mELT including all sections (upper right panel) and the number of B220+ cells in mELT, analyzed in 2 randomly selected
sections per animal, for all mice (lower right panel). (C) Analysis of histologic signs of disease in mice without clinically manifest EAE (11 of 18 isotype mAb-
treated mice and 10 of 18 aCD20 mAb-treated mice). Representative HE sections given in (a) and (b) for mice with no pathologies, in (c) and (d) for mice with
minor cellular infiltrates in themeninges, and in (e) and (f) for mice withmELT. (D) Quantitative analysis of the size and distribution ofmELT along the spine in
mice without clinically manifest EAE. In total, 12–16 sections analyzed per animal. Scale bars: 250 μm (overviews) and 100 μm (close-ups). When not stated
differently, data shown asmean ±95% CI. *p < 0.05; ****p < 0.0001; statistical significance between groups was analyzed using the Student t test. ɑCD20mAb
= anti-CD20monoclonal antibody; EAE = experimental autoimmune encephalomyelitis; HE = hematoxylin& eosin;mELT =meningeal ectopic lymphoid tissue;
n/N = mice showing mELT or noted feature/total number of mice analyzed; ns = not significant.
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Standard Protocol Approvals, Registrations,
and Patient Consents
All animal experiments were approved by the competent au-
thority, Regierung von Oberbayern, Munich, Germany (ROB-
55.2-2532.Vet_02-16-100).

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

Results
ɑCD20 mAb Efficiently Depletes B Cells in the
Periphery but Does Not Affect the Clinical
Course of Spontaneous Chronic EAE
To analyze the effects of ɑCD20 mAb on mELT in the
context of EAE, we crossed MOG Ig-VH knock-in (IgHMOG,
Th)mice, in which B cells express aMOG-specific BCR heavy
chain, with MOG-specific TCR transgenic mice (TCRMOG,

2D2). As previously described, 2D2xTh mice develop spon-
taneous chronic EAE with B-cell-rich and T-cell-rich mELT
along the spinal cord.23,24

2D2xThmice were treated weekly for a total of 4 intraperitoneal
(i.p.) doses with antimurine CD20 or isotype control mAb. Two
treatment paradigms were pursued in parallel: (1) to prevent
EAE and mELT formation, mice received the first dose as soon
as they were weaned about 26 days after birth (figure 1A) and
(2) to treat fully established EAE, ɑCD20 mAb was first ad-
ministered after mice developed an EAE score of ≥3 (figure 3A).
ɑCD20 mAb efficiently depleted B cells in the peripheral blood
(figure 1B.a, upper panel) and lymph nodes (figure 1B.b, lower
panel). However, its application neither attenuated the rather
severe and chronic course of EAE compared with the control
groups in either condition (figures 1C and 3B) nor changed the
incidence of EAE. In total, 44% of preventatively treated mice
developed spontaneous chronic EAE, which was similar to 39%
of control treated mice (figure 1D).

Figure 3 ɑCD20mAbApplied After EAEOnset Does Not Change the Clinical Course of Spontaneous EAE or the Size ofmELT

(A) Experimental setup. As soon as 2D2xThmice developed a score of ≥3, they received a weekly dose of 100 μg of ɑCD20 (n = 11) or isotype control mAb (n =
14) over a period of 28 days. Another 5 mice were euthanized and dissected directly after developing a clinical score of ≥3, without receiving treatment. They
served as histologic reference at disease onset for the remainder of themice for which treatment commenced at that stage. (B) Clinical course of EAE during
application of ɑCD20 or isotypemAb. Data expressed asmean ± SEM. (C) Representative HE (upper left panel) and B220 (lower left panel) staining of the spinal
cordmELT ofmice at EAE onset and respective quantification in allmice (right panels). (D) Representative HE-stained cross-sections of the thoracolumbar part
of the spinal cord of ɑCD20 mAb-treated and isotype-treated mice (left) and representation of the distribution of mELT along the spine with 14–16 sections
analyzed per animal (right). (E) Quantification of the mean area of mELT per section. (F) Correlation of the mean area of mELT per section with the mean EAE
score over the observation period. Simple linear regression was calculated for each group. Scale bars, 250 μm.When not indicated differently, data shown as
mean ± 95% CI. Statistical significance between groups was analyzed using the Student t test. ɑCD20 mAb = anti-CD20 monoclonal antibody; EAE =
experimental autoimmune encephalomyelitis; HE = hematoxylin & eosin; i.p. = intraperitoneally; mELT = meningeal ectopic lymphoid tissue; n/N = mice
showing mELT/total number of mice analyzed; ns = not significant.
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mELT Formation and Retention Occurs in the
Absence of B Cells in Preventatively
Treated Mice
To investigate whether mELT forms and persists under B-cell-
depleting conditions, we analyzed cross-sections along the spinal
cord of 2D2xTh mice, which developed clinical signs of EAE
during the observation/treatment period. With a mean EAE
duration of 19 days (range 13–24 days) in the ɑCD20 mAb-
treated group and 16 days (range 3–21 days) in the isotype-
treated group, all mice showed mELT in at least 5 of 12–16
segments with a maximum along the thoracolumbar part of the
spinal cord (figure 2A). Infiltrates were considered as mELT
when their size was ≥1 × 104 μm2 per section. Surprisingly, the
mean area of mELT per section, including sections in which no
mELT was detected, was similar in both groups with a mean of
81,152 μm2 per section in ɑCD20 mAb and 103,968 μm2 in
isotype-treated controls (figure 2B, upper panel). Hence, despite
the absence of B cells in circulation and cervical lymph nodes,
structures of mELT formed. With B cells being a main compo-
nent of mELT,21,23,24 we performed B220 immunohistochemis-
try on sections of the thoracolumbar part of the spinal cord. We
found that, although mELT was present to a similar extend,
mELT of ɑCD20 mAb-treated mice only exhibited 0.59% of
B220+ B cells observed in controls (figure 2B, lower panel).

Interestingly, in both groups, mice without clinically apparent
EAE over the treatment period of 28 days also showed his-
tologic signs of disease in approximately 60% of cases, ranging
from scattered cellular infiltrates in the meninges in some
cases to mELT in 30% of the ɑCD20 mAb-treated mice and
36% of the isotype controls (figure 2C). In these clinically
unremarkable animals, mELT was also mainly found in the

thoracolumbar part of the spinal cord and was comparable in
size in both groups (figure 2D).

Our data indicate that the absence of B cells in preventatively
treated 2D2xTh mice is not sufficient to prevent mELT for-
mation and that not only mELT formation but also its re-
tention may be independent of B cells. Moreover, mELT
formation in our model occurs before developing clinical signs
of EAE.

ɑCD20 mAb Treatment Does Not Influence the
Size of mELT
In a second experiment, more closely resembling a clinical
scenario, mice were randomized into groups treated with
ɑCD20 or control mAbs after disease onset, i.e., when having
developed an EAE score of ≥3 (aged on average 47.6 days in
the ɑCD20 mAb and 48.4 days in the isotype-treated group).
As a baseline, we used mice which were euthanized without
further treatment immediately after having developed a score
of ≥3 (figure 3A). At that stage of disease (onset), all mice
already exhibited extensive mELT with a distinct fraction of
B220+ B cells (figure 3C), confirming that mELT was suffi-
ciently present before we started our intervention. After 4
weeks of treatment, distribution of mELT throughout the
spinal cord was almost identical in-between groups, with all
mice exhibiting mELT in at least 1 of 14–16 cross-sections
analyzed (figure 3D). Again, we did not observe a difference in
the mean area of mELT in both groups (figure 3E). Similar to
what was observed in autopsy cases of MS, the extent of
mELT correlated with disease severity in control mice.
However, this was not statistically significant in ɑCD20 mAb-
treated animals (figure 3F).

Figure 4 B-Cell-Depleted Spontaneous Chronic EAE Mice Exhibit High Titers of Anti-MOG Antibodies and Extensive De-
myelination, Reflecting Their Severe Disease Course

2D2xTh mice received 4 doses of ɑCD20 mAb (n = 11) or isotype control (n = 10) as soon as they reached an EAE score of ≥3. (A) Antimurine MOG IgG serum
levels determined by ELISA (dilution 1:300). Data are shown as individual data points and mean ± 95% CI. (B) LFB-PAS staining of the spinal cord, showing
representative thoracolumbar cross-sections and corresponding close-ups. For each mouse, 2 randomly chosen cross-sections per spinal cord segment—
cervicothoracic (n = 5 for ɑCD20 mAb and n = 6 for isotype), thoracolumbar (n = 8 per group), and lumbar (n = 7 for ɑCD20 mAb and n = 6 for isotype)—were
examined. Data are presented as minimum and maximum values and mean. Scale bars: 250 μm and 100 μm (close-ups). Statistical significance between
groups was analyzed using the Student t test. ɑCD20mAb = anti-CD20 monoclonal antibody; EAE = experimental autoimmune encephalomyelitis; LFB-PAS =
Luxol fast blue and periodic acid-Schiff reaction; MOG = myelin oligodendrocyte glycoprotein; ns = not significant; OD = optical density.
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Persisting High Titers of Anti-MOG Antibodies
and Extensive Demyelination in B-Cell-
Depleted Mice Reflects the Lasting Severe and
Chronic Course of EAE
Although B cells were effectively reduced not only in the
periphery but also in the meningeal compartment, MOG-
specific total IgG titers remained high even after 4 weeks of
B-cell depletion (figure 4A). Correlating with the clinical
disease course, the spinal cord was similarly affected by de-
myelination in ɑCD20 mAb-treated mice compared with
controls (figure 4B). Together with persisting B-cell-free
mELT, these observations may contribute to the lack of a
clinical benefit of B-cell depletion in our model.

ɑCD20 mAb Treatment Changes the Density
and Composition of the Cellular Content
of mELT
When we analyzed the cellular composition of mELT more
closely, we found that, within the treatment paradigm, mELT
in ɑCD20 mAb-treated mice was populated with 24.2% less
cells (figure 5A). The count of B220+ B cells, which was the
largest immune cell fraction in control mice, was drastically
reduced on ɑCD20 mAb treatment, suggesting that the ab-
sence of B cells led to this reduced cellular density in mELT
(figure 5B, upper panel). We did not notice a relevant change

in CD3+ cells (figure 5B, middle panel), whereas the number
of MPO positive neutrophil granulocytes was significantly
increased under ɑCD20 mAb therapy (figure 5B, lower
panel). Comparing these changes in mELT with SLOs, we
observed that in the spleen and inguinal lymph nodes, B220+

B cells were also largely eliminated. MPO+ cells seemed to be
increased, but this did not reach statistical significance. In
contrast to mELT, however, the amount of CD3+ T cells was
slightly increased in B-cell-depleted lymph nodes (figure 6).

Together, our findings show that ɑCD20 mAb, to some de-
gree, depletes B cells in mELT in mice with spontaneous
chronic EAE, yet mELT persists. The role and function of
mELT devoid of B cells remains unclear.

Discussion
Although its exact role in MS pathogenesis remains unclear,
meningeal inflammation has gained widespread attention in
recent years. Because B cells are a major component of mELT
and B-cell-depleting mAbs are among the most successful MS
therapeutics today, the question how B-cell-depleting thera-
pies affect mELT is obvious. In this study, we systematically
addressed this question in a murine model of MS.

Figure 5 ɑCD20 mAb B-Cell Depletion in Spontaneous Chronic EAE Alters Cellular Density and Composition of mELT

2D2xTh mice received 4 doses of ɑCD20mAb (n = 11) or isotype control (n = 10) as soon as they reached an EAE score of ≥3. (A) HE staining of representative
spinal cord sections of (a) isotype-treated and (b) ɑCD20mAb-treatedmice visualizing the cellular density of mELT (c) and (d) show representative samples of
the computer-aided quantification of nuclei in mELT with the corresponding graphs. (B) Quantification of B cells (B220), T cells (CD3), and neutrophil
granulocytes (MPO) in spinal cord mELT. mELT of 1–4 randomly chosen cross-sections per mouse were analyzed. Scale bars: 50 μm (A) and 100 μm (B). Data
are presented as individual data points and mean ± 95% CI. *p ≤ 0.05; **p < 0.01; ****p < 0.0001; statistical significance between groups was analyzed using
the Student t test. ɑCD20 mAb = anti-CD20 monoclonal antibody; EAE = experimental autoimmune encephalomyelitis; HE = hematoxylin & eosin; mELT =
meningeal ectopic lymphoid tissue; MPO = myeloperoxidase; ns = not significant.
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Not unexpectedly, B-cell depletion did not change the disease
course in our spontaneous chronic EAE model. It has pre-
viously been reported that ɑCD20 mAb did not significantly
change the course of EAE in the same model because high
titers of MOG-binding antibodies in conjunction with
MOGTCR 2D2 T cells could support clinical disease in the
absence of B cells.26 Importantly, ɑCD20 mAb does not
target antibody-producing plasma cells. It could be debated
that spontaneous chronic EAE in 2D2xTh mice, because of
the MOG specificity of both T and B cells, is not dynamic
enough to allow being modified by pharmaceutical interven-
tions. However, laquinimod ameliorated spontaneous chronic
EAE and reduced meningeal B-cell aggregates and thereby
demonstrated its plasticity.27 Thus, other factors are likely to
contribute.

Although clinical effects were neglectable, we found that
ɑCD20 mAb depleted virtually all B cells not only from SLOs
and blood but also frommELT. It has been shown before that
B cells infiltrating the meninges in EAE could be efficiently
depleted by ɑCD20 mAb administered either in-
traperitoneally or intrathecally.22 This study used a model,
however, which does not feature large meningeal B-cell ag-
gregates such as mELT. A case report of a patient with gas-
trointestinal mantle cell lymphoma, who developed
progressive multifocal leukoencephalopathy after rituximab
therapy, showed that 8 months after the last dose, no B cells

were found in perivascular spaces.28 By contrast, a case report
of a youngman with aggressiveMS treated with rituximab and
with no detectable peripheral B cells found some B cells in the
parenchyma and in perivascular cuffs on CNS autopsy.29

Regarding B-cell-depleting antibodies used to treatMS, it is an
encouraging finding that ɑCD20 mAb could deplete B cells
present in mELT and prospectively prevent colonization of
the meningeal compartment by B cells. Yet, open questions
remain.

The most unexpected finding in our study was that mELT
formed or remained in the absence of B cells when mice were
B-cell-depleted after EAE was fully established and even when
treated before EAE onset. The size and extent of mELT was
even comparable whether they contained B cells or not. This
shows that, in our model, B cells are not essential for the
induction or maintenance of mELT development. Yet, in the
absence of B cells, mELT was less densely packed with cells
and the cellular composition was altered. ɑCD20 mAb-
treated mice had drastically fewer B220+ B cells, comparable
amounts of CD3+ T cells, and significantly more MPO+

neutrophil granulocytes in mELT. A recent study showed that
neutrophil granulocytes pioneer mELT formation and pre-
cede B cells in the meningeal compartment.30 In addition,
several other cell types have been proposed as candidates to
induce ELT formation, including IL-22 or IL-17 secreting
immune cells, dendritic cells, and CD3−CD4+CD45+

Figure 6 ɑCD20 mAb Efficiently Depletes B Cells in SLOs

2D2xTh mice received 4 doses of ɑCD20 mAb (n = 11) or isotype control (n = 10) as soon as they reached an EAE score of ≥3. Quantification of B cells (B220),
T cells (CD3), and neutrophil granulocytes (MPO) in spleens and inguinal lymph nodes. One randomly chosen cross-section per organ (n = 5 mice per group)
was evaluated. Scale bars: 250 μm.Data are presented as individual data points andmean ±95% CI. *p ≤ 0.05; ****p < 0.0001; statistical significance between
groupswas analyzed using the Student t test. ɑCD20mAb = anti-CD20monoclonal antibody; EAE = experimental autoimmune encephalomyelitis; LN = lymph
node; MPO = myeloperoxidase; ns = not significant; SLO = secondary lymphoid organ; SPL = spleen.
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lymphoid tissue inducer cells.16,31-35 Our own data showed
that shortly after EAE onset, B220+ B cells were already
present in mELT, but after 4 weeks of isotype control treat-
ment, their amount had roughly doubled. Thus, B cells seem
to fully populate mELT at later stages. This raises the ques-
tion, which role B cells play in (later stage) mELT and
whether mELT without B cells still has a pathogenic role.
Generally, our mice would be expected to benefit from B-cell
depletion, like it has been shown in another B-cell-dependent
model without mELT or in MS itself.1-3,36 If mELT lacking
B cells still contribute to autoimmunity, this could explain why
the EAE disease course is unchanged in ɑCD20 mAb-treated
2D2xTh mice. As discussed above, other inherent properties
of the model could contribute, such as the presence of high
titers ofMOG-binding antibodies andMOGTCR T cells with a
potentially altered activation status under ɑCD20 mAb
therapy. However, the notion that mELT without B cells
persist in EAE and its persistence correlates with sustained
severe disease, may give rise to interesting considerations:
B-cell-depleting therapies are disproportionately more effec-
tive in RRMS than PMS. It could be speculated that future
therapeutic approaches targeting mELT directly, instead of
B cells, may be more effective in treating PMS.

We observed that approximately one-third of 2D2xTh mice
without clinically manifest EAE develop a minor degree of
mELT both in the presence or absence of B cells. What does
this imply regarding the role of mELT? Naturally, it remains
unknown whether for these mice disease was imminent and
the occurrence of mELT only preceding clinical signs. Alter-
natively, it is possible that 2D2xTh mice live with mELT
without developing a phenotype. The latter would suggest
that mELT may be a rather irrelevant epiphenomenon of
encephalitogenic B and T cells being present in this model or
that mELT may even have a regulatory role.

One limitation of our study is that we depleted B cells rela-
tively soon, i.e., before the onset of EAE or at an early stage of
disease, where B cells are already present in mELT but to a
lesser extent. We believe that it is reasonable to conclude from
our results that B cells already present in mELTwere depleted
by ɑCD20 mAb. However, we could not formally assess the
respective contributions of preventing B-cell influx from the
periphery or direct depletion in the CNS itself to our finding
that mELT was devoid of B cells after several weeks of
treatment with ɑCD20 mAb.

It is very challenging to study meningeal pathologies in pa-
tients in vivo or even postmortem. Thus, animal models are
instrumental, and yet, the transferability of any findings in
such models to MS must be questioned continuously. Our
model of spontaneous chronic EAE has several characteristics
that make it a suitable tool. EAE develops without an external
stimulus, such as immunization or an adjuvant, and mice form
meningeal inflammatory aggregates. Furthermore, mELT is
readily available in high quality and quantity. However, it is a
highly artificial model which is genetically determined

through B-cell-mediated and T-cell-mediated autoimmunity
against MOG. MS, by contrast, is not known to have a single
autoantigen and certainly does not feature such a highly po-
larized adaptive immune system. Therefore, studies in human
subjects treated with ɑCD20mAb are required to confirm our
results.

In conclusion, we provide evidence that systemically applied
ɑCD20 mAbs efficiently deplete B cells in meningeal in-
flammatory aggregates, and yet, mELT still form and persist
with an altered cellular composition. The unchanged severe
course of EAE, despite near complete B-cell depletion, both in
the periphery and themeningeal compartment, may point to a
yet unknown function of mELT, which is independent of
B cells. Future studies are required, which aim to better un-
derstand the role and pathogenic relevance of mELTwith and
without B cells.
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Abstract
Objective
To determine whether blocking the neonatal Fc receptor (FcRn) during gestation with an anti-
FcRn monoclonal antibody (mAb) reduces transfer of pathogenic maternal antibodies in utero
and decreases the likelihood of maternal antibody-mediated neonatal disease in the offspring.

Methods
Using a previously established maternal-to-fetal transfer mouse model of arthrogryposis mul-
tiplex congenita (AMC), we assessed the effect of 4470, an anti-FcRn mAb, on the transfer of
total human immunoglobulin G (IgG) and specific acetylcholine receptor (AChR)-antibodies
from mother to fetus, as well as its effect on the prevention of neurodevelopmental abnor-
malities in the offspring.

Results
Offspring of pregnant dams treated with 4470 during gestation showed a substantial reduction
in total human IgG and AChR antibody levels compared with those treated with the isotype
mAb control. Treatment with 4470 was also associated with a significant reduction in AMC-
IgG–induced deformities (limb or spinal curve malformations) when compared with mAb
control–exposed embryos and a nonsignificant increase in the percentage of fetuses showing
spontaneous movements. 4470 exposure during pregnancy was not associated with changes in
general parameters of maternal well-being or fetal development; indeed, male neonates showed
faster weight gain and shorter time to reach developmental milestones.

Conclusions
FcRn blockade is a promising therapeutic strategy to prevent the occurrence of AMC and other
human maternal autoantibody-related diseases in the offspring.
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Immunoglobulin G (IgG) antibodies are transferred via the
placenta from mother to fetus. This process, mediated by the
neonatal Fc receptor (FcRn), protects the neonate against
infectious agents. Transfer of maternal disease-associated IgG
antibodies or those pathogenic to the fetus, however, can
cause disease in the offspring (see reference 1 for a review).
One of the best examples of these phenomena is maternal
myasthenia gravis (MG) in which transfer of acetylcholine
receptor (AChR) antibodies may be associated with neonatal
MG. Moreover, transfer of maternal antibodies that specifi-
cally inhibit the fetal form of the AChR (fAChR), although
rare, can cause lack of fetal movement in utero, resulting in
arthrogryposis multiplex congenita (AMC).2 This can lead to
fetal or neonatal death, as demonstrated by injecting maternal
plasma or purified IgG containing fAChR antibodies into
pregnant mouse dams.3

Although the symptoms of typical transient neonatalMGusually
improve spontaneously, AMC and a recently described persist-
ing myopathy in surviving children4-7 likely require treatment
during development. Moreover, there is growing evidence that
pathogenicmaternal antibodies to neuronal antigens could cause
long-lasting neurodevelopmental disorders.7-10

In addition to regulating transplacental transfer of IgG during
pregnancy, FcRn also rescues IgG from intracellular degradation
and is responsible for the long half-life of IgG (and pathogenic
IgG autoantibodies) relative to other plasma proteins.11

Monoclonal antibodies that inhibit FcRn, such as rozanolix-
izumab, have been developed to treat IgG autoantibody-
mediated diseases.12,13 However, there are no in vivo studies
describing the use of these FcRn-inhibiting antibodies to prevent
maternal-to-fetal transfer of pathogenic antibodies. Rozanolix-
izumab does not bind to rodent FcRn, but a surrogate mono-
clonal antibody (mAb), called 4470, has been produced and
previously shown efficacy in mouse models of autoimmune
disease.14,15

We used our previously established AMCmouse maternal-to-
fetal transfer model3 to see whether inhibiting FcRn during
gestation with 4470 reduces pathogenic IgG transfer in utero
and decreases the likelihood of disease in the offspring.

Methods
Experimental Design
An overview of the experimental design3 is depicted in
figure 1A. Briefly, Hsd:ICR (CD-1) outbred mice were
purchased from a licensed breeding establishment

(Envigo, Indianapolis, IN), mated in house, with preg-
nancy established by detection of vaginal coagulant plugs
(defining day E0.5). Preparations of AChR-positive IgG
were injected daily, via the intraperitoneal (IP) route be-
tween E12.5 and 17.5 (or E18.5 if dams were allowed to
deliver). The treatment group further received 4470 (UCB
Pharma, Brussels, Belgium, lot # PB2226) at doses be-
tween 0 and 40 mg/kg, administered via IP injection at
E12.5 and E15.5. Control animals received a mouse IgG1
isotype mAb control (101.4; UCB Pharma, lot # PB3038).
At E18.5, the dams were killed by CO2 anesthesia, followed
by cardiac puncture for blood collection. After dissection
of the fetuses, each conceptus was weighed and crown-
rump length measured. The presence of resorptions, em-
bryonic lethalties, deformities and spontaneous move-
ments were recorded. Fetuses were bled by decapitation.
Human IgG and AChR Abs were measured in the dams and
pooled fetal sera using a human IgG ELISA kit (Cambridge
Bioscience, United Kingdom) and radioimmunoassay
(RSR Ltd., Pontprennau, United Kingdom), respectively.
For the study of neonatal behavioral outcomes, dams were
allowed to deliver, and litters were randomly culled to 5–6
pups at postnatal day 1. Their physical and neuro-
developmental outcomes were assessed using the modified
Fox battery, as previously reported.10 Details of methods
are given in the e-Methods (links.lww.com/NXI/A493).

Human Material
Plasma exchange samples from a female patient with AChR-
positive myasthenia gravis (AChR-IgG) and 2 mothers
whose fetuses had AMC (AMC12,3 and AMC63) were used.
The preparation of human IgGs was as previously de-
scribed.10 The patients, purified IgG concentrations, and
number of injected dams for each experiment are summa-
rized in figure 1B. Most experiments were performed with
AMC6-IgG, as the AMC1 preparation was very scarce.
AMC6 hadMG diagnosed after her second affected baby was
terminated for lack of fetal movements. This baby at post-
mortem displayed hydrops, scoliosis, pectus excavation,
abnormal genitalia, ascites, myositis, and CNS anomalies.3 In
our previous work, transfer of AMC1 plasma produced a
high proportion of dead or paralyzed pups, whereas 60% of
the offspring of dams injected with AMC6 plasma were
normal.3 Hence, in the mouse model, AMC6 plasma is not as
pathogenic as AMC1 plasma.

Titrations of the patients’ plasmas against human AChR are
shown in figure 1C. The MG AChR Ab plasma precipitated
maximum α-bungarotoxin-AChR counts per minute at 1 μL,

Glossary
AChR = acetylcholine receptor;AMC = arthrogryposis multiplex congenita;ANOVA = analysis of variance; fAChR = fetal form
of the AChR; FcRn = neonatal Fc receptor; IgG = immunoglobulin G; IP = intraperitoneal; mAb = monoclonal antibody;
MG = myasthenia gravis.
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but, as in previous studies,2 the apparent binding of the 2
AMC plasmas plateaued at much lower counts per minute.
This is typical of AMC samples, as the antibodies bind pre-
dominantly to the fAChR (approximately 40% of the human
AChR preparation) and also, to varying extents, particularly
AMC1, displace the radioactive label from one of the 2 fAChR
125I-bungarotoxin/acetylcholine binding sites.2 As a result,
fAChR antibody titers based on radioimmunoprecipitation
assays often appear lower than the typical AChR antibody
titers.3

Standard Protocol Approvals, Registrations,
and Patient Consents
Serum and plasma samples were archived with the patient’s
consent and ethical approval for future research from the
Central Oxford Research Ethics Committee (COREC 1702,
1988–1993, extended to 1998).

All in vivo experiments, with IgG preparations coded and
investigators blinded, adhered to the ARRIVE guidelines and
were performed in accordance with the United Kingdom

Animals (Scientific Procedures) Act, 1986, and European
Union Directive 2010/63/EU. The experiments were per-
formed under HO license PPL 40/3581 with ethical approval
granted by the King’s College London Animal Welfare and
Ethical Review Body (AWERB).

Statistics
Results were analyzed by the independent samples t test (2
tailed) or by 1-way analysis of variance (ANOVA) with
Bonferroni correction for multiple comparisons as appropri-
ate. A statistically significant result was considered if p < 0.05.
Effect sizes are given as Cohen d or eta-squared (η2). Analysis
was performed in IBM SPSS statistics v27.0 (SPSS Inc.,
Chicago, IL). Graphs were plotted using Graph Pad prism v8
(GraphPad software, San Diego, CA). Data are presented as
mean ± SEM, unless otherwise stated.

Data Availability
All data generated from this study will be shared at the request
of other investigators for purposes of replicating procedures
and results.

Figure 1 Experimental Overview and Human Material Used

(A) Experimental design: CD-1 damswere injected intraperitoneally (IP) with human purified IgG or plasma containing AChR antibodies from E12.5 to E17.5 or
E18.5. Dams in the treatment groupwere further injected intraperitoneally with 4470, an anti-FcRnmonoclonal antibody (mAb)murinized (fromUCBPharma)
at doses between 0 and 40mg/kg at days E12.5 and 15.5. The control group received amouse IgG1 isotypemAb control. Dams and offspringwere killed at the
endof gestation (E18.5) and sera collected for human IgG andAChRantibody testing, or to assess neonatal outcomes, damswere allowed to deliver, and at P1,
litterswere reduced to 5–6 pups. Neonatal assessmentswere conducted fromP1 to P21. (B) Humanmaterial used: patient’s clinical history, IgG concentration,
and number of injected dams for each experiment. (C) Titration of the patient plasmas against human AChR. Comparedwith the typical AChR-IgG, the 2 AMC-
IgG preparations are relatively specific for the fetal isoform (approximately 40% of the total 10,000 cpm), but AMC1 serum (and IgG, not shown) displaces one
of the 125I-a-bungarotoxins from the fetal AChR explaining the low plateau values shown. AChR = acetylcholine receptor; AMC = arthrogryposis multiplex
congenita; cpm = counts per minute; IgG = immunoglobulin G.
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Results
Effect of FcRn Blockade on the Transfer of
Human AChR Antibodies and Total IgG
The effect of different concentrations of 4470 (0, 10, 20, and
40 mg/kg) on the transfer of AChR antibodies from a patient
with typical MG (binding largely to the 2 alpha subunits
common to both adult and fAChRs) was tested first (figure
2A). The drug had only a suggestive effect on the antibody
titers in the dams (ANOVA; p = 0.06; η2 = 0.67), but reduced
the antibody titer in their fetuses (ANOVA; p = 0.02; η2 =
0.78), significant at 40 mg/kg after Bonferroni correction (0
vs 40 mg/kg; adjusted p = 0.035). Importantly, FcRn block-
ade was not associated with changes in the embryo’s survival,
weight, or crown-rump length or in the dams’ gestational
weight gain at the doses tested (figure e-1, links.lww.com/
NXI/A493). Forty milligrams per kilogramwas chosen for the
main experiments.

We then tested the effects of 4470 on the transfer of human
total IgG and AChR Abs using IgG preparations purified from
the 2 AMC plasmas. Twelve dams were injected daily with
AMC1-IgG (2 dams) or AMC6-IgG (10 dams) from E12.5 to
E17.5; half were injected with 4470 (40 mg/kg) on days 12.5
and 15.5, whereas the other half received the isotype mAb
control antibody. There was no reduction in IgG levels in the
4470-treated dams compared with mAb control–injected

dams (p = 0.64, unpaired t test [2 tailed]; Cohen d = 0.28) but
a clear reduction (;60%; p = 0.001, unpaired t test [2 tailed];
Cohen d = 2.94) in their fetuses (figure 2B). The AChR Ab
levels followed the same pattern with substantial reduction in
the fetuses (;67%; p = 0.04, unpaired t test [2 tailed]; Cohen
d = 1.7), exposed to 4470, but not in the dams (p = 0.27,
unpaired t test [2 tailed]; Cohen d = 0.8) (figure 2C).

Effects of FcRn Blockade on Fetal Outcomes
Fifty-three 4470-treated embryos and 79 mAb control–
treated embryos (from 6 litters per treatment group) were
studied at E18.5. To control for the differences in the numbers
of embryos in the different litters, data are presented as per-
centage of affected embryos per litter. Treatment with 4470
was associated with a significant reduction in the percentage
of embryos per litter with AMC-IgG–induced deformities
when compared with mAb control–exposed litters (p = 0.038,
independent samples t test [2 tailed]; Cohen d = 1.38). In
general, the deformities observed consisted of limb or spinal
curve malformations rather than embryonic lethality, which
likely reflects the use of the less pathogenic patient sample
(AMC6; figure 2D). Treatment with 4470 was also associated
with a numerical increase in the percentage of embryos
showing spontaneous movements (mainly an inspiratory
breathing gasp after dissection of the embryos from the uteri)
after AMC-IgG exposure, but this failed to reach statistical
significance (p = 0.085, unpaired t test [2 tailed], Cohen d =

Figure 2 Effects of FcRn Blockade on Antibody Transfer and Fetal Outcomes

(A) Effect of different concentrations of 4470 on the transfer of typical AChR antibodiesmeasured by radioimmunoassay, showing reduction of transfer to the
fetal sera at 40 mg/kg (dam serum, red; fetal sera, green). *1 dam/litter pair excluded in the 20 and 40 mg/kg groups due to blood contamination. (B and C)
Effect of 4470 (green) vs mAb control (red) at 40 mg/kg on the levels of total human IgG (B) and AChR antibodies (C). (D) Effect of 4470 (green) vs mAb control
(red) at 40 mg/kg on the presence of deformities; representative microphotograph showing deformities in the limbs (black arrow) and spinal curve (red). (E)
Effect of 4470 (green) vsmAb control (red) at 40mg/kg on the presence of spontaneousmovement. (F) Effect of 4470 (green) vsmAb control (red) at 40mg/kg
on the presence of empty placentas and embryos undergoing resorption. AChR = acetylcholine receptor; AMC = arthrogryposis multiplex congenita; cpm =
counts per minute; FcRn = neonatal Fc receptor; IgG = immunoglobulin G; mAb = monoclonal antibody.
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1.1; figure 2E). One 4470/AMC6-IgG–treated dam had an
unusual number of empty placentas and embryos undergoing
resorptions, but among all other dams, the embryos appeared
normal in number, and the percentage of resorptions per litter
did not statistically differ between treatment groups (p = 0.15
unpaired t test [2 tailed]; Cohen d = 0.9; figure 2F).

Effect of FcRn Blockade on Neonatal Behavior
Recently, it has become clear that surviving children of
mothers whose earlier pregnancies have been still-born or
died neonatally may have facial myopathies and other de-
fects.5 Accordingly, we examined surviving pups exposed to
AMC-IgG during the neonatal period for evidence of neu-
romotor or other developmental dysfunction. Four dams per
treatment arm were injected daily with AMC6-IgG from
E12.5 to E18.5 and allowed to deliver. Unfortunately, one of
the dams from the 4470-treatment group did not complete
gestation (due to a technical error). Among the surviving pups
(thirty-four 4470 treated and 43 mAb control treated; p = 0.5,
unpaired t test [2 tailed]), 5–6 pups per litter were randomly
selected for further testing (eighteen 4470 treated and
24 mAb control treated).

There were no clear differences between 4470 and mAb
control mice in terms of weight gain over the first 21 days or in
results of the FOX battery for neonatal development (figure

e-2, links.lww.com/NXI/A493). However, in a post hoc
analysis of the pups by sex, an unexpected sex difference
emerged. Those male pups who were not treated with 4470
did significantly worse in terms of weight gain during the
neonatal period (males: time × group p < 0.0001; females:
time × group p = 0.99, repeated measures ANOVA) com-
pared with the mAb controls, and the weight difference be-
came more marked over time, suggesting difficulties in
suckling or feeding (figure 3, A and B). The mAb control–
treated males also took longer to reach criterion, statistically
significant in parameters related to tasks involving cranial or
limb muscles, and showing strong trends in parameters such
as ear twitch (adjusted p = 0.012, ANOVA with Bonferroni
correction), eye opening (adjusted p = 0.056), negative geo-
taxis (adjusted p = 0.08, ANOVAwith Bonferroni correction),
and open field activity (adjusted p = 0.069, ANOVA with
Bonferroni correction) (figure 3, C, D, and F).

Discussion

We tested the effects of an FcRn-blocking mAb as a potential
therapy in maternal antibody-mediated diseases. Using a
mouse model for AMC, treatment with 4470 was associated
with a significant reduction of both total human IgG and
specific AChR antibodies reaching the fetal circulation. This

Figure 3 Effect of FcRn Blockade on Neonatal Weight and Neonatal Milestones in Male and Female Pups

(A) Male and (B) female pups’ neonatal weight increase from P1 to P21. Days to reach criterion on ear twitching (C), eye opening (D), negative geotaxis (E), and
open field (F) testing. AMC = arthrogryposis multiplex congenita; FcRn = neonatal Fc receptor; IgG = immunoglobulin G.
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was associated with a reduction in the number of deformities
seen in the fetuses and a trend toward an increase in spon-
taneous movements; moreover, surviving male offspring had
better neonatal weight gain and milestones. Overall, these
results demonstrate that it should be possible to inhibit IgG
placental transfer to protect human babies from effects of
pathogenic antibodies.

The transcytosis of maternal IgG across the human placenta
and the mouse yolk sac is mediated by the FcRn.16 Besides its
role in placental transport, the endothelial-expressed FcRn also
protects IgG from catabolism, prolonging its half-life.17 Due to
its role in IgG recycling, there has been a surge of interest in
FcRn-targeting therapeutics for the treatment of autoimmune
diseases.13One recent study has investigated the use of a similar
mAb on the placenta. An FcRn high-affinity mAb (M281)
decreased IgG transfer in a human ex vivo placental perfusion
model.18 Our study uses an in vivo system of a well-established
model of maternal-to-fetal transfer of pathogenic antibodies,
with excellent construct, face and predictive validity for an
antibody-mediated neonatal disease.

We used a murine surrogate of rozanolixizumab, 4470, a highly
specific mAb that binds to the IgG binding site on FcRn with
high affinity in a pH-independent way, preventing the recycling
and transcytosis of IgG.19 Importantly, 4470 does not impact
on the capacity of FcRn to bind to albumin (another FcRn
neurodevelopment-relevant ligand). Also of relevance, roza-
nolixizumab has been used in adult patients and has been found
to be well tolerated with an acceptable safety profile.20,21

Important questions, however, require further research. First,
the timing of IgG transfer differs in humans and rodents; in the
latter, it occurs mainly during lactation. By contrast, in humans,
maternal IgG is transferred from around gestational week 14,
but the fAChR is replaced by the adult from around week 30, so
treatment could be restricted to midgestation. Second, our
study was not powered to take into consideration sex differ-
ences in neonatal outcome, but our results suggest that un-
treated male pups might do worse if exposed to pathogenic
fAChR antibodies. The reason for this difference is not known,
and at present, there are few data on the sex of surviving babies
born to mothers with these antibodies. Third, the results from
the model are greatly influenced by the AMC serum used, as is
often the case in animal models for antibody-mediated disease.
Unfortunately, the most abundant AMC sample, and thus the
one used for the majority of experiments (AMC6), was pre-
viously found to be less pathogenic in animals,3 and it is
therefore possible that our results are understated. A further
concern relates to the risk of transient hypo-
gammaglobulinemia of the newborn and associated risk of in-
fections (since neonatal IgG production only starts at 6 months
of age). This could apply if the FcRn blockade was required in
the last trimester to prevent neonatal disease rather than
midgestation. If hypogammaglobulinemia was detected in the
newborn, passive immunoglobulin could be administered at
birth, as is current practice in similar clinical situations. Finally,

although not a statistically significant difference, the number of
resorptions was higher in the treatment group. This observa-
tion was driven by a single animal who had a high number of
embryos undergoing resorptions and we did not observe a
difference on embryos’ survival when testing different dosages
of the drug.However, this will need careful assessment in future
studies.

Despite these limitations and open questions, our study
supports further research into FcRn blockade as a promising
therapeutic strategy to prevent disease before irreversible
damage to the fetus/newborn is established. In particular, this
study could have wide implications in the prevention of other
maternal antibody-mediated diseases,22 neonatal lupus syn-
drome,23 or even forms of autism and intellectual disability
with the growing evidence for pathogenic maternal antibodies
to CNS antigens.7-10,24
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Abstract
Objective
The contemporary diagnosis of paraneoplastic neurologic syndromes (PNSs) requires an
increasing understanding of their clinical, immunologic, and oncologic heterogeneity. The 2004
PNS criteria are partially outdated due to advances in PNS research in the last 16 years leading
to the identification of new phenotypes and antibodies that have transformed the diagnostic
approach to PNS. Here, we propose updated diagnostic criteria for PNS.

Methods
A panel of experts developed by consensus a modified set of diagnostic PNS criteria for clinical
decision making and research purposes. The panel reappraised the 2004 criteria alongside new
knowledge on PNS obtained from published and unpublished data generated by the different
laboratories involved in the project.

Results
The panel proposed to substitute “classical syndromes” with the term “high-risk phenotypes”
for cancer and introduce the concept of “intermediate-risk phenotypes.” The term “onconeural
antibody” was replaced by “high risk” (>70% associated with cancer) and “intermediate risk”
(30%–70% associated with cancer) antibodies. The panel classified 3 levels of evidence for
PNS: definite, probable, and possible. Each level can be reached by using the PNS-Care Score,
which combines clinical phenotype, antibody type, the presence or absence of cancer, and time
of follow-up. With the exception of opsoclonus-myoclonus, the diagnosis of definite PNS
requires the presence of high- or intermediate-risk antibodies. Specific recommendations for
similar syndromes triggered by immune checkpoint inhibitors are also provided.

Conclusions
The proposed criteria and recommendations should be used to enhance the clinical care of
patients with PNS and to encourage standardization of research initiatives addressing PNS.
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Paraneoplastic neurologic syndromes (PNSs) are remote effects
of cancer with an immune-mediated pathogenesis.1,2 The di-
agnosis of PNS can be difficult and requires careful exclusion of
direct involvement of the nervous systemby cancer, such as brain
metastasis or carcinomatous meningitis, and indirect in-
volvement caused by coagulopathy, treatment-related neuro-
toxicity, metabolic problems, or infections.1,3 PNSs develop in
approximately 1 of 300 patients with cancer.3 Few population-
based epidemiologic studies have been performed in the field of
PNS. Yet, stated incidence varies from 1.6 to 8.9 per million
person-years, suggesting that underdiagnosis and underreporting
are still relevant issues.3,4 It is likely that the expanding use of
immune checkpoint inhibitors (ICIs) in oncologic practice will
lead to an increased frequency of similar syndromes.5,6

In 2004, a set of recommended diagnostic criteria for PNS were
defined by a panel of international experts and became the stan-
dard for clinical and research purposes.7 Since then, several ad-
vances in the field of PNS suggest that this is an opportune
moment to update the 2004 criteria: first, the characterization of
new intraneuronal proteins as targets of autoantibodies in PNS;
second, the discovery of pathogenic antibodies against neuronal
surface antigens in neurologic syndromes that can occur with or
without cancer, a group which emphasizes the need for a new
definition of an onconeural antibody; and third, some of the 2004
fundamental criteria needed to be redefined or modified. For
example, the definition of definite PNS solely based on the
presence of onconeural antibodies is no longer adequate. Similarly,
in the elderly population, where the prevalence of some tumors is
high (e.g., prostate cancer), the use of criteria that rely on generic
tumor association may overestimate the real burden of PNS.

In September 2019, a group of international experts (PNS-Care
panel) was convened and charged with revising the diagnostic
criteria of PNS to benefit clinical decision making, epidemio-
logic, and research purposes and to address the ancillary issues
outlined above. The following report, which includes a newly
developed clinical scoring system (PNS-Care Score), repre-
sents the panel’s consensus recommendations.

Methods
The PNS-Care panel initially consisted of 14 investigators from
8 different countries; all members of the panel are neurologists

with clinical and research expertise in PNS and related syn-
dromes. The panel started with the premise that revised con-
sensus diagnostic criteria for PNS were required to improve
clinical care and support research. The group established 3
levels of certainty in the diagnosis of PNS (i.e., possible,
probable, and definite PNS) according to the coherence be-
tween clinical phenotype, antibody, and cancer. In assessing the
diagnostic process, the panel reviewed the experience and ca-
veats with detection and interpretation of neuronal antibodies.
In addition, new recommendations were considered for neu-
rologic syndromes developing in the context of ICI treat-
ment. It was agreed that several neurologic disorders that can
occur in association with cancer are not included in the current
diagnostic criteria, such as inflammatory myopathies (derma-
tomyositis, polymyositis, and necrotizing myopathies), myas-
thenia gravis, polyneuropathies associated with monoclonal
gammopathies, and paraneoplastic retinopathy, optic neuritis,
and cochlea-vestibulopathy. Well-designed diagnostic criteria
already exist formost of these entities, which are historically not
included within the spectrum of PNS.

An initial draft of the guidelines was discussed during the in-
auguralmeeting in Lyon (France) and subsequently underwent
several iterations via electronic communication. The last ver-
sion was then sent to all 14members, in addition to 5 additional
international experts, for final review and comment. All 19
PNS-Care panel members endorsed the final guidelines.

Data Availability
Data sharing is not applicable to this article as no new data
were created or analyzed in this study.

Results
Definition of Paraneoplastic
Neurologic Syndromes
PNSs are defined as neurologic disorders that (1) can affect
any part of the nervous system, often presenting with ste-
reotyped clinical manifestations; (2) occur in association with
cancer; and (3) have an immune-mediated pathogenesis that
is supported by the frequent presence of specific neuronal
antibodies. The 3 parts of this definition represent the main
axes of discussion by the panel and constitute the structure of
the present guidelines.

Glossary
AMPAR = α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor; ANNA = antineuronal nuclear antibody;CASPR2 =
contactin-associated protein-like 2; CBA = cell-based assay; CRMP5 = collapsin response-mediator protein 5; DNER = delta/
notch-like epidermal growth factor-related receptor; EM = encephalomyelitis;GABABR = gamma-aminobutyric-acid B receptor;
GAD65 = glutamic acid decarboxylase 65; ICI = immune checkpoint inhibitor; IHC/IF = immunohistochemistry/
immunofluorescence; irAE = immune-related adverse event; LE = limbic encephalitis; LEMS = Lambert-Eaton myasthenic
syndrome; LGI1 = leucine-rich glioma-inactivated 1;mGluR = metabotropic glutamate receptor;NSCLC = non-SCLC;OMS =
opsoclonus-myoclonus syndrome; PCA = Purkinje cell antibody; PNS = paraneoplastic neurologic syndrome; SCLC = small-cell
lung cancer; SNN = sensory neuronopathy; SPS = stiff-person syndrome; VGCC = voltage-gated calcium channel.
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High-Risk Neurologic Phenotypes
There are no absolute pathognomonic neurologic presenta-
tions associated with PNS. However, the panel recognizes
specific clinical presentations, here defined as “high-risk
phenotypes” and previously known as “classical PNS,” fre-
quently have a paraneoplastic etiology. In these phenotypes,
cancer represents an important trigger, and therefore, their
clinical recognition should lead to a search for an underlying
cancer. The extent of cancer search may depend on the de-
mographic characteristics of the patient (age, sex) and the
type of neuronal antibody (see below). Despite numerous
advances in the field of PNS in the last 16 years, including the
discovery of new antibodies and novel clinical manifestations,
the panel agrees that there are no new descriptions of high-
risk phenotypes, and therefore, the list is as below:

c Encephalomyelitis
c Limbic encephalitis
c Rapidly progressive cerebellar syndrome
c Opsoclonus-myoclonus
c Sensory neuronopathy
c Gastrointestinal pseudo-obstruction (enteric neuropathy)
c Lambert-Eaton myasthenic syndrome

Encephalomyelitis
The term encephalomyelitis (EM) should be used only in
patients with clinical dysfunction at multiple sites of the
nervous system, including also peripheral involvement such as
dorsal root ganglia, peripheral nerve or nerve roots, as rec-
ommended in the 2004 PNS criteria.7 These additional areas
of involvement should be included in the description of the
phenotype, for example, EM with dorsal root ganglionitis or
sensory neuronopathy (SNN) or EM with peripheral neu-
ropathy. EM almost always associates with small-cell lung
cancer (SCLC) with Hu (also called antineuronal nuclear
antibody 1, ANNA-1) or CV2/collapsin response-mediator
protein 5 (CRMP5) antibodies.8,9

Limbic Encephalitis
Limbic encephalitis (LE) usually presents with short-term
memory loss, seizures, and psychiatric manifestations rapidly
progressing in less than 3 months. The diagnostic criteria of LE
were updated in 2016,10 and in this phenotype, the most ad-
vances have been made in terms of antibody discovery since
2004. At that time, paraneoplastic and autoimmune LEs were
clearly underdiagnosed, and the frequency of reported cases was
substantially lower compared with rapidly progressive cerebellar
syndromes and sensory neuronopathies.11 Importantly, some of
the most frequent cell surface antibodies associate with typically
nonparaneoplastic forms of LE, such as leucine-rich glioma-
inactivated 1 (LGI1) or contactin-associated protein-like 2
(CASPR2) antibodies.10 Therefore, the historical concept of LE
as a phenotype predominantly associated with cancer has
changed dramatically in the last 10 years. 12,13 However, because
of multiple variants of LE, such as less common forms almost
always associated with cancer, this disorder has been retained as a
high-risk phenotype. This is important for 2 reasons: first, because

the neurologic presentation of paraneoplastic and nonparaneo-
plastic cases can be undistinguishable, and second, because some
of the associated antibodies (e.g., gamma-aminobutyric-acid B
receptor [GABABR]

14,15 and α-amino-3-hydroxy-5-methyl-
4-isoxazolepropionic acid receptor [AMPAR]16,17) can
manifest as paraneoplastic LE in more than 50% of the cases.
Although the presence of onconeural antibodies, such as
anti-Hu and anti-Ma2, almost always occurs in adults and
associate with an underlying cancer, the detection of Hu
antibodies in children with LE is exceptionally rare and
usually does not associate with cancer.18

Rapidly Progressive Cerebellar Syndrome
This disorder, previously known as subacute cerebellar de-
generation, is characterized by a rapidly progressive cere-
bellar syndrome, without substantial cerebellar atrophy at
early stages of the disease. Cases with hyperacute onset,
unilateral onset, or slowly progressive and insidious clinical
course mimicking neurodegenerative diseases have also been
reported,19,20 but in general, the patients rapidly develop a
severe and bilateral cerebellar syndrome limiting activities of
daily living in less than 3 months. The panel decided to avoid
the term paraneoplastic cerebellar degeneration when re-
ferring to the clinical syndrome because the presentation of
the cases with or without cancer can be indistinguishable.
Although gait ataxia may be the main or sole initial feature,
truncal and limb involvement later in the course of the dis-
ease are needed to define it as rapidly progressive cerebellar
syndrome. Extracerebellar dysfunction, predominantly in-
volving brainstem, may accompany the cerebellar features.
Isolated cerebellar symptoms are typical of Yo (also known
as PCA-1, Purkinje cell antibody 1)21 and Tr/delta/notch-
like epidermal growth factor-related receptor (DNER)
antibodies.22,23 Unlike LE, newly identified antibodies for
paraneoplastic (and nonparaneoplastic autoimmune) rap-
idly progressive cerebellar syndrome have been reported
only in isolated case reports or small series of patients (table
e-1, links.lww.com/NXI/A491). Future research may help
to clarify which aspects of cerebellar dysfunction correlate
more with specific antibodies.

Opsoclonus-Myoclonus Syndrome
Opsoclonus-myoclonus syndrome (OMS) is characterized by
involuntary, high-frequency, chaotic multidirectional saccadic
movements without intersaccadic pauses, and nonrhythmic
action myoclonus, often involving the trunk, limbs, and head.
Additional features include cerebellar involvement (dysarthria
and trunk ataxia) and encephalopathy (ranging from confu-
sion to coma).

Two main etiologies for OMS include paraneoplastic and idi-
opathic mechanisms, although there is increasing evidence
suggesting that the latter is usually an immune-mediated,
postinfectious process. Paraneoplastic OMS in children ac-
counts for 50% of cases and is closely associated with neuro-
blastoma.24 Paraneoplastic OMS in adults frequently associates
with SCLC or breast cancer. Patients with breast cancer and
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paraneoplastic OMS usually have Ri antibodies (also known as
ANNA-2).20,25,26 Compared with adults with nonparaneo-
plastic OMS, those with paraneoplastic OMS are more likely to
be older, develop encephalopathy, and have a poorer out-
come.25 In youngwomen, OMSmay appear in association with
ovarian teratomas without neuronal antibodies.27

Sensory Neuronopathy
SNN refers to a phenotype caused by involvement of the
sensory neurons of the dorsal root ganglia and manifesting
with sensory deficits sometimes accompanied by motor
symptoms due to additional involvement of motor nerve
roots of peripheral nerves. SNN diagnosis (regardless of
etiology) should follow previously reported criteria.28 The
potential causes of SNN are diverse, including Sjögren
syndrome or platinum-based chemotherapy, but a para-
neoplastic origin should be especially considered if patients
have inflammatory CSF or motor involvement.29 The terms
sensorimotor/sensory neuropathy, polyradiculopathy, or
polyradiculoneuropathy should be used when the clinical
and electrophysiologic findings indicate additional in-
volvement of the peripheral nerves or nerve roots. The most
frequent antibody specificity for SNN is Hu, followed by
CV2/CRMP5 and amphiphysin antibodies.8,30,31

Gastrointestinal Pseudo-obstruction
This term applies to a clinical picture characterized by recurrent
episodes of abdominal pain, distension, constipation, and/or
vomiting, without evidence of mechanical obstruction.32 An
abnormal gastric emptying or small bowel manometry confirms
the diagnosis. Gastrointestinal pseudo-obstruction is due to a
myenteric plexus dysfunction and may occur along with other
features of autonomic involvement, SNN, or EM. The identifi-
cation of Hu antibodies suggests a paraneoplastic origin,8,32

whereas antibodies against ganglionic acetylcholine receptor are
more frequently seen in nonparaneoplastic cases.33

Lambert-Eaton Myasthenic Syndrome
Lambert-Eaton myasthenic syndrome (LEMS) is character-
ized by the progressive development of proximal muscle
weakness that usually starts in the lower limbs and follows
with involvement of the upper limbs, distal muscles, and finally
the ocular and bulbar muscles. About 90% of patients have
symptoms of autonomic dysfunction, which is a hallmark of
LEMS, including dry mouth, erectile dysfunction, and con-
stipation. In addition to muscle weakness and dysautonomia,
patients have decreased or absent muscle reflexes, which improve
after repeat exercise or maximal voluntary contraction.34 Clinical
suspicion must be confirmed with electrophysiologic studies.35

Table 1 High-Risk Antibodies (>70% Associated With Cancer)

Antibody
(alternative
name) Neurologic phenotypes

Frequency
of cancer
(%) Usual tumors Sex, age-related, and other specificities

Hu (ANNA-1)8 SNN, chronic gastrointestinal
pseudo-obstruction, EM, and LE

85 SCLC >> NSCLC, other
neuroendocrine tumors, and
neuroblastoma

LE is usually nonparaneoplastic in patients aged <18
y18

CV2/
CRMP530,e17,e40,e41

EM and SNN >80 SCLC and thymoma Patients with an associated thymoma are younger
and present more frequently MG and less commonly
neuropathy

SOX136,e42 LEMS with and without rapidly
progressive cerebellar syndrome

>90 SCLC Stronger correlation with SCLC than with a particular
neurologic presentation

PCA2 (MAP1B)
57,e43,e44

Sensorimotor neuropathy,
rapidly progressive cerebellar
syndrome, and EM

80 SCLC, NSCLC, and breast
cancer

Amphiphysin31,e18 Polyradiculoneuropathy, SNN,
EM, SPS

80 SCLC and breast cancer Associated antibodies commonly coexist. Patients
with isolated antiamphiphysin→women, with breast
cancer and SPS

Ri (ANNA-2)20,26 Brainstem/cerebellar syndrome,
OMS

>70 Breast > lung (SCLC and
NSCLC)

Breast cancer in women; lung cancer in men

Yo (PCA-1)21,e16 Rapidly progressive cerebellar
syndrome

>90 Ovary and breast cancers Almost all female; in men, antigen expression by
tumor should be proven

Ma2 and/or
Ma45,e15,e45

LE, diencephalitis, and brainstem
encephalitis

>75 Testicular cancer and NSCLC Young men → testicular tumors and isolated Ma2
positivity; older patients → SCLC and both Ma1/2
positivity

Tr (DNER)22,23 Rapidly progressive cerebellar
syndrome

90 Hodgkin lymphoma

KLHL1148-50 Brainstem/cerebellar syndrome 80 Testicular cancer Young men

Abbreviations: ANNA = antineuronal nuclear antibody; CRMP5 = collapsin response-mediator protein 5; DNER = delta/notch-like epidermal growth factor–
related receptor; EM = encephalomyelitis; KLHL11 = Kelch-like protein 11; LE = limbic encephalitis; LEMS = Lambert-Eaton myasthenic syndrome; MAP1B =
microtubule-associated protein 1B; MG = myasthenia gravis; NMDAR = NMDA receptor; NSCLC = non–small-cell lung cancer; OMS = opsoclonus-myoclonus
syndrome; PCA = Purkinje cell antibody; SCLC = small-cell lung cancer; SNN = sensory neuronopathy; SPS = stiff-person syndrome.
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Antibodies against P/Q type voltage-gated calcium channels
(VGCCs) are present in nearly 90% of the patients, although
their detection is not needed for the diagnosis. These antibodies
occur similarly in the paraneoplastic and nonparaneoplastic
forms of the disease.34 Conversely, antiglial nuclear antibodies
(or SOX1 antibodies) are strongly associated with SCLC or
paraneoplastic syndromes associatedwith SCLC; therefore, their
detection in patients with LEMS strongly suggests the presence
of an underlying SCLC.36 In addition, the Dutch-English LEMS
tumor association prediction score is based on clinical criteria
and is useful in the discrimination between paraneoplastic and
nonparaneoplastic LEMS.37

Intermediate-Risk Phenotypes
Intermediate-risk phenotypes are neurologic disorders that
can occur with or without cancer. The recognition of these
phenotypes should prompt consideration of a PNS, particu-
larly when no alternative explanation is found, and patients
should be tested for neuronal specific antibodies.

The Panel proposes to consider a possible intermediate-risk
phenotype when the onset is rapidly progressive (<3 months)
or there are inflammatory findings in the CSF or brain/spine
MRI. The panel acknowledges that the list of possible
intermediate-risk phenotypes is far from complete but listed
below are some of the most suggestive ones:

Encephalitis other than well-defined LE can be considered as
intermediate risk phenotype if diagnostic criteria for possible
autoimmune encephalitis are fulfilled and antibodies of high
or intermediate risk are detected (see below and tables 1 and

2).10 This applies especially for those cases with multifocal or
diffuse involvement not restricted to the limbic system, such
as anti-mGluR5 (metabotropic glutamate receptor 5; associ-
ated with Hodgkin lymphoma),38 or anti-GABAAR enceph-
alitis (gamma-aminobutyric-acid A receptor; associated with
malignant thymoma in adult patients).39

A condition with well-defined diagnostic criteria but unusual
oncologic associations is anti-NMDAR encephalitis.10 The panel
considers this disease as an intermediate-risk phenotype because
the presence of an associated tumor highly depends on age and
sex.40 Children of both sexes and young adult men rarely have
tumors but women aged between 18 and 35 years often have an
ovarian teratoma, with frequencies ranging between 35% and
50%. In most cases, the teratoma is mature and therefore benign,
yet pathologic studies show that they contain NMDAR-
expressing neural tissue and often structures that may act as
ectopic germinal centers, with tumor-resident NMDAR
antibody–producing B cells, directly contributing to the
PNS.41,42 Immature ovarian teratomas are less common but
more frequent than in the general population,41 and other ma-
lignant tumors occur almost exclusively in elderly patients.43,44

Brainstem encephalitis usually presents with oculomotor ab-
normalities and bulbar symptoms (dysarthria, dysphagia),
sometimes accompanied by abnormal movements or cere-
bellar dysfunction. Brainstem encephalitis may co-occur with
LE and is strongly associated with Ma2 antibodies, usually
with underlying testicular tumors or non-SCLC (NSCLC).45

Diencephalic involvement may accompany brainstem en-
cephalitis in patients with Ma2 antibodies, characterized by

Table 2 Intermediate-Risk Antibodies (30%–70% Associated With Cancer)

Antibody
Neurologic
phenotypes Frequency of cancer (%) Usual tumors Sex, age-related, and other specificities

AMPAR16,17,e46 Limbic encephalitis >50 SCLC and
malignant
thymoma

Paraneoplastic origin is more likely when other onconeuronal
antibodies co-occur

GABABR
e14,15,e2,e3,e47-e49 Limbic encephalitis >50 SCLC Paraneoplastic cases aremore commonly observed in elderly

men, smokers, with associated anti-KCTD16 antibodies. Most
of young patients are not paraneoplastic

mGluR538 Encephalitis ;50 Hodgkin
lymphoma

P/Q VGCCe50,e51 LEMS, rapidly
progressive
cerebellar
syndrome

50 (LEMS; nearly 90 for
rapidly progressive
cerebellar syndrome)

SCLC Co-occurrence with N-type VGCC antibodies might be slightly
more common in paraneoplastic LEMSe52-e54

NMDAR40,43,44 Anti-NMDAR
encephalitis

38 Ovarian or
extraovarian
teratomas

Tumor (mostly ovarian teratomas) predominates in female
aged between 12 and 45 y (50%). Elderly patients have less
frequently tumors (<25%), but usually they are carcinomas.
Paraneoplastic cases in children are very rare (<10%)

CASPR251,52 Morvan syndrome 50 Malignant
thymoma

CASPR2 should be considered as intermediate-risk antibody
only in the setting ofMorvan syndrome.When associatedwith
other neurologic syndromes, the risk of cancer is very low.

Abbreviations: AMPAR = α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor; GABABR = gamma-aminobutyric acid-b receptor; KCTD16 = po-
tassium channel tetramerization domain containing; LEMS = Lambert-Eaton myasthenic syndrome; mGluR5 = metabotropic glutamate receptor type 5;
NMDAR = NMDA receptor; SCLC = small-cell lung cancer; VGCC = voltage-gated calcium channel.
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excessive daytime sleepiness/narcolepsy, hyperphagia, hy-
perthermia, and endocrine abnormalities.45 The presence of
bulbar dysfunction and central hypoventilation is character-
istic of Hu antibodies,46 whereas OMS and jaw dystonia are
common with Ri antibodies.20,47 Sensorineural deafness is
frequent in brainstem encephalitis associated with KLHL11
antibodies and testicular cancer or teratomas.48-50

Morvan syndrome is defined by peripheral nerve hyperex-
citability along with encephalopathy characterized by behav-
ioral change, hallucinations, dysautonomia, and sleep
disorders, especially agrypnia excitata. Importantly, the co-
occurrence of LE and neuromyotonia should not be consid-
ered as a synonym of Morvan syndrome. Malignant thymoma
is the tumor more commonly associated with Morvan syn-
drome, frequently accompanied by myasthenia gravis.51,52

Morvan syndrome is almost always associated with CASPR2
antibodies, sometimes with concurrent LGI1 and netrin 1
receptor antibodies.51,52

Isolated myelopathy as a paraneoplastic manifestation of
cancer may have a variable clinical evolution and usually
presents with longitudinally extensive, symmetric, tract or
gray-matter specific abnormalities in MRI studies. It is

mainly associated with breast and lung carcinomas, and with
CV2/CRMP5 and amphiphysin antibodies.53 However,
patients may not have neuronal antibodies, and in these
cases, the possibility of a paraneoplastic origin should be
considered when MRI is suggestive, and there are no alter-
native diagnoses.

Stiff-person syndrome (SPS) is characterized by painful
muscular spasms that can be spontaneous or triggered by
activity or external sensory stimuli and occurs in association
with stiffness due to coactivation of agonist and antagonist
muscles. Paraneoplastic SPS is mostly associated with
amphiphysin antibodies and breast cancer. Compared with
the nonparaneoplastic SPS, usually associated with gluta-
mic acid decarboxylase 65 (GAD65) antibodies, patients
with amphiphysin-related paraneoplastic SPS are older and
frequently have neck and upper limb involvement.54 Al-
though some patients with anti–GAD65-associated SPS
may have cancer, a paraneoplastic etiology should not be
considered unless GAD65 is found expressed by the tumor
cells. Besides focal variants of SPS (such as stiff-leg syn-
drome) that show the same antibody and tumor associa-
tions than classic SPS, another disorder lying within the
SPS spectrum is progressive encephalomyelitis with rigidity

Table 3 Lower-Risk Antibodies (<30% Associated With Cancer)

Antibody Neurologic phenotypes

Frequency
of cancer
(%) Usual tumors Sex, age-related, and other specificities

mGluR1e55 Cerebellar ataxia 30 Mostly hematologic

GABAAR
39,e56 Encephalitis <30 Malignant thymoma Paraneoplastic origin is less frequent (10%) in children

than in adults (60%)

CASPR251,52,e57,e58 LE, acquired neuromyotonia
(Isaac syndrome), and Morvan
syndrome

<30 Malignant thymoma Morvan syndrome is more associated (≈50%) with
malignant thymoma, whereas LE is almost always
nonparaneoplastic

GFAPe59,e60 Meningoencephalitis ≈20 Ovarian teratomas and
adenocarcinomas

May occur as an immunologic accompaniment in anti-
NMDAR encephalitis with ovarian teratomas

GAD65e61,e62 LE, SPS, and cerebellar ataxia <15 SCLC, other
neuroendocrine tumors,
and malignant thymoma

Paraneoplastic patients are older, more frequently male,
with associated neuronal antibodies, and atypical clinical
presentations

LGI1e63-e67 LE <10 Malignant thymoma and
neuroendocrine

Paraneoplastic cases are mainly observed in patients with
Morvan syndrome and both serum LGI1 and CASPR2
antibodies

DPPXe68,e69 Encephalitis with CNS
hyperexcitability and PERM

<10 B-cell neoplasms

GlyR55,56 LE and PERM <10 Malignant thymoma and
Hodgkin lymphoma

AQP4e70 Neuromyelitis optica spectrum
disorder

<5 Adenocarcinomas Older age, male, and severe nausea/vomiting at onset

MOGe71-e73 MOG antibody–associated
disease

5 cases
reported

Mostly ovarian teratomas

Abbreviations: AQP4 = aquaporin 4; CASPR2 = contactin-associated protein-like 2; DPPX = dipeptidyl peptidase-like protein; GABAAR = gamma-aminobutyric-
acid-A receptor; GAD = glutamic acid decarboxylase; GFAP = glial fibrillary acidic protein; GlyR = glycine receptor; LE = limbic encephalitis; LGI1 = leucine-rich
glioma-inactivated protein 1; mGluR1 = metabotropic glutamate receptor type 1; MOG = myelin oligodendrocyte glycoprotein; NMDAR = NMDA receptor;
PERM = progressive encephalomyelitis with rigidity and myoclonus; SCLC = small-cell lung cancer; SPS = stiff-person syndrome.
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and myoclonus, which usually presents with hyperekplexia,
brainstem dysfunction, and dysautonomia, and is related
mostly to glycine receptor antibodies in a nonparaneo-
plastic context.55,56

Paraneoplastic polyradiculoneuropathies have typically an
axonal pattern and often present with concurrent CNS in-
volvement. Pain, dysautonomia, and distribution (symmet-
ric or asymmetric) are variable. The most frequent
antibodies are CV2/CRMP5,30 amphiphysin,31 and PCA-2/
microtubule-associated protein 1B,57 usually in the context
of SCLC, or breast cancer also in association with amphi-
physin antibodies. In patients with cancer, the development
of neuropathies that fulfill the criteria of Guillain-Barré
syndrome or chronic inflammatory demyelinating poly-
neuropathy should not be considered paraneoplastic unless a
high-risk antibody is identified (table 1).

Cancer Associated With PNS and
Cancer Screening
The panel agreed that the demonstration of a causal, not
coincidental, association between the underlying tumor and
the neurologic phenotype is crucial for the definite diagnosis
of PNS. Although some progress has been made in the
characterization of this pathogenic link, such as the identifi-
cation of specific mutations or amplifications in the genes
encoding for onconeural antigens in tumors of patients with
PNS,58 in clinical practice, this link is suggested by:

Epidemiologic Associations
Clinical series indicate that distinct types of PNS prefer-
entially associate with certain types of cancers, regardless of
the presence or absence of antibodies, and type of antibody.
For example, rapidly progressive cerebellar syndrome in
postmenopausal women is frequently paraneoplastic, and
the tumors more frequently involved are breast and ovarian
cancer (in this case, patients usually have Yo antibodies).
Another example is OMS in children with neuroblastoma
(in this case, patients do not have a specific antibody).

Antibody Associations
Antibodies are important to guide the search for an underlying
tumor. In the context of PNS, 3 groups of antibodies can be
considered according to the frequency of cancer association re-
gardless of their eventual pathogenic effect. The first group in-
cludes antibodies that occur very frequently (>70%) in patients
with an underlying cancer (table 1). In the 2004 PNS criteria,
these antibodies were defined as onconeural antibodies to em-
phasize the link between cancer and brain. However, it is now
clear that some antibodies associate less frequently with cancer,
for example, AMPAR and NMDAR, and the target antigens are
expressed in both the neurons and the tumor. On the other
hand, some of the antigens of classical onconeural antibodies
(such as Tr/DNER) are not expressed in the associated tumor
(Hodgkin lymphoma). For this reason, the panel proposes to
substitute the term onconeural, which implies the obligatory
expression of the antigen by the nervous system and cancer, for
the term high risk. Most high-risk antibodies target intracellular
antigens and are currently considered not to be directly patho-
genic but only good biomarkers of PNS. The second group of
antibodies occur in association with cancer in 30%–70% of cases
(table 2). Finally, the third group of antibodies have a much
lower (<30%), or absent, association with cancer (table 3). In
cases of PNS without antibodies, the involvement of a tumor is
more difficult to demonstrate as it may be coincidental and not
pathogenically linked. The tumors more frequently associated
with PNS irrespective of the antibody status are SCLC, breast
cancer, ovarian cancer, NSCLC, and lymphomas.13,59,60,e1

In clinical practice, the indicated antibody associations with
cancer have important clinical implications. For a specific
phenotype, for example, LE, the presence of one antibody vs
another suggests the likelihood of having a tumor or not and
directs the tumor search. For example, patients with LE and
LGI1 antibodies rarely have a tumor, whereas at least 50% of
patients with GABABR antibodies have SCLC,14,15 more than
50% of patients with AMPAR antibodies have thymoma, lung,
or breast cancer,16,17 and most (>85%) patients with Hu
antibodies have SCLC.8

Table 4 Recommendations for Antibody Testing in PNS

Investigate serum and CSF for determination of antibodies. This is particularly important for antibodies against surface antigens.

Indiscriminate and unfocused testing increases the chances of false-positive and false-negative results.

Disregard neuronal IgM or IgA antibodies as diagnostic biomarkers; currently, only IgG antibodies have diagnostic significance.

Antibodies against surface antigens positive in serum but negative in the CSF should be reassessed in reference laboratories, particularly if the patient has
high- or intermediate-risk phenotypes.

Assure that positive results by commercial line blots or CBAs are confirmed by brain immunohistochemistry; this is particularly important if only serum is
tested, the antibody titer is low, and/or the result is discordant with the clinical phenotype.

Critically evaluate positive results of antibody panels that are incongruent with the patient’s neurologic phenotype and/or cancer (e.g., positive Yo antibodies
in a male patient with seizures) and seek additional expert testing.

Serum and CSF of patients with a high suspicion for PNS, but negative neural antibodies, should be re-examined in research laboratories. Ideally, all samples
should be tested in experienced research settings.

Abbreviations: CBA = cell-based assay; Ig = immunoglobulin; PNS = paraneoplastic neurologic syndrome.
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These antibody-tumor associations can show age and sex de-
pendence; for example, NMDAR antibodies rarely associate
with tumors in young children or young adult male patients.40

Very rarely, Hu18 or GABABR
e2, e3 antibodies can be identified

in children with epileptic encephalopathy, and these patients
almost never have cancer.

Expression of Neural Antigens by the Tumor
In some clinical research settings (e.g., unexpected tumor and
antibody concurrence), the demonstration that the tumor
expresses the cognate antigen is critical to pathogenically as-
sociate it with the PNS (i.e., Yo antibodies in a man with
gastric adenocarcinoma).e4 Similar studies are needed when
there is limited experience with the PNS or associated anti-
body (i.e., mGluR2 antibodies and rapidly progressive cere-
bellar syndrome with sarcoma).e5

Cancer screening should be promptly undertaken when a
PNS is suspected and should be guided by the type of phe-
notype or antibody (tables 1 and 2). Patients can have more
than 1 tumor; thus, if the identified tumor is atypical for the
type of suspected phenotype or antibody, additional studies
for a second tumor should be considered.e6 Recommenda-
tions according to the type of suspected tumor are shown in
table e-2 (links.lww.com/NXI/A491).21,e6-e16

When initial tumor screening is negative, it should be re-
peated every 4–6 months for 2 years in patients with high-
risk phenotypes along with high-risk antibodies (table 1).
The panel decided to establish this time frame based on the
members’ clinical experience and the evidence from the lit-
erature showing that a vast majority of the tumors are di-
agnosed within 2 years after PNS onset8,21-23,26,30,31,45,48,e15-
e18; however, this is a general recommendation that should
be adapted to every individual case according to risk factors,
clinical evolution, and medical resources. The same applies
to patients with high-risk phenotypes along with in-
termediate risk antibodies (table 2) who show particular
demographic characteristics (older age and smoking) or
have concurrent antibodies with strong cancer association
(e.g., P/Q VGCC and SOX1 antibodies in LEMS). For pa-
tients who do not fulfill these criteria, and those with lower
risk antibodies (table 3), a comprehensive screening for
cancer by the time of initial diagnostic assessment is suffi-
cient. Tumor rescreening could be considered in some
clinical settings, such as patients refractory to treatment or
with relapsing neurologic diseases (e.g., anti-NMDAR
encephalitis).

Neuronal Antibodies as Biomarkers in PNS
Although PNS can be diagnosed without neuronal antibody
testing (e.g., pediatric OMS and neuroblastoma; LEMS and
SCLC), the demonstration of neuronal antibodies is of ex-
traordinary help in the diagnosis of PNS, and these antibodies
have become very important biomarkers of PNS. Gold stan-
dard detection methods include rodent brain tissue
immunohistochemistry/immunofluorescence (IHC/IF) ac-
companied by confirmatory studies using immunoblot with
recombinant proteins (for most antibodies directed to in-
tracellular antigens) or cell-based assays (CBAs, for antibodies
against cell surface or synaptic proteins).e19,e20 Brain immu-
nohistochemistry is not useful for 2 antibodies (P/Q type
VGCC, glycine receptor antibodies), and the utility of tissue
immunohistochemistry is unclear (pending to be better de-
fined) for SOX1 antibody. Recommendations for antibody
testing are shown in table 4.

Sensitivity and specificity for serum or CSF analysis vary
among different antibodies; it is therefore recommended to
perform antibody testing in both samples. Laboratory studies
using CBA with serum only have similar problems of false-
positive and -negative results. For all suspected autoimmune
or paraneoplastic encephalitis associated with antibodies
against neuronal surface antigens, screening of CSF should be
obligatory to avoid mistakes. Patients with neuronal surface
antibodies detected in serum only (CSF negative) should be
re-examined in a research laboratories or with confirmatory
tissue IHC/IF before considering a definite diagnosis. On the
other hand, some antibodies (e.g., against LGI1) are best
detected in serum, with CSF showing lower sensitivity. De-
spite the indicated gold standard techniques mentioned above
(brain IHC/IF and CBA), very few laboratories use both
techniques.

Table 5 PNS-Care Score

Points

Clinical level

High-risk phenotypes 3

Intermediate-risk phenotypes 2

Defined phenotype epidemiologically not associated with
cancer

0

Laboratory levela

High-risk antibody (>70% cancer association) 3

Intermediate risk antibody (30%–70%) 2

Lower risk antibody (<30%) or negative 0

Cancer

Found, consistent with phenotype and (if present) antibody,
or not consistent but antigen expression demonstrated

4

Not found (or not consistent) but follow-up <2 y 1

Not found and follow-up ≥2 y 0

Diagnostic level

Definite ≥8

Probable 6–7

Possible 4–5

Non-PNS ≤3

Abbreviation: PNS = paraneoplastic neurologic syndrome.
a See text for recommended diagnostic methods.
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Commercial kits that test multiple antibodies may be
helpful. However, often, the kits detect antibodies of lim-
ited clinical value for diagnosis of PNS along with anti-
bodies with well-known clinical and cancer associations
that have been validated across different specialized cen-
ters. Although commercial line blot kits for antibody de-
tection are useful for the initial screening of patients, the
number of false-positive and -negative results is particularly
high for line blots assessing Yo, Ma2, CV2/CRMP5, and
SOX1 antibodies.e21-e25 Unexpected antibody results based
on the type of neurologic phenotype, tumor, or patient’s
age and sex should raise concern for false-positive results
and be reassessed with additional studies, preferably in
research laboratories. Similarly, reference laboratories
should perform the antibody testing in patients with high
suspicion for PNS but negative routine screening of anti-
bodies in clinical or commercial laboratories.e21,e22

Several antibodies, mostly related to rapidly progressive cer-
ebellar syndrome, are not well characterized yet, because they
have been described recently, in small series or isolated case
reports, or there is limited experience across different research
laboratories (table e-1, links.lww.com/NXI/A491). Further
studies involving larger series are needed to confirm the
clinical and oncologic associations of these new antibodies
and require input of research laboratories to forward the ac-
curacy of patient diagnoses.

Diagnostic Criteria for PNS
The diagnosis of PNS requires the reasonable exclusion of
alternative causes that sometimes are much more prevalent.
The differential diagnosis of PNS is wide, as it includes infec-
tions, autoimmune nonparaneoplastic diseases, tumors, neu-
rodegenerative disorders, and toxic/metabolic disturbances.
Most of these alternative diagnoses are epidemiologically more
frequent than PNS, and some of them are treatable; therefore,
there is an important need to readily identify them. The dif-
ferential diagnosis should be based on the clinical presentation
and patient’s demographic features (table e-3, links.lww.com/
NXI/A491). After that, 3 levels of diagnostic certainty are
proposed (possible, probable, and definite PNS) based on a
scoring system (PNS-Care Score) that considers the type of
clinical phenotype, presence or absence of neuronal antibodies,
and presence or absence of cancer (table 5).

The panel recognizes that the proposed criteria may un-
derestimate the occurrence of cases of PNS without neuronal
antibodies, but the use of these biomarkers provides un-
ambiguous diagnostic certainty and enables to homogenize
samples for research purposes. According to these criteria, the
diagnosis of definite PNS (score ≥8) includes the presence of
a high- or intermediate-risk phenotype (as previously de-
scribed) along with a high- or intermediate-risk antibody, and
the presence of cancer. The presence of cancer is mandatory
to define definite PNS. If the cancer is unusual for the type of
antibody found, the diagnosis of definite PNS requires the
demonstration of antigen expression by the tumor.

The panel proposed as exception the OMS associated with
neuroblastoma or SCLC in which there is no specific antibody
association. Therefore, although this syndrome provides a score
of 7, it should be considered definite PNS when associated with
these tumors. The panel also acknowledges that the present
criteria do not identify as definite PNS neurologic syndromes
associated with cancer and low-risk antibodies even if tumor
cells express the neuronal antigen recognized by the antibody
(e.g, neuromyelitis optica with aquaporin 4 antibodies and
concurrent lung adenocarcinoma that expresses aquaporin 4).

Note that the diagnostic level of probable or possible PNS
(table 5) may change over time according to the length of
follow-up, greater or less than 2 years. For example, a patient
with LEMS, VGCC antibodies but no cancer at diagnosis has
a score of 6 (probable). If an SCLC is found 18 months later,
the diagnosis will be upgraded to definite (score 9), but if no
cancer is found after >2 years, the diagnosis will be down-
graded to possible (score 5).

The Era of Immune Checkpoint Inhibitors
ICIs enhance antitumor immunity by blocking immune
checkpoint molecules expressed in T lymphocytes and tumor
cells including programmed cell death protein 1, its ligand, and
cytotoxic T-lymphocyte–associated antigen 4.e26 The adoption
of ICI treatment in oncologic practice has led to increased
survival and long-term remissions, even in patients with ex-
tensive metastatic cancer.e26 The major downside of ICIs is the
possibility of developing immune-related adverse events (irA-
Es),e27 including severe (grade 3 or higher) neurologic syn-
dromes (1%–3% of the cases).5,e28 These include the
worsening of preexisting and de novo development of auto-
immune neurologic diseases. The panel recommends that the
first step in approaching these disorders is to determine
whether the syndrome fulfills the above-mentioned criteria for
PNS, after having excluded other alternative etiologies (e.g.,
carcinomatous meningitis).e29 Both peripheral and CNS
complications have been described.e30,e31 There is already ev-
idence that specific neurologic syndromes (e.g., those associ-
ated with Ma2 and Hu antibodies) can be triggered by cancer
immunotherapy.6,e32 Nevertheless, a substantial proportion of
cases remain seronegative despite comprehensive screening,
and the detection of antibodies is not required for the diagnosis
of irAEs. Although classical PNSs are known to precede the
discovery of cancer, neurologic syndromes triggered by ICIs by
definition develop when the cancer is already diagnosed, in
general shortly after the initiation of ICIs.

Of interest, for the few patients who developed antibody-
associated irAEs and samples taken before ICI introduction
were available, the retrospective analysis revealed the presence
of Ma2 or Hu antibodies before the onset of PNS in 4
cases,6,e33-e35 similarly to what it was observed in 3 cases of
ICI-triggered myasthenia gravis.e36-e38

The optimal management of ICI-induced neurologic autoim-
munity has not been established and is beyond the scope of this
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diagnostic guidelines, but the panel recommended the following
considerations: (1) neuronal antibody testing needs to be rou-
tinely performed in all patients developing neurologic irAEs re-
sembling high or intermediate risk PNS; (2) patients with
current or previous PNS are at a higher risk of developing
neurologic worsening if treated with ICIs, and therefore, the
risk/benefit ratio of ICI should be carefully weighted in this
setting. For example, 50% of cases with preexistent PNS wors-
ened during ICI treatment in a recent studye39; (3) future studies
should address the potential value of assessing neuronal anti-
bodies before starting ICIs, particularly in patients harboring
cancers with tendency to associate with PNS (e.g., lung, breast,
and ovary cancer); (4) close neurologic follow-up of antibody-
positive cases is recommended.

Final Comments
The evaluation of suspected PNS and their management re-
quires detailed (and evolving) knowledge, so as to permit
timely and accurate diagnosis of these uncommon disorders.
Unambiguous diagnostic criteria facilitate both timely diagnosis
(which may affect the neurologic and oncologic outcome) and
avoidance of overdiagnosis and unnecessary treatments. In
addition, these criteria represent an important research tool for
epidemiologic studies and to analyze the value of new anti-
bodies for the diagnosis of PNS. For the reasons stated in the
introduction, modification of the 2004 criteria was necessary to
accommodate the new knowledge generated in the last 16
years. The update criteria presented here (1) include novel
phenotypes and immune-mediated pathogenic mechanisms
identified since 2004; (2) emphasize a causal (and not merely
chronological) association with cancer; and (3) require the
demonstration of neuronal antibodies using gold standard
techniques. These 3 elements represent the core of the present
criteria of PNS that we hope will be of help to clinicians and
researchers.
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Abstract
Objective
To report on a cohort of patients diagnosed with brachio-cervical inflammatory myopathy
(BCIM), with specific focus on muscle MRI and follow-up data.

Methods
Clinical, histopathologic, serologic, and pre- and post-treatment MRI findings of patients
diagnosed with BCIM were retrospectively evaluated.

Results
Six patients, all females with a mean age at onset of 53 years (range 37–62 years), were
identified. Mean diagnostic delay was 17 months, and mean follow-up was 35 months. Most
common clinical features encompassed predominant involvement of neck and proximal upper
limb muscles, followed by distal upper limb, facial, and bulbar muscle weakness with different
severity. Lower limb involvement was rare, although present in severe cases. Muscle biopsies
showed a heterogeneous degree of perivascular and endomysial inflammatory changes.
Myositis-specific antibodies were absent in all patients, whereas all resulted positive for anti-
nuclear antibodies; half of the patients had anti–acetylcholine receptor antibodies without
evidence of muscle fatigability. MRI showed disproportionate involvement of upper girdle and
neck muscles compared with lower limbs, with frequent hyperintensities on short-tau inversion
recovery sequences. Partial clinical and radiologic improvement with steroid and immuno-
suppressant therapy was obtained in most patients, especially in proximal upper limb muscles,
whereas neck weakness persisted.

Conclusion
BCIM is an inflammatory myopathy with a peculiar clinical and radiologic presentation and a
relatively broad spectrum of severity. Long-term follow-up data suggest that appropriate and
early treatment can prevent chronic muscle function impairment. MRI characterization can be
helpful in reducing diagnostic and treatment delay with positive consequence on clinical
outcome.
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Idiopathic inflammatorymyopathies (IIMs) are a heterogeneous
group of acquired, immune-mediated diseases, primarily in-
volving skeletal muscle and classified on specific histopathologic,
clinical, and serologic features.1-4 From a clinical perspective,
IIMs are usually characterized by the symmetrical weakness of
lower limb and, to a lesser extent, proximal upper limb muscles.
Elevated muscle tissue enzymes such as creatine kinase (CK)
and the presence of myositis-specific (MSAs) and myositis-
associated antibodies (MAAs) are key laboratory findings.
Traditionally, IIMs have been classified into 3 main subtypes:
polymyositis (PM), dermatomyositis (DM), and sporadic in-
clusion body myositis. More recently, other subtypes have been
identified by having homogeneous clinical, pathologic, and se-
rologic findings, such as antisynthetase syndrome and immune-
mediated necrotizing myopathy.5,6 Beyond these forms, other
rarer IIMs with peculiar features have been described, brachio-
cervical inflammatory myopathy (BCIM) being one of them.
First reported in 2006,7 BCIM is characterized by prominent
neck and upper limb weakness with a relative sparing of lower
limbs and is frequently associated with other autoimmune fea-
tures, such as the presence of antinuclear (ANAs) or anti–
acetylcholine receptor (AchR) antibodies. For these reasons,
possible differential diagnoses are myasthenia gravis, motor
neuron disease, overlap inflammatory myopathies, or faciosca-
pulohumeral muscular dystrophy (FSHD).

After the first description of this entity, only few other reports
have been published, mostly highlighting the prevalence of the
disease among the female patients and the response to immu-
nosuppressive agents.8-11 MRI, that has been lately used in ge-
netic and inflammatory myopathies for diagnostic purposes,
sometimes providing specific patterns of involvement, and in
follow-up, for the evaluation of disease progression and treatment
response, has not been systematically investigated in BCIM.12,13

Here, we report clinical and instrumental findings of patients
followed at the Fondazione Policlinico Universitario A.
Gemelli IRCCS affected by BCIM focusing on radiologic,
histopathologic, and serologic assessments at baseline and
after long-term follow-up.

Methods
Patients
We reviewed all the medical records of patients with IIM
available at our neuromuscular center from 2006 to 2019 and
selected those with a diagnosis of BCIM. For all patients, the

following clinical information was collected: age, sex, age at
disease onset, disease duration, symptoms at disease onset, dis-
ease course, and comorbidities. Neurologic examination data
were collected, and muscle strength was assessed and graded
according to the Medical Research Council (MRC) score.

Standard Protocol Approvals, Registrations,
and Patient Consents
This study was approved by the ethics committee of the
Università Cattolica del Sacro Cuore (Rome, Italy; protocol
5098/14), and all patients gave written informed consent.

Laboratory and Instrumental Examinations
CK level and assays for MSA, MAA, ANA, ENA, anti-dsDNA,
and anti-AchR antibodies were performed in all patients. The
following MSAs and MAAs were tested using a commercial
line blot test (Euroimmun AG, Lübeck, Germany): Mi-2 alfa,
Mi-2 beta, TIF1g, MDA5, NXP2, SAE1, Ku, PM-Scl100, PM-
Scl75, Jo-1, SRP, PL-7, PL-12, EJ, and OJ. Anti-HMGCR
antibodies were searched using a commercial ELISA kit
(Inova Diagnostics, Inc., San Diego, CA).

Instrumental examinations included EMG and nerve con-
duction studies (NCSs). Systemic involvement was evaluated
as follows: cardiologic evaluation with echocardiography and
ECG, pneumologic evaluation with spirometry and nocturnal
oximetry, and swallowing assessment through oro-pharyngo-
esophageal scintigraphy (OPES).

Muscle Biopsy
All patients underwent muscle biopsy for diagnostic purposes at
the time of their first evaluation in our center. Muscle biopsies
were processed according to standard procedures, and routine
histologic stains were analyzed.14 Immunofluorescence was
performed on 6-μm-thick sections using FITC-conjugated
phalloidin (Sigma, St. Louis, MO) and the following primary
antibodies: monoclonal anti-human CD4, CD8, CD20, CD68,
and C5b9 antigens (Sigma, St. Louis, MO), and type I and II
HLA (USBiological, Swampscott,MA), dystrophin (N-terminal
and C-terminal from Novocastra/Leica Biosystems, Germany;
rod domain from Merck-Millipore, MA), alpha-sarcoglycan and
gamma-sarcoglycan (Novocastra/Leica Biosystems, Germany),
alpha-dystroglycan (Merck-Millipore, MA), merosin (Merck-
Millipore, MA), and caveolin-3 (BD Biosciences, CA).

MRI Evaluation
Patients underwent upper and lower girdle muscle MRI
according to published protocols15,16 before and after

Glossary
ANA = antinuclear antibody; AchR = acetylcholine receptor; BCIM = brachio-cervical inflammatory myopathy; CK = creatine
kinase; DM = dermatomyositis; FSHD = facioscapulohumeral muscular dystrophy; IIM = idiopathic inflammatory myopathy;
IVIg = IV immunoglobulin; MAA = myositis-associated antibody; MAC = membrane attack complex; MRC = Medical
Research Council; MSA = myositis-specific antibody; NCS = nerve conduction study; OPES = oro-pharyngo-esophageal
scintigraphy; PM = polymyositis; STIR = short-tau inversion recovery; STIR+ = STIR hyperintensity; T1w = T1 weighted.
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immunosuppressive treatment. Pretreatment upper girdle
MRI was not available for patient 6. T1-weighted (T1w)
images were examined to detect fatty infiltration of specific
muscles, and short-tau inversion recovery (STIR) se-
quences were evaluated for the presence or absence of
muscle edema.

Data Availability
Anonymized data will be shared by reasonable request from
any qualified investigator who wants to analyze questions that
are related to the published article.

Results
Patients and Clinical Findings
Six patients of a total of 178 IIMs were identified; all were
females. One of these patients had been previously described.8

Mean age at onset was 53.0 ± 11.4 years (range 37–62 years),
and mean disease duration at diagnosis and treatment start was
16.8 ± 6.5 months (range 9–24 months). Two patients had
Raynaud phenomenon and previous history of autoimmune
disease (scleroderma and Hashimoto thyroiditis, respectively).
Five patients were referred with the clinical suspicion of FSHD,

Table 1 Clinical and Instrumental Findings of Our Cohort

Pt. ID P1 P2 P3 P4 P5 P6

Sex F F F F F F

Age at onset, y 58 59 62 37 62 40

Diagnostic delay
(mo)

9 20 24 24 12 12

Symptom at
onset

Proximal UULL
weakness

Dropped head Proximal UULL weakness Dropped head and
proximal UULL
weakness

Proximal UULL
weakness and
dysphagia

Dropped head

Dropped head Yes Yes Yes Yes Yes Yes

Dysphagiaa Yes (+dysphonia) Yes Yes No Yes (+dysphonia) No

Esophageal
alteration

Pharyngeal and
esophageal alteration

Pharyngeal and
esophageal
alteration

Proximal upper
limb weakness

Yes Yes Yes Yes Yes Yes

Lower limb
weakness

No Yes Yes No No No

Facial weakness Yes (upper and
lower part)

Yes (upper and
lower part)

Yes (upper and lower part) Yes (lower part) Yes (lower part) Yes (lower part)

Scapular winging Present Present Absent Present Absent Absent

Respiratory
involvement

Moderate
obstructive lung
disease
FVC = 50%

None
FVC = 108%

Moderate obstructive
and restrictive lung disease,
FVC = 66%, moderate
MEP > MIP reduction

None Mild MEP > MIP
reduction

Mild restrictive
lung disease

Maximum
CK level

3× 5× 3× 3× 4× 2×

EMG Myopathic MUPs
and fibrillation
potentials

Myopathic MUPs
and fibrillation
potentials

Myopathic MUPs Myopathic MUPs and
fibrillation potentials

Myopathic MUPs Myopathic MUPs
amd fibrillation
potentials

ANA Positive 1:160;
nucleolar pattern

Positive 1:160;
nucleolar pattern

Positive 1:160; nucleolar
pattern

Positive 1:1,280;
nucleolar pattern

Positive 1:320;
nucleolar pattern

Positive 1:80;
nucleolar pattern

MSA/MAAs Negative Negative Negative Negative Negative SS-A, RNP

Anti-AChR
antibodies

Negative Positive Positive NA Positive Negative

Past medical
history

MGUS; glaucoma Hypertension
OSAS

COPD Raynaud
phenomenon and
Hashimoto thyroiditis

None Raynaud
phenomenon and
scleroderma

Abbreviations: AChR = acetylcholine receptor; ANA = antinuclear antibody; CK = creatine kinase; COPD = chronic obstructive pulmonary disease; FVC = forced
vital capacity; MUP = motor unit potential; MAA myositis-associated antibody; MGUS = monoclonal gammopathy of uncertain significance; MSA = myositis-
specific antibody; NA = not assessed; OSAS = obstructive sleep apnea syndrome; UULL = upper limbs.
a Data from OPES.
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not confirmed by molecular testing, and one as PM, previously
treated with low dose of oral prednisone. Most common
symptoms at onset were head drop and difficulty in raising arms.
One patient complained of swallowing difficulties since onset,
later developed by other 3 subjects.

On neurologic examination, neck muscle weakness was pre-
sent in all patients, with neck extensors more involved than
flexors in 5 of 6 patients (MRC grade 1–4), together with
proximal upper limb involvement (MRC 3–4), milder distal
weakness, especially in the wrist and finger extensors, and
facial weakness. Proximal lower limb weakness was clinically
evident in 2 cases (MRC 3–4). Scapular winging was detected
in 3/6 patients. Clinical details of all the subjects are sum-
marized in table 1.

Laboratory and Instrumental Findings
All the patients showed mildly elevated CK levels (2–5 ×
normal values) and resulted positive for ANA test with a
nucleolar pattern. Anti-AChR antibodies were tested in 5
patients and found positive in 3 of them, whereas MSA panel
was unremarkable. All patients underwent molecular testing
for FSHD1 and resulted negative for the presence of a D4Z4
macrosatellite repeat contraction in the subtelomeric region
of chromosome 4q35. Neurophysiologic studies revealed a
myopathic recruitment pattern with fibrillation potentials at
rest on needle EMG in all patients and normal NCS. Re-
petitive nerve stimulation (accessory and/or axillary nerve)
on proximal muscles that were clinically weak was normal in
all patients. Spirometry and nocturnal oximetry evaluation
revealed respiratory involvement in 3 patients: patient 3 had a
moderate mixed obstructive and restrictive lung disease and a
marked reduction of maximal inspiratory pressures, never
requiring assisted ventilation; patient 5 had asymptomatic
mild restrictive lung disease with moderate reduction of
maximal expiratory pressure; patient 2 was diagnosed with
obstructive sleep apnea syndrome. Cardiac evaluation was
performed in all patients, including both cardiac ultrasound
and 24-hour EKG, and was normal in all of them with the
exception of frequent ventricular extrasystoles in patient 2.
OPES was abnormal in 4 patients, showing an alteration in
both pharyngeal and esophageal muscle motility.

All patients underwent chest and abdomen CT, and in-
terstitial lung disease or concurrent malignancies were ex-
cluded at the time of first neurologic assessment.

Muscle Pathology
Biopsies were taken from deltoid muscles (3 patients), vastus
lateralis, and biceps brachii. In patient 2, semimembranosus
muscle was chosen for its STIR-hyperintense signal on muscle
MRI. Muscle pathology features are summarized in table 2. All
samples showed myopathic abnormalities, i.e., increased muscle
fiber size variability and internalization of myonuclei. Mild to
moderate increase of endomysial connective tissue was present
in 4 specimens. All these changes were prominent in patient 3,
with a dystrophic-like appearance. Amoderate amount ofmuscle

fiber necrosis was present in 2 specimens, whereas scattered
necrotic fibers were found in all of them. Only 1 specimen
presented perifascicular atrophy. Immunofluorescence for sar-
colemmal proteins was normal in all samples.

All biopsies showed various degrees of inflammatory changes
(figure 1, A–C). HLA class I was abnormally expressed on the
sarcolemma of most or all the muscle fibers in all samples. In-
flammatory infiltrates or, more often, focal accumulations of
mononuclear cells were found in the endomysium and, less
frequently, in the perimysium in all samples. Perivascular in-
flammation was found in all specimens, particularly relevant in 4
of them. The foci of mononuclear inflammatory cells mainly
consisted of CD20+ lymphocytes and, to a lesser extent, of CD4+

cells (figure 1, D–F). CD68+ macrophages were present both in
necrotic fibers and in perivascular infiltrates. Mild deposition of
membrane attack complex (MAC) in the endomysial connective
tissue was found in 2 specimens. Three samples presented re-
duced number of muscle capillaries, with enlargement in 2 of
them. MAC deposition onmuscle capillaries was present only in
patient 6.

Treatment and Follow-up
All patients were treated with oral prednisone (1 mg/kg/d) as
first-line therapy. In 5 patients, a steroid-sparing immuno-
suppressant was added: azathioprine in 4 patients and
methotrexate in the patient with concomitant scleroderma.
Repeated courses of monthly IV immunoglobulins (IVIgs) at
the dose of 2 g/kg were also administered to 4 patients in the
first year of treatment.

Follow-up of patients ranged from 23 to 159 months, and the
main findings are summarized in table 3. Clinical improve-
ment was obtained in 5/6 patients with complete proximal
upper limb function recovery in 3 cases and amelioration of
shoulder abduction in all cases; on the contrary, neck weak-
ness was found particularly resistant to therapy, with full re-
covery of strength of neck extensors in patients 1 and 4 and of
neck flexors only in 1 patient. Three of 4 patients, who
complained of swallowing difficulties at baseline, reported
subjective improvement after treatment, although OPES was
not significantly modified. Patient 3, despite amelioration of
upper limb and neck weakness, experienced aspiration
pneumonia and died of sepsis 18 months after treatment
initiation and 47 months after onset of symptoms. Patient 6,
after an initial response to treatment, predominantly in
proximal upper limb strength, showed insufficient adherence to
treatment and stopped neurologic follow-up and all medications
after 6 months. She was diagnosed with a medullary carcinoma
of the breast 3 years after onset of symptoms and treated with a
combination of surgery and adjuvant therapy. Muscle weakness
progressed over time, with severe worsening of neck extensor
and upper limb proximal weakness and involvement of axial and
proximal lower limbs. Four years later, she was put on sub-
cutaneous immunoglobulins, with subjectively reported mild
improvement. At the time of the last evaluation, 13 years after
onset, she could walk only for short distances showing a

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

http://neurology.org/nn


waddling gait, head drop, and anterior flexion of the trunk and
had severe limitation in arm abduction (30°), along with pectoral
atrophy, dysphagia, and nasal speech.

Given the presence of anti-AChR antibodies, 2 patients (pa-
tients 3 and 5) started treatment with oral pyridostigmine (up
to 60 mg 3 times a day). Both patients suspended this treat-
ment after 1 month due to the lack of any clinical
improvement.

Muscle MRI
MRI scans of upper girdle and lower limbs were available for 5
patients before and after treatment. Patient 6 underwent only
lower limb MRI pretreatment, that did not show abnormali-
ties both on T1w- and STIR sequences, and a second scan,
also including the upper girdle, was repeated after 13 years. All
patients showed an exclusive or disproportionate involvement
in the upper girdle and neck muscles compared with lower
limbs (figure 2). Neck muscles were the most consistently
involved: mild to moderate fatty changes were found in neck
extensors in all patients, and STIR hyperintensity (STIR+) of
these muscles was also noted in 2 patients. Sternocleido-
mastoid and trapezius muscles were symmetrically hypo-
trophic in all patients, especially in patient 3. Other
muscles, such as pectoralis major, rhomboids, serratus an-
terior, and levator scapulae, were only sporadically and

mildly involved. Trapezius muscles were STIR+ in all pa-
tients, whereas both trapezius and rhomboids were STIR+
in 4 patients (figure 3).

Lower limb muscles were spared in all patients with exception
of patient 3, who showed mild to moderate fatty infiltration of

Table 2 Muscle Pathology

Pt. ID P1 P2 P3 P4 P5 P6

Muscle Deltoid Semimembranosus Vastus lateralis Deltoid Deltoid Biceps brachii

Fiber size variability + ++ +++ + + ++

Increased endomysial connective tissue 0 + ++ + 0 ++

Inflammatory infiltrates

Perimysial ++ + + 0 0 +

Endomysial + ++ + + + ++

Perivascular ++ + ++ ++ + ++

Muscle fiber necrosis 0 ++ + + + ++

Perifascicular atrophy 0 0 0 0 0 +

Capillary abnormalities

Reduced + 0 ++ 0 0 ++

Enlarged 0 0 + 0 0 +

CD4 ++ ++ ++ + ++ +

CD8 ++ 0 + + 0 ++

CD20 ++ + ++ + ++ +++

CD68 ++ + ++ + + ++

C5b9 0 0 + 0 0 +

Abbreviations: MHC = major histocompatibility complex.
Semiquantitative scale ranging from 0 (absent) to +++ (abundant).

Figure 1Pathology Findings inBrachio-Cervical Inflammatory
Myopathy

Hematoxylin and eosin (A and B) and modified Gomori trichrome (C)
staining showing mononuclear cell inflammatory infiltrates with a primarily
perivascular distribution, spreading into the endomysium, increased mus-
cle fiber size variability with few necrotic fibers (asterisk), and mild endo-
mysial fibrosis. Immunofluorescence images showing CD20+ B cells (red, D
and E) andCD4+ T cells (red, F) in the inflammatory infiltrates. Sarcoplasma is
counterstained in green with FITC-conjugated phalloidin (D, E, and F).
Magnification bar stands for 50 μm in (A and B) and for 100 μm in (C–F).
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iliopsoas and posterior leg muscles, as well as STIR hyper-
intensities in the adductor magnus, distal portion of the vasti
and posterior leg muscles (figure 4A).

A second MRI was repeated after a mean of 14.6 months
(range 6–22 months) from treatment initiation. At follow-up,
the number of STIR+ muscles was considerably lower in all
patients with a mean change from 12.4 (range: 7–16) STIR+
muscles pretreatment to 2.2 (range: 0–9) posttreatment. No
STIR+ muscles were detected in 2 patients, and other 2 pa-
tients had only 1 STIR+ muscle at follow-up. In patient 3,
despite a reduction of the number of STIR+muscles (from 15
to 9), hyperintensities lasted up to 16 months since treatment
initiation, especially in the trapezius, rhomboids, and lower
limb muscles. In patient 6, the follow-up MRI scan showed
severe fatty replacement of neck and upper girdle muscles
along with paraspinal and abdominal muscles, still with rela-
tive sparing of the lower limbs (figure 4B).

Discussion
In this study, we described baseline and posttreatment clinical
and radiologic findings in a cohort of 6 female patients di-
agnosed with BCIM, with a long follow-up, up to 13 years.

All presented head drop, difficulty in raising arms, and facial
weakness, which is an uncommon onset among IIMs.
Weakness of distal upper limb muscles, especially in the
posterior forearm, was also always present in our cohort al-
though not frequently reported in BCIM so far.10 Lower limb

involvement was rare, even if it might be present in very
advanced disease.

The clinical spectrum of BCIM may thus vary from a myop-
athy confined to the neck and proximal upper limbmuscles to,
more rarely and especially if untreated, a severe disorder
encompassing also axial and lower limb muscle involvement,
dysphagia, and respiratory impairment. Here, we presented 2
examples of the disabling end of this spectrum: patient 3, with
unsatisfying treatment response and poor outcome, and pa-
tient 6 who, due to insufficient therapy, may represent an
example of the natural history of the disease.

A peculiar clinical feature is the presence of facial weakness.7,8

This finding, in addition to the difficulties in arm abduction
and scapular winging, raised the initial clinical suspicion of
FSHD for most of our patients. The slowly progressive course
and this misleading clinical picture led to a mean diagnostic
delay of approximately 1.5 years, which was comparable to
previous studies, yet undesirable in a potentially treatable
condition.10,11 Muscle MRI examination could narrow this
delay and is instrumental in differentiating this entity from
other IIMs, motor neuron diseases, or hereditary myopathies.
Severe fatty replacement of neck extensors and sternoclei-
domastoid atrophy, along with diffuse STIR hyperintensities
in upper girdle muscles and relative preservation of lower
limbs, are the most striking features in BCIM.

In the other IIMs, scapular girdle and upper limbs are not
routinely scanned, as the most common radiologic alterations
are in the pelvic girdle and lower limbs.17 Few articles

Table 3 Pre- and Post-treatment Clinical Assessments

Pt. ID P1 P2 P3 P4 P5 P6

Follow-up (mo) 35 88 23 55 53 159a

Neck weakness

Neck extensors +/0 +++/+ +++/++ ++/0 +++/+ +++/++/+++

Neck flexors +++/0 ++/++ +++/++ +/+ +++/++ +++/++/+++

Upper limb weakness:
baseline/last follow-up

Proximal ++/+ ++/+ ++/+ +/0 ++/0 +/0/++

Distal +/+ +/0 +/0 +/+ ++/+ ++/+/++

Lower limb weakness:
baseline/last follow-up

0/0 +/0 ++/++ 0/0 0/0 0/0/+

Arm abduction 45° R, 30° L/65° R,
85° L

75°/90° 70°/80° 80°/90° 45°/90° 45°/80°/30°

Treatment Prednisone, IVIg,
azathioprine

Prednisone,
IVIg

Prednisone, IVIg,
azathioprine

Prednisone,
azathioprine

Prednisone,
azathioprine

Prednisone, IVIg,
methotrexate, SCIg

Abbreviations: IVIg = IV immunoglobulin; L = left; NA = not available; R = right; SCIg = subcutaneous immunoglobulin.
Summary of clinical evaluations at baseline (pretreatment) and at last follow-up after treatment. Muscle strength was assessed with manual muscle testing
(MRC scores 0–5), and muscle weakness was classified as 0 (MRC = 5), + (MRC = 4), ++ (MRC = 3), and +++ (MRC = 0–2). Baseline evaluation was performed
during the first visit at our center.
a For patient 6, we reported 3 different time points: first clinical evaluation/posttreatment 6-month follow-up/last available follow-up, 13 years after diagnosis.
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reported inconsistent findings of STIR hyperintensities in
trapezius and neck flexors muscles in IIMs, whereas others
even discourage shoulder girdle and trunk muscles MRI scans

in the diagnostic workup of IIMs.17,18 On the other hand, in
motor neuron disorder, the most involved muscle is the
supraspinatus.19 The frequent involvement of trapezius
muscles and the presence of STIR positive muscles are shared
by both BCIM and FSHD. Nevertheless, the severe in-
volvement of neck muscles is unusual in FSHD, where neck
extensors rarely show fatty replacement and sternocleido-
mastoid atrophy is usually asymmetric.16 Another possible
differential diagnosis is sporadic late-onset nemaline myopa-
thy, which may share with BCIM proximal upper limb
weakness, together with neck extensor and facial involvement,
but that can be differentiated by the presence of nemaline rods
on muscle biopsy.20

From a histopathologic perspective, BCIM presents as a
typical inflammatory myopathy, with HLA Class I upregula-
tion on the sarcolemma, and small inflammatory perivascular
and endomysial infiltrates mainly represented by CD20+

B cells and CD4+ T cells. Although first described as having a
predominant perimysial pathology and peculiar endomysial
C5b9 deposition,7 these findings were not consistently pre-
sent in our cohort. This heterogeneity may suggest a wider
histopathologic spectrum than previously reported.

Although we cannot exclude the presence of uncharacterized,
disease-specific autoantibodies, we were not able to detect the
presence of any of the known MSA/MAAs in our cohort of
patients. In addition, we confirm that ANAs were present in all
patients, and 3 also presented anti-AChR antibodies. Taken
together, all these findings, along with the detection of B-cell
components of inflammation and the association with other
autoimmune disorders, support a role of the humoral immune
system in the pathogenesis of BCIM.

Myasthenia gravis and IIM can also overlap in some patients. In
these peculiar situations, thymus pathology is very frequent,
repetitive nerve stimulation is abnormal, and muscle MRI
demonstrates a predominant involvement of lower limb mus-
cles.21 In our cohort, repetitive nerve stimulation was performed
on proximal, weak muscles and resulted normal in all patients.
No patient reported fluctuation of symptoms, and evidence of

Figure 2 Disproportionate Involvement of Upper Limb Mus-
cles in Brachio-Cervical Inflammatory Myopathy

PretreatmentmuscleMRI findings frompatient 5, showing disproportionate
involvement of upper (A–F) compared with lower limb muscles (G–L). T1-
weighted images (A, C, E, G, I, and K) display fatty replacement of neck
extensors and cervical paraspinal muscles (arrowhead, A) and diffuse at-
rophy of upper girdle muscles, especially pectoralis major (arrowhead, C).
STIR sequences (B, D, F, H, J, and L) show diffuse hyperintense signal in most
of the upper girdle muscles, such as pectoralis major (arrowhead, D), tra-
pezius (arrow, D), and serratus anterior (arrowhead, F). Pelvis and lower limb
muscles are spared in both T1 and STIR sequences.

Figure 3 Representative Muscle MRI Findings in Brachio-Cervical Inflammatory Myopathy

T1-weighted scans show the involvement of neckmuscles in patients 1 (A)
and 3 (B), with fatty replacement of neck extensors (arrowhead, A and B)
and levator scapulae (triangle, B), and hypotrophy of the sternocleido-
mastoid (arrows, A and B), particularly severe in patient 3. T1-weighted
images of the scapular girdle in 2 different patients (C, coronal slice, andD,
axial slice), respectively, show selective atrophy of trapezius in patient 4
(arrow, C) and diffuse and severe muscle atrophy in patient 3, more
pronounced for the thoracic paraspinal (arrowhead, D) and pectoralis
major muscles (arrow, D). STIR sequences in patient 4 (E) display hyper-
intensities in several muscles, such as pectoralis major (arrow) and
rhomboids (arrowhead).
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muscle fatigability was not found. Moreover, 2 anti–AChR-
positive patients started oral pyridostigmine without any clinical
improvement, and thymic disease was excluded in all patients.

The association between IIMs (especially DM) and malignancy
is well known and has been extensively reported in retrospective
cohort studies and metanalyses.22-24 In our cohort, 1 patient was
diagnosed with breast medullary carcinoma within 3 years from
myositis onset. The close temporal relationship between the 2
conditions may support the hypothesis of a paraneoplastic
phenomenon, although the differential course of the 2 diseases is
in contrast with this hypothesis, as the patient was declared on
remission for the malignancy while the myositis progressed.
Moreover, breast medullary cancer is rarely associated with
paraneoplastic syndromes, and the patient also had scleroderma,
which itself has been associated with cancer.25,26 In any case, this
association highlights the importance of tumor screening for
patients with BCIM.

Despite a consensus on therapy for IIMs is still lacking, steroids
are commonly used as the first-line agent and are often asso-
ciated with steroid-sparing immunosuppressants. A number of
other additional therapies have been tried, including IVIg and
plasma exchange or a combination of both, and the outcome
was generally good in previously published BCIM cases.7,9-11

However, the heterogeneous treatment strategies make it dif-
ficult to select the best approach for a given patient, and the
treatment choice is commonly guided by patients’ comorbid-
ities, side effects, and, finally, physicians’ experience. In our
population, this approach led to clinical and radiologic im-
provement in all but 1 patient. However, neck muscle weak-
ness, especially of neck flexors, was relatively resistant to
therapy. At the time of diagnostic evaluation, neck muscles
showed severe fatty replacement and atrophy on MRI. This
finding could be expression of a chronic irreversible process
explaining the lack of treatment response of this muscle group.

Conclusion
BCIM presents typical clinical and radiologic features and
is not associated with known MSA antibodies, whereas the

degree of severity may be broader than previously de-
scribed. Muscle MRI can be helpful in distinguishing this
disease from other acquired and hereditary myopathies and
is instrumental in addressing the correct diagnosis of
BCIM, which is crucial for timely treatment administration,
possibly before fatty infiltration and atrophy occur.

Although the exiguous number of patients represents a limi-
tation of the study and prevents significant correlations, fac-
tors that influence the outcome may include the extent of
changes on MRI, the delay in starting the appropriate treat-
ment, and the severity of dysphagia. Indeed, early diagnosis
and treatment initiation are fundamental to prevent muscle
fatty replacement or atrophy and irreversible weakness. When
treatment is inadequate or lacking, the disease invariably
progresses toward a severe phenotype, leaving very little space
to further intervention.

Finally, despite definite answers will require a more extensive
cohort of patients, cancer screening could be advisable in
every patient diagnosed with BCIM, as in the other IIMs.
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Figure 4 Severe End of the Spectrum in Brachio-Cervical InflammatoryMyopathy,With Relative Involvement of Lower Limbs

Pretreatment T1-weighted lower limb scans of patient 3 (A) displayed
hypotrophy of iliopsoas (arrowhead) and moderate/severe bilateral fatty
changes of posterior lower leg muscles (arrow). In patient 6 (B), long-term
follow-up MRI images revealed extensive atrophy of pectoralis major
(arrowhead) and other scapular girdle muscles with mild diffuse hypo-
trophy and fatty infiltration of the thigh muscles.
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Dr. Höftberger

romana.hoeftberger@

meduniwien.ac.at

Abstract
Objective
To report an unusual clinical phenotype of alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid receptor (AMPAR) encephalitis and describe associated neuropathologic findings.

Methods
We retrospectively investigated 3 AMPAR encephalitis patients with autoimmune global
hippocampal amnesia using comprehensive cognitive and neuropsychologic assessment, anti-
body testing by in-house tissue-based and cell-based assays, and neuropathologic analysis of
brain autopsy tissue including histology and immunohistochemistry.

Results
Three patients presented with acute-to-subacute global amnesia without affection of cognitive
performance, attention, concentration, or verbal function. None of the patients had epileptic
seizures, change of behavior, personality changes, or psychiatric symptoms. The MRI was
normal in 1 patient and showed increased fluid-attenuated inversion recovery/T2 signal in the
hippocampus in the other 2 patients. Two patients showed complete remission after immu-
notherapy. The one patient who did not improve had an underlying adenocarcinoma of the
lung and died 3.5 months after disease onset because of tumor progression. Neuropathologic
analysis of the brain autopsy revealed unilateral hippocampal sclerosis accompanied by mild
inflammatory infiltrates, predominantly composed of T lymphocytes, and decrease of AMPAR
immunoreactivity.

Conclusion
AMPAR antibodies usually associate with limbic encephalitis but may also present with im-
mune responsive, acute-to-subacute, isolated hippocampal dysfunction without overt in-
flammatory CSF or MRI changes.
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University Hospital Schleswig-Holstein, Kiel/Lübeck, Germany; Institute of Pathology (A.K.), Klinikum Klagenfurt, Austria; Clinical Department of Laboratory Medicine (A.F., G.M.),
Proteomics Core Facility, Medical University Vienna, Austria; Center of Physiology and Pharmacology (H.K.), Department of Neurophysiology and Neuropharmacology, Medical
University of Vienna, Austria; and Department of Neurology (T. Bartsch, F.L.), University Hospital Schleswig-Holstein, Kiel, Germany.

Funding information and disclosures are provided at the end of the article. Go to Neurology.org/nn for full disclosure forms.

The Article Processing Charge was funded by the Austrian Science Fund.

This is an open access article distributed under the terms of the Creative Commons Attribution License 4.0 (CC BY), which permits unrestricted use, distribution, and reproduction in any
medium, provided the original work is properly cited.

Copyright © 2021 The Author(s). Published by Wolters Kluwer Health, Inc. on behalf of the American Academy of Neurology. 1

http://dx.doi.org/10.1212/NXI.0000000000001019
mailto:romana.hoeftberger@meduniwien.ac.at
mailto:romana.hoeftberger@meduniwien.ac.at
https://nn.neurology.org/content/8/4/e019/tab-article-info
http://creativecommons.org/licenses/by/4.0/


Autoantibodies to the GluA1 and/or GluA2 subunit of the al-
pha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid re-
ceptor (AMPAR) were originally identified in patients with
limbic encephalitis with prominent behavioral and psychiatric
changes and epileptic seizures.1 Up to 64% have an underlying
malignancy, most commonly thymoma, lung, or breast cancer.2-4

Subsequently, published studies expanded the spectrum of
neurologic deficits to focal weakness, involuntary movements,
autonomic dysfunction, upper motor neuron signs, apraxia,
aphasia, sensory symptoms, or ataxia as additional symptoms
apart from the limbic system.2,4 Recently, we identified AMPAR
antibodies (abs) in the CSF of a 31-year-old patient, who pre-
sented with a clinical picture reminiscent of transient global
amnesia without associated neurologic signs or overt in-
flammatory CSF or MRI changes and who readily responded to
immunotherapy. This observation and 2 subsequent patients
with similar phenotypes that came to our attention triggered this
study. Our aim was to describe this unusual and possibly over-
looked clinical presentation of AMPAR encephalitis, we tenta-
tively dubbed autoimmune global hippocampal amnesia, and to
present the associated neuropathologic findings in 1 patient who
died because of an underlying malignancy.

Methods
Patient Identification, Serum, and CSF Samples
All 3 patients were identified by screening accompanying clinical
descriptions of cases whose serum/CSF samples were sent for
diagnostic testing of antineuronal antibodies between 2016 and
2019 to participating laboratories in Lübeck, Kiel (Institute of
Clinical Chemistry, University Hospital Schleswig-Holstein,
Kiel/Lübeck) and Vienna (Division of Neuropathology and
Neurochemistry, Department of Neurology, Medical University
of Vienna). AMPAR abs were identified using an in-house tissue-
based assay and in-house cell-based assays (CBA) transfected
with the GluA1 and GluA2 subunit of the AMPAR, as described
previously.2 All patients were personally examined by partici-
pating neurologists in Kiel, Vienna, or Klagenfurt.

Standard Protocol Approvals, Registrations,
and Patient Consents
This study was approved by the Ethics Committee of the
Medical University of Vienna (1,636/19 and 1,123/15),
Lübeck (13–162), and Kiel (B337-13).

Serum IgG Biotinylation and
Competition Assay
IgG was isolated from patients’ or healthy control sera with
protein A/G magnetic beads (88802, Thermo Fisher Scien-
tific) and subsequently biotinylated with a sulfo-NHS-

biotinylation kit (21425, Thermo Fisher Scientific) accord-
ing to manufacturer’s recommendations. These biotinylated
human IgG samples were then used for competition assays to
detect possible recognition of the same epitopes, as previously
reported.5 Briefly, rat brain sections were blocked and in-
cubated with serum samples overnight at 4°C (dilution 1/5).
After washing, the sections were then incubated with bio-
tinylated human IgG (serial dilutions from 1/2 to 1/10 in 5%
normal donkey serum) overnight at 4°C, and the reactivity
was developed with streptavidin-horseradish peroxidase so-
lution followed by 3,3’-diaminobenzidin.

Neuropathology
Neuropathologic analysis was performed on formalin-fixed,
paraffin-embedded tissue sections of human brain autopsy
material. In total, 3–6 μm tissue sections were stained with
hematoxylin and eosin, and Luxol fast blue and nuclear fast
red staining. Immunohistochemistry was performed manually
in a humidified chamber for complement C9 neoantigen
(C9neo, polyclonal rabbit 1:2000, from Professor Paul Mor-
gan, Cardiff, UK), GluA1 (AMPAR1, rabbit clone C3T 1:20;
Merck/Millipore), GluA2/3 (AMPAR2/3, polyclonal rabbit
1:200; Merck/Millipore), Granzyme B (GranB, mouse clone
GZB01 1:1,000; LabVision/Thermo Fisher Scientific),
GRIK2 (kainate receptor 2, polyclonal rabbit 1:500; Sigma-
Aldrich), and human Leukocyte antigen (HLA) (mouse clone
HC10, 1:1,000, from Professor Hans Lassmann, Vienna,
Austria), using an avidin-biotin-complex method. Enzymatic
pretreatment with proteinase type 24 was used for C9neo
staining; heat-induced epitope retrieval with ethyl-
enediaminetetraacetic acid buffer pH 9 was used for GluA1,
Granzyme B, and HLA-I stainings; and heat-induced epitope
retrieval with citrate buffer pH 6 was used for GluA2/3 and
GRIK2. Immunohistochemistry for the following primary
antibodies was performed on an automated platform Autos-
tainer Link 48 and Envision FLEX + detection kit (Dako/
Agilent) and used according to manufacturer’s recommen-
dations: alpha-synuclein (mouse clone 5G4 1:4,000; Analytik
Jena), beta-amyloid (mouse clone 6F/3D 1:100; Dako/
Agilent), CD3 (rabbit clone SP7 1:100; NeoMarkers/
Thermo Fisher Scientific), CD4 (mouse clone 4B12 1:100;
Dako/Agilent), CD8 (mouse clone C8/144B 1:100; Dako/
Agilent), CD20 (mouse clone L26 1:400; Dako/Agilent),
CD68 (mouse clone KP1 1:5,000; Dako/Agilent), CD79a
(mouse clone JCB117 1:100; Dako/Agilent), HLA-DR
(mouse clone CR3/43 1:400; Dako/Agilent), IgG (poly-
clonal rabbit 1:16,000; Dako/Agilent), CD45/leucocyte
common antigen (LCA; mouse clone 2B11+PD7/26 1:
2000; Dako/Agilent), Map2 (microtubule-associated protein-
2, mouse clone AP20 1:4,000; Merck/Millipore), pTDP-43

Glossary
AMPAR = alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor; abs = antibodies; CBA = cell-based assays;
FLAIR = fluid-attenuated inversion recovery; HIER = heat-induced epitope retrieval; TGA = transient global amnesia.
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(transactive response DNA-binding protein 43, phospho-
Ser409/410, mouse clone 11-9 1:20,000; Cosmo Bio), Tau
(phospho-Ser202/Thr205, mouse clone AT8 1:200; Thermo
Fisher Scientific), and TPPP/p25 (mouse clone 6C10 1:
2,000, from Professor Gabor Kovacs, Toronto, Canada).
Heat-induced epitope retrieval (HIER) with target-retrieval
solution low pH (Dako/Agilent) was used for pretreatment of
alpha-synuclein, CD8, CD20, CD68, CD79a, HLA-DR, IgG,
LCA, TDP-43, and TPPP/p25 staining, and target-retrieval
solution high pH (Dako/Agilent) was used for pretreatment
of CD3, CD4, and Map2 staining. Concentrated formic acid
pretreatment for 1 minute was used for alpha-synuclein and
pTDP-43 staining in addition to HIER. Approximately, 80%
formic acid (aqueous solution) for 1 hour was used for beta-
amyloid pretreatment. Tau staining needed no pretreatment.
Image acquisition was performed on a NanoZoomer 2.0-HT
digital slide scanner C9600 (Hamamatsu Photonics).

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

Results
We identified 3 patients (1 woman and 2 men; mean age at
symptom onset: 44 years; range 31–69 years) with a purely
amnestic syndrome and high titers of AMPAR abs demon-
strated with brain immunohistochemistry and in-house cell-
based assays (table). Two patients had antibodies in serum and
CSF (1 and 3), and 1 patient had antibodies only in CSF (2).
The clinical presentation in all 3 patients was characterized by
an acute-to-subacute onset of short episodes of poor recollec-
tion, evolving into complete global amnesia reminiscent of the
clinical syndrome known as transient global amnesia (median
time between first symptoms and full-fledged global amnesia
7.3 days, range 1–16 days). Comprehensive cognitive and
neuropsychological assessment revealed severe and isolated
deficits in visual short-termmemory and auditory-verbal as well
as figural long-term memory and thus hippocampal dysfunc-
tion. Cognitive performance, attention, and concentration;
executive and verbal function; and visuoconstructive skills were
unaffected. None of the patients had epileptic seizures, change
of behavior, or psychiatric symptoms. While patient 1 had no
visible changes on MRI imaging, patient 2 showed uni- and
patient 3 bilateral increased fluid-attenuated inversion recovery
(FLAIR)/T2 signal in the hippocampus. EEG and CSF anal-
yses were unremarkable. Two patients showed substantial
neurologic improvement after immunotherapy, 1 patient had a
relapse 4 months after the initial event that fully responded to
immunotherapy. One patient (3) had an adenocarcinoma of
the lung and only partially responded to immunotherapy. She
died 3.5 months after disease onset because of tumor
progression.

The antibodies of 3 patients recognized different epitopes of
the AMPAR, 2 labeled cells transfected with the GluA1

subunit, and 1 recognized cells transfected with the GluA2
subunit. Immune competition experiments demonstrated that
preincubation of tissue with serum of patient 3 (recognizing
GluA1 subunit) did not prevent the binding of a biotinylated
AMPAR serum (also recognizing the GluA1 subunit) derived
from a patient with classic symptoms of AMPAR encephalitis.

Neuropathologic analysis of the brain autopsy tissue of patient
3 revealed unilateral hippocampal sclerosis with subtotal loss
of neurons in the CA1 and CA4 sectors of the left hippo-
campus (figure 1, A and B) accompanied by microglial acti-
vation (figure 1, C and D); astrogliosis; and moderate
meningeal, perivascular, and parenchymal inflammatory in-
filtrates. The parenchymal inflammation was mainly com-
posed of CD3/CD8+ T cells (figure 1, E–F). HLA Class I
antigen was upregulated in single neurons (figure 1G), some
of them with apposed CD8+/GranB + cytotoxic T cells
(figure 1, H and I). B cells and plasma cells were mainly
restricted to the meninges (figure 1, J and K). IgG deposits
were detectable in preserved CA1 neurons, the subiculum,
and occasionally in the isocortex. No deposits of complement
C9neo were visible (data not shown). In addition, we found
some perivascular inflammatory infiltrates in the basal ganglia,
dentate nucleus, and brainstem. Few parenchymal infiltrates
were visible in the formatio reticularis in the medulla oblon-
gata. In addition, we foundmild inflammatory infiltrates in the
parietal and occipital meninges. The neurons in the prefrontal
cortex and amygdala appeared well-preserved. No significant
neurodegeneration-associated protein aggregates were
detected; particularly, no pTDP-43, beta-amyloid, or alpha-
synuclein deposits were visible. We only identified single age-
related tau-positive neurofibrillary tangles, neuropil threads,
and isolated perivascular and subpial astrocytes. To determine
whether there was a decrease of expression of AMPAR, we
stained the hippocampus sections of our patient and 7 age-
matched controls (3 men and 4 women) without hippo-
campal pathology and 3 patients (1 man and 2 women) with
hippocampal sclerosis, with commercial anti-GluA1
(AMPAR1) and anti-GluA2/3 (AMPAR2/3) antibodies.
Compared with controls (figure 2, A and B), the expression of
AMPAR was substantially decreased in the patient’s hippo-
campal formation (bilateral) (figure 2, C and D), whereas the
number of synapses was not altered, as demonstrated with a
commercial kainate receptor antibody (figure 2, E and F).

Discussion
We report 3 patients with AMPAR encephalitis whose clinical
syndrome can be described as autoimmune global amnesia
characterized by an acute-to-subacute, global amnestic syn-
drome without seizures, behavioral, or psychiatric abnormal-
ities that lasted for up to 3 weeks and completely resolved
after immunotherapy in the 2 cases without tumor. Acute
isolated amnesia as clinical presentation of AMPAR enceph-
alitis has previously been described in a 92-year-old woman,
who remained stable after 6 cycles of IVIg.6 Although
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AMPARs are widely expressed in the brain, most patients with
AMPAR encephalitis present with neurologic deficits that are
restricted to the limbic system, including limbic encephalitis,
seizures, behavioral, and memory deficits. Whether this is
related to the density or composition of subunits of AMPARs
or brain-region-dependent variations of compensatory
mechanisms is unclear.7 AMPARs are heterotetrameric re-
ceptors composed of variable combinations of 4 subunits,
GluA1-4. Our data from in-house CBAs and immuno-
competition studies do not suggest that the isolated amnestic

syndrome of our 3 patients is because of a specific receptor
subunit and confirm the epitope diversity within the receptor
that was described for AMPAR encephalitis.8

Amnestic syndrome refers to an impairment of memory and
can be classified as anterograde or retrograde. It can be ob-
served after trauma, bleeding, ischemia, or inflammation (viral
or autoimmune, e.g., in limbic encephalitis associated with
adenylate kinase 5 antibodies9) and may be a symptom of a
psychiatric disorder (dissociative amnesia) or acute toxic

Figure 1 Neuropathologic Features of AMPAR Encephalitis

The left hippocampus shows hippocampal sclerosis with subtotal neu-
ronal loss in the CA1 and CA4 sectors (A, rectangle enlarged in B; neuronal
marker Map2) accompanied by microglia activation (C and D, HLA-DR).
Parenchymal inflammatory infiltrates in the hippocampus are composed
of CD3+ (E) and CD8+ (F) T cells. Single neurons show an upregulation of
HLA Class I antigen (G). Some CD8+ (H) and Granzyme B+ (I) cytotoxic
T cells are shown in close apposition to neurons. B cells (J, CD20) and
plasma cells (K, CD79a) are mainly restricted to the meninges. Scale bars
in A and C: 200 μm. Scale bars in B, D–F, and J–K: 50 μm. Scale bars in G–I:
20 μm. AMPAR = alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid receptor.

Table Summary of Patients’ Characteristics

Patients 1 2 3

Age, sex 31, male 32, male 69, female

Clinical syndrome Subacute global amnesia Subacute global amnesia Acute global amnesia

First neurologic symptoms Episodic short-lasting memory
dysfunction

Episodic memory dysfunction and
insomnia

Acute global amnesia

Time from onset to
global amnesia (d)

16 5 1

MRI changes Absent Unilateral mesiotemporal/
hippocampal FLAIR alteration

Bilateral hippocampal FLAIR/T2
alteration

CSF Initially 6 WBC/μL, no oligoclonal bands 2 WBC/μL, no oligoclonal bands 4 WBC/μL, no oligoclonal bands

AMPAR abs titer Serum: 1/800; CSF: 1/128 Serum: negative; CSF: 1/64 Serum: 1/1,600; CSF: 1/32

Tumor Not detected Not detected Adenocarcinoma lung

Treatments Iv steroids, rituximab Initially Iv steroids, PLEX; after
3 wk rituximab

Iv steroids, PLEX, chemotherapy

Outcome and relapses Complete resolution after steroids,
1 relapse leading to rituximab, and
no further symptoms

Response after steroids and
PLEX, complete resolution after
rituximab,
and no relapse

Partial response after PLEX and died
3.5 mo after onset because of tumor
progression

Follow-up 56 mo 46 mo 3.5 mo

Abbreviations: abs = antibodies; FLAIR/T2 = fluid-attenuated inversion recovery/T2-weighted imaging; PLEX = plasma exchange; WBC = white blood cells.

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

http://neurology.org/nn


metabolic disorders.10,11 One of the most frequent forms is
transient global amnesia (TGA) that is characterized by
sudden onset of short-lasting (<24 hours) anterograde am-
nesia in the absence of other neurologic deficits.12-14 An im-
paired venous blood flow affecting hippocampal function
through congestive ischemia has been proposed as a possible
pathophysiologic mechanism.15 Shorter lasting episodes of
global amnesia over minutes to few hours can occur as epi-
leptic syndrome (transient epileptic amnesia).16 In contrast to
TGA, the amnestic syndrome of our patients developed over a
period of 1 to 16 days and lasted for several weeks to months
although at the peak of disease patients were virtually in-
distinguishable from patients with TGA. In 1 patient (1) in
light of normal MRI and CSF without clear inflammatory
changes, a diagnosis of dissociative fugue was entertained.
However, the MRI showing an increased FLAIR/T2 signal in
the medial temporal lobes in the other 2 patients made the
final diagnosis more straightforward.

The encoding, consolidation, and retrieval of mnemonic in-
formation is critically dependent on a large bidirectional
network of brain areas that includes neocortical association
regions, subcortical nuclei, and the medial temporal lobe,
including the hippocampus. The hippocampus is a central
node in the memory network and the site of pathology in
many amnestic syndromes. Many intrahippocampal subnet-
works are characterized by high densities of GluA1/2 and
GluA2/3 receptors.17 A particularly vulnerable area is the
CA1 sector, which is highly sensitive to hypoxia of diverse
toxic or metabolic conditions, such as hypoglycemia or abuse

of psychostimulant drugs.18 Neuropathologic investigation of
the brain in our patient revealed unilateral hippocampal
sclerosis affecting the CA1 and CA4 regions of the hippo-
campus. The contralateral hippocampus and other areas in-
volved in memory, such as prefrontal cortex, cingulum, or
thalamus, did not show significant neuronal loss or in-
flammation. However, we found IgG deposition and a de-
crease of AMPAR immunoreactivity that was most
pronounced in the hippocampal formation on both sides
and not associated with a decrease of synaptic density or
complement deposition. These findings are in line with
previous studies that demonstrated a decrease of synaptic
clusters of AMPAR subunits through antibody-mediated
internalization.1,19,20 Whether hippocampal sclerosis in our
patient is a result of the pathogenic effects of the AMPAR
antibodies on synaptic function in highly vulnerable regions
or secondary to a T-cell-mediated mechanism possibly
triggered by a tumor-associated breach of tolerance is un-
clear. A hypoxic damage of the hippocampal neurons was
ruled out because the patient was not affected by hypoxic-
ischemic events before death.

The cases reported here have important clinical implications:
AMPAR encephalitis may present with an acute/subacute
global amnestic syndrome, sometimes with normal MRI that
is potentially reversible with immunotherapy. The pathologic
substrate of this syndrome seems to be a predominant in-
flammatory involvement of the CA1 and CA4 regions of the
hippocampus accompanied by a decrease of expression of
AMPARs.

Figure 2 Decrease of AMPAR Density in Human Hippocampus In Vivo

Comparedwith a control hippocampus (A, rectangle enlarged in B; GluA1),
the hippocampus of the AMPAR encephalitis patient shows a significantly
reduced AMPAR immunoreactivity (C, rectangle enlarged in D; GluA1),
whereas the synaptic density is not altered (E, rectangle enlarged in F;
GRIK2). Scale bars in A, C, and E: 1 mm. Scale bars in B, D, and F: 50 μm.
AMPAR = alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
receptor.
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Lübeck, Germany

Conception and design,
acquisition of data, execution,
interpretation of data, and
critical review for important
intellectual content

Romana
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Abstract
Objective
Progressive multifocal leukoencephalopathy (PML) is a devastating demyelinating opportu-
nistic infection of the brain caused by the ubiquitously distributed JC polyomavirus. There are
no established treatment options to stop or slow down disease progression. In 2018, a case
series of 3 patients suggested the efficacy of allogeneic BK virus-specific T-cell (BKV-CTL)
transplantation.

Methods
Two patients, a bilaterally lung transplanted patient on continuous immunosuppressive
medication since 17 years and a patient with dermatomyositis treated with glucocorticosteroids,
developed definite PML according to AAN diagnostic criteria. We transplanted both patients
with allogeneic BKV-CTL from partially human leukocyte antigen (HLA) compatible donors.
Donor T cells had directly been produced from leukapheresis by the CliniMACS IFN-γ
cytokine capture system. In contrast to the previous series, we identified suitable donors by
HLA typing in a preexamined registry and administered 1 log level less cells.

Results
Both patients’ symptoms improved significantly within weeks. During the follow-up, a decrease
in viral load in the CSF and a regression of the brain MRI changes occurred. The transfer
seemed to induce endogenous BK and JC virus-specific T cells in the host.

Conclusions
We demonstrate that this optimized allogeneic BKV-CTL treatment paradigm represents a
promising, innovative therapeutic option for PML and should be investigated in larger, con-
trolled clinical trials.

Classification of Evidence
This study provides Class IV evidence that for patients with PML, allogeneic transplant of BKV-
CTL improved symptoms, reduced MRI changes, and decreased viral load.
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Progressive multifocal leukoencephalopathy (PML) is an
opportunistic infection of the brain caused by reactivation of
JC polyomavirus (JCPyV), for which about 50% of the adult
general population is seropositive.1 The spectrum of un-
derlying immunosuppressive conditions, mainly affecting cell-
mediated immunity, is broad including lymphoproliferative
diseases, immunosuppressive and immunomodulatory ther-
apies, and solid organ malignancies. Morbidity and mortality
are relatively high, depending on the underlying immuno-
suppressive condition, particularly because of a lack of tar-
geted therapies.2 Rapid reconstitution of T-cell-mediated
immunity in immunocompromised patients is the most
promising strategy to treat reactivation of latent viral diseases.
Virus-specific T-cell treatment is nowadays established to
treat BK virus infection after stem-cell transplantation. BK
virus (B.K. as the initials of a renal transplant patient) and
JCPyV belong to the Polyomaviridae family and share im-
munogenic epitopes that can be targeted by the immune
system. Because of these similarities, T cells developed against
BK virus are strongly effective against JCPyV infection, as
previously shown. A few case series of patients with PML
transplanted with allogeneic BK virus-specific T cells (BKV-
CTL) demonstrated alleviation of symptoms, demyelinating
lesions, and JC virus load.3-5 In this study, we treated 2 pa-
tients with PML successfully with allogeneic BKV-CTL using
different protocols for the donor cell preparation and different
T-cell monitoring approaches.

Methods
Detailed information on JCPyV PCR, anti-JC virus antibody
index (JCVAI), standardized multisequence MRI protocol,
preparation of donor T cells for adoptive transfer, and de-
tection of BKV-CTLs in patients’ blood is presented in the
supplemental online material (links.lww.com/NXI/A494).

Criteria for Rating Therapeutic Studies
The criteria for rating therapeutic studies based on the AAN
Guidelines Committee classified the level of evidence in this
study examining allogeneic BKV-CTL treatment as a Class IV
evidence.

Case Description and Disease Course
Both participants had given written informed consent. Approval
from the corresponding ethics committee has been provided.

Case 1
A 55-year-old woman was diagnosed with definite PML based
on the clinical-neurologic presentation, multifocal lesions on
brain MRI suggestive of PML, and detection of JCPyV DNA in

CSF (figure).6 Twenty-four years before the manifestation of
PML, she had been diagnosed with Hodgkin lymphoma. Seven
years later, she had been transplanted with autologous hema-
topoietic stem cells. Radiation and chemotherapy (dexameth-
asone + cytarabine + cisplatin, high-dose cyclophosphamide,
methotrexate, etoposide, and vincristine) led to pulmonary
graft vs host disease, resulting in bilateral lung transplantation
and consecutive immunosuppressive treatment. At the time of
PML diagnosis, she was treated with mycophenolate mofetil (2
g/d), tacrolimus (3 mg/d), and methylprednisolone (7.5 mg/
d). Regarding immune status, the patient was regularly exam-
ined. The absolute lymphocyte counts proved to be consistent
within the reference range. The patient presented with reduced
mental status affecting alertness, attention, and orientation.
The speech was slow and dysarthric. Ocular pursuit move-
ments were saccadic. She presented general weakness in both
arms and legs. She was bedridden because of ataxia in all limbs,
with unsteady stance and walk. The patient’s MRI showed
multifocal bilateral confluent white matter lesions without
contrast enhancement, suggestive of blood-brain barrier dys-
function. The brain lesions progressively increased. Two and a
half months after first clinical symptoms, a diagnosis of PML
was established, immunosuppressive therapy was switched to a
calcineurin inhibitor-free protocol comprising mycophenolate
mofetil (1 g/d), everolimus (3 mg/d), and prednisolone (7.5
mg/d), and allogeneic BKV-CTLs were transplanted. In total,
she received 4 infusions of BKV-CTLs (each: 2.5 × 10e4 CD3+

T cells per kg body weight, 1 fresh and 3 cryopreserved
products) within 5 months. An initial strong increase in CSF
viral load before BKV-CTL administration (9.840–19.000
copies/mL) was followed by a significant decrease in viral load
to 500 copies/mL after BKV-CTL administration. Further-
more, we detected a antibody reaction in CSF after BKV-CTL
administration during the treatment period, as shown by an
elevated JCVAI 2.4 (figure ). Fourteen days after first BKV-CTL
administration, patient’s symptoms started to improve. Three
months after initiation, cerebral MRI demonstrated no new
lesions (no increased signal intensity in the diffusion-weighted
imaging sequence and no lesioned areas with decreased ap-
parent diffusion coefficient), indicating stabilization of disease
progression (figure). The frontal lobar lesions even had
regressed in size. Ten weeks after initiation, she was able to
stand and walk unaided. In the further course, comprehensi-
bility of her speech significantly improved. Lung tissue biopsies
excluded acute cellular rejection during the follow-up.

Case 2
A 71-year-old woman presented with a progressive cerebellar
syndrome. A diagnosis of definite PML was reached by the
detection of JCPyV DNA in CSF (figure).6 Sixteen years

Glossary
BKV-CTL = BK virus-specific T-cell; HLA = human leukocyte antigen; PML = progressive multifocal leukoencephalopathy;
JCPyV = JC polyomavirus; JCVAI = anti-JC virus antibody index.
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before PML onset, the patient had been diagnosed with breast
cancer and treated by resection, cisplatin-containing chemo-
therapy, and radiation. Coincidentally, she had been di-
agnosed with dermatomyositis and permanently treated with
prednisolone (2 mg/d). Lymphocyte counts were within the
reference range despite treatment. On PML diagnosis, she
presented cachexia, severe dysarthria, dysphagia, saccadic eye
movements, a severe cerebellar syndrome with pronounced
ataxia of the upper and lower limbs, and pronounced tremor
of trunk and head. She was bedridden because of severely
impaired stance and gait. Alertness and higher cognitive
functions were preserved. Allogeneic BKV-CTL therapy was
initiated 1 month after the diagnosis of PML and 3 months
after initial clinical symptoms. In total, the patient received 3
infusions of BKV-CTLs (each: 2.5 × 10e4 CD3+ T cells per kg
body weight, 1 fresh and 2 cryopreserved products) within 3
months. Four weeks after the initiation of therapy, her
symptoms started to improve. After 4 months, most

disabilities including dysarthria, dysphagia, tremor, and ataxia
had markedly improved. At the time of PML diagnosis, MRI
demonstrated pronounced bilateral T2-hyperintense lesions
of the cerebellar dentate nuclei, upper and middle cerebellar
peduncles, and the pons and widespread contrast enhance-
ment of the brain parenchyma with leptomeningeal spread
without clinical evidence of immune reconstitution (figure).
Two months after the initiation of BKV-CTL therapy, the
lesions were stable or slightly regressive. In this patient, the
CSF virus load increased after the first infusion of BKV-CTLs
(1.000–15.000 copies/mL) and decreased to values below the
detection limit during the treatment period (figure ).

Discussion
Here, we demonstrate the safety and efficacy of allogeneic
BKV-CTLs in 2 patients severely affected by PML. Both

FigureMRI and CSFMeasured JC Virus Load Before During and After BK Virus-Specific T-Cell Therapy in Patient 1 (A and B)
and Patient 2 (C and D)

(A) Axial FLAIR sections onmultiple time points before and during BKV-CTL therapy. Increasing PML lesions in the first 3months. Stagnation/slight regression
of lesions from the fourthmonth on. BKV-CTL therapyhadbeen implemented at thirdmonth. Red arrow:month of PMLdiagnosis since symptomonset by the
detection of JCPyVDNA in CSF. (B) JC virus load (c/mL) before, during, and after BKV-CTL therapymeasured in patient’s CSF. x-axis: days since diagnosis; y-axis:
c/mL JC virus; and green arrows: infusions of BKV-CTL. (C) Axial T2-weighted (top row) and contrast-enhanced T1-weighted (bottom row) sections onmultiple
time points before and during BKV-CTL therapy. Increasing PML lesions in the first 2 months. Regression of lesions from the second month on. In addition,
regression of the contrast enhancement could be observed. BKV-CTL therapy hadbeen implemented at firstmonth. Red arrow:month of PMLdiagnosis since
symptomonset by the detection of JCPyV DNA in CSF. (D) JC virus load (c/mL) before, during, and after BKV-CTL therapymeasured in patient’s CSF. x-axis: days
since diagnosis; y-axis c/mL JC virus; and green arrows: infusions of BKV-CTL. BKV-CTL = BK virus-specific T cell; JCPyV = JC polyomavirus; PML = progressive
multifocal leukoencephalopathy.
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patients improved clinically and radiologically and generated a
specific immune response against both BK virus and JCPyV.
An increase in the JCPyV antibody specificity index was de-
tectable. Human leukocyte antigen (HLA) phenotyping of
BKV-CTLs after therapy showed that the patients themselves
produced endogenous BK and JC virus-specific T cells after
transfer.

The attribution on the therapeutic response to the cell therapy
must be interpreted with due care. In the first patient, the im-
munosuppressive therapeutic regimen was changed from tacro-
limus to everolimus before BKV-CTL therapy without a negative
effect of continued mandatory immunosuppressive medication
on the T-cell treatment. Because everolimus has previously been
reported to exhibit an antiviral effect and to increase mTOR
activity in PML, thismight have influenced the course.7However,
in our second patient only, the effects of BKV-CTLs were ob-
served because the drug regimen remained unchanged.

Our observations support the conclusions drawn from a pre-
vious series of patients treated with allogeneic BKV-CTLs.3-5

Although the therapeutic responses in these studies are con-
sistent, there weremajor differences in the protocols to prepare
the donor cells. The preceding case series applied preproduced
frozen cell lines from autologous or allogeneic peripheral blood
mononuclear cells by stimulation with JCPyV antigen-derived
peptides.3-5 By contrast, we have accessed a preexamined reg-
istry of >2,000 potential donors and identified themost suitable
donors based on HLA typing and T-cell frequencies. Direct
isolation of antigen-specific T cells by stimulation with peptide
pools followed by cytokine capture and magnetic isolation
provides a rapid method to produce antiviral T cells under
good manufacturing production guidelines within 16–24
hours.8,9 Furthermore, the previous case series administered 2
× 10e5 allogeneic BKV-CTLs (terminally differentiated cells)
per kg body weight, whereas we followed the cell dose for HLA
nonidentical stem-cell transplants and administered 10-times
less T cells per kg body weight (2.5 × 10e4).

To date, a variety of treatment strategies have failed to provide a
conclusive positive effect on the outcome of patients with PML.10

Immune checkpoint inhibitor therapy with the anti-PD1-
antibodies pembrolizumab and nivolumab has been suggested
to show beneficial effects in single PML patients by increasing
CD4+ and CD8+ T-cell activity against the JCPyV and consec-
utively reducing JCPyV viral load.11,12 However, in patients with
preexisting autoimmune diseases or patients after solid organ
transplantation, as in case 1, this therapy is not a suitable option
because of possible autoimmune side effects and graft rejection.13

In conclusion, allogeneic BKV-CTL transplantation represents
a promising therapeutic option for PML, requiring confirma-
tion in controlled clinical trials.
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Abstract
Objective
Retinal layer thickness (RLT) measured by optical coherence tomography (OCT) is consid-
ered a noninvasive, cost-efficient marker of neurodegeneration in multiple sclerosis (MS). We
aimed to investigate associations of RLT with cognitive performance and its potential as
indicator of cognitive status in patients with MS by performing generalized estimating equation
(GEE) analyses.

Methods
In this cross-sectional study, patients with at least mild signs of cognitive impairment were
examined by OCT as well as by the Brief International Cognitive Assessment for MS and tests
assessing attention and executive functions (Trail Making Test [TMT] A and B). Associations
of these factors were investigated using GEE models controlling for demographic and disease-
related factors and correcting for multiple testing.

Results
A total of 64 patients entered the study. In the final sample (n = 50 [n = 14 excluded due to
missing data or drop-outs]; n = 44 relapsing-remitting MS and n = 6 secondary progressive MS,
mean Expanded Disability Status Scale score = 2.59 [SD = 1.17], disease duration [median] =
7.34 [interquartile range = 12.1]), 36.0% were cognitively impaired. RLT of the macular retinal
nerve fiber layer was associated with performance in TMT-B (β = −0.259). Analyses focusing
on the upper and lower tertile of RLT additionally revealed associations between macular
ganglion cell-inner plexiform layer and TMT-B and verbal short-term memory and learning,
respectively.

Conclusion
In patients with MS, at less advanced disease stages, RLT was especially associated with
cognitive flexibility promoting OCT as a potential marker advocating further extensive neu-
ropsychological examination.
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For patients with multiple sclerosis (MS), cognitive impair-
ment (CI) can be a prominent symptom of the disease, even at
early stages.1 Despite the need for regular neuropsychological
assessments to identify CI as early as possible,2,3 appropriate
examinations are not yet integrated in established monitoring
standards of clinical care.

The informative value of current biomarkers in MS diagnostics
such as conventional MRI sequences is rather limited in accu-
rately reflecting direct associations of neuropsychological func-
tion and potential underlying substrates, particularly in early
stages of the disease.4,5 In the last decades, the method of retinal
optical coherence tomography (OCT) was introduced to mea-
sure and clinically monitor the degree of neurodegeneration in
the retinae of patients with MS, complementary to brain MRI.
Within this research, inner retinal layer thicknesses (RLTs)
assessed by OCT were found to be altered independently of a
history of optic neuritis (ON) in MS6,7 suggesting neurodegen-
erative processes.8-10 These processes might not only affect the
retinae but also relevant cerebral structures and could therefore
influence cognitive outcomes. Because of the feasible, cost-
efficient, and convenient application of OCT in clinical settings,
RLT might bear the potential to be a valuable monitoring in-
dicator for impaired cognitive performance providing the impulse
for an extensive neuropsychological evaluation where necessary.

To our knowledge, systematic examinations of state-of-the-art
neuropsychological instruments in relation to a comprehen-
sive set of currently discussed OCT parameters, while ac-
counting for demographic and disease-related factors, have
rarely been conducted. Importantly, only few studies11-15 have
included all tests of the Brief International Cognitive As-
sessment for MS (BICAMS), although it is considered the
international gold standard to screen for CI in MS since
2012.16 The present study, therefore, aims at examining the
relationship of RLT with cognitive performance in BICAMS
and tests for attention and executive functions in ambulatory
patients with mild to moderate clinical deficits to investigate
the potential of OCT pointing toward CI. Data were derived
from the baseline examination of a larger interventional study.

Methods
Study Population
The data entering the present study were obtained from the
baseline data of a larger interventional study examining the

effects of an exercise program and a computer-based cognitive
program, respectively. Sixty-four patients diagnosed with
relapsing-remitting MS (RRMS) or secondary progressive MS
(SPMS) were consecutively included from October 2016 to
September 2018. Participating patients were required to be at
least 18 years old and fluent in German and to have an Ex-
panded Disability Status Scale (EDSS) score ≤5.0 as well as no
current acute neurologic or psychiatric disorder (apart from
MS). All patients were relapse free for at least 60 days. Fur-
thermore, participants did not have severe, uncorrected visual
or hearing impairment, known confounding ocular patholo-
gies17 or upper extremity difficulties that may have compro-
mised the neuropsychological testing performance.
Confirmation of MS diagnosis and the current EDSS were
provided by documents of the treating neurologist, which were
verified by 2 coauthors (O.A. and A.R.). All patients had to
show at least mild to moderate CI in information processing
speed at baseline reflected by an Symbol Digit Modalities Test
(SDMT) z-score between −0.5 and −3.0. Finally, the examined
sample included 50 patients due to dropouts after the neuro-
psychological examination and exclusions based on a previous
history of ON as depicted in figure 1. The mean interval be-
tween neuropsychological testing and OCT was 1 month in
which no disease-related changes occurred.

Standard Protocol Approvals, Registrations,
and Patient Consents
All patients provided written informed consent and volun-
tarily participated in the study. Ethical approval for the study
was given by the ethics committee of the Medical Faculty of
the Heinrich Heine University Duesseldorf, Germany (study
number: 5531R, registration-ID: 2016055083). Study pro-
cedures were conducted in accordance with the principles of
the Declaration of Helsinki.

Assessment and Measurement of RLT
Using OCT
The OCT methodology is reported in line with the Advised
Protocol for OCT Study Terminology and Elements recom-
mendations.18 Spectral domain OCT examination was per-
formed for both eyes of each patient by trained operators of the
Düsseldorf University Hospital using Heidelberg-Spectralis
(Heidelberg Eye Explorer, version 1.9.10.0) under ambient
light conditions as previously described.6 Investigators per-
forming the OCTwere blinded to the results of cognitive testing
and the neuropsychological inclusion criterion. After quality
control of the scans according to OSCAR-IB Consensus Criteria

Glossary
BICAMS = Brief International Cognitive Assessment for MS; BVMT-R = Brief Visuospatial Memory Test–Revised; CI =
cognitive impairment; EDSS = Expanded Disability Status Scale; GCIPL = ganglion cell-inner plexiform layer; GEE =
generalized estimating equation; IQR = interquartile range;mRNFL =macular retinal nerve fiber layer;MS =multiple sclerosis;
OCT = optical coherence tomography;ON = optic neuritis; pRNFL = peripapillary retinal nerve fiber layer; RLT = retinal layer
thickness; RRMS = relapsing-remitting MS; SDMT = Symbol Digit Modalities Test; VLMT = Verbaler Lern-und
Merkfaehigkeitstest.
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for Retinal Quality Assessment,17,19 further processing was per-
formed using automated segmentation, followed by manual
correction of segmentation errors by a blinded investigator. For
the process of quality control and manual correction, OCT data
were pseudonymized beforehand. Information on a history of
ON was obtained by interviewing each patient and verified by
P.A. andM.W. reviewingmedical records andOCT scans. Based
on this, patients with bilateral ON were excluded from the
sample (figure 1). In case of unilateral ON, only the non-ON eye
was included. If both eyes had not had previous ON, both eyes
were included in the analysis. The mean thicknesses were cal-
culated and statistically analyzed for the peripapillary retinal
nerve fiber layer (pRNFL) from circular ring scans (12.0° [3.5
mm] circle diameter). For macular RNFL (mRNFL), macular
ganglion cell-inner plexiform layer (GCIPL) and inner nuclear
layer (INL) mean thicknesses were obtained from 30° × 25°
volume scans using the 1-, 3-, and 6-mm ETDRS grid.

Neuropsychological Assessment
Study participants underwent an extensive neuropsychological
assessment in the Cogito center comprising an initial interview,
various questionnaires, and tests including the German version
of the BICAMS16 as well as Trail Making Test (TMT) A and B
to examine visual attention and cognitive flexibility. BICAMS
covers the SDMT assessing information processing speed, the
Verbaler Lern-und Merkfaehigkeitstest (VLMT, direct recall)
for verbal short-term memory and learning, and the Brief
Visuospatial Memory Test–Revised (BVMT-R) evaluating the
visuospatial short-termmemory and learning. During the initial
interview, participants were surveyed regarding demographic

and disease-related data. Trained research assistants and psy-
chologists who performed the neuropsychological assessments
were blinded to the results of the OCT examination. For the
description of the examined sample, we defined CI as perfor-
mance below the 5th percentile (z = −1.645 or percentage
range = 5 in at least 1 of the BICAMS tests, respectively).

Statistical Analyses
Statistical analyses were performed using SPSS software (IBM
SPSS Statistics version 26.0). We present descriptive statistics
according to the nature of the data as means with SD, median
with range and interquartile range (IQR), and percentages,
respectively. To analyze associations of RLT and cognitive
performance, separate generalized estimating equation (GEE)
models were computed. This method was used to perform the
analyses on eye level instead of subject level adjusting for
intrasubject intereye correlations. Each GEE analysis was
computed focusing on thickness of 1 retinal layer predicting
one of the cognitive test outcomes under study while con-
trolling for demographic and disease-related factors. These
factors comprised age, educational level, sex, MS subtype, and
disease duration and were selected based on theoretical aspects
as partially seen in previous studies investigating cognitive
performance and RLT.9,12,20-22 Beta coefficients were calcu-
lated using means and SDs. Scatterplots of each pair (RLT and
cognitive test outcome) display the distribution of the data.

To further explore whether the comparison of extreme groups
(patients with thinnest and thickest retinal layers) in the
present sample show an association with cognitive perfor-
mance, the sample was divided into 3 equally sized groups
based on RLT of the layer under study. For each GEE analysis,
a variable assigning the specific case to either the first
(i.e., lowest RLT) or the third tertile (i.e., highest RLT) was
included to focus the analysis only on patients with severe vs
little RLT degeneration. Analyses with extreme groups were
also controlled for age, educational level, sex, MS subtype, and
disease duration. Beta coefficients were not issued due to the
statistical nature of the data.

For all analyses, extreme outliers were identified and excluded
by generating boxplots of the respective data before the
analyses, not displayed here (distance > 3.0 × IQR). A p value
≤0.05 was considered the threshold of statistical significance.
To correct for multiple testing, the Bonferroni-Holm method
was used for all p values per retinal layer.

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

Results
Table 1 displays demographic and disease-related information
of the examined sample as well as descriptive information on
performance in each cognitive test and on thickness of each
retinal layer.

Figure 1 Flowchart

Study flowchart depicting exclusions, dropouts, and the final sample. Of 64
study participants, 59 underwent OCT. After quality control and excluding
missing data and data of eyes having a history of ON or lacking information
on ON, data of 79 eyes were included in analyses regarding pRNFL and data
of 77 eyes in analyses withmRNFL, GCIPL, and INL, respectively. “n” refers to
the number of study participants. Numbers in brackets display the number
of eyes. GCIPL = macular ganglion cell-inner plexiform layer; INL = inner
nuclear layer; mRNFL = macular retinal nerve fiber layer; OCT = optical co-
herence tomography; ON = optic neuritis; pRNFL = peripapillary retinal
nerve fiber layer.
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RLT in pRNFL, mRNFL, and GCIPL (continuous variables)
was each found to be a predictor for the cognitive domain
cognitive flexibility (TMT-B; table 2). Patients with lower
layer thickness performed worse on TMT-B than patients
with higher layer thickness (figure 2). Effect sizes (β) for
pRNFL (β = −0.246), mRNFL (β = −0.259), and GCIPL (β =
−0.199) with TMT-B can be classified as small effects. After
correcting for multiple testing, however, only thickness of
mRNFL remained a significant predictor of TMT-B test
performance (p = 0.002). Associations of pRNFL, mRNFL,
and GCIPL with the remaining cognitive test measures
(SDMT, TMT-A, BVMT-R, and VLMT) were not detect-
able. Moreover, no associations were observed between RLT
of INL and any of the examined neuropsychological measures
(table 2).

When contrasting extreme groups of RLT (low tertile vs high
tertile of each parameter) with each other, the predictive role
of mRNFL and GCIPL on TMT-B performance was repli-
cated (table 3). Patients of the lower tertile (mRNFL: range =
19.6–29.1; GCIPL: range = 49.1–63.3) performed worse on
TMT-B than patients classified to the higher tertile (mRNFL:
range = 33.1–45.5; GCIPL: range = 68.0–85.5; see boxplots,
figure 3). Associations of GCIPL with VLMT (p = 0.005) and
with BVMT-R (p = 0.029) also became apparent when in-
vestigating extreme groups instead of using continuous vari-
ables (low tertile: range = 49.1–63.3; high tertile: range =
68.0–85.5; see boxplots, figure 3). After controlling for mul-
tiple testing, the association between mRNFL/GCIPL and
TMT-B as well as GCIPL and VLMT remained significant
(table 3). No associations were found between SDMT/TMT-
A and retinal layers, as well as INL and any cognitive measure.

Discussion
The aim of this study was to investigate whether any of the
most relevant OCT metrics in MS could be associated with
cognitive test performance and might therefore provide the
opportunity to place a focus on patients at risk of developing
clinically apparent cognitive dysfunctions in the course of the
disease.

Because the analyzed data were obtained from a larger study
including an exercise program and EDSS score ≤5.0 as the
inclusion criterion, the examined sample represented a patient
population with rather mild to moderate clinical manifesta-
tions. In addition, the sample was characterized by moderate
disease durations and high proportions of patients under any
disease-modifying treatment. Regarding demographic mea-
sures (age, sex, and educational level), characteristics com-
parable to previous studies were identified. The observed
prevalence rate of CI as defined by performance in BICAMS
(36%) corresponds to previous studies in mildly affected
patients.1,23 Data on RLT were also similar to results from
earlier studies on patients without medical history of ON
measured by an equivalent OCT device.7

Table 1 Information on Demographic and Disease-
related Characteristics

Demographic/disease-related information Total sample (N = 50)

Age (y)a 47.00; 18–59; 13.25

Sex (n; % females) 40 (80.0%)

Education (n; %)

Low 3 (6.0%)

Middle 10 (20.0%)

High 37 (74.0%)

Disease course (n; %)

RRMS 44 (88.0%)

SPMS 6 (12.0%)

Age at onset (y)a 36.39 ± 9.15

Disease duration (y)a 7.34; 0.26–28.21; 12.1

EDSS scorea 2.59 ± 1.17

Immunotherapy (n; %)

None 6 (12.0)

First lineb 27 (54.0)

Second lineb 17 (34.0)

Time since last relapse (mo)a 21.93; 3.48–159.25; 38.81

Time since last immunotherapy change (mo)a 29.32; 0.03–159.25; 40.12

Cognitive tests (raw scores)a

SDMT 43.66 ± 8.62

VLMT 55.50; 13.00–73.00; 16

BVMT-R 25.00; 0.00–34.00; 11.25

TMT-A 36.96; 17.71–90.74; 15.37

TMT-B 75.03; 33.53–168.94; 35.73

Layer thickness (micrometers)a

pRNFL 89.53 ± 12.61

mRNFL 31.33 ± 4.82

GCIPL 65.57 ± 7.09

INL 34.46 ± 2.55

BICAMS impaired (n; %) 18 (36%)

Abbreviations: BVMT-R = Brief Visuospatial Memory Test–Revised; EDSS =
Expanded Disability Status Scale; GCIPL = macular ganglion cell-inner plex-
iform layer; INL = macular inner retinal layer; IQR = interquartile range;
mRNFL = macular retinal nerve fiber layer; pRNFL = peripapillary retinal
nerve fiber layer; RRMS = relapsing-remitting MS; SDMT = Symbol Digit
Modalities Test; SPMS = secondary progressive MS; TMT-A/B = Trail Making
Test–A/B; VLMT = Verbaler Lern-und Merkfaehigkeitstest.
Missing values: EDSS score n = 1, time since last relapse n = 1, time since last
immunotherapy change n = 6.
Raw scores of SDMT, VLMT, BVMT-R are based on achieved number of
correct items. Raw scores of TMT-A/B represent the required time to com-
plete the task, measured in seconds.
a Mean ± SD or median; range; IQR according to nature of the data.
b First line and second line defined according to guidelines by the German
Neurological Society (DGN).
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Regarding associations between OCT metrics and cognitive
performance, we observed thickness in pRNFL, mRNFL, and
GCIPL to be related with TMT-B, which assesses cognitive
flexibility as a domain of executive functioning. This relation
became evident despite the extensive control of covariates
mentioned above. After using Bonferroni-Holm adjustment
for multiple testing, the link between mRNFL and TMT-B
remained significant. Finding associations between cognitive
flexibility as part of executive functioning and RLT matches
with studies examining mRNFL and GCIPL that also in-
corporated tests for executive functioning.14,24,25 Cognitive
flexibility is considered a complex cognitive ability covering
various functions such as working memory, attention, and
inhibition operating in a broadly distributed frontoparietal
network.26 As such, it might be one of the first domains being
affected by atrophic processes as manifested in thickness of
inner retinal layers, which might therefore serve as a valuable

indicator for further extensive and regular neuropsychological
testing. Because the applied test for cognitive flexibility, TMT-
B, is also based on visual capacities, one may wonder whether
the effect might have only resulted from potential visual im-
pairments of the participants, rather than CNS atrophy. To
rule this out, we excluded eyes with a history of ON from the
analyses beforehand and ensured that participants did not
have uncorrected visual ametropia. Furthermore, because no
such associations were observed regarding other visually
based neuropsychological tests (e.g., SDMT and TMT-A), we
assume that the reported relation with cognitive flexibility is
not resulting from pure visual impairments.

Furthermore, associations of RLT were neither detected with
BICAMS nor with TMT-A when including continuous vari-
ables. Although current negative results should be regarded as
provisional and require future validation due to the small

Table 2 GEE Models Predicting Cognitive Test Performance, Separating for Each Pair of RLT (Continuous Variable) as
Predictor of Interest and Cognitive Test Outcome as Dependent Variable

Predictor of interest RLT AV cognitive test n neyes B β p Value p’ Value

pRNFL SDMT 50 79 0.0001 n.a. 0.115 0.912

VLMT 50 79 0.0002 n.a. 0.114 0.912

BVMT-R 50 79 0.0001 n.a. 0.206 1.000

TMT-A 50 79 −0.0004 n.a. 0.088 0.792

TMT-B 49 78 −0.558 -0.242 0.011* 0.110

mRNFL SDMT 48 77 0.0001 n.a. 0.474 1.000

VLMT 48 77 0.0003 n.a. 0.190 0.930

BVMT-R 48 77 −0.0001 n.a. 0.492 1.000

TMT-A 48 77 −0.001 n.a. 0.107 0.642

TMT-B 47 76 −1.561 -0.259 <0.001*** 0.002**

GCIPL SDMT 48 77 0.0002 n.a. 0.086 0.344

VLMT 48 77 0.0003 n.a. 0.142 0.375

BVMT-R 48 77 0.0002 n.a. 0.180 0.375

TMT-A 48 77 −0.001 n.a. 0.125 0.375

TMT-B 47 76 −0.809 -0.199 0.018* 0.144

INL SDMT 48 77 0.0003 n.a. 0.615 1.000

VLMT 48 77 −0.0003 n.a. 0.752 1.000

BVMT-R 48 77 0.001 n.a. 0.452 1.000

TMT-A 48 77 −0.0002 n.a. 0.882 1.000

TMT-B 47 76 −1.291 n.a. 0.090 0.890

Abbreviations: B = regression coefficient; BVMT-R = Brief Visuospatial Memory Test–Revised; GCIPL = macular ganglion cell-inner plexiform layer; GEE =
generalized estimating equation; INL = macular inner retinal layer; mRNFL = macular retinal nerve fiber layer; n = number of cases included; n.a. = not
applicable;neyes = number of eyes included; pRNFL = peripapillary retinal nerve fiber layer; RLT = retinal layer thickness; SDMT = Symbol Digit Modalities Test;
TMT-A/B = Trail Making Test–A/B; VLMT = Verbaler Lern-und Merkfaehigkeitstest; β = standardized regression coefficient calculated as effect size.
p values were corrected with Bonferroni-Holm correction (p’) covering all p values per retinal layer (including p values from the analysis of RLT-continuous
variable and of RLT-extreme groups, see table 3).
*p < 0.05, **p < 0.01, ***p < 0.001.
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sample size, these results generally confirm reports of latest
studies.12,14,15 They also signify that the OCT evaluation
cannot replace a neuropsychological examination with
BICAMS, but might serve as a supplementary method
assessing additional factors. This has already been described
by Frau and colleagues12 who consider OCT (pRNFL) and
BICAMS to be instruments investigating different aspects of
neurodegeneration in MS because no direct association was
found and each instrument correlated with different brain
volume regions in MRI. In line with this, our results once
more highlight the need of a separate, consecutive, and ex-
tensive neuropsychological assessment in patients identified

at risk. However, studies examining SDMT as the sole neu-
ropsychological parameter or examining the status of being
cognitively impaired as defined by BICAMS (which can be
highly influenced by SDMT performance) provide contra-
dictory results reporting associations with RLT.13,22,27-29 A
reason for the discrepancy to our results might lie in the
present study design: the interventional study from which the
data were obtained at baseline focused on patients with
RRMS and SPMS with at least mild signs of CI in information
processing speed (SDMT z < −0.5 and z > −3.0). Therefore,
inevitably, we were not able to integrate cognitively preserved
or extremely impaired patients beyond 3 SDs as defined by
SDMT. In consequence, the included SDMT z-scores showed
rather little variance, which might have prevented us from
detecting an association between RLT and SDMT due to
statistical limitations. Apart from that, the discrepancy might
also be based on the small sample size of the current study,
general differences in the patient characteristics and compo-
sition, and the covariates considered. When comparing ex-
treme groups of each retinal thickness regarding cognitive
performance, results on pRNFL and INL were not significant.
However, we were able to identify thickness of mRNFL to be
linked to TMT-B and detected a relation between GCIPL and
TMT-B as well as VLMT as one of the BICAMS tests. Before
correcting for multiple testing, our results also indicated a
potential relation of GCIPL with BVMT-R. Authors who
examined a sample of patients with early MS hypothesized
that correlations between GCIPL thickness and cognitive
disability may become detectable later in the course of the
disease or when investigated prospectively.21 We assume this
to also be applicable to our results in patients with mild to
moderate disability displaying only slight indications for a
possible relation between RLT (especially GCIPL) and
BICAMS.

Regarding retinal layers, mRNFL andGCIPL turned out to be
the main parameters associated ahead of the conventionally
examined pRNFL. The INL showed no significant associa-
tions with any cognitive test performance. Generally, these
results match with the literature, where atrophy affecting
axons and neurons in patients with MS (RRMS and SPMS)
was found to be reflected by the 3 metrics of pRNFL,
GCIPL, and mRNFL, but not by INL.6,7 Of those 3 metrics,
pRNFL is known to show the highest effect sizes7,30 and has
been investigated most frequently in relation to cognitive
function.11-13,15,21,22,24,27-29,31 Recent studies, however, also
documented thinning of mRNFL and GCIPL independent of
pRNFL in early, most inflammatory, stages of the disease,
suggesting that retinal damage could begin from the macular
ganglion cells.9,13,32 Because GCIPL was therefore reported to
provide the advantage to reflect atrophy much earlier than
pRNFL,7 GCIPL might especially be a relevant parameter
when investigating OCT metrics as indicator for CI in pa-
tients with mild to moderate clinical manifestations. In line
with these neurobiological characteristics, the few studies, that
have already investigated mRNFL and GCIPL in relation to
cognitive performance, reported associations.13,14,22,24,25,33

Figure 2 Scatterplots

Scatterplots depicting associations between thickness in pRNFL, mRNFL,
GCIPL, and cognitive performance in TMT-B. Excluded outliers in each
analysis n = 1. GCIPL = ganglion cell-inner plexiform layer; mRNFL =macular
retinal nerve fiber layer; pRNFL = peripapillary retinal nerve fiber layer; TMT-
B = Trail Making Test–B.
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By identifying relations of mRNFL (continuous variable and
extreme groups) with TMT-B and also of GCIPL (extreme
groups) with VLMT and TMT-B, we reinforce the role of
macular layers, particularly mRNFL and GCIPL, as poten-
tially suitable markers in associations with CI, especially in
patients with mild to moderate disability.

Our study is not without limitations. First, in case of unilateral
ON, only the non-ON eye was included in the analyses.
However, occurrence of ONmight have an effect on the non-
ON eye by spreading of inflammation over the optic chiasm.34

Second, the analyses were conducted for both MS subtypes
RRMS and SPMS together because the research question
addressed patients with current mild to moderate neurologic
states independent of MS subtype. Yet, to rule out an effect,
we included MS subtype as a covariate in all analyses imple-
mented. A more MS subtype-specific characterization of

associations between cognitive performance and RLT re-
quires larger homogenous MS cohorts to be analyzed sepa-
rately. Third, the generalizability of our results is limited by
the small sample size and the cross-sectional design, which is
why current negative results should be considered provisional.
Furthermore, we are aware that the inclusion criterion con-
cerning SDMT z-score resulting from the study design pro-
hibited us from having a control group without CI for
comparison. Future research needs to confirm our findings in
larger patient populations and longitudinal studies, as well as
by examining a control group without CI.

In conclusion, RLT and BICAMS appear to be rather com-
plementarymethods in patients with mild tomoderate clinical
deficits because no associations were observed for SDMT and
BVMT-R with RLT when correcting for multiple testing.
However, because of the detected relation with cognitive

Table 3 GEE Models Predicting Cognitive Test Performance, Separated for Each Pair of RLT (Extreme Groups; Low and
High Tertile) as Predictor of Interest and Cognitive Test Outcome as Dependent Variable

Predictor of interest RLT AV cognitive test n neyes tertile low; high B β p Value p’ Value

pRNFL extreme groups SDMT 37 26; 26 −0.002 n.a. 0.464 1.000

VLMT 36 26; 25 −0.006 n.a. 0.408 1.000

BVMT-R 36 26; 25 −0.004 n.a. 0.472 1.000

TMT-A 35 24; 26 0.011 n.a. 0.321 1.000

TMT-B 34 25; 24 0.034 n.a. 0.329 1.000

mRNFL extreme groups SDMT 38 26; 25 −2.380 n.a. 0.186 0.930

VLMT 38 26; 25 −5.583 n.a. 0.054 0.432

BVMT-R 38 26; 25 −2.593 n.a. 0.340 1.000

TMT-A 37 25; 25 6.387 n.a. 0.085 0.595

TMT-B 36 25; 24 33.682 n.a. <0.001*** <0.001***

GCIPL extreme groups SDMT 36 25; 25 −3.483 n.a. 0.058 0.300

VLMT 36 25; 25 −8.192 n.a. 0.005** 0.045*

BVMT-R 36 25; 25 −5.232 n.a. 0.029** 0.203

TMT-A 35 24; 25 6.624 n.a. 0.050 0.300

TMT-B 35 24; 24 26.623 n.a. <0.001*** <0.001***

INL extreme groups SDMT 38 28; 27 −0.338 n.a. 0.843 1.000

VLMT 37 28; 26 5.518 n.a. 0.089 0.890

BVMT-R 38 28; 27 0.097 n.a. 0.964 1.000

TMT-A 37 27; 27 −0.788 n.a. 0.877 1.000

TMT-B 37 28; 26 5.888 n.a. 0.393 1.000

Abbreviations: B = regression coefficient; BVMT-R = Brief Visuospatial Memory Test–Revised; GCIPL = macular ganglion cell-inner plexiform layer; GEE =
generalized estimating equation; INL =macular inner retinal layer; mRNFL =macular retinal nerve fiber layer; n = number of cases included; neyes = number of
eyes included; pRNFL = peripapillary retinal nerve fiber layer; RLT = retinal layer thickness; SDMT = Symbol Digit Modalities Test; TMT-A/B = Trail Making
Test–A/B; VLMT = Verbaler Lern-und Merkfaehigkeitstest; β = standardized regression coefficient calculated as effect size.
The GEE models of the extreme groups compare the low tertile with the high tertile of each retinal layer.
p values were corrected with Bonferroni-Holm correction (p’) covering all p values per retinal layer (including p values from the analysis of RLT-continuous
variable and of RLT-extreme groups, see table 2).
*p < 0.05, **p < 0.01, ***p < 0.001.
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flexibility, thickness in mRNFL and GCIPL may bear the
potential to become a marker for further extensive neuro-
psychological testing when showing abnormalities. Because
neuropsychological assessments (e.g., BICAMS) are still not
commonly applied within the diagnostic process and moni-
toring of patients with MS, OCTmay offer the opportunity to
identify patients at risk for CI as early as possible in a cost-
efficient and feasible way. This way, OCT results might pro-
vide the impulse to initiate extensive neuropsychological
evaluations and regular monitoring assessments where
advisable.
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Immune checkpoint inhibitor (ICI) therapy has revolutionized cancer treatment and achieves un-
expectedly durable tumor remission. However, therapeutic efficacy comes along at the cost of a wide
spectrum of immune-related adverse events (irAEs). Immune checkpoints, such as the programmed
cell death 1 (PD-1) receptor, PD-1 ligand (PD-L1), and cytotoxic T-lymphocyte antigen 4 (CTLA-
4),1,2 inhibit T-cell activation and are used by tumor cells to escape the immune surveillance.3

Physiologically, immune checkpoints are important for maintaining self-tolerance during T and
B-cell maturation. Thus, their inhibition can trigger de novo or preexisting autoimmune and
paraneoplastic disorders.2,3 The most common ICI-associated irAEs involve the skin, the gut,
and the endocrine organs.1 Neurologic side effects and ICI-associated vasculitis are rare,3 the
latter affecting mostly large and medium vessels.2 ICI-associated vasculitic peripheral neuropathy
(VPN) and ICI-associatedperinuclear antineutrophil cytoplasmatic antibody (p-ANCA)-positive
mononeuritis multiplex4 have only been reported once, but without histologic verification.We report
an ICI-associated, ANCA-negative mononeuritis multiplex diagnosed by neuromuscular ultrasound
and histology.

Case Description
A 61-year-old woman suffering from a pleural mesothelioma (cT3cN0cM0) was initially treated
with carboplatin/pemetrexed followed by maintenance therapy with the anti-PD-1 inhibitor
pembrolizumab (timeline shown in figure, A). After 1 year, pembrolizumab was ceased because
of suspected but not confirmed ICI-related colitis. After first progression (rib metastasis),
pembrolizumab was readministered (3-weekly, 15 cycles) until multiple cutaneous petechiae
developed. A skin biopsy demonstrated perivascular lymphocyte infiltrates, suggesting a late-
stage small vessel vasculitis (not shown). Suspecting a pembrolizumab-associated cutaneous
irAE, treatment was stopped. After 2 weeks, she presented with a bilateral foot drop syndrome
and paresis in the distribution of the right ulnar nerve. Clinical examination additionally
revealed concomitant hypoesthesia/allodynia of the feet, the right hand, and the left thumb.

Motor nerve conduction studies (NCS) demonstrated severe axonal damage (reduced amplitudes,
preserved distal latencies, and velocities) in the rightmedian and ulnar nerves as well as both peroneal
and tibial nerves. Sensory NCS of the sural and peroneal superficial nerves were absent, and axonal
sensory impairment of the right ulnar and the radial superficial nerve was also shown (reduced
amplitudes and preserved velocities). EMG (of the right dorsal interosseous muscle and right tibial
anterior muscle) demonstrated acute axonal damage. Nerve ultrasound revealed multifocal fascicular
nerve swelling (in both sural and ulnar nerves), raising suspicion of a vasculitic neuropathy (figure,

From the Department of Neurology (M.C.B., M.K., A.F., S.H.-F.); Department of Hematology and Oncology (M.J.); Department of Dermatology (L.F.); Department of Pathology (R.R.),
Cantonal Hospital, St. Gallen; Department of Pathology (S.F.), University Hospital, Basel; and Department of Neurology and Department of Hematology and Oncology (T.H.),
Cantonal Hospital St. Gallen, Switzerland.

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

The Article Processing Charge was funded by the authors.

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

Copyright © 2021 The Author(s). Published by Wolters Kluwer Health, Inc. on behalf of the American Academy of Neurology. 1

http://dx.doi.org/10.1212/NXI.0000000000000993
mailto:thomas.hundsberger@kssg.ch
https://nn.neurology.org/content/8/4/e993/tab-article-info
http://creativecommons.org/licenses/by-nc-nd/4.0/


B). The laboratory, CSF, and urine analyses were normal. The
clinical phenotype, electrophysiology, and neurosonographic
findings were suggestive of a nonsystemic vasculitic mononeuritis
multiplex (NSVM) in which an accompanying chemotherapy-
induced polyneuropathy may have contributed to the sensory
impairment.

High-dose methylprednisolone with subsequent oral tapering
was initiated, and an ultrasound-guided biopsy of the sural
nerve was performed. Histology confirmed small vessel vas-
culitis (figure, C and D). The infiltrate showed a pre-
dominance of CD8+ T cells over CD4+ T and B lymphocytes
(figure, E).

Figure Chronology of Patient’s History, Sural Nerve Ultrasound and Histologic Findings

(A) Time course of the patient’s history in months. (B) High-resolution nerve ultrasound (18 MHz, Philips Epiq Q5) of the right sural nerve showing fascicular
swelling (arrows) and nerve enlargement (dotted circle, cross-sectional area 5 mm2, norm <2mm2), vein (star). (C) Sural nerve biopsy revealed a small vessel
vasculitis with fibroid necrotic changes (arrow) of the vessel wall andmyelin sheath disintegration (arrow), hematoxylin and eosin staining. Scale bar; 50 μm.
(D) Toluidine blue-stained semi-thin cross-sections of the epon-embedded nerve show signs of axonal degeneration and an inhomogeneous loss of nerve
fibers among various nerve fascicles, the latter being a typical finding in vasculitic neuritis. Scale bar; 100 μm. (E) Immunohistochemistry (brown) for
lymphocyte markers CD4, CD8, and CD20; CD68 (macrophages). Scale bar; 100 μm.
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Because steroids failed to alleviate symptoms, immunosup-
pression was escalated with IV cyclophosphamide (6 cycles,
every 4 weeks). However, severe allodynia persisted, and
treatment with pregabaline, amitriptylin, and methadone
showed only moderate efficacy.

Discussion
We are describing a case of histologically proven pembrolizumab-
associated sensorimotor NSVM, occurring in a patient with
malignant mesothelioma. The clinical hallmark was a painful
mononeuritis multiplex preceded by a cutaneous vasculitis.
Normal laboratory results (autoantibodies, CSF, and urine)
without involvement of visceral organs made a systemic vasculitis
with neurologic manifestation unlikely. Chemotherapy-induced
polyneuropathy caused by platinum compounds is not in-
flammatory and mostly sensory because of dorsal root ganglion
impairment, whichmay have contributed to the sensory deficit. A
paraneoplastic origin was also unlikely due to the late onset of the
neurologic symptoms in the absence of tumor progression, the
concomitant irAE to the skin, and the general low incidence of
paraneoplastic neurologic symptoms inmalignant mesothelioma.

The characteristic composition of immune cell infiltrates in
vasculitis is controversially discussed. No data exist so far
on ICI-related vasculitis. In giant cell arteritis, in-
flammation consists mainly of CD4+ helper T cells.5 By
contrast, CD8+ cytotoxic T cells dominate in systemic
vasculitis and in NSVM.6 In our case, the CD8+ T cells
dominated the immune infiltrate, which was also reported
in ICI-related myositis and myocarditis.7

Because of the rarity of the reported case, a comparison with the
literature is not feasible, but some aspects might be noteworthy.
irAEs often occur after 6–12 weeks of ICI treatment3; however,
the interval varies with the immune checkpoint target, among
other factors. The knowledge about side effects after reexposure
to ICIs is very limited. In our case, irAEs evolved over ;30
weeks after reexposure, which is particularly long. Whether the
preceding neurotoxic chemotherapy might have been a trigger
for this neurologic irAE remains speculative.3

Optimal treatment in ICI-associated NSVM remains to be
defined. ICI-associated Guillain-Barré–like syndrome (GBS)
resembles the phenotype of classical cases, but steroids are the
mainstay of treatment, in contrast to classical GBS. We also
treated the patient with high-dose steroids and escalated with
cyclophosphamide, which was reasonable according to the
irAE treatment guidelines and treatment of NSVM. Careful
evaluation and reporting of rare side effects broaden the
knowledge and understanding of the complex immune net-
work and the pathogenesis of neurologic ICI-related side
effects.
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An 18-year-old woman with a history of vertigo and longstanding fluctuating hearing loss presented
with increasing headaches, nausea, dizziness, confusion, and gait imbalance. She also experienced
new onset rashes on her hands and intermittent episodes of eye pain. CSF analysis revealed
lymphocytic pleocytosis (14 lymphocytes), increased protein (278 mg/dL), and normal glucose
(60mg/dL). CSF viral PCR (HSV, CMV, VZV, EBV,West Nile, and Enterovirus), fungal, bacterial
cultures, and serologic tests for variety of infections including Rickettsia, Bartonella, Mycoplasma,
Leptospira, Erlichia, and Toxoplasma were negative. No evidence of immunodeficiency was iden-
tified.MRI of the brain demonstratedmultiple scattered small foci of diffusion restriction (figure, A)
with associated increased signal on T2-fluid-attenuated inversion recovery (FLAIR) sequences
(figure, B) predominantly involving the deep and periventricular white matter with a predilection
for the corpus callosum (figure, C). Lesions were also seen in the deep gray matter structures and
brainstem.Most lesions enhanced. Ophthalmology evaluation revealed retinal atrophy. Fluorescein
retinal angiogram showed foci of decreased perfusion, retinal branch occlusionwith cottonwool spots,
and retinal hemorrhages. Given the clinical suspicion of vasculitis, intracranial vessel wall imaging was
performed. Postcontrast high-isotropic resolution vessel wall MRI (VWMRI) (figure, D–F) dem-
onstrated foci of abnormal patchy parenchymal enhancement in the brainstem as well as deep gray
nuclei and thalami (figure, E). Numerous linear foci of enhancement involving small vessels with
perivascular involvement were seen radiating through the brain parenchyma suggesting vasculitis1

(figure, D). Bilateral abnormal enhancement of inner ear structures including the cochlea and
semicircular canals was incidentally observed on VWMRI (figure, F).

Discussion
The triad of sensorineural hearing loss, acute encephalopathy, and retinal arteriolar branch
occlusions along with imaging features of vascular/perivascular and cochleovestibular in-
flammation are consistent with the diagnosis of Susac syndrome. Susac syndrome or reti-
nocochleocerebral vasculopathy is a rare microangiopathy that primarily affects women in their
third decade.2 Previously described imaging features include the classic central callosal and
pericallosal “snowball” lesions, microinfarcts, deep gray matter lesions, and leptomeningeal
enhancement.2 This is the report of 2 additional imaging features of Susac syndrome: small
vessel/perivascular enhancement and cochleovestibular enhancement.

Susac syndrome is a neuroinflammatory condition that can affect small vessels. Neuropatho-
logic studies on Susac syndrome are limited. Reported findings that may explain small vessel or
perivascular enhancement include perivascular inflammation with the presence of mononuclear
cells around the arterioles, arteriolar wall thickening,3 basement membrane thickening, collagen
deposition in the perivascular space, and microvascular fibrosis.4

In addition to the classic brain imaging features of Susac, clinical findings are pivotal to this rare
diagnosis. The patient had an extensive workup for infectious etiologies, immunodeficiency,
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and other forms of vasculitis, which was negative. The
presence of hearing loss with abnormal enhancement of
inner ear structures on high-resolution MRI points to the
inflammatory changes in the cochlea and semicircular canals.
The patient experienced fluctuating bouts of hearing loss
and vertigo since age 7 which were partially responsive to
steroid treatment but overall progressed. Furthermore,
fluorescein angiography of the retina demonstrates areas of
hypoperfusion because of branch retinal artery occlusion.
This constellation of imaging findings and clinical features
makes Susac syndrome the most likely diagnosis. The pa-
tient improved after treatment with immunosuppressants,
including corticosteroids, as well as IV immunoglobulin.
Further studies are warranted to evaluate imaging features of
Susac on VWMRI compared with other forms of CNS vas-
culitis and the role of VWMRI for characterizing vasculitis
activity and efficacy of its treatment.
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Figure Brain MRI

(A) Axial diffusion-weighted acquisition demonstrates foci of
microinfarcts involving the corpus callosum and periven-
tricular white matter (arrows). There is associated edema on
axial T2-FLAIR acquisition (B, arrows) with the involvement of
central fibers of corpus callosum seen on sagittal T2-FLAIR
sequence (C, arrow). Postcontrast high-isotropic resolution
(acquired resolution, 0.52 × 0.52 × 0.52 mm3) 3D vessel wall
MRI shows an enhancing parenchymal vessel with mild per-
ivascular enhancement compatible with small vessel vascu-
litis (D, arrow). Multiple foci of patchy enhancement are seen
involving the brainstem and deep gray matter (E, arrows).
Enhancement of the right cochlea (F, long arrow) and semi-
circular canals (F, short arrow) is demonstrated.
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Fingolimod, a sphingosine-1-phosphate receptor modulator approved for the treatment of
relapsing multiple sclerosis (RMS), may rarely lead to CNS infections through reactivation of
herpesviruses or JC virus (JCV), the cause of progressive multifocal leukoencephalopathy
(PML).1,2 The authors present a patient with clinical and MRI features suggestive of PML
under fingolimod. Repeat PCR testing for JCV DNA in CSF was negative, whereas cyto-
megalovirus (CMV) DNA was found positive. Treatment with ganciclovir was followed by
clinical and MRI improvement.

Case Vignette
A37-year-oldmanwas diagnosedwith clinically isolated syndrome after developing cervicalmyelitis
with MRI showing few supratentorial lesions and CSF positive for oligoclonal bands. He sub-
sequently converted to RMS with recurrent relapses of spinal symptoms. After 4 years of treatment
with interferon-beta 1b, he was switched to fingolimod because of intolerable side effects.

Two years after starting fingolimod, routine MRI showed small new bilateral occipital lesions and
one left frontal lesion (figure, “m13”), which were clinically asymptomatic and felt to be because
of RMS, as up to then there had not been any reports on PML under fingolimod without previous
natalizumab therapy. Another relapse with spinal symptoms responded well to IV methylpred-
nisolone. Eleven months after the last routine MRI, he developed left inferior homonymous
quadrantanopia. Serial MRIs showed progressive enlargement of the right occipital lesion, again
without restricted diffusion or contrast enhancement (figure, “m24” and “m26”). Other lesions
remained stable. PML was suspected. Serum JCV antibody index measured 10 weeks after
symptom onset was positive (2.89; STRATIFY JCVDxSelect; Unilabs, Copenhagen, Denmark).
Fingolimod was stopped. He never had grade 4 lymphopenia <0.2 G/L.

Four CSF examinations showed normal cell counts (up to 3/μL) and slightly raised protein (up
to 48 mg/dL). Repeat PCR tests for JCVDNA in CSF at local laboratories and (once) the NIH
reference laboratory (Bethesda, MD) were negative. Differential diagnoses such as varicella
zoster virus (VZV) encephalitis and lymphoma were discarded because of negative PCR in CSF
and neuroimaging characteristics. However, serum was positive for anti-CMV IgG, and CSF
was positive for CMV DNA on PCR testing (with CMV viral load <1,250 copies/mL),
introducing the possibility of atypical CMV encephalitis (CMVE). The patient refrained from
undergoing brain biopsy and instead opted for antiviral treatment. After 3 weeks of IV gan-
ciclovir (5 mg/kg every 12 hours), there was evidence of clinical andMRI improvement (figure,
“m30”), and PCR testing for CMV DNA in CSF had turned negative. Four years later, the
patient had remained stable (EDSS 3.5) and relapse-free without restarting disease-modifying
therapy, with only one small additional periventricular MS-type lesion on MRI follow-up.
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Discussion
This patient’s clinical and MRI course made PML under
fingolimod the most likely diagnosis. The insidious, at first
asymptomatic development of high-signal intensity cerebral
gray matter-white matter junction lesions on T2 and FLAIR
images is in keeping with classic PML.3 Recent data suggest
that age of >45 years and treatment for >2 years may increase
the risk of PML under fingolimod.2 The patient had a positive
serum JCV antibody index. After repeat negative testing for
JCV DNA in CSF, including testing in the NIH reference
laboratory, the patient was classified as “possible PML”
according to consensus criteria.3

Further workup revealed CMV DNA in CSF. This finding
did not resolve the diagnostic dilemma as some patients
with suspected PML may have difficult-to-interpret pres-
ence of DNA of herpesviruses in CSF.4 PCR testing for
CMV DNA has high sensitivity and specificity. However,
low quantities of viral copies may not lead to symptoms. In
our patient, we cannot exclude the possibility of a limited
form of PML with concomitant asymptomatic CMV reac-
tivation under fingolimod.

Our knowledge of CMVE heavily relies on the literature on
AIDS. CMVE complicating AIDS usually presents with en-
cephalopathy and predominant cognitive and behavioral
symptoms, and imaging abnormalities in the periventricular

parenchyma and meninges. CSF cell counts often are nor-
mal.5 However, extrapolating these findings to patients
without AIDS may not be warranted.

By contrast, several facts point toward a role of CMV in the
development of encephalitis in our patient: (1) CMVE has
been listed as one of the top differential diagnoses of PML6;
(2) CNS infections with other herpesviruses such as VZV
under fingolimod have been reported; (3) repeat PCR tests of
JCV-DNA in CSF were negative throughout; and (4) treat-
ment with ganciclovir was followed by clinical and MRI im-
provement, and a negative PCR for CMV DNA in CSF.

In the absence of brain biopsy, additional laboratory testing
might have been useful. A rise of JCV antibody titers on serial
measurement may underpin the diagnosis of PML. However,
at the time of the patient’s presentation, this had not been a
consideration in a consensus algorithm for diagnosing PML.3

Although low anti-JCV antibodies in serum may render PML
unlikely, an elevated CSF:serum anti-JCV antibody index
would support the diagnosis.7 Importantly, recent evidence
from natalizumab-associated PML cases suggests that small
PML lesion volume may be associated with (false) negative
JCV PCR in CSF.8 The final verdict on the diagnosis in this
case remains impossible without neuropathologic data.

In conclusion, this case raises awareness (1) of the difficulties
in attributing a PML-like lesion without brain biopsy in the

Figure 1 Evolution of MRI Abnormalities Before and After Treatment With IV Ganciclovir

“Baseline” (T2 axial and fluid-attenuated inversion recovery [FLAIR] axial): MRI before starting fingolimod shows no substantial lesions in the left frontal and
both occipital regions; “m13” (FLAIR space, axial and FLAIR space, sagittal): Routine MRI 13 months after starting fingolimod shows new (asymptomatic)
bilateral occipital hyperintense lesions at the gray matter-white matter junction and one new left frontal lesion; “m24” (FLAIR space, sagittal): MRI 24 months
after starting fingolimod shows progression of the right occipital lesion; “m26” (FLAIR space, sagittal): MRI 26 months after starting fingolimod shows further
progression of the right occipital lesion; “m30” (FLAIR space, sagittal): MRI 30 months after starting fingolimod shows regression of the right occipital lesion
after discontinuation of fingolimod and treatment with IV ganciclovir over 3 weeks.
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context of repeat negative PCR tests of JCV-DNA in CSF and
(2) to consider CMVE in the differential diagnosis of PML
under fingolimod.
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Anti-IgLON5 disease is a rare disorder characterized by the variable association of move-
ment disorders, sleep disturbances, cognitive impairment, bulbar symptoms, and respiratory
dysfunction.1,2 Pathophysiology likely involves both autoimmune and neurodegenera-
tive processes, and prognosis is considered to be poor.3,4 Here, we report a case with a
waxing and waning course, who eventually responded well to aggressive and sustained
immunotherapy.

Case
A 59-year-old woman presented with dysphagia, weight loss, and involuntary movements of
the face and the upper limbs. Symptoms were stable for 6 months until she suddenly
developed visual hallucinations, episodic nocturnal confusion, and severe insomnia. The
diagnostic workup, including a generic autoantibodies panel, was negative. Blood gases were
not performed. She was treated with clonazepam, which improved hallucinations and
nocturnal behavior disorders. Three months later, she developed hypoxemia and hyper-
capnia as a consequence of central hypoventilation, discovered during an emergency de-
partment visit for confusion. Nocturnal noninvasive ventilation was started. Clinical
examination showed diffuse myoclonus (predominant in the upper limbs, face, and tongue),
dysarthria, mild parkinsonism and cerebellar signs limiting ambulation (video 1), and mild
cognitive impairment (mini-mental state examination score 24 of 30 and frontal assessment
battery score 17 of 18). Brain MRI, EEG, CSF, and EMG findings were unremarkable.
Video polysomnography showed a major insomnia (total sleep time: 112 minutes/48
hours-recording), simple (4 limbs movements and pedaling) and complex (facial emotional
expressions, chewing, and moaning) behaviors during undifferentiated NREM sleep
(figure, video 1), absent REM sleep, and persistence of facio-lingual myoclonus during
sleep. Video-oculographic recording showed reduced velocity of horizontal saccades
without slowing of vertical saccades and an increased antisaccade error rate suggesting
prefrontal involvement. Anti-IgLON5 antibodies were positive in serum (IgG1: 1/12,800
and IgG4: negative) and CSF (IgG1: 1/320 and IgG4: 1/10). Twelve months after disease
onset, the patient was hospitalized in the intensive care unit for severe fluctuations of
vigilance and hypercapnia.
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Figure Timeline and Sleep Characteristics Before and After Treatment Onset

(A) Timeline showing disease symptom progression, paraclinical examinations, and treatments over time, expressed in months before and after treatment
onset (M0). CTC = corticosteroids, V-PSG = video polysomnography, ICU = intensive care unit. (B) Sleep stages across nighttime and daytime during a
consecutive 48-hour polysomnographical monitoring performed in the sleep laboratory, including a first night from 9 PM to 6:30 AM, followed by 5 multiple
sleep latency tests and by a 24-hour bed rest procedure aimed at capturing the maximum time asleep per 24 hours. Lights off (LO) are presented in black
horizontal bars. The same procedure was repeated before (M0), 4 months (M4), and 10months (M10) after treatment onset. X axis: time; Y axis: R = REM;W =
awake; 1, 2, 3 = N1, N2, and N3 NREM sleep stages, M with 2 different stages = undifferentiated NREM sleep in green and subwakefulness in orange. The
patient complained of severe insomnia atM0 andM4, but not at M10 andwas always treated with noninvasive pressure ventilation andmelatonin (5mg/d at
M0 and 12 mg/d at M4 and M10). In addition, she was on low doses of clonazepam (0.3 mg at bedtime) for the first V-PSG and risperidone 1 mg/d for the
following 2.
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Immunotherapy was started, including high doses of cortico-
steroids for 5 days, followed by 15 plasma exchanges over 3
months, together with 4 courses of rituximab, and monthly
cycles of cyclophosphamide for 1 year. Low doses of neuro-
leptics were added to control hallucinations and paranoid
thoughts. The patient’s condition stabilized, albeit with periods
of improvement and worsening, making discharge from the
hospital impossible for months. The video polysomnography
performed 4 months after starting immunotherapy showed
mostly an apparent sleep behavior (eyes closed and snoring)
despite a wake (alpha rhythms) EEG, which we call “sub-
wakefulness,” intermingled with undifferentiated NREM sleep
periods (totaling 127 minutes/48 hours) associated with sim-
ple and complex behaviors. Ten months after treatment onset,
the patient’s condition had considerably improved, with the
disappearance of hallucinations and fluctuations of vigilance,
cognitive improvement (MMSE score 29 of 30), weight gain,
and improvement of walking perimeter to several kilometers,
but she still had mild myoclonus and required nocturnal ven-
tilation. In the video polysomnography, total sleep time in-
creased (272 minutes/48 hours), movements and vocalizations
with undifferentiated NREM sleep decreased, REM sleep re-
sumed, but subwakefulness periods persisted (figure). At 13
months, anti-IgLON5 antibody levels had dropped in serum
(IgG1: 1/1,600, CSF unavailable).

Discussion
In anti-IgLON5 disease, hypokinetic or hyperkinetic move-
ment disorders are frequently described, including parkinson-
ism, myoclonus, myorhythmia, dystonia, chorea and tremor as
well as ataxia, sometimes associated with supranuclear gaze
palsy, making progressive supranuclear palsy and Whipple
disease common differential diagnoses.1-3 However, the phe-
notype is usually milder at onset, as was the case in our patient,
who initially only had dysphagia and myoclonus of the upper
limbs and face. Diagnosis must therefore be suspected in adult
patients presenting with subacute movement disorders, espe-
cially in association with sleep abnormalities, bulbar signs, or
respiratory dysfunction. The diagnosis of autoimmune or par-
aneoplastic encephalopathy is usually evoked in those cases
because various movement disorders are often part of the
clinical phenotype.5 However, the correct diagnosis may be
missed if not specifically looked for because anti-IgLON5 an-
tibodies are not part of the first-line diagnostic panel in many
centers. Polysomnography has major diagnostic value because
anti-IgLON5 disease is associated with specific NREM and
REM sleep disturbances, including movements and behaviors
during sleep and undifferentiated NREM sleep.6 In addition,
our patient also developed a subwakefulness stage containing a
slow alpha EEG rhythm (reminiscent of wakefulness) com-
bined with apparent sleep behavior concurrently with clinical
improvement and reappearance of REM sleep, suggesting it
could be a marker of neuronal functional recovery.7 Finally, as
neuropathology suggests both autoimmune and neurodegen-
erative processes in anti-IgLON5 disease, immunotherapy is

still debated. Our case demonstrated a good but delayed re-
sponse to immunotherapy, after several months of waxing and
waning, suggesting that early diagnosis as well as aggressive and
sustained immunotherapy may be key in this disorder.
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Ouédraogo Hospital,
Ouagadougou, Burkina
Faso

Major role in the acquisition
of data

Jérôme
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Méneret,
MD, PhD

Department of Neurology,
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Encephalitis with antibodies against intracellular antigen adenylate kinase 5 (AK5) is a recently
discovered entity; only 16 cases with characteristic clinical, radiologic, and CSF presentation
have been described.1-3 There is no report of histologic association with vasculitis.

We present a case of AK5 limbic encephalitis with histologic evidence of CNS vasculitis.

Case
A 58-year-old woman was admitted for investigation of headaches, memory impairment, be-
havioral changes, and sleep disturbances, progressing over approximately 1 month and
impairing her daily activities.

Neuropsychologic examination showed a multimodal disorientation, severe executive and at-
tentional deficits, disinhibition, and severe anterograde memory impairment affecting encod-
ing, ideomotor apraxia, and left multimodal neglect. The rest of the neurologic and general
examinations were normal.

Basic laboratory tests were normal. A brain MRI at admission (1 month after symptoms onset)
showed bilateral, right predominant, mesiotemporal T2—fluid-attenuated inversion recovery
(FLAIR) hyperintensity with gadolinium enhancement (figure). CSF analysis showed lym-
phocytic pleocytosis (120 cells/mm3, 98% lymphocytes), hyperproteinorachia (1,032 mg/L),
intrathecal IgG synthesis, and normal glucose and lactate levels. PCR for encephalitis, including
HSV-1, was negative. Tuberculosis and Whipple disease were ruled out. Immunologic studies,
CSF cytology, and flow cytometry were unremarkable.

A whole-body CT scan showed some pulmonary parenchymal nodules, known since 2012 and
remaining unchanged. In addition, whole-body 18F-FDG PET showed a hypermetabolic
cervical lymph node, without histologic abnormalities on biopsy. EEG was normal. The anti-
neural antibody panel in the serum and CSF was negative. However, the tissue-based assay of
serum and CSF showed a cytoplasmic fluorescence in hippocampal, cerebellar, and brain stem
neurons. Further novel antibody testing in the IDIBAPS laboratory (Prof Dalmau), Barcelona,
demonstrated the presence of AK5 antibodies in the serum and CSF.

We discontinued antiviral and antibiotic treatment after the negative infectious workup and
introduced a course of IV methylprednisolone (1 g/d) for 5 days.

The clinical course was unfavorable, with persistence of cognitive disorders and appearance
of mood swings, depression, and severe anxiety. A repeat MRI at 1 month showed stronger
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T2-FLAIR hypersignals in both temporal lobes, whereas a
brain 18F-FET PET excluded a glioma. A first stereotactic
biopsy of the right temporal lobe, performed 3 weeks after
the methylprednisolone course, was not conclusive.

However, a second brain biopsy (figure) showed vascular
lesions affecting the meningeal and intraparenchymal small-
sized blood vessels, sparing the larger meningeal arteries
(figure). A stratified perivascular infiltration of mononuclear
cells of varying importance and segmental distribution was
observed in the vessel. The infiltrate consisted of small T cells
(predominantly expressing CD3, CD5, and CD4) and rarer

B lymphocytes (CD20+) and histiocytes (CD68+), without
polymorphonuclear or giant cells. The infiltrate sometimes
extended to the entire vascular wall with partial or total in-
volvement of the blood vessel circumference. In the most
affected vessels, mainly of small caliber, there were signs of
vessel wall lesions with rupture of the elastic fibers and an
inflammatory infiltrate that compressed the vascular lumen
causing narrowing or total occlusion, but without obvious
thrombi, necrosis, or fibrin deposits. There were also areas of
perivascular hemorrhagic flooding, indicating a vascular
leakage. The surrounding parenchyma displayed reactive
changes such as extensive neuronal loss, vacuolization, signs

Figure MRI and Histology

Initial MRI with mesiotemporal T2/FLAIR hyper-
signal (A) and gadolinium enhancement (B). Brain
biopsy shows an infiltration of the meningeal and
intraparenchymatous blood vessels (C and D) that
spares the larger meningeal arteries (arrows);
perivascular infiltrate is, in places, important and
extends into the vascular walls (E and F) resulting
in vascular wall lesions such as a fragmentation of
elastic fibers (E, arrows), extravasation of red
blood cells (F), and occlusion of vascular lumen.
There is no obvious deposition of fibrin or
thrombus; the lymphocyte infiltrate of vascular
wall is composed of small T-cell CD3+ (G) and rarer
small B-cell CD20+ (H) without abnormal large B
cell. Brain parenchyma is punctuated by T-cell
lymphocytes and very rare B cells without obvious
perineuronal disposition (C–F: hematoxylin-eosin
and G and H: avidin-biotin complex-peroxidase/
3,3’-diaminobenzidine). Scale and magnification:
C—115.5 μm, 9×; D—102.4 μm, 10×; E—25.03 μm,
40×; F—50.05 μm and 20×; G—50.05 μm, 20×; and
H—50.05 μm, 20×.
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of demyelination, astrogliosis, and a slight, diffuse lympho-
cytic T infiltrate, without perineuronal grouping, reflecting
ischemic or subischemic phenomena probably related to the
vascular lesions.

These aspects, in the absence of other causes, and notably of
amyloid deposits, infectious agents, and atypical lymphocytes
(which might have suggested a lymphoma), were initially consis-
tent with the exclusion diagnosis of primary vasculitis of the CNS.

However, with the clinical and radiologic setting typical of
autoimmune limbic encephalitis and the presence of anti-AK5
antibodies, we considered the autoimmune encephalitis and
small vessel vasculitis to be the expression of a single process.
We retained, therefore, the diagnosis of CNS vasculitis sec-
ondary to AK5 autoimmune limbic encephalitis. The patient
was started on immunotherapy with oral prednisone (1 mg/
kg/d) and IV pulse cyclophosphamide (1 dose every 2 weeks
for a month and followed by 1 dose every 3 weeks, 4 times).

Neuropsychologic examination 6 weeks after discharge found
a normalization of orientation and gradual improvement of
executive, mnesic, and attentional functions.

Discussion
We report a case of limbic encephalitis with the presence of
anti-AK5 antibodies and a brain biopsy showing signs of vas-
culitis. To our knowledge, this is the first report on vasculitis
associated with antineural antibodies, and especially anti-AK5.

In autoimmune encephalitis caused by intracellular antibodies
(typically anti-Hu limbic encephalitis), histopathologic studies
usually show extensive parenchymal inflammatory infiltrates,
mainly CD8+ lymphocytes, and a significant neuronal loss.4

The only autopsy of a patient with AK5 encephalitis showed
extensive loss of neurons, microgliosis, astrogliosis, and peri-
vascular and parenchymal infiltration of T lymphocytes, mainly
CD8+.5 In our patient, the brain biopsy showed evidence of
CNS vasculitis with transmural T-cell infiltrates.

This novel description of AK5-related vasculitis may bring
new insights into the physiopathology of autoimmune en-
cephalitis related to antineuronal antibodies. Indeed, some
degree of vasculitis may contribute more often than pre-
viously believed to the neurologic deficits and the mechanism
may go unrecognized because of the rarity of cerebral biopsy.
Alternatively, vasculitis could be a feature restricted to anti-
AK5 antibodies entity.

It is worth noting that the outcome of the patient was fa-
vorable, and we believe that the aggressive cyclophospha-
mide treatment was instrumental. Indeed, the fact that AK5
is an intracellular antigen and the presence of vasculitis are
both elements pleading for a treatment targeting cell-
mediated rather than humoral-mediated immunity, such as
rituximab.
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Dimethyl fumarate (DMF), approved for relapsing-remitting multiple sclerosis (RRMS), exerts
immune-mediated mechanisms crucial for T-cell survival and migration, preferentially reducing
CD8+ T cells.1 Although baseline absolute lymphocyte count (ALC) is considered the most
critical predictor of developing lymphopenia,2 it was recently concluded that lymphocyte subset
monitoring is not required for safety vigilance because T-cell subset reduction does not increase
risks for serious infections.3

We present 2 young patients with RRMS, under DMF treatment, negative for HIV and SARS-
CoV-2 (by RT-PCR in nasal swab) and with normal follow-up white blood cell (WBC)/ALC
counts, who developed severe herpes zoster (HZ) infection with normal ALC but low CD8+

and high CD56bright natural killer (NK) cells, and discuss the potential significance of T-cell
immunophenotyping in HZ manifestation.

Patient 1
A 23-year-old woman was seen at age 16 years with acute cerebellar ataxia and trigeminal
neuralgia. MRI showed nonenhancing T2-hyperintense periventricular and subtentorial lesions
and CSF oligoclonal bands. Anti-AQP4 and anti-MOG antibodies were negative. After 6 months,
new T2-hyperintense, enhancing, periventricular lesions developed and was started on interferon
beta-1a with excellent response. Because of new enhancing cervical and thoracic demyelinating
MRI lesions, she was started on DMF 240 mg BID 2 years ago. In March, during the first peak of
COVID-19, she presented with an aggressive, blistering rash extending from the right side of back
to the chest (figure), typical of HZ with positive anti-varicella-zoster virus (VZV) antibodies. She
reported chickenpox in childhood. DMF was discontinued, and 1-week treatment with brivudine
(bromovinyldeoxyuridine) began followed by valaciclovir 1,000 mg TID for 20 days, tapered to
500 mg daily. Her WBC and ALC counts were normal but had low CD3+, very low CD8+, low-
normal CD4+ T cells, and very high NK cells (table). After 2 months, the rash improved.
Repeated MRI of the brain and cervical spine was stable. She was started on glatiramer acetate
40 mg 3 times/wk. After 3 months, CD3+, CD4+, and CD8+ T subsets remain still low (table).
Although SARS-CoV-2-PCRwas negative and always asymptomatic, she had antibodies to SARS-
CoV-2-spike protein when tested 10 months after the HZ manifestation.

Patient 2
A 42-year-old man was admitted at age 28 years, with acute right arm numbness and dysuria. He
had 2 other acute episodes 2 years earlier. MRI revealed multiple T2-hyperintense
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periventricular, subcortical, and cervical lesions. He was given
glatiramer acetate but because of 2 subsequent relapses was
started on DMF 240 mg BID 2 years ago. In October, during
the COVID-19 peak, he developed an aggressive blistering
rash, extending from his left back to the chest, typical of HZ
with positive anti-VZV antibodies (figure). DMF was dis-
continued and was treated with 2-week brivudine followed by
valaciclovir 1,000 mg TID for 30 days, tapered to 500 mg
daily. WBC and ALC were slightly below normal (grade-1
lymphocytopenia), but immunophenotyping showed low
CD3, very low CD8+, and very high NK cells with increased
CD4+ and CD19+ T cells (table). After 1 month, the rash
improved, but his CD3+ and CD8-T cells remain low and NK
cells high (table). MRI showed a new enhancing de-
myelinating cervical lesion, treated with corticosteroids. He
was SARS-CoV-2-antibody-negative.

Discussion
VZV is a lymphotropic virus, which in immunosuppressed pa-
tients can be reactivated leading to HZ infection. Our patients
are probably the first young, not immunodeficient patients with
normal ALC to manifest severe HZ while on DMF, without any
new CNS-clinical signs to warrant CSF examination. The study
of their T-cell immunophenotyping at onset and after the

infection revealed low CD8+ T cells and increased CD56bright

NK cells that may be implicated in extensive HZ manifestation.

VZV acts on immune cells through cell-surface proteins, like
programmed cell death protein 1 (PD-1), eliciting an im-
munoinhibitory function and reducing T-cell activation and
cytokine secretion. DMF causes reduction of CD8+ T-cells,
and CD8-cell depletion is associated with increased VZV
reactivation,4,5 but whether in both our patients, the noted
CD8+ T-cell reduction was the only culprit is unclear.

DMF also upregulates CD56bright NK cells, which, in turn,
inhibits CD4+ andCD8+ IFN γ-producing T-cell populations,
promoting an anti-inflammatory state and enhancing its
beneficial effects in DMF-treated patients.6 VZV can however
cause a productive infection of human CD56bright NK cells
and upregulates surface expression of chemokine receptors
associated with trafficking to the skin where highly infectious
lesions develop.7 The high number of CD56bright NK cells
noted in both our patients at the onset of skin rash might have
facilitated the spread of VZV to the skin, producing such
aggressive lesions unusual for young nonimmunosuppressed
patients, requiring 6 weeks of antiviral therapy before reso-
lution of skin lesions began. It is likely that the low CD8+ cells
triggered HZ reactivation, but the presence of increased NK

Figure Herpes Zoster-Rash

Extensive, blistering, herpes zoster (HZ) rash
extending from the right back to the anterior
chest in (A) patient 1 and from the left back to the
anterior chest in (B) patient 2.

Table Lymphocyte Immunophenotyping at the Time of HZ Onset and at Follow-up Periods, 3 Months Later for Patient 1
and 1 Month for Patient 2

WBC ALC CD3+ CD3+CD4+ CD3+CD8+ CD19+ NK

Patient 1 Onset of HZ 5,600 1,800 56.0%; 1,000* 41.9%; 734 13.1%; 230* 12.9%; 235 28.7%; 523*

After 3 mo 4,500 1,700 61.1%; 944* 45.6%; 664 13.8%; 201 * 10.4%; 170 26.3%; 428*

Normal range laboratory 1 >4,000 >1,000 69%–81%; >1,500 40%–55% 22%–30%; >342 7%–18% 6%–15%; <350

Patient 2 Onset of HZ 3,160* 929* 41.4%; 385* 75.5%; 290* 18.3%; 70* 22.2%; 206* 33.8%; 314*

After 1 mo 7,460 1,634 46.4%; 758* 73%; 553* 22.6%; 171* 30%; 490* 22.1%; 361*

Normal range laboratory 2 >3,700 >1,000 75%–85%; >1,000 53%–65% 24–41; >250 3%–18% <18%; <180

Abbreviations: ALC = absolute lymphocyte count; HZ = herpes zoster, >lower limit of normal, <upper limit of normal; WBC = white blood cell.
The low CD3+CD8+ cells and high NK cells aremarked with an asterisk, providing the% and the total cell counts. The immunophenotyping was performed in 2
different laboratories (patient 1, laboratory 1; patient 2, laboratory 2), with different normal range; the cell percentage (%) is therefore representative.
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cells facilitated such an extensive manifestation. Our cases
highlight that T-cell subset monitoring may still have a role
during DMF therapy and that the combination of low CD8/
high NK requires attention. Although rare, the cases raise the
question of pharmacovigilance and consideration for VZV
vaccination in certain DMF-receiving patients.
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Progressive multifocal leukoencephalopathy (PML) is a rare but emerging demyelinating neurologic
infection of the CNS caused by reactivation of the John Cunningham (JC) virus.1 Several immuno-
compromised populations are susceptible for PML, for example, those with hematologic malignancy,
HIV infection, transplant recipients, and specific disease-modifying therapies.2 For the total PML
population, 1- and 5-year survival rates have been estimated to be 30% and 10%, respectively.2 Themost
crucial factor in the chances of survival depends on whether immune function can be restored.2

Pembrolizumab is amonoclonal antibody that blocks programmed cell death protein-1 on the surface of
the T cell, allowing T cells to be reactivated and to facilitate the clearance of the virus.3 Pembrolizumab
treatment of 8 patients with PML led to decreased CSF viral load in all patients and stabilization of
clinical deterioration or improvement in 5 patients.4 Subsequently, 2 patients with PML were reported
without clinical improvement after pembrolizumab treatment.5,6 In the literature, 11 patients with PML
treated with pembrolizumab have been described, of whom 6 had a favorable outcome.4-7

Classification of Evidence
This provides Class IV evidence.

Case 1
A 73-year-old man presented with a subacute progressive language disorder and right-sided hemi-
paresis. His medical history included ulcerative colitis, for which he was treated with mesalazine.
Neurologic examination showed aphasia, a right-sided hemianopsia and a right-sided hemiparesis.
MRI findings were consistent with PML (figure), and CSF examination showed a positive PCR for
the JC virus (20,000 copies). Additional blood tests showed a lymphocytopenia (0.83 × 109 U/L, ref
1.5–4.0), decreased CD4 (0.19 × 109 U/L, ref 0.3–1.4) and CD8 (0.09 × 109 U/L, ref 0.2–0.9) cell
count, and negative HIV test. Subsequently, gene panel testing for detecting immune deficiencies was
performed, which turned out to be normal. Based on these findings, the diagnosis of a primary T-cell
deficiency was made. The patient was treated with 200 mg of pembrolizumab. After 3 weeks, he
clinically deteriorated with mutism and a deterioration of the hemiparesis after which further treat-
ment was discontinued. However, after 3 months, the patient gradually improved. Repeated MRI
(figure) showed the stabilization of the left parieto-temporal whitematter lesions with reduced edema
and residual atrophy. At the 1-year follow-up, patient talked fluently, walked for over an hour, and was
able to function independently in his daily living activities. Some cognitive deficiencies persisted.

Case 2
A 58-year-old woman presented with a progressive speech disorder over a period of 1 month. She
had a medical history of polymyositis and systemic sclerosis, for which she was previously treated
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with rituximab and azathioprine, which were stopped for 1 and 3
years before the onset of symptoms, respectively.

Neurologic examination showed an expressive aphasia with bi-
lateral Babinski reflexes.MRI findings were compatible with PML
(figure), and CSF examination showed a positive PCR for the JC
virus. Additional blood tests showed a lymphocytopenia (0.55 ×
109 U/L, ref 1.5–4.0) and a decreased CD4 (0.17 × 109 U/L, ref
0.3–1.4) and CD8 (0.07 × 109 U/L, ref 0.2–0.9) cell count. The
diagnosis of PML was made after which she was treated with
pembrolizumab 200 mg. Several weeks later, she noticed a
gradual improvement of symptoms. Because of the potential re-
lapse of her polymyositis and systemic sclerosis on additional
pembrolizumab treatment, it was decided not to treat the patient
with a second dose. Repeated MRI after 6 months showed a
subtle improvement of the white matter lesions (figure). One
year after the start of her symptoms, her aphasia had markedly
improved and Babinski reflexes were no longer present.

Discussion
Treatment with a single dose of pembrolizumab led to substantial
clinical improvement in 2 patients with PML and stabilization of
their MRI abnormalities at the 1-year follow-up. Our experience
indicates, in addition to the existing literature, that a favorable
outcome can be achieved in PML associated with rituximab
treatment 4 and a primary immune deficiency.4-6 Our patients
gradually improved after a single dose of pembrolizumab, whereas
the patients described in the literature received up to 12 doses.7

The clinical improvement was observed after 1 year, which is
consistent with earlier studies in patients receiving biweekly doses,
showing immune reconstitution 4–8 weeks after the first pem-
brolizumab dose. This is longer than the average median survival
(130 days)2 and suggestive that a single dose may be sufficient to
result in a sustained suppression of the JC virus. Up to now, no
data on the longevity of treatment effect, dosing frequency, and
interval are available. In theory, T-cell reactivation can be achieved
with a single dose of pembrolizumab.3 Further studies on patient

characteristics and biomarkers that predict the success or failure of
pembrolizumab treatment, such as the absence of exhausted
memory T-cell subsets,6 may provide additional information to
guide treatment decisions.

Study Funding
The authors report no targeted funding.

Disclosure
M. Beudel has no disclosures relevant to this study; F. Rövekamp
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Figure Axial MRI FLAIR and Contrast-Enhanced T1 Images (Radiologic Convention, Left = Right) of the 2 Patients at Baseline
(T = 0) and after 6 months (T+6 M)

In patient 1 (upper row), at baseline, multiple hyperintense lesions on the
fluid-attenuated inverse recovery (FLAIR) sequence were visible. The
largest was located in the left parietal cortex. The lesions included the U
fibers. After IV gadolinium, no contrast enhancement was visible. At ±6
months, the size of the lesions had decreased and atrophy was visible in
the affected areas. In patient 2 (lower row), at baseline, multiple hyper-
intense lesions on the FLAIR sequence were visible. The largest was lo-
cated in the left parietal cortex. The lesions included the U fibers. After IV
gadolinium, ring enhancementwas visible. At ±6months, the lesions were
less outspoken and no contrast enhancement was visible anymore.
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Abstract
Objective
We systematically reviewed the literature on COVID-19 in patients with multiple sclerosis
(MS).

Methods
We searched PubMed, Scopus, EMBASE, CINAHL, Web of Science, Google Scholar, and
World Health Organization database from December 1, 2019, to December 18, 2020. Three
conference abstract databases were also searched. We included any types of studies that
reported characteristics of patients with MS with COVID-19.

Results
From an initial 2,679 publications and 3,138 conference abstracts, 87 studies (67 published
articles and 20 abstracts) consisting of 4,310 patients with suspected/confirmed COVID-19
with MS met the inclusion criteria. The female/male ratio was 2.53:1, the mean (SD) age was
44.91 (4.31) years, the mean disease duration was 12.46 (2.27), the mean Expanded Disability
Status Scale score was 2.54 (0.81), the relapsing/progressive ratio was 4.75:1, and 32.9% of
patients had at least 1 comorbidity. The most common symptoms were fever (68.8%), followed
by cough (63.9%), fatigue/asthenia (51.2%), and shortness of breath (39.5%). In total, 837 of
4,043 patients with MS with suspected/confirmed COVID-19 (20.7%) required hospitaliza-
tion, and 130 of 4,310 (3.0%) died of COVID-19. Among suspected/confirmed patients, the
highest hospitalization and mortality rates were in patients with no disease-modifying therapies
(42.9% and 8.4%), followed by B cell–depleting agents (29.2% and 2.5%).

Conclusion
Our study suggested that MS did not significantly increase the mortality rate from COVID-19.
These data should be interpreted with caution as patients with MS are more likely female and
younger compared with the general population where age and male sex seem to be risk factors
for worse disease outcome.
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Multiple sclerosis (MS) is an inflammatory autoimmune
disease of the CNS, which is a leading cause of disability in
young adults. Most patients with MS are treated with im-
munomodulatory medications, which increase the risk of
opportunistic infection, infection-related hospitalization, and
infection-related mortality rates.1-4

The first case of severe acute respiratory syndrome corona-
virus 2 (SARS-CoV-2) infection (COVID-19) was identified
in Wuhan, China, on December 2019. After a rapid spread in
China, new outbreaks occurred around almost all countries in
the world. In March 2020, the World Health Organization
(WHO) declared the outbreak of COVID-19 disease as a
pandemic.5 As of December 22, 2020, a total of 75,129,306
confirmed cases and 1,680,794 fatalities were reported to the
WHO worldwide.6

As coronavirus pandemic continues, a growing number of
studies reported the clinical characteristics and outcomes of
COVID-19 among patients with MS. However, there have
been limited large observational studies investigating the
symptoms, signs, complications, and outcome of COVID-19
in the MS population. The overall effects of COVID infection
on MS and those on disease-modifying therapies (DMTs)
remain unknown. To answer this question, we conducted this
systematic review to bring together previous studies and
provide an overall view of the published literature. The main
goals of the current reviews are (1) to evaluate COVID in-
fection outcomes in patients with MS (hospitalization/
mortality), (2) to evaluate the effects of DMTs on these
outcomes, and (3) to determine the clinical features and
presentation of COVID-19 in patients with MS.

Methods
Literature Search
A comprehensive literature search was performed in PubMed,
Scopus, EMBASE, CINAHL, Web of Science, Google
Scholar, and WHO COVID-19 database. We screened the
studies, which were published between December 1, 2019,
and December 18, 2020. The following search strategy was
adapted: ((coronavirus OR Wuhan coronavirus OR novel
coronavirus OR coronavirus disease ORCOVID-19 OR 2019
novel coronavirus infection OR 2019-nCOV OR severe acute
respiratory syndrome coronavirus 2 OR SARS-CoV-2) AND
(Multiple Sclerosis OR (Sclerosis, Multiple) OR (Sclerosis,
Disseminated) OR Disseminated Sclerosis OR (Multiple
Sclerosis, Acute Fulminating))). To identify potentially eli-
gible studies that have not yet been published in full, we also

searched abstracts available online from the following sci-
entific meetings: Eighth American and European Committee
for Treatment and Research in Multiple Sclerosis
(ACTRIMS-ECTRIMS 2020), 145th Annual Meeting
American Neurological Association, and Sixth Congress of
the European Academy of Neurology. Furthermore, we
screened the reference lists of identified articles for inclusion
in the study.

Inclusion and Exclusion Criteria
The inclusion criteria were as follows: (1) any type of studies
including letters, case report, case series, cross-sectional, case-
control, and cohort that reported COVID-19 among patients
with MS and (2) written in English. The exclusion criteria
were as follows: (1) not reporting outcome of patients with
suspected or confirmed COVID-19, (2) preprint articles, (3)
reviews, animal studies, hypothesis, and in vitro studies, and
(4) articles reporting patients with Middle East respiratory
syndrome–related coronavirus and SARS-CoV.

Study Selection
Two authors (M.B. and O.M.) independently screened, re-
trieved, and excluded reports. The reviewers screened the title
and abstract of all retrieved articles. Both reviewers inspected
the full text of all potential articles. Any disagreement over
inclusion or exclusion of studies was resolved through feed-
back from a third reviewer (A.A.-S.).

Data Extraction
Data extraction was conducted by 2 reviewers (M.B. and S.V.)
separately. The data were extracted from eligible articles in-
cluding fist author’s name, first publication date, location of
study, type of study, number of patients with confirmed/
suspected COVID-19, number of patients with positive PCR
test, age, sex, Expanded Disability Status Scale (EDSS) score,
disease duration, course of disease (relapsing-remitting MS,
secondary progressive MS, primary progressive MS, and
clinically isolated syndrome), DMT exposure, comorbidity
(cardiovascular disease, diabetes mellitus, hypertension,
chronic pulmonary diseases, malignancy, smoking status,
obesity, and others), symptoms of COVID-19, and infection
outcome (number of patients who hospitalized/number of
death). This study was conducted in accordance with Pre-
ferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) guideline.

Quality Assessment
Two reviewers (M.B. and N.N.) independently rated the
quality of studies using the Newcastle-Ottawa Scale quality
assessments.7 Based on studies design, different tools were

Glossary
COVID-19 = coronavirus disease 2019; DMT = disease-modifying therapy; EDSS = Expanded Disability Status Scale; MS =
multiple sclerosis; PRISMA = Preferred Reporting Items for Systematic Reviews and Meta-Analyses; SARS-CoV-2 = severe
acute respiratory syndrome coronavirus 2; WHO = World Health Organization.
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used. Any disagreements were resolved by the senior re-
viewer (M.G.H.).

Outcomes
The primary outcome of the study was the assessment of
clinical characteristics of COVID-19 among patients with MS.
The secondary outcomes included assessment of hospitali-
zation risk factors and proportion of patients required hos-
pitalization, mortality rate, and relation to specific DMTs.

Data Presentation
We used descriptive analysis to report the results. Descriptive
statistics were reported as mean ± SD for continuous variables
and frequency (%) for categorical variables. Aggregated data
were weighted by the number of patients and then combined
with individual data. The proportion of patients with MS
hospitalized and death among patients with suspected/
confirmed COVID-19 with MS that reported in included
studies were measured.

Results
Search Result
The PRISMA flowchart is shown in figure 1. A total of 2,679
articles were initially identified. After removal of duplicates,

2,175 articles remained. In the end, 67 published articles
consisting of 1,739 suspected/confirmed patients met the
inclusion criteria. Among 3,138 conference abstracts, a total of
20 abstracts reporting 2,571 patients withMS with suspected/
confirmed COVID-19 were eligible for inclusion in the re-
view. Totally, 87 studies consisting of 4,310 patients across 16
countries were included in our systematic review (figure e-1,
links.lww.com/NXI/A476). The quality of evidence for each
article is documented in table e-1 in appendix e-1.

Study Characteristics
The characteristics of each study are presented in table e-2,
links.lww.com/NXI/A476. In terms of study design, 48 (45
published articles and 3 abstracts) studies were case reports/
series,8,9,e12-e54,e62-e64 4 (2 articles and 2 abstracts) were
pharmacovigilance case series,10,11,e10,e11 18 (13 articles and 5
abstracts) were cross-sectional,12-18,e2-e9,e59-e61 and 17 (7 ar-
ticles and 10 abstracts) were cohort studies.19-30,e1,e55-e58

Demographic and clinical characteristics of COVID-19 in-
fection in patients are presented in table 1 and table e-3 in
appendix e-1.

Presentation of COVID-19 in Patients With MS
The main clinical characteristics of COVID-19 among pa-
tients with MS were fever (68.8%), cough (63.9%), fatigue/
asthenia (51.2%), shortness of breath (39.5%), headache

Figure 1 Flowchart of the Study
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Table 1 Demographic and Clinical Characteristics of COVID-19 Infection in Patients With MS

Characteristics N (%) or mean (SD) No. of patients
Study reporting
characteristics

Age 44.91 (4.31) 3,249 79

Sex, female/male 2,738/1,084 (2.53:1) 3,860 82

Disease duration 12.46 (2.27) 2,479 56

EDSS score 2.54 (0.81) 1,365 50

Course of MS

Relapsing 1,241 (77.6) 1,599 57

progressive 261 (16.3)

CIS 10 (0.6)

Comorbidity

Patients with any comorbidity 299 (32.9) 910 44

HTN 357 (22.0) 1,621 44

CAD 107 (6.6)

DM 193 (11.9)

Malignancy 124 (7.6)

Lung disease 168 (10.4)

Symptoms

Fever 645 (68.8) 937 59

Cough 599 (63.9) 937 59

Fatigue/asthenia 438 (51.2) 855 57

Shortness of breath 363 (39.5) 919 59

Headache 288 (34.4) 836 58

GI complication 148 (16.4) 902 58

Anosmiaa 78 (16.2) 480 56

Ageusiaa 51 (10.6) 480 56

Asymptomatic 70 (5.3%) 1,312 64

DMTs

B cell–depleting agents 510 (21.9) 2,325 80

Dimethyl fumarate 276 (11.9)

Fingolimod 219 (9.4)

Natalizumab 212 (9.1)

Glatiramer acetate 127 (5.5)

Interferon 277 (11.9)

Teriflunomide 137 (5.9)

Cladribine 98 (4.2)

Alemtuzumab 40 (1.7)

No DMT 312 (13.4)

Continued
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(34.4%), and gastrointestinal complication (16.4%). Anosmia
and ageusia were reported by 16.2% and 10.6% of patients,
respectively. In total, only 70 asymptomatic patients with MS
(of 1,312 cases; 5.3%) have been reported.

COVID Infection Outcomes in Patients With MS
The proportion of patients hospitalized to all suspected/
confirmed cases was 20.7% (837 of 4,043 patients). Three
published articles provided information on hospitalization risk
factors.19-21 In these studies, hospitalization was more common
among patients with older age, progressive course, and higher
disability. Moreover, male sex,20,21 comorbidity,20,21 and
obesity19,20 were more frequently present among hospitalized
patients.

In total, 130 patients with MS (3.0% of all suspected/
confirmed COVID-19 cases) died of COVID-19. The in-
cluded articles and conference abstracts reported mortality
rate of 2.2% (39 of 1,739 patients)8,9,12,14-16,19-22,24 and 3.5%
(91 of 2,571 cases),10,11,17,18,25-30 respectively. The de-
mographic and clinical characteristics of these patients are
presented in table 2.

Effects of DMTs on COVID Infection Outcomes
in Patients With MS
The most frequently used DMTs was B cell–depleting ther-
apies (rituximab and ocrelizumab) in the entire cohort, fol-
lowed by interferons, dimethyl fumarate, and fingolimod
(table 1). The frequency of hospitalization in patients re-
ceiving B cell–depleting agents was 29.2% (117/400), 20.6%
(13/63) in teriflunomide, 14.7% (18/122) in fingolimod,
14.5% (9/62) in glatiramer acetate, 13.9% (15/108) in di-
methyl fumarate, 13.0% (10/77) in cladribine, 11.1% (2/18)
in alemtuzumab, 11.0 (18/164) in interferon, and 10.1% (11/
109) in natalizumab. Patients with no treatment had hospi-
talization rate of 42.9% (48/112).

The mortality rate among suspected/confirmed patients re-
ceiving B-cell depleting agents was 2.5% (12/488), 1.7%
(4/241) in interferons, 1.6% (2/127) in teriflunomide, 1.1%
(2/189) in natalizumab, 0.8% (1/117) in glatiramer acetate,
0.5% (1/192) in fingolimod, and 8.4% (24/285) in those on
no DMT. Among patients who died of COVID-19 infection
with their medication reported, no patients were on cladribine

or alemtuzumab. The outcome of COVID-19 according to
DMT class was summarized in table e-4, links.lww.com/NXI/
A476.

Discussion
The aim of the current study was to determine the charac-
teristics and outcome of COVID-19 infection in patients with
MS. In this review, all studies in the literature, which assessed
COVID-19 among MS that met the review criteria, were in-
cluded. In total, our study consisted of 87 studies including
4,310 patients with MS with suspected/confirmed COVID-
19 infection.

The frequency of asymptomatic individuals in the general
population is estimated up to 45% of all infected cases.31 The
low percentage (5.3%) of asymptomatic COVID-19 among
patients with MS compared with the general population could
be attributed to the fact that there are limited studies that have
tested MS cohorts for antibodies to determine the rates of
asymptomatic infection in this population. In total, 837 of
4,043 patients with MS with suspected/confirmed COVID-
19 (20.7%) required hospitalization. The rate of hospitaliza-
tion among patients with COVID-19 varies with age, sex, and
presence of comorbidities.32-35 It is estimated that 1% of in-
dividuals younger than 20 years to about 20% of those aged 70
years or older would need hospitalization.32 Hospitalization
rates also vary according to the location of the study, race, and
phase of pandemic ranging from 2.9 to 30% of all COVID-19
cases.36-38 It seems that the hospitalization rates in patients
with MS fall in the reported range for the general population;
however, this has to be interpreted with caution as the de-
mographic characteristics of patients with MS are generally
younger and more female predominant than the general
population, which should automatically put this cohort of
patients at lower risks of hospitalization. Further studies are
required to report outcomes after adjustment for variables
that increase the rate of hospitalization in general population
(e.g., age, sex, and race).

Among the included studies, 3 articles evaluated risk factors of
hospitalization due to COVID-19 infection among the MS
population.19-21 Older age, male sex, and having at least 1

Table 1 Demographic and Clinical Characteristics of COVID-19 Infection in Patients With MS (continued)

Characteristics N (%) or mean (SD) No. of patients
Study reporting
characteristics

PCR positive test 763 (35.1) 2,173 69

Hospitalized 837 (20.7) 4,043 83

Death 130 (3.0) 4,310 87

Abbreviations: CAD = cardiovascular disease; CIS = clinically isolated syndrome; COVID-19 = coronavirus disease; DM = diabetes mellitus; DMT = disease-
modifying therapy; EDSS = Expanded Disability Status Scale; GI = gastrointestinal; HT = hypertension; MS = multiple sclerosis.
a We excluded studies that reported the combined prevalence of anosmia and ageusia.
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Table 2 Characteristics of Patients Who Died of COVID-19

Case
no. Age Sex

Course of
disease

EDSS
score

Disease
duration Comorbidity DMT Reference

1 63 M SPMS 6.5 33 Diabetes None 12

2 67 M PPMS 7.5 2 CHD, diabetes, and HBV None 12

3 68 M SPMS 6 21 CVD, HTN, depression, and TBC DMF 12

4 82 M SPMS 6.5 33 Diabetes and BPD None 12

5 54 F SPMS 7 20 None RTX 12

6 50s M RRMS 1.5 23 Overweight None 20

7 30s F RRMS 3 5 Obesity TFL 20

8 50s M RRMS 3 5 Schizophrenia and obesity DMF 20

9 70s NR RRMS 5 47 None None 20

10 50s M PPMS 7 22 None RTX 20

11 60s SPMS 7.5 25 None None 20

12 80s NR SPMS 8 51 Chronic myelomonocytic leukemia None 20

13 60s NR SPMS 8.5 28 IHD and bronchial obstructive pulmonary
disease

None 20

14 80s NR PPMS 8.5 22 None None 20

15 60s NR SPMS 9 48 Colorectal cancer None 20

16 70s NR SPMS 9 35 HTN None 20

17 40s M SPMS 9.5 28 None None 20

18 42 M RRMS NR 18 Hodgkin lymphoma and ITB RTX 19

19 50 F RRMS NR 13 HTN, obesity, and hypothyroid None 19

20 60 F RRMS NR 19 CAD, HTN, and obesity Natalizumab 19

21 65 F SPMS NR 31 ITB and neurologic bladder with indwelling
Foley

None 19

22 66 M SPMS NR 33 Remote history of testicular and prostate
cancer and ITB

OCR 19

23 71 M SPMS NR 30 VTE and obesity GA 19

24 55 F SPMS 7.5 NR Myotonic dystrophy TFL 8

25 74 M SPMS 8.5 NR CAD, HTN, DM, COPD, and cardiomyopathy None 8

26 43 F SPMS 6.5 18 Hypothyroid RTX 14

27 59 M PPMS 4 NR Obesity None 21

28 57 M PPMS 7.0 NR Asthma and HTN None 21

29 59 M SPMS 5.5 NR COPD OCR 21

30 42 F RRMS 6.0 NR Severe cognitive impairment Fingolimod 21

31 NR NR NR NR NR Sjogren syndrome and hypothyroidism RTX 16

32 NR NR NR NR NR Morbid obesity RTX 16

33 74 M SPMS 7.0 NR NR None 15

34 51 F RRMS 6.5 14 Obesity, HTN, and rUTI Natalizumab 9

35a 76 M NR NR NR NR IFN 10

36a 57 F SPMS 9.0 18 NR None 25

Continued

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

http://neurology.org/nn


comorbidity were independently associated with hospitaliza-
tion among patients with MS, which are similar to risk factors
observed in the general population.32-35 Patients with more
disability as measured by the EDSS were at a higher risk of
severe COVID-19 infection.20

The COVID-19 mortality rate among all suspected and
confirmed cases with MS was 3.0%. TheWHO reports that as
of 22December 2020, a total of 2.2% patients died of COVID-
19 worldwide.6 The overall mortality rate of COVID-19 also
differs between different countries, 1.8% in the United States,
2.2% in Europe, 4.6% in Iran, 2.6 in Brazil, and 2.8% in Chile.6

The mortality rate is less than 1% in individuals aged 20–60
years and increases exponentially (more than 10%) after 60
years.39-42 Of 42 patients with MS who died of COVID-19, 8
(19.1%) were younger than 50 years and 21 (50.0%) patients
were older than 60 years. Fortunately, the overall mortality
rates in the MS cohort remain low at 3.0% in general, but
these rates are not adjusted for age, sex, and presence of
comorbidities.

There is a significant concern about the impact of different
DMTs on susceptibility and outcome of patients with MS
with COVID-19. Several guidelines and recommendations
from expert groups have been published.43-46 General agree-
ment exists that treatment of patients with MS with interferon
and glatiramer acetate does not increase the risk of severe
COVID-19, and interferon preparations may be even pro-
tective. There is concern that higher-efficacy medications in-
cluding S1P modulators, B cell–depleting therapies,
alemtuzumab, and cladribine may increase the risk of severe
COVID-19 in patients with MS. In a study investigating
outcome of COVID-19 among French patients with MS,
DMT use was not independently associated with COVID-19

severity.20 This was further supported by a study from New
York, which showed no difference between hospitalized and
non-hospitalized groups in the terms of DMT exposure.19

Moreover, it has been suggested that B-cell depletion agents,
particularly rituximab,13,16 and cladribine/alemtuzumab23

may increase the risk of susceptibility to COVID-19. Evan-
gelou et al.47 showed that patients with high efficacy therapies
were less likely to have COVID-19 compared with those with
no DMT.

After pooling all patients and calculating the hospitalization
and mortality rates for each DMT, the highest hospitalization
rate was in patients with no DMT (42.9%), followed by
B cell–depleting agents (29.2%), teriflunomide (20.6%), and
fingolimod (14.7%). The highest mortality rate was in pa-
tients with no DMTs (8.4%), followed by B-cell depletion
agents (2.5%), interferon (1.7%), teriflunomide (1.6%), and
natalizumab (1.1%). Although it may appear that patients on
no DMTs have higher mortality and hospitalization rates,
however, this is confounded by the general practice that older
patients or those with advanced terminal stages of MS are
usually not treated with DMT as the risk outweighs the
benefit in this group of patients. The hospitalization and
mortality rates among patients receiving B cell depleting are 2
times higher than other DMTs. However, given prior reports
of potential increased risk of COVID-19 in patients treated
with B-cell therapies, the high hospitalization and mortality
rates in this group should be studied in more details. It could
be argued that high hospitalization rate of teriflunomide may
be due to small number of reported patients. The hospitali-
zation and mortality rates of DMTs therefore need to be
interpreted with caution. Almost all patients with MS who
died of COVID-19 were at high risk for developing severe
COVID-19 because of age, comorbidity, or severe MS

Table 2 Characteristics of Patients Who Died of COVID-19 (continued)

Case
no. Age Sex

Course of
disease

EDSS
score

Disease
duration Comorbidity DMT Reference

37a 53 M SPMS 9.0 Unknown NR None 25

38a 48 M SPMS 4.0 3 NR RTX 25

39a 61 M SPMS 7.5 27 NR None 25

40a 55 M SPMS 8.0 18 NR None 25

41a 68 NR Progressive 4.5 NR Having comorbidity None 26

42a 68 NR Progressive 8.5 NR Having comorbidity None 26

43a 42 NR NR NR NR NR IFN 11

44a 49 NR NR NR NR NR IFN 11

Abbreviations: BPD=borderline personality disorder; CAD= cardiovascular disease; CIS = clinically isolated syndrome; COPD= chronic obstructive pulmonary
disease; COVID-19 = coronavirus disease; CP = cyclophosphamide; CVD = cerebrovascular disease; DM = diabetes mellitus; DMF = dimethyl fumarate; DMT =
disease-modifying therapy; EDSS = Expanded Disability Status Scale; GA = glatiramer acetate; HT = hypertension; IFN = interferon; IHD = ischemic heart
disease; ITB = intrathecal baclofen pump; MMF = mycophenolate mofetil; MTX = methotrexate; NR = not reported (information not available); OCR =
ocrelizumab; PPMS; primary progressive multiple sclerosis; RIS = radiologically isolated syndrome; RRMS = relapsing-remitting multiple sclerosis; RTX =
rituximab; rUTI = recurrent urinary tract infection; SPMS = secondary progressive multiple sclerosis; TFL = teriflunomide; VTE = venous thromboembolism.
a Abstract data.
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disability. Taken together, based on the current literature and
small number of fatalities, it seems that MS may not dra-
matically increase the mortality rate from COVID-19.

Diagnosis of COVID-19 in 763 (of 2,173) patients with
MS (35.1%) was confirmed by PCR; however we cannot
determine the seropositivity among patients with MS be-
cause most suspected patients were not tested for the
presence of antibodies. There are some similarities and
differences between clinical features of COVID-19 repor-
ted by studies on MS and those described among the
general population.48,49 Fever was the most common
symptoms among patients with MS and the general
population.48-50 The prevalence of cough, shortness of
breath/dyspnea in 63% and 39.5% among infected patients
with MS with COVID-19 is broadly similar to those
identified in other studies on the general population.51 The
pooled incidence of fatigue among all patients with
COVID-19 is reported to be 46%,49,51 which is lower than
of 51.2% reported in patients with MS. This difference may
be explained by the fact that fatigue is one of the most
common symptoms among patients with MS, and nearly
75% of the patients report fatigue during the disease and
infections could worsen this symptom.52

Our study has several limitations. First, a meta-analysis was
not possible due to heterogeneity of studies. Second, it has
been suggested that a significant proportion of individuals
developed asymptomatic and mild COVID-19, but most
patients in this study are symptomatic or admitted to a
hospital. Although it remains unknown what percentage of
patients with MS develop asymptomatic infection, it is
possible that severe COVID-19 is overrepresented in the
published literature, and the findings could not be extrap-
olated to the whole MS population. Third, most of the
studies included are case reports/series or based on a small
sample of participants. Fourth, without large multicentric
studies and results from local and global COVID-19 data
data sets,53 the effect of DMTs on susceptibility and severity
of COVID-19 remains unknown. Fifth, articles not pub-
lished in English and not report clinical information of pa-
tients with COVID-19 were excluded, so some studies on
the subject may not have been identified. Sixth, we cannot
ascertain the incidence of COVID-19 among patients with
MS. Population-based studies are needed to determine the
true incidence of COVID-19 among patients with MS.
Seventh, conference abstracts included inadequate data, and
the validity of the results is questionable without proper
peer review. However, inclusion of abstracts minimizes
publication bias and provides more data that were not
available in published format at the time of publication of
this work.

In conclusion, our systematic review comprehensively de-
tailed the demographic and clinical characteristics of patients
with MS with COVID-19 published to date. Fortunately, the
severity and mortality from COVID-19 in patients with MS

does not seem to be significantly higher than the general
population. However, further larger studies are needed to
study this topic closer with adjustments for COVID-19 risk
factors. Use of DMTs seems to be generally safe with no
significant increased risk of poor COVID-19 outcomes;
however, there may be a signal for B cell–depleting therapies
slightly worsening COVID-19 infection.
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CORRECTION

Discontinuation of Immunosuppressive Therapy in Patients With
Neuromyelitis Optica Spectrum Disorder With Aquaporin-4
Antibodies
Neurol Neuroimmunol Neuroinflamm 2021;8:e1013. doi:10.1212/NXI.0000000000001013

In the article “Discontinuation of Immunosuppressive Therapy in Patients With Neuromyelitis
Optica Spectrum Disorder With Aquaporin-4 Antibodies” by S.-H. Kim et al,1 Su-Hyun Kim’s
contributions listed in the appendix should be “Drafting/revision of the manuscript for content,
major role in the acquisition of data, study concept or design, and analysis or interpretation of
data.” The publisher regrets the error.

Reference
1. Kim S-H, Jang H, Park NY, et al. Discontinuation of immunosuppressive therapy in patients with neuromyelitis optica spectrum

disorder with aquaporin-4 antibodies. Neurol Neuroimmunol Neuroinflamm 2021;8:e947. doi: 10.1212/NXI.0000000000000947.
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CORRECTION

Systemic Inflammation Is Associated With Neurologic Involvement
in Pediatric Inflammatory Multisystem Syndrome Associated With
SARS-CoV-2
Neurol Neuroimmunol Neuroinflamm 2021;8:e1023. doi:10.1212/NXI.0000000000001023

In the article “Systemic Inflammation Is Associated With Neurologic Involvement in Pediatric
Inflammatory Multisystem Syndrome Associated With SARS-CoV-2” by Sa et al.,1 the first
sentence under Results in the Abstract should read, “75 patients with PIMS-TS were identified,
9 (12%) had neurologic involvement: altered consciousness (3), behavioral changes (3), focal
neurology deficits (2), persistent headaches (2), hallucinations (2), excessive sleepiness (1),
and new-onset focal seizures (1).” The authors regret the error.
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0000000000000999.
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