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Josep Dalmau,MD, PhD, FAAN,Marinos C. Dalakas, MD, FAAN, Dennis L. Kolson, MD,
PhD, Friedemann Paul, MD and Scott S. Zamvil, MD, PhD

N2 year in review
Neurol Neuroimmunol Neuroinflamm January 2020 vol. 7 no. 1 e644. doi:10.1212/NXI.0000000000000644e644

2019 has been a very good year for our journal. N2 was included in MEDLINE and in June
received its first impact factor, a competitive 7.353. We have been fortunate to recruit Dr.
Marinos Dalakas to our team of International Associate Editors. Dr. Dalakas is Professor of
Neurology at the University of Athens (Greece) and JeffersonUniversity (Philadelphia, PA). His
remarkable knowledge on inflammatory and autoimmune neuromuscular diseases will be a great
asset to the journal. These accomplishments and successes would not have been possible without
the growing number of readers, the increasing number of manuscript submissions, and the
generosity of our reviewers who freely give their time to the journal. To all, we send our
appreciation.

In the 2018N2 Year in Review,1 I wrote some comments related to how the immune checkpoint
inhibitors (ICIs) had revolutionized the treatment of cancer. I noted the concern of several
investigators about the immune-related adverse effects (irAEs) of these drugs, potentially
leading to an increase in patients with autoimmune or paraneoplastic neurologic syn-
dromes. This concern still exists, although a recent review indicated a relatively low number
of irAEs that fulfilled criteria of paraneoplastic syndromes, including the presence of im-
mune responses specifically directed against antigens expressed by the tumor and the
nervous system (onconeuronal antigens).2 Indeed, the authors identified only 14 reported
cases (2 with Ma2 antibody–associated syndromes) that fulfilled these criteria. Much more
frequent, however, were neurologic irAEs unrelated to these mechanisms (e.g., without onco-
neuronal antibodies) and mediated by other inflammatory or autoimmune responses, including
polyneuropathy, Guillain-Barré syndrome, myasthenia gravis, aseptic meningitis, myelitis, or
myositis.2,3

During this past year, several studies on ICIs have shown “adverse effects” (e.g., facilitating the
occurrence of paraneoplastic syndromes), whereas other studies have shown “beneficial effects”
such as the use of ICIs as potential treatments for progressive multifocal leukoencephalopathy
(PML). In the November issue of N2, Vogrig et al.4 retrospectively reviewed a cohort of 50
patients with Ma2 antibody–associated paraneoplastic syndromes and identified 6 who de-
veloped the syndrome after treatment with ICIs. None of these 6 patients had seminoma or
testicular germ cell tumors, which were found in 25% of the rest of the cohort. The authors did
not find differences between the neurologic features of the ICI-associated cases compared with
the other anti-Ma2 cases. All 6 patients were treated with steroids and removal of the ICI, and
some received plasmapheresis or rituximab. Four of the patients died (3 from the neurologic
disease and associated complications), and the other 2 had moderate to severe disability. During
the 12-month period in which the 6 patients with ICI-associated anti-Ma2 syndromes were
identified, a total of 17 patients were diagnosed with anti-Ma2 syndrome. Before this, the annual
number of patients with anti-Ma2 syndromes diagnosed in this reference center was relatively
stable with a median of 4 cases per year. Although the reason for the overall increase in the
number of patients with anti-Ma2 syndrome is unclear, it is remarkable that almost 1/3 had

From the ICREA-IDIBAPS Hospital Cĺınic, University of Barcelona (J.D.), Spain; University of Pennsylvania (J.D., D.L.K.), Philadelphia; University of AthensMedical School (M.C.D.), Athens,
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received ICIs. Overall, the finding suggested that we should
remain vigilant for an increase of other paraneoplastic neuro-
logic syndromes as ICIs are increasingly available for a wide
variety of cancers. Given that low titers of paraneoplastic
antibodies (e.g., Hu, Ri, or Yo, among others) occur in some
patients with cancer without paraneoplastic syndromes,5–7

several investigators have suggested that testing for these
antibodies before treating patients with ICIs may help to
identify those that are at risk of developing paraneoplastic
syndromes. This can be particularly useful for patients with
tumors that have propensity to associate with paraneoplastic
syndromes, such as small-cell lung cancer.2

PML is a severe disease of the brain that usually affects
immunosuppressed patients and results from reactivation of
the polyomavirus JC (JCV) and infection of oligodendrocytes
and, to a lesser extent, astrocytes. Because there are no specific
anti-JCV drugs, the only treatment strategy is to restore the
function of the immunologic system. Although ICIs were ini-
tially designed to enhance tumor cell–specific responses,
anti–program cell death-1 monoclonal antibodies (PD1-abs)
have recently been used to treat PML. In the first group of
publications that included a total of 10 patients treated with
a PD1-ab, 7 showed mild to substantial improvement, 1 who
was stable before initiating the treatment remained stable, and
2 deteriorated.8–10 Two additional patients were recently
reported in N2, and both showed no improvement with PD1-
ab. One was considered to be a good candidate for the drug
(young age, with a primary immunodeficiency syndrome, not
previously treated with immunosuppression, limited MRI
lesions, and low CSF viral load), was treated with PD1-ab at
very early stage of the PML, and received more doses than
those reported in patients who improved, but had relentless
progression to death.11 The second case had several immu-
nosuppressive disorders, a very high viral load, and died after 2
infusions of the PD1-ab. An interesting observation was that
this patient had fewer progenitor-exhausted T cells and more
terminally exhausted T cells compared with a previously
reported patient who had a favorable outcome.12 Thus, the
authors postulated that patients with PML deprived of
progenitor-exhausted T cells (which have the ability to revert
from exhausted to active) may be those who do not respond to
PD1-ab. In addition, preliminary data from both patients
suggested that JCV-specific CD4+ T cells may be more im-
portant than CD8+ T cells in keeping JCV on check.12

Moving to a different topic, a study of a series of 17 patients
with serum glycine receptor (GlyR) antibodies was published
this year in N2. Thirteen of these patients developed stiff-
person syndrome accompanied by parkinsonism or cerebellar
signs. In addition, 10 patients had various visual symptoms
(spider web-like images, palinopsia, photophobia, hallucina-
tions, and synesthesia, among others), and another 3 presented
with primarily autoimmune epilepsy with psychiatric symp-
toms.13 These findings are in contrast with a series of 14
patients in which the most prevalent symptoms were seizures
and epilepsy in 8 cases and progressive encephalomyelitis with

rigidity and myoclonus (PERM) in only 3. Among the
remaining 3 patients, 1 had global fatigable weakness with
sustained clonus, another had laryngeal dystonia, and the other
had hemiballismus with tics.14 Of interest, the frequency of the
symptoms in this study is actually different from that reported
in a review by the same authors of 187 previously reported
patients, in which 48% had PERM, 22% epilepsy, and the
remaining 30% mixed phenotypes (cerebellar ataxia, move-
ment disorders, demyelination, encephalitis, and cognitive
dysfunction).14 To understand the discrepancies of these 2
studies,13,14 we need to examine the features they have in
common. For example, neither of them examined systemati-
cally patients’CSF; in one study, the CSF was not examined,13

and in the other, only 3 of 14 patients had the CSF examined (2
of them without antibodies).14 Moreover, as soon as the GlyR
antibodies were identified in the patients, both studies took at
face value that the symptoms were linked to the antibodies.
There was little consideration for the fact that GlyR antibodies
can be detected in serum of patients with many different dis-
orders (e.g., AQP4 or MOG autoimmunity, MS, patients with
cancer without neurologic diseases, opsoclonus-myoclonus, or
cerebellar ataxia).15–17 Thus, it is not surprising that if enough
patients with the same disorder are investigated, a small per-
centage of seropositive cases will be identified. For example, in
another series of 238 patients with epilepsy, 13 (5%) had GlyR
antibodies in serum.18

These considerations are applicable to most autoimmune en-
cephalitides associated with neuronal surface antibodies. In-
deed, bearing in mind that (1) antibodies against neuronal
cell-surface antigens associate with autoimmune encephalitis
or myelitis, (2) patients may harbor antibodies only in CSF,
and (3) CSF neuronal antibodies are more disease specific
than serum antibodies, it is remarkable that in 2019, there are
still studies on autoimmune encephalitis in which CSF testing
is not considered. The lack of comprehensive studies (e.g.,
study of serum and CSF and use of appropriate controls)
interferes with the assessment of true associations between
antibodies and diseases, promotes uncertainty (any antibody
can cause any symptom), and may have important con-
sequences in the diagnosis and treatment of patients. These
may include not treating patients who should be treated (e.g.,
patients in whom antibodies are present in CSF but missed
with serum only testing19) or using immunotherapy in patients
who may not have an autoimmune disease (e.g., patients with
antibodies only in serum and unrelated neurologic symptoms).
This is reminiscent of the history of VGKC complex antibodies
and its ever increasing “expansion of the phenotype” due to
resistance to accept that their utility was more than question-
able, leading to frequent misdiagnosis and exposure of patients
to unwarranted therapies.

In recent years, several autoimmune, multisystemic, or
fibroinflammatory disorders have been identified based on the
presence of antigen-specific autoantibodies of the IgG4 sub-
class.20 In Neurology, IgG4 antibodies are largely represented
by 2 immunologically distinct neuromuscular diseases, MuSK
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antibody–positive myasthenia gravis (MuSK-MG) and
antinodal/paranodal antibody-mediated CIDP. These dis-
orders are clinically important because they exhibit poor
response to IVIg or plasmapheresis, and they are immuno-
logically unique because IgG4 antibodies cannot bind com-
plement or many Fc receptors on immune cells, and they are
able to exchange Fab-arms with other IgG4 molecules. As
a result, IgG4 antibodies are viewed as functionally bispecific
and monovalent, unable to engage in antigen cross-linking and
internalization. Although their immunopathogenicity is not
completely understood, there is convincing evidence, mostly
from autoimmune neuromuscular diseases studies, that IgG4
antibodies function by blocking enzymatic activity or protein-
protein interactions of their target antigens. The past year, the
field has further advanced with new information regarding the
association of Ig4 antibodies with distinct neurologic pheno-
types and their effect on antigenic targets.

Huijbers et al.21 in the May issue provide new insights on the
function of IgG4 antibodies in MuSK-MG. They generated
monovalent Fab fragments from patient-derived recombinant
IgG4-MuSK antibodies and investigated the functional effects
of bispecificity and monovalency of Fab-arm–exchanged
antibodies in a tissue culture model. They report that
recombinant monovalent MuSK IgG4 engages in bivalent
monospecific antibody-antigen interactions. Although the
monovalent anti-MuSK blocks MuSK signaling and AChR
clustering, the bivalent anti-MuSK stimulates MuSK phos-
phorylation and partially induces AChR clustering. It seems
that the IgG4 MuSK antibodies require Fab-arm exchange of
IgG4 to be more functionally monovalent to become patho-
genic; in other words, depending on the number of MuSK
binding sites, MuSK antibodies can either act as MuSK agonist
or antagonist. The work has practical implications in antibody-
mediated autoimmunity because inhibition of Fab-arm ex-
change might have therapeutic potential not only in MuSK
MG but also in other IgG4-mediated autoimmune disorders.

A breakthrough in CIDP autoimmunity has been the remark-
able observation that some patients, especially with an atypical
CIDP phenotype highlighted by severe subacute neuropathy,
tremor, and sensory ataxia, do not respond to IVIg or plasma-
pheresis and have IgG4 antibodies to nodal/paranodal antigens
directed against neurofascin-155 (Nfasc155), neurofascin-140/
186 (Nfasc140/186), contactin-1 (CNTN1), and contactin-
associated protein-1 (Caspr1).22 These major observations
were now confirmed in a larger multicenter study providing
further data on the IgG4 phenotypes and their pathogenicity.
Cortese et al.23 in the January issue found the incidence of
these antibodies in 5.5% among 342 Italian patients with
CIDP; of those, 9 had antibodies against the paranodal
Nfasc155, 1 against both the nodal Nfasc140/186 and the
paranodal Nfasc155, 3 against CNTN1, and 6 against Caspr1.
Anti-Caspr1 IgG4 was shown to penetrate paranodal regions
and disrupt the integrity of the Nfasc155/CNTN1/Caspr1
complex, consistent with the effect of IgG4 in disrupting
protein-protein interactions of the targeted antigens.21–23 A

useful observation that emerged from this study is that IgG4
antinodal/paranodal antibodies were not only restricted to
patients with the originally described atypical CIDP
phenotype,24,25 but they are relevant to all patients with CIDP
fulfilling the EFNS/PNS criteria. The same message was re-
iterated in the September issue by Carrera-Garcia et al.26 who
reported the first child with relapsing CIDP and IgG-4 anti-
bodies against contactin-1, poorly responding to IVIg. Both
studies strengthen the view that testing for antibodies against
nodo-paranodal proteins is needed for all adults and pediatric
patients with CIDP refractory to conventional therapies.

The complexity of nodal/paranodal antibodies was further
highlighted in 2 patients with autoantibodies against 2 different
neurofascin (NF) isoforms.27 In contrast to the aforemen-
tioned characteristic phenotype associated with antibodies
against the paranodal NF-155–specific Fn3Fn4 domain, a dif-
ferent phenotype was identified in patients who had IgG3
antibodies against all the NF isoforms. The anti–pan-NF-
associated CIDP was characterized by a more aggressive
course, tetraplegia and cranial nerve involvement indicating
that IgG3 antibodies directed against both NF epitopes, the
paranodal NF-155 and the nodal NF-140/186, define a differ-
ent clinical phenotype. In contrast to IgG4, IgG3 autoantibodies
activate complement and have a strong proinflammatory effect,
hence their association with more severe disease. Although the
underlying mechanism of multiple epitopes remains unclear,
intramolecular epitope spreading could be an explanation, as
seen in other autoimmune diseases. Collectively, these studies
strengthen the clinical importance of antinodal/paranodal
proteins not only in defining phenotypes but also in highlight-
ing that these patients have a severe disease poorly responding
to IVIg and plasmapheresis necessitating early intervention with
more effective therapies aiming at downregulating the humoral
immune response. Rituximab is currently the preferred agent for
all IgG4-related diseases,20,28 and it is likely effective by de-
pleting the Nfasc155, Nfasc140/186, CNTN1, Caspr1, and
MuSK-reactive B cells.

At least 12 other autoimmune multisystemic or lymphoproli-
ferative diseases are hallmarked by the prototypic IgG4-related
syndrome (IgG4-RD).20 Neurologic manifestations can be
seen as part of the multiorgan fibroinflammatory involvement,
mostly represented by meningeal and spinal cord disease and
often presented as hypertrophic pachymeningitis and hypo-
physitis. In this context, Levraut et al.29 in the July issue report
on 2 cases of hypertrophic pachymeningitis and suggest that
PET imaging increased intrathecal IgG4 levels, and histo-
pathologic studies are essential in arriving at proper diagnosis
and early therapy initiation.

In persons living with HIV (PLWH), the persistence of the
virus within the CNS and in lymphoid tissues continues to be
a major challenge in the effort to “cure” HIV infection and to
prevent complications such as HIV-associated neurocognitive
disorders.30 Although suppressive antiretroviral therapy
(ART) effectively prevents the development of CNS
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opportunistic infections and fulminant HIV encephalitis, it
does not fully protect against the development of neuro-
cognitive dysfunction.31 Therefore, neuroprotective therapies
to use in conjunction with ART are being sought, as are plasma
andCSF biomarkers thatmight identify patients at risk ofHIV-
driven neurocognitive dysfunction.

In the May 2019 issue of N2, a review by Ambrosius et al.32

discusses the potential use for anti-neuroinflammatory drugs as
adjunctive agents for treatment and/or prevention of HIV-
associated neurocognitive disorders in PLWH. Evidence sug-
gests that even during effective ART suppression of HIV
infection (i.e., undetectable plasma and CSF HIV RNA), im-
mune activation, oxidative stress, and inflammation persist to
some degree within the CNS and also within peripheral tissue
compartments.33 In this sense, the neuropathogenic mecha-
nisms that characterize virally suppressed HIV infection of the
CNS resemble those of MS, and drugs that target these
pathways and that can be used in conjunction with ART are
being investigated. Furthermore, such drugsmight be expected
to have beneficial effects not only within the CNS but also
within other tissue compartments (e.g., cardiovascular system)
affected by immune activation, oxidative stress, and in-
flammation in PLWH. Among those MS drugs discussed by
Ambrosius et al. as potential candidates are several developed
for the treatment of MS, including dimethyl fumarate (anti-
inflammatory, antioxidant; use in PLWH also discussed in
reference 34), fingolimod (inhibitor of T-lymphocyte traf-
ficking), teriflunomide (inhibitor of T- and B-lymphocyte
proliferation), and natalizumab (inhibitor of T-lymphocyte
trafficking). Each of these drugs indeed targets critical points in
the HIV neuropathogenesis cycle, including the trafficking of
infected T lymphocytes out of lymph nodes and across the
blood-brain barrier, proinflammatory signaling (NF-kB and
others), and production of reactive oxygen species, among
others. The ability of fingolimod to retain antiviral
T lymphocytes in lymphoid tissues in the simian immunode-
ficiency virus (SIV) rhesus macaque model of HIV patho-
genesis has generated interest in its potential to limit SIV/HIV
persistence in situ.35 Additional studies are certain to follow.

However, resistance to the use of such immunomodulating
and/or immunosuppressive MS drugs associated with lym-
phocytopenia for treatment in PLWH appears to be common
among neurologists, and concerns about possible complica-
tions deserve robust discussion. It should be noted, however,
that PLWH who are virally suppressed by ART sustain CD4+

T-lymphocyte counts with long-standing immunosuppressive
therapy after kidney and liver transplantation, without in-
creased risk of opportunistic infections or premature death
(reviewed in Ref. 36). As chronic inflammation in PLWH and
associated end-organ effects become more aggressively tar-
geted, one may anticipate that immunomodulating MS drugs
will receive more and more attention for use in PLWH.

Attending to the need for identification of associative and
predictive biomarkers for the development of HIV-associated

neurocognitive disorders, Gisslen et al.37 (January 2019 N2
issue) have correlated CSF levels of soluble TREM2 (a specific
macrophage/microglia activation marker) with CSF levels of
NFL in PLWH. Archived CSF samples from 112 adult PLWH
and 11 HIV-negative controls (all collected between 1999 and
2014, irrespective of neurocognitive status and ART suppres-
sion) were analyzed for sTREM2, neopterin (a marker of ac-
tivation of macrophages, microglia, and astrocytes), and NFL.
CSF sTREM2 levels correlated strongly with neopterin and
evenmore strongly with NFL. The correlation of CSF sTREM
with severe neurocognitive dysfunction, seen typically in un-
controlled CNS HIV infection and not in ART-suppressed
infection, suggests that it will not be a sensitive biomarker for
neurocognitive dysfunction in ART-suppressed patients. Fur-
thermore, although 36% of patients on suppressive ART had
elevatedCSF neopterin comparedwith controls, none of those
patients had elevated sTREM2. Because TREM2 is considered
specific to cells of monocyte lineage, the investigators con-
cluded that a significant component of the residual CNS in-
flammation present in ART-suppressed PLWH may result
from activation of cells (astrocytes and lymphocytes) other
than macrophages and microglia. This study has specific value
in providing evidence for multiple cellular contributors to
chronic CNS inflammation in PLWH, and it suggests that
assessing multiple CSF biomarkers (sTREM2, neopterin,
NFL, and others) may be necessary for accurately profiling
disease progression, clinical risk, and response to neuro-
protective therapies.

Finally, in the March 2019 issue of N2, Kamtchum-Tatuene
et al.38 presented an interesting study of ischemic stroke risk in
PLWH in sub-Saharan Africa, which linked elevated plasma
levels of ICAM-1 (activation of endothelia) with HIV infection
independently of stroke and other risk factors (ART use, di-
abetes, and hypercholesterolemia). Because this study involved
only 61 stroke cases (19 PLWH) and 168 nonstroke controls
(32 PLWH), it might be underpowered to detect the expected
association between HIV and stroke risk, but the detection of
significantly elevated plasma ICAM-1 in individuals receiving
ART suggests persistent endothelial activation in ART-treated
PLWH. However, this study adds to growing evidence sup-
porting the potential pathogenic effects of chronic in-
flammation and activation of multiple CNS-relevant cell
lineages (endothelia, macrophages, microglia, and astrocytes)
in ART-suppressed PLWH, and it also supports the impor-
tance of studying of HIV-associated CNS disease risks as
a worldwide issue.

In 2019, several articles published in N2 have made relevant
contributions to the areas of pathogenesis, biomarkers, and
treatment of MS. Individual MS risk is influenced both by
genetic susceptibility and environmental factors, such as EBV
infection, low vitamin D, smoking, obesity, and others.39–42

Recently, alterations of the gut microbiome in MS through
dietary habits have received increasing attention as possible
link between potentially modifiable environmental factors and
the immune system.43–46 However, previous human studies
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were limited by small sample sizes, enrollment of patients with
longer disease duration, and confounding effects of immuno-
modulatory therapy, thus precluding conclusions regarding the
causal influence of the gut microbiome on the MS immune
system, or in other words, leaving the “chicken or egg di-
lemma” unresolved.47 Katz Sand et al.48 investigated in a cross-
sectional study the effects of 2 widely used disease-modifying
drugs, glatiramer acetate (GA) and dimethyl fumarate (DMF),
on gut microbial composition. Stool samples from 168 par-
ticipants with MS from 2 MS centers (75 treatment naive, 33
on DMF, and 60 on GA) were collected, and 16S rRNA
amplicon sequencing was performed in parallel with immu-
nophenotyping from patients’ whole blood (at 1 center only)
to validate the expected effects of DMF and GA. Both drugs
were associated with alterations of the fecal microbiota com-
position, namely a decreased relative abundance of the Lach-
nospiraceae and Veillonellaceae families. Moreover, in patients
treated with DMF, there was a decreased relative abundance of
the phyla Firmicutes and Fusobacteria and the order Clos-
tridiales and an increase in the phylum Bacteroidetes. Both
drugs differentially affected metabolic pathways with some
overlap. This study demonstrates that DMDs may have
a profound impact on the gut microbiome inMS, which has to
be taken into account for future studies.

Two other studies have dealt with therapeutic modulation of
environmental factors inMS.Modulation of diet was proposed
to have beneficial impact on tissue damage and disease severity
in animal models of MS.49,50 Brenton et al.51 have now con-
ducted a pilot study to assess the safety and tolerability of a type
of ketogenic diet in patients with relapsing-remitting MS
(RRMS). Of 20 patients enrolled into this single-arm, open-
label 6-month trial, 19 adhered to the dietary regimen for 3
months and 15 for 6 months. Body mass index, total fat mass,
fatigue, and depression scores were significantly improved at
the end of the study, and the proinflammatory adipokine leptin
was reduced after 3 months on diet. Although this study was
not designed to prove a beneficial effect of a dietary in-
tervention on MS disease course, it has shown that nutrition
interventions are feasible in MS with good adherence, thus
warranting subsequent larger, randomized trials.

The second study by Camu et al.52 adds to the contentious
issue as to whether vitamin D supplementation is able to
modify MS disease course.53–55 The CHOLINE trial was
a randomized, double-blind, placebo-controlled, parallel-group
study in 181 patients with RRMS on stable immunomodula-
tory treatment with interferon beta-1a 44 μg SC 3 times weekly
and at least 1 documented relapse during the previous 2
years.52 Patients with low serum vitamin D (<75 nmol/L 25-
hydroxy vitamin D) were eligible and were randomized 1:1 to
either 100,000 IU of high-dose oral cholecalciferol or placebo
every other week add-on to interferon beta over 96 weeks. The
primary end point (change in the annualized relapse rate
[ARR] at 96 weeks) was not met. However, in 90 patients (45
per group) who completed the 2-year follow-up, efficacy
parameters (ARR, new T1 hypointense lesions, volume of T1

hypointense lesions on brain MRI, and EDSS progression)
significantly favored the active intervention, whereas there was
no difference between both completer groupswith regard to new
T2 and gadolinium-enhancing lesions and brain gray and white
matter volumes. The rate of adverse events was similar between
groups. Although the studywas negative in respect to the primary
end point, presumably due to lack of statistical power, and is
therefore not able to provide an unambiguous answer to the
question whether high-dose vitamin D supplementation bene-
ficially modifies MS disease course, it backs current clinical
management now adopted by many MS neurologists who sup-
plement low vitamin D levels in their patients.

The year 2019 in N2 has also provided us with some new
insights into biomarkers to monitor disease course and im-
munotherapy inMS. Brain atrophy that is believed to reflect at
least in part also the neurodegenerative component of MS and
is detectable on a group level from earliest disease stages56 has
long been proposed as marker to measure progressive tissue
loss over the course of the disease. Azevedo et al.57 in a longi-
tudinal study have now investigated the effect of normal aging
on brain atrophy in MS. Brain MRIs from 520 patients with
relapse onset MS and from 130 healthy controls, most of them
with more than 1 measurement time point, were investigated.
The rate of whole-brain atrophy attributable to MS changed
significantly with age and decreased from −0.38% per year at
age 30 years to −0.12% per year at age 60 years, whereas the
slope of normal aging atrophy increased from 0.01% per year at
age 30 years to −0.31% per year at age 60 years. Of interest, the
rate of MS-specific thalamic atrophy decreased from −0.59%
per year at age 30 years to −0.05% per year at age 60 years,
whereas the rate of normal aging atrophy increased from
−0.15% per year at age 30 years to −0.62% at age 60 years. By
contrast, in the putamen and the caudate nucleus, the con-
tributions of MS-specific atrophy and normal age did not
change substantially over the age span. This study suggests that
the trajectories of tissue loss attributable to MS and normal
aging, respectively, may differ across brain regions, which has
implications for the interpretation of brain volume changes in
clinical trials and with immunotherapy.

Another emerging imaging technique to visualize and quantify
neuroaxonal degeneration in autoimmune neuroinflammation
is retinal optical coherence tomography that seems to be in
closer proximity to clinical use in individual patients than brain
atrophy measurements.58–60 Cordano et al.61 have now in-
vestigated the value of OCT-derived measures of retinal neu-
rodegeneration to predict disability worsening in patients with
MS. This retrospective study in 305 patients with various
subforms of MS and a median follow-up time of 7.9 years
between OCT scan and most recent EDSS grading evaluated
the association of the baseline peripapillary retinal nerve fiber
layer thickness (pRNFL) and the subsequent EDSS score. The
authors report an increase in the EDSS score of 0.024 points,
with each 1-μmdecrease in the baseline pRNFL. Similar results
were obtained when adjusting for the presence of previous
optic neuritis episodes. In line with a previous report,62 this
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study shows that a pRNFL measurement may be useful to
prognosticate disability as long as 6–9 years later. Despite some
obvious limitations such as the use of the older time-domain
OCT technology, the retrospective nature of the study, and the
lack of a baseline EDSS score in all study participants, this work
supports the use of OCT in clinical patient management as
long as acquisition procedures comply with established quality
criteria.63

Initial investigations leading to the development of the anti-
VLA4 monoclonal antibody natalizumab (Tysabri) in MS
therapy focused on its role in inhibiting CNS recruitment of
T cells through the blood-brain barrier (BBB).64 Because
VLA4 is also expressed on B cells and monocytes, natalizumab
treatment may affect function of those cells and possibly
contribute to its therapeutic benefit. It is known that natali-
zumab treatment of patients with MS reduces accumulation of
B cells in CSF.65 Selective genetic deficiency of B-cell VLA-4
expression reduces CNS accumulation of B cells, proin-
flammatory Th17 cells, and monocytes in experimental auto-
immune encephalomyelitis (EAE) induced by MOG protein,
a model that requires B cells and leads to antigen-specific B-cell
activation.66 In the July issue of N2, Hussain et al.67 reported
on selective B-cell VLA-4 deficiency in a model of EAE that is
dependent on T cells, but not B cells, and observed that al-
though the absence of VLA-4 on B cells reduced CNS B-cell
accumulation, it did not alter EAE susceptibility. Their exciting
findings are consistentwith previouswork indicating that VLA-
4 expression on B cells is important in regulatory B-cell (Breg)
control of EAE68,69 and collectively highlight howB-cell VLA-4
expression may promote pathogenic and regulatory roles of
different B-cell subsets in CNS autoimmune disease, in-
cluding MS. In the same issue of N2, Sucksdorff et al.70

evaluated how natalizumab treatment of patients with MS
influenced activation of microglia, resident CNS innate im-
mune cells. Microglial activation was measured in 10 patients
with MS using the 18-kDa translocator protein (TSPO)-
binding radioligand [11C]PK11195 and PET imaging before
and after 1-year treatment with natalizumab. Natalizumab
treatment was associated with reduced microglial activation in
normal-appearing white matter and at the rim of chronic MS
lesions. Thus, their study demonstrated how natalizumab
treatment ofMSmay reduce activation of resident CNS innate
immune cells and established how TSPO-PET imaging can be
used as a tool to assess longitudinal changes in microglial ac-
tivation in NAWM and in perilesional areas in the MS brain in
vivo.

Although natalizumab is recognized as a very effective MS
therapy, its use can be associated with PML, a CNS infection
caused by the opportunistic JCV. Serum antibodies to JCV
serve as a surrogate marker for exposure to JCV, and the risk of
PML is increased with elevated titers. In theNovember issue of
N2, Largey et al.71 conducted a longitudinal observational
study analyzing serum and CSF samples before and during
natalizumab treatment of 15 patients withMS for antibodies to
JCV and other viruses, including measles, mumps, rubella, and

influenza, as well as certain bacteria. When comparing serum
and CSF antibody levels, they detected evidence of intrathecal
synthesis of anti-JCV antibodies in 20% of patients with MS
before natalizumab treatment. During natalizumab treatment,
intrathecal production of JCV antibodies was lost more fre-
quently in comparison to antigen-specific antibodies to other
neurotropic viruses and bacteria tested. Thus, their data sug-
gest that there is intrathecal production of JCV-specific anti-
bodies in a minority of patients and that there may be selective
reduction of intrathecal JCV-specific humoral immunity dur-
ing natalizumab treatment. Previous clinical investigations, and
recent experimental evidence from Hussain et al.67 and
Lehmann-Horn et al.,66,68 demonstrating that CNS penetra-
tion of B cells, like T cells, is VLA-4 dependent, raise the
possibility that reduction of intrathecal production of JCV-
specific antibodies could reflect decreased CNS recruitment of
JCV-specific B cells and/or T cells (i.e., T follicular helper),
which are required for B-cell differentiation into antibody-
producing plasmablasts and plasma cells. Further studies in-
cluding replication of these findings by Largey et al.71 in a larger
cohort will be important to determine whether reduction of
intrathecal humoral JCV-specific immunity translates to higher
risk of PML.

For several years, MOG antibodies have been well recog-
nized in acute disseminated encephalomyelitis and bi-
lateral optic neuritis. In 2014 and 2015, several groups
described patients with opticospinal disease mimicking
NMOSD that had MOG-specific antibodies, but not
AQP4-specific antibodies.72–74 At that time, there was con-
cern in classifyingMOG antibody–associated disease as a form
of NMOSD, as the pathophysiology of MOG-targeted and
AQP4-targeted diseases is distinct, the clinical course of these
conditions may not be identical, and patients with these 2
disorders may not respond to therapeutics in the same
manner.75,76 Since that time, the number of MOG antibody–
associated diseases has increased. In the March issue of N2, 2
groups described cases of patients with additional clinical
conditions associated with MOG antibodies.77,78 In 1 study,
Patterson et al.77 reported on 2 patients exhibiting signs of
small vessel CNS vasculitis. Both patients presented with fever,
headaches, and mental status changes, and 1 had cranial nerve
palsies. They had abnormal brain MRIs and brain biopsies
demonstrating lymphocytic infiltration of small vessels. With
presumed diagnosis of small vessel primary vasculitis, these
patients initially received cyclophosphamide and steroids.
While on that regimen, 1 patient developed optic neuritis.
MOG antibodies were detected in stored serum samples from
both patients, and rereview of the biopsies revealed absence of
fibrinoid necrosis, a pathologic requirement for the diagnosis
of small vessel primary vasculitis. Treatment was changed upon
recognition these patients had a MOG antibody–associated
disease. One patient had no more relapses on treatment with
rituximab, azathioprine, and low-dose prednisone, whereas the
other patient stabilized on a slow prednisone taper. In the
same issue of N2, Cobo-Calvo et al.78 identified 3 MOG
antibody–positive patients with radiologic and/or clinical

6 Neurology: Neuroimmunology & Neuroinflammation | Volume 7, Number 1 | January 2020 Neurology.org/NN

http://neurology.org/nn


involvement of their cranial nerves. One patient had in-
volvement at the root exit of the oculomotor nerve with
gadolinium enhancement that extended beyond the transition
between the CNS and the peripheral myelin. Labeled purified
serum IgG from each patient was tested on tissue specimens
from nonhuman primates (NHPs) (Cynomolgus macaques),
a species that expresses MOG protein that is highly homolo-
gous with human MOG. The serum IgG samples reacted to
myelin in the NHP brain tissue with the same pattern as
a MOG-specific monoclonal antibody used as a positive con-
trol and did not react with cranial nerves. AsMOG is produced
by oligodendrocytes within the CNS, absence of staining of
cranial nerves was not surprising. However, at this time, the
pathophysiologic mechanism(s) responsible for the cranial
nerve involvement in these patients with anti-MOG antibodies
is puzzling. Further studies are needed to determine whether
the MOG antibodies are pathogenic or if such antibodies are
a surrogate for a humoral or cellular immune response tar-
geting an antigen expressed in cranial nerves. Regardless, it is
important to be aware that the spectrum of conditions asso-
ciated with anti-MOG antibodies has grown, some of those
conditions may mimic other neurologic disorders, and treat-
ments may differ.

Last, we want to thank our reviewers. We are able to accept
only a minority of submitted manuscripts and must make
difficult decisions regardingwhich articles will most benefit our
readers and improve patient care. Your thoughtful comments
regarding experimental research investigations, the uniqueness
of study populations, novel methods and techniques, studies
that are particularly educational, or new strategies for di-
agnosing and treating neurologic disease are enormously
helpful and highly appreciated. Our gratitude for your dedi-
cation to reviewing for Neurology® Neuroimmunology & Neu-
roinflammation cannot be adequately conveyed.
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Myasthenia gravis (MG) with antibodies to muscle-specific kinase (MuSK) is an autoimmune
disease of the neuromuscular junction with some remarkable characteristics. Although MuSK is
expressed in all skeletal muscles, patients with this disease present with particularly cranial, bulbar,
and respiratory muscle weakness, leading to a relatively high frequency of respiratory crises.1

Despite several available immunosuppressive or immunomodulatory treatments, patients with
MuSK MG often retain residual muscle weakness and experience more often severe muscle
atrophy than patients with the more frequent MG with acetylcholine receptor (AChR) anti-
bodies.2 Symptomatic treatment with acetylcholinesterase inhibitors is usually ineffective or even
detrimental in MuSK MG,1 although 3,4-diaminopyridine might be effective in some patients.3

Therefore, treatment of MuSK MG today still mostly relies on immunosuppressive treatment.1

At the basis of the development of fatigable muscle weakness in patients with MuSKMG is the
trophic signaling cascade that enables the motor nerve terminal to instruct the muscle mem-
brane to differentiate into a mature postsynapse. MuSK is at the heart of this signaling cascade.
Several groups have shown that perturbation of MuSK signaling by binding of patients’ IgG4
MuSK antibodies leads to loss of this differentiation signal (MuSK phosphorylation), sub-
sequent synaptic disintegration, failure in neuromuscular transmission, and ultimately
fatigue.4,5 The predominance of IgG4 subclass autoantibodies is particularly important, as the
anti-inflammatory characteristics of this type of antibody imply that the disease mechanism,
response to therapy, and possibly also the etiology are different from other forms of MG with
IgG1 or IgG3 autoantibodies.

In this issue ofNeurology®: Neuroimmunology &Neuroinflammation, Huda et al.6 use the current
knowledge on the pathophysiology of MuSKMG to test a new therapeutic strategy by targeting
the muscle directly. NormalMuSK signaling/phosphorylation is normally halted by intracellular
Rous sarcoma gene (SRC) homology 2 domain-containing phosphotyrosine phosphatase 2 (SHP2).
Inhibition of this phosphatase results in spontaneous and agrin-independent MuSK phos-
phorylation and AChR clustering in vitro. Huda et al. tested whether an SHP2 inhibitor, NSC-
87877, could overcome the inhibitory effect of MuSK autoantibodies in mouse myotube
cultures. The study clearly shows improved MuSK activation levels, indicated by increased
MuSK phosphorylation and restoration of AChR cluster formation in MuSK autoantibody–
treated myofibers. AChR clusters in myotubes are generally considered immature, as they do
not express the adult epsilon subunit nor contain the complex morphology required for natural
neuromuscular junction transmission. In vivo, agrin (in combination with several other ex-
tracellular proteins) is considered critical for induction of maturation of the postsynaptic
structure and AChR clusters. A next exciting step will be to extend these observations in vivo
and confirm whether SHP2 inhibition can induce formation and maintenance of mature
postsynaptic structures also after prolonged exposure to patients autoantibodies. Downstream
of kinase 7 overexpression, another form of intracellular activation of MuSK phosphoryla-
tion, was shown successful in maintaining synapses in several neuromuscular disorders.7

Huda et al. show that their SHP2 inhibitor also increased the number of AChR clusters in
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downstream of kinase 7-overexpressing myotubes. A negative
effect of chronic activation of MuSK through SHP2 inhibition
in vivo is not expected, as chronic activation of MuSK phos-
phorylation with a monoclonal antibody in a mouse model for
amyotrophic lateral sclerosis showed positive effects on in-
nervation and did not show a deleterious effect.8 Importantly,
SHP2 is expressed in many cell types of the human body. The
authors discuss the potential off-target effects, especially the
risk of tumorigenesis, and suggest that based on current
knowledge, the risk of tumorigenesis is not increased.

When these technical challenges are overcome, SHP2 in-
hibition has the potential to become a new symptomatic
treatment for patients with MuSK MG. It is tempting to
speculate which other disorders with neuromuscular junction
impairment may benefit from strengthening synapses from
“the inside out” using SHP2 inhibitors.9
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Abstract
Objective
To describe the detailed clinical characteristics, immunotherapy, and long-term outcomes of
patients with anti-NMDA receptor (NMDAR) encephalitis in China.

Methods
A single-center, prospective study. Patients who met the diagnostic criteria were enrolled from
2011 to 2017 and followed up. The clinical features, treatment, and long-term outcomes were
collected prospectively. Factors affecting the long-term prognosis were analyzed.

Results
The study included 220 patients. The most common clinical presentations were psychosis
(82.7%) and seizures (80.9%). Of the patients, 19.5% had an underlying neoplasm; of which
ovarian teratoma was 100% of tumors in females and only one male had lung cancer. Most
patients (99.5%) received first-line therapy (glucocorticoids, IV immunoglobulin, or plasma-
pheresis alone or combined), and only 7.3% received second-line immunotherapy (rituximab,
cyclophosphamide alone, or combined). Long-term immunotherapy (mycophenolate mofetil
or azathioprine >1 year) was administered to 53.2% of patients. During the first 12 months,
207 (94.1%) patients experienced improvement, and 5 (2.3%) died, whereas 38 (17.3%)
experienced relapses. At 12-month follow-up, 92.7% had favorable clinical outcomes (modified
Rankin Scale score ≤2).

Conclusions
Patients in China present with psychosis and seizure frequently but have a low percentage of
underlying neoplasms. Re-enforced first-line immunotherapy is effective in managing anti-
NMDAR encephalitis in the acute phase. Although relapse is relatively common, with com-
bined first-line and long-term immunotherapy, most patients reached favorable outcomes.
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Anti-NMDA receptor (NMDAR) encephalitis is the most
common type of autoimmune encephalitis (AE), which is
associated with autoantibodies against neurosurface or syn-
aptic antigens.1–3 Since its first report in 2007,1 with the
proposed clinical approach,3 increasing numbers of anti-
NMDAR encephalitis cases were identified.

Differences in clinical characteristics and treatment strategies
of anti-NMDAR encephalitis were reported among races and
countries.4–10 Main barriers to AE management in China
consist of the availability of referral centers, the timeliness of
correct diagnosis, and financial concerns.11 In 2017, China
proposed a domestic consensus on the management of AE,
aiming to increase awareness of the disease and determine the
optimal treatment for Chinese patients.12 However, limited
data of clinical characteristics and long-term prognosis of
Chinese anti-NMDAR patients are available owing to few
reports with small sample size.9,11,13,14

Taking the advantage of Peking Union Medical College
Hospital (PUMCH) as the national referral center for com-
plicated disease, a prospective anti-NMDAR encephalitis
disease cohort was established to describe the clinical char-
acteristics, treatment regimen, and long-term outcomes of
patients with anti-NMDAR encephalitis in China.

Methods
Study design and population
In this study, patients with anti-NMDAR encephalitis were
enrolled consecutively at PUMCH between May 2011 and
December 2017. The inclusion criteria were as follows:
(1) acute onset of 1 or more of the 8 major groups of mani-
festations: psychosis, memory deficit, speech disturbance,
seizures, movement disorder, loss of consciousness, auto-
nomic dysfunction, and central hypoventilation; (2) CSF
tested positive for NMDAR antibodies (cell-based assay
[EUROIMMUN, Lübeck, Germany]); and (3) reasonable
exclusion of other disorders.

To better understand the clinical characteristics, we also
recorded the co-occurrence of fever, headache, arrhythmia, in-
tensive care unit (ICU) admission, and other atypical symp-
toms. Because of limited resources of the hospital and financial
concerns the patients, the absolute indications for ICU admis-
sion included severe anti-NMDAR encephalitis with ovarian
teratoma requiring surgical operation, status epilepticus, me-
chanical ventilation requirement, and hemodynamic instability.

Demographic data and ancillary tests results were recorded,
including age at onset, sex, disease course, CSF tests results,
MRI, and EEG results. All patients were screened at least once
for systemic tumors at onset. Patients with tumors underwent
tumor removal. Immunotherapy included first-line (cortico-
steroids, IV immunoglobulin [IVIG], or plasmapheresis
[PE] alone or combined) and second-line (rituximab
[RTX] and cyclophosphamide [CTX] alone or combined)
immunotherapies.6,7 Long-term immunotherapy (mycophe-
nolate mofetil [MMF] or azathioprine [AZA] >1 year) and
other immunotherapy (intrathecal methotrexate [MTX])
were also administered.15,16

Patients were followed regularly in local hospitals or PUMCH
neurology clinics. Treatment effects and long-term outcomes
were assessed using the modified Rankin Scale (mRS). A poor
response was defined as no improvement in the mRS score or
as an mRS score ≥4 for 4 weeks; clinical improvement was
defined as a decrease in the mRS score ≥1 point from that at
the previous visit; relapse was defined as an exacerbation of
previous symptoms or the occurrence of new symptoms after
being stable for 2 months. Long-term favorable outcome was
defined as an mRS score ≤2, and poor outcome was defined as
an mRS score >2 at the end of follow-up.

Statistical analysis
Statistical analyses were performed using SPSS IBM 20.0.
GraphPad Prism 6.0 was used to generate figures. Quantita-
tive data with normal distributions are presented as mean ±
SD, otherwise as medians with the interquartile range (IQR).
The mRS scores before and after treatment were compared
using the Wilcoxon test. Symptoms and demographic data
were analyzed using the χ2 test or Fisher exact test for cate-
gorical variables and Mann-Whitney U test for continuous
variables. Factors affecting outcome were assessed using bi-
nary logistic regression analysis. Kaplan-Meier curves with
log-rank were used to analyze relapse frequency. p < 0.05 was
considered significant.

Standard protocol approvals, registrations,
and patient consents
This study was approved by the Ethics Committee of
PUMCH (JS-891), and informed consent was obtained from
each patient. All the data analyzed in the study were strictly
anonymous.

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

Glossary
AE = autoimmune encephalitis; AQP4 = aquaporin-4; AZA = azathioprine; CTX = cyclophosphamide;HSV = herpes simplex
virus; ICU = intensive care unit; IQR = interquartile range; IVIG = IV immunoglobulin; MMF = mycophenolate mofetil;
MOG = myelin oligodendrocyte glycoprotein; mRS = modified Rankin Scale; MTX = methotrexate; NMDAR = NMDA
receptor; PE = plasmapheresis; PUMCH = Peking Union Medical College Hospital; RTX = rituximab.
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Results
Clinical characteristics
A total of 220 patients were enrolled, and all were tested for
anti-NMDAR antibody with paired CSF and serum. All
patients (100%) were positive for anti-NMDAR antibodies in
CSF, and 157 (71.4%) were positive in serum. Review of the
enrolled patients indicated that all patients met the diagnostic
criteria proposed by Graus et al.3

The median age at onset was 21 (range 5–72) years, with 69
(31.4%) of the patients younger than 18 years. Overall, 143
(65.0%) patients were females, and 77 (35.0%) were males.
Tumors were found in 43 (19.5%) patients: 42 females with
ovarian teratomas and 1 male with lung cancer. All the female
patients with ovarian teratomas underwent tumor removal,
whereas the patient with lung cancer was treated with pallia-
tive therapy by an internist and later died of cancer. In addi-
tion, 8 patients were found to have prominent moles on the
body surface, which were later resected. Pathologically, the
moles were compound or intradermal nevi.17,18

The most common clinical manifestations of the anti-
NMDAR encephalitis were psychosis (182, 82.7%) and
seizures (178, 80.9%). Movement disorder presented more
often in patients younger than 18 years than adult patients
(38/69, 55.1% vs 56/151, 37.1%, p = 0.01). Table 1 describes
the patients’ clinical characteristics in detail.

Figure 1 shows the distribution of female patients according
to age and presence vs absence of tumor; the peak co-
occurrence of ovarian teratoma was between 19 to 24 years.

Ancillary test results
All patients underwent brain MRI at onset, and 79 (35.9%)
had abnormal fluid-attenuated inversion recovery sequence
signals, including 31 (14.1%) in the medial temporal lobe.
Other involved areas included the frontal, parietal, and oc-
cipital cortices, diencephalon, cerebellum, and brainstem.
Eleven (5.0%) patients had demyelinating lesions, of whom 4
were positive for aquaporin-4 (AQP4) antibody and 5 for
myelin oligodendrocyte glycoprotein (MOG) antibody. Ab-
normal EEG findings were seen in 113 (51.4%) patients: 102
(46.4%) had slow activity and 14 (6.4%) epileptic discharges.
However, as most patients received short-duration EEG in-
stead of video EEG of 24 hours or longer, the percentage of
delta-brush abnormality was unable to assess.

Repeated lumbar punctures were performed for diagnosis and
evaluation, and the CSF results at onset before immunotherapy
were collected and analyzed. The analysis showed a median
opening pressure of 170 (IQR 150–280) mmH2O. Of note,
81.3% of the patients had pleocytosis, the median white blood
cell count was 14.0 (IQR 7.0–22.5) × 106/L, and 90.9%were of
mononuclear cells (i.e., lymphocyte and monocytes). The
protein level was elevated in 29.7% of the patients. Table 2
summarizes the main ancillary tests of the patients.

Improvements in diagnosis accuracy and
general hospitalization status
Underrecognition and misdiagnosis were inevitable in the
past, occurring at the initial visit to a local physician or ad-
mission to our hospital. In 2011, 4 patients were identified,
taking a median duration of 9 (IQR 1–36) months before
diagnosis was made. The misdiagnosis rate then was 75.0%,
with most cases misdiagnosed as viral encephalitis.

With increased awareness of AE, screening for anti-NMDAR
antibodies at admission is now required for all cases with
suspected encephalitis. By 2017, the misdiagnosis rate had
decreased to 15.4%. Overall, 30 patients were misdiagnosed
with viral encephalitis, 10 with schizophrenia, 2 with epi-
lepsy, and 1 each with cerebral angiitis, cerebral vascular
events, and tuberculosis. The percentages of correct di-
agnosis at the initial hospital visit over misdiagnosis by cal-
endar year were shown in figure 2, indicating a growing

Table 1 Clinical characteristics of patients with anti-
NMDA receptor encephalitis

Clinical
characteristics

No. of patients (percentage)

p
Value

All
(n = 220)

Age <18 y
(n = 69)

Age >18 y
(n = 151)

Median age,
range (y)

21 (5–72) 15 (5–17) 26 (18–72)

Female 143 (65.0) 41 (59.4) 102 (67.5) 0.24

Psychosis 182 (82.7) 57 (82.6) 125 (82.8) 0.98

Seizures 178 (80.9) 56 (81.2) 122 (80.8) 0.95

Fever 126 (57.3) 41 (59.4) 85 (56.3) 0.67

Decreased level of
consciousness

117 (53.2) 35 (50.7) 82 (54.3) 0.62

Memory deficit 106 (48.2) 28 (40.6) 78 (51.7) 0.13

Speech disturbance 100 (45.5) 30 (43.5) 70 (46.4) 0.69

Movement disorder 94 (42.7) 38 (55.1) 56 (37.1) 0.01

Sleep disorder 93 (42.3) 27 (12.3) 66 (30.0) 0.52

Headache 86 (39.1) 21 (30.4) 65 (43.0) 0.08

Admission to
the ICU

68 (30.9) 18 (26.1) 50 (33.1) 0.30

Mechanical
ventilation

44 (20.0) 12 (17.4) 32 (21.2) 0.51

Central
hypoventilation

39 (17.7) 9 (13.0) 30 (19.9) 0.22

Arrhythmia 34 (15.5) 12 (17.4) 22 (14.6) 0.59

Limb weakness 24 (10.9) 9 (13.0) 15 (9.9) 0.49

Ataxia 11 (5.0) 4 (5.8) 7 (4.6) 0.74

Ovarian teratoma of
female patients

42 (29.4) 9 (22.0) 33 (32.4) 0.22

Abbreviation: ICU = intensive care unit.
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number of referred patients and increased correct diagnosis
identified over the years.

The median duration from onset to diagnosis was 2 (IQR
1–4) weeks. Immunotherapy was initiated the same day di-
agnosis was made and sometimes even before diagnosis at
local hospitals as empirical treatment. The median length of
hospitalization was 26 (IQR 14–42) days. However, severe
patients who required intensive care stayed in the hospital for
up to 117 days.

Treatment outcomes
Overall, 219 (99.5%) patients received first-line immuno-
therapy, in most cases a combined regimen of repeated ste-
roids and IVIG. A total of 208 (94.5%) patients received
steroids, of whom 103 (46.8%) received pulsed IV methyl-
prednisolone. IVIG was administered to 199 (90.5%)
patients, and 7 (3.2%) patients underwent PE. Second-line
immunotherapy was administered to only a small proportion
of the patients, usually because of the off-label use of RTX in
AE, cost, IV and hospitalization requirements, and concerns
about side effects. Twelve (5.5%) patients received RTX, and
4 (1.8%) received CTX. Long-term immunotherapy was ad-
ministered mainly in patients who were enrolled later, as an
add-on therapy for severe or refractory patients in the acute
phase, or as maintenance therapy to prevent and manage
relapses. In general, MMF was administered in 109 (49.5%)
patients, 55 of whom at onset and 54 after relapse, and AZA
was administered in 8 (3.6%) patients. In addition, intrathecal
MTX was given to 8 (3.6%) severe patients.

During the first 12 months, 207 (94.1%) patients experienced
improvement, 8 (3.6%)were stable, and 5 (2.3%) patients died.
All survival patients were followed for at least a year (range
12–72 months). At 12-month follow-up, 204 (92.7%) patients
had attained satisfactory neurologic function (mRS score of 0,
1, and 2 in 144, 47, and 13 patients, respectively) compared
with 23 (10.5%) patients with an mRS score ≤2 at onset, as

shown in figure 3. The median mRS score at the last follow-up
was 0 (IQR 0–1), which was significantly lower than the score
of 4 (IQR 3–5) at onset (Z = −12.67, p < 0.0001).

Table 3 summarizes the comparisons between patients with
favorable and poor clinical outcomes. Of interest, more
patients with speech disturbance were identified in the fa-
vorable outcome group (p = 0.03). Further analysis indicated
that patients with speech disturbance presented to the neu-
rologist earlier than those without (20 days [IQR 12–34 days]
vs 31 days [IQR 19–58 days], p = 0.008, Z = −2.665).
However, age at onset, the rates of decreased consciousness
level, central hypoventilation, ICU admission, mechanical
ventilation, ovarian teratoma, and relapse were higher in the
poor outcome subgroup, although none of these differences
reached significance.

Relapse
During the first 12 months, 38 (17.3%) patients experienced
a first relapse. Their median age was 21 (IQR 16–37) years,
and the median duration from onset to the first relapse was
7 (IQR 5–10) months. Of the relapsed patients, 25 (65.8%)
were female, and 5 had ovarian teratomas at disease onset.

Thorough clinical and laboratory examinations were conducted
to rule out other etiologies and to validate the diagnosis. Two
patients were treated at local hospitals before antibodies were
tested, whereas 10/36 (27.8%) patients showed elevated anti-
body titer at relapse during serial serum antibody monitoring.
Of the 17 patients who underwent lumbar puncture, CSF
antibodies were detected in 15 (88.2%) patients. MRI was
abnormal in 8 (21.1%) patients, and an ovarian teratoma was
detected in only 1 (2.6%) patient at relapse. A delay in treat-
ment was associated with relapse (p < 0.01).

However, neither tumor status (p = 0.58) nor treatment
regimen (p = 0.34) was statistically associated with relapse
frequency (figure e-1, links.lww.com/NXI/A157).

Figure 1 Distribution of female patients by age and presence or absence of ovarian teratoma
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All relapsed patients underwent reinitiation of the first-line im-
munotherapy, and 18 patients were also given long-term MMF.
Subsequently, 12 (31.6%) patients experienced further relapses
(range 2–4 episodes). There was no significant difference in the
occurrence of subsequent relapse betweenMMF-treated patients
and other patients (4/18, 22.2% vs 8/20, 40.0%, p = 0.31).

Subsequent relapses were similar to, or worse than, the initial
episodes in only 3 (7.9%) patients. The initial hospitalization

duration was 25 (IQR 14–43) days, and the subsequent
hospitalizations were all shorter than 14 days.

Between 2011 and 2017, 80 (36.4%) patients experienced
relapse, and 21 (26.3%) experienced multiple relapses (range
2–4 episodes). Most patients had a first relapse during the first
24 months (64/80, 80.0%). However, relapses up to 6 years
after onset were also reported in our cohort.

Discussion
To our knowledge, this is the largest Chinese anti-NMDAR
encephalitis cohort to date. In our study, anti-NMDAR en-
cephalitis is predominantly found in females (65.0%) with the
median age at onset of 21 years. Most patients presented with
psychiatric symptoms and seizures, and younger patients
presented more often with movement disorders, which are
consistent with previous studies.6,7

However, our study reported a low ICU admission rate. The
large cohort study of Titulaer et al.7 reported that 75%
(435/563) of patients with mRS score ≥4 were admitted to the
ICU. In our study, because of limited availability of medical
recourses and concern of expenses, only 68/133 (51.1%) of the
severe patients (mRS score ≥4) were admitted to the ICU.

The prevalence of an underlying neoplasm varied among
studies. Titulaer et al.7 reported that 38% of the patients had
a tumor, and Asian patients were more likely (45%) to have
a teratoma. However, only 19.5% of the patients in our cohort
had a tumor, with 29.4% of the females had an ovarian tera-
toma. Other studies of Chinese or Asian patients have also
reported low prevalence of tumors (Lim et al., 22.7%; Wang
et al., 8%; Liu et al., 6.7%; and Zhang et al., 8.1%).8,11,13,14 The
heterogeneity among reports may be due to sample sizes and
selection bias or other factors including genetic backgrounds
and epidemiologic reasons, and future studies are required.

In tumor-negative patients, herpes simplex virus (HSV) in-
fection has been reported to be the possible trigger. However,
as the gold standard for the infection is PCR testing, which is
expensive and time consuming, most patients received em-
pirical treatment before or even without a definite diagnosis of
HSV encephalitis. Thus post-HSV anti-NMDAR encephalitis
was unable to assess in our current study.

Brain MRI findings provide further evidence that anti-
NMDAR encephalitis is a “diffuse encephalopathy.”6 Abnor-
mal signals were reported in 35.9% of the patients,
predominantly in the medial temporal lobe. Signals in other
areas of the cortex, diencephalon, brainstem, and cerebellum
were also reported.

Notably, “overlapping syndrome” was identified in 11 (5.0%)
patients with both MRI demyelinating lesions and anti-AQP4
or anti-MOG antibodies.19 Studies have suggested more

Table 2 Summary of the main ancillary tests results

Number (percentage)

Brain MRI

Total with abnormal findings 79 (35.9)

Medial temporal lobe 31 (14.1)

Frontal lobe 20 (9.1)

Parietal lobe 13 (5.9)

Occipital lobe 13 (5.9)

Diencephalon 2 (0.9)

Cerebellum 3 (1.4)

Brainstem 6 (2.7)

Demyelinating lesion 11 (5.0)

Anti-AQP4 Ab(+) 4 (1.8)

Anti-MOG Ab(+) 5 (2.3)

EEG

Total with abnormal findings 113 (51.4)

Epileptic discharges 14 (6.4)

Slow activity 102 (46.4)

CSF analysis (information of
64 patients) Median (IQR)

Number
(percentage)

Opening pressure (mmH2O) 170 (150–280)

WBC (×106/L) 14.0 (7.0–22.5)

Pleocytosis 52 (81.3)

Percentage of mononuclear
cells (%)

90.9 (83.1–99)%

Protein (g/L) 0.30 (0.21–0.42)

≥0.45 19 (29.7)

Positive SOB 16 (25.0)

Glucose (mmol/L) 3.5 (3.1–4.2)

Chloride (mmol/L) 123 (120–125)

Abbreviations: AQP4 = aquaporin-4; IQR = interquartile range; MOG Ab =
myelin oligodendrocyte glycoprotein antibody; SOB = specific oligoclonal
band; WBC = white blood cell count.
Mononuclear cells: lymphocytes and monocytes.
CSF-SOB is defined as bands that are present in CSF but are absent in serum.
Positive SOB is defined as at least 1 specific band in the CSF.
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intense immunotherapy requirements and more residual
deficits in these patients.19,20 In our series, all these patients
received long-term immunotherapy with MMF, and
10 (90.9%) had favorable clinical outcomes.

In the management of anti-NMDAR encephalitis, repeated
first-line immunotherapy was frequently used in our cohort,
whereas second-line immunotherapy was administered in
a small portion of patients owing to the off-label use of RTX for
AE in China, cost, hospitalization requirements, and concerns
about side effect.9,11,14,15 However, long-term immunotherapy
was administered to 117 (53.2%) patients, including MMF to
109 (49.5%). With combined therapy of re-enforced first-line
therapy and long-term immunotherapy, 204 (92.7%) patients
reached favorable clinical outcomes, and the median mRS
score decreased significantly from 4 to 0 at a follow-up of 12
months. Compared with other reports (Dalmau et al., 77%;
Tituaer et al., 79%; Wang et al., 80.4%; Liu et al., 64%; and
Zhang et al., 89.2%),6,7,11,13,14 we observed more satisfactory
clinical outcomes. Speech disturbance was found to be more
frequent in the group with favorable outcome. Further analysis
indicated that patients with speech distance were diagnosed
earlier. Thus, this could be a confounder reflecting better
recognition and therefore quicker treatment.

Relapses were relatively common in our cohort. The definition
of relapse in our study, along with other proposed
definitions,7,21,22 is based more on observations and descrip-
tions of clinical symptoms. Nevertheless, thorough examina-
tions are needed to rule out other disorders and validate the
diagnosis. When monitoring and evaluating the relapses, MRI
was frequently unremarkable. The serum antibody titer did not
correlate with the clinical severity perfectly, and some relapsed
antibodies were detected only in the CSF, as previously
reported.6,22 However, serial CSF monitoring may be imprac-
tical during follow-up, and better indicators should be identified
in future studies. Neither tumor status nor treatment regimen

was associated with relapse frequency statistically, possibly due
to the low prevalence of tumor and variety in the treatment
regimens used in our cohort. Long-term MMF did not prevent
further relapses, possibly because of the relatively small sample
size, and the role of long-term immunotherapy warrants further
investigation. Althoughmost patients experienced a first relapse
within 24 months, relapse 6 years after onset was also reported.
Other reports also suggested that AE relapse could occur years
after the initial episode.21,23,24 Therefore, extended follow-up is
essential. Our study has several limitations. As the national
referral center for complicated disease, our cohort may be bi-
ased by more refractory cases. The analysis for each individual
treatment, particularly for long-term immunotherapy, and the
assessment of relapses warrants further study. Parameters other

Figure 2 Number of patients of correct diagnosis over misdiagnosis at the initial hospital visit by calendar year

Figure 3 Distribution of mRS scores at onset and last fol-
low-up

mRS = modified Rankin Scale.
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Table 3 Comparisons of clinical data of patients with anti-NMDA receptor encephalitis

Favorable outcome (n = 204) Poor outcome (n = 16) Z/χ2 value p Value

Age (y) 21 (16–28) 27 (20–32) −1.79 0.07

Sex (n, %)

Male 71 (34.8) 6 (37.5) 0.05 0.83

Female 133 (65.2) 10 (62.5)

Symptoms (n, %)

Fever 118 (57.8) 7 (43.8) 1.20 0.27

Headache 80 (39.2) 5 (31.3) 0.40 0.53

Psychosis 170 (83.3) 11 (68.8) 2.16 0.17

Memory deficit 100 (49.0) 5 (31.3) 1.88 0.17

Seizures 165 (80.9) 12 (75.0) 0.33 0.52

Decreased level of consciousness 106 (52.0) 10 (62.5) 0.66 0.42

Movement disorder 87 (42.7) 6 (37.5) 0.16 0.69

Speech disturbance 96 (47.1) 3 (18.8) 4.80 0.03

Central hypoventilation 35 (17.2) 4 (25.0) 0.63 0.49

ICU admission 61 (29.9) 7 (43.8) 1.33 0.27

Mechanical ventilation 40 (19.6) 4 (25.0) 0.27 0.53

Arrhythmia 32 (15.7) 2 (12.5) 0.12 0.73

Ataxia 9 (4.4) 2 (12.5) 2.04 0.19

Limb weakness 22 (10.8) 2 (12.5) 0.05 0.69

Ovarian teratomaa 37 (27.8) 5 (50.0) 2.21 0.16

CSF analysis of acute phase (n, %)

Pleocytosisb 88 (58.7) 4 (44.4) 0.70 0.40

Increased level of proteinc 33 (24.6) 3 (33.3) 0.34 0.56

Positive SOBd 48 (50.5) 2 (28.6) 1.26 0.26

Abnormal brain MRI signal (n, %) 72 (35.3) 7 (43.8) 0.46 0.50

Abnormal EEG findings (n, %)e 110 (80.9) 6 (75.0) 0.17 0.68

Diagnosis duration (mo) 1.0 1.0 / /

Immunotherapy (n, %)

Steroids 194 (95.1) 14 (87.5) 1.66 1.20

IVIG 184 (90.2) 15 (93.8) 0.22 0.64

MMF 103 (50.5) 6 (37.5) 1.51 0.17

Baseline mRS score >2 (n, %) 183 (89.7) 14 (87.5) 0.08 0.78

Relapsed patient (n, %) 73 (35.8) 7 (43.8) 0.41 0.52

Abbreviations: ICU = intensive care unit; IVIG = IV immunoglobulin; MMF = mycophenolate mofetil; mRS = modified Rankin Scale; SOB = specific oligoclonal
band.
a Analysis of 143 female patients.
b Analysis of 159 patients with results available.
c Analysis of 143 patients with results available.
d Analysis of 102 patients with results available.
e Analysis of 144 patients with results available.

Neurology.org/NN Neurology: Neuroimmunology & Neuroinflammation | Volume 7, Number 1 | January 2020 7

http://neurology.org/nn


than the mRS score are required to describe fully the outcomes
of anti-NMDAR encephalitis, especially in evaluating the cog-
nitive or behavioral function, which usually remains last in these
patients. Despite these limitations, our study adds to the present
knowledge of anti-NMDARencephalitis, and acts as a precursor
for future multicenter studies with more comprehensive eval-
uations, and studies to further evaluate the efficacy of each
individual treatment.

We describe the clinical characteristics, immunotherapy reg-
imens, and long-term outcomes of patients with anti-
NMDAR encephalitis in China. Repeated first-line therapy
is effective in managing acute phase encephalitis, and the ef-
ficacy of long-term immunotherapy warrants further study.
Although relapses are relatively common, most patients
reached favorable outcomes. Further multicenter studies with
more advanced study design, more detailed evaluation, and
extended follow-up are required.
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Abstract
Objective
To determine the influence of self-reported Black African and Latin American identity on
peripheral blood antibody-secreting cell (ASC) frequency in the context of relapsing-remitting
MS.

Methods
In this cross-sectional study, we recruited 74 subjects with relapsing-remitting MS and 24 age-,
and self-reported ethno-ancestral identity-matched healthy donors (HDs) to provide periph-
eral blood study samples. Subjects with MS were either off therapy at the time of study draw or
on monthly natalizumab therapy infusions. Using flow cytometry, we assessed peripheral blood
mononuclear cells for antibody-secreting B-cell subsets.

Results
When stratified by self-reported ethno-ancestry, we identified significantly elevated frequencies
of circulating plasmablasts among individuals with MS identifying as Black African or Latin
American relative to those of Caucasian ancestry. Ethno-ancestry–specific differences in ASC
frequency were observed only among individuals with MS. By contrast, this differential was not
observed among HDs. ASCs linked with poorer MS prognosis and active disease, including
IgM+- and class-switched CD138+ subsets, were among those significantly increased.

Conclusion
The enhanced peripheral blood plasmablast signature revealed among Black African or Latin
American subjects with MS points to distinct underlying mechanisms associated with MS
immunopathogenesis. This dysregulation may contribute to the disease disparity experienced
by patient populations of Black African or Latin American ethno-ancestry.
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Individuals with MS of Black African or Latin American self-
identity (BALAwMS) are more likely to experience a severe
disease course compared with individuals with MS of Cauca-
sian self-identity (CAwMS).1,2 Paraclinical measures of CNS
inflammation (T2 lesion accumulation and lesion volume)may
be pronounced,3,4 whereas atrophymetrics, including brain and
retinal degeneration, appear accelerated among BALAwMS
compared with CAwMS.5–7 Ethno-ancestry is clearly an
important consideration in MS. Unfortunately, the paradox of
ethno-ancestry being simultaneously relevant in MS yet un-
derrepresented in both clinical and translational investigation
is apparent both in clinical trials and observational research.
We calculated an average of 2.7% of African Americans among
total subjects enrolled in 7 clinical trials conducted between
2006 and 2017e1-e10 for which demographic data were avail-
able (table 1). Furthermore, there are essentially no reports
providing direct biological evidence of potential mechanisms
underlying ethno-ancestry–based clinical disparity. Retrospec-
tive chart review implicates the contribution of antibody-
secreting cells (ASCs), highlighting a relationship between el-
evated intrathecal IgG among African American patients with
MS relative to Caucasian patients8 and linking this differential
to gray matter atrophy.9 Indeed, plasmablasts and plasma cells,
as ASCs derived from antigen-experienced B cells, appear to be
important drivers of both inflammatory10–12 and neurode-
generative aspects ofMS pathogenesis.9,13,14 ASCs are enriched
within the CSF during active gadolinium-enhancing disease,12

ASC-derived intrathecal IgG correlates with CNS atrophy,9

and IgM-producing ASCs are associated with aggressive disease
course.15,e11 The present cross-sectional study therefore
investigates whether the peripheral blood of subjects with MS
identifying with ethno-ancestral categories more likely to ex-
hibit poorer prognosis reflects an identity-based differential
ASC signature.

Methods
Standard protocol approvals, registrations,
and patient consents
All study subjects were recruited according to Weill Cornell
Medicine Institutional Review Board–approved protocol
#1508016490R003. Subjects provided informed written
consent at the Weill Cornell Medicine Multiple Sclerosis
Center before study inclusion.

Subject recruitment and study cohorts
Study subjects represent a convenience sample comprising
individuals with clinically definite MS according to the 2010
McDonald criteria and healthy donors without MS (HD). We
recruited subjects on natalizumab therapy (NAT) as a pri-
mary study subject population. This enabled study re-
cruitment from among a relatively accessible patient
population. Furthermore, this facilitated our investigation of
intact ASC biology (despite disease-modifying therapy)e12

Table 1 Underrepresentation of individuals of Black African self-identity in Phase III clinical trials for relapsing MS in the
last decade

Clinical trial (year reported) Total no. of subjects No. (%) of CA No. (%) of BAA

AFFIRMe1 (2006) 627 603 (96) 10 (1.6)

SENTINALe2 (2006) 1,171 1092 (93) 39 (3.3)

FREEDOMSe3 (2010) 1,272 Not reported 77 (6.1)

TRANSFORMSe4 (2010) 1,292 1216 (94.1) Not reported

TEMSOe5 (2011) 1,088 1058 (97.3) Not reported

DEFINEe6 (2012) 1,234 969 (78.5) 26 (2.1)

CONFIRMe7 (2012) 1,414 1191 (84.1) 27 (1.9)

CARE MS Ie8 (2012) 563 (IIT population) 532 (94.5) Not reported

CARE MS IIe9 (2012) 798 (IIT population) 714 (89.5) Not reported

OPERA I/OPERA IIe10 (2017) 1,656 (IIT population) Not reported 72 (4.3%)

Abbreviations: BAA = Black or African American self-identity; CA = Caucasian self-identity.

Glossary
ASC = antibody-secreting cell; BALAwMS = Subjects with MS of Black African or Latin American self-identity; CAwMS =
Subjects with MS of Caucasian self-identity; DMT = disease-modifying therapy; HD = healthy donors without MS; Ig =
immunoglobulin;MSSS =MS Severity Scale Score;NAT = natalizumab therapy; PBMC = peripheral blood mononuclear cell;
SLE = systemic lupus erythematosus; T25-FW = timed 25-foot walk.
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inclusive of prospective pathogenic lymphocytes within the
peripheral blood. MS NAT subjects required at least 3 prior
doses for study inclusion. No subject had received lymphocyte-
depleting therapies at any point before study draw. Study
subjects were asked to self-identify according to ethno-ancestral
categories for subsequent stratification. Individuals identifying
with “Black African” or “Latin American/Hispanic” ancestry
were combined into a single cohort as groups (BALA) based on
risk for greater disease severity2,16 relative to those identifying
with “Caucasian/European ancestry” (CA). In addition to self-
reported identity, we collected other demographic and clinical
data for each cohort, including age (at study involvement), sex,
disease duration, timed 25-foot walk (T25-FW), date since last
clinical flare, and MS Severity Scale scores (MSSS).

Sample collection, ASC frequency, and
count determination
We isolated peripheral blood mononuclear cells (PBMCs)
through density-gradient Ficoll centrifugation. Ficoll-spun
buffy coats were harvested within hours of peripheral blood
draws and resuspended in volumes of standard staining buffer
equal to the original whole blood. We stained cells according
to a standard protocol using the following BioLegend anti-
bodies: CD19 PE/Cy7 (clone HIB19), CD20 PerCP (clone
2H7), CD27 brilliant violet 421 (clone M-T271), CD38
APC(clone HIT2), CD138 PE (clone MI15), IgD APC/
Cy7(clone IA6-2), and IgM FITC (clone MHM-88). We
performed flow cytometric analysis using a Becton Dickinson
FACSVerse cytometer. We determined cell frequencies as the
percent of a gated cell population among a parent cell pop-
ulation. Cell count was determined as the number of flow
cytometry events within each defined analysis gate.

Statistical analysis
The primary outcomes of this study are percent frequency of
total CD19+ ASCs, class-switched ASC subsets, and IgM+ ASC
subsets. In planning, the estimated sample size needed for
a 2-sample means test was calculated based on preliminary data
from natalizumab-treated subjects. Trends in the analysis for our
additional study cohorts should be treated as exploratory in
nature. Twenty-six subjects in each group were needed to detect
a mean difference of 2 (SD: 2.5) in class-switched frequency
between ethno-ancestral groups; 17 subjects in each group were
needed to detect a mean difference of 1 (SD: 1) in IgM+ ASC
frequency, assuming alpha of 0.05 and power of 0.8. We cal-
culated summary statistics using frequencies and proportions for
categorical variables and mean, SDs, medians, and interquartile
ranges for continuous variables. Demographic and clinical
characteristics were compared between ethno-ancestry groups
using the 2-sample t test, the Wilcoxon rank-sum test, or the
Fisher exact test as appropriate. Bivariate analyses were used to
determine the associations between age, sex, ethno-ancestry,MS
disease status, MS disease duration, and outcome measures
(i.e., percent frequency and absolute counts of total CD19+

ASCs, class-switched ASC subsets, and IgM+ ASC subsets)
using simple linear regression or 2-sample t test. We further
constructed multivariable linear regression models to assess

the associations between ethno-ancestry and outcome meas-
ures after adjusting for a priori hypothesized confounders age,
sex, and MS disease duration. To assess the potential in-
teraction (i.e., effect-measure modification) between ethno-
ancestry and disease status in relation to outcome measures,
we performed subgroup analyses for HD subjects and subjects
with MS separately. All statistical tests were 2 sided, with
a significance level of p < 0.05. All analyses were conducted
with SAS version 9.4 (SAS Institute, Inc, Cary, NC).

Data availability
Anonymized data not shown will be shared by request from
a qualified investigator.

Results
Demographic and clinical characteristics
We enrolled a total of 54 subjects on natalizumab (“NAT”;
27 BALAwMS, 27 CAwMS), 20 subjects who were off drug
at the time of study draw (“no disease-modifying drug
[DMT]”; 12 BALAwMS, 8 CAwMS), and 24 HD subjects
who lacked an MS diagnosis (“HD”; 11 BALA HD, 13 CA
HD). Subjects were comparable in age, both within and be-
tween cohorts, whereas sex ratio varied. BALAwMS subjects
exhibited a longer on average disease duration compared with
CAwMS subjects, with this difference more pronounced in the
no-DMT cohort (table 2) Clinically, there was some (albeit,
nonsignificant) indication of greater acute disease activity and
disability within BALAwMS compared with CAwMS subjects
at the time of the draw. Thus, MSSS scores were greater, and
T25-FW measures longer, among BALAwMS compared with
CAwMS subjects in both NAT and no-DMT groups. Of these
measures, only T25-FW in the NAT cohort reached statistical
significance. Among our no-DMT cohort, BALAwMS subjects
exhibited on average a shorter period since their last acute
relapse than CAwMS. This was paralleled by a commensurate
measure of months since previous high-dose steroid adminis-
tration. The majority of subjects with MS in our study did not
possess comorbidities. However, there were several reported
autoimmune, rheumatoid, or oncologic indications: CAwMS
NAT—eczema, mononucleosis, asthma, fibromyalgia, celiac
disease, Graves disease, and malignant thyroid neoplasm;
BALAwMS NAT—thyroid (diffuse goiter), asthma, irritable
bowel syndrome, pituitary microadenoma, and positive anti-
nuclear antibodies; CAwMS no DMT—ulcerative colitis, irri-
table bowel syndrome, hypothyroidism, and psoriasis; and
BALAwMS no DMT—positive antinuclear antibodies.

Subjects with MS of Black African or Latin
American ethno-ancestral identity exhibit
enhanced ASC frequencies over those of
Caucasian identity
To test our hypothesis that stratifying our study sample
according to ethno-ancestral cohorts at risk of severe disease
(BALAwMS relative to CAwMS) would reveal a differential
ASC frequency within the peripheral blood compartment,
we first interrogated the PBMCs of subjects with MS on
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natalizumab. One of our most effective therapies, natalizu-
mab, functions in MS by binding to the alpha-4 integrin
subunit, essentially inhibiting the binding and trafficking
of lymphocytes across the blood-brain barrier. In theory, this
restricts otherwise pathogenic CNS-destined cells to the
periphery.

ASCs represent a continuum of antigen-activated B cells
that, through differentiation into plasmablasts and mature
plasma cells, dedicate metabolic and protein processing
mechanisms to antibody production. For this study, we use
the term ASCs as inclusive of plasmablasts and maturing
plasma cells found in the blood. Despite heterogeneity
across the ASC spectrum, these cells may be collectively
identified as brightly positive for CD27 and CD38.17 We
have thus used this general definition to clarify the distinct
total ASC population among blood-borne CD19+ cells. We
found the majority of circulating ASCs to express high levels
of HLA-DR (and CD86), (figure e-1, links.lww.com/NXI/
A158), consistent with recently generated plasmablast
identity as shown by others.18 Also in agreement with
others, the majority of circulating CD27hiCD38+ cells lack
CD20 expression, whereas a substantial portion express
CD138, possibly distinguishing these as apoptosis resistant,

and perhaps bound for long-term residence in the bone
marrow.

We uncovered a significant differential, with BALAwMS
exhibiting on average a greater frequency of total ASCs
compared with CAwMS (figure 1A). The majority of these
ASCs were class-switched IgD− (figure 1, B and D left
panel), with a smaller proportion of IgM+ ASCs (figure 1, C
and E left panel). We further assessed CD38+CD138+ sub-
populations based on recent work, which implicates these
ASCs as significant intrathecal contributors to inflammatory
gadolinium-enhancing MS.12 Both class-switched and IgM+-
CD38+CD138+ ASCs were significantly enhanced among
BALAwMS compared with CAwMS (figure 1, D and E, re-
spectively, right panels). Our findings were similar after
adjusting for age, sex, and disease duration (table e-1, links.
lww.com/NXI/A159)

Ethno-ancestry–based differential ASC
frequency is present among thosewithMS and
not HDs
Although natalizumab possesses a targeted mechanism of
action, we wished to examine our findings without its in-
fluence. To investigate the generalizability of our findings

Table 2 Demographic and clinical characteristics for patients with MS and HD study participants

MS NAT MS no DMT HD

CA BALA
p
Value

CA BALA
p
Value

CA BALA
p
ValueN = 27 N = 27 N = 8 N = 12 N = 13 N = 11

Age, y 35.37 (11.86) 32.63 (9.12) 0.35 34.88 (6.10) 37.17 (6.66) 0.45 29.33
(6.97)

32.82
(8.85)

0.30

Sex, no. (%) 0.1 0.17 0.36

Female 21 (77.8) 26 (96.3) 3 (37.5) 9 (75.0) 2 (15.4) 4 (36.4)

Male 6 (22.2) 1 (3.7) 5 (62.5) 3 (25.0) 11 (84.6) 7 (63.6)

Disease duration, median (IQR),
mo

62 (26–106) 99 (45–148) 0.23 3 (0–70) 56 (13–132) 0.12 — — —

MSSS, median (IQR) 0.49
(0.23–2.60)

1.92
(0.23–4.79)

0.28 1.16
(0.89–2.64)

1.86
(0.59–5.90)

0.85 — — —

Undetermined values 5 9 — — —

T25-FW, s 3.70 (0.49) 4.29 (0.55) 0.009 3.85 (1.06) 5.30 (1.92) 0.35 — — —

Undetermined values 11 17 6 5 — — —

Days since last clinical flare,
median (IQR)

— — — 146
(52.5–364.5)

56
(23–659)

0.90 — — —

Months since high-dose steroids,
median (IQR)

— — — 8.80
(4.20–73.85)

3.30
(1.60–11.00)

0.35 — — —

None — — — 4 3 — — —

Abbreviations: BALA = Black African or Latin American self-identity; CA = Caucasian self-identity; HD = healthy donors without MS; IQR = interquartile range;
MSSS =MS Severity Scale Score; MS NAT = subjects withMS on natalizumab; MS no DMT = subjects with MS not on any disease-modifying therapy at the time
of study participation; T25-FW = timed 25-foot walk.
Both demographic and clinical data were derived from chart review. Mean duration of MS is calculated from years since diagnosis to study draw. Data are
given asmean (SD) exceptwhere indicated. The p values displayedwere derived from2-sample t test,Wilcoxon rank-sum test, or Fisher exact test. Thesewere
employed when comparing demographic and clinical characteristics between ethno-ancestry groups.
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beyond the influence of natalizumab, and to examine
whether our observations were present in individuals
without MS, we extended MS subject enrollment to

include those not on any established DMT. Among these
subjects, approximately 60% were treatment-naive, having
never been exposed to any DMT. Those with any previous

Figure 1 Subjects with MS self-identifying with Black African or Latin American ethno-ancestry exhibit heightened pe-
ripheral blood ASC frequencies

Peripheral blood samples from subjects withMS on natalizumabwere stratified according to self-identified ethno-ancestry at risk ofmore severeMS, CAwMS
(n = 27), and BALAwMS (n = 27). Percent frequency of different ASC populations was compared between these cohorts. (A) Representative gating strategy for
ASCs; CD27hi CD38+ total ASCs were selected from CD19+ cells for downstream phenotypic subset analysis. (B) Representative gates for class-switched IgD−

CD27+ total ASCs and CD38+ CD138+ subpopulation. (C) Representative gates for IgM+ ASCs. (D and E), Average frequencies of previously described class-
switched (D) and IgM+ (E) ASC populations; error bars represent SD, p values determined the by 2-sided t test. ASC = antibody-secreting cell; BALAwMS =
subjects with MS of Black African or Latin American self-identity; CAwMS = subjects with MS of Caucasian self-identity; NAT = natalizumab therapy.
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exposure to therapy had been off of DMT for at least 2
months before study participation.

Our analysis of these cohorts demonstrated an ethno-
ancestry–dependent discrepancy in ASC frequency, with
this difference present across essentially all ASC subsets
found among natalizumab and off-treatment MS subjects
(figure 2, A–C). To determine whether this ethnicity-
dependent difference was associated with MS, we performed
the same phenotypic analysis among HDs. In stark contrast

to our findings in subjects with MS, there was virtually no
difference in ASC frequency found among HDs (figure 2,
A, D, and E).

Class-switched ASCs are differentially enriched
among subjects with MS of Black African or
Latin American ethno-ancestral identity
Frequencies of both class-switched and IgM+ ASCs were
significantly enhanced among subjects with MS of Black
African or Latin American compared with Caucasian ethno-

Figure 2 Ethno-ancestry–based differences in ASC frequency are present among subjects with MS but not HDs

Average frequencies of previously described total CD19+(A), class-switched CD19+IgD− (B and D) and unswitched CD19+IgM+ (C and E) ASC populations.
CAwMS (n = 8) and BALAwMS (n = 12); CAHD (n = 13) and BALAHD (n = 11). Error bars represent SD, p values determined by the 2-sided t test. ASC = antibody-
secreting cell; BALA HD = healthy donors without MS of Black African or Latin American self-identity; BALAwMS = Subjects with MS of Black African or Latin
American self-identity; CAwMS = Subjects with MS of Caucasian self-identity; CA HD = healthy donors without MS of Caucasian self-identity.
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ancestry. To ascertain whether these frequencies (repre-
sentative of ASCs derived from precursor B cells) affected
overall circulating numbers of these cells, we compared flow
cytometry event counts of class-switched and IgM ASCs
among our cohorts. In contrast to heightened frequency
differences across both switched and unswitched classes in
the context of MS, only class-switched (figure 3A) but not
IgM+ ASCs were differentially enriched in subjects of Black
African or Latin American identity compared with those of
Caucasian ethno-ancestry (figure 3B).

Taken together, our observations show an identity-dependent
differential of ASC frequency in the context of MS, and
support the existence of alternative underlying immunopa-
thogenesis across different ethno-ancestries.

Discussion
The major finding of our investigation was the significant
ethno-ancestry–based differential of peripheral blood ASC
subsets examined among subjects with MS but not HD sub-
jects. Both interventional and observational clinical studies
reveal a clear pathogenic role for blood-borne, CNS-infiltrating
B cells in MS.19–21 There appears to be crosstalk between the
peripheral blood and CNS as demonstrated by clonal se-
quencing approaches.22,23 For instance, recent observations by
Eggers et al.12 suggest that it is predominantly peripheral blood
memory B cells and derived CD138+ plasma cells that are
associated with CNS pathology during active inflammatory
MS. Continued crosstalk between the blood andCNSmay lead
to an accumulation CNS-resident ASCs. Several lines of

Figure 3 Numbers of class-switched but not IgM+ ASCs are elevated according to ethno-ancestry among subjects with MS

Average number of circulating ASCs for each subject cohort as obtained through event counts derived from flow cytometry gates described prior. Class-
switched CD19+IgD− ASCs (A); unswitched CD19+IgM+ ASCs (B). Error bars represent SD, p values determined by the 2-sided t test. ASC = antibody-secreting
cell; BALA HD = healthy donors without MS of Black African or Latin American self-identity; BALAwMS = Subjects with MS of Black African or Latin American
self-identity; CAwMS = Subjects withMS of Caucasian self-identity; CA HD = healthy donors without MS of Caucasian self-identity; NAT = natalizumab therapy.
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evidence point to a pernicious ectopic humoral response within
CNS tissue, likely maintained by CD138+ apoptotic-resistant
plasma cells.12,24,e13 These include the existence of pathogenic
autoantibodies,13,14,25,e14 persistence of intrathecal antibodies
despite peripheral CD20+ memory B-cell depletion,26 and
observations of follicle-like aggregates in progressiveMS.27Our
study reveals remarkable trends consistent with, and additive
to, previous observations that implicate differential intrathecal
humoral responses in patients consistently shown to be at risk
of aggressivemanifestation ofMS.8,9We note that although our
BALAwMS cohort exhibited an increased disease manifesta-
tion, this current study is not powered to assess the clinical
differences. Nonetheless, having been conducted using pe-
ripheral blood, our work highlights the potential value of this
accessible compartment for subsequent research into questions
of ethno-ancestry and MS.

Taking into account data supporting a B cell-centric view
of MS immunopathogenesis, and previous work showing
enhanced intrathecal humoral responses among African
Americans with MS, we suggest that among BALAwMS,
CNS-infiltrating B cells may be more likely driven toward
ASC differentiation. Our findings provide plausibility for this
scenario, as ASC frequency used as the primary outcome in
our study, alludes to the tendency of B cells to adopt a plas-
mablast or plasma cell fate. Given the importance of migration
between peripheral blood and CNS in MS, it is possible that
the tendencies observed in the periphery may be recapitulated
in the CNS. In their retrospective study, Rinker et al.8 do not
distinguish leukocyte categories among the overall increase in
intrathecal white blood cells among African American patients
with MS over Caucasian counterparts. Thus, in addition to
examining the question of intrathecal plasma cell burden,
future work with BALAwMS should examine transcriptional
mechanisms associated with plasma cell fate. In addition, al-
though intrathecal IgM is associated with a poor MS course,15

there is no study to our knowledge that examines whether
IgM oligoclonal bands are enriched among BALAwMS rela-
tive to other subpopulations. Our finding that frequencies of
IgM+ ASCs are significantly enhanced in this population
warrants such an investigation. However, only class-switched
and not IgM+ ASC numbers were differentially elevated
among subjects withMS, pointing to the likely involvement of
class-switch recombination mechanisms alongside ASC dif-
ferentiation biology. Our work thus facilitates numerous
avenues for future study in an effort to better understand and
treat aggressive MS.

In this report, we used the term “ethno-ancestry” to both
highlight and encapsulate the complexity around societal (eth-
nicity) and biologic (ancestry) heritage. As with other studies
examining the influence of ethno-ancestral categories and MS,
we find some value in the use of self-identification according to
broad labels to establish study cohorts. However, we recognize
that all such labels, whether ethno-ancestry, race, or other var-
iants, ultimately represent combinations of socially constructed
institutional and cultural designations.28,29 Such categories are

ultimately poor reflections of the subtle differences between
individuals,30 whereas their use may be also confounded by
sociohistoric narratives.e15 Future studies, particularly those
seeking to unravel the interplay between ethno-ancestry and
disease, should emphasize molecular genetic and epigenetic
delineations. In addition to demonstrably transcending broad
ancestral categories, underlying molecular genetic factors may
be affected by socioeconomic31 and behavioral32,33 influences
important to shaping disease incidence and prognosis.

Ethno-ancestry–based immunologic differences are long-
established observations.34 However, these are largely
described in immunity and vaccination studies among pre-
sumably healthy individuals.35,36 For instance, total serum
IgG concentrations are more likely elevated among “black”
relative to “white” individuals34; African American recipients
of HIV gp120 vaccination generated significantly greater
neutralizing antibody responses compared with whites
assessed in a separate study35; similarly, according to National
Health and Nutritional Examination Survey data, seropreva-
lence of IgG antibody specific to mumps virus was highest
among individuals identifying as “non-Hispanic black” and
lowest among “non-Hispanic whites.”36 Our work is the first to
directly demonstrate ethno-ancestry–based immunologic dif-
ference in the context of MS. Nonetheless; there are several
limitations to our study. These include a cross-sectional design,
convenience sample, and the limited resolution provided by
broad ethno-ancestral categories. Very few subjects had un-
dergone lumbar puncture procedures as part of standard of care;
as such, we were unable to directly relate peripheral differentials
with intrathecal antibody burden as reported prior. Despite
these limitations, we provide evidence of an ethno-ancestry–
dependent peripheral blood ASC differential concordant with
observations of intrathecal humoral responses.

Over the past 16 years,2,7,37 observational studies revealed
greater clinical severity and poorer prognosis among indi-
viduals of the Black African diaspora, including those iden-
tifying within the spectrum of Latin American identity.2,16

Both overt and indirect evidence support ethno-ancestry as
a critical factor in MS. A primary role for B cells in MS
pathogenesis unequivocally shown in 200811,38 is not only
accentuated in individuals of Black African heritage8 but
parallels similar ethno-ancestry–based B cell–driven dysre-
gulation in other conditions.39,40 For instance, memory
B cells from African American patients with systemic lupus
erythematosus (SLE) exhibit an activated phenotype relative
to Caucasian patients.39 Furthermore, plasmablasts are as-
sociated with disease activity in SLE. African Americans with
SLE exhibit a pronounced plasmablast transcriptomic sig-
nature in conjunction with heightened clinical severity rel-
ative to Caucasian subjects.40 Thus, our results have
interdisciplinary implications, as they are consistent with
a burgeoning trend of possibly differentially regulated B-cell
biology as a nexus through which ethno-ancestry–based
disease severity disparities may manifest.39,40 Understanding
what mediates these differences may be key to unlocking
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major advancements in diagnostics and therapy, both for MS
and other maladies.
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Abstract
Objective
To examine the association between peripheral blood lymphocyte pharmacodynamics and
autoimmune adverse events (AEs) or return of disease activity in alemtuzumab-treated patients
with relapsing-remitting MS.

Methods
Patients received 2 alemtuzumab courses (12 mg/d IV; 5 days at baseline, 3 days 12 months
later) in the 2-year Comparison of Alemtuzumab and Rebif Efficacy in Multiple Sclerosis
studies (NCT00530348 and NCT00548405) and could then receive as-needed alemtuzumab
or other disease-modifying therapy in a 4-year extension (NCT00930553). Lymphocytes were
phenotyped quarterly over 2 years using fluorescence-activated cell sorting. Pharmacodynamic
assessments included counts of total lymphocytes, CD3+ T cells, CD4+/CD8+ T cells (total/
naive/memory/regulatory [Treg]), and CD19

+ B cells (total/immature/mature/memory) and
ratios of CD19+ (total/immature/mature/memory) to Treg (CD4

+/CD8+) counts. Assessed
autoimmune AEs included immune thrombocytopenia, nephropathies, and thyroid events.
Efficacy assessments included relapses, 6-month confirmed disability worsening (CDW), and
MRI disease activity.

Results
Lymphocyte repopulation patterns, including ratios between distinct lymphocyte subsets (e.g.,
CD19+ to Treg cell count ratios), showed no significant differences over 2 years in patients
developing/not developing autoimmune AEs, relapses, CDW, or MRI activity through 6 years
following alemtuzumab. Lymphocyte kinetics were also unrelated to multiple autoimmune AEs
or extreme clinical phenotypes.

Conclusions
Repopulation kinetics of the evaluated peripheral lymphocyte subsets did not predict auto-
immune AE occurrence or disease activity, including return of disease activity after 2 alemtu-
zumab courses. Further study is needed to investigate potential antigen-level markers of
treatment response.
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Alemtuzumab is a humanized monoclonal antibody that se-
lectively depletes circulating CD52-expressing B and T
lymphocytes.1,2 Following depletion, a distinctive pattern
of lymphocyte repopulation potentially leads to a rebalanced
immune system.3–5

In phase III trials, patients with relapsing-remitting MS
(RRMS) receiving alemtuzumab experienced significant clini-
cal andMRI efficacy improvements vs subcutaneous interferon
beta-1a over 2 years.6,7 Efficacy was maintained over 5 addi-
tional years in 2 extension studies.8–14 The most frequent ad-
verse events (AEs) with alemtuzumab were infusion-associated
reactions; autoimmune AEs also occurred, including thyroid
events, immune thrombocytopenia, and nephropathies.6–13,15

Pharmacodynamic changes after lymphocyte depletion, in-
cluding different repopulation patterns among cell subsets,
may account for the overall efficacy of alemtuzumab in RRMS
and its associated AE profile.1,16–18 Furthermore, differences
among patients’ lymphocyte repopulation patterns have been
hypothesized to explain individual differences in drug re-
sponse and create the environment for autoimmune AEs in
some patients.19 This may include establishment of perma-
nent vs more transient influences on tolerance-associated
immune regulatory network dynamics.20

However, biomarkers that would predict response to alemtu-
zumab or selection of patients at risk for development of au-
toimmune events have not been identified.21 Although
increased serum interleukin-21 levels before alemtuzumab have
been associated with autoimmune disorders posttreatment, the
widespread applicability of such an assay has not been estab-
lished.22 Furthermore, no biomarkers exist for predicting re-
currence of disease activity after 2 alemtuzumab courses. The
current post hoc analysis methodically assesses whether phar-
macodynamic patterns of major peripheral blood lymphocyte
populations are associated with autoimmune AEs or MS dis-
ease activity over 6 years after initiating alemtuzumab.

Methods
Design of CARE-MS and extension studies
of alemtuzumab
The efficacy and safety of alemtuzumab were established in 2
phase III studies against subcutaneous interferon beta-1a in
patients with active RRMS who were either treatment naive
(Comparison of Alemtuzumab and Rebif Efficacy in Multi-
ple Sclerosis [CARE-MS] I; ClinicalTrials.gov trial identifier:
NCT00530348; aged 18–50 years) or had an inadequate

response to previous therapy (CARE-MS II; NCT00548405;
aged 18–55 years).6,7 In the 2-yearCARE-MS studies (conducted
at 178 academic medical centers or clinical practices in 23
countries; starting in September 2007), patients in the alemtu-
zumab arm received 2 courses of alemtuzumab 12 mg/d IV on 5
consecutive days at baseline and on 3 consecutive days 12
months later.6,7 Patients who completed the phase III studies
could enter the 4-year CARE-MS extension (CAMMS03409;
NCT00930553), in which they could receive additional
courses of alemtuzumab (12 mg/d on 3 consecutive days ≥12
months after the most recent dose) as needed for relapse or
MRI activity or receive other licensed disease-modifying
therapy at the investigator’s discretion.10,11 Patients com-
pleting the CARE-MS extension study could enroll in an ad-
ditional extension, the 5-year long-Term follow-up study for
multiple sclerOsis Patients who have completed the Alemtu-
Zumab extension (TOPAZ) study (NCT02255656), in which
further evaluation is ongoing.8,9,12,13

Post hoc analysis
Two-year lymphocyte pharmacodynamics were assessed in
alemtuzumab-treated patients (N = 802), stratified by whether
they experienced autoimmune AEs, relapse, 6-month con-
firmed disability worsening (CDW), or MRI disease activity at
any time point within 6 years of follow-up.

Autoimmune AEs were defined as any of the following,
documented at any point within 6 years of follow-up: thyroid
AEs (excluding asymptomatic abnormal laboratory inves-
tigations), immune thrombocytopenia (defined according to
diagnostic criteria outlined by an international working
group23), or autoimmune nephropathy (in particular, anti-
glomerular basement membrane disease or membranous glo-
merulonephropathy). Monitoring for autoimmune AEs (as
part of the safety monitoring program) included quarterly
thyroid function tests, monthly hematology tests for immune
thrombocytopenia, and monthly serum creatinine tests and
urinalysis with microscopy for nephropathy, as well as spon-
taneous reporting of AEs and serious AEs. Education on signs
and symptoms of autoimmune AEs was provided to health care
providers and patients. All monitoring began at baseline and
continued until 4 years after the last alemtuzumab adminis-
tration, or until study end, whichever occurred later. The 4-year
monitoring period restarted if patients received additional
courses of alemtuzumab. Treatment for autoimmune AEs was
at the discretion of the treating neurologist in consultation with
local endocrinologists, hematologists, or nephrologists.

Relapses were defined as new neurologic symptoms attrib-
utable to MS lasting ≥48 hours with an objective change in

Glossary
AE = adverse event; Breg = regulatory B; CARE-MS = Comparison of Alemtuzumab and Rebif Efficacy in Multiple Sclerosis;
CDW = confirmed disability worsening; EDSS = Expanded Disability Status Scale;MMRM = mixed-effects model for repeated
measures; NEDA = no evidence of disease activity; RRMS = relapsing-remitting MS; Treg = regulatory T.
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neurologic examination. Six-month CDW was defined as an
increase of ≥1.0 Expanded Disability Status Scale (EDSS)
point (or ≥1.5 points if the baseline EDSS score = 0), con-
firmed over 6 months. The EDSS score was assessed quarterly
and at the time of suspected relapse by raters who were
blinded throughout the follow-up period to core study
treatment assignment and treatment history. MRI disease
activity was defined as new gadolinium-enhancing T1 lesions
on current MRI or new/enlarging T2 hyperintense lesions
since last MRI. MRI was assessed annually by imaging spe-
cialists blinded to core study treatment assignment and
treatment history. If patients experienced autoimmune events,
relapse, CDW, or MRI disease activity at any time during the
follow-up period, they were classified as having had that type
of event from month 0 onward.

In support of the primary analyses, additional analyses
assessed lymphocyte pharmacodynamics in patients with
multiple autoimmune AEs and patients with various “extreme
efficacy” phenotypes, including patients with or without sus-
tained “no evidence of disease activity” (NEDA; absence of
relapse, CDW, and MRI disease activity, sustained over years
0–6); with or without both relapse and CDW(clinical NEDA);
with or without both severe relapse and CDW; and with CDW,
6-month confirmed disability improvement (≥1.0-point EDSS
score decrease from baseline [assessed in patients with baseline
EDSS score ≥2.0]), or stable EDSS score.

Lymphocyte dynamics
Blood cell counts in the CARE-MS studies were performed
monthly. Lymphocytes were phenotyped using fluorescence-
activated cell sorting (Quest Diagnostics; Exton, PA) at base-
line and quarterly thereafter, as well as at months 1 and 13
(i.e., 1 month after receiving alemtuzumab courses 1 and 2,
respectively). Peripheral blood mononuclear cells were stained
using a T-cell panel of monoclonal antibodies against
CD45RA-FITC (clone L48), CD27-PE (clone L128), CD3-
PerCP-Cy5.5 (clone SK7), CD25-PE-Cy7 (clone 2A3),
CD127-APC (clone 40131), and CD4-APC-Cy7 (clone SK3),
and a B-cell panel of monoclonal antibodies against CD27-
FITC (clone L128), IgD-PE (clone IA6-2), CD19-PerCP-
Cy5.5 (clone SJ25C1), CD10-PE-Cy7 (clone HI10a), CD38-
APC (clone HB7), and CD69-APC-Cy7 (clone FN50) (all
antibodies from BD Biosciences; San Jose/San Diego, CA
[except CD127-APC: from R&D Systems; Minneapolis,
MN]). Lymphocyte data from the CARE-MS I and II studies
were pooled for analysis. Absolute cell counts were analyzed for
total levels of lymphocytes; all CD3+ T lymphocytes, CD4+

T lymphocytes, and CD8+ T lymphocytes; and CD19+

B lymphocytes.

A lymphocyte substudy was conducted at select study centers,
in which additional lymphocyte phenotype analyses were
performed for the naive, memory, and regulatory (Treg)
subsets of CD4+ and CD8+ T lymphocytes and the immature,
mature, and memory subsets of CD19+ B lymphocytes
(n = 146). The phenotypes of all cell subsets assessed are

defined in the table. To control for any effect of changes in
Treg cell levels over time, the kinetic profiles of CD19

+ B cells
(total, immature, mature, and memory) were also assessed
relative to CD4+ and CD8+ Treg cell counts.

Statistical analyses
All data were analyzed by alemtuzumab treatment course.
Patients were categorized as “active” or “nonactive” based on
defined events: presence or absence of autoimmune AEs,
relapses, CDW, and MRI disease activity. To compare the
depletion at month 1 and month 13, and the differential re-
constitution between groups, linear mixed-effects models for
repeated measures (MMRMs) were undertaken with lym-
phocyte parameters as the outcome variable. Explanatory
variables included age and baseline value and either autoim-
mune AEs, relapse, CDW, or MRI disease activity. Separate
MMRMs were fit for separate events as explanatory variables.
Multiple hypothesis testing was adjusted using the Bonferroni
correction and the Benjamini-Hochberg procedure.24

Standard protocol approvals, registrations,
and patient consents
The CARE-MS trials and CAMMS03409 extension are regis-
tered with ClinicalTrials.gov (NCT00530348, NCT00548405,
and NCT00930553). All procedures were approved by the
institutional ethics review boards of participating sites. Patients
provided written informed consent.

Data availability
Qualified researchers may request access to patient-level data
and related study documents including the clinical study re-
port, study protocol with any amendments, blank case report
form, statistical analysis plan, and data set specifications.
Patient-level data will be anonymized and study documents
will be redacted to protect the privacy of trial participants.
Further details on Sanofi’s data-sharing criteria, eligible
studies, and process for requesting access can be found at
clinicalstudydatarequest.com.

Table Lymphocyte subset phenotypes

Lymphocyte
designation

Lymphocyte
subset name Phenotype

Naive CD4+ T cells Naive CD3+4+ T cells CD4+45RA+27+

Memory CD4+ T cells Memory CD3+4+ T cells CD4+45RA−

CD4+ Treg cells CD3+4+ regulatory T cells CD4+25int/br+127lo/−

Naive CD8+ T cells Naive CD3+8+ T cells CD8+45RA+27+

Memory CD8+ T cells Memory CD3+8+ T cells CD8+45RA−

CD8+ Treg cells CD3+8+ regulatory T cells CD8+25int/br127lo/−

Immature B cells Immature B cells IgD+CD19+27-38+10+

Mature B cells Mature naive B cells IgD+CD19+27-38+10−

Memory B cells Memory B cells CD19+27+

Abbreviation: Treg = regulatory T.
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Results
Patients and overall lymphocyte profiles
A total of 811 patients were treated with alemtuzumab 12 mg
in CARE-MS I and II; baseline characteristics were reported
previously (mean age 34.0 [SD 8.24] years).6,7 Total lym-
phocyte, CD4+ and CD8+ T-lymphocyte, and CD19+

B-lymphocyte counts following alemtuzumab treatment were
assessed in 802 patients (figure 1).

CD4+, CD8+, and CD19+ lymphocyte depletion
and repopulation patterns over 2 years are not
associated with risk of an autoimmune event
over 6 years
Of the 802 patients, 447 (56%) developed autoimmune
AEs by definition. There was no significant overall
difference in depletion or repopulation patterns of
total lymphocytes, CD4+ and CD8+ T lymphocytes, or
CD19+ B lymphocytes (assessed over 2 years) in patients
who did or did not experience autoimmune AEs over 6
years (figure 2). The timing and magnitude of the changes
in total T- and B-lymphocyte levels after treatment, as well
as the repopulation patterns, were comparable between
patients with or without autoimmune AEs (figure 2).
Results for CD3+ T-lymphocyte counts were similar
between the subgroups (figure e-1, links.lww.com/NXI/
A160).

CD4+, CD8+, and CD19+ lymphocyte depletion
and repopulation patterns over 2 years are not
associated with clinical and MRI efficacy
parameters over 6 years
Total lymphocyte, CD4+ and CD8+ T-lymphocyte, and
CD19+ B-lymphocyte depletion and repopulation patterns
were also similar in patients who did or did not experience
relapses, CDW, or MRI disease activity through 6 years fol-
lowing alemtuzumab treatment (figure 3, A–C). Among the
various efficacy subgroups, the timing and magnitude of
the changes in total CD4+ and CD8+ T- and CD19+

B-lymphocyte levels after treatment, as well as the repo-
pulation pattern, were comparable (figure 3, A–C). Results
for CD3+ T-lymphocyte counts were similar (figure e-1,
links.lww.com/NXI/A160).

Analysis of repopulation of
specific lymphocyte subsets did not show
association with the risk of an autoimmune
event or disease activity over 6 years
In the expanded phenotype analysis of CD4+ and CD8+

T-lymphocyte subsets (naive, memory, and Treg cells) and
CD19+ B-lymphocyte subsets (immature, mature, andmemory
cells) in a subpopulation of patients (n = 146), repopulation
kinetics over 2 years did not differ overall in patients with or
without autoimmune AEs, relapses, CDW, or MRI disease
activity through 6 years (figure 4, A–C).

Figure 1 Median lymphocyte counts in patients treated with alemtuzumab 12 mg

Median total lymphocyte, CD4+ and CD8+ T-lymphocyte,
and CD19+ B-lymphocyte counts in the overall pooled
Comparison of Alemtuzumab and Rebif Efficacy in
Multiple Sclerosis population treated with alemtuzu-
mab 12 mg. N value range over 24 months: 752–802
patients. Vertical lines indicate administration of alem-
tuzumab. Dashed horizontal lines represent LLN for
each of the lymphocyte subsets presented. IQR =
interquartile range; LLN = lower limit of normal.
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For both the autoimmune AE and efficacy assessments, the key
pharmacodynamic characteristics of the lymphocyte subsets
following alemtuzumab treatment were comparable regardless
of autoimmune event or efficacy status. Absolute counts of
CD4+ and CD8+ T-lymphocyte subsets (naive, memory, and
Treg cells) were typically lowest at the time of first

posttreatment blood count (month 1) and reconstituted
steadily after each treatment course (figure 4, A and B). CD8+

Treg cells showed less pronounced depletion compared with
CD4+ Treg cells (figure 4, A and B). Absolute counts of mature
and memory CD19+ B lymphocytes decreased posttreatment
and were lowest at month 1, whereas absolute counts of

Figure 2 Median lymphocyte counts in alemtuzumab-treated patients with or without autoimmune AEs

(A) Median total lymphocyte, (B) CD4+ and (C) CD8+ T-lymphocyte, and
(D) CD19+ B-lymphocyte counts in patients from the pooled Compari-
son of Alemtuzumab and Rebif Efficacy in Multiple Sclerosis trials
treated with alemtuzumab 12 mg, stratified by the presence or ab-
sence of autoimmune events. N value range over 24 months: 415–447
patientswithout autoimmuneAEs; 337–355 patients with autoimmune
AEs. Vertical lines indicate administration of alemtuzumab. AE = ad-
verse event; IQR = interquartile range; LLN = lower limit of normal.
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immature B lymphocytes increased posttreatment and were
highest at month 3 (figure 4C). Mature B cells repopulated to
approach baseline levels by month 6, followed by a rise above
baseline levels; memory B cells repopulated more slowly
(figure 4C).

In light of a recently put forward hypothesis that variations in
the efficacy and safety of alemtuzumab may reflect B-cell
hyper-repopulation in the absence of effective T-cell regula-
tion in some patients,19 we additionally visualized our data in
an alternative manner, by normalizing the kinetic profiles of
B cells against CD4+ and CD8+ Treg cell levels. No differences
in depletion or repopulation kinetics were seen in patients
with or without autoimmune events, relapse, CDW, or MRI
activity through 6 years (figure e-2, A and B, links.lww.com/
NXI/A161).

Additional analyses in patients with or without multiple au-
toimmune AEs or “extreme efficacy” phenotypes (e.g., with or
without sustained NEDA) also failed to find any significant
overall differences in depletion or repopulation profiles (data
not shown). Of note, our analysis did not reveal a specific
lymphocyte pattern in the first 2 years that would allow
a prediction of the return of disease activity after the second
course of alemtuzumab.

Discussion
B and T lymphocytes play an integral role in the disease
process in MS.25 By selectively depleting B and
T lymphocytes, alemtuzumab induces a lymphopenia that is
measurable in the peripheral blood. The distinct repopulation
patterns of B and T subsets following alemtuzumab

Figure 3 Median lymphocyte counts in alemtuzumab-treated patients with or without disease activity

Median total lymphocyte, CD4+ and CD8+ T-lymphocyte, and CD19+ B-lymphocyte counts in Comparison of Alemtuzumab and Rebif Efficacy in Multiple
Sclerosis patients treatedwith alemtuzumab12mg, stratified by the presence or absence of (A) relapse, (B) 6-month CDW, and (C)MRI disease activity. N value
rangeover 24months: 356–388 patientswithout relapse; 395–414 patientswith relapse; 567–606 patientswithout CDW; 184–196 patientswith CDW; 263–280
patients without MRI activity; 485–516 patients with MRI activity. Vertical lines indicate administration of alemtuzumab. CDW = confirmed disability wors-
ening; IQR = interquartile range; LLN = lower limit of normal.
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treatment, which have been described previously,26,27 lead to
quantitative and qualitative changes in immune regulatory
networks. These changes include suppression of memory
B cells, which may play several roles in the pathogenesis of

MS,28,29 a relative increase in Treg and memory T-cell counts,
and a potential shift from a pro- to anti-inflammatory envi-
ronment (driven by differential reconstitution of T-cell
subsets).26,27,30,31 Despite this knowledge, few studies have

Figure 4 Lymphocyte subset counts in alemtuzumab-treated patients with or without autoimmune AEs or disease activity

(A) CD4+ T-, (B) CD8+ T-, and (C) CD19+ B-lymphocyte subset counts in Comparison of Alemtuzumab and Rebif Efficacy in Multiple Sclerosis patients treated
with alemtuzumab 12mg, stratified by the presence or absence of autoimmune AEs, relapse, 6-month CDW, and MRI disease activity. N value range over 24
months: 29–72 patients without autoimmune AEs; 30–76 patients with autoimmune AEs; 23–72 patients without relapse; 27–75 patients with relapse; 44–108
patients without CDW; 14–38 patients with CDW; 23–63 patients without MRI activity; 35–84 patients with MRI activity. AE = adverse event; CDW = confirmed
disability worsening; IQR = interquartile range; Treg = regulatory T.
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attempted to correlate aspects of these pharmacodynamic
changes with either safety or efficacy or the need for additional
courses of alemtuzumab.

The present study assessed lymphocyte dynamics over the
first 2 years following alemtuzumab initiation in relation to the
development of autoimmune events or the return of disease
activity over 6 years. This enabled a methodical evaluation of
the prognostic value of lymphocyte depletion and repopula-
tion patterns, specifically focusing on the putatively most
important populations (CD4+/CD8+ T cells and CD19+

B cells), including key subsets such as Treg cells. The questions
addressed were whether differences in the depletion or
repopulation patterns of these cell types are associated with
(1) development of autoimmune AEs or (2) efficacy (in-
cluding the relevant question of the need for retreatment). In
answer to the first question, our analysis demonstrated the
repopulation kinetics of the tested lymphocyte populations
did not differ in alemtuzumab-treated patients with or without
autoimmune AEs over 6 years. Our findings are consistent
with a previous study demonstrating that T-cell regulation
does not play a role in the development of autoimmunity in
alemtuzumab-treated patients; instead, the autoimmunity
may be largely driven by reduced thymopoiesis, a restricted
T-cell repertoire, and homeostatic expansion of T cells that
have escaped depletion.32 This is also in line with a study by
Jones et al.33, which suggested that increased levels of
interleukin-21 may drive cycles of T-cell expansion and apo-
ptosis after alemtuzumab, thus increasing the opportunities
for T cells to encounter self-antigen that leads to autoim-
mune AEs.

Importantly, our study could not confirm what one of the
prevailing hypotheses in this area of research would suggest:
namely, that an overshoot of B cells is a likely contributor to
the risk of disease exacerbation and/or autoimmune de-
regulation. That hypothesis is based on the observation that
after initial depletion with alemtuzumab treatment, B cells in
many patients begin to repopulate to levels exceeding those
observed before treatment, with implications for safety based
on B-cell hyper-repopulation in the absence of effective T-cell
regulation.19 The results from our analysis demonstrated that
the repopulation kinetics of B cells, including memory B cells,
did not differ in alemtuzumab-treated patients with or without
autoimmune AEs over 6 years. Furthermore, there were no
differences either in the B to Treg cell ratios or the repopu-
lation patterns of T-cell subsets between patients with or
without autoimmune AEs.

Our study also provides evidence that more robust or
accelerated lymphocyte repopulation does not predict the
return of clinical or MRI disease activity in alemtuzumab-
treated patients over 6 years. These findings extend those
from a previous analysis that examined the relationship
between lymphocyte pharmacodynamics and clinical efficacy
over the course of the CARE-MS core (2-year) studies. In that
analysis, median cell counts for total lymphocytes,

T lymphocytes (CD3+, CD4+, and CD8+), and CD19+

B lymphocytes were similar at months 1 and 13 in patient
subgroups stratified by whether they experienced a relapse or
CDW event subsequent to the time point being assessed. The
rate of lymphocyte repopulation was also similar between
patients who did or did not experience a relapse or CDW after
receiving alemtuzumab.34

The findings of this study imply that the pharmacodynamic
patterns of major lymphocyte populations in the peripheral
blood within the 2 years following alemtuzumab initiation do
not have prognostic value. Peripheral immune phenotyping
may be too superficial or not sufficiently sensitive to detect
differences among individuals in immune regulatory and tol-
erance networks that likely occur after alemtuzumab treat-
ment. Of particular interest, a recent study of patients withMS
demonstrated that some self-antigens that are expressed on
peripheral B memory cells are also expressed in the brain, and
T cells that become autoreactive to the antigen can also mi-
grate to brain MS lesions.35 Further research on the effects of
alemtuzumab at the antigen-specific level and within the CNS
will likely provide additional insights into its overall mecha-
nism of action and underlying mechanisms of autoimmune
AEs, clinical response, and potential prognosis.

Limitations of our study include the caveats that are inherent
in any post hoc analysis. In addition, the lymphocyte data in
this study only extend for the first 2 years after initiation of
alemtuzumab treatment; longer-term follow-up may have
provided additional insights. As the depth of immune phe-
notyping in our study was limited, the pharmacodynamics of
other leukocyte subsets that are linked to response to alem-
tuzumab (i.e., natural killer cells, dendritic cells, and regula-
tory B [Breg] cells) need to be further investigated. For
example, relative increases in CD56bright natural killer
cells36,37 and Breg cells have been reported following initiation
of alemtuzumab, along with decreased proportions of den-
dritic cell subsets that are capable of eliciting detrimental
immune responses in MS.37 Differences in the pharmacody-
namics of these subsets could also underlie autoimmune
events or differences in efficacy responses in patients treated
with alemtuzumab. Of particular interest in the case of pe-
ripheral Breg cells, a recent study showed levels of the
CD19+CD24hiCD38hi cell subset to deplete with the onset of
severe relapses and repopulate during recovery, although this
observation was based on data from a single alemtuzumab-
treated patient.38 Further analysis of the pharmacodynamics
of B-cell clones may provide additional insight into autoim-
mune events in alemtuzumab-treated patients. Finally, in
addition to studying peripheral blood, further research on
lymphoid organs and the CSF is needed to improve un-
derstanding of the interrelation of different compartments
contributing to immune regulation after alemtuzumab
treatment.

The current analyses suggest that differences in depletion
or repopulation kinetics of the major subpopulations of
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peripheral blood lymphocytes have no prognostic value in
alemtuzumab-treated patients with RRMS. However,
repopulation patterns of specific B-cell clones with the
potential to express autoimmune antibodies, and the rele-
vance of those patterns to autoimmune AE occurrence,
remain to be determined. Lymphocyte repopulation ki-
netics, at the level in the present analysis, likely cannot be
used to predict the need for administration of additional
courses of alemtuzumab.
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Abstract
Objective
To determine the transfer of rituximab, an anti-CD20 monoclonal antibody widely used for
neurologic conditions, into mature breast milk.

Methods
Breast milk samples were collected from 9 women with MS who received rituximab 500 or
1,000 mg intravenous once or twice while breastfeeding from November 2017 to April 2019.
Serial breast milk samples were collected before infusion and at 8 hours, 24 hours, 7 days, and
18–21 days after rituximab infusion in 4 patients. Five additional patients provided 1–2 samples
at various times after rituximab infusion.

Results
The median average rituximab concentration in mature breast milk was low at 0.063 μg/mL
(range 0.046–0.097) in the 4 patients with serial breast milk collection, with an estimated
median absolute infant dose of 0.0094 mg/kg/d and a relative infant dose (RID) of 0.08%
(range 0.06%–0.10%). Most patients had a maximum concentration at 1–7 days after infusion.
The maximum concentration occurred in a woman with a single breast milk sample and was
0.29 μg/mL at 11 days postinfusion, which corresponds with an estimated RID of 0.33%.
Rituximab concentration in milk was virtually undetectable by 90 days postinfusion.

Conclusions
We determined minimal transfer of rituximab into mature breast milk. The RID for rituximab
was less than 0.4% and well below theoretically acceptable levels of less than 10%. Low oral
bioavailability would probably also limit the absorption of rituximab by the newborn. In women
with serious autoimmune neurologic conditions, monoclonal antibody therapy may afford an
acceptable benefit to risk ratio, supporting both maternal treatment and breastfeeding.
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Neurologic diseases including multiple sclerosis (MS), neuro-
myelitis optica spectrum disorder (NMOSD), autoimmune
encephalitis, myasthenia gravis, and migraine commonly
affect women of childbearing age, and monoclonal antibody
therapies are becoming increasingly available for these
conditions.1–5 However, limited data on the safety of medi-
cations during breastfeeding force many women to choose
between treating their neurologic disease or breastfeeding
their infant, despite the many benefits of breastfeeding.6

Monoclonal antibodies are appealing options during breast-
feeding because immunoglobulin Gs (IgGs) are large mole-
cules with low expected breast milk transfer after the
colostrum phase, with IgA the main immunoglobulin in hu-
man breast milk.7,8 There have been recent efforts to bridge
the gap in safety data for monoclonal antibodies during
breastfeeding,9,10 given their widespread use in neurologic,
rheumatologic, gastrointestinal (GI), and oncologic diseases.
In fact, the American College of Rheumatology presented
guidelines in 2018 discussing use of biologics while breast-
feeding,11 and in 2019, the American Gastrointestinal Asso-
ciation recommended biologics can be continued while
breastfeeding.12 In neurology, there are limited data and no
guidelines for monoclonal antibody use during breastfeeding.

Rituximab is an anti-CD20 monoclonal IgG1 antibody used
widely for neurologic autoimmune conditions and is effective
and used off-label for MS and myasthenia gravis.13–15 Only
a single case report measured rituximab concentration in
breast milk, for a woman with vasculitis, and levels were re-
assuringly low (≤0.6 μg/mL). However, sample collection
occurred on days 7–10 after infusion, and thus, peak con-
centration and decline in concentration were not captured.16

Herein, we aimed to evaluate the transfer of rituximab into
mature breast milk in postpartum patients with MS.

Methods
Study design and population
In this prospective cohort, we enrolled women with MS re-
ceiving rituximab clinically while breastfeeding or shortly after
weaning and who were willing to provide breast milk samples.
All participants were enrolled in the University of California,
San Francisco (UCSF) pregnancy registry for women with
demyelinating diseases, which includes patients followed up at
the UCSF MS Center and women followed up at other
centers if they seek enrollment in the registry, often facilitated
by their neurologist. The samples included in this analysis
were collected from November 2017 to April 2019.

Patient demographics, medical history, and peripartum details
were obtained through questionnaires, interview, and review of
medical records. Medical records were reviewed to collect
demographic data, treatment history, rituximab infusion
date(s)/time and dose(s), and Expanded Disability Status
Scale (EDSS) score before pregnancy. Prospective ques-
tionnaires collected pregnancy information including treat-
ment before and during pregnancy, pregnancy complications,
delivery information, and breastfeeding status. Interview was
used to supplement missing information including breast-
feeding information and infusion dates as needed. Data from
all sites were collected in the same manner by the UCSF
study team after referral to the pregnancy registry by their
neurologist.

Standard protocol approvals, registrations,
and patient consents
The UCSF Institutional Review Board approved this study
(17–22422). Patients provided informed consent to enter the
study and provide breast milk samples.

Breast milk collection

Feasibility samples
To evaluate feasibility and validate rituximab concentration
assay techniques, we initially collected 1–2 breast milk sam-
ples from 4 mothers (5 samples total) within 2 weeks after 1
or 2 rituximab infusions of 500 or 1,000 mg intravenous (IV)
(feasibility samples).

Serial samples
We then systematically collected serial breast milk samples
preinfusion (drug-naive) and at 8, 24, and 48 hours as well as
at 7, 18–21, and 30 days after rituximab 500 or 1,000 mg
infusion once or twice when possible in 4mothers (1 of whom
had 2 samples as part of feasibility samples).

Delayed samples
In 2 cases, eligible patients were identified at a timeframe
more remote from their rituximab infusion, and to maximize
available data, delayed samples from these patients were col-
lected up to 90 days from infusion.

The feasibility, serial, and delayed samples were all assayed in
the same batch and are all reported to maximize data.

All samples included mature breast milk, which occurs be-
ginning 14 days postpartum, after the colostrum and transi-
tional phases. Mothers collected breast milk samples (2–5 cc)
by pumpingmilk from the breast into sterile freezer safe breast
milk bags (NUK brand). The samples were stored by mothers

Glossary
ASQ3 = Ages and Stages Questionnaire; AUC = area under the curve; CDC = Centers for Disease Control and Prevention;
EDSS = Expanded Disability Status Scale; GI = gastrointestinal; ICC = intraclass correlation coefficient; IV = intravenous;
NMOSD = neuromyelitis optica spectrum disorder;RID = relative infant dose;UCSF =University of California, San Francisco.
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at 4°C immediately after collection and then transported lo-
cally on dry ice (<1 hour) or shipped overnight in insulated
PolarTech shipping containers lined with ThermoSafe
PolarPacks to the UCSF, where they were stored at −80°C.
Samples were transported on dry ice (<1 hour) to Marin
Biologic Laboratories, Inc., for analysis.

Quantification of rituximab in breast milk
To determine the breast milk concentration of rituximab, sam-
ples were analyzed byMarin Biologic Laboratories (Novato, CA,
US) using the Eagle Biosciences rituximab ELISA kit. This
ELISA is based on a rituximab-specific mouse monoclonal an-
tibody. Standards and samples were incubated in the microtiter
plate coated with a capture antibody. After incubation, the wells
were washed, and a horseradish peroxidase-conjugated antihu-
man IgG monoclonal antibody was added that bound to ritux-
imab. After incubation, the wells were washed, and the bound
enzymatic activity was detected by addition of chromogen-
substrate. The color was proportional to the amount of ritux-
imab in the sample or standard; the optical density was
measured using a spectrophotometer at 450 nm. Rituximab
concentrations of samples were determined by using the
standard curve and measured in ng/mL and were then con-
verted to μg/mL for analyses and reporting for ease of
interpretation.

In an initial qualification experiment to test the ELISA kit, 3
standard curves were prepared with drug-naive milk
specimens using 3 different conditions (kit standard pre-
pared in dilution buffer, in neat naive milk, and in naive milk
diluted 1:10 in a dilution buffer). Recovery of the rituximab
standard was similar in all conditions. The method of
testing clinical samples neat or at various dilutions and
determining ng/mL values from the standard curve in kit
buffer was also qualified by testing 5 feasibility clinical
samples neat and at 1:1, 1:10, and 1:30 dilution in kit buffer,
with analysis against standard curves prepared in buffer in
neat milk or in 1:10 milk. Because there was no statistical
difference between the methods of analysis, the final ex-
periment testing concentrations reported in this study
tested the samples neat.

Two breast milk concentrations were measured on each
sample in duplicate, and the intraclass correlation coefficient
(ICC) was calculated to evaluate reproducibility. The 2 rep-
licates were averaged for the final breast milk concentration
for each sample.

Statistical analysis
For the 4 women who provided serial (at least 5) samples,
the breast milk concentrations of rituximab were analyzed
with pharmacokinetic methods using STATA 15 (College
Station, TX). The trapezoidal rule was used to calculate the
area under the breast milk concentration-time curves
(AUC) for each of these women. The average concentra-
tion of rituximab in breast milk (Cavg) was calculated by
dividing the AUC by the number of days from infusion at

the time of the last breast milk sample for each woman.
We also determined the maximum concentration (Cmax)
and the time of the maximum concentration for each
woman.

The absolute average and maximum rituximab dose to the
infant in a 24-hour period and the relative infant dose (RID)
were calculated using methods described by Bennett.17 The
actual maternal weight at the time or closely after the in-
fusion was used for each woman. Calculation of the absolute
average and maximum dose and the RID assumes the infant
will ingest approximately 150 cc/kg/d of breast milk over
a typical 24-hour period. The absolute average infant dose
over 24 hours is calculated by multiplying the Cavg by 150
cc/kg/d, whereas the maximum absolute infant dose is
calculated by multiplying Cmax by 150 cc/kg/d. The RID
estimates the infant’s exposure to rituximab as a percentage
of the maternal dose over a 24-hour period and is calculated
by taking the Cavg in mg/L, multiplying by 0.15 L/kg/d of
breast milk and by the maternal weight, and then dividing by
the maternal dose. The RID was also calculated using Cmax

to determine the maximum RID based on data collected. It
has previously been reported by Bennett17 that a RID less
than 10% is generally safe for an infant to breastfeed,
although toxicity of the specific drug should also be
considered.

Median and range were then calculated for these measures
across the women who provided serial samples. Although the
rituximab concentrations in the women who provided 1–2
samples (feasibility and delayed samples) were not included
in these calculations, they also contributed to our overall
understanding of rituximab transfer into breast milk and were
qualitatively compared with those of the women who pro-
vided serial samples.

Infant outcomes
Medical records were reviewed to identify birth outcomes,
infection, vaccination, growth, and developmental concerns in
the infants who breastfed while their mothers were receiving
rituximab from the time of birth to last well-child follow-up
available. Weight, length, and head circumference recorded in
medical records were compared with Centers for Disease
Control and Prevention (CDC) clinical growth charts and
reported as percentiles for age.18 The Ages and Stages
Questionnaire (ASQ3)19 was undertaken prospectively by
parents at 4, 8, and 12 months of age. The ASQ3 is a ques-
tionnaire that evaluates 5 domains of child development,
including gross motor, fine motor, communication, problem-
solving, and personal-social development. Each domain is
scored and categorized as “below cutoff,” “monitoring zone,”
or “above cutoff.” “Above cutoff” was considered normal be-
cause this indicates a child’s development is on schedule.
“Monitoring zone” means the child is close to the cutoff, and
providing learning materials and monitoring is suggested.
“Below cutoff” suggests professional assessment should be
completed.
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Data availability
Anonymized data are available to qualified investigators on
request for the purposes of replicating procedures or results
by contacting the corresponding author.

Results
Demographics and clinical characteristics
Nine women with MS who entered the UCSF pregnancy
registry for women with demyelinating diseases were
treated clinically with rituximab while breastfeeding or
shortly after weaning and agreed to provide breast milk
samples. All had relapsing remitting MS with relatively
mild disability (maximum EDSS of 2.0), with a mean age of
34 years and median disease duration of 4 years (table 1).
Four women had also received rituximab in the 6 months
before pregnancy, 1 received dimethyl fumarate before
pregnancy, and 1 received fingolimod before pregnancy,
followed by glatiramer acetate which was continued during
pregnancy. The other 3 women had not received disease-
modifying therapy in the 6 months before pregnancy. The

median time between delivery and rituximab treatment in
the samples provided was 6 months, with a range from 1.5
to 11 months. Most patients received a single rituximab
infusion of either 500 or 1,000 mg IV. One individual re-
ceived 500 mg IV twice (19 days apart) with samples
provided up to 19 days from the first infusion. Another had
previously received rituximab 1,000 mg twice 0.5 months
postpartum and provided samples after the second dose
of her second cycle of 1,000 mg twice at 7 months
postpartum.

Rituximab concentration in breast milk
The 9 women provided a total of 30 breast milk samples, with
4 patients providing at least 5 serial breast milk samples. The
ICC calculated with 2 replicates was excellent (0.997). Con-
centrations of rituximab in breast milk measured in all samples
are displayed in figure 1, and pharmacokinetic curves for the 4
patients with serial samples are shown in figure 2. The median
average rituximab concentration was low at 0.063 μg/mL
(range 0.046–0.097) in the 4 patients who provided serial
samples. Within these patients, the maximum rituximab
concentration occurred between 1 and 7 days from the in-
fusion, with a median maximum concentration of 0.074 μg/
mL (range 0.061–0.12). Based on the average concentration,
the median absolute 24-hour daily dose of rituximab was
0.0094 mg/kg/d, and the median RID was 0.08% (range
0.06%–0.10%) (table 2).

Among the patients who provided 1–2 breast milk samples
(feasibility and delayed samples), measured rituximab
concentrations were generally similar to those of patients
with serial samples apart from a single outlier with a rit-
uximab concentration of 0.29 μg/mL at 11 days post-
infusion (figure 1). This single outlier was a single sample
provided by a mother who received rituximab 1,000 mg at
9 months postpartum. To ensure that the RID was not
underestimated, this higher value was also used to calculate
the RID, and it remained low at 0.33%. One patient pro-
vided samples more remote from the rituximab infusion
at 60 and 90 days postinfusion. These values were re-
assuringly very low with a nearly undetectable level by 90
days. Rituximab levels in breast milk were not higher in
mothers who also received rituximab before pregnancy or
in the mother who received 1,000 mg twice instead of
a single infusion. Patient 3 (table 2 and figure 2C) had
increasing rituximab levels at the last sample on day 19
with her second dose of rituximab on that same day,
without capture of peak and decline after the second
infusion.

Infant outcomes
Of the 9 women, 5 continued to breastfeed after receiving
rituximab, whereas 4 discontinued breastfeeding before rit-
uximab infusion. Of the 5 mothers who breastfed after re-
ceiving rituximab postpartum, 3 also received rituximab
within the 6 months before pregnancy. Detailed information
is available for 4 infants who breastfed after their mothers

Table 1 Patient demographics and clinical characteristics
(n = 9)

Characteristic
Postpartum women
(n = 9)

Age, mean y (SD) 33.7 (3.2)

Weight, mean kg (SD) 73.9 (15.8)

Disease duration, median y (range) 4 (0–11)

MS subtype RRMS, n 9

EDSS, median (range) 0.0 (0.0–2.0)

Rituximab in 6 mo before pregnancy, n 4

Rituximab infusion to conception, median
mo (range)

2.5 (1.6–3.7)

Postpartum rituximab received, median mo
(range)

6 (1.5–11)

Rituximab dose, n

500 mg once 2

500 mg twice (2.7 wk apart) 1

1,000 mg once 5

1,000 mg twice (2 wk apart) 1

No. of breast milk samples provided, n

1 3

2 2

5 1

6 3

Abbreviations: EDSS = Expanded Disability Status Scale; RRMS = relapsing
remitting MS.
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received rituximab, whereas data were not available for the 1
other exposed infant (table 3). There were a few minor but
no serious infections. The infant exposed to rituximab
through breast milk earliest and with a higher total dose to
the mother had more infections (table 3, infant D), although

none were serious and all were common infections seen in
infancy. There were no preliminary concerns identified with
growth or development up to 8–12 months postpartum in
these infants, and routine vaccinations per CDC guidelines20

were given.

Figure 1 Rituximab concentrations in breast milk (n = 9)

Rituximab concentrations (μg/mL) in 9 patients up to 90 days from infusion of rituximab 1,000 or 500 mg intravenous once or twice. Lines connect samples
provided from a given individual. There was 1 outlier with a concentration of 0.29 μg/mL at 11 days postinfusion, although this level is still low.

Figure 2 Pharmacokinetic curves for rituximab concentration in breast milk for patients who provided serial samples (n = 4)

Rituximab concentrations (μg/mL) in 4 patients up to 30 days after infusion of rituximab 1,000mg IV once (A: patient 1; B: patient 2), 500mg IV twice day 0 and
19 (C: patient 3), or 500 mg IV once (D: patient 4). IV = intravenous.
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Discussion
In this prospective cohort study of postpartum women with
MS receiving rituximab, we observed very low transfer
of rituximab into mature breast milk. The average and
maximum concentrations of rituximab in breast milk were
reassuringly low and reached nearly undetectable levels by
60–90 days from the infusion. The median RID was 0.08%
and maximum RID was 0.10%, both less than the acceptable
value of less than 10%.17 Furthermore, the small amount of
rituximab reaching the breast milk is likely degraded in the
infant’s GI tract,8 with less than 25% of ingested IgG
reaching the stool and the remainder presumably diges-
ted.21 The neonatal Fc receptor may allow passage of these
undigested IgG molecules from the GI tract to circulation,22

and so a small amount of infant exposure cannot be
excluded.

The low concentrations of rituximab measured in mature
breast milk in our study were consistent with the low
concentration reported in the single case of vasculitis
treated with rituximab during breastfeeding.16 With serial
sampling of breast milk from 4 mothers, we were able to
calculate area under the breast milk concentration-time
curve, allowing calculation of the average concentration and
RID which were reassuring. Although the levels varied be-
tween patients, with a slightly higher maximum concen-
tration in 1 woman treated with 500 mg (figure 2C, patient

3) compared with others who received 1,000 mg rituximab,
the concentrations were overall quite similar and reassuringly
low. It is possible there may be minor interindividual vari-
ability in the pharmacokinetics and breast milk transfer of
rituximab.

Recent studies in inflammatory bowel disease evaluated
concentrations of other monoclonal antibodies in breast
milk, including tumor necrosis factor-alpha inhibitors, and
found reassuringly low peak concentrations.23,24 Natalizu-
mab, an IgG4 monoclonal antibody therapy for MS and
inflammatory bowel disease, represents 1 notable exception
because of more repeated dosing and the higher relative
proportion of IgG4 in mature breast milk than in
serum.25,26 Although low levels of natalizumab were
reported in breast milk in 2 patients,23 serial collection of
breast milk over 50 days from infusion in another single
patient suggested accumulation of natalizumab in breast
milk.27 By contrast, rituximab can be dosed once every
6–12 months and is an IgG1 subclass with a large molecular
weight (145 kD).28 IgG1 transfers in low levels into ma-
ture milk,26 which is consistent with our finding of lower
breast milk transfer of rituximab than that reported with
natalizumab.

Regarding pregnancy and neonatal outcomes with maternal
treatment with rituximab, a case series of 11 pregnancies in
women who received rituximab within 6 months of

Table 2 AUC, average concentration,maximumconcentration, and RID of rituximab in breastmilk among 4 patients with
serial samples

Parameters Patient 1 Patient 2 Patient 3 Patient 4 Median (range)

AUC0-Tmax, μg.d/mL 2.23 1.08 1.84 1.37 1.61 (1.08–2.23)

Tmax, d 30 21 19 30 25.5 (19–30)

Cavg, μg/mL 0.074 0.052 0.097 0.046 0.063 (0.046–0.097)

Cmax, μg/mL 0.083 0.065 0.12 0.061 0.074 (0.061–0.12)

Time of Cmax, d 7 2 1 7 4.5 (1–7)

Absolute infant dose by Cavg, mg/kg/d 0.011 0.0077 0.015 0.0068 0.0094 (0.0068–0.015)

Absolute infant dose by Cmax, mg/kg/d 0.012 0.0098 0.018 0.0092 0.011 (0.0092–0.018)

RID from Cavg, % 0.065 0.057 0.092 0.099 0.079 (0.057–0.099)

RID from Cmax, % 0.072 0.072 0.11 0.13 0.094 (0.072–0.13)

Rituximab dose, mg 1,000 × 1 1,000 × 1 500 × 2 500 × 1 1,000 (500–1,000)

Time of rituximab postpartum, mo 6 4 6 11 6 (4–11)

Maternal weight, kg 58.4 73.5 63.5 72.6 68.1 (58.4–73.5)

Breast milk samples, n 6 6 5 6 6 (5–6)

Timing of breast milk samples after
rituximab infusion

0, 8 h, 24 h, 7 d,
18 d, 30 d

0, 8 h, 24 h, 48 h,
7 d, 18 d

0, 8 h, 24 h, 7 d,
19 d

0, 8 h, 24 h, 7 d,
18 d, 30 d

Abbreviations: AUC = area under the drug-concentration-time curve in milk; Cavg = average drug concentration over the interval; Cmax = maximum drug
concentration measured; RID = relative infant dose; Tmax = maximum time of milk collection.
RID values are in bold because these are values of greatest importance.
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conception for MS and NMOSD, as well as a systematic
review of women treated for other conditions, did not
identify any major safety concerns.29 The patients included
in our study were clinically treated with rituximab while
breastfeeding, despite its off-label use in MS, likely based on
pregnancy safety data29 and the reassuring single case

report of a low breast milk rituximab concentration in
a patient treated for vasculitis.16 Because patients were
being treated clinically, this provided the opportunity to
measure the breast milk concentration of rituximab to help
guide future treatment decision-making in the postpartum
period.

Table 3 Outcomes for infants born to mothers treated with rituximab during breastfeeding

Characteristics Infant A Infant B Infant C Infant D

Time from last rituximab to
conception, mo

1.6 2.3 3.7 None

Time of postpartum
rituximab infusion, moa

2.6 4 6 0.5 and 7

DMT in pregnancy None None None Glatiramer acetate

Sex F F M F

Gestational age 38 wk 6 d 39 wk 4 d 41 wk 37 wk 3 d

Delivery method SVD SVD
assisted

SVD assisted SVD

Perinatal complications None None 2 BRUEb None

Breastfeeding mo after
postpartum rituximab

Discarded 2 mo then BF
4 mo

5 mo 2 mo 11.5 mo

Growth, timing 9 moc 9 moc 6 mo 1 wkc 5 moc

Weight, CDC percentile 50–75th 50–75th 75–90th 50th

Height, CDC percentile 50th 75–90th 75–90th 75–90th

Head circumference, CDC
percentile

75–90th 25–50th 90–95th 25–50th

Infections 2 wkd: Conjunctivitis
and dacryostenosis

7 moc:
Fever

5 mod: URTI and
otitis media

3 wkc: GERD and esophagitis; 2moc: URTI; 3moc: URTI and
diarrhea; 11 moc: Fever; 12 moc: URTI

Routine vaccinationse Complete Complete
except RV

Complete Complete

Development at well-child
visits

Normal Normal Normal Normal

ASQ3f 4 mod/8 moc 4 moc 4 mod/8moc 8 moc/12 moc

Gross motor Above/above Above Above/above Above/above

Fine motor Above/above Above Above/above Above/above

Communication Monitor/above Above Above/above Above/above

Problem-solving Above/above Above Above/above Above/above

Personal-social Above/above Above Above/above Above/above

Follow-up, mo 9 9 8 12

Abbreviations: ASQ3 = Ages and Stages Questionnaire; BF = breastfed; BRUE = brief resolved unexplained events; CDC = Centers for Disease Control and
Prevention; DMT = disease-modifying therapy; GERD = gastroesophageal reflux disease; RV = rotavirus; SVD = spontaneous vaginal delivery; URTI = upper
respiratory tract infection.
a 1,000 mg × 1 in infants A, B, C; 1,000 mg × 2 at 0.5 mo and 7 mo in infant D.
b 2 brief resolved unexplained events of color changes while breastfeeding during the first d of life, but was monitored with no additional complications.
c Time point after postpartum rituximab received by the mother and breastfeeding.
d Time point before postpartum rituximab received by the mother and breastfeeding.
e Vaccinations as per CDC guidelines20 up to 9 mo of age include diphtheria, tetanus, and acellular pertussis (DTaP), Haemophilus influenzae type b (Hib),
pneumococcal conjugate (PCV13), inactivated poliovirus (IPV), hepatitis B (HepB), Rotavirus (RV1 or RV5), and influenza (IIV). Only infant D had reached the age
at which CDC recommends live vaccination against measles, mumps, and rubella (MMR), and this was given routinely. None had yet received varicella
vaccination because of their age.
f The ASQ3 evaluates 5 domains of child development: gross motor, fine motor, communication, problem-solving, and personal-social development. Each
domain is scored and categorized as “below cutoff,” “monitoring zone” (Monitor), or “above cutoff” (Above). “Above cutoff” means child development is on
schedule in the given domain. Eight-month ASQ3 is missing for infant B and 4-month ASQ3 is missing for infant D.
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Four mothers in our cohort breastfed after receiving rituximab
and provided growth, development, and medical records for
their infants, which demonstrated no serious infections and
normal growth and development in these infants followed up
to 8–12 months of age. Even the infant whose mother re-
ceived the highest total dose of rituximab early in the post-
partum period and who experienced the most infections was
well within the normal range of expected infections.30 Un-
fortunately, the small sample size and lack of a comparison
group precluded rigorous determination as to whether the
number of infections differed from expected. The effect of
postpartum rituximab timing and dose on infant outcomes
requires further study.

Limitations of this study include the relatively small number
of breast milk samples, although collection of serial milk
samples in 4 women did allow calculation of fairly consistent
AUC and RID. Unfortunately, serial breast milk collection at
the preferred time points was not available in all treated
women because data were collected during real-world use of
rituximab and not all participants were identified at the time of
rituximab treatment. In addition, we were unable to capture
the declining concentration of rituximab over time after a cy-
cle containing 2 infusions (patient 3) because of a lack of
sample collection after the second infusion. There were also
limited safety data in infants who continued to breastfeed after
rituximab treatment, with a relatively short follow-up in 4
infants. Unfortunately, blood samples from infants who
breastfed after their mothers received rituximab were not
available, so we could not assess rituximab concentration or
the biological effect of any possible rituximab exposure in the
infants, such as blood counts, CD19+ B cell counts, or re-
sponse to vaccination.

We expect that our findings would generalize to the use of
rituximab more broadly during breastfeeding; however,
some special cases must be considered. Maternal complica-
tions such as mastitis might allow greater transfer of large
molecules such as rituximab into breast milk.7 Our findings
may also not apply to breast milk in the first 14 days of life,
given the differences in the contents of colostrum and
transitional milk compared with mature breast milk. Finally,
in preterm infants, gut immaturity could affect absorption of
rituximab.

Further studies are required to evaluate the long-term infant
safety of rituximab treatment during breastfeeding, including
evaluation of the biological effect on lymphocyte subsets and
response to vaccination. Further study is also required to
understand whether maternal treatment with rituximab alters
the composition of breast milk because IgA is a major im-
munologic component of breast milk,8 and immunoglobulins
may be depleted with long-term rituximab treatment.31 It is
also not known whether the neonatal gut microbiome could
be affected by rituximab exposure in breast milk. Ocrelizumab,
another anti-CD20 monoclonal antibody that is Food and
Drug Administration-approved for MS, is also an IgG1

molecule of the same molecular size as rituximab (145
kDa),32 and therefore, we would expect similarly low ocreli-
zumab transfer into breast milk. To investigate this, our on-
going registry efforts will enable direct measurement of
ocrelizumab concentration in breast milk.

Altogether, our findings suggest that at least in the mature
milk phase in term infants, a single rituximab infusion results
in a RID in breast milk of less than 0.4% in all cases, which is
far less than the commonly accepted threshold of 10%. These
findings are appealing for women with a higher risk of disease
activity in the postpartum state (such as MS or NMOSD
relapse, which may be associated with disability progression,33

and refractory autoimmunemyasthenia gravis or autoimmune
encephalitis). In individual cases, the significant benefit of
maintaining neurologic stability in the mother with the help of
monoclonal antibodies could offset theoretical risks to the
infant, allowing both mother and infant to benefit from
breastfeeding.6 Areas requiring further study include evalu-
ating drug concentrations and lymphocyte counts in infants
exposed to drug-containing breast milk and studying longer-
term developmental data in these infants. Larger prospective
registry studies are ongoing.
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Elisa Vegezzi, MD, Enrico Alfonsi, MD, Angela Berardinelli, MD, Ludivine Kouton, MD, Constance Manso, MSc,

Claudia Giannotta, MA, Pietro Doneddu, MD, Patrizia Dacci, MD, PhD, Laura Piccolo, MD, Marta Ruiz, MD,

Alessandro Salvalaggio, MD, Chiara De Michelis, MD, Emanuele Spina, MD, Antonietta Topa, MD,

Giulia Bisogni, MD, Angela Romano, MD, Sara Mariotto, MD, Giorgia Mataluni, MD, PhD,

Federica Cerri, MD, PhD, Claudia Stancanelli, MD, Mario Sabatelli, MD, Angelo Schenone, MD,

Enrico Marchioni, MD, Giuseppe Lauria, MD, Eduardo Nobile-Orazio, MD, Jérôme Devaux, PhD,* and
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Abstract
Objective
To assess the prevalence and isotypes of anti-nodal/paranodal antibodies to nodal/para-
nodal proteins in a large chronic inflammatory demyelinating polyradiculoneuropathy
(CIDP) cohort, compare clinical features in seronegative vs seropositive patients, and
gather evidence of their isotype-specific pathogenic role.

Methods
Antibodies to neurofascin-155 (Nfasc155), neurofascin-140/186 (Nfasc140/186), contactin-1
(CNTN1), and contactin-associated protein 1 (Caspr1) were detected with ELISA and/or cell-
based assay. Antibody pathogenicity was tested by immunohistochemistry on skin biopsy,
intraneural injection, and cell aggregation assay.

Results
Of 342 patients with CIDP, 19 (5.5%) had antibodies against Nfasc155 (n = 9), Nfasc140/
186 and Nfasc155 (n = 1), CNTN1 (n = 3), and Caspr1 (n = 6). Antibodies were absent
from healthy and disease controls, including neuropathies of different causes, and
were mostly detected in patients with European Federation of Neurological Societies/
Peripheral Nerve Society (EFNS/PNS) definite CIDP (n = 18). Predominant antibody
isotypes were immunoglobulin G (IgG)4 (n = 13), IgG3 (n = 2), IgG1 (n = 2), or
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UniversityHospital,Marseille, France;Université deBordeaux (C.M.), Interdisciplinary Institute forNeuroscience,Bordeaux, France;HumanitasClinical andResearchCenter (C.G., P.D., E.N.-O.),Milan
University, Milan, Italy; IRCCS Centro Neurolesi “Bonino Pulejo” (C.S.), Messina, Italy; Department of Biomedical and Clinical Sciences “Luigi Sacco” (G.B., G.L.), University of Milan, Milan, Italy; and
Institute for Neurosciences of Montpellier (J.D.), INSERM U1051, Montpellier University, Hopital Saint Eloi, Montpellier, France.

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 MRC and Wellcome Trust.

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 © 2019 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.0000000000000639
mailto:andrea.cortese@ucl.ac.uk
http://NPub.org/coe
https://nn.neurology.org/content/7/1/e639/tab-article-info
http://creativecommons.org/licenses/by/4.0/


undetectable (n = 2). IgG4 antibody-associated phenotypes included onset before 30 years, severe neuropathy, subacute
onset, tremor, sensory ataxia, and poor response to intravenous immunoglobulin (IVIG). Immunosuppressive treatments,
including rituximab, cyclophosphamide, and methotrexate, proved effective if started early in IVIG-resistant IgG4-
seropositive cases. Five patients with an IgG1, IgG3, or undetectable isotype showed clinical features indistinguishable
from seronegative patients, including good response to IVIG. IgG4 autoantibodies were associated with morphological
changes at paranodes in patients’ skin biopsies. We also provided preliminary evidence from a single patient about the
pathogenicity of anti-Caspr1 IgG4, showing their ability to penetrate paranodal regions and disrupt the integrity of the
Nfasc155/CNTN1/Caspr1 complex.

Conclusions
Our findings confirm previous data on the tight clinico-serological correlation between antibodies to nodal/paranodal proteins
and CIDP. Despite the low prevalence, testing for their presence and isotype could ultimately be part of the diagnostic workup in
suspected inflammatory demyelinating neuropathy to improve diagnostic accuracy and guide treatment.

Classification of evidence
This study provides Class III evidence that antibodies to nodal/paranodal proteins identify patients with CIDP (sensitivity 6%,
specificity 100%).

Chronic inflammatory demyelinating polyradiculoneuropathy
(CIDP), the most commonly acquired inflammatory neuropa-
thy worldwide, is clinically heterogeneous. Proven treatments
for CIDP include corticosteroids, plasma exchange, and in-
travenous immunoglobulin (IVIG). The response rates to
treatments were reported to be heterogeneous in subgroups of
patients, and the availability of specific biomarkers could provide
guidance for patient-tailored immunotherapeutic options.1

Antibodies to cell adhesion molecules of the paranodal complex,
neurofascin-155 (Nfasc155), contactin-1 (CNTN1), and
contactin-associated protein 1 (Caspr1), and to nodal
neurofascin-140/186 (Nfasc140/186) have been identified in
various percentages of patients with CIDP, with IgG4 being the
predominant isotype of these antibodies.2–8 Moreover, IgG4-
seropositive patients show specific clinical features and a poor
response to IVIG.

The prevalence of anti-CNTN1 and Nfasc155 IgG4 has been
well documented in cohorts of Japanese patients.2,5,6,9,10 It has
been shown that anti-CNTN1 IgG4 antibodies are pathogenic in
animal models and have a function-blocking activity.11,12 More-
over, anti-CNTN1 and Nfasc155 IgG4 are associated with spe-
cific alterations of the paranodal axo-glial contacts in nerve
biopsies,13,14 suggesting that these antibodies induce conduction
defects in patients by altering paranode integrity, hence the term
paranodopathy. In Europe, the study of these antibodies has been
so far limited to small cohorts of Spanish, French, and German

patients with CIDP,3,4,15,16 and there is little information on the
role and associated clinical features of antibodies of the IgG1-3
isotype.Moreover, the prevalence of anti-Caspr1 antibodies is still
largely unknown, as well as their possible pathogenic role.

Here, we assessed the prevalence and isotypes of antibodies
against Nfasc155, Nfasc140/186, CNTN1, and Caspr1 in
a large cohort of Italian patients affected by CIDP to better
characterize their clinical associations. We also investigated
skin biopsies from antibody-reactive patients for morpho-
logical abnormalities and the pathogenicity of anti-Caspr1
antibodies using in vitro and in vivo models.

Methods
Patients and sera
The primary research question of this study is to test the frequency
of antibodies to nodal/paranodal proteins in CIDP (Class III ev-
idence). Sera from 342 patients fulfilling the diagnostic criteria for
CIDP17 (306 typical and 36 atypical) were collected in 11 Italian
centerswith specific expertise in neuromuscular disorders andwere
all tested by ELISA and cell-based assay (CBA) for antibodies to
Nfasc155 and CNTN1 and by CBA only for antibodies to
Nfasc140/186 and Caspr1 by 2 independent laboratories (Istituto
di Ricovero e Cura a Carattere Scientifico [IRCCS] Mondino
Foundation, National Neurological Institute of Pavia, Italy, and
Institute for Neurosciences of Montpellier, France). As controls,

Glossary
Caspr1 = contactin-associated protein 1; CBA = cell-based assay; CIDP = chronic inflammatory demyelinating
polyradiculoneuropathy; CNTN1 = contactin-1; EFNS/PNS = European Federation of Neurological Societies/Peripheral
Nerve Society; GBS = Guillain-Barré syndrome; GFP = green fluorescent protein; HC = healthy control; IVIG = intravenous
immunoglobulin; MMN = multifocal motor neuropathy; MRC = medical research council; Nfasc155 = neurofascin-155;
ONLS = Overall Neuropathy Limitation Scale; PN = peripheral neuropathy.
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samples from healthy controls (HCs, n = 60); patients with
Guillain-Barré syndrome (GBS, n = 31), multifocal motor neu-
ropathy (MMN, n = 13), inherited neuropathy (n = 18), other
noninflammatory neuropathy (n = 52) including para-
proteinemic neuropathy (n = 18) and toxic-metabolic neuropa-
thy (n = 34), and patients with MS (n = 60) were tested.
Methods for ELISA18 and CBA6,10 were previously reported and
are available as supplementary methods, links.lww.com/NXI/
A165. Clinical information was collected from seropositive
patients with CIDP and from 64 randomly selected seronegative
patients with CIDP. Weakness was graded as mild if the medical
research council (MRC) score of the weakest muscle considered
of either proximal or distal muscle groups was <5 and >3,
moderate ifMRC= 3, or severe ifMRC<3. Disability was graded
using the Overall Neuropathy Limitation Scale (ONLS).19 Re-
sponse to treatment was investigated post hoc and was defined as
a persistent improvement of disability with anONLS change after
treatment ≥1. Reactivity of sera to teased fibers from murine
sciatic nerves was also evaluated as previously described.2

Immunohistochemistry on skin biopsy
Three patients with anti-Nfasc155 IgG4 antibodies, 1 patient
with anti-CNTN1 IgG3/IgG4 antibodies, 1 patient with anti-
Caspr1 IgG4 antibodies, 1 patient with anti-Nfasc155 antibodies
of an undetectable isotype, and 6 seronegative patients with
CIDP underwent 3-mmpunch skin biopsies at 1 distal site of the
lower limb as per EFNS/PNS guidelines.20 Nodal/internodal
morphological analysis was performed by double immunofluo-
rescence staining for myelin basic protein and Nfasc or myelin
basic protein and Caspr1. Detailed methods are available in
supplementary methods, links.lww.com/NXI/A165.

Purification of patients’ antibodies
For in vitro and in vivo studies, IgG1 and IgG4 were purified
from the serum of 1 Caspr1-reactive patient and the plasma of
a HC and their pathogenicity was tested by intraneural in-
jection on murine sciatic nerve and cell aggregation assay.
Methods for in vitro and in vivo studies are detailed in sup-
plementary methods, links.lww.com/NXI/A164.

Statistics
Clinical data were presented as number (%) ormean (min-max).
Categorical variables were compared in seronegative and sero-
positive patients using the χ2 test or Fisher exact test; unpaired
2-tailed Student t test was used for comparing continuous vari-
ables. Analysis of clinical variables was performed using STATA.
p values inferior to 0.05 were considered significant.

Standard protocol approvals, registrations,
and patient consents
The study was approved by local institutional ethical com-
mittees. Written informed consent was obtained from all
patients (or guardians of patients) participating in the study.

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

Results
Serologic findings
Of 342 sera from patients with CIDP tested, 10 (3%) were
positive for antibodies to anti-Nfasc155 using ELISA and
CBA (figure 1A). IgG isotypes were IgG4 in 7, IgG3 in 1, and
undetectable in 2 patients (figure 1B). One of these latter
patients showed IgG4 reactivity against Nfasc140/186 and
was thus considered a Nfasc140/186-reactive patient. Three
patients (1%) tested positive on ELISA and CBA for anti-
CNTN1 antibodies (figure 1A). IgG isotypes were IgG4 in 2
patients and mixed IgG3/IgG4 in 1 patient (figure 1B). All
sera reactive to Nfasc155 or CNTN1 by ELISA were also
confirmed by CBA, and no nonspecific reactivities by ELISA
only were identified. Six patients (2%) showed reactivity
against Caspr1 on CBA (figure 1C). Three had an IgG4-
predominant isotype, 2 had an IgG1 isotype, and 1 did not
have a detectable isotype. Overall, 19 patients (6%) had
antibodies against one of these 4 targets. None of the HCs and
patients with GBS, MMN, hereditary neuropathy, other
noninflammatory neuropathies, or MS tested positive, in-
dicating that the presence of antibodies to nodal/paranodal
proteins accurately identify patients with CIDP with sensi-
tivity 6% and specificity 100%. Of note, none of the sera from
36 atypical CIDP cases tested positive.

Sera from patients with IgG4 anti-Nfasc155, anti-CNTN1, or
anti-Caspr1 antibodies, but not anti-Nfasc155 of the IgG3
isotype or undetectable isotype, consistently showed re-
activity against paranodes when tested on teased fibers from
murine sciatic nerves (figure 1D). Sera with anti-Nfasc140/
186 IgG4 that co-reacted against Nfasc155 stained the nodes
of Ranvier on teased fibers.

Clinical features

Patients with anti-Nfasc155 IgG4 antibodies
Of patients with anti-Nfasc155 IgG4 antibodies, 4 were men
and 3 were women, with an average age at onset of 31 ± 18
years (table e-1, links.lww.com/NXI/A164). The onset of
neuropathy was subacute in 5 patients. One case was initially
diagnosed with GBS.

All patients had symmetric 4-limb muscle weakness, which was
mild to moderate in the upper limbs and proximal muscles of
the lower limbs but severe in 5 patients in the lower limb distal
muscles. Pinprick and position sense at the hallux were reduced
or abolished in all patients. Tremor was also invariably present,
and 6 had sensory ataxia. One patient reported neuropathic pain
at onset, and 1 had dysphagia. One of them presented optic
neuritis during steroid tapering. Brain MRI was thus performed
but did not show evidence of disseminated inflammatory CNS
disease. The neuropathy was moderately to severely disabling
with an ONLS at onset of 5.8 ± 2.2. Two patients required
a wheelchair 1 month after the disease onset. The patients
received IVIG (n = 6), steroids (n = 7), azathioprine (n = 1), or
rituximab (n = 1). Only 1 patient responded to IVIG and
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Figure 1 Reactivity to Nfasc155, CNTN1, and Caspr1 in CIDP by ELISA and CBA

(A) Serum samples from patients with CIDP (n = 342), MMN (n = 13), GBS (n = 31), genetic PN (n = 18), other noninflammatory PN (n = 52), MS (n = 60) and from
HCs (n = 60)were tested for autoantibodies to humanNfasc155 (left) andCNTN1 (right) by ELISA. ODare shown after subtraction of the baselineOD reading to
bovine serum albumin. The red line represents themean OD in HCs plus 3 standard deviations. (B) IgG isotype in Nfasc155- and CNTN1-positive patients. (C)
The sera (here case 14) were tested on living HEK cells transfectedwith CNTN1 and Caspr1 (red) and then revealedwithmouse antihuman IgG1, IgG2, IgG3, or
IgG4 (green) as indicated. Nuclei were stainedwith DAPI (blue). (D) These are teased fibers frommouse sciatic nerves immunostained for CNTN1 (red) and the
serum from case 14, then revealed with mouse antihuman IgG1, IgG2, IgG3, or IgG4 (green) as indicated. IgG1 and IgG4 from this patient reacted against
Caspr1 and bound to the paranodal regions. Scale bars: 10 μm. Caspr1 = contactin-associated protein 1; CBA = cell-based assay; CIDP = chronic inflammatory
demyelinating polyradiculoneuropathy; CNTN1 = contactin-1; GBS = Guillain-Barré syndrome; HC = healthy control; HEK = human embryonic kidney; MMN =
multifocal motor neuropathy; Nfasc155 = neurofascin-155; OD = Optical density; PN = peripheral neuropathy.
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steroids (ONLS 4→ 2), 1 patient showed response to steroids
(ONLS 6 → 2), and 1 patient unresponsive to IVIG and ste-
roids had sustained response after rituximab (ONLS 9 → 2).

Patients with anti-CNTN1 IgG4 antibodies
Of patients with anti-CNTN1 IgG4 antibodies, 3 were men
with a mean age at onset of 56 ± 26 years (table e-1, links.lww.
com/NXI/A164). The onset of neuropathy was subacute in 2
patients. Strength was impaired in both proximal and distal
muscles in the upper and lower limbs, often to a severe degree,
and 2 of them required a wheelchair. Pinprick sensation and
proprioception were either severely reduced or abolished, and
all of them had sensory ataxia. One patient showed cranial
nerve involvement and respiratory failure. One patient with
anti-CNTN1 IgG3/IgG4 antibodies had a concurrent onset of
CIDP and nephrotic syndrome because of membranous glo-
merulonephritis. A kidney biopsy showed subepithelial
deposits of immune complexes and complement deposition.
CNTN1 patients had the highest disability at onset with an
ONLS of 7.6 ± 2.5. One patient died of cardiac disease 6
months after the disease onset. The patients were treated with
IVIG (n = 3), steroids (n = 3), plasma exchange (n = 2), and
immunosuppressive drugs (n = 2). None of them had a sus-
tained response to either IVIG or steroids. Cyclophosphamide
was effective in 2 patients, leading to significant improvement
of the neuropathy in 1 case and complete remission of the
neuropathy together with regression of the nephrotic syn-
drome in the other case, who did not require further treatment.

Patients with anti-Caspr1 IgG4 antibodies
Of seropositive patients with anti-Caspr1 IgG4 antibodies, 2
were men and 1 was a woman, with a mean age at onset of 43 ±
17 years (table e-1, links.lww.com/NXI/A164). The onset was
subacute in 2 patients. Weakness was mild to moderate in
proximal muscle groups and moderate to severe in distal
muscle groups in both upper and lower limbs. Pinprick sen-
sation was reduced, and position sense was abolished at the
hallux in all of them. None of them reported neuropathic pain.
One patient complained of dysphagia, and 1 patient had
tremor. The disease was severe, with ameanONLS of 8.3 ± 0.6.
The patients were treated with IVIG (n = 3), steroids (n = 3),
plasma exchange (n = 1), methotrexate (n = 1), and interferon-
alfa (n = 1). A sustained response was observed only in 1
patient receiving steroids andmethotrexate (ONLS 9→ 6) and
1 patient treated with interferon-alfa (ONLS 8 → 7).

Seropositive patients with an IgG1-3 isotype or
undetectable IgG isotype
Six patients had IgG1 or IgG3 antibodies or an undetectable IgG
isotype against Nfasc155 (n = 3) or Caspr1 (n = 3) (table e-1,
links.lww.com/NXI/A164). One of these patients presented
antibodies reacting to both Nfasc155 and Nfasc140/186. The
clinical features of this patient, mainly consisting in a very early
onset IVIG-responsive neuropathy, have been previously de-
tailed.16 We will thus focus here on the 5 other patients, 2 men
and 3 women. In 2 of them, both reactive against Caspr1, the
disease started in the first decade of life. The mode of onset was

subacute in 1 patient only. If present, weakness was graded as
mild to moderate in upper limbs and proximal muscles of lower
limbs. All 5 patients had weakness in lower limb distal muscles,
which was severe in 2 of them. Pinprick sensation was reduced
in 3 and position sense was reduced at the hallux in 2 patients,
but none had absent proprioception. Sensory ataxia was
reported in 4 patients, 2 with anti-Nfasc155 antibodies and 2
with anti-Caspr1 antibodies, whereas tremor was observed in 2
patients with anti-Caspr1 antibodies. Disability was usually low
with a mean ONLS at onset of 3.2 ± 1.3. Only 1 case with anti-
Caspr1 antibodies needed walking aids. The patients were
treated with IVIG (n = 4) and steroids (n = 2). One patient with
minimal disability did not require treatment. Three of 4 patients
treated with IVIG had a good response.

Comparison of seropositive vs seronegative patients
We compared the clinical features and responses to treat-
ments of patients with IgG4 antibodies against Nfasc155,
CNTN1, or Caspr1 with those of 64 randomly selected
patients with CIDP who were negative for antibodies against
Nfasc155, Nfasc140/186, CNTN1, or Caspr1. We also
compared seropositive patients with an IgG1, IgG3, or un-
detectable IgG isotype with seronegative patients (table 1).

Anti-Nfasc155 and anti-Caspr1 IgG4 seropositive patients had
more frequently an early disease onset, before 30 years of age,
as opposed to that of anti-CNTN1 IgG4 seropositive patients
and seronegative patients. A subacute onset was reported in up
to two-thirds of anti-Nfasc155, anti-CNTN1, and anti-Caspr1
IgG4 seropositive patients compared with 28% of seronegative
patients. According to the EFNS/PNS criteria, CIDP pheno-
type was typical in all IgG4-seropositive patients. Tremor was
invariably present in patients with anti-Nfasc155 IgG4 anti-
bodies but was also observed in anti-CNTN1 and anti-Caspr1
IgG4 seropositive patients. Severe proprioceptive loss and
sensory ataxia were significantly more frequent in IgG4-
seropositive patients and were observed in all patients with
anti-CNTN1 antibodies, 2 patients with anti-Caspr1 IgG4
antibodies, and 3 patients with anti-Nfasc155 IgG4 antibodies
(table 1). In anti-CNTN1 and anti-Caspr1 IgG4 seropositive
patients, weakness was usually graded as moderate to severe
across proximal and distal muscle groups, whereas in patients
with anti-Nfasc155 IgG4 antibodies, motor impairment
showed a characteristic distal predominance in the lower limbs.

A higher level of CSF total protein and the presence of tem-
poral dispersion on nerve conduction studies were also char-
acteristic features of patients with autoantibodies of the IgG4
isotype. IgG4-seropositive patients had a higher disability at
onset: 5 patients needed a walking aid, and 5 patients required
a wheelchair. In particular, patients with anti-CNTN1 or anti-
Caspr1 IgG4 antibodies showed the highest disability at onset.

Patients with anti-Nfasc155, CNTN1, or Caspr1 IgG4 anti-
bodies had a lower response rate to IVIG compared with
seronegative patients (8% vs 67%, p < 0.001), but there was
no remarkable difference in the response to steroids or
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Table 1 Clinical features of patients with CIDP and antibodies to Nfasc155, CNTN1, and Caspr1

Autoantibody
seronegative (N = 64)

Anti-paranodal
proteins IgG4 (N = 13)

Anti-Nfasc155
IgG4 (N = 7)

Anti-CNTN1
IgG4 (N = 3)

Anti-Caspr1
IgG4 (N = 3)

Anti-IgG1-3 or
undetectable
anti-Nfasc155 or
anti-Caspr1
IgG subclass
(N = 5)

Age at onset 39 (18–64) 36 (13–82) 22 (13–63) 58 (30–82) 46 (24–57) 56 (7–74)

Early onset (below
30 years of age)

7 (11%) 5 (38%)a 4c 0 1 2 (40%)

Male sex 42 (66%) 9 (69%) 4 3 2 2 (40%)

Other autoimmune
disease

8 (12.5%) 3 (23%) 2 1 0 1 (20%)

M protein 15 (23%) 0 (0%) 0 0 0 0 (0%)

Triggering infection/
vaccination

11 (17%) 3 (23%) 2 0 1 0 (0%)

Clinical phenotype

Typical 52 (81%) 13 (100%) 7 3 3 5 (100%)

Atypical 12 (19%) 0 (0%) 0 0 0 0 (0%)

Subacute onset 18 (28%) 9 (69%)b 5a 2 2 1 (20%)

Weakness
moderate/severe

UL proximal 12 (19%) 4 (31%) 0 2 2 0 (0%)

UL distal 32 (50%) 8 (61%) 3 2 3 1 (20%)

LL proximal 16 (25%) 6 (46%) 1 2 3 1 (20%)

LL distal 37 (58%) 12 (92%)a 7a 2 3 3 (60%)

Pinprick sensation
at the hallux

Reduced 43 (67%) 10 (83%) 5 3 3 3 (60%)

Abolished 2 (3%) 1 (8%) 1 0 0 0 (0%)

Position sensation
at the hallux

Reduced 27 (43%) 4 (30%)b 3 0 1 2 (40%)

Abolished 8 (13%) 8 (61%)b 3 3a 2 0 (0%)

Sensory ataxia 22 (35%) 11 (85%)b 6a 3a 2 4 (80%)

Tremor 8 (12%) 9 (69%)c 7c 1 1 2 (40%)

Pain 23 (36%) 3 (23%) 1 2 0 0 (0%)

CSF protein 96 (24–55) 350 (128–679)c 278 (142–679) 148 (128–350) 426 (343–510) 68 (45–586)

ONLS 5 (1–11) 8 (3–10)a 5 (3–9) 8 (5–10) 8 (8–9) 3 (2–5)

NCS features

Prolonged DML 30 (51%) 9 (70%) 5 1 3 5 (100%)

Reduced CV 52 (88%) 11 (85%) 5 3 3 5 (100%)

Prolonged F wave 35 (62%) 4 (36%) 3 0 1 4 (100%)

Conduction
blocks

30 (51%) 5 (42%) 3 1 1 3 (60%)

Temporal
dispersion

15 (25%) 7 (64%)a 4 2 1 4 (80%)a

Continued
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immunosuppressive treatment. In particular, 1 patient with anti-
Nfasc155 IgG4 antibodies was treated with rituximab, 1 patient
with anti-Nfasc155 IgG4 antibodies was treated with azathio-
prine, 2 patients with anti-CNTN1 IgG4 antibodies were treated
with cyclophosphamide, and 1 patient with anti-Caspr1 IgG4
antibodies was treatedwithmethotrexate. Four of themwhowere
started on immunosuppressors within 1 year from disease onset
showed long-lasting good response.

Patients with antibodies to Nfasc155, CNTN1, or Caspr1 of the
IgG1, IgG3, or undetectable isotype did not show distinct clinical
features or response to treatments compared with seronegative
patients, except for more frequent temporal dispersion on nerve
conduction studies.

Morphological changes of the nodes of Ranvier in skin
biopsy of seropositive patients
We evaluated skin biopsies from 3 patients with anti-Nfasc155
IgG4 antibodies, 1 patient with anti-CNTN1 IgG3/IgG4

antibodies, 1 patient with anti-Caspr1 IgG4 antibodies, 1 pa-
tient with anti-Nfasc155 antibodies of an undetectable isotype,
and 6 seronegative patients with CIDP. Analysis of myelinated
fibers from patients with anti-Nfasc155 and anti-Caspr1 IgG4
showed elongation of the nodes of Ranvier and loss of para-
nodal Nfasc155 and Caspr1 staining. Moderate elongation of
the nodes of Ranvier and loss of Nfasc155 paranodal staining
were also observed in myelinated fibers of the patient with anti-
CNTN1 IgG3/IgG4 antibodies. Contrarily, we did not observe
similar changes in the patient with anti-Nfasc155 antibodies
with an undetectable isotype, seronegative patients CIDP, or
HCs (figure 2).

Pathogenic effects of anti-Caspr1 IgG4 and IgG1
antibodies
Anti-CNTN1 IgG4 antibodies were previously found to have
function-blocking activity and to disrupt the interaction be-
tween CNTN1 and its glial partner Nfasc155.12 We have
previously shown that anti-CNTN1 IgG4 and anti-Nfasc155

Table 1 Clinical features of patients with CIDP and antibodies to Nfasc155, CNTN1, and Caspr1 (continued)

Autoantibody
seronegative (N = 64)

Anti-paranodal
proteins IgG4 (N = 13)

Anti-Nfasc155
IgG4 (N = 7)

Anti-CNTN1
IgG4 (N = 3)

Anti-Caspr1
IgG4 (N = 3)

Anti-IgG1-3 or
undetectable
anti-Nfasc155 or
anti-Caspr1
IgG subclass
(N = 5)

Response to IVIG

No 4 (7%) 4 (31%)c 1 2 1 0 (0%)

Partial/transitory 14 (26%) 8 (61%)c 5 1 2 1 (25%)

Good 37 (67%) 1 (8%)c 1a 0b 0 3 (75%)

Response to
steroids

No 14 (28.5%) 3 (25%) 0 2 1 1 (50%)

Partial/transitory 21 (43%) 6 (50%) 4 1 1 1 (50%)

Good 14 (28.5%) 3 (25%) 2 0 1 0 (0%)

Response to PEX

No 1 (8%) 2 (67%) 0 1 1 0 (0%)

Partial/transitory 6 (46%) 0 (0%) 0 0 0 0 (0%)

Good 6 (46%) 1 (33%) 0 1 0 0 (0%)

Response to
immune
suppressors

No 5 (19%) 0 (0%) 0 0 0 0 (0%)

Partial/transitory 13 (50%) 1 (20%) 1 0 0 0 (0%)

Good 8 (31%) 4 (80%) 1 2 1 0 (0%)

Abbreviations: Caspr1 = contactin-associated protein 1; CIDP = chronic inflammatory demyelinating polyradiculoneuropathy; CNTN1 = contactin-1; CV =
conduction velocity; DML = distal motor latency; IVIG = intravenous immunoglobulin; LL = lower limb; NCS = nerve conduction study; Nfasc155 = neurofascin-
155; ONLS = Overall Neuropathy Limitation Scale; PEX = plasma exchange; UL = upper limb.
a p < 0.05.
b p < 0.01.
c p < 0.005.
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IgG4 antibodies are pathogenic and disrupt the paranodal
regions.11,21 We thus examined whether anti-Caspr1 antibodies
also affect the integrity of the CNTN1/Caspr1/Nfasc155
complex. In particular, we purified IgG1 and IgG4 and tested
the effects of the different antibody isotypes. First, we tested the
impact of IgG4 and IgG1 fractions fromCaspr1-positive patients
on the interaction of CNTN1/Caspr1 with Nfasc155 by a cell
aggregation assay (figure 3). Human embryonic kidney cells
were transfected with Nfasc155 and mCherry and incubated for
2 hours with cells coexpressing CNTN1/Caspr1 and green
fluorescent protein (GFP). The percentage of cell clusters
showing contacts between red and green cells and the percent-
age of green and red cells per cell clusters were quantified. As
a negative control, Nfasc155-mCherry-transfected cells were
incubated with cells expressing GFP only. In the absence of
CNTN1/Caspr1, Nfasc155-expressing cells do not form signif-
icant contact with GFP-expressing cells, and most clusters

express only green or red cells. The expression of CNTN1/
Caspr1 significantly increases the number of clusters with con-
tacts, andmost cell clusters show an average of 50% of CNTN1/
Caspr1- and 50% of Nfasc155-expressing cells. The presence of
10 μg of IgG4 from a Caspr1-positive patient, but not IgG1,
abolished the interaction between CNTN1/Caspr1- and
Nfasc155-expressing cells to the level of negative controls, thus
supporting a blocking function of anti-Caspr1 IgG4 antibodies.

To further confirm these findings, mouse sciatic nerve segments
were incubated in vitro with 10 μg of IgG4 or IgG1 fractions
from Caspr1-positive patients for 3 hours, and IgG deposition
was monitored. IgG4 but not IgG1 antibodies were found to
penetrate the paranodal regions (figure 4). These findings were
replicated in vivo by performing intraneural injections. Again,
only IgG4 antibodies were found to penetrate the paranodal
regions. Of interest, the level of antibody penetration across the

Figure 2 Morphological alterations of the nodes of Ranvier in patients with CIDP with IgG4 autoantibodies

We evaluated skin biopsies from 3 patients with IgG4 anti-Nfasc155 antibodies, 1 patient with IgG3/IgG4 anti-CNTN1 antibodies, 1 patient with IgG4 anti-
Caspr1 antibodies, 1 patient with undetectable isotype IgG anti-Nfasc155, and 6 seronegative patients with CIDP. Analysis of myelinated fibers showed
elongation of the nodes of Ranvier and loss of paranodal Nfasc155 staining in skin biopsies from patients with anti-Nfasc155 (C) and Caspr1 (E) IgG4.
Moderate elongation of the nodes of Ranvier and loss of Nfasc155 paranodal staining were also observed inmyelinated fibers of a CNTN1 IgG3/IgG4-positive
patient (D). Contrarily, we did not observe similar changes in the patient with undetectable isotype IgG anti-Nfasc155 antibodies (F), in seronegative patients
with CIDP (B), or in HCs (A). A complete loss of Caspr1 staining was observed in biopsies from patients with IgG4 antibodies to paranodal proteins (I, L, M), but
not in an Nfasc155 seropositive patient with an undetectable isotype (N) and in seronegative CIDP (H) or healthy patients (G). Caspr1 = contactin-associated
protein 1; CIDP = chronic inflammatory demyelinating polyradiculoneuropathy; CNTN1 = contactin-1; HC = healthy control; Nfasc155 = neurofascin-155.
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paranodal region was similar at 1 or 3 days after intraneural
injection, and IgG4 depositionwas detected only at the border of
the nodes of Ranvier (figure 4). No paranodes presented
a complete invasion by IgG4 at 1 or 3 days postinjection.

Discussion
Antibodies to nodal/paranodal protein were found, albeit with
a low frequency, in Italian patients with CIDP and are associ-
ated with target- and isotype-specific clinical features, as
previously reported. The prevalence of anti-Nfasc155 and anti-
CNTN1 antibodies was similar to that reported by previous
studies in European patients but was lower compared with that
in Japanese patients.5,10 The discrepancymay be attributable to
differences in inclusion criteria, ethnicities, and non-
standardized laboratory techniques. The frequency of anti-
Caspr1 IgG4 antibodies was equal to that of antibodies against
CNTN1, confirming that Caspr1 may also represent a relevant
target of the immune response in Caucasian patients with
CIDP. None of the healthy or pathologic controls tested, in-
cluding patients affected by other neuropathies, showed re-
activity against Nfasc155, CNTN1, or Caspr1. These
maximum levels of specificity entail that the tests perform very
well for the diagnosis of such CIDP subtypes.

In addition, it is worth noting that the results of antibody
testing by ELISA and CBA were concordant in all samples

across the 2 testing centers in Pavia and Montpellier, in-
dicating that these techniques, although not broadly available,
have a high reproducibility if performed in specialized centers.

Our findings largely confirm previous observations by several
groups showing a tight clinical serologic correlation of anti-
bodies to nodal/paranodal proteins and clinical features of
seropositive patients with CIDP.

The patients with anti-Nfasc155 IgG4 antibodies showed
earlier onset, distal predominant lower limb weakness, and
gait disturbance. Tremor was also present, although only in 1
case this was disabling. One patient with such antibodies
developed bilateral optic neuritis during steroid tapering 18
months after the onset of the neuropathy.

The patients with anti-CNTN1 antibodies were older and
showed a subacute or rapidly progressive severe sensory and
motor neuropathy. Previous studies found that anti-CNTN1
antibodies were associated with either predominant motor or
sensory impairment. Here, both sensory and motor fibers were
equally severely affected, and the patients became wheelchair
dependent few months after the disease onset. Notably, 1 pa-
tient with anti-CNTN1 antibodies of IgG3 and IgG4 subclasses
showed the contemporary occurrence of membranous glo-
merulonephritis. This association had been reported in 3 cases
with anti-CNTN1 antibodies,7,22,23 and either a direct damage

Figure 3 IgG4 to Caspr1 disrupt the interaction between Nfasc155 and CNTN1/Caspr1

(A–D) HEK cells transfected with CNTN1 and Caspr1 (green) or Nfasc155 (red) were incubated together for 2 hours in the presence of control IgG4 (B), anti-
Caspr1 IgG1 (C), or anti-Caspr1 IgG4 (D). As negative controls, HEK cells transfected with Nfasc155 (red) were incubated with cells transfected with GFP (A).
Anti-Caspr1 IgG4, but not anti-Caspr1 IgG1, abrogated the aggregation of Nfasc155-transfected cells with CNTN1/Caspr1. Scale bar: 10 μm. (E–F) The graphs
represent the relative frequency of green cells per aggregates (n = 4 experiments for each condition). The percentage of cell clusters with contacts between
green and red cells was quantified (F). The percentage of contacts was significantly decreased in the presence of anti-Caspr1 IgG4 (p < 0.005 by unpaired 2-
tailed Student t tests and by one-way ANOVA, followed by Bonferroni post hoc tests). Bars represent mean and SEM. ANOVA = analysis of variance; Caspr1 =
contactin-associated protein 1; CNTN1 = contactin-1; GFP = green fluorescent protein; HEK = human embryonic kidney; Nfasc155 = neurofascin-155.
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or indirect damage, after the deposition of immune complexes,
can be hypothesized. Of interest, a recent study showed that
complement depositionmay contribute to the pathophysiology
of anti-CNTN1-associated neuropathy, particularly in patients
with a predominance of the IgG3 subclass.24

Neuropathy in patients with anti-Caspr1 IgG4 antibodies was
also highly debilitating. Pain did not seem to be a clinical
feature associated with the presence of anti-Caspr1 antibodies
in our series, as opposed to the first report of 2 patients with
Caspr1-associated inflammatory neuropathy.8

As a novel observation of our study, we found that patients with
anti-Nfasc155 or Caspr1 antibodies of the IgG1, IgG3, or un-
detectable IgG isotype did not show clinical features distinct
from seronegative patients. Most importantly, patients with
anti-Nfasc155, CNTN1, or Caspr1 IgG4 antibodies, but not
patients with antibodies to Nfasc155 or Caspr1 of IgG1, IgG3,
or undetectable IgG isotype, showed a significantly lower re-
sponse rate to IVIG compared with seronegative patients.

Analysis of myelinated fibers in the skin biopsy of patients with
anti-Nfasc155, CNTN1, or Caspr1 IgG4 antibodies showed
morphological changes of the nodes of Ranvier, including

elongation of the node and loss of neurofascin and Caspr1
staining at paranodes, which were absent or less prominent in
seronegative CIDP cases or in the case with anti-Nfasc155
antibodies of an undetectable isotype. These data add to other
recent histopathologic and neurophysiologic observations in
patients with antibodies to nodal/paranodal proteins14,25 and
indicate that isotype determination appears to be crucial to
correctly identify such patients and to guide treatment.

The high frequency of anti-Caspr1 antibodies in our series
prompted us to further investigate their pathogenic effects.
Albeit the experimental setting was limited to the examination
of the effects of anti-Caspr1 autoantibodies from a single pa-
tient, we found that anti-Caspr1 IgG4, but not anti-Caspr1
IgG1, antibodies affect the interaction between the CNTN1/
Caspr1 and Nfasc155 complex using a cell aggregation assay.
These findings are in line with the previously reported patho-
genic role of anti-CNTN1 IgG4 antibodies11,12 and suggest
that IgG4 antibodies targeting the CNTN1/Caspr1 complex
may have a function-blocking activity and disrupt the paranodal
axo-glial contact. In keeping with this experimental evidence,
our data also seem to indicate that anti-Caspr1 IgG4 antibodies
can penetrate the paranodal regions. It is worth noting that the
pathogenic mechanism of IgG4 antibodies in other diseases

Figure 4 Anti-Caspr1 IgG4, but not IgG1, invades the paranodal regions

(A–C) Sciatic nerve fibers were incubated in vitro
with purified control IgG4 (A), anti-Caspr1 IgG1
(B), or anti-Caspr1 IgG4 (C) for 3 hours and
immunolabeled for IgG (green) and CNTN1 (red).
(D–F) Sciatic nerves were fixed 1 or 3 days after
intraneural injections of purified control IgG4 (D),
anti-Caspr1 IgG4 (E–F), immunolabeled for
CNTN1 (red), and human IgG (green). Note that
only anti-Caspr1 IgG4 penetrated the paranodes.
One or 3 days after injection, IgG4 antibodies
were detected at the paranode borders (arrows).
Images are representative of 3 independent
experiments. Scale bar: 10 μm. Caspr1 = con-
tactin-associated protein 1; CNTN1 = contactin-1.
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implicates the disruption of cell adhesion protein complexes
too, by inhibiting protein-protein interaction, and that thera-
pies aiming at downregulating the humoral immune response,
such as rituximab, showed some efficacy in anti-Nfasc155- and
anti-Caspr1 antibody-associated CIDP, as well as in other
IgG4-related diseases, likely because of the depletion of the
Nfasc155- or Caspr1-reactive B cells.26

Despite the limitation entailed by the retrospective data
collection, in the present series, immunosuppressive treat-
ment, including rituximab, cyclophosphamide, and metho-
trexate, seemed effective in IVIg-resistant IgG4 seropositive
patients if started early in the disease course. Of note, we did
not detect a significant difference in the response to steroids
between patients with anti-paranodal IgG4 antibodies and
seronegative patients, confirming steroids as an effective
therapeutic option in CIDP cases, independent from their
serologic status for anti-Nfasc155, CNTN1, or Caspr1
antibodies. Low numbers of patients treated with plasma
exchange, and the temporal overlap of plasma exchange
cycles with other treatments (case 12), prevented us from
drawing firm conclusions on its role in patients with anti-
paranodal IgG4 antibodies.

Although patients with antibodies against the nodal/
paranodal component often, albeit not always, show addi-
tional clinical features, CIDP phenotype was typical in all
IgG4 and non-IgG4 seropositive patients according to the
EFNS/PNS criteria, whereas none of the sera from atypical
CIDP cases or control sera showed the presence of these
antibodies. Together, this observation challenges the view
that the search for antibodies against the nodal/paranodal
component may be limited to atypical CIDP cases.

Testing for the presence of antibodies against Nfasc155,
CNTN1, and Caspr1, followed by IgG isotype determination
in seropositive cases should be part of the diagnostic workup
in inflammatory neuropathies to improve diagnostic accuracy
and guide treatment. Moreover, knowledge of the mechanism
underlying these CIDP subtypes might shed light on the
pathophysiology and help further understanding of this
complex and heterogeneous disease.
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Abstract
Objective
The aim of this study was to elucidate the characteristics of clinical attacks in neuromyelitis
optica spectrum disorders (NMOSDs) with positive serum anti-aquaporin-4 antibody. Both
the timing and sequential pattern of clinical types were analyzed.

Methods
A total of 69 patients with NMOSD were enrolled in this study, all of whom were treated at
a single university hospital. All data regarding the clinical attacks (including types and date)
together with other clinical information were collected.

Results
Analysis of clinical attacks from the enrolled patients showed that there were 2 distributional
patterns of attack occurrence in each patient: (1) “clustered” occurrences, which occurred
within 12 months from the previous attack, and (2) “nonclustered” intermittent occurrences,
which occurred ≥12 months after the previous attack. These occurrences were regardless of the
duration from the onset. During the “clustered” period, clinical attacks were more likely to show
a similar clinical manifestation, such as optic neuritis or myelitis. After entering the “non-
clustered” intermittent period, the relapses were of random clinical type, regardless of the
previous clinical manifestation.

Conclusions
Patients with NMOSD showed mixed periods of “clustered” occurrence with frequent attacks
presenting with similar manifestations and “nonclustered” intermittent periods with sparse
relapses. Approximately half of the relapses occurred during the “clustered” period within 12
months of the last clinical attack. Clinicians should pay special attention to whether the patients
are presently in the “clustered” or “nonclustered” period to decide optimal relapse-preventive
strategies.
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Neuromyelitis optica spectrum disorder (NMOSD) is an au-
toimmune disorder characterized by the presence of serum
anti-aquaporin-4 (AQP4) autoantibody, recurrent optic neu-
ritis (ON), andmyelitis in most cases.1,2 UnlikeMS, neurologic
disability in patients with NMOSD typically accumulates with
each clinical episode.3,4 Thus, suppressing relapses is crucial in
the management of NMOSD, and elucidating the character-
istics and pathomechanisms of the relapses is essential.5

However, at present, little is known about the relapse timing
and sequential patterns of clinical attacks in patients with
NMOSD. As a result, it is challenging to evaluate the patients’
level of clinical severity and disease activity in clinical trials or
when considering therapeutic options.

In this study, we aimed to elucidate the chronological char-
acteristics of clinical relapses in NMOSD by applying time
series analyses for each patient. We also evaluated the possible
association between relapse timing and the sequential pattern
of clinical attacks.

Methods
Patient enrollment and variables evaluated
A total of 69 consecutive patients with serum anti-AQP4
antibody-positive NMOSD, who were treated in our univer-
sity hospital and followed up for more than 10 years until June
2019, were enrolled. All patients were confirmed to be serum
positive for the anti-AQP4 antibody using a cell-based assay,
which is described below.

The following demographic and clinical variables were col-
lected from the 69 enrolled patients: sex, onset age, disease
duration, data pertaining to the clinical attacks (types and date
of each attack), and timing of the implementation of the
relapse-preventive therapy.

Serum anti-AQP4 antibody testing
We conducted a microscopic live cell-based assay for AQP4
based on previous reports.6–8 In brief, human M23-AQP4-
expressing HEK293 cells were incubated with 1:16 diluted
serum samples and then stained with Alexa 488-conjugated
secondary antibody. The positivity of the antibody was
detected based on fluorescence emission using fluorescence
microscopy.

Evaluated outcomes
The 2 major outcomes evaluated in this study were (1) the
sequential pattern of the types of manifested clinical attacks
(i.e., ON, myelitis, medullary, and cerebral) and (2) time series
analysis of relapse timings in each patient. After we confirmed
the presence of irregularity in the relapse timing, we

additionally investigated the possible effect of uneven relapse
timing on the observed sequential pattern of clinical symptoms.

For the analysis of the sequential pattern of clinical attacks,
data from 50 of the 69 enrolled patients, who experienced
clinical relapse at least once by June 2019, were used. Clinical
attacks with ON and myelitis were counted, but those with
medullary lesions (i.e., hiccups/nausea/vomiting) or cerebral
lesions were excluded from the sequential analyses of clinical
manifestations for accurate interpretation; the details of the
excluded data and effect of excluding them on the obtained
results are described in subsequent sections.

For the analysis of the irregularity of relapse timing, data from
both the 50 patients with relapses and 19 patients without
relapses were used. Data on the elapsed time period (months)
from the last clinical attack were collected from the 50 patients
with relapses, whereas those on the relapse-free period
(months) from the last attack to June 2019 were collected
from all 69 enrolled patients. Moreover, these data were
separately evaluated based on the administration of oral
relapse-preventive therapies. All 69 enrolled patients were
eventually treated with low-dose oral corticosteroid, with or
without other maintenance treatments (11 patients with
azathioprine, 2 with mycophenolate mofetil, and 1 with
tacrolimus). Data of relapse timing during medication-free
periods were collected from 36 patients who were not ad-
ministered relapse-preventive therapies from the onset,
whereas data during treatment with oral corticosteroid were
collected from all 69 enrolled patients.

Relapse frequency with no medication by the
time from clinical onset
First, we estimated the mean annualized relapse rate (ARR),
which was calculated as the total number of relapses divided
by the total person-time of follow-up, in the following 2 time
periods: 0–24 months from clinical onset (36 patients) and
the following 24–48 months from onset (21 patients).

The relapse-free period without relapse-preventive therapies
was then compared between the first 24 months from clinical
onset (36 patients) and the next 24 months in patients
without relapses in the first 24 months (14 patients). The
purpose of this analysis was to compare the probability of
experiencing relapses in the near future between patients who
have a history of relapses during the previous 24 months and
patients without relapses during the previous 24 months.

Statistical analysis
For the comparisons of frequency using 2 × 2 tables, a χ2 test or
Fisher exact test was implemented based on the sample size of
each cell. Comparisons of the frequency with k × 2 tables (k > 2)

Glossary
AQP4 = aquaporin-4; ARR = annualized relapse rate;NMOSD = neuromyelitis optica spectrum disorder;ON = optic neuritis.

2 Neurology: Neuroimmunology & Neuroinflammation | Volume 7, Number 1 | January 2020 Neurology.org/NN

http://neurology.org/nn


were performed using a Cochran-Armitage trend test. The
elapsed time periods from onset and from the last clinical attack
for each clinical attack during the medication-free period were
compared using the Mann-Whitney U test because both were
nonnormally distributed. The relapse-free period without med-
ication between 0–24 months and 24–48 months from onset
was compared using Kaplan-Meier survival analysis. Statistical
analyses were conducted using either SPSS Statistics Base 22
software (IBM, Armonk, NY) or MATLAB R2015a (Math-
Works, Natick, MA).

Institutional Review Board
This study was approved by the Institutional Review Board of
Tohoku University Hospital (IRB No. 2010589). Written
informed consent was obtained from all enrolled patients.

Data availability
Qualified researchers may obtain deidentified clinical data
used in the current study from the corresponding author on
reasonable requests, such as revalidation of the procedures
and results.

Result
Clinical information from the enrolled patients
Of the 69 enrolled patients, 66 (95.7%) were women and the
remaining 3 (4.3%) were men. The mean and SD of the onset
age was 42.7 ± 14.1 years. The months in which all clinical
episodes occurred (i.e., 342 attacks in total) showed no uneven
seasonal distribution. The mean ± SD disease duration in 2019
was 19.7 ± 10.7 years. Thirty-six of the 69 patients (52.2%)
were not given long-term relapse-preventive treatments after
their first clinical attack (onset). As for the clinical manifesta-
tion of the 342 clinical attacks, 110 wereON (32.2%), 203 were
myelitis (59.4%), 19 were medullary lesions (5.6%), and 10
were cerebral lesions (2.9%). The rate of myelitis based on age
at the time of the attack was 46.3% for 11–30-year-olds, 52.3%
for 31–40-year-olds, 67.0% for 41–50-year-olds, and 62.9% for
51–80-year-olds, showing an increased frequency of myelitis
with age (p = 0.0186, Cochran-Armitage trend test).

Histogram of the ratio of optic neuritis
episodes in the enrolled patients
If the enrolled patients show a bimodal distribution for the ratio of
ON episodes, such a distribution could affect the following anal-
yses of the sequential pattern and unevenness of relapse timings.
To exclude this possibility, we present a histogramof theON ratio
calculated in each of the 43 patients with 3 ormore clinical attacks,
including onset (figure 1). As shown in figure 1, the distribution of
the ON ratios showed a monotonic decrease without bimodality.
In other words, there was no peak of patients who exclusively
presented with ON episodes without myelitis episodes.

Time series analysis for the timing of
clinical attacks
Next, we evaluated the timing and density of clinical attacks.
The occurrence timing and clinical types of each attack in the

43 patients with 3 or more clinical attacks are presented in
figure 2. The presented clinical course in each patient suggests
an unevenness in the density of relapse occurrence, irre-
spective of the duration from onset.

Based on this result, we evaluated the elapsed time from the last
clinical attack (figure 3A) for each clinical episode of the enrolled
patients. The relapse-free period from the last clinical attack in
June 2019 is also shown in the histogram. As shown in these
figures, clinical relapses in NMOSD were significantly likely to
densely cluster with a time period between attacks of <12
months.

To exclude the possibility of the effect of treatments, we also
depicted the histograms of the time period between 2 tandem
episodes based on the presence of oral relapse-preventive ther-
apy (i.e., low-dose oral corticosteroid in this study). Both the
time period between attacks without treatment (figure 3B) and
with relapse-preventive treatment (figure 3C) reproduced a sig-
nificantly skewed deviation with a peak at an intervening time
period of <12 months. These histograms suggest that approxi-
mately half of the relapses in patients withNMOSD take place in
the “clustered” period within 12 months of the last attack, irre-
spective of the administration of relapse-preventive therapy.

Relapse frequency with no medication based
on the time from onset
Next, the likeliness of experiencing relapses based on the time
from the last clinical attack (i.e., 0–24 months vs 24–48
months) among patients without relapse-preventive therapy
after the onset (n = 36) was evaluated. The estimated mean
ARR in the “0–24 months from onset” period was 0.47 (95%
CI: 0.35–0.60; n = 36) and that in the “24–48 months from
onset” period was 0.25 (95% CI: 0.12–0.38; n = 21), which
was significantly higher in the former group (p = 0.0259).
Kaplan-Meier survival analysis to compare the relapse-free

Figure 1 The number of patients with ≥2 attacks based on
the rate of attacks with optic neuritis (ON)

ON = optic neuritis

Neurology.org/NN Neurology: Neuroimmunology & Neuroinflammation | Volume 7, Number 1 | January 2020 3

http://neurology.org/nn


period between the 2 time periods was performed. For this
analysis, data of the “0–24 months from onset” period was
obtained from all 36 patients and data of the “24–48 months
from onset” period was obtained from the 14 patients who did
not experience a relapse during the first 24 months after the
onset. The obtained Kaplan-Meier curves (figure 4) revealed
that the “0–24 months from onset” period showed a signifi-
cantly shorter relapse-free period from onset with a lower
achievement rate of a relapse-free condition by the end of the
follow-up period, compared with the “24–48 months from
onset” period (p = 0.0206, generalized Wilcoxon test).

Sequential pattern of attack types by the time
from the last attack
Next, we studied the sequential pattern of attacks in each
patient. The sequential pattern of clinical relapse in the 50
patients with relapses is summarized in the upper half of table.
For all 3 types of analyses by the number of sequential attacks,
the latest preceding attack significantly affected the following
clinical relapse (p = 0.0058 for 2 tandem episodes, p = 0.0015
for 3 tandem episodes, and p < 0.0001 for 4 tandem episodes).

Because patients with NMOSD showed a clustered pattern of
attack, irrespective of the duration from onset, we added time
series analyses for the 2 sequential clinical episodes after di-
viding the episodes into those during the “clustered” period
and those during the “nonclustered” intermittent period.
These data from the sequentially repeated 2 clinical relapses
for each time period between attacks are summarized in the
lower half of table. As presented, the last attack type was likely
to be repeated during the “clustered” period (p = 0.0203 for
analysis within a 6-month period, and p = 0.0006 for analysis
within a 12-month period). However, the following type of
clinical episode occurred completely randomly and was not
affected by the last attack after the “nonclustered” intermittent
period (p = 0.78 for analysis after a 12-month period, and p =
1.00 for analysis after a 24-month period).

For reference, episodes of ≥2 attacks with medullary lesions
were seen in 2 patients (one patient with 5 attacks and an-
other with 2 attacks), one of whom experienced tandemly
repeated attacks with medullary lesions 5 times. Episodes of
≥2 attacks with cerebral lesions were seen in 1 patient, who
exclusively experienced attacks only with cerebral lesions 4
times during her entire clinical course. The abovementioned
conclusions about the sequential pattern of attack types in
NMOSD did not change even when we provisionally in-
corporated the episodes with brain lesions in the sequential
analyses after supposing them as attacks of ON or myelitis.

Discussion
In this report, we demonstrated that patients with NMOSD
showed a mixed clinical course of “clustered” periods (repeated
relapses at <12months from the last attack) and “nonclustered”
intermittent periods (repeated relapses at ≥12months from the
last attack). Time series analysis of the relapse type in each
patient showed that a similar clinical type of episode was likely
to be repeated during the “clustered” period, but not after
entering the “nonclustered” intermittent period. In other
words, if a patient with NMOSD does not experience relapses
for more than a specific period of time, the patient can be
regarded as being in a “nonclustered” intermittent period, and
the timing or clinical type of the following relapse cannot be
predicted by the preceding clinical attacks.

The results of this study suggest that clinicians should pay spe-
cific attention to whether their patients are presently in the
“clustered” period, with a high likelihood of relapse frequency, or
in the “nonclustered” intermittent period, with a low likelihood
of relapse frequency, because this could affect the appropriate
type of relapse-preventive therapy in each patient at different
time points. This likelihood of relapse appears to be independent
of the duration from the onset or the administration of oral
immune suppressants (i.e., low-dose oral corticosteroid in this

Figure 2 Clinical course and relapses in each of the patients with ≥3 attacks (n = 43)

The presented clinical courses imply a clustered occur-
rence of attacks, irrespective of the duration from clinical
onset.
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study) and instead dependent solely on whether the patient is in
the “clustered” or “nonclustered” period.

Patients should be aggressively treated with adequate
amounts of relapse-preventive therapies during the “clus-
tered” period.9,10 Empirically, appropriate relapse-preventive
treatments may be effective for shifting patients from the
“clustered” to the “nonclustered” period. Meanwhile, whether
the aggressive treatments should be continued during the
“nonclustered” intermittent period is not conclusive at pres-
ent.11 To elucidate the best therapeutic strategy during the
nonclustered intermittent period, further clinical studies will
be needed. Nevertheless, a minimal level of relapse-preventive
therapy should be continued even during the “nonclustered”
intermittent period.

A recent report also evaluated the usefulness of previous
attacks for predicting the future clinical course.12 Although
the report did not conclude on the importance of selecting
patients with a recent high disease activity for clinical trials,
the data suggested that the relapse rate in the following 2
years may be affected by the number of attacks in the past 2
years. Considered together with the results of this study that
the relapse rates are significantly different between during
the “clustered” and “nonclustered” intermittent periods, al-
locating the patients without taking the present disease ac-
tivity into consideration in clinical trials may cause biases in
the achieved results. In some relatively old retrospective
studies that assessed the effectiveness of relapse-preventive
therapies, such as rituximab, azathioprine, or mycophenolate
mofetil, the number of attacks in the past 2 years was not

Figure 3 Tendency of clustered attacks in NMOSD, irrespective of treatments

(A) Histograms of the months between 2 tandem attacks (black bars) and the months of relapse-free period by June 2019 (white bars) in all 69 enrolled
patients. The center of the gray-colored diamond is the average and its width is the standard error (SE). (B) Histogram of the months between 2 tandem
attacks during the medication-free period. (C) Histogram of the months between 2 tandem attacks during the treatment period with oral relapse-preventive
therapy. NMOSD = neuromyelitis optica spectrum disorder.
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fully taken into consideration at the participant enrollment
stage.13,14 As a result, the estimated effectiveness of the
studied relapse-preventive therapies may have been weak-
ened because of the inclusion of some patients in the
“nonclustered” intermittent period. Meanwhile, in-
tentionally including some patients during their “non-
clustered” intermittent period during enrollment for
a clinical trial might have some benefits because an impor-
tant question is whether patients in the “nonclustered” pe-
riod without a recent history of attacks may benefit similarly
from such additional relapse-preventive therapies. Subgroup
analysis after dividing the enrolled patients into “clustered”
and “nonclustered” groups at enrollment may answer this
question.

In the near future, several monoclonal antibody drugs are
expected to be released in the market, such as eculizumab,
satralizumab, and inebilizumab.15–17 These monoclonal
antibodies have shown quite a high relapse-preventive effi-
ciency but are very expensive to be continued throughout
life.4,18,19 The results of this study may indicate that the usage
of such expensive monoclonal antibodies could be limited to
the “clustered” period and can be spared and switched to low-
dose oral corticosteroid or other oral immune suppressants
once the patients move into the “nonclustered” intermittent
period without relapses for more than 12 months. If such
a therapeutic standard is established with evidence, it will
surely contribute to reducing the cost of medical expenses.

For reference, in the clinical trials of the abovementioned 3
monoclonal antibodies (PREVENT study for eculizumab,
SAkuraSky study for satralizumab, and N-MOmentum study
for inebilizumab), the number of clinical attacks in the past 2
years before the enrollment has been fully taken into con-
sideration in all of them, minimizing the risk of biases based
on whether participants were in the “clustered” or “non-
clustered” period during these clinical trials.15,20

Based on this study, the cutoff period for relapse-free status in
such clinical studies would be somewhere between 12 months
and 24 months. Because the peak relapse-free period from the
last clinical attack was <12 months, as shown in figure 3, a 12-
month relapse-free status may be better than 12months per se
to consider switching the aggressiveness of relapse-preventive
therapies. Meanwhile, approximately 20% of the patients had
their relapses between 12 and 24 months after the last attacks.
This fact may imply that a 24-month relapse-free status could
be safer than 12 months because that may cover significantly
more relapses at up to 70% of all relapses.

The analyses of this study were based on a cohort that was
entirely of Asian ancestry. To determine whether the mixed
time course of “clustered” vs “nonclustered” periods observed
in this study is generalizable to Caucasian or African American
patients with NMOSD, whose clinical severity and disease
activity are higher than those of Asian patients, further clinical
studies will be helpful.21,22

Figure 4 Kaplan-Meier survival analysis comparing relapse-free periods without medications between 0 and 24 months
from onset and later

The analysis compared the relapse-
free period without relapse-pre-
ventive therapies between 0 and 24
months from the onset (36 patients
with no relapse-preventive therapy)
and 24–48months from the onset (14
patients without relapses in the first
24 months). The latter group repre-
sents the “nonclustered” intermittent
period status. The former group
showed a shorter relapse-free period
and a higher relapse rate than the
latter group (p = 0.0206, generalized
Wilcoxon test).
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In conclusion, patients with NMOSD showed a mixed
clinical course of the “clustered” period with dense relap-
ses and “nonclustered” intermittent period with sparse
relapses. Approximately half of the relapses in these
patients occurred during the “clustered” period within 12
months of the last clinical attack. Clinicians should pay
special attention to whether their patients are presently in
the relapse-dense period or intermittent period because
this could influence the treatment. Furthermore, the ne-
cessity of relapse-preventive therapies during the in-
termittent period should be established in future clinical
studies.
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Table Sequential pattern of clinical attacks in 50 patients
with NMOSD with relapses

Next:
ON

Next:
MY p Value

Previous clinical episode
(n = 242 sequences)

ON 34 49 p = 0.0058 (χ2)

MY 38 121

Previous 2 clinical episodes
(n = 202 sequences)

ON: 2 times 15 13 p = 0.0015
(Cochran-
Armitage)

ON: 1 time, MY: 1 time 21 49

MY: 2 times 21 83

Previous 3 clinical episodes
(n = 169 sequences)

ON: 3 times 12 2 p < 0.0001
(Cochran-
Armitage)

ON: 2 times, MY: 1 time 11 18

ON: 1 time, MY: 2 times 13 43

MY: 3 times 13 57

Clustered occurrence period (<6
months from the last episode)

Previous: ON 9 5 p = 0.0203
(Fisher exact
test)

Previous: MY 10 30

Clustered occurrence period (<12
months from the last episode)

Previous: ON 18 18 p = 0.0006 (χ2

test)

Previous: MY 15 65

Nonclustered period (≥12
months from the last episode)

Previous: ON 15 34 p = 0.78 (χ2 test)

Previous: MY 27 55

Nonclustered period (≥24
months from the last episode)

Previous: ON 9 20 p = 1.00 (Fisher
exact test)

Previous: MY 17 38

Abbreviations: MY = myelitis; NMOSD = neuromyelitis optica spectrum dis-
order; ON = optic neuritis.
Upper = the clinical episode sequence was evaluated in each of the 50
patients with relapses. Clinical episodes with medullary (i.e., hiccups/nau-
sea/vomiting) or cerebral lesions were not counted here. Clinical manifes-
tations of relapses tended to repeat andwere significantly influenced by the
previous relapse. Lower = sequential patterns of clinical relapses in the
clustered occurrence period and in the nonclustered intermittent period
were evaluated. Attacks with similar clinical manifestation were likely to
sequentially repeat during the clustered occurrence period, but a similar
tendency was not observed in the nonclustered intermittent period.
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Abstract
Objective
To assess the prevalence and clinical features of neurologic involvement in patients with acute
hepatitis E virus (HEV) infection in Southern Switzerland.

Methods
Among 1,940 consecutive patients investigated for acute hepatitis E, we identified 141 cases of
acute of HEV infection (anti-HEV immunoglobulin M and immunoglobulin G both reactive
and/or HEV RNA positive) between June 2014 and September 2017. Neurologic cases were
followed up for 6 months. We compared patients with and without neurologic symptoms.

Results
Neurologic symptoms occurred in 43 acute HEV cases (30.4%) and consisted of neuralgic
amyotrophy (NA, n = 15, 10.6%) and myalgia (n = 28, 19.8%). All NA cases were immuno-
competent. Men had higher odds (OR = 5.2, CI 1.12–24.0, p = 0.03) of developing NA after
infection with HEV, and in 3 couples simultaneously infected with HEV, only men developed
NA. Bilateral involvement of NA was predominant (2:1) and occurred only in men. Seven NA
cases were viremic (all genotype 3), but HEV was undetectable in their CSF. In the acute phase
of NA, 9 patients were treated with intravenous immunoglobulin and 4 with prednisone,
reporting no side effects and improvement in pain and strength. Myalgia occurred both without
(n = 16) or with (n = 12) concomitant elevated serum creatinine kinase. Seven cases with
myalgia in the shoulder girdle did not have muscle weakness (“forme fruste” of NA).

Conclusions
Neurologic symptoms occurred in one-third of acute HEV infections and consisted of NA and
myalgia. NA seems to occur more frequently in men infected by HEV and has a predominant
(but not exclusive) bilateral involvement.
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Hepatitis E virus (HEV) is one of the most common causes of
acute hepatitis in the world,1 and its incidence is increasing.2

In developed countries, infection is mainly due to ingestion of
contaminated raw meat of pork or game.1 In Switzerland,
HEV seroprevalence is estimated to be approximately 20% in
healthy blood donors, depending on age and geographical
area, being the highest (35%) in Southern Switzerland.3

Most cases of HEV infection in humans are asymptomatic,1

whereas some lead to acute hepatitis and only a minority to
extrahepatic manifestations.4,5 Intriguingly, the most com-
mon extrahepatic features of HEV infection are neurologic
diseases.6–8 These mainly include acute dysimmune neu-
ropathies such as neuralgic amyotrophy (NA)9 and Guillain-
Barré syndrome (GBS),10 Bell palsy,11 myalgia/myositis,12

encephalitis,13 transverse myelitis,14 and, more recently,
myasthenia gravis.15

Recent cohort and case-control studies (mainly, but not ex-
clusively from Europe) showed that 5%–11% of GBS
cases10,16–18 and 10% of patients with NA9 were infected by
HEV at disease onset. Recent HEV infection was found in
2.4% of consecutive nontraumatic neurologic patients.19 On
the other hand, a variable proportion of confirmed cases of
acute HEV infection (between 5% and 22%, depending on the
geographical area and study type) have been reported to de-
velop neurologic symptoms.20–22

Objectives
The aim of our study was to further explore the relationship
between HEV infection and neurologic complications in
a well-defined geographical area.

Methods
Subjects
We prospectively studied consecutive adult patients di-
agnosed with acute HEV infection between June 1, 2014,
and September 30, 2017. The study was conducted in
Ticino, a region of Southern Switzerland with a population
of approximately 350,000 inhabitants. During the study
period, all laboratories in Ticino centralized the testing of
samples for HEV to the Laboratory of Microbiology
EOLAB, Bellinzona.

Aims
1. To assess the prevalence of neurologic manifestations

occurring in subjects with acute HEV infection living in
Ticino

2. To compare characteristics of patients with acute HEV
infection with and without neurologic involvement and
clinically characterize these neurologic manifestations

Inclusion criteria
The diagnostic criteria for acute HEV infection were de-
tection of 9,10

1. serum anti-HEV immunoglobulin M and anti-HEV
immunoglobulin G both reactive and/or

2. HEV RNA+ documented in serum and/or feces by
reverse transcription polymerase chain reaction

Subjects with false-positive serologic results (low HEV IgM
positivity, not confirmed by a repeated serologic test after 1
month) or with any other concomitant acute infections or
vaccinations and patients with any other causes of acute
hepatitis were excluded.

Clinical data
Demographic (age and sex) and clinical data (immunosup-
pression status, alanine aminotransferase [ALT], and bilirubin
levels) were collected. All patients were screened for neurologic
symptoms and/or signs by the treating physician and referred
for neurologic evaluation at the Neurocenter of Southern
Switzerland, Lugano, on suspicion of neurologic involvement.
Such patients underwent a full neurologic examination and had
a series of investigations to exclude concomitant infections
(hepatitis A virus, hepatitis B virus, hepatitis C virus, human
immunodeficiency virus, cytomegalovirus, Epstein-Barr virus,
Borrelia burgdorferi, and Treponema pallidum) and additional
tests as clinically appropriate (antinuclear antibodies [ANA],
antidouble strand DNA antibodies, extractable nuclear antigen
antibodies, antineutrophil cytoplasmic antibodies screening,
antiganglioside antibodies tests, lumbar puncture, brachial
plexus, brain and spinal MRI, and electrodiagnostic studies)
and were all followed up for at least 6 months thereafter.

NA was defined by van Eijk et al.23 and GBS according to
NINDS criteria.24 Myalgia was defined as pain in the muscles
present at rest, neither preceded by trauma or physical exer-
cise nor triggered by medication, with a minimal intensity of
5/10 on the visual analogue scale, independent of the creat-
inine kinase (CK) level.

Virologic analyses
Sera from patients with suspected HEV infection were tested
for HEV IgG and IgM with Dia.Pro kits (Diagnostic Biop-
robes srl, Italy). Real-time quantitative HEV RNA reverse
transcriptase polymerase chain reaction and HEV genotype
determination were performed according to Fraga et al.25

Glossary
ALT = alanine aminotransferase; ANA = antinuclear antibodies; CK = creatinine kinase; GBS = Guillain-Barré syndrome;
HEV = hepatitis E virus; IFN = interferon; IVIg = intravenous immunoglobulin; NA = neuralgic amyotrophy.
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Statistical analysis
Continuous variables were described by median with inter-
quartile ranges and categorical variables by counts and per-
centages. Age, sex, immunosuppression status, and liver
function parameters were tested for potential association with
neurologic disease status using logistic regression with OR
and 95% CI estimation. Statistical significance was set at
2-sided p values < 0.05. Data were analyzed with the R sta-
tistics package (r-project.org/).

Ethical aspects
The study was approved by the local Ethics Committee of
Ticino (CE 2932), and written informed consent was
obtained from the participants in the study. Authorization has
been obtained for disclosure of any recognizable person in
videos.

Data availability
Anonymized data that are not published in the current study
will be shared on request from any qualified investigator.

Results
Among 1,940 patients investigated for acute HEV infection,
150 cases were identified (figure 1). Nine were excluded be-
cause of false-positive serologic results (n = 5), concomitant
CMV infection (n = 3; one of these cases had GBS), or recent
vaccination (n = 1; this patient had encephalomyelitis). The
final analysis included 141 HEV IgM- and IgG-positive cases;
35 (25%) were also HEV RNA positive, and all were HEV
genotype 3 when sequencing was successful.

Reasons for HEV testing were acute hepatitis with (n = 55,
39%) or without (n = 34, 24%) jaundice, unexplained in-
creased liver enzyme resulting from screening of clinically
asymptomatic patients (n = 7, 5%), acute kidney failure (n = 2,
1%), and neurologic symptoms (n = 43, 30.4%) consistent

with NA (n = 15, 10.6%) or myalgia (n = 28, 19.8%). Some of
these cases have been reported in previous studies with dif-
ferent aims.25,26

Age, sex, immunosuppression status, ALT, and bilirubin levels
of the overall cohort at onset are summarized in table 1. The
median age was 59 years, with a nonsignificant predominance
of men (59% vs 41%). Compared with patients without
neurologic manifestations, those with neurologic involvement
were younger (OR = 0.97, CI 0.94–0.99, p = 0.01). NA oc-
curred more frequently in men (OR = 5.2, CI 1.12–24.0, p =
0.03), whereas myalgia occurred less frequently in men (OR =
0.36, CI 0.15–0.86, p = 0.02). We did not identify any dif-
ferences in immunosuppression status, ALT, or serum bili-
rubin levels between patients with and without neurologic
symptoms.

Within the group with neurologic complications, we observed
3 couples (husband and wife) simultaneously infected by
HEV, probably from a common food source. Although all
husbands developed bilateral NA, their wives were asymp-
tomatic (n = 2) or had transient myalgia (n = 1).

Neuralgic amyotrophy
NA cases appeared to cluster in rural areas (figure 2) and not
in the city of Lugano, the most populated area (70,000
inhabitants).

Shoulder pain was often described as “like a knife penetrating
muscles” and was severe enough to prompt patients to attend
the emergency ward even in the middle of the night. Neu-
rologic involvement in HEV-NA was bilateral (although
asymmetrical) in 10 men and predominantly located in the
upper plexus.26 Scapular winging from long thoracic nerve
damage was a recurrent feature (10/15, 67%) observed at
disease onset27 (figure 3A). In 3 cases, amyotrophy had a clear
patchy distribution, suggesting that nerve damage occurred at
the fascicular level23,28 (figure 3B).

The laboratory and clinical data of the HEV-NA cases are
summarized in table 2. None of the patients with HEV-NA
were immunosuppressed at the time of infection. Lumbar
puncture was performed in 6 of 10 NA cases with bilateral
involvement. One patient with extended neurologic damage
(involving the brachial plexus bilaterally, lumbosacral plexus,
and trigeminal nerve) had an increased CSF cell count (55
cells/mcl) and protein level, whereas isolated albumin-
cytologic dissociation was found in 2 other bilateral HEV-
NA cases.

Viral HEV RNA gt-3 was detected in the serum of 7 of 8 NA
cases tested within 1 week fromonset. In 5 of these, concomitant
CSF was collected on the same day, but none contained HEV
RNA. Serum immunofixation showed a monoclonal IgM peak
(κ or λ) in 5 bilateral NA cases tested in the acute phase, which
disappeared within a fewweeks. ANA antibodies were positive at
low titer (1/80–1/160) in 5 of 10 bilateral HEV-NA cases.

Figure 1 Flowchart of the study design
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Serum antiganglioside antibodies (GM1, GM2, GD1a, GD1b,
and GQ1b) and anti-myelin-associated glycoprotein were neg-
ative in all bilateral HEV-NA cases.

Electrodiagnostic studies were performed within 1 month in all
HEV-NA cases. Motor and sensory nerve conduction studies

were normal, as previously reported by others.29 Needle elec-
tromyography showed in all cases in the acute phase a reduced
(neurogenic) recruitment pattern in affected shoulder girdle
muscles and also signs of acute denervation (fibrillation
potentials and positive sharp waves) in 10 cases (66%), which
disappeared within 6 months.

Table 1 Study population characteristics

All (n = 141)

Neurologic cases (n = 43)
Nonneurologic cases
(n = 98)NA (n = 15) Myalgia (n = 28)

Age (median) (IQR) 59 (48–70) 51 (45–61) 53 (43–62) 60 (49–73)

Male 83 (59%) 13 11 59

Female 58 (41%) 2 17 39

Immunosuppression 16 0 3 13

ALTa (median) (IQR) 175 (56–741) 240 (100–957) 88 (28–394) 211 (57–938)

Bilirubina (median) (IQR) 20 (13–53) 19 (14–35) 14 (11–17) 24 (14–74)

HEV RNA in serum (all gt3) 35/64 tested 7/12 7/12 24/40

Abbreviations: ALT = alanine aminotransferase (IU/L; normal < 50), bilirubin (μmol/L, normal <19); gt3 = genotype 3; HEV = hepatitis E virus; IQR = interquartile
range; NA = neuralgic amyotrophy.
a At disease presentation.

Figure 2 Location of Ticino in Switzerland and geographical distribution of HEV-NA cases

The residence of the 15 NA cases is approximated by blue dots. The population density in the area is shown in different colors in a red scale (legends on the
left). Most of the cases were not located in urban but in rural areas (this map has been obtained from data of the Federal Office of Topography [Swisstopo]).
HEV = hepatitis E virus; NA = neuralgic amyotrophy.
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Two patients with unilateral HEV-NA did not receive any
immunomodulatory treatment because they had minor weak-
ness. Regarding the remaining HEV-NA cases, they were
treated within 10 days from onset either with intravenous im-
munoglobulin (IVIg) 0.4 g/kg/d for 5 days in cases of bilateral
involvement (n = 9) or with oral prednisone 60 mg/d × 7 days,
with tapering in 7 days in cases of unilateral weakness (n = 4),
as previously reported in a retrospective study.30

All patients with HEV-NA receiving these immunomodula-
tory treatments reported both reduction in pain and im-
provement in shoulder mobility and strength within 7–10
days (video 1 for steroids, video 2 for IVIg). All patients
received supportive physiotherapy over the course of their
illness. Four cases received pregabalin 150 mg/d for 2–3
months to treat neuropathic pain. Regarding long-term re-
covery, 3 heavymanual workers with bilateral HEV-NA had to
stop their job for more than 6 months because of early fati-
gability of affected arms.

Myalgia
Myalgia occurred in 28 cases, both with (n = 12) and without
(n = 16) concomitant elevated (>200 U/L) serum CK. The
highest CK value in our patients was 4.100 U/L. The pain was
often unbearable, was more intense in the night, and had clear
neuropathic features characterized by “burning,” “squeezing,”
“electric shock,” and “lancinating” sensations (DN4 score
> 4).31

Muscle pain disappeared spontaneously after 2 or 3 weeks in
all cases and was either diffuse (n = 21) or located selectively

in the shoulder girdle (“forme fruste” of NA, n = 7). We
defined “forme fruste” of patients with NA with severe, neu-
ropathic shoulder pain (unilateral or bilateral) lasting not
more than 72 hours, which was not followed by limb weak-
ness. Three of these patients with “forme fruste” of NA had an
increased CK level (up to 500 U/L), and 5 underwent elec-
tromyography studies which were normal. None of these
patients received brachial plexus MRI or muscle biopsy.

Discussion
The findings of our study suggest that neurologic symptoms
in patients with acute HEV infection may be more common
than previously estimated. Retrospective studies organized in
hepatological settings described neurologic illness in
5%–7.5% of patients presenting with clinical or subclinical
hepatitis.4,20,21 However, more recent findings from a pro-
spective study performed in France22 showed that 22% of
immunocompetent HEV cases had neurologic symptoms,
which is more in line with our findings.

There are several possible reasons to explain why we observed
so many cases of neurologic injury associated with HEV. One
possibility is that neurologic damage could be related to the
neurotropism of the circulating HEV viral strains in Southern
Switzerland. An alternative explanation could be that the local
awareness about HEV infection prompted physicians to test
for HEV cases with unexplained abnormally high serum
aminotransferases, especially in case of pain. Finally, it is also
likely that in previous studies, myalgia was not identified or
classified as a neurologic symptom. This is especially true for
the “forme fruste” of NA,26 an entity that is currently over-
looked also by neurologists because of late (or absent)
referral.

None of our neurologic cases was jaundiced, and in most the
liver function test abnormality was modest (ALT < 1,000 IU/
L). In particular, NA appeared to be strongly associated with
HEV, occurring in 11% of acute HEV cases (especially in
men) with a predominant (2:1) bilateral involvement. It is
noteworthy that all 12 bilateral NA cases diagnosed at the
Neurocenter in Lugano in the past 3 years were men with
acute HEV infection. These findings confirm previous
observations that the predominant clinical phenotype of
HEV-associated NA is that of bilateral involvement of the
brachial plexus.26

It is currently unclear why after exposure to the same in-
fectious agent individuals develop different clinical manifes-
tations. We identified sex as a possible risk factor because men
with HEV had higher odds for NA. Our observation of 3
couples infected simultaneously with HEV is similar to a case
report32 more than 30 years ago, even before HEV discovery.
Within an Italian family, 3 members simultaneously de-
veloped bilateral NA 1 week after a short fever, but the 2
brothers developed the full picture of NA (with scapular

Figure 3 Clinical picture of HEV-NA

(A) In bilateral HEV-NA cases (above), winged scapula (black arrows) is re-
current and often asymmetrical. (B) In unilateral HEV-NA cases (below),
amyotrophy is often very focal, affecting one muscle and sparing the
neighboring muscle (left: involvement of the upper trapezius = green arrow,
deltoid spared; right: brachialis muscle affected = red arrow, biceps brachii
spared). HEV = hepatitis E virus; NA = neuralgic amyotrophy.
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winging), whereas the mother suffered only from pain and
had no weakness. Moreover, larger epidemiologic studies26

have shown that NA occurs more commonly in men (ratio 2:
1), and also in a recent French study,22 5 of 6 HEV-NA cases
were men. The reason(s) why HEV-associated NA is more
common in men is unclear, but sex hormones are known to
influence innate33 and adaptive34,35 immune response during
viral infection. The immune response to virus is regulated by
interferons (IFNs), and IFN treatment can induce bilateral
NA.36

Regarding the host immune status, another factor that could
potentially influence clinical presentation, it is important to note
that all our 15 HEV-NA cases were immunocompetent.

When tested within 1 week from onset, 7 of 8 HEV-NA cases in
our cohort were viremic, as previously described.9,20,21,26 By
contrast, HEV is much less commonly found in the CSF, and in
the literature, there are only 2 reported NA cases where HEV
RNA has been demonstrated in the CSF.37,38 None of the 5
patients with NA who were viremic and received the lumbar
puncture on the same day of serum collection showed HEV
RNA in the CSF. Taken together, these data suggest that HEV is
cleared very early in the CSF and/or that neurologic injury is
mediated by mechanisms more complex than direct viral in-
vasion, e.g., through immune-mediated mechanisms. Recent
studies showed that intrathecal synthesis of anti-HEV IgM can
occur in HEV-NA cases.38 Although none of our patients with
NA or myalgia underwent a biopsy, it is tempting to speculate

Table 2 Clinical features of HEV-related NA

HEV-NA Total n = 15 Bilateral n = 10 Unilateral n = 5

Age (median) (IQR) 51 (61–45) 58 49

Male 13 (86%) 10 3

Female 2 (14%) 0 2

Hospitalization 12 7 5

NRSa (median) at onset 8 (9.5–8) 8 10

EMG spontaneous activity (fibrillations, positive waves)
at 1 month

10 (67%) 6 4

HEV RNA + (serum)b

All gt-3
7 7 0

HEV RNA+ (CSF)c 0 0 n.a.

Lumbar puncture 6 6 0

CSF WBC >10/mm3 1/6 1/6 n.a.

CSF protein increase 3/6 3/6 n.a.

ALTa (median) 240 (100–957) 579 178

ALPa (median) 126 (80–174) 126 128

Bilirubina (median) 19 (14–35) 52 13

GGTa (median) 144 (39–203) 178 55

ANA positivity 5 5 0

ENA positivity 0

Antiganglioside antibodies 0

IgM monoclonal peak in serum 5 5 0

IVIg 0.4 g/kg × 5d 9 8 1

Oral prednisone 60 mg/d × 7 d, tapering in 7 d 3 1 2

No immunomodulatory treatment 2 0 2

Abbreviations: ALKP = alkaline phosphatase; ALT = alanine aminotransferase; ANA = antinuclear antibodies; EMG = electromyography; ENA = extractable
nuclear antigen; GGT = gammaglutamyl transferase; HEV = hepatitis E virus; IQR = interquartile range; IVIg = intravenous immunoglobulin;WBC =white blood
count.
Normal range: bilirubin < 19 μmol/L; ALT < 41 IU/L; ALKP = 40–129 IU/L; GGT < 61 IU/L; CSF analysis: WBC < 5; protein <0.40 g/L.
a At disease presentation.
b Tested within 7 days from disease onset.
c CSF was collected the same day as the serum used for HEV RNA testing.
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that antibody/immunocomplexes deposition in the peripheral
nerve andmuscle tissuesmight contribute to neurologic damage.
Similar mechanisms have previously been shown to be operative
in cryoglobulinemia39 and other extrahepatic complications re-
lated to HEV.40 Unfortunately, in our study, cryoglobulins were
not tested, so this hypothesis remains speculative.

According to our model of immune-mediated pathogenesis,
we treated patients with NA in the acute phase with IVIg or
steroids. Both treatments were always discussed with the
hepatologist and tailored for each patient based on safety
reasons (mainly the viremic state) and individual comorbid-
ities (e.g., diabetes). We chose IVIg for bilateral cases because
these patients were usually viremic (7/10), and we wanted to
avoid worsening of viral replication/hepatitis by using high-
dose steroids. We instead preferred oral steroids for unilateral
cases who were usually referred with a longer delay and were
never viremic (0/5). Treatment of patients with HEV-NAwas
however beyond the scope of this study, and no firm con-
clusions can be drawn from our observational study. How-
ever, it is worthwhile to note that all patients reported
improvement of neuropathic pain, shoulder girdle muscle
strength, and scapular dyskinesia within 7–10 days (videos 1
and 2) and that both IVIg and steroids were well tolerated.
None of the viremic HEV-NA cases developed chronic HEV
infection or experienced an increase in transaminase levels.

Regarding GBS, we excluded 2 cases of GBS who were reactive
for both HEV IgM and IgG because they did not fulfill our
inclusion criteria. The first of these patients had concomitant
CMV infection, as reported by other authors,18 raising the
question whether these observations were because of only
crossreactivity or true co-occurrence of infections. Our second
case of HEVGBS was excluded only because the diagnosis was
made 3 months after study termination. This was an 80-year-
old woman with an axonal form (AMSAN) of GBS. She de-
veloped acute tetraparesis, bilateral facial diplegia, and bulbar
symptoms with a need for tracheotomy and assisted ventilation
(GBS disability scale = 5). She received 2 cycles of intravenous
immunoglobulins and recovered completely after 6 months.

Our clinical experience suggests that sometimes the clinical dif-
ferences between a bilateral form of NA and a pharyngeal-
brachial-cervical variant of GBS can bemodest, and some patients
might be classified either asNAorGBS (see e.g., case 3 of ref. 18).

There are some limitations to our study. First is the issue of case
ascertainment bias because our study population represents only
a limited proportion of all acute HEV-infected cases. Only
a minority of patients with HEV develop symptoms or are
detected through an elevated serum aminotransferase level, and
most infections are never diagnosed. Moreover, because the
referral to the Neurocenter was based on the treating physician’s
decision, it cannot be excluded that neurologic cases with minor
symptoms were missed. Second, our study population mostly
included immunocompetent patients in the acute phase of HEV
infection, and we did not focus on chronic cases of HEV

infection. The frequency and the clinical features of neurologic
complications in immunosuppressed HEV-infected cases (e.g.,
transplant recipients) could be different from what we observed,
yet 1 study showed that neurologic injury was less common in
immunosuppressed patients.22 Finally, our observations should
be confirmed in different geographical regions. The clustered
distribution and high number of NA cases observed might be
explained by viral factors such as a special neurotropism.Of note,
the viral strain most frequently isolated in Switzerland (3s)
appears to be unique,41,42 but correlations between viral strains
and clinical symptoms are currently lacking, and larger collabo-
rative studies are underway in Europe (e.g., HEVnet, rivm.nl/en/
hevnet) to address this issue.

In conclusion, neurologic symptoms occurred in approximately
one-third of documented acuteHEV cases and consisted of NA
and myalgia. HEV-NA seems to occur more frequently in men
and was bilateral in two-thirds of the cases. Larger prospective
epidemiologic studies on the potential role of HEV as a trigger
of (neurologic) autoimmunity43 and randomized-controlled
trials on the treatment of HEV-NA are warranted.
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JAMA Neurol 2017;1:26–33.

19. Dalton HR, van Eijk JJJ, Cintas P, et al. Hepatitis E virus infection and acute non-
traumatic neurological injury: a prospective multicentre study. J Hepatol 2017;67:
925–932.

Appendix (continued)

Authors Location Role Contribution

Giorgia
Melli, MD,
PhD

Neurocenter of
Southern
Switzerland, CH;
Faculty of biomedical
Sciences, USI, CH

Author Acquisition of data
and interpretation
and revision of the
manuscript for
important intellectual
content

Claudio
Staedler,
MD

Neurocenter of
Southern
Switzerland, CH

Author Acquisition of data
and interpretation
and revision of the
manuscript for
important intellectual
content

Monserrat
Fraga, MD

Division of
Gastroenterology
and Hepatology,
Lausanne University
Hospital, CH

Author Data interpretation
and revision of the
manuscript for
important intellectual
content

Darius
Moradpour,
MD

Division of
Gastroenterology
and Hepatology,
Lausanne University
Hospital, CH

Author Data interpretation
and revision of the
manuscript for
important intellectual
content

Roland
Sahli, MSc,
PhD

Institute of
Microbiology,
Lausanne University
Hospital, CH

Author Major role in the
acquisition of data
and revision of the
manuscript for
important intellectual
content

Vincent
Aubert,
MSc, PhD

Laboratory of
Immunology,
Lausanne University
Hospital, CH

Author Major role in the
acquisition of data

Gladys
Martinetti,
MSc

Laboratory of
Microbiology EOLAB,
CH

Author Major role in the
acquisition of data
and analysis of the
data

Florian Bihl,
MD

Department of
Hepatology, Hospital
of Bellinzona, CH

Author Major role in the
acquisition of data
and revision of the
manuscript for
important intellectual
content

Enos
Bernasconi,
MD

Division of Infectious
Diseases, Hospital of
Lugano, CH

Author Data interpretation
and revision of the
manuscript for
important intellectual
content

Benedetta
Terziroli-
Beretta
Piccoli, MD

Epatocentro Ticino,
CH

Author Major role in the
acquisition of data
and revision of the
manuscript for
important intellectual
content

Andreas
Cerny, MD

Epatocentro Ticino,
CH

Author Data interpretation
and revision of the
manuscript for
important intellectual
content

Harry
Dalton, MD,
PhD

Queens Park,
London, UK

Author Data interpretation
and revision of the
manuscript for
important intellectual
content

Appendix (continued)

Authors Location Role Contribution

Cinzia
Zehnder,
MSc

Synlab Ticino, CH Author Major role in the
acquisition of data

Barbara
Mathis, MSc

Unilabs Ticino, CH Author Major role in the
acquisition of data

Chiara
Zecca, MD

Neurocenter of
Southern
Switzerland, CH

Author Revision of the
manuscript for
important intellectual
content

Giulio
Disanto,
MD, PhD

Neurocenter of
Southern
Switzerland, CH

Author Statistical analysis of
data

Alain
Kaelin-Lang,
MD, PhD

Neurocenter of
Southern
Switzerland, CH;
Faculty of Biomedical
Sciences, USI, CH

Author Revision of the
manuscript for
important intellectual
content

Claudio
Gobbi, MD

Neurocenter of
Southern
Switzerland, CH;
Faculty of Biomedical
Sciences, USI, CH

Author Design and
coordination of the
study, major role in
the acquisition of
data, and writing and
revision of the
manuscript

8 Neurology: Neuroimmunology & Neuroinflammation | Volume 7, Number 1 | January 2020 Neurology.org/NN

http://neurology.org/nn


20. Kamar N, Bendall RP, Peron JM, et al. Hepatitis E virus and neurologic disorders.
Emerg Infect Dis 2011;17:173–179.

21. Perrin HB, Cintas P, Abravanel F, et al. Neurologic disorders in immunocompetent
patients with autochthonous acute hepatitis E. Emerg Infect Dis 2015;21:1928–1934.

22. Abravanel F, Pique J, Couturier E, et al. Acute hepatitis E in French patients and
neurological manifestations. J Infect 2018;77:220–226.

23. Van Eijk JJJ, Groothuis JT, Van Alfen N, et al. Neuralgic amyotrophy: an update on
diagnosis, pathophysiology, and treatment. Muscle Nerve 2016;53:337–350.

24. Asbury AK, Cornblath DR. Assessment of current diagnostic criteria for Guillain-
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Abstract
Objective
To determine whether an SRC homology 2 domain-containing phosphotyrosine phosphatase 2
(SHP2) inhibitor would increase muscle-specific kinase (MuSK) phosphorylation and override
the inhibitory effect of MuSK-antibodies (Abs).

Methods
The effect of the SHP2 inhibitor NSC-87877 onMuSK phosphorylation and AChR clustering was
tested in C2C12 myotubes with 31 MuSK-myasthenia gravis (MG) sera and purified MuSK-MG
IgG4 preparations.

Results
In the absence of MuSK-MG Abs, NSC-87877 increased MuSK phosphorylation and the
number of AChR clusters in C2C12 myotubes in vitro and in DOK7-overexpressing C2C12
myotubes that form spontaneous AChR clusters. In the presence of MuSK-MG sera, the AChR
clusters were reduced, as expected, but NSC-87877 was able to protect or restore the clusters.
Two purified MuSK-MG IgG4 preparations inhibited both MuSK phosphorylation and AChR
cluster formation, and in both, clusters were restored with NSC-87877.

Conclusions
Stimulating the agrin-LRP4-MuSK-DOK7 AChR clustering pathway with NSC-87877, or
other drugs, could represent a novel therapeutic approach for MuSK-MG and could potentially
improve other NMJ disorders with reduced AChR numbers or disrupted NMJs.

RELATED ARTICLE

Editorial
Treating muscle-specific
kinase myasthenia gravis
from the inside out

Page e646

*Joint first authors—these authors contributed equally to the manuscript.

From the Department of Clinical Neurosciences (S.H., M.C., M.W., P.M.R.C., J.C., D.B., A.V.), Weatherall Institute of Molecular Medicine and Nuffield, University of Oxford, UK;
Department of Clinical and Experimental Medicine (A.D.R., M.M., R.R.), Neurology Unit, Pisa; and Department of Neuroscience (A.E.), Catholic University, Rome, Italy.

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 Medical Research Council/Oxford University.

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 © 2019 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.0000000000000645
mailto:angela.vincent@ndcn.ox.ac.uk
https://nn.neurology.org/lookup/doi/10.1212/NXI.0000000000000645
http://creativecommons.org/licenses/by/4.0/


Myasthenia gravis (MG) is an autoimmune disease of the
neuromuscular junction (NMJ). In a variable percentage of
patients, muscle-specific kinase antibodies (MuSK-Abs) are
present.1 In humans, symptoms occur particularly in cranial,
bulbar, and respiratory muscles with frequent respiratory
crises.2 Although immunomodulatory treatments can be
beneficial in the longer term, there is an unmet need for cheap,
fast, and effective treatments.

MuSK is normally activated following binding of agrin, secreted
from the motor nerve terminal, to low-density lipoprotein
receptor-related protein 4 (LRP4). LRP4 then binds to MuSK
leading to its dimerization and to auto- and trans-
phosphorylation in the MuSK juxtamembrane region.3 The
subsequent recruitment of intracellular downstream of kinase 7
(DOK7) further stimulates MuSK phosphorylation, causing
activation of a phosphorylation cascade that ultimately leads to
clusters of acetylcholine receptor (AChR) anchored by in-
tracellular rapsyn on the postsynaptic membrane of the NMJ.4

MuSK-Abs are predominantly of the IgG4 subclass and in-
hibit the interaction between LRP4 and MuSK, preventing
MuSK phosphorylation and AChR clustering.5,6 Considering

this mechanism, increasing MuSK phosphorylation could
represent a potential therapeutic strategy for the development
of specific treatments.

Among several regulators of the AChR clustering pathway, the
SRC (Rous sarcoma gene) homology 2 domain-containing
phosphotyrosine phosphatase 2 (SHP2) is a phosphatase that
reduces MuSK phosphorylation. Importantly, for the purposes
of this study, NSC-87877, an SHP2 inhibitor, has been shown
to enhance agrin-induced and agrin-independent AChR clus-
tering in vitro.7 We tested NSC-87877 for its ability to increase
MuSK phosphorylation and to reverse or prevent the effects of
MuSK-Abs in 2 in vitro models.

Methods
Materials
Serum samples were collected, with informed consent, from
31 patients with typical MuSK-MG symptoms and immu-
notherapy responses. MuSK-Ab titers of patients’ sera and
purified immunoglobulin G (IgG) fractions were determined
by radioimmunoassay and cell-based assay (CBA).8,9 Sera

Glossary
AChR = acetylcholine receptor; CBA = cell-based assay; DOK7 = downstream of kinase 7; FACS = fluorescence-activated cell
sorting;KO = knockout; LRP4 = low-density lipoprotein receptor-related protein 4;MG =myasthenia gravis;MuSK =muscle-
specific kinase; NMJ = neuromuscular junction; SHP2 = Src homology 2 domain-containing phosphotyrosine phosphatase 2;
SK = specific kinase.

2 Neurology: Neuroimmunology & Neuroinflammation | Volume 7, Number 1 | January 2020 Neurology.org/NN

http://neurology.org/nn


were heated, dialyzed, and sterile filtered before use. IgG
fractions were purified from plasmapheresis of 2 additional
patients with MuSK-MG using protein G sepharose and an
IgG4 affinity matrix.5,8 Effectiveness of IgG subclass purifica-
tion was tested with CBA. Briefly, MuSK-transfected human
embryonic kidney cells were incubated with the different IgG
subclasses (1:20) and probed with anti-human-IgG1, -IgG2,
-IgG3, and -IgG4monoclonal mouse antibodies (1:50) (I2513,
I5635, I7260, and I7385, Sigma). After fixing with 3% formal-
dehyde, cells were stained with Alexa Fluor 488 goat anti-
mouse IgG (1:200) (A32723, Invitrogen) and images captured
using the Olympus IX71 fluorescence microscope with Simple
PCI (Digital Pixel). The SHP2 inhibitor NSC-87877 (#2613)
was obtained fromTocris Bioscience, Bristol, UnitedKingdom.

C2C12 myotube cultures and AChR
cluster analysis
C2C12 mouse myoblasts (91031101, ATCC) were main-
tained and differentiated into myotubes after 5–6 days in dif-
ferentiation medium as previously reported (Dulbecco’s
modified Eagle medium [DMEM] with 2% fetal calf serum/
horse serum).9 MuSK-MG sera with a broad range of MuSK-
Abs (nM) were chosen according to availability. MuSK-MG
sera (1:10, 1:30, and 1:90) or purified MuSK-Ab subclasses
(0.5 nM) were applied to myotubes for 30 minutes and then
incubated overnight with agrin 1:800 (short rat form, pro-
ducing approximately 50% of maximum AChR clusters) in the
presence and absence of NSC-87877 100 μM. AChR clusters
were then labeled with Alexa Fluor 594 α-bungarotoxin (1:
1,000) (B13422, Invitrogen) and fixed in 3% formaldehyde.
Twenty fields selected with bright field were analyzed for
number and cluster length (>3 μm) using ImageJ software.8–11

TheMusk “knockout” (KO) C2C12s were generated with the
clustered regularly interspaced short palindromic repeats
(CRISPR)-Cas9 system using standard methods.12 Briefly,
Musk guide oligonucleotides (Integrated DNATechnologies)
were designed and cloned into a modified plasmid pX335-U6-
Chimeric_BB-CBh-hSpCas9n-D10A (42335, Addgene).
Guide A oligonucleotide sequences were A-forward: 59-
CACCGCATTCTCCCGGATGCTGTAG-39 and A-reverse:
59-AAACCTACAGCATCCGGGAGAATGC-39. Guide
B oligonucleotide sequences were B-forward: 59-
CACCGCTCCTCACCATTCTGAGCG-39 and B-reverse:
59-AAACCGCTCAGAATGGTGAGGAGC-39. Myoblasts
were electroporated with 10 μg of each plasmid using the
Neon Transfection System (Life Technologies), selected with
Geneticin Antibiotic (10131035, Life Technologies), and
cloned in 96-well plates using fluorescence-activated cell
sorting. Clones were screened by Sanger sequencing
after PCR of genomic DNA using the primers 59-
TGGTGCTTTGGTTATGGAGCC-39 and 59-GAG-
GAGGGGTCTAAGGCTTG-39. Musk KO generation was
confirmed by Western blot.

DOK7-overexpressing myoblasts were prepared as previously
described.10,11 The myotubes were exposed to MuSK-Ab or

control sera or 0.5 nMMuSK-Ab of each purified preparation
(IgG or IgG4) as illustrated in the figures.

MuSK phosphorylation
MuSK phosphorylation was assessed by Western blotting on
immunoprecipitates from the C2C12 myotubes. They were
starved of fetal calf or horse serum for 3 hours, incubated in
medium alone or medium plus NSC-87877 (1–1,000 μM;
usually 100 μM) for 40 minutes at 37°C, lysed in cold lysis
buffer (10 mM Tris-HCl, 1 mM EDTA, 100 mM, NaCl, 1%
Triton X-100, 1× protease [P8340, Sigma] and phosphatase
[78420, Thermo Fisher] inhibitor cocktails), and centrifuged.
The supernatant was immunoprecipitated with anti-MuSK-
Ab (AF562, Bio-Techne, Minneapolis, MN) using Protein G
Dynabeads (10004D, Thermo Fisher) or directly with
patients’ MuSK-Abs for experiments with purified IgG and
IgG4. Immunoprecipitated proteins were eluted into sodium
dodecyl sulphate sample buffer, and theWestern blots probed
with anti-phosphotyrosine antibody 1:1,000 (4G10, Upstate
Biotechnology, MA). The nitrocellulose was then stripped
and reprobed with AF562. Band densitometry was performed
using ImageJ software. MuSK phosphorylation levels were
normalized to levels of immunoprecipitated MuSK.

Statistical analysis
Statistical tests were performed with GraphPad Prism 6 as
indicated in the figure legends. Error bars represent the
standard error of the mean unless otherwise stated. Differ-
ences with p values <0.05 were considered statistically
significant.

Standard protocol approvals, registrations,
and patient consents
The study of archived patient samples was approved by the
Oxfordshire Research Ethics Committee A (07 Q160X/28).

Data availability
The authors confirm that all the data supporting the findings
of this study will be made available on reasonable request to
the corresponding author.

Results
SHP2 inhibition increased MuSK
phosphorylation and induced agrin-
independent AChR clusters
First, we studied the effect of SHP2 inhibition on MuSK
phosphorylation and on AChR clustering in the absence of
agrin. We exposed C2C12 myotubes to increasing concen-
trations of NSC-87877 (1–400 μM) for 40 minutes. MuSK
was immunoprecipitated by commercial anti-MuSK AF562.
Phosphorylation was identified in the immunoprecipitates
by Western blotting with an anti-tyrosine phosphorylation
antibody and MuSK expression by incubating the stripped
membranes with anti-MuSK AF562. AChR clusters were
measured on parallel myotube cultures by labeling with
fluorescent alpha-bungarotoxin after 12 hours. The ratio of
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phosphorylatedMuSK to total MuSK increased substantially
(each normalized to that in DMEM alone) with maximal effect
at 100 μM; at higher concentrations, phosphorylation de-
creased (figure 1A). C2C12 myotubes, in the absence of agrin,
express few spontaneous clusters (<10 per field; figure 1B
DMEM), but after incubation with agrin, the numbers in-
creased up to 40/field. As previously shown,7 NSC-87877 at
100 μM, without agrin, increased the numbers of AChR clus-
ters similar to those achieved with agrin alone (figure 1B upper
panel). Again, the optimal concentration was 100 μM, which
was used for all experiments thereafter. As expected, neither
MuSK nor phosphorylated MuSK was detectable in the Musk
KO myotubes (figure 1B, lower panel). Mean results of dif-
ferent experiments are shown in figures 1, C and D.

To ensure that 40 minutes was appropriate for the experi-
ments, a time course was performed. This showed that
MuSK phosphorylation increased over time and was clearly
detectable at 40 and 90 minutes for agrin, NSC-87877, or
both NSC-87877 and agrin. MuSK phosphorylation was
modestly increased when both were given together com-
pared with NSC-87877 alone (p < 0.05 at 409, p < 0.01 at
909) (figure 1E), and the submaximal 40 minutes was chosen
for future experiments looking at changes in MuSK
phosphorylation.

C2C12 myotubes overexpressing DOK7 develop stable
AChR clusters in the absence of agrin.11 MuSK phosphory-
lation was clearly present in the DOK7-overexpressing cells
without added agrin and was further increased by NSC-87877
(figure 2A). Moreover, the addition of NSC-87877 to the
DOK7-overexpressing myotubes increased the number of
AChR clusters that mirrored the increased phosphorylation
(figure 2B).

Patients with MuSK-MG
To investigate whether SHP2 inhibition was able to protect
against the effects of MuSK-Abs, 31 MuSK-MG sera (female:
male, 9:1; median age at onset 42 years [range 18–70 years])
were studied. All patients except 3 were on immunotherapies,
mainly prednisolone and/or azathioprine, but all had pre-
dominantly bulbar disease (as indicated by b grades), and 8
still had severe involvement (Myasthenia Gravis Foundation
of America 3b or 4b, see table). MuSK-Ab levels measured by
radioimmunoprecipitation were typically variable
(0.25–24.26 nM). CBAs showed that, as expected, IgG4
MuSK-Abs were present and predominated over IgG1, 2, or 3
(data not shown).

SHP2 inhibition alleviates the effect of
MuSK-Abs on agrin-induced and
agrin-independent AChR clusters
Three dilutions (1:10, 1:30, and 1:90) of 21 MuSK-Abs and
2 control sera were incubated with the myotubes for 30
minutes before adding agrin with or without NSC-87877; 12
hours later, the numbers of AChR clusters were measured
(see time line in figure 3A). In each case, the results were

expressed as % of those in the presence of healthy control
serum dilutions with agrin but without the SHP2 inhibitor.
MuSK-MG sera reduced the number and size of AChR
clusters with most effect at 1:10 dilution as expected and, at
each serum concentration, NSC-87877 (100 μM) increased
the number and size of AChR clusters (figure 3, A.a and A.b).
There was a modest correlation between the number of
clusters at 1:30 serum dilution and MuSK-Ab radio-
immunoprecipitation titers, with and without NSC-87877
(figure 3B), with similar results or trends at 1:10 and 1:90
(data not shown).

When SHP2 inhibitor and agrin were added 6 hours after the
MuSK-Abs to see whether the inhibitor could recluster the
AChRs following dispersal, the numbers of clusters were again
increased at each serum dilution (figure 3C).

On the DOK7-overexpressing myotubes, where the clusters
are well established, MuSK-MG sera reduced the number of
AChR clusters but to a lesser extent than the same sera on
agrin-induced AChR clusters. At 1:30 serum dilutions, for
instance, the number of agrin-induced clusters was 27.9% ±
9.3% (n = 10) of control, whereas on DOK7-overexpressing
myotubes, the number of clusters was 69.6 ± 10.9%, n = 10; p
= 0.01) of control-treated myotubes. Nevertheless, NSC-
87877 increased the number of clusters (figure 3D) at 1:10
and 1:30 dilutions. At 1:90 dilution, the sera did not signifi-
cantly reduce the number of clusters, and NSC-87877 had no
effect.

SHP2 inhibition increases AChR clusters in
IgG4-treated C2C12 myotubes
Finally, to demonstrate that the effects were due (at least
mainly) to IgG4 MuSK-Abs, purified MuSK-Ab IgGs and
IgG4 subfractions were prepared from plasmapheresis
material of 2 additional patients with typical MuSK-MG.
For myotubes not exposed to patient antibodies, MuSK was
immunoprecipitated by the anti-MuSK AF562 antibody
from the cell lysates (to avoid MuSK phosphorylation with
concomitant use of the commercial antibody). For myo-
tubes exposed to patient antibodies, to ensure that only
phosphorylation of the antibody-bound MuSK was
assessed, MuSK was immunoprecipitated by the patient
IgG. To adjust for this difference in the precipitation
technique, the phosphorylation signals were always nor-
malized to the MuSK protein signal. An example immu-
noblot is shown in figure 4, A.a and results of 3–6
experiments in figure 4, A.b. Both total MuSK-MG IgG and
IgG4 fractions reduced MuSK phosphorylation, and
phosphorylation was enhanced by NSC-87877 (figure 4,
A.a and A.b).

Figure 4, B.a and B.b show the effects on AChR clusters.
Again, both total IgG and IgG4 preparations substantially
reduced agrin-induced AChR clustering, as previously
reported.8 Moreover, in each case, NSC-87877 protected the
myotube clusters from the inhibitory effects.
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Figure 1 SHP2 inhibition by NSC-87877 induces MuSK phosphorylation and AChR clustering

(A) Dose-response curve of the effects of SHP2 inhibition on AChR phosphorylation. Phosphorylation increased progressively reaching a maximal effect at
100 μM and decreasing at higher concentrations. (B) Clustering of AChRs (labeled with Alexa Fluor 594 α-bungarotoxin) in C2C12 myotubes after 12 hours
incubation with DMEM, agrin, or 100 μMNSC-87877. Both agrin and NSC-87877 increased AChR clusters in native C2C12myotubes but not inMuSK knockout
cells. The optimal NSC-87877 concentration was 100 μM, and cluster numbers decreased at higher concentrations. (C and D) The pooled results of 3–6
independent experiments measuring MuSK phosphorylation (C) and AChR clusters (D) are shown. (E) Time course of MuSK phosphorylation in C2C12
myotubes after exposure to agrin (1:800), NSC-87877 (100 μM), and agrin/NSC-87877. In each case, a similar time course was observed withmaximum effect
between 40 and 90 minutes. Phosphorylation and MuSK blots shown for NSC-87877 alone. All images are 20× magnification. Scale bar represents 50 μm.
Mean + standard error of the mean are shown. Results were analyzed by 2-sided t tests. AChR = acetylcholine receptor; MuSK = muscle-specific kinase;
SHP2 = SRC homology 2 domain-containing phosphotyrosine phosphatase 2.
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Discussion
MuSK-MG can be a life-threatening disease that responds
poorly to symptomatic drugs such as cholinesterase inhib-
itors and often requires high doses of steroids and other
immunosuppressive drugs for long-term treatment. Patients
may have myasthenic crises with respiratory and bulbar in-
volvement that often require urgent treatment in intensive
care. The development of a therapy that acts specifically on
the mechanisms of the disease could achieve quick control of
symptoms and in the longer term might help reduce the
potential side effects from immunosuppressive therapies.
Thus, targeting the intracellular regulation of the AChR
clustering pathway by inhibition of the specific phosphatase,
SHP2, as we show here, could represent a novel and specific
therapeutic strategy for MuSK-MG. The results also draw
attention to the potential relevance of targeting intracellular
pathways in diseases caused by extracellular antibodies or
other mechanisms.

There are several proteins downstream ofMuSK that could be
potential pharmacologic targets, including Abl tyrosine kina-
ses and guanosine triphosphatases of the Rho family. How-
ever, increasing the activity of these regulators to enhance

AChR clustering could lead to tumor development as many of
them, such as ErbB2 and mitogen-activated protein kinase/
extracellular-signal-regulated-kinase,13,14 play an important
role in cell growth. By contrast, Src homology 2 domain-
containing phosphatase 2 (SHP2), encoded by the PTPN11
gene, is a potentially safer target. Under physiologic con-
ditions, through a negative-feedback loop, SHP2 reduces
MuSK phosphorylation, providing homeostatic control of
AChR clusters at the NMJ. SHP2 also enhances cell replica-
tion inducing different pathways such as Ras/Erk, PI3K, ser-
ine/threonine kinase 1, and janus kinase 2-signal transducer
and activator of transcription15–17; thus, SHP2 inhibition
should not increase the risk of tumorigenesis. Indeed, phar-
macologic inhibition of SHP2 has already demonstrated ef-
ficacy in the treatment of a mouse glioma xenograft model.18

The selective inhibition of the SHP2 phosphatase that con-
trols MuSK phosphorylation by NSC-87877 was shown
previously to increase AChR clustering in C2C12 myotubes7;
here, we confirm that this works through increasing phos-
phorylation, which was clearly seen irrespective of the pres-
ence of agrin or MuSK-Abs. Although NSC-87877 is known
to act on both SHP1 and SHP2, only SHP2 has been detected

Figure 2 Effect of SHP2 inhibition in DOK7-overexpressing C2C12s

(A) MuSK phosphorylation was already high in DOK7-overexpressing C2C12s (data not shown) but was increased further by NSC-87877. (B) Equally DOK7-
overexpressing myotubes showed AChR clusters that were further increased by NSC-87877. All images are 20× magnification. Scale bar represents 50 μm.
Results were analyzed by 2-sided t tests. DOK7 = downstream of kinase 7; MuSK = muscle-specific kinase; SHP = SRC homology 2 domain-containing
phosphotyrosine phosphatase 2.
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in C2C12 myotubes,7,19 and, reassuringly, conditional
knockout of SHP2 in skeletal muscle did not compromise the
formation and maintenance of the NMJ, suggesting that
pharmacologic inhibition of SHP2 should be well tolerated in
skeletal muscle,20 although other SHP2-specific inhibitors
should also be studied.

MuSK-Abs are mainly IgG4 subclass and are known to in-
hibit MuSK activation and phosphorylation by blocking the
interaction between LRP4 and MuSK.5,8 The inhibitory
effects of MuSK-Abs on AChR clustering were present to
varying degrees in all sera studied, correlating broadly with
MuSK-Ab titers. NSC-87877 improved phosphorylation and

Table Clinical details of patients

Patient Age at onset, sex MGFA onset, sampling Radioimmunoassay titer Immunotherapies at sampling

M081 67, F 3b, 1 4.87 Aza 100 mg, Pred 12.5 mg

M083 19, F 2b, 2b 6.88 Pred 25/0 mg

M085 30, F 3b, 3b 12.72 None

M087 61, M 4b, 1 0.63 Pred 50 mg

M089 59, F 3b, 3b 10.08 Cycl 100 mg, Pred 15 mg, IVIG

M092 28, F 5, 1 0.41 Pred 30 mg

M093 63, F 4b, 3b 12.72 Pred 12.5 mg

M097 24, F 2b, 1 12.73 Pred 40 mg

M098 70, F 4b, 2b 0.25 Pred 12.5 mg

M103 42, M 3b, 0 3.42 Pred 25 mg

M105 67, F -, 0 0.73 Pred 20 mg

M110 19, F 3b, 2b 9.25 Aza 100 mg, Pred 12.5 mg

M116 32, F 3b, 0 9.65 Pred 17.5 mg

M125 36, F 5, 2b 3.84 Pred 35 mg

M126 57, F 3b, 3b 7.97 Aza 100 mg, Pred 12.5 mg,

M128 50, F 4b, 0 17.47 Pred 12.5 mg

M129 37, M 2b, 1 4.15 Pred 15 mg

M133 23, F 3b, 0 6.54 Pred 12.5

M147 33, F 3b, 2b 1.24 Pred 25 mg

M149 36, F -, 1 6.88 Aza, Pred

M154 50, F 3b, 1 6.88 Pred 12.5 mg, IVIG

M159 28, F 4b, 4b 24.96 Pred 50 mg

M165 49, F 5, 2b 5.27 Aza 100 mg, Pred 62.5 mg

M166 29, F 2b, 0 2.75 Pred 12.5 mg

M167 46, F 2b, 3b 9.45 None

M168 49, F 2b, 0 3.66 Pred 10 mg

M173 42, F 3b, 3b 8.57 Pred 50 mg

M175 44, F 3b, 2b 4.86 Pred 17.5 mg

M176 18, F 3b, 0 4.69 Pred 37.5 mg, PLEX

M180 47, F 3b, 2b 12.72 Aza 100 mg, Pred 5 mg

M181 56, F 3b, 4b 4.37 None

Abbreviations: Aza = azathioprine; b = bulbar predominant disease; Cycl = cyclosporin; IVIG = intravenous immunoglobulins; MGFA = Myasthenia Gravis
Foundation of America Scale; PLEX = plasma exchange; Pred = prednisolone.
Serum dilution giving a score of 1 (range 0–4 representing increasing MuSK-Abs).9 All patients were studied at the University of Pisa.
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Figure 3 SHP2 inhibition reverses effects of MuSK-Abs on AChR clusters in C2C12s and DOK7-overexpressing C2C12s

(A) The treatment protocols are shown above the results. MuSK-Ab positive (n = 21) or healthy control sera (n = 2) were incubated with myotubes for 30
minutes, followed by agrin (1:800) with or without NSC-87877 (100 μM). After 12 hours, the AChR clusters were analyzed and expressed as a percentage of
control serum results. The number (A.a) of the AChR clusterswithout NSC-87877was clearly reduced by theMuSK-Abs (to 14%, 35%, and 60%at dilutions 1:10,
1:30, and 1:90, red columns); the size of the clusters was similarly reduced (A.b). In each case, the effects were partially or completely reversed by NSC-87877
(green columns). (B) Inverse correlation between the number of AChR clusters at 1:30 serum dilution andMuSK-Ab titers (nM) with or without NSC-87877. (C)
Using a different protocol, AChR clusters were similarly reduced, and there was partial or complete protection by NSC-87877. (D) The effects of the different
serum dilutions on AChR clusters and the protection by NSC-87877 were also seen in the DOK7-overexpressing C2C12s, although to a lesser extent. In A, C,
and D, comparisons at each different serum concentration were analyzed by 2-sided t tests. For B, linear regression was computed by GraphPad Prism. The
scatter plots show results of individual sera, withmean ± SDs. AChR = acetylcholine receptor; MuSK =muscle-specific kinase; SHP2 = SRC homology 2 domain-
containing phosphotyrosine phosphatase 2.
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AChR clustering at each concentration of the sera tested.
Moreover, when the phosphorylation and AChR clustering
experiments were conducted comparing total IgG and the IgG4
subfraction from 2 patients, both reduced MuSK phosphory-
lation and AChR clustering, and SHP2 inhibition by NSC-
87877 was able to reverse their pathologic effects. Of interest,
the inhibitory effect of IgG4 on AChR clustering does not
depend on its monovalency and divalent monoclonal anti-
bodies to MuSK also inhibit clustering.21,22 These recent
findings suggest that MuSK antibodies could have additional
pathogenic mechanisms, other than the direct inhibition of
agrin/MuSK interaction, which contribute to the disruption of
the AChR clustering pathway. Nevertheless, the inhibition of

MuSK phosphorylation still remains the main effect of MuSK
antibodies, as confirmed by our results with purified total IgG
and by the effectiveness of the inhibition of SHP2.

There were some limitations to the experimental procedure.
For the phosphorylation experiments, the patient antibody-
precipitated MuSK was less than the MuSK precipitated by
commercial antibody from the control cultures. There were
2 reasons for this. First, we chose a concentration of patient
MuSK antibody (0.5 nM) that was submaximal for in-
hibition of clustering, making sure that any effects on clus-
tering were clearly evident, but we needed to ensure that we
only measured the phosphorylation in those MuSK

Figure 4 IgG and IgG4 subclass MuSK-Abs reduce AChR clusters, which are restored by NSC-87877

Agrin-stimulatedmyotubes were exposed for 40minutes to MuSK IgG or IgG4 subfraction (adjusted to 0.5 nMMuSK-Ab) purified from 2 patients with MuSK-
MG (the total number of experimentswas IgGn =5; IgG4 n = 6). (A.a) Example of phosphorylation blots.MuSKwas immunoprecipitatedby anti-MuSKAF562 or
MuSK-MG IgG fractions. Pooled results (A.b) show that total IgG and IgG4 inhibitedMuSK phosphorylation, and this was increased substantially by NSC-87877
(100μM). (B.a) Examples of AChR clusters. Pooled results (B.b) show that total IgG and Ig4MuSK-Ab fractions inhibited the formation of AChR clusters, which in
each case were increased by NSC-87877. Two-sided t tests were used for comparisons at each IgG concentration. AChR = acetylcholine receptor; MG =
Myasthenia gravis; MuSK = muscle-specific kinase.
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molecules that were bound by patient IgG. Second, the
commercial antibody was applied to the cell lysate from the
myotubes rather than to the live cells and thus could also
precipitate MuSK that was not on the surface. To adjust for
these differences in MuSK immunoprecipitation, the phos-
phorylation was normalized to the MuSK protein signal for
each lane. Further in vitro studies examining the intracellular
molecular mechanisms need to be performed, and the pro-
tective effects of SHP2 inhibition against MuSK antibodies
demonstrated in vivo.

Most novel therapies in MG depend on monoclonal anti-
bodies targeting the immune system, but given the un-
derstanding of the mechanisms involved in the MuSK
pathway, faster pharmacologic treatments should be ex-
plored. Recently, a monoclonal MuSK antibody was shown
to stimulate MuSK phosphorylation and to preserve NMJs
in a motor neuron disease model.23 Using new or repur-
posed drugs to enhance MuSK phosphorylation, or other
downstream components of the signaling pathway, could be
beneficial in MuSK-Ab myasthenia and perhaps in other
disorders of neuromuscular transmission where loss of
AChRs or disruption of the NMJ structure underlies the
muscle weakness.
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Alemtuzumab is an efficacious therapy for active relapsing-remitting MS (RRMS), but its use is
complicated by the potential development of secondary autoimmunity.1 Recent data from
phase 3 extension studies confirm thyroid autoimmunity as the most abundant entity of
secondary autoimmunity found in up to 30%–40% of treated patients, with most events mild or
moderate in severity. Data also show low rates of previously known autoimmune phenomena,
such as immune thrombocytopenia and nephropathy.2 However, further entities including
sarcoidosis, vitiligo, and hemophagocytic lymphohistiocytosis (HLH) have been described in
real-world cohorts.3 Here, we present a case of another lymphoproliferative syndrome, namely
idiopathic multicentric Castleman disease (iMCD), after alemtuzumab treatment.

Case report
A 30-year-old Caucasian man was first diagnosed with RRMS in 2003. After initial interferon-β1a
and natalizumab (61 infusions) treatment, he received 2 courses of alemtuzumab (December
2014 and December 2015) because of persistent disease activity. Infusions were administered
without complications, and disease activity stabilized over time. The patient developed Graves’
disease 24 months after alemtuzumab initiation.

In April 2018, he presented to his local hospital with fatigue, fever, dyspnea, and thoracic and
abdominal pain. Clinical examination revealed generalized lymphadenopathy, hep-
atosplenomegaly, and edema. Sonography indicated pleural and pericardial effusion and ascites
suggestive of polyserositis. He developed pancytopenia and showed elevated serum C-reactive
protein (CRP, figure, A and B) and hypoalbuminemia (2.24 g/dL). A mesenteric lymph node
(LN) biopsy was performed and was deemed inconclusive.

He was referred to our clinic. Repeated serologic testing for autoimmune, paraneoplastic, and
infectious causes remained inconspicuous, especially regarding antinuclear antibodies and
herpesvirus (including human herpesvirus (HHV)-8 and HIV PCR in peripheral blood).
Whole-body 18F-FDG PET/CT, bronchoscopy, and gastro-/colonoscopy provided no further
explanations. Persistent disseminated lymphadenopathy, polyserositis, and organomegaly were
detected through CT (figure, F–H). An axillary LN biopsy was performed 3 weeks after the
initial presentation, but changes were nonspecific despite extensive immunohistochemistry and
clonality analysis. Bone marrow puncture revealed increased megakaryocytosis (figure, I).
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Figure Diagnostic work-up and treatment regimes in an alemtuzumab-treated patient with RRMS developing idiopathic
multicentric Castleman disease

(A–E) Charts show the course of CRP, hemoglobin, platelets, white blood cell count, and blood urea nitrogen since the initial presentation during hospitali-
zation. Time points and length of different treatment regimens are outlined in (A) (♦: IV methylprednisolone 250 mg, cumulative dose 2,750 mg; •:
immunoadsorption; *: IVIG single dose, 1 mg/kg). Arrows represent platelet (B) and erythrocyte concentrate (C) transfusions and hemodialysis (E). (F)
Abdominal CT scan outlining extensive abdominal (red arrows) and inguinal (yellow arrows) lymphadenopathy. (G–H) Axial thoracic and abdominal CT scan
indicating polyserositis with pleural (G: yellow arrows) and pericardial (G: red arrows) effusions and ascites (F: yellow arrows) as well as hepatosplenomegaly
(F: red arrows). (I) H&E staining of bonemarrow puncture displayingmegakaryocytosis. (J–K)Mediastinal lymph node biopsy consistent with iMCDplasma cell
type. (J) Haematoxylin and eosin stain displaying regressive germinal centers (blue arrows), with small vessels reaching into germinal centers (“lollipop
vessels,” black arrows). (K) Giemsa staining displaying interfollicular proliferation of plasma cells (black arrows).
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After immunosuppressive therapy with high-dose IV meth-
ylprednisolone (IVMPS, figure, A♦) and immunoadsorption
(IA, figure, A•), inflammatory activity decreased and blood
cell counts rose again. Pleural and ascites punctures had to be
performed less frequently.

However, 28 days after symptom onset, the patient rapidly
redeteriorated with increasing serum CRP-levels and re-
emerging cytopenia, especially thrombocytopenia refractory
to IV immunoglobulins (figure, A and B*). Because of in-
trathoracic bleeding, he required multiple erythrocyte and
platelet transfusions and an emergency thoracotomy.
Thereafter, the patient was referred to the intensive care unit
because of renal failure (predominantly caused by systemic
inflammation (procalcitonin 18 ng/mL) and third spacing)
and underwent continuous hemodialysis under which blood
cell counts, effusions, edema, and retention parameters
slowly recovered (figure, A–E). A LN extracted during
thoracotomy revealed findings typical for Castleman disease,
including hyperplasia, germinal center regression, plasma
cell expansion, and hyalinized vessels (figure, J and K).
HHV-8 immunohistochemical staining was negative. Ascites
interleukin (IL)-6 levels were strongly increased (4,030
pg/mL, reference: <3 pg/mL, otherwise published value:
4,440 pg/mL4). Consequently, a diagnosis of iMCD with
TAFRO (Thrombocytopenia, Anasarca, MyeloFibrosis,
Renal failure, Organomegaly) subtype (typical histopatho-
logic findings, HHV-8 negative immunohistochemistry,
thrombocytopenia (figure, B), fever, organomegaly, absence
of hypergammaglobulinemia (0.8 g/dL), lymphadenopathy,
and hyperplasia of megakaryocytes) was established.5

Repeated IVMPS and IA treatment (figure, A♦,•) induced
ongoing remission. The patient fully recovered and continues
to receive a small dose of oral prednisolone (5 mg/d). He is
regularly screened (every 3 months) for re-emerging disease
activity and development of secondary malignancies.6

Discussion
Development of secondary autoimmunity after alemtuzumab
treatment is a well-known phenomenon and has been
addressed by a strict risk management program screening
especially for thrombocytopenia, thyroid, and kidney auto-
immunity. Although the incidence of these disorders might
have been overestimated according to postmarketing studies,2

a variety of other rare entities have been described in the past
2 years. These reports include both organ-restricted diseases
and systemic conditions.3 Two additional iMCD cases have
been described, with disease onset at 31 and 41 months after
alemtuzumab initiation.6,7

One feature shared by HLH and iMCD is their association with
different malignancies which can occur before, concurrent with,
or after iMCD diagnosis (with an incidence of up to 19%).
These require careful considerationwhen adjusting the patient’s

risk management plan, especially beyond 48 months after the
last alemtuzumab infusion.5 Furthermore, differentiation of
HLH and iMCD is crucial because the latter can be treated with
the monoclonal anti-IL6 antibody siltuximab.5

In conclusion, the current case highlights iMCD as another
rare but potentially life-threatening secondary autoimmune
event after alemtuzumab treatment. Until risk management
plans have been adjusted to include these new disorders,
clinicians should perform a thorough clinical follow-up (e.g.,
screening of B symptoms, examination of LNs) and, in sus-
picious cases, seek early interdisciplinary support.

Study funding
This study was financially supported by the Competence
Network Multiple Sclerosis (01GI1603D, PROGRAMMS to
T. Ruck, H. Wiendl and S.G. Meuth). This study was also
supported by Genzyme Therapeutics Ltd., United Kingdom
(“Alemtuzumab in autoimmune inflammatory neuro-
degeneration: mechanisms of action and neuroprotective po-
tential” [ALAIN01] to H. Wiendl, S.G.Meuth, and T. Ruck).

Disclosure
L. Rolfes received travel reimbursements from Merck Serono
and SanofiGenzyme. S. Pfeuffer received travel reimbursements
from Sanofi Genzyme and Merck Serono; received honoraria
for lecturing from Sanofi Genzyme, Biogen, and Mylan
Healthcare; and received research support from Merck Serono,
DiaMed, and the German Multiple Sclerosis Society. T. Ruck
received travel expenses and financial research support from
Genzyme and Novartis and received honoraria for lecturing
from Roche, Merck, Genzyme, Biogen, and Teva. S. Wind-
hagen, I. Oschlies, H.-J. Pavenstädt, and L. Angenendt report no
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West Nile virus (WNV) is a neurotropic flavivirus and the leading cause of mosquito-borne
diseases in North America. In approximately 20% of cases, infection leads to a self-limited
febrile illness and, in less than 1%, to a neuroinvasive disease often manifesting as meningo-
encephalitis with or without acute flaccid paralysis.1 Herein, we report the first case of WNV-
associated CNS vasculitis and intracranial hemorrhage, thus expanding the spectrum of WNV
infection.

Case report
A 73-year-old woman was admitted in late summer to the Montreal Neurological Institute and
Hospital in Montreal, Canada, with a 2-day history of acute confusion and high fever. She had
a remote history of renal cell and breast carcinomas, both in complete remission and off
treatment. Initial neurologic examination was remarkable for encephalopathy and right ex-
tensor plantar response. Antimicrobials for suspected meningoencephalitis were empirically
started. Initial head CT scan was unremarkable. CSF examination revealed a lymphocytic
pleocytosis (28 white cells/μL with 59% lymphocytes), no red cells, protein of 0.84 mg/dL, and
glucose of 53.6 mg/dL. Antimicrobials were stopped the next day after negative CSF cultures
and herpes simplex virus PCR. On day 6, the patient developed a markedly decreased level of
consciousness and aspiration pneumonia requiring intubation. Brain MRI showed extensive
and confluent leukoencephalopathy and interval appearance of bilateral convexity subarachnoid
hemorrhage (SAH).

On day 8, the patient was found to have generalized myoclonus. Continuous EEG moni-
toring showed severe slowing but no epileptic activity. The patient was extubated a few days
later and had persistent attention deficit, fluctuating dysphasia, and right extensor plantar
response. Repeat brain MRI with angiography demonstrated interval enlargement of con-
vexity SAHs (figure, A) and tapered stenosis of the left anterior cerebral artery A2 segments.
A digital subtraction angiography (DSA) confirmed the findings on MRA (figure, B).
Follow-up brain MRI with vessel wall imaging a month later showed a new small left frontal
parasagittal intracerebral hemorrhage (ICH) in the absence of cortical or deep-seated
microbleeds and intramural concentric enhancement of the wall of arteries in the circle of
Willis (figure, C and D).

During hospitalization, WNV serology resulted positive for immunoglobulin (Ig) M and IgG in
serum and CSF (performed on day 9 and repeated on day 41). A positive plaque reduction
neutralization test (PRNT, titers 1:80 and 1:40 on days 9 and 41, respectively) confirmed the
diagnosis of WNV neuroinvasive disease. An extensive additional workup ruled out coexisting
autoimmune, paraneoplastic, and systemic vasculitis. Of note, varicella zoster virus CSF PCR
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and serologies for syphilis and HIV were negative. Whole-
body PET/CT showed no evidence of recurrent cancer. The
patient improved with supportive treatment including neu-
rointensive care monitoring and IV hydration. Cortico-
steroids and other previously tried therapeutic agents for
WNV (e.g., IV immunoglobulin, ribavirin, and interferon-
alpha)1 were considered but not administered, given the lack
of evidence for efficacy and the patient’s continuing clinical
improvement. Repeat CSF examination on day 41 revealed
improved pleocytosis (7 white cells/μL), and repeat DSA 3
days later showed resolution of the previously noted left A2
tapering (figure, E). Radiologic monitoring showed resolu-
tion of the intracranial hemorrhages and vascular stenosis
over the ensuing months. She did not complain of overt
headache during the course of the illness, although this was
limited by the initial encephalopathy. On discharge, the
patient was able to walk without support but suffered from
residual cognitive deficits.

Discussion
This case illustrates some of the typical manifestations of
WNV neuroinvasive disease, including encephalitis with
lymphocytic pleocytosis and myoclonus. The diagnosis was
confirmed based on positive IgM serologies and PRNT in
serum and CSF. In addition, this case showcases the unique
complication of SAH and ICH associated with WNV in-
fection. Although rare cases of ischemic stroke in the setting of
WNV have been described,2–4 intracranial hemorrhage had
not been previously reported to our knowledge.

We also describe the rare occurrence of WNV-associated
CNS vasculitis. A single report previously documented

vascular irregularities suggestive of a vasculopathy in a pa-
tient with positive WNV serology.3 In our case, intracranial
vessel wall MRI was consistent with arterial inflammation,
further supporting that the vasculopathy was secondary to
WNV neuroinvasive disease. There is in vitro evidence that
WNV may gain entry to the CNS and infect neurons partly
through invasion of endothelial cells,1,5 providing a poten-
tial explanatory mechanism for the development of vascu-
litis in this setting. We hypothesize that the intracranial
hemorrhages observed in this case were caused by rupture
of small vasculitic vessels. This is analogous to the obser-
vations of retinal hemorrhages with WNV retinal vasculitis.6

Similarly, vasculitis accompanied by cerebral hemorrhage
has been documented with other viral encephalitides, such
as herpesviruses.7

In conclusion, this case highlights the need for clinicians to be
vigilant for vasculitic complications, including intracranial
hemorrhage, in cases of WNV infection. Similarly, WNV
neuroinvasive disease should be considered in the differential
diagnosis of infectious cerebral vasculitis and atypical hem-
orrhagic stroke.
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Figure MRI and DSA

(A) Axial susceptibility-weighted im-
age showing prominent blooming
(arrows) in the sulci of the bilateral
posterior parietal regions at the ver-
tex, frontal lobes, and sylvian fis-
sures, indicating subarachnoid
hemorrhage. (B) DSA showing mild
tapered stenosis in the proximal ex-
tent of the A2 segment of the left
anterior cerebral artery (oval circle)
and mild focal ectasia of left angular
artery (rectangle). (C) Follow-up MRI
demonstrating a new small left fron-
tal intracerebral hemorrhage (arrow)
on an axial susceptibility-weighted
image. (D) Concentric gadolinium
enhancement of the supraclinoid
segment of the internal carotid
arteries and proximal middle cere-
bral arteries bilaterally (arrows), seen
on magnetic resonance vessel wall
imaging. (E) Follow-up DSA showing
interval resolution of the vascular
changes previously noted in the A2
segment of the left anterior cerebral
artery (oval circle) and left angular
artery (rectangle). DSA = digital sub-
traction angiography.
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Case summary
Optic nerve perineuritis targets the optic nerve sheath; it is idiopathic or a manifestation of
systemic inflammatory diseases such as myelin oligodendrocyte glycoprotein (MOG) antibody
syndrome, sarcoidosis, granulomatosis with polyangiitis, IgG4-related disease, or giant cell ar-
teritis (GCA).1 Radiographically, there is optic nerve sheath enhancement and, occasionally,
orbital fat “streaking.”1 Biopsies have identified dural sheath lymphocytic infiltrate, perineural
fibrous tissue, granulomas, or evidence of small-vessel vasculitis.1 Retroperitoneal fibrosis (RPF)
is defined by abdominal organ fibrosis. Usually idiopathic, it may be secondary to medication,
radiation, or systemic inflammatory conditions.2 Pathologically, its hallmark is fibrosis and in-
filtration of macrophages, B-lymphocytes, and T-lymphocytes.2 Often considered when older
patients present with headache or ischemic optic neuropathy, GCA is the most common large-
vessel vasculitis.3 It has been proposed that GCA results from a T-cell-mediated inflammatory
cascade, causing vascular intimal hyperplasia.3 GCA has rarely been reported in association with
RPF4,5 or perineuritis.6,7 We present a patient initially diagnosedwith idiopathic RPF treated with
immunosuppression, who subsequently developed optic perineuritis followed by GCA.

A 71-year-oldman presented to the emergency department with urosepsis and renal insufficiency.
He was treated with intravenous (IV) antibiotics for positive urine and blood cultures, but his
kidney function remained abnormal. Renal ultrasound revealed bilateral hydronephrosis, and
MRI abdomen/pelvis showed a retroperitoneal mass. Biopsy demonstrated patchy fibrosis and
soft tissue lymphoplasmacytic infiltrate. IgG antibody staining was negative. He was treated with
mycophenolate for 2 years.

Six years later, he presented for having had 5 days of left eye vision loss that remained stable from
onset. He endorsed jaw soreness but denied diplopia. Acuity was 20/25 in each eye. He had
a trace left afferent pupillary defect, and color plates were performed more slowly on the left.
Optic discs were without swelling or pallor. He had normal ocular motility. Humphrey visual
fields revealed few nonspecific points of depression in each eye and an inferonasal defect in the left
eye that corresponded with his complaint. He had no temporal artery thickening or tenderness.
He was sent to the emergency department for blood work and IV steroids for presumed GCA.
Erythrocyte sedimentation rate (20 mm/h) and platelets (281,000/mm3) were in the normal
range, and C-reactive protein was mildly elevated (13 mg/L). IV methylprednisolone was ini-
tiated. Chest X-ray was normal. MRI/magnetic resonance angiography of the brain demonstrated
mild microvascular ischemic changes and volume loss with normal vasculature. Orbital MRI
showed optic nerve sheath enhancement and orbital fat stranding (figure, A and C).

Laboratory workup revealed elevated HgA1c (7.9%), serum glucose (239 mg/dL), and subclinical
hypothyroidism (thyroid stimulating hormone 5.980 mIU/L). In addition, there were negative
Lyme titers, serum paraneoplastic panel, aquaporin-4 receptor, MOG, and antineutrophil cyto-
plasmic antibodies. Serum IgG4 levels were not elevated. CSF examination showed red blood cells
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3, white blood cells 3, elevated protein (74 mg/dL), elevated
glucose (144 mg/dL), negative cytology, flow cytometry, cul-
ture, venereal disease research laboratory test (to evaluate for
syphilis), and Lyme antibodies. Serum immunoglobulins, CSF
IgG index, and oligoclonal bands were not checked.

Corticosteroids were tapered over 5 months. One month
after complete discontinuation, he endorsed a new left
temporal headache. He denied visual symptoms, jaw
claudication, or muscle weakness. Examination was im-
proved with acuity 20/20 OU. Repeat MRI brain/orbits
revealed bilateral ophthalmic and superficial temporal ar-
tery thickening and enhancement, compatible with GCA.
There was near-complete resolution of the left optic per-
ineural enhancement (figure, B and D). Temporal artery
biopsy confirmed the diagnosis with lymphocytes, mac-
rophages, granulomatous inflammation, and no IgG4-
positive cells. High-dose oral prednisone (1 mg/kg) treatment
was initiated and followed by a slow taper, which maintained
resolution of headaches. Repeat imaging showed decreased
ophthalmic and temporal artery enhancement and resolved
optic nerve sheath inflammation. There was no aortic in-
volvement on MRA chest.

Our patient manifested with 3 sequential inflammatory dis-
orders: RPF, optic perineuritis, and GCA. Clinically, each was
mild. Although an umbrella of GCA-related vasculitis may be
suggested, his course supports a less specific systemic in-
flammatory process uniquely expressed at 3 different time
points. Although the exact pathogenesis of perineuritis, RPF,
and GCA typically do not overlap, each condition results from
cell-mediated immunologic overactivation, resulting in fibro-
sis and granulomatous inflammation.

In the few reported cases of perineuritis and GCA, most had
bilateral perineural involvement on neuroimaging. In addition,
examination often demonstrated optic neuropathy or ocular
motility impairment.6,7 Unlike our patient who rapidly respon-
ded to steroids, the optic nerve dysfunction typically did not

improve. In the cases of RPF described with GCA, patients had
a more fulminant presentation. Perhaps our patient’s immuno-
suppression for RPF with mycophenolate, which suppresses
B-lymphocyte and T-lymphocyte proliferation, dampened the
later cell-mediated response. Fortunately, our patient had an
indolent course despite tissue and arterial inflammatory changes.
To our knowledge, the conditions RPF, perineuritis, and GCA
have not been documented in a single patient nor after pro-
longed immunosuppression.
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Figure MRI orbits

Coronal (A) and axial (C) MRI orbits at
initial presentation demonstrating
optic perineuritis (red arrows) and fat
stranding (blue arrowheads) left
greater than the right. Axial MRI orbits
after 6 months demonstrating bi-
lateral thickening and enhancement
of the ophthalmic arteries (blue
arrows) and improved optic perineur-
itis (red arrows) (B and D).
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Abstract
Two different treatment paradigms are most often used in multiple sclerosis (MS). An esca-
lation or induction approach is considered when treating a patient early in the disease course.
An escalator prioritizes safety, whereas an inducer would favor efficacy. Our understanding of
MS pathophysiology has evolved with novel in vivo and in vitro observations. The treatment
landscape has also shifted significantly with the approval of over 10 new medications over the
past decade alone. Here, we re-examine the treatment approach in light of these recent
developments. We believe that recent work suggests that early prediction of the disease course
is fraught, the amount of damage to the brain thatMS causes is underappreciated, and its impact
on patient function oftentimes is underestimated. These concerns, coupled with the recent
availability of agents that allow a better therapeutic effect without compromising safety, lead us
to believe that initiating higher efficacy treatments early is the best way to achieve the best
possible long-term outcomes for people with MS.
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MS is a chronic autoimmune disorder resulting in accumu-
lated damage to the brain, spinal cord, and optic nerves that
can lead to significant neurologic disability. Two and a half
decades after the first drug approval for MS, no consensus has
been achieved regarding which treatments should be most
often used with practices varying widely1 and recently pub-
lished international consensus guidelines differing.2,3

Two potential treatment frameworks have been articulated.
Some advocate an escalation approach, positing that a pre-
mium should be placed on safety. The argument continues
that if during prospective monitoring a patient experiences
breakthrough disease as evinced by relapses, MRI change, or
disability, then strong consideration should be given to
switching to an agent with increased efficacy. In this way,
patients who do not require stronger medicines are spared
potential side effects and safety concerns. A second model is
an “induction” or, better named, a highly effective treatment
early approach (HETA). Proponents of the HETA contend
that a neurologist’s current ability at initial presentation to
predict the long-term outcome is limited. They also argue that
a neurologist’s ability to prospectively determine whether
ongoing damage to the nervous system is occurring is limited.
In addition, HETA advocates view the risk profile of some
highly efficacious drugs as not materially worse than less ef-
ficacious treatments.

A number of thoughtful articles considering whether higher
efficacy agents should be used early have been published.
Nevertheless, we believe it is time to re-examine these
frameworks in more detail, given the accumulating research
on pathology, imaging, and disease course and in light of the
evolving treatment landscape. Here, we elaborate on why we
believe a HETA is warranted for most patients with MS early
in disease (age <40 years old).

Our ability to predict disease course at
onset is limited
Clinicians oftentimes discuss how they use factors that have
been identified in the literature as carrying a poor prognosis
to guide the choice of high- vs low-efficacy medication start.
Commonly cited demographic factors for poorer outcomes
include older age at onset, male sex, race, and motor or
cerebellar presentation. In fact, the relationship between
these factors and prognosis in longitudinal patient cohorts is
fair at best. Weinshenker et al. 4 reported a significant effect
of the above-cited factors on whether patients were liable to

progress to an Expanded Disability Status Scale (EDSS)
score of 6 (requires unilateral assistance). However, the
reported absolute coefficients of magnitude for the effect are
underwhelming with male sex increasing the chance of
reaching a DSS of 6 by 0.17, age at onset of 0.03, motor
symptoms at onset of 0.21, and limb ataxia/balance symp-
toms at onset of 0.29. In a separate cohort, Tremlett et al.5

reported similar weak effects with male sex contributing a 1.1
hazard relative to female sex and motor onset of symptoms
with a hazard ratio of 1 to probability of reaching an EDSS of
6. Other large cohort studies do not present the effect on the
overall risk of achieving EDSS in a readily applicable way. A
study examining the effect of African American race on
EDSS progression failed to show an effect.6 Cohort studies
examining whether demographic factors influence the risk of
developing progressive disease report similar weak effects.
Another cohort reported that sex and symptom type at
presentation do not influence the risk of conversion to
secondary progressive MS (SPMS), whereas age at disease
onset has little influence (hazard ratio 1.02) although sta-
tistically significant.7 A study of over 8,000 patients found
that the type of attack (monofocal vs polyfocal) was not
predictive of conversion to SPMS, whereas the magnitude of
the effect for sex (−1.24 for women) and onset age (−0.93)
was small although statistically significant.8

Conventional clinical imaging can
miss or underestimate
ongoing damage
When “normal-appearing white matter” is examined with im-
munohistochemical techniques, more damaged axons are seen
in patients with MS than in normal controls.9 As the MRI
magnet strength increases, better fit is obtained with clinical
measures, and even at the highest available strengths, correla-
tions are fair at best.10 Studies comparing 1.5T and 7TMRI for
detecting white matter and cortical lesions identify a markedly
increased yield at 7T.11 In addition, the above-referenced study
by Sinnecker et al. reported that every T2 hyperintensity vi-
sualized in the brain was hypointense on magnetization pre-
pared rapid acquisition with gradient echo at 7T, suggesting
that all MS lesions are in fact “black holes.” Even then, 7T
imaging is an imperfect tool. Pitt et al.12 reported that 7T MRI
visualized 82%–93% of cortical lesions apparent at pathology.
Measures of whole-brain atrophy and gray matter atrophy
correlate cross-sectionally better with clinical disability than
conventional measures such as T2 lesion volume, T1

Glossary
DTI = diffusion tensor imaging; EDSS = Expanded Disability Status Scale; HETA = highly effective treatment early approach;
IFN = interferon; MTR = magnetization transfer ratio; NARCOMS = North American Research Committee on Multiple
Sclerosis;NEDA = no evidence of disease activity;NFL = neurofilament light; PCORI = Patient-Centered Outcomes Research
Institute; PML = progressive multifocal leukoencephalopathy; SC = subcutaneous.
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hypointensities, and gadolinium enhancing lesions,13 but
such measures are not available in routine clinical practice.
Novel imaging techniques such as diffusion tensor imaging
(DTI), magnetization transfer ratio (MTR), and 23Na MRI
imaging all demonstrate that more damage is present than is
visualized on conventional MRI. Imaging of diffusion of
water along axonal tracts (DTI) with sophisticated pro-
cessing has suggested that the contribution of white matter
abnormalities to cognitive impairment is determined by
damage in the otherwise normal-appearing white matter and
that this association is in part independent of gray matter
volume atrophy and lesion load.14 23Na MRI imaging allows
direct visualization of ongoing cellular dysfunction and cell
death. This is found to be abnormal in both lesioned areas
of the brain and normal-appearing white matter.15 A study of
45 patients with newly diagnosed relapsing-remitting MS
found a decrease of whole-brain cerebral viscoelasticity rel-
ative to matched healthy volunteers and suggested a more
widespread disturbance of tissue integrity than expected
from the few visible T2 lesions.16 A measure of macromo-
lecular integrity, MTR is reduced in normal-appearing white
and gray matter from patients even at the earliest clinical
stages of the disease17 with reduced MTR correlated with
disability18 and cognitive impairment.19

MS is rarely benign over the long term
when dysfunction is
carefully interrogated
Many MS clinicians will discuss patients who have been
maintained off treatment or on low efficacy treatment that
have done “well.”One might wonder, however, what qualifies
as well?Would this patient be in the same condition if they did
not have MS? As clinicians, how hard are we looking?

A recent report from Tallantyre et al.20 found that in a care-
fully examined untreated population with disease duration
>15 years, 2.9% of patients had “benign” disease as defined by
an EDSS <3, no significant fatigue, mood disturbance, cog-
nitive impairment, or disrupted employment. Indeed, the
absolute number of patients identified is instructive with only
9 patients in a cohort of 1,049 patients included for analysis
classified as truly benign.

Recent patient survey work and disability claims reveal sig-
nificant disability over time. In the North American Research
Committee on Multiple Sclerosis (NARCOMS) database of
patients mostly treated at 15 years after diagnosis, only 13%
of patients reported no or mild symptoms. Moderate or
greater disability was reported by >40% of patients in hand
function, vision, cognition, bowel/bladder function, spas-
ticity, pain, fatigue, and coordination. At 30 years, moderate
or greater disability was reported for mobility in 69%, hand
function in 60%, vision in 47%, cognition in 50%, bowel/
bladder function in 70%, spasticity in 65%, pain in 64%,

depression in 35%, fatigue in 72%, and tremor/coordination
in 51%.21

A recent survey of NARCOMS participants with a mean age
of 55 years found that 58% of patients were not working, with
48.5% of those surveyed received disability benefits. Of those
employed, 27% reported missing 6 days or more of work
a year. Moderate to severe cognitive impairment, fatigue, and
hand function problems were associated with both disability
and absenteeism.22

Of adults 65 years or older, 15% of patients without MS
reported using an assistive device, whereas 81% of patients
with MS required an assistive device in the NARCOMS co-
hort, a 6-fold difference.23,24

Long-term follow-up studies of
patients on platform agents reveal the
risks of undertreatment
An extension of the pivotal glatiramer acetate trial found that
of patients who were maintained on treatment for an average
of 13.6 years, 35% were likely to develop secondary pro-
gressive disease. When considering disability progression,
59% progressed to at least an EDSS of 4, with 18% worsening
to an EDSS of 6, and 3% reaching an EDSS of 8.25 A follow-up
study of patients enrolled in the interferon (IFN) β-1a sub-
cutaneous (SC) pivotal trial26 reported that of those receiving
IFN β-1a SC 44mcg regularly for at least 7 years, 23.9%
progressed to an EDSS of 4, 19.7% to an EDSS of 6, 12% to an
EDSS of 6.5, and 6.1% to an EDSS of 7, with a mean increase
in EDSS in both treated groups (22 and 44 μg) of 1.1 and
mean EDSS score of 3.5 at the last visit. When considering the
long-term follow-up group as a whole (22 and 44 μg doses),
19.7% were found to have converted to SPMS. Of patients
taking IFN β-1b assessed at the 16-year pivotal phase III fol-
low-up,27 45.8% had reached an EDSS of 6. These lackluster
results are despite these studies being subject to corruption by
survivorship bias so that patients who are not doing well drop
out of the treated group ormight not be assessed in the follow-
up, potentially leading these studies to report better outcomes
than those that truly exist. Some would interpret these results
as positive and that those included who have suffered from
long-standing neurologic illness are “well enough,” given that
they have had the disease for some time. We do not believe
that this is acceptable and take as our goal that patients track in
a similar way to individuals not diagnosed with MS. One
might also question how accurately the EDSS reflects true
disability, given only fair inter-rater and intra-rater reliability at
lower levels of the scale and less sensitivity at higher levels
with ambulatory dysfunction primarily determining the level
in the upper ranges.28

More efficacious MS drugs, which better control inflammatory
disease, are not a panacea. Studies of even the most effective
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agents available for MS indicate that no evidence of disease
activity (NEDA) is achieved in only 47.7% of ocrelizumab-
treated patients29 when followed up for 96 weeks and 29.5% of
natalizumab-treated patients followed up for 2 years.30 So, even
with best possible efficacy, an argument can be lodged that our
treatments are not fully adequate.

Short-term comparison studies
demonstrate superiority in reduction
of relapses, MRI change, and disability
progression for some agents
Good quality evidence suggests that ocrelizumab and alem-
tuzumab are more effective than IFN β-1a SC31–33 and fin-
golimod is more effective than IFN β-1a IM34 in a selected
patient group. There is also MRI evidence that dimethyl fu-
marate better attenuates new MRI lesions than glatiramer
acetate, although clinical outcomes over the 2-year trial were
mixed.35 We have been cautioned by statisticians not to
compare across trials, but these head-to-head comparisons are
informative.

The reported safety profiles of some
highly effective agents do not currently
materially differ from lower
efficacy agents
The risk of developing progressive multifocal leukoence-
phalopathy (PML) in a John Cunningham virus antibody-
negative natalizumab-treated patient is estimated at 1:
10,00036 and may be further reduced with extended interval
dosing.37 Natalizumab is otherwise generally well tolerated
with a paucity of other potential side effects. In a population
with rheumatoid arthritis, the risk of rituximab with long-term
use is estimated to be 1:30,000.38 Some groups have con-
ducted retrospective analysis on the long-term safety of rit-
uximab in their patients with MS and found few adverse
events.39,40 The safety profile of ocrelizumab is being defined
with time, but based on the molecular structure, one might
expect a similar profile to that of rituximab. So far, a single case
of PML has been reported that can be directly attributed to
ocrelizumab monotherapy. The imbalance of breast cancer
seen in trials requires further monitoring in the future, but
a long-term cohort treated with ocrelizumab does not vary in
cancer risk from risk estimates in a general population andMS
non–ocrelizumab-treated group.41 Although ostensibly high-
efficacy agents’ safety may be in line with that seen in lower
efficacy agents, further definition of the safety profile with
time will be paramount. It seems short sighted, however, to
allow greater CNS tissue loss now because of worry about
drug side effects not currently manifest, especially given a lack
of definite mechanistic rationale to support safety concerns.

The challenges of patient preference
and adherence, therapeutic inertia,
and insurance coverage
Other barriers exist to HETA implementation. Patient
preference is a fundamental part of medication selection.
The literature indicates that patient preferences may not be
in line with an appropriate treatment approach. Patients with
longer disease duration prefer more efficacious therapies42

and tend to underestimate therapy risks and overestimate
benefits.43 This approach may be counter to disease biology,
which likely benefits from the use of higher efficacy agents
earlier in the disease.

In addition, adherence and persistence remain a challenge with
a retrospective claims analysis finding that only between 52% and
62% of patients had injectable medication in their possession
80%of the time.44 Adherence is better but also not ideal with oral
treatments with a claims database analysis finding that 80%
medication possession was seen in 98.2% of patients on fingo-
limod and 87.8%on dimethyl fumarate.45 It is already a challenge
to treat patients adequately even if a patient is fully adherent.

Health insurance is another potential hurdle. Over 6% of the
patients do not receive treatment because of financial concerns
and insurance barriers.46 Governmental and private insurers
struggle to construct policies without consensus from the MS
community regarding treatment. Developed policies can prevent
patient access to highly effective therapies by requiring step edits
before approval. These policies may do patients harm, leading to
a delayed start of the most appropriate treatments. Recent
understandings and trial data raise a concern that insurers that
restrict patients with MS access to highly effective immuno-
therapies may not only be damaging their long-term financial
interest but also acting unethically.

Early intervention might substantively
alter disease course and prevent
irreversible progression, whereas later
treatment might not confer
much benefit
Scalfari et al.47 reported that relapses which occur in the first 2
years influence the disease course, whereas relapses that occur
after this do not. A nationwide Danish registry found that
patients left untreated for 2 years after MS symptom onset
reached an EDSS of 6 faster than those treated and trended
toward experiencing an earlier death.48 A meta-analysis of MS
clinical trials found a larger reduction in relapses and MRI
damage in a younger patient group, with a lack of difference
between treated and untreated patients seen in patients older
than age 40.5 years.49 A population-based cohort in the United
Kingdom found that patients (n = 104) treated initially with
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highly effective therapy had a lower mean change in EDSS at 5
years and a higher median time to sustained accumulation of
disability than those treated with moderately effective therapies
(n = 488). This effect persisted after adjustment for covariates
including age and sex.50

Once inflammatory nervous system damage occurs, other
downstream effects might be seen including mitochondrial
dysfunction, oxidative damage from iron deposition, micro-
glial activation, and glutamate toxicity, which might cause
additional neuronal damage and propagate a feed-forward
loop.51 Damage to the nervous system early in the disease is
oftentimes well compensated for initially but becomes ap-
parent after reserve is lost, typically decades after disease
onset.52 Keegan et al.53 reported that progressive lower ex-
tremity weakness can be traced to critically placed lesions in
the corticospinal tract, most often in the spinal cord. Once
patients reach a DSS of 4, progression to cane dependence
(DSS of 6) occurs independent of relapses.54

Indeed, a rational interpretation of the published literature
might be to use a HETA in patients younger than 40 years of
age with a de-escalation strategy used in an older patient
group who experience immune senescence and who could be
at more risk of infections and other potential complications.

If the working theories described above are correct, then, one
would expect that more effectively preventing inflammation
early would result in better protection from irreversible dis-
ability. This seems to be the case. The MSBase consortium
recently analyzed a cohort of 1,555 patients with MS and
found that individuals treated with higher efficacy agents de-
veloped secondary progressive disease later.55

The perils of escalation
Neurologists choosing an escalation path face challenges.
Therapeutic inertia may contribute to the loss of brain tissue
in patients with MS. Harding et al.50 found a median delay of
2.4 years in patients who escalated disease-modifying agents.
Another issue is a period of vulnerability that may exist in
treatment transitions. Drugs may be sequenced too closely
together, temporally resulting in harmful effects. A more
frequent harm is loss of nervous system tissue related to
a therapeutic gap during treatment transitions, with potential
relapses, MRI activity, or disability accrual as a result.56

Neurologists choosing more efficacious agents will less often
need to transition medications and expose their patients less
to these potential dangers.

In addition, a neurologist waiting for “efficacy failure” may be
engaged in a frivolous exercise. Our current ability to monitor
disease using clinical and radiologic measures is fair at best.
Studies evaluating the prognostic value of NEDA find that it is
poorly predictive of the outcome over the longer term.57,58

Ongoing brain structural damage (as measured by DTI) has

been reported in patients who meet NEDA criteria.59 As such,
a neurologist looking for overt signs of drug failure as manifest
by clinical or MRI change may be ill advised. We believe a re-
cent study helped expose the conceptual fallacy of switching
after a patient experienced an “efficacy failure” on their current
disease-modifying agent. De Flon et al.60 switched patients
considered “stable” on their current injectable agent and found
that after the switch, these patients developed fewer MRI
lesions and had lower neurofilament light (NFL) levels.

The way forward
NFL holds promise as a potentially more sensitive way to
monitor neuronal damage. As such, it might be used to illu-
minate the question of early use of high-efficacy therapies vs
escalation approaches. Recently, the UCSF-Epic cohort
reported that at the 5-year follow-up, those treated with highly
effective therapies experienced greater decreases in serum
NFL compared with those on platform therapies, with a sig-
nificant interaction found between NFL and EDSS.61 This
biomarker may also have utility in clinic as an adjunct to
conventional MRI and may even have prognostic value at
disease onset. However, further standardization and re-
finement of serum neurofilament testing is necessary before
neurofilament can enter routine clinical use.62

Two Patient-Centered Outcomes Research Institute-
sponsored prospective studies will further explore the
benefit/risk profile of using more effective agents earlier vs an
escalation approach. Both populations will be deeply charac-
terized beyond their primary endpoint. On the other hand,
blinding is limited and the populations are quite heteroge-
neous. As such, it might be difficult to know how these results
might apply to a specific patient in clinic given limited subsets
at different ages and ranges of disease activity. Assuming that
enrollment goes as planned (a potential challenge given the
current treatment landscape and fixed beliefs amongst clini-
cians), these studies are not scheduled to report results until
2022. Onemight reasonably question howmuch these studies
will add to double-blinded randomized placebo-controlled
trials, which employed more rigorous methodologies.

One might even ask, given the confluence of current evidence,
whether we need additional trial evidence to begin a HETA
initiation in younger patients. Rheumatologists as a group de-
cided to begin more efficacious agents earlier based on a strong
correlation between disease duration and chances of achieving
remission or low disease activity. This adjustment improved the
outcomes achieved in patients with rheumatoid arthritis.63

Conclusion
An examination of relevant pathology and MRI studies sug-
gest that MS is a chronically progressive neurologic condition
rather than one characterized by episodic disease. These lines
of inquiry also suggest that we underappreciate the amount of
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brain and spinal cord damage our patients experience over
time. We also lack the ability to effectively predict at initial
presentation who will do well and who will not over the long
term. Even careful early prospective monitoring of disease
activity may not adequately predict the outcome. It should be
our goal for patients that they adhere as closely to normal
aging processes as possible. Current data suggest that we are
oftentimes not meeting this goal. In addition, recent devel-
opments in the MS treatment landscape have left us with
some medications that recast the balance so that the potential
harm to an MS patient’s nervous system outpaces by far po-
tential concerns about serious side effects. Given these factors,
we strongly believe neurologists and policy makers can better
keep patients with MS on a course toward long-term healthy
aging by using a HETA stratagem.
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CORRECTION

Identification of circulating MOG-specific B cells in patients with
MOG antibodies
Neurol Neuroimmunol Neuroinflamm 2020;7:e647. doi:10.1212/NXI.0000000000000647

In the article “Identification of circulating MOG-specific B cells in patients with MOG anti-
bodies” byWinklmeier et al.,1 first published online October 14, 2019, on the right side panel in
figure 2a, the labelling of patient 15 should not have been included while the labelling of patient
26b should have been included. The corrected figure appears below. The publisher and the
authors regret the error.

Reference
1. Winklmeier S, Schlüter M, Spadaro M, et al. Identification of circulating MOG-specific B cells in patients with MOG antibodies. Neurol

Neuroimmunol Neuroinflamm 2019;6:e625. doi: 10.1212/NXI.0000000000000625.
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CORRECTION

Cholecalciferol in relapsing-remitting MS: A randomized clinical
trial (CHOLINE)
Neurol Neuroimmunol Neuroinflamm 2020;7:e648. doi:10.1212/NXI.0000000000000648

In the article “Cholecalciferol in relapsing-remitting MS: A randomized clinical trial
(CHOLINE)” by Camu et al.,1 first published online August 6, 2019, a coinvestigator ap-
pendix should have been included, and it is printed below. The authors regret the error.

Coinvestigators are listed at links.lww.com/NXI/A168.
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1. Camu W, Lehert P, Pierrot-Deseilligny C, et al. Cholecalciferol in relapsing-remitting MS: a randomized clinical trial (CHOLINE).
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CORRECTION

IL6 receptor358Ala variant and trans-signaling are disease modifiers
in amyotrophic lateral sclerosis
Neurol Neuroimmunol Neuroinflamm 2020;7:e650. doi:10.1212/NXI.0000000000000650

In the article “IL6 receptor358Ala variant and trans-signaling are disease modifiers in amyo-
trophic lateral sclerosis” by Wosiski-Kuhn et al.,1 first published online October 14, 2019, the
y-axis label in figure 1C should be “Serum sIL6R (ng/mL).” In figure 1E, the y-axis label should
be “Serum sgp130 (ng/mL).” In figure 2A, the y-axis label should be “Serum sIL6R (ng/mL).”
The editorial office regrets the errors.

Reference
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sclerosis. Neurol Neuroimmunol Neuroinflamm 2019;6:e631. doi: 10.1212/NXI.0000000000000631.
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CORRECTION

A case of idiopathic multicentric Castleman disease in an
alemtuzumab-treated patient with MS
Neurol Neuroimmunol Neuroinflamm 2020;7:e657. doi:10.1212/NXI.0000000000000657

In the Clinical/Scientific Note “A case of idiopathic multicentric Castleman disease in an
alemtuzumab-treated patient with MS” by Rolfes et al.,1 first published online November 8,
2019, the label in figure 1F should read “Abdominal CT scan outlining extensive abdominal
(yellow arrows) and inguinal (red arrows) lymphadenopathy.” The authors regret the error.
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