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J. Bellmann-Strobl, S.K.Piper,Y.Roth,A.Zangen,S. Schippling, andF.Paul

Open Access

Continued

http://neurology.org/nn


e424 Disease activity following pregnancy-related
discontinuation of natalizumab in MS
I. Kleerekooper, Z.L.E. van Kempen, C.E. Leurs, I. Dekker, T. Rispens,
B.I. Lissenberg-Witte, C.E.P. van Munster, B.A. de Jong,
B.W. van Oosten, B.M.J. Uitdehaag, M.P. Wattjes, and J. Killestein

Open Access

e425 Pleocytosis is not fully responsible for low CSF
glucose in meningitis
M.O. Baud, J.R. Vitt, N.M. Robbins, R. Wabl, M.R. Wilson, F.C. Chow,
J.M. Gelfand, S.A. Josephson, and S. Miller

Open Access

e419 Phenotypic and functional complexity of
brain-infiltrating T cells in Rasmussen
encephalitis
F. Al Nimer, I. Jelcic, C. Kempf, T. Pieper, H. Budka, M. Sospedra, and
R. Martin

Open Access

e427 Progressive inner nuclear layer dysfunction in
non-optic neuritis eyes in MS
Y. You, E.C. Graham, T. Shen, C. Yiannikas, J. Parratt, V. Gupta,
J. Barton, M. Dwyer, M.H. Barnett, C.L. Fraser, S.L. Graham, and
A. Klistorner

Open Access

e430 Covertly active and progressing neurochemical
abnormalities in suppressed HIV infection
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Message from the Editor to our Reviewers

We are able to accept only a minority of submitted manuscripts and must make difficult decisions regarding
which 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, stud-
ies that are especially educational, or new strategies for diagnosing and treating neurologic disease are enor-
mously helpful and highly appreciated. Our gratitude for your dedication to reviewing for Neurology®

Neuroimmunology & Neuroinflammation cannot be adequately conveyed.
For guidance in reviewing, see the Information for Reviewers (IFR) link at Neurology.org/nn. Click on this link
for information on expectations of reviewers regarding confidentiality, timeliness, and reviewer conflicts of
interest. The IFR also provides instructions for formatting the comments to editors and authors in order to
make communication with authors most effective.
Please send an email to nnnjournal@neurology.org if you would like to do more reviews or if you have never
reviewed for the journal but are interested in doing so. Please include a description of your credentials and
expertise in the areas in which you are qualified to review. The reviewers listed below with 1 asterisk have
reviewed 5 or more manuscripts. Two asterisks indicate that the reviewer has reviewed 10 or more manuscripts.
This list includes those reviewers who returned a review or reviews of initial submissions (re-reviews of the same
manuscript are not included) between November 1, 2016, and October 31, 2017.
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Serum neurofilament light chain in
relapsing-remitting MS
Unchaining disease activity prediction?

MS is a chronic disease of the CNS, well recognized
for its diverse clinical presentations and outcomes.
Clinicians continue to struggle to predict short- or
long-term prognosis of persons affected by MS, to
predict response to the growing array of disease-
modifying treatments available, and to identify
persons at risk of serious adverse events from those
treatments. As such, valid, reliable, and objectively as-
sessed biologic measures, that is, biomarkers, which
can aid clinicians in predicting these outcomes, are
sorely needed.1

Neurofilaments are key components of the neuro-
nal cytoskeleton. They provide structural support to
axons, and elevated levels of these proteins have been
observed in several neurodegenerative diseases includ-
ing MS. Chitinases are glycosyl hydrolases; chitinase
3-like 1 (CHI3L1) lacks chitinolytic activity and is
expressed by microglia, macrophages, and astrocytes.2

In CIS, higher CSF levels of CHI3L1 are associated
with shorter time to diagnosis of MS.2 Elevated CSF
levels of neurofilament light chain (NF-L) have been
associated with brain atrophy,3 and a recent longitu-
dinal study of 41 persons with clinically isolated syn-
drome (CIS) or relapsing-remitting MS (RRMS)
found that NF-L levels in CSF correctly classified
85% of participants with respect to disease activity
over 2 years.4

In this issue of Neurology® Neuroimmunology &
Neuroinflammation, Varhaug et al.5 sought to deter-
mine whether serum NF-L and CHI3L1 predict dis-
ease activity in RRMS. The study population
included 85 participants in a randomized, double-
blind controlled trial in which they were randomized
to supplement with omega-3 fatty acids or placebo
conducted over 6 months, with the addition of
interferon-beta-1a subcutaneously 3 times weekly
for the subsequent 18 months. Serum samples were
drawn at baseline and months 3, 6, 12, and 24. Using
these samples, the authors measured CHI3L1 con-
centrations using an ELISA and NF-L concentrations
using a single-molecule array assay. They found that
CHI3L1 levels were not associated with relapses,

disability, or MRI measures of disease activity. By
contrast, NF-L levels were associated with MRI meas-
ures. After accounting for age at enrollment, sex, and
follow-up time, median (interquartile range) NF-L
levels were higher in participants with new
gadolinium-enhancing lesions (37.4 [25.9–52.4] pg/
mL) than among those without such lesions (28.0
[21.9–36.4] pg/mL, p , 0.001) and higher among
participants with new T2 lesions (37.3 [25.1–48.5]
pg/mL) than among those without new T2 lesions
(27.7 [21.8–35.1] pg/mL, p , 0.001). Despite the
association of NF-L levels with MRI measures of
disease activity, NF-L levels were not associated with
relapses or disability progression. NF-L levels drop-
ped after the initiation of interferon-beta-1a therapy,
but the association of NF-L levels with MRI measures
did not differ before or after the initiation of therapy.
The observed decline in serum NF-L levels after the
introduction of interferon-beta-1a therapy is consis-
tent with observations in other cohorts that CSF NF-
L levels declined after the introduction of natalizu-
mab and fingolimod.6,7 Within individuals, a 10-pg/
mL increase in NF-L levels was associated with 48%
increased odds of new gadolinium-enhancing lesions
(OR, 1.48; 95% CI, 1.15–1.90) and 62% increased
odds of a new T2 lesion (OR, 1.62; 95% CI, 1.22–
2.15).

Strengths of the study include the prospective,
longitudinal design, capture of clinically relevant
outcomes including relapses and disability, and
the use of mixed models, which allowed the iden-
tification of associations of NF-L levels with out-
comes at the individual level. However, relevant
limitations should be considered. All participants
had RRMS; the average disease duration was short
(1.0 years); and median disability was mild
(Expanded Disability Status Scale score 2), and it
is unknown whether these findings would general-
ize to individuals with longer disease duration or
more severe disability. The study cohort was mod-
est in size; only 23 (27.1%) participants experi-
enced a relapse over the study period, and only
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26 (30.5%) participants experienced disability
progression, reducing the power to detect associa-
tions of serum NF-L levels with these outcomes.
The magnitude of the effects observed was also
small.

The authors suggest that serum NF-L may
become a clinically useful biomarker for “detecting
subclinical MRI activity and treatment response” in
RRMS. Certainly, a serum NF-L measure is more
practical for clinical purposes than a CSF measure.
The ability to substitute a serum measure that could
be assessed repeatedly for less frequent, less conve-
nient, and more costly MRIs would be welcome.
However, considerably more work is needed for
serum NF-L levels to be appropriate for use in prac-
tice. We need to establish that the associations re-
ported apply to other MS populations, which differ
with respect to their demographic (age, sex, and race)
and clinical (disability, disease duration, clinical
course, and comorbidities) characteristics and that
the magnitude and direction of these associations
are consistent. We also need to determine whether
a 10-pg/mL change in NF-L levels for an individual
with MS reproducibly indicates subclinical disease
activity with adequate sensitivity and specificity, and
whether reductions in those levels indicate resolution
of activity for that individual. The lack of association
between NF-L levels and clinical disease activity also
needs to be addressed, hopefully by the use of larger
cohorts.

Serum NF-L levels deserve continued evaluation
as a biomarker of disease activity. However, several
large, prospective cohort studies with comprehen-
sively characterized and heterogeneous participants
followed over longer periods are needed to deter-

mine whether it should be adopted in clinical
practice.
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Neurofilament light chain predicts disease
activity in relapsing-remitting MS

ABSTRACT

Objective: To investigate whether serum neurofilament light chain (NF-L) and chitinase 3-like 1
(CHI3L1) predict disease activity in relapsing-remitting MS (RRMS).

Methods: A cohort of 85 patients with RRMS were followed for 2 years (6 months without
disease-modifying treatment and 18 months with interferon-beta 1a [IFNB-1a]). Expanded Dis-
ability Status Scale was scored at baseline and every 6 months thereafter. MRI was performed
at baseline and monthly for 9 months and then at months 12 and 24. Serum samples were col-
lected at baseline and months 3, 6, 12, and 24. We analyzed the serum levels of NF-L using a sin-
gle-molecule array assay and CHI3L1 by ELISA and estimated the association with clinical and
MRI disease activity using mixed-effects models.

Results: NF-L levels were significantly higher in patients with new T1 gadolinium-enhancing le-
sions (37.3 pg/mL, interquartile range [IQR] 25.9–52.4) and new T2 lesions (37.3 pg/mL, IQR
25.1–48.5) compared with those without (28.0 pg/mL, IQR 21.9–36.4, b 5 1.258, p , 0.001
and 27.7 pg/mL, IQR 21.8–35.1, b 5 1.251, p , 0.001, respectively). NF-L levels were asso-
ciated with the presence of T1 gadolinium-enhanced lesions up to 2 months before (p , 0.001)
and 1 month after (p5 0.009) the time of biomarker measurement. NF-L levels fell after initiation
of IFNB-1a treatment (p , 0.001). Changes in CHI3L1 were not associated with clinical or MRI
disease activity or interferon-beta 1a treatment.

Conclusion: Serum NF-L could be a promising biomarker for subclinical MRI activity and treat-
ment response in RRMS. In clinically stable patients, serum NF-L may offer an alternative to
MRI monitoring for subclinical disease activity.

ClinicalTrials.gov identifier: NCT00360906. Neurol Neuroimmunol Neuroinflamm2018;5:e422; doi:

10.1212/NXI.0000000000000422

GLOSSARY
CHI3L1 5 chitinase 3-like 1; CI 5 confidence interval; CIS 5 clinically isolated syndrome; CUA 5 combined unique activity;
EDSS 5 Expanded Disability Status Scale; IFNB-1a 5 interferon-beta 1a; IQR 5 interquartile range; NF-L 5 neurofilament
light chain; OR 5 odds ratio; RRMS 5 relapsing-remitting MS; Simoa 5 single-molecule array; T1GdE 5 T1-weighted
gadolinium-enhanced.

MS is a chronic inflammatory disease of the CNS in which neuronal damage is present at an
early stage.1 Due to both unpredictable and heterogeneous disease course and treatment
response, biomarkers reflecting these processes are highly sought after.

Neurofilaments are neuron-specific cytoskeletal proteins that can be released following axonal
damage. Elevated levels of these proteins have, therefore, been interpreted as reflecting axonal
damage and neuronal death in MS,2 Alzheimer disease,3 fronto-temporal dementia,4 and motor
neuron diseases.5,6 InMS, the neurofilament light chain (NF-L) subunit is considered a potential
biomarker for disease activity in CSF.7 In addition, correlations have been found between NF-L
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and risk of conversion to MS after optic neu-
ritis8 and between NF-L and treatment
response with immunomodulatory drugs such
as fingolimod9,10 and natalizumab.11 However,
a biomarker should preferably be detectable in
blood and not in CSF, as lumbar puncture is
invasive and not appropriate for repetitive
sampling and long-time follow-up. Serum lev-
els of NF-L have been investigated in several
studies. Elevated NF-L levels have been found
in patients with clinically isolated syndrome
(CIS) and relapsing-remitting MS (RRMS)
and have been correlated with MRI measures
of disease severity and EDSS.12,13 However,
the methods for analyzing NF-L in serum have
varied, and a standardized assay is not yet es-
tablished. Thus, we wanted to evaluate the
potential of NF-L as a serum biomarker using
a single-molecule array (Simoa) assay, in the
follow-up of patients with RRMS, before and
during interferon-beta 1a (IFNB-1a) therapy.

We also included another biomarker chiti-
nase 3-like 1 (CHI3L1) also known as YKL
40. CHI3L1 is a member of the glycoside
hydrolase 18 chitinase family but lacks chitino-
lytic activity.14 It is upregulated in numerous
chronic inflammatory conditions and is ex-
pressed by several cells, including microglia,
macrophages, and astrocytes.14 In proteomic
studies,15,16 CHI3L1 has been identified as
a potential biomarker for MS, and CHI3L1
levels in CSF have been proposed as a prognos-
tic marker for conversion from CIS toMS.8,14,17

The aim of this study was to evaluate the
potential of NF-L and CHI3L1 as serum

biomarkers for clinical use in the follow-up
of patients with RRMS.

METHODS Study design and patients. The patient cohort
has its origin in a multicenter, randomized, double-blind, pla-

cebo-controlled trial to investigate the possible effect of v-3 fatty

acids on disease activity in MS (the OFAMS study) and has

previously been described in detail.18 Our study comprised 85

patients (92% of the originally included patients), all with RRMS

diagnosed according to the McDonald criteria. None were

receiving immunotherapy at inclusion. Patients were randomized

to supplement with high-dose v-3 fatty acids or placebo (corn

oil), and after 6 months, all patients were additionally treated with

subcutaneous 44 mg of IFNB-1a 3 times a week. Expanded

Disability Status Scale (EDSS) scoring was performed at baseline

and months 6, 12, and 24. Relapses were recorded throughout

the study period. T2-weighted and T1-weighted gadolinium-

enhanced (T1GdE) MRI scans were performed at baseline and

monthly thereafter for the first 9 months, then at months 12 and

24. MRI outcome measures were lesions defined as the presence

or absence of T1GdE lesions, new or enlarged T2-weighted le-

sions, or a combination of both (combined unique activity;

CUA).

Standard protocol approvals, registrations, and patient
consents. The study was approved by the Norwegian Regional

Committee for Medical and Health Research Ethics (No: REK-

no. 005.04), and written informed consent was obtained from

all patients (ClinicalTrails.gov NCT00360906).

Serum sampling and analysis. Measurement of serum NF-L

and CHI3L1 concentrations was performed on samples drawn

at baseline and follow-up at months 3, 6, 12, and 24. Serum

samples were stored at 280°C.

The concentration of NF-L was determined using a Simoa

assay (UmanDiagnostics, Umeå, Sweden).19,20 The concentration

of CHI3L1 in serum was measured using ELISA according to the

manufacturer’s protocol (R&D systems, Minneapolis, MN).

Intra- and inter-assay coefficients of variation were below 10%.

All serum analyses were performed blinded for patient ID and

clinical data.

Missing data. A total of 415 samples were analyzed in 85 pa-

tients. One sample (1.2%) at month 3, 3 at month 12 (3.5%),

and 6 at month 24 (7.1%) were missing for NF-L and

CHI3L1 measurements. In addition, another CH13L1 sample

was missing at month 24. MRI scans from 3 patients were

missing at month 3 (3.5%), from 1 patient at month 12 (1.2%)

and 3 patients at month 24 (3.5%). Four patients (4.7%) were

without EDSS scores at month 24.

Statistical analyses. We used mixed-effects models to account

for repeated measurements. Linear mixed-effects models with

random intercept were used to test for differences in log-

transformed levels of NF-L and CHI3L1 by age at inclusion,

sex, disease duration, relapses (new relapses or no new relapses),

progression in EDSS ($1 EDSS point or,1 EDSS point during

follow-up), IFNB-1a treatment (treatment or no treatment), and

MRI activity (new lesions or no new lesions). The regression

coefficients from these models were back-transformed to the

original scale. We tested whether a random slope improved the

model fit by comparing models with a random slope with models

without random slope using likelihood ratio tests. As this did not

significantly improve the model fit, we did not include a random

slope in the final models. We tested for interaction by a com-

paring model with an interaction term with a model without an

Table 1 Demographic and clinical data of patients with relapsing-remitting MS
at baseline

Variables Values

Sex, n (%)

Female 56 (65.9)

Male 29 (34.1)

Mean age at inclusion, y (SD) 38.9 (8.4)

Mean age at symptom onset, y (SD) 33.0 (8.6)

Mean age at diagnosis, y (SD) 36.8 (9.9)

Mean disease duration, y (SD) 1.9 (3.1)

Mean EDSS (SD) 1.89 (0.8)

Median EDSS (interquartile range) 2 (1.5–2.5)

Mean no. of relapses the year before inclusion (SD) 1.6 (0.7)

EDSS 5 Expanded Disability Scale Status.
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interaction term using the likelihood ratios test. Furthermore, we

decomposed NF-L and CHI3L1 into mean levels for each patient

during follow-up and deviation from the mean at each time point

to estimate between-patient and within-patient effects. We used

random intercept logistic regression models to test whether mean

protein levels and deviation of the mean were independently

associated with MRI activity (new lesions or no new lesions).

Last, we created lead and lag variables to test whether NF-L and

CHI3L1 levels were correlated with MRI activity 1, 2, or 3

months before or after the measurement of these proteins. We

used the first 9 months of follow-up for these analyses, as MRIs

were conducted monthly in this period. As levels of the proteins

have been reported to be age dependent, all models were adjusted

for age. In addition, we adjusted all models for sex and follow-up

time. We tested model assumptions of the mixed-effects models

using diagnostic plots. All analyses were performed in Stata 14.1.,

while figures were made in R version 3.3.2. A p value of ,0.05

was considered statistically significant.

RESULTS Patients and MRI activity. Demographic
and clinical characteristics of the patients are summa-
rized in table 1. MRI disease activity, defined as pa-
tients with active scans, during the study period is
shown in table 2.

Association between demographic data and serum NF-L

and CHI3L1. Increased NF-L (p 5 0.001) but not
CHI3L1 levels were associated with age at inclusion.
Neither NF-L nor CHI3L1 levels were associated
with sex.

Association between clinical data and NF-L and CHI3L1.

Twenty-six patients experienced disability pro-
gression ($1 EDSS point) in the study period,

Table 2 MRI disease activity in patients with relapsing-remitting MS before
(baseline-month 6) and during (month 6 to month 24) interferon-beta
therapy

Time of examination

Proportion of patients with active scans,a n (%)

T1 gadolinium-enhancing
lesions

New or enlarged T2
lesions

Combined unique
activity (CUA)a

Baseline 45 (52.9) — —

3 mo 33 (38.8) 33 (38.8) 41 (48.2)

6 mo 34 (40.0) 32 (37.6) 39 (45.9)

12 mo 9 (10.6) 14 (16.5) 14 (16.5)

24 mo 15 (18) 19 (23) 19 (23)

a Active scans were defined as the presence of T1 gadolinium-enhancing lesions, new or
enlarged T2 lesions, or a combination of both.

Figure 1 Levels of neurofilament light chain (NF-L) associated with follow-up time (A) and MRI (B–D)

*p , 0.05.
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and there were a total of 42 relapses in 23 patients.
In multivariable linear mixed-effects models, nei-
ther NF-L nor CHI3L1 levels were significantly
associated with disease duration, relapses, or EDSS
progression. Nor was there any association
between NF-L or CHI3L1 levels and treatment
allocation in the original randomization between
v-3 fatty acids and placebo (the original OFAMS
study intervention). The NF-L levels were stable
during the first 6 months without treatment, but
fell following the initiation of IFNB-1a therapy,
and were lower at months 12 and 24 (p , 0.001,
figure 1A; table e-1 at Neurology.org/nn).
CHI3L1 levels were stable during the whole study
period, without any influence of IFNB-1a therapy
(figure 2A; table e-1).

Association between serum NF-L and CHI3L1 levels and

disease activity on MRI during follow-up. Higher NF-L
levels were associated with the development of new
T1 GdE lesions (p , 0.001), new or enlarged T2
lesions (p , 0.001), and CUA (p , 0.001) (figure 1,
B–D; table e-1) in multivariable analyses adjusting for
age, sex, and follow-up time. We examined whether

NF-L levels predicted new MRI-lesions during
follow-up on IFNB-1a and found no significant dif-
ferences in the associations before and after the ini-
tiation of treatment (p for interaction 5 0.26, 0.20,
and 0.35 for T1-GdE lesions, T2 lesions, and CUA,
respectively).

We also examined whether variation in NF-L lev-
els within and between patients was associated with
MRI activity and found that both were independently
associated with an increased risk of new lesions (table
e-2). A within-patient increase of 10 pg/mL in NF-L
levels was associated with increased odds of T1 GdE
lesions (odds ratio [OR]: 1.48, 95% confidence inter-
val [CI]: 1.15–1.90, p 5 0.002) and new T2 lesions
(OR 1.62, 95% CI 1.22–2.15, p 5 0.001).

Finally, we investigated the temporal relation-
ship between NF-L levels and MRI activity. Ele-
vated NF-L was associated with the occurrence of
T1 GdE lesions for up to 2 months before and 1
month after the time of biomarker measurement.
(p , 0.001 and p 5 0.009, respectively). Thus,
increased NF-L levels were present for a 3-month
period during the development of new lesions as
compared to patients without new T1 GdE lesions

Figure 2 Levels of chitinase 3-like 1 (CHI3L1) associated with follow-up time (A) and MRI (B–D)
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(figure 3). Levels of CHI3L1 showed no association
with MRI activity (figure 2, B–D; table e-1).

DISCUSSION We present a large cohort of RRMS in
which serum NF-L and CHI3L1 have been evaluated
by longitudinal sampling and multiple, clinical, and
radiologic assessments. Our most important findings
are the associations between serum NF-L and MRI
disease activity and the observed reduction in NF-L
levels after starting INFB-1a treatment. Due to the
longitudinal design of this study with repeated
measurements in each patient, we were able to assess
whether intraindividual change in NF-L levels were
associated with disease activity. As each individual
acts as his/her own control in these analyses, they may
be less prone to confounding compared with analyses
on between-individual changes. We observed that
both within and between variation were indepen-
dently associated with disease activity, adding weight
to the evidence linking serum NF-L levels to disease
activity.

Our results are similar to those from a study of na-
talizumab, where CSF NF-L levels decreased to the
same level as the healthy controls after 6 or 12 months
of treatment,11 and to studies looking at CSF NF-L
levels and fingolimod treatment.9,10 Our results are
also in accordance with the lower levels of CSF NF-
L in patients treated with mitoxantrone and rituxi-
mab. This last study looked, however, at patients with
progressive MS21; thus, the results are not directly

comparable with ours. Based on our findings, we
suggest that NF-L can be regarded as both a bio-
marker for disease activity and one that reflects the
treatment response. NF-L levels are known to be age
dependent; thus, the correlation between age and
NF-L is not surprising.

No correlation between serum CHI3L1 levels and
any clinical or radiologic feature was identified. Fur-
thermore, as has been reported previously,22 we found
no correlation between age and CHI3L1 levels. Our
results showing no significant association with either
MRI activity or EDSS score are supported by a recent
study that also found no significant differences in
CHI3L1 levels and disease activity.23 Indeed, this
study23 suggested that CHI3L1 may reflect the
response to IFNB-1a treatment in patients with
RRMS. Our study did not support this conclusion.

While we found no association between CHI3L1
and disease activity, levels in CSF have been found to
correlate with both GdE lesions and T2 lesions.14

This difference could reflect the fact that CSF
CHI3L1 is mainly brain derived14 and unable to cross
the blood-brain barrier sufficiently to give correlating
levels in serum. Earlier studies have shown that sig-
nificant levels of CSF CHI3L1 in patients with CIS
were not reproducible in serum.17 This probably re-
flects the finding that the serum concentration of
CHI3L1 is eight-fold lower than that in CSF15 and
demands greater sensitivity of measurement. Our
study confirms that CHI3L1 is not a reliable serum

Figure 3 Relationship between new T1 gadolinium-enhanced lesions and time of biomarker measurement

*p , 0.05; **p , 0.005.
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biomarker, despite being a potentially useful CSF bio-
marker.22 The finding of higher plasma concentra-
tions of CHI3L1 in progressive MS than RRMS24

may reflect the presence of other pathogenic pathways
than inflammation and this too could indicate that
CHI3L1 may not be useful as a prognostic marker for
RRMS or treatment response.

Our study has some limitations. First, the MRI
scans in our study were conducted more frequently
compared with what is done in clinical practice. This
may affect the generalizability of our results. Further-
more, the limited follow-up in our study may have
affected the power to detect associations between
NF-L and clinical outcomes. While most of the pa-
tients in our study experienced new lesions during
follow-up, only a proportion of the patients experi-
enced relapses or EDSS progression.

Our results indicate that serum NF-L may
become a biomarker for the analysis of subclinical
MRI activity and treatment response in RRMS.
Although the ratio between blood and CSF NF-L
levels is between 1/30 and 1/70,3 measurement of
NF-L in serum appears sensitive enough to be taken
into clinical use. This is in line with recent findings
in which NF-L in serum and CSF are highly corre-
lated.25 Our findings also suggest that NF-L not only
reflects disease activity but also indicates serum NF-
L as a promising biomarker in monitoring treatment
response. This is also supported by recent studies in
which serum NF-L was found to be a sensitive and
clinically useful biomarker to monitor tissue damage
and effects of therapies in MS.20,25 According to our
data, rising NF-L levels, with or without clinical
symptoms, may act as a trigger for MRI scanning.
Therefore, patients with stable clinical course and
stable NF-L levels may be spared unnecessary, and
costly, MRI scans. This needs to be confirmed in
larger prospective patient populations.
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Immune response to vaccines is
maintained in patients treated with
dimethyl fumarate

ABSTRACT

Objectives: To investigate the immune response to vaccinations in patients with relapsing forms of
MS treated with delayed-release dimethyl fumarate (DMF) vs nonpegylated interferon (IFN).

Methods: In this open-label, multicenter study, patients received 3 vaccinations: (1) tetanus-
diphtheria toxoid (Td) to test T-cell–dependent recall response, (2) pneumococcal vaccine poly-
valent to test T-cell–independent humoral response, and (3) meningococcal (groups A, C, W-135,
and Y) oligosaccharide CRM197 conjugate to test T-cell–dependent neoantigen response. Eligible
patients were aged 18–55 years, diagnosed with relapsing-remitting MS (RRMS), and either
treated for $6 months with an approved dose of DMF or for $3 months with an approved dose
of nonpegylated IFN. Primary end point was the proportion of patients with $2-fold rise in anti-
tetanus serum IgG levels from prevaccination to 4 weeks after vaccination.

Results: Seventy-one patients (DMF treated, 38; IFN treated, 33) were enrolled. The mean age
was 45.3 years (range 27–55); 86% were women. Responder rates ($2-fold rise) to Td vacci-
nation were comparable between DMF- and IFN-treated groups (68% vs 73%). Responder rates
($2-fold rise) were also similar between DMF- and IFN-treated groups for diphtheria antitoxoid
(58% vs 61%), pneumococcal serotype 3 (66% vs 79%), pneumococcal serotype 8 (95% vs
88%), and meningococcal serogroup C (53% vs 53%), all p . 0.05. In a post hoc analysis, no
meaningful differences were observed between groups in the proportion of responders when
stratified by age category or lymphocyte count.

Conclusions: DMF-treated patients mount an immune response to recall, neoantigens, and T-cell–
independent antigens, which was comparable with that of IFN-treated patients and provided
adequate seroprotection.

ClinicalTrials.gov identifier: NCT02097849.

Classification of evidence: This study provides Class II evidence that patients with RRMS treated
with DMF respond to vaccinations comparably with IFN-treated patients. Neurol Neuroimmunol

Neuroinflamm 2018;5:e409; doi: 10.1212/NXI.0000000000000409

GLOSSARY
AAAAI 5 American Academy of Allergy, Asthma & Immunology; AE 5 adverse event; CI 5 confidence interval; DMF 5
delayed-release dimethyl fumarate; IFN 5 interferon; IgG 5 immunoglobulin G; RRMS 5 relapsing-remitting MS; Td 5
tetanus-diphtheria toxoid; TH 5 T helper.

Delayed-release dimethyl fumarate (DMF) is an oral medication approved for the treatment of
relapsing MS, a chronic autoimmune CNS disorder.1,2 Treatment with DMF reduced memory
cells while expanding naive cells,1 disproportionately reduced CD81 T cells relative to CD41

T cells,3–5 and downregulated T-helper (TH)1 and TH17 cytokines, leading to a TH2 bias6

indicating that DMF may shift the immune response in the CNS and the periphery.
DMF demonstrated a positive risk-benefit profile in the 2 pivotal phase 3 trials7,8 and

.245,000 patients have been treated with DMF, representing .375,000 patient-years of
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exposure as of January 31, 2017. In those tri-
als, a subsequent open-label extension study,
and in the postmarketing setting, absolute
lymphocyte counts were decreased by ;30%
and subsequently stabilized within the first 9–
12 months after treatment initiation.9 DMF
treatment has not been associated with an
increased risk of infections or malignan-
cies7,8,10; however, very rare cases of progres-
sive multifocal leukoencephalopathy have
been reported in patients with prolonged lym-
phopenia (Biogen data on file and references
11 and 12).

Given the immunomodulatory properties
of DMF and its observed effects on lympho-
cytes, further evaluation of its effects on
the humoral immune response is needed.
Vaccines are not only important for disease
prophylaxis but also can be used to investigate
immune system function by examining the
response to recall antigens, neoantigens, or
T-cell–independent antigens.13 Using 3 dif-
ferent vaccines, we assessed the ability of
DMF-treated patients to respond to vaccina-
tion compared with nonpegylated interferon
(IFN)–treated patients. IFN, despite its
immunomodulatory effect, does not decrease
the response to vaccination.14–16

METHODS Study design. The goal of this open-label

multicenter study (clinicaltrials.gov NCT02097849) was to

evaluate immune response to vaccination in patients with

relapsing forms of MS who had been treated for $6 months

with the approved dose (240 mg twice daily) of DMF or who

had been treated for $3 months with an approved dose of

a nonpegylated IFN (e.g., Avonex, Betaseron, Rebif, and Ex-

tavia). Enrollment was targeted at ;70 patients (;35 patients

per group). After a 28-day screening period to determine eli-

gibility, patients were assigned to groups according to MS

treatment (DMF or nonpegylated IFN). Throughout the study,

patients remained on their existing stable dosing regimen of

DMF or nonpegylated IFN. Patients had blood sampled on

day 1 for prevaccination baseline antitetanus, antipneumococcal,

antimeningococcal, and antidiphtheria serum immunoglob-

ulin G (IgG) titers and were then vaccinated. At week 4, pa-

tients returned to the clinic for a final study visit, when

a postvaccination blood sample was taken for postvaccination

IgG titers. The patient’s neurologist or primary health care

provider managed their MS care before, during, and after

study participation.

The following vaccines were used: (1) tetanus-diphtheria tox-

oid (Td; Tenivac; Sanofi Pasteur, Swiftwater, PA) to assess

T-cell–dependent anamnestic humoral response; (2) pneumo-

coccal vaccine polyvalent (PPSV23; Pneumovax 23; Merck &

Co., Inc., Rahway, NJ) to assess T-cell–independent humoral

response; and (3) meningococcal (groups A, C, W-135, and Y)

oligosaccharide CRM197 conjugate (MCV4; Menveo; Novartis

Vaccines and Diagnostics, Inc., Cambridge, MA) to assess neo-

antigen response.

The primary objective of the study was to evaluate the

immune response to vaccination with Td in patients with relaps-

ing forms of MS who have been treated with DMF vs those trea-

ted with nonpegylated IFN. The secondary objective of this study

was to evaluate the immune response to vaccination with PPSV23

and MCV4. This study provides Class II evidence regarding the

effect on vaccination immune response for patients with

relapsing-remitting MS (RRMS) treated with DMF compared

with nonpegylated IFN.

Patients. Eligible patients were aged 18–55 years, diagnosed

with relapsing forms of MS, and either treated for $6 months

with an approved dose of DMF or for $3 months with an

approved dose of nonpegylated IFN. Patients were required to

have had a tetanus vaccination 2–15 years before screening

and an antitetanus serum titer at screening #50% of the

upper limit of detection to ensure the potential for an ade-

quate recall immune response. Key exclusion criteria included

pneumococcal vaccination within 5 years of screening; any

previous exposure to meningococcal vaccines; known hyper-

sensitivity to Td, PPSV23, or MCV4 or their components;

and clinical MS relapse requiring treatment within the 30 days

before day 1 of study enrollment. Furthermore, patients were

excluded if they had been treated with any type of vaccine

other than the inactivated influenza vaccine within the 4

weeks before day 1 of study enrollment or had received prior

treatment with immunosuppressive drugs (detailed inclusion/

exclusion criteria are provided in supplemental material at

Neurology.org/nn).

Efficacy end points. The end points were chosen to investigate

the seroresponse rate, as reflected in the proportion of patients

with an increased postvaccination titer or an increased geometric

mean titer, and also to examine the seroprotection rate. The pri-

mary end point was the proportion of patients with a$2-fold rise

in antitetanus serum IgG levels from prevaccination to 4 weeks

after Td vaccination. Secondary end points were the proportion

of patients with a $4-fold rise in antitetanus serum IgG levels

from prevaccination to 4 weeks after Td vaccination; the pro-

portion of patients with a $2- and $4-fold rise in anti-

pneumococcal serum IgG levels against serotypes 3 and 8 and

antimeningococcal serogroup C from prevaccination to 4 weeks

after PPSV23 and MCV4 vaccinations, respectively; and geo-

metric mean titer ratios from prevaccination to 4 weeks after

vaccination for antitetanus, antipneumococcal, and anti-

meningococcal serum IgG titers. The number of specified sero-

types had to be limited in the efficacy end point; however, all

serotypes were ultimately investigated. Serotype 3 was chosen as it

is considered more immunogenic than others,13 and serotype 8

was chosen as it is considered to be one of the more invasive

strains.17

Exploratory end points included the proportion of patients

with a $2- and $4-fold rise in anti–diphtheria toxoid serum

IgG levels from prevaccination to 4 weeks after Td and MCV4

vaccinations; antidiphtheria geometric mean titer ratio from

prevaccination to 4 weeks after MCV4 vaccination; and the

proportion of patients with antitetanus, antipneumococcal, and

antimeningococcal seroprotective levels at 4 weeks. Antitetanus,

antipneumococcal, antimeningococcal, and antidiphtheria serum

IgG titers were assessed before vaccination on day 1 and after

vaccination at week 4. Antigen-specific IgG assays were per-

formed at Focus Diagnostics, Inc. (Cypress, CA) using clinically

validated ELISAs to detect IgG antibodies.
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Safety. Safety evaluations consisted of adverse events (AEs), seri-
ous AEs, hematology and blood chemistry, urine pregnancy tests,

and vital signs at day 1 and week 4.

Statistical analysis. Antiantigen titers considered to be protec-

tive were based on the American Academy of Allergy, Asthma &

Immunology (AAAAI) guidance for diagnostic vaccines; however,

it should be noted that this is an active area of research.13 Pro-

tective levels were 0.15 IU/mL for tetanus, 0.01 IU/mL for diph-

theria, 1.3 mg/mL for pneumococcal serotypes 3 and 8, and

2.0 mg/mL for meningococcal serogroup C. The ratio of the

difference between IgG levels at 4 weeks after vaccination and

prevaccination to IgG levels at prevaccination was used to calcu-

late antibody response (defined as a $2- or $4-fold rise). The

proportion of responders to each vaccine antigen was estimated

with 95% confidence intervals (CIs) using the Clopper-Pearson

exact method. Differences in the proportion of patients with an

antibody response between the DMF- and IFN-treated groups

were estimated with 95% CIs using the exact method. The IgG

level to each antigen was summarized by geometric mean con-

centration for each treatment group (with 95% CI), as well as by

the ratio between groups.

Analysis populations for each of the 3 vaccines (Td, PPSV23,

and MCV4) comprised patients who were appropriately vacci-

nated per protocol, had not taken any concomitant medications

that could affect immune responses, and had nonmissing prevac-

cination and postvaccination serum IgG levels. Prevaccination

serum IgG levels must have also been less than or equal to one-

half the upper limit of detection for the assay. The safety popula-

tion was defined as all patients who received $1 vaccination.

Only treatment-emergent AEs were analyzed. Vaccination-

emergent AEs were defined as AEs occurring or worsening after

vaccination. All safety data were summarized using descriptive

statistics. The incidence of AEs was summarized using frequency

distribution tables by group, severity, relationship to vaccines,

and overall. Changes from baseline in laboratory values and vital

signs were descriptively summarized by group.

Standard protocol approvals, registrations, and patient
consents. The study was conducted in accordance with the

International Conference on Harmonization Good Clinical Prac-

tice guidelines and the ethical principles outlined in the Declara-

tion of Helsinki. Investigators obtained ethics committee

approval for the study protocol and amendments. The ethics

committee from each participating site approved the study proto-

cols. All patients provided written informed consent to participate

in the study. This study is registered on clinicaltrials.gov

(NCT02097849).

RESULTS Patients. The vaccination study ran from
February 2015 to May 2016. In total, 71 patients
were enrolled at 14 investigational sites in the United
States; 38 patients receiving DMF treatment for
$6 months and 33 patients receiving nonpegylated
IFN treatment for $3 months were vaccinated, com-
pleted the study, and were analyzed for safety and
efficacy (figure e-1). No patients withdrew from the
study. Demographics and MS and MS-relapse history
were generally well balanced across the 2 groups (table
1). Patients’ age ranged from 27 to 55 years, with
a mean age of 45.3 years. The majority of patients were
women (86%) and white (86%). The median time
since first MS diagnosis for DMF-treated patients was
9 (range 1–26) years compared with 10 (range 1–24)
years for IFN-treated patients. Mean (SD) relapses in
the 12 months before screening were 0.3 (0.7) for
DMF-treated patients compared with 0.2 (0.5) for
IFN-treated patients. All 38 (100%) DMF-treated
patients received each of the 3 vaccines as per the
study protocol. Of the 33 IFN-treated patients, all
patients received the Td and PPSV23 vaccines;
1 patient in the IFN group did not receive the MCV4
vaccination and was not included in the MCV4
analysis.

Vaccine efficacy. Recall response. All patients enrolled in
the study were previously vaccinated against tetanus,
enabling assessment of T-cell–dependent anamnestic
humoral response using the Td vaccine. A patient was
considered a responder if a $2-fold rise in IgG
antibody levels was observed from prevaccination to
4 weeks after Td vaccination. The proportion of pa-
tients with a $2-fold rise in titers for antitetanus was
68% (26/38) for the DMF-treated group and 73%
(24/33) for the IFN-treated group. By comparing

Table 1 Baseline demographics and disease characteristics at screening

Characteristic
DMF 240 mg BID
(n 5 38)

Nonpegylated IFN
(n 5 33)

Mean (SD) age at enrollment, y 46 (6) 45 (8)

Median (min, max) 47 (28, 55) 46 (27, 55)

Age group, n

18–29 y 1 1

30–39 y 6 7

40–49 y 20 13

50–55 y 11 12

>55 y 0 0

Female, n (%) 34 (89) 27 (82)

Race, n (%)

White 35 (92) 26 (79)

Black/African American 2 (5) 4 (12)

Asian 0 1 (3)

Other 1 (3) 2 (6)

Time since first MS symptoms, y, median (range) 14.5 (1–42) 11.0 (3–35)

Time since first MS diagnosis, y, median (range) 9.0 (1–26) 10.0 (1–24)

Total no. of relapses in 12 months before
screening, mean (SD)

0.3 (0.7) 0.2 (0.5)

Time on study, d, mean (SD) 30 (5) 32 (12)

Lymphocyte count, n

‡0.91 3 103/L 20 30

<0.91 3 103/L 18 3

<0.80 3 103/L 15 2

<0.50 3 103/L 2 1

Abbreviations: BID 5 twice daily; DMF 5 delayed-release dimethyl fumarate; IFN 5 inter-
feron; max 5 maximum; min 5 minimum.
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patients receiving DMF treatment and IFN treat-
ment, no statistically significant difference was
observed in the proportion of patients with a $2- or
$4-fold rise in tetanus antitoxoid IgG levels (20.04
[95% CI20.27 to 0.19]; p5 0.69 and20.19 [95%
CI 20.41 to 0.05]; p 5 0.12, respectively; figure 1).
All patients enrolled had prevaccination antitetanus
serum IgG levels above the level considered to be
protective (0.15 IU/mL)13 and maintained protective
levels at 4 weeks.

The change in titers for tetanus antitoxoid from
individual patients from day 1 to week 4 is shown
in figure 2, indicating a comparable response pattern
in DMF- and IFN-treated patients. Geometric mean
titer ratios from prevaccination to 4 weeks after vac-
cination were similar between DMF- and IFN-
treated patients for tetanus antitoxoid; 4.4 (minimum
and maximum: 1.0 and 26.8) compared with 5.0
(minimum and maximum: 0.7 and 28.8), respec-
tively (figure 3A).

Recall response was also assessed using titers for
diphtheria. Antidiphtheria response was comparable
between the DMF- and IFN-treated groups following

the administration of the Td and MCV4 vaccines.
The proportion of patients with a $2-fold rise in
titers for diphtheria antitoxoid was 58% (22/38) for
the DMF-treated group and 61% (20/33) for the
IFN-treated group, with a corresponding difference
in proportions (95% CI) of 20.03 (20.26 to 0.20);
p 5 0.82 (figure 1). Similarly, the difference in the
proportion of patients with a $4-fold rise in titers for
diphtheria antitoxoid was not significant between the
DMF-treated (42% [16/38]) and IFN-treated (39%
[13/33]) groups (0.03 [95% CI 20.20 to 0.26]; p 5

0.82).
The change in titers for diphtheria antitoxoid from

individual patients from day 1 to week 4 is shown in
figure 2. Geometric mean titer ratios from prevacci-
nation to 4 weeks after vaccination were similar
between DMF- and IFN-treated patients for diphthe-
ria antitoxoid; 3.7 (minimum and maximum: 1.0 and
21.8) compared with 3.8 (minimum and maximum:
0.5 and 40.4), respectively (figure 3A).

T-cell–independent response (pneumococcal). As a poly-
saccharide vaccine, PPSV23 can stimulate antibody
response without T-cell facilitation and was therefore

Figure 1 Responder rates of patients at 4 weeks compared with prevaccinated levels

Responder rates of patients with a (A) $2- and (B) $4-fold rise in immunoglobulin G titers at 4 weeks compared with prevaccinated levels. The mean
responder rate is shown; error bars indicate SE. BID 5 twice daily; CI 5 confidence interval; DMF 5 delayed-release dimethyl fumarate; IFN 5 interferon.
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used to evaluate T-cell–independent humoral
response. As per the protocol, the focus was on 2/23
serotypes of the PPSV23 vaccine; however, the
response to all 23 serotypes was analyzed. The differ-
ence in the proportion of patients with a $2- or $4-
fold rise in antipneumococcal serum IgG levels against
serotype 3 or 8 was not significantly different between
the DMF- and IFN-treated groups (figure 1). Simi-
larly, the difference in the proportion of patients with
a$2- or$4-fold increase in antipneumococcal serum
IgG levels against the remaining 21 serotypes was not
statistically different between the 2 groups. The change
in titers for pneumococcal antitoxoid from individual
patients from day 1 to week 4 is shown in figure 2.

Geometric mean titer ratios from prevaccination to
4 weeks after vaccination were similar between DMF-

and IFN-treated patients for PPSV23 vaccine serotype 3
(4.7 [minimum and maximum: 0.9 and 26.2] vs 7.9
[minimum and maximum: 1.0 and 48.7], respec-
tively) and for serotype 8 (14.0 [minimum and max-
imum: 1.0 and 137.3] vs 21.3 [minimum and
maximum: 1.0 and 136.7], respectively), as well as
for the other serotypes of PPSV23 (figure 3A).

The proportion of patients with antipneumococ-
cal seroprotective levels ($1.3 mg/mL) against sero-
types 3 and 8 after PPSV23 vaccination was very
similar between the 2 groups: 84% (32/38) in the
DMF-treated group compared with 88% (29/33) in
the IFN-treated group for serotype 3, and 95% (36/
38) in the DMF-treated group compared with 97%
(32/33) in the IFN-treated group for serotype 8. The
proportion of patients with antipneumococcal

Figure 2 Individual antibody titers at day 1 and week 4

Antibody titers were assessed for (A) tetanus antitoxoid, (B) Diphtheria antitoxoid, (C) Pneumococcal serotype 3, (D) Pneumococcal serotype 8, and
(E) Meningococcal serotype C. BID 5 twice daily; DMF 5 delayed-release dimethyl fumarate; IFN 5 interferon.
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seroprotective levels was also similar for the other
serotypes of PPSV23 (figure 3).

Neoantigen response (meningococcal). MCV4 was used
as a neoantigen to assess T-cell–dependent humoral
response to a novel antigen. Four weeks after vaccination,
no statistically significant difference was observed
between the DMF- and IFN-treated groups in the pro-
portion of patients with a $2- or $4-fold rise in anti-
meningococcal serum IgG levels against serogroup C or
against the other serogroups (figure 1). The proportion of
patients with a$2-fold rise in antimeningococcal serum
IgG levels against serogroup C was 53% (20/38) for the
DMF-treated group and 53% (17/32) for the IFN-
treated group (0.00 [95%CI20.24 to 0.23]; p5 0.97).

The change in titers for antimeningococcal toxoid
from individual patients from day 1 to week 4 is
shown in figure 2.

Geometric mean titer ratios from prevaccination
to 4 weeks after vaccination were similar between
DMF- and IFN-treated patients for MCV4 vaccine
serogroup C, as well as for the other 3 serogroups con-
tained in this vaccine (4.1 [minimum and maximum:
1.0 and 159.0] vs 4.3 [minimum and maximum: 1.0
and 159.0], respectively; figure 3A). The proportion
of patients with antimeningococcal IgG levels
.2.0 mg/mL (considered to be protective) was com-
parable between the 2 groups for all MCV4 se-
rogroups (figure 3B).

Vaccine response by age category and absolute lymphocyte

counts. Mean absolute lymphocyte counts decrease by
;30% during the first year of DMF treatment, then
stabilize over time,9 and in some patients they remain
below the lower limit of normal. To investigate the
effect of low lymphocyte counts with respect to the

Figure 3 Geometric mean titer ratio and seroprotection at week 4

(A) Geometric mean titer ratio and (B) seroprotection at week 4. All patients entering the study had protective levels against diphtheria. The protective level
was based on American Academy of Allergy, Asthma & Immunology guidance for diagnostic vaccines; it is an active area of research.13 Protective levels were
0.15 IU/mL for tetanus, 0.01 IU/mL for diphtheria, 1.3 mg/mL for pneumococcal serotypes 3 and 8, and 2.0 mg/mL for meningococcal serogroup C. The
proportion of patients with protective antibody titers/number of patients in the group is shown. BID5 twice daily; DMF5 delayed-release dimethyl fumarate;
IFN 5 interferon.
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humoral immune response, a post hoc analysis was
conducted that stratified patients by the lymphocyte
count. Furthermore, to examine whether age, or im-
munosenescence, could be an influencing factor, pa-
tients were also categorized by age. However, it
should be noted that this trial was not designed or
powered to study these subgroups. No meaningful
differences were observed in the proportion of res-
ponders between the 2 groups when patients were
stratified by the age category (18–35, 36–40, 41–
50, and .50 years). When stratified by the lowest
lymphocyte count recorded during the study, the pro-
portion of responders with lymphocyte counts less
than the lower limit of normal (,0.91 3 109/L)
was similar to those with normal lymphocyte
counts ($0.91 3 109/L) in both groups for all 3
vaccines. No meaningful differences were observed
between DMF- and IFN-treated groups (data not
shown).

Safety. All 3 vaccinations were well tolerated by pa-
tients in both the DMF- and IFN-treated groups
(table 2). The incidence of vaccination-emergent AEs
was similar in both groups (DMF, 42% [16/38] and
IFN, 55% [18/33]). The most common AEs in both
groups were localized to the injection site. AEs were
mostly mild or moderate in severity. Two (6%)

patients reported severe AEs in the IFN-treated
group: injection site cellulitis, burning sensation,
and arthralgia. One patient experienced an intra-
ductal carcinoma in situ of the breast that was con-
sidered not related to the study treatment. No
vaccination-emergent AEs or serious AEs leading to
study withdrawal were reported; no deaths were re-
ported. No meaningful differences in clinical labora-
tory parameters or vital signs were observed between
the 2 groups.

DISCUSSION Given the immunomodulatory proper-
ties of DMF and its effect on lymphocyte counts, fur-
ther evaluation of the effect of DMF on immune
function was needed. This study assessed the ability
of DMF-treated vs nonpegylated IFN–treated patients
with relapsing forms of MS to respond to vaccination
with recall antigen (Td), T-cell-independent antigen
(PPSV23), and a neoantigen (MCV4). IFN-treated
patients were selected as a control because it has been
shown that treatment with IFN b-1a does not decrease
response to vaccination.14,15 The Td vaccine was
selected based on its ability to elicit a T-cell–dependent
anamnestic humoral response; T-cell–independent
humoral response was investigated using the PPSV23
vaccine. Finally, MCV4 was used to gauge a T-cell–
dependent humoral response to a neoantigen.

Table 2 Overall summary of AEs

AE, n (%) DMF 240 mg BIDa (n 5 38) Nonpegylated IFN (n 5 33)

Vaccination-emergent AE 16 (42) 18 (55)

Mild 9 (24) 9 (27)

Moderate 7 (18) 7 (21)

Severea 0 2 (6)

Serious AE 0 0

Vaccination-emergent AE by SOC

General disorders and administration site conditions 11 (29) 11 (33)

Infections and infestations 1 (3) 4 (12)

Musculoskeletal and connective tissue disorders 3 (8) 4 (12)

Nervous system disorders 2 (5) 4 (12)

Skin and subcutaneous tissue disorders 0 3 (9)

Blood and lymphatic system disorders 0 1 (3)

Ear and labyrinth disorders 0 1 (3)

Injury, poisoning, and procedural complications 0 1 (3)

Investigations 1 (3) 1 (3)

Renal and urinary disorders 1 (3) 1 (3)

Respiratory, thoracic, and mediastinal disorders 1 (3) 1 (3)

Vascular disorders 0 1 (3)

Neoplasms benign, malignant, and unspecified 1 (3) 0

Abbreviations: AE 5 adverse event; BID 5 twice daily; DMF 5 delayed-release dimethyl fumarate; IFN 5 interferon; SOC 5

System Organ Class.
a Two patients reported severe AEs that included injection site cellulitis, burning sensation, and arthralgia.
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DMF may act through the nuclear factor
(erythroid-derived 2)-related factor 2–dependent
and independent pathways.18,19 Studies of patients
with MS indicate that DMF treatment causes a dis-
proportionate reduction in CD81 T lymphocytes
compared with CD41 T lymphocytes1,4 and a reduc-
tion in the number of circulating memory T cells and
a concomitant expansion of naive T cells, irrespective
of the absolute lymphocyte count,1 indicating that
DMF works through multiple mechanisms to reduce
inflammatory response in both the peripheral
immune system and CNS.

The immune response to vaccination in patients
with RRMS treated for $6 months with DMF was
found to be comparable with that of IFN-treated
patients. DMF-treated patients can mount an ade-
quate immune response to inactivated vaccinations
according to the AAAAI guidelines.13 The primary
analysis demonstrated no statistically significant dif-
ference in the proportion of Td vaccination respond-
ers (defined as a $2-fold rise) between the 2 groups
(68% in DMF-treated patients vs 73% in IFN-
treated patients, difference in the proportions [95%
CI] of 20.4 [20.27 to 0.19] p 5 0.69). Secondary
analyses further confirmed no significant difference in
the proportion of responders (defined as patients with
a $2- and $4-fold rise in IgG levels from prevacci-
nation to 4 weeks postvaccination) between DMF-
and IFN-treated patients after PPSV23 and MCV4
vaccines.

In addition to an increase in antibody titer levels,
the proportion of patients who mounted seroprotec-
tion from vaccination was also assessed. Seroprotec-
tion can be defined by either a certain titer
threshold or additional assays. In this study, seropro-
tection was defined only by a titer threshold. All pa-
tients entering the study had antitetanus
seroprotective levels. The proportion of patients
who developed antipneumococcal and antimeningo-
coccal seroprotection was directly comparable
between the 2 groups. It should be noted that only
IgG levels were measured because of technical limita-
tions. Furthermore, IgM titers may have been signif-
icantly higher, especially for neoantigens such as
MCV4. For example, all 4 MCV4 serogroups were
analyzed in a post hoc analysis, which showed that
the serogroup W-135 had the lowest geometric mean
ratio for both IFN- and DMF-treated patients.
Because W-135 is more often associated with Neisse-
ria meningitidis infections outside rather than within
the United States and Europe,20 the IgG response
would be expected to be lower than the IgM response.
Protective thresholds, especially for MCV4 and
PPSV23, are an active area of research; for this study,
protective antibody levels were based on the AAAAI
guidance for diagnostic vaccines.13 Geometric mean

IgG titers increased 4 weeks after vaccination, and the
geometric mean titer ratios were generally similar
between the 2 groups, with slightly higher ratios for
PPSV23 in the IFN-treated group compared with the
DMF-treated group. Given the lack of significant
difference in the proportion of responders between
the 2 groups and the fact that the proportion of pa-
tients with antipneumococcal seroprotective levels
was similar after PPSV23 vaccination, the higher
geometric mean ratios observed for PPSV23 in
IFN-treated patients are likely a general variation
in the response between 2 fairly small populations.
An additional contributing factor could be that type
1 IFNs are considered immune stimulants, and have
been shown in preclinical models to enhance
response to vaccinations.21,22 In a post hoc analysis,
the proportion of responders with lymphocyte
counts ,0.91 3 109/L was similar to those with
normal lymphocyte counts, i.e., lower limit of nor-
mal of $0.91 3 109/L for all 3 vaccines, and no
meaningful differences were observed between the
2 groups. However, it should be noted that the
number of patients with low lymphocyte counts
was small and that this study was not designed to
investigate this subgroup; therefore, interpretation
of vaccination efficacy in patients with pronounced
lymphopenia should be made with caution.

Patients with MS mount an immune response sim-
ilar to healthy individuals,23 but some differences may
exist. An important strength of this study is that it was
conducted in patients withMS, not healthy volunteers,
and therefore may be more comparable with the real-
world experience of patients treated with DMF.

From an immune diagnostic perspective, there was
no evidence of a class effect where vaccine response to
an antigen group was specifically reduced during
DMF treatment. In addition, the overall responder
rate indicates that DMF treatment does not inhibit
humoral immune function. These findings are in line
with long-term safety experiences of DMF in patients
with MS, showing no overall increased risk of infec-
tions or malignancies. In conclusion, DMF-treated
patients mount an adequate immune response to in-
activated vaccines.
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Decreased occipital lobe metabolism by
FDG-PET/CT
An anti–NMDA receptor encephalitis biomarker

ABSTRACT

Objective: To compare brain metabolism patterns on fluorodeoxyglucose (FDG)-PET/CT in anti–
NMDA receptor and other definite autoimmune encephalitis (AE) and to assess how these pat-
terns differ between anti–NMDA receptor neurologic disability groups.

Methods: Retrospective review of clinical data and initial dedicated brain FDG-PET/CT studies for
neurology inpatients with definite AE, per published consensus criteria, treated at a single aca-
demic medical center over a 10-year period. Z-score maps of FDG-PET/CT were made using
3-dimensional stereotactic surface projections in comparison to age group–matched controls.
Brain region mean Z scores with magnitudes$2.00 were interpreted as significant. Comparisons
were made between anti–NMDA receptor and other definite AE patients as well as among
patients with anti–NMDA receptor based on modified Rankin Scale (mRS) scores at the time of
FDG-PET/CT.

Results: The medial occipital lobes were markedly hypometabolic in 6 of 8 patients with anti–
NMDA receptor encephalitis and as a group (Z524.02, interquartile range [IQR] 2.14) relative to
those with definite AE (Z 5 22.32, 1.46; p 5 0.004). Among patients with anti–NMDA receptor
encephalitis, the lateral and medial occipital lobes were markedly hypometabolic for patients with
mRS 4–5 (lateral occipital lobe Z 5 23.69, IQR 1; medial occipital lobe Z 5 24.08, 1) compared
with those with mRS 0–3 (lateral occipital lobe Z520.83, 2; p, 0.0005; medial occipital lobe Z
5 21.07, 2; p 5 0.001).

Conclusions: Marked medial occipital lobe hypometabolism by dedicated brain FDG-PET/CT may
serve as an early biomarker for discriminating anti–NMDA receptor encephalitis from other AE.
Resolution of lateral and medial occipital hypometabolismmay correlate with improved neurologic
status in anti–NMDA receptor encephalitis. Neurol Neuroimmunol Neuroinflamm 2018;5:e413; doi:

10.1212/NXI.0000000000000413

GLOSSARY
AE 5 autoimmune encephalitis; FDG 5 fluorodeoxyglucose; IQR 5 interquartile range; LE 5 limbic encephalitis; mRS 5
modified Rankin Scale.

Anti–NMDA receptor encephalitis was described over a decade ago among women presenting
with prodromal symptoms followed by the development of behavioral changes, hallucinations,
memory deficits, seizures, decreased level of consciousness, and central hypoventilation, many of
whom were found to have ovarian teratoma.1 Recent consensus criteria have emphasized the
importance of recognizing the clinical presentation of anti–NMDA receptor encephalitis, incor-
porating MRI, EEG, and CSF analysis results.2

Included in original descriptions of anti–NMDA receptor encephalitis,1 18F-fluorodeoxy-
glucose (FDG) PET has been recognized as a potentially useful biomarker in the initial evalu-
ation and subsequent monitoring of patients with suspected autoimmune encephalitis (AE) and
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is included in consensus criteria for definite
autoimmune limbic encephalitis (LE), but
not other forms of AE such as anti–NMDA
receptor encephalitis.2,3 This in part is due to
the uncertainty of the specificity and practical-
ity of FDG-PET in the evaluation of AE in
general and of particular forms of AE, such as
anti–NMDA receptor encephalitis.4 A gradi-
ent of anterior hypermetabolism to posterior
cortical hypometabolism has been noted in
anti–NMDA receptor encephalitis, although
the specificity of this finding relative to other
forms of AE is uncertain.5–8 In addition, iso-
lated hypometabolism and hypermetabolism
by FDG-PET have been reported in anti–
NMDA receptor encephalitis.5,6,9 When
noted, the gradient of anterior hypermetabo-
lism to posterior hypometabolism has been
reported to resolve with improvement in
patient functional status, but prior descrip-
tions of these changes have been primarily
qualitative rather than quantitative.9,10

We sought to semiquantitatively describe
findings from dedicated brain FDG-PET/CT
studies in patients with anti–NMDA receptor
encephalitis compared with others with defi-
nite AE in the acute phase of illness. In addi-
tion, we sought to describe patterns of brain
region metabolism in patients with anti–
NMDA receptor encephalitis with differing
degrees of neurologic disability.

METHODS Standard protocols, approvals, and patient
consents. This study was approved by the Institutional Review

Board of Johns Hopkins University.

Patients. We identified admitted patients with AE who under-

went FDG-PET/CT at Johns Hopkins Hospital through

the course of their admission using the diagnostic terms

“encephalitis” and “positron emission tomography” (PET) to

search the administrative database (December 1, 2005, to March

15, 2016). Patients were cross-referenced with the Johns Hopkins

Hospital PET/CT Center database.11

Patients were included if they underwent a brain FDG-PET/

CT study and had definite AE, including definite LE, per consen-

sus criteria.2 Patients were defined as anti–NMDA receptor anti-

body positive if the anti–NMDA receptor antibody was detected

in the serum and/or CSF. All seropositive patients were found

to have a paraneoplastic or cell surface antibody in either the

serum or CSF using commercially available antibody assays

(Athena Diagnostics, Worcester, MA; Mayo Clinic Laboratories,

Rochester, MN).

The electronic medical record was reviewed, and data col-

lected included demographic information; neurologic symptoms

and signs on presentation; diagnostic test results including serum

and CSF paraneoplastic antibody assay results; modified Rankin

Scale (mRS) score at the time of the FGD-PET/CT study as

a measure of neurologic disability; and whether corticosteroids

or sedatives were administered within 24 hours preceding the

FGD-PET/CT study.12,13 Blinded review of brain MRI was per-

formed by 2 fellowship trained neuroradiologists (L.S. and E.Z.)

as previously described.11

Brain FDG-PET/CT review. Blinded review of FDG-PET/

CT was performed by 2 board-certified nuclear medicine radi-

ologists (L.S. and M.S.J.). As described previously, dedicated 10-

minute 3D brain FDG-PET/CT acquisitions were performed per

institutional clinical protocol following whole body acquisition

and did not require additional radiopharmaceutical dose admin-

istration.11 Qualitative and quantitative PET image analysis was

performed using the commercially available database of

more than 250 healthy controls, Cortex ID (GE Healthcare,

Waukesha, WI). Z scores were calculated for standard brain re-

gions, and these regions were also scored as normal, hypo-

metabolic, or hypermetabolic by the 2 board-certified nuclear

medicine radiologists. Patients younger than 30 years were

compared with the lowest age group of controls for Z-score cal-

culations. The following standard Cortex ID brain regions were

used, as they could be reliably validated by radiologist visual

inspection: caudate, cerebellum, frontal lobe, occipital lobe

(designating the lateral occipital lobe), parietal lobe, temporal

lobe, and visual cortex (designating the medial occipital lobe). If

a region demonstrated an average Z score greater than 2.00 (i.e.,

greater than 2 SDs from the mean for the healthy controls), FDG-

PET/CT was recorded as quantitatively abnormal. The figures

used in this article were generated using Cortex ID or the

GE Advanced Workstation software package (GE Healthcare,

Waukesha, WI).

Statistical methods. Associations between patient antibody sta-
tus and patient demographics and initial brain FDG-PET/CT

findings were assessed for continuous variables using the Mann-

Whitney U test and for categorical variables using the x2 test or

the Fisher exact test, as appropriate. For these 2-sided tests, p ,
0.05 was considered statistically significant.

The Mann-Whitney U test with Bonferroni correction

(significance set at p , 0.007) was performed for multiple

comparisons of brain region FDG-avidity on initial FDG-

PET/CT between anti–NMDA receptor and other definite

AE patient groups; those ambulatory (mRS 0–3) vs nonambu-

latory or requiring assistance with ambulation (mRS 4–5) at

the time of brain FDG-PET/CT; those treated with sedatives

within 24 hours before brain FDG-PET/CT and those not;

and those treated with corticosteroids within 24 hours before

brain FDG-PET/CT and those not. The Kruskal-Wallis test

with Bonferroni correction (significance set at p , 0.007) was

performed for multiple comparisons of brain region

FDG-avidity between patients with anti–NMDA receptor

encephalitis and those patients with antibodies directed against

cell surface and intracellular antigens.

RESULTS Clinical characteristics of patients with defi-

nite AE who underwent brain FDG-PET/CT. Of 296
inpatients with the diagnosis of encephalitis, 61 were
admitted after presenting with 12 weeks or less of symp-
toms and underwent brain FDG-PET/CT. Eight were
found to have anti–NMDA receptor encephalitis and
21 were found to meet criteria for definite AE
(including definite LE, table 1). Of the other patients
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with definite AE, 10 were found to have antibodies to
cell surface proteins (4 anti–voltage-gated potassium
channel complex antibodies without further specifica-
tion, each meeting criteria for definite LE; 5 anti–
leucine-rich glioma-inactivated 1 protein, 4 meeting
criteria for definite LE; and 1 anti–aquaporin 4 meeting
criteria for definite LE), and 11 had antibodies to
intracellular proteins (4 anti–glutamic acid de-
carboxylase 65 kDa, 3 meeting criteria for definite LE; 2
anti-Ma2/Ta, both meeting criteria for definite LE; 3
antineuronal nuclear antibody 1/Hu, 2 meeting
criteria for definite LE; 1 anti-CV2/collapsing response-
mediator protein 5; and 1 striational meeting criteria for
definite LE).

Those with acute anti–NMDA receptor encepha-
litis were younger and more commonly women
(median 26 years, interquartile range [IQR] 13; 7/
8, 88%) than those with other acute definite AE
(59 years, 44, p 5 0.02; 9/21, 43%, p 5 0.04; table
1). One patient with anti–NMDA receptor enceph-
alitis had a history of breast cancer. Otherwise both
groups were well matched in terms of clinical charac-
teristics including neurologic disability at the time of
FDG-PET/CT (table 1).

In addition, 2 patients with anti–NMDA receptor
encephalitis were hospitalized, who underwent brain
FDG-PET/CT at greater than 6 months of symptoms
(patients 9 and 10, table 2). These 2 patients were
included in analyses of FDG-PET/CT brain metab-
olism patterns of patients with anti–NMDA receptor
encephalitis in relation to the degree of neurologic
disability at the time of the FDG-PET/CT study.

Brain FDG-PET/CT findings in acute anti–NMDA

receptor encephalitis compared with other definite AE.

There was no difference in the duration of symp-
toms before brain FDG-PET/CT between anti–
NMDA receptor encephalitis and other definite AE
patient groups (3 weeks, IQR 8; 8 weeks, 8, p 5

0.28; table 1). The rates of detection of abnormal
metabolism were similar for those who underwent
dedicated brain FDG-PET after 4 weeks or less of
symptoms (12/14) compared with those who were
studied at greater than 4 weeks of symptoms (15/15;
p 5 0.22).

All 8 patients with anti–NMDA receptor
encephalitis (figure 1) and 19/21 other patients with
definite AE demonstrated abnormal metabolism on
dedicated brain FDG-PET/CT (p 5 1.00). Isolated
brain region hypermetabolism was seen in 1/8 anti–
NMDA receptor encephalitis (patient 6, table 2,
figure 1) and 1/21 patients with definite AE (p 5

0.48). Isolated brain region hypometabolism was
seen in 4/8 anti–NMDA receptor encephalitis (pa-
tients 1, 4, 5, and 8; table 2, figure 1) and 15/21
other patients with definite AE (p 5 0.39). Brain
regions with hypermetabolism in combination with
other regions of hypometabolism in the same FDG-
PET/CT study were noted in 3/8 anti–NMDA
receptor encephalitis (patients 2, 3, and 7; table 2,
figure 1) and 3/21 other patients with definite AE
(p 5 0.31).

Patterns of brain metabolism varied between pa-
tients with anti–NMDA receptor encephalitis and
the other patients with definite AE. Visual cortical

Table 1 Patients with anti–NMDA receptor encephalitis or other definite autoimmune encephalitis admitted
after presenting with 12 weeks or less of symptoms

NMDA
(N 5 8)

Other definite
AE (N 5 21) p Value

Age, y, median (IQR) 26 (13) 59 (44) 0.02

Sex, female, n (%) 7 (88) 9 (43) 0.04

Race, n (%) 0.62

White 3 (38) 12 (57)

Black 2 (25) 3 (14)

Other 3 (38) 6 (29)

History or new diagnosis of cancer, n (%) 1 (13) 6 (29) 0.64

Breast 1 1

Seminoma 1

Small cell lung 3

Testicular 1

Duration of neurologic symptoms before admission, wk, median (IQR) 2 (2) 8 (6) 0.13

Duration of neurologic symptoms before brain FDG-PET/CT, wk, median (IQR) 3 (8) 8 (8) 0.28

Modified Rankin Scale score of 4–5 at the time of brain FDG-PET/CT, n (%) 5 (63) 7 (33) 0.22

Abbreviations: AE 5 autoimmune encephalitis; FDG 5 fluorodeoxyglucose; IQR 5 interquartile range.
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Table 2 Demographics of patients with anti–NMDA receptor encephalitis who underwent dedicated brain FDG/PET CT (N 5 10)

Patient

Brain
FDG-PET/CT
Study Sex

Age at the
time of the initial
admission, y

History of or
new cancer
diagnosis

Duration of
symptoms before
brain FDG-PET/CT, wk

Treated with sedative
within 24 h before brain
FDG-PET/CT

Treated with steroids
within 24 h before
brain FDG-PET/CT

mRS at the
time of brain
FDG-PET/CT

Brain region with abnormal metabolism
on FDG-PET/CT

Hypermetabolism Hypometabolism

1 1a Female 33 2 Yes No 5 Cerebellum, frontal, occipital, parietal,
temporal, visual cortical

1 1b 6 No No 4 Caudate, frontal, temporal

1 1c 13 No No 3 Caudate, frontal, temporal

1 1d 30 No No 2 Occipital, visual
cortical

2 2 Female 20 3 No Yes 5 Cerebellum Occipital, visual cortical

3 3 Male 7 1 No Yes 5 Caudate Occipital, parietal, visual cortical

4 4 Female 57 Breast 12 No No 3 Cerebellum, frontal, occipital,
parietal, visual cortical

5 5 Female 22 0 Yes Yes 5 Caudate, frontal, occipital, parietal,
temporal, visual cortical

6 6a Female 29 3 No No 3 Cerebellum

6 6b 27 No Yes 3

7 7 Female 31 3 No No 3 Caudate Temporal

8 8 Female 19 11 No No 5 Frontal, occipital, parietal, visual
cortical

9 9 Female 25 54 Yes No 3

10 10 Male 32 28 No No 1

Abbreviations: FDG 5 fluorodeoxyglucose; mRS 5 modified Rankin Scale.
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brain regions, corresponding to the medial occipital
lobes, were more hypometabolic for the patients
with anti–NMDA receptor encephalitis (median
brain region Z score 5 24.02, IQR 2.14) relative
to the other patients with definite AE (22.32, 1.47;
p 5 0.004; figure 2A). No other differences in brain
region metabolism were noted between the 2 groups.

Similarly, when considering the antibody target
location, the visual cortical brain regions of the patients
with anti–NMDA receptor encephalitis were more hy-
pometabolic compared with those seropositive for anti-
bodies directed against other cell surface (22.22, 1.06)
or intracellular targets (22.41, 3.47; p 5 0.01, not
significant on post hoc analyses; figure e-1 at
Neurology.org/nn). No other differences in brain
region metabolism were noted across antigenic target
location groups.

When considering patient neurologic disability
(table e-1), those patients with greatest neurologic

disability (mRS 4–5) were more hypometabolic com-
pared with those less disabled (mRS 0–3) in the visual
cortical (23.10, 1.55;21.96, 1.48; p, 0.0005) and
occipital brain regions (22.68, 2.05; 22.05, 1.90;
p 5 0.04, not significant on post hoc analyses, table
e-1). Among those patients with mRS 4–5, the visual
cortical and the occipital brain regions were more
hypometabolic for the patients with anti–NMDA
receptor encephalitis (24.08, 0.68; 23.69, 1.03)
than those with other definite AE (22.77, 0.75,
p 5 0.01; 21.92, 1.54, p 5 0.01, both not signifi-
cant on post hoc analyses, table e-1). Similarly, the
visual cortical regions and occipital brain regions of
the patients with anti–NMDA receptor encephalitis
were more hypometabolic than those seropositive for
antibodies directed against other cell surface (22.93,
0.58; 21.74, 0.39) and intracellular targets (22.58,
2.37, p 5 0.04; 22.17, 2.78, p 5 0.03, both not
significant on post hoc analyses, table e-1). Cerebellar

Figure 1 Patients with acute anti–NMDA receptor encephalitis have marked hypometabolism of the visual cortical brain region correlating
with the medial occipital lobes

Initial brain fluorodeoxyglucose (FDG)-PET/CT of 8 patients with anti–NMDA receptor, studied within 12weeks of symptoms. Composite of hypometabolism
three-dimensional sterotactic surface projections (3D-SSP): indigo least abnormal and red most abnormal. FLAIR 5 fluid-attenuated inversion recovery.
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metabolism for the definite AE and the intracellular
target groups were both less than that of the pa-
tients with anti–NMDA receptor encephalitis as
a group; however, the group Z scores fell within
the predefined normal range with Z-score magni-
tude less than 2.00 (table e-1).

Brain FDG-PET/CT findings in anti–NMDA receptor

encephalitis between neurologic disability groups.

Between anti–NMDA receptor encephalitis neuro-
logic disability groups, the occipital lobe and visual
cortical brain regions were more hypometabolic for
patients with mRS 4–5 (occipital lobe median Z 5

23.69, IQR 1; visual cortical Z 5 24.08, 1) com-
pared with those with mRS 0–3 (occipital lobe Z 5

20.83, 2, p , 0.0005; visual cortical Z521.07, 2,
p 5 0.001; figure 2B and figure e-2) on initial brain
FDG-PET/CT. No other differences in brain region
metabolism were noted between anti–NMDA
receptor mRS groups (table e-2). Also, no differences
in metabolism across brain regions were noted
between those treated with sedatives or not, nor those
treated with corticosteroids within 24 hours of brain
FDG-PET/CT or not (table e-2).

DISCUSSION We describe dedicated semiquantita-
tive brain FDG/PET findings among patients with
anti–NMDA receptor encephalitis in comparison to
other patients meeting recent consensus criteria for
definite AE. Dedicated brain FDG-PET/CT was
abnormal in all patients with anti–NMDA receptor

encephalitis who were evaluated within 12 weeks of
symptom onset. Brain region hypometabolism, in
isolation or in combination with brain region
hypermetabolism, was the most common finding in
anti–NMDA receptor encephalitis, which is evident
in 7 of 8 patients. Marked, 4 SDs from normal,
medial occipital lobe hypometabolism was a unique
finding in patients with anti–NMDA receptor
encephalitis compared with other patients with
definite AE who as a group were hypometabolic, but
less dramatically so. Marked medial and lateral
occipital lobe hypometabolism was evident in those
patients with anti–NMDA receptor with severe
neurologic disability (mRS 4–5) at the time of brain
FDG-PET/CT, more so than those less neurologi-
cally disabled (mRS 0–3).

Abnormalities of brain metabolism by FDG-PET
were noted in some of the initial case reports of
anti–NMDA receptor encephalitis, including
report of occipital hypometabolism.1 In adults
and children with anti–NMDA receptor encepha-
litis, occipital hypometabolism has been most often
described along with frontotemporal hypermetab-
olism, and the gradient of frontotemporal hyper-
metabolism to occipital hypometabolism has been
reported to correlate with disease severity and nor-
malize with treatment and recovery.5,6,9,14 Cortical
hypometabolism with hypermetabolism of the
basal ganglia has also been described.6,9,15 In light
of the observations here, the previously observed

Figure 2 Medial occipital lobe (designated by visual cortical brain regions) hypometabolism in anti–NMDA receptor encephalitis

(A) Boxplots of Z scores for fluorodeoxyglucose (FDG)-avidity for brain regions on dedicated FDG-PET/CT for patients admitted after presenting with 12
weeks or less of symptoms with anti–NMDA receptor and other definite AE. (B) Boxplots of Z scores for FDG-avidity for brain regions on initial dedicated
brain FDG-PET/CT for all patients with anti–NMDA receptor encephalitis grouped by the modified Rankin Scale (mRS) at the time of the FDG-PET/CT study.
AE 5 autoimmune encephalitis.
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anterior-to-posterior gradient may largely be driven
by posterior hypometabolism rather than anterior
hypermetabolism.

The specificity of the prior findings in anti–NMDA
receptor is uncertain, given limited prior comparisons
with other forms of AE.8,15 In our study, a direct semi-
quantitative comparison with other patients with def-
inite AE was possible, using uniform brain FDG-PET/
CT equipment and protocols. Notably, the marked
medial occipital hypometabolism observed among pa-
tients with anti–NMDA receptor encephalitis was not
as evident in other AE.

This pattern of altered glucose metabolism in the
lateral and medial occipital lobes observed by FDG-
PET/CT, most notably in the setting of greatest neu-
rologic disability, is potentially consistent with prior
descriptions of anti–NMDA receptor encephalitis
pathogenesis as well as recent clinical descriptions.
Antibodies directed at the NR1 subunit of the NMDA
receptor characterize this form of encephalitis, the
identification of which serves as the standard for diag-
nosis.16 These antibodies are thought to play a central
role in the pathogenesis of anti–NMDA receptor
encephalitis by mechanisms including the binding,
capping, and cross-linking of NMDA receptors leading
to internalization from the cell membrane surface and
a selective decrease in NMDA receptor currents with
no effect on synapse number or other synapse pro-
teins.17,18 The effect of NMDA receptor internalization
in anti–NMDA receptor encephalitis has been com-
pared to that observed in the use of the dissociative
anesthetics phencyclidine and ketamine, both anti–
NMDA receptor antagonists.18 Normal subjects
administered subanesthetic ketamine doses and studied
by brain FDG-PET have been noted to have increased
relative metabolic rates in the frontolateral, frontome-
dial, and parietal cortices with decreased relative
metabolism in the medial occipital cortex.19 In addi-
tion, in a recent cross-sectional study, patients with
acute anti–NMDA receptor encephalitis were found
to have diminished high-contrast and low-contrast
visual acuity relative to matched healthy controls, with
those more severely affected by anti–NMDA receptor
encephalitis performing more poorly on visual acuity
testing than those less affected.20 Notably, the absence
of evidence of retinal changes in these patients as as-
sessed by optical coherence tomography suggests the
possibility of visual cortical dysfunction. Together,
these observations suggest that marked hypometabo-
lism in the occipital cortex may be a distinctive feature
of anti–NMDA receptor encephalitis, which was evi-
dent by dedicated brain FDG-PET/CT in the majority
of patients.

A major limitation of this study is that it is retro-
spective, involving all patients meeting criteria
for definite AE who underwent dedicated brain

FDG-PET/CT at a single tertiary center with associ-
ated selection bias. Although performed at a single
center, it benefits from consensus inclusion criteria
for definite AE and uniformity of PET equipment,
protocols, and analyses. Not all patients underwent
CSF antibody testing, and thus, we may have failed
to include some patients with definite AE, including
those with anti–NMDA receptor encephalitis. In
addition, FDG-PET/CT metabolism patterns of pa-
tients with anti–NMDA receptor encephalitis were
compared with others with definite AE, but not with
other patients with neurologic disease, such as her-
pes simplex encephalitis.21,22 Of note, previous re-
ports of FDG-PET in herpes encephalitis include
acute hippocampal hypermetabolism with chronic
focal hypometabolism, which is likely the result of
gliosis and atrophy.21,23 Future prospective studies
incorporating patients with other neurologic and
psychiatric diseases are warranted to assess the spec-
ificity of metabolic findings by FDG-PET described
here. Half of the patients with anti–NMDA receptor
encephalitis included in this study were treated with
either corticosteroids or sedatives within 24 hours of
initial brain FDG-PET/CT. Although both cortico-
steroids and sedatives have been reported to decrease
cortical metabolism,12,13 no difference in cortical
metabolism were noted between those patients with
anti–NMDA receptor encephalitis treated with
these medication classes before their study and those
who were not. In addition, prior studies of patients
not treated with corticosteroids or sedatives demon-
strated similar patterns of metabolism as presented
here.5,6 As the duration of symptoms for the patients
with anti–NMDA receptor encephalitis was less
than the other patients with AE, it is possible that
the noted marked occipital hypometabolism would
also be seen in the other definite AE patient groups if
cerebral FDG-PET was performed earlier. Although
no difference in the rate of abnormal metabolism
was noted in those studied at 4 weeks or less of
symptoms and those at more than 4 weeks of symp-
toms, the small sample size here did not allow for the
definitive exclusion of the possible influence of dis-
ease duration on the rate of abnormal cerebral
metabolism. Also, in those with greatest functional
disability, there was a trend to a difference between
the anti–NMDA receptor encephalitis and other AE
groups, a difference to be explored prospectively.
Finally, the control population used for comparison
in Cortex ID software ranges from 30 to 85 years.
Most patients with anti–NMDA receptor encepha-
litis presented here were younger than 30 years, as
has been observed previously.24 Because cerebral
metabolic activity decreases with age,25 the hypome-
tabolism patterns noted here in a younger patient
population may in fact underestimate the degree of
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abnormality. Ideally, a concurrent age- and sex-
matched control population could be used for direct
comparison, although such data collection is limited by
the radiation exposure to otherwise normal patients.

Brain FDG-PET/CT is commonly abnormal in
anti–NMDA receptor encephalitis, most often dem-
onstrating marked hypometabolism of the medial
occipital lobes. This marked hypometabolism of the
medial occipital lobes is relatively unique to anti–
NMDA receptor encephalitis compared with other
forms of definite AE, particularly in those with great-
est neurologic disability. Among patients with anti–
NMDA receptor encephalitis, marked lateral and
medial occipital lobe hypometabolism is evident in
those with severe neurologic disability compared with
those less disabled. While detection of the anti–
NMDA receptor antibody in the CSF serves as the
diagnostic biomarker of choice, medial occipital hy-
pometabolism could potentially serve as a unique,
noninvasive, early biomarker of anti–NMDA recep-
tor encephalitis, with utility in diagnosis as well as
monitoring of clinical improvement.
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MS AHI1 genetic risk promotes IFNg1

CD41 T cells

ABSTRACT

Objective: To study the influence of the Abelson helper integration site 1 (AHI1) locus associated
with MS susceptibility on CD41 T cell function.

Methods: We characterized the chromatin state of T cells in the MS-associated AHI1 linkage
disequilibrium (LD) block. The expression and the role of the AHI1 variant were examined in
T cells from genotyped healthy subjects who were recruited from the PhenoGenetic Project,
and the function of AHI1 was explored using T cells from Ahi1 knockout mice.

Results: Chromatin state analysis reveals that the LD block containing rs4896153, which is
robustly associated with MS susceptibility (odds ratio 1.15, p 5 1.65 3 10213), overlaps with
strong enhancer regions that are present in human naive and memory CD41 T cells. Relative to
the rs4896153A protective allele, the rs4896153T susceptibility allele is associated with
decreased AHI1 mRNA expression, specifically in naive CD41 T cells (p 5 1.73 3 10274, n 5

213), and we replicate this effect in an independent set of subjects (p 5 2.5 3 1029, n 5 32).
Functional studies then showed that the rs4896153T risk variant and the subsequent decreased
AHI1 expression were associated with reduced CD41 T cell proliferation and a specific differen-
tiation into interferon gamma (IFNg)–positive T cells when compared with the protective
rs4896153A allele. This T cell phenotype was also observed in murine CD41 T cells with genetic
deletion of Ahi1.

Conclusions: Our findings suggest that the effect of the AHI1 genetic risk for MS is mediated, in
part, by enhancing the development of proinflammatory IFNg1 T cells that have previously been
implicated in MS and its mouse models. Neurol Neuroimmunol Neuroinflamm 2018;5:e414; doi:

10.1212/NXI.0000000000000414

GLOSSARY
AHI1 5 Abelson helper integration site 1; EAE 5 experimental autoimmune encephalomyelitis; eQTL 5 expression quanti-
tative trait locus; GWAS 5 genome-wide association study; IFNg 5 interferon gamma; IL 5 interleukin; LD 5 linkage
disequilibrium; MFI 5 mean fluorescence intensity; OR 5 odds ratio; PBMC 5 peripheral blood mononuclear cell; PGP 5
PhenoGenetic Project; SNP 5 single nucleotide polymorphism; TCR 5 T cell receptor; TF 5 transcription factor; Th 5
T helper; TSS 5 transcription start site; WT 5 wild type.

MS is a chronic inflammatory disease of the CNS characterized by episodes of neuronal demy-
elination in genetically susceptible individuals on exposure to environmental triggers. Genome-
wide association studies (GWASs) have identified and validated over 110 non–major histo-
compatibility complex genetic variants associated with MS, and many of these are implicated in
the function of CD41 and CD81 T cells that are present in MS lesions.1,2 Considerable work
over the years in studies of patients with MS and in animal models of MS has implicated
proinflammatory CD41 T helper (Th)1 cells (which produce interferon gamma [IFNg]) and
Th17 cells (interleukin [IL]-17-producers) as important mediators of new relapsing disease
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activity.3,4 These 2 types of pathogenic cells are
implicated in MS and could account for some
of the immunologic and clinical heterogeneity
of the disease.5

Recent analysis of Th17 cell development
and pathogenicity revealed a critical role of
IFNg for the severity of the disease in mouse
models of MS. Indeed, in a reporter mouse
model, it has been found that Th17 cells could
play a pathogenic role in MS by converting
their phenotype into a proinflammatory Th1
profile in which committed Th17 cells give
rise to a progeny that shifts toward enhanced
IFNg expression.6 Similarly, in humans, there
is evidence indicating that, in the presence of
IL-12, Th17 cells also produce IFNg. These
cells, which produce both IL-17 and IFNg,
are called Th1/17 cells,7 and, together with
“non-classical Th1 cells,” they might contrib-
ute to disease pathogenesis through properties
shared by both the Th1 and Th17 subsets.8

Moreover, Th17 cells producing IFN-g are
enriched in myelin oligodendrocyte
glycoprotein-specific T cells.9 IFNg produced
by these cells could strongly activate macro-
phages whose infiltration in the CNS corre-
lates with experimental autoimmune
encephalomyelitis (EAE) severity.10

It is necessary to understand the functional
consequences of disease-associated genetic varia-
tions as we strive to unravel the causal chain of
events linking genetic risk factors to clinical syn-
dromes. Separate from GWASs, expression
quantitative trait locus (eQTL) studies have
been used to map a genetic variants contribution
to variation in gene expression.11 However,
moving from a list of eQTL effects to pheno-
typic changes, regulation of disease activity re-
mains challenging and is often unfruitful.

In this study, we integrated results from
large-scale, genome-wide disease gene discov-
ery studies with eQTL studies to identify the
MS susceptibility variant with a transcriptional
effect that influences T cell phenotypes. We
examined such a variant in the MS susceptibil-
ity gene Abelson helper integration site 1
(AHI1) by first characterizing and validating
its cis-eQTL effect, and we go on to demon-
strate that the AHI1 genetic variant is involved
in the regulation of human CD41 T cell pro-
liferation and IFNg production. Furthermore,

we leveraged a mouse model with genetic dele-
tion of Ahi1 to analyze the effects of Ahi1
deficiency on murine CD41 T cell function.
Consistent with the human results, the mouse
results suggest that the mechanism of the
AHI1 genetic risk involves the differentiation
of naive CD41 T cells into proinflammatory
IFNg1 T cells, which could contribute to MS
onset.

METHODS PhenoGenetic Project. The PhenoGenetic Pro-
ject (PGP) is a biobank of healthy individuals, older than 18

years, who are free from chronic inflammatory infections and

metabolic diseases.11 Genotyped individuals (n 5 32) of Euro-

pean descent bearing risk (TT), protective (AA), or heterozygous

(AT) genotypes for rs4896153 were selected from this cohort and

used for this study.

PBMC isolation and CD41 T cell culture. Peripheral

venous blood was obtained from healthy control volunteers in

compliance with protocols approved by the Institutional Review

Board of Partners Healthcare as part of the PGP. Peripheral blood

mononuclear cells (PBMCs) were separated by Ficoll-Paque

PLUS (GE Healthcare, Piscataway, NJ) gradient centrifugation.

PBMCs were frozen at a concentration of 1–3 3 107 cells/mL in

10% DMSO and stored at280°C. CD41CD45RO2CD45RA1

naive T cells were isolated from cryopreserved PBMCs by nega-

tive selection (Miltenyi Biotec, Auburn, CA). Naive CD41

T cells were cultured in 96-well round bottom plates (Costar,

Cambridge, MA) at 2 3 104 cells/well in serum-free X-Vivo 15

medium (BioWhittaker, Walkersville, MD) and stimulated with

plate-bound anti-CD3 OKT3 (BioXCell, 10 mg/mL) and anti-

CD28 (BioXCell, 1 mg/mL) antibodies for 6–8 days.

Mouse CD41 T cell isolation and activation. Ahi12/2 mice

were generated as described previously12 and backcrossed .10

generations onto a Friend Virus B NIH Jackson background.

CD41 T cells were isolated from the spleens of Ahi12/2 and

littermate control mice by negative selection (Miltenyi Biotec,

Auburn, CA) and cultured in 96-well round bottom plates

(Costar, Cambridge, MA) at 1 3 105 cells/well in serum-free

X-Vivo 15 medium (BioWhittaker, Walkersville, MD) supple-

mented with 1:1000 BME and stimulated with plate-bound anti-

CD3 (BioXCell, 0.25–2 mg/mL) and anti-CD28 (BioXCell,

0.25–2 mg/mL) antibodies for 4 days. For Th1 cell polarization,

recombinant IL-12 was used at 10 ng/mL. For Th17 cell polar-

ization, recombinant IL-6 (10 ng/mL) and transforming growth

factor–b1 (3 ng/mL) were used. All recombinant proteins were

from R&D Systems (Minneapolis, MN).

Cytokine measurement by flow cytometry. CD41 T cells

were stimulated for 4 hours with PMA (50 ng/mL) and Ionomy-

cin (250 ng/mL, both from Sigma-Aldrich, St. Louis, MO) in the

presence of GolgiStop (BD Biosciences), then washed and fixed/

permeabilized with Cytofix/Cytoperm (BD Biosciences, San Jose,

CA) according to manufacturer’s instructions. Cells were stained

with 7-AAD (BD Biosciences), or Aqua LIVE/DEAD Fixable

stain (Life Technologies, Carlsbad, CA) and FITC-IFNg (clone

25723; R&D Systems). Data were acquired on a FACSCalibur or

LSRII (BD Biosciences) and analyzed with FlowJo software

(TreeStar, Ashland, OR).

RNA isolation and qPCR. RNA was isolated using the Qiagen

Plus Micro Kit (Qiagen, Venlo, the Netherlands) and converted to
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cDNA via reverse transcriptase by random hexamers and MuLV
transcriptase (Applied Biosystems, Foster City, CA). Samples

were subjected to real-time PCR analysis on PRISM 7000

Sequencer Detection System (Applied Biosystems) under

standard conditions. The primers used for the human AHI1
were purchased from Applied Biosystems: isoform A forward

Figure 1 SNAP plot of the chromatin state overlapping the SNPs in LD with the AHI1 cis-eQTL and MS
susceptibility variant, rs4896153 in CD41 T cells

(A) Naive (CD41CD252CDRA1) andmemory (CD41CD252CDRA2) CD41 T cell–specific chromatin statemapping was generated
using the chromHMM algorithm in 1-Mb and 100-kb views surrounding the AHI1 locus. ChIP-seq data generated by the
ENCODE/ROADMAP project reveal various chromatin marks including enhancers, heterochromatin, and polycomb, and various
transcription marks are color coded. All the discovered SNPs from dbGAP137 are listed including their p value of association to
MS, the recombination rate. The LD structure is represented in the r-square value calculated from the Broad SNAP server and is
assigned in red. The strongest MS-associated variant rs4896153 (green) and the strongest eQTL variant rs6908428 are
labeled. (B) Zoom in of the region overlapping the rs13197384 showing the chromatin state in naive andmemory T cells. eQTL5

expression quantitative trait locus; LD 5 linkage disequilibrium; TSS 5 transcription start site.
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primer 59- CCAGCTAATCATGTGGCTAGTGAAACACTG-39;

reverse primer 59 CCTCAGGGCTTAAAGGAGGGGATGC-39;

isoform B forward primer 59- TCAGACCGACAGTCACTTT

GCTGAA-39; and reverse primer 59 TGGTGGGATCCCA

GGTCGGCTCAGT-39. Values are represented as the difference

in Ct values normalized to b2-microglobulin for each sample as

per the following formula: relative RNA expression 5 (22dCt) 3

103. Murine Ahi1 was measured using commercially available

assays (Applied Biosystems). Relative mRNA abundance was

normalized against Gapdh.

Proliferation assay. Cells were cultured for 48 hours before the
addition of 1 mCi of [3H]-thymidine for 16 hours. The cells were

harvested and quantified using an automated sample harvester

(Perkin-Elmer, Waltham, MA). [3H]-thymidine uptake is ex-

pressed in radiation counts per minute.

Statistical analysis. Statistical analysis was performed using

Prism version 7.0 and R version 3.2.1. Cytokine and gene expres-

sion data were analyzed using unpaired t tests. Results from figure

1A are from Raj et al.11 and represent meta-analysis of cis-eQTLs

at false discovery rate 0.05 in CD41 T cells from 407 individuals.

RESULTS AHI1 locus is associated with MS suscep-

tibility and has a cis-eQTL effect. The AHI1 locus has
long been associated with MS. In 2011, a GWAS
identified rs11154801A with an odds ratio (OR) of
1.13 (p 5 1 3 10213) in the AHI1 locus, and the
association was initially attributed to the MYB gene
based on its proximity to the most associated

variant.13 In a subsequent study using the Immuno-
Chip array, the association with rs11154801A was
replicated (OR 1.11; p 5 2.3 3 1029) and assigned
to the AHI1 gene.2 Neither of these studies densely
genotyped this region; thus, we leveraged results of
a large-scale imputation based meta-analysis of the
IMSGC to identify the most strongly associated sin-
gle nucleotide polymorphisms (SNPs) within this
locus. In this analysis,2 the original lead SNP,
rs11154801A was genome-wide significant (p5 1.03
10212). However, another SNP in the region had
a more statistically significant p value: rs4896153T

(OR 1.15, p 5 1.65 3 10213). These 2 SNPs are in
moderate linkage disequilibrium (LD), with an r2 of
0.55 and D9 of 0.96 in the European panel data of the
1000 Genome Project. Of note, rs4896153 was not
present in either of the previously published studies
that reported rs11154801A as the most associated
SNP.We therefore used rs4896153 as the tag SNP for
this MS susceptibility locus.

Next, we tested whether rs4896153 exhibited a cis-
eQTL effect in any of the nearby genes using a large-
scale data set of naive CD41 T cells from healthy
genotyped individuals. We found that the
rs4896153T risk allele is associated with lower RNA
expression of AHI1 (p 5 2.14 3 10224); however, an
SNP nearby, rs6908428, had a stronger effect (p 5

8.77 3 10231) after correction for batch, age, and/or
gender effects (table 1 and figure e-1, http://links.lww.
com/NXI/A5). These 2 SNPs are in moderate LD,
with an r2 of 0.58 and D9 of 0.98. Of interest,
rs6908428 and rs4896153 did not alter the expression
of the neighboring genes in naive T cells, suggesting
that AHI1 is the main target of these 2 SNPs (table 1).
When rs6908428 and rs4896153 are modeled jointly
with the expression of AHI1 as the outcome in CD41

T cells, the p values are 0.026 and 0.537, respectively.
This result indicates that rs6908428 has a marginally
independent association with the expression of AHI1,
but that rs4896153 does not, and that rs6908428 may
be more likely to be the functional variant. However, 1
technical explanation for the superior eQTL effect of
rs6908428 (MAF 0.3173, 1000 Genomes) is that it
has a better imputation INFO score of 0.96 vs 0.55 for
rs4896153 (MAF 0.3007, 1000 Genomes) in our
sample of 211 subjects. For instance, the MAF of
rs6908428 is much closer to the 1000 Genomes
MAF of 0.31, than the MAF of rs4896153 (0.467).
The lower imputation metric of rs4896153 implies
a less accurate dosage measurement, thereby reducing
power and likely artificially diminishing the level of
statistical significance. In addition, the rs6908428
SNP is also a cis-eQTL for AHI1 in PBMCs of MS
subjects (p 5 2 3 10222).14

To visualize the MS susceptibility LD region asso-
ciated with a cis-eQTL effect on AHI1, an SNAP plot

Table 1 rs4896153 and rs6908428 SNPs influence specifically AHI1
expression but not other neighboring genes in naive CD41 T cells

SNP_label Gene_label p Value 2log10 (p value) False discovery rate

rs4896153 AHI1 2.14684E-24 23.6682 1.71747E-23

rs6908428 AHI1 8.77405E-31 30.0568 1.40385E-29

rs4896153 FAM54A 9.28325E-05 4.0323 0.000495107

rs6908428 FAM54A 0.002694635 2.5695 0.010778541

rs4896153 BCLAF1 0.301578238 0.5206 0.765292219

rs6908428 BCLAF1 0.515228645 0.288 0.765292219

rs4896153 MYB 0.396825891 0.4014 0.765292219

rs6908428 MYB 0.957634977 0.0188 0.957634977

rs4896153 MAP7 0.461636352 0.3357 0.765292219

rs6908428 MAP7 0.420436101 0.3763 0.765292219

rs4896153 ALDH8A1 0.214980961 0.6676 0.687939075

rs6908428 ALDH8A1 0.5261384 0.2789 0.765292219

rs4896153 PDE7B 0.751795982 0.1239 0.91966302

rs6908428 PDE7B 0.718455709 0.1436 0.91966302

rs4896153 HBS1L 0.808351037 0.0924 0.91966302

rs6908428 HBS1L 0.862184081 0.0644 0.91966302

Abbreviation: SNP 5 single nucleotide polymorphism.
Expression quantitative trait locus (eQTL) data were analyzed in naive CD41CD62L1 T cells
isolated from the peripheral blood mononuclear cells of healthy European-American sub-
jects carrying the susceptibility or protective alleles of rs4896153 or rs6908428 (n 5

213). Statistical analyses of log10-transformed values were performed by Spearman rank
correlations.
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was generated (figure 1, A and B). Eleven SNPs (red
and purple) are in an LD block with rs4896153
(green) as the lead MS SNP. Ten SNPs are in strong
LD with this lead SNP and are considered to be the
“critical set” of SNPs that are likely to include the
causal variant. To prioritize variants among this set of
ten SNPs, we first looked at reference epigenomic
data from CD41 T cells. The transcription start site
(TSS) of AHI1 is flanked by enhancer marks in both
naive and memory CD41 T cells, consistent with this
gene’s expression in this cell type (figure 1, A and B).
The SNP rs13197384 (purple) is 4 bp downstream of
the 11 TSS of AHI1 and overlaps with a region of
transcription at the 59 or 39, specifically in naive
CD41 T cells (figure 1, A and B). This SNP is there-
fore highlighted as being in an area of differential
transcriptional activity between naive and memory
T cells by existing reference epigenomic data.15 Next,
we investigated the functional potential of these
SNPs using RegulomeDB and HaploReg V4.2:
rs13197384 (TSS), rs7750586 (upstream), and
rs9399148 (upstream); all have evidence of function-
ality based on these SNPs altering known target se-
quences for DNA-binding motifs and being present
within DNase hypersensitivity sites that mark chro-
mosomal segments bound to a DNA-binding protein
in naive CD41 T cells (supplementary material, table
e-1, http://links.lww.com/NXI/A6). These data pri-
oritize these 3 SNPs for follow-up functional assess-
ment. In an attempt to understand the influence of
the SNP position within the enhancer region in
CD41 T cells, we used the R package motifbreakR
version 1.4.016 to identify putative transcription fac-
tor (TF) binding sites that were likely to be disrupted
by the studied polymorphism. TF motifs were ob-
tained from the JASPAR 2014 database (177 motifs
for homo sapiens),17 and the motifbreakR algorithm
was applied with default settings: the weighted sum
method (weighted by relative entropy) was used to
obtain scores, and putative bindings sites were re-
ported if the scaled score (between 0 and 1) was
greater than or equal to 0.8 for the reference or
alternative allele. Binding sites whose unscaled and
unweighted scores for the reference and alternative
allele did not differ by at least 0.4 were considered as
unaffected by the SNP and not reported (supple-
mentary material, table e-2, http://links.lww.com/
NXI/A7). We identified candidate TFs whose bind-
ing could be affected by the presence of 1 of these 3
SNPs. For instance, the transcription repressor
CTCF also known as 11-zinc finger protein or
CCCTC-binding factor that is involved in the
induction of IFNg signaling18 overlaps the
rs13197384 variant (relative matching score 5 0.
8). These findings suggest that the rs13197384 var-
iant, which is in LD with the lead MS SNP, may be

involved in the regulation of AHI1 transcription in
CD41 T cells.

AHI1 eQTL replication in T cell receptor stimulated

T cells. To study the functional consequences of
rs4896153 and its set of linked SNPs, we investigated
the correlation between the rs4896153T risk allele
and the adaptive immune system of healthy subjects.
We used venous blood from healthy subjects, which
allows for the examination of the immune system
without any confounding effects of systemic inflam-
mation or immune-modulating therapies in patients
with autoimmune diseases.19 Healthy genotyped
subjects free of autoimmune and chronic infectious
diseases were selected from the PGP who were
homozygous for either rs4896153T (risk allele) or
rs4896153A (protective allele). Using microbeads,
naive CD41 T cells were isolated from PBMCs by
negative selection. We first replicated the prior
observation that rs4896153 has a cis-eQTL effect in
naive CD41 T cells (figure 2A). Specifically, the
rs4896153T risk allele showed significantly lower
expression of AHI1 than the rs4896153A protective
allele (r 20.837, p 5 4.29 3 1029, n 5 32), as
measured by quantitative PCR. This cis-eQTL effect
was present for both of the 2 major AHI1 isoforms:
isoform A (figure 2B, mRNA 5 NM_017651.4,
NM_001134830.1, NM_001134831.1; protein 5

NP_001128303.1) and isoform B (figure 2C, mRNA5

NM_001134832.1; protein 5 NP_001128304.1).
AHI1 isoform B lacks the SRC Homology 3 (SH3)
domain that is found in isoform A; SH3 is a signaling
domain involved in mediating the interaction of proteins
involved in signaling pathways.20

To investigate the temporal expression of AHI1 in
CD41 cells, we measured AHI1 in genotyped samples
over time in naive CD41 T cells after T cell receptor
(TCR) stimulation with anti-CD3 and anti-CD28
monoclonal antibodies. We found that AHI1 mRNA
expression is rapidly induced within 4 hours of stim-
ulation then decreases over 24 hours, increasing again
by 48 hours with the cis-eQTL effect remaining sig-
nificant during TCR stimulation (p , 0.01 for all
time points) (figure 2D).

AHI1 risk variant promotes a CD41IFNg1 T cell

phenotype. Previous reports described AHI1 as an
oncogene that enhances cancer cell proliferation.21–26

To investigate the effects of the rs4896153 genotype
on CD41 T cell function beyond RNA expression, we
measured (1) T cell proliferation by [3H]-thymidine
incorporation assays and (2) T cell cytokine profile.
Naive CD41 T cells isolated from PBMCs of healthy
genotyped subjects homozygous for either the AHI1
risk (n 5 8) or protective (n 5 13) alleles were
exposed to TCR stimulation followed by analysis of
T cell proliferation (day 3) and cytokine expression
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(day 7). No significant difference was seen in prolif-
erative capacity between the genotype categories (fig-
ure 3A). Of interest, T cells bearing the rs4896153TT

genotype yielded significantly greater frequency of
IFNg1 T cells than the rs4896153AA genotype in
TCR stimulated cells (p5 0.008) (figure 3B). Within
the IFNg-positive cells, more IFNg was expressed in
cells from subjects with the risk genotype as measured
by mean fluorescence intensity (MFI) (figure 3C),
providing a link between an MS genetic susceptibility
and a proinflammatory T cell phenotype. The effect of
the AHI1 risk allele on T cell phenotype may be spe-
cific to IFNg because we did not find any significant

alteration of IL-17 expression when naive CD41 T
cells carrying the AHI1 risk or protective alleles
were polarized under Th17 cell condition (data not
shown).

Increased IFNg expression in Ahi1 knockout CD41

T cells. To further explore the role of AHI1 in the
regulation of IFNg production by CD41 T cells, we
first measured Ahi1 expression in murine CD41

T cells. Naive CD41 T cells were isolated from
spleens of wild-type (WT) mice, and cells were
TCR stimulated for several time points. RNA lysates
were prepared at each time point, and murine Ahi1

Figure 3 Decreased AHI1 in human CD41 T cells is associated with decreased proliferation and increased
IFNg production

(A) Naive CD41 T cells were isolated from the peripheral blood of healthy subjects bearing risk (TT), protective (AA), or
heterozygous (AT) alleles for rs4896153, and cells were activated with anti-CD3/CD28 followed by the analysis of cell
proliferation by [3H]-thymidine incorporation 60 hours after stimulation. (B, C) A subset of these cells was further stimulated
for 7 days, and IFNg cytokine expression was measured by flow cytometry. (B) Frequency of CD41IFNg1 T cells bearing risk
(TT) or protective (AA) alleles for the rs4896153 was analyzed by intracellular staining using flow cytometry. (C) Mean
fluorescent intensity (MFI) of IFNg expression from the activated T cells is shown. p Values were generated using Student’s
t test. Each dot represents an individual. Data are represented as mean 6 SEM. IFNg 5 interferon gamma.

Figure 2 The MS risk allele rs4896153T is associated with decreased AHI1 expression in naive CD41 T cells and T cell receptor–stimulated
CD41 T cells

(A) Naive CD41 T cells were isolated from the peripheral blood of healthy subjects bearing risk (TT), protective (AA), or heterozygous (AT) genotypes for
rs4896153, andAHI1 expression wasmeasured by Taqman qPCR. The 2major isoforms ofAHI1 (B) isoformA (mRNA5NM_017651.4, NM_001134830.1,
NM_001134831.1; protein5NP_001128303.1) and (C) isoform B (mRNA5 NM_001134832.1; protein5NP_001128304.1) were measured in genotype
individuals from (1A) by SYBR green qPCR. (D) Naive CD41 T cells were stimulated with anti-CD3/CD28 for 0–48 hours, and AHI1 expression was measured
by Taqman qPCR. Comparing the AA and TT genotypes, all data points are p , 0.01. Each dot represents an individual. Data are represented as mean 6

SEM.
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mRNA expression was assessed by quantitative PCR.
In agreement with AHI1 expression in activated
human CD41 T cells, we found that the mRNA
levels of murine Ahi1 are moderately induced on
TCR activation (4–6 hours) but rapidly decreased
later as shown at 24–72 hours, suggesting a regulatory
role of Ahi1 in the differentiation, phenotype, or
function of CD41 T cells (figure 4A and figure e-2A,
http://links.lww.com/NXI/A5). Similarly, the rapid
but reversible increase in Ahi1 expression was also
observed in CD41T cells polarized under Th1 cells,
a T cell subset that is known to express IFNg1 T
cells.

Next, we took advantage of total Ahi1 knockout
(Ahi12/2) mice27 to measure the role of Ahi1 in T cells
using Ahi1 genetic deletion. Spleens were dissected from
Ahi12/2 and WT littermates, and naive CD41 T cells
were sorted and activated with mouse specific anti-
CD3/CD28 antibodies. We found that, using a more
physiologic stimulation that does not bypass costimula-
tory pathways (low anti-CD3/CD28 concentrations,
each mAb at 0.25 mg/mL), CD41 T cells from
Ahi12/2 mice exhibited impaired cell proliferation com-
pared with their WT counterparts (figure 4B). Strik-
ingly, we detected increased frequency of IFNg-
producing T cells in Ahi12/2 T cells (figure 4C), an
effect that is in agreement with the human data. To
study whether Ahi1 regulates T cell cytokine production
under polarizing conditions, we analyzed IFNg and IL-
17A expressions in CD41 T cells polarized toward
a proinflammatory Th1 or Th17 fate. There was a trend
implicating a modest increase in IFNg1 frequency
among Th1 cells (figure e-3A, http://links.lww.com/
NXI/A5). Moreover, analysis of IL-17A in Ahi12/2

T cells polarized under Th17 condition did not reveal
any significant alteration of IL-17A expression in the
absence of Ahi1 (figure e-3B, http://links.lww.com/
NXI/A5). Altogether, these findings suggest that Ahi1
regulates specifically IFNg-producing CD41 T cells in
the absence of exogenous polarizing molecules.

DISCUSSION Rare mutations in AHI1/Ahi1 have
been reported to cause Joubert syndrome, a ciliopathic
disorder, characterized by malformations of the cere-
bellar vermis and brainstem as well as clinical mani-
festations that include, breathing irregularities,
hypotonia, developmental delays, and ocular motor
apraxia.28 The AHI1 protein contains an N-terminal
coiled-coil domain, 7 WD40 domains, and an SH3
domain; it is the only protein known to contain both
a WD40 domain and an SH3 domain, suggesting
a novel role in cell signaling for this protein.29 In
chronic myeloid leukemia cells, AHI1 knockdown
showed reduced TNFa, IL-4, and IL-2 cytokine
production.30 On the other hand, overexpression of
AHI1 conferred a growth advantage,25 which is con-
sistent with our mouse data in which reduced Ahi1
expression in CD41 T cells was associated with
reduced proliferative capacity. However, the decrease
in AHI1 expression did lead to increased cytokine
production at least for IFNg, suggesting that the role
of AHI1 in primary human T cells may involve dis-
tinct signaling pathways in comparison with tumor
cells. In MS, proinflammatory cytokines such as
IFNg, IL-17, IL-22, and GM-CSF are present in
elevated amounts in the CSF and CNS lesions of MS
patients compared with healthy controls, especially
during the active phase of the disease.31–34 The

Figure 4 Ahi1 genetic deficiency decreases T cell proliferation and upregulates IFNg production

(A) Ahi1mRNA expression in activated T cells. Wild-type (WT) naive CD41 T cells were isolated from the spleens of naive WT
mice, and cells were activated with anti-CD3/CD28 for up to 72 hours (h). Ahi1mRNA expression wasmeasured by Taqman
and calculated relatively to the house keeping geneGapdh. (B, C) Effects of Ahi1 on T cell proliferation and IFNg expression.
Naive CD41 T cells were isolated from the spleens of Ahi12/2 or WT littermates, and cells were activated with anti-CD3/
CD28 (0.25 mg/mL) for (B) 60 hours to measure T cell proliferation by [3H]-thymidine incorporation or for (C) 4 days to
measure IFNg production by intracellular staining using flow cytometry. Data represent the average of 3 independent
experiments. Each dot represents a mouse. Data are represented as mean 6 SEM. IFNg 5 interferon gamma.
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frequency of IFNg vs IL-17 responses in EAE can
influence the localization of inflammation in the
CNS.35 Robust Th1 responses producing elevated
levels of IFNg induced CD41 T cell infiltration in
the spinal cord. By contrast, high IL-17 levels caused
CD41 T cell infiltration preferentially into the brain
parenchyma and induced atypical EAE.5 In our study,
although the AHI1 risk variant was associated with an
increase in IFNg production by CD41 T cells, we did
not detect a significant alteration in IL-17 levels. It
should be noted that recent studies in several
immunologic diseases including sarcoidosis and
Crohn disease identified a subset of pathogenic
IFNg-producing Th17 cells called Th17.1 cells ex-
pressing chemokine receptors CCR6 and
CXCR3.36,37 These cells are believed to be derived
from classically polarized Th17 cells and differentiate
into a Th1-like phenotype in which they produce
significant IFNg but little amounts of IL-17.38 Of
interest, in patients with MS, circulating Th17 cells
that respond to myelin peptides express high levels of
IFNg, suggesting that these autoreactive T cells are
plastic and express distinct cytokine profiles from that
identified in vitro.39 A more extensive cytokine
characterization of CD41 T cells expressing the AHI1
risk variant may address this issue further.

In this study, we confirm that rs4896153, an MS
susceptibility variant, has a strong cis-eQTL effect on
overall AHI1 mRNA expression, affecting both AHI1
isoforms, and that this effect is maintained for at least
48 hours after TCR stimulation. To assess the func-
tional outcome of this SNP on CD41 T cells, we
measured proliferation and cytokine production fol-
lowing TCR stimulation. While we did not see a sig-
nificant allelic difference in proliferation of human
T cells, we consistently saw visibly less cell clonal
expansion in the rs4896153TT cultures, an effect
noticeable after only 24 hours of differentiation (data
not shown). We postulate a role for AHI1 early on in
TCR activation, given its peak mRNA expression 4–6
hours after anti-CD3/CD28 stimulation of both
mouse and human CD41 T cells. AHI1 is localized
to the mother centriole, and for TCR signaling, the
reorientation and movement of the centriole and asso-
ciated Golgi apparatus toward the contact area between
a T cell and an antigen-presenting cell is required after
an initial contact.40 It is therefore possible that AHI1,
being localized to the mother centriole and involved in
actin organization, may play a role in the formation or
stabilization of the TCR synapse, which could be
a mechanism for its association with MS.

Identification of the causal variant (the SNP/s that
affect the trait), and determining their exact mecha-
nism of action, is one of the main challenges and pro-
vides the next step in GWAS interpretation.41 Our
analysis of the GWAS identified MS variants near

the AHI1 gene and prioritized an LD block with sev-
eral SNPs that are associated with decreased AHI1
expression in CD41 T cells carrying the MS risk allele.
We identified 3 SNPs, rs13197384, rs7750586, and
rs9399148, with suggestive functionality based on (1)
being present within DNase hypersensitivity sites
and (2) the potential alteration of TF binding to their
DNAmotifs in CD41 T cells. We identified candidate
TFs whose binding could be affected by the presence
of 1 of these 3 SNPs including the transcription
repressor CTCF that is involved in the induction of
IFNg signaling18 in which the CTCF consensus bind-
ing site overlaps with rs13197384. Further functional
studies, such as minigene reporter assays, are warranted
to identify causal variants that influence a disease trait
in MS.

We report that the rs4896153T allele reduces
AHI1 RNA expression and is associated with a greater
percentage of IFNg-producing CD41 T cells. While
additional functional studies are required to further
delineate the role of AHI1 in MS susceptibility, our
results expand the repertoire of dysfunctional cyto-
kine responses that are genetically implicated in MS
susceptibility and may help establish a scaffold on
which to assemble other susceptibility variants.
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Fingolimod-associated PML with mild
IRIS in MS
A clinicopathologic study

ABSTRACT

Objective: To clarify the clinical, neuropathologic, and virologic characteristics of progressive mul-
tifocal leukoencephalopathy (PML) and its immune reconstitution inflammatory syndrome (IRIS) in
a patient with fingolimod-treated MS.

Methods: A case study.

Results: A34-year-old patient with MS using fingolimod for 4 years had a gradual progression of right
hemiparesis and aphasia with a new subcortical white matter lesion in the precentral gyrus by initial
MRI. Blood tests were normal, except for lymphopenia (160 cells/mL). One month after the cessation
of fingolimod, brain MRI depicted a diffusely exacerbated hyperintensity on fluid-attenuated inversion
recovery and diffusion-weighed imaging in the white matter with punctate gadolinium enhancement,
suggesting PML-IRIS. A very low level of JC virus (JCV)-DNA (15 copies/mL) was detected in the CSF
as judged by quantitative PCR. Brain tissues were biopsied from the left frontal lesion, which showed
some small demyelinated foci with predominant loss of myelin-associated glycoprotein with infiltra-
tions of lymphocytes and macrophages, but clear viral inclusion was not observed with hematoxylin-
eosin staining. JCV-DNAwas uniquely detectable in an active inflammatory demyelinating lesion by in
situ hybridization, possibly suggesting an early phase of PML. DNA extracted from the brain sample
was positive for JCV-DNA (151 copies/cell). It took 3months to normalize the blood lymphocyte count.
The patient was treated with 1 g of IV methylprednisolone for 3 days and a weekly oral dose (375mg)
of mefloquine, and her symptoms gradually improved.

Conclusion: Low CSF JCV-DNA and unfound viral inclusions initially made her diagnosis difficult. The
clinical course of fingolimod-associated PML may be associated with mild immune reconstitution.
Neurol Neuroimmunol Neuroinflamm 2018;5:e415; doi: 10.1212/NXI.0000000000000415

GLOSSARY
DMT 5 disease-modifying treatment; DWI 5 diffusion-weighted imaging; FLAIR 5 fluid-attenuated inversion recovery;
IRIS 5 immune reconstitution inflammatory syndrome; JCV 5 JC virus; MAG 5 myelin-associated glycoprotein; MBP 5
myelin basic protein; PML 5 progressive multifocal leukoencephalopathy; RRMS 5 relapsing-remitting MS.

Fingolimod is an oral disease–modifying drug approved for relapsing-remitting MS (RRMS),
which downregulates the sphingosine-1-phosphate receptor and subsequently prevents lympho-
cyte egress from lymph nodes.1 Until now, 13 cases of fingolimod-associated progressive mul-
tifocal leukoencephalopathy (PML) including this case have been reported in patients with
RRMS (personal oral communication, Mitsubishi Tanabe Pharma, 2017);2,3 however, there
has been no report of immune reconstitution inflammatory syndrome (IRIS). We herein report
a case of fingolimod-associated PML accompanied by IRIS with favorable clinical course, which
showed early pathologic changes of PML-IRIS in a biopsied specimen.
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CASE A 34-year-old woman was diagnosed as having
RRMS with typical MRI lesions, the so-called Daw-
son fingers, when she had experienced the initial mild
symptoms of paresthesia and dysphagia at the age of
14 years. During 11 years treated with interferon-
b1b, she had 12 MS relapses. She had no history of
immunosuppressive treatment. At the age of 30 with
an Expanded Disability Status Scale score of 6.0, her
treatment was changed to fingolimod, and she had no
further relapse and disability worsening, although the
JC virus (JCV)-antibody was positive (Index 1.13).

Early in January, she noticed gradually aggravating
muscle weakness of the right hand, dysarthria, and
hemiparetic gait. She visited our clinic by late-
March, and she discontinued fingolimod treatment
because of lymphopenia (160 cells/mL).

She was admitted to our hospital by mid-April.
Initial brain MRI on admission showed fluid-
attenuated inversion recovery (FLAIR)-high signal
lesions sharply delineated toward the cortex and
consecutive deep white matter with hyperintense
diffusion-weighted imaging (DWI) signals in the left
frontoparietal region (figure 1, A and B). There was
no mass effect and no gadolinium enhancement in
any lesions (figure 1C). All blood tests including bio-
chemistry and blood cell counts were normal, except
for lymphopenia (442 cells/mL). CSF examination
showed no cells, elevated protein concentration (81
mg/dL), elevated IgG index (0.89), and positive oli-
goclonal IgG bands.

One month after admission with gradually wors-
ening aphasia and right hemiplegia, secondary brain
MRI revealed several enlarged lesions (figure 1, D
and E) with gadolinium enhancement in T1-
weighted hypointensity (figure 1F), showing a punc-
tate pattern.4 A very low level of CSF-JCV-DNA was
detected in the CSF by quantitative PCR (15 copies/
mL) when examined at the National Institute of
Infectious Diseases (Tokyo, Japan). In mid-June,
the patient was treated with 1 g of IV methylprednis-
olone for 3 days and oral mefloquine (375 mg/wk) for
6 months. Two months after the treatment, CSF-
JCV became negative, and the blood lymphocyte
count was normalized. Her aphasia and right hemi-
plegia gradually improved.

RESULTS OF PATHOLOGICAL STUDY In late-
May, stereotactic needle brain biopsy was per-
formed after written informed consent was obtained.
Seven tissue fragments (1 mm in width and 2–5 mm
in length) were obtained from the left frontal lobe
(figure 2A). With hematoxylin-eosin staining, pro-
liferation of small round cells was apparent, including
glial cells and inflammatory components such as
lymphocytes, plasma cells, and macrophages. Typical
JCV-infected oligodendroglia presenting viral in-
clusions in the markedly enlarged nuclei were hardly
seen. In all fragments of biopsied tissue, CD68-
positive cells were scattered, and there were some
aggregations of CD68-positive cells (figure 2B, cir-
cled). In these lesions, there were multifocal subacute
(figure 2, C–E) and acute (figure 2, F–L) demyelin-
ating oval lesions with loss of myelin-associated gly-
coprotein (MAG) (figure 2, C and G). In subacute
lesions without viral inclusion (figure 2, C–E), the
immunoreactivity against myelin basic protein
(MBP) was partially lost (figure 2D), whereas CD8-
positive lymphocytes were observed only at the
periphery (figure 2E), suggesting PML-like MAG-
dominant demyelinated lesions.

In acute demyelinating lesions, oligodendroglia-
like cells with medium-sized nuclei were present with
clustered inflammatory cells (red yellow arrow in
figure 2F). Their nuclei were smaller than typical
JCV-infected oligodendroglia, known as a diagnostic
hallmark of PML, but mildly enlarged over lympho-
cytic nuclei. These cells were negative for glial fibril-
lary acidic protein or lymphocytic markers, and many
of them showed intranuclear structures in dots, sug-
gesting JCV-infected oligodendroglia in the early
stage of viral infection. Moreover, a cell with relatively
large irregular nucleus resembling a JCV-infected
astrocyte was also present (yellow arrow in
figure 2F). This lesion was in the active demyelinating
phase with loss of MAG but completely preserved
MBP infiltrated with CD32, CD82, and CD79a-

Figure 1 Brain MRI findings in the present case

(A and D) Fluid-attenuated inversion recovery (FLAIR), (B and E) diffusion-weighted imaging
(DWI), (C and F) gadolinium-enhanced T1-weighted imaging. (A–C) Initial brain MRI on admis-
sion showed FLAIR-high lesion sharply delineated toward the precentral gyrus cortex with
hyperintense-DWI signal. There was no gadolinium-enhanced lesion at that time. (D–F) Sec-
ondary brain MRI amonth after admission showed awidely spread periventricular lesion with
spotty gadolinium enhancement. These lesions indicate immune reconstruction inflamma-
tory syndrome (IRIS).
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Figure 2 Neuropathology of PML lesions in a patient with MS treated with fingolimod

(A) Fragments of biopsied brain tissues (hematoxylin-eosin: HE staining). Affected lesions were obscure with HE staining. A and B are serial sections (scale
bar: 500 mm). (B) Although demyelinated lesions were not clear with Kluver-Barrera staining, there were 4 demyelinating areas with high density of CD681

cells lacking myelin-associated glycoprotein (MAG) or myelin basic protein (MBP). Two of themwere relatively in subacute (C–E) and acute phases (F–L). (C) In
typical oval demyelinating lesion with massive macrophage infiltration, there was a lesion with dominant loss of MAG compared with partially lackedMBP (D)
with CD8-positive cells at the periphery (E), suggesting a subacute demyelinated lesion with distal oligodendrogliopathy. C–E is a serial section (scale bar:
200 mm). (F) In another active inflammatory lesion (HE staining), there were massive infiltrations of macrophages and lymphocytes diffusely in demyelinating
lesions. In these lesions, oligodendroglia-like cells with mildly enlarged nuclei were present (green arrows). An astroglia-like cell suspicious for JC virus (JCV)
infection was also seen (yellow arrow). Within serial sections of F, loss of MAG was present (G) with completely preservation of MBP (H), suggesting in acute
phase. F–H is a serial section (scale bar: 200 mm). (I–L) Properties of inflammatory cells (I: CD3, J: CD8, and K: CD79a). There were numerous CD31 T cells and
CD79a1 B cells and plasma cells, and both helper and cytotoxic T cells were present in an almost equal ratio, where JCV-infected cells were observed (L: in
situ hybridization (ISH) VP1). I–L is a serial section (scale bar: 50 mm). PML 5 progressive multifocal leukoencephalopathy.

Neurology: Neuroimmunology & Neuroinflammation 3



positive cells (figure 2, G–I), suggesting a very active
inflammatory lesion, where several JCV-infected cells
were uniquely observed (figure 2L).

Oligodendroglia-like cells with dot-shaped inclu-
sions were seen in the lesions (figure 3, A and B),
reflecting JCV proliferation in promyelocytic leuke-
mia nuclear bodies.5 Immunohistological examina-
tion of JCV capsid proteins or agnoprotein revealed
only a few cells (figure 3C). In situ hybridization for
JCV genomic DNA detected at least 7 JCV-positive
cells (figure 3D) with definite high-intense nuclear
signals, confirming JCV infection. The distribution
of JCV-positive cells was associated with active
inflammatory lesions showing the infiltration of
helper and cytotoxic T cells, suggesting a mild host
inflammatory response against JCV.

The quantitative real-time PCR examination tar-
geting the JCV large T gene was repeatedly per-
formed in CSF (figure 3E) and brain samples
(figure 3F).6 The PCR testing of brain tissue re-
vealed the presence of JCV-DNA (151 copies/cell)
(figure 3F). These results indicated that the biop-
sied brain lesions represented PML pathology, but

not MS. The viral titer was markedly low, and
nuclear features of oligodendroglia indicated an
early stage of JCV infection. Small inflammatory
foci may suggest mild host responses against JCV
infection, consistent with fingolimod-associated
PML-IRIS.

DISCUSSION The clinical and pathologic diagno-
sis of PML-IRIS is challenging, particularly when
the consequence of JCV reactivation and immune
reconstitution is not clear.3 PML is essentially rare
in patients with fingolimod-associated MS without
other previous immunosuppressive treatments.
The low CSF viral load and the presence of mark-
edly few JCV-positive cells have raised the matter
of difficulty in PML diagnosis in the present study.
Clinical worsening was accelerated after the cessa-
tion of fingolimod with punctate gadolinium
enhancement in MRI, suggesting PML-IRIS.
Pathologic examination of biopsied brain tissue
revealed some JCV-DNA–positive cells only in an
active demyelinating lesion dominantly lacking
MAG7 and JCV-infected glial cells with dot-shaped

Figure 3 Detection of JC virus (JCV) genomic DNA in mildly enlarged nuclei of oligodendroglia-like cells

(A and B) Oligodendroglia-like cells with dot-shaped inclusions (hematoxylin-eosin). Dot-shaped inclusions were seen at the inner nuclear periphery in A (ar-
rows), and large and small punctuated structures were present in B (arrows). (C) Immunohistochemistry against JCV capsid protein (VP2/VP3C antibody).
There was only one cell suspicious for immunoreactivity against JCV capsid protein, but apparently positive cells were hardly detectable for agnoprotein. (D)
In situ hybridization (ISH) for JCV genomic DNA. Sensitive ISH detected 7 oligodendroglia-like cells with JCV genomic DNA in the mildly enlarged nuclei. A–D
is a serial section (scale bar: 10 mm). (E and F) PCR detection of JCV genomic DNA. DNAwas extracted from either CSF specimen (E) or biopsied brain tissues
(F), and the JCV-DNA copy number in each sample was determined by a quantitative PCR targeting the JCV large T gene. NC 5 negative control (no PCR
template); PC 5 Positive control (approximately 100 copies/reaction). PCR were performed in duplicate (green arrows in E and red arrows in F).
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inclusions surrounded by inflammatory cells, sug-
gesting an early phase of PML in association with
immune reconstitution. The pathologic features in
fingolimod-associated PML in MS may include
only early and weak characteristic features with
immunoreaction, differing from previously re-
ported PML by other disease-modifying treatments
(DMTs) such as natalizumab, an anti-a4-integrin
monoclonal antibody.

The rarity of fingolimod-associated PML-IRIS
may be related to its different mechanisms compared
with other DMT. In natalizumab, most PML cases
had been treated with plasmapheresis causing early
IRIS with a high mortality rate and poor prognosis.8

Therefore, urgent removal of drug efficacy might be
associated with acceleration of lymphocyte infiltra-
tion causing IRIS. By contrast, in fingolimod, lym-
phopenia was reported in previous PML cases, but
the kinetics of immune reconstitution in patients
with MS was varied from half to several months,2,9

which might have impacts on the occurrence of PML-
IRIS. Other possible reasons of rarity in fingolimod-
associated PML-IRIS may be the lack of pathologic
studies and the relatively mild clinical symptom, caus-
ing underestimation.

Because of weak pathologic changes in brain tissue
and an extremely low JCV-DNA level in CSF, MRI
was the most useful and sensitive technique used to
detect PML and PML-IRIS in the present case, show-
ing DWI-high and FLAIR-high signals like previous
PML cases.10
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Multiplex family with GAD65-Abs
neurologic syndromes

ABSTRACT

Objective: Neurologic autoimmune syndromes associated with anti–glutamate acid de-
carboxylase 65 antibodies (GAD65-Abs) are rare and mostly sporadic.

Methods: We describe a niece and her aunt with GAD65-Abs neurologic syndromes. High-
resolution HLA typing of Class I and Class II alleles was performed using next-generation
sequencing.

Results: The proband had cerebellar ataxia and probable limbic encephalitis features, whereas her
niece had stiff-person syndrome. Both had a high titer of GAD65-Abs in serum and CSF and
showed signs of inflammation in CSF. Both affected members carried the same rare recombinant
DRB1*15:01:01;DQA1*01:02:01;DQB1*05:02:01 haplotype, which may or may not be
involved in disease susceptibility. Of interest, other unaffected members of the family either
had the same HLA haplotype but normal serum GAD65-Abs or had different HLA types but a high
titer of serum GAD65-Abs without neurologic symptoms, suggesting cumulative effects.

Conclusions: This unique association strengthens the concept that hereditary factors, possibly
including specific HLA haplotypes, play a role in neurologic syndromes associated with GAD65-
Abs. Neurol Neuroimmunol Neuroinflamm 2018;5:e416; doi: 10.1212/NXI.0000000000000416

GLOSSARY
GAD 5 glutamic acid decarboxylase; IgG 5 immunoglobulin G; SPS 5 stiff-person syndrome; T1DM 5 type 1 diabetes
mellitus; TG 5 antithyroglobulin; TPO 5 antithyroperoxidase.

Glutamic acid decarboxylase (GAD) is the rate-limiting enzyme for the production of
g-aminobutyric acid, the main inhibitory neurotransmitter of the CNS. GAD is also expressed
in pancreatic islet b-cells.1 Anti-GAD65 antibodies (GAD65-Abs) have been described as
a biological marker in patients with type 1 diabetes mellitus (T1DM), but also in some
patients with neurologic diseases, such as stiff-person syndrome (SPS), cerebellar ataxia, or
limbic encephalitis.2–7 Although rare, the concept of neurologic syndromes with GAD65-Abs
is now well established, most cases reported so far being sporadic.8 Few experimental studies
suggest a possible pathogenic role of GAD65-Abs.9–11 We describe 2 members of the same
family with GAD65-Abs neurologic syndromes in combination with a rare recombinant
HLA haplotype and 2 other members without the same haplotype and with a high level of
GAD65-Abs but no neurologic symptoms. These results suggest that there may be a genetic
basis for susceptibility of the development of GAD-antibody autoimmunity.

METHODS Written informed consent was obtained from all HLA-tested members, and this study was approved by the Institutional

Review Board of University Claude Bernard Lyon 1 and Hospices Civils de Lyon. Samples are deposited in the collection of biological
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samples named “Neurobiotec” registered as the biobank of the

Hospices Civils de Lyon. Full HLA next-generation sequencing–

based typing was performed based on long-range PCRs detailed

by Wang in 2012.12

RESULTS Cases reports. The first patient (II3, fig-
ure), a 68-year-old woman without a medical his-
tory, first developed acute dizziness and vomiting.
Neurologic clinical examination revealed an ataxic
gait with enlargement of the sustentation polygon and
nystagmus. The rest of the physical examination was
normal. Videonystagmography revealed a left vestib-
ular deficit. Brain MRI showed no cerebellar atrophy,
but hypersignal intensity on fluid attenuation inver-
sion recovery sequences restricted to both hippo-
campi (nevertheless, no acute clinical signs of limbic

encephalitis were observed). CSF examination
showed elevated protein levels at 0.71 g/L without
white blood cells and a normal immunoglobulin G
(IgG) index (0.5; normal ,0.7), but few oligoclonal
bands (,5) were present. GAD65-Abs were positive
in CSF at 250 IU/mL as well as in the serum above
1,200 IU/mL (ELISA Medipan, cutoff positivity: 5
IU/mL). Antithyroperoxidase (TPO) and antithyr-
oglobulin (TG) antibodies were also positive (Vare-
lisa; Thermo Fischer Scientific, Waltham, MA) (718
and 283 IU/mL, respectively, cutoff of positivity for
both Abs: 60 IU/mL). No other biological abnor-
malities were detected. Body fluorodeoxyglucose–
PET and mammography were also normal. A
diagnosis of cerebellar ataxia with GAD65-Abs was

Figure Family tree with the HLA haplotyping of 6 members of the family

The colors indicate the bioclinical characteristics of the patients. Black circle: patients with GAD65-Abs without neurologic syndromes (III3 and III4). Red
circle: patient with GAD65-Abs and cerebellar ataxia (II3). Blue circle: patient with GAD65-Abs and stiff-person syndrome (III5). Green circle: patients with
TPO-Abs (II3, III3, and III5).
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proposed, and treatment with monthly IV immuno-
globulin was initiated. After 6 months, the patient
stabilized, while still exhibiting a mild cerebellar
syndrome. GAD65-Abs remained positive during 15
years of follow-up. Brain MRI performed 4 years after
onset showed cerebellar and diffuse brain atrophy.
The patient developed late-onset T1DM and a pro-
gressive dementia without significant clinical progression
of cerebellar ataxia. HLA typing revealed the presence of
an unusual haplotype DRB5*01:01:01;DRB1*15:01:
01;DQA1*01:02:01 ;DQB1*05:02:01, together
with a classical type 1 diabetes–associated haplotype
DRB1*03:01:01;DQA1*05:01:01;DQB1*02:01:
01 (figure). DRB5*01:01:01;DRB1*15:01:
01;DQA1*01:02:01 ;DQB1*05:02:01 is very
unusual. In large samples from north European
countries, the frequency is typically below 1 for 1,000
patients. We identified no patient with this haplotype
in more than 100 French people. In our estimation,
the frequency of this haplotype in France must be less
than 1 for 5,000 patients.

Her niece (III5, figure) developed signs of progres-
sive muscular rigidity with superimposed spasms at the
age of 42 years. The right leg was first affected, followed
by the trunk and the left leg. Her medical history was
notable for Hashimoto thyroiditis (with anti-TPO at
1,966 IU/mL and anti-TG-Abs at 12,786 IU/mL).
Medullary and brain MRI were normal. The CSF
study revealed a normal IgG index (0.61; normal
,0.7) with many oligoclonal bands (.5) and
GAD65-Abs at 250 IU/mL. Serum GAD65-Abs were
also positive with a titer above 2,000 IU/mL. EMG
confirmed the suspicion of SPS with continuous motor
activity and cocontraction of agonist and antagonist
muscles of the thigh, hip, and back muscles. Five years
later, no diabetes mellitus was observed and no cancer
has been found. The patient has been treated with
benzodiazepines, immunoglobulins, and cyclophos-
phamide and experienced only partial recovery. HLA
typing revealed that this patient also carried the unusual
DRB5*01:01:01;DRB1*15:01:01;DQA1*01:02:
01;DQB1*05:02:01 haplotype, together with
DRB3*02:02:01;DRB1*11:04:01;DQA1*05:05:
01;DQB1*03:01:01 (figure).

Familial history. After identification of these 2 index
cases, we reviewed the entire family history and
extended HLA typing to 6 other members of the fam-
ily (figure). The entire family is of Caucasian ethnicity.
The father of II3 developed dementia and diabetes
mellitus, but we have no more information. Of inter-
est, 2 relatives (III3 and III4) without the rare
DRB5*01:01:01;DRB1*15:01:01;DQA1*01:02:
01, ;DQB1*05:02:01 haplotype had serum GA-
D65-Abs titer higher than 250 IU/mL. One (III3),
the sister of the patient III5 with SPS, developed

pernicious anemia with intrinsic antibodies, breast
cancer, and thyroiditis, and her brother (III4) had no
particular medical history. All the members of the
family were examined by JH and had no abnormalities
on neurologic examination. No other disease was re-
ported in the other members of the family. Conversely,
4 other members of the family (III 6, 7, 8, and 9)
shared the rare DRB5*01:01:01;DRB1*15:01:
01;DQA1*01:02:01;DQB1*05:02:01 haplotype
but had no GAD65-Abs and no neurologic symptoms.
The father of II3 developed dementia and diabetes
mellitus, and his HLA haplotype was not characterized.

DISCUSSION Very little is known regarding genetic
predisposition to autoimmune neurologic syndromes
with GAD65-Abs. HLA genetic predisposition to
SPS has been studied only in 1 large study of 18
patients, with unremarkable findings, although weak
association with DQB1*02 (DQB1*02:01 and
DQB1*02:02) was suggested.13 In this study, how-
ever the presence of DQB1*06:02, a strong pro-
tective allele for type 1 diabetes, was present in some
patients with SPS without type 1 diabetes but in none
with cooccurring diabetes.13,14 However, a few
familial occurrences of neurologic conditions associ-
ated with GAD65-Abs have been previously
described, 2 families with multiplex familial SPS15,16

and 1 family with 2 sibling sisters with cerebellar
ataxia and GAD65-Abs,17 suggesting that genetic
factors may be involved (HLA typing was not per-
formed in these cases).

In our 2 cases, DQB1*02 was present only in 1
affected case, but both carried an unusual haplotype
HLA-DRB1*15:01;DQA1*01:02;DQB1*05:02.
This haplotype is likely the result from recombina-
tion of HLA DRB1*15:01:01;DQA1*01:02:01
;DQB1*06:02:01 with DRB1*16:01/2;DQA1
*01:02:02;DQB1*05:02:01, 2 common Caucasian
haplotypes. We can also speculate that the father of
II3 who developed dementia and diabetes mellitus
may also have had this rare haplotype. Although re-
ported rarely in the literature, except in a few patients
of Romani people, Northern Indian, and Chinese
origin,18–20 this haplotype is extremely rare in US
and French Caucasians (,0.1%)21 and thus unlikely
to be present by chance in these 2 affected patients.20

The rare haplotype, if involved, is however not the
sole determinant of disease, as 4 relatives (III 6, 7, 8,
and 9) with the haplotype do not have neurologic
symptoms or GAD65-Abs.

Surprisingly, we also found 2 other relatives (III3
and III4) having high GAD65-Abs titers without
neurologic symptoms. This is also unlikely to be
a chance phenomenon, as GAD65-Abs are found on-
ly in around 1.7% of the general population with or
without neurologic disorders.22,23 Of interest, the
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presence of GAD65-Abs in the general asymptomatic
population (including asymptomatic individuals
from families with prevalent type 1 diabetes) also
correlates with typical type 1 diabetes–associated
HLA DRB1*03:01;DQA1*05:01;DQB1*02:01
and DRB1*04;DQA1*03;DQB1*03:02, notably
when both haplotypes are in trans of each other.23,24

In our family, the 2 asymptomatic patients with high
GAD65-Abs do not share the same extended HLA
subtypes with both affected patients, suggesting that
GAD65-Abs are unlinked with HLA alone and that
the sole presence of high titers of GAD65-Abs is
insufficient to develop neurologic symptoms. One
reason could be that GAD65-Abs in affected vs unaf-
fected patients target different epitopes, as has been
shown for type 1 diabetes vs SPS.25–27 Of interest,
a recent study in 6,556 type 1 diabetes cases has
shown strong genetic association for the presence of
GAD65-Abs not with an HLA region, but with other
genes, notably in IFIH1, a locus associated with pos-
itivity for TPO and GAD65-Abs28 and involved in
other immune phenotypes.29,30

A similar complex genetic susceptibility has already
been discussed in neuromyelitis optica (NMO),
another autoimmune neurologic disorder associated
with antineural antibodies.31 In NMO, around 3%
of patients have a familial occurrence of the disease,
and familial NMO is indistinguishable from sporadic
NMO.31 Furthermore, the association with a specific
HLA haplotyping is also highly debated.32 Our family
with GAD65-Abs and all the data of the literature
suggest that coincident complex genetic factors in
the HLA and non-HLA regions should be carefully
studied in autoimmune neurologic disorders associ-
ated with antineural antibodies.
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Anti-LINGO-1 has no detectable
immunomodulatory effects in preclinical
and phase 1 studies

ABSTRACT

Objective: To evaluate whether the anti-LINGO-1 antibody has immunomodulatory effects.

Methods: Human peripheral blood mononuclear cells (hPBMCs), rat splenocytes, and rat CD41 T
cells were assessed to determine whether LINGO-1 was expressed and was inducible. Anti-
LINGO-1 Li81 (0.1–30 mg/mL) effect on proliferation/cytokine production was assessed in puri-
fied rat CD41 T cells and hPBMCs stimulated with antibodies to CD3 1/– CD28. In humans, the
effect of 2 opicinumab (anti-LINGO-1/BIIB033; 30, 60, and 100 mg/kg) or placebo IV adminis-
trations was evaluated in RNA from blood and CSF samples taken before and after administration
in phase 1 clinical trials; paired samples were assessed for differentially expressed genes by
microarray. RNA from human CSF cell pellets was analyzed by quantitative real-time PCR for
changes in transcripts representative of cell types, activation markers, and soluble proteins of the
adaptive/innate immune systems. ELISA quantitated the levels of CXCL13 protein in human CSF
supernatants.

Results: LINGO-1 is not expressed in hPBMCs, rat splenocytes, or rat CD41 T cells; LINGO-1
blockade with Li81 did not affect T-cell proliferation or cytokine production from purified rat
CD41 T cells or hPBMCs. LINGO-1 blockade with opicinumab resulted in neither significant
changes in immune system gene expression in blood and CSF, nor changes in CXCL13 CSF
protein levels (clinical studies).

Conclusions: These data support the hypothesis that LINGO-1 blockade does not affect immune
function.

Classification of evidence: This study providesClass II evidence that in patientswithMS, opicinumab
does not have immunomodulatory effects detected by changes in immune gene transcript
expression. Neurol Neuroimmunol Neuroinflamm 2018;5:e417; doi: 10.1212/NXI.0000000000000417

GLOSSARY
EAE 5 experimental autoimmune encephalomyelitis; EDSS5 Expanded Disability Status Scale; Gd1 5 gadolinium-enhancing;
hPBMC 5 human peripheral blood mononuclear cell; IFN 5 interferon; IgG 5 immunoglobulin G; MAD 5multiple ascending
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MS is characterized by multifocal inflammation in the CNS, resulting in axonal demyelination
and neurodegeneration. Although the relapse rate decreases with immunomodulatory treat-
ments, brain atrophy progresses leading to disability.1 Therefore, CNS repair in MS lesions,
including remyelination and axonal regeneration, by blocking inhibitor signaling, including
LINGO-1 (leucine-rich repeat and immunoglobulin-like domain-containing nogo receptor-
interacting protein 1), could be a helpful therapeutic approach to slow or halt disease pro-
gression. Opicinumab (anti-LINGO-1; BIIB033) is a human immunoglobulin G1 (IgG1)
aglycosyl monoclonal antibody and was tested as a possible neuroreparative agent in people
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with acute optic neuritis2 and relapsing forms
of MS (RRMS). It targets LINGO-1, which is
selectively expressed in the CNS, and plays
a pivotal role in axonal myelination and regen-
eration regulation.3

Opicinumab is not expected to have immu-
nomodulatory effects given that it targets
a CNS-specific protein. To evaluate further
whether anti-LINGO-1 has any effect on
immune function, we analyzed LINGO-1
expression in immune cells and the effect of
LINGO-1 blockade using cells from in vitro
preclinical and phase 1 studies. First, we as-
sessed LINGO-1 expression in rat and human
lymphocytes in vitro and examined effects of
an anti-LINGO-1 antibody on T-cell prolifer-
ation and cytokine production. Second, we as-
sessed whether administration of opicinumab
to patients with MS resulted in any significant
changes in immune gene transcript expression
in blood and CSF relative to placebo. In addi-
tion, we assessed the levels of inflammation
associated with chemokine (C-X-C motif)
ligand 13 (CXCL13) in CSF.

METHODS Primary research question and classification
of evidence. Does opicinumab have any immunomodulatory ef-

fects? The investigations described provide Class II evidence that

in patients with MS, opicinumab does not have immunomodula-

tory effects detected by changes in immune gene transcript

expression or the levels of the chemokine CXCL13 protein in

CSF (e-Methods, http://links.lww.com/NXI/A22).

Preclinical studies. Lymphocyte isolation and stimulation.
Human peripheral blood mononuclear cells (hPBMCs) were iso-

lated from healthy human peripheral blood using Ficoll-Paque

PLUS density centrifugation (GE Healthcare Bio-Sciences,

Pittsburgh, PA); 1 3 106 hPBMCs in 0.1 mL of culture

medium (RPMI 1640 supplemented with 2 mM L-glutamine,

25 mM HEPES, 100 U/mL penicillin, 100 U/mL streptomycin,

55 mM 2-ME, and 10% heat-inactivated fetal calf serum; In-

vitrogen [Thermo Fisher Scientific Inc., Waltham, MA]) were

seeded in 96-well plates. Rat CD41 T cells were isolated from the

spleen using anti-CD4–labeled magnetic beads (Miltenyi Biotec

Inc., San Diego, CA) and magnetic separation. Cell purity (90%–

95%) was determined using fluorescein isothiocyanate–labeled

anti-CD4 (BD Biosciences, San Jose, CA), followed by flow cy-

tometry analysis. Isolated cells were stimulated with 20 ng/mL

phorbol myristate-13-acetate (Cell Signaling Technology, Inc.,

Danvers, MA) and 1 mg/mL ionomycin (Sigma-Aldrich Corp.,

St. Louis, MO; P/I), 100 ng/mL lipopolysaccharide (Sigma-

Aldrich Corp.), 5 mg/mL phytohemagglutinin (Sigma-Aldrich

Corp.), or anti-CD3 antibody (human [OKT3] or rat [G4.18];

Thermo Fisher Scientific Inc.) as indicated for 2–3 days.

Western blotting. Western blotting methods are described

elsewhere.4 Briefly, cells were lysed in RIPA buffer with a protease

inhibitor cocktail, separated by SDS-PAGE, transferred to

nitrocellulose membrane, and incubated with 2 mg/mL of 3C11

(a murine monoclonal anti-LINGO-1 antibody; Biogen,

Cambridge, MA). Lysates extracted from cultured neocortical

neurons isolated from E18 rats were used as a positive control.

Mixed lymphocyte reaction and cytokine production.
Human PBMCs were isolated from 1 healthy individual each as

stimulators (irradiated with sublethal dose radiation, 137Cs) and

responders. Stimulators/responders were resuspended to 1 3 106

cells/mL in the culture medium (see earlier); 100 mL of each was

added to 96-well plates containing concentrations of 0.1, 1.0, 10,

or 30 mg/mL anti-LINGO-1 antibody (Li81; earlier version of

opicinumab, with identical amino acid sequence, but produced in

a different Chinese hamster ovary cell line; Biogen), LFA3TIP

(IgG1 fusion protein that can block mitogen-induced T-cell

proliferation [alefacept; Biogen]; positive control),5 or isotype

control antibody (human IgG1; Biogen). Cells were incubated for

5 days, and 1 mCi [methyl-3H] thymidine (GE Healthcare Bio-

Sciences) was added to each well during the last 18 hours of

culture. Proliferation was measured by thymidine incorporation

using a FilterMate Harvester and 1450 MicroBeta liquid scin-

tillation counter (PerkinElmer, Waltham, MA). Similar triplicate

cultures were used to measure the level of cytokine secretion in

the presence of 10 mg/mL Li81. Supernatants were collected after

3 days of culture and assayed for cytokine production using the

SearchLightmultiplex ELISA system (Aushon Biosystems, Billerica,

MA). Recombinant human tumor necrosis factor a (20 ng/mL)

(PeproTech, Rocky Hill, NJ) was added to the cell cultures as

a positive control.

T-cell proliferation and cytokine production. Purified rat

CD41 T cells or hPBMCs were cultured in triplicate in 96-well

plates in the presence of anti-CD3 (0.2 mg/mL) or anti-CD3 plus

anti-CD28 antibodies (0.2 mg/mL; Thermo Fisher Scientific

Inc.) with 0.1, 1.0, 10, and 30 mg/mL Li81 (as used by this group

previously in experimental autoimmune encephalomyelitis [EAE]

studies6). For proliferation assays, cells were cultured for 3 days,

and 1 mCi [methyl-3H] thymidine was added to each well during

the last 18 hours and measured as described above. For cytokine

production, rat CD41 T cells were incubated under the same

conditions for 2 days. Supernatants were collected, and cytokine

production was measured as described above.

Clinical studies. Standard protocol approvals, registrations,
and patient consents. Samples were collected in studies approved

by institutional review boards, and written informed consent was

obtained from all participants.3,7

Clinical study design and participants. A phase 1, random-

ized (with allocation concealment) multiple ascending dose

(MAD) study was performed in participants with RRMS or sec-

ondary progressive MS (SPMS; ClinicalTrials.gov identifier

NCT01244139) to test the safety/tolerability of opicinumab; IV

doses were administered on days 0 and 14.3 Blood and CSF

samples from participants in the higher dose groups (30, 60, 100

mg/kg opicinumab, or placebo) were used in these analyses

(figure e-1 at http://links.lww.com/NXI/A22). CSF cell pellet

samples from healthy controls were provided through a previous

study with Dr. Keith Edwards.7

Sample collection, RNA isolation, and quantification.
Peripheral blood samples and CSF, via lumbar puncture, were

collected from study participants at days 0 and 28, 2 weeks after

the second opicinumab dose.

Peripheral blood samples were collected using the PAXgene

Blood RNA system (PreAnalytiX GmbH, Hombrechtikon,

Switzerland) andmaintained frozen at270°C. RNA was extracted

from PAXgene-preserved blood with the Agencourt RNAdvance

Blood kit according to the manufacturer’s specifications (Beckman

Coulter, Inc., Indianapolis, IN). RNA integrity was assessed

using the HT RNA Reagent Kit (Caliper Life Sciences,
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Hopkinton, MA) using a LabChip GX (PerkinElmer). RNA sam-

ples with an RNA Quality Score of.8.0 were considered to be of

sufficient quality for microarray analysis.

For CSF samples, 10 mL aliquots were centrifuged immedi-

ately after collection at 10,000g to pellet the cells, which were

immediately resuspended in RLT lysis buffer (Qiagen, Hilden,

Germany) and frozen at 270°C. RNA was extracted from the

resuspended cell pellets using the RNeasy Plus Micro Kit (Qiagen).

RNA integrity was measured using a Bioanalyzer system (RNA

6000 Pico Kit; Agilent Technologies, Santa Clara, CA). CSF

supernatant was maintained frozen.

RNA transcript analysis. RNA from peripheral blood and

CSF cell pellets was analyzed using the Affymetrix high-

throughput microarray expression profiling methodology (Thermo

Fisher Scientific Inc.).8 For blood RNA samples, automated

sample amplification and biotin labeling were performed using

the Ovation RNA Amplification System V2, Ovation Whole

Blood Reagent, and Encore Biotin Module (NuGEN Technol-

ogies, Inc., San Carlos, CA) according to the manufacturer’s

recommendations. For CSF RNA samples, total RNA (1–5 ng)

was reverse transcribed and amplified to complementary DNA

(cDNA) using the Ovation Pico WTA System V2 (NuGEN

Technologies Inc.); the cDNA samples were then treated as per

the blood RNA.

For blood and CSF samples, 2-mg biotin-labeled cDNA

probe was hybridized to Affymetrix GeneChip HT HG-

U1331 PM array plates (Thermo Fisher Scientific Inc.), using

modified conditions.8 Washing/staining was completed as per the

GeneChip Expression Analysis Technical Manual for HT Array

Plates Using the Genechip Array Station (Affymetrix; Thermo

Fisher Scientific Inc.) with modifications.8 Processed GeneChip

array plates were scanned using a GeneTitan scanner (Affymetrix;

Thermo Fisher Scientific Inc.).

Only for CSF cell pellet RNA samples, quantitative real-

time PCR (qPCR) analysis was performed using the 96.96

Dynamic Arrays for the microfluidic BioMark system (Fluid-

igm Corporation, San Francisco, CA). A custom qPCR panel

was developed to evaluate gene transcripts representative of

specific cell types, activation markers, and soluble proteins

of the adaptive and innate immune systems (table e-1, http://

links.lww.com/NXI/A22). All qPCR probe sets were designed using

Primer Express v3.0 with TaqMan (Applied Biosystems; Thermo

Fisher Scientific Inc.) minor groove binder quantification default

settings.

CXCL13 assay. The CXCL13-Imperacer assay (Chimera

Biotec GmbH, Dortmund, Germany) was developed to quantify

CXCL13 protein in human CSF. Cell-free CSF supernatants

collected at days 0 and 28 were used. Human CXCL13-binding

capture antibody (MAb801 clone 53610) was diluted in coating

buffer, immobilized onto 8-well Imperacer microplate modules,

and incubated overnight. The coated plates were then washed and

blocked with chimera direct block solution immediately before

use.

A calibration curve and samples were prepared according to the

standard protocol, including a 1:2 dilution step for both samples

and calibration curve in buffer SDB2100 for antigen stabilization

and minimization of matrix effects. The sample dilution buffer

additionally contained a 1:300 dilution of the CXCL13-specific

Imperacer antibody-DNA detection conjugate CHI-CXCL13.

Samples/calibration curve with detection conjugate were

incubated overnight at 4°C. After a final washing step, PCR

mix was applied to the wells and the sealed plate was placed into

the Imperacer reader instrument for real-time qPCR signal gen-

eration. Signals in real-time qPCR were recorded as fluorescence

increase and documented as Rn (fluorescence) and Ct (threshold

cycle) values.

Data analyses. Affymetrix microarray data analyses. Affyme-

trix scans were subject to quality control tests, including visual

inspection of the distribution of raw signal intensities and assess-

ment of RNA degradation, relative log expression, and normal-

ized unscaled standard error. CEL files that passed quality

control were normalized using the GC-content–based Robust

Multiarray Average method.9,10

Significant differentially expressed genes associated with admin-

istration of opicinumab were studied as follows. Paired participant

samples (days 0 and 28) in each dose groupwere subjected to a paired

t test. Genes that exhibited an absolute fold change .1.5, average

normalized intensity .4, and Benjamini-Hochberg corrected

p value ,0.05 were considered differentially expressed; each dose

group was analyzed independently. All calculations and analyses

were performed using R and Bioconductor computational tools.11

qPCR data analyses. For normalization, the Ct geometric

mean for the housekeeping genes GAPDH, YWHAZ, and ACTB
was calculated for each sample (see supplementary material).12,13

For each participant, the fold change in expression of each gene

transcript was calculated relative to baseline (day 0) and compared

with the placebo group using a t test.
CXCL13 data analyses. Ct values were converted to delta Ct

values by subtracting Ct from Ctmax to obtain signal values

directly proportional to the antigen concentration. Quantitative

data analysis was performed by 4-parameter sigmoidal fit (logistic

model) of a spiked calibration curve (target recombinant antigen

CXCL13 in artificial CSF), which was included in each experi-

ment (see supplementary material). Calculated concentrations are

provided as picograms per milliliter.

RESULTS LINGO-1 is not detectable in hPBMCs, rat

splenocytes, and rat CD41 T cells in vitro. To determine
whether LINGO-1 was expressed and was inducible
in hPBMCs, rat splenocytes, and rat CD41 T cells,
Western blots for LINGO-1 protein were performed
from cultured cells stimulated with anti-CD3 anti-
bodies. Unlike cultured neocortical neurons of the rat
(positive control), LINGO-1 expression was not
detectable in any of these cell types (figure 1A). In
separate experiments, hPBMCs were stimulated with
phorbol myristate-13-acetate/ionomycin, phytohe-
magglutinin, or lipopolysaccharide to assess whether
LINGO-1 might be induced via alternative signaling
pathways. Again, LINGO-1 protein was not detected in
those cells (figure e-2, http://links.lww.com/NXI/A22).

Anti-LINGO-1 (Li81) has no effect on activated T-cell

proliferation in vitro. hPBMCs were activated with
anti-CD3 antibody, and T-cell proliferation was
determined by 3H thymidine incorporation after 72
hours of incubation (figure 1B, left panel as a positive
control). Anti-LINGO-1 (Li81) did not show any
effect on anti-CD3–activated T-cell proliferation,
as evidenced by comparable uptake of 3H thymidine
in the presence of either anti-LINGO-1 or isotype
control IgG (figure 1B, right panel). Anti-LINGO-1
did not affect proliferation in the human mixed lym-
phocyte reaction (MLR) compared with the positive
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control, an anti-LFA3TIP monoclonal antibody
(1E6), which showed significant inhibition for the
MLR (figure e-3A, http://links.lww.com/NXI/A22).
Similarly, anti-LINGO-1 did not show any effect on
the proliferation of rat CD41 T cells activated with
anti-CD31/– anti-CD28 antibodies (figure 1C and
figure e-3B, http://links.lww.com/NXI/A22).

Anti-LINGO-1 (Li81) does not affect production of

cytokines by activated T cells in vitro. Anti-LINGO-1
(Li81) did not show any effect on cytokine production
in the human MLR. By contrast, in the presence of

human recombinant tumor necrosis factor a, the levels
of several cytokines increased significantly (figure 2).
Similarly, no change in cytokine production was
observed in the presence of different concentrations
of anti-LINGO-1 in anti-CD3 antibody–activated rat
CD41 T cells (figure e-4, http://links.lww.com/NXI/
A22). Similar results were observed when the assay was
conducted with rat CD41 T cells activated by anti-
CD3 plus anti-CD28 antibodies (data not shown).

Demographics of study participants. Paired blood and
CSF RNA samples from 17 (RRMS, n 5 12; SPMS,

Figure 1 Anti-LINGO-1 (Li81) has no effect on activated T-cell proliferation

(A) Western blot analysis with anti-LINGO-1 (3C11) shows that it was readily detected in neurons but not in activated human peripheral blood lymphocytes,
rat splenocytes, or rat CD41 T cells. (B and C) Stimulation with anti-CD3 antibody activated 3H thymidine incorporation into rat CD41 T cells (B, left panel)
and hPBMC (C, left panel), and in both cases, this was unaffected by the addition of anti-LINGO-1 (Li81) antibody at concentrations up to 30 mg/mL (B and C,
right panels). CPM 5 counts per minute; hPBMC 5 human peripheral blood mononuclear cell; IgG 5 immunoglobulin G; NS 5 no stimulation.
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n 5 5) and 15 (RRMS, n 5 10; SPMS, n 5 5)
participants in the MAD study, respectively, were
successfully isolated and analyzed (figure e-1 at
http://links.lww.com/NXI/A22, and table 1).3 Sam-
ples from 4 to 5 participants per dose group were
included in the blood analysis, and samples from 3 to
5 in the CSF analysis (table 1). The placebo and 3

treatment groups were well balanced with respect to
the type of MS, baseline age, sex, and Expanded
Disability Status Scale score. The majority were
middle-aged women with mild-to-moderate disabil-
ity. However, there were some differences in their
concomitant anti-inflammatory disease-modifying
treatments for MS, with more participants

Figure 2 Anti-LINGO-1 (Li81) does not affect cytokine production

Anti-LINGO-1 (Li81) does not affect cytokine production in the hPBMC, as determined by ELISA. Ab 5 antibody; hPBMC 5 human peripheral blood mono-
nuclear cell; IFN 5 interferon; IgG 5 immunoglobulin G; IL 5 interleukin; TNF 5 tumor necrosis factor.
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randomized to placebo taking glatiramer acetate,
whereas participants randomized to opicinumab were
more often treated with interferon beta.

Treatment with 2 doses of opicinumab does not alter

gene expression in the blood or CSF of participants with

MS. A paired t test was performed on the gene expres-
sion array data for each dose group across all participants
to understand how gene expression at day 28 compared
with the pretreatment day 0 samples. Results using
a Benjamini-Hochberg p value correction indicated
that there were no differentially expressed genes iden-
tified in the peripheral blood or CSF following treat-
ment with opicinumab relative to the placebo control
group (table e-2, http://links.lww.com/NXI/A22).

Further analysis of the CSF cell pellets was per-
formed using a targeted immune response qPCR
panel (table e-3, http://links.lww.com/NXI/A22).
These results indicated no statistically significant
changes in gene expression that appeared to be

opicinumab dose dependent; the larger differences
in fold change values were driven by shifts in only
a few participants (table e-3, http://links.lww.com/
NXI/A22). Elevated levels of the various RNA tran-
scripts remained largely unchanged in most partici-
pants after short-term opicinumab treatment (figure
3).

At the molecular level, differences were observed
at baseline between the group of participants random-
ized to placebo and those in the opicinumab groups.
Participants assigned to the opicinumab groups pre-
treatment had higher relative expression levels of
some key transcripts representing immune cell types
(T, B, and plasma cells), with a concomitant reduc-
tion in myeloid markers. In some cases, differences
reached statistical significance (p , 0.05; t test,
TCR-d, FOXP3, CXCR5, MX1, and G1P2; figure
3, not shown).

Treatment with opicinumab does not affect CXCL13 levels

in CSF. CSF levels of CXCL13 have been demon-
strated to reflect intrathecal inflammation.7,14 In this
study, we found that CXCL13 levels were stable in all
groups, across the 2 time points evaluated (figure 4),
regardless of opicinumab dose. As anticipated,
CXCL13 levels highly correlated with the presence
of B-cell transcripts in CSF (data not shown).

DISCUSSION In this combined preclinical and clin-
ical study, biochemical and genetic analyses indicated
that LINGO-1 expression was not detectable in
activated hPBMCs, rat splenocytes, or CD41 T cells,
and blocking LINGO-1 had no effect on in vitro
cytokine production or proliferation of hPBMCs or
rat T cells. There were no significant changes in the
peripheral blood or the CSF in participants with MS
exposed to 2 opicinumab doses up to 100 mg/kg.
These data add further support to the view that
LINGO-1 expression is limited to the CNS15,16 and
that the effects of antagonizing LINGO-1 function
even at the very high doses tested, with exposures
above EC50 lasting up to 4 months,3 do not involve
immunomodulatory activity.

LINGO-1 is a CNS-specific membrane-associated
protein expressed by neurons and oligodendrocyte
progenitor cells, which negatively regulates oligoden-
drocyte differentiation, myelination, and axonal
regeneration.17–19 Inhibition of myelination by
LINGO-1 is mediated via mechanisms involving
RhoA GTPase19 and by nerve growth factor/TrkA
receptor,20 and inhibition of oligodendrocyte differ-
entiation and maturation by blocking the ErbB2 sig-
naling pathway.21 LINGO-1 is expressed only in the
CNS,15 and there is no previous evidence that it plays
any role in immune biology. In animal models of
EAE, antagonism of LINGO-1 by gene knockout
or administration of a LINGO-1 antagonistic

Table 1 Baseline demographics and clinical characteristics

Opicinumab

Placebo30 mg/kg 60 mg/kg 100 mg/kg

Blood samples n 5 4 n 5 4 n 5 4 n 5 5

RRMS, n (%) 3 (75) 3 (75) 3 (75) 3 (60)

SPMS, n (%) 1 (25) 1 (25) 1 (25) 2 (40)

Age, y, mean (SD) 36.5 (11.6) 54.5 (5.5) 47.5 (10.1) 46.6 (8.9)

Sex, female, n (%) 4 (100) 2 (50) 2 (50) 3 (60)

Total EDSS score, mean (SD) 3.3 (1.9) 3.8 (1.2) 3.1 (1.0) 4.1 (1.8)

T1 Gd1 lesions, mean (SD) 2.8 (5.5) 0.5 (1.0) 0.5 (1.0) 0 (0)

T2 lesions, mean (SD) 95.0 (48.8) 38.3 (19.2) 22.8 (30.9) 49.2 (30.7)

T1 lesions, mean (SD) 30.8 (24.5) 5.8 (4.3) 3.5 (5.0) 13.8 (9.9)

Current MS therapy, n (%)

Glatiramer acetate 1 (25) 2 (50) 2 (50) 4 (80)

IFN beta-1a or -1b 3 (75) 1 (25) 2 (50) 0

CSF n 5 4 n 5 3 n 5 3 n 5 5

RRMS, n (%) 3 (75) 2 (67) 2 (67) 3 (60)

SPMS, n (%) 1 (25) 1 (33) 1 (33) 2 (40)

Age, y, mean (SD) 36.5 (11.6) 53.0 (5.6) 51.3 (8.1) 46.6 (8.9)

Sex, female, n (%) 4 (100) 2 (67) 2 (67) 3 (60)

Total EDSS score, mean (SD) 3.3 (1.9) 4.0 (1.3) 2.8 (1.0) 4.1 (1.8)

T1 Gd1 lesions, mean (SD) 2.8 (5.5) 0 (0) 0 (0) 0 (0)

T2 lesions, mean (SD) 95.0 (48.8) 29.7 (10.6) 7.3 (2.1) 49.2 (30.7)

T1 lesions, mean (SD) 30.8 (24.5) 4.7 (4.5) 1.0 (0.0) 13.8 (9.9)

Current MS therapy, n (%)

Glatiramer acetate 1 (25) 1 (33) 1 (33) 4 (80)

IFN beta-1a or -1b 3 (75) 1 (33) 2 (67) 0 (0)

Abbreviations: EDSS 5 Expanded Disability Status Scale; Gd1 5 gadolinium-enhancing;
IFN 5 interferon; NA 5 not applicable; RRMS 5 relapsing-remitting MS; SPMS 5 secondary
progressive MS.
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monoclonal antibody ameliorated disease symptoms
and led to remyelination.17,22 However, there was no
effect on infiltration of immune cells into the spinal
cord. Furthermore, T cells from LINGO-1 knockout
mice demonstrated normal proliferation and cytokine
production, and encephalitogenic T cells from
LINGO-1 knockout EAE animals were capable of
inducing EAE in wild-type mice, similar to T cells
from wild-type mice.17

Although the blood-brain barrier limits CNS pen-
etration of systemically administered monoclonal
antibodies such as opicinumab,6 the restricted

expression of LINGO-1 within the CNS allows for
safe administration of high systemic doses of opicinu-
mab such that potentially efficacious concentrations
in the CNS may be achieved.3 In preclinical studies,
the CSF concentration of anti-LINGO-1 associated
with EC50 and EC90 was determined to be 30 ng/mL
and 100 ng/mL, respectively, corresponding to
the serum levels of 30 mg/mL (3 mg/kg) and 100
mg/mL (10 mg/kg), assuming 0.1% blood-brain bar-
rier penetration.6 In humans, doses of 3 mg/kg resulted
in mean serum concentrations .EC50, and 10 mg/kg
opicinumab achieved EC90. Furthermore, the

Figure 3 Gene expression in CSF cell pellets

Gene expression in CSF cell pellets reflecting (A.a–A.b) T cells, (B) B cells, (C.a–C.e) plasma cells, (D.a–D.b) myeloid cells, (E) T-cell activation, and (F) type I IFN
response before and after opicinumab or placebo treatment. Each line connects the 2 time points of an individual patient. Patients from the 30-, 60-, and
100-mg/kg groups have been combined. Healthy range (shaded area) was determined by the minimum and maximum values of 5 healthy control patients
evaluated. Ig 5 immunoglobulin; TCRa 5 T-cell receptor alpha.
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CSF/serum ratio (0.1%) is similar to that reported for
other IgG monoclonal antibody therapies. The doses
used in the clinical studies were $30 mg/kg and
should therefore have been high enough to stimulate
an immune effect if one does exist.3,6

There are some limitations to this study because
the sample size in the phase 1 clinical trial was small.
In the absence of an exhaustive analysis of every type
of immune cell, we cannot exclude the possibility of
effects in cell types or under conditions that were
not tested. Nevertheless, given the extent of interac-
tions of immune cells, it would have been reasonable
to expect any such effect to exert indirect effects in the
experiments that were performed. In addition, the
lack of safety signals (other than hypersensitivity reac-
tions) in the phase 13 and 2a (RENEW)2 studies
support a lack of any detectible immunomodulatory
effects of opicinumab. Furthermore, the statistical
analyses performed on the gene expression data help
to protect the scientific and statistical rigor of the
experiments and should increase confidence in the
negative claim. Another limitation is that only 2 doses
of opicinumab were administered. Future studies
need to confirm that no changes are observed with
a longer treatment duration.

Baseline differences in expression levels of key
transcripts between participants in the clinical study
were observed and expected owing to variability in
MS and the small size of the cohorts randomized at
each dose level in the MAD study.3 At baseline,

opicinumab-treated participants had higher relative
expression levels of IFN-response genes as well as
transcripts for T, B, and plasma cell markers, with
a concomitant reduction in myeloid markers. Levels
of the various markers tended to remain stable after
dosing. Differences in gene expression observed at
baseline may be a result of difference in concomitant
medications or disease heterogeneity. In fact, elevated
basal expression of the interferon-inducible tran-
scripts MX1 and G1P2 in the opicinumab-treated
patients likely reflects the use of interferons in the
treated but not in the placebo participants. The study
protocol did not differentiate background MS treat-
ments across classes (interferons vs glatiramer acetate;
in the MAD study, natalizumab and fingolimod were
excluded per protocol).

Evidence of CNS remyelination was provided by
the recently published RENEW study that investi-
gated the efficacy and safety of 100 mg/kg opicinu-
mab in participants experiencing a first acute optic
neuritis episode vs placebo; opicinumab-treated par-
ticipants showed improved latency recovery (mea-
sured by full-field visual evoked potential),
indicative of remyelination.2 Furthermore, the effi-
cacy/safety of opicinumab (4 doses and placebo,
administered concurrently with interferon beta-1a)
was evaluated in a recently completed phase 2b trial
in active relapsing MS (SYNERGY, ClinicalTrials.
gov identifier NCT01864148).23 In SYNERGY, opi-
cinumab missed the primary end point, a linear trend

Figure 4 Opicinumab does not affect the level of CXCL13 in CSF

Opicinumab does not affect the level of CXCL13 protein in CSF as measured by the CXCL13-Imperacer assay. aCorresponding day 0 (before dose) sample
above the limit of quantification. bCorresponding day 0 sample not done. cDay 0 sample below the limit of quantification.
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test on a multicomponent measure of improvement
in physical function, cognitive function, and disabil-
ity. Instead, an inverted U-shaped dose-response was
seen, suggesting a lack of effect with the lowest/high-
est opicinumab doses and a potential clinical effect
with doses in between.24

Taken together, these novel, combined preclinical
and clinical data sets lend further support to the view
that LINGO-1 antagonism exerts activity via remyeli-
nation and/or neuroaxonal protection rather than
immune modulation.19,20 Further analysis of SYN-
ERGY and future clinical data will provide additional
evidence on the current assumption, supported by this
new data set, that there is little if any potential for any
direct interaction of LINGO-1 blockade with immune
system function peripherally or intrathecally.
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Safety and preliminary efficacy of deep
transcranial magnetic stimulation in
MS-related fatigue

ABSTRACT

Objective: To conduct a randomized, sham-controlled phase I/IIa study to evaluate the safety and
preliminary efficacy of deep brain H-coil repetitive transcranial magnetic stimulation (rTMS) over
the prefrontal cortex (PFC) and the primary motor cortex (MC) in patients with MS with fatigue or
depression (NCT01106365).

Methods: Thirty-three patients with MSwere recruited to undergo 18 consecutive rTMS sessions
over 6 weeks, followed by follow-up (FU) assessments over 6weeks. Patients were randomized to
receive high-frequency stimulation of the left PFC, MC, or sham stimulation. Primary end point
was the safety of stimulation. Preliminary efficacy was assessed based on changes in Fatigue
Severity Scale (FSS) and Beck Depression Inventory scores. Randomization allowed only analysis
of preliminary efficacy for fatigue.

Results: No serious adverse events were observed. Five patients terminated participation during
treatment due to mild side effects. Treatment resulted in a significant median FSS decrease of
1.0 point (95%CI [0.45,1.65]), which was sustained during FU.

Conclusions: H-coil rTMS is safe and well tolerated in patients with MS. The observed sustained
reduction in fatigue after subthreshold MC stimulation warrants further investigation.

ClinicalTrials.gov identifier: NCT01106365.

Classification of evidence: This study provides Class III evidence that rTMS of the prefrontal or pri-
mary MC is not associated with serious adverse effects, although this study is underpowered to
state this with any precision. Neurol Neuroimmunol Neuroinflamm 2018;5:e423; doi: 10.1212/

NXI.0000000000000423

GLOSSARY
ANOVA 5 analysis of variance; BDI-IA 5 Beck Depression Inventory IA; BL 5 baseline; EDSS 5 Expanded Disability
Status Scale; FSMC 5 Fatigue Scale for Motor and Cognitive Functions; FSS 5 Fatigue Severity Scale; 9-HPT 5 9 Hole
Peg Test; IQR5 interquartile range;MC5motor cortex;MDD5major depressive disorder;MFIS5Modified Fatigue Impact
Scale; MSFC 5 multiple sclerosis functional composite; PASAT 5 Paced Auditory Serial Addition Test; PFC 5 prefrontal
cortex; RMT 5 resting motor threshold; rTMS 5 repetitive transcranial magnetic stimulation; SAE 5 serious adverse event;
T25FW 5 timed 25-ft walk.

MS is the most common autoimmune inflammatory and neurodegenerative disease of the
CNS.1 Fatigue is one of the most frequent symptoms experienced in MS, affecting up to
90% of patients.2 Although MS fatigue contributes to poor health-related quality of life3 and
is a major factor in disease-related unemployment,4 its etiology has not yet been fully elucidated,
and efficacious treatment options are scarce. Neuroimaging studies suggest that structural and
functional connectivity alterations, particularly to interconnections between the basal ganglia
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and the prefrontal cortex (PFC), the posterior
cingulate cortex and cortical motor areas, may
contribute to fatigue in MS.5–9

A potential treatment of functional connec-
tivity impairment is noninvasive neuromodu-
lation by means of repetitive transcranial
magnetic stimulation (rTMS). High-
frequency rTMS of the left PFC has been
demonstrated as safe and efficacious in major
depressive disorder (MDD).10 Moreover,
5-Hz rTMS applied to the primary motor cor-
tex (MC) improved lower limb spasticity11 and
bladder dysfunction12 in patients with MS.

rTMS using H-coils, a technology devel-
oped several years later, allows brain stimula-
tion 3 times deeper than that of standard
figure-of-eight coils at the expense of focal-
ity.13,14 It has also been widely proven as safe
and well tolerated, including in a study of
healthy volunteers15 and, in the form of
high-frequency stimulation of the left PFC,
as effective and safe treatment of MDD.16–18

PFC and MC stimulation directly targets cir-
cuits for which alterations in fatigue were re-
ported,5–9 and PFC stimulation is supported
by the high overlap between fatigue and
depressive symptoms.19 MC stimulation, on
the other hand, may also lead to an additional
improvement of fatigue via reduction of
spasticity.11

Against this background, we conducted
a randomized, sham-controlled phase I/IIa
pilot study to evaluate the safety, tolerability,
and preliminary efficacy of deep brain H-coil
rTMS over the left PFC and MC as treatment
of fatigue and depression in MS.

METHODS Study design and participants. The study was
designed as a prospective, randomized, semi-blinded, sham-con-

trolled phase I/IIa pilot study involving 2MS centers (NeuroCure

Clinical Research Center, Charité–Universitätsmedizin Berlin,

Germany, and the Institute of Neuroimmunology and Multiple

Sclerosis research at the University Hospital Hamburg Eppen-

dorf, Hamburg, Germany). Primary end point in this study was

safety of rTMS stimulation in patients withMS. The study design

and workflow are presented in figure 1. Patients underwent an

initial screening/baseline (BL) visit 4 weeks before intervention,

from which all BL characteristics were derived and a second

scheduling visit to confirm study inclusion or exclusion and to

schedule an appointment for commencement of the intervention

2 weeks later. Patients were then randomized into 3 groups on the

day of treatment initiation, followed by 6 weeks of intervention.

After the treatment phase, patients were followed up every

2 weeks over 6 weeks (follow-ups: FU1, 2, and 3). Recruitment

period was from May 2010 to March 2011. This pilot trial was

performed without sample size calculation; randomization of 33

patients was planned. Recruitment was stopped regularly after

randomizing 33 patients. The study provides Class III evidence.

Inclusion criteria were diagnosis of MS according to the 2005

revised McDonald criteria,20 either a score of $4 on the Fatigue

Severity Scale (FSS)21 or a score of $12 on the Beck Depression

Inventory IA (BDI-IA),22 age (18–65 years), relapse-free for at

least 3 months, and free of steroid treatment within 30 days prior

to inclusion, Expanded Disability Status Scale (EDSS) between

0.0 and 6.0, stable immunotherapy or antidepressant therapy for

at least 3 months if applicable, and highly effective methods of

contraception for females. Exclusion criteria were history of seiz-

ures (personal or family), history of stroke, head injury, metal

fragments in the head, implanted devices such as cardiac pace-

makers, cochlear implants, medical pumps, alcohol or drug abuse,

pregnancy, comedication with neuroleptics or tricyclic antide-

pressants, increased intracranial pressure, bipolar affective disor-

der, significant neurologic, psychiatric, cardiovascular, hepatic,

renal, gastrointestinal, metabolic, or other systemic

comorbidities.

Abortion criteria were personal wish of the participant, any

relapse, exacerbation of depressive symptoms including suicidality

and suicide attempt, comedication with tricyclic antidepressant,

pregnancy, safety concerns, noncompliance, loss to FU, and miss-

ing more than 3 treatment sessions.

Standard protocol approvals, registrations, and patient
consents. The study was registered at clinicaltrials.gov as

NCT01106365 and was approved by the local ethics committees

of the Charité–Universitätsmedizin Berlin and by the Hamburg

Board of Physicians. It was conducted in accordance with the

Declaration of Helsinki and the guidelines of the International

Conference on Harmonisation of Good Clinical Practice. All

participants provided written informed consent.

Randomization and masking. Patients were randomized in

a 1:1:1 ratio to receive H6 coil rTMS over the left prefrontal

cortex (“PFC” group), sham rTMS over the same area (“PFC

sham” group), or H10 coil rTMS over the primary motor cortex

bilaterally (“MC” group). For randomization, Brainsway Ltd.

created individual treatment cards, which guaranteed blinding.18

Patients were enrolled in each center and assigned to groups using

the treatment cards by independent operators. The PFC sham

condition induced superficial magnetic sensations comparable to

the 2 therapeutic stimulation conditions, preventing patients from

distinguishing sham treatment by sensation or hearing. For PFC

and PFC sham conditions, both patients and operators were

blinded (double-blinded condition). For theMC stimulation, a dif-

ferent coil without extra sham function was used, thus operator

blinding was not possible. Thus, TMS operators were aware of the

MC stimulation condition, whereas the patients as well as inter-

viewing and examining neurologists were not (single blinded).

Diagnostic procedures. During treatment and follow-up,

a trained neurologist, who was masked to treatment allocation,

conducted a weekly and biweekly clinical interview and physical

examination, respectively, of each patient to assess safety and

tolerability. Moreover, patients were advised to contact the study

centers by phone or present to emergency services in case of severe

adverse events. We a priori defined any seizure or MS relapse as

serious adverse events (SAEs). Second, reports of the previous

week’s symptoms were assessed to calculate the FSS21 and the

BDI-IA22 questionnaire as indicator of preliminary clinical effi-

cacy. Patients with an FSS score of $4 were classified as

fatigued.21,23 Patients with a BDI score of $12 were classified as

depressed.22
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In addition, the EDSS24 and the multiple sclerosis functional

composite (MSFC), including the timed 25-ft walk (T25FW)

test, the 9-Hole Peg Test (9-HPT), and the Paced Auditory Serial

Addition Test (PASAT), were assessed at screening and in the

final FU visit.25 MSFC Z-scores were calculated from T25FW,

9-HPT, and PASAT results with reference to the screening exam-

ination including all patients.25

Transcranial magnetic stimulation. rTMS was performed by

3 operators using H-coils (Brainsway Ltd., Jerusalem, Israel)

connected to a Magstim Rapid2 stimulator (Magstim, Spring

Gardens, United Kingdom). Each participant received 3 rTMS

sessions per week over a period of 6 weeks (total of 18 treatments)

followed by a 6-week FU period comprising biweekly clinical

assessments and questionnaires.

Figure 1 Patient flow diagram

Patient flow in this interventional study. The column on the left side lists the week relative to the first day of intervention. The second column lists the diag-
nostic parameters assessed at the visits. The column on the right side depicts the patient flow including randomization in the 3 treatment groups. BDI-IA 5

Beck Depression Inventory IA; EDSS 5 Expanded Disability Status Scale; FSS 5 Fatigue Severity Scale; MC 5 motor cortex; MSFC 5 Multiple Sclerosis
Functional Composite; PFC 5 prefrontal cortex; rTMS 5 repetitive transcranial magnetic stimulation.
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Bilateral MC stimulation in the “MC” group was performed with

the H10 coil, designed for the activation of hand or leg MC. We

applied 40 trains of bihemispherical stimulation of the MC, with

bursts of 20 stimuli with an intertrain interval of 20 seconds at a fre-

quency of 5 Hz (intensity of 90% resting motor threshold [RMT])

with a total number of 800 stimuli and a total duration of 16 minutes,

positioning the center of the coil mid-sagittally over the primary MC.

Real left PFC stimulation in the “PFC” group was performed

with the left H6 coil, designed for the activation of superficial and

deep left PFC structures. To determine the individual RMT, the

coil center was positioned over the motor hand area, and contra-

lateral motor responses of the first dorsal interosseous muscle were

recorded. Individual RMT was defined as the minimum intensity

that evoked a potential of 50 mV in 5 of 10 consecutive stimuli

according to current international recommendations.26 The coil

was positioned 5 cm anteriorly to the left motor hot spot, parallel

to the sagittal suture of the skull in order to provide stimulation of

the left PFC region. We applied a total of 50 trains (intensity of

120% of RMT) in each session, with a duration of 2 seconds at

a frequency of 18 Hz repeating at 20-second intervals (total num-

ber of stimuli per session: 1,800; duration: 18 minutes).

The H6 coil but not the H10 coil included a sham function.

Superficial skin stimulation with a sham function, which led to

a comparable sound and sensation like real TMS, was ensured,

but not stimulation of the brain. For sham stimulation, the coil

was placed identically to the real PFC stimulation condition. Fifty

trains of superficial stimulation of the skin were applied at the

same frequency (18 Hz) and duration (2 seconds) at 20-second

intervals, as in the PFC stimulation paradigm (total number of

stimuli per session: 1,800; duration: 18 minutes).

Statistical analysis. Results are reported as frequencies and per-
centages, median, and interquartile range (IQR), depending on

the scale of the data. Baseline differences between PFC, PFC

sham, and MC groups including all patients completing the trial

were analyzed with nonparametric Kruskal-Wallis tests for ordi-

nal and continuous data and with Fisher-Freeman-Halton exact

tests for categorical data (table 1).

Clinical outcomes were FSS, BDI-IA, EDSS, and MSFC data

assessed at BL, FU1, and FU3 visits (for FSS and BDI-IA) or

FU3 (for EDSS and MSFC). FU1 FSS scores were not collected

for 3 PFC, 1 MC-, and 1 PFC sham–stimulated patients, and

BDI data for 2 PFC, 1 MC-, and 1 PFC sham–stimulated patients.

Here, data from the next FU visit were used. For 1 PFC- and 1MC-

stimulated patient, the third FU score had to be used. Patients whose

FU1 data were replaced with FU3 data were excluded in the pre-

liminary sustainability analysis, comparing the first and last FU data.

We analyzed preliminary clinical efficacy and sustainability in an

exploratory analysis using nonparametric (rank based) analysis of

variance (ANOVA)-like computation of longitudinal data in facto-

rial settings (R-package “nparLD”). The Wilcoxon signed-rank test

was used for pairwise post hoc analysis of changes over time within

each treatment group. The analysis of potential effects on fatigue

included only those patients who were classified as fatigued (FSS

$4.0) at BL. Distribution of patients classified as depressed (BDI-IA

.12.0) was uneven between the groups (table 1). We, therefore,

abstained from further analyzing effects on depressive symptoms. To

account for potential differences in fatigue and depression at BL

between groups as potential confounders, we additionally performed

a nonparametric (rank-based) ANOVA-like analysis for FSS score at

FU1 visit, with adjustment for FSS and BDI values at BL.

Table 1 Cohort overview at baseline

PFC PFC Sham MC p Valuea

Condition Treatment Sham Treatment

Patients n 9 10 9

Disease course RRMS/SPMS 8/1 9/1 9/0 1.000

Sex M/F 3/7 2/7 1/8 0.845

Age, y Median (IQR) 47 (32 to 51) 41 (39 to 45) 46 (42 to 48) 0.323

Time since diagnosis, mo Median (IQR) 46 (37 to 110) 67 (38 to 224) 187 (91 to 258) 0.048

EDSS Median (IQR) 2.5 (2.0 to 3.0) 3.0 (2.5 to 3.0) 2.5 (2.5 to 3.5) 0.719

T25FW, s Median (IQR) 7.2 (6.1 to 9.5) 9.6 (6.5 to 11.7) 8.1 (6.3 to 8.7) 0.365

9-HPT dom., s Median (IQR) 20.0 (18.7 to 21.0) 19.4 (17.5 to 23.6) 18.9 (18.5 to 21.1) 0.916

9-HPT ndom., s Median (IQR) 20.0 (19.5 to 22.7) 20.3 (18.5 to 22.8) 20.9 (19.3 to 21.9) 0.864

PASAT, /60 Median (IQR) 56 (53 to 59) 45 (40 to 48) 51 (44 to 53) 0.102

MSFC-Z Median (IQR) 0.5 (0.2 to 1.0) 20.1 (20.6 to 0.0) 0.0 (20.1 to 0.4) 0.131

BDI-IA Median (IQR) 22.0 (19.0 to 26.0) 14.0 (13.0 to 21.0) 12.0 (9.0 to 13.0) 0.002

BDI-IA >12 Yes/no 9/0 8/2 4/5 0.023

Antidepressant Tx Yes/no 5/4 5/5 1/8 0.119

FSS Median (IQR) 6.2 (5.3 to 6.3) 6.0 (4.6 to 6.1) 6.0 (5.6 to 6.4) 0.501

FSS ‡4.0 Yes/no 9/0 9/1 9/0 1.000

Abbreviations: 9-HPT 5 9-hole peg test of the dominant hand; 9-HPT ndom. 5 9-Hole Peg Test of the nondominant hand;
BDI-IA 5 Beck Depression Inventory IA; EDSS 5 Expanded Disability Status Scale; FSS 5 Fatigue Severity Scale; IQR 5

interquartile range (25th and 75th percentiles); MC 5 motor cortex MSFC 5 multiple sclerosis functional composite;
PASAT5 paced auditory serial additions test; PFC5 prefrontal cortex; RRMS5 relapsing-remitting MS; rTMS5 repetitive
transcranial magnetic stimulation; SPMS 5 secondary progressive MS; T25FW 5 Timed 25-ft walk.
a For categorical data derived from Fisher exact tests with Freeman-Halton extension, all other data from Kruskal-Wallis
tests. Significant p values are printed in bold.
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Statistical analyses were performed using IBM SPSS Statistics

software version 23 (IBM Corp., Armonk, NY), SAS 9.4 software

(SAS Institute Software GmbH, Vienna, Austria), and R software

version 3.2.4.27 All tests were 2 sided, and statistical significance

was determined at an a level of 0.05. Exploratory analyses had no

previous sample size calculation, and no adjustment for multiple

comparisons was applied.

RESULTS Patients. Thirty-seven patients with MS
were assessed for eligibility. Four patients did not
meet the inclusion criteria (figure 1). Of the remain-
ing 33 patients, 5 dropped out before completion.
Twenty-eight patients completed the treatment and
FU phases. Detailed BL demographic and clinical
data are presented in table 1. Eleven patients were on
stable antidepressant therapy (5 citalopram, 2 fluox-
etine, 2 venlafaxine, 1 sertraline, and 1 St. John wort
[Hypericum perforatum]). Two patients in the MC
group received symptomatic treatment with mod-
afinil. Baseline data were similar across groups for
disease course, age, sex, EDSS, and MSFC (table 1).

Safety and tolerability. No SAE were observed in any
group; however, known trigeminal neuralgia intensi-
fied in 1 PFC sham patient. Twenty-five of 28 pa-
tients reported at least 1 adverse event during the
entire treatment period, while 1 sham patient and 2
patients with MC did not (table 2). The adverse event

frequency of each group was too low to allow for
comparative analysis (table 2), and all patients fully
recovered from AEs within a few days.

All 5 premature dropouts occurred during the
treatment phase: 1 due to intensification of known
trigeminal neuralgia, 3 (1 from each treatment group)
due to scalp discomfort or headache during treatment
(and, in 1 case, due to time constraints after the initial
four treatments), and, last, 1 patient because of claus-
trophobia experienced under the stimulation device.

Exploratory clinical efficacy.Twenty-seven of 28 patients
(96.4%) were classified as fatigued at BL with an FSS
score of 4.0 or more (9 patients per group, table 1), of
which 7 (7/27 5 25.9%) were nonfatigued at the final
FU (3 sham-, 1 PFC-, and 3 MC-stimulated patients).
The single nonfatigued patient at BL (FSS 5 2.8) was
subsequently assessed as fatigued (FSS5 5.7) after PFC
sham stimulation (see also figure e-1, http://links.lww.
com/NXI/A2 for individual data curves). There was no
significant FSS difference at BL between the treatment
groups (table 1).

All patients with fatigue at BL showed significant
improvement after treatment (FU1, figure 2). Calcu-
lated at the group level, the median FSS score
decreased by 1.0 points (BL vs FU1, 95% CI 0.45–
1.65; time effect: df 5 1.0, p , 0.001). This
improvement was most evident in the MC group
(1.74 points, 95% CI 0.41–2.95) compared with
the PFC sham group (0.77 points, 95% CI 0.10–
2.30) and the PFC group (0.35, 95% CI 20.35 to
1.70). However, FSS scores did not differ between
treatment groups at BL or FU (FU1) (median FSS
scores at FU1 [IQR] 6.3 [4.7–6.7] PFC group; 5.2
[3.9–5.6] PFC sham group; 4.4 [3.8–4.7] MC stim-
ulation; nonparametric ANOVA-like analysis of BL
vs FU1 group effect: df 5 1.8, p 5 0.279). In addi-
tion, FSS scores were still significantly lower 4 weeks
later, at FU3 compared with BL (median decrease of
the FSS score of 1.1 points, 95% CI 0.55–1.68; time
effect: df 5 1.0, p , 0.001, group effect: df 5 1.9,
p 5 0.260), with the MC group (1.78 points, 95%
CI 0.85–2.75) continuing to show more improve-
ment compared with the PFC group (0.75, 95%
CI 20.20 to 1.94) and PFC sham (0.41 points,
95% CI 20.35 to 1.8) group (interaction group 3

time df 5 2.0, p 5 0.037). Indeed, the fatigue score
did not change significantly between FU1 and FU3
over all groups (median difference ,0.01 points,
95% CI 20.40 to 0.35), and there were no signifi-
cant differences in the changes over time between
groups (group 3 time, df 5 1.9, p 5 0.073; figure
2). EDSS and MSFC showed no significant change
over time or between groups (data not shown). We
obtained a significant impact of treatment group on
FSS scores at FU1 (p 5 0.001) and also a significant

Table 2 Adverse events

Reported events

Total PFC
PFC
Sham MC

n % n % n % n %

Increased headache during treatment 3 11 2 22 1 10 0 0

Headache on the day of treatment

Mild 2 7 1 11 0 0 1 11

Middle 10 36 4 44 5 50 1 11

Intense 1 4 1 11 0 0 0 0

Headache on following days

Mild 3 11 2 22 1 10 0 0

Middle 1 4 1 11 0 0 0 0

Intense 1 4 1 11 0 0 0 0

Paresthesia or pain of lower limb 10 36 4 44 3 30 3 33

Paresthesia of upper limb 6 21 1 11 3 30 2 22

Increased bladder spasticity 1 4 1 11 0 0 0 0

Unspecific facial pain 4 14 0 0 3 30 1 11

Restless legs/spasticity over night 3 11 2 22 0 0 1 11

Gait disturbance 2 7 0 0 1 10 1 11

Dizziness 1 4 0 0 1 10 0 0

Tiredness on the day following treatment 2 7 0 0 0 0 2 22

Dorsal pain 1 4 0 0 1 10 0 0

Unspecific feeling of discomfort 2 7 1 11 1 10 0 0

Abbreviations: MC 5 motor cortex; PFC 5 prefrontal cortex.
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impact of FSS at BL (p 5 0.015), but not of BDI at
BL (p 5 0.848) in nonparametric (rank-based)
ANOVA-like analysis, confirming our findings with-
out these covariates.

DISCUSSION This randomized, sham-controlled
phase I/IIa study applied stimulation of deeper
brain regions by means of interventional H-coil
rTMS to patients with MS. We found that rTMS is
safe in MS, and preliminary efficacy data further
support investigating rTMS for symptomatic treat-
ment of fatigue in MS. Approximately one-third of
patients suffered from mild-to-moderate headache,
which was the most frequently experienced adverse
event, all of which were fully resolved within several
days. The adverse events were distributed equally
across treatment groups. In line with other clinical
studies using rTMS, transient headache and scalp
discomfort were the most frequently reported side
effects.28 Fifteen percent of patients discontinued
before completion of the study, with the majority (3
of 5 patients) reporting scalp discomfort and head-
ache as reasons. These data are instructive for the
design of future trials, particularly for the calculation
of sample size and obtaining the consent of study
participants.

Our exploratory analysis showed that rTMS sig-
nificantly reduced fatigue in our cohort of 27 pa-
tients. This effect was most pronounced in the MC
stimulation group, with a median decrease of 1.74
points in the FSS score directly after treatment com-
pared with BL, which should be considered clinically
meaningful.29 While the results are promising, they
have to be interpreted with caution, given the small

sample size and the exploratory nature of the study
and of the efficacy analysis.

H-coil enables nonfocal stimulation of deeper neu-
ronal structures as compared to standard figure-of-eight
coils.13,14 This may be an advantage when the therapeu-
tic approach aims at targeting larger brain regions that
are presumably involved in the pathophysiology of
MDD (e.g., the lateral PFC, including the broader
dorsolateral and ventrolateral PFC areas and their pro-
jections into subcortical networks18). Recent concepts
propose that fatigue in MS is a network disorder asso-
ciated with impaired functional connectivity. These
connectivity alterations are thought to result from focal
or diffuse tissue damage, with altered microstructural
integrity of white matter tracts and gray matter.8,30,31

Disease-related disruption of interconnections between
critical anatomical regions, such as the basal ganglia
with the PFC, the posterior cingulate cortex, or cortical
motor areas, may result in profoundly altered striato-
cortical connectivity. This, in turn, may impair motor
(e.g., planning and execution of movements) and non-
motor (e.g., motivation and reward processing) func-
tions, thus contributing to the pathophysiology of
fatigue in MS.8,31 The network theory of MS fatigue
is supported by numerous structural and functional
neuroimaging studies and electrophysiologic investiga-
tions.8,32,33 As these regions are within the reach of the
H-coil, it is conceivable that deep TMS may at least in
part and temporarily normalize the impaired functional
connectivity and thus improve fatigue—similar to
mechanisms thought to be involved in the reduction
of depressive symptoms in MDD following rTMS.18

Although we found improvement in fatigue in both
verum stimulation conditions, the decrease in fatigue
severity was more pronounced following bilateral
MC stimulation. Given the broad coverage of the
H-coil, the MC stimulation paradigm may possibly
have influenced the activity of additional brain regions
beyond motor areas. However, by generating a facilita-
tory input on primary motor and supplementary MC
areas, as has been previously demonstrated for rTMS
at 5 Hz,11 our stimulation paradigm may have amelio-
rated impaired recruitment patterns of supplementary
motor areas, which are associated with fatigue.9

In contrast to previous studies, acute rTMS treat-
ment in our study was not followed by a maintenance
protocol.18 Despite this, FSS did not return to BL
levels during the entire 6-week FU phase, which is
in line with reported sustained long-term effects for
approximately 5 months in patients with MDD in an
open label study.34 The sustained effect without the
maintenance protocol suggests that clinical rTMS
protocols for MS fatigue could involve fewer stimu-
lation sessions18 following an initial induction phase,
thereby reducing patients’ burden of frequent visits to
the clinic.

Figure 2 Changes in fatigue under treatment

FSS changes during the study using standard boxplots. Treatment group “PFC” is shown in
purple, treatment group “MC” in green, and sham group “PFC sham” in gray. Post-treatment
visits are termed “follow-up” (plus follow-up visit number). The yellow line indicates FSS
cutoff between fatigued (FSS $ 4) and nonfatigued values. FSS 5 Fatigue Severity Scale;
MC 5 motor cortex; PFC 5 prefrontal cortex.

6 Neurology: Neuroimmunology & Neuroinflammation



This study prioritized the assessment of safety and
tolerability as a primary end point at the expense of
investigating preliminary efficacy. Thus, all data on
the effects of rTMS on MS-associated fatigue are pre-
liminary and should be interpreted with caution. Pla-
cebo effects of rTMS may also lead to a relevant
reduction of symptoms as observed in previous rTMS
studies.35 Furthermore, as our sham condition used
the stimulation parameters of active PFC rTMS, but
not MC, potential sensory side effects of sham (for
example, alertness caused by auditory stimuli such as
the frequency of the clicking sound) were controlled
for PFC, but not for MC. To confirm our data, fur-
ther studies should use stimulation parameters adap-
ted to sham control for MC stimulation.

Fatigue can affect cognitive and motor aspects dif-
ferently, which lead to the conceptualization of cogni-
tive fatigue and motor fatigue as potentially
independent constructs. Thus, some instruments,
e.g., the Modified Fatigue Impact Scale (MFIS) dif-
ferentiates motor, cognitive, and psychosocial fatigue
in its subscales.36 The FSS scale used in our study
does not differentiate between cognitive and motor
aspects, but treats fatigue as its own entity, which can
affect both motor and cognitive tasks.21 Although
cognitive aspects are explicitly covered only in 1 ques-
tion in the FSS, the total FSS score appropriately
correlates with both cognitive and motor fatigue sub-
scales of the MFIS, which is why the results of our
study should be applicable for both motor and
cognitive aspects of fatigue.37 Nonetheless, it will be
very interesting to apply an instrument like the
Fatigue Scale for Motor and Cognitive functions,
which is more appropriate to dissect cognitive and
motor fatigue, in a future Phase IIb or III study.38

Finally, the study design included depression as as-
sessed by the BDI-IA as further exploratory end
point. However, after enrollment completion, the dis-
tribution of patients classified as depressed was
uneven between the groups, which is why we ab-
stained from further analyzing effects on depressive
symptoms in this study.

In light of the safety and tolerability of rTMS
treatment in MS-associated fatigue, our study
strongly suggests further investigating its potential
therapeutic efficacy and the underlying mechanisms.
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Disease activity following
pregnancy-related discontinuation of
natalizumab in MS

ABSTRACT

Objective: To investigate disease activity and disability progression following pregnancy-related
discontinuation of natalizumab (NTZ) in patients with relapsing-remitting MS.

Methods: A retrospective cohort study of clinical and radiologic data in patients who discontinued
NTZ for pregnancy-related reasons.

Results: Twenty-two pregnancy-related NTZ discontinuations in 17 patients were evaluated. The
median time to conception was 3.4 months. Relapses were more frequent in patients in whom
conception did not occur within 6 months (p5 0.022). Confirmed disability progression occurred
in 27.3% and was associated with time to conception (p , 0.001).

Conclusions: Early conception after NTZ discontinuation is associated with a reduced risk of dis-
ease activity and disability progression. Continuation of NTZ treatment until confirmed pregnancy
should be considered in patients with previously active MS. However, the advantages of continu-
ing the drug until pregnancy should be balanced against the uncertainties in postnatal outcomes.
Neurol Neuroimmunol Neuroinflamm 2018;5:e424; doi: 10.1212/NXI.0000000000000424

GLOSSARY
ARR 5 annualized relapse rate; DMT 5 disease-modifying treatment; EDSS 5 Expanded Disability Status Scale; NTZ 5
natalizumab; RRMS 5 relapsing-remitting MS.

The humanized monoclonal a-4 integrin antibody natalizumab (NTZ) (Biogen Inc., Cam-
bridge, MA) effectively reduces relapse rate and disability progression in patients with relapsing-
remitting MS (RRMS).1,2 Patients starting NTZ are likely to consider a future pregnancy
because a substantial part of the patients with RRMS is women and in their childbearing years.

NTZ exposure has not been associated with a higher incidence of spontaneous abortions or
large birth defects in humans, although animal studies have reported some fetal effects.3–6

However, data obtained in humans are limited by small sample sizes. Current guidelines advise
women of childbearing age to use contraception and to discontinue NTZ in case of accidental
pregnancy. Usually, the advice regarding family planning is to plan a washout of NTZ before
conception. Unfortunately, NTZ discontinuation is associated with, potentially severe, recur-
rence of disease activity.7–10

Pregnancy is considered to be a protective condition in RRMS.11 However, because prior case
series have reported both limited and severe disease activity in patients who discontinue NTZ
because of pregnancy,12–14 it remains unclear whether disease recurrence is reduced if NTZ
discontinuation is followed by a pregnancy. Because low NTZ serum concentrations have been
linked to decreased drug efficacy, NTZ concentrations may play a role in (the timing of) disease
recurrence after NTZ discontinuation.15
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The aim of this study was to investigate MS
disease activity and disability progression in
pregnancy-related NTZ discontinuations in
relation to time to conception and NTZ
concentrations.

METHODS Patient selection. In 2006, an observational

cohort study was initiated at the VU University Medical Center

in Amsterdam to monitor different aspects of NTZ treatment.

A total of 210 patients with RRMS starting NTZ have been

included in this cohort and are regularly subdued to clinical test-

ing (Expanded Disability Status Scale [EDSS]16) and annual brain

MRIs. All patients of this cohort who discontinued NTZ because

of (1) an accidental pregnancy while using NTZ or (2) a wish to

get pregnant were included. Periods of NTZ discontinuation that

ended in spontaneous abortions or no conception were also

included, provided that pregnancy or the intention to become

pregnant was the explicit reason to stop treatment. For patients

who discontinued NTZ more than once because of pregnancy-

related reasons, each period of pregnancy-related NTZ discon-

tinuation is separately evaluated. Throughout the article, periods

of pregnancy-related discontinuations will be referred to as cases.

Time to conception is calculated from the date of last NTZ

infusion to conception in months.

Protocol approvals and patient consent. A waiver (reference

2016.579) was obtained from our local institutional review board

stating that the requirements of the Medical Research Involving

Human Subjects Act did not apply and that official institutional

review board approval was not mandatory for the retrospective

use of these data. Written informed consent was obtained from

all participants for the use of the clinical, laboratory, and imaging

data (including pregnancy outcomes) for research and teaching

purposes.

Disease activity. The 2013 criteria of Lublin et al.17 were used

to define “disease activity.” According to these criteria, when

referring to disease activity, the patient experiences a clinical

relapse and/or the occurrence of contrast-enhancing T1 hyper-

intense and/or new or unequivocally enlarging T2 hyperintense

lesions (active T2 lesions) on brain MRI.

Patient files of included patients were checked for relapses

during the period of NTZ discontinuation and in the preceding

year. A relapse was defined as a period of new neurologic deficit,

existing longer than 24 hours, and not attributable to another

cause thanMS. For each relapse, it was noted if it was treated with

steroids and when it occurred, i.e., before conception, during the

first, second, or third trimester of pregnancy, or after delivery.

The annualized relapse rate (ARR) was calculated by dividing

the number of reported relapses by the total time of NTZ discon-

tinuation in years.

Brain MRIs were based on MRI protocols according to the

magnetic resonance imaging in multiple sclerosis consensus

guidelines using either a 1.5-T or a 3.0-T scanner.18 A neurora-

diologist scored active T2 lesions and gadolinium-enhancing T1

hyperintense lesions on the first MRI after the pregnancy-related

discontinuation in comparison with the last MRI available before

NTZ discontinuation.

Disability progression. EDSS scores were assessed yearly by

certified physicians in all NTZ-treated patients and postpartum

at the time of restart of disease-modifying treatment (DMT). The

usual definition of disability progression was applied: for a base-

line EDSS score of 0, an increase of 1.5 points was required, an

increase of 1 point for a baseline EDSS score of 1–5.5, and an

increase of 0.5 for a baseline EDSS score of .5.5.19 A second

EDSS score, at least 12 weeks after the EDSS showing pro-

gression, was used to confirm disability progression.17

NTZ serum concentration. In the observational cohort, blood

samples were obtained every 12 weeks before NTZ infusion. Sera

were stored at 280°C in the biobank of the VU University

Medical Center. For all patients included in this study, an

NTZ trough concentration (all samples were taken right before

NTZ infusion) was measured at Sanquin Laboratory in the last

sample available before discontinuation of NTZ, using a cross-

linking assay using polyclonal rabbit anti-NTZ F(ab)2 fragments

for capture and a mouse anti-IgG4 monoclonal antibody for

detection.20

Statistical analysis. Patients were divided into 3 groups accord-
ing to time to conception: (1) patients who discontinued NTZ

because of an accidental pregnancy, (2) patients who conceived

within 6 months after discontinuation of NTZ, and (3) patients

who did not conceive within 6 months after discontinuation of

NTZ. To analyze the distribution of clinical disease activity,

radiologic disease activity, and disability progression across these

groups, the Pearson x2 test was used. To analyze the distribution

of the ARR, the Kruskal-Wallis test was used.

Furthermore, time to conception andNTZ concentration were

used as continuous variables. Both variables were not normally dis-

tributed. Therefore, nonparametric tests were used. The following

tests were used to analyze the relationship between time to concep-

tion and relapses (Kruskal-Wallis test), ARR (Spearman rank test),

radiologic disease activity (Mann-Whitney U test), and disability

progression (Mann-Whitney U test). A possible relationship

between NTZ concentration and spontaneous abortion (Mann-

Whitney U test), time to conception (Spearman rank test), relapses

(Kruskal-Wallis test), radiologic activity (Mann-Whitney U test),

time to first relapse (Spearman rank test), and disability progression

(Mann-Whitney U test) was analyzed. SPSS statistics software ver-

sion 22.0 (IBM Corp., Armonk, NY) was used for statistical anal-

yses. All reported p values are based on 2-tailed statistic tests, with

a significance level set at p , 0.05.

RESULTS Patient characteristics. Of 210 NTZ-
treated patients with RRMS, 18 women dis-
continued treatment for pregnancy-related reasons.
One patient moved away during gestation and was
lost to follow-up and excluded from analysis. Five
patients restarted NTZ after the first pregnancy and
later discontinued a second time for pregnancy-
related reasons, resulting in a total of 22 periods of
NTZ discontinuations, later referred to as cases. See
table 1 for demographic and clinical baseline
characteristics.

Accidental pregnancy was the reason for NTZ dis-
continuation in 7 cases. In all cases with an accidental
pregnancy, NTZ was discontinued immediately. In
15 cases, NTZ was discontinued because of a future
pregnancy wish; conception occurred within 6
months in 9 cases. The median time to conception
of the 22 cases was 3.4 months. Of the patients
who stopped NTZ before conception, patients
conceived at a median time of 4.6 months (range
2.1–23.9 months) after discontinuation.
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Because of severe clinical disease activity after NTZ
discontinuation, 3 patients chose to withhold from
pregnancy and restarted NTZ treatment after 10.8,
13.7, and 6.2 months of discontinuation (table 2,
cases refer to patients 4, 8, and the first case of patient
11). Two of these 3 patients stopped NTZ again
because of pregnancy shortly after restarting treatment
(2 and 6 NTZ infusions). DMT was restarted with
a median of 1.1 months (range 0.16–5.5 months) after
delivery following the 19 full-term pregnancies. See
table 2 for a case overview.

Disease activity. Disease activity (either clinically or
radiologically) was observed after NTZ discontinua-
tion in 21 cases (95.5%). In the case that did not
show disease activity, conception occurred before
NTZ discontinuation. Seventeen relapses occurred
in 13 cases. Eight relapses (47.1%) were reported dur-
ing pregnancy: 2 in the first trimester, 4 in the second
trimester, and 2 in the third trimester. Six relapses
(35.3%) occurred before conception and 3 relapses
(17.6%) after delivery. All relapses before or after
pregnancy were treated with steroids. Two of the 8 re-
lapses that occurred during pregnancy were treated
with steroids, 1 in the first trimester and 1 in the third
trimester. If conception did not occur within 6
months of NTZ discontinuation, patients experi-
enced significantly more relapses when comparing
with patients in whom conception took place within
6 months of NTZ discontinuation (p 5 0.022;

figure). The ARR also increased across the groups
with a median of 0 (range 0–2.1) when conception
occurred under NTZ, 0.75 (range 0–1.0) if concep-
tion occurred within 6 months, and 1.3 (range
0.4–2.2) if conception did not occur within 6 months
(p 5 0.040). When analyzing relapses to time to
conception as a continuous variable, more relapses
occurred when time to conception increased, but this
finding was not statistically significant (p 5 0.11).

The last MRI before NTZ discontinuation was
obtained at a median of 1.4 months (range 0.0–9.5
months) before discontinuation. All postdiscontinua-
tion MRIs were obtained within 4 months from
DMT restart, except for 4 scans that were obtained
after 612 months (table 2). Radiologic disease activ-
ity was observed in 19 (86.4%) cases. In 14 cases,
postdiscontinuation MRIs included T1 imaging after
gadolinium administration. Contrast-enhancing T1
lesions were observed in 7 cases. Radiologic disease
activity was not significantly different in cases in
whom conception occurred before or after 6 months
of NTZ discontinuation (p 5 0.25; figure). Further-
more, the 3 time interval groups showed comparable
occurrence of substantial T2 lesion accumulation
defined as .5 new T2 lesions, i.e., 4 cases (57.1%)
when conception occurred under NTZ, 5 cases
(55.6%) when conception occurred within 6 months,
and 3 cases (50.0%) when no conception occurred
within 6 months. Radiologic disease activity was not
significantly associated with time to conception as
a continuous variable (p 5 0.19).

Disability progression. Median EDSS scores increased
from 2.75 (range 1.5–6.5) to 3.0 (1.0–6.0) after the
period of NTZ discontinuation (p5 0.084). Disability
progression occurred in 8 cases and was confirmed in
6 cases (27.3%). Confirmed disability progression
occurred significantly more often when conception
had not occurred before 6 months (p, 0.001; figure).
The incidence of confirmed disability progression also
increased significantly when time to conception (as
a continuous variable) increased (p 5 0.006).

NTZ trough concentration. NTZ trough concentration
was measured in the latest sample available during
NTZ treatment and was available in 21 cases. NTZ
trough concentration ranged from 3 to 120 mg/mL,
with a median concentration of 23 mg/mL. NTZ
concentration was not different for patients who
experienced a spontaneous abortion (p 5 0.65) and
was not related to time to conception (r 5 20.07;
p 5 0.78). NTZ concentration was not related to
relapses (p 5 0.60) or radiologic activity (p 5

0.73). The mean time to the first relapse was 7.9 6

3.6 months. The time to the first relapse was not
associated with NTZ concentration (r 5 0.24; p 5

0.44). The earliest relapse occurred 2.5 months after

Table 1 Baseline characteristics

N 17

DMT before NTZ, n (%)a

IFN-b 10 (58.8)

GA 1 (5.9)

IFN-b 1 GA 4 (23.5)

Teriflunomide, GA 1 IFN-b 1 (5.9)

None 1 (5.9)

Total no. of relapses in the year before NTZ discontinuation, n (%)b 1 (4.5)

Disability progression 1 year before NTZ discontinuation, n (%)b 0 (0)

Active T2 lesions in the year before NTZ discontinuation, n (%)b 4 (18.2)c

Age at NTZ discontinuation, mean (SD) 30.5 (4.9)

Disease duration at NTZ discontinuation, y, mean (SD) 7.0 (3.3)

No. of NTZ infusions, median (range) 25.5 (10–59)

EDSS at NTZ discontinuation, median (range) 2.75 (1.5–6.5)

Abbreviations: DMT 5 disease-modifying treatment; EDSS 5 Expanded Disability Status
Scale; GA 5 glatiramer acetate; IFN-b 5 interferon-b; NTZ 5 natalizumab.
a Reported percentage represents the proportion of 17 included patients with relapsing-
remitting MS.
bReported percentage represents the proportion of 22 NTZ discontinuations (cases).
c All patients in whom radiologic disease activity was reported the year before NTZ
discontinuation had received 14 or less NTZ infusions, making it probable that new T2
formation occurred soon following NTZ initiation.
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Table 2 Case overview for 22 pregnancy-related NTZ discontinuations in 17 patients with RRMS

Patienta Age, y
NTZ
infusions

Disease activity
before stopping NTZb

NTZ concentration,
mg/mLc

Time to
conception, mod

Total time of NTZ
discontinuation, mo Abortione

Full-term
pregnancy Relapse New MRI lesionsf

Baseline
EDSS

Confirmed disability
progressiong

1 36 59 No 5.3 During NTZ 13.7 No Yes 0 Yesh 2.5 No

2 25 12 Yes 11.0 3.8 14.8 No Yes 0 Yesh 1.5 No

30 50 No 13.0 5.0 16.1 No Yes 1 Yesh 2.5 No

3 37 15 No 37.0 During NTZ 10.7 No Yes 0 Yesh 3.0 No

39 10 Yes 33.0 During NTZ 11.0 No Yes 1 Yesh 3.0 No

4 31 37 No 31.0 NA 10.8 No No 2 Yesi 3.0 Yes

5 25 27 No 3.0 2.7 12.3 No Yes 1 Yesh 6.5 No

6 26 30 No 25.0 During NTZ 11.0 Yes Yes 1 Noi 2.0 No

7 37 14 Yes 20.0 23.9 33.5 Yes Yes 1 Yesh 3.5 Yes

8 33 44 No 14.0 14.3 24.4 No Yes 2 Yesh 2.0 Yes

9 32 27 No 23.0 7.8 6.3 Yes No 1 Yesh 5.0 No

33 15 No Missing During NTZ 11.3 No Yes 2 Yesh 5.5 No

10 30 41 No 51.0 5.9 14.9 No Yes 1 Yesh 2.5 No

11 21 24 No 120.0 10.9 20.0 No Yes 2 Yesh 2.5 Yes

24 11 Yes 43.0 During NTZ 9.2 No Yes 0 Yesh 5.5 No

12 37 59 No 24.0 2.1 11.2 No Yes 0 Yesh 3.5 No

13 30 21 Yes 31.0 2.4 11.6 No Yes 1 Yesi 2.5 Yes

14 25 50 No 12.0 7.1 8.5 Yes No 1 Yesh 1.5 Yes

27 10 No 16.0 During NTZ 7.9 No Yes 0 Noh 3.0 No

15 29 46 No 7.3 4.2 12.9 No Yes 0 Yesh 2.0 No

16 31 14 No 110.0 3.9 13.4 No Yes 0 Yesi 2.5 No

17 33 13 No 14.0 3.4 14.0 No Yes 1 Noh 3.0 No

Abbreviations: DMT 5 disease-modifying treatment; EDSS 5 Expanded Disability Status Scale; NA 5 not applicable; NTZ 5 natalizumab; RRMS 5 relapsing-remitting MS.
aEach number corresponds to an individual patient. If the patient discontinued NTZ more than once for pregnancy-related reasons, the number corresponds to multiple rows in the column, with each row
representing 1 pregnancy-related NTZ discontinuation.
bDisease activity (clinically or radiologically) 1 year before NTZ discontinuation.
cNTZ trough concentration measured before NTZ discontinuation.
d Time to conception is measured from the last NTZ infusion to conception.
eNoninduced embryonic or fetal death before the 20th week of gestation.
f Active T2 lesions and/or gadolinium-enhancing T1 lesions on the first MRI after DMT restart compared with the last MRI before NTZ discontinuation.
gAn increase in the EDSS score of 1.5, 1.0, or 0.5 point at DMT restart compared with the EDSS score of 0, 0.5–5.5, or .5.5 before NTZ discontinuation, respectively.
hMRI was performed within 4 months after DMT restart.
iMRI was performed 12 months after DMT restart.
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NTZ discontinuation; this patient had the lowest
NTZ trough concentration of 3 mg/mL. We found
no association between NTZ concentration and con-
firmed disability progression (p 5 0.61).

Outcomes of the pregnancies. Most patients conceived
spontaneously, except for 2 patients who conceived
through in vitro fertilization. Four patients experi-
enced a spontaneous abortion; all these patients dis-
continued NTZ before conception. Two of these 4
patients conceived successfully again after the sponta-
neous abortion. In 22 cases, 19 children were born.
The mean birthweight was 3,055 6 391.4 g. No
birth defects were reported. In 15 patients, the breast-
feeding choice was reported; 7 patients chose
breastfeeding.

DISCUSSION This study evaluates disease activity
and disability progression during 22 pregnancy-
related NTZ discontinuations in 17 patients with
RRMS. Recurrence of disease activity, clinically and/
or radiologically, was observed in 95.5% of dis-
continuations, although all patients showed no or
limited disease activity in the year preceding NTZ
discontinuation. The extent of disease activity was
partly determined by the time from NTZ discon-
tinuation to conception. However, of the cases in
whom conception occurred under NTZ treatment,
still 42.9% experienced a relapse and 57.1% showed
substantial T2 lesion accumulation of .5 lesions on
brain MRI. Remarkably, confirmed disability

progression was not observed in patients in whom
conception occurred under NTZ treatment but was
observed in .80% of patients who did not conceive
within 6 months (p , 0.001).

Prior studies report conflicting results on disease
activity in patients with RRMS who discontinued
NTZ for pregnancy-related reasons. In 35 women
who accidentally became pregnant while using
NTZ, no disease rebound was observed during preg-
nancy or postpartum.13 However, a recent case series
described disease activity in 4 pregnant patients after
discontinuing NTZ.12 In 2 of these patients, recur-
rence of disease activity was severe. Furthermore, the
case of a young woman whose pregnancy wish was
hampered by recurrent rebound disease activity after
NTZ discontinuation demonstrates the impact that
NTZ treatment may have on family planning.14 This
is in line with the findings reported here, indicating
that disease activity and disability progression are
more likely to be limited when patients conceive
before or shortly after the last NTZ infusion. In this
study, clinical disease activity occurred more often
when conception had not occurred within 6 months
of NTZ discontinuation, in line with prior studies
that show that recurrence of disease activity typically
occurs 4–6 months after stopping NTZ.7,9 In contrast
to other published reports, no increase in the relapse
frequency was observed postpartum in our study.6,11

This is probably attributed to the early resumption of
DMT in most cases. Radiologic disease activity ex-
ceeded clinical activity and was observed in 86.4% of

Figure Clinical and radiologic disease activity and confirmed disability progression across the 3 groups defined by time to conception

(A) Relapses refer to the total number of reported relapses; no patient experienced more than 2 relapses. (B) MRI activity refers to active T2 hyperintense
and/or contrast-enhanced T1 hyperintense lesions on the first MRI after DMT restart compared with the last MRI before NTZ discontinuation. (C) Confirmed
disability progression defined as an increase in the EDSS score of 1.5, 1.0, or 0.5 point at DMT restart compared with the EDSS score of 0, 0.5–5.5, or.5.5
before NTZ discontinuation, respectively. DMT 5 disease-modifying treatment; EDSS 5 Expanded Disability Status Scale; NTZ 5 natalizumab.
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pregnancy-related NTZ discontinuations. When
comparing the 3 groups (0, ,6, and .6 months of
interval), no significant difference in radiologic dis-
ease activity was found. However, the fact that all
cases without radiologic activity conceived within 6
months from NTZ discontinuation suggests at least
some effect of time to conception on radiologic dis-
ease activity.

In our study, confirmed disability progression
occurred in 6 cases (27.3%). Although a number of
studies describe the relapse rate during and after preg-
nancy in women treated with NTZ,11,13 disability
progression is described only in case reports.12,14,21

To our knowledge, our study is the first to describe
disability progression in a cohort of patients with
RRMS discontinuing NTZ for pregnancy-related rea-
sons. Our results demonstrate a significant relation of
confirmed disability progression and time to concep-
tion. Although our cohort is relatively small, this may
be valuable information for women regarding deci-
sion making about a possible NTZ washout period vs
continuing NTZ until pregnancy.

Intraindividual NTZ trough concentrations are
shown to be stable within patients during NTZ treat-
ment and correlate with disease activity.15,22 Desatu-
ration of the a-4 integrin receptor occurs when the
concentration falls under 2–2.5 mg/mL.23,24 We
found a large variability of NTZ trough concentra-
tions with a mean concentration of 23 mg/mL, which
is in agreement with recently presented data.25 We
tested NTZ trough concentrations before discontin-
uation of therapy, with the expectation of a high con-
centration as a possible protective factor for (early)
recurrence of disease activity. No association between
clinical disease activity and NTZ trough concentra-
tions was observed. This finding could be influenced
by the heterogeneity and small sample size of our
group. Furthermore, contrary to expectations, we
did not find an association between time to the first
relapse and NTZ trough concentration. This might
be explained by the mean time to the first relapse
being 7.9 6 3.6 months, when NTZ is expected to
have long fallen under therapeutic levels.26 Also, we
did not have longitudinal NTZ concentrations, and
pharmacodynamics might differ between patients
causing a difference in clearance of NTZ. It remains
notable that the patient with the earliest relapse
(2.5 months after NTZ discontinuation) showed
the lowest NTZ trough concentration under treat-
ment (3 mg/mL).

In our cohort, spontaneous abortions occurred
in 18.2% of all conceptions, which is in line with
reported rates in healthy populations (8%–

22%).27,28 The Tysabri Pregnancy Exposure Regis-
try reported lower rates of spontaneous abortions in
NTZ-exposed women (9.0%).6 Of interest, in 102

NTZ-exposed pregnancies, the incidence of spon-
taneous abortions was increased in NTZ-exposed
women (17.3%) as well as disease-matched con-
trols (21.0%) compared with healthy controls
(4.1%).5

NTZ, an IgG4 antibody, crosses the placenta in
the second and third trimesters.29 In our study, no
birth defects were reported in 19 born babies. Prior
studies have not related antenatal NTZ exposure to
specific large birth defects.3–6 However, sample sizes
are insufficient to form conclusions, as detection of
a 2-fold increase in birth defects would need a sample
size of at least 200 patients and 200 controls.5 Ante-
natal NTZ exposure may cause mild hematologic
deviations at birth, mainly thrombocytopenia and
anemia.26 Additional research with larger study pop-
ulations and long-term follow-up is needed to further
evaluate the safety of antenatal NTZ exposure.

Our relatively small sample size and multiple com-
parisons without correction warrant cautious inter-
pretation of our data. A limitation of this study is
the retrospective design. However, the evaluated pa-
tients were part of a well-monitored cohort that was
subject to the regular EDSS and consistent MRI
follow-up, resulting in very limited missing data.
The composition of the pregnancy-related NTZ dis-
continuations was heterogeneous, with some patients
not experiencing full-term gestations because of spon-
taneous abortions or failure to conceive, but do repre-
sent real-world clinical experience with patients with
RRMS who deal with family planning.

This study shows that disease activity and disabil-
ity progression during pregnancy-related NTZ dis-
continuations in patients with RRMS are common
and that relapses and confirmed disability progression
increase significantly with longer time to conception.
We demonstrate a clinical advantage for patients who
conceive during (or shortly after) NTZ treatment.
Continuation of treatment until conception may thus
be a preferred strategy to prevent relapses and disabil-
ity progression in women on NTZ treatment who
want to get pregnant. Therefore, future research con-
firming our results and ascertaining the safety of NTZ
in terms of postnatal outcomes and spontaneous
abortion rates is of great clinical importance.
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Pleocytosis is not fully responsible for low
CSF glucose in meningitis

ABSTRACT

Objective: The mechanism of hypoglycorrhachia—low CSF glucose—in meningitis remains
unknown. We sought to evaluate the relative contribution of CSF inflammation vs microorganisms
(bacteria and fungi) in lowering CSF glucose levels.

Methods: We retrospectively categorized CSF profiles into microbial and aseptic meningitis and
analyzed CSF leukocyte count, glucose, and protein concentrations. We assessed the relation-
ship between these markers using multivariate and stratified linear regression analysis for initial
and repeated CSF sampling. We also calculated the receiver operating characteristics of CSF glu-
cose and CSF-to-serum glucose ratios to presumptively diagnose microbial meningitis.

Results: We found that increasing levels of CSF inflammation were associated with decreased
CSF glucose levels in the microbial but not aseptic category. Moreover, elevated CSF protein
levels correlated more strongly than the leukocyte count with low CSF glucose levels on initial
(R2 5 36%, p , 0.001) and repeated CSF sampling (R2 5 46%, p , 0.001). Hypoglycorrhachia
(,40 mg/dL) was observed in 50.1% of microbial cases, but only 9.6% of aseptic cases, most of
which were neurosarcoidosis. Absolute CSF glucose and CSF-to-serum glucose ratios had similar
low sensitivity and moderate-to-high specificity in diagnosing microbial meningitis at thresholds
commonly used.

Conclusions: The main driver of hypoglycorrhachia appears to be a combination of microbial men-
ingitis with moderate to high degrees of CSF inflammation and proteins, suggesting that the pres-
ence of microorganisms capable of catabolizing glucose is a determinant of hypoglycorrhachia in
meningitis. A major notable exception is neurosarcoidosis. Low CSF glucose and CSF-to-serum
glucose ratios are useful markers for the diagnosis of microbial meningitis. Neurol Neuroimmunol

Neuroinflamm 2018;5:e425; doi: 10.1212/NXI.0000000000000425

GLOSSARY
ROC 5 receiver operating characteristics.

Hypoglycorrhachia—low CSF glucose—has been recognized since the 1930s1,2 as a critical
clinical laboratory finding with the potential to influence treatment of meningitis and is there-
fore reported within 1 hour by most laboratories. Marked hypoglycorrhachia has traditionally
been viewed as a predictor of microbial meningitis (caused by bacteria, mycobacteria, fungi, and
parasites, but not viruses) in both adults and children3–5 and heralds poor outcomes including
death.6–9 The differential diagnosis for hypoglycorrhachia includes not only microbial but also
neoplastic causes as well as select primary inflammatory meningitides such as neurosarcoido-
sis.10–12 While neoplastic meningitis can usually be suspected when it presents in the context of
a known malignancy,13 microbial and aseptic etiologies (viral, chemical, and autoimmune) can
be difficult to distinguish on clinical grounds alone. To date, and more than a hundred years
after the first observations, hypoglycorrhachia remains an important CSF marker for etiologic
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diagnosis, as serology, microbiology, and
cytology have low sensitivity and can take days
until results are available. Finding the etiology
is key, as immediate initiation of the correct
targeted treatment against specific pathogens
improves prognosis.14

Despite intense experimental meningitis
research in the 1960s, the pathophysiology
underlying CSF glucose depletion remains
controversial. Because hypoglycorrhachia is
associated with higher degrees of CSF inflam-
mation,15 it has long been debated whether
inflammation or microbial load is most
responsible for depleting CSF glucose. Com-
monly cited mechanisms include increased
glucose catabolism by leukocytes, microorgan-
isms, or the brain parenchyma, as well as
altered glucose transport across inflamed
meninges.10,16,17 The introduction of bacteria
in cisternal CSF decreased glucose within
a few hours, arguing in favor of direct micro-
bial catabolism,18 but the effect was not con-
firmed in leukopenic dogs, suggesting that the
host inflammatory response is also necessary to
cause hypoglycorrhachia.17 Induction of
chemical meningitis did not alter CSF glucose,
showing that inflammation alone may not be
sufficient and suggesting the presence of a syn-
ergy with microbial metabolism.17 Finally, the
uptake of radiolabeled glucose was increased in
neutrophils derived from purulent CSF, show-
ing that they contribute to glucose depletion.19

To our knowledge, these experimental results
have never been correlated with large human
clinical data sets, despite recent advances in the
understanding of immune mechanisms at play
in meningitis.

The aim of this cross-sectional study was to
evaluate the relative contribution of CSF
inflammation vs microbial infection in driving
hypoglycorrhachia in the clinical context of
microbial and aseptic meningitis. We made
the hypothesis that because all leukocytes
(neutrophils, lymphocytes, or monocytes)
have the capability of catabolizing glucose,
they could be a major determinant of hypogly-
corrhachia, including in aseptic meningitis.
We retrospectively collected meningitis CSF
profiles—defined as the presence of pleocyto-
sis—with confirmed microbial and aseptic eti-
ologies. This dichotomization offered a natural

experiment to compare CSF glucose levels
along a continuum of varying degrees of
CNS inflammation in the presence (microbial)
or the absence (aseptic) of microorganisms
capable of catabolizing glucose across a broad
range of meningitis etiologies.

METHODS Samples. We included 225 inflammatory CSF

(pleocytosis $6 3 106 cell/L) obtained by lumbar puncture at

the time of clinical presentation into the main analysis and 83

additional repeat samples belonging to the same patients (cutoff:

7 days to 1 month) into the longitudinal analyses (supplemental

information and figure e-1, http://links.lww.com/NXI/A3). The

University of California, San Francisco Institutional Review

Board approved the study protocol and granted a waiver of

informed consent for retrospective chart review with no patient

contact.

Variables. Absolute CSF glucose (mg/dL, n5 225) and CSF-to-

serum glucose ratios (abbreviated glucose ratio, with a cutoff for

serum glucose within 12 hours of CSF, n 5 156, 69.0% and

67.0% of the microbial and aseptic cases, respectively) were

tabulated alongside CSF protein, CSF cell count and differential

(missing for 13), and serum leukocyte count (obtained within 24

hours of CSF sampling), age at presentation, sex, HIV and dia-

betes status, and whether the meningitis was immediately (post-

operative) or remotely (shunt infections) associated with

neurosurgery. In the case of CSF samples with a high number of

red blood cells, we reviewed the chart to check whether the

lumbar puncture was traumatic and accordingly selected data

coming from the last tube collected (aseptic, n5 9 and microbial,

n5 8). We dichotomized the diagnoses into 2 groups: microbial

and aseptic meningitis (supplemental information for details,

http://links.lww.com/NXI/A3). All statistical analyses were per-

formed on the entire database on absolute CSF glucose and

repeated for the subset of patients on the glucose ratio to ensure

congruent results.

Statistical analysis. First, we obtained univariate linear regres-

sions of CSF inflammation markers onto CSF glucose. The dis-

tribution of CSF glucose and glucose ratios was tested for

normality. The CSF leukocyte count and protein were log trans-

formed before further analysis, as their distribution was inversely

exponential. To test for independence of these predictors, we

used a stepwise multivariate linear regression approach seeking

global optimization of the corrected R2. For fitting, we used

a bisquare method to increase robustness to outliers. We initial-

ized the model including all predictors significant at the univar-

iate level and included all interaction terms between hypothesized

predictors (diagnostic category and CSF leukocyte count) and

effect modifiers (CSF protein) but left out interactions with

potential confounders. In a stepwise approach, we then discarded

variables that were not independent, starting with potential con-

founders. The final fit yielded the following model:

G 5 b01b1DM1b2Dx1b3Dx3 logP1e, where G is the

dependent variable CSF glucose, and the explanatory variables

are DM for diabetes mellitus (categorical, 1 for present), Dx for
diagnostic category (categorical, 1 for microbial), and P for CSF

protein (continuous). All other terms were not independent pre-

dictors, including the leukocyte count. Given the significant

interaction term between 2 predictors (diagnostic category and

CSF protein), a stratified post hoc t test (Bonferroni corrected,
p , 0.017) was conducted using a 3-level variable for protein

concentration: low (50–100 mg/dL), medium (101–180 mg/dL),
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and high (181–500 mg/dL). Note that the neutrophil count was

not an independent predictor in the multivariate model, but

because it can often distinguish between microbial and aseptic

meningitis, we also repeated the stratified analysis with the

absolute CSF neutrophil count categorized as low (.203 106/L)

and high (.50 3 106/L). Sensitivity analyses of the multivariate

model included exclusion of neurosurgical cases, analyzing only

surgical cases, exclusion of culture-negative cases, analyzing

inflammatory and infectious aseptic meningitis cases separately,

and stratifying by neutrophil count.

Second, to add longitudinal information on individual pa-

tients and assess the validity of following CSF glucose as

a marker for response to treatment, we checked whether a linear

relationship between logP and G was conserved over time. For

each repeat CSF sample obtained between 1 week and 1 month

of the initial CSF sample (n 5 83 samples in 52 patients), we

plotted the change in glucose (deltaG) vs the change in logP
compared with its corresponding initial CSF sample:

deltaG 5 b01b1ðlogP22logP1Þ1e. Third, to complement

analysis of the average trend (linear regression) with an analysis

of the extremes and to quantify the performance of CSF glucose

and the glucose ratio in diagnosing microbial meningitis, we

performed a receiver operating characteristics (ROC) analysis.

True-positive rate (
P

true   positiveP 
true   positive1

P
false   negative

) and false-positive

rate (
P 

false   positiveP 
false   positive1

P
true   negative

) were calculated for detection

thresholds on CSF glucose or the glucose ratio incrementing

in 100 linear steps over the full range of values. All values are

reported as mean 6 SD, unless otherwise specified, and signif-

icance was accepted at p , 0.05 after Bonferroni correction.

RESULTS Patients and CSF samples. We included
115 aseptic and 110 microbial meningitis cases with
similar demographics (tables 1 and 2). Both included
a minority of pediatric cases (10.4% vs 10.9%), with
ages ranging from 2 to 88 and 5–90 years, respec-
tively. Microbial cases were more likely to be men, to
have a history of neurosurgery and to be HIV in-
fected. As expected in the microbial category, the
white blood cell count was slightly increased, average
absolute CSF glucose and glucose ratios were
decreased, and, conversely, CSF inflammatory
markers were increased. These variables were tested
as potential confounders in the model below.

Predictors of low CSF glucose. At the univariate level
(table e-1, http://links.lww.com/NXI/A3), a history
of diabetes mellitus, aseptic vs microbial diagnostic
category, CSF protein, CSF leukocyte count, and the
proportion of neutrophils vs lymphocytes correlated
with absolute CSF glucose levels, as well as sex and
a history of recent neurosurgery when the glucose
ratio was the dependent variable. A stepwise multi-
variate linear regression revealed that only diabetes
mellitus (b1, 20.3 6 4.2, p , 0.001) and the inter-
action between CSF protein and a microbial status
(b3, 221.4 6 6.9, p , 0.01) were independently
and significantly related to absolute CSF glucose
(degree of freedom 5 218, adjusted-R2 5 0.36).
When using the glucose ratio as the dependent vari-
able, the explained variance improved by approxi-
mately 10% (degree of freedom 5 167, adjusted-R2

5 0.46), with diabetes mellitus (b1, 20.10 6 0.03,
p , 0.01), microbial status (b2, 0.35 6 0.12, p , 0.
01), and the interaction between CSF protein and
a microbial status (b3, 20.24 6 0.06, p , 0.001)
being the only independent variables. Of note, CSF
leukocytes fell out of the model, likely because it
correlated with CSF protein (Pearson correlation5 0.
49, p , 0.001, n 5 213, 2 missing values). All other
predictors fell out of the model including the repar-
tition of leukocytes. Additional sensitivity analysis
showed similar results when the regression analysis
was performed, excluding cases related to recent or
remote neurosurgery, cases of microbial meningitis
without a documented pathogen, considering inflam-
matory and infectious aseptic meningitis separately
and when comparing similar degrees of neutrophilic
pleocytosis (table e-2, http://links.lww.com/NXI/A3).

Because the model included a significant interac-
tion term between CSF protein and diagnostic cate-
gory, we followed up with a stratified analysis to
achieve a better understanding of the effects of each
variable separately (figure 1). First, CSF protein sig-
nificantly predicted CSF glucose only in the microbial

Table 1 Univariate analysis for aseptic and microbial meningitis

Aseptic Microbial p Value

N 115 110

Age, y 41.0 6 17.6 44.5 6 20.5 NS

Children ,16 y old 8 (7.0%) 9 (8.2%) NS

Male-to-female (ratio) 0.85 1.97 ,0.01b

HIV 7 (6.1%) 16 (14.5%) 0.04b

Diabetes mellitus 13 (11.3%) 13 (11.8%) NSb

Remote neurosurgery 2 (1.7%) 12 (10.9%) ,0.01b

Recent neurosurgery 1 (0.9%) 21 (19.1%) ,0.001b

White blood cell count, 109 cells/L 9.0 6 4.1 (n 5 92) 11.4 6 6.5 (n 5 88) ,0.01b

Traumatic CSF sampling 9 8 NSb

CSF glucose, mg/dL 62.2 6 20.6 41.1 6 26.7 ,0.001c

Hypoglycorrhachia ,40 mg/dL 12 (10.4%) 56 (50.1%) ,0.001b

Hypoglycorrhachia ,30 mg/dL 2 (1.7%) 42 (38.2%) ,0.001b

CSF-to-serum glucose (ratio) 0.55 6 0.14 (n 5 79) 0.36 6 0.18 (n 5 77) ,0.001c

Delay CSF—serum, h 4.2 6 3.3 3.6 6 3.6 NS

CSF protein, mg/dL 68 (19–2,720)a 150 (10–4,043)a ,0.001d

CSF leukocytes, 106 cells/L 45 (7–1850)a 147 (6–24,400)a ,0.001d

CSF lymphocytes, % 68.2 6 29.7 39.0 6 34.5 ,0.001c

CSF monocytes, % 17.3 6 18.3 11.5 6 8.8 ,0.01c

CSF neutrophils, % 13.4 6 24.7 47.7 6 36.2 ,0.001c

Values expressed as counts (%) or mean 6 SD except for ashown as median and range.
p Values represent the result of bx2 test, cpaired t test, or dpaired t test after logarithmic
transform. NS 5 not significant.
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category (b 5 221.7, R2 5 0.18, p , 0.001, figure
1B), meaning that CSF glucose inversely varied with
the degree of inflammation only in the presence of
a pathogen. Second, binning CSF protein levels and
comparing diagnostic categories showed that CSF
glucose and glucose ratios were significantly decreased
in the microbial compared with the aseptic group (p
# 0.01 for all except p 5 0.07 for absolute glucose
with mild CSF protein, t test).

Longitudinal analysis of CSF glucose. Calculating
changes in glucose and proteins in repeated CSF sam-
ples compared with the corresponding initial CSF
sample in microbial meningitis revealed that a linear
relationship was conserved over time between these
2 markers with absolute CSF glucose (n5 83 samples
in 52 patients, b 5 235.1, R2 5 46%, p , 0.001,
figure 2) or the glucose ratio (n 5 52 samples in 47
patients, b 5 20.3, R2 5 49%, p , 0.001).

Receiver operating characteristics. As shown in figure 3,
thresholds that are typically used clinically (CSF glucose
,40 mg/dL or glucose ratio ,0.4) yielded sensitivities
around 53% and 55% and specificities around 89% and
82%, respectively. The specificity for microbial menin-
gitis was increased to more than 90% at the expense of
poorer sensitivity by decreasing the threshold to CSF

glucose ,30 mg/dL or glucose ratio ,0.3, reflecting
the very low CSF glucose levels seen more frequently in
microbial meningitis cases (table 1).

Low glucose in aseptic meningitis. Among aseptic men-
ingitis cases (n5 115), only 11 cases (9.6%) had CSF
glucose lower than 40 mg/dL (median 33, range
16–37 mg/dL). Eight cases were neurosarcoidosis
(half confirmed by brain and the other half by lung
biopsy), a diagnosis that has been associated with
hypoglycorrhachia in the literature.11,20 The remain-
ing cases were 2 neuromyelitis optica with positive
aquaporin-4 serum antibodies (one with mild hypo-
glycemia of 64 mg/dL and the other with correction
of the hypoglycorrhachia on the next day) and 1 brain
biopsy–confirmed small vessel CNS vasculitis with
associated leptomeningitis. The median age was 43
years (range 28–64 years), and 9 were women. CSF
inflammatory markers were moderately elevated
including proteins (median 125, range 65–300mg/dL)
and leukocytes (median 58, range 9–685 106 cells/L)
with a lymphocytic predominance (78.4% 6 27.7%
lymphocytes and 3.3% 6 4.5% neutrophils).

DISCUSSION In this study, we showed that, con-
trary to our hypothesis, the presence of glucophagic
microorganisms (bacteria, mycobacteria, fungus, or
parasite) is the predominant determinant of hypogly-
corrhachia and that depletion of CSF glucose is more
pronounced in the setting of more severe infections
with higher pleocytosis and proteins. In the absence
of such a pathogen, a similar degree of CSF inflamma-
tion is per se, not sufficient to significantly decrease
CSF glucose on average, with a few notable excep-
tions including cases of biopsy-confirmed
neurosarcoidosis. Furthermore, the degree of pleo-
cytosis was not an independent predictor of hypo-
glycorrhachia when CSF protein was taken into
account, and the type of pleocytosis did not play
a crucial role.

From these data, we understand that either (1) the
presence of both glucophagic microorganisms and
a significant degree of inflammation synergistically
induce hypoglycorrhachia; or (2) CSF protein is
a marker for another variable we could not measure,
such as microbial load and/or function of the
blood-brain barrier. Of note, CSF protein in menin-
gitis can be of microbial (e.g., bacterial wall) or
endogenous origin (e.g., immunoglobulins), which
may explain its predictive strength in our model as
it combines 2 variables into 1 metric. Unfortunately,
microbial load is not routinely measured in CSF, so
we could not test this hypothesis. Taking into
account early work on animal experimental meningi-
tis, it is conceivable that a synergy between CSF
inflammatory mechanisms and the presence of gluco-
phagic microorganisms stimulates leukocytic glucose

Table 2 Number of cases per etiology of meningitis (% of total N in category) in
the aseptic and microbial categories

Aseptic Microbial

Viral Bacterial

Varicella zoster virus: 8 (7.0%) Staphylococcus: 30 (27.3%)

West Nile virus: 8 (7.0%) Gram negative: 12 (10.9%)

Herpes simplex virus: 3 (2.6%) Streptococcus: 9 (8.1%)

Epstein-Barr virus: 2 (1.7%) Mycobacterium: 3 (2.7%)

Cytomegalovirus: 1 (0.8%) Treponema: 6 (5.5%)

Enterovirus: 1 (0.8%) Brucella: 2 (1.8%)

Probable unidentified virus: 26 (22.6%) Borrelia: 1 (0.9%)

Inflammatory Nocardia: 1 (0.9%)

Neurosarcoidosis: 25 (21.7%) Probable unidentified bacteria: 15 (13.6%)

Neuromyelitis optica: 16 (13.9%) Fungal/parasitic

Antibody mediated: 8 (7.0%) Cryptococcus: 13 (11.8%)

CNS angiitis: 6 (5.2%) Coccidioides: 10 (9.0%)

ADEM: 3 (2.6%) Sporothrix: 3 (2.7%)

Chemical: 3 (2.6%) Toxoplasmosis: 2 (1.8%)

Neuro-Behçet: 2 (1.7%) Mucor: 1 (0.9%)

HaNDL syndrome: 2 (1.7%) Aspergillus: 1 (0.9%)

Vogt-Koyanagi-Harada: 1 (0.8%) Histoplasma: 1 (0.9%)

Abbreviations: ADEM 5 acute disseminated encephalomyelitis; HaNDL 5 headache neuro-
logic deficits with CSF lymphocytosis.
Note that the majority of cases had proven etiologic diagnosis, and a minority (22.6%
aseptic and 13.6% septic) were clinically certain based on the course of disease and
response to treatment.
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catabolism.17,19 Alternatively, glucose transport across
the blood-brain barrier might be reduced as proposed
in cases of tuberculous meningitis2 and experimental
meningitis.16

Microbial and aseptic meningitis differ in their
immune inflammatory responses, as illustrated by
the presence of neutrophilic vs lymphocytic

pleocytosis. For this reason, we also evaluated the
effect of the absolute neutrophil count alone and
found no difference in the interpretation of results
with the caveat that relatively few samples contrib-
uted to this analysis. We also observed that all eleven
outlying cases of aseptic meningitis with low CSF glu-
cose had a lymphocytic pleocytosis, supporting the

Figure 1 Linear relationship between CSF inflammation and glucose inmeningitis; analysis stratified by diagnostic category (aseptic, n5115
and microbial, n 5 110) and levels of CSF protein

(A) Trend showing lower CSF glucose level with the higher CSF leukocyte count in the microbial category (b529.1, R2 5 13%, p, 0.001, black line) but not
in the aseptic category (yellow line, p5 0.23). (B) The CSF glucose level is significantly lowered with the elevated CSF protein level in the microbial category
(b 5 220.2, R2 5 17%, p , 0.001, black line) but not in the aseptic category (yellow line, p 5 0.28). (C–E) Stratified analysis of the effect of the diagnostic
category on CSF glucose within similar degrees of inflammation as assessed by the protein levels, low (p50.07), intermediate (p50.01), and high (p,0.01).
Note that the glucose level is significantly decreased only in microbial meningitis at intermediate and high levels of CSF protein. *p # 0.01.
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idea that hypoglycorrhachia is independent of the leu-
kocyte type. These cases were for the most part (8/11)
biopsy-proven neurosarcoidosis, confirming previous
reports.11,12,21 As exemplified by the typical granulo-
matous inflammation found on pathology, neurosar-
coidosis resembles inflammatory responses to
microbial meningitis. Little is known about the exact

molecular pathways of neuroinflammation in neuro-
sarcoidosis, but whole blood transcriptome analyses
of patients with active pulmonary sarcoidosis resem-
ble that of inflammatory responses to active mycobac-
terial infection.22 If involvement of similar
inflammatory responses in the brain was confirmed,
this may provide a clue for why CSF glucose can be
low in neurosarcoidosis but not in other archetypical
CNS inflammatory disorders. Pathway analysis,
rather than cell-type analysis, might provide novel
insights into mechanisms of hypoglycorrhachia in
aseptic meningitis. Thus, other aspects of meningeal
inflammation, which were not directly measured
here, may be the common denominator in determin-
ing hypoglycorrhachia.

In the second part of this study, longitudinal anal-
ysis with repeated CSF sampling in a subset of pa-
tients with microbial meningitis revealed an inverse
correlation between CSF protein and glucose concen-
tration. This was interpreted as a marker of the
response to treatment or the lack thereof. When mi-
croorganisms are effectively killed, inflammation de-
creases and glucose catabolism decreases as well.
The strong linear relationship found here suggests
that CSF glucose and CSF protein are valuable bio-
markers to track the clinical progression of microbial
meningitis.

Third, ROC analysis showed that both CSF raw
glucose and the CSF-to-serum glucose ratio were spe-
cific but not sensitive tests to detect microbial menin-
gitis at thresholds used in clinical practice. In our
study, there was a mild benefit of using the glucose
ratio (with serum levels obtained within 12 hours)
instead of raw glucose to achieve higher sensitivity
(approximately 10% increase), and it therefore prob-
ably reflects a more accurate estimation of glucose
repartition in the 2 compartments.23,24 For these rea-
sons, it should be preferred over absolute CSF glucose
when making clinical predictions; however, our data
illustrate that it is not a widespread practice. We did
not have enough time points to investigate whether
the glucose ratio obtained within shorter time frames
(e.g., 62 hours) would yield better ROC.

The limitations of the study include its use of
single-center retrospectively collected laboratory
measures without the ability to further explore path-
ologic mechanisms or control for uniform collection
of variables. In a prospective study asking the same
questions, a number of additional control variables
could be collected. The blood-brain barrier integrity
could be assessed by parallel measurement of albumin
in the plasma and CSF. Lactate quantification could
clarify a potential role for anaerobic metabolism.16

Proteins could be further separated into those of
microbial origin and immunoglobulins. Microbial
load could be quantified using PCR, and a tight

Figure 2 Longitudinal relationship between CSF glucose and protein changes

Delta glucose and changes in proteins represent the difference between a repeat CSF sam-
ple and the corresponding initial CSF sample. Note the strong linear relationship (p 5 10212)
and the fact that most data points fall either in the upper left quadrant (improvement) or in
the lower right quadrant (worsening), indicating an inverse correlation between CSF glucose
and protein levels.

Figure 3 Receiver operatingcharacteristics for CSFglucose (n5225) and serum/
CSF glucose ratio (n 5 156) as predictors for microbial meningitis

The sensitivity and specificity of different clinically meaningful threshold levels are shown in
the inset table and at corresponding dots on the curves (low, middle, and high thresholds).
Note that when a low threshold is chosen, the raw glucose and glucose ratio perform similarly
with high specificity for microbial cases but very low sensitivity. On the other hand, when
a high threshold is chosen, the glucose ratio performs approximately 10% better than raw
glucose in terms of sensitivity for equivalent specificity. Thresholds typically used in clinical
practice are in the middle range. CSFg 5 CSF glucose; Gr 5 Glucose ratio.
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CSF-to-serum glucose ratio could be assessed system-
atically. Although promising, newer biomarkers such
as serum or CSF procalcitonin25 and serum C-reactive
protein26 have not yet replaced CSF glucose in the
evaluation of meningitis and were not systematically
available in our data set. We did not include carcino-
matous meningitis in our analysis, but doing this
could provide yet another interesting angle, as can-
cerous cells are known to be highly catabolic. Overall,
the aim of our analyses was to describe the relation-
ship between CSF variables, as opposed to building
a predictive score for the diagnosis of microbial men-
ingitis that should be the focus of a larger prospective
study. The percentage of diagnoses should be consid-
ered as information on the data used here and not as
a cross-sectional study on meningitis differential
diagnosis.

The strengths of this study include a relatively
large sample size as compared to previously pub-
lished data that encompassed a wide variety of con-
firmed etiologies including more recently recognized
entities in the aseptic category, such as meningitides
related to immunologic disturbances. The baseline
characteristics were fairly balanced aside from an
overrepresentation of men in the microbial category
that we could not explain, as there are no reports
suggesting a sex difference in this disease. As
planned, the microbial category encompassed cases
with a history of neurosurgery that may have had
an impact on the blood-brain barrier permeability
and thus bias glucose measurements. However, we
feel that this is part of the variability of the clinical
setting and serves to increase the generalizability
of our findings. Indeed, repeating the analysis
excluding cases with a history of neurosurgery
yielded the same results (supplemental data, http://
links.lww.com/NXI/A3).

In conclusion, the data presented here shed light
on meningitis pathophysiology by suggesting that
the presence of a pathogen and the induced changes
in CSF milieu, rather than inflammation alone,
underlie hypoglycorrhachia. The practical correlate
is that aseptic meningitis, even with a high level of
leukocytes, should remain a diagnosis of exclusion
if low—especially very low (,30 mg/dL)—CSF glu-
cose is present. Our data also support trending CSF
glucose as a marker of treatment response and sug-
gest that CSF glucose alone is a relatively specific
marker of microbial meningitis, although the CSF-
to-serum ratio may be better in borderline cases. The
early assessment of CSF glucose remains a vital com-
ponent of the workup when a patient presents with
signs of meningitis, as it can help distinguish
between microbial meningitis requiring antimicro-
bial therapy and aseptic cases requiring very different
treatment.
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ABSTRACT

Objective: To characterize the brain-infiltrating immune cell repertoire in Rasmussen encephalitis
(RE) with special focus on the subsets, clonality, and their cytokine profile.

Methods: The immune cell infiltrate of freshly isolated brain tissue from RE was phenotypically
and functionally characterized using immunohistology, flow cytometry, and T-cell receptor
(TCR) deep sequencing. Identification of clonally expanded T-cell clones (TCCs) was achieved
by combining flow cytometry sorting of CD41 and CD81 T cells and high-throughput TCR Vb-
chain sequencing. The most abundant brain-infiltrating TCCs were isolated and functionally
characterized.

Results: We found that CD41, CD81, and also gd T cells infiltrate the brain tissue in RE. Further
analysis surprisingly revealed that not only brain-infiltrating CD81 but also CD41 T cells are
clonally expanded in RE. All 3 subsets exhibited a Tc1/Th1 phenotype characterized by the pro-
duction of interferon (IFN)-g and TNF. Broad cytokine profiling at the clonal level showed strong
production of IFN-g and TNF and also secretion of interleukin (IL)-5, IL-13, and granzyme B, both
in CD41 and CD81 T cells.

Conclusions: CD81 T cells were until now considered the central players in the immunopatho-
genesis of RE. Our study adds to previous findings and highlights that CD41 TCCs and gd T cells
that secrete IFN-g and TNF are also involved. These findings underline the complexity of T-cell
immunity in RE and suggest a specific role for CD41 T cells in orchestrating the CD81 T-cell
effector immune response. Neurol Neuroimmunol Neuroinflamm 2018;5:e419; doi: 10.1212/

NXI.0000000000000419

GLOSSARY
IFN 5 interferon; IgG 5 immunoglobulin G; IL 5 interleukin; PHA 5 phytohemagglutinin; PMA 5 phorbol myristate acetate;
RE 5 Rasmussen encephalitis; TCC 5 T-cell clone; TCR 5 T-cell receptor; TCRBV 5 TCR b-chain variable.

Rasmussen encephalitis (RE) is a rare neurologic disorder mainly affecting children and causing
drug-resistant epilepsia partialis continua, intellectual decline, and neurologic deficits in parallel
with progressive hemispheric atrophy that, if untreated, will reach the final stage of the disease
with fixed severe neurologic symptoms.1 Efforts to characterize the pathogenesis and identify the
etiology of RE started already with the description of the disease by Rasmussen et al. in 1958.2

Both viral agents and antibody-mediated immune responses have been suspected or reported to
be involved in the pathophysiology of RE with, however, inconsistent results.3–6

The most robust evidence comes from recent research, which showed that RE-affected brain
tissue is characterized by clonally expanded CD81 T-cell infiltrates in the brain tissue, suggest-
ing a specific immunologic reaction to either exogenous or endogenous antigens.7–11 This notion
is supported by several small-size treatment studies with immunosuppressive/modulatory agents,
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which have in part shown promising results.12–16

Given that the most effective treatment remains
hemispherectomy/hemispherotomy with a sig-
nificant risk of functional deterioration, there is
a great need for better treatment options
directed against pathophysiologic aspects and/
or a potential cause of the disease.4

In this direction, we here studied the types
of immune cells infiltrating the brain in RE
using histopathology and ex vivo characteriza-
tion of isolated cells by flow cytometry. We
further investigated the presence of T-cell
clonal (TCC) expansions, generated and char-
acterized for the first time the most frequent
TCCs from the brain of a patient with RE,
and assessed their functional phenotype.

METHODS Patients. Case 1. A 4-year-old boy developed

progressive focal neurologic deficits and seizures. He was diag-

nosed with bilateral RE based on the clinical symptoms, radio-

logic findings (figure 1), and histopathologic analysis from brain

biopsies derived from both hemispheres. Cerebrospinal fluid

(CSF) studies revealed normal glucose and albumin quotient,

normal immunoglobulin G (IgG) index, no oligoclonal bands

and was negative for neurotropic viruses. The CSF was also tested

10 months later and was normal except for the presence of oli-

goclonal bands. The boy underwent left vertical parasagittal

hemispherotomy 1 and a half year later. Part of the resected brain

tissue was obtained for research analyses. Serum was tested and

was negative for paraneoplastic antibodies, namely antibodies

against NMDA receptor, AMPA, GABA (B), mGluR1, mGluR5,

LGI1, and Caspr2. The CSF was also tested and was negative for

antibodies against Hu, Ri, Yo, amphiphysin, CV2 (CRMP5), Ta/

Ma2, Ma1, SOX1 and GAD, LGI1, Caspr2, and NMDA

receptor (for further details, see online case description, appendix

e-1, http://links.lww.com/NXI/A11).

Case 2. A 36-year-old man underwent MRI showing findings

consistent with RE: hyperintense signal in the left cortical and

subcortical area with cortical atrophy and enlargement of the

lateral ventricle. A brain biopsy was consistent with RE and

included in the study.

Case 3. A female patient with RE underwent a partial resec-

tion of the right hemisphere at the age of 7 to treat status epilep-

ticus. Because of drug-resistant epileptic activity, the patient

underwent functional hemispherotomy at the age of 25. The

brain biopsy of the latter operation was included in this study and

was consistent with RE. The brain biopsy from the first operation

was not available.

Standard protocol approvals, registrations, and patient
consents. The project was approved by the Cantonal Ethics Com-

mittee Zurich (no. 33-2015), informed consent was obtained

accordingly from the parents of the 4-year-old boy, and approval

was received for the retrospective analyses of cases 2 and 3.

Immunohistochemistry. Formalin-fixed, paraffin-embedded

brain tissue sections of diagnostic brain biopsies (5-mm thick-

ness) were stained on a Leica Bond III–automated im-

munostaining platform (Leica Biosystems) with the appropriate

antibodies (table e-1, http://links.lww.com/NXI/A9) in 1%

bovine serum albumin. Tissue sections were analyzed using

a Nikon Eclipse 80i light microscope equipped with an Olympus

UC30 camera.

Isolation of brain-infiltrating mononuclear cells. This and
all subsequent methods were performed from CNS tissue that was

obtained and processed immediately after surgery from RE case 1.

The brain biopsy was cut into small pieces and incubated

with media containing 1 mg/mL collagenase A (Roche, Basel,

Switzerland) and 0.1 mg/mL DNAse I (Roche) at 37°C for

60 minutes. Brain-infiltrating cells were isolated by Percoll den-

sity gradient centrifugation (GE Healthcare, Buckinghamshire,

United Kingdom). The cells were characterized directly by flow

cytometry, expanded with phytohemagglutinin (PHA)-L (Sigma-

Aldrich, St. Louis, MO), or cryopreserved until further use.

Flow cytometry. For the direct phenotypic analysis of the

mononuclear brain infiltrate, Fc-binding blocking with human

IgG and staining with Live/Dead Aqua (Invitrogen, Waltham,

MA) was performed, followed by staining with the appropriate

antibodies (table e-1, http://links.lww.com/NXI/A9). Measure-

ments were performed on an LSR II flow cytometer (BD,

Franklin Lakes, NJ), and data were analyzed with FlowJo

(Ashland, OR).

Figure 1 Coronal MRI images showing the evolution of white matter abnormality and atrophy of patient 1

MRI (fluid-attenuated inversion recovery, FLAIR) in February 2013 (A), in September 2013 (B), and after left vertical para-
sagittal hemispherotomy in October 2013 (C). The arrows in B show subcortical regions with white matter FLAIR signal
abnormality. Note also the progressive atrophy of the brain and the left temporal lobe in particular.
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Figure 2 Immunopathologic analysis of all 3 Rasmussen encephalitis cases

(A) Perivascular cuffing (hematoxylin and eosin [H&E]), prominent astrogliosis (GFAP), strong microglial activation
(HLA-DR staining), T-cell infiltrates (CD31NeuN), and absence of B cells (CD20) are shown. (B) Representative
images showing CD81 T cells infiltrating the tissue, some of them in proximity or direct contact to neurons
(CD81NeuN) and also, in all 3 cases, CD41 T cells as well as gd T cells (gd-TCR) infiltrating the brain parenchyma.
For CD81NeuN, CD4, and gd-TCR, a higher magnification of the small regions in squares is shown on the top right
inset of each image. Scale bar 5 100 mm except for GFAP and HLA-DR 5 200 mm. GFAP 5 glial fibrillary acidic
protein; HLA-DR 5 human leukocyte antigen; RE 5 Rasmussen encephalitis; TCR 5 T-cell receptor.
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High-throughput T-cell receptor sequencing. DNA was

isolated using the AllPrep DNA/RNA Mini Kit (Qiagen,

Limburg, Netherlands), and high-throughput sequencing for

Vb T-cell receptor (TCR) was performed at Adaptive Bio-

technologies (Seattle, WA) using the immunoSEQ platform.17–19

Expansion of brain-infiltrating mononuclear cells and
generation of TCCs. Brain-infiltrating mononuclear cells were

expanded as bulk populations by seeding into 96-well plates

2,000 cells/well together with 1.5 3 105 allogeneic irradiated

(3,000 radians) peripheral blood mononuclear cells, 1 mg/mL of

PHA and human interleukin-2 (IL-2; supernatant kindly pro-

vided by Federica Sallusto, PhD, Bellinzona, Switzerland) in

IMDMmedium supplemented with 2mM L-glutamine, 100 U/mL

penicillin/streptomycin, 50 mg/mL gentamicin, and 5% human

serum. IL-2 was added every 3–4 days, and at day 14, cells were

pooled and cryopreserved. TCCs were generated by fluorescence

activated cell sorting (FACS) (FACSAria III; BD) of specific T-

cell populations stained with anti-CD4, anti-CD8, and appro-

priate anti-TCR Vb antibodies (Beckman Coulter, Brea, CA) and

subsequently cloned by limiting dilution (0.3 cells/well) in 96-

well plates. TCCs were then expanded using the above-described

protocol and rechecked for purity by sequencing of the specific

TCR Vb chain (Microsynth, Balgach, Switzerland) and flow

cytometry.

Cytokine expression profiling of expanded brain-
infiltrating T cells. Brain-infiltrating mononuclear cells were

analyzed for cytokine profiling after 1 expansion using intracellu-

lar cytokine staining on stimulation with 50 ng/mL phorbol myr-

istate acetate (PMA; Sigma-Aldrich) and 1 mg/mL ionomycin

(Sigma-Aldrich) in the presence of GolgiPlug (BD). After 5

hours, T cells were stained with Live/Dead Aqua, fixed and

permeabilized with the Cytofix/Cytoperm Kit (BD), and stained

with the appropriate antibodies (table e-1, http://links.lww.com/

NXI/A9). Unstimulated cells served as controls. Measurements

were performed on an LSRFortessa flow cytometer (BD), and

data were analyzed with FlowJo.

Cytokine expression profiling of TCCs. TCCs were stimu-

lated with PMA and anti-CD3 (OKT3 antibody; Janssen-Ortho,

Toronto, Canada) for 24 hours. Cytokine secretion of individual

TCCs was measured in supernatants using a Th1/Th2/Th17

Cytokine Multi-Analyte ELISArray Kit (Qiagen) and a granzyme

B ELISA kit (Mabtech, Nacka Strand, Sweden). Data were

analyzed using GraphPad Prism (La Jolla, CA).

RESULTS All 3 subtypes, CD41, CD81, and gd, are

forming the T-cell infiltrate in RE. We first performed
immunohistochemical analyses to investigate the
similarities between the 3 RE cases. All 3 cases dis-
played prominent astrogliosis, strong microglial acti-
vation, T-cell infiltrates, and essential absence of B
cells (figure 2A). Further characterization of the T-
cell infiltrate confirmed the presence of CD81 T
cells, some of them in direct contact to neurons in
accordance with what has been described before.8

The histopathologic findings were thus consistent
with RE in all 3 cases. We observed also in all 3
cases the presence of CD41 T cells both in the peri-
vascular compartment and in the parenchyma as
well as infiltrating gd T cells (figure 2B). Apart from
the T-cell staining, the gd-TCR antibody also

displayed a regional staining of glial cells (data not
shown).

To confirm these histopathologic findings and
quantitatively assess and perform a more detailed
analysis of the brain-infiltrating cells, we used brain
tissue resected at hemispherotomy surgery from
case 1. Figure 3A shows the methodological strategy
of dissecting the tissue into 4 segments (seg1–seg4)
for the various analyses.

Flow cytometric analysis of leukocytes (CD451)
obtained from fresh brain tissue (seg4) revealed a pre-
dominant T-cell infiltrate (CD31, 93.1%) consisting
of CD41 (30.9%) and CD81 (46.6%) T cells. Both
subpopulations displayed effector memory pheno-
types. B cells (CD191) comprised only 1.8% of the
cell population, confirming the immunohistochemical
analysis. We also found 33.1% of the infiltrating
T cells to be gd T cells with 65.4% being Vd11, while
only a minority expressed Vd21. The remaining frac-
tion of gd T cells was Vd12 Vd22 (most probably
Vd31 T cells). Both Vd21 and Vd12 Vd22 T cells
were partially also CD81 (figure 3B). Of note, gd
T cells are a small subset of T cells as compared to
ab T cells, have a distinct TCR on the surface, and
constitute only 1%–5% of total blood lymphocytes
being mainly Vd21. The presence of monocytes
(CD141, 1%) and natural killer cells (CD561,
2.1%) was sparse (data not shown). To further char-
acterize the brain T-cell infiltrate, CD81, CD41, and
gd1 T cells were in vitro PHA expanded (1 round).
Analysis of the cytokine profile of these expanded
brain-infiltrating T cells revealed that all 3 subpopu-
lations (CD81, CD41, and gd1 T cells) displayed
a similar profile expressing the proinflammatory cyto-
kines interferon (IFN)-g and TNF and in addition the
degranulation marker of cytotoxicity CD107a
(figure 3C). We thus found that all 3 subtypes,
CD41, CD81, and gd, are forming the T-cell infiltrate
in RE and express a proinflammatory (Th1-like) profile.

Both CD41 and CD81 T-cell brain infiltrates are clonally

expanded. We sequenced the TCR b-chain variable
(TCRBV genes) expressed by T cells infiltrating seg2
and seg4 of the RE brain tissue. This sequencing can
be used to trace clonal lineages and thus potentially
identify the same clonal lineages in seg2 and seg4.
Five hundred seventy-six unique productive se-
quences were identified in seg2. The complete list of
Vb-chain, J-chain, CDR3 sequences and frequencies
is given in table e-2, http://links.lww.com/NXI/A10.
The 13 most frequent TCCs are highlighted in a 3D
histogram (figure 3D) and summarized in figure e-1
(http://links.lww.com/NXI/A8). To discriminate
between CD41 and CD81 TCCs, we then sequenced
the TCRBV chain expressed by sorted CD41 and
CD81 T cells isolated from seg4 following 1 round of
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PHA expansion. Five hundred fifty-three and 291
unique productive sequences were identified in the
CD41 and in the CD81 brain-infiltrating T-cell

pool, respectively. The most frequent TCCs in seg2
that are present in the brain-infiltrating CD41 T-cell
pool and CD81 T-cell pool from seg4 are shown in

Figure 3 Methodological strategy, flow cytometric analysis, cytokine profile, and clonality of brain-infiltrating cells

(A) Methodological strategy of dissecting the brain tissue (dimensions: 2 3 6 3 1.5 cm) for various analyses: segment (seg) 1 was kept for further analyses.
Seg2 was taken for DNA extraction and subsequent high-throughput TCR sequencing. Seg3 was embedded in paraffin and used in immunohistochemical
studies. Seg4 was used for isolation of brain-infiltrating mononuclear cells with subsequent (1) phenotypic analyses by flow cytometry, (2) expansion with
phytohemagglutinin, FACS of CD41 and CD81 T cells, DNA extraction, and subsequent high-throughput TCR sequencing, and (3) T-cell cloning (TCC).
(B) Flow cytometry analysis (seg4) of the brain-infiltratingmononuclear cells. (C) Cytokine profile of brain-infiltrating T cells. (D) High-throughput TCR sequencing
(seg2) showing oligoclonal expansions of both CD41 and CD81 T-cell infiltrates. CM 5 central memory; EM 5 effector memory; TCR 5 T-cell receptor.
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red and blue, respectively (figure 3D and figure e-1,
http://links.lww.com/NXI/A8). Five of the 13 most
frequent TCCs in seg2 were not present in the
CD41 or CD81 compartment of the expanded
pools from seg4 (shown in black). The 2 most fre-
quent TCCs in seg2 representing 15.56% and 13.
04% of the T-cell infiltrate were both CD81. The
third most expanded TCC in seg2 representing 6.
81% of the T-cell infiltrate was a CD41 TCC. The
overall TCC match between seg2 and seg4 was 14.
5% for CD41 and 38.8% for CD81 TCCs, while
46.7% of the infiltrating T cells in seg2 were not
present in seg4. We thus found that both CD41 and
CD81 T-cell brain infiltrates are clonally expanded
in RE case 1.

Functional phenotype of brain-infiltrating clonally

expanded TCCs. We next generated 5 CD41 and 1
CD81 TCC from CD41 and CD81 sorted and pre-
viously PHA-expanded (1 round) T cells obtained
from RE brain tissue seg4. This was performed to
characterize the functional phenotype of the indi-
vidual TCCs found in RE case 1. The 5 CD41 TCCs
obtained were among the 6 most frequent TCCs in
the pool of sorted and expanded CD41 T cells from
seg4. The CD81 TCC was the most frequent one in
the CD81 T-cell pool (figure 4, A and B). Of interest,
2 of the CD41 TCCs were also present in seg2. Based
on our previous studies, a bias as a consequence of 1
round of PHA expansion is unlikely.20 We therefore
assume that partially overlapping T-cell repertoires

Figure 4 Cytokine expression profile of individual T-cell clones

(A) The frequencies of CD41 (red) or CD81 (blue) TCCs that were identified in seg4 are shown in a 3D histogram. Note the similar clonality of CD41 and CD81

T cells. TCCs that were generated by limiting dilution and analyzed for cytokine expression are numbered and shown in bold. (B) The Vb-chain, J-chain, and
CDR3 sequence of TCRs from the most frequent TCCs as well as the cytokine profile of the derived TCCs are shown. Cytokine production is illustrated with
a color gradient from pale to bolder that corresponds to lower and higher cytokine levels, respectively. (C) High levels of granzyme B secretion by both the
CD41 and CD81 TCCs on stimulation. n.p. 5 not present. IFN 5 interferon; IL 5 interleukin; TCC 5 T-cell clone; TCR 5 T-cell receptor.
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shape the infiltrate in physically separate areas of the
brain in this RE case. A search using the BLASTP
program of the nonredundant protein database (blast.
ncbi.nlm.nih.gov) indicated that none of the TCR
sequences found in seg2 and seg4 matched any
published sequence in the database.

We examined the functional phenotype of the 6
brain-infiltrating TCCs by analyzing their cytokine
profile (figure 4B). Among the CD41 TCCs, 2 TCCs
(TCC3 and TCC16) displayed a Th1 phenotype
releasing mainly Th1 cytokines, 2 TCCs (TCC14
and TCC15) had a Th1/2 multifunctional pheno-
type, and TCC18 released mainly Th2 cytokines.
The only CD81 TCC analyzed (TCC23) released
both Th1 and Th2 cytokines and hence exhibited
also a multifunctional phenotype (figure 4B). Both
the CD41 TCCs and the CD81 TCC produced
granzyme B on stimulation (figure 4C). We thus
observed both Th1 and Th1/2 multifunctional cyto-
toxic phenotypes of the individual TCCs.

DISCUSSION In this study, we report that besides
CD81 T cells, both ab CD41 TCC and gd T cells
infiltrate the brain in RE. Further analyses using
FACS of CD41 and CD81 T cells and TCR Vb-
chain high-throughput sequencing from 2 different
segments of brain tissue identified that not only the
brain-infiltrating CD81 but also the CD41 T cells are
clonally expanded. Prior evidence has shown that T
cell–mediated inflammation in RE is dominated by
CD81 TCCs, while an involvement of CD41 TCCs
has not been considered.7,11,21 In a seminal previous
study, the investigators matched the TCR Vb
between blood and brain T cells in 5 patients and
found only CD81 T cells to be present in the RE
brain.7 For this reason, our finding that a large frac-
tion of the TCCs that were present in both brain
segments, and in particular the third and sixth most
frequent TCCs, were CD41, is surprising. The reason
for the discrepancy between the previous study and
ours is unclear but could be explained by methodo-
logical differences. Although, the previous study
included more patients, identification of brain TCCs
as being CD41 or CD81 T cells was performed by
matching them to peripheral blood CD41 or CD81

TCCs. On the other hand, the setup and methods
used in our study with direct sorting and sequencing
from 2 different segments of the brain lesion allowed
phenotyping the T-cell subpopulations directly from
the brain. In support of our findings, histopathologic
studies have also reported the presence of CD41

T cells in the RE brain.22–25 Our study, which
documents not only the presence but also clonal
expansion of CD41 T cells, indicates that CD41

T cells are likely involved in the disease process of RE
and driven by a specific antigen. Given that this

finding is derived from a bilateral RE case, further
studies are needed to investigate whether this is also
true for more typical RE cases in which only 1 hemi-
sphere is affected.

In addition to the oligoclonal expansion of CD41

and CD81 T cells, the presence of gd T cells suggests
further complexity of the immunopathogenesis. We
found that a major fraction (one-third) of the brain-
infiltrating gd T cells belong to the non-Vd21 sub-
type. Because blood gd T cells are mainly Vd21, our
finding indicates a specific infiltration rather than
bystander recruitment into the brain. Almost half of
the gd T cells were positive for CD8, which suggests
that prior histopathologic assessments of RE tissue
with anti-CD8 antibodies might have overestimated
the contribution of CD81 ab T cells because at least
a significant proportion of the CD81 T cells belong
to the gd T-cell compartment. gd T cells constitute
1%–5% of total blood lymphocytes and approxi-
mately 50% of the lymphocytes in skin and mucosal
tissues. They mediate defense mechanisms against
bacteria, viruses, and protozoa and play a role in can-
cer, wound healing, and autoimmune diseases.26

Regarding CNS autoimmunity, previous studies have
shown that gd T cells are present in MS lesions, are
oligoclonally expanded, and probably can react
against heat-shock proteins.27–29 It is important that
a recent study has also reported the presence of gd
(CD42CD82Vd11) T cells with a restricted T-cell
repertoire in RE.30 Thus, because gd T cells are impli-
cated in RE and both in viral/infectious and autoim-
mune diseases of the CNS, they should be included in
future efforts to uncover the etiology of the disease.

A previous study comparing brain tissue from pa-
tients with RE and cortical dysplasia analyzed the cyto-
kine profile in RE using reverse transcription PCR and
showed evidence for a Th1/Tc1 response.24 We here
report the cytokine profile of the most frequent, CNS-
infiltrating T-cell populations and individual TCCs in
the brain. Individual CD41 TCCs displayed a Th1
phenotype with IFN-g and TNF secretion or a more
complex multifunctional phenotype with additional
secretion of IL-5 and IL-13. When investigating all 3
subpopulations of brain-infiltrating cells, namely
CD41, CD81, and gd T cells, the majority of the cells
expressed IFN-g and TNF but not IL-17.

In its most common form, RE affects only 1 hemi-
sphere, but rare cases exist, in which the disease starts
at earlier age, is more severe, and affects both hemi-
spheres.31 In case 1 with bilateral hemispheric
involvement, the clinical course of the disease, involv-
ing the typical RE prodromal period, the intractable
focal seizures followed by the acute stage until sur-
gery, the MRI findings and evolution, the absence of
antibodies involved in autoimmune encephalopa-
thies, the histopathology being in accordance with
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the Bien diagnostic criteria and compatible with what
usually is seen in typical unilateral RE cases, as eval-
uated by 2 independent neuropathologists, the classic
finding of T cells being in contact to neurons, and,
finally, the response to surgical treatment strongly
support that this is one of the very rare cases of bilat-
eral RE.32 The presence of brain-infiltrating gd T cells
in all 3 cases also strongly suggests that bilateral and
unilateral cases have a similar pathogenesis.

Taken together, our data fit well with previous
knowledge and provide new insights regarding the
immunopathogenesis of RE. Previous studies in
RE have demonstrated that CD81 T cells cluster
around neurons that express phosphorylated STAT1
and show loss of synapses. In a model of viral
encephalitis, this process of synapse elimination de-
pended on IFN-g production by CD81 T cells,33

and we here provide evidence that brain-derived
CD81 T cells indeed produce IFN-g in RE. The
CD81 TCC in addition expresses granzyme B, indi-
cating that CD81 T cells can induce death of astro-
cytes and neurons that express MHC class I through
direct cell-cell contact and release of granzyme
B.8,9,21 The strong expression of MHC class II and
the presence of CD41 TCCs suggest that CD41 T
cells react to specific brain antigens and secrete
proinflammatory cytokines that play a role in
orchestrating and/or supporting the CD81 T-cell
response. Although the helper function of CD41

T cells may be their most important role, CD41

TCCs produce IFN-g and granzyme B at levels sim-
ilar or even higher than CD81 TCCs. Hence, CD41

T cells may also act as cytotoxic effectors, i.e., by the
above-mentioned IFN-g–mediated elimination of
synapses, by inducing glial apoptosis and by
enhancing tissue damage via granzyme B.33–36

Finally, the identification of brain-infiltrating gd T
cells as part of the inflammatory process in RE im-
plicates a third T-cell subtype.

Overall, we find that the T-cell infiltrate in RE is
considerably more complex than previously thought.
While our data do not allow to discern which of the
T-cell subtypes initiates the inflammatory process,
their common cytokine patterns indicate that they
jointly participate in the pathogenesis of RE. It will
be important now to identify the target antigens of
both CD41 and CD81 TCCs and clarify if these
are self- or foreign antigens and if molecular mimicry
is involved. Future studies about the possible antigens
causing or driving the disease should investigate all 3
T-cell populations, CD81 and CD41 TCCs, and gd

T cells. To this end, we have expanded for the first
time the most prominent CD41 and CD81 TCCs,
which can be used as important tools in unbiased
approaches to identify possible antigens involved in
the etiology and/or pathogenesis of RE.
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Progressive inner nuclear layer dysfunction
in non-optic neuritis eyes in MS

ABSTRACT

Objective: To investigate primary retinal functional changes in non-optic neuritis (ON) eyes of pa-
tients with MS by full-field electroretinography (ERG).

Methods: Seventy-seven patients with relapsing-remitting MS with no history of clinical ON in at
least 1 eye and 30 healthy controls were recruited in the cohort study. Full-field ERGs were
recorded, and retinal optical coherence tomography scans were performed to assess the thick-
nesses of peripapillary retinal nerve fiber layer (RNFL) and retinal ganglion cell layer–inner
plexiform layer (GCL-IPL). Annual MRI scans were also carried out to evaluate the disease
activity in the brain. Patients were followed up for 3 years.

Results: At baseline, a delayed b-wave peak time was observed in the cone response (p , 0.001),
which was associated with the thicknesses of RNFL and GCL-IPL. The peak time of the delayed b-
wave also correlated with the Expanded Disability Status Scale, T2 lesion volume, and disease
duration. During the 3-year follow-up, progressive ERG amplitude reduction was observed (both
a- and b-waves, p , 0.05). There was a correlation between the b-wave amplitude reduction and
longitudinal RNFL loss (p5 0.001). However, no correlation was found between longitudinal ERG
changes and disease activity in the brain.

Conclusions: This study demonstrated progressive inner nuclear layer dysfunction in MS. The bor-
derline a-wave changes suggested some outer retinal dysfunction as well. The correlation
between full-field ERG changes and retinal ganglion cell loss suggested that there might be sub-
clinical retinal pathology in MS affecting both outer and inner retinal layers. Neurol Neuroimmunol

Neuroinflamm 2018;5:e427; doi: 10.1212/NXI.0000000000000427

GLOSSARY
DA 5 dark adapted; EDSS 5 Expanded Disability Status Scale; ERG 5 electroretinography; FLAIR 5 fluid-attenuated
inversion recovery; GCL-IPL 5 ganglion cell layer–inner plexiform layer; INL 5 inner nuclear layer; LA 5 light adapted;
LVV 5 lateral ventricular volume; OCT 5 optical coherence tomography; ON 5 optic neuritis; ONL 5 outer nuclear layer;
RGC 5 retinal ganglion cell; RNFL 5 retinal nerve fiber layer; RRMS 5 relapsing-remitting MS.

MS is an autoimmune disease involving demyelination and neurodegeneration in the CNS.
Neurodegeneration in MS has been recognized as a primary component of MS pathology.1,2

Optic neuritis (ON) is usually the manifest onset of MS, and acute inflammation in the optic
nerve can lead to axonal transection and retinal ganglion cell (RGC) loss.3 However, it has been
established that retinal nerve fiber layer (RNFL) thinning occurs not only in ON eyes but also in
non-ON eyes in MS4 and is associated with the risk of disability worsening.5 RNFL loss in non-
ON eyes could be a result of either retrograde transneuronal degeneration6 or primary RGC loss.

However, it is still unknown whether the outer layers of the retina, including the outer and
inner nuclear layers (INLs), are also affected in MS. A postmortem study showed significant ret-
inal atrophy in the INL in patients with MS.7 Outer retinal degeneration has also been identified
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and was found to be independent of the optic
nerve inflammation in the rat model of myelin
oligodendrocyte glycoprotein–induced exper-
imental autoimmune encephalomyelitis.8

Although most of the previous optical coher-
ence tomography (OCT) studies failed to
reveal any retinal architectural changes in the
outer retinal layers, Saidha et al.9 reported
primary retinal neuropathy detected by OCT
scans in a subtype of patients with MS, with
predominantly macular thinning and more
rapid disability progression. However, another
group were not able to discriminate the mac-
ular thinning phenotype as a distinct subgroup
of patients with MS,10 suggesting that the
concept of primary retinal pathology in MS is
still controversial and requires further investi-
gation. Degeneration of retinal layers in
relapsing-remitting, secondary progressive,
and primary progressive MS was investigated,
and INL thinning was observed only in pri-
mary progressive MS.11 These findings suggest
that there might be some subtle outer retinal
pathologic changes that are evident in more
advanced stages of the disease.

Full-field electroretinography (ERG) is
a widely used clinical test, which provides
a measure of the neuroretinal function in vi-
vo.12 The cornea-negative a-wave is mainly
reflecting the photoreceptor function in the
outer nuclear layer (ONL), whereas the pos-
itive b-wave is primarily generated by bipolar
and Müller cells in the INL. Dark and light
adaptation allows separated analysis of the
signals from the cone and rod pathways. A
limited number of cross-sectional ERG stud-
ies have been conducted in patients with MS
or ON and showed inconsistent results.13–17

No longitudinal ERG studies in MS have
been reported to date. Therefore, in the cur-
rent study, to determine whether there is pri-
mary retinal pathology in MS, we examined
full-field ERG changes in non-ON eyes in
patients with MS with 3-year follow-up. Cor-
responding RGC loss and disease activity in
the brain during the same period were deter-
mined by OCT imaging and MRI scans,
respectively.

METHODS Participants and ethics. This study was

approved by the Human Research Ethics Committee of the

University of Sydney, and written informed consent was obtained

from all participants. The study adheres to the tenets of the Dec-

laration of Helsinki.

Patients with consecutive relapsing-remitting MS (RRMS)

with no history of clinical ON in at least 1 eye were enrolled.

For patients without a history of ON, a randomly selected eye

was used for analysis. Exclusion criteria included a history of other

ocular, neurologic, or systemic diseases that could affect the re-

sults, such as retinal disorders or other optic neuropathies, diabe-

tes, or medications known to affect the ERG response. Healthy

subjects with similar age distribution and male/female ratio were

also recruited as controls to minimize selection bias. The number

of cases recruited during the study period determined the sample

size. Patients with MS underwent annual full ophthalmic exami-

nation and brain MRI scans as well as full-field ERG recording

and OCT imaging at baseline and year 3.

Full-field ERG recording. Full-field ERG recordings were per-

formed as per the ISCEV standard18 using an ESPION system

(Diagnosys LLC, Lowell, MS) to assess the retinal function in the

outer and INLs. Pupils were dilated with tropicamide 1%, and

the diameter of the dilated pupils were recorded to ensure equiv-

alence for subsequent visits. For dark-adapted (DA) ERGs, rod

and combined rod-cone responses were recorded to white flashes

with stimulus strengths of 0.01 cd$m21$s22 (DA 0.01), 3.0

cd$m21$second22 (DA 3.0 and oscillatory potentials), and 12.0

cd$m21$s22 (DA 12.0), respectively, after a 20-minute dark

adaptation. For light-adapted (LA) ERGs, after patients were

exposed to 30 cd$m22 background luminance for 10 minutes,

single-flash cone response (LA 3.0) and 30 Hz flicker were re-

corded accordingly. The a- and b-wave peaks were initially

identified automatically by the software and then checked and

manually adjusted where necessary, and both peak times and

amplitudes were analyzed.

OCT imaging. OCT imaging was performed using a Spectralis

spectral domain OCT scanner (Heidelberg Engineering, Heidel-

berg, Germany). A peripapillary circular scan was performed to

assess the global RNFL thickness. Also, a macular radial star-

like scan was obtained for thickness measurement of ganglion

cell layer–inner plexiform layer (GCL-IPL) as previously

described.19

MRI protocol, lesion identification, and brain atrophy
analysis. The MRI protocol used in this study was similar to that

which we have used previously.6 Briefly, all the study participants

underwent annual MRI brain scans at the Brain and Mind Cen-

tre, Sydney University on an MR750 3.0-T scanner with an

8-channel head-coil (GE Medical Systems, Milwaukee, WI).

Sagittal 3D T1-weighted imaging (GE BRAVO sequence) was

acquired with the following image parameters: field of view

(FOV) 5 256 mm2, echo time (TE) 5 2.7 ms, repetition time

(TR) 5 7.2 ms, pixel spacing 5 1 mm, flip angle 5 12°, and

acquisition matrix (Freq. 3 Phase) 5 256 3 256. Axial fluid-

attenuated inversion recovery sequence (GE CUBE T2 FLAIR)

was obtained using the following parameters: FOV 5 240 mm2,

acquisition matrix 5 256 3 244, TE 5 163 ms, TR 5 8,000

ms, flip angle 5 90°, and pixel spacing 5 0.47 mm.

The MS lesions were identified on coregistered FLAIR T2

and T1 images and segmented semiautomatically using ITK-

SNAP software (ITK-SNAP is a part of mrDiffusion package

available for download at http://www.itksnap.org/pmwiki/

pmwiki.php). Brain atrophy was assessed by lateral ventricular

volume (LVV) analysis with the NeuroSTREAM technique as

described previously.20 T2-FLAIR images were preprocessed

and then nonlinearly aligned to 3 previously derived multisubject,
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multiscanner atlases. The inverse transforms were then used to

bring standard space ventricular masks into the subject space and

to combine them via a locally optimized joint-label fusion

scheme. The fused mask was then used to initialize and guide

a tuned level set algorithm incorporating a supersampling-based

partial volume estimation.

Statistical analysis. Full-field ERG parameters, including am-

plitudes and peak times of DA rod response, mixed rod/cone

response at 2 levels of flash intensity, LA cone response, and 30

Hz flicker, were compared between patients with MS and con-

trols using the unpaired t test (Graphpad Prism, version 6.0;

Graphpad, La Jolla, CA). ERGs at year 3 were compared with

baseline ERGs using the paired t test. The correlations between
ERG and OCT measurements as well as between ERG parame-

ters and disease severity (Expanded Disability Status Scale

[EDSS], MRI lesions, and brain atrophy) were further examined

using both simple correlation and multiple regression analysis

with least squares (Pearson correlation). The D’Agostino-Pearson

omnibus normality test was used to determine whether data were

sampled from Gaussian distributions. p , 0.05 was considered

statistically significant.

RESULTS Seventy-seven patients with RRMS and
30 controls were recruited. Demographics of all the
participants are shown in table 1.

Baseline study. Functional changes in the INL and ONL in

non-ON eyes in MS. A comparison of baseline full-field
ERG parameters in non-ON eyes was done between
patients with MS and controls. There was a mild
delay in the a-wave peak time in DA 3.0 combined
rod-cone response in MS (p 5 0.04, unpaired t test).
A more significant delay was observed in the b-wave
peak time in LA 3.0 ERG (p, 0.001, unpaired t test;
figure 1A). No difference was observed in ERG am-
plitudes between MS and controls. All the measure-
ments of ERG peak times and amplitudes are shown
in table e-1 at http://links.lww.com/NXI/A20. Male
patients showed a smaller b-wave amplitude than
females in DA 0.01 ERG (p5 0.03). For the patients

with a history of unilateral ON (n 5 31), there was
a reduction in RNFL in the ON eyes (91.41 6 10.
89 mm for non-ON vs 74.946 11.93 mm for ON; p
, 0.0001, paired t test), but no difference was found
in the ERGs between ON and non-ON eyes by in-
trasubject comparison (p . 0.05 for all amplitude
and peak time parameters; paired t-test), which sug-
gested that the ERG functional changes in the outer
retinal layers were not related to retrograde trans-
neuronal degeneration.

The INL and ONL function was associated with RNFL/

GCL thicknesses. In previous MS studies, RGC and
RNFL loss in non-ON eyes in MS has been well
documented.19 Here, we further investigated the
correlation between the above delayed ERG peak
times and OCT measurements including both global
RNFL and macula GCL-IPL thicknesses. The a-wave
peak time in DA 3.0 ERG correlated with the GCL-
IPL thickness reduction (r 5 20.341; p 5 0.005).
The more significantly delayed b-wave peak time in
LA 3.0 ERG was found to be associated with both
global RNFL (r 5 20.367, p 5 0.001) and GCL-
IPL (r 5 20.268; p 5 0.02) thicknesses (figure 1B).

Furthermore, GCL-IPL and RNFL thicknesses
also demonstrated association with multiple other
full-field ERG parameters, including both scotopic
and photopic responses (table 2). GCL-IPL thickness
correlated with the b-wave amplitude in rod response
(DA 0.01 ERG) and in combined rod-cone responses
(DA 3.0 and DA 12.0 ERGs). Similarly, global
RNFL thickness was associated with the amplitude
of b-wave in both rod (DA 0.01 ERG) and cone
responses (LA 3.0 ERG).

The INL and ONL function also correlated with EDSS,

lesion volume, and disease duration.Of interest, we found
that MS disability and disease course parameters were
also associated with full-field ERGs at baseline. There
was a correlation between EDSS scores and the de-
layed b-wave peak time in cone response (figure 1C);
Total T2 lesion volume in the whole brain was also
associated with multiple ERG parameters (table 2),
including the b-wave peak times in DA 0.01, DA
12.0, and LA 3.0 ERGs (figure 1D), the a-wave peak
times in DA 3.0 and LA 3.0 ERGs, and the implicit
time of 30 Hz flicker ERG. In addition, there was
a correlation observed between the disease duration
and ERG parameters (table 2), including the b-wave
peak time in DA 0.01 ERG, the a-wave peak time in
DA 3.0 ERG, the a-wave and b-wave peak times in
LA 3.0 ERG, and the implicit time and amplitude of
30 Hz flicker ERG.

Longitudinal study. Reduction in ERG amplitudes during

the follow-up period. Fifty-two patients completed the 3-
year ERG follow-up. A reduction in full-field ERG
amplitudes was observed over the follow-up period,

Table 1 Demographics and clinical characteristics of participants at baseline

Patients with RRMS (n 5 77) Controls (n 5 30) p Value

Sex 0.63a

Male 26 8

Female 51 22

Age, y, mean 6 SEM 41.25 6 1.27 40.27 6 2.56 0.71b

BCVA, LogMAR, mean 6 SEM 20.055 6 0.015 20.072 6 0.016 0.51b

Disease duration, y, median
(range)

4 (1–23) — —

EDSS score, median (range) 1.0 (0–6.0) — —

History of unilateral optic
neuritis

31 — —

Abbreviations: BCVA 5 best-corrected visual acuity; EDSS 5 Expanded Disability Status
Scale; LogMAR 5 logarithm of the minimum angle of resolution; RRMS 5 relapsing-remit-
ting MS; SEM 5 standard error of the mean.
aChi squared test.
bUnpaired t test.
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including the b-wave amplitudes in DA 0.01 ERG
(p , 0.001), DA 3.0 ERG (p 5 0.002), and DA 12.0
ERG (p 5 0.008), as well as the a-wave amplitudes in
DA 3.0 ERG (p 5 0.02), DA 12.0 ERG (p 5 0.04),
and LA 3.0 ERG (p5 0.005) (all with paired t test and
the ERGmeasurements are shown in table e-2 at http://
links.lww.com/A21). The most significant longitudinal
amplitude loss was found in the b-wave of DA rod
response (approximately 11% reduction, figure 2A). No
changes were observed in ERG peak times. No ERG
amplitude reduction was found in the controls (p .

0.05 for all parameters, n 5 12) (figure 2A).
Correlation between ERG amplitude reduction and RNFL

loss. Similar to our previous OCT study,19 we
observed a significant reduction in global RNFL
(21.73 6 2.61 mm) and GCL-IPL (21.10 6 1.66
mm) thickness in the study cohort over the follow-up

period. Of interest, we found that the significantly
reduced b-wave amplitude in DA 0.01 ERG was
associated with the progressive RNFL loss (r5 0.424,
p5 0.001, figure 2B). The correlation between ERG
amplitude loss and RNFL reduction survived a mul-
tiple comparison analysis (p5 0.02), including lesion
volume, EDSS, and lateral ventricle volume changes
as other independent variables. Longitudinal change
in GCL-IPL thickness did not significantly correlate
with any of the ERG parameters.

During the 3-year follow-up period, 25 patients
with MS developed new lesions in the brain, while
the other 27 patients exhibited a relatively stable
disease course, with no new brain lesions detected
on annual MRI scans. However, both patient
groups showed a similar trend in b-wave amplitude
reduction in DA 0.01 ERG (figure 2C). Brain

Figure 1 ERG peak time delay at baseline

Peak time delay of the b-wave in light-adapted (LA) 3.0 electroretinography (ERG) and its association with retinal ganglion cell (RGC) loss and MS disease
course. (A) Representative LA 3.0 ERG traces from a patient with MS (green) and a control (blue) (A.a); the t test showed peak time delay in MS (n 5 77)
compared with controls (n5 30) (A.b). (B) Correlations between the delayed b-wave peak time in LA 3.0 ERG and the thicknesses of global retinal nerve fiber
layer (RNFL) (B.a) and ganglion cell layer–inner plexiform layer (GCL-IPL) (B.b). (C–E) Correlations between the delayed b-wave peak time in LA 3.0 ERG and
the Expanded Disability Status Scale (EDSS) (C), brain lesion volume on T2 MRI imaging (D), and disease duration (E).
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lesion volume changes were plotted against the
ERG amplitude changes and no correlation was
found (p 5 0.24).

In addition, no correlation was found between the
EDSS score changes and ERG amplitude reduction
(p 5 0.62). Brain atrophy and its association with the
increase of LVV has been described in patients withMS.
Here, we used the increased LVV as a measure of brain
atrophy and again observed no correlation with ERG
amplitude reduction (p 5 0.50, figure 2D).

DISCUSSION Using comprehensive baseline and
longitudinal full-field ERG evaluation, this study
demonstrates evidence of functional alterations in the
outer and middle retinal layers in non-ON eyes in
patients with MS, which are to some degree associ-
ated with RNFL and RGC loss in the inner retina.

Progressive RNFL loss in non-ON eyes of patients
with MS has been well described in previous OCT
studies,4,11,21–25 and this study showed a comparable
rate of continuous RNFL loss in non-ON eyes over
the 3-year follow-up period. However, it is still

unclear whether there are pathologic changes in the
outer retinal layers. While loss of photoreceptors and
bipolar cells have been demonstrated in postmortem
studies of patients with MS,7 structural thinning in
the INL in vivo has been observed only in some
groups. Predominant macular thinning was demon-
strated in a specific MS phenotype,9 while retinal
layer changes in different MS types were investigated
and INL thinning was identified to be associated with
primary progressive MS.11 Recently, ONL thickness
in primary progressive MS was also found to be asso-
ciated with the EDSS scores.26 Pathologic changes
associated with the outer layers of the retina in MS
could be subclinical or minor and therefore challeng-
ing to consistently detect on OCT. This may also
explain why outer retinal atrophy in MS was more
evident only in a postmortem study7 and widespread
photoreceptor loss coupled with inflammatory
changes was observed only in animal models.8,27 In
addition, INL thickening was found in patients with
MS with ON episodes, which was suggested to be
linked with microcyst formation.28 A small degree

Table 2 Correlation between ERG, OCT, and disease course/disability parameters

ERG parameters RNFL GCL-IPL EDSS T2 Lesion Duration

0.01 DA

b-wave amplitude 0.250 (0.02)a 0.221 (0.05) — — —

b-wave peak time — — — 0.278 (0.02) 0.259 (0.02)

3.0 DA

a-wave amplitude — — — — —

b-wave amplitude 0.202 (0.07) 0.243 (0.03) — — —

a-wave peak time — 20.341 (0.005)a — 0.294 (0.01) 0.309 (0.008)

b-wave peak time — — 20.205 (0.09) — —

12.0 DA

a-wave amplitude — — — — 0.189 (0.10)

b-wave amplitude — 0.232 (0.04) — — —

a-wave peak time — — — — 0.214 (0.07)

b-wave peak time — — — 0.334 (0.005)a —

3.0 LA

a-wave amplitude — 20.183 (0.10) — — 0.188 (0.10)

b-wave amplitude 0.244 (0.03) 0.329 (0.003)a 20.207 (0.09) 20.204 (0.08) 20.208 (0.07)

a-wave peak time — — — 0.312 (0.008) 0.268 (0.02)

b-wave peak time 20.367 (0.001) 20.268 (0.02) 0.278 (0.02)a 0.289 (0.01) 0.347 (0.002)

30 Hz Flicker

Amplitude — 0.200 (0.08) — — 20.251 (0.03)

Implicit time 20.241 (0.03) — — 0.324 (0.006) 0.279 (0.01)

Abbreviations: DA 5 dark adapted; EDSS 5 Expanded Disability Status Scale; ERG 5 electroretinography; GCL-IPL 5

ganglion cell layer–inner plexiform layer; LA 5 light adapted; OCT 5 optical coherence tomography; RNFL 5 retinal nerve
fiber layer.
Data are r value (p value). p , 0.05 shown in bold; —: no correlation with p . 0.10.
aCorrelation survived multiple comparison analysis.
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of INL thickening was also found by meta-analysis.4

The effect of outer retinal layer thickening may
potentially mask any underlying loss of thickness of
the retinal layers in OCT studies.

The full-field ERG, on the other hand, provides
a functional measure of the outer retina. ERG
changes in patients with MS have been previously re-
ported only in a limited number of cross-sectional
studies. Although some retinal functional changes
were described,13,15–17 most of the studies were not
using the ISCEV standard and inconsistent results
were shown. Retinal dysfunction was thought to be
associated with ON attacks in earlier studies,15,16 but
a more recent study using the ISCEV standard sug-
gested no retinal dysfunction in non-MS patients
with unilateral ON.14 In the current study, we did
not observe any difference in the ERG recordings
between ON and non-ON eyes. We found prolonged
a-wave and b-wave peak times of combined rod-cone
response and LA cone response paradigms at baseline,
suggesting that both rod- and cone-dominant path-
ways are affected in MS. The prolongation of ERG
peak times may indicate subclinical retinopathy pos-
sibly related to neuroinflammatory changes. Retinal
periphlebitis has been reported in patients with MS,
which was thought to be related to MS severity.29,30

Although in the current study, we did not observe any

active retinal periphlebitis during the follow-up
period, it does not exclude some subclinical inflam-
matory changes in the retina, which might lead to
functional changes in visual electrophysiology.
Indeed, ERG anomalies have been widely used in
clinical practice to assess various inflammatory/auto-
immune retinal disorders, such as birdshot retino-
choroidopathy,31 cancer-associated retinopathy,32

and multiple evanescent white dot syndrome.33

Localized inflammatory cellular infiltrates surround-
ing retinal veins have been observed in relapsing-
remitting and secondary progressive MS eyes.7

Antiretinal antibodies have also been reported in cel-
lular proliferative disorders and in the pathogenesis of
autoimmune retinopathy.32 Autoantibodies that are
directed against neuronal antigens may also play
a key role in axonal injury in MS13,34 and may par-
tially be responsible for the subtle electrophysiology
changes identified here. The association between
ERG and RNFL measures indicated that the
disease-related changes might affect the entire retina
including both outer and inner retinal layers. At the
baseline, a significant correlation was found between
ERG parameters and MS disease duration, which
suggested the presence of progressive retinal pathol-
ogy throughout the entire disease course. The corre-
lation between some of the ERG parameters and

Figure 2 ERG amplitude reduction in the follow-up study

(A) Representative dark-adapted (DA) 0.01 electroretinography (ERG) traces from a patient with MS at baseline (blue) and year 3 (green). The paired t test
showed amplitude reduction in MS (n 5 52) but not in the controls (n 5 12). (B) There is a correlation between b-wave amplitude reduction in DA 0.01 ERG
and retinal nerve fiber layer (RNFL) loss over the 3-year follow-up. (C) Patients (n 5 25) who developed new brain lesions during the follow-up period and
patients (n 5 27) with no new lesions in the brain showed a similar trend of b-wave amplitude reduction. (D) No correlation was observed between brain
atrophy, determined by lateral ventricular volume increase, and b-wave amplitude reduction.
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EDSS/T2 lesions can be related to the fact that pa-
tients with longer disease duration tend to have more
severe clinical disability and brain lesion loads.35,36

In the longitudinal study, we also found a signif-
icant ERG amplitude reduction in non-ON eyes
during the follow-up, suggesting progressive func-
tional loss in the retina. Unlike ERG peak times,
no statistically significant amplitude reduction was
detected at baseline in comparison to controls (but
there was an association between amplitude and
RNFL), which may be due to high intersubject var-
iability of the amplitude and the small sample size.37

In the follow-up study, by contrast, the absence of
intersubject variability and the use of a paired t-test
are likely to make the amplitude changes more
evident.

Axonal damage has been identified in normal-
appearing white matter, which was not considered
to be associated with demyelination throughout
the CNS.38 However, the relationship between
inflammation, de/remyelination, and neurodegener-
ative changes in MS remains poorly characterized.
RNFL loss in MS was thought to be a result of either
retrograde trans-synaptic degeneration or progres-
sive primary RGC loss.4 Our previous study dem-
onstrated significant association of RGC axonal and
neuronal loss in non-ON eyes of patients with MS
with both retinal dysfunction and postchiasmal
damage of the visual pathway, indicating that
RGC degeneration in MS might be a combined
result of retrograde trans-synaptic degeneration orig-
inated in the postchiasmal part of the visual path-
ways and primary retinal pathology.6,39 In a separate
publication, we also demonstrated the absence of
significant loss of INL thickness in parts of the ret-
ina with long-standing and severe loss of RGCs
caused by optic nerve diseases, ruling out retrograde
trans-synaptic degeneration within the retina it-
self.40 Therefore, the current study provides an addi-
tional support to the idea of primary pathology
affecting the entire thickness of the retina in MS
by demonstrating a significant association between
functional changes in the outer retina and RGC loss
in the inner retina.

ERG changes were also associated with the disease
duration and disability at baseline, but not with the
disease activity during the follow-up. This result sug-
gested that while the retinal pathology is progressing
throughout the entire disease course, it is somewhat
independent of the lesional disease activity in the
brain.

One limitation of this study is that the significance
of the correlations are mostly minor or borderline,
which may be due to the fact that the pathologic
changes in the outer retinal layers in MS are very sub-
tle and therefore difficult to detect. This might also

explain the lack of correlation in the longitudinal
analysis between ERG changes and disability/brain
atrophy. The absence of correlation between ERG
and longitudinal GCL-IPL change can be potentially
related to the fact that the full-field ERG is a measure
of panretinal function, while GCL-IPL represents on-
ly the macula and perimacular regions. Future studies
with larger sample size and longer follow-up are
required to validate current findings.

To summarize, in this study we found subclinical
deterioration in full-field ERGs in patients with MS,
and both cone and rod pathways were involved.
These previously unrecognized outer retinal func-
tional changes are associated with RGC deficits and
disease duration, suggesting that the subclinical reti-
nal pathology in MS affects both the outer and inner
retinal layers and may partially contribute to RGC
loss in MS.
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Abstract
Objective
To assess whether HIV-related brain injury is progressive in persons with suppressed HIV
infection.

Methods
Seventy-three HIV+ virally suppressed men and 35 HIV− men, screened for psychiatric and
alcohol/drug use disorders, underwent neuropsychological evaluation and proton magnetic
resonance spectroscopy (1H-MRS) at baseline and after and 23 ± 5 months. 1H-MRS included
brain regions known to be vulnerable to HIV and aging: frontal white matter (FWM), posterior
cingulate cortex (PCC), and caudate area (CA). Major brain metabolites such as creatine (Cr:
marker of cellular energy), N-acetyl aspartate (NAA: marker of neuronal integrity), choline
(marker of cellular membrane turnover), glutamate/glutamine (excitatory/inhibitory neuro-
transmitter), and myo-Inositol (mI: marker of neuroinflammation) were calculated with ref-
erence to water signal. Neurocognitive decline was corrected for practice effect and baseline
HIV-associated neurocognitive disorder (HAND) status.

Results
Across the study period, 44% had intact cognition, 42% stable HAND (including the single case
that improved), 10% progressing HAND, and 4% incident HAND. When analyzing the neu-
rochemical data per neurocognitive trajectories, we found decreasing PCC Cr in all subgroups
compared with controls (p < 0.002). In addition, relative to the HIV− group, stable HAND
showed decreasing FWM Cr, incident HAND showed steep FWM Cr reduction, whereas
progressing HAND had a sharply decreasing PCC NAA and reduced but stable CA NAA.
When analyzing the neurochemical data at the group level (HIV+ vs HIV− groups), we found
stable abnormal metabolite concentrations over the study period: decreased FWM and PCCCr
(both p < 0.001), decreased PCC NAA and CA NAA (both p < 0.05) and PCC mI increase
(p < 0.05). HIV duration and historical HAND had modest effects on metabolite changes.

Conclusions
Our study reveals covertly active or progressing HIV-related brain injury in the majority of this
virally suppressed cohort, reflecting ongoing neuropathogenic processes that are only partially
worsened by historical HAND and HIV duration. Longer-term studies will be important for
determining the prognosis of these slowly evolving neurochemical abnormalities.
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The existence of neurochemical abnormalities assessed by
proton magnetic resonance spectroscopy (1H-MRS) in vivo
has been robustly demonstrated in the HIV-infected (HIV+)
population across many cross-sectional studies.1,2 However,
longitudinal prognostic studies are few.

Indeed the long-term study of neurochemical abnormalities
by 1H-MRS may have several prognostic benefits: (1) It may
inform whether virally suppressed HIV+ persons with stable
cognition or stable HIV-associated neurocognitive disorder
(HAND) across several years (the most prevalent neuro-
cognitive trajectories in chronic treated HIV infection3,4)
demonstrate active HIV-related brain injury rather than
a “burnt out” form of injury reflecting irreversible historical
damage. (2) It may assist in the early detection of HAND
incidence and progression, despite viral suppression. (3)
The profile of neurochemical changes can also provide
unique insights into the underlying neuropathogenic pro-
cesses, and whether these are fundamentally different from
HIV replication–driven neuropathogenesis.

To the best of our knowledge, only 1 longitudinal 1H-MRS
study has been conducted in chronic treated HIV+ patients.5

This study found a reduction of all metabolites measured
across the 2-year study period including N-acetyl aspartate
(NAA) and choline (Cho) in the frontal white matter
(FWM); NAA, creatine (Cr), Cho, and glutamate/glutamine
(Glx) in the midfrontal cortex, and Glx reduction in the basal
ganglia. Limitations of this study included the absence of
a control sample and that not all HIV+ participants were
virally suppressed. Both aspects are critical to determine
whether such neurochemical changes have clinical relevance
or are just an epiphenomenon of chronic HIV infection
without neuropathogenic importance.

Methods
Themajor aim of this study was to assess whether HIV-related
brain injury follows a progressive trajectory in persons with
suppressed HIV infection6:

1. By characterizing the pattern of neurochemical changes
in men with chronic and treated HIV infection relative to
an age-comparable HIV− control group over a 23 ± 5
month-period;

2. By determining whether clinically relevant neurocogni-
tive trajectories are associated with distinct longitudinal
neurochemical profiles;

3. By measuring the effects of age, age × HIV interaction,
HIV disease markers, and treatment on neurochemical
changes.

We hypothesized that HAND in the context of viral sup-
pression primarily indicates active evolving brain injury. We
predicted that, relative to HIV− controls, HIV+ participants
would show a significant longitudinal reduction in NAA in all
studied brain regions and a longitudinal increase in FWM
myo-inositol (mI). We also predicted that these changes
would occur in a manner mostly independent of the past
immunocompromise and HIV duration.

Participants
The current investigation is based on the Australian HIV
and Brain Aging Research Program, a prospective study
investigating the effects of HIV infection in the brains of
middle-aged HIV+ and HIV− persons (i.e., aged 45+). Study
participants’ baseline characteristics have been published
previously7 and are summarized in the legend of table e-1 at
links.lww.com/NXI/A24.

At baseline, 84 HIV+ men and 42 HIV− men completed an
MRI/MRS scan, a standard neuropsychological evaluation,
and a laboratory examination. Seventy-three HIV+ and 35
HIV−men returned for follow-up assessment designed to be
approximately 18 months later (test-retest interval: mean =
23 months, SD = 5 months). HIV+ participants lost to
follow-up (N = 11) did not statistically differ from those who
completed the study on most baseline demographic char-
acteristics and disease factors (table e-1), including the
overall level of neurocognitive impairment at baseline.
However, HIV+ patients who did not complete their follow-
up assessment were significantly more likely to have reached
a detectable viral load level (>50 copies/mL) during the
study period compared with HIV+ patients who completed
the study (lost to follow-up = 45%, vs completed = 8%; p <
0.0004). In the HIV− group, cases who were lost to follow-
up (N = 7) tended to have higher verbal IQ and slightly more
depressive symptoms than HIV− cases who completed the
study (both p = 0.05).

Procedures and investigations

Neuropsychological evaluation
The standard neuropsychological evaluation has been de-
scribed previously by Cysique et al.8 and is outlined more in
detail below. It was completed within an average of a month of
the MRI/MRS scan.

Glossary
1H-MRS = proton magnetic resonance spectroscopy; ANI = asymptomatic neurocognitive impairment; CA = caudate area;
cART = combination antiretroviral; Cr = creatine; Cho = choline; FWM = frontal white matter; GDS = Global Deficit Score;
Glx = glutamate/glutamine;GM = gray matter;HAND = HIV-associated neurocognitive disorder;mI =myo-Inositol;MND =
mild neurocognitive disorder; NAA = N-acetyl aspartate; PCC = posterior cingulate cortex.
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1H-MRS acquisition and analysis
The detailed 1H-MRS protocol has been reported by Cysique
et al.7 Quantitative analysis of spectra was completed using
jMRUI (Version 3.0 [http://www.mrui.uab.es/] and the
AMARES algorithm.9 The following signals10 were fitted and
expressed as ratios with respect to the unsuppressed water
signal (H2O): NAA (traditionally interpreted as a marker of
neuronal density/loss), Cho (marker of cellular membrane
turnover), Cr (marker of cellular energy), Glx (the 2 first
peaks were retained mostly representing the major excitatory
neurotransmitter11), andmI (marker of neuroinflammation in
the context of HIV5). The longitudinal reliability of the
1H-MRS voxel placement by an expert operator (following
guidelines reported by Cysique et al.7 was tested by com-
paring the fraction of gray matter [GM],WM, and CSF within
the study voxels to the reference H2O signal. GM, WM, and
CSF volumes were computed using partial volume code for
Philips MRS data (Nia Goulden and Paul Mullins, Bangor
Imaging Unit12). There were no time differences in volume
distributions between the HIV+ and HIV− groups or as
functions of their neurocognitive trajectories. Moreover,
across the study period, the reference H2O signal did not
significantly change as a function of HIV status (interaction
term HIV status × time, p = 0.10; Std β = −0.12). However,
the H2O signal was different as a function of neurocognitive
trajectories. We found that those with progressing and in-
cident HAND had significantly increased H2O signals in all
voxels compared with all other groups (FWM: p < 0.004;
posterior cingulate cortex [PCC]: p = 0.05; caudate area
[CA]: p = 0.03). Therefore, this was accounted for in the
statistical analyses to maintain H2O as an adequate metabolite
signal reference.

Definition of neurocognitive trajectories
Detailed testing procedures have been published previously.8,13

Briefly, the Australian HIV and Brain Aging Research Program
uses a neuropsychological test battery that is in use in
international neuroHIV research.8,13 Neuropsychological
impairment was defined with the standard Global Deficit Score
(GDS) method14 (GDS ≥0.5).15

Clinically meaningful cognitive change (improve and decline) vs
stability was defined using published norms for change (see
reference 3 for further details). To determine the neurocognitive
trajectories, we combined the participants’ baseline impairment
classification with their neurocognitive change status at follow-
up. This produced 4 categories (figure 1): (1) stable intact: cases
who had normal neuropsychological performance at baseline
and remained stable at follow-up, (2) stable HAND: cases who
had HAND at baseline and remained stable at follow-up, (3)
HAND progressing: cases who had HAND at baseline and de-
clined significantly at follow-up, and (4) incident HAND: cases
who had normal neuropsychological performance at baseline
and significantly declined at follow-up.We note that the incident
HAND cases also had impaired performance corrected for
practice effect (2 asymptomatic neurocognitive impairment
[ANI] and 1 mild neurocognitive disorder [MND]) on the

follow-up testing. Only 1 case significantly improved and was
thus grouped with the “Stable Intact” group.

Ethics
All individuals provided written informed consent before
participating in the study, and the protocol was approved by
the St. Vincent’s Hospital and the University of New South
Wales Human Research Ethics Committees.

Statistical analysis
A significant change in brain metabolites was determined
using linear regression with a time effect, a group effect, and
a time × group interaction effect. The age effect was examined
using linear regression with main effects of age, time and
group, as well as age × time interaction, age × group in-
teraction, and age × time × group 3-way interaction terms. All
models were adjusted for percentage WM volume or per-
centage GM volumes in each relevant voxel.

To explore the profiles of brain metabolite concentrations
across the 4 predefined neurocognitive trajectories in the
HIV+ group and the HIV− group, we used linear regression
models with a time effect, a neurocognitive trajectory effect,
and the interaction between those 2 terms. Post hoc Dunnett
comparison was conducted with the HIV− control follow-up
as the reference term to better delineate the profile of each
subgroup.

To determine whether baseline HIV disease markers and
treatment factors were predictive and/or associated with brain
metabolite changes over time in the HIV+ group, we con-
ducted linear regression analyses with the metabolites that
were found to be significantly different between the overall

Figure 1 Neurocognitive trajectories’ prevalence

The largest subgroups represented HIV+ individuals who remained cogni-
tively intact across the study period (stable intact; 44%) and those who had
baseline HIV-associated neurocognitive disorder (HAND) and remained
stable (stable HAND; 42%). Clinically meaningful cognitive decline was
detected in a minority, and we distinguished those who had progressing
HAND from those who had incident HAND. Note that all incident cases
reached impaired performance level at the follow-up (2 ANI and 1 MND).
ANI = asymptomatic neurocognitive impairment; HAD = HIV-associated
dementia; MND = mild neurocognitive disorder.
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HIV+ and HIV− groups as the outcomes to reduce the
number of experiment-wise comparisons and concentrate on
clinically meaningful effects. The following predictors were
assessed for their correlations (if r ≥ 0.30, a redundant pre-
dictor was removed to reduce the number of relevant variables
in the final regression model): baseline HIV duration (years),
nadir CD4 T-cell count (copies/mL), total number of AIDS-
defining illnesses (other than HAND), history of HAND
(yes/no; dummy coded, see reference 3 for further details),
baseline combination antiretroviral (cART) duration
(months), baseline CNS penetration effectiveness rank
score,16 difference in CD4 T-cell count between baseline and
follow-up, cART change during the study period (yes/no;
dummy coded), and viral blip during the study period (<50
copies/mL, undetectable; yes/no; dummy coded). Nadir
CD4 count and total number of AIDS-defining illnesses were
associated (r = −0.45; p < 0.0001); thus, nadir CD4 was

retained. cART change during the study period and viral blip
were associated (r = 0.30 p = 0.01); thus, viral blip was
retained.

Statistical analyses were conducted in JMP version 12 (SAS,
Inc, Cary, NC). Statistical significance was set at α < 0.05,
whereas effect sizes were produced for all analyses to aid
interpretation.

Results
Longitudinal brain metabolite changes
Figure 2 presents metabolite changes over time as a function
of neurocognitive trajectories and in the HIV− sample. In
addition, the change in metabolite profile for each neuro-
cognitive trajectory is summarized in table 1.

Figure 2 Neurochemical profiles for each neurocognitive trajectory

(A) Frontal white matter creatine (FWM Cr); (B) PCC N-acetyl aspartate (PCC NAA); (C) PCC Cr; (D) caudate area NAA (CA NAA). HAND = HIV-associated
neurocognitive disorder; PCC Cr = posterior cingulate cortex Cr.
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Neurocognitive trajectories had an overall effect on FWM Cr
concentration compared with the HIV− sample (p = 0.0007;
Std β = 0.37) (figure 2A). More specifically, Dunnett com-
parisons using the HIV− control follow-up as the reference
showed that the stable HAND cases had lower Cr at follow-up
(p = 0.004). The incident HAND group demonstrated a sharp
decline in moderate size (time × incident cases: p = 0.29; Std β
= 0.19), although this was not statistically significant, probably
because of the small sample size (post hoc: p = 0.07).

PCCNAAwas reduced across the study period, particularly in
cases with progressing HAND (p < 0.008; Std β = −0.34)
(figure 2B), and further confirmed by post hoc Dunnett
comparisons (compared with HIV− control follow-up:
p = 0.004). In addition, the post hoc comparisons showed
that the stable HAND cases had lower NAA at follow-up
compared with HIV− controls (p < 0.02).

Neurocognitive trajectories had an overall effect on PCC Cr
concentration compared with the HIV− group (p < 0.002; Std
β = 0.34). Post hoc Dunnett comparisons were different for all
HIV+ subgroups relative to HIV− controls at follow-up
(stable intact: p < 0.05; stable HAND: p < 0.02; incident
HAND: p < 0.04; and particularly for the progressing HAND
[p < 0.008]) (figure 2C).

CA NAA was moderately reduced across the study period in
cases with progressing HAND (p < 0.02; Std β = −0.31) and
stable HAND (p < 0.02; Std β = −0.26). Moreover, cases with
incident HAND had moderately low NAA at baseline (p <
0.05; Std β = 0.33), which sharply increased over the study
period (p < 0.05; Std β = −0.37) (figure 2D). Post doc Dunnett
comparisons confirmed those effects for incident HAND (p =
0.03) and showed that stable HAND had lower NAA com-
pared with HIV− controls at follow-up (p < 0.04).

When restricting the analyses to cases with ANI at baseline by
excluding only the MND cases, the overall effect of the neuro-
cognitive trajectories remained significant on the FWMCr, PCC
NAA, PCCCr, and CANAA but with smaller effect sizes. When
restricting the analyses to cases with MND at baseline by ex-
cluding only the ANI cases, the overall effect of the

neurocognitive trajectories increased to large effect sizes. Because
some subgroups were very small, these analyses are only
indicative.

When grouping the HIV+ sample relative to HIV− controls,
we found that across the study period, the FWM Cr
(p < 0.001), PCC Cr (p < 0.01), PCC NAA (p < 0.05),
and CA NAA (p < 0.05) were reduced; whereas the PCC mI
(p < 0.05) was elevated (table 2). There was no change in
these findings when age and associated interaction terms were
added to the models as covariates.

HIV disease markers and treatment factors
The mean CD4 T-cell count increased during the study pe-
riod from 559 copies/mL at baseline to 654 copies/mL at
follow-up (p < 0.0001), and no HIV+ participants developed
AIDS. Six (8.2%) HIV+ participants had a detectable viral
load during the study period in the form of low viral blips
(51–130 copies/mL). Eleven (15%) HIV+ participants had
modifications to their cART during the study period, mostly
representing cART optimization (e.g., tolerability; single dose
to improve adherence). Of those, only 1 changed treatment
and also had a detectable viral load during the study period.

In the FWM, a history of HAND was associated with reduced
Cr at follow-up (p < 0.02; Std β = −0.26). In the PCC, a his-
tory of HAND was associated with reduced NAA at baseline
(p < 0.02; Std β = 0.19). There were no significant findings in
relation to Cr and mI in the PCC. In the CA, HIV duration
was associated with lower NAA at both baseline and follow-up
(p < 0.004; Std β = −0.26).

Discussion
To the best of our knowledge, covert neurochemical abnor-
malities in persons with stable HAND and to a lesser extent in
cognitively normal HIV+ persons have not been described
before. Indeed, when relating metabolite concentrations to
the neurocognitive trajectories, different brain metabolic
profiles emerged. Stable HAND was mainly characterized by
PCC and FWM decreased cellular energy, whereas incident

Table 1 Summary of brain metabolite profile changes in the neurocognitive trajectory groups using the HIV− group as
the statistical reference

FWM Cr PCC Cr PCC NAA CA NAA

Stable and cognitive intact Not different, stable Decreasing Not different, stable Not different, stable

Stable HAND Decreasing Decreasing Decreasing Low, slightly decreasing

Progressing HAND Stably low Decreasing Low, sharply decreasing Stably low

Incident HANDa Sharply decreasing Decreasing Not different Low, sharply increased

Abbreviations: CA NAA = caudate area N-Acetyl aspartate; FWM Cr = frontal white matter creatine; HAND = HIV-associated neurocognitive disorder; PCC Cr =
posterior cingulate cortex creatine; PCC NAA = posterior cingulate cortex N-Acetyl aspartate.
a Results are indicative due to small sample size.
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Table 2 Differences in brain metabolite levels across the study period

BL FU

Group p ES (Std β) Time p ES (Std β) Interaction p ES (Std β)

HIV2 HIV+ HIV2 HIV+

Mean SD Mean SD Mean SD Mean SD

FWM

NAA 4.50 0.35 4.45 0.39 4.39 0.74 4.35 0.56 0.53 0.04 0.16 0.10 0.89 0.01

Cr 3.07 0.34 2.98 0.33 3.12 0.38 2.91 0.33 0.0004 0.24 0.92 −0.007 0.21 0.09

Cho 2.40 0.42 2.37 0.34 2.40 0.34 2.44 0.40 0.89 −0.01 0.54 −0.05 0.53 0.05

mI 1.09 0.28 1.14 0.25 1.14 0.20 1.13 0.25 0.50 −0.05 0.59 −0.04 0.35 −0.07

Glx 1.50 0.31 1.71 0.39 1.57 0.43 1.57 0.42 0.07 −0.12 0.49 0.05 0.06 −0.14

PCC

NAA 5.24 0.54 5.11 0.61 5.21 0.62 4.81 1.04 0.02 0.16 0.15 0.10 0.21 −0.09

Cr 3.60 0.35 3.51 0.41 3.65 0.44 3.38 0.48 0.0046 0.19 0.55 0.04 0.15 −0.10

Cho 1.73 0.22 1.71 0.25 1.69 0.23 1.66 0.33 0.58 0.04 0.24 0.09 0.91 −0.01

mI 0.68 0.16 0.75 0.23 0.71 0.14 0.75 0.18 0.049 −0.14 0.65 −0.04 0.75 −0.02

Glx 2.14 0.43 2.11 0.47 1.91 0.40 1.87 0.46 0.78 0.02 0.0004 0.25 0.96 −0.00

CA

NAA 4.50 0.37 4.33 0.47 4.43 0.54 4.30 0.48 0.03 0.15 0.49 0.05 0.76 0.02

Cr 3.39 0.42 3.32 0.35 3.32 0.53 3.21 0.60 0.29 0.07 0.19 0.09 0.77 −0.02

Cho 1.98 0.29 1.93 0.41 1.88 0.52 1.91 0.42 0.99 −0.00 0.35 0.07 0.51 0.05

mI 1.34 0.25 1.46 0.47 1.47 0.60 1.40 0.52 0.79 −0.02 0.58 −0.04 0.21 −0.09

Abbreviations: BL = Baseline; CA = caudate area; Cho = choline; Cr = creatine; ES = Effect size; FWM= frontal whitematter; FU = Follow-up; Glx = glutamate/glutamine;mI =myo-inositol; NAA =N-acetyl aspartate; PCC = posterior
cingulate cortex.
Models were adjusted for percent WM volumes in the FWM or gray matter volumes in the PCC and CA.
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HAND by steep cellular energy reduction particularly in the
FWM and to a lesser extent in the PCC. Incident HAND was
also characterized by a sharp increase in CA NAA, which we
interpret as potential glial activation (see further on this
below). Progressing HAND was characterized by sharp neu-
ronal density reductions, particularly in the PCC and to
a lesser extent in the CA. These effects were detected in
people with both ANI and MND at baseline, although an
MND baseline status yielded larger effect sizes. Of interest,
stable intact participants were the closest to the HIV− con-
trols’ neurochemical profile, although as for other trajectory
groups, their PCC Cr levels showed a longitudinal reduction.

The results partially confirm our hypothesis by demonstrating
that neurochemical abnormalities are evolving, but principally
in HIV+ persons with HAND regardless of whether it is
stable, incident, or progressing, whereas those with normal
cognition are relatively less affected. Stable HAND is the most
common longitudinal trajectory in this cohort, and this has
also been shown to be the case in other cART-treated cohorts
internationally.4,17 Therefore, our findings have significant
clinical ramifications by suggesting that persons with stable
HAND (of whom the majority have ANI3; figure 1) are in fact
experiencing slowly evolving neuropathogenesis whose na-
ture remains to be elucidated. Of importance, our study offers
new insights on the putative neuropathogenic processes.

Indeed, research into Cr depletion in the non-HIV population
shows that part of the reduction may be systemic, possibly
because of reduced uptake of Cr in the gut.18 Changes in the
activity of the gut Cr transporter could perhaps be enhanced
in chronic HIV infection because of increased microbial
translocation and alterations to gut microbiota composition,19

whereas the latter has been associated with brain and cogni-
tive dysfunctions.20,21 Decreased Cr levels may also arise be-
cause of alterations within brain tissue, as Cr is also
synthesized within the brain.18 Cr synthesis may occur vari-
ously in different cell types, with exchange of Cr and the
precursor guanidine acetate occurring via the solute carrier
6A8 (SLC6A8).18 Cr also leaks out of brain cells and into CSF
via an as-yet-unidentified exchanger. Changes in the activity of
this exchanger may, therefore, also lead to depletion.

Our study while smaller than the US HIV NeuroAIDS con-
sortium study5 included an age-comparable control group.
Using them as a longitudinal reference, we identified subgroups
of HIV+ persons in whom HIV-related brain injury is slowly
evolving or more rapidly progressing. This clinical grouping as
opposed to a simple correlation between the cognitive level
and metabolites concentration enhances the potential clinical
utility of 1H-MRS and supports the clinical relevance of our
neuropsychological methods for defining neurocognitive tra-
jectories22 (also used in the large longitudinal CHARTER
study4,23). Furthermore, our findings support the neuro-
pathogenic hypothesis that most of the brain damage in sup-
pressed HIV infection is active, although mostly of a moderate
magnitude. We showed this indirectly by demonstrating that

legacy effects such as HIV duration and history of HAND only
partially contribute toNAA abnormalities principally in the CA
and to a lower extent in the PCC, as well as speeding up Cr
reduction in the FWM. Based on our finding and that of
others,11 we confirm that the use of Cr as a default reference
should be discontinued and that the PCC should be routinely
included to account for potential neurodegenerative changes.24

The finding of increased NAA in the CA for the incident
HAND group (figure 2D) requires a more complex expla-
nation. This “paradoxical” increase has been associated with
microglia activation in a NeuroAIDS macaque model25 and
potentially involves hypo-osmosis.26 Other non-HIV studies
suggest that increased Cr can occur in the context of gluta-
mate toxicity,18 although we did not detect a significant glu-
tamate increase in this study, possibly because Glx is difficult
to robustly resolve at 3T.11

A history of HAND modestly contributed to lower FWM Cr
and lower PCC NAA, suggesting that HAND onset results in
long-term CNS vulnerability.27 Such legacy effects on brain
functions in chronic HIV infection are difficult to demonstrate,
despite having been suspected to play a role for many years.28

Of importance, reductions in NAA and Cr levels in the PCC
have been associated with abnormal aging and amyloid pa-
thology in non-HIV populations24—suggesting early neuro-
degeneration in the current sample. In this study, we detected
HIV effects (including in the stable intact), which are the cause
of concern, as this suggests that the chronic HIV+ population
will potentially be at a greater risk of neurodegeneration as they
age.29 Finally, the independent effect of HIV duration on NAA
levels in the CA of HIV+ participants confirms and extends our
previous finding in the cross-sectional baseline data.7 This
provides further support for the notion that the CA is an early
and specific target of HIV infection and cumulatively adds
evidence that HIV duration is a risk factor for HIV-related brain
injury in virally suppressed persons with a history of low nadir
CD4+ T-cell count (<350 copies/mL).

The study has several limitations. Although we enrolled both
HIV− and HIV+ persons who were demographically com-
parable, the sample size was medium to large. Therefore, the
total number of cases with clinically significant cognitive
decline was relatively small, which affected our power, es-
pecially in incident HAND, but not the size of the effects,
which were particularly medium to large in this subgroup. In
addition, our study was composed of well-educated men
whomay be protected from the effects of HIV and aging,30 so
the progression of neurochemical abnormalities in such
a sample may have been somewhat diminished. Finally, the
lost-to-follow-up cases had more frequent viral blips during
the study period. Thus, the retained sample represented
a particularly clinically stable group.

Our study has uncovered early evidence of different patho-
genic processes associated with differential neurocognitive
trajectories. Longer follow-up studies will be important to
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determine the prognosis of the slowly evolving neuro-
chemical abnormalities and which factors may speed up
progression (e.g., reaching age 60 years, chronic immune
activation, immune senescence, and evidence of a neurode-
generative disease).
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BRACHIO-CERVICAL INFLAMMATORY
MYOPATHY WITH ASSOCIATED SCLERODERMA
PHENOTYPE AND LUPUS SEROLOGY

Brachio-cervical inflammatory myopathy (BCIM) is
a unique clinicopathologic entity characterized by
neck and upper extremity weakness with relative spar-
ing of lower extremities and commonly associated
with connective tissue diseases or myasthenia gravis
and serum autoantibodies (e.g., antinuclear antibody
[ANA], anti–double stranded DNA [dsDNA], and
anti–acetylcholine receptor).1 Muscle pathology is
distinctive, with prominent B-cell infiltrates and en-
domysial membrane attack complex (MAC; C5b-9)
deposition. Despite the detailed original series, there
have been no subsequent reports (besides abstracts2,3)
demonstrating the full clinicopathologic features of
BCIM.

We report an exemplary case of BCIM associated
with clinical features of scleroderma and lupus serology.
We review isolated reports suggestive of BCIM and
contrast its pathology with other idiopathic inflamma-
tory myopathies (IIMs).

Case report. A 31-year-old woman experienced
unintentional 32-pound weight loss during pregnancy.
Following delivery, the patient reported painless pro-
gressive weakness in her proximal upper extremities and
dysphagia. Four months later, examination revealed
thickening and soft tissue swelling in the face and distal
upper extremities. There was acro-osteolysis of the fin-
gers and abnormal dilated nail fold capillaries.
There was severe bilateral, right worse than left,
upper extremity weakness (2 to 3/5) with sparing of
the lower extremities and moderate neck flexor and
extensor weakness.

Bloodwork revealed elevated creatine kinase [CK]
(5,085 IU/L) level and positive serology including
ANA, extractable nuclear antigen (anti-Ro), anti-
dsDNA, anti-Ro 52, and anti-Ku. Myositis-specific
antibodies were negative. CT of the chest/abdo-
men/pelvis and MRI of the cervical spine were nor-
mal. Baseline pulmonary function tests were
unremarkable. Needle electromyography of the right
arm showed fibrillation potentials and early recruit-
ment of motor unit potentials in all muscles. Muscle
biopsy of the left biceps showed a florid inflammatory

myopathy with the distinctive prominent B-cell infil-
trates and endomysial MAC deposition (figure).

The patient was treated with high-dose IV meth-
ylprednisolone for 4 days, followed by 1 mg/kg oral
prednisone and a gradual taper and azathioprine.
She received monthly IV immunoglobulin. At
5-month follow-up, strength improved 41/5 in the
affected muscles. The CK level declined to 167 IU/L.
Dysphagia improved, and G-tube feeding could be
discontinued with resumption of solid oral diet.

Discussion. Our case is a prototypical example of
BCIM, demonstrating the clinicopathologic features
first described by Pestronk.1 They reported that the
most commonly associated conditions were myasthe-
nia gravis (40%) and rheumatoid arthritis (20%).
Muscle biopsies showed extensive inflammatory infil-
trates with at least 1 prominent CD201 B-cell focus,
major histocompatibility complex class I expression
on muscle sarcolemma, and endomysial deposition
of MAC (9/10). Corticosteroid treatment resulted in
improvement in 7/7 patients. We extend the origi-
nal description of BCIM by reporting a patient with
associated features of scleroderma, including thick-
ening of the skin in the face and upper extremities
and acro-osteolysis of the fingers. Of interest, her
serology showed antibodies relatively specific for
systemic lupus erythematosus (anti-dsDNA), along
with myositis-associated antibodies anti-Ro52 and
anti-Ku.

In the literature, there have been sporadic reports
compatible with BCIM. A series of 14 patients with
“cervicobrachial polymyositis” described clinical fea-
tures consistent with BCIM, but muscle biopsy only
described interstitial mononuclear inflammatory in-
filtrates without elaboration.4 Consistent with our
case, several reports of scleroderma have been associ-
ated with brachio-cervical weakness. One described
B-cell inflammatory infiltrates on muscle biopsy but
did not describe MAC deposition,5 while a series of 5
patients showed inflammatory infiltrates without
elaboration.6

In the larger series,1,4 the referring diagnoses were
rarely myopathy (with motor neuron disease and
myasthenia gravis being the most common), high-
lighting that the brachio-cervical pattern of weakness
is an under-recognized presentation of inflammatory
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myopathy. This has important clinical implications,
given the treatable nature of this condition.

Based on a pathologic classification of IIMs,
BCIM can be placed within the category of IIM with
endomysial pathology.7 It is distinguished from der-
matomyositis by the absence of perifascicular pathol-
ogy, lack of MAC deposition on capillaries, and
a more prominent B-cell component. Among IIMs,
endomysial MAC deposition is a distinctive feature of
BCIM. The diagnosis of IIMs has become increas-
ingly complex with a rapid discovery of myositis-
specific and myositis-associated autoantibodies and
more sophisticated and detailed pathologic examina-
tion of muscle biopsies. Careful clinical-serologic-
pathologic correlation will be needed for future
classification systems, a central requirement of which

will be muscle biopsy. Pathologic findings may have
treatment implications: prominent B-cell foci suggest
a possible role for B-cell depleting agents such as
rituximab, and a therapeutic response has been re-
ported in 1 steroid-refractory case.1 Our report well
demonstrates that even with myriad overlapping clin-
ical and serologic features, muscle biopsy can reveal
a very distinct pattern of pathology that defines
a unique clinicopathologic entity.
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Figure Muscle biopsy of the left biceps showing the characteristic pathologic findings in BCIM

(A.a, B) Cryostat sections stained with hematoxylin phloxine saffron show widespread muscle fiber atrophy without perifascicular distribution, endomysial
fibrosis, and numerous necrotic and regenerating fibers. (A.b) Alkaline phosphatase staining of the perimysium. (C) Multiple inflammatory foci, with a perivas-
cular and perimysial (D) and endomysial distribution (E). Germinal centers with polarization were occasionally seen (F), which stained for CD10 and bcl-6, but
not bcl-2, ruling out follicular lymphoma (not shown). Immunohistochemistry showed that inflammatory infiltrates were composed of CD201B cells (G) along
with CD41 and CD81 T cells (not shown). Multiple CD201 B-cell foci were appreciated (H). Membrane attack complex (MAC) deposition was widespread in
the endomysium, with several examples of MAC deposition around multiple fibers, confirming its endomysial location (I, green arrows).
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REVERSIBLE PARASPINAL MUSCLE
HYPERINTENSITY IN ANTI-MOG ANTIBODY–
ASSOCIATED TRANSVERSE MYELITIS

Myelin oligodendrocyte glycoprotein immunoglobulin
G (anti-MOG-IgG) has been recently found to be asso-
ciated with some forms of idiopathic inflammatory
demyelinating CNS disorders. In a preliminary study
from India, recurrent optic neuritis and isolated longitu-
dinally extensive transverse myelitis were identified as
the common phenotypes.1 The clinical and radiologic
features of this newly discovered subset of autoimmune
disorders are only beginning to be understood. In this
context, we would like to draw attention to an unusual
and hitherto unreported association noticed in a patient
with anti-MOG-IgG–associated myelitis.

Methods. Case.A 22-year-old woman developed rapidly
worsening paraplegia with urinary retention without any
preceding illness. There was no myalgia or muscle ten-
derness at the time of examination. Routine investiga-
tions including erythrocyte sedimentation rate, C-
reactive protein, and serum creatine phosphokinase were
normal. Antinuclear antibody was negative. An MRI of
the spine revealed longitudinally extensive myelitis
involving the entire cord (figure, B). The posterior para-
spinal muscles in relation to cervical, upper thoracic, and
lumbar vertebrae showed hyperintense signals on
T2TIRM (turbo inversion recovery magnitude) sequen-
ces with postcontrast (gadolinium) enhancement (figure,
A–F). An MRI of the brain showed nonenhancing
patchy lesions in the brain stem, cerebellum, bilateral
frontal, and left temporal cortex (figure, G and H). Elec-
trophysiologic examination (including F-wave studies
and paraspinal muscle electromyography) was unremark-
able. Cell-based assay forMOG IgGwas positive (titer 1:
8,192, range 1: 128-1: 655362), while serum aquaporin
4 IgG was negative (assays2 were performed at coauthors’
laboratory in Japan). CSF examination was unremark-
able except for a mild increase in protein (59 mg/dL;
normal range 15–45mg/dL), and oligoclonal bands were
absent. Investigations including imaging were performed
before treatment. Patient recovered completely after
receiving IV methyl prednisolone for 5 days followed by
an oral taper of prednisolone over 6 weeks. A repeat scan
done after an interval of 3 months (figure, F–K) revealed
a complete resolution of spinal cord lesions and

paraspinal muscle hyperintensity. Currently, she remains
well nearly 18 months after disease onset.

Discussion. This young woman had anti-MOG–
IgG–associated longitudinal extensive transverse mye-
litis accompanied by striking paraspinal muscle signal
changes on MRI that extended from cervical to lumbar
regions. These lesions were asymptomatic, did not
involve subcutaneous tissue (ruling out injury from
external causes), and were not present in other groups
of muscles screened. The muscle abnormality was
maximally seen in cervical and upper dorsal regions,
corresponding to the sites of maximal cord abnormality.
It completely disappeared with resolution of spinal cord
lesions. The hyperintense signals seen in paraspinal
muscles on T2 turbo inversion recovery magnitude
(TIRM) sequences suggested muscle edema, and the
contrast enhancement was in keeping with an inflam-
matory muscle disease.3 However, MOG is a myelin
protein solely expressed at the outermost surface of
myelin sheaths and oligodendrocyte membranes.
Besides, a primary/concommitant muscle disease
selectively involving paraspinal muscles was unlikely.

Involvement of extraneural tissue has been described
previously in anti-MOG-IgG–associated disease. Peri-
neural enhancement that extended into the orbital soft
tissue surrounding inflammed optic nerve segments has
been reported in patients with anti-MOG-IgG–related
optic neuritis.4,5 These changes were seen before
receiving steroids and particularly in the first attack of
optic neuritis.5 Our patient’s findings may be of similar
nature, involving paraspinal muscles adjoining affected
spinal cord segments. It is possible that the selective and
transient involvement of paraspinal muscles is causally
linked with the spinal cord inflammation. Alternatively,
we hypothesize that a parallel (second) antibody with
a different target and possibly affecting vascular per-
meability may be involved.

Our current understanding of the spectrum of
anti-MOG–IgG–associated disorders is limited, and
larger cohorts are needed to fully understand the
spectrum of clinical and radiologic manifestations of
these disorders.
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ITPR1 AUTOIMMUNITY: FREQUENCY,
NEUROLOGIC PHENOTYPE, AND CANCER
ASSOCIATION

Autoantibodies specific for the neuronal (type 1)
isoform of the ubiquitously expressed inositol tri-
sphosphate receptor (ITPR) have been reported
in 8 patients to date, 5 with cerebellar ataxia (1
with breast cancer) and 3 with peripheral neuropa-
thy (1 with lung carcinoma and 1 with multiple
myeloma).1–4 We report in this study the fre-
quency, neurologic presentations, and oncologic
associations of 14 ITPR1-immunoglobulin G
(IgG)-positive patients.

Methods. The study was approved by the Mayo
Clinic Institutional Review Board.

Patients. In the course of clinical service evaluation
for paraneoplastic neural autoantibodies in the Mayo
Clinic Neuroimmunology Laboratory (1997–2017),
117 patients were classified as having an IgG that, by
mouse tissue-based indirect immunofluorescence
assay (IFA), bound to the cerebellum in a “Medusa
head-like” cytoplasmic staining pattern (i.e., promi-
nently immunoreactive Purkinje cell perikaryon and
dendrites) and were stored.1,3 Clinical information
was obtained by physician telephonic interview and
case record review.

Serologic testing. ITPR1-specific IgG (see figure e-1
at Neurology.org/nn) was detected by transfected cell–
based assay ([serum, 1:10; CSF, 1:2], Euroimmun,
Germany) in 17 patients; clinical information was
available in 14. Healthy control (100 adults and 45
children) and disease control subjects (30 neurologic
[anti–neuronal nuclear antibody type 1 (ANNA-1/
anti-Hu), Purkinje cell antibody type 1 (PCA-1/anti-
Yo), PCA-2/anti-MAP1B, MS] and 60 nonneurologic
[polyclonal gammopathies, Sjogren, and lupus] tested
negative.

Results. The median age at neurologic symptom
onset was 64 years (range 7–83 years); 10 patients
were women (71%). Data available for 14 seroposi-
tive cases (table) identified 4 major neurologic man-
ifestations: (1) peripheral neuropathy (somatic,
patients 1–4; autonomic, patient 5), (2) cerebellar
ataxia (patients 6–10, see figure e-1), (3) encephalitis

with seizures (patients 5, 11, and 12), and (4) mye-
lopathy (patients 2, 12, and 13).

Patient 11 had a generalized tonic-clonic seizure,
and focal status epilepticus followed. EEG showed uni-
lateral periodic discharges. After an initially favorable
response to IV methylprednisolone and antiseizure
medications, the dose of prednisone was tapered off.
Relapse 2 weeks later required intensive care unit care.
Seizures thereafter were refractory to corticosteroid, IV
immunoglobulin, and antiepileptic medications. Life
support was withdrawn at the family’s request. Seizure
and encephalopathy in patient 12 were followed 1
week later by opsoclonus myoclonus syndrome. Quad-
riplegia developed 3 weeks later because of myelitis.
This patient’s CSF was additionally positive for
NMDA-R-IgG and GFAP-IgG, which may explain
encephalitis and myelitis, respectively.

CSF results available in 5 patients revealed ele-
vated protein levels and pleocytosis in 4. ITPR1-
IgG titer values did not correlate with the severity
or the type of clinical or oncologic phenotype. Six
cancers were found in 5 patients, 1 based on PET
CT and the others proven histologically (3 breast, 1
renal, and 1 endometrial). Neurologic impairment
did not improve significantly in any of the 10 patients
who received immunotherapy.

Frequency. Prospective detection of ITPR1-IgG in
8 patients (who were part of the 14 patients presented
here) over a 12-month period represented 0.015% of
52,000 neurologic patients’ specimens submitted for
paraneoplastic autoantibody evaluation. By compar-
ison, other recognized paraneoplastic antibodies’
detection frequencies during that period were 0.20%
for ANNA-1, 0.08% for PCA-1, 0.03% for ANNA-2
(anti-Ri), and 0.001% for PCA-Tr (delta/notch-like
epidermal growth factor–related receptor).

Discussion. The neurologic manifestations encoun-
tered in patients with ITPR1 autoimmunity are more
diverse than previously described. Peripheral neurop-
athy was as common as cerebellar ataxia and was most
strongly associated with malignancy (cancer was
found in 3 of 5 patients with neuropathy). In addi-
tion to its high expression in the CNS (highest in Pur-
kinje cells of the cerebellum), ITPR1 is also expressed
in the peripheral nervous system, where it is impli-
cated in synaptogenesis and axonal growth.5
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Table Neurologic, serologic, and oncologic characteristics of 14 ITPR1-IgG–positive patients

Patient no.
-sex/age Neurologic disorder/laboratory testing

Cancer/time of
diagnosis/modality of
cancer survey

ITPR1 Ab titer by
IFA/coexisting Aba MRI head/spine CSF findings Immunotherapy Outcome

1-M/72 Demyelinating peripheral neuropathy,
sensory ataxia/EMG confirmed

Renal cell carcinoma metastatic to
bones and liver/at the time of
neurologic presentation/NA

Serum titer 30,720, CSF titer
512

NA NA PLX No benefit/died 1 y
after onset

2-F/60 Subacute, progressive axonal sensory
.motor polyneuropathy/EMG confirmed
also myelopathic findings with
proprioceptive loss

Breast carcinoma metastatic to
axillary lymph nodes/at the time of
neurologic presentation/PET CT

Serum titer 122,880: AQP4/
MOG-IgG negative

Spine: longitudinally extensive
increased T2 signal posterior columns-
tractopathy (Vitamin B12 normal);
diffuse enhancement of cervical nerve
roots

WCC 10/mL, Protein
78 mg/dL

IV steroids, IVIG
and PLX

No benefit

3-M/54 Subacute onset of peripheral neuropathy
with feet numbness/EMG confirmed

Negative/PET CT Serum titer 960/VGKC 0.16 nM/L
(LGI1 and CASPR2-IgG negative)

NA NA NA NA

4-M/64 Subacute painful symmetric neuropathy/
EMG confirmed diffuse axonal
polyneuropathy

Negative/PET CT Serum titer 61,440 NA NA Not given NA

5-F/83 Subacute pandysautonomia (confirmed
on TST and ART; EMG normal) followed 4
y later by cognitive decline
encephalopathy and seizures (EEG-
electrographic seizures)

Lung mass with mediastinal
lymphadenopathy. FDG avid mass,
left scapula/at the time of neurologic
presentation/PET CT

Serum titer 30,720, CSF titer
128

Generalized brain atrophy, prominent
in temporal lobes

Protein 56 mg/dL Steroids Good initially but later
progressed

6-F/71 Acute onset vertigo, dysphasia, agraphia
followed by cerebellar ataxia

Negative/PET CT, mammogram,
cervical dysplasia reported on PAP
smear

Serum titer 245,760, CSF titer
8,192, GAD65-IgG 0.37 nM/L

MRI head: cerebellar atrophy Normal Steroid, IVIG,
and PLX

No benefit WC at 5-y
follow-up

7-F/33 Subacute cerebellar ataxia, nystagmus,
vertigo, and nausea

Negative/PET CT, mammogram CSF titer 256 (no serum available) Normal MRI. PET CT: increased uptake
in the right cerebellum

Elevated WBC,
protein 120 mg/dL

Steroid and PLX Minimal benefit/died
on follow-up

8-F/7 Subacute onset cerebellar ataxia (truncal
and appendicular), double vision,
dysarthria and myoclonus: preceeding
viral illness

Negative/PET CT CSF titer 64 (CSF, no serum
available)

Cerebellar signal change with patchy
T2 hyperintense signal change and
some patchy enhancement after
contrast administration. Later MRI:
cerebellar atrophy figure e-1

WBC, 42/ml (81%
lymph) protein 49
mg/dL, OCB1

Steroid, IVIG,
and PLX

Minimal benefit

9-F/65 Subacute hearing loss in both ears,
double vision, ataxia, and weakness in
extremities

Breast carcinoma, with malignant
cells in CSF/at the time of neurologic
presentation/mamogram

Serum titer 7,680 Normal Cytology 1 malignant
cells

Not given Dead at last follow-up

10-F/64 Vertigo, ataxia, and visual blurring, severe
weight loss

Negative Serum titer 61,440 NA NA Not given Dead at last follow-up

11-F/83 Acute status epilepticus Negative/PET CT Serum titer 61,440 Subcortical right occipito-parietal high
T2 signal with contrast enhancement

NA IV steroids,
IVIG,

Dead at last follow-up

12-M/21 Subacute seizure and encephalopathy,
followed by opsoclonus myoclonus then
extensive myelitis, preceeding viral illness

Negative/PET CT, testicular US and
bone marrow biopsy

CSF titer 8 (NMDA-R, GFAP),
AQP4/MOG-IgG negative in serum

R mesial temporal lobe and right Rt
middle cerebellar peduncle T2 signal
changes. Later MRI: long myelitis and
lumbar nerve root enhancement

Yes/WBC 188
leukocytes/mL,
protein 127 mg/dL

Steroid, IVIG,
RTX, PLX

Quadriplegic, ICU .4
mo

Continued
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The wide dissemination of cancer (including
metastases to bone or liver) observed in ITPR1-
IgG–positive patients contrasts with the limited
stage cancers (usually restricted to regional lymph
nodes) encountered in paraneoplastic neurologic
autoimmunity related to small cell lung carcinomas.6

ITPR1 may be a biomarker of more aggressive tumor
behavior, since ITPR1 is implicated in cell migration,
and other ITPR isoforms in cancer dissemination.
One study reported that resistance to conventional
anticancer treatment in patients with renal cell car-
cinoma related to von Hippel-Lindau syndrome is
associated with ITPR1 upregulation in the tumor,
which protects against natural killer cell cytotoxicity
through induction of autophagy.7 Other ITPR iso-
forms have been implicated in tumor growth promo-
tion. Our data mandate a thorough search for cancer
when ITPR1-IgG is detected, given the 36% fre-
quency of malignancy we report. This estimate may
be low because clinical information and follow-up for
some patients were limited. The introduction of as-
says to detect ITPR1-IgG as part of service paraneo-
plastic neural antibody testing will allow for better
definition of the full clinical and oncologic spectrum.
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EVIDENCE OF B-CELL DYSREGULATION IN
SEVERE CNS INFLAMMATION AFTER
ALEMTUZUMAB THERAPY

Cases of severely exacerbated CNS inflammation
have been described in patients with MS under treat-
ment with alemtuzumab, a pan-lymphocyte–
depleting anti-CD52 monoclonal antibody.1,2 On
the basis of the peripheral lymphocyte subset network
(higher B-cell and suppressed T-cell counts)2 and
marked clinical improvement following plasmaphere-
sis and rituximab treatment (anti-CD20 antibody),1

a B-cell–driven intrathecal autoimmune reaction was
hypothesized.

Case report. On January 2017, 4 months after the
first course of alemtuzumab, a 27-year-old woman
affected by an aggressive form of relapsing remitting
MS referred to our MS Centre with a dramatic acute
clinical deterioration.

The patient had been diagnosed with MS in 2011,
and since the beginning, the disease presented a severe
course, with frequent relapses and increased disability
in the first year (Expanded Disability Status Scale
[EDSS] 5 3.0). For these reasons, natalizumab was
started on June 2012, with no further evidence of
clinical and neuroradiologic disease activity until
November 2015, when the patient decided to plan
a pregnancy that was safely carried out on July 2016.
Two weeks after delivery, she had a relapse with an
increased disability. Cerebral MRI disclosed new
gadolinium-enhancing lesions and the reactivation
of previous lesions. CSF analysis was performed (fig-
ure), and JC virus (JCV)-DNA PCR was negative.
Considering the disease course and the high JCV
index (.2.0), the patient was treated with alemtuzu-
mab (September 2016).

In January 2017, the patient presented with
a severe polysymptomatic relapse with dramatic clin-
ical deterioration (EDSS 5 7.5). Brain and spinal
cord MRIs revealed several contrast-enhancing lesions
(most of which were ring-enhancing lesions) dissem-
inated in the brain and cervical spinal cord (figure).
CSF examination was repeated and disclosed a signif-
icant qualitative change of the oligoclonal IgG band
pattern in both serum and CSF compared with that

detected in August 2016 (figure). Before starting res-
cue therapy, T-cell and B-cell subpopulation analyses
were performed in peripheral blood (PB) and CSF. In
the PB, the total lymphocyte count was 0.83 109/L;
CD451CD191 cells (B cells) were 0.18 3 109/L
(22%); and CD31CD41 (T cells) cells were 0.14
3 109/L (18%). Almost all (98%) circulating B cells
were CD201. No trace of T follicular regulatory lym-
phocytes (TFR, CD31CD41CD127dimCD251CXC
R51PD11) could be found in blood and CSF, in
front of detectable T follicular helper lymphocytes
(TFH, CD31CD41CD1271CD252CXCR51PD11)
(figure).

In the CSF, B cells represented 12.5% of all lym-
phocytes, of which 40% were CD202 and displayed
high values of physical parameters, suggesting an
active state. Moreover, 48% expressed high levels of
CD38, and 61% (vs 4% of peripheral B cells) ex-
pressed the activation marker CD83, recently dem-
onstrated to play a role during germinal center
maturation.3

Despite plasmapheresis (5 sessions), the patient
continued to deteriorate, and 6 days of high-dose
IV methylprednisolone (1 g/d IV) yielded only a very
mild clinical improvement. Two weeks later, the
patient had a further worsening, and brain MRI dis-
closed numerous ring-enhanced lesions. The patient
had no signs or symptoms of infectious disease, and
detailed immunologic and microbiologic screenings
in blood and CSF gave negative results. The search
for Epstein-Barr virus DNA in blood and CSF by
means of reverse transcription PCR was also negative.
The patient had no further autoimmune pathologies.
Given the malignant course of the disease, the autol-
ogous stem cell transplantation was planned.

Discussion. Our case adds new important observa-
tions that may shed light on the immunopathologic
process occurring in patients with MS who develop
severe CNS inflammation following alemtuzumab
therapy. Indeed, our findings converge to indicate
a primary B-cell–mediated pathology triggered by
the therapy. First, the appearance of new IgG bands
in serum and CSF implies the activation and matu-
ration of B-cell clones both in the periphery and in
the CNS. Second, the presence of TFH (a lymphocyte
subpopulation that plays a pivotal role in peripheral
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follicular reaction)4 along with the absence of TFR

(that overlook B-cell maturation in the germinal
center)5 suggests an imbalanced TFH/TFR ratio and,
thus, a dysregulated follicular reaction. Third, the
number and the phenotypic profile of CSF B cells
point out to an abnormal proliferation of plasma-
blasts/plasmacells6 within the CNS. Moreover, all

these observations were acquired in the time frame in
which peripheral B-cell repopulation occurs after
alemtuzumab infusion.7

In some patients, the mismatched reconstitution of
B and T lymphocytes following alemtuzumab likely
opens up to a potentially dangerous time window
where autoreactive B-cell clones proliferate in the

Figure MRI and immunologic findings

Brain (A.a–C.a 5 fluid-attenuated inversion recovery sequences, A.b–C.b 5 postcontrast T1 sequences) and cervical spinal cord (D.a 5 T2-weighted
sequences, D.b 5 postcontrast T1 sequences) MRI imaging disclosed several active white matter lesions, many with ring-enhanced morphology. (E, F)
IgG isoelectric focusing of paired serum (S) and CSF samples. Compared with the bands detected in August 2016 (E and * in F), during the episode of CNS
inflammation following the first alemtuzumab course (February 2017, F), new serum- (,) or CSF- (.) restricted IgG oligoclonal bands were identified. Of
interest, a CSF-restricted IgG band detected in August 2016 was found to be mirrored by a serum band in February 2017. (G, H) Analysis of T-helper
(CD451CD31CD41) cell subsets in the peripheral blood disclosed an almost complete suppression of TFR (CXCR51PD11CD251CD127dim) lymphocytes in
the presence of detectable TFH (CXCR51PD11CD252CD1271), Treg (CXCR52CD251CD127dim), and T-helper (CXCR52CD252CD1271) cells. (I) Plot shows
the proportion of CSF B cells (CD451CD191,12.5%) over the total CD451 leukocyte population (almost all constituted by lymphocytes). (J, K) CSF B cells (J)
showed higher values on physical parameters compared with peripheral B cells (K), suggesting an activated status. (L) Compared with peripheral B cells, CSF
B cells displayed significant differences in the expression of CD20, CD38, and CD83, suggesting a plasmablast/plasmacells phenotype.
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absence of the appropriate T-cell control. Whether this
disorder is an MS rebound or a new CNS inflamma-
tory entity needs to be studied in larger number of sub-
jects. Considering that alemtuzumab is highly effective
in the majority of the treated patients, multicentre
studies aimed at identifying those who are susceptible
to develop severe alemtuzumab-induced CNS inflam-
mation are urgently needed.
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