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Abstract
Background and Objectives
To investigate the frequency and predictors of hypogammaglobulinemia during long-term rit-
uximab (RTX) treatment in patients with neuromyelitis optica spectrum disorder (NMOSD)
and its association with infections.

Methods
We retrospectively reviewed the data of patients with NMOSD who received RTX through the
maintenance regimen based onmemory B-cell detection for at least 1 year from 2006 to 2021 at
an institutional referral center for NMOSD.

Results
A total of 169 patients received a median of 10 courses (range 1–27) of RTX reinfusion after
induction over a median of 8 (range, 1–15) years. Their mean serum immunoglobulin (Ig)G
level began to decline significantly after 2 years of treatment, steadily declined at a rate of
2%–8% per year for the following 8 years, and then plateaued after 10 years. The proportion of
patients with hypo-IgG (<6 g/L) increased from 1.2% after 1 year of treatment to 41% after 14
years of treatment. While being treated with RTX, 58 (34%) patients had 114 infections, of
whom 14 (8%) patients had 15 severe infections. Multivariable logistic regression analyses
identified duration of RTX treatment in years (odds ratio [OR] 1.234, 95% confidence interval
[CI] 1.015–1.502), mean annual RTX dose (OR 0.063, 95% CI 0.009–0.434), history of
mitoxantrone (OR 3.318, 95% CI 1.109–9.93), hypo-IgG at baseline (OR 40.552, 95% CI
3.024–543.786), and body mass index >25 kg/m2 (OR 4.798, 95% CI 1.468–15.678) as
independent predictors of hypo-IgG. The risk of infection during RTX treatment was in-
dependently associated with high Expanded Disability Status Scale scores (OR 1.427, 95% CI
1.2–1.697) and relapses during RTX treatment (OR 1.665, 95% CI 1.112–2.492), but not with
hypogammaglobulinemia.

Discussion
Over 14 years of long-termRTX treatment, IgG levels gradually decreased, and the frequency of
hypo-IgG increased to 41% of the patients. Patients with prolonged memory B-cell depletion
after RTX, previous mitoxantrone history, hypo-IgG at baseline, or obesity were at risk of
developing RTX-induced hypogammaglobulinemia. Nevertheless, infection rates remained low
during treatment, and reduced immunoglobulin levels were not associated with an increased
incidence of infections.
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Rituximab (RTX), an anti-CD20 monoclonal antibody, is
increasingly being used to treat CNS inflammatory diseases
(IDs), including neuromyelitis optica spectrum disorder
(NMOSD) and multiple sclerosis (MS). RTX depletes
CD20-expressing B cells in the peripheral blood for inter-
individually variable periods. Despite the high efficacy and
well-tolerated safety profile of RTX, concerns exist about
prolonged hypogammaglobulinemia and an increased risk of
infection in a subset of patients receiving repeated infusions
of RTX.1,2 Mature plasma cells do not express CD20, but
long-term depletion of plasma cell precursors by RTX may
diminish the replenishment of plasma cells, leading to sec-
ondary hypogammaglobulinemia.3,4 The etiology of RTX-
induced hypogammaglobulinemia is likely multifactorial, and
its reported incidence varies between 5% and 73% depending on
the underlying disease and its relationship to B-cell function,
previous and concurrent immunosuppressive medications,
baseline immunoglobulin (Ig) levels, and RTX courses.1,5-7 The
clinical consequence of RTX-induced hypogammaglobulinemia,
particularly whether it is directly associated with an increased risk
of infection in patients with systemic autoimmune diseases and
malignancies, remains controversial.3,8-12 Furthermore, there are
limited long-term data on the variables and infectious risks as-
sociated with RTX-induced hypogammaglobulinemia in CNS
IDs (CNS-IDs). A previous study of 5 years of RTX treatment
included only 15 patients with NMOSD,1 whereas studies with
larger patient numbers reported relatively short-term follow-up
results.2,7,13 Here, we describe the frequency and predictors of
RTX-associated hypogammaglobulinemia and its association
with infections in a large cohort of patients with NMOSD un-
dergoing long-term RTX treatment.

Methods
Study Design and Participants
We identified a total of 178 patients with NMOSD who re-
ceived RTX for at least 1 year at the National Cancer Center,
Korea, between February 2006 and July 2021. Nine patients
without serial Ig measurements were excluded. Data on de-
mographics, medications, Expanded Disability Status Scale
(EDSS) score, infection events, and laboratory parameters
were collected retrospectively from medical records. Serum
IgG, IgA, and IgM levels measured before and annually during
RTX therapy as part of routine clinical monitoring were
reviewed. The serostatus of antibodies for varicella and
measles and titers of hepatitis B surface (HBS) antibodies,
measured every 3 years, were also collected. The FCG3RA-
V158F genotype data of 89 patients who were included in our
previous study were retrieved.14

RTX Treatment
After induction therapy (375 mg/m2 weekly for 4 consecutive
weeks or two 1,000 mg 2 weeks apart), patients received RTX
maintenance therapy which was administered IV at a dose of
375 mg/m2 whenever the proportion of CD27+ memory
B cells in peripheral blood mononuclear cells was >0.05% in
the initial 2 years and >0.1% thereafter.14 Some patients were
administered a 100-mg methylprednisolone infusion as a
premedication to minimize the infusion-related reaction.
During RTX treatment, an acute relapse was treated with IV
administration of 3–5 g methylprednisolone and/or plasma-
pheresis. No patient concomitantly received immunosup-
pressive agents.

Evaluation for Hypogammaglobulinemia
Serum Ig levels were graded based on their lowest levels during
the follow-up. Hypo-IgGwas categorized as mild (4.0–5.9 g/L)
or severe (<4 g/L). Hypo-IgM and hypo-IgA were defined as
serum levels of <0.4 and <0.7 g/L, respectively. Infection was
defined as suspicion or confirmation of infection based on
physical signs suggestive of infection including, but not limited
to, fever or positive radiographic or laboratory findings. A se-
vere infection event (SIE) was defined as a suspected or con-
firmed infection requiring IV antibiotics/antiviral agent
administration and/or hospitalization.

Standard Protocol Approvals, Registration, and
Patient Consents
The data used in this study were collected between February
2006 and July 2021. The Institutional Review Board of the
National Cancer Center approved this study (NCC2014-
0146), and all patients provided written informed consent.

Statistical Analyses
The results for categorical variables are expressed as values
and proportions, while those for continuous variables are
expressed as either medians and interquartile ranges (IQRs)
or ranges. Between-group differences in categorical variables
were assessed using the Fisher exact test. Longitudinal
changes were assessed using theWilcoxon signed-rank test for
paired samples. For missing values, the last value carried
forward method was used. The relationships between po-
tentially associated factors and hypo-IgG were evaluated using
a logistic regression model.

Unadjusted odds ratios (ORs) were calculated using uni-
variable logistic regression analysis, while adjusted ORs were
calculated using multivariable logistic regression analysis.
Variables with a p value of less than 0.2 in the univariable
regression models were included in the multivariable

Glossary
BMI = body mass index; CNS-ID = CNS-inflammatory disease; CVID = common variable immune deficiency; EDSS =
Expanded Disability Status Scale; HBS = hepatitis B surface; Ig = immunoglobulin; IQR = interquartile range;MS = multiple
sclerosis; OR = odds ratio; PY = patient-year; SIE = severe infection event; UTI = urinary tract infection.
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regression model. The associations between infection and
hypo-IgG, hypo-IgA, and hypo-IgM were also evaluated using
a multivariable logistic regression model. All results were
analyzed using SAS software (version 9.4; SAS Institute Inc,
Cary, NC) and Stata Statistical software, version 14.2 (Sta-
taCorp LP, College Station, TX). Two-sided p values of less
than 0.05 were considered statistically significant.

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

Results
As of July 2021, 169 patients received a median of 10 (range,
1–27) courses of RTX treatment after induction over a me-
dian of 8.4 (range, 1.3–15.5) years (1,393 patient-years
[PYs]). Of them, 122 patients and 74 patients had been fol-
lowed for >5 and >10 years, respectively. Demographic data
and treatment history are summarized in Table 1. Freedom
from relapse was achieved in 119 (68%) patients, and im-
provement or stabilization of disability was achieved in 162
(96%) patients after RTX treatment. Ten patients dis-
continued RTX treatment: 3 went abroad at 3, 6, and 7 years
after RTX treatment; 4 switched from RTX to satralizumab or
tocilizumab because of relapses or poor B-cell depletion at 1,
1, 2, and 11 years; and 3 patients died from aspiration
pneumonia (1 year), suicide (2 years), and fungal pneumonia
(6 years). Three patients switched from RTX tomitoxantrone
therapy because of repeated events of inadequate depletion of
memory B cells. After 6 months of mitoxantrone treatment
(12 mg/m2, monthly), these 3 patients resumed RTX treat-
ment. Ninety-nine (59%) patients used at least 1 immuno-
suppressive agent before RTX.

Immunologic Evaluation
for Hypogammaglobulinemia
Ig levels were available for 164 patients at the initiation of the
RTX therapy. Among them, baseline data for 6 patients were
excluded because of plasmapheresis history within the pre-
ceding month. All 6 patients had Ig levels within the normal
range 1 year after RTX treatment. Before RTX therapy, 6
(4%), 6 (4%), and 17 (11%) of the 158 patients had hypo-
IgG, hypo-IgA, and hypo-IgM, respectively. The mean serum
IgG level began to decline significantly after 2 years of treat-
ment and steadily declined at a rate of 2–8% per year for the
next 8 years before plateauing after 10 years (Figure 1A).
During the follow-up, 39 (23%) and 16 (9.4%) patients de-
veloped hypo-IgG and severe hypo-IgG, respectively. The
proportion of patients with hypo-IgG and severe hypo-IgG
increased annually from 1.2% and 0%, respectively, after 1
year of treatment, to 41% and 14%, respectively, after 14 years
of treatment (Figure 1B). None of the patients with hypo-IgG
had normal serum IgG levels at the last follow-up. Themedian
durations of persistent hypo-IgG and severe hypo-IgG were 6
(IQR, 3.5–8.5) years and 4 (IQR, 2.0–6.8) years, respectively.
After RTX treatment, 45 (27%) and 82 (49%) patients

showed hypo-IgA and hypo-IgM, respectively. The percentage
of patients with hypo-IgA and hypo-IgM increased to 50% and
70%, respectively, 14 years after the initiation of RTX therapy
(Figure 1D, F). The development of hypo-IgGwas significantly
associated with the development of hypo-IgA and hypo-IgM
(both p < 0.001, Fisher exact test). Six (4%) patients received
plasmapheresis (once in 5 patients and twice in 1 patient) for
treating relapse at a median interval of 16months (range 1–132
months) from starting RTX treatment. All of them exhibited Ig
levels within the normal range within 6–9 months after plas-
mapheresis. Of 138 patients treated for more than 3 years, 123
and 127 patients exhibited varicella-IgG and measles-IgG
positivity at RTX initiation, respectively, of whom only 3 (2%)
and 2 (2%) patients had negative seroconversion after RTX
treatment, respectively. We also investigated the changes in
anti-HBS titers in the 138 patients; anti-HBS antibody posi-
tivity (>10 mIU/mL) was noted in 82 (59%) patients at
baseline. Median anti-HBS titers after 3 and 6 (213 and 172,
respectively) years were not significantly different from those at
baseline (180), but they significantly decreased after 9 (138; p =
0.043) and 12 (97; p = 0.001) years. Among 82 patients, only 2
(2%) showed negative seroconversion of anti-HBS antibodies.

Infections
In our cohort, 58 (34%) patients had 114 infections and 14
(8%) of them had 15 SIEs while being treated with RTX. The
overall infection and SIE rates were 8.18/100 and 1.08/100
PY, respectively. Among mild infections, urinary tract infec-
tions (UTIs) (59%) were most frequent, followed by upper or
lower respiratory tract infections (14%), herpes zoster (8%),
and other infections (19%), including 1 tuberculosis reac-
tivation. SIEs included UTIs (n = 5), pneumonia (n = 5),
septic shock (n = 1), neutropenic fever (n = 2), gastroenteritis
(n = 1), and wound infection (n = 1). All patients with SIEs
recovered well and maintained RTX treatment apart from 2
patients: 1 patient with an EDSS score of 8.0 at the initiation
of treatment died from aspiration pneumonia with normal Ig
levels at 1 year of RTX treatment and 1 patient who received
concurrent cyclosporine and steroids from a dermatology
clinic because of severe psoriasis died from fungal pneumonia
25 months after the last RTX retreatment. She had undergone
RTX treatment for 6 years and did not revisit our clinic after
the eighth reinfusion of RTX. Her serum IgG level was <4 g/L
at the last follow-up, but the IgG levels at the time of death
could not be confirmed because she was at another hospital.
During RTX treatment, transient grade ≥3 neutropenia (ab-
solute neutrophil counts <1,000/mm3) and lymphopenia
(absolute lymphocyte count <500 mm3) were observed in 10
(6%) and 11 (7%) patients, respectively. Among them, 2
patients with grade 4 neutropenia exhibited neutropenic fever
and were treated with granulocyte colony-stimulating factors.
They recovered well, and subsequent RTX treatment did not
reinduce neutropenia. With the exception of 1 patient who
experienced pneumonia at the time of lymphopenia, the
remaining transient neutropenia and lymphopenia resolved
spontaneously without infection. Thirteen (87%) of 15 SIEs
occurred in patients with normal IgG levels, and only 1 SIE
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(community-acquired pneumonia) occurred in a patients in a
mild hypo-IgG state. None of the patients received Ig re-
placement therapy. The annual incidence rates of infection
and SIE did not increase during the follow-up (Figure 2).

Predictors of Hypogammaglobulinemia
and Infection
The results of the univariable and multivariable analyses are
summarized in Table 2. Hypo-IgGwas independently associated
with the duration of RTX treatment in years (OR 1.234, 95%

confidence interval [CI] 1.015–1.52), mean annual RTX dose
(OR 0.063, 95% CI 0.009–0.434), history of mitoxantrone
treatment (OR 3.318, 95% CI 1.109–9.93), baseline hypo-IgG
(OR 40.552, 95% CI 3.024–543.786), and body mass index
(BMI) > 25 kg/m2 (OR 4.798, 95% CI 1.468–15.678). The
mean annual RTX dose (OR 0.006, 95% CI 0–0.123) was the
sole independent predictor of severe hypo-IgG. Since the annual
RTX dose was higher during the initial 2 years—for the in-
duction dose and more frequent retreatment according to the
more stringent memory B-cell threshold for retreatment in our
protocol—than the subsequent years, we performed an analysis
of risk factors related to the development of hypo-IgG in the
subgroup of patients who had received RTX treatment for more
than 3 years. Subgroup analysis also showed that the duration of
RTX treatment in years (OR 1.246, 95%CI 1.011–1.536), mean
annual RTX dose (OR 0.047, 95% CI 0.006–0.36), history of
mitoxantrone treatment (OR 3.275, 95% CI 1.077–9.956), and
BMI >25 kg/m2 (OR 5.712, 95% CI 1.656–19.708) were in-
dependently associated with hypo-IgG (eTable 1, links.lww.
com/NXI/A730). Next, independent variables were identified
among patients with infection (eTable 2). The EDSS score at
RTX initiation (OR 1.451, 95%CI 1.227–1.715) and relapses on
RTX treatment (OR 1.665, 95% CI 1.112–2.494) were in-
dependently associated with infection, but severe hypo-IgG,
hypo-IgM, and hypo-IgA were not associated with infection.
None of the variables, including hypogammaglobulinemia, were
independently associated with SIEs in the multivariable analysis.

Discussion
We investigated the frequency of hypogammaglobulinemia and
its relation to infections in patients with NMOSD receiving
long-term RTX treatment. Over 14 years of long-term RTX
treatment, IgG levels gradually decreased after the initiation of
treatment and remained relatively unchanged after 10 years of
treatment. The frequency of RTX-induced hypo-IgG increased
from the third year of treatment onward, affecting up to 41% of
the patients after 14 years of treatment. Nevertheless, SIE rates
remained low during treatment, and reductions in Ig levels
were not associated with an increased incidence of infections.

The risk factors for hypo-IgG identified in our study—longer
RTX treatment duration, mitoxantrone exposure, and base-
line hypo-IgG—are in line with previously identified factors
predisposing to the development of RTX-induced
hypogammaglobulinemia.3,6,15,16 In addition, we found that
obesity was associated with the development of hypo-IgG.
Obesity promotes inflammation and induces metabolic and
functional changes in immune cells by altering humoral im-
munity and reducing the antibody response to vaccine im-
munization or viral infection.17,18 Obesity-associated
dysregulation of the immune system may negatively affect
IgG production in patients treated with RTX.

Notably, a low annual RTX dose was associated with an in-
creased risk of hypo-IgG. Particularly, we found that a low

Table 1 Demographic and Clinical Characteristics of the
Patients

Characteristic
Patients
(n = 169)

Age at disease onset, y, median (IQR) 33 (24–45)

Age at RTX initiation, y, median (IQR) 38 (30–49)

Sex, female, n (%) 144 (85%)

Disease duration before RTX treatment,
y, median (IQR)

4.3 (1.7–8.8)

Duration of RTX treatment, y, median (IQR) 8.4 (4.4–12.4)

BMI, kg/m2, median (IQR) 21.9 (19.8–25.1)

Cumulative RTX dose, g, median (IQR) 8.4 (5.6–11.0)

Patients with comorbidity, n (%) 38 (23%)

Dyslipidemia, n 14

Hypertension, n 11

Diabetes mellitus, n 4

Cancer (thyroid, thymoma, tongue, rectal,
breast), n

5

Psychiatric disorder, n 2

Systemic autoimmune disease, n 6

Angina, n 1

Asthma, n 1

Liver cirrhosis, n 1

EDSS score at RTX initiation, median (IQR) 3.5 (2.0–6.0)

EDSS score at the last follow-up, median (IQR) 3.0 (2.0–4.5)

RTX retreatment interval, m, median (IQR) 8.4 (7.0–10.2)

Patients with previous immunosuppressive
treatment, n (%)

95 (59%)

Azathioprine, n 47

Mycophenolate mofetil, n 37

Mitoxantrone, n 26

Cyclophosphamide, n 2

Tacrolimus, n 1

Abbreviations: BMI = body mass index; EDSS = Expanded Disability Status
Scale; IQR = interquartile range; RTX = rituximab.
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annual dose was the sole risk factor for the development of
severe hypo-IgG. In our cohort, retreatment with RTX was
administered whenever the memory B-cell count was above

the therapeutic threshold because sufficient and persistent
depletion of memory B cells correlates with a good clinical
response to RTX.15,19 Thus, a low annual dose indicates

Figure 1 Immunoglobulin Levels (Median and Interquartile Range) (A,C,E) and Patient Proportions of Ranges (B,D,F)
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infrequent retreatment due to delayed memory B-cell re-
constitution after RTX administration, indicating that patients
with prolonged memory B-cell depletion after RTX treatment
are more prone to developing hypogammaglobulinemia while
being more likely to maintain disease remission. This has also
been described in patients with idiopathic nephrotic syndrome,
inwhomprolonged and profounddepletion of switchedmemory
B cells after RTX treatment can elicit both long-term disease
remission and persistent severe hypogammaglobulinemia.20

Total B-cell reconstitution is not closely correlated with the re-
covery of hypogammaglobulinemia, which may be in part due to
an increased proportion of näıve B cells and decreased pro-
portion of switched memory B cells.21 Altogether, profound and
sustained memory B-cell depletion post-RTX may be an im-
portant risk factor for hypogammaglobulinemia.

Despite a median of over 8 years of RTX treatment, the fre-
quency of hypo-IgG in our cohort was lower than the corre-
sponding values in other reports, in which 23–30% of the
patients developed hypo-IgG (<6 g/L) after a mean of 3 years
of treatment2,22 and 73% of the patients exhibited hypo-IgG
(<7 g/L) after a mean of 70 months of treatment.1 Although the
heterogeneity in age, baseline IgG levels, and differences in
concomitant therapy or pretreatment does not allow us to draw
definite conclusions, our RTX protocol, in which retreatment
with RTX was administered when reemergence of memory
B cells occurred and the threshold for retreatment was increased
after the initial 2 years of treatment, may have resulted in a lower
frequency of hypo-IgG in our cohort than other studies where
retreatment with RTX was administered either every 6 months
or based on the reconstitution of CD19+ B cells.1,7 In 1 study,
retreatment with RTX was administered according to the fre-
quency of reconstitution of memory B cells, but patients who did
not show reconstitution of memory B cells even at 6 months
were retreated, regardless of the memory B-cell count.2 This
treatment strategy may increase the frequency of hypo-IgG.2

Moreover, the reduction rate of serum IgG levels in our cohort
plateaued after 10 years of treatment. Previously, we reported
that retreatment with RTX based on memory B-cell re-
constitution resulted in long retreatment intervals (mean, 41
weeks) after 6 years because the time to memory B-cell re-
constitution increased.23 Thus, after long-term treatment, the
reduction rate of serum Ig levels may have decreased as the
retreatment interval prolonged because retreatment was not
provided until memory B cells reconstituted. These results
suggest that the personalized RTX retreatment protocol through
monitoring memory B cells may lower the risk of hypo-IgG.

We also analyzed the associations between serum Ig levels and risk
of infections. High EDSS scores at RTX initiation were associated
with an increased risk of infection. Previous studies on CNS-IDs
have consistently shown that increased disability is commonly
associated with infections in RTX-treated patients.2,7,13 Relapses
during RTX treatment also seem to increase the risk of infection,
given the associated increase in neurologic disability and admin-
istration of high-dose steroids. The high incidence of infection
during the initial 2 years of RTX treatment (Figure 2) may reflect
the high disability level and frequent steroid use of these patients,
who often experience many relapses before starting RTX treat-
ment.However, hypogammaglobulinemiawas not associatedwith
the risk of developing infection, including SIEs, although none of
the patients with hypogammaglobulinemia in this study received
Ig replacement. Similarly, previous large-scale studies did not re-
port an increased risk of infection in patients with rheumatoid
arthritis who had RTX-induced hypogammaglobulinemia.11,24,25

Two large studies on CNS-IDs reported conflicting results for the
association between hypogammaglobulinemia and the risk of in-
fection. Based on 831 PY of follow-up in the DanishMS Registry,
serum IgG and IgM levels decreased as the duration of therapy
increased, but they were not associated with an increased risk of
severe infection.7 Conversely, a study of 1,000 patients treated
with anti-CD20 therapy, with a median follow-up of 25 months,

Figure 2 Annual Incidence Rates of Any and Severe Infections During Rituximab Treatment
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identified hypogammaglobulinemia (IgG titer <5 g/L) as a pre-
dictor of SIE in a multivariable analysis, although most patients
with low IgG levels did not present with SIEs.13

Ig plays a major role in adaptive immunity, and reduced levels of
serum Ig—as observed in primary immunodeficiency syndromes
such as common variable immune deficiency (CVID)—
increases the risk of recurrent infections.26 However, the re-
lationship between RTX-induced hypogammaglobulinemia and
the risk of infection is not so straightforward. In CVID, B cells do
not become fully activated or terminally differentiate into plasma
cells and decreased numbers of memory B cells—but not re-
duced serum Ig levels—might be associated with an increased
risk of infection.27,28 However, RTX results in only a partial
depletion of B cells in the bone marrow and synovium, and

switched memory B cells persist in lymphoid tissues, in contrast
to a rapid, almost complete depletion of CD20+ B cells in the
peripheral blood.13,29 Furthermore, long-lived plasma cells re-
sistant to RTX are able to maintain the IgG pool.30 Despite
repeated memory B-cell depletion, seropositivity to virus and
vaccine antigens was maintained in our patients—even those
with hypogammaglobulinemia. RTX-induced long-term de-
pletion of mature B cells in the peripheral blood may cause a
gradual decrease in Ig levels with maintained B-cell counts in
other tissues, such as lymphoid organs and the bone marrow
including long-lived plasma cells, and their protective role in
humoral immunity may thus be retained.

This study has some limitations, including its retrospective
design based on data from a single center. Recall bias might

Table 2 Univariable and Multivariable Regression Analyses to Identify Variables Associated With
Hypogammaglobulinemia and Severe Hypogammaglobulinemia

Variable

Hypogammaglobulinemia (n = 39) Severe hypogammaglobulinemia (n = 16)

Univariable Multivariable Univariable Multivariable

OR 95% CI OR 95% CI OR 95% CI OR 95% CI

Age at RTX initiation, y 0.987 0.959–1.016 0.986 0.946–1.028

Sex

Female 1.069 0.283–4.048 0.596 0.121–2.935

Male Ref.

Duration before RTX treatment, y 1.002 0.932–1.077 0.967 0.865–1.08

Duration of RTX treatment, y 1.346 1.189–1.524 1.323 1.110–1.576 1.362 1.119–1.659

Mean annual rituximab dose (g/y) 0.042 0.011–0.166 0.063 0.009–0.434 0.195 0.064–0.594 0.006 0–0.123

Mitoxantrone treatment

Yes 7.598 3.19–18.099 3.318 1.109–9.93 3.391 1.123–10.239

No Ref. Ref.

Comorbidity

Yes 2.473 1.122–5.451 1.653 0.537–5.092

No Ref.

IgG level at RTX initiation

<6 g/L 5.419 1.153–25.473 40.552 3.024–543.786 5.88 1.011–34.194

≥6 g/L Ref. Ref. Ref.

EDSS score at RTX initiation 1.139 0.967–1.324 1.144 0.908–1.443

BMI

>25 kg/m2 2.473 1.122–5.451 4.798 1.468–15.678 2.269 0.767–6.711

≤25 kg/m2 Ref. Ref. Ref.

FCGR3A variation (n = 89)

FF genotype (n = 50) 0.972 0.169–5.607 1.405 0.271–4.95

VV or VF genotypes (n = 39) Ref. Ref.

Abbreviations: BMI = body mass index; CI = confidence interval; EDSS = Expanded Disability Status Scale; Ig = immunoglobulin; OR = odds ratio; RTX =
rituximab.
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have occurred for minor infections for which primary care was
performed at centers other than ours. However, as we carefully
checked the patients’ health status and medical events together
with laboratory tests every 6–10 weeks, almost all relevant
infections were likely identified and included in this study. In
addition, our finding that the annual RTX dose is a risk factor
for hypogammaglobulinemia cannot be generalized where
RTX retreatment is not tailored to the memory B-cell counts.

Nonetheless, our study represents real-life event rates of
hypogammaglobulinemia and infections in a large number of
patients with NMOSD treated long-term with a unified RTX
treatment protocol. The proportion of patients with hypo-
gammaglobulinemia tended to increase over time, but more
than half of the patients maintained normal serum IgG levels
even after 14 years of RTX treatment. Most cases of hypo-
gammaglobulinemia were asymptomatic, and SIE rates
remained low over the 14 years. Further studies are necessary
to evaluate the clinical effect of more severe and prolonged
hypogammaglobulinemia in patients with NMOSD and
to identify high-risk patients for developing symptomatic
hypogammaglobulinemia.
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Abstract
Background and Objectives
The biologic mechanisms underlying neurologic postacute sequelae of severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) infection (PASC) are incompletely understood.

Methods
We measured markers of neurologic injury (glial fibrillary acidic protein [GFAP], neurofila-
ment light chain [NfL]) and soluble markers of inflammation among a cohort of people with
prior confirmed SARS-CoV-2 infection at early and late recovery after the initial illness (defined
as less than and greater than 90 days, respectively). The primary clinical outcome was the
presence of self-reported CNS PASC symptoms during the late recovery time point. We
compared fold changes in marker values between those with and without CNS PASC symp-
toms using linear mixed-effects models and examined relationships between neurologic and
immunologic markers using rank linear correlations.

Results
Of 121 individuals, 52 reported CNS PASC symptoms. During early recovery, those who went
on to report CNS PASC symptoms had elevations in GFAP (1.3-fold higher mean ratio, 95%
CI 1.04–1.63, p = 0.02), but not NfL (1.06-fold higher mean ratio, 95% CI 0.89–1.26, p = 0.54).
During late recovery, neither GFAP nor NfL levels were elevated among those with CNS PASC
symptoms. Although absolute levels of NfL did not differ, those who reported CNS PASC
symptoms demonstrated a stronger downward trend over time in comparison with those who
did not report CNS PASC symptoms (p = 0.041). Those who went on to report CNS PASC
also exhibited elevations in interleukin 6 (48% higher during early recovery and 38% higher
during late recovery), monocyte chemoattractant protein 1 (19% higher during early recovery),
and tumor necrosis factor α (19% higher during early recovery and 13% higher during late
recovery). GFAP and NfL correlated with levels of several immune activation markers during
early recovery; these correlations were attenuated during late recovery.
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Discussion
Self-reported neurologic symptoms present approximately 4 months after SARS-CoV-2 infection are associated with elevations
in markers of neurologic injury and inflammation at earlier time points. Some inflammatory pathways seem to be involved
months after acute infection. Additional work will be needed to better characterize these processes and to identify interventions
to prevent or treat this condition.

There is an urgent need to understand the pathophysiology
that underlies the postacute sequelae of severe acute re-
spiratory syndrome coronavirus 2 (SARS-CoV-2) infection
(PASC), a set of conditions characterized by persistent
symptoms in some individuals recovering from coronavirus
disease 2019 (COVID-19).1 Although a spectrum of symp-
toms is reported among individuals experiencing PASC,
neurologic symptoms are particularly common.1-3 Limited
data are available on the biologic predictors and correlates of
these symptoms.

Neurologic involvement during COVID-19 is common.4,5

Acute illness is associated with substantial immune
activation6,7 and CNS dysfunction.8,9 A handful of studies
have explored the measurement of serum glial fibrillary acidic
protein (GFAP), an intermediate filament protein found in
the cytoskeleton of CNS astrocytes,10 and neurofilament light
chain (NfL), a cytoskeletal protein expressed in the axons of
neurons11 during acute COVID-19.12-19 In some cases, higher
levels of these markers were identified in patients with neu-
rologic symptoms during acute infection13-17; other studies
have not identified such relationships.19

Recent work has shown structural brain changes in individuals
with a history of COVID-19.20 A high proportion of indi-
viduals experience ongoing physical or mental health symp-
toms in the 2–12 months after COVID-19.1,21-23 Although
the biology is not well understood, recent work has suggested
that immune activation might play a role in PASC.24,25 In the
postacute period, inflammatory markers such as interleukin
(IL)-6, tumor necrosis factor (TNF) α, and interferon (IFN)-
γ–induced protein (IP)-10 have been associated with ongoing
symptoms.25 These markers, particularly IL-6, may correlate
with long-term neuropsychiatric manifestations of COVID-
19.26 However, there are limited data on the relationship
between biomarkers of immune activation, neurologic injury,
and neurologic symptoms during the postacute period.17,27-29

In a prior analysis using the broadest possible case definition
of PASC (i.e., presence of any 1 of 32 COVID-19–attributed
symptoms), we found that subtle differences in levels of

inflammatory markers predicted the presence of persistent
symptoms >90 days after COVID-19.25 In the current report,
we investigated a more specific outcomemeasure defined by 8
self-reported neurologic symptoms. In addition to the pre-
vious measures of inflammation, we evaluated markers of
neurologic injury among those with and without this more
specific PASC phenotype. A better understanding of the re-
lationships between these markers among individuals with
neurologic manifestations of PASC could help in identifying
therapies to prevent and/or manage this condition as the
pandemic continues.

Methods
Study Participants and Procedures
Beginning in April 2020, we conducted a prospective longi-
tudinal study of individuals who had recently recovered from
confirmed SARS-CoV-2 infection (Long-term Impact of In-
fection with Novel Coronavirus cohort; NCT04362150).30

Recruitment occurred using a combination of clinician re-
ferrals, paper and web-based advertisements, and mailings to
all patients testing positive at university-affiliated sites. Most
of them (78%) had not been hospitalized during the acute
phase. The determination of eligibility was agnostic to the
presence or absence of persistent SARS-CoV-2–attributed
symptoms.

A research coordinator administered a study questionnaire at
early (≤90 days) and late (>90 days) recovery time points
after COVID-19 symptom onset. Participants were queried
regarding the presence of 32 symptoms, including 8 neuro-
logic symptoms (eTable 1, links.lww.com/NXI/A727). A
symptomwas recorded as present if it was reported at the time
of the visit and was either new in onset since the time of
SARS-CoV-2 infection or had worsened since the time of
SARS-CoV-2 infection. Symptoms that preceded and were
unchanged after SARS-CoV-2 infection were recorded as
absent. We also collected information about demographics
and medical history and retrospectively collected information
on symptoms experienced during the acute phase of the ill-
ness. Blood was collected by venipuncture at each visit.

Glossary
BMI = body mass index; COVID-19 = coronavirus disease 2019; GFAP = glial fibrillary acidic protein; IFN = interferon; Ig =
immunoglobulin; IL = interleukin; IP = IFN-γ induced protein; IQR = interquartile range; MCP-1 = monocyte
chemoattractant protein 1; NfL = neurofilament light chain; PASC = postacute sequelae of SARS-CoV-2 infection; RBD =
receptor-binding domain; SARS-CoV-2 = severe acute respiratory syndrome coronavirus 2; TNF = tumor necrosis factor.
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Plasma was isolated using centrifugation of heparinized blood
and stored at −80 °C.

Clinical Outcomes
The primary clinical outcome was CNS PASC, defined as the
presence of at least 1 CNS symptom at a late recovery visit
occurring >90 days from initial COVID-19 symptom onset.
These symptoms included memory/concentration issues,
headache, vision problems, dizziness, and balance issues. We
selected these symptoms because they were believed to best
reflect dysfunction of the CNS and most likely to associate
with biologic processes that could be identified using the 2
primary biomarker outcomes. A secondary analysis examined
any neurologic symptom, which included the following in
addition to the central neurologic symptoms: problems with
smell or taste, smelling an odor that is not really present, and
numbness/tingling (eTable 2, links.lww.com/NXI/A727). In
addition to symptom data collected at the time of the visit, we
also used data collected retrospectively at the time of enroll-
ment regarding the presence or absence of neurologic
symptoms during the acute phase of infection to examine
changes in biomarkers at early and late follow-up. For hos-
pitalized participants, medical records were requested and
reviewed by a study physician. Our rationale for and methods
of symptom ascertainment have been described in detail
elsewhere.30

Biomarker Assays
Plasma was isolated using centrifugation of heparinized blood
and stored at −80 °C. Samples were thawed on the day of
analysis, centrifuged at 10,000g for 5 minutes, and plated in
Quanterix-supplied 96-well plates. Plasma biomarker mea-
surements were performed using the fully automated HD-X
Simoa platform at 2 time points: early recovery (median 52
days) and late recovery (median 123 days). Those performing
the assays were blinded to clinical information. The primary
analytes were plasma GFAP and NfL measured using the
GFAP Discovery and NF-light Advantage kit assays, re-
spectively (Quanterix). We also measured the levels of
markers that have been found to be important during acute
SARS-CoV-2 infection6,7 using multiplex (Cytokine 3-PlexA:
IL-6, IL-10, TNFα) or single-plex (IFN-γ, IP-10, monocyte
chemoattractant protein 1 [MCP-1]) kits. SARS-CoV-2
receptor-binding domain (RBD) immunoglobulin (Ig) G
was also assayed.

Plasma was assayed according to the manufacturer’s recom-
mended 1:4 dilution for all assays except IFN-γ, which was
assayed at the recommended 1:2 dilution, and SARS-CoV2
IgG, which was diluted 1:1,000. To minimize the number of
freeze-thaw cycles, samples were divided up into several batch
runs per assay, and analyzed in 2 Quanterix instruments si-
multaneously with 2 assays each, and then refrozen at −80 °C.
The analysis of all samples was performed in 2–3 separate
batch runs in singlicate within a week period per assay, using
the same kit lot for each assay. All assays were performed
according to the manufacturer’s instructions, and assay

performance was consistent with the manufacturer’s
specifications.

Statistical Analysis
We log-transformed all biomarkers to reduce the influence of
outliers and to permit interpretation of fold changes. As in
prior work,25 to compare values at early and late time points as
well as assess whether trajectories in marker values differed
between those with and without PASC, we compared the ratio
of the mean transformed values for each biomarker between
those with and without neurologic symptoms using linear
mixed-effects models with terms for PASC, time period (early
vs late recovery), and their interaction. We exponentiated the
coefficients to give the ratio between the untransformed
biomarker values to calculate fold changes and 95% confi-
dence intervals. We used Spearman correlations to evaluate
relationships between levels of neurologic and immune
markers. All p values are 2-sided. We used Stata (version 16.1;
StataCorp, College Station, TX) and Prism (version 9.1.2,
GraphPad Software, L.L.C., San Diego, CA).

Standard Protocol Approvals, Registrations,
and Patient Consents
All participants provided written informed consent. This
study was approved by the Institutional Review Board at the
University of California, San Francisco.

Data Availability
The data that support the findings of this study are available
from the corresponding author, M.J.P., on reasonable request.

Results
Study Participants
This study included 121 individuals with primary outcome
data (Table 1), 92 of whom (76%) had a paired early recovery
sample for analysis. During acute COVID-19, most (89, 74%)
had been symptomatic outpatients while 27 (22%) had been
hospitalized. Five (4%) reported asymptomatic SARS-CoV-2
infection. Of those hospitalized, 23 (85%) required supple-
mental oxygen and 3 (11%) required mechanical ventilation.
SARS-CoV-2–targeted treatment was uncommon: 4 indi-
viduals (15%) received remdesivir, 1 (4%) received conva-
lescent plasma, and 5 (19%) received steroids. No participant
experienced an acute neurologic event (e.g., stroke, seizure)
during their hospitalization. All samples were collected before
the availability of SARS-CoV-2 vaccination.

Fifty-two individuals, of whom most were women, reported
CNS symptoms at the late recovery time point (Table 2).
Among them, the most commonly reported CNS symptoms
were trouble concentrating (81%), headache (35%), and
dizziness (35%).

Early recovery visits took place at a median of 52 (inter-
quartile range [IQR] 38–64) days postinfection. Late re-
covery visits took place at a median of 123 (IQR 114–135)
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Table 1 Characteristics of the Study Cohort

All (n = 121) CNS PASC (n = 52) No CNS PASC (n = 69)

Demographic characteristics

Age, y, median (IQR) 44 (37–57) 48 (38.5–57) 43 (36–55)

Sex at birth

Male 55 (45.5) 15 (28.9) 40 (58.0)

Female 66 (54.6) 37 (71.2) 29 (42.0)

Gender

Male 54 (44.6) 14 (26.9) 40 (58.0)

Female 65 (53.7) 36 (69.2) 29 (42.0)

Transgender 2 (1.7) 2 (3.9) 0 (0)

Race/ethnicity

White 69 (57.0) 32 (62.8) 37 (56.1)

Hispanic/Latino 30 (24.8) 14 (27.5) 16 (24.2)

Asian 14 (11.6) 4 (7.8) 10 (15.2)

Black/African American 3 (2.5) 1 (2.0) 2 (3.0)

Pacific Islander/Native Hawaiian 1 (0.8) 0 (0) 1 (1.5)

Other/unknown 4 (3.3) 1 (2.0) 3 (4.3)

Sexual orientation

Straight/heterosexual 85 (70.2) 35 (72.9) 50 (84.8)

Gay/lesbian/same-sex loving 17 (14.0) 9 (18.8) 8 (13.6)

Asexual 1 (0.8) 1 (2.1) 0 (0)

Questioning/unsure 3 (2.5) 3 (6.3) 0 (0)

Unknown/prefer not to answer 15 (12.4) 4 (7.8) 11 (15.9)

Highest level of education

Grades 1–6 4 (3.3) 1 (1.9) 3 (4.4)

Grades 7–11 5 (4.1) 1 (1.9) 4 (5.8)

High school/general educational development 12 (9.9) 6 (11.5) 6 (8.7)

At least some college/associate’s degree 11 (9.1) 7 (13.5) 4 (5.8)

4 y of college/bachelor’s degree 54 (44.6) 22 (42.3) 32 (46.4)

At least some graduate school 35 (28.9) 15 (28.9) 20 (29.0)

Clinical characteristics

Preexisting medical conditions

Autoimmune disease 9 (7.4) 6 (11.5) 3 (4.4)

Cancer (treatment within 2 y before COVID-19) 3 (2.5) 2 (3.9) 1 (1.5)

Diabetes 14 (11.6) 7 (13.7) 7 (10.1)

Lung problems (asthma, COPD, or other lung disease
active within 5 y before COVID-19)

23 (19.0) 12 (23.1) 11 (16.2)

BMI category

24.9 or less 42 (34.7) 15 (28.9) 27 (39.1)

25 to 29.9 37 (30.6) 8 (15.4) 29 (42.0)

Continued
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days postinfection. The early recovery visit for those reporting
CNS PASC symptoms occurred slightly later than for those
who denied CNS PASC symptoms (60 [IQR 40–67] and 49
[IQR 37–59] days, respectively). The timing of the late recovery
visit was similar between thosewith andwithoutCNSPASC(123
[IQR 117–137] and 124 [IQR 113–134] days, respectively).

Levels of Neurologic and Inflammatory
Markers Among Those With and Without CNS
PASC Symptoms
We first compared the levels of each marker measured during
early recovery between those who went on to report CNS
PASC symptoms and those who did not (Figures 1–3, eTa-
bles 3 and 4, links.lww.com/NXI/A727). At the early re-
covery time point, those who went on to report CNS PASC
had significantly higher levels of GFAP (1.3-fold higher mean
ratio, 95% CI 1.04–1.63, p = 0.02; Figure 1A), but not NfL
(1.06-fold higher mean ratio, 95% CI 0.89–1.26, p = 0.54;
Figure 1B). Those who went on to report CNS PASC also had
higher levels of cytokines IL-6 (1.48-fold higher mean ratio,
95% CI 1.12–1.96, p = 0.006; Figure 2A), TNFα (1.19-fold
higher mean ratio, 95% CI 1.06–1.34, p = 0.003; Figure 2B),
and the chemokine MCP-1 (1.19-fold higher mean ratio, 95%
CI 1.01–1.40, p = 0.034; Figure 3A), compared with those
who did not report CNS PASC. Trends for other markers
were in a similar direction, although the differences did not
achieve statistical significance.

We next compared the levels of each biomarker measured
during late recovery between those with and without self-
reported CNS PASC at this visit (Figures 1–3, eTables 3 and
4, links.lww.com/NXI/A727). No significant differences were
detected in GFAP or NfL between those with and without
PASC (Figure 1, A and B). Those reporting persistent CNS
PASC symptoms had persistent elevations in IL-6 (1.38-fold
higher mean ratio, 95% CI 1.07–1.77, p = 0.013; Figure 2A)
and TNFα (1.13-fold higher mean ratio, 95% CI 1.02–1.26,
p = 0.022; Figure 2B). IFN-γ was lower (0.71-fold difference,
95% CI 0.55–0.91, p = 0.007; Figure 3C). Levels of SARS-
CoV-2 RBD IgG did not differ between groups at either the
early or late time points (Figure 3C).

Changes in Levels of Plasma Biomarkers
Over Time
To examine changes in the levels of these markers between
the early and late recovery time points, we used mixed models
to indicate changes over time among those with and without
CNS PASC symptoms (Figures 1–3, eTables 3 and 4, links.
lww.com/NXI/A727). Significant differences in trends of
NFL (p = 0.041; Figure 1B), IFN-γ (p = 0.012; Figure 2C),
and MCP-1 (p = 0.019; Figure 3A) were noted between the
CNS PASC and non-CNS PASC groups. As predicted from
the cross-sectional analyses, consistently higher levels of IL-6
and TNFα were observed, although the trends in the levels of
these markers did not differ between groups (Figure 2, A
and B).

Relationships Between Neurologic and
Inflammatory Markers
To examine relationships between the neurologic markers
and markers of inflammation, we performed nonparametric
pairwise analyses at early and late recovery time points
(Figure 4). GFAP levels weakly correlated with MCP-1 (r =
0.21, p = 0.02) and IL-6 (r = 0.18, p = 0.054) at the early time
point and with IL-6 at the late time point (r = 0.19, p = 0.043).
NfL correlated with MCP-1 (r = 0.41, p < 0.001), IL-6 (r = 0.23,
p = 0.012), IFN-γ (r = 0.28, p = 0.003), and TNFα (r = 0.32, p <
0.001) at the early time point and with MCP-1 (r = 0.31, p <
0.001) at the late time point. In addition, there was a strong
correlation between NfL and SARS-CoV-2 IgG at the early time
point (r = 0.40, p < 0.001).

Influence of Symptoms During Acute Infection
We did not identify significant differences in levels of markers
at either recovery time point between those with and without
prior CNS symptoms during acute infection (eTable 5, links.
lww.com/NXI/A727). For some markers, we noted non-
significant trends toward differential changes over time in
groups with and without CNS symptoms during acute in-
fection. These includedNfL (more steep decline among those
with acute CNS symptoms, p = 0.066) and anti-RBD IgG
(less steep decline among those with acute CNS symptoms,
p = 0.063).

Table 1 Characteristics of the Study Cohort (continued)

All (n = 121) CNS PASC (n = 52) No CNS PASC (n = 69)

30 or greater 41 (33.9) 29 (55.8) 12 (17.4)

Characteristics of acute COVID-19 illness

Asymptomatic 5 (4.1) 1 (1.9) 4 (5.8)

Symptomatic/outpatient 89 (73.6) 38 (73.1) 51 (73.9)

Symptomatic/hospitalized 27 (22.3) 13 (25.0) 14 (20.3)

Abbreviations: BMI = bodymass index; COPD= chronic obstructivepulmonarydisease; COVID-19= coronavirusdisease2019; IQR= interquartile range; PASC= postacute
sequelae of SARS-CoV-2 infection; SARS-CoV-2 = severe acute respiratory syndrome coronavirus 2.
All values listed are number (percentage) unless otherwise specified.
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Table 2 PASC Symptoms in Study Cohort

All (n = 121) CNS PASC (n = 52) No CNS PASC (n = 69)

Total PASC symptoms

Mean (range) 3.3 (0–18) 6.9 (1–18) 0.64 (0–7)

Median (IQR) 1 (0–6) 6.5 (4–9) 0 (0–1)

PASC, by symptom

Trouble concentrating, trouble with your thinking, or trouble with your memory 42 (34.7) 42 (80.8) 0 (0)

Headache 18 (14.9) 18 (34.6) 0 (0)

Trouble with vision, e.g., double vision, blurry vision, or other visual issues 13 (10.7) 13 (25.0) 0 (0)

Dizziness 18 (14.9) 18 (34.6) 0 (0)

Trouble with balance or feeling unsteady 13 (10.7) 13 (25.0) 0 (0)

Trouble with taste or smell 27 (22.3) 20 (38.5) 7 (10.1)

Smelling an odor that is not actually there 8 (6.6) 7 (13.5) 1 (1.5)

Numbness, tingling, or “pins and needles” in your arms or legs 17 (14.1) 16 (30.8) 1 (1.5)

Feeling feverish 2 (1.7) 2 (3.9) 0 (0)

Measured a temperature of >100.4 °F or 38 °C 2 (1.7) 2 (3.9) 0 (0)

Chills, feeling unusually cold 2 (1.7) 2 (3.9) 0 (0)

Feeling tired or having low energy 41 (33.9) 37 (71.2) 4 (5.8)

Cough 13 (10.7) 11 (21.2) 2 (2.9)

Shortness of breath 28 (23.1) 25 (48.1) 3 (4.4)

Chest pain 18 (14.9) 13 (25.0) 5 (7.3)

Feeling your heart pound or race 15 (12.4) 13 (25.0) 2 (2.9)

Runny nose or congestion 14 (11.6) 9 (17.3) 5 (7.3)

Sore throat 7 (5.8) 6 (11.5) 1 (1.5)

Muscle aches 20 (16.5) 19 (36.5) 1 (1.5)

Loss of appetite 12 (9.9) 11 (21.2) 1 (1.5)

Nausea, gas, or indigestion 17 (14.1) 15 (28.9) 2 (2.9)

Vomiting 1 (0.8) 1 (1.9) 0 (0)

Stomach pain 6 (5.0) 3 (5.8) 3 (4.4)

Constipation 3 (2.5) 3 (5.8) 0 (0)

Diarrhea or loose bowels 9 (7.4) 8 (15.4) 1 (1.5)

New spots or a rash on your skin 10 (8.3) 9 (17.3) 1 (1.5)

Fainting spells 0 (0) 0 (0) 0 (0)

Pain in your arms, legs, or joints such as knees and hips 9 (7.4) 9 (17.3) 0 (0)

Back pain 7 (5.8) 6 (11.5) 1 (1.5)

Trouble sleeping 32 (26.5) 26 (500) 6 (8.7)

Menstrual cramps or other problems with your periods 2 (1.7) 2 (3.9) 0 (0)

Pain or problems during sexual intercourse 0 (0) 0 (0) 0 (0)

Abbreviations: IQR = interquartile range; PASC = postacute sequelae of SARS-CoV-2 infection; SARS-CoV-2 = severe acute respiratory syndrome coronavirus 2.
All values listed are number (percentage) unless otherwise specified.
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Sensitivity Analyses
Because of the relationship between age and levels of NfL,31

we performed an age-adjusted analysis which did not change

the primary results (no new relationship between NfL and
PASC was identified) (eTable 6, links.lww.com/NXI/A727).
We also repeated the primary analysis adjusting for age, sex,

Figure 1 Cross-Sectional Measurements and Longitudinal Trends in Neurologic Marker Levels Among Those With and
Without CNS PASC

p values reflect group comparisons during early and late recovery as well as comparison of change over time between groups. Early recovery represents a
median of 52 days post–SARS-CoV-2 symptom onset (or positive PCR); late recovery represents a median of 123 days post–SARS-COV-2 symptom onset (or
positive PCR). GFAP = glial fibrillary acidic protein; NfL = neurofilament light chain; PASC = postacute sequelae of SARS-CoV-2 infection; SARS-CoV-2 = severe
acute respiratory syndrome coronavirus 2.

Figure 2 Cross-Sectional Measurements and Longitudinal Trends in Cytokine Levels Among Those With and Without CNS
PASC

p values reflect group comparisons during early and late recovery as well as comparison of change over time between groups. Early recovery represents a
median of 52 days post–SARS-CoV-2 symptom onset (or positive PCR); late recovery represents a median of 123 days post–SARS-CoV-2 symptom onset (or
positive PCR). IFN = interferon; IL = interleukin; PASC = postacute sequelae of SARS-CoV-2 infection; SARS-CoV-2 = severe acute respiratory syndrome
coronavirus 2; TNF = tumor necrosis factor.
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and prior hospitalization status which did not change the
interpretation of the results (eTable 7), although some of
the relationships were slightly attenuated. Because the
proportion of individuals with preexisting autoimmune
disease (most commonly thyroiditis) differed between
groups, we adjusted for this and the results were largely
unchanged (eTable 8). The IL-6 relationship was attenu-
ated when we additionally adjusted for body mass index
(BMI) (eTable 9), but the relationships identified with
GFAP and TNFα were maintained.

We performed a secondary analysis in which individuals
reporting any symptom that could be attributed to a primary
neurologic cause (including the peripheral nervous system)
were compared against individuals reporting no neurologic
symptoms (eTable 10, links.lww.com/NXI/A727). In this
analysis, the elevation in GFAP seen at early follow-up among
those reporting any neurologic PASC symptom was slightly
attenuated (mean ratio 1.24, 95% CI 1.00–1.55, p = 0.052).
Similar elevations were seen in IL-6, MCP-1, and TNFα at
early follow-up among those reporting any neurologic PASC
symptom. At late follow-up, those with any neurologic PASC
had higher levels of IL-6 and TNFα. The difference in IFN-γ
seen among those with CNS PASC in the primary analysis
was no longer statistically significant.

Finally, because we have previously found that PASC is as-
sociated with elevations in certain markers, we performed an
analysis comparing those with CNS PASC with those
reporting no symptoms of any kind during late recovery
(eTable 11, links.lww.com/NXI/A727). The interpretation of
the primary results was again unchanged, although some of
the findings were attenuated in this comparison against a
smaller group.

Discussion
A large proportion of individuals with PASC experience
symptoms that may be attributed to nervous system
dysfunction,1-3,32 but the pathophysiologic processes un-
derlying such symptoms remain poorly understood. We in-
vestigated the associations between self-reported neurologic
symptoms and plasma biomarkers of neurologic injury and
systemic inflammation during early and late recovery periods
after laboratory-confirmed SARS-CoV-2 infection. We found
that those reporting CNS PASC symptoms approximately 4
months after initial infection had earlier elevations in several
biomarkers, including GFAP, IL-6, and TNFα, suggesting that
the acute infection resulted in direct CNS tissue injury and
systemic inflammation, both of which might conceivably be
causally related to the development of CNS PASC symptoms.

Figure 3 Cross-Sectional Measurements and Longitudinal Trends in Chemokine Levels and Antibodies Among ThoseWith
and Without CNS PASC

Early recovery represents amedian of 52 days post–SARS-CoV-2 symptom onset (or positive PCR); late recovery represents amedian of 123 days post–SARS-
CoV-2 symptom onset (or positive PCR). IgG = immunoglobulin G; IP-10 = IFN-γ–induced protein 10; MCP-1 = monocyte chemoattractant protein 1; PASC =
postacute sequelae of SARS-CoV-2 infection; SARS-CoV-2 = severe acute respiratory syndrome coronavirus 2.
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Elevations in IL-6 and TNFα persisted through approxi-
mately 4 months of recovery. Replication of these findings
in larger and more diverse cohorts may be a first step to-
ward identifying interventions for their prevention and/or
management.

We identified elevations in GFAP during early recovery that
were associated with later CNS PASC. Although we did not
observe elevations in NfL at either time point, we did identify a
more precipitous decline among those reporting CNS PASC.
Together, these observations lend support to the possibility of
early injury that might resolve while clinical symptoms persist.
Based on autopsy studies, acute SARS-CoV-2 can access the
CNS.33 A correlation between severity of COVID-19 and levels
of NfL and GFAP in the acute phase has been observed,13-17 and
a recent study showed structural brain changes in those with
prior COVID-19.20 However, studies of the trajectories of NfL
and GFAP levels during the weeks after symptom onset have
been inconsistent.19,29,34 Our findings are in linewith studies that
identified a correlation between NfL and/or GFAP with severity
of reported neurologic symptoms during the acute phase, but
found no association between the biomarker levels and persis-
tence of neurologic symptoms after 6 months.27,28 Further work
exploring the dynamics of these markers in cohorts with mea-
surements performed during the period of acute illness, as well as
efforts to identify downstreammarkers whichmay persist and be
identified during later recovery, will be informative.

This analysis builds on several observations we and others
have made suggesting that markers of systemic inflammation
may be important in driving PASC.24,25 Although we

previously observed associations between such markers and
broadly defined PASC (i.e., any 1 of 32 COVID-19–attributed
symptoms), it is notable that the strength of these associations
was more pronounced in the current analysis using a more
specific PASC outcome (i.e., any 1 of 5 CNS PASC symp-
toms). At the same time, the fact that those reporting CNS
PASC symptoms had a greater number of PASC symptoms
overall makes it challenging to disentangle a more specific
CNS PASC phenotype from more severe PASC in general. It
suggests that CNS PASC might reflect 1 extreme on a spec-
trum of illness. Further work to compare those with distinct
phenotypic clusters of symptoms, if they exist, could further
elucidate the biology.

Although the purpose of this analysis was to explore the
inflammatory pathways related to CNS PASC and not to
define clinical factors associated with this condition, we
performed several adjusted analyses to assess how these
clinical factors could be involved with the inflammatory
pathways. Adjustment for age, sex, and hospitalization status,
3 factors most strongly associated with PASC in large epi-
demiologic studies,2 did not affect the interpretation of the
results. Adjustment for the history of autoimmune disease,
which has been variably suggested to be involved in
PASC,35,36 also did not have an effect. Further adjustment
for BMI seemed to attenuate the relationship between PASC
and IL-6, but it is unclear whether it is appropriate to classify
BMI as a confounder or mediator in the relationship be-
tween IL-6 and BMI based on preliminary evidence that
adipose cells could be involved in the pathogenesis of SARS-
CoV-2 infection.37 Further work to understand the re-
lationship between clinical factors, inflammatory pathways,
and PASC will be needed to better define the biology of this
condition.

Dysregulation of IL-6 and TNFα is potentially deleterious in
inflammatory disease states, related to systemic and localized
tissue inflammation and endothelial dysfunction. The reason
for elevations in levels of these markers among those with
CNS PASC is not clear. One possibility is that they represent
residual inflammation from the period of acute infection that
is slower to resolve among those with PASC. However, the
identification of persistent differences months after infection
suggests other possibilities such as a delayed return to im-
munologic homeostasis related to a persistent immune re-
sponse caused by an ongoing pathophysiologic process
or processes (e.g., persistent antigenic stimulation,38 micro-
vascular dysfunction,39 and autoimmunity40). Although the
source of these inflammatory markers is unknown, both IL-6
and TNFα can be produced by CNS cell types as well as by
peripheral immune cells and both cytokines been implicated
in CNS pathology.41,42 Similarly, MCP-1 is a chemokine
expressed by macrophages and microglia, and elevations have
been implicated in other neurocognitive conditions.43 Further
investigation into the source of IL-6, TNFα, and MCP-1
production among those with CNS PASC symptoms, which
may include coinvestigation of the peripheral blood and CSF

Figure 4 Relationships Between Biomarkers of Neurologic
Injury and Systemic Inflammation in the Full
Cohort

Data reflect nonparametric correlations between markers at early and late
recovery time points. Early recovery represents a median of 52 days post–
SARS-CoV-2 symptom onset (or positive PCR); late recovery represents a
median of 123 days post–SARS-CoV-2 symptom onset (or positive PCR).
GFAP = glial fibrillary acidic protein; IFN = interferon; IgG = immunoglobulin
G; IL = interleukin; IP-10 = IFN-γ–induced protein 10; MCP-1 = monocyte
chemoattractant protein 1; NfL = neurofilament light chain; PASC = post-
acute sequelae of SARS-CoV-2 infection; SARS-CoV-2 = severe acute re-
spiratory syndrome coronavirus 2; TNF = tumor necrosis factor.
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compartment, will be needed to provide clues to the patho-
physiology underlying this condition.

Interestingly, levels of these biomarkers during early and late
recovery did not differ between those with and without self-
reported neurologic symptoms during acute infection. This
suggests that residual neurologic injury in those with neuro-
symptomatic acute COVID-19, at least among study pop-
ulations comprised primarily of outpatients, is not the most
important causal factor. Although it is likely that the severity
of acute infection is 1 contributor to the development of
PASC, the determination of who will have ongoing elevations
in markers of neurologic injury and/or who will go on to
experience CNS PASC during late recovery seems to be more
complex than identifying those who report neurologic
symptoms during the acute phase of illness. The lack of dif-
ferences in levels of GFAP andNfL at late recovery is evidence
against a large degree of ongoing neurologic injury at this late
time point, despite the persistence of symptoms.

Although the exact pathogenesis of neurologic complications
from SARS-CoV-2 is yet unclear, several hypotheses have
been proposed. These include direct viral infection, systemic
inflammation, compartmentalized neuroinflammation, and
sequelae of thrombotic injury. Viral tropism for human as-
trocytes has been demonstrated in vivo,44 postmortem brain
samples from patients with COVID-19 have shown prefer-
ential infection of astrocytes,45 and a case-control study of
brain samples uncovered altered gene expression in some
astrocytes.46 Astrocyte dysfunction, as reflected in increased
plasma GFAP observed here, could relate to the emerging
cognitive PASC complaints, which can encapsulate attention
and working memory deficits. Direct invasion of neurons has
been suggested based on their expression of ACE-2 receptor,
but SARS-CoV-2 viral particles have been only rarely dem-
onstrated in several neuropathologic autopsy studies and
studies of CSF during acute infection.47,48 In addition, there is
evidence of multifocal inflammatory infiltrates consisting
of lymphocytes as well as activated innate immune cells in
autopsy tissue.33 Further investigation of PASC will require
in-depth exploration of what is occurring in the CNS com-
partment during both acute and recovery time periods.

Our analysis has several important limitations. First, although
recruitment was agnostic to the presence of persistent
symptoms, the cohort is a convenience sample that is unlikely
to be representative of the general population of individuals
recovering from COVID-19 or experiencing PASC. For ex-
ample, our study population may be enriched for people with
more severe symptoms because such individuals may be more
motivated to participate in research. If that were the case, the
associations we identified may hold only for certain subpop-
ulations of individuals experiencing PASC. Even so, the cur-
rent understanding of PASC is so limited that we believe the
identification of these biological associations remains highly
informative. Second, we relied on self-report to ascertain the
presence of symptoms, and many symptoms are not clearly

attributable to a neurologic cause. This risks misattribution
of symptoms to neurologic causes and therefore mis-
classification of individuals as having CNS PASC. However, as
of the time of this analysis, the World Health Organization
criteria for diagnosis of PASC are reliant on self-report and do
not require objective testing. Although the definition is not
optimal, we believe that our case definition appropriately
captures this condition as it is currently understood. Studies
that do include objective measurements (which may include
detailed neurologic history and examination, neurocognitive
and neuropsychiatric testing, and/or neuroimaging) are likely
to be more informative and are urgently needed. Third, it is
difficult to disentangle neurologic symptoms from other non-
neurologic symptoms which might co-occur, and it is possible
that differences in these markers are driven by more severe
PASC in general rather than neurologic symptoms specifically.
Although we collected data related to comorbidities known to
be important in both acute COVID-19 and PASC (e.g., di-
abetes, lung disease, obesity), we did not obtain complete
medical and psychiatric histories as part of the study and we did
not have available psychiatric symptom data for this analysis;
affective symptoms may also co-occur and be inter-related.29

Fourth, we measured a limited set of biomarkers, and there are
likely to be others that are important in the pathophysiology of
this condition. Our measurements were all taken in blood, and
although there are established relationships between blood and
CSF measurements of these markers in other disease condi-
tions, these have yet to be established for COVID-19 and were
not seen in at least 1 study.19 Furthermore, although they are of
mechanistic interest regardless of their cells of origin, the
markers we measured are not CNS-specific and may be gen-
erated peripherally. For this reason, more detailed studies that
includeCSF analyses will be critical. Fifth, for reasons described
in the statistical methods literature,49,50 we elected to eschew
adjustments for multiple comparisons because the goal of this
study was to identify promising biomarkers of a poorly un-
derstood condition; we instead opted to report our analyses
comprehensively without selective reporting of statistically
significant findings. Finally, prepandemic specimens were not
available from these volunteers, and it is therefore possible that
elevations in markers of interest among those with CNS
PASC preceded SARS-CoV-2 infection. Regardless, we believe
that the observations made here provide important prelimi-
nary clues as to potentially important biological pathways to
inform more detailed neurologic evaluations and potential
therapeutic studies.
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Abstract
Background and Objectives
We examined the association between the disease-modifying drugs (DMDs) for multiple
sclerosis (MS) and survival in a multiregion population-based study.

Methods
We accessed multiple administrative health databases from 4 Canadian provinces. Persons with
MS were identified and followed from the most recent of the first MS or demyelinating event or
January 1, 1996 (index date), until death, emigration, or December 31, 2017. Association
between the first-generation and second-generation DMDs and all-cause mortality was ex-
amined using stratified Cox proportional hazard models, reported as adjusted hazard ratios
(aHRs). Timing of DMD initiation was explored, with findings reported at 2, 5, or 10 years
postindex date, representing very early, early, or late initiation.

Results
We identified 35,894 persons with MS; 72% were female. The mean age at index date was 44.5
years (SD = 13.6). The total person-years of follow-up while DMD-exposed was 89,180, and
total person-years while unexposed was 342,217. Compared with no exposure, exposure to any
DMD or to any first-generation DMD was associated with a 26% lower hazard of mortality
(both aHRs 0.74; 95% CI 0.56–0.98), while any second-generation DMD exposure was as-
sociated with a 33% lower hazard (aHR 0.67; 95%CI 0.46–0.98). Earlier DMD initiation (beta-
interferon or glatiramer acetate vs no exposure) was associated with a significant mortality effect
(p < 0.05), while later initiation was not (95% CIs included 1). However, the survival advantage
with earlier initiation diminished over time, no longer reaching statistical significance at 15 years
postindex date.

Discussion
Our study demonstrates an association between the DMDs forMS and improved survival in the
real-world setting.
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Multiple sclerosis (MS) is a chronic immune-mediated dis-
ease affecting the CNS. Survival is negatively affected by MS,
with life expectancy typically reduced by approximately 6–14
years compared with the general population.1-4 While im-
provements in life expectancy have been observed in persons
with MS over time, these have generally mirrored the im-
provements seen in the general population.1-3

Whether the rapid uptake and use of the disease-modifying
drugs (DMDs) to treat MS has improved survival remains
poorly understood. This is in part because the safety and
efficacy of the DMDs for MS are typically examined in ran-
domized clinical trials conducted over 2–3 years; a time frame
insufficiently long to ascertain a potential impact on survival.5

Although investigators of 1 clinical trial (of beta-interferon)
tried to provide a longer-term estimate of the potential effects
of DMD on mortality,6 several study design–related concerns
were raised.7 Thus, while randomized clinical trials are con-
strained in measuring the long-term effects of DMD treat-
ments on survival, studies using real-world data can fill this
knowledge gap.8 A recent nested case-control study showed
that persons treated with beta-interferon for more than 3
years had a survival advantage over nontreated persons with
MS.9 Whether other DMDs provide similar survival advan-
tages is unknown. Furthermore, although evidence suggests that
early DMD initiationmay benefit disability-related outcomes,10-13

the long-term effects on survival remain uncertain.9,14

We examined the effects of DMD exposure on survival in a
MS population by using linked administrative health data
collected over 20 years.

Methods
Data Sources
We used a multiregion, population-based observational study
design. We accessed multiple administrative health data sets
from 4 provinces, comprising approximately 25% of Canada’s
population (British Columbia, Saskatchewan, Manitoba, and
Nova Scotia).15 Each provincial government delivers health-
care services to more than 98% of the population.16-18 The
administrative data were linked for each person within each
province and included provincial health insurance registries19;
providing demographics (sex, birthdates, residency status,
place of residency [first 3-digit postal codes], and for Sas-
katchewan and Manitoba, death dates); physician visits; and
hospitalizations,20,21 including diagnostic codes (International
Classification of Diseases [ICD]-9/10). Thus, all diagnostic
codes were based on either a physician visit (and represent
claims/billing data) or a hospitalization and were assigned at

discharge based on the most likely reason(s) for that hospi-
talization (as determined by the attending physician[s]). Vital
statistics provided death dates in British Columbia22 and
Nova Scotia, and prescription data captured information on
all prescriptions filled (dates, quantity, and/or number of days
supplied) at outpatient and community pharmacies in British
Columbia,23 Saskatchewan, and Manitoba. Records of DMD
use in Nova Scotia including start and stop dates were pro-
vided by the Dalhousie MS Research Unit database.

Study Population
We used an algorithm to identify MS cases. The algorithm has
been validated and used across multiple Canadian provinces
and required ≥3 MS-specific physician visits and/or hospi-
talizations with an ICD-9/10 340/G35 code or a prescription
filled for a MS DMD ever, in any combination.24,25 The index
date (representing the start of follow-up) was the most recent
of the first MS or related demyelinating disease diagnostic
code or MS DMD prescription filled (eTable 1, links.lww.
com/NXI/A729); the person’s 18th birthday; or January 1,
1996 (British Columbia), April 1, 1996 (Manitoba), January
1, 1997 (Saskatchewan), or January 1, 1998 (Nova Scotia).
These dates represent the first date of prescription data
availability within each province and the first full calendar or
fiscal year that the MS DMDs became available through each
provincial government’s universal health insurance plan. Most
persons would not have been exposed a DMD before the index
date apart from a very small number of persons that may have
been randomized to receive a DMD as part of a clinical trial.25

The study end date was the earlier of death, cancellation of
health insurance plan, December 31, 2017 (British Columbia,
Manitoba, andNova Scotia), orMarch 31, 2018 (Saskatchewan).

One year of residency preindex date was required to de-
termine cohort characteristics at index date. These included
age, calendar year (categorized as 1996–1999, 2000–2005,
2006–2011, or 2012–2017/18), sex, socioeconomic status
(measured by neighborhood income quintiles based on
each person’s postal code),26 and comorbidity status (using
a modified Charlson Comorbidity Index, excluding
hemiplegia/paraplegia to avoid misclassifying MS-related
symptoms as comorbidity).27,28

Outcome and Exposure
The primary outcome was all-cause mortality (i.e., death be-
cause of any cause).

Exposure to a DMD was defined as ≥6 months (180 days) of
cumulative use for beta-interferon and glatiramer acetate and
3 months (90 days) of cumulative use for natalizumab,

Glossary
aHR = adjusted hazard ratio; DMD = disease-modifying drug; ICD-9/10 = International Classification of Diseases, 9th/10th
Revision; MS = multiple sclerosis; NPV = negative predictive value.
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fingolimod, dimethyl fumarate, and teriflunomide. The du-
ration of DMD exposure was measured using the days sup-
plied (available in British Columbia and Manitoba), the
quantity dispensed (Saskatchewan), or the start and stop
dates (available in Nova Scotia). Gaps in DMD supply of ≤30
days were allowed.29 For alemtuzumab and ocrelizumab, ex-
posure was defined after 3 months (90 days) had elapsed from
the date of first prescription filled or, for Nova Scotia, from the
documented start date. These exposure definitions were
guided by the minimum length of time required to yield a
clinical response.9,30-32 DMD exposure status was updated over
time (i.e., was treated as time-varying), and a person could reach
the definition for exposure to 1 or more individual DMDs (e.g.,
due to switching therapy) during the study period. Once the
definition for exposure was reached, a person was considered
“exposed” to that DMD until that person’s study end date;
before that, a person was considered unexposed (i.e., had either
no or very minimal exposure) to that DMD.

We assessed DMD use, primarily as exposure to any DMD
(the alternative being no/minimal exposure) and then by
generation: first (beta-interferon and glatiramer acetate) and
second (natalizumab, fingolimod, dimethyl fumarate, teri-
flunomide, alemtuzumab, and ocrelizumab). Second, as an
exploratory approach, the DMDs were also assessed based on
3 groups according to expected efficacy: lower (beta-
interferon, glatiramer acetate, and teriflunomide), moderate
(fingolimod and dimethyl fumarate), and higher (natalizu-
mab, alemtuzumab, and ocrelizumab).33-35 Finally, and when
feasible, individual DMDs were examined, as guided by an a
priori power calculation. Specifically, using a 2-tailed test with
a 5% probability of a type I error, we anticipated having a
minimum power of 80% to detect a hazard ratio for mortality
of 0.7–0.8 for beta-interferon, glatiramer acetate, and di-
methyl fumarate relative to no exposure.

Statistical Analyses
Cohort characteristics were described, using counts and
proportions for categorical andmeans and SDs for continuous
variables. Crude mortality rates per 1,000 person-years of
follow-up were also reported. We examined the effects of
DMD exposure on all-cause mortality using a multivariable
stratified Cox proportional hazard model (stratified by cal-
endar year at the index date, thus allowing for a different
baseline hazard function for each strata and accounting for
different patterns of healthcare use over time). Exposure to a
DMD (any DMD, then by generation, relative presumed ef-
ficacy and individual DMD) was included as a time-varying
covariate. All models were adjusted for characteristics at index
date, including age, Charlson Comorbidity Index (categorical;
0, 1, 2, ≥3), sex, and socioeconomic status. Analyses were
conducted separately in each province, with results combined
using random-effects meta-analyses. Findings were reported
as adjusted hazard ratios (aHRs) and 95% CIs.

The proportional hazards assumptions were examined by an
interaction term between covariates and log(follow-up), with

follow-up defined as the time from the index date to study
end. Assumptions were not met for the first-generation
DMDs—beta-interferon and glatiramer acetate, indicating
that the hazard ratios for these varied over time. As this was
worthy of further exploration, we examined the effects of the
timing of first exposure (i.e., when the minimum cumulative
exposure threshold was reached, as defined earlier) to each of
these DMDs individually, then combined as any first-
generation DMD. This was performed by including 2 in-
teraction terms between DMD exposure status and log(time
from the index date to first DMD exposure) and log(follow-
up). Findings were reported by timing of first DMD exposure
(at 2, 5, and 10 years postindex, representing very early, early,
and late initiation) and duration of follow-up (at 2, 5, 10, and
15 years). The other covariates that did not meet the pro-
portional hazards assumptions (i.e., age and Charlson
Comorbidity Index), and their interaction terms with
log(follow-up), were also included in the model.

Complementary analyses were conducted in the largest
province, British Columbia, including (1) sex-specific analy-
ses, using an interaction term between sex and DMD expo-
sure; (2) an ‘intention-to-treat’ analysis, whereby DMD
exposure was defined as ≥1 day; and (3) a dose-response as-
sessment for each of the first-generation DMDs—beta-
interferon and glatiramer acetate, categorized as no/minimal
exposure (<6 months), shorter (6 months–3 years), and longer
exposure (>3 years). Findings were reported at 3, 5, and 10 years
of follow-up for beta-interferon as the hazard ratio for this varied
over time (e.g., proportional hazards assumption was not met).

Statistical analyses were performed using SAS software ver-
sion 9.4 and R version 4.0.2.

Standard Protocol Approvals, Registrations,
and Patient Consents
This study was registered with ClinicalTrials.gov
(NCT04472975), and approvals were obtained from the
Research Ethics Boards at the University of British Columbia
and University of Saskatchewan (harmonized ethics: #H18-
00407), University of Manitoba (#HS21764), and Nova
Scotia Health Authority (#1023555).

Data Availability
As we are not the data custodians, we are not authorized to
make the data available. With the appropriate approvals, the
data may be accessed through the Population Data British
Columbia, Saskatchewan Health Quality Council, Manitoba
Centre for Health Policy, and Health Data Nova Scotia of
Dalhousie University.

Results
We identified 35,894 persons with MS across the 4 provinces,
of whom 25,777 (72%) were female (Table 1). The mean age
(SD) at the index date was 44.5 (13.6) years, and 22% (n =
7,872) had at least 1 comorbidity. Over one-quarter met the
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Table 1 Characteristics of the Multiple Sclerosis Study
Population From 4 Canadian Provinces
(1996–2017/18)

Characteristics
Overall cohort
(n = 35,894)

Sex, n (%)

Female 25,777 (71.8)

Male 10,117 (28.2)

Age at index date, y, mean (SD) 44.5 (13.6)

Socioeconomic status,a n (%)

1 (lowest income quintile) 6,429 (17.9)

2 6,916 (19.3)

3 8,074 (22.5)

4 7,384 (20.6)

5 (highest income quintile) 7,091 (19.8)

Charlson Comorbidity Index,b n (%)

0 28,022 (78.1)

1 5,588 (15.6)

2 1,479 (4.1)

≥3 805 (2.2)

Calendar year at index date, n (%)

1996–1999 16,498 (46.0)

2000–2005 7,198 (20.1)

2006–2011 6,456 (18.0)

2012–2018 5,742 (16.0)

No. of individuals exposedc to a DMD,
during follow-up,d n (%)

Any DMD 9,472 (26.4)

Any first-generation DMDe 8,156 (22.7)

Beta-interferonf 5,813 (16.2)

Glatiramer acetate 3,373 (9.4)

Any second-generation DMDe 3,306 (9.2)

Natalizumab 544 (1.5)

Fingolimod 682 (1.9)

Dimethyl fumarate 1,558 (4.3)

Teriflunomide 890 (2.5)

Alemtuzumab 262 (0.7)

Ocrelizumab <6 (<0.1)

Any lower efficacy DMD (beta-interferon,
glatiramer acetate, teriflunomide)

8,538 (23.8)

Any moderate efficacy DMD (fingolimod,
dimethyl fumarate)

2,146 (6.0)

Table 1 Characteristics of the Multiple Sclerosis Study
Population From 4 Canadian Provinces
(1996–2017/18) (continued)

Characteristics
Overall cohort
(n = 35,894)

Any higher efficacy DMD (natalizumab,
alemtuzumab, ocrelizumab)

766 (2.1)

No DMD exposureg 26,422 (73.6)

Person-years of follow-up: total 431,397

Person-years of follow-up after first
exposure to

Any DMD 89,180

Any first-generation DMD 86,025

Beta-interferonf 66,149

Glatiramer acetate 28,731

Any second-generation DMD 9,492

Natalizumab 2,780

Fingolimod 1,980

Dimethyl fumarate 3,927

Teriflunomide 1,580

Alemtuzumab 293

Ocrelizumab <6

Any lower efficacy DMD (beta-interferon,
glatiramer acetate, teriflunomide)

86,668

Any moderate efficacy DMD (fingolimod,
dimethyl fumarate)

5,745

Any higher efficacy DMD (natalizumab,
alemtuzumab, ocrelizumab)

3,018

No DMD exposure 342,217

Abbreviation: DMD = disease-modifying drug.
As per data privacy and access agreements, small cell sizes (<6 individuals
within any group) are suppressed.
a Socioeconomic status closest to the index date (measured as neighbor-
hood income quintiles based on postal code of the person’s residence). If
socioeconomic status was not available (n = 841), then it was assigned as
quintile 3.
b Comorbidity was measured using the Charlson Comorbidity Index (based
on physician and hospital-derived diagnoses recorded in the year preindex
date, excluding hemiplegia/paraplegia).
c Defined as at least 6-month cumulative exposure to beta-interferon or
glatiramer acetate; 3-month cumulative exposure to natalizumab, fingoli-
mod, dimethyl fumarate, or teriflunomide; or 3months from the date of first
prescription filled for alemtuzumab and ocrelizumab.
d Follow-up was from the index date until the earliest of death, emigra-
tion from the province, or December 31, 2017 (British Columbia, Man-
itoba, and Nova Scotia), or March 31, 2018 (Saskatchewan) [study end
date].
e Some people met the minimum cumulative exposure for >1 DMD;
hence, the sum of the individual first-generation or second-generation
DMDs exceeds the sum of any first-generation or second-generation
DMD.
f All beta-interferon products were considered as one class.
g Defined as no exposure or less than 6-month contiguous exposure to beta-
interferon and glatiramer acetate; less than 3-month contiguous exposure
to natalizumab, fingolimod, dimethyl fumarate, or teriflunomide; or less
than 3months from the date of first prescription filled for alemtuzumab and
ocrelizumab.
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definition for minimum cumulative exposure to a DMD
during follow-up and were considered exposed. The most
common DMD used was beta-interferon (16%) followed by
glatiramer acetate (9%). The total person-years of follow-up
between the index date and study end was 89,180 while ex-
posed to a DMD and 342,217 while unexposed.

Overall, we observed 6,374 deaths because of any cause, with
524 of those who died being exposed to at least 1 DMD at any
point during the study. Relative to no/minimal exposure, any
DMD was associated with a 26% (aHR 0.74; 95% CI
0.56–0.98) lower hazard of mortality (Figure 1). The findings
remained the same when restricted to any first-generation
DMD (vs no/minimal exposure), and a 33% lower mortality
was observed for the second-generation DMDs (aHR 0.67;
95% CI 0.46–0.98). Although a lower hazard of mortality was
also generally observed when DMD exposure (vs no/minimal
exposure) was assessed by relative efficacy (lower, moderate,
or higher) or by individual DMD (beta-interferon, glatiramer
acetate, and dimethyl fumarate), not all findings reached
statistical significance in these smaller subgroups. The
strengths of association were largely similar in these sub-
groups except for the higher efficacy DMDs where few deaths
occurred (n = 10) resulting in wide confidence intervals.
Similarly, few deaths were observed with dimethyl fumarate
(n = 14), also resulting in wide confidence intervals.

When the time-varying effects of the first-generation DMDs
were explored, “very early,” “early,” or “late” initiation, relative

to no/minimal exposure, were each associated with a statis-
tically significant lower hazard of mortality (Figure 2).
However, regardless of when a first-generation DMD was
started, none of the hazard ratios were statistically significant
at 15 years of follow-up. A similar diminishing effect was
observed when beta-interferon and glatiramer acetate were
assessed separately. For example, very early initiation (i.e., first
exposure at year 2 postindex date) was associated with a
62%–63% lower hazard of mortality at 2 years of follow-up
(i.e., close to DMD initiation), decreasing to 44%–45% at 5
years of follow-up (i.e., 3 years after first exposure), and
24%–28% at 10 years of follow-up (i.e., 8 years after first
exposure), the latter of which reached significance for glatir-
amer acetate only. At 15 years of follow-up, this diminished
even further, to a 9%–13% lower hazard of mortality. Al-
though ‘late’ initiation (i.e., first exposure at year 10 postindex
date) of beta-interferon and glatiramer acetate was also as-
sociated with a lower hazard, findings did not reach signifi-
cance (95% CIs included 1). Of note (and as expected), the
number of people at risk of the outcome decreased over time
as the duration of follow-up increased (Table 2).

Complementary Analyses
The direction of findings was similar between the sexes
(Figure 3). Some hazard ratios for mortality were lower for
male patients than female patients, although the p values for
the interaction term between sex and DMD exposure were
>0.2. Findings from the “intention-to-treat” analyses (per-
formed in British Columbia) were also consistent with that

Figure 1 DMD Use for Multiple Sclerosis and Hazard of All-Cause Mortality

aResults from each of the 4 provinces were adjusted for sex, age, Charlson Comorbidity Index, and socioeconomic status at index date, and exposure to other
DMDs (by generation, efficacy, or individual DMD) as a time-varying covariate, and were then combined using random-effects meta-analyses. bAll beta-
interferon products were considered as one class. cPerson-years of follow-up for the calculation of crude rate were as per Table 1. Lower efficacy DMDs: beta-
interferon, glatiramer acetate, and teriflunomide; moderate: fingolimod and dimethyl fumarate; higher: natalizumab, alemtuzumab, and ocrelizumab. DMD
= disease-modifying drug.
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province’s main findings (Figure 4). The proportion of the
DMD-exposed population based on the “at least 1 day” cri-
terion in the intention-to-treat analysis was approximately 3%
higher than the proportion of the DMD-exposed population
included in the main analyses (which used the “minimum
cumulative DMD exposure” criterion) (data not shown).

For the dose-response assessment, and relative to no/minimal
exposure (<6 months), a shorter exposure to glatiramer ace-
tate (6 months–3 years) was not associated with a lower

hazard of mortality (aHR 1.07; 95% CI 0.74–1.54), and while
a longer exposure (>3 years) was, by 23%, this failed to reach
statistical significance (aHR 0.77; 95% CI 0.51–1.17)
(Figure 5). For beta-interferon, both shorter and longer ex-
posures (vs no/minimal exposure) were associated with a
lower hazard of mortality, but this changed over time. For
example, at 5 years of follow-up, shorter exposure times
(ranging from 6 months to 3 years) were associated with a
42% (HR 0.58; 95% CI 0.39–0.84) lower hazard of mortality.
This increased to a 78% (HR 0.22; 95% CI 0.11–0.46) lower

Figure 2 The Association Between Exposure to a First-GenerationDMDand All-CauseMortality by Timing of Drug Initiation
(Very Early, Early, or Late) and Duration of Follow-Up

aResults fromeach of the 4 provinces were adjusted for sex, age, Charlson Comorbidity Index, and socioeconomic status at index date, and exposure to other
DMDs (by generation or individual DMD) as a time-varying covariate, and were then combined using random-effects meta-analyses. Interactions between
DMD exposure and log(time from the index date to first DMD exposure) and log(follow-up) were included. Covariates that did not meet the proportional
hazards assumptions (i.e., age and Charlson Comorbidity Index) and their interaction terms with log(follow-up) were also included in the model. Reference
category: unexposed. bAll beta-interferon products were considered as one class. Bold indicates p < 0.05. Very early, early, or late DMD initiation =minimum
cumulative DMD exposure reached at year 2, 5, or 10 from the index date, respectively. Follow-up was defined as the period from the index date to study end
and reported at 2, 5, 10, and 15 years of follow-up. DMD = disease-modifying drug.
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hazard with a longer exposure (>3 years). However, at year 10
of follow-up, only a longer exposure to beta-interferon was
associated with a lower hazard of mortality, by 56% (HR 0.44;
95% CI 0.32–0.60), while the shorter exposure period was not.

Discussion
We assessed the association between DMD exposure and
survival in a multiregion population-based study using linked
administrative health data collected over 20 years, including
nearly 90,000 DMD-exposed person-years of follow-up.
Overall, exposure to any DMD, or any first-generation or
second-generation DMD, was associated with a lower hazard
of mortality (by 26%–33%) relative to no exposure. When
examined by individual DMD, although early initiation of a
beta-interferon, or of glatiramer acetate (vs no exposure), was
associated with a lower hazard of mortality, this association
diminished as the time since first exposure increased. Our
study provides evidence of an association between DMD
exposure and improved survival in the real-world setting.

We found relatively few studies with which to compare our
findings. A previous nested case-control study of nearly 6,000
persons with relapsing-remitting MS who attended an MS
clinic in British Columbia, Canada, or Rennes, France,
showed that exposure to beta-interferon, relative to no or
minimal exposure (<6 months), was associated with a 32%
lower mortality risk.9 Furthermore, a longer exposure to beta-
interferon (>3 years) was associated with a 56% lower risk of
mortality.9 Although our results concur with these prior
findings, we were also able to extend them by accessing a
larger study cohort, comprising more than 35,000 persons
with MS. This enabled, for example, one of the first assess-
ments of the survival benefits of the second-generation
DMDs, as well as the first-generation DMD, glatiramer ace-
tate. Another smaller population-based cohort study in Tai-
wan with nearly 1,150 persons withMS followed for a mean of
54.3 months reported survival benefits among persons treated
with any first-generation DMD (beta-interferon or glatiramer
acetate).36 However, the introduction of “immortal time”
(i.e., a time period during which the outcome could not have
happened because of the exposure definition) into the study
design hinders the interpretation of findings.37 Finally, a study
of 366 persons with MS previously enrolled in a clinical trial,
reported a 47% reduction in mortality risk among those ini-
tially randomized to receive beta-interferon, compared with
placebo.6 However, concerns regarding the post hoc nature of
the survival analyses have been raised for this study, as well as
the absence of baseline information on potential confounders
for all-cause mortality.7

The first-generation DMDs have been on the market for the
longest period of time, relative to the second-generation of
DMDs, which meant that we could also explore the effects of
the timing of beta-interferon and glatiramer acetate initiation.
We found evidence to suggest that very early or early initiationTa
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(at years 2 or 5 postindex date) of beta-interferon or glatir-
amer acetate was associated with a significant reduction in
mortality risk, but this survival advantage diminished after a
longer follow-up period. The one previous study to examine
this issue was unable to determine whether initiation of beta-
interferon within 5 years of MS onset was advantageous due
to the modest number of persons who were early initiators.9

Despite the emphasis on starting DMD treatment early to
maximize “brain health,”38,39 the effects of early treatment on
mortality for persons with MS were previously unknown.
Early initiation of a DMD has been associated with better
clinical outcomes, such as lower risk of disease activity and
progression, as well as a lower chance of drawing on a
government-funded disability pension.10-13 Our observation
that the apparent effect of DMD treatment on mortality de-
creased as the duration of follow-up since first exposure to
beta-interferon or glatiramer acetate increased concurs with
the known clinical effects of these drugs.38,39 Specifically,
while short-term efficacy on relapse risk has been demon-
strated, this seems to diminish with time,5 and a Cochrane
review concluded that the anti-inflammatory effects of beta-
interferon did not prevent permanent disability once the
progressive phase was established.40 A diminishing effect of
DMD treatment over time also concurs with the natural
history of MS relapses which reduce in frequency as disease
duration increases.41 It is also plausible that, over time, the

DMDs have less impact on survival in older persons with MS
because death may occur due to accumulating frailty from
other causes. However, our observation might also be partly
explained by other factors, for example, over time, as more
people die, the number of people at risk of the outcome will
naturally decrease (resulting in a smaller sample size as the
duration of follow-up increases; Table 2). Although we in-
cluded calendar year at the index date in all of our models, it
remains possible that other factors may have influenced our
observations, such as disease duration2,4 or changes in MS
appearance or severity over time because of changes in case
ascertainment, recognition, and diagnosis of MS.42

When we explored the association between DMD exposure
and survival by relative efficacy of the drug (vs no exposure), a
lower hazard of mortality was generally observed. However,
only a modest number of deaths occurred among those ex-
posed to a higher efficacy DMD, resulting in wide confidence
interval. A study, published in 2021, of 1,000 DMD-treated
persons with secondary progressive MS reported that high-
efficacyDMDs (e.g., fingolimod,mitoxantrone, and natalizumab)
were more effective than low-efficacy DMDs (beta-interferon,
glatiramer acetate, and teriflunomide) in reducing relapses among
persons with active disease.43 However, no significant differences
were observed between high-efficacy and low-efficacyDMDs and
the risk of disability progression.

Figure 3 DMD Use for Multiple Sclerosis and Hazard of All-Cause Mortality by Sex

aResults shown are based on the largest prov-
ince (British Columbia) and were adjusted for
age, Charlson Comorbidity Index, and socio-
economic status at index date, and exposure to
other DMDs (by generation or individual DMD)
as a time-varying covariate. Hazard ratios were
estimated by introducing interaction terms
between sex and DMD exposure variables.
Findings are not shown when a small number
of deaths (<6) occurred in a subgroup, as per
privacy and data access requirements (i.e., for
dimethyl fumarate by sex or by the DMD effi-
cacy groupings). bAll beta-interferon products
were considered as one class. p Values for the
interaction term between sex and exposure to
(1) any DMD = 0.50; (2) any first-generation
DMD = 0.23; (3) any second-generation DMD =
0.24; (4) beta-interferon = 0.29; (5) glatiramer
acetate = 0.99. Bold indicates p < 0.05. DMD =
disease-modifying drug.
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Studies of mortality in MS require a substantial follow-up
period because MS is typically not a rapidly fatal disease.1-3

Thus, the MS DMDs approved more recently or reserved as
second-line or third-line therapies had yet to accrue sufficient
time on the market or uptake in the MS population for their
impact on survival to be assessed. For example, although we
estimated that our sample size was sufficient to explore the
mortality outcomes for dimethyl fumarate, the actual number
of deaths in this subgroup was lower than anticipated. In
addition, there is potential for residual confounding, as with all
observational studies. However, we were able to adjust for
several important characteristics including age, sex, socio-
economic status, and comorbidity in all models and used a
multivariable stratified Cox proportional model (stratified by
calendar year at the index date, thus accounting for different
patterns of healthcare use over time). Nonetheless, we were
not able to account for factors not captured in the adminis-
trative health data, such as lifestyle (e.g., alcohol intake,
smoking status, and physical activity), race/ethnicity, or the
MS disease duration, phenotype, or disability level. We also
recognize that accurately determining an individual’s MS
disease duration is inherently challenging. This is especially
true given the recent observations that the disease may be
present 5–10 years (or more) before classical onset of MS.44

Owing to the nature of our data, we were not able to infer
causality for the identified associations. While we cannot
preclude confounding by indication, whereby individuals with
more active or severe disease are more likely to start drug, this
would imply that our findings are a conservative estimate of
the survival benefits of DMDs. It is also possible that a person
stopping a DMD because of lack of response or serious ad-
verse event before they reached the definition of exposed
would have been assigned to the “unexposed” group. None-
theless, our complementary intention-to-treat analyses yiel-
ded findings which were consistent with the main analyses.
Furthermore, although our complementary “dose-response”
analyses showed an association between longer DMD expo-
sures and survival benefit, and was adjusted for comorbidity
burden, we cannot preclude “healthy user bias,” whereby
people who used a DMD for a longer period of time may be
healthier and at lower risk of mortality. Although we did not
assess these factors in detail, including DMD treatment ad-
herence, previous studies have shown that adherence to DMD
is generally quite high in the MS population.18,45 We did not
explore the specific causes of death because its distribution
can be influenced by differences in coding practices, in-
terpretation, and recording among physicians.1 The very small
event rates by various specific causes of death would also have

Figure 4 Exposure to at Least 1 Day of a DMD for Multiple Sclerosis and Hazard of All-Cause Mortality (Intention-to-Treat
Analysis)

aResults shown are based on the largest prov-
ince (British Columbia) and were adjusted for
age, sex, Charlson Comorbidity Index, and so-
cioeconomic status at index date, and expo-
sure to other DMDs (by generation, efficacy, or
individual DMD) as a time-varying covariate.
bAll beta-interferon products were considered
as one class. Bold indicates p < 0.05. DMD =
disease-modifying drug.
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hindered the generation of reliable estimates.9 The Charlson
Comorbidity Index is an assessment tool designed to predict
long-term mortality,46 and we used this in our study to
measure, and adjust for, comorbidity burden. This comor-
bidity index includes significant comorbidities that are asso-
ciated with survival, such as congestive heart failure,
myocardial infarction, diabetes, and vascular disease (pe-
ripheral and cerebrovascular).

Our study included a large MS population with nearly 36,000
persons and access to objectively collected linked adminis-
trative health data which minimizes selection bias. The MS
population was identified using a validated case definition of
MS which had been successfully applied in the Canadian
provinces included in our study.17,24,47,48 The positive pre-
dictive value was 80.5%, and the negative predictive value
(NPV) was 75.5% among a population of persons with ≥1
claim for any demyelinating disease.24 The NPV would be
>99% when applied to the general population where more
than 98% of individuals have no claims for demyelinating
disease. Our access to comprehensive mortality data also in-
cluded a sizable number of deaths captured over a long follow-
up period of up to 22 years. Each provincial government
delivers healthcare services to virtually all residents in each
province (aside from those covered by the federal government
[<2% of the population] such as the military).16-18

Furthermore, access to provincial prescription data within a
universal healthcare setting captured all prescription filled,
largely unaffected by an individual’s ability to pay. Thus, the
proportion of persons exposed to a DMD in our study is likely
to be a representative population estimate.25 We also dem-
onstrated a consistent effect of DMD exposure on mortality
for male patients and female patients. Interestingly, some
hazard ratios were lower for male patients than female pa-
tients, indicating a possible survival advantage among male
patients which deserves further examination. Others have
highlighted the need for more studies on the potential sex
differences in response to DMD treatment.49

In conclusion, we found in our study that exposure to any
DMD, or any first-generation or second-generationDMDwas
associated with a lower hazard of mortality compared with no
exposure. Furthermore, earlier initiation of beta-interferon or
glatiramer acetate was associated with improved survival, al-
though the advantage diminished with longer follow-up. Al-
though it is not feasible to examine survival in MS in the
setting of a randomized controlled trial, population-based
observational studies provide insights into the survival bene-
fits offered by MS therapies in clinical practice. Our study
provides real-world evidence of an association between the
DMDs used to treat MS and a survival benefit. The use of all-
cause mortality to study the net effects of DMD safety and

Figure 5 Beta-Interferon and Glatiramer Acetate for the Treatment of Multiple Sclerosis andHazard of All-CauseMortality:
Dose-Response Assessments by Duration of Exposure

Cumulative exposure was modeled as 3 levels:
no/minimal exposure (<6 months [reference
category]), shorter exposure (6 months–3
years), and longer exposure (>3 years). 2,641
people reached the definition of a shorter ex-
posure to beta-interferon, and 1,498 people
reached the definition of a longer exposure.
1,239 people reached the definition of a
shorter exposure to glatiramer acetate, and
536 people reached the definition of a longer
exposure. aResults shown are based on the
largest province (British Columbia) and were
adjusted for age, sex, Charlson Comorbidity
Index, and socioeconomic status at index date,
and exposure to other individual DMDs as a
time-varying covariate. Because the pro-
portional hazards assumption for beta-in-
terferon was not met, hazard ratios were
estimated by introducing interaction terms
between beta-interferon exposure and log(-
follow-up), with follow-up defined as the period
from the index date to study end. bAll beta-
interferon products were considered as one
class. DMD = disease-modifying drug.
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effectiveness/efficacy represents an important long-term
outcome measure in persons with MS.1 The findings pro-
vide additional insights that could inform decision-making by
clinicians and people living with MS surrounding the use of
the DMDs. Further work is needed to assess whether the
survival benefit extends to other individual DMDs and over
even more extended periods.

Acknowledgment
The authors are grateful to the Data Services Platform of the
Saskatchewan Centre for Patient-Oriented Research
(SCPOR). The authors are also grateful to Yan Wang
(Dalhousie University) for her support in performing data
analyses in Nova Scotia and to Dr. Lawrence W Svenson for
supporting the team’s original funding application. Access to
and use of BC data was facilitated by Population Data BC and
approved by the BC Ministry of Health, BC PharmaNet,
and the BC Vital Statistics Agency. The authors acknowl-
edge the Manitoba Centre for Health Policy for use of the
Population Research Data Repository under project #2018-
023 (HIPC #2018/19-13). De-identified data were pro-
vided by the Saskatchewan Ministry of Health and eHealth
Saskatchewan. Data used in this report were also made
available by Health Data Nova Scotia of Dalhousie
University. All inferences, opinions, and conclusions drawn
in this manuscript are those of the authors, and do not
reflect the opinions or policies of the British Columbia Data
Steward(s), the Manitoba Centre for Health Policy or
Manitoba Health, the Government of Saskatchewan,
Saskatchewan Ministry of Health or eHealth Saskatchewan,
Health Data Nova Scotia or the Nova Scotia Department of
Health and Wellness.

Study Funding
This study was supported by the Canadian Institutes of
Health Research (CIHR) Project and Foundation grant (PJT-
156363 and FDN-159934, PI: Tremlett).

Disclosure
H.S. Ng receives funding from the Multiple Sclerosis Society
of Canada’s endMS Postdoctoral Fellowship and the Michael
Smith Foundation for Health Research Trainee Award.
During the past year, H.S. Ng has received funding from the
Canadian Institutes of Health Research (CIHR) Drug Safety
and Effectiveness Cross-Disciplinary Training Program. F.
Zhu, E. Kingwell, S. Yao, and O. Ekuma report no disclosures
relevant to the manuscript. C. Evans receives research funding
from CIHR. J.D. Fisk receives research funding from CIHR,
Multiple Sclerosis Society of Canada, Crohn’s and Colitis
Canada, Research Nova Scotia, consultation and distribution
royalties from MAPI Research Trust. R.A. Marrie receives
research funding from CIHR, Research Manitoba, Multiple
Sclerosis Society of Canada, Multiple Sclerosis Scientific
Foundation, Crohn’s and Colitis Canada, National Multiple
Sclerosis Society, CMSC and the US Department of Defense,
and is a co-investigator on studies receiving funding from
Biogen Idec and Roche Canada. Y. Zhao reports no

disclosures relevant to the manuscript. H. Tremlett is the
Canada Research Chair for Neuroepidemiology and Multiple
Sclerosis. Current research support is received from the Na-
tional Multiple Sclerosis Society, the Canadian Institutes of
Health Research, the Multiple Sclerosis Society of Canada,
and the Multiple Sclerosis Scientific Research Foundation. In
addition, in the last 5 years, H. Tremlett has received research
support from the UK Multiple Sclerosis Trust and travel ex-
penses to present at CME conferences from the Consortium
of MS Centres (2018), the National Multiple Sclerosis Soci-
ety (2016, 2018), ECTRIMS/ACTRIMS (2015, 2016, 2017,
2018, 2019, 2020), and American Academy of Neurology
(2015, 2016, 2019). Speaker honoraria are either declined or
donated to anMS charity or to an unrestricted grant for use by
H. Tremlett’s research group. Go to Neurology.org/NN for
full disclosures.

Publication History
Received by Neurology: Neuroimmunology & Neuroinflammation
January 24, 2022. Accepted in final form April 22, 2022. Submitted
and externally peer reviewed. The handling editor was Scott S. Zamvil,
MD, PhD, FAAN.

Appendix Authors

Name Location Contribution

Huah Shin
Ng, PhD

University of British
Columbia, Vancouver,
Canada

Conceptualized and
designed the study,
performed data analysis,
interpreted the results, and
drafted and revised the
manuscript for intellectual
content.

Feng Zhu,
MSc

University of British
Columbia, Vancouver,
Canada

Obtained funding,
conceptualized and designed
the study, performed data
analysis, and revised the
manuscript for intellectual
content.

Elaine
Kingwell,
PhD

University of British
Columbia, Vancouver,
Canada

Obtained funding,
conceptualized and designed
the study, and revised the
manuscript for intellectual
content.

Shenzhen
Yao, MSc

University of Saskatchewan,
Saskatoon, and
Saskatchewan Health
Quality Council, Canada

Performed data analysis, and
revised the manuscript for
intellectual content.

Okechukwu
Ekuma, MSc

University of Manitoba,
Winnipeg, Canada

Performed data analysis, and
revised the manuscript for
intellectual content.

Charity
Evans, PhD

University of Saskatchewan,
Saskatoon, Canada

Obtained funding and data,
conceptualized and designed
the study, and revised the
manuscript for intellectual
content.

John D. Fisk,
PhD

Nova Scotia Health
Authority, and Dalhousie
University, Halifax, Canada

Obtained funding and data,
conceptualized and designed
the study, and revised the
manuscript for intellectual
content.

Continued

Neurology.org/NN Neurology: Neuroimmunology & Neuroinflammation | Volume 9, Number 5 | September 2022 11

https://nn.neurology.org/content/9/5/e5/tab-article-info
http://neurology.org/nn


References
1. Scalfari A, Knappertz V, Cutter G, et al. Mortality in patients with multiple sclerosis.

Neurology. 2013;81(2):184-192.
2. Kingwell E, van der Kop M, Zhao Y, et al. Relative mortality and survival in multiple

sclerosis: findings from British Columbia, Canada. J Neurol Neurosurg Psychiatry.
2012;83(1):61-66.

3. Lunde HMB, Assmus J, Myhr KM, et al. Survival and cause of death in multiple
sclerosis: a 60-year longitudinal population study. J Neurol Neurosurg Psychiatry. 2017;
88(8):621-625.

4. Leray E, Vukusic S, Debouverie M, et al. Excess mortality in patients with multiple
sclerosis starts at 20 years from clinical onset: data from a large-scale French obser-
vational study. PLoS One. 2015;10(7):e0132033.

5. Tramacere I, Del Giovane C, Salanti G, et al. Immunomodulators and immu-
nosuppressants for relapsing-remitting multiple sclerosis: a network meta-
analysis. Cochrane Database Syst Rev. 2015;(9):CD011381. doi: 10.1002/
14651858.CD14011381.pub14651852.

6. Goodin DS, Reder AT, Ebers GC, et al. Survival in MS: a randomized cohort study 21
years after the start of the pivotal IFNβ-1b trial. Neurology. 2012;78(17):1315-1322.

7. Gronseth GS, Ashman E. The AAN response to evidence-based medicine: promise
and pitfalls. Mult Scler. 2012;18(7):949-950.

8. Katkade VB, Sanders KN, Zou KH. Real world data: an opportunity to supplement
existing evidence for the use of long-established medicines in health care decision
making. J Multidiscip Healthc. 2018;11:295-304.

9. Kingwell E, Leray E, Zhu F, et al. Multiple sclerosis: effect of beta interferon treatment
on survival. Brain. 2019;142(5):1324-1333.

10. Kavaliunas A, Manouchehrinia A, Stawiarz L, et al. Importance of early treatment
initiation in the clinical course of multiple sclerosis. Mult Scler. 2017;23(9):
1233-1240.

11. Cocco E, Sardu C, Spinicci G, et al. Influence of treatments in multiple sclerosis
disability: a cohort study. Mult Scler. 2015;21(4):433-441.

12. Rovaris M, Comi G, Rocca MA, et al. Long-term follow-up of patients treated with
glatiramer acetate: a multicentre, multinational extension of the European/Canadian
double-blind, placebo-controlled, MRI-monitored trial. Mult Scler. 2007;13(4):
502-508.

13. Landfeldt E, Castelo-Branco A, Svedbom A, et al. The long-term impact of early
treatment of multiple sclerosis on the risk of disability pension. J Neurol. 2018;265(3):
701-707.

14. Goodin DS, Ebers GC, Cutter G, et al. Cause of death in MS: long-term follow-up of a
randomised cohort, 21 years after the start of the pivotal IFNβ-1b study. BMJ Open.
2012;2(6):e001972.

15. Statistics Canada. Population Estimates, Quarterly. Statistics Canada; 2021. Accessed
July 14, 2021. www150.statcan.gc.ca/t1/tbl1/en/tv.action?pid=1710000901.

16. Marrie RA, Leung S, Yu N, et al. Lower prevalence of multiple sclerosis in First
Nations Canadians. Neurol Clin Pract. 2018;8(1):33-39.

17. Al-Sakran LH, Marrie RA, Blackburn DF, et al. Establishing the incidence and prev-
alence of multiple sclerosis in Saskatchewan. Can J Neurol Sci. 2018;45(3):295-303.

18. Evans C, Marrie RA, Yao S, et al. Medication adherence in multiple sclerosis as a
potential model for other chronic diseases: a population-based cohort study. BMJ
Open. 2021;11(2):e043930.

19. British Columbia Ministry of Health [creator]. Consolidation File (MSP Registration &
Premium Billing). V2. Population Data BC [publisher]. Data Extract. MOH; 2017.
popdata.bc.ca/data.

20. British Columbia Ministry of Health [creator]. Medical Services Plan (MSP) Payment
Information File. V2. Population Data BC [publisher]. Data Extract. MOH; 2017.
popdata.bc.ca/data.

21. Canadian Institute for Health Information [creator]. Discharge Abstract Database
(Hospital Separations). V2. Population Data BC [publisher]. Data Extract. MOH;
2017. popdata.bc.ca/data.

22. BC Vital Statistics Agency [creator]. Vital Statistics Deaths. V2. Population Data BC
[publisher]. Data Extract. BC Vital Statistics Agency; 2017. popdata.bc.ca/data.

23. BC Ministry of Health [creator]. PharmaNet. V2. BC Ministry of Health [publisher].
Data Extract. Data Stewardship Committee; 2017. popdata.bc.ca/data.

24. Marrie RA, Yu N, Blanchard J, et al. The rising prevalence and changing age distri-
bution of multiple sclerosis in Manitoba. Neurology. 2010;74(6):465-471.

25. Ng HS, Zhu F, Kingwell E, et al. Characteristics of a population-based multiple
sclerosis cohort treated with disease-modifying drugs in a universal healthcare setting.
Expert Rev Neurother. 2021;21(1):131-140.

26. Canadian Institute for Health Information and Statistics Canada. Health Indicators
2013. CIHI; 2013. Accessed March 3, 2021. cihi.ca/sites/default/files/document/
health-indicators-2013-en.pdf.

27. Deyo RA, Cherkin DC, Ciol MA. Adapting a clinical comorbidity index for use with
ICD-9-CM administrative databases. J Clin Epidemiol. 1992;45(6):613-619.

28. Marrie RA, Bernstein CN, Peschken CA, et al. Intensive care unit admission in
multiple sclerosis: increased incidence and increased mortality. Neurology. 2014;
82(23):2112-2119.

29. Andrade SE, Kahler KH, Frech F, et al. Methods for evaluation of medication ad-
herence and persistence using automated databases. Pharmacoepidemiol Drug Saf.
2006;15(8):565-574.

30. Kalincik T, Kubala Havrdova E, Horakova D, et al. Comparison of fingolimod, di-
methyl fumarate and teriflunomide for multiple sclerosis. J Neurol Neurosurg Psychi-
atry. 2019;90(4):458-468.

31. Kappos L, O’Connor PW, Polman CH, et al. Clinical effects of natalizumab on
multiple sclerosis appear early in treatment course. J Neurol. 2013;260(5):1388-1395.

32. Cohen JA, Coles AJ, Arnold DL, et al. Alemtuzumab versus interferon beta 1a as first-
line treatment for patients with relapsing-remitting multiple sclerosis: a randomised
controlled phase 3 trial. Lancet. 2012;380(9856):1819-1828.

33. He A, Merkel B, Brown JWL, et al. Timing of high-efficacy therapy for multiple
sclerosis: a retrospective observational cohort study. Lancet Neurol. 2020;19(4):
307-316.

34. Weideman AM, Tapia-Maltos MA, Johnson K, et al. Meta-analysis of the age-
dependent efficacy of multiple sclerosis treatments. Front Neurol. 2017;8:577.

35. Giovannoni G, Hawkes C, Lechner-Scott J, et al. The COVID-19 pandemic and the
use of MS disease-modifying therapies. Mult Scler Relat Disord. 2020;39:102073.

36. Tsai CP, Lee CT. Impact of disease-modifying therapies on the survival of patients
with multiple sclerosis in Taiwan, 1997-2008. Clin Drug Investig. 2013;33(9):647-652.

37. Suissa S. Immortal time bias in pharmacoepidemiology. Am J Epidemiol. 2008;167(4):
492-499.

38. Giovannoni G, Butzkueven H, Dhib-Jalbut S, et al. Brain health: time matters in
multiple sclerosis. Mult Scler Relat Disord. 2016;9(suppl 1):S5-S48.

39. Cerqueira JJ, Compston DAS, Geraldes R, et al. Time matters in multiple sclerosis:
can early treatment and long-term follow-up ensure everyone benefits from the latest
advances in multiple sclerosis? J Neurol Neurosurg Psychiatry. 2018;89(8):844-850.

40. La Mantia L, Vacchi L, Di Pietrantonj C, et al. Interferon beta for secondary pro-
gressive multiple sclerosis. Cochrane Database Syst Rev. 2012;1:CD005181. doi:
10.1002/14651858.CD14005181.pub14651853.

41. Tremlett H, Zhao Y, Rieckmann P, et al. New perspectives in the natural history of
multiple sclerosis. Neurology. 2010;74(24):2004-2015.

42. Koch-Henriksen N,Magyari M. Apparent changes in the epidemiology and severity of
multiple sclerosis. Nat Rev Neurol. 2021;17(11):676-688.

43. Roos I, Leray E, Casey R, et al. Effects of high and low efficacy therapy in secondary
progressive multiple sclerosis. Neurology. 2021;97(9):e869-e880. doi: 10.1212/
wnl.0000000000012354.

44. Tremlett H, Marrie RA. The multiple sclerosis prodrome: emerging evidence, chal-
lenges, and opportunities. Mult Scler. 2021;27(1):6-12.

45. Evans C, Marrie RA, Zhu F, et al. Adherence and persistence to drug therapies for
multiple sclerosis: a population-based study. Mult Scler Relat Disord. 2016;8:78-85.

46. Charlson ME, Carrozzino D, Guidi J, et al. Charlson comorbidity index: a critical
review of clinimetric properties. Psychother Psychosom. 2022;91(1):8-35.

47. Kingwell E, Zhu F, Marrie RA, et al. High incidence and increasing prevalence of
multiple sclerosis in British Columbia, Canada: findings from over two decades (1991-
2010). J Neurol. 2015;262(10):2352-2363.

48. Marrie RA, Fisk JD, Stadnyk KJ, et al. The incidence and prevalence of multiple
sclerosis in Nova Scotia, Canada. Can J Neurol Sci. 2013;40(6):824-831.

49. Houtchens MK, Bove R. A case for gender-based approach to multiple sclerosis
therapeutics. Front Neuroendocrinol. 2018;50:123-134.

Appendix (continued)

Name Location Contribution

Ruth Ann
Marrie, MD,
PhD

University of Manitoba,
Winnipeg, Canada

Obtained funding and data,
conceptualized and designed
the study, and revised the
manuscript for intellectual
content.

Yinshan
Zhao, PhD

University of British
Columbia, Vancouver,
Canada

Obtained funding,
conceptualized and designed
the study, and revised the
manuscript for intellectual
content.

Helen
Tremlett,
PhD

University of British
Columbia, Vancouver,
Canada

Obtained funding and data,
conceptualized and designed
the study, interpreted the
results, and drafted and
revised the manuscript for
intellectual content.

12 Neurology: Neuroimmunology & Neuroinflammation | Volume 9, Number 5 | September 2022 Neurology.org/NN

https://www150.statcan.gc.ca/t1/t1/en/tv.action?pid=1710000901
https://www150.statcan.gc.ca/t1/t1/en/tv.action?pid=1710000901
http://www.popdata.bc.ca/data
http://www.popdata.bc.ca/data
http://www.popdata.bc.ca/data
http://www.popdata.bc.ca/data
http://www.popdata.bc.ca/data
https://www.cihi.ca/sites/default/files/document/health-indicators-2013-en.pdf
https://www.cihi.ca/sites/default/files/document/health-indicators-2013-en.pdf
http://neurology.org/nn


RESEARCH ARTICLE OPEN ACCESS

The Effect of Smoking on Long-term Gray Matter
Atrophy and Clinical Disability in Patients with
Relapsing-Remitting Multiple Sclerosis
Ingrid Anne Lie, MD, Kristin Wesnes, MD, PhD, Silje S. Kvistad, MD, PhD, Iman Brouwer, MASc,

Stig Wergeland, MD, PhD, Trygve Holmøy, MD, PhD, RuneMidgard, MD, PhD, Alla Bru, MD, Astrid Edland, MD,

Randi Eikeland, MD, PhD, Sonia Gosal, MD, Hanne F. Harbo, MD, PhD, Grethe Kleveland, MD,

Yvonne S. Sørenes, MD, Nina Øksendal, MD, Frederik Barkhof, MD, PhD, Hugo Vrenken, PhD, IR,

Kjell-Morten Myhr, MD, PhD, Lars Bø, MD, Phd, and Øivind Torkildsen, MD, PhD

Neurol Neuroimmunol Neuroinflamm 2022;9:e200008. doi:10.1212/NXI.0000000000200008

Correspondence

Dr. Lie

ingrid.lie@uib.no

Abstract
Background and Objectives
The relationship between smoking, long-term brain atrophy, and clinical disability in patients
with multiple sclerosis (MS) is unclear. Here, we assessed long-term effects of smoking by
evaluating MRI and clinical outcome measures after 10 years in smoking and nonsmoking
patients with relapsing-remitting MS (RRMS).

Methods
We included 85 treatment-naive patients with RRMS with recent inflammatory disease
activity who participated in a 10-year follow-up visit after a multicenter clinical trial of 24
months. Smoking status was decided for each patient by 2 separate definitions: by serum
cotinine levels measured regularly for the first 2 years of the follow-up (during the clinical
trial) and by retrospective patient self-reporting. At the 10-year follow-up visit, clinical tests
were repeated, and brain atrophy measures were obtained from MRI using FreeSurfer.
Differences in clinical and MRI measurements at the 10-year follow-up between smokers and
nonsmokers were investigated by 2-sample t tests or Mann-Whitney tests and linear mixed-
effect regression models. All analyses were conducted separately for each definition of
smoking status.

Results
After 10 years, smoking (defined by serum cotinine levels) was associated with lower total white
matter volume (β = −21.74, p = 0.039) and higher logT2 lesion volume (β = 0.22, p = 0.011).
When defining smoking status by patient self-reporting, the repeated analyses found an addi-
tional association with lower deep gray matter volume (β = −2.35, p = 0.049), and smoking was
also associated with a higher score (higher walking impairment) on the log timed 25-foot walk
test (β = 0.050, p = 0.039) after 10 years and a larger decrease in paced auditory serial addition
test (attention) scores (β = −3.58, p = 0.029).
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Discussion
Smoking was associated with brain atrophy and disability progression 10 years later in patients with RRMS. The findings imply that
patients should be advised and offered aid in smoking cessation shortly after diagnosis, to prevent long-term disability progression.

Smoking is a known negative prognostic factor in patients with
multiple sclerosis (MS), associated with higher disability1 and
higher risk of conversion to progressive disease phenotypes.1,2

The causal relationship between these associations is not clear,
and several pathophysiologic mechanisms have been proposed,
for example: cigarette smoke triggering a proinflammatory
cascade, inducing autoimmunity and heightened inflammatory
activity; facilitating entry of immune cells to the CNS by dis-
ruption of the blood-brain barrier (BBB); epigenetic changes;
and direct neurotoxicity due to mitochondrial damage.3,4

Studies examining the relation between smoking and inflammatory
disease activity have reported inconsistent findings. Although some
studies found smoking to be associated with higher relapse rates5

and lesion loads,1,6,7 2 studies using cotinine, an alkaloidmetabolite
of nicotine,8 to define smoking status, did not.9,10

In MS, smoking has cross-sectionally been shown to be associated
with lower total brain volume,1,6,11-13 but longitudinal relationships
have been less well studied and with varying results.1,7,9 Further-
more, few studies have considered the relation between smoking
and gray matter (GM) atrophy, again with conflicting results.6,11,13

To better understand the possible adverse prognostic effects
of smoking in MS, we aimed to investigate the relation be-
tween smoking and long-term brain lesion load, atrophy, and
clinical outcome measures, first by comparing smokers and
nonsmokers, defined by both patient self-reporting and coti-
nine levels, and second by studying a possible dose effect,
using mean cotinine levels in smoking patients with MS.

Methods
Participants
The patients included in this study participated in a 10-year follow-
up visit, after a multicenter trial on ω-3 fatty acids in MS (the
OFAMS-study). In the original trial, a total of 92 patients with
relapsing-remittingMS (RRMS)were followed up for 24months;
a detailed description of the study is provided elsewhere.14 During
the OFAMS study period, patients attended regular follow-up
visits at their local study site, undergoing biochemical, radiologic,
and clinical examinations, including the Expanded Disability Sta-
tus Scale (EDSS), timed 25-foot walk test (T25FW), the

dominant hand and nondominant hand 9-hole peg test, and
the paced auditory serial addition test (PASAT). Ten years after
the trial concluded, all available (87) participants were invited to a
follow-up visit, of which 85 accepted.15 At the 10-year follow-up
visit, the patients repeated the radiologic and clinical examinations.
Between the OFAMS-study and the 10-year follow-up visit, the
participants had received routine clinical treatment and care.

Standard Protocol Approvals, Registrations,
and Patient Consents
The OFAMS-study and the 10-year follow-up were approved
by the Regional Committee for Medical and Health Research
Ethics in Western Norway Regional Health Authority
(OFAMS-study: clinicaltrials.gov, Identifier: NCT00360906).
All participants gave their written informed consent.

Cotinine Measurement
Serum samples were stored at −80°C until analysis and per-
formed simultaneously for all samples from each patient. As
previously described,10 serum cotinine levels were measured
by liquid chromatography tandem mass spectrometry at
Bevital AS (Bergen, Norway). Laboratory technicians were
blinded to patient clinical status. Serum cotinine levels were
analyzed from samples collected during the OFAMS-study at
baseline (BL) and months 6, 12, 18, and 24.

Definitions of Smokers and Nonsmokers
The effect of smoking status on long-term MRI and clinical
outcome measures was analyzed using 2 definitions (described
below) of smoking status separately: by (1) serum cotinine levels,
with the findings presented in the main text and (2) patient self-
reporting, with the findings presented in the supplementalmaterial.

Smoking Defined by Cotinine Levels
Cotinine levels >85 nmol/L indicate recent tobacco use16 and
are regarded to distinguish tobacco users from nontobacco
users in the general population.17 Patients were categorized
into 2 groups according to serum cotinine level: smokers were
defined as patients with serum cotinine level >85 nmol/L in
≥60% of the samples and nonsmokers were defined as pa-
tients with serum cotinine levels ≤85 nmol/L in ≥60% of the
samples. Based on previous studies not finding nicotine or
smokeless tobacco to be associated with MS disease
progression,18,19 patients who at the 10-year follow-up visit

Glossary
BBB = blood-brain barrier; BL = baseline; EDSS = Expanded Disability Status Scale; eTIV = estimated total intracranial
volume;GM = gray matter;MS = multiple sclerosis; PASAT = paced auditory serial addition test; RRMS = relapsing-remitting
MS; SPSS = Statistical Product and Service Solutions; T25FW = timed 25-foot walk test; VD = vascular-disease;WM = white
matter.
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reported “snuff” use (oral tobacco), but no smoking for the
past 10 years, were defined as nonsmokers (Figure 1).

Smoking Defined by Patient Self-Reporting
At the 10-year follow-up visit, patients answered a question-
naire about habits of tobacco use, including smoking and snuff
use. Patients who reported to have smoked regularly within
the past 10 years were defined as smokers while patients who
did not report regular smoking, or reported only snuff use
(6 patients), were defined as nonsmokers (Figure 1).

Risk Factors and Presence of Peripheral,
Cardiovascular, or Cerebrovascular Disease
Vascular risk factors and established peripheral, cardiovascu-
lar, and cerebrovascular disease are independently associated
with brain imaging changes.20 As smoking is a known risk
factor for such conditions,21 patient-reported hypertension,
dyslipidemia, hypercoagulable disorder, and symptomatic
cardiovascular or cerebrovascular disease and/or events was
designated as a dichotomous vascular disease (VD) factor and
included as a covariate in the final analyses.

MRI Data and Analysis

The 10-year Follow-up Visit
Imaging was performed at the different study sites, on a 3
Tesla (T) MRI scanner if available, alternatively using a 1.5T
MRI scanner, with a standard head coil. The acquisition
protocol included the following MRI sequences: a T2-
weighted 3D sagittal fluid attenuated inversion recovery

(FLAIR) (resolution: 1 × 1 × 1 mm3, echo time (TE)/
repetition time (TR)/inversion time (TI) = 386/5000/
1.65–2.2 ms) and a postcontrast T1-weighted 3D sagittal
magnetization-prepared rapid gradient echo sequence (reso-
lution: 1 × 1 × 1mm3, TE/TR/TI = 2.28/1800/900 ms, flip
angle 8°). Acquisition details across sites are presented in
eTable 1, links.lww.com/NXI/A728.

Lesion Segmentation
Lesion segmentation was performed on FLAIR images using
lesion segmentation tool (version 2.0.15; applied-statistics.
de/lst.html).22 To optimize lesion filling, gadolinium-enhancing
regions (both lesions and other regions) were first removed, by
applying an upper intensity threshold at the 98th percentile.
Next, the FMRIB Software Library (version 5.0.1023) was used
to fill in abnormal voxels in these preprocessed T1-weighted
images using the lesion_filling tool.24 Then, only the filled lesion
voxels were pasted back into the original postcontrast 3D T1-
weighted images to create the final lesion filled images.

Morphological Reconstruction
Cortical reconstruction and parcellation for (local) cortical
volume and thickness measurement and subcortical segmen-
tation were performed with FreeSurfer version 7.1.1, a freely
available software package for academic use, available through
online download.25 The technical details of FreeSurfer proce-
dures have been previously described.26,27 The use of Free-
Surfer on postcontrast 3D T1-weighted images as applied here,
was recently validated.28

Figure 1 Flowchart Illustrating the Classification Process According to the 2 Definitions of Smoking
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Quality control was performed by visual inspection, discarding
cases with large segmentation errors. Minor to moderate seg-
mentation errors of specific anatomic regions were found in all
scans and are previously shown to occurmore frequently and to a
more severe degree in postcontrast images.28 As these errors were
so commonly occurring, mostly with the same effect (over-
estimation of GM volume/cortical thickness28), we chose to not
apply any manual corrections for these errors in our analyses.

The Desikan-Killiany atlas29 was used to extract cortical thickness
measures. The mean cortical thickness of the left and right hemi-
sphere was averaged to calculate the overall mean cortical thick-
ness. Furthermore, total cerebral GM and white matter (WM)
volume and total deep GM and thalamus volume (average of left
and right hemisphere) were obtained. Because of frequent sub-
optimal segmentation of the temporal pole (previously found in a
minor to moderate degree in almost 50% of postcontrast scans28),
this region was excluded when calculating the total GM volume.

Statistical Analysis
Statistical analyses were performed using Statistical Product
and Service Solutions (SPSS) for macOS (Version 25; SPSS,
Chicago, IL) and R software (V.4.0.5).

Kolmogorov-Smirnov tests and visual inspection of the his-
tograms were used to assess the normality of the variables.

The primary outcome measures were MRI and clinical mea-
surements obtained cross-sectionally at the 10-year follow-up
visit and the difference in clinical measurements frommonth 24
to the 10-year follow-up.

As a first exploratory analysis, the difference in outcome
measures between smokers and nonsmokers was analyzed by
2-sample t tests for normally distributed variables; otherwise,
Mann-Whitney tests were used.

The relationship of smoking status and mean cotinine level
with MRI and clinical outcome measures was then further
investigated by a linear mixed-effect regression model, cor-
recting for age, sex, vascular disease, estimated total intracranial
volume (eTIV) (eTIV included as a covariate in analyses re-
garding brain volumemeasurements), BLEDSS, and time from
diagnosis. To correct for scanner variability, MRI scanner was
entered as a random effect. Assumptions for linear regression
were checked for each final model; if the assumptions were not
satisfied, log-linear transformation was performed (e.g., logT2
lesion volume). For variables with values below 1, a constant
was added before log transformation.

Data Availability
Data not provided within this article may be shared (anony-
mized) by request from a qualified investigator.

Results
Patient Characteristics
We included the 85 patients who participated in the 10-year
follow-up. Each patient was classified as a smoker or non-
smoker, by the 2 different definitions of smoking: (1) by
cotinine levels measured during the OFAMS-study and (2) by
retrospective patient self-reporting at the 10-year follow-up

Table 1 Demographic and Clinical Characteristics

BL 10-y follow-up visit BL 10-y follow-up visit

Smoking status defined by cotinine level Nonsmokers (37) Smokers (47)

Age in y, mean (SD) 37.5 (6.8) 49.4 (6.9) 37.9 (9.7) 49.7 (9.7)

Sex, female, N (%) 22 (59.5) 32 (68.1)

Time from diagnosis, mean in y (SD) 2.8 (3.5) 14.8 (3.6) 2.2 (3.0) 14.3 (3.1)

Disease phenotype (N) RRMS (37) RRMS (35), SPMS (2) RRMS (47) RRMS (42), SPMS (5)

EDSS, mean (SD) 1.8 (0.8) 2.6 (1.6) 2.0 (0.9) 2.9 (1.6)

Mean cotinine level (SD)a 850.6 (454.5)

Smoking status defined by patient self-reporting Nonsmokers (36) Smokers (48)

Age in y, mean (SD) 37.5 (7.6) 49.4 (7.7) 37.9 (9.2) 49.7 (9.2)

Sex, female, N (%) 22 (61.1) 33 (68.8)

Time from diagnosis, mean in y (SD) 2.8 (3.6) 14.9 (3.7) 2.3 (3.0) 14.3 (3.1)

Disease phenotype (N) RRMS (36) RRMS (35), SPMS (1) RRMS (48) RRMS (42), SPMS (6)

EDSS, mean (SD) 1.8 (0.8) 2.6 (1.6) 2.0 (0.9) 2.9 (1.6)

Abbreviations: BL = baseline; EDSS = Expanded Disability Status Scale; RRMS = relapsing-remitting multiple sclerosis; SPMS = secondary progressive multiple
sclerosis.
a Mean serum cotinine level calculated from measurements obtained from BL to month 24.

4 Neurology: Neuroimmunology & Neuroinflammation | Volume 9, Number 5 | September 2022 Neurology.org/NN

http://neurology.org/nn


(Figure 1). Samples available for cotinine analyses were
missing for one patient, and another patient did not complete
the questionnaire concerning tobacco use, leaving 84 patients
to be classified as smoker or nonsmoker by each definition.
Including the 2 patients missing either cotininemeasurements
or the questionnaire, 9 patients were classified differently
based on the 2 definitions. Forty-seven patients were smokers
and 37 nonsmokers defined by cotinine levels. By patient self-
reporting, 48 patients were smokers and 36 nonsmokers. Of
the 48 smokers defined by patient self-reporting, 47 reported
to smoke 10 years ago. Additional patient self-reported
smoking habits are listed in supplemental eTable 2, links.lww.
com/NXI/A728.

The mean follow-up time from the BL and month 24 visit to
the 10-year follow-up visit was 12.0 (±0.6) and 10.0 (±0.6)
years, respectively. Table 1 summarizes the clinical charac-
teristics of the included patients.

Difference in MRI and Clinical Outcome
Measures Between Smokers and Nonsmokers
The results of the exploratory t tests are shown in Table 2
(smoking defined by cotinine levels) and supplemental eTable 3,
links.lww.com/NXI/A728 (smoking defined by patient self-

reporting). In brief, total WM (p = 0.015) and deep GM (p =
0.017) volumes were significantly smaller, and total T2 lesion
volumes were significantly larger (p = 0.014) in smokers defined
by cotinine level (figure 2). For the clinical measures, smokers
had a higher score (more disability) on the T25FW test (p =
0.031) after 10 years and a larger decrease in attention scores
measured by the PASAT test (p= 0.042) betweenmonth 24 and
the 10-year follow-up visit (figure 3). The results were similar for
smoking defined by patient self-reporting (eTable 3).

Smoking Status andLong-termMRI andClinical
Outcome Measures
The results from the linear mixed-model investigating the
relationship between smoking and long-termMRI and clinical
measures are shown in Table 3 (smoking defined by cotinine
levels) and supplemental eTable 4, links.lww.com/NXI/A728
(smoking defined by patient self-reporting). Smoking defined
by cotinine level was associated with lower total WM volume
(β = −21.74, p = 0.039) after 10 years and with higher total
logT2 lesion volume (β = 0.22, p = 0.011). Similar results were
found for smoking defined by patient self-reporting (eTa-
ble 4), additionally associated with lower deep GM volume
(β = −2.35, p = 0.049) after 10 years. There were no significant
associations between smoking and clinical disability when

Table 2 MRI andClinicalMeasures in Smokers andNonsmokers (Defined by Cotinine Level) at the 10-Year Follow-up Visit
and Change in Clinical Measures Between Month 24 and the 10-Year Follow-up Visit

MRI/clinical measure Nonsmokers (mean, SD) Smokers (mean, SD) Mean difference 95% CI p Value

Total GM volume (mL) 643.62 (55.76) 621.83 (47.51) 21.785 −3.220, 46.791 0.087

Total WM volume (mL) 465.33 (54.98) 435.76 (42.33) 29.577 5.961, 53.192 0.015

Total deep GM volume (mL) 57.73 (4.98) 54.59 (5.50) 3.139 0.586, 5.691 0.017

Thalamus volume (mL) 8.08 (1.02) 7.67 (1.00) 0.41 −0.08, 0.90 0.096

Mean Cth (mm) 2.55 (0.13) 2.52 (0.12) 0.03 −0.03, 0.09 0.329

T2 lesion volume (mL)a 3.11 (3.07) 6.63 (9.68) 0.014

T2 lesion count 19.70 (7.61) 21.62 (9.85) −1.918 −6.115, 2.278 0.365

EDSSa 2.5 (1.5) 2.0 (1.6) 0.306

Change in EDSSa 0.5 (2.0) 0.0 (1.13) 0.505

T25FWa 3.88 (1.29) 4.43 (1.47) 0.031

Change in T25FWa −0.01 (1.30) 0.31 (1.23) 0.202

D9-HPTa 20.02 (6.59) 21.31 (5.68) 0.167

Change in D9-HPTa 2.41 (3.11) 3.11 (4.65) 0.480

ND9-HPTa 20.68 (6.59) 23.23 (7.27) 0.130

Change in ND9-HPTa 3.14 (4.80) 4.08 (6.11) 0.307

PASAT 49.06 (8.40) 45.11 (10.68) 3.95 −0.43, 8.32 0.077

Change in PASAT −3.91 (7.20) −7.26 (6.70) 3.35 0.13, 6.57 0.042

Abbreviations: Cth = cortical thickness; D9-HPT = dominant hand 9-hole peg test; EDSS = Expanded Disability Status Scale; GM = gray matter; ND9-HPT =
nondominant hand 9-hole peg test; PASAT = paced auditory serial addition test; T25FW = timed 25-foot walk; WM = white matter.
a Difference analyzed by Mann-Whitney U test, median, and interquartile range reported.
Bold text indicates statistically significant p values.
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defined by cotinine levels (Table 3), but when defined by
patient self-reporting, smoking was associated with a higher
score on the logT25FW test (β = 0.050, p = 0.039) after 10
years and a larger decrease in PASAT scores (β = −3.58, p =
0.029) (eTable 4).

Dose-Effect Relationship onLong-termMRI and
Clinical Outcome Measures
The results from the mixed-effect model assessing the relation
between mean cotinine levels in smokers (defined by cotinine
level) and MRI and clinical outcome measures are shown in
supplemental eTable 5, links.lww.com/NXI/A728. In a bi-
variate model, higher cotinine levels were significantly asso-
ciated with lower mean cortical thickness, but not after
adjusting for age, sex, VD, BL EDSS, and time from diagnosis.

Discussion
We found that patients with MS who smoked had lower total
WM and deep GM volumes and higher T2 lesion volumes after
10 years. Smokers also accumulated more disability and incurred
a larger decrease in attention scores measured by the T25FW
and PASAT test, respectively. The results obtained by defining
smokers by cotinine levels collected during the initial 2-year
period were highly comparable with those obtained when de-
fining smokers by retrospective patient self-reporting. Further-
more, the associations were still significant when correcting for
vascular risk factors and established cardiovascular disease. These
findings suggest that smoking has a negative long-term influence
on prognosis and disease progression in patients with MS.

The association between smoking and higher lesion load is
partly in line with previous research,1,7 supporting the notion
that smoking could heighten inflammatory activity.3 However,
smoking and increased lesional activity have not been consis-
tently related,9,10 as also shown in a previous study investigating
the same patient cohort as in this current work. In the previous
study, no association was found between tobacco use (defined
by cotinine levels) and the occurrence of new or enlarging
lesions during the trial period of 24 months.10 The discrepant
findings in this same study population may be a result of the

different outcome measures used, that is, lesion volumes vs the
less sensitive dichotomous measure of new or expanding le-
sions present or not present, especially considering the more
limited follow-up time of 2 years. Moreover, it is unknown how
smoking may affect pathologic processes within the occurring
lesions. Lesions with persistent subtle inflammation, called
chronic active or smoldering lesions, are associated with low-
grade BBB leakage,31 higher atrophy rates,32 and have been
shown to develop in patients with RRMS and slowly expand
over years.33 In this study, we were unable to investigate
whether smokers had a higher fraction of smoldering lesions,
but testing that hypothesis could provide insight to the dis-
crepant associations found for the occurrence of new lesions
and total lesion volume and to the overall worse prognosis seen
in smoking patients with MS.3

After 10 years, we found that deep GM and total WM volume
were lower in patients who smoked. Previous longitudinal
studies on smoking/nonsmoking patients with MS have
mainly assessed whole-brain atrophy and have not reported
consistent results.1,7,9 Cross-sectional studies assessing GM
atrophy showed a similar lack of consensus.6,11,13 In studies
investigating non-MS populations, smoking is associated with
atrophy most evidently in the frontal and temporal lobe,
cingulate gyrus, and the cerebellum33,34 while the associations
with subcortical GM are more variable.33,34 Furthermore,
neither studies onMS nor those on non-MS populations have
found smoking to be related to lowerWM volume.6,7,11,13,33,34

In early MS, atrophy in the deep GM has previously been
shown to develop at a relatively high rate35,36 compared
with other GM regions, and to be closely related to WM
lesions.36,37 Although the causal mechanisms are still not
sufficiently clear, a spatiotemporal relationship between WM
lesions and subsequent deep GM atrophy progression
through neuroaxonal degradation38 seems likely, explaining at
least part of the neurodegenerative process. Together with the
higher lesion volume, our findings of lower deep GM and total
WM volumes in smoking patients with MS may suggest that
the pathologic changes are driven by increased inflammatory
damage in the WM, followed by secondary degeneration in
regions either consisting of WM or highly connected through

Figure 2 Distribution Plots of MRI Measurements at the 10-Year Follow-up Visit in Nonsmokers and Smokers

The width of the shaded area represents the
proportion of observations for (A) total white
matter volume (mL) and (B) total deep gray
matter volume (mL) (point range represents
the mean and SD), and (C) T2 lesion volume
(mL) (box plots represent the median and IQR,
with the whiskers representing the distribution
of observations within x1.5 of the IQR). IQR =
interquartile range.
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WM tracts.39 The hypothesis that the main neurodegenera-
tive pathway in MS is driven by neuroaxonal injury has also
been proposed in a recent study, which observed higher levels
of neurofilament light chain in smokers.40

Although not significant after correcting for age, sex, vascular risk
factors, BL EDSS, and time since diagnosis, our initial bivariate
analysis found that higher cotinine levels in smokers were associ-
ated with lower cortical thickness after 10 years. This is similar to
previous literature on non-MS populations, finding a dose-
dependent relationship between smoking and cortical atrophy.34,41

The different smoking-associated atrophy patterns seen when
comparing smoking and nonsmoking patients with MS (lower
deep GM and total WM volume), and cotinine levels in smoking
patients (lower cortical thickness), may suggest that smoking af-
fects atrophy progression both through MS-specific disease
mechanisms and directly in a dose-dependent manner. It is,
however, important to highlight that our sample size for the dose-
effect analyses was small and that the current data did not allow us
to investigate these possible mechanisms directly.

At the 10-year follow-up visit, smokers had a higher degree of
walking impairment measured by the T25FW test, indicating
higher risk of disability accrual. The lack of association be-
tween smoking defined by cotinine levels and change in EDSS
score over the follow-up has previously been reported in this
current patient population.15 In our study, we confirmed this
finding, for both definitions of smoking. The results are partly
in line with previous research, much of which reported a
relation between smoking and higher EDSS or Multiple
Sclerosis Severity Score in cross-sectional analyses,1,6 but
more variably longitudinally.1,9,40,42,43 A possible cause of the
inconsistent results for EDSS is the known low sensitivity to

change for this measurement,44 suggesting that more target-
ing tests should be used to capture disability progression in
specific functions. Overall, the associations with disability
accrual were modest in our study, and after correcting for
relevant covariates, it was only found for one of the 2 defi-
nitions of smoking (patient self-reporting). In future studies,
these longitudinal relations should be further investigated in
larger patient populations.

In our study, patients who smoked also had a higher decrease in
the PASAT score frommonth 24 to the 10-year follow-up. This
finding is in line with previous studies, where smokers tended
to perform worse cognitively.40,45 Attention, information pro-
cessing, and working memory are cognitive domains com-
monly affected in patients with MS,46 but impairment on these
domains has also been shown in smoking non-MS pop-
ulations.34 Thismay imply that smoking patients withMS are at
additive risk of developing cognitive impairment, through
mechanisms specific to bothMS and smoking. This suggests an
important clinical consequence to minimize long-term GM
atrophy and clinical decline; people with MS who smoke
should be encouraged and assisted to quit smoking.

Our study is not without limitations. Brain atrophy and lesion
load were measured cross-sectionally at the 10-year follow-up
visit. In future research, long-term measurements should be
corrected for values at baseline if available, or be investigated
by longitudinal analyses, to conclude on atrophy progression
in smoking patients with MS.

Obtaining volume and cortical thickness measures in post-
contrast images by FreeSurfer is not the standard approach.
Recent work using data from a subgroup of this patient cohort
has demonstrated excellent consistency between values
obtained from precontrast and postcontrast 3D T1-weighted
images,28 although minor to moderate segmentation errors,
especially in the temporal lobe were more common in post-
contrast images. In this current study, we did not apply
manual corrections for these errors, and the volume of the
temporal lobe was excluded from the total GM volume to
limit the possible bias introduced by the larger variability in
measurements extracted from this region. In future studies,
corrections of these segmentation errors should be consid-
ered, especially if evaluating regional atrophy measures.

Owing to its stability in plasma over time (half-life of ap-
proximately 20 hours), cotinine has become the preferred
biomarker to quantify long-term nicotine exposure.8 How-
ever, the use of cotinine levels as a proxy for smoking is
potentially biased by other sources of nicotine. This is an
important limitation because neither nicotine nor smokeless
tobacco have shown to induce inflammation in MS19 or in-
crease the risk of the disease.18 In our study, patients who at
the 10-year follow-up reported use of smokeless tobacco (e.g.,
snuff) exclusively (4 patients) were, therefore, classified as
nonsmokers, regardless of their measured cotinine levels.
Furthermore, the results obtained by defining smoking by

Figure 3 Distribution Plots of Clinical Measurements in
Nonsmokers and Smokers

The width of the shaded area represents the proportion of observations for
(A) change in PASAT score from month 24 to 10 years (point range repre-
sents the mean and SD) and (B) T25FW test score at 10 years (box plots
represent the median and IQR, with the whiskers representing the distri-
bution of observations within x1.5 of the IQR). IQR = interquartile range;
PASAT = paced auditory serial addition test; T25FW = timed 25-foot walk.
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cotinine levels were comparable with those using patient self-
reporting to define smoking habits. The associations with
MRI atrophy and clinical measures were somewhat stronger
when using the definition based on patient self-reporting,
most notably for clinical disability. This may be explained by
this definition also capturing patients who smoked regularly in
time periods during the follow-up, after the 2 years of the
clinical trial. In this study, serum cotinine measurements were
not available after the first 2 years of follow-up or at the 10-
year follow-up visit. In future works, the effect of cotinine
levels measured regularly over a longer follow-up period
should be explored, especially to determine the effect of
smoking duration and cessation. Nevertheless, the overall
comparable results suggest that serum cotinine levels provide
an objective and reliable option for defining smoking habits
and especially to investigate dose-dependent relationships.

Several comorbid conditions may independently influence
brain tissue changes (including gray and WM atrophy and
localized WM hyperintensities)20 and can be caused or ex-
acerbated by smoking.21 We attempted to limit the effect of
these complex interrelations by correcting for vascular risk
factors and established cardiovascular and cerebrovascular
disease. MS disease–related factors, such as disease-modifying

therapies, are also likely to affect brain atrophy. In this data set,
however, this was not possible to statistically consider because
the patients had used a variety of therapies at different times
and duration over the follow-up.

Smoking was associated with lower deep GM and total WM
volume and higher T2 lesion volume after 10 years in patients
with RRMS. Patients who smoked had higher physical and
cognitive disability accrual, measured by the T25FW and
PASAT test, respectively. The findings suggest that smoking
patients with MS should be advised and offered aid in smoking
cessation as early as possible in the disease course.
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Abstract
Background and Objectives
Follicular helper T (Tfh) cells play a critical role in protective immunity helping B cells produce
antibodies against foreign pathogens and are likely implicated in the pathogenesis of various
autoimmune diseases. The purpose of this study was to investigate the role of Tfh cells in the
pathogenesis of multiple sclerosis (MS).

Methods
Using flow cytometry, we investigated phenotype, prevalence, and function of Tfh cells in blood
and CSF from controls and patients with relapsing-remitting MS (RRMS) and primary pro-
gressive MS (PPMS). In addition, an in vitro blood-brain barrier coculture assay of primary
human astrocytes and brain microvascular endothelial cells grown in a Boyden chamber was
used to assess the migratory capacity of peripheral Tfh cells.

Results
This study identified 2 phenotypically and functionally distinct Tfh cell populations: CD25−

Tfh cells (Tfh1-like) and CD25int Tfh cells (Tfh17-like). Whereas minor differences in Tfh cell
populations were found in blood between patients with MS and controls, we observed an
increased frequency of CD25− Tfh cells in CSF of patients with RRMS and PPMS and CD25int

Tfh cells in patients with RRMS, compared with controls. Increasing frequencies of CSF
CD25−Tfh cells and the CD25− Tfh/Tfr ratio scaled with increasing IgG index in patients with
RRMS. Despite an increased prevalence of intrathecal Tfh cells in patients with MS, no
difference in the migratory capacity of circulating Tfh cells was observed between controls and
patients with MS. Instead, CSF concentrations of CXCL13 scaled with total counts of Tfh and
Tfr cell subsets in the CSF.

Discussion
Our study indicates substantial changes in intrathecal Tfh dynamics, particularly in patients
with RRMS, and suggests that the intrathecal inflammatory environment in patients with
RRMS promotes recruitment of peripheral Tfh cells rather than the Tfh cells having an
increased capacity to migrate to CNS.

From the Danish Multiple Sclerosis Center (R.H.H.H., J.T., H.H.C., M.B.H., S.B., F.S., M.R.E.), Department of Neurology, Copenhagen University Hospital–Rigshospitalet, Glostrup,
Denmark; Department of Neurology with Institute of Translational Neurology (S.H., N.S.), University Hospital Münster, Albert-Schweitzer-Campus 1, Germany; Department of Clinical
Medicine (F.S.), Faculty of Health and Medical Sciences, University of Copenhagen, Denmark; and Neurogenetics Clinic (M.N.N.H., J.E.N.), Danish Dementia Research Center, Rig-
shospitalet, Copenhagen, Denmark.

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

The Article Processing Charge was funded by the authors.

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

Copyright © 2022 The Author(s). Published by Wolters Kluwer Health, Inc. on behalf of the American Academy of Neurology. 1

http://dx.doi.org/10.1212/NXI.0000000000200009
mailto:rikke.holm.hansen@regionh.dk
https://nn.neurology.org/content/9/4/e009/tab-article-info
http://creativecommons.org/licenses/by-nc-nd/4.0/


Multiple sclerosis (MS) is a chronic immune-mediated de-
myelinating disease of the CNS characterized by immune cell-
mediated damage of nervous tissue.1,2 A hallmark of MS is
intrathecal antibody production, but despite intense in-
vestigation, the mechanism remains unresolved.3 Although
antibody production is naturally dependent on B cells, specific
subsets of T cells are also involved. Follicular helper T (Tfh)
cells are a subset of peripheral lymphoid tissue T cells primarily
located in germinal centers where they function to promote
B-cell differentiation to antibody-producing plasma cells.4-6

Conversely, follicular regulatory T cells (Tfr) function by
suppressing the Tfh-induced B-cell response.7 Phenotypically,
both Tfh and Tfr cells express CD4 and the lymphoid follicle-
homing chemokine receptor CXCR5, and their expression of
programmed cell death protein 1 (PD-1) is induced by cognate
antigen activation.8,9 Since Tfh and Tfr cells exhibit opposite
functions in regulating humoral immune responses, their bal-
ance is important for maintaining immune homeostasis.10

Imbalances between Tfh and Tfr cells promote dysregulated
antibody production andmay contribute to the development of
autoimmunity.11 Recently, the discovery of circulating Tfh cells
has allowed investigation of their involvement in the patho-
genesis of several autoimmune disorders.12 Furthermore, it has
been shown that analogous to nonfollicular Th cells, circulating
Tfh cells can be classified according to the expression of
CXCR3 and CCR6 into Tfh1 (CXCR3+CCR6−), Tfh17
(CXCR3−CCR6+), Tfh2 (CXCR3−CCR6−), and Tfh17.1
(CXCR3+CCR6+) cells producing different cytokines that
exert distinct B-cell helper activity.12-14

Previous studies have observed higher frequencies of circu-
lating Tfh cells in patients with relapsing-remitting MS
(RRMS) compared with healthy controls and that Tfh cells
correlate positively with disease severity and progression.15-17

In addition, an imbalance in the blood Tfh/Tfr cell ratio has
been reported in patients with RRMS. This ratio was found to
scale with intrathecal immunoglobulin synthesis, as assessed
by the immunoglobulin G (IgG) index.10 Furthermore,
studies have shown an increased intrathecal level of the che-
mokine ligand of CXCR5 and CXCL13 in patients with
RRMS, suggesting that Tfh cells are more prone to migrate
into CSF.18-21 We, therefore, hypothesize that Tfh cells play a
similar B-cell priming role in the inflamed CNS in addition to
helping a B-cell response in peripheral lymphoid tissue. To
investigate this hypothesis, we analyzed Tfh cells and their
activity in blood and CSF samples from patients with RRMS
and primary progressive MS (PPMS).

Methods
Study Participants
In this case-control observational study, we included 35
treatment-naive patients with RRMS (mean age 36 years;
range 21–62), 21 untreated patients with PPMS (mean age
55 years; range 44–62), 14 symptomatic controls (mean
age 34 years; range 20–60), and 22 healthy controls (mean
age 45; range 26–74). All patients and controls were
recruited at the Danish MS Center. In addition to blood
from all test participants, CSF was collected from 25 pa-
tients with RRMS, 17 patients with PPMS, and 10 of the
symptomatic controls.

An exploratory cohort of 10 healthy controls donating
blood and CSF was included at the Neurogenetics Clinic,
Danish Dementia Research Center, Rigshospitalet. The
healthy controls were huntingtin gene expansion negative
family members of Huntington’s disease gene expansion
carriers. Due to a possible center variation, data from this
cohort have not been used for direct comparison with the
other cohorts.

The patients with MS were diagnosed according to McDo-
nald 2017 criteria.22,23 Patients with RRMS were treatment-
naive, and patients with PPMS were clinically inactive and
untreated for at least 6 months before sampling and had
never received any immune cell-depleting therapies. In ad-
dition, all patients were included at least 1 month after last
steroid treatment. Healthy controls included had no auto-
immune, neurologic, or chronic illness. Symptomatic con-
trols were defined as individuals with neurologic symptoms
but with no objective clinical or abnormal paraclinical find-
ings (e.g., no oligoclonal bands, normal albumin quotient,
and normal white blood cell count in the CSF) to define any
neurologic disease.24

Clinical and paraclinical data of the 35 patients with RRMS
included median EDSS 2 (range 0–4.5), mean disease du-
ration 1 year (range 0–25), IgG oligoclonal bands observed
in 33 patients, and relapses reported in 29 patients 12
months before sampling (of whom 16 were reported within
the past 3 months). Clinical and paraclinical data of the 21
patients with PPMS include median EDSS 4 (range 2–6.5),
mean disease duration 10 years (range 2–24), IgG oligo-
clonal bands observed in 20 patients, and no relapses
reported 6 months before sampling.

Glossary
BBB = blood-brain barrier; HBMEC = human brain microvascular endothelial cells; IgG = immunoglobulin G; IFN =
interferon; IL = interleukin; MCAM-1 = melanoma cell adhesion molecule 1; MS = multiple sclerosis; PBMCs = peripheral
blood mononuclear cells; PD-1 = programmed cell death protein 1; PPMS = progressive MS; RPMI = Roswell Park Memorial
Institute medium; RRMS = relapsing-remitting MS; TEER = transendothelial electrical resistance; Tfh = follicular helper T;
Tfr = follicular regulatory T cells.
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Figure 1 Two Phenotypically Different Tfh Cell Populations

(A–C) Gating strategy of Tfh and Tfr cells. A.a-c: Gating strategy includes a CD3/CD4 gate in a dot plot of single-cell lymphocytes (A.a), a CD127/CD25 dot
plot for gating of CD127+CD25−, CD127+CD25int, and CD127-CD25hi (A.b), and a PD-1/CXCR5 dot plot for Tfh and Tfr cells (A.c). B.a-c: Flow cytometry dot
plot gating example of the 3 differentiation stages of Tfh cells in blood (B.a); naive (CD45RA + CCR7+), central memory (CM) (CD45RACCR7+), effector
memory (EM) (CD45RACCR7-) and pie charts showing the distribution of naive, CM, and EM cells within CD25− Tfh (B.b) and CD25int Tfh (B.c) cell
compartments. C.a-c: Dot plot gating example of the 3 Tfh subpopulations in blood: Tfh1 (CCR6-CXCR3+), Tfh17 (CCR6+CXCR3-), and Tfh17.1 (CCR6+-
CXCR3+) (C.a) and pie charts showing the distribution of Tfh1, Tfh17, and Tfh17.1 cells within CD25− Tfh (C.b) and CD25int Tfh (C.c) cell compartments. D.a-
b: Frequencies of CD25− Tfh and CD25int Tfh cells producing IFN-γ and IL-17 (D.a), and IL-4 and CXCL10 (D.b). Tfh = follicular helper T; Tfr = follicular
regulatory T cells.
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Study Protocols Approval, Registrations, and
Patient Consent
All included individuals gave informed, written consent. Ethical
approvals were granted for all investigative procedures (Protocol
Nos.: H-16047666 and KF-01-314009).

Blood and Cerebrospinal Fluid Samples
Venous blood was drawn, and peripheral blood mononuclear
cells (PBMCs) were isolated by density gradient centrifugation
(Lymphoprep, Axis-Shield, Oslo, Norway) and washed twice in
cold phosphate-buffered saline containing 2 mM EDTA. Par-
allel with blood, 10 mL of CSF was collected in polypropylene
tubes on ice and instantly centrifuged for 10 minutes at 400 g
for isolation of cells. Then, CSF cells were immediately stained
and analyzed by flow cytometry.

Flow Cytometry Analyses of Freshly
Isolated Cells
For flow cytometry analyses of freshly isolated cells, a mini-
mum of 350,000 PBMCs and 3,000 CSF cells were incu-
bated with a FcR-blocking reagent (Miltenyi Biotec, Bergisch

Gladbach, Germany) and stained with fluorochrome-conjugated
antibodies against surface molecules of interest. For Tfh cell
phenotyping, the following antigens were assessed: CD3
(AF488; UCHT1), CD127 (BV421; A01905), CD25 (PE;
M-A251), PD-1 (BV605; EH12.2H7), CXCR5 (PE/Cy7;
J252D4), CCR7 (AF674; G043H7), CD45RA (FITC; H100),
CD69 (APC; FN50), CXCR3 (APC; G025H7), CCR2
(PerCP/Cy5.5; K036C2), CCR4 (APC; L291H4), CCR6
(PerCP/Cy5.5; G034E3), melanoma cell adhesion molecule
1 (BV421; P1H12), CD49d (APC; 9F10), SLAMF5 (FITC;
MZ18-21F6) all from BioLegend (San Diego, CA, USA),
HLA-DR (APC; L203) from R&D Systems (Minneapolis,
MS), and CD4 (APC/AF750; S3.5) from Invitrogen (Wal-
tham, MA). The corresponding isotype controls were in-
cluded where appropriate. Data were acquired on a FACS
Canto II flow cytometer, and data analysis was performed
using FlowJo software (Tree Star, Inc., Ashland, OR).

Intracellular Cytokine and Chemokine Staining
For analysis of Tfh cell cytokine and chemokine production,
cryopreserved PBMCs from 12 patients with RRMS and 12

Table 1 Tfh Subpopulation Phenotyping

% CD252

Tfh mean (range)
% CD25int

Tfh mean (range) p Value
% PD-1+ CD252

Tfh mean (range)
% PD-1+ CD25int

Tfh mean (range) p Value

Freshly isolated cells

Naive (CD45RA+CCR7+) 43.90 (29.9–74.3) 15.45 (6.1–50.1) 0.02 11.14 (4.1–56.2) 9.96 (2.1–67.3) ns

CM (CD45RA2CCR7+) 45.45 (23.5–54.1) 68.15 (42–80.6) 0.02 54.63 (17.9–70.9) 57.15 (27–76.1) ns

EM (CD45RA2CCR72) 7.20 (7.1–15.2) 13.99 (7.7–22.6) ns 15.99 (9.7–34.1) 23.25 (5.6–40.3) ns

Tfh1 (CXCR3+CCR62) 43.40 (24–58.7) 19.20 (14.8–31.9) <0.0001 53.05 (29.2-66-7) 26.90 (16.2–38.7) <0.0001

Tfh17 (CXCR32CCR6+) 18.20 (8.6–24.5) 37.60 (26.5–44.8) <0.0001 17.00 (8.1–28.5) 35.45 (25–47.6) <0.0001

Tfh17.1 (CXCR3+CCR6+) 10.45 (6.7–15) 10.25 (5.8–14.6) ns 12.40 (9.2–15.2) 14.35 (9.3–19.8) 0.01

CD69+ 6.38 (1.7–16.20) 8.38 (1.4–17) ns 3.62 (1.6–9.3) 11.90 (2.1–42.8) 0.04

HLA-DR+ 8.73 (2.66–12.1) 4.45 (2.8–11) ns 5.73 (3–14.8) 6.68 (3.8–13.4) ns

CD49dhi 42.10 (27–56.8) 43.70 (38.1–56) ns 48.75 (37.7–59.2) 49.60 (33.6–56.9) ns

CCR2+ 3.62 (1.99–14) 15.83 (11–32) 0.0006 5.31 (4.6–18.7) 22.30 (19.4–52.1) 0.0002

CCR4+ 49.55 (26.9–60.7) 60.40 (46.5–70.3) ns 66.05 (40.6–76.6) 72.15 (62.1–79) ns

MCAM-1+ 3.24 (1.9–5.13) 7.41 (3.9–14) 0.02 4.32 (1.18–7) 12.55 (4.4–34.8) 0.005

SLAMF5+ 12.50 (9.1–15.5) 8.68 (6.2–21.1) ns 16.70 (6.1–23.1) 14.00 (6–17.3) ns

Stimulated cryopreserved cells

IFN-γ+ 7.34 (4.2–10.7) 4.31 (2.9–7.7) 0.007 12.05 (5.3–16.2) 6.20 (2.9–15.8) 0.01

IL-17+ 0.85 (0.6–1.5) 3.93 (1.43–9.28) <0.0001 1.76 (0.5–3.2) 5.38 (1.8–25) 0.0003

IL-4+ 0.91 (0.43–2.1) 2.43 (1.4–7.9) <0.0001 1.70 (0.8–2.5) 4.63 (2.4–15.3) <0.0001

IL-21+ 2.16 (1.33–4.5) 2.13 (1.2–4.3) ns 3.17 (1.6–5.7) 3.56 (1.8–5.1) ns

CXCL10+ 6.81 (4.1–15.5) 3.56 (2.8–5.9) 0.0005 8.17 (5.3–23.7) 4.56 (2.8–9.4) 0.001

CXCL13+ 1.90 (0.7–4.1) 1.63 (0.5–3.7) ns 1.53 (0.1–7.6) 2.06 (0.7–5.5) ns

Abbreviations: CM= centralmemory; EM = effectormemory;MCAM-1 =melanoma cell adhesionmolecule 1; Tfh = follicular helper T cells; ns = nonsignificant.
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healthy controls were thawed and cultured in culture medium
Roswell Park Memorial Institute medium (RPMI) 1640/5%
human AB serum (Invitrogen, Carlsbad, CA)/penicillin/
streptomycin (50 U/mL) (Gibco, Waltham, MA) in 24-well
flat-bottomed plates (1.1 × 106 cells/well). Cells were either
left unstimulated or stimulated for 30 minutes at 37°C, 5%

CO2 with Dynabeads Human T-Activator CD3/CD28
(Gibco) at a bead to cell ratio of 1:3 after which 5 μg/mL
brefeldin A (Sigma-Aldrich) was added to the cell culture and
the cells incubated for an additional 6 hours. Subsequently,
cells were surface stained with fluorochrome-conjugated an-
tibodies against TCRαβ (APC/Cy7; IP26), CD4 (PerCP/

Figure 2 Enrichment of Tfh and Tfr Cells in the CSF of Patients With MS

The prevalence of CD25− Tfh cells (A.a)
and PD-1+ CD25− Tfh cells (A.b),
CD25int Tfh cells (B.a) and PD-1+
CD25int Tfh cells (B.b), and Tfr cells
(C.a) and PD-1+ Tfr cells (C.b), in blood
and CSF from patients with RRMS, pa-
tients with PPMS, symptomatic con-
trols (SC), and healthy controls (HC).
Themean value is shown for all groups
analyzed. ***p < 0.0001; **p < 0.005;
*p < 0.05. MS = multiple sclerosis;
PPMS = progressive MS; RRMS = re-
lapsing-remitting MS; Tfh = follicular
helper T; Tfr = follicular regulatory
T cells.
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Cy5.5; OKT4), CD127 (BV421; A01905), CD25 (PE;
M-A251), PD-1 (BV605; EH12.2H7), and CXCR5 (PE/Cy7;
J252D4) all from BioLegend. Cells were then fixed, per-
meabilized (fixation and permeabilization wash buffer from
BioLegend), and stained intracellularly with fluorochrome-
conjugated antibodies specific for IFN-γ (APC; B27), IL-17
(AF488; BL168), IL-4 (AF488; MP4-25D2), and IL-21
(AF647; 3A3-N2) or corresponding isotypes from BioL-
egend, and CXCL10 (AF488; 33036), CXCL13 (APC;
53610) or corresponding isotypes from R&D systems. Data
were acquired on a FACS Canto II flow cytometer, and data
analysis was performed using FlowJo software.

Single-Molecule Array
CXCL13 concentrations were measured in cryopreserved CSF
from 25 patients with RRMS, 17 patients with PPMS, and 10
symptomatic controls. Samples were thawed on ice, and
CXCL13wasmeasured by single-molecule array (Simoa) using
the commercially available CXCL13 Discovery Assay kit (Cat.
No. 102635) from Quanterix (Billarica, MA) and an SR-X
instrument (Quanterix). All samples were measured in dupli-
cates with a mean intra-assay CV of 4.9%.

Blood-Brain Barrier Assay
The membranes of transwell inserts (CellQuart 12-well cell
culture inserts with 3.0 μm pore polyester membrane;
SABEU, Northeim, Germany) were coated on both sides with
20 μg/mL human fibronectin (Sigma, Merck, MO) at 37°C,
5% CO2 for 2 hours. Fibronectin was then removed, and the
transwells were left to dry for 45 minutes. Hereafter, the
transwells were inverted, and 106.000 human brain astrocyte
(95,000 astrocytes/cm2, Gibco, ThermoFisher) in astrocyte
growth medium (Gibco, ThermoFisher) applied to the
abluminal side of the membranes and incubated at 37°C, 5%
CO2 for 3 hours. The transwell inserts were then reverted
into the normal position, and warm astrocyte growth medium
was added to the wells and the luminal side of the transwell
insert and further incubated for 3 days at 37°C, 5% CO2.

All astrocyte growth medium was then carefully removed not
to disturb the abluminal layer of astrocytes, and 106,000 hu-
man brain microvascular endothelial cells (HBMEC; 95.000
HBMEC/cm2, PeloBiotech, Martinsried, Germany) in
HBMEC medium (PeloBiotech) applied to the luminal side
of the transwell inserts. HBMEC medium was added to the
wells and incubated for an additional 2 days, where astrocytes
on the abluminal side and HBMEC on the luminal side of the
insert reached a confluent monolayer. The quality of the co-
culture was monitored by measuring the transendothelial
electrical resistance (TEER) value. Transmigration assay
was performed when a stable TEER-value of approximately
40 Ω × cm2 was reached when background was subtracted.

To induce inflammation of the in vitro blood-brain barrier
(BBB), 100 U/mL TNF-α and IFN-γ (R&D systems) in
HBMEC medium were added to the wells 24 hours before
starting the transmigration assay. After this, the luminal side of
the transwell membrane was carefully emptied and the
transwell moved to a new 12-well plate. 700,000 T cells in
RPMI/2% B-27 (Gibco, ThermoFisher) from 12 treatment-
naive patients with RRMS and 12 healthy controls were
transferred to the luminal side of the membrane. T cells were
purified from thawed PBMCs using a human T-cell isolation
kit from STEMCELL Technologies (Vancouver, Canada).
RPMI/2% B-27 with or without 1,000 ng/mL CXCL13
(BioLegend) and 1,000 ng/mL CXCL10 (R&D Systems)
were added to the wells and incubated for 5 hours at 37°C, 5%
CO2. As a control 700,000 T cells were additionally added to a
well without a transwell insert. After migration, a standardized
number of flow-count fluorophores (Beckman Coulter, CA)
were added to each well containing either control T cells or
migrated T cells. Migrated cells plus flow-count fluorophores
were harvested and stained for flow cytometry, as previously
described using fluorochrome-conjugated antibodies against
CD3 (APC/Cy7; UCHT1), CD4 (PerCP/Cy5.5; OKT4),
CD127 (APC; A01905), CD25 (PE; M-A251), PD-1
(BV605; EH12.2H7), and CXCR5 (AF488; J252D4) all

Figure 3 IgG Index Correlate With Tfh and Tfr Cells and Tfh/Tfr Cell Ratio

(A) Correlation between IgG index and percentage of CD25− Tfh cells in the CSF frompatients with RRMS. (B) Correlation between IgG index and percentage of
PD-1+CD25− Tfh cells in the CSF from patients with RRMS. (C) Correlation between IgG index and PD-1+CD25− Tfh/Tfr ratio in CSF from patients with RRMS.
RRMS = relapsing-remitting MS; Tfh = follicular helper T; Tfr = follicular regulatory T cells.
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from BioLegend, and the number and percentage of migrated
cells calculated

Number of migrated cells

=
detected number of cells × total number of count − fluorospheres added

detected number of count − fluorospheres

Percent migrated cells =
number of migrated cells

number of cells in the control well
× 100

Statistics
Statistical analyses were performed using GraphPad Prism
7 software (GraphPad software Inc, La Jolla, CA). The
Kruskal-Wallis test followed by a post hoc Dunn multiple

comparison test to compare T-cell subpopulations between
healthy controls, symptomatic controls, and patients with
RRMS and PPMS in blood and CSF. The Wilcoxon paired
signed rank test was applied for comparison of T-cell sub-
populations between blood and CSF of symptomatic con-
trols, patients with RRMS, and patients with PPMS,
respectively. The Mann-Whitney test was applied for
comparison of T-cell cytokines, adhesion molecules, che-
mokine receptors, and migration capacity between healthy
controls and patients with RRMS. Correlations were
assessed by Spearman rank correlation analysis. A p-value <
0.005 was considered statistically significant and <0.05 as
suggestive of significance.25

Figure 4 CXCL13 CSF Concentrations Correlate With Intrathecal Tfh and Tfr Cell Counts

Correlation between CXCL13 CSF con-
centrations and total CSF counts of
CD25− Tfh cells (A.a) and PD-1+ CD25−

Tfh cells (A.b), CD25int Tfh cells (B.a)
and PD-1+ CD25int Tfh cells (B.b), and
Tfr cells (C.a) and PD1+ Tfr cells (C.b)
from patients with RRMS. RRMS = re-
lapsing-remitting MS; Tfh = follicular
helper T; Tfr = follicular regulatory
T cells.
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STROBE Guidelines
For this article, the STROBE reporting guidelines for obser-
vational studies was used.26

Data Availability
Data are available in anonymized form and can be shared by
request form any qualified investigator. Sharing requires ap-
proval of a data transfer agreement by the Danish Data Pro-
tection Agency.

Results
Two Phenotypically Different Tfh
Cell Populations
In this study, we defined Tfh cells as CD4+CD127+CXCR5+

T cells and their corresponding regulatory counterpart, Tfr cells
as CD4+CD127−CD25hiCXCR5+ T cells. Furthermore, we
defined active Tfh and Tfr cells as PD-1+ (Figure 1A). Using
this gating strategy, a CD25− and a CD25int Tfh cell population
became evident (Figure 1A). To investigate a possible phe-
notypical difference between CD25− and CD25int Tfh cells,
various surface markers on freshly isolated PBMCs from 12
healthy controls were measured by flow cytometry. This
showed that approximately half of the CD25− Tfh cell

population were naive cells (CD45RA+CCR7+), and half were
central memory cells (CD45RA−CCR7+) in contrast to
CD25int Tfh cells representing a population primarily of central
memory T cells (Figure 1B, Table 1). In addition, a lower
frequency of CD25− Tfh cells expressed the chemokine re-
ceptor CCR2 and suggestively significantly lower frequency of
the adhesion molecule MCAM-1 compared with CD25int Tfh
cells (Table 1). Similar results were found for PD-1+ Tfh cells
(Table 1). We also examined the expression of the early acti-
vation marker CD69, the late activation marker HLA-DR, the
adhesion molecule CD49d, a part of the VLA-4 molecule, and
the chemokine receptor CCR4 and SLAMF5 involved in Tfh-
B-cell interaction on Tfh cells. However, no differences were
observed between the 2 Tfh subsets (Table 1).

We next examined the expression of CXCR3 and CCR6 on
CD25− and CD25int Tfh cells, dividing them into Tfh1
(CXCR3+CCR6−), Tfh17 (CXCR3−CCR6+), and Tfh17.1
(CXCR3+CCR6+) subpopulations representing different
T-helper functions.12-14 This showed that CD25− and PD-
1+CD25− Tfh cells significantly represented the Tfh1 pheno-
type and that CD25int and PD-1+CD25int Tfh cells significantly
represented the Tfh17 phenotype. The Tfh17.1 phenotype was
suggestively significantly higher in PD-1+CD25int compared
with PD-1+CD25− Tfh cells (Figure 1C, Table 1).

Figure 5 Equal In Vitro Migration of Tfh Cells From Patients With RRMS and Healthy Controls

Absolute number and frequency of CD25− Tfh cells (A.a-b), CD25int Tfh cells (B.a-b), PD-1+ CD25− Tfh cells (C.a-b), and PD-1+ CD25int Tfh cells (D.a-b)migrated
across an in vitro human BBB either noninflamed (-TNF-α/IFN-γ) or inflamed (+TNF-α/IFN-γ) and either with or without a chemoattractant (+/− CXCL13/
CXCL10) applied to the assay. Compared cells are from patients with RRMS and healthy controls (HC). Themean value is shown for all groups analyzed. RRMS
= relapsing-remitting MS; Tfh = follicular helper T.
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Elucidating a potential functional difference between CD25−

and CD25int Tfh cells, we assessed cytokine production of
cryopreserved PBMCs from 12 healthy controls stimulated
with anti-CD3/CD28 beads. This showed no difference of
CXCL13 and IL-21 production between Tfh cell subpopu-
lations. However, IFN-γ and CXCL10 production was sig-
nificantly higher in CD25− and PD-1+CD25− Tfh cells,
whereas IL-17 and IL-4 production was significantly higher in
CD25int and PD-1+CD25int Tfh cells (Figure 1D, Table 1).
See eFigure 1, links.lww.com/NXI/A733 for cytokine and
chemokine gating examples.

Minor Differences of Tfh and Tfr Cells in the
Blood of Patients With MS and Controls
To explore a possible implication of Tfh cells in the path-
ogenesis of MS, we compared the prevalence of peripheral
Tfh and Tfr cells between patients with RRMS, patients
with PPMS, symptomatic controls, and healthy controls.
This showed no difference in either of the peripheral Tfh or
Tfr cell populations between groups, except a suggestively
significant increase in peripheral CD25− Tfh cells in pa-
tients with RRMS compared with healthy controls and a
suggestive increase in PD-1+CD25int Tfh cells in blood
from patients with PPMS compared with healthy controls
(p < 0.05; Figure 2, A–C). In addition, we analyzed absolute
counts of blood Tfh and Tfr cells and found no differences
between groups, except a lower number of CD25− Tfh cells
in blood from patients with PPMS compared with RRMS
(eFigure 2, links.lww.com/NXI/A733). We further in-
vestigated the Tfh/Tfr cell ratio in the blood and found no
difference between the groups analyzed (data not shown).

Enrichment of Tfh and Tfr Cells in the CSF of
Patients With MS
Next, we measured the prevalence of Tfh and Tfr cells in the
CSF of patients with RRMS, patients with PPMS, and symp-
tomatic controls. This showed enrichment of CD25− Tfh cells
in CSF compared with blood in symptomatic controls and
patients with RRMS and PPMS (p < 0.0001; Figure 2A). The
same was observed for PD-1+CD25− Tfh cells in patients with
RRMS and PPMS (p < 0.0001; Figure 2A). By contrast, we
found a reduced frequency of CD25int and PD-1+CD25int Tfh
cells in the CSF of symptomatic controls (p < 0.05) and pa-
tients with PPMS (p < 0.0001; p < 0.005) compared with blood
(Figure 2B).

As observed in symptomatic controls, we found an enrichment
of CD25− and PD-1+CD25− Tfh cells in the CSF compared with
blood in the exploratory cohort of 10 healthy controls
(eFigure 3A, links.lww.com/NXI/A733). The frequencies of
CD25int Tfh and Tfr cells were reduced in CSF compared with
blood in healthy controls, whereas frequencies of PD-1+CD25int

Tfh and PD-1+ Tfr were similar in blood and CSF (eFigure 3B,C,
links.lww.com/NXI/A733).

Comparing frequencies of intrathecal Tfh cells between
groups showed an increased frequency of CD25− and PD-

1+CD25− Tfh cells in patients with RRMS (p < 0.0001; p <
0.05) and PPMS (p < 0.05) compared with symptomatic
controls (Figure 2A). Comparing CD25int and PD-1+CD25int

Tfh cells between groups only showed a suggestive increase in
the CSF of patients with RRMS compared with symptomatic
controls (p < 0.05; Figure 2B).

These observations indicate changes in the intrathecal Tfh
dynamics, particularly in patients with RRMS. This was fur-
ther supported by the observation of an increased intrathecal
frequency of Tfr and PD-1+ Tfr cells in patients with RRMS
compared with symptomatic controls (p < 0.005, p < 0.05;
Figure 2C). Conversely, the frequency of Tfr cells was de-
creased in CSF compared with blood in patients with PPMS
and symptomatic controls (p < 0.0001; Figure 2C), but not in
patients with RRMS. No differences in intrathecal Tfh/Tfr
cell ratios between groups were found (data not shown).

Intrathecal CD252 Tfh Cells Correlate With the
IgG Index
We next considered a possible association between in-
trathecal Tfh cells and the IgG index. This showed that high
levels of IgG index scaled with increased frequencies of
CD25− Tfh cells (p = 0.025; Figure 3A), PD-1+CD25− Tfh
cells (p = 0.012; Figure 3B), and the PD-1+CD25− Tfh/Tfr
cell ratio (p = 0.031; Figure 3C) of patients with RRMS.

Intrathecal Counts of Tfh and Tfr Cells
Correlate With CXCL13 CSF Concentration
in RRMS
Considering the pronounced CSF enrichment of Tfh and Tfr
cells in patients with RRMS, we analyzed a possible associa-
tion between Tfh and Tfr cell count and the CSF concen-
tration of the chemoattractant CXCL13. CSF levels of
CXCL13 were significantly higher in patients with RRMS
(median 9.45 pg/mL, interquartile range (IQR) 6.3 pg/mL)
than in symptomatic controls (median 0.5 pg/mL, IQR 0.19
pg/mL, p < 0.0001), and suggestively higher in patients with
PPMS (median 3.6 pg/mL, IQR 3 pg/mL) than in SC (p =
0.01). Furthermore, we found that in patients with RRMS,
CSF CXCL13 concentrations scaled with total counts of all
the Tfh and Tfr cell subsets studied in CSF (Figure 4, A–C).

Equal Migration Capacity of Tfh Cells From
Healthy Controls and Patients With RRMS
Wenext investigated the CNSmigratory potential of peripheral
Tfh cells from patients with RRMS and healthy controls. For
this, we applied purified T cells to an in vitro BBB coculture
assay of primary human astrocytes and primary HBMEC
grown in a Boyden chamber. In this experiment, T cells were
left to migrate on both a noninflamed and an inflamed BBB
(prestimulated with TNF-α and IFN-γ for 24 hours) using the
chemokines CXCL13 and CXCL10 as chemoattractants. This
showed no difference in absolute number and frequencies of
migrated CD25−, CD25int, PD-1+CD25−, or PD-1+CD25int

Tfh cells between healthy controls and patients with RRMS in
any of the BBB assay conditions applied (Figure 5, A–D).
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Discussion
In this study, we investigated the involvement of Tfh cells in
MS. Several studies have reported dysregulated levels of Tfh
and Tfr cells in blood from patients with MS suggesting their
importance in disease pathogenesis.6,17,27 However, there are
discrepancies between studies reporting both elevated and
similar frequencies of circulating Tfh cells in patients with
RRMS compared with healthy controls.10,14,15,28 This may at
least partially relate to differing definitions of Tfh cells.

In this study, we considered that the definition of CD4+ Tfh
cells based exclusively on CXCR5 expression includes a fraction
of T cells with regulatory functions. Therefore, to separate
effector Tfh cells (CD127+) from the regulatory Tfr cells
(CD127−CD25hi), we included the markers CD127 and CD25.
Thorough phenotyping of CD4+CD127+CXCR5+ Tfh cells
revealed 2 distinct Tfh populations: a CD25− and a CD25int Tfh
population. These were further subdivided according to their
activation status based on PD-1 expression. The CD25− Tfh cell
population was composed of approximately 45% naive and 45%
central memory T cells, while CD25int Tfh cells were mainly
central memory T cells, suggesting that CD25int Tfh cells to a
greater extent represent an antigen-primed subset of Tfh cells.

Proportional differences of the Tfh subsets Tfh1, Tfh17, and
Tfh17.1, defined according to the expression of the chemo-
kine receptors CXCR3 and CCR6, have been associated with
autoimmunity.12-14 Tfh17 cells were described as efficient
inducers of naive B-cell production of IgG and IgA in contrast
to Tfh1 lacking the capacity to help B cells.12 Here, we found
that CD25− and PD-1+CD25− Tfh cells were enriched for
Tfh1 phenotype cells producing significantly higher levels of
IFN-γ and CXCL10 than CD25int and PD-1+CD25int Tfh
cells, which conversely expressed a Tfh17 phenotype pro-
ducing higher levels of IL-17 and the Th2 cytokine IL-4. The
observation that CD25int Tfh cells represent a Tfh17 phe-
notype was further supported by our findings of a significant
increase in expression of the chemokine receptor CCR2 and
the adhesion molecule MCAM-1 on CD25int Tfh cells, both
predominantly expressed on Th17 cells.29-32

In this study, we considered the implication of Tfh cells in MS
pathogenesis. First, we assessed the prevalence of the 4 Tfh
populations in blood from healthy controls, symptomatic
controls, and patients with RRMS and PPMS. In contrast to
previous studies, we found no differences in the peripheral
Tfh cell populations or their regulatory counterpart Tfr cells,
between groups except for a suggestively significant increase
in CD25− Tfh cells in patients with RRMS compared with
healthy controls and a suggestive increase in PD-1+CD25int

Tfh cells in blood from patients with PPMS compared with
healthy controls. Circulating blood Tfr cells were previously
observed to be significantly reduced in patients with RRMS
compared with healthy controls and also had a clearly reduced
suppressive function.33,34 However, we found no difference in
frequencies of circulating Tfr cells between groups.

A single-cell RNA sequencing study recently reported in-
creased frequencies of Tfh cells in CSF from a small group of
patients with RRMS compared with healthy controls, sug-
gesting these as key mediators of B-cell recruitment and ex-
pansion in CSF.35 In agreement, we found a significant CSF
enrichment of CD25− Tfh cells compared with blood in
healthy and symptomatic controls and patients with RRMS
and PPMS. Similarly, we found a significant CSF enrichment
of PD-1+CD25− Tfh cells, however only in patients with
RRMS and PPMS and healthy controls. When comparing Tfh
cells in CSF, we found that both CD25− and PD-1+CD25−

Tfh cells were significantly increased in patients with MS
compared with symptomatic controls. Therefore, our data
indicate an increased presence of CD25− Tfh cells in the CSF
of patients with MS in contrast to CD25int Tfh cells. The
increase in CSF CD25− Tfh1 cells may be due to their ex-
pression of CXCR3, which is notoriously linked to cell re-
cruitment to CXCL10-expressing tissue, as the CSF of
patients with MS. The observed low abundance of CD25int

Tfh17 cells in the CSF may be due to diminished recruitment
of this antibody-promoting Tfh subset from the blood or
result from their migration into the meninges, the center of
Tfh:B-cell interaction, or into the brain parenchyma. Where
CD25int Tfh17 cells likely participate in MS pathogenesis
through B-cell activation and antibody production, the im-
portance of the observed increased frequency and activity
(PD1+) of intrathecal CD25− Tfh1 cells is more speculative.
CD25− Tfh1 cells may contribute to MS pathogenesis
through B-cell recruitment in response to their CXCL13
production or through microglia activation in response to
their IFN-γ production. CD25− Tfh1 cells and particularly
PD-1+CD25− Tfh cells produce high amounts of IFN-γ, a
cytokine that enhances the production of superoxides and
expression of FcR on microglia cells.36 Microglia are a pop-
ulation of cells in the CNS considered immune guards capable
of performing a potent inflammatory response.37 In patients
with MS, microglia increase their expression of FcγR, recep-
tors that detect and bind IgG antibodies. FcγR:IgG binding
on microglia leads to a release of inflammatory mediators,
oxidative burst, phagocytosis, neurotoxicity, and regulation of
B-cell activation and antibody production.36 It is possible that
CD25− Tfh1 and CD25int Tfh17 cells cooperate in B-cell
activation and nervous tissue damage. This hypothesis is
supported by our finding of a correlation between intrathecal
CD25− and PD-1+CD25− Tfh1 cells and the IgG index.

Considering that the Tfh cells were increased in CSF and that
this was more pronounced in patients with RRMS compared
with symptomatic controls, we investigated whether the Tfh
cells of patients with RRMS had a greater potential to migrate
across a human in vitro BBB. We found that Tfh cells of
patients with RRMS and healthy controls migrated equally
well across the BBB when exposed to the same conditions.
This suggests that the enrichment of Tfh cells observed in vivo
in the CSF might depend on the concentration of intrathecal
chemoattractants. Previous studies have shown increased
concentrations of the CXCR5 and CXCR3 chemokine
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ligands CXCL13 and CXCL10 in CSF from patients with MS
compared with healthy controls.18-21,38,39 We confirm signif-
icantly higher CXCL13 CSF levels, especially in patients with
RRMS, and furthermore, we found that CXCL13 levels cor-
related with intrathecal counts of Tfh and Tfr cell subsets.
Collectively, these data indicate that the enhanced re-
cruitment of both Tfh and Tfr cells to the CSF observed in
patients with RRMS likely is a result of the increased con-
centrations of CXCL13 rather than an increased migratory
potential of Tfh and Tfr cells.

With this study, we investigated the role of Tfh cells in the
pathogenesis of MS. We provide evidence that Tfh cells are
related to the MS-associated intrathecal inflammation. We
found enrichment of Tfh cells in symptomatic controls;
however, this was even more pronounced in patients withMS.
Despite increased frequencies of Tfh cells in CSF, we found
no differences in the migratory capacity between Tfh cells
from patients with RRMS and healthy controls. Instead, the
increased number of CSF Tfh cells in patients with MS might
be attributed to increased CXCL13 concentrations in the
CSF. In addition, we found correlations between IgG index
and frequencies of CSF-resident CD25− Tfh cells as well as
CD25− Tfh/Tfr ratio in patients with RRMS, suggesting a
dysregulated Tfr function important for the Tfh activity.
These findings suggest that Tfh cells possess significant po-
tential for migration across the BBB and that they are likely
implicated in the intrathecal antibody production observed
in MS.
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Abstract
Background and Objectives
IVIg has been the preferred immunotherapy in stiff-person syndrome (SPS) based on a
3-month controlled trial, but whether it is also effective in inducing long-term benefits or
arresting disease progression is unknown. The information is needed because SPS is a pro-
gressively disabling disease and IVIg is liberally used as chronic therapy without efficacy data.
The present study explores the long-term effects of IVIg in the largest cohort of well-
characterized patients with SPS followed by the same clinicians over 10 years.

Methods
Data of 36 patients (32 glutamic acid decarboxylase [GAD] positive), diagnosed and treated
with monthly maintenance IVIg by the same neurologists, were analyzed. Response was
assessed by physician-observed changes, patients’ reports of symptom improvement, modified
Rankin Scale (mRS) scores, and dependency trials evaluating symptom recurrence after
stopping IVIg, prolonging infusion frequency, decreasing monthly dose, or wearing-off effects
in between doses. Clinically meaningful long-term response was defined by improved mRS
scores, improvement in physician-assessed stiffness, balance and gait, and functional decline
with dependency trials.

Results
Twenty-four of 36 (67%) patients had clinically meaningful response over a median 40-month
period. Patients with improved mRS scores by 1–2 points manifested improved gait, posture,
balance and decreased stiffness, spasms, and startle response; some patients using a wheelchair
and those ambulating with devices walked unassisted. In 25% of responders, treatment benefit
was sustained for a 40-month median period, but in 29.1%, it declined over a 39-month period;
12.5% exhibited a conditioning effect. Three of 5 patients with cerebellar GAD-SPS variant also
improved over time. The 12 patients who did not respond the first 3 months remained
unresponsive even if IVIg continued for several months.

Discussion
This is a large study in 36 patients with SPS demonstrating that monthly maintenance IVIg
therapy offers long-term benefits in 67% of patients for a median 3.3-year period. Because
29.1% experienced diminishing benefit over time due to disease progression, the study high-
lights the need for more effective therapies.
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Stiff-person syndrome (SPS) is an autoimmune disorder
characterized by simultaneous contraction of agonist and
antagonist muscles, resulting in muscle rigidity and
stiffness.1-5 Diagnostic criteria for SPS include stiffness of the
limbs and axial muscles, particularly abdominal and thor-
acolumbar paraspinals; superimposed painful spasms pre-
cipitated by emotional distress or unexpected tactile or
auditory stimuli; and high (>1: 10,000 by ELISA) serum
antiglutamic acid decarboxylase (GAD)-65 antibody titers in
up to 80% of the patients.1,4 Detailed follow-up data from 53
sequentially studied patients have shown that without im-
munotherapy, SPS is a progressive disease leading to cu-
mulative physical disability over time even with the use of
antispasmodic medications such as baclofen, diazepam, and
gabapentin.6

Among the immunotherapeutic agents, high-dose in-
travenous immunoglobulin (IVIg) is currently the pre-
ferred treatment for patients with SPS who do not achieve
symptom control with muscle relaxants and benzodiaze-
pines, based on a placebo-controlled randomized trial that
had shown that high-dose IVIg significantly improves
stiffness, spasms, and gait, over a 3-month study period.7

Because SPS is a progressive disease, IVIg is currently used
as a chronic monthly treatment, although long-term effi-
cacy data are lacking. As a result, there is significant overuse
while a placebo or conditioning effect, common in one-
third of patients receiving chronic IVIg therapy, is likely
overlooked.8,9

Considering that SPS is a rare disease, it is not practical to
perform a prospective long-term controlled study, while
giving placebo over long periods may raise clinical ethics
issues. Careful data collection in well-characterized pa-
tients followed by the same physicians using dependency
tests to distinguish true treatment benefit from a condi-
tioning or a placebo effect, as previously witnessed in a
controlled study with rituximab,10 is a realistic option to
document long-term efficacy. Apart from 2 small studies
with 2–5 patients over short time periods using sub-
cutaneous immunoglobulin,11,12 there is only one relatively
large size study in 19 patients receiving IVIg13 that was
based on retrospective data collected using a patient-
reported scoring system without performing dependency
tests to objectively assess efficacy.

The present study describes long-term data from the largest
cohort of patients with SPS treated monthly with IVIg and
followed over the last 10 years at a single academic center by
the same clinicians with expertise in SPS, including the

performance of 2 controlled trials,7,10 adhering to the same
clinical criteria. Importantly, this is also the first study evalu-
ating long-term IVIg benefits trying to distinguish treatment
response from placebo or conditioning effects by performing
IVIg dependency trials.8

Methods
All adults over the age of 18 with typical SPS,1 diagnosed by
the same neurologists based on the previously published di-
agnostic criteria1,2,7 and followed in our clinic within the last
10 years (2011–2021) were included in the study analysis. All
patients received IVIg as prescribed and monitored by the
same lead clinician and/or his trainees.

Data collected included demographic information, anti-GAD
Ab status, when symptoms started, duration and doses of
treatment with IVIg, patients’ subjective treatment response,
physician-observed effects of IVIg, frequency of dependency
trials (or their equivalent), modified Rankin Scale (mRS)
scores, and estimated duration ofmeaningful benefit from IVIg.
Response to IVIg was analyzed using both patients’ subjective
report of symptom improvement and physician assessments.
After initiation of IVIg, patients underwent dependency trials
when clinical improvement plateaued to confirm continuing
need for therapy. A formal dependency trial was performed in
patients receiving IVIg by holding doses, prolonging the fre-
quency of IVIg infusions to more than 4 weeks, or decreasing
the monthly IVIg dose to assess for recurrence of symptoms or
regression of symptom severity, as previously discussed.8 Other
equivalents to a formal dependency trial involved missed doses
due to insurance issues or the COVID-19 pandemic or ob-
serving a wearing-off effect in between IVIg doses. Of impor-
tance, the subgroup analysis was precisely performed to
distinguish the patients who did not undergo dependency trials
from those who did. A modified Rankin Scale score was cal-
culated based on documentation before starting IVIg, after the
first few months of full IVIg dose, and at follow up visits while
on maintenance therapy to evaluate for functional improve-
ment. A clinically meaningful response to IVIg was defined by a
change in the mRS score after IVIg treatment; improvement in
physician-assessed stiffness, balance, and gait; or a decline in
stiffness, balance, gait, and daily functioning with dependency
trials. Duration of meaningful benefit was calculated based on
patient and physician assessment of when treatment with IVIg
no longer produced clinically meaningful changes.

IVIg dosing was also taken into consideration based on the
information available in the records. Every patient was gen-
erally treated first with an IVIg dose of 2 g/kg of body weight

Glossary
GAD = glutamic acid decarboxylase; IVIg = intravenous immunoglobulin; mRS = modified Rankin Scale; SPS = stiff-person
syndrome.
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Table 1 Characteristics of Patients With SPS Who Responded to Long-term IVIg Maintenance Therapy (IVIg Responders)

ID
# Age/sex

Time from
symptom onset to
diagnosis (y)

Time from symptom
onset to treatment
with IVIg (y)

GAD
antibody
positivity Type of responder Dependency trials

Total
duration of
IVIg (mo)

Estimated
duration of clinical
benefit (mo) IVIg benefit

R1 55/F 9 11 GAD Ab (+) Continued benefit Wearing-off effect 38 38 Decreased spasms and improved gait

R2 41/F 0 0 GAD Ab (+) Continued benefit Wearing-off effect 42 42 Decreased spasms and improved gait
(mRS score 4 → 2)

R3 32/F 14 Cannot determine GAD Ab (+) Continued benefit Wearing-off effect At least 55 At least 55 Decreased spasms

R4 49/F 1 1 GAD Ab (+) Continued benefit None, recently started IVIg 13 13 Decreased stiffness and back pain;
improved gait (mRS score 3 → 2)

R5 54/F 2 4 GAD Ab (+) Continued benefit None At least 28 At least 28 Improved function and gait (mRS score
4 → 3)

R6 78/F 11 14 GAD Ab (+) Continued benefit Wearing-off effect 62 62 Unspecified

R7 47/F 3 3 GAD Ab (+) Decreasing benefit Wearing-off effect; decreased
frequency

41 19 Improved walking, stiffness, flexibility,
facial expression, and dysarthria

R8 59/F Cannot determine Cannot determine GAD Ab (+) Decreasing benefit Wearing-off effect At least 16 Cannot determine Unspecified

R9 40/F 7 8 GAD Ab (-) Decreasing benefit Wearing-off; decreased
frequency and dose

22 22 Increased energy; decreased pain and
spasms; improved gait

R10 72/F 26 26 GAD Ab (+) Decreasing benefit Missed dose due to COVID 63 50 Improved gait and balance; decreased
spasms; decreased pain (mRS score
3 → 2)

R11 53/M 1 1 GAD Ab (+) Decreasing benefit 6-mo gap without insurance 31 31 Improved gait and walking speed and
faster speech (mRS score 4 → 3)

R12 57/F 1 1 GAD Ab (+) Decreasing benefit Decreased frequency during
COVID

121 Cannot determine Improved pain, stiffness, and gait

R13 59/M 1 2 GAD Ab (+) Decreasing benefit Wearing-off effect; dose held 39 39 Improved balance and gait; decreased
rotary nystagmus and rigidity

R14 60/F 6 8 GAD Ab (+) No dependency trial None At least 58 Cannot determine Decreased stiffness and spasms

R15 73
(now
deceased)/F

4 0 GAD Ab (+) No dependency trial None 143 Cannot determine Unspecified

R16 56/F 2 4 GAD Ab (+) No dependency trial None 90 Cannot determine Improved gait; decreased stiffness and
spasms (mRS score 4 → 2)

R17 51/F 7 8 GAD Ab (+) No dependency trial None At least 23 Cannot determine Improved gait, decreased stiffness

Continued
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Table 1 Characteristics of Patients With SPS Who Responded to Long-term IVIg Maintenance Therapy (IVIg Responders) (continued)

ID
# Age/sex

Time from
symptom onset to
diagnosis (y)

Time from symptom
onset to treatment
with IVIg (y)

GAD
antibody
positivity Type of responder Dependency trials

Total
duration of
IVIg (mo)

Estimated
duration of clinical
benefit (mo) IVIg benefit

R18 57/F 0 0 GAD Ab (+) No dependency trial None 13 Cannot determine Decreased stiffness

R19 74/F 1 1 GAD Ab (+) Conditioning effect Dose held; dose decreased 58 54 Improved gait and mobility; decreased
stiffness and pain (mRS score 4 → 3)

R20 60/M Cannot determine Cannot determine GAD Ab (+) Conditioning effect Doses held for 6moafter PE; dose
held; wearing-off effect

23 20 Decreased spasms and stiffness;
decreased startle response

R21 62/F Cannot determine Cannot determine GAD Ab (+) Conditioning effect Wearing-off effect; decreased
frequency due to insurance;
decreased dose

216 205 Improved mobility; decreased spasms
and stiffness

R22 72/F 3 3 GAD Ab (+) Discontinued
prematurely

N/A 48 N/A Improved gait; decreased spasms and
stiffness

R23 68/F 5 8 GAD Ab (-) Decreasing benefit over
time; discontinued
prematurely

Wearing-off effect; dose held 12 N/A Improved balance, walking speed, and
posture; decreased startle response
and spasms

R24 61/F 0 1 GAD Ab (+) Discontinued
prematurely

Dose held 11 N/A Improved gait; decreased stiffness
(mRS score 4 → 3)

Abbreviations: IVIg = intravenous immunoglobulin; mRS= modified Rankin Scale; N/A = not applicable; SPS = stiff-person syndrome.
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for at least 3 months, as in our original IVIg trial.7 The sub-
sequent maintenance IVIg doses either remained the same
(2 g/kg per month) throughout the follow-up period or varied
from 1 to 2 g/kg every 3–6 weeks based on the results of
dependency tests, as per standard IVIg maintenance protocol
for all neurologic disorders.8

Data Availability
Data not provided in the article due to space limitations may
be shared (anonymized) at the request of any qualified in-
vestigator for purposes of replicating the results.

Standard Protocol Approvals, Registrations,
and Patient Consents
Chart review and data analysis were approved by the IRB of
the Jefferson Office of Human Research (MCD: principal
investigator). Patient consent was not required for this ret-
rospective chart review.

Results
Demographics
The study included 36 patients, 29 women and 7 men, of
median age 58 years (range 32–81 years). Time from
symptom onset to SPS diagnosis ranged from 0 years
(diagnosed the same year as symptom onset) to 26 years,
with a median of 3.5 years. Time from symptom onset to
treatment with IVIg ranged from 0 years (treated the same
year as symptom onset) to 26 years with a median of 4
years. Thirty-two of the 36 patients were positive for GAD-
65 antibodies with high titers, as previously
specified1,4,14-16; 4 patients were diagnosed with seroneg-
ative SPS based on all the other required criteria and
exclusions4,5 (Table 1, eTable 1, links.lww.com/NXI/
A732). Five GAD-positive patients also had cerebellar
involvement, as part of GAD-SPS spectrum disorder.4,5,17

Overall Clinical Changes andBenefits From IVIg
Of the 36 patients, 24 (67%) had a clinically significant re-
sponse to treatment with IVIg, similar to what was noted in
our original short-term (3-month) controlled study,7 with
benefit extended up to a median period of 40 months
(Figure 1). Of the 4 patients with seronegative SPS, 2 im-
proved with IVIg; 1 had complications and discontinued
treatment after a single dose, and the fourth did not respond
to IVIg. Subjectively, the responders reported the following
overall long-term experience with IVIg: improved gait, im-
proved daily functioning, improved balance, decreased dys-
arthria and faster speech, decreased stiffness, decreased
painful spasms, improved energy, decreased startle response,
improved posture, and improved facial expression (Table 1).
Based on objective neurologic examinations, responders were
noted to have decreased rigidity, improved gait, improved
facial expression, decreased nystagmus, and decreased dysar-
thria (in the patients with SPS and cerebellar findings).

Among the 36 patients who received IVIg, 12 patients did not
exhibit any benefit (as defined above), at any time during a
median of 3 months (range 1–24 months) of IVIg treatment
(Figure 1; eTable 1, links.lww.com/NXI/A732). No differ-
ences in the clinical phenotype, GAD Ab status, or symptom-
atology characteristics were noted between the responders and
nonresponders.

Response Assessed by the Modified Rankin
Scale Score
Of the 24 IVIg responders, 8 patients (33%) responded to the
extent that their modified Rankin Scale score improved by 1
point (in 6 patients) or by 2 points (in 2 patients), most
dramatically illustrated by the ability to walk without an
assistive device after treatment. Specifically, 6 of these patients
were using a wheelchair before starting IVIg but became able
to walk independently (R2 and R16; Table 1) or with a cane

Figure 1 Median Duration and Range of IVIg Treatment in 36 Patients With Stiff-Person Syndrome Categorized as IVIg
Responders or Nonresponders

IVIg responders were subcategorized based on their response to long-term treatment—continued benefit over time, decreasing benefit over time, dem-
onstration of a conditioning effect, not assessed with a dependency trial, or unable to assess due to premature discontinuation of therapy.
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or walker (R5, R11, R19, and R24; Table 1) several months
after IVIg; 2 others who required a cane or a walker to walk
pre-IVIg became able to walk without assistance after several
IVIg courses (R4, R10; Table 1). The other 16 responders
maintained the same mRS score after long-term IVIg treat-
ments, demonstrating a stabilizing effect.

Duration of Long-term Benefit of IVIg and
Dependency Tests
For the 24 IVIg responders, the duration of treatment ranged
from 11 to 216 months, with a median of 40 months (Figure 1).
Sixteen of the 24 responders underwent formal dependency trials
or an equivalent. After holding their IVIg infusions, reducing the
monthly IVIg dose from 2 g/kg to 1 g/kg or prolonging the
frequency of the infusions, there was a clear symptom recurrence
indicating that maintenance therapy was beneficial and still
needed. One patient (R1; Table 1) who declined further when
IVIg was held due to poor venous access exhibited a satisfactory
clinical response with less side effects when switched to SCIg; in
this patient, SCIg continues to ensure improvement and stability
for the last 2 years. Eight of the 24 responders continued re-
ceiving treatment without undergoing a formal dependency test
(Figure 2); 2 of these patients continued to experience clear
benefit and were categorized in Table 1 in the responders with
continued benefit subgroup; another prematurely discontinued
therapy because of medical comorbidities and was categorized in
Table 1 in the discontinued prematurely subgroup; the remain-
ing 5 continued on IVIg for a median of 58 months (range
13–143 months) because it was felt to be beneficial and were
categorized in Table 1 in the responders with no dependency
trial subgroup.

Subgroup Analysis of Long-term Responders
Based on Continuing Stability, Declined
Benefit, Conditioning Effect, or Safety Issues
Of the 24 patients who benefited from IVIg with a high
maintenance dose of 2 g/kg per month, 6 patients (25%) with
active disease continued to experience and exhibit clinically

meaningful benefit for a median duration of 40 months (range
13–62 months) (Figure 1). Seven other patients (29.1%) also
exhibited clinically meaningful improvement based on de-
pendency trials for a median of 39 months (range 16–121
months), but started to notice a decreasing relative treatment
benefit after an estimated median of 31 months (range 19–50
months), despite receiving high-dose IVIg treatments
(Figure 2 and Table 1).

Three of the 24 responders (12.5%) (Figure 2) who initially
demonstrated clear benefit experienced decreasing benefit over
time but were continued onmaintenance therapy despite a lack
of objective decline with dependency tests. These patients
requested continuation of IVIg therapy, citing increased fatigue
and pain without treatment and expressing fear that their
functional status would decline if not continued on mainte-
nance therapy, exhibiting a form of conditioning effect.8,9 This
patient subgroup remained on maintenance therapy for a me-
dian duration of 58months (range 23–216months) (Figure 2).

Of the 24 patients who benefited from IVIg, 3 patients (12.5%)
prematurely discontinued treatment after a median period of
12 months (range 11–48 months) due to other medical
comorbidities (Figures 1 and 2). One patient discontinued
IVIg due to cardiac risk factors, another due to starting other
immunotherapies for rheumatologic conditions, and the third
as advised due to a prior intracerebral hemorrhage considered
unrelated to IVIg. Overall, other than the common and mild
infusion–related reactions,8 no major adverse events were ob-
served with the chronic IVIg treatments.

GAD-Positive PatientsWith SPSWithCerebellar
Involvement (GAD-SPS Spectrum)
Five GAD-positive patients with SPS also had cerebellar
findings with ataxia and dysarthria, consistent with GAD-
SD.4,5,10 Three of these patients (R7, R11, and R13; Table 1)
exhibited a beneficial response to IVIg with objective im-
provement in speech, balance, and nystagmus but with

Figure 2 Relative Proportion of Patients With Stiff-Person SyndromeWho Responded to IVIg Therapy in Each Subcategory
of Responders With the Median Duration and Range of Treatment for Each Category
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decreasing benefit over time. One patient (R11, Table 1) had
a substantial response with improvement in the mRS score,
going from being a wheelchair user before IVIg to being able
to walk with a walker after IVIg; he gradually exhibited,
however, decreasing benefit and switched to rituximab. Two
other patients (NR3 andNR8; eTable 1, links.lww.com/NXI/
A732) did not show convincing signs of improvement and
were categorized as nonresponders, although 1 patient noted
a mild but transient improvement in gait.

Discussion
The study demonstrates that maintenance therapy with IVIg
continues to be effective over a median of 3.3 years in 67% of
patients with typical SPS, improving daily functioning, gait, bal-
ance, painful spasms, posture, and facial expression with a de-
monstrable effect in decreasing stiffness, spasms and startle
response. Although uncontrolled due to disease rarity and clinical
ethics to give placebo over 2–3 years, this is a long-term study in a
large group of patients with SPS seen over time by the same
experienced clinicians that documents continued IVIg efficacy
based on a combination of mRS scores, dependency tests, and
objective clinical observations. The results complement the con-
clusions from the original short-term 3-month controlled study
that the same investigators conducted 20 years ago with a much
smaller number of enrolled patients.7 The present analysis,
however, highlights several additional observations of increased
clinical and practical importance.

First, 33% of responders experienced improvement in their main
disabling symptoms over time substantial enough to improve
their mRS score by 1 or 2 points; patients who were using a
wheelchair or unable to ambulate independently before receiving
IVIg became able to walk with an assistive device or in-
dependently with maintenance therapy. This demonstrates that a
subset of patients can achieve and maintain major functional
improvement with monthly IVIg. Given that in a longitudinal
study patients with SPS manifested disabling progression over a
2–4-year observational period,6 the present data show that
maintenance IVIg therapy provides a stabilizing effect and may
delay disease progression.

Second, among all IVIg responders, 25% continued to experience
persistent benefit for a median period of 40 months (range 13–62
months); 29.1% of them, however, started to experience dimin-
ishing relative benefit after an estimated median period of 31
months. Such a declining efficacy was not related to prolonged
infusion frequency or reduced IVIg dosing, given that patients
continued on a high dose of 2 g/kg per month as determined by
the dependency tests, but it rather represents reduced effect most
likely due to disease progression. As stated earlier, the longitudinal
study with 57 GAD-positive patients with SPS examined and fol-
lowed at the NIH every 6 months for a 2-year period by the same
clinicians as in this study had shown that SPS is a progressive
disease; 80% lost the ability to walk independently after a 2-year
follow-up period without immunotherapy, exhibiting increased
stiffness and heightened sensitivity scores, worsening functional

status, higher frequency of falls, and impaired ability to walk in-
dependently or perform work duties.6 Importantly, after the first
two-year follow up period, 5 patients could no longer functionwith
only antispasmodic therapy and required intermittent IVIg infu-
sions with considerable benefit.6 On this basis, the present study
suggests that IVIg may inhibit disability progression for a period of
time in a considerable subset of patients with SPS, but the obser-
vation that 33% of patients did not respond and that 29.1%
exhibited decreasing benefit over time highlights the need formore
effective maintenance therapies, especially at the time when the
benefit of IVIg starts to decline.

Third, a small (12.5%) patient subset with demonstrable initial
improvement felt the need to continue on maintenance IVIg for a
median of 58-month observational period, despite acknowledging
no significant objective difference with dependency tests. These
patients asserted that IVIg was helpful in reducing fatigue and pain,
while expressing fear that they would decline if not continued on
maintenance therapy. Such a conditioning effect, initially observed
in patients with CIDP receiving maintenance IVIg therapy,9 has
now been observed in patients with other autoimmune neurologic
conditions on chronic IVIg therapy.8 In the 2 large controlled
CIDP trials, ICE and PATH, 37% of patients randomized to pla-
cebo remained stable for a 24-week study period, even if they were
previously observed to be IVIg-dependent.8,9 Because a placebo
effect has been also noted in our randomized trial on patients with
SPS receiving rituximab,10 a placebo component cannot be ex-
cluded among the small number of those patients in the present
studywho exhibited benefit but did not undergo dependency trials.
Carefully performing periodic dependency trials in patients with
SPS receiving chronic IVIg therapy remains fundamental to avoid
overuse; furthermore, educating patients from the outset of po-
tential risks is essential, especially in poorly mobilized patients with
SPS with other comorbidities, such as insulin-dependent diabetes
who are at risk for thrombosis and other adverse effects.8 The
observation that 33% of patients who did not respond to IVIg
during the first 3 months did not also respond even when therapy
continued for up to 20 months underscores the need for prudent
use of IVIg in clinical practice to avoid overuse.

Fourth, long-term high-dose IVIg tolerance was very good
with only 3 of the 24 responders discontinuing therapy pre-
maturely due to IVIg-related side effects or other medical
comorbidities. Two of the nonresponders also had IVIg-related
side effects or medical comorbidities preventing continued use.

Despite some study limitations, mainly the lack of a control
group due to obvious difficulties in giving placebo for long
periods in a rare disease and the constraints of a retrospective
chart review, this study has conclusively demonstrated the ef-
fectiveness of IVIg as chronic maintenance therapy while
highlighting the need for new or novel therapies for the chronic
management of SPS. Promising immunotherapies should be,
however, tested in a randomized controlled design, as done
with the rituximab trial,10 but in a larger number of patients
involving many centers, or as concluded from the results of the
large but uncontrolled hematopoietic stem cell transplantation
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study that led to early termination.18,19 Although both of these
studies failed to show efficacy, rituximab and autologous he-
matopoietic stem cell transplantation can still provide benefit in
some patients with SPS over a long time period.10,20,21
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Abstract
Background and Objectives
Anti-NMDA receptor encephalitis (anti-NMDARE) is one of the most common causes of
encephalitis. It typically presents in adolescence and young adulthood, but little is known about
its potential long-term consequences across the lifespan. Adaptive behavior describes an in-
dividual’s ability to respond and adapt to environmental demands and unanticipated changes in
daily routines. In this study, we evaluate the relationship between features from clinical pre-
sentation, including age, and long-term adaptive behavior in participants with anti-NMDARE.

Methods
Cross-sectional informant-reported data were collected between 2017 and 2019 from 41
individuals/caregivers of individuals with anti-NMDARE treated at 3 major academic hospitals.
Neurologic disability was assessed by record review using the modified Rankin Scale (mRS).
Functional outcomes were assessed using the validated Adaptive Behavior Assessment System,
Third Edition (ABAS-3).

Results
The mean age at the time of study enrollment was 23.4 years (SD 17.0 years), and the mean
time from symptom onset to study enrollment was 4.0 years. Seventeen participants were aged
<12 years at symptom onset, 19 participants were aged 12–30 years, and 5 participants were
aged >30 years. Mean ABAS-3 scores at study enrollment for all participants were in the average
range (mean general adaptive composite standard score 92.5, SD 18.7). Individuals aged <12
years at symptom onset had lower mean ABAS-3 scores and were in the below average range
compared with those aged 12–30 years at symptom onset, whose mean scores were in the
average range (87 vs 99, p < 0.05). Similar differences were seen in 3 of the individual subscales
(functional academics, health and safety, and self-care). There were no significant differences in
mRS scores between age groups (p > 0.05).

Discussion
Although anti-NMDARE is associated with an overall favorable outcome, younger age at onset
associates with worse long-term adaptive behavior despite no differences in neurologic dis-
ability. These findings suggest that the disease may have distinct consequences on the early
developing brain. Future studies should evaluate behavioral recovery and quality of life after
anti-NMDARE and identify additional factors associated with differential recovery.
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Anti-NMDA receptor encephalitis (anti-NMDARE) is now
recognized as the most common identified cause of enceph-
alitis in children and young adults, accounting for 40% of cases
with an identified etiology and more common than any in-
dividual viral etiology.1,2 The disease manifests as subacute
behavioral change or cognitive dysfunction often accompa-
nied by reduced consciousness, speech dysfunction, seizures,
movement disorder, and autonomic instability.3

Recent literature has focused on advancing understanding of the
long-term outcomes of individuals with anti-NMDARE. Al-
though patients typically have dramatic and frequent improve-
ment inmotor disability,4 studies have also noted specific deficits
in cognition, behavior, and psychosocial well-being, as well as
substantial caregiver burden, years after initial presentation.5-9

Clinical features at the time of presentation that have been as-
sociated with poorer long-term outcomes include requirement
for intensive care unit (ICU) admission and longer time be-
tween diagnosis and treatment initiation.4,10

In this study, we aimed to evaluate long-term behavioral
function in individuals with anti-NMDARE with focus on
adaptive behavior,11 the ability to complete age-expected tasks
in everyday environments.12 Adaptive behavior is a valuable
outcome that encompasses functional outcomes in a real-
world setting beyond what can be measured in performance-
based testing. Furthermore, we investigated the association
between features of their clinical presentations and long-term
outcomes, in particular the role of age at symptom onset,
based on earlier observations at a single institution of worse
outcomes in those with symptom onset in childhood.13,14

Methods
Study Participants
Children (aged <18 years) and adults (aged ≥18 years)
treated for anti-NMDARE at the Johns Hopkins Hospital,
Hospital of the University of Pennsylvania, and Children’s
Hospital of Philadelphia from July 1, 2005, until June 30,
2015, were invited to participate in this study. At the Johns
Hopkins Hospital, participants were identified based on chart
review of all individuals with a billing diagnosis of encephalitis
as part of a prior study.13 At the Hospital of the University of
Pennsylvania and Children’s Hospital of Philadelphia, par-
ticipants were identified through a preexisting clinical registry
of all individuals with autoimmune encephalitis. At each site,
chart review by a neurologist with clinical expertise in auto-
immune neurology (A.Y. and E.G.-L.) confirmed that indi-
viduals invited to participate in this study met the diagnostic
consensus criteria for anti-NMDARE.15 As this study aimed

to assess long-term outcomes, it was also required that at least
1 year had passed from the date of diagnosis to the date of
study enrollment. Eligible participants (if younger than 18
years, participants’ legal guardians) were contacted by tele-
phone and asked to consent to participation in a structured
telephone interview for this study.

Standard Protocol Approvals, Registrations,
and Patient Consents
The study was approved by the institutional review boards at
each site, and verbal informed consent was obtained and
documented from all participants aged 18 years or older. For
participants younger than 18 years, verbal informed consent
was obtained and documented from their guardian. Verbal
assent was also obtained and documented for children aged 8
years or older.

Clinical Data Collection
After consent was obtained, the following information was
extracted from participants’ medical records: demographic
details, symptoms and signs at initial presentation, diagnostic
test results, immunotherapy administered, and clinical findings
at hospital discharge and last follow-up with a neurologist.

Assessment of Adaptive Behavior, Neurologic
Disability, and Neuropsychiatric Symptoms
The Adaptive Behavior Assessment System, Third Edition
(ABAS-3),11 was administered. The ABAS-3 is a standardized
age-normalized neurobehavioral rating scale of over 200 items
for individuals from early infancy to adulthood, which assesses
development, behavior, and cognitive abilities. Scores on
these subscales are summed and normalized to the stan-
dardization sample to generate a general adaptive composite
(GAC) standard score, which comprises 3 domain standard
scores (conceptual, social, and practical). The conceptual
domain comprises the communication, functional academics,
and self-direction subscales. The social domain comprises the
leisure and social subscales. The practical domain comprises
the community use, home living, health and safety, and self-
care subscales. Child forms of the test include a stand-alone
motor subscale, and adult forms of the test include a stand-
alone work subscale. Neither the motor nor work subscales
are included in the domain or composite standard scores.

ABAS-3 GAC and domain standard scores are standardized to
an average of 100 and SD of 15. Scores of 90–109 are classified
average. Scores of 110–119 are classified above average, and
120 and above high. Scores of 80–89 are classified below
average, 71–79 low, and 70 and below extremely low. For
children (aged <18 years), parents or other caregivers com-
pleted the age-appropriate form for children (0–5 years or

Glossary
ABAS-3 = Adaptive Behavior Assessment System, Third Edition; anti-NMDARE = anti-NMDA receptor encephalitis; GAC =
general adaptive composite; ICU = intensive care unit; mRS = modified Rankin Scale.
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5–21 years). For adults (aged ≥18 years), the individual
themselves completed the form for adults (16–89 years).

Scores for modified Rankin Scale (mRS), a motor disability scale
with scores ranging from 0 for no symptoms to 6 for death,16

were assigned independently by 2 raters (A.Y. and E.G.-L.)
based on documentation in medical records. In the event of a
discrepancy, scores were adjudicated to consensus. Each par-
ticipant was assigned a score at hospital admission, hospital
discharge, and last neurology follow-up. A score at study en-
rollment was also determined based on the structured telephone
interview. As has been done in other studies of autoimmune
encephalitis, a good score was defined by mRS score 0–2 and a
poor score by mRS score 3–6.4 Participants were also asked to
respond yes or no to whether they were currently experiencing
neuropsychiatric symptoms in multiple domains including fa-
tigue, emotional lability, short-termmemory, and concentration.

Statistical Analyses
Statistical analyses were performed using STATA software ver-
sion 14 (College Station, TX). The χ2 and Fisher exact tests were
used to test for associations between categorical variables, and
2-sided t tests were used to evaluate differences in means for
continuous variables. p Value < 0.05 was considered significant.

The individual effects of participant and clinical factors on each
outcome measure (ABAS-3 GAC standard score and mRS
score at study enrollment) were tested with simple regression
analyses, and the combined effects of multiple participant and
clinical factors, adjusting for potential confounders, were tested
in multiple regressions analysis. Examined participant and
clinical factors included age at symptom onset, sex, percentage
of White participants, seizure presence, tumor presence, re-
quirement for ICU admission, immunotherapy administered
(first-line treatment defined as steroids, plasma exchange, and/
or IV immunoglobulin vs second-line treatment defined as
rituximab and/or cyclophosphamide), and time interval from
symptom onset to study enrollment. Given the cohort size,
analyses for smaller subgroups were not performed.

Age at symptom onset was initially evaluated as a continuous
variable. Subsequently, based on prior literature and examination
of the distribution of data within this cohort,4 age at symptom
onset was subsequently categorized as the following: <12 years
(presumed prepubertal), 12–30 years (presumed postpubertal
age through young adulthood), and >30 years (older adulthood).

Data Availability
The data that support the findings of this study can be made
available by the corresponding author on request.

Results
Participant Characteristics andClinical Profiles
A total of 41 participants with anti-NMDARE were enrolled in
this study (eFigure 1, links.lww.com/NXI/A731). Thirty (73%)
were female sex, and themean age at the time of study enrollment

was 23.4 years (SD 17.0 years). The mean time from symptom
onset to study enrollment was 4.0 years (SD 2.4 years).

Nearly all participants had an mRS score of 3–5 on admission
(some dependence on others for age-expected tasks; 39/41,
95%), and 21/41 (51%) required ICU admission during their
acute hospitalization. No individual had a prior history of
herpes simplex virus encephalitis. All individuals received
immunotherapy (24% first-line only; 76% first-line and
second-line). Additional details regarding participant charac-
teristics and clinical profiles are displayed in Table 1.

Categorization of Age at Symptom Onset
Seventeen participants were aged <12 years at symptom on-
set, 19 participants were aged 12–30 years, and 5 participants

Table 1 Participant Characteristics and Clinical Profiles

Mean SD

Age at symptom onset (y) 19.1 16.9

Age at study enrollment (y) 23.4 17.0

Follow-up duration (y) 4.0 2.4

Number Percentage

Female 30 73

Race

White 21 51

Black 10 24

Asian 4 10

Hispanic 5 12

Other 1 2

Seizures 32 78

Tumor present 13 32

Immunotherapya

First line only 10 24

First and second line 31 76

Intensive care unit required 21 51

mRS score at admission

mRS score 0 0 0

mRS score 1 0 0

mRS score 2 2 4.9

mRS score 3 10 24.4

mRS score 4 13 31.7

mRS score 5 16 39.0

mRS score 6 0 0

Abbreviation: mRS = modified Rankin Scale.
a First-line treatment = steroids, plasma exchange, and/or IV immunoglob-
ulin. Second-line treatment = rituximab and/or cyclophosphamide.
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were aged >30 years (eTable 1, links.lww.com/NXI/A731).
Comparing participants aged <12 years and those aged 12–30
years, there were no differences seen in sex, percentage of
White participants, presence of seizures, presence of tumor,
requirement for ICU admission, mRS score at admission, or
time interval from symptom onset to study enrollment.
However, there was a difference in immunotherapy admin-
istered: participants aged <12 years were more likely to re-
ceive first-line treatment only compared with those aged
12–30 years (8/17 vs 2/19, p = 0.02). Given the low repre-
sentation of individuals aged >30 years, similar demographic
comparisons with this age group were not performed.

Adaptive Behavior, Neurologic Disability, and
Neuropsychiatric Symptoms at
Study Enrollment
On the ABAS-3 completed at the time of study enrollment
(Table 2), mean standard scores of the GAC for all participants
in this study were in the average range (mean GAC standard
score 92.5, SD18.7). Twenty-five participants scored in average
(n = 16), above average (n = 6), or high (n = 3) ranges. Fifteen
participants scored in the below average (n = 6), low (n = 4), or
extremely low (n = 5) ranges.

These findings were corroborated by assessment of neuro-
logic disability, on which 35 participants (35/40, 88%) had a
good outcome (mRS score of 0–2) at the time of study en-
rollment. This percentage was higher than at the time of initial
hospital presentation (2/40, 5%; p < 0.0001), indicating that
clinical improvement occurred in the time between initial
presentation and study enrollment. At the time of study en-
rollment, 30 participants (30/39, 77%) endorsed at least one
of the following persistent neuropsychiatric symptoms: fa-
tigue (27%), emotional lability (46%), memory difficulties
(41%), or concentration difficulties (39%).

Factors Associated With Adaptive
Behavior Outcomes
In individual comparative analyses, ABAS-3 GAC standard
scores at study enrollment did not differ based on race (White
vs non-White), presence of seizures, presence of tumor, re-
quirement for ICU admission, immunotherapy administered,
ABAS-3 rater (self vs parent/caregiver), or time interval from
symptom onset to study enrollment (eTable 2, links.lww.
com/NXI/A731). Of interest, male participants had lower
scores in comparison to female participants (p < 0.01).

The relationship between age at symptom onset and ABAS-3
GAC standard scores was examined (Figure 1, eFigure 2,
links.lww.com/NXI/A731). However, given the low repre-
sentation of individuals aged >30 years, they were excluded
from these analyses. Among participants aged ≤30 years,
those aged <12 years at symptom onset had lower ABAS-3
GAC standard scores and were in the below average range
compared with those aged 12–30 years at symptom onset,
who scored in the average range (87 vs 99, p < 0.05; Figure 2
and eTable 3, links.lww.com/NXI/A731). Similar differences
were seen in 3 of the individual subscales (functional aca-
demics, health and safety, and self-care). Analysis was re-
peated after removing cases that were outliers across any of
the domains, and this resulted in even more striking differ-
ences in scores between the age groups. Analyses coexamining
the effect of age group and treatment received on outcomes
were not performed because of sample size limitations.

Factors Associated With Neurologic Disability
and Neuropsychiatric Symptoms
As noted in eTable 4, links.lww.com/NXI/A731, there was no
association between age at symptom onset and mRS scores at
study enrollment (p = 0.17), accounting for duration of
follow-up, in participants aged 0–30 years. Likewise, there was
no difference seen in mRS scores at study enrollment between
participants aged <12 years and participants aged 12–30 years
(p = 0.17). Furthermore, no associations were seen between
age at symptom onset and current fatigue, short-termmemory
difficulties, and concentration difficulties at study enrollment.
Individuals with emotional lability at study enrollment appear
to have had an older age at symptom onset than those without
emotional lability (p = 0.04); however, this is no longer the
case when applying a correction for multiple comparisons
(eTable 4, links.lww.com/NXI/A731).

Table 2 Adaptive Function, Neurologic Disability, and
Neurobehavioral Features at Study Enrollment

Mean SD

ABAS-3 standard score (n = 40)

General adaptive composite 92.5 18.7

Conceptual domain 91.5 18.7

Social domain 95.4 17.0

Practical domain 93.1 18.6

Number Percentage

mRS score at study enrollment (n = 40)

mRS score 0 7 17.5

mRS score 1 18 45

mRS score 2 10 25

mRS score 3 3 7.5

mRS score 4 1 2.5

mRS score 5 0 0

mRS score 6 1 2.5

Fatigue (n = 39) 11 27

Emotional lability (n = 39) 19 46

Memory difficulties (n = 39) 17 41

Concentration difficulties (n = 39) 16 39

Abbreviations: ABAS-3 = Adaptive Behavior Assessment System, Third Edi-
tion; mRS = modified Rankin Scale.
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Discussion
This study explores adaptive behavior outcomes after anti-
NMDARE and demonstrates that although overall outcomes
on this domain appear to be favorable, differences are seen by
age such that younger children appear to have worse out-
comes compared with adolescents and young adults. Long-
term outcomes after anti-NMDARE appear to be favorable
overall, as suggested by the fact that the average adaptive
behavior score for participants in this study falls in the average
range. Through use of a standardized age-normalized rating

scale, adaptive behavior assesses an individual’s ability to
function independently and meet environmental demands.
It has been demonstrated by our group13,17 and others18,19

that adaptive behavior and other outcomes following anti-
NMDARE may be better than those following other forms of
autoimmune encephalitis and infectious encephalitis. In this
study, our findings regarding adaptive behavior are corrobo-
rated by examination of neurologic disability, for which we
found that the majority of participants have good outcome
(mRS score 0–2), akin to what has been found in other studies
in this disease.4 Furthermore, less than 50% of participants

Figure 1 Age at Symptom Onset and Adaptive Behavior

Note: Adaptive Function as measured by the Adaptive Be-
havior Assessment System, Third Edition General Adaptive
Composite standard score.

Figure 2 Categorical Age at Symptom Onset and Adaptive Function (Total and Domain Scores)

^Note: Adaptive Function as measured by the Adaptive Behavior Assessment System, Third Edition General Adaptive Composite and Conceptual, Social, and
Practical Domain standard scores.
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reported ongoing difficulties with fatigue, emotional lability,
memory difficulties, and concentration difficulties.

Despite overall favorable adaptive behavior outcomes, we
demonstrate that children with anti-NMDARE had worse
scores compared with those who experienced anti-NMDARE
onset in adolescence or young adulthood. Of note, younger age
at onset did not lead to a higher risk of neurologic disability as
assessed using the mRS. This finding emphasizes the impor-
tance of evaluating aspects of daily performance beyond tra-
ditional measures of motoric and fine motor functioning.
Although children’s outcomes were worse than those of adults,
they did not, on average, fall into the ranges of low or extremely
low.However, modest impairments in adaptive functioning can
still affect quality of life at home, at school, and in the com-
munity.20 Our findings of worse adaptive behavior outcomes in
younger children are supported by previous literature exam-
ining the effects of age at symptom onset on long-term neu-
rologic disability, as measured by mRS scores. An early and
pivotal study of treatment and prognostic factors for long-term
outcomes demonstrated in analyses restricted to adolescents
and children a relationship of improved odds of good outcome
(defined as mRS score of 0–2) after 24 months of follow-up
with increasing age.4 In a more recent meta-analysis of in-
dividual patient data of 1,550 cases, infants younger than 2
years (along with adults aged 65 years and older) were likewise
observed to have a more than 3 times increased odds of poor
outcome, defined as mRS score of 3–6 after a median follow-up
of 12.0 months (range 0.5–268.0 months).21 Conversely, in a
separate literature review and meta-analysis of 80 previously
reported cases of children with anti-NMDARE, no association
was found between age at onset and rates of incomplete re-
covery, defined as mRS score of 2–6, after a median follow-up
of 12 months (range 1.3–54 months).22 Future research is
required to determine whether pediatric-onset anti-NMDARE
portends a higher likelihood of need for school and social
supports. It will also be of value to quantify the effect of anti-
NMDARE on family functioning, not just the acute effect ex-
perienced during the acute illness, but the longer-term effect.

Early-onset anti-NMDARE might have a greater effect in the
context of the developing brain. It has been demonstrated that
clinical recovery results from downregulation of B-cell pro-
duction of anti-NMDAR antibodies, leading to restoration of
NMDARs and subsequent reversal of impairment in NMDAR
function.23 However, it is not clear that such restoration of
NMDARs would lead to restoration of all activity of NMDAR-
related networks in a developing brain. Furthermore, profound
encephalopathy can occur formonths in anti-NMDARE during
periods of critical neural development in children. It is possible
that the prolonged loss of environmental enrichment, such as
missed school and socialization, during the acute periods of
anti-NMDARE may in itself lead to impairment in neural
networks underlying learning and development that would
otherwise be normally developing. Such phenomena have been
reported in studies of pediatric traumatic brain injury.24,25 Even
subtle alterations of these developmental trajectories may lead

to reductions in daily function and quality of life, which can
have critical consequences in social and educational settings.

Another potential explanation may be a difference in clinical
factors by age that may play a role in outcomes. Prior studies have
demonstrated that requirement for ICU admission and longer
time between diagnosis and treatment initiation4,10 are associated
with poorer long-term neurologic disability outcomes in anti-
NMDARE. Although no differences were seen in this study in
rates of ICU admission, delays in treatment initiation were not
able to be evaluated, as it was difficult to accurately ascertain this
information in many patients who had been transferred from
outside hospitals. Furthermore, fewer children did receive
second-line treatment (defined as rituximab and/or cyclophos-
phamide) compared with adults in this study. This may reflect
physician discomfort with the use of these medications in chil-
dren, despite several studies indicating safety and efficacy in the
pediatric population, as they are not approved by the United
States Food and Drug Administration for pediatric use.26 Cor-
respondingly, prior studies have demonstrated a decreased risk of
relapse in individuals receiving second-line treatment as well as
improved neurologic disability outcomes in those who received
second-line treatment after failing first-line treatment.10

A final possibility is a difference in sociologic factors between
children and adults. Although an adult’s independence in ac-
tivities of daily living is typically self-motivated, a child’s in-
dependence occurs within the context of a family. Given the
often severe and protracted course of anti-NMDARE, it is
possible that parents remain guarded about the freedom and
independence they afford to a child who is recovering from
severe illness. Such imposed limitations would be reflected in
many of the questions on the ABAS-3 (e.g., “makes simplemeals
that require no cooking” or “attends fun activities at another’s
home”). This may contribute to the observed lower scores in
children in comparison to adolescents and young adults (nota-
bly, in the domains of health and safety, and self-care). Although
this phenomenon may affect adaptive behavior in this patient
population, it, nonetheless, may still represent an important
psychosocial consequence of this disease and an important dy-
namic to consider when counseling families. Relatedly, because
both children and adults were included in this study, respon-
dents to the ABAS-3 included both participants themselves and
their primary caregivers. Our analyses did not identify differences
in ABAS-3 scores between those who responded themselves and
those for which a caregiver responded. However, as seen in
studies of other conditions,27,28 it is possible that individuals with
anti-NMDARE themselves may answer differently than the
parents/caregivers responding on their behalf.

Adaptive behavior outcomes of older adults with anti-
NMDARE were partially examined in this study. Five par-
ticipants in this cohort were over the age of 30 years and, in
fact, all 5 were over the age of 50 years. Given the small
number of participants in this age group, they were excluded
from subgroup analyses examining the role of age on outcomes.
Although not specifically analyzed in this study, qualitatively, 2
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participants scored in the above average range and 3 partici-
pants in the below average range on the ABAS-3. Of interest,
the 2 participants who scored well both had a tumor discov-
ered; however, there were no other apparent differences be-
tween the 2 groups in the clinical variables collected. Other
comorbidities, including reasons for neurodegeneration, were
not evaluated. Future studies should look at a larger cohort of
older participants with anti-NMDARE with appropriate
healthy controls and extraction of comprehensive medical in-
formation to determine if and how outcomes in this age group
differ from those of children, adolescents, and young adults.

This study across 3 subspecialty centers demonstrates that anti-
NMDARE is associated with an overall favorable outcome,
although younger age at onset associates with worse long-term
adaptive behavior. Limitations include the retrospective iden-
tification of patients, which may have introduced the possibility
of selection bias (e.g., the inclusion of a large children’s hospital
as one of the 3 cohorts led to a relative abundance of children
and adolescents in this study.) An additional limitation was the
cross-sectional assessment of participants, which led to vari-
abilities in factors such as time from symptom onset to study
enrollment. Future work through prospective and larger studies
will evaluate behavioral recovery and quality of life after anti-
NMDARE and identify additional factors associated with dif-
ferential recovery. This will enable the examination of the role
of factors that could not be examined in this study due to
inconsistent data availability such as time from symptom onset
to immunotherapy initiation andMRI brain findings. Although
this study included a sizeable cohort because of its multisite
nature, larger studies are needed to examine other variables
such as potential differences between the outcomes of very
young children and older adults compared with those of ado-
lescents and young adults. Ultimately, improved understanding
of outcomes may have implications for clinical management
and the design of interventional (both pharmacologic and
nonpharmacologic) studies in this patient population.
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Abstract
Background and Objectives
IgG4 autoantibodies to neurofascin-155 (Nfasc155) are associated with a subgroup of patients
with chronic inflammatory demyelinating polyneuropathy (CIDP), currently named autoim-
mune nodopathy. We previously demonstrated that those antibodies alter conduction along
myelinated axons by inducing Nfasc155 depletion and paranode destruction. In blood, IgG4
have the potency to exchange their moiety with other unrelated IgG4 through a process called
Fab-arm exchange (FAE). This process results in functionally monovalent antibodies and may
affect the pathogenicity of autoantibodies. Here, we examined this issue and whether FAE is
beneficial or detrimental for Nfasc155 autoimmune nodopathy.

Methods
The bivalency and monospecificity of anti-Nfasc155 were examined by sandwich ELISA in 10
reactive patients, 10 unreactive CIDP patients, and 10 healthy controls. FAE was induced in
vitro using reduced glutathione and unreactive IgG4, and the ratio of the κ:λ light chain was
monitored. To determine the pathogenic potential of bivalent anti-Nfasc155 IgG4, autoanti-
bodies derived from patients were enzymatically cleaved into monovalent Fab and bivalent
F(ab’)2 or swapped with unreactive IgG4 and then were injected in neonatal animals.

Results
Monospecific bivalent IgG4 against Nfasc155 were detected in the serum of all reactive patients,
indicating that a fraction of IgG4 have not undergone FAE in situ. These IgG4 were, none-
theless, capable of engaging into FAEwith unreactive IgG4 in vitro, and this decreased the levels
of monospecific antibodies and modulated the ratio of the κ:λ light chain. When injected in
animals, monovalent anti-Nfasc155 Fab did not alter the formation of paranodes; by contrast,
both native anti-Nfasc155 IgG4 and F(ab’)2 fragments strongly impaired paranode formation.
The promotion of FAE with unreactive IgG4 also strongly diminished the pathogenic potential
of anti-Nfasc155 IgG4 in animals and decreased IgG4 clustering on Schwann cells.

Discussion
Our findings demonstrate that monospecific and bivalent anti-Nfasc155 IgG4 are detected in
patients and that those autoantibodies are the pathogenic ones. The transformation of anti-
Nfasc155 IgG4 into monovalent Fab or functionally monovalent IgG4 through FAE strongly
decreases paranodal alterations. Bivalency thus appears crucial for Nfasc155 clustering and
paranode destruction.
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Cell adhesion molecules at the nodes of Ranvier play a crucial
role in the organization of the axonal domains and in the rapid
propagation of the nerve impulse along myelinated axons.1

Particularly, the ternary complex formed by the association of
neurofascin-155 (Nfasc155), contactin-1 (CNTN1), and
contactin-associated protein 1 (CASPR1) is important for the
formation of septate-like junctions at paranodal regions for the
clustering/stabilization of voltage-gated sodium channels at
the nodes of Ranvier and for myelin insulation.2-5 Antibodies
targeting these important cell adhesion molecules have been
discovered in a subset of patients with chronic inflammatory
demyelinating polyneuropathy (CIDP) and have helped im-
prove the diagnosis and treatment orientation of this disabling
neuromuscular disorder.6-13 Because these patients have distinct
clinical features, no overt inflammation ormacrophage-mediated
demyelination, and a poor response to IV immunoglobulin
(IVIg) compared with typical CIDP, this group has recently
been named autoimmune nodopathy.14 Nfasc155 is the major
immune target in autoimmune nodopathy (nearly 70% of the
cases). The clinical and pathophysiologic distinctiveness of au-
toimmune nodopathy relies on the antigen specificity (Nfasc155,
CNTN1, and CASPR1) and on the fact that these autoanti-
bodies predominantly belong to the IgG4 isotype, which are
unable to activate complement and have low affinity for Fcγ
receptors.15 Animal models demonstrated that these antibodies
can disrupt the paranodal junctions in the absence of comple-
ment activation or macrophage-mediated demyelination.6,16,17

IgG4 autoantibodies appeared to induce paranodal destruction
either through a function-blocking activity or by depleting the
target antigens.

A growing number of autoimmune diseases implicate IgG4.18

IgG4 has the unique characteristic of dynamically exchanging
its Fab arms by swapping the heavy chain.19 This process
named Fab-arm exchange (FAE) results in bispecific IgG4
that are monovalent to their target. In myasthenia gravis with
antibodies against muscle-specific kinase (MuSK), FAE ap-
pears to potentiate the IgG4 pathogenic potential.20,21 Anti-
MuSK IgG4 was shown to block the interaction between
MuSK and low-density lipoprotein receptor–related protein
4.22 Although bivalent anti-MuSK IgG4 can clusterMuSK, the
monovalent form obtained after FAE strongly inhibits the
aggregation of acetylcholine receptors at the neuromuscular
junction and leads to severe muscle weakness in vivo.20,23

Insofar, MuSK myasthenia gravis is the sole condition where
FAE appears to amplify the pathogenic function of IgG4.

In autoimmune nodopathy, the effect of FAEon the pathogenicity
of IgG4 has not yet been evaluated. IgG4 to CNTN1 and
CASPR1 have a function-blocking activity and disrupt paranodal

specialization by inhibiting the interaction between CNTN1/
CASPR1 and Nfasc155.6,16,24 FAE may potentially increase the
pathogenic effects of these autoantibodies in a similar manner as
for anti-MuSK IgG4. By contrast, anti-Nfasc155 does not have a
function-blocking activity.17 These antibodies induce Nfasc155
clustering on the Schwann cell surface and lead to its depletion,
thus abolishing paranode formation and maintenance both in
patients and animal models.6,17,25-27 This finding suggests that
anti-Nfasc155 IgG4 can aggregate their target and that a fraction of
them may be monospecific in situ. Here, we explored whether
IgG4 valency influences anti-Nfasc155 IgG4 pathogenicity and
whether FAE is beneficial for paranode maintenance. For that
purpose, this study tested the pathogenic potential of monovalent
and bivalent anti-Nfasc155 IgG4.

Methods
Patients’ IgG
Plasma and serawere obtained from10 patients with autoimmune
nodopathy with anti-Nfasc155 IgG4 antibodies, 10 seronegative
patients with CIDP, and 10 healthy donors (Etablissement
Français du Sang, Montpellier, France). All subjects provided
written informed consent. The study was approved by the Ethics
Committee of Montpellier University Hospital (IRB-MTP-2020-
01-20200339). IgG1 and IgG4 were purified using the Captur-
eSelect™ affinity matrix (Thermo Fisher Scientific, Waltham,
MA), dialyzed to artificial CSF, concentrated at 10 mg/mL, and
filter-sterilized.

Monoclonal Antibody Production
HEK293T cells were transiently transfected with pVITRO1-
Trastuzumab-IgG4/κ (#61887; Addgene, Watertown, MA) or
pVITRO1-102.1F10-IgG4/λ (#50369; Addgene) for 24 hours;
then, the medium was replaced with OptiMEM (Thermo
Fisher) for antibody production. IgG was purified with a HiTrap
protein A affinity column (Cytiva, Marlborough, MA) on an
AKTA Pure (Cytiva). Antibodies were desalted to PBS using a
HiTrapDesalting column (Cytiva), filter-sterilized, and stored at
−20°C until use.

Antibody Cleavage and FAE
Fab and F(ab’)2 fragments were generated using the Pierce Fab
preparation kit (Thermo Fisher) or FragIT kit (Genovis, Lund,
Sweden) according to the manufacturer’s protocols. Fab and
F(ab’)2 fragments were dialyzed to artificial CSF, concentrated at
10mg/mL, and filter-sterilized. FAEwas performed as previously
described.19,23 IgG4 or IgG1 from Nfasc155-reactive patients
were incubated with a 3-fold excess of healthy control IgG4 in the
presence or absence of 0.5 mM reduced glutathione (GSH)
(Merck-Millipore, Burlington, MA) for 24 hours at 37°C.

Glossary
CASPR1 = contactin-associated protein 1;CIDP = chronic inflammatory demyelinating polyneuropathy;CNTNI = contactin-
1; FAE = Fab-arm exchange; IVIg = IV immunoglobulin; MuSK = muscle-specific kinase; Nfasc155 = neurofascin-155.
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Monospecificity ELISA Assay
The extracellular domain of human recombinant Nfasc155
(Met1-Trp1062) with a C-terminal His-tagged was produced in
HEK293T cells and purified, then was biotinylated with a 20-fold
molar excess of EZ-link sulfo-NHS-biotin (Thermo Fisher) for 30
minutes at 37°C, and desalted to PBS. MaxiSorp microtiter plates
were coatedwith 50 ng of untagged humanNfasc155 overnight at
4°C. Wells were blocked with 0.5% casein sodium 0.05% Tween
20 in PBS for 1 hour at 37°C and then incubated overnight at 4°C
with 10 μg of IgG4 in blocking solution for regular tests or with
40 μg of IgG4 for FAE tests (10 μg of patient IgG4 + 30 μg of
control IgG4). The day after, wells were incubated with 50 ng of
biotinylated Nfasc155 for 1 hour at 37°C, and the reactivity was
revealed using peroxidase-conjugated streptavidin (1:2,000;
Merck-Millipore) and SIGMAFASTOPD (Merck-Millipore). As
positive controls, IgG1 fromNfasc155-reactive patientswere used.
IgG4 from healthy donors and seronegative patients were used as
negative controls. Dilutions of purified anti-Nfasc155 IgG1 were
used to obtain a calibration curve, from which the percentage of
monospecific IgG4 was calculated.

Quantification of κ/λ Ratios
The amounts of λ and κ light chains in anti-Nfasc155 IgG4 were
determined by ELISA against Nfasc155 as indicated above, and
the plates were revealed using the peroxidase-conjugated goat
anti-human λ or κ light chain (1:2000; Bio-Rad, Hercules, CA).
Purified recombinant IgG4/κ and IgG4/λ were used to obtain a
calibration curve. For sandwich ELISA, MaxiSorp microtiter
plates were coated with 1 μg of donkey anti-human IgG (Jackson
ImmunoResearch, West Grove, PA) in 50 μL of PBS overnight
at 4°C. Wells were blocked as indicated above and then in-
cubated overnight at 4°C with 1 ng of IgG4 from healthy donors
or patients. The day after, the reactivity was revealed using the
peroxidase-conjugated goat anti-human λ or κ light chain. The
quantity of λ or κ light chains was expressed as a percentage of
the total amount of λ + κ light chains.

Animals
In vitro nerve incubation experiments and neonatal injection
were performed as previously described.17 New-born Wistar
rats received a single intraperitoneal injection of 250 μg of
control IgG4, native Nfasc155-reactive IgG4, Fab or F(ab’)2
fragments, or 1 mg of swapped antibodies in artificial CSF.
Animals were then killed 2 days after the injection. Teased
fibers were analyzed from 4 animals for each group.

Immunolabeling
Immunolabeling was performed as previously described.17

The following primary antibodies were used: rabbit antisera
against CASPR1 (1/2000); mouse monoclonal antibodies
against Nav channels (K58/35; 1:500; Merck-Millipore);
mouse monoclonal antibodies against Myc (11667149001; 1/
200; Roche, Basel, Switzerland); and/or goat antibody against
CNTN1 (1/2000; R&D Systems, Minneapolis, MN). The
following secondary antibodies from Jackson ImmunoR-
esearch were used at a 1:500 dilution: donkey anti-mouse
(715-545-151; 715-585-151), donkey anti-goat (705-545-
147; 705-585-147), donkey anti-rabbit (711-585-152), and

donkey anti-human (709-585-149; 709-545-149). Slides were
examined using an ApoTome fluorescence microscope (Carl
Zeiss MicroImaging GmbH, Oberkochen, Deutschland), and
digital images were manipulated into figures with CorelDraw
andCorel Photo-Paint (Corel Corporation, Ottawa, Canada).

Statistics
Statistical significance was assessed by unpaired and paired
2-tailed Student t tests, Kolmogorov-Smirnov tests, or one-
way ANOVA followed by Bonferroni post hoc tests using
GraphPad Prism (GraphPad Software, San Diego, CA). Lin-
ear regression and Spearman correlation were performed
using GraphPad Prism. p values <0.05 were considered
significant.

Standard Protocol Approvals, Registrations,
and Patient Consents
All animal experiments were in line with the European com-
munity’s guiding principles on the care and use of animals
(2010/63/EU) and were approved by the local ethical com-
mittee and by the “ministére de l’éducation nationale de
l’enseignement supérieur et de la recherche” (APAFIS#3847-
2016012610089856v5).

Data Availability
Data are available from the corresponding author on request.

Results
A Fraction of IgG4 to Nfasc155 Are
Monospecific and Bivalent in Reactive Patients
Our previous finding indicated that IgG4 autoantibodies
target and cluster Nfasc155 on the Schwann cell surface. We
thus examined whether patients’ IgG4 were able to cross-link
Nfasc155 in vitro. For that purpose, we selected 10 patients
reactive to Nfasc155 from whom a large volume of serum or
plasma was available. The clinical history and antibody titers
of these patients are indicated in Table 1. IgG1 and IgG4
were purified from these patients, as well as 10 healthy
controls and 10 seronegative patients with CIDP. To de-
termine the percentage of monospecific antibodies, IgG4
were tested with a monospecificity ELISA assay based on
the ability of IgG4 to link soluble biotinylated Nfasc155 to
immobilized untagged Nfasc155 (Figure 1A). IgG4 from
seronegative patients with CIDP and healthy controls did
not couple Nfasc155. By contrast, IgG4 from Nfasc155-
reactive patients significantly cross-linked Nfasc155 with
biotinylated Nfasc155 with variable intensities, indicating
that patients have different levels of monospecific antibodies
(Figure 1B). Dilutions of anti-Nfasc155 IgG1 were used to
calculate the percentage of monospecific IgG4 in each pa-
tient (Table 1). The potency to cross-link Nfasc155
(Figure 1B) and the percentage of monospecific IgG4 sig-
nificantly correlated with the titers of anti-Nfasc155 IgG4
in the patients (Spearman p = 0.018 and p = 0.031, re-
spectively). However, no correlation was found between
Nfasc155 cross-linking by monospecific antibodies and the
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clinical severity or the age of the patients (eFigure 1, links.
lww.com/NXI/A736). Similarly, no correlation was found
between antibody titers and clinical severity.

IgG4 Reactive to Nfasc155 Can Undergo FAE
In Vitro
To determine whether anti-Nfasc155 IgG4 can undergo FAE,
IgG4 from Nfasc155-positive patients were incubated in vitro
with a reducing agent, reduced glutathione (GSH), in the
presence or absence of 3-fold excess of IgG4 from a healthy
donor. The samples were then tested for their ability to cate-
nate immobilizedNfasc155with soluble biotinylatedNfasc155.
In the absence of GSH, anti-Nfasc155 IgG4 potently inter-
connected immobilized Nfasc155 and biotinylated Nfasc155
(Figure 1C). The addition of reducing agents potently di-
minished the ability of IgG4 to cross-connect Nfasc155 in most
patients (Figure 1C). This effect was further potentiated by the
addition of a 3-fold excess of IgG4 from healthy donors, which
led to a 43% reduction of the levels of monospecific antibodies.
By contrast, reducing conditions did not affect the mono-
specificity of anti-Nfasc155 IgG1 (Figure 1D), which is in
keeping with previous observations.19,23

Ratio of κ and λ Light Chains in Nfasc155-
Reactive Patients
The κ light chain is generally slightly more prevalent than the λ
light chain in mature B cells.28 We exploited this characteristic
to confirm our finding and monitored the changes in the κ and
λ light chain proportion of anti-Nfasc155 IgG4 after in vitro
induction of FAE with monoclonal IgG4/λ or IgG4/κ anti-
bodies. In a first manner, the amount of κ and λ light chains was
measured in anti-Nfasc155 IgG4 by ELISA. The amount of κ
light chains was found to strongly correlated with that of λ light
chains (p = 0.0016; Figure 2, A–C), and themean κ/λ ratio was
1,4 ± 1,0 (eTable 1, links.lww.com/NXI/A736). To determine

whether the κ/λ ratios of anti-Nfasc155 IgG4 differ from those
of the total IgG4 fraction not only in each patient but also in
controls, the κ/λ ratios were quantified by sandwich ELISA in
the purified IgG4 fractions from all patients and controls
(Figure 2). Although the κ/λ ratios of anti-Nfasc155 IgG4were
slightly more dispersed that those found in the total IgG4
fractions and presented different SDs (p < 0.05 with a Bartlett
test), the mean values were not significantly different (p > 0.05
by one-way ANOVA followed by Bonferroni post hoc tests).
Also, no significant differences were found between the κ/λ
ratios of Nfasc155-reactive patients and those of healthy donors
or seronegative patients. In vitro FAEwith amonoclonal IgG4/
λ antibody increased mainly the proportion of the λ light chain
in Nfasc155-reactive IgG4 and resulted in a significant decrease
of the ratio κ:λ (Figure 2C). In vitro FAE with a monoclonal
IgG4/κ antibody confirmed this observation and resulted in a
significant increase in the proportion of the κ light chain in
Nfasc155-reactive IgG4 and in an increase of the ratio κ:λ
(Figure 2D).

The correlations between laboratory finding and clinical history
indicated that FAE efficiency with recombinant IgG4/λ appeared
to slightly follow clinical severity, and anti-Nfasc155 IgG4 from
patients with a higher score showed a lower potency to undergo
FAE (eFigure 1B, links.lww.com/NXI/A736). However, patients
with a high clinical score also showed a higher proportion of λ
light chains; it is thus possible that FAE potency with IgG4/λ is
underestimated in those patients because antibodies are already
predominantly IgG4/λ before FAE (eTable 2).

Bivalency Is Crucial for Pathogenicity,Whereas
Monovalency Decreases the Pathogenicity of
Nfasc155-Reactive IgG4
To determine whether the valency of IgG4 is important for the
pathogenic function, we have performed enzymatic cleavage of

Table 1 Antibody Titers and Clinical Features of Nfasc155-Reactive Patients

Titers
Monospecific
anti-Nfasc155 IgG4 (%) Sex Age

Clinical score
(mRS score) Response to treatment

AN1 2,600 10 M 46 3 IVIg−, Cx partial, Plex+, Ritux+

AN2 19,700 20 M 25 3 IVIg−, Cx+, Plex+

AN3 1,600 19 M 22 3 IVIg−, Cx−, Plex+, Ritux+

AN4 20,500 78 M 53 4 IVIg−, Cx−, Ritux−, Plex+

AN5 6,000 17 M 33 2 IVIg−, Cx+

AN6 3,000 8 M 50 4 IVIg−, Cx+, Plex+, Ritux+

AN7 10,000 21 M 16 3 IVIg−, Cx−, Ritux+

AN8 1,800 7 M 37 3 IVIg partial, Cx partial, Plex+

AN9 6,000 17 M 68 4 IVIg+, Ritux+, Plex+

AN10 6,000 29 M 46 1 IVIg+, Ritux+

Abbreviations: Cx = corticosteroids; IVIg = IV Immunoglobulin; mRS = modified Rankin Scale; Nfasc155 = neurofascin-155; NT = not tested; Plex = plasma
exchange; Ritux = rituximab.
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purified IgG4 from 2 Nfasc155-reactive patients (AN1 and
AN2) with immobilized papain or IdeS to generate monova-
lent Fab or bivalent F(ab’)2 fragments. IgG4 cleavage was

confirmed by Western blot, and the ability of Fab and F(ab’)2
to bindNfasc155 and paranodes was demonstrated not only by
immunohistology on transfected cells and on teased nerve

Figure 1 Anti-Nfasc155 IgG4 Cross-Link Nfasc155 and Undergo Fab-Arm Exchange In Vitro

(A) Principle of Fab-arm exchange (FAE) and monospecificity assay. Reduced glutathione (GSH) favors FAE of monospecific IgG4 to generate bispecific IgG4.
Monospecific antibodies cross-link untagged Nfasc155 with biotinylated Nfasc155. Bispecific antibodies are unable to cross-link these proteins. (B) Purified
IgG4 from healthy controls (HC; n = 10), seronegative CIDP (CIDP−; n = 10) and Nfasc155+ autoimmune nodopathy (AN+; n = 10) were tested by ELISA against
Nfasc155 and then incubated with a biotinylated Nfasc155 and revealed with streptavidin-HRP. IgG4 from HCs or seronegative patients did not cross-link
Nfasc155. By contrast, IgG4 from Nfasc155+ patients cross-linked Nfasc155 (***p < 0.001 by one-way ANOVA followed by Bonferroni post hoc tests). The
percentage of monospecific Nfasc155 antibodies correlated with the titers of anti-Nfasc155 IgG4. p Value, Spearman correlation coefficient (r), R square (R2),
and 95% confidence band (dotted lines) are indicated on the graph. (C) To determine whether anti-Nfasc155 IgG4 can undergo FAE, IgG4 from Nfasc155+
patients (n = 9) were incubated with GSH in the absence (1:0) or presence of a 3-fold excess of HC IgG4 (1:3). The addition of GSH decreased IgG4 ability to
cross-link Nfasc155. This effect was exacerbated by the addition of 3-fold excess of HC IgG4. The decrease inmonospecific antibodies is shown on the right as
ratio (**p < 0.005 compared with control condition in the absence of GSH or HC IgG4 using paired Student t tests). (D) As controls, IgG1 from Nfasc155+
patients (n = 7) were tested against Nfas155 with the monospecificity ELISA assay. Purified IgG1 cross-linked Nfasc155. GSH and 3-fold IgG4 excess did not
affect IgG1-mediated cross-linking (p > 0.005 using paired Student t tests). Gray shades delineate positivity limit values. Bars representmean and SEM, CIDP =
chronic inflammatory demyelinating polyneuropathy; ns = nonsignificant; Nfasc155 = neurofascin-155.
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fibers (eFigure 2, links.lww.com/NXI/A736) but also by
ELISA. The enzymatic cleavage did not alter the affinity of anti-
Nfasc155 Fab and F(ab’)2 for Nfasc155.

The pathogenic potential of those fractions was then tested by
performing intraperitoneal antibody injection in new-born rat
pups (n = 4 animals in each group). At these ages, the blood-

nerve barrier is permeable, and IgG4 from Nfasc155-reactive
patients can inhibit paranode formation.17 Animals were then
killed 2 days after injection, and the percentages of voltage-
gated sodium (Nav) channel clusters with 1, 2, or no
CASPR1-positive paranodes were quantified. As controls,
animals received a single dose of control IgG4 from healthy
donors. The native IgG4 from both Nfasc155-reactive

Figure 2 Fab-Arm Exchange Modulates the Ratio of κ:λ Light Chain in Nfasc155-Reactive IgG4

(A and B) The levels of λ and κ light chains of anti-Nfasc155 IgG4 were measured by ELISA against Nfasc155 in 10 reactive patients (A). The levels of λ (green
dots) and κ (blue dots) light chains were also quantified by sandwich ELISA in the purified IgG4 fractions from healthy controls (n = 10), unreactive CIDP
patients (CIDP−; n = 10), and reactive autoimmune nodopathy patients (AN+; n = 10) andwere comparedwith those found in anti-Nfasc155 IgG4 (B). The levels
of κ light chain strongly correlated with those of λ light chain in Nfasc155+ patients. No significant differences in the levels of λ and κ light chains were found
between the groups (p > 0.01 by one-way ANOVA followed by Bonferroni post hoc tests). p Value, Spearman correlation coefficient (r), R square (R2), and 95%
confidence band (dotted lines) are indicated on the graph. (C and D) IgG4 from Nfasc155+ patients (n = 10) were incubated with of a 3-fold excess of
monoclonal IgG4/λ (C) or IgG4/κ (D) in the presence or absence of reduced glutathione (GSH). The levels of κ and λ light chains were then measured by ELISA
against Nfasc155, and the ratio κ/λ (red dots) was calculated. Fab-arm exchange (FAE) with IgG4/λ significantly increased the levels of λ light chains and
decreased the levels of κ light chains in anti-Nfasc155 IgG4 and resulted in a decrease of the κ/λ ratio. Reversely, FAE with FAE with IgG4/κ significantly
increased the levels of κ light chains and decreased those of λ light chains in anti-Nfasc155 IgG4 and resulted in an increase of the κ/λ ratio (*p < 0.05; **p <
0.005; ***p < 0.001 compared with control condition in the absence of GSH using paired Student t tests). The percentage of increase or decrease of the κ/λ
ratio following FAE (gray dots) with IgG4/λ or IgG4/κ was quantified for each patient. Changes in the κ/λ ratio were significantly different following FAE with
IgG4/λ or IgG4/κ (***p < 0.001 using paired Student t tests). CIPD = chronic inflammatory demyelinating polyneuropathy; Nfasc155 = neurofascin-155.
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patients strongly impaired paranode formation (Figure 3 and
eFigure 3, links.lww.com/NXI/A736), and nearly 60% of the
Nav channel clusters lacked paranodes by P2 vs 21%–25% in
controls (more than 100 nodes were analyzed in 4 animals per
groups). The remaining CASPR1-positive paranodes were
shorter compared with control animals (Figure 3; the mean of
length of more than 100 paranodes was calculated in 4 animals
per condition and averaged), whereas the mean node length
was not affected (the mean of length of more than 100 nodes
was calculated in 4 animals per condition and averaged).
F(ab’)2 fragments from patients AN1 and AN2 had similar
effects and resulted in a significant increase of the percentage
of Nav clusters lacking paranodes (Figure 3 and eFigure 3).
The remaining paranodes were significantly shorter compared
with controls but not to native anti-Nfasc155 IgG4 (Figure 3
and eFigure 3), indicating that both native IgG4 and F(ab’)2
fragments were similarly pathogenic. Reversely, the mono-
valent Fab fragment of IgG4 from both AN1 and AN2 had no

effects on the formation of paranodes, and the percentages of
Nav clusters with 1, 2, or no CASPR1-positive paranodes were
similar to controls (Figure 3 and eFigure 3). Also, monovalent
Nfasc155-reactive Fab did not affect paranodal length
(Figure 3), indicating that monovalency abolishes the path-
ogenicity of anti-Nfasc155 IgG4.

Bivalent F(ab’)2 IgG4 Antibodies Can Cluster
Nfasc155 and Abrogate Paranode Formation
To investigate whether enzymatic cleavage also alters the
clustering of Nfasc155 on the Schwann cell surface, sciatic
nerves were incubated in vitro for 3 hours in the presence of
native IgG4 or Fab and F(ab’)2 fragments (Figure 4). An
important clustering of IgG4 was found at the vicinity of the
nodes of Ranvier and at the mesaxon in myelinated fibers
incubated with native Nfasc155-reactive IgG4 or F(ab’)2
fragments. By contrast, no clustering was observed on the
surface of Schwann cells incubated with Fab fragments or

Figure 3 Bivalent F(ab’)2 From Nfasc155-Reactive IgG4 Abrogate Paranode Formation but Not Monovalent Fab

(A and B) New-born rat pups received an intraperitoneal injection of 250 μg of anti-Nfasc155 IgG4, Fab, or F(ab’)2 from patient AN1 (n = 4 animals for each
condition and age). As controls, animals received 250 μg of IgG4 from healthy donors. Two days after injection, animals were killed, and sciatic nerve fibers
were fixed. Teased sciatic nerve fibers were then immunolabeled for voltage-gated sodium channels (Nav; green) to label nodes and heminodes and for
CASPR1 (red) to label paranodes. (C and D) The percentage of Nav clusters lacking CASPR1-positive paranodes (arrowheads) or with 1 or 2 flanking CASPR1
positive paranodes (double arrowheads) was quantified, as well as the paranodal length (D) (n = 100–200 nodes or paranodes for each condition). The
injection of native IgG4 or F(ab’)2 fragments from patient AN1 strongly abrogated the formation of CASPR1-positive paranodes and resulted in a higher
percentage of heminodes lacking paranodes (****p < 0.0001, ***p < 0.001, **p < 0.005, and *p < 0.05 by one-way ANOVA followed by Bonferroni post hoc
tests). The mean length of paranodes was also shorter after treatment with native IgG4 or F(ab’)2 fragments reactive to Nfasc155 (****p < 0.0001 and ***p <
0.001 by one-way ANOVA followed by Bonferroni post hoc tests). By contrast, the injection of the monovalent Fab fragment of IgG4 did not affect the
formation or the length of paranodes (G andH). Scale bar: 10μm. Bars representmean and SEMCASPR1 = contactin-associated protein 1; ns = nonsignificant;
Nfasc155 = neurofascin-155.
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healthy control IgG4. Altogether, this further indicated that
bivalency is crucial for Nfasc155 clustering and paranodal
alterations. This also indicated that the Fc portion of IgG4
is dispensable and is not involved in the pathogenic
mechanisms.

FAE Modulates the Pathogenicity of Anti-
Nfasc155 IgG4
The above finding indicates that in vitro FAE can decrease
the monospecificity of anti-Nfasc155 IgG4 and results in
functionally monovalent antibodies. We thus tested whether
promoting FAE may diminish the pathogenic action of these
autoantibodies. For that purpose, IgG4 from 2 Nfasc155-
reactive patients AN1 and AN2 were incubated in vitro with
a 3-fold excess of healthy control IgG4 and GSH to promote
FAE and were then injected into newborn pups. By contrast
to native antibodies, the swapped antibodies had no effects
on the formation of paranodes in newborn pups, and the
percentages of Nav clusters with 1, 2, or no CASPR1-
positive paranodes were similar to those of control animals
(Figure 5 and eFigure 4, links.lww.com/NXI/A736). How-
ever, paranodal length appeared shorter in animals treated
with swapped antibodies compared with control animals.
The quantification of paranodal length confirmed this ob-
servation, and paranodes were found to be significantly
shorter in animals treated with swapped IgG4 compared
with control animals but still significantly longer than those
of animals treated with native Nfasc155-reactive IgG4
(Figure 5 and eFigure 4). This indicated that FAE can po-
tently decrease the pathogenic effect of anti-Nfasc155 IgG4.
In our previous study, we found that anti-Nfasc155 IgG4
aggregate near the nodes in injected animals.17 Here also,

native anti-Nfasc155 IgG4 readily clustered along the
Schwann and near Nav channels (eFigure 4). This clustering
was strongly decreased in animals treated with swapped
IgG4 but not abolished (eFigure 4).

Discussion
In this study, we demonstrate that a proportion of mono-
specific anti-Nfasc155 IgG4 can be detected in patients’ serum
and can cross-link Nfasc155 both in vitro and in vivo on
Schwann cells. The enzymatic cleavage into monovalent Fab
or bivalent F(ab’)2 enabled us to demonstrate that IgG4
bivalency is crucial for the pathogenic action of anti-Nfasc155
IgG4 and that monovalent antibodies are less pathogenic. Our
data demonstrate that these antibodies can undergo FAE in
vitro and in situ and that FAE modulates the pathogenic
potential of autoreactive IgG4. The presence of monospecific
IgG4 antibodies was not due to an inherent inability of anti-
Nfasc155 IgG4 to undergo interchain exchange because the
simple addition of GSH was sufficient to diminish the
amounts of monospecific antibodies. Perhaps anti-Nfasc155
IgG4 have not all undergone FAE in situ with other circu-
lating IgG4. In keeping with this, the κ:λ ratios of anti-Nfasc155
IgG4 did not perfectly match with those of circulating IgG4 in
each patient. Nonetheless, patients with Nfasc155 autoimmune
nodopathy did not carry exclusively monospecific bivalent, and
the percentage of monospecific bivalent anti-Nfasc155 IgG4
ranged between 7% and 78% in patients.

FAE enables the formation of functionally monovalent IgG4
that are anti-inflammatory and participate to immune

Figure 4 Bivalent Antibodies Cluster on the Schwann Cell Surface of Myelinated Fibers

(A–D) Rat sciatic nerve were incubated in vitro for 3 hours with control IgG4 (A) or with Nfasc155-reactive IgG4 (B), Fab fragment (C), or F(ab’)2 fragment (D)
from patient AN1. Fibers were then immunostained for IgG (green) and contactin-1 (CNTN1; red) to label paranodes. By contrast to control IgG4, Nfasc155-
reactive IgG4 accumulated at paranode vicinity (double arrowheads) and along the outer mesaxon (arrows). The cleavage into the Fab fragment inhibited
IgG4 accumulation at the mesaxon and around paranodes (C). By contrast, the cleavage into the F(ab’)2 fragment did not alter the ability to aggregate at the
mesaxon and paranode vicinity despite the absence of the Fc region (D). Scale bars: 10 μm. Nfasc155 = neurofascin-155.
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tolerance through the blocking of the autoantigen epitope and
by competing with other subclass antibodies.29 Class switch to
IgG4 following chronic exposure to antigens is thus suspected
to dampen the immune reaction. Nonetheless, IgG4 anti-
bodies are associated with numerous autoimmune patholo-
gies,30 and recently, FAE has been shown to promote the
pathogenicity of anti-MuSK antibodies in myasthenia gravis
through function-blocking activity.20 In a previous study, we
showed that anti-Nfasc155 IgG4 does not have a function-
blocking activity.17 Instead, anti-Nfasc155 antibodies
appeared to cross-link Nfasc155, promote Nfasc155 degra-
dation, and thus abolish the association with the CNTN1/
CASPR1 complex at the paranode. In neonatal animals, the
injection of native anti-Nfasc155 IgG4 thereby inhibited para-
node formation and resulted in either shorter or no paranode.
Proteolytic cleavage into monovalent Fab abrogated the path-
ogenic capacity of anti-Nfasc155 IgG4. Promoting FAE in vitro
also strongly decreased the effect of anti-Nfasc155 IgG4 but did
not abolish paranode shortening. FAE is a dynamic process,
and our data demonstrate that a proportion of IgG4 still remain
monospecific even in the presence of a three-fold excess of

unreactive IgG4. Also, we cannot exclude the fact that a fraction
of the swapped antibodies rearranged in vivo intomonospecific
anti-Nfasc155 IgG4. Thus, the limited effects of swapped anti-
Nfasc155 IgG4 are likely mediated by residual monospecific
antibodies. To avoid this issue, a mutant form of IgG4 (S228P,
F405L, and R409K) and of anti-MuSK IgG4 (S228P) were
recently used to create under controlled reducing conditions a
stable bispecific antibody.21 We did not use this technique here
because anti-Nfasc155 IgG4 has not been cloned.

Using IgG1 against Nfasc155, we have been able to esti-
mate the percentage of monospecific anti-Nfasc155 IgG4.
These levels were generally low with a median of 18% and
were proportional to antibody titers, suggesting that
monospecific antibodies may either be newly synthesized
or may simply persist because of their prevalence. However,
these levels did not correlate with clinical severity or re-
sponse to treatment. Most patients were unresponsive to
IVIg but responded positively to either plasmapheresis or
rituximab. This further highlighted that low levels of
monospecific anti-Nfasc155 IgG4 are sufficient to be

Figure 5 Fab-Arm Exchange Decreases the Pathogenicity of Nfasc155-Reactive IgG4

(A) Fab-arm exchange (FAE) was induced in vitro between IgG4 from patient AN1 and healthy donor IgG4. New-born rat pups were injected at birth with
control IgG4 (250 μg per animal), IgG4 frompatient AN1 (250 μg per animal), or swapped IgG4 from patient AN1 (FAE; 1mg per animal) and killed after 2 days.
Teased fiberswere immunostained for voltage-gated sodium channels (Nav; green) and CASPR1 (red) (n = 4 animals for each condition and age). (B and C) The
percentage of Nav clusters lacking CASPR1-positive paranodes (arrows) and Nav clusters with 1 or 2 flanking paranodes (double arrowheads) was counted in
each group. The injection of native Nfasc155-reactive IgG4 reduced the formation of CASPR1-positive paranodes and significantly decreased themean length
of paranodes. By contrast, swapped reactive Nfasc155 IgG4 did not significantly affect paranode formation. Nonetheless, paranodal length was decreased in
animals treated with swapped IgG4 (****p < 0.0001, ***p < 0.001, **p < 0.005, and *p < 0.05 by one-way ANOVA followed by Bonferroni post hoc tests) (n =
100–200 nodes or paranodes for each condition). Scale bars: 10 μm. Bars represent mean and SEM. CASPR1 = contactin-associated protein 1; ns =
nonsignificant; Nfasc155 = neurofascin-155.
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detrimental and that antibody-depleting strategies are the
most efficient in those patients.

The absence of clinical correlate with the percentage of
monospecific anti-Nfasc155 IgG4 is the main limitation of our
study. From this small cohort study, the quantification of
monospecific IgG4 does not seem to have clinical value for
prognosis or treatment choice. However, a larger cohort study
recently demonstrated that anti-Nfasc155 IgG4 titers follow
clinical severity scores and are useful to monitor disease sta-
tus.31 Anyhow, this study demonstrates that IgG4 valency
dictates the pathogenicity of anti-Nfasc155 and that FAE can
potently decrease the pathogenic potential of these autoan-
tibodies. Of course, one question comes to mind: why are
those patients unresponsive to IVIg6,12,32-35 if IgG4 effectively
decreases autoantibody pathogenicity? IgG4 represent less
than 3% of IVIg. Thus, the amount of IgG4 present in a usual
dose of IVIg (2 g/kg) may be insufficient to mask patients’
pathogenic antibodies. In addition, IVIg are known to act
through several modes of action involving the Fc portion of
IgG including the activation of immunomodulatory FcγRIIb,
the saturation of FcRn, or the inhibition of complement.36

IgG4 does not activate complement, FcγRIIb, and our data
further demonstrated that the Fc domain of anti-Nfasc155
IgG4 is dispensable. Thus, by contrast to other isotypes, IgG4
are not acting through Fc-mediated effector function, and
the mode of actions of IVIg appears irrelevant for Nfasc155
autoimmune nodopathy.

The fact that bivalent antibodies are pathogenic points out that
IgG1 or IgG3 could also be pathogenic. IgG1 or IgG3 to
Nfasc155 are infrequently found in autoimmune nodopathy.
Only a few patients here presented with IgG1 to Nfasc155, and
lower titers of IgG1 have previously been reported compared
with IgG4.37 Nonetheless, we found here that IgG1 antibodies
were able to cross-link Nfasc155 and may thus be pathogenic.
Several recent studies described the presence of IgG1 or IgG3 to
pan-neurofascin in patients with CIDP or Guillain-Barré
syndrome.9,38,39 In addition to complement activation, these
antibodies may alter paranodal regions by favoring Nfasc155
aggregation and degradation. Recently, IgG3 to CNTN1 have
also been shown to affect the surface expression of CNTN1 in
neurons.40 The cleavage of anti-CNTN1 IgG into Fab, but not
the F(ab’)2 fragment, abolished these effects. This further sug-
gests that themonospecificity of IgG1 and IgG3 toCNTN1may
participate in their pathogenic actions. It still remains to be
demonstrated whether this is also true for anti-CNTN1 IgG4. In
any cases, affinity maturation of IgG4 appears to be required for
the development of the pathogenic activity, as demonstrated in
MusK myasthenia gravis.41 Thus, antibody affinity and titers are
likely to further influence antibody pathogenicity.

The mechanisms responsible for IgG4 swapping in situ are not
yet well defined. GSH was originally suspected to enable FAE
in cells because a low-molecular-weight compound extracted
from erythrocyte lysate could promote FAE.19 Here, GSH also
promoted the FAE of anti-Nfasc155 IgG4 in vitro. The blood

levels of GSH have been reported to be decreased not only in
some inflammatory diseases but also during aging.42 FAE may
thus be less efficient in some patients because of GSH de-
ficiency. A correlation was previously reported between the
severity of CIDP and the age of patients with antibodies to the
nodes of Ranvier.43 However, we did not find such correlation
here, and generally, patients with anti-Nfasc155 IgG4 were
younger.6,35,37,44 Thus, patients’ age may not be the critical
factor influencing IgG4 monospecificity. Nonetheless, we
cannot rule out that low GSH blood levels may participate in
the persistence of monospecific antibodies. We did not mea-
sure GSH blood levels in our cohort because blood samples
were not available and plasma levels of GSH are marginally low
compared with blood levels.

Altogether, our data indicate that bivalent IgG4 are patho-
genic in Nfasc155 autoimmune nodopathy and that pro-
moting FAE using healthy IgG4 and GSH can decrease the
pathogenic potential of these autoantibodies. It has to be kept
in mind that promoting FAE may be detrimental in anti-
MuSK myasthenia gravis.20,21 Future works should examine
whether FAE is beneficial or detrimental in anti-CNTN1 and
anti-CASPR1 autoimmune nodopathy.
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Abstract
Background and Objectives
Paraneoplastic cerebellar degeneration (PCD) with anti-Yo antibodies is a cancer-related au-
toimmune disease directed against neural antigens expressed by tumor cells. A putative trigger
of the immune tolerance breakdown is genetic alteration of Yo antigens. We aimed to identify
the tumors’ genetic and immune specificities involved in Yo-PCD pathogenesis.

Methods
Using clinicopathologic data, immunofluorescence (IF) imaging, and whole-transcriptome
analysis, 22 breast cancers (BCs) associated with Yo-PCD were characterized in terms of
oncologic characteristics, genetic alteration of Yo antigens, differential gene expression profiles,
and morphofunctional specificities of their in situ antitumor immunity by comparing them with
matched control BCs.

Results
Yo-PCD BCs were invasive carcinoma of no special type, which early metastasized to lymph
nodes. They overexpressed human epidermal growth factor receptor 2 (HER2) but were
hormone receptor negative. All Yo-PCD BCs carried at least 1 genetic alteration (variation or
gain in copy number) on CDR2L, encoding the main Yo antigen that was found aberrantly
overexpressed in Yo-PCD BCs. Analysis of the differentially expressed genes found 615
upregulated and 54 downregulated genes in Yo-PCDBCs compared with HER2-driven control
BCs without PCD. Ontology enrichment analysis found significantly upregulated adaptive
immune response pathways in Yo-PCD BCs. IF imaging confirmed an intense immune in-
filtration with an overwhelming predominance of immunoglobulin G–plasma cells.

Discussion
These data confirm the role of genetic alterations of Yo antigens in triggering the immune
tolerance breakdown but also outline a specific biomolecular profile in Yo-PCDBCs, suggesting
a cancer-specific pathogenesis.
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Paraneoplastic cerebellar degeneration (PCD) is a rare condition
but is one of the commonest paraneoplastic neurologic disor-
ders, mainly associated with breast and ovarian carcinomas.1 The
main feature is a rapidly progressive cerebellar ataxia secondary
to the specific destruction of Purkinje cells by cytotoxic T cells.2,3

About 50% of PCD cases are associated with anti-Yo autoanti-
bodies (Yo-PCD), directed against Yo antigens CDR2 (cere-
bellar degeneration-related protein 2) and its paralogue
CDR2L.4-6 The previous description of an uncommon and in-
tense immune attack in Yo-PCD ovarian cancers7 highlighted
that antitumor immunity has a lead role in paraneoplastic syn-
drome pathogenesis. The presence of specific alterations of
genes encoding Yo antigens (copy number gain leading to an-
tigen overexpression and somatic sequence variations) in all
Yo-PCDovarian cancers strongly suggests that neoantigenicity is
a pivotal mechanism leading to the immune tolerance break-
down that could in turn drive the immune overreaction spear-
heading the paraneoplastic syndrome. Hypothesizing the
aforementioned Yo gene specificities to be causative in immune
tolerance breakdown in Yo-PCD, similar genetic alterations
should be found in breast cancer (BC) associated with Yo-PCD.
However, the already described overexpression of human epi-
dermal growth factor receptor 2 (HER2) in Yo-PCDBCs8 leads
to believe that antigen specificities are not the only molecular
triggers of the immune tolerance breakdown and that other
mechanisms, potentially linked to breast oncogenesis, could be
involved. To move forward in our understanding of the mech-
anisms leading to this specific immune reaction, we analyzed the
salient clinical, histopathologic, and immunologic features, gene
expression profiles, and mutational status of Yo-PCD BCs.

Methods
Patients
Patients with Yo-PCD and a BC diagnosed between January
2005 and March 2021 were identified retrospectively by the
French Reference Center for Paraneoplastic Neurological
Syndromes (Lyon, France). Patients were included if they had
(1) PCD diagnosis according to the international guidelines,9

(2) presence of Yo antibodies in serum and/or CSF detected
using both immunohistochemistry (IHC) on rat brain sec-
tions and dot blot using commercial tests (RAVO diagnostika
and Euroimmun), and (3) histologically proven BC.

From those included, tumor samples were retrieved when
available. Of note, for patients with several nonconcomitant

tumors (e.g., patients who had several successive BCs) or
tumor sites (e.g., primary BC and lymph node metastasis), we
chose—whenever possible—to include all available tumor
samples. In this way, we aimed to take into account the po-
tential asynchronism of cancer and PCD onset, and thus, the
impossibility to know a priori which tumor sample was re-
sponsible for PCD triggering when patients had had several
BCs but also the possibility of a “cumulative effect” of different
tumors in the same patients. Accordingly, when the primitive
tumor and lymph node metastasis were available, we chose to
include both samples, as it was possible that only 1 of the 2
tumor sites was responsible for paraneoplastic syndrome
pathogenesis. This raise the possibility of potential duplicates
or triplicates in the analysis that were systematically taken into
account in interpretation of results.

Control Specimens
A cohort of 15 BCs without Yo-PCD from the Biopathology
Department of Centre Léon Bérard (Lyon, France) was
constituted matched with Yo BCs on their pathologic type
and expression of HER2 and hormone receptor (HR).

Tumor Pathology Study
Four-μm-thick formalin-fixed paraffin-embedded (FFPE)
tissue sections were stained with hematoxylin-phloxine-
saffron. A referent pathologist (I.T.) assessed the subtype of
BCs according to the 2019 WHO classification.10

Immunohistochemistry
Detailed chromogen IHC protocols and antibodies are described
in the eMethods (links.lww.com/NXI/A734). Classical diagnostic
markers including estrogen (OR) and progesterone (PR) recep-
tors were obtained by a routine automated protocol. HER2 ex-
pression was assessed using prediluted monoclonal anti-HER2
antibody 4B5 (Roche Diagnostics, Basel, Switzerland). CDR2L
expression was assessed using an automated IHC protocol. A
staining intensity value from 0 (no staining) to 3 (high staining)
was given by manual quantification conducted by 2 evaluators
blinded to the provenance (patient or control) of the sample.

Multiplex Immunofluorescence Tissue
Staining and Digital Image Analysis

Multispectral IF Tissue Imaging
Eight Yo-PCD BC samples were compared with 14 HER2-
driven control BC samples. Fully automated seven-color multi-
plex immunofluorescence (IF) was performed using the Opal
system (Akoya Biosciences, Marlborough, MA) and the BOND

Glossary
BC = breast cancer; CDR2 = cerebellar degeneration-related protein 2; CGHa = comparative genomic hybridization array;
CNV = copy number variation; COSMIC = Catalogue Of Somatic Mutations In Cancer; DCIS = ductal carcinoma in situ;
ECM = extracellular matrix; FFPE = formalin-fixed paraffin-embedded; GO = Gene Ontology; HER2 = human epidermal
growth factor receptor 2; HR = hormone receptor; IF = immunofluorescence; IgG = immunoglobulin G; IHC =
immunohistochemistry; MCP = Microenvironment Cell Populations; mDC = myeloid dendritic cell; NST = no special type;
OBC = occult BC; OR = estrogen receptor; PCD = paraneoplastic cerebellar degeneration; PR = progesterone receptor.
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RX stainer (Leica Biosystems, Nanterre, France) for patients with
available FFPE tumor tissue. The sections were sequentially
stained with each primary antibody, followed by OPAL-
Horseradish Peroxidase secondary antibody incubation then
revealed in the following order:DClamp (dendritic cell lysosomal-
associated membrane glycoprotein), CD 20, immunoglobulin
(Ig)G, IgA, CD3, and cytokeratin. The sections were then
counterstained with spectral 49,6-diamidino-2-phenylindole and
mounted with a coverslip. Detailed IF protocols and antibodies
are described in the eMethods (links.lww.com/NXI/A734).

Quantification of Immune Cell Densities
Representative regions of interests (6 for tissue <100 mm2, 10
otherwise) were defined on whole-slide digital images using the
Phenochart software v. 1.0.12 (Akoya Biosciences). After cell
segmentation using 49,6-diamidino-2-phenylindole, the different
immune cell phenotypes were quantified, and data were pro-
cessed on phenoptrReports v.0.2.10 R package (Akoya Biosci-
ences) to obtain cell densities.

RNA Sequencing
Fifteen of the 22 Yo-PCDBC samples were eligible for RNA-seq
analysis (7 were discarded because of insufficient material or
RNA extraction failure). Sequencing was performed (paired end,
2 × 75 cycles) using NextSeq 500/550 High Output V2 kit on a
NextSeq 500 machine (Illumina, San Diego, CA). The mean
number of reads per sample was around 80 millions. Alignments
were performed using STAR11 on the GRCh38 version of the
human reference genome. The amount of duplicate reads were
assessed using PICARD tools.12 Samples with a number of
unique reads below 10 million (5 million paired-reads) were
discarded from the analysis. Expression values were extracted
using Kallisto version 0.42.5 with GENECODE release 23-
genome annotation based on the GRCh38 genome reference.

Comparative Genomic Hybridization Array
Comparative genomic hybridization array (CGHa; accession
number in NCBI’s Gene Expression Omnibus: GSE96039) was
performed on 10 Yo-PCD BC samples. Fragmentation, labeling,
cohybridization on 4 × 180 K Agilent SurePrint G3 Human
whole-genome oligonucleotide arrays (Agilent Technologies),
scanning, and analysis are fully described in the eMethods (links.
lww.com/NXI/A734).

DNA Sequencing
CDR2 and CDR2L genes were sequenced on 8 Yo-PCD BC
samples using the MiSeq next-generation sequencing plat-
form (Illumina) according to the manufacturer’s instructions
and described in the eMethods (links.lww.com/NXI/A734).
The sequence data generated were aligned using NextGENe
(SoftGenetics, State College, PA) on human reference se-
quences hg38 for CDR2 (NM_001802.1) and CDR2L (NM_
014603.2).

Fluorescent In Situ Hybridization
Copy number alterations of the CDR2L gene were assessed
on 12 Yo-PCD BC samples and 15 control BC samples with a

Table 1 Clinicopathologic Description of the Yo-PCD
BC Cohort

Tumor characteristics
34 BCs,
n (%)

Pathology

Invasive carcinomas of NST 31 (91.1)

Intragalactophoric
carcinoma

2 (5.8)

Medullary carcinoma 1 (2.9)

Nottingham grade

III 19 (55.9)

II 6 (17.6)

NA 9 (26.5)

Tumor subtype

HER2−hormone receptor + 2 (5.8)

HER2+ hormone receptor + 6 (17.6)

HER2+ hormone receptor − 23 (67.6)

TNBC 3 (8.8)

Receptor expression

OR 7 (20.6)

PR 5 (14.7)

HER2 29 (85.3)

Tumor size

T0 7 (20.6)

Tis 3 (8.8)

T1 10 (29.4)

T2 8 (23.5)

T3 3 (8.8)

Tx 3 (8.8)

Lymph node metastasis

N0 9 (26.5)

N+ 23 (67.6)

NA 2 (5.8)

No. of cancer diagnosed per
patient (n = 29 patients)

3 cancers 1 (3.4)

2 cancers 3 (10.3)

1 cancer 25 (86.2)

Abbreviations: HER2 = ErbB2 protein; NA = not available; NST = no specific
type; OR = estrogen receptor; PR = progesterone receptor; TNBC = triple-
negative breast carcinoma; TNM = tumor node metastasis.
Nottingham grade is a composite pathologic prognostic score taking into
account differentiation, atypia, and mitotic activity ranging from grade 1
(best prognosis) to 3 (worse prognosis); TNM staging: T0: no detectable
tumor, Tis: in situ tumor, T1: tumor is ≤2 cmacross, T2: tumor is >2 cmbut ≤5
cm across, T3: tumor is >5 cm across, N0: no cancer cell in any lymph node,
N+: cancer cells in at least 1 lymph node.
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Table 2 Histologic and Biomolecular Characteristics of Yo-PCD BCs

Patient no. Sample Sample type ErbB2 CNV
HER2 IHC
expression OR PR

PCD-cancer
interval, mo

Genetic alteration on the
CDR2 or CDR2L gene CDR2L CNV CDR2 CNV

CDR2L
expression (IHC)

1 A PBT NA − + + 44 None None NA +

B PBT Amplification +++ 0 0 6 p.R394Q (CDR2L) None None +

C MLN None − 0 0 1 p.V176M (CDR2) Gain None ++

2 PBT NA ++ 0 0 24 NA Amplification NA +++

3 PBT Amplification +++ 0 0 −1 In-frame fusion CDR2L-CTD-2206N4.4 Amplification None +++

4 PBT NA +++ 0 + 2 NA NA NA +++

5 A MLN NA ++ 0 0 152 NA NA NA +

B MLN NA ++ 0 0 22 NA NA NA ++

6 A PBT NA +++ + 0 −5 None Amplification NA +++

B MLN Amplification +++ + 0 −5 None Amplification None +++

7 PBT NA +++ 0 0 6 NA NA NA +++

8 PBT + MLN NA +++ 0 0 1 NA NA NA ++

9 PBT Amplification +++ 0 0 −1 p.Q50X (CDR2L) Amplification Gain ++

10 PBT Amplification +++ 0 0 −5 NA Amplification None +++

11 MLN NA +++ 0 0 0 NA NA NA ++

12 PBT None − 0 0 105 p.R216W (CDR2) Gain None −

13 A PBT None − + + 8 None None Strong gain +

B PBT Amplification +++ 0 0 8 None Amplification Gain +++

14 PBT NA − 0 0 111 p.S138L (CDR2) NA NA ++

15 MLN Amplification +++ 0 0 −2 None Amplification None +++

16 MLN NA +++ 0 0 −2 NA NA NA NA

17 PBT NA +++ 0 0 3 NA NA NA +++

Abbreviations: CNV = copy number variation; HER2 = ErbB2 protein; MLN =metastatic lymph node; NA = not available; OR = estrogen receptor; PBT = primary breast tumor; PCD = paraneoplastic cerebellar degeneration; PR =
progesterone receptor.
The interval between PCD and cancer is calculated with cancer diagnosis as day 0; the negative interval thus corresponds to patients for whom PCD was diagnosed before cancer.
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dual color probe where the CDR2L gene is labeled in orange,
and the centromere of chromosome 17 is labeled in green
(Empire Genomics, Buffalo, NY). The CDR2L gene was
considered amplified if the mean number of orange signals
was ≥6.

Statistical and Bioinformatical Analysis
Statistical analysis was performed using R v.4.0.3.13 Com-
parisons were made using the χ2 or Fisher exact test according
to preanalytical conditions. Cell densities evaluated with
multi-IF were compared using the Mann-Whitney U test.

Bioinformatical analyses are detailed in the eMethods (links.lww.
com/NXI/A734). Differential gene expression analysis was per-
formed using DESeq2 v1.32.014 R package by comparing gene
expression between Yo-PCD and controls. Hierarchical clustering
was performed using the ComplexHeatmap v2.8.015 R package
using the Euclidean distance and the Ward clustering method.
Gene Ontology (GO) enrichment was performed using cluster-
Profiler v4.0.016 R package on overexpressed and underexpressed
Yo-PCD genes separately, and all genes used for differential gene
expression were used as background. Immune cell populations
were analyzed using the Microenvironment Cell Populations-
counter (MCP-counter) method17 and the MCPCounter v1.1
R package.

Study Approval
This study is part of the project Gene PNS (NCT03963700)
and was approved by the institutional review board of the
Hospices Civils de Lyon. Tumors and other biological sam-
ples were collected after patients gave informed and written
consent.

Data Availability
RNA-seq expression, differential expression results, and GO
enrichment analysis data are available online (zenodo.org/
record/6477807, doi: 10.5281/zenodo.6477807). RNA-seq
raw data (FASTQ) will be shared with any qualified in-
vestigator on request.

Results
Clinical and Pathologic Cohorts
Thirty patients with Yo-PCD associated with a BC were iden-
tified; 1 patient was excluded because ofmissing clinical data. For
the 29 patients with Yo-PCD included, the histopathologic data
of 34 BCs were collected (Table 1); 17 patients had available
FFPE tissue samples: 6 axillary lymph nodes and 16 primary
BCs. One patient had 3 available samples (patient 1), and 3
patients had 2 available samples (patients 5, 6, and 13); a total of

Figure 1 Flowchart of the Study

Control cohorts are (i) from in-house HER2-driven control tumors for the RNA-seq, multi-IF, and FISH analyses, (ii) from the COSMIC database19 for the CGHa
and the DNA sequencing of CDR2 and CDR2L, or (iii) from a literature-drawn cohort27 for the clinicopathologic comparison. BC = breast cancer;
CGHa = comparative genomic hybridization array; FISH = fluorescent in situ hybridization; HER2+ = overexpression of human epidermal growth factor
receptor 2; HR− = no overexpression of hormone receptors; PCD = paraneoplastic cerebellar degeneration; w/o = without.
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22 samples were analyzed. Histologic data on each available
tumor sample are detailed for each patient in Table 2, and the
study flowchart summarizing the methods and analyses applied
to characterize Yo-PCD BCs compared with control BCs is
presented in Figure 1.

Yo-PCD BCs Are Mainly HER2-Positive and HR-
Negative Invasive Carcinomas of No Special Type
Thirty-one of the 34 (91.1%) Yo-PCD BCs were invasive
carcinomas of no special type (NST). The Nottingham
grade18 was available for 25 samples: 19 BCs were grade 3
(55.9%), and the other 6 were grade 2 (17.6%). IHC found
that HER2 was overexpressed in 29 (85.3%) Yo-PCD BCs
and amplification of ErbB2, encoding HER2, was found in 17

of 22 (77.2%). HRs, namely PR and OR, were both negative
in 26 BCs (76.4%). Overall, the majority (67.6%) of Yo-PCD
BCs were HER2-positive and HR-negative invasive carcino-
mas of NST, also called HER2-driven BCs (Table 1).

Yo-PCD BCs Are Small-Sized BCs Early
Metastasizing in Regional Lymph Nodes
Overall, 20 of 34 (58.8%) Yo-PCD BCs were T1 or lower and
23 of 34 BCs (67.6%) had ipsilateral axillary lymph node
metastasis at diagnosis (Table 1). Seven of the 34 BCs
(20.5%) had an occult BC (OBC) with axillary lymph node
metastasis for which a definitive pathologic diagnosis was
obtained after lymph node biopsy without detection of any
primary breast tumor following appropriate radioclinical

Figure 2 Genetic, Cytogenetic, Transcriptomic, and Protein Expression of CDR2 and CDR2L in Yo-PCD Breast Cancers

(A) Genetic alterations (mutations and copy number variations) in theCDR2 (in orange) andCDR2L (in blue) locus. Each section of the circle represents 1 Yo-PCD
breast cancer (BC); the inner circle shows CDR2L CNV, whereas CDR2 CNV is represented in the intermediate circle. The outer circle gives information on point
mutations and fusions on the CDR2 or CDR2L locus. (B.a) Cytogenetic alterations on the CDR2L locus. (B.b) CGHa on Yo-PCD breast tumor: zoom on 17q
chromosome holding ERBB2 (HER2) and CDR2L locus amplifications. (B.c) CDR2L-probe FISH in control breast cancer (left) vs Yo-PCD (right). Scale bar: 50 μm.
(C) Median boxplots of TPM expression of CRD2L in control breast tumors (left, dark blue) vs Yo-PCD tumors (right, red). CDR2L was found differentially
expressed in the RNA-seq analysis. (D.a and D.b) Expression of the CDR2L protein. (D.a) Representative CDR2L IHC staining in control breast tumors (left) vs
Yo-PCD tumors (right). Scale bars: 100 μm. (D.b) Semiquantitative evaluation of CDR2L staining intensity in IHC in control breast tumors (left) vs Yo-PCD
tumors (right) ranked from 0 for no staining (faded blue) to 3 for cytoplasmic staining with strong intensity (red). Comparison with the χ2 independent test.
PCD = paraneoplastic cerebellar degeneration.
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Figure 3 Differentially Expressed Genes and Immune Cell Type Estimates Between Control and Yo-PCD Breast Cancers

(A) Heatmap of the differentially expressed genes (in rows) between Yo-PCD (red) and control (dark blue) samples (in columns). Tumor sites are separated in
primary breast cancer (BC; yellow) and metastatic lymph node (light blue). TPM expression values were first transformed into log10(TPM + 0.01) and then
transformed into a Z score per gene. Panels B and C showboxplots of themedian value and interquartile range (IQR) for the concerned variable of control (on
the left, in blue) and Yo-PCD BC samples (on the right, in red); the upper whisker extends from the hinge to the largest value no further than 1.5 × IQR, and the
lowerwhisker extends to the smallest value atmost 1.5 × IQR from the hinge; each dot represents the value of a sample. p Values of comparisons between Yo-
PCD and control groups using the Wilcoxon rank-sum test are adjusted with the Benjamini and Hochberg method (see eMethods for detail, links.lww.com/
NXI/A734) and shown on the top of each couple of boxplots. Yo-PCD samples from metastatic lymph nodes have been removed. (B.a–B.j) Boxplots of MCP-
counter estimates for 3 classical cell types in control and Yo-PCD samples. (C.a-b) Boxplots of TPM expression of 2 typical plasma cell markers in control and
Yo-PCD samples. PCD = paraneoplastic cerebellar degeneration.
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assessment (including ad hoc nuclear imaging). Three pa-
tients only had ductal carcinoma in situ (DCIS), including 2
of 3 with axillary lymph node metastasis.

Yo Genes Are Mutated, Amplified, and
Overexpressed in Yo-PCD BCs
As CDR2 and CDR2L are the targets of the anti-Yo anti-
bodies, a first focus was made on these 2 proteins. The mu-
tational status of Yo genes (CDR2 and CDR2L) was assessed
by DNA and/or RNA sequencing on 12 Yo-PCD BC samples
from 8 different patients (1A, B, C; 3; 6A, B; 10; 12; 13A, B;
14; and 15). Sequence alterations were found in 6 Yo-PCD
BCs (1B, 1C, 3, 9, 12, and 14; Table 2): 3 inCDR2 (n = 3) and
3 in CDR2L including an in-frame fusion (Figure 2A). Only
one of these variants (R216W, patient 12) has been reported
in the Single-Nucleotide Polymorphism Catalogue Of So-
matic Mutations In Cancer (COSMIC) database.19 This,
together with the absence of mutations in the matched con-
stitutional counterpart (available for patients 3 and 9) and in
the bloodDNA of 10 patients with Yo-PCDwithout evaluable
tumor tissue, indicated that these mutations were somatic.

Four of these mutations resulted in amino acid substitutions
in the protein sequence, and 1 leads to protein truncation.
Overall, 5 of 8 (62.5%) patients with Yo-PCD displayed at
least 1 alteration in the CDR2 or CDR2L gene.

Information on CDR2L CNV was available for 13 samples by
CGHa and fluorescent in situ hybridization (FISH; n = 9),
CGHa alone (n = 1), or FISH alone (n = 3), 8 of which
displayed amplification (61.5%) and 2 had a significant gain in
17q25 carrying the CDR2L gene (Figure 2B). By contrast,
amplification of CDR2L was found in 1 of 15 (6.6%) control
samples (p < 0.0001). Of note,CDR2L and ErbB2 both are on
17q chromosome, but, when associated, amplifications of
both genes were not dependent on the same amplicon. In-
formation on CDR2 CNV was available for 10 samples by
CGHa: 3 patients had a significant gain, but no amplification
of this gene was found. Overall, all included patients with Yo-
PCD had at least 1 BC sample harboring at least 1 alteration in
CDR2 orCDR2L: mutations (62.5%), amplifications (61.5%),
or gains (38.4%) irrespective of the tumor site (primary tumor
or metastasis). These alterations concerned onlyCDR2L for 9

Figure 4 Multiplex Immunofluorescence and Immune Cell Densities

(A) Representative control and Yo-PCD breast cancer (BC) slides with (from left to right): hematoxylin-phloxine-saffron coloration at lowmagnification (tumor
nests are circled by dotted yellow lines, scale bar: 200 μm), highmagnification images illustrating the great density and variety of immune cells infiltrating Yo-
PCD BCs as compared to control BCs, and representative multi-immunofluorescence slides of control and Yo-PCD BCs showing the B cells and massive IgG-
plasma cells infiltration characterizing Yo-PCD BCs (scale bar: 100 μm). B to D: Represented plots show the median value (top of the gray rectangle) of the
concerned variable. Each dot represents the value of a sample. p Values of comparisons between controls and Yo-PCD BCs using the Mann-Whitney method
are shown at the top of each panel. B: Absolute counts of T cells/mm2 in controls and Yo-PCD BCs. C: Absolute counts of B cells/mm2 in controls and Yo-PCD
BCs. D: Absolute counts of IgG plasma cells/mm2 in controls and Yo-PCD BCs. CT = control tumors; PCD = paraneoplastic cerebellar degeneration.
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of 14 samples (64.3%), both CDR2L and CDR2 in 3 of 14
(21.4%), and CDR2 alone in 2 of 14 (14.3%). RNA se-
quencing analysis found no differential expression of CDR2
but confirmed significant overexpression of CDR2L transcript
in Yo-PCD BCs compared with control BCs (Figure 2C).
This high CDR2L antigen expression was confirmed at the
protein level by IHC staining (Figure 2D) in Yo-PCD BCs vs
matched controls (p = 0.02). All BCs with an amplification of
CDR2L had a maximum staining intensity (3) on IHC, and 2
of 3 of those with gains or strong gains had a high intensity
level (2).

Yo-PCD BCs Have a Specific
Transcriptomic Profile
To approach the question of key pathways involved in Yo-PCD
pathophysiology, we first performed bulk tumor RNA-seq. Analysis
of the differentially expressed genes found 615 upregulated and 54
downregulated genes in Yo-PCD BCs (n = 12; 8 patients) com-
pared withmatched control BCs without PCD (n = 15; Figure 3A,
adjusted p-value threshold = 0.01; log2FC threshold = 1).
An exhaustive list of differentially expressed genes is available in
eTable 1 (links.lww.com/NXI/A734). Hierarchical clustering
based on the RNA expression profile of the 669 differentially
expressed genes separates the samples into 2 main clusters: Yo-
PCD BC samples including both primary (n = 9) and metastatic
(n = 3) sites on one side and HER2-driven matched control BC
samples on the other side. A core set of genes was constantly
downregulated in Yo-PCD BCs, making it a putative hallmark of
Yo-PCD transcriptomic profiles (Figure 3A). Functional GO en-
richment analysis on this downregulated cluster found a pre-
dominance of extracellular matrix (ECM)-related genes, whereas
overexpressed genes were mainly related to adaptive immune ac-
tivation. Detailed GO enrichment analysis is provided in eTable 2
and eTable 3 (links.lww.com/NXI/A734).

Yo-PCDBCsAreDistinguishedby Their Immune
Cell Infiltration
GO enrichment analysis on overexpressed genes found an en-
richment in B-cell and T-cell activation and proliferation pathways
and adaptive immune response final pathways in Yo-PCD BCs
(eTable 2 and eTable 3, links.lww.com/NXI/A734). The striking
proportion of immune-related gene overexpression suggested a
massive infiltration by immune cells in Yo-PCD compared with
controls. To further analyze and quantify the implicated cell
populations, we conducted an MCP-counter analysis exclusively
on primary BCs in both groups. As expected, we found no dif-
ference in innate immunity components (neutrophils, NK cells,
and monocytic lineage; Figure 3B). Analysis of B lineage and
T cells revealed a strong intersample variability in Yo-PCD BCs.
Three samples (1A, 1B, and 13A) had both low T-cell and B-cell
counts and corresponded to samples of patients with another
prevalent tumor (namely, 1C and 13B) with a higher MCP-score
of adaptive immune cells. Indeed, a markedly elevated B- and/or
T-cell MCP-score is found in the remaining 6 samples, probably
accounting for the aforementioned adaptive immune pathway
enrichment. However, all Yo samples, irrespective of their B-
and T-cell MCP-score, were characterized by a significant

overexpression of plasma cells/plasma blast genes (MZB1 and
TNFRSF17; Figure 3C), suggesting that the latter cellsmay have a
pivotal role in this strong adaptive immune reaction in Yo-
PCD BCs.

An IgG-Plasma Cell Attack Characterizes Yo-
PCD HER2-Driven BCs
Seven-color IF staining and digital image analysis were used to
quantify tumor-infiltrating T cells, B cells, myeloid dendritic cells
(mDCs), and IgG- and IgA-plasma cells in patients with available
primary FFPE tumor tissue. These found a clearly more intense
and diffuse infiltration by a wide variety of immune cells within
and around the tumor tissue of Yo-PCD BCs compared with
HER2-driven controls (Figure 4A) and confirmed the consid-
erable proportion of IgG plasma cells in Yo-PCD BCs. Indeed,
the median density (number of cells/mm2) of T cells (CD3;
Figure 4B) and mDC (DC-LAMP, data not shown) did not
significantly differ between Yo and controls, whereas CD20 +
B cells and most prominently IgG (but not IgA) plasma cell
densities were significantly higher in Yo-PCD BCs compared
with controls (Figure 4C and D).

Discussion
In our understanding of immune tolerance breakdown leading
to paraneoplastic neurologic diseases, genetic alterations of
onconeural antigens stand as a key element. Here, as in Yo-
PCD ovarian cancer,7 nearly two-thirds of the patients with Yo-
PCD with a BC presented with at least 1 somatic alteration of a
Yo gene, although alterations of these genes are very rare in
BCs, including in HER2-positive ones, according to COSMIC
database (<1%).19 Although somatic mutations were also de-
scribed in Yo ovarian cancers,7 none was common to BCs and
ovarian cancers, but all mutations have direct consequences on
the corresponding protein and are thus likely to generate
neoepitopes. However, this scenario of neoantigen creation
does not fully apply to each Yo-PCD BC in this study. In that
respect, gain in copy number leading to onconeural antigen
overexpression itself may be a sufficient trigger for the occur-
rence of an immune tolerance breakdown, irrespective of the
creation of neoepitopes, as it has been suggested by others
concerning paraneoplastic anti-THSD7A membranous ne-
phropathy.20 Amplification (≥6 copies) mainly concerned
CDR2L, and it was demonstrated herein that these CDR2L
amplifications result in CDR2L transcript and protein over-
expression in Yo-PCD BCs. Conversely, there were only in-
frequent copy number gains (<6) for CDR2, and these did not
produce any detectable increase of CDR2 expression. Thus, as
already highly suspected,21 the data presented herein support
that CDR2L could be the major antigen in Yo-PCD, irre-
spective of the nature of the associated tumor. Yet, if strong
similarities exist between Yo-PCD ovarian tumors and BCs,
from the frequency of Yo genetic alteration to the intensity of
the intratumor immune attack,7 2 specificities of Yo BCs sug-
gest mechanistic differences in the immune tolerance break-
down triggering PCD between these 2 tumor types. First,
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CDR2L amplification seems to be pivotal in Yo-PCD BCs,
whereas ovarian Yo-PCD cancers only present gain in copy
number. Second, as previously described,8 a strong over-
representation of HER2-positive BCs harboring both ERBB2
gene amplification and HER2 overexpression in Yo-PCD BCs
was found herein, whereas Yo-PCD ovarian cancers do not dis-
play ERBB2 amplification.7 Although ERBB2 and CDR2L are
located at the same chromosomic region (17q21-25), CDR2L
amplification does not seem to be a consequence of ERBB2
amplification, and FISH analysis ruled out double-minute chro-
mosome; hence, the mechanism of this double amplification
remains elusive. Further studies are needed to decipher this
mechanism, as well as the interactions of these 2 proteins in PCD
pathogenesis in Yo-PCDBCs, which are not only HER2-positive
but also HR-negative invasive carcinomas of NST. This HER2-
driven histopathologic signature is otherwise very marginally
represented among BCs (around 3.2%),22 which makes it a
hallmark of Yo-PCD BCs. From a clinical perspective, HER2
negativity should thus raise suspicion of an alternative tumor site
in the diagnostic workup for the underlying neoplasm in Yo-
PCD. From a mechanistic perspective, this HER2-driven signa-
ture of Yo-PCD BCs is most probably implicated in the peculiar
immune attack characterizing these BCs; several studies have
described an overrepresentation of tumor-invasive CD4+ and
CD8+ T cells and B cells in HR-negative BCs.23-25 A potential
explanation for this extraimmunogenic feature lies in the muta-
tional load (number of somatic mutations per tumor), which is
substantially higher in HR-negative than in HR-positive BCs26

and mirrors the neoantigen load. The implication of HER2
positivity per se in tumor immunogenicity is, for its part, still
elusive. But beyond this HER2-driven feature, other mechanisms
might support Yo-PCD development because the tumors in-
vestigated herein presented a markedly more intense immune
infiltration compared with HER2-driven controls. The most
overrepresented immune cells were IgG-plasma cells suggesting
the prominence of humoral immune attack in Yo-PCD BCs,
probably linked with the production of Yo autoantibodies. This
may also be related to a potential earlier diagnosis of Yo BCs
allowing to capture the early phenomenon of the immune attack,
although the equivalent tumor size distribution between Yo and
control BCs pleads for the equivalent time of evolution. Taken
together, this suggests that immune cells participate in an effective
antitumor attack; however, as functional aspects could not be
analyzed herein because retrospective collection can only concern
fixed samples, it is also possible that these cells or a subset of these
are exhausted. This is supported by the overwhelming proportion
of lymph node–positive BCs among Yo-PCD BCs (80% vs 43%
in HER2-driven BC series with a similar tumor size distribu-
tion),27 implying that cancer cell migration escapes from immune
surveillance. Even more striking is that more than a fifth of pa-
tients with Yo-PCD had OBC, whereas such a situation is rare in
the general population of patients with BC (prevalence estimated
to be 0.1%).28 Considering OBC, HER2 positivity and HR
negativity are 2 known risk factors, but, taken together, HER2-
driven BC is only slightly overrepresented in OBC cohorts (3.1%
in OBC vs 2.3% in non-OBC in the study reported in refer-
ence 29). IsolatedDCIS concomitant to lymphnodemetastasis is

another rarity (4.4% of DCIS),30 not so infrequent in the present
cohort of Yo-PCDBCs (2/3DCISwith lymph nodemetastasis).
Taken together, this suggests that Yo-PCD BCs show a strong
and early propensity for lymphatic metastasis in their lifespan. In
practice, awareness about this peculiar behavior of Yo-PCD BCs
is critical to optimize the search for the underlying tumor: axillary
lymph nodes should be promptly analyzed evenwithout evidence
of ipsilateral BCs. Such regression of the primary tumor (occult
primary tumor) with concomitant lymph node metastasis is
regularly described in melanoma and interpreted as the result of
an effective past immune attack of the primary site.31 A particu-
larity of Yo-PCD BCs is the concomitant observation of an in-
tense intratumor immune response and early metastasis, which is
not described in regressive melanomas.31 This could suggest that
tumor microenvironment is particularly permissive to tumor cell
migration in Yo-PCD BCs that may be related to the under-
expression of ECM compounds characterizing Yo-PCD BC
transcriptomic profiles.

Conclusion
This study indicates that there is a morphophenotypical signature
of Yo-PCDBCs: invasiveHER2-driven carcinoma overexpressing
mutated CDR2L and metastasizing early to regional lymph nodes
despite massive infiltration by effector immune cells with an
overwhelming predominance of IgG-plasma cells. This specific
BC profile, closely linked to HER2-driven carcinogenesis, un-
doubtedly participates in triggering the immune tolerance break-
down, leading to Yo-PCD autoimmunity.
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Disclosure
The authors report no disclosures relevant to the manuscript.
Go to Neurology.org/NN for full disclosures.

Publication History
Received by Neurology: Neuroimmunology & Neuroinflammation
March 2, 2022. Accepted in final form May 20, 2022. Submitted and
externally peer reviewed. The handling editor was Josep O. Dalmau,
MD, PhD, FAAN.

10 Neurology: Neuroimmunology & Neuroinflammation | Volume 9, Number 5 | September 2022 Neurology.org/NN

https://nn.neurology.org/content/9/5/e015/tab-article-info
http://neurology.org/nn


Appendix Authors

Name Location Contribution

Elise Peter,
MSc

Synaptopathies and
Autoantibodies (SynatAc)
Team, Institut
NeuroMyoGène-MeLiS,
INSERM U1314/CNRS UMR
5284, Université de Lyon;
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Véronique
Rogemond,
PhD

University of Lyon, Université
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Lyon; French Reference
Center on Paraneoplastic
Neurological Syndrome,
Hospices Civils de Lyon;
University of Lyon,
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Abstract
Background and Objectives
There is no report on the long-term outcomes of ataxia with antibodies against Delta and Notch-
like epidermal growth factor–related (DNER). We aimed to describe the clinical-immunologic
features and long-term outcomes of patients with anti-DNER antibodies.

Methods
Patients tested positive for anti-DNER antibodies between 2000 and 2020 were identified
retrospectively. In those with available samples, immunoglobulin G (IgG) subclass analysis,
longitudinal cerebellum volumetry, human leukocyte antigen isotyping, and CSF proteomic
analysis were performed. Rodent brain membrane fractionation and organotypic cerebellar
slices were used to study DNER cell-surface expression and human IgG binding to the Purkinje
cell surface.

Results
Twenty-eight patients were included (median age, 52 years, range 19–81): 23 of 28 (82.1%) were
male and 23 of 28 (82.1%) had a hematologic malignancy. Most patients (27/28, 96.4%) had
cerebellar ataxia; 16 of 28 (57.1%) had noncerebellar symptoms (cognitive impairment, neu-
ropathy, and/or seizures), and 27 of 28 (96.4%) became moderately to severely disabled. Half of
the patients (50%) improved, and 32.1% (9/28) had no or slight disability at the last visit
(median, 26 months; range, 3–238). Good outcome significantly associated with younger age,
milder clinical presentations, and less decrease of cerebellar gray matter volumes at follow-up. No
human leukocyte antigen association was identified. Inflammation-related proteins were over-
expressed in the patients’ CSF. In the rodent brain, DNER was enriched in plasma membrane
fractions. Patients’ anti-DNER antibodies were predominantly IgG1/3 and bound live Purkinje
cells in vitro.

Discussion
DNER ataxia is a treatable condition in which nearly a third of patients have a favorable
outcome. DNER antibodies bind to the surface of Purkinje cells and are therefore potentially
pathogenic, supporting the use of B-cell–targeting treatments.
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Universitaires La Pitié-Salpêtrière–Charles Foix, APHP; Inserm U1127 CNRS UMR 7225 (Agusti Alentorn, D.P.), Institut du Cerveau et de la Moelle épinière, ICM, Université Pierre-et-
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Paraneoplastic cerebellar ataxias (PCAs) are debilitating neuro-
logic disorders triggered by the presence of a cancer and are often
associated with autoantibodies targeting intracellular neuronal
antigens, such as CDR2/CDR2L (Yo antibodies), Nova-1 (Ri
antibodies), or HuD (Hu antibodies).1 Ataxia with antibodies
against Delta and Notch-like epidermal growth factor–related
(DNER), or DNER ataxia, is a PCA associated with Hodgkin
lymphoma.2,3 Anti-DNER antibodies correspond to a class of
anti–Purkinje cell antibodies; they were known as anti-Tr anti-
bodies until 2012, when DNER was identified as the antigenic
target.2 DNER ataxia usually presents as a severe, subacute-onset
ataxia and has a male predominance.2,3 It is important that there
is no report on the long-term outcomes or whether such patients
benefit from immunosuppressive treatments, although isolat-
ed cases of clinical improvement after treatment have been
reported.2,4 This is highly unusual in PCA5-7; a response to
treatment is much more common in autoimmune limbic en-
cephalitis, which are associated with autoantibodies that do not
target intracellular proteins but cell-surface antigens and have
reversible pathogenic effects.8 It is therefore noteworthy that
DNER is a single-pass transmembrane domain protein, pre-
dominantly expressed at the soma and dendrites of the cere-
bellum’s Purkinje cells.9 However, it is still unclear whether
DNER is expressed at the cell surface of Purkinje cells, and
therefore accessible to circulating antibodies, or is in instead
present in organelles, within the cytoplasmic compartment.3,10,11

The question has important therapeutic implications: if DNER is
expressed at the cell surface of Purkinje cells and anti-DNER
antibodies have pathogenic effects, patients may improve with
antibody-depleting or B-cell–targeting treatments. To clarify
these aspects, we aimed to describe the long-term outcomes of a
retrospective cohort of patients with DNER ataxia, along with
detailed clinical presentations, human leukocyte antigen (HLA)
association, and the titers and immunoglobulin G (IgG) subclass
repertoire of anti-DNER antibodies. In addition, we assessed in a
cellular model whether human anti-DNER antibodies bind to
DNER at the surface of live Purkinje cells.

Methods
Patients
All patients tested positive for anti-DNER antibodies in the
French Reference Center for Paraneoplastic Neurological Syn-
dromes from January 1, 2000, to December 31, 2020, were
identified retrospectively. Serum and/or CSF samples were con-
sidered positive if they demonstrated a compatible staining on rat
brain indirect immunohistofluorescence and stained DNER-
expressing human embryonic kidney 293 cells in a cell-based
binding assay, as reported elsewhere.12 Clinical datawere collected
from the patients’medical records. Modified Rankin Scale (mRS)

scores13 at onset, at the time of maximum severity, and at the last
visit were calculated retrospectively. The end-point dilutions of
anti-DNER antibodies using a cell-based binding assay were
assessed, as reported elsewhere.12 When enough sample was
available, total IgG and albumin concentrations in serum andCSF
were measured using the IMMAGE 800 Protein Chemistry An-
alyzer (Beckman Coulter, Brea, CA), and the serum/CSF DNER
antibody index was calculated using the Reiber hyperbolic for-
mula.14 The HLA genotypes of 20 patients were determined and
compared with those of 442 healthy bone marrow donors, as
reported elsewhere.15

Volumetric Studies
A volumetric analysis of the cerebellum was performed in all
patients who had at least 2 available brain MRI scans separated
by a period of at least 6 months (referred to as baseline and
follow-up MRI, respectively), which included T1-weighted im-
ages. Two experienced operators (FC, SH) first performed a
quality control step on all T1-weighted MRI images. A bias field
correction was applied using the N4 algorithm in a 3DSlicer
(slicer.org/), followed by whole-brain automatic segmentation
using the SPM12 segmentation tool (fil.ionuk/spm/software/
spm12/), which segments the brain into white matter, gray
matter, and CSF.16 Cerebellar segmentation was performed
using theCERES cerebellum segmentation tool,17 and cerebellar
masks were combined with whole-brain white matter and gray
matter masks to obtain the cerebellar white matter and gray
matter masks, respectively. All masks were manually verified and
manually corrected if needed at each segmentation step (WZ,
SH). Volumes of the cerebellar white matter and gray matter
tissues were then extracted and normalized by the intracranial
volume, defined as the sum of whole-brain white and graymatter
and CSF volumes. The total cerebellar volumes were calculated
by adding normalized cerebellar white and gray matter volumes.

Organotypic Cerebellar Slices
Postnatal day 9 Wistar rats (RjHAn-Wistar; Janvier Labs, Le
Genest Saint Isle, France) were deeply anesthetized with iso-
flurane and decapitated. Vermes were dissected in cold
phosphate-buffered saline enriched with calcium/magnesium
and 6mg/mL D-glucose, and cut into 350-μm thick sagittal slices
using a McIlwain tissue chopper (World Precision Instruments,
Sarasota, FL). Slices were placed in Millicell organotypic tissue
culture inserts (Millipore-Sigma, Burlington, MA) and kept at
37°C in serum-containing medium (50% minimal essential
medium with Earle’s, 25% heat-inactivated horse serum, 25%
Hank’s BSS supplemented with L-glutamine, penicillin-
streptomycin, 6 mg/mL D-glucose), which was gradually
switched to serum-free medium (50% DMEM without phenol
red, 50% Ham’s F12 supplemented with 1% B27 and 0.5% N2,
L-glutamine, penicillin-streptomycin, 6 mg/mL D-glucose) over

Glossary
DNER = Delta and Notch-like epidermal growth factor–related; HLA = human leukocyte antigen; IgG = immunoglobulin G;
mRS = modified Rankin Scale; PCA = paraneoplastic cerebellar ataxia.
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the first week of culture. For immunostaining, slices between day
in vitro 33 and day in vitro 50 were incubated overnight at 37°C
with CSF (1:50) from an anti-DNER antibody patient or from a
control subject. After washing, slices were fixed with 4% para-
formaldehyde, permeabilized, and incubated with a mouse anti-
calbindin D-28K antibody (1:1,000, 214,011, Synaptic system,
Göttingen, Germany). Autoantibody reactivity was revealed
using appropriate secondary antibodies (Alexa-Fluor 488 goat
anti-human IgG, A11013; Invitrogen, Courtaboeuf, France, 1:
1,000 and Alexa-Fluor 555 goat anti-mouse IgG, 10143952;
Fisher Scientific, Illkirch, France, 1:1,000). Alternatively, slices
were fixed and permeabilized first, followed by coincubationwith
a patient’s CSF (1:20), a rabbit antibody targeting the DNER
C-terminus (ab191913; Abcam, Amsterdam, Netherlands, 1:
400) and a mouse anti-calbindin D-28K antibody (1:1,000),
overnight at 4°C, followed by secondary antibodies. Rabbit anti-
DNER antibody binding was revealed using a goat biotinylated
anti-rabbit IgG (1:400, BA-1000, Eurobio, Courtaboeuf,
France), followed byAlexa Fluor 647-conjugated streptavidin (1:
200, 532,357, Invitrogen). Slices were mounted on slides and
scanned using a confocal microscope (LSM 880, Zeiss, Marly le
Roi, France).

Cell Membrane Isolation and Western Blotting
A 7-week-old male Oncins France Strain A Sprague Dawley rat
(Charles River Laboratories, Saint-Germain-sur-l’Arbresle,
France) was deeply anesthetized with isoflurane and decapitated.
The brain was collected, quickly frozen in liquid nitrogen,
ground in a ceramic mortar, and suspended in lysis buffer
(0.32 M sucrose, 2 mM ethylenediaminetetraacetic acid, 20 mM
Tris; and protease inhibitor cocktail, 04693132001, Sigma-
Aldrich, Saint-Quentin-Fallavier) at 4°C. After sonication, the
homogenate was centrifugated (1,000 g, 10 minutes; 12,000 g,
20 minutes; 100,000 g, 1 hour; 4°C) to separate cytosolic pro-
teins from themembrane fraction. For western blotting, 10 μg of
proteins were loaded on 4%–12% precast gel (3450124; Bio-
Rad, Marne La Coquette, France). After migration, proteins
were transferred on a nitrocellulose membrane subsequently
incubated with rabbit anti-DNER antibody (1:1,000), rabbit
anti-calpain antibody (1:1,000, C5986; Sigma-Aldrich), or
mouse anti-pancadherin antibody (1:1,000, C1821; Sigma-
Aldrich) and revealed with appropriate secondary antibodies
(horseradish peroxidase–coupled goat anti-rabbit IgG, 1:1,000,
111-036-003, or horseradish peroxidase–coupled goat anti-
mouse IgG, 1:1,000, 115-036-003; Jackson ImmunoResearch,
Ely, United Kingdom).

Proteomic Analysis
The relative expression levels of 643 proteins were assayed in
the CSF of healthy controls (n = 40) and DNER ataxia patients
(n = 5) using a synthetic single-strandedDNA-basedmolecular
recognition (SOMAmer) elements-based approach, as repor-
ted elsewhere.15 As the measurement of the variance depends
on the relative abundance of each protein, raw expression
values were log2-transformed to reduce heteroskedasticity.
Comparison with CSF samples from other types of PCAs was
not possible because of limited sample availability.

Statistical and Bioinformatics Analysis
All statistical analyses were performed using R version 4.1.2
and RStudio v1.4 1717. Continuous variables are expressed
as median and range, and discrete variables as number and
percentage. Comparison of medians was performed using
the unpaired Wilcoxon test, except for volumetric analyses
for which the pairedWilcoxon test was used; the results were
not adjusted for multiple comparisons considering the ex-
ploratory nature of this study. Differences in HLA carrier
frequencies between patients and controls were analyzed by
a 2-tailed Fisher exact test. The Bonferroni method was used
to correct for multiple comparisons according to the number
of alleles of each locus. p-values ≤0.05 were considered sig-
nificant. Univariate analysis of proteomic data was per-
formed using the Wilcoxon test for unpaired comparisons,
and the Benjamini-Hochberg procedure for multiple com-
parison correction. Only proteins with an adjusted p-value ≤
0.01 were considered as differentially expressed. Supervised
hierarchical clustering was performed using Euclidean dis-
tances and the Ward linkage method on the Z-score of the
log2-transformed measurement.

Standard Protocol Approvals, Registrations,
and Patient Consents
This study is part of the project Gene PNS (NCT03963700)
and was approved by the institutional review board of the
Hospices Civils de Lyon. Biological samples were collected
after obtention of patient’s written consent.

Data Availability
Data supporting our findings will be available on request.

Results
Clinical Presentations
Twenty-nine patients with DNER antibodies were identified
between 2000 and 2020. Data could not be retrieved for 1
patient; 28 patients were therefore included in this study.
The median age at disease onset was 52 years (range 19–81)
and 23 patients (82.1%) were male (sex ratio, 1:4.6). Pro-
gression of disease was subacute in most of the patients (26/
28, 92.8%), and most of them becamemoderately to severely
disabled (mRS at maximal severity >2 in 27/28, 96.4%). All-
but-one patient presented with cerebellar ataxia, the
remaining one developed acute confusion that receded after
the identification and treatment of Hodgkin lymphoma. In
addition, 16 of the 28 patients (57.1%) had noncerebellar
features, including cognitive impairment (confusion, n = 2;
psychomotor slowing, decreased verbal fluency, and/or
impaired mental flexibility, n = 4) and seizures (n = 2, one
patient with 2 generalized tonic-clonic seizures 7 months
before ataxia onset; another who developed temporal lobe
epilepsy 31 months after disease onset). Moreover, 11 of the
28 patients (39.3%) had peripheral neurologic symptoms,
including pain, paresthesia, hypoesthesia, sensory ataxia,
and/or fasciculations and amyotrophy; these symptoms
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appeared before the onset of chemotherapy in 5 of them
(Table 1). Electromyographic investigations found a length-
dependent sensory axonal and/or demyelinating poly-
neuropathy in 5 of the 8 patients (62.5%). CSF analysis
showed increased white blood cell CSF counts and/or oli-
goclonal bands in most of the analyzed patients (18/25,
72.0%; Table 1). Cerebellar atrophy on brain MRI was
reported in the medical chart of 7 of the 27 patients (25.9%);
one additional patient had a T2-weighted hyperintense sig-
nal of the cerebellar parenchyma without gadolinium
enhancement.

Association With Hodgkin Lymphoma and
Other Hematologic Malignancies
All patients had whole-body 14-fluorodeoxyglucose PET, iden-
tifying a biopsy target in 24 patients (85.7%, lymph node, n = 22;
thymus, n = 1; pancreas, n = 1). A hematologic malignancy was
found in 23 patients (82.1%, biopsy performed twice in 3 pa-
tients due to small target size): Hodgkin lymphoma (20/28,
71.4%; 13 were the classic nodular-sclerotic subtype), CD30+

anaplastic large T-cell lymphoma (2/28, 7.1%), and chronic
lymphocytic leukemia (1/28, 3.6%). In only 1 patient, Hodgkin
lymphoma was known before the apparition of neurologic

Table 1 Clinical Features Patients With Anti-DNER Antibody, Stratified by Outcome Categories

All patients,
n = 28

Patients with favorable outcome
(mRS at the last visit ≤2), n = 9

Patients with poor outcome
(mRS at the last visit >2), n = 19 p Values

Median age at onset, y (range) 52 (19–81) 44 (24–60) 56 (19–81) 0.025

Male sex, n (%) 23 (82.1) 8 (88.9) 15 (78.9) 0.910

Progression of disease, n (%)

Subacute (1d–3 mo) 26 (92.8) 9 (100) 17 (89.4) 1.000

Chronic (≥3 mo) 2 (7.1) 0 2 (10.5) 1.000

Cerebellar symptoms, n (%)

Gait ataxia 27 (96.4) 8 (88.9) 19 (100) 0.697

Limb ataxia 21 (75) 3 (33.3) 18 (94.7) 0.002

Nystagmus and/or oscillopsia 19 (67.9) 6 (66.7) 13 (68.4) 1.000

Dysarthria 19 (67.9) 2 (22.2) 17 (89.5) 0.002

Cognitive impairment 6 (21.4) 1 (11.1) 5 (26.3) 0.673

Seizures, n (%) 2 (7.1) 0 2 (10.5) 0.908

Peripheral neurologic involvement, n (%) 11 (39.3) 3 (33.3) 8 (42.1) 0.976

Cerebrospinal fluid, n/N (%)

Normal 5/25 (20) 1/7 (14.3) 4/18 (22.2) 1.00

Increased WBC >5/μL 17/25 (68) 5/7 (71.4) 12/18 (66.7) 1.00

Increased protein level ≥60 mg/dL 9/25 (36) 1/7 (16.7) 7/18 (53.8) 0.305

Positive oligoclonal bands 4/16 (25) 1/6 (16.7) 4/10 (40) 0.676

Tumor association, n (%)

Hodgkin lymphoma 20 (71.4) 8 (88.9) 12 (85.7) 1.00

Other malignancya 4 (14.3) 1 (11.1) 3 (20) 1.00

No tumor, n (%) 4 (14.3) 0 4 (21.1) 0.364

Median follow-up, mo (range) 26 (3–238) 46 (14–201) 21 (3–238) 0.09

Median mRS score (range)

At onset 3 (1–5) 1 (1–5) 3 (1–4) 0.202

At maximum severity 4 (2–5) 3 (2–5) 4 (3–5) 0.012

At the last visit 4 (0–6) 1 (0–2) 4.5 (3–6) —

Abbreviations: mRS = modified Rankin Scale; WBC = white blood cell.
a Anaplastic large T-cell lymphoma, 2 patients; chronic lymphocytic lymphoma, 1 patient; unproven pancreatic tumor, 1 patient.
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symptoms, which appeared at the time of an oncologic relapse.
One other patient (4.3%) had a suspicion of solid neoplasm
(pancreas), not histologically confirmed (Table 1). Most lym-
phoma patients had local or locally extended disease (Ann Arbor
stage I–II; 18/22, 81.8%). All patients with histologically proven
neoplasms (23/28, 82.1%) underwent chemotherapy, usually
combining doxorubicin, bleomycin, vinblastine, and dacarbazine
(17 patients). Ten patients (43.5%) received targeted therapies
(rituximab, 5/10; brentuximab, 2/10; pembrolizumab, 1/10).
Treatment with pembrolizumab in 1 patient did not result in
neurologic worsening. Twenty patients (86.9%) achieved
complete response. Two patients had a neoplastic relapse
during follow-up, without neurologic relapse. Of the 4 pa-
tients with no identified cancer (14.3%), 2 were followed up
for more than 2 years, 1 died 3 months after diagnosis, and 1
was lost to follow-up 3 months after disease onset.

Treatments and Long-term Outcomes
Themedian duration of follow-up was 26months (range 3–238,
Table 1). Twenty-three patients (82.1%) received immune-
modulating treatments; the most frequent was IV immuno-
globulins (20/28, 71.4%) followed by rituximab (11/28, 39.3%;
Table 2). Five (18%) patients died of nonneurologic causes, and
2 patients (7.1%) experienced a neurologic relapse, 13 and 20
months after disease onset (both previously treated with IV
immunoglobulins and rituximab). Fourteen patients (50.0%)
improved after treatment, with a reduction of 1–4 points of mRS
from maximum disability to last visit (median, 1 point). Patients
began to improve a median 2.7 months after onset (range, 11
days to 18 months). At the last visit, 9 of the 28 patients (32.1%)
had a favorable outcome (no or slight residual disability; mRS
≤2); 7 of these favorable outcome patients had severe disability
(mRS >2) at baseline. None of the patients had extracerebellar
features at the last visit, whereas 27 of the 28 patients (96.4%)
had persisting symptoms of truncal and/or appendicular ataxia.
As compared with patients with poor outcomes, those with fa-
vorable outcome were significantly younger (p = 0.025),
had a lowermedianmRS score atmaximumdisease severity (p =
0.012), and had less extensive cerebellar involvement (i.e., less
frequent limb ataxia and less frequent dysarthria, both p= 0.002).

In addition, there was a trend toward more frequent use of
rituximab in those with favorable outcome than in those with
poor outcome (6/9, 66.7% vs 5/19, 26.3%; Table 2) and toward
a longer median follow-up (46 vs 21 months; Table 1).

Longitudinal Volumetry of the Cerebellum
Longitudinal brain MRIs including 3D T1-weighted images were
available for 10 patients (35.7%), including 5 with favorable out-
come (mRS ≤2 at the last visit). The duration of follow-up and
time to MRIs were similar in patients with poor and favorable
outcomes (eTable 1, links.lww.com/NXI/A737). All images were
gadolinium-enhanced. Compared with baseline, there was a sig-
nificant decrease in the median total cerebellar volumes and cer-
ebellar gray matter volumes at follow-up (Figure 1A). Moreover,
the decrease of cerebellar gray matter volumes at follow-up was
more important in patients with poor outcome (mRS >2 at the
last visit) compared with patients with favorable outcome (mRS
≤2 at the last visit; p = 0.016; Figure 1, B and C, eTable 1, links.
lww.com/NXI/A737). Taking into account the interval between
baseline and follow-up MRI, the median decrease of cerebellar
gray matter was also significantly faster in patients with poor
outcome (p = 0.016; eTable 1, links.lww.com/NXI/A737).

Immunologic Studies
Anti-DNER antibodies were detected in the serum of 22 of
the 25 patients (88%) and in the CSF of 24 of the 24 patients
(100%). Three patients (12%) had DNER antibodies only in
CSF. Twenty sera (71.4%) and 9 CSF (32.1%) were available
for titration and subclass repertoire analysis. The median
end-point dilutions of DNER antibodies were 1:3,200 (range,
1:100–1:40,9600) in serum and 1:200 (range, 1:40–1:12,800)
in CSF. Intrathecal synthesis of anti-DNER antibodies (an-
tibody index >1.4) was found in 7 of the 7 analyzed patients.
DNER-specific IgG antibodies were predominantly of the
IgG1 and IgG3 subclasses in both serum and CSF (eFigure 1,
links.lww.com/NXI/A737). Regarding HLA, there was no
significant difference in allele carrier frequencies between
patients and controls for either HLA Class I (A, B, C) or
Class II (DRB1, DQB1, DQA1, and DPB1) genes (not
shown). Differential protein expression analysis found 13

Table 2 Immune-Modulating Treatments

All patients,
n = 28

Patients with favorable outcome
(mRS at the last visit ≤2), n = 9

Patients with poor outcome
(mRS at the last visit >2), n = 19 p Values

Median time to first treatment, d (range) 41 (5–2,387) 41 (16–67) 42 (5–2,387) 0.688

Corticosteroids, n (%) 7 (25) 2 (22.2) 5 (26.3) 1.000

Intravenous immunoglobulins, n (%) 20 (71.4) 6 (66.7) 14 (73.7) 1.000

Rituximab, n (%) 11 (39.3) 6 (66.7) 5 (26.3) 0.104

Intravenous cyclophosphamide, n (%) 4 (14.3) 0 4 (21.1) 0.364

Plasmaphereses, n (%) 2 (7.1) 0 2 (10.5) 0.822

No treatment, n (%) 5 (17.9) 2 (22.2) 3 (15.8) 1.000

Abbreviation: mRS = modified Rankin Scale.
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overexpressed and 43 underexpressed proteins in the CSF of
5 DNER ataxia patients compared with controls. Overex-
pressed proteins were mainly related to B-cell immune re-
sponse (i.e., C-X-C motif chemokine 13 or CXCL13,
CD48), and inflammation (including hepcidin, comple-
ment component 2, and the neuron-specific inflammatory
chemokine CXCL10), or reflected neuronal tissue lysis
(i.e., heterogeneous nuclear ribonucleoproteins A2/B1,
SUMO-conjugating enzyme UBC9, and acidic leucine-rich
nuclear phosphoprotein 32 family member B). Con-
versely, interferon gamma was downregulated compared
with controls; other underexpressed proteins were mostly
related to neurodevelopment and cell cycle (Figure 2).

DNER Antibodies Bind Live Purkinje Cells
In Vitro
Incubation of live organotypic cerebellar slices with an anti-
DNER antibody–positive CSF showed the binding of human
IgG at the surface of the soma and dendrites of live Purkinje
cells (Figure 3A). In fixed and permeabilized organotypic
cerebellar slices, similar immunolabeling with a patient CSF
was superposable to the staining obtained with a commercial
antibody targeting the C-terminus of DNER (Figure 3B).
Furthermore, fractionation of rat brain lysates found an en-
richment of DNER in the membrane fraction only, which was
not detected in the cytosol fraction (eFigure 2, links.lww.
com/NXI/A737).

Figure 1 Longitudinal Volumetric Analysis of the Patients’ Cerebellum

(A) Boxplot showing the volumes of cerebellar white matter,
cerebellar gray matter, and whole cerebellum at baseline
and follow-up, in 10 patients with anti-DNER antibodies.
Volumes are expressed as percentages of intracranial vol-
ume. There is a significant decrease of cerebellar gray mat-
ter and whole-cerebellum volumes at follow-up, compared
with baseline, **p < 0.005. (B) Representative images of
sagittal T1-weighted brain MRI at baseline and follow-up of a
patient with favorable outcome (follow-up MRI 9 months
after disease onset) and apatient with poor outcome (follow-
up MRI 6 months after disease onset).
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Discussion
This study demonstrates that DNER ataxia is a treatable disorder:
half of the patients included herein improved after treatment, and
at the last visit, nearly a third of them had recovered functional
independence. This is of importance considering the long survival
of patients with limitedHodgkin lymphoma.18 It is also in contrast
to other paraneoplastic ataxias: most of the patients with Yo, Ri,
andHu ataxia not only are bedridden during the plateau phase but
also improve very rarely, if at all, at the long term.5,7,19,20 Fur-
thermore, those with favorable outcome had less extensive cere-
bellar involvement and clinical severity at onset andwere younger.
Because of the small sample size, this study is exploratory and
these results were not adjusted for multiple testing; larger studies
are needed to confirm them. In addition, we found a relationship

between poor outcome and the decrease of cerebellar gray matter
volumes, suggesting that the long-term persistence of ataxic
symptoms in patients is due to irreversible neuronal loss. Identi-
fying the causes of such neuronal damage is necessary to improve
treatment strategies, and importantly, several findings in this study
suggest a direct role of anti-DNER antibodies. One impor-
tant point is the cell-surface localization of DNER and its acces-
sibility to circulating autoantibodies. Although anti–Purkinje cell
antibodies were identified as early as 1976 in patients with
Hodgkin lymphoma-associated ataxia (under the name of anti-Tr
antibodies), they were long considered devoid of any patho-
genic effect because they were believed to target an
intracellular protein.11,21,22 When DNER was finally identified
as the target antigen, a cell-surface localization was considered
because of the structure of the protein but was not clearly

Figure 2 Proteomic Analysis of the Cerebrospinal Fluid of Patients With DNER Ataxia

Heatmap of CSF log2 expression of proteins shown as median Z-scores per protein in patients with anti-DNER antibodies (n = 5) compared with controls (n = 40).
Overexpressedproteinsweremainly related to immune response. Among them,overexpressionofC-X-Cmotif chemokine13 (CXCL-13) andCD48 is implicated inB-cell
activation. Other immune-related proteins included complement component 2 (C2), interleukin-1 receptor type 2 (IL1R2), chemokine C-X-C motif chemokine 10
(CXCL10), pulmonary surfactant-associated protein D (SFtPD), and hepcidin (HAMP). Proteins of leukocyte migration were also overexpressed, including vascular cell
adhesion protein 1 (VCAM-1), and integrin alpha1 and beta1 (ITGB1/ITGA1). Other overexpressed proteins likely reflected tissue lysis, including proteins involved in cell
cycle or processing of proteins andRNA, such as heterogeneous nuclear ribonucleoproteins A2/B1 (HNRNPA2B1), SUMO-conjugating enzymeUBC9 (UBE2I), and acidic
leucine-rich nuclear phosphoprotein 32 family member B (ANP32B). Underexpressed proteins were interferon gamma (IFNG), and proteins mostly related to neural
development (such asneuronal growth regulator 1orNEGR1and theneurexins 1 and3:NRXN1,NRXN3) or cell cycle (e.g., BH3-interacting domaindeathagonist [BID]).
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demonstrated.2,9,10 The findings herein shownot only thatDNER
has a predominant cell-surface expression but also that anti-DNER
antibodies from the patients, which target conformational epi-
topes,2 bind the surface of live Purkinje cells. In addition, anti-
DNER antibodies were detected in all the CSF samples included
herein, and intrathecal synthesis of DNER-specific IgG was
demonstrated in all analyzed patients, suggesting that anti-DNER
antibodies are present near the cerebellar parenchyma. Moreover,
proteomic analysis of the patients revealed upregulation of B-
cell–related proteins, hinting at a prominent role of antibody-
producing cells, and downregulation of interferon gamma, a piv-
otal cytokine in T-cell activation.23 These findings are similar
to previous reports on other neuroinflammatory dis-
eases, such as anti-NMDAR encephalitis, MS, and neuro-
myelitis optica spectrum disorder,24-26 and may explain the
trend observed herein toward more favorable outcome in
rituximab-treated patients. It may also be because rituximab
was used in more than a third of the patients that most of
them improved, compared with only 4 of the 28 patients
(14.3%) in a study published 2 decades ago.4 It is important
that anti-DNER antibodies from the patients included herein
were predominantly of the proinflammatory IgG1 and IgG3
subclasses.4,27,28 IgG1 and IgG3 subclasses bind efficiently
most Fcγ receptors, and IgG3 are particularly strong activators
of complement.29 Purkinje cell loss was reported in autopsic
reports of patients with antibodies against DNER or other
Purkinje cell-surface proteins, such as voltage-gated calcium
channels.30 Although brain deposition of complement was not
investigated in these studies, the present findings suggest that
cell-surface autoantibodies bound to Purkinje cells can mediate
antibody-dependent and/or complement-dependent cytotox-
icity against Purkinje cells. Alternative pathogenic effects to
consider include antibody-mediated internalization of cell-

surface DNER, and/or perturbations of the (yet unknown)
signaling function of DNER, similarly to the effects of auto-
antibodies in anti-mGluR1 ataxia31,32; however, they are less
likely to explain the development of cerebellar atrophy. Further
studies are needed to confirm the pathogenic effects of anti-
DNER antibodies and characterize them.

Regarding the clinical presentations, while the majority of the
patients in the present cohort had subacute-onset ataxia, more
than half of them also presented with noncerebellar features, such
as seizures or cognitive impairment. Limbic encephalitis was
reported in a patient with anti-Tr antibodies, and it is possible that
a rare minority of patients with anti-DNER antibodies develop
limbic encephalitis.4 However, most of the cognitive symptoms
from the present cohort were compatible with cerebellar
cognitive-affective syndrome33; the cognitive aspects of cerebellar
dysfunction were acknowledged relatively recently,33,34 and fur-
ther studies are needed to estimate their importance in immune-
mediated ataxias. As for seizures, these were observed in only 2
patients and did not develop at the same time as ataxia; a causal
link with anti-DNER autoimmunity is only speculative. The pe-
ripheral neurologic symptoms observed in some patients were
likely coincidental and were possibly aggravated by neurotoxic
agents such as vincristine; however, their apparition before the
onset of chemotherapy in some patients is intriguing.

It is important that we did not identify an association withHLA
that could be involved in the development of anti-DNER au-
toimmunity, in line with previous studies on paraneoplastic
neurologic syndromes, suggesting that tumor-related specific-
ities are likely to be more relevant.35,36 As previously reported,
the most common tumor association was limited Hodgkin
lymphoma,2,4 but with demographics unusual for this disease:

Figure 3 DNER Antibodies Bind DNER at the Surface of Purkinje Cells

(A) Incubationof nonpermeabilized liveorganotypic cerebellar cultureswith ananti–DNER-positive CSF showspunctuate cell-surface immunolabeling (top) that is
not obtained with a control CSF (bottom). Purkinje cells were labeled with an anti-calbindin D-28K antibody (red). (B) Fixed and permeabilized organotypic
cerebellar cultures labeled with an anti-DNER-positive CSF (green), a commercial anti-DNER antibody (purple), and calbindin D-28K (red). Commercial anti-DNER
and human DNER-specific IgG demonstrate superposable staining of the dendrites and soma of Purkinje cells.
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the age distributionwas in-between the 2 incidence peaks of the
classically bimodal distribution of this hemopathy,37 and there
was an overwhelmingly male predominance, when in classical
Hodgkin lymphoma, sex distribution ismore balanced.18 These
atypical features suggest that in these patients, the tumors
harbor distinctive molecular alterations that may participate in
the breakdown of immune tolerance. Conversely, over-
expression of DNER in the tumors is probably not involved
because DNER antibody immunoreactivity was observed in
only 2 of the 16 tumor samples investigated in the literature.4,38

To conclude, this study found that DNER ataxia is a treatable
paraneoplastic neurologic disorder. Moreover, the ability of
anti-DNER antibodies to bind the surface of Purkinje cells,
and their proinflammatory features, suggests that they are
likely pathogenic, supporting the use of B-cell–targeting
treatments in the affected patients. Further studies are war-
ranted to confirm and characterize the pathogenicity of anti-
DNER antibodies and to understand the role of tumors in the
development of anti-DNER autoimmunity.
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Abstract
Background and Objectives
Anti-N-methyl D-aspartate receptor (NMDAR) encephalitis classically affects women of
childbearing age, producing a disproportionate number of pregnant women with anti-NMDAR
encephalitis. The typical presentation includes progressive neuropsychiatric symptoms, sei-
zures, and alterations in consciousness, all of which present potential risks to the fetus. First-line
and second-line treatments similarly pose teratogenic potential; therefore, randomized studies
with supportive data on pregnancy and fetal outcomes are lacking.

Methods
We present a case of refractory anti-NMDAR encephalitis during the first and second trimesters
of pregnancy with the successful use of rituximab and cyclophosphamide and resultant healthy
pregnancy.

Results
The patient was treated with an escalating immunotherapy regimen from 11 to 15 weeks of
gestation, including steroids, plasma exchange, IV immunoglobulins, and rituximab, with no
clinical response. At 16 weeks of gestation, she received cyclophosphamide with clinical im-
provement after 4 weeks. She subsequently gave birth to a healthy, term baby boy, who
continued to do well at the follow-up.

Discussion
This case illustrates the effective use of cyclophosphamide in the second trimester of pregnancy
for anti-NMDAR encephalitis. The use of second-line therapies remains an individualized
decision because the relative risk-to-benefit ratio in pregnant women is incompletely
understood.
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Case
A 19-year-old woman presented with status epilepticus at 11
weeks of pregnancy. Her symptoms began 4 weeks earlier
with increasing psychotic behaviors and seizures. Her anti-
seizure medication (ASM) regimen at presentation included
lacosamide, lamotrigine, levetiracetam, and clonazepam. On
admission, her examination was notable for global hyper-
reflexia and left Babinski and with propofol wean, continuous
right upper extremity twitching, and oral automatisms, during
which time EEG revealed multifocal epileptiform spikes. On
admission, MRI of the brain was unremarkable. CSF studies
showed a lymphocytic pleocytosis with normal glucose and
protein. Owing to the persistence of focal motor status despite
ASM escalation, suspicion for an immune-mediated process
arose leading to empiric treatment with steroids (Figure). She
was subsequently treated with plasma exchange, followed by
rituximab with decreasing seizure frequency on EEG, al-
though no clinical improvement.

During this time, NMDAR antibodies were detected in the
CSF. SerumNMDAR antibodies were negative. Screening for

an ovarian teratoma was unrevealing. Clinically she remained
unchanged and thus received IV immunoglobulin and a sec-
ond steroid course. CSF NMDAR antibodies remained pos-
itive. With the consent of her surrogate decision maker, she
received cyclophosphamide at an estimated 16 weeks of
gestation, followed by a third course of steroids.

Four weeks after cyclophosphamide administration, she began to
show improvement in her mental status correlating with the ab-
sence of epileptogenic activity on EEG and undetectable CSF
NMDAR antibodies. Maternofetal medicine confirmed normal
progression of pregnancy at 23weeks of gestation. She transitioned
to a floor bed after 24 days in the intensive care unit; by the time of
discharge to inpatient rehabilitation, the patient was alert, oriented,
and conversant, requiring 2-person assistance for ambulation.

While at inpatient rehabilitation, her examination improved to
fully ambulatory with mild cognitive deficits. She had re-
current seizures in the setting of levetiracetam wean at 29
weeks of gestation. Serum and CSF NMDAR antibodies
remained undetectable; B-cell counts were suppressed. She
was redosed with rituximab at this time and has continued

Figure Timeline of Clinical Events and Treatment

Timeline showing major clinical events (yellow), seizure activity (red), immunotherapy (blue), and NMDA-r antibody status (green) of the patient from
symptom onset to delivery of baby. Red bar = seizure activity; purple bar = gestational age; dashed line = ongoing immunotherapy; CSF = cerebrospinal fluid;
IVIG = IV immunoglobulin; IVSM = intravenous solumedrol; NMDA-r = NMDA receptor; PLEX = plasma exchange.

Glossary
ASM = antiseizure medication; NMDAR = N-methyl d-aspartate receptor.
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twice yearly infusions since with infrequent, self-limited sei-
zures. She gave birth to a healthy, term baby boy at 38 weeks
and 6 days with appearance, pulse, grimace, activity, and
respiration (APGAR) scores of 9 at 1 and 5 minutes. He
continues to do well at the 3-year follow-up.

Discussion
Fetal health was favorable throughout pregnancy despite the
protracted illness course and use of highly teratogenic medi-
cations (Table 1). Although the acute phase of anti-NMDAR
encephalitis averages 16 weeks, this is one of the longest
illnesses reported in early pregnancy. The gestational age at
which disease onset occurs is of particular significance because
placental transfer of maternal antibodies begins at weeks
12–13 of pregnancy; it has been postulated that fetal exposure
to NMDAR antibodies may cause harm; however, recent case
series have found most infants exposed to NMDAR anti-
bodies are healthy at birth with normal development.1 Despite
the duration and severity of disease in this patient, there were
no adverse obstetrical outcomes; up to one-third of reported
cases displays pathologic pregnancies, with spontaneous
abortion and preterm birth occurring most frequently.1

This case additionally reinforces the superior sensitivity of
CSF over serum anti-NMDAR antibody testing. In refractory
cases, following the CSF antibody titer may help guide ther-
apy, with CSF titer changes more accurately reflecting relapse
potential than serum titers.2 In our case, the persistence of
NMDAR CSF antibodies prompted additional therapy, de-
spite prior aggressive immunosuppression.

Most notably, the use of cyclophosphamide during the second
trimester for the treatment of anti-NMDARencephalitis has yet to
be reported. To date, cyclophosphamide use in pregnancy has
been reported scarcely, with greatest frequency in malignancies
and rheumatologic conditions. The literature presents conflicting
data; many case reports reflect adverse pregnancy outcomes in-
cluding preterm birth and fetal loss, whereas others mirror our
experience with normal fetal development and birth.3,4 This likely
reflects a myriad of factors, including underlying disease process,
gestational age at exposure, and dose of or prior exposure to
cyclophosphamide. Rituximab exposure in pregnancy is more
frequently reported, with no significant increase in obstetric
complications or fetal malformations compared with normative
data.1,5 Neonatal lymphopenia may occur at birth; however, cell
counts recover within 6 months, and no infectious complications
are cited.6 Ultimately, the use of second-line therapies during
pregnancy for the treatment of anti-NMDARencephalitis remains
an individualized decision with significant potential risk. Although
the generally accepted standard of care for second-line therapy in
nonpregnant individuals includes rituximab and cyclophospha-
mide, the relative risk-to-benefit ratio in pregnant women is in-
completely understood and requires further study.
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Table 1 Teratogenic Potential of Medications Commonly
Used to Treat Anti-NMDAR Encephalitis

Drug Name Category Comments

Methylprednisolone
(IV)

— Associations with cleft-palate,
increased risk for premature rupture of
membranes (PROM), intrauterine
growth restriction (IUGR), gestational
hypertension, gestational diabetes.

Intravenous
immunoglobulin

C Case reports of hemolytic disease of
newborn, transmission of hepatitis C.

Plasma exchange — Limited literature on safety or risk.
Overall presumed to be safe.

Cyclophosphamide
(CYC) (intravenous)

D Normal offspring have been born to
mothers treated with CYC during
pregnancy. CYC embryopathy has been
described with multiple fetal
anomalies. High rates of miscarriage.

Rituximab C Neonatal lymphopenia has been
reported, with normalization of cell
counts within 6 mo. No definitive
increase in neonatal infections noted
during the lymphopenic period.

Mycophenolate
mofetil

D Mycophenolate embryopathy
characterized by major fetal
malformations and spontaneous
miscarriages have been reported.
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Abstract
Objective
To report a case of α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor encephalitis
(AMPARE) as a potential immune-mediated complication of palbociclib (a cyclin-dependent
kinase 4/6 inhibitor).

Background
Medication-induced autoimmune encephalitis is an increasingly recognized entity. To date,
cases have been reported with immune checkpoint inhibitors (ICIs), typically within 3 months
and while cancer is responding to immunotherapy.

Results
A 55-year-old womanwithmetastatic breast cancer presented with new-onset neurologic symptoms.
After diagnosis and treatment in 2008, she was in remission from 2010 to 2021. In April 2021, she
developed metastatic recurrence. She started palbociclib in June 2021. PET scan in August 2021
showed improved metastases without new lesions. In September 2021, she developed encepha-
lopathy, vertical nystagmus, and ataxia. Workup revealed AMPA-R antibodies. Palbociclib was
stopped, and she received steroids, IVIg, and rituximab with marked improvement in her neurologic
symptoms.

Discussion
AMPARE is a well-described paraneoplastic syndrome. However, it is now understood that
paraneoplastic syndromes can be driven by immunomodulatory medications, namely ICIs.
Although palbociclib primarily prevents tumor proliferation, emerging data suggest that it may
also be immunomodulatory. Given that our patient’s AMPARE developed shortly after initi-
ation of palbociclib while her cancer was responding to therapy, we postulate that it may have
been unmasked by palbociclib, similarly to what has been reported with ICIs.
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It is increasingly recognized that autoimmune encephalitis
(AIE) may be induced or unmasked by immunomodulatory
medications. To date, cases have been reported with immune
checkpoint inhibitors (ICIs).1 Palbociclib is a cyclin-dependent
kinase 4/6 (CDK4/6) inhibitor, which primarily works by ar-
resting tumor cells from entering the G1 cell cycle phase, as
opposed to through immune system activation.2,3 However,
there is growing evidence that palbociclib may have previously
unrecognized immunomodulatory effects and thus may also
carry the risk of immune-related adverse events (irAEs).2,3 We
present a case of possible palbociclib-mediated AIE.

Case Report
A 55-year-old woman with metastatic breast cancer pre-
sented with new-onset neurologic symptoms. She ini-
tially developed breast cancer in 2008 (ER+/PR+/
HER2−, treated with lumpectomy, radiation, and ta-
moxifen), followed by contralateral breast cancer in 2009
(ER+/PR+/HER2+, treated with lumpectomy, chemo-
therapy [docetaxel/carboplatin/cyclophosphamide/
trastuzumab], and hormonal therapy). She had no evi-
dence of disease from 2010 until April 2021, when she
developed facial swelling and was found to have bone and
lymph node metastases. She received radiation from
April 2021 to June 2021 and started palbociclib in June
2021. A PET scan in August 2021 showed improvement
in her metastases without new lesions. In September
2021, she developed confusion, blurry vision, vertical
nystagmus, ataxia, constipation, and urinary retention.
MRIs are shown in the Figure. CSF showed a lympho-
cytic pleocytosis, and antibody evaluations (Mayo
Clinic) revealed serum and CSF α-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid receptor (AMPA-R)
antibodies. She was switched from palbociclib to cape-
citabine and treated with steroids, IV immunoglobulin,
and rituximab with marked improvement in her neuro-
logic symptoms. At neurology follow-up, she had com-
plete resolution of her nystagmus and ataxia and
markedly improved cognitive (Montreal Cognitive As-
sessment was 8/30 during her admission, 27/30 at
2-month follow-up, and 29/30 at 6-month follow-up).
Her cancer remains stable on capecitabine.

Discussion
AMPA-R encephalitis has been well described as a paraneoplastic
syndrome associated with breast (among other) cancers.4

However, it is increasingly recognized that paraneoplastic syn-
dromes may be driven or unmasked by medications, notably
ICIs.5

The mechanism behind ICI-associated encephalitis is
quite logical. By inhibiting regulatory immune check-
points, ICIs lead to increased antitumor immunity. How-
ever, this effect nonspecific, and unregulated immune
activity can affect nearly every organ system, leading to a
variety of irAEs. This can include exacerbation of un-
derlying immunologic conditions unrelated to the cancer
or can present as tumor antigen-driven paraneoplastic
syndromes that are unmasked when exposed to ICIs—
which has been demonstrated eloquently in mouse mod-
els.1 When this unmasking occurs, the majority of cases
occur within 3 months of ICI therapy.

Palbociclib has not historically been considered immuno-
modulatory. It is a CDK4/6 inhibitor, which primarily works by
arresting tumor cells from entering the G1 cell cycle phase, thus
preventing tumor proliferation. However, emerging data sug-
gest that palbociclib may have significant immunomodulatory
effects as well.2,3 T regulatory cells are particularly dependent
on CDK4/6 for proliferation and are disproportionately de-
pleted compared with T effector cells, tipping the immune
system balance toward autoimmunity.3 Preclinical studies have
shown that palbociclib also increases tumor antigen pre-
sentation and enhances cytotoxic T-cell activity.6,7 A similar
phenomenon has been described with cyclophosphamide; at
low doses, it preferentially depletes T regulatory cells and in-
creases cytotoxic T-cell activity, leading to enhanced antitumor
immunity.8

In addition to preclinical studies, there is growing real-world
evidence that palbociclib may have both beneficial and detri-
mental immunomodulatory effects. A combined analysis of 2
phase I clinical trials suggests that clinical response to palbociclib
in combination with ICIs is driven by immune priming by pal-
bociclib.9 Palbociclib has also been associated with multiple sys-
temic complications, a number of which are known to be immune
mediated. Reports have included palbociclib-induced pneumo-
nitis, hepatitis, nephritis, alopecia, vitiligo-like lesions, vasculitis,
cutaneous lupus erythematosus, and Sweet syndrome.10-14 Many
of these cases improved with discontinuation of palbociclib plus
corticosteroids.

Although it is possible that our patient’s AMPA-R encephalitis
was purely due to her underlying malignancy, her neurologic
symptoms developed while her cancer was responding

Glossary
AIE = autoimmune encephalitis; AMPA-R = α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor; AMPARE =
α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor encephalitis; CDK = cyclin-dependent kinase; ICI = immune
checkpoint inhibitor; irAE = immune-related adverse event.
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clinically and radiographically to treatment, whereas para-
neoplastic syndromes are often described in the setting
of tumor progression or recurrence.15,16 Conversely, ICI-
associated AIE is more likely to occur when cancer is
responding to therapy.1,5 Given that palbociclib has a dis-
tinct mechanism to ICIs, it is difficult to directly compare
their complications. However, it does make plausible sense
that successful antitumor activity and detrimental autoim-
munity would be likely to co-occur due to an overall robust
immune response to palbociclib. Based on this biologic
plausibility, the timing of our patient’s presentation, the state
of her cancer, and her rapid recovery after discontinuation of
palbociclib and initiation of immunotherapy, we postulate
that palbociclib may have induced or unmasked her AMPA-
R encephalitis.
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Figure MRI Images

(A-B) T2/FLAIR images demonstrate subtle temporal and in-
sular hyperintensities (arrows). (C-D) T2/FLAIR sequences six
months posttreatment. Accounting for differences in tech-
nique, the subtle asymmetries on initial MRI are less
apparent.
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CORRECTION

Novel Cell-Based Assay for Alpha-3 Nicotinic Receptor Antibodies
Detects Antibodies Exclusively in Autoimmune Autonomic
Ganglionopathy
Neurol Neuroimmunol Neuroinflamm 2022;9:e1177. doi:10.1212/NXI.0000000000001177

In the Article “Novel Cell-Based Assay for Alpha-3 Nicotinic Receptor Antibodies Detects
Antibodies Exclusively in Autoimmune Autonomic Ganglionopathy” by Karagiorgou et al.,1 the
affiliation for the fifth author, Raffaello Furlan, should be as follows: “Department of Biomedical
Sciences, Humanitas University; IRCCS-Humanitas Research Hospital; Milan, Italy.” The
authors regret the error.
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1. Karagiorgou K, Dandoulaki M, Mantegazza R, et al. Novel cell-based assay for alpha-3 nicotinic receptor antibodies detects antibodies
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CORRECTION

Heterogeneity of Acetylcholine Receptor Autoantibody–Mediated
Complement Activity in Patients With Myasthenia Gravis
Neurol Neuroimmunol Neuroinflamm 2022;9:e200017. doi:10.1212/NXI.0000000000200017

In the article “Heterogeneity of Acetylcholine Receptor Autoantibody–Mediated Complement
Activity in Patients With Myasthenia Gravis” by Obaid et al.,1 the figure legend for Figure 2A
says “Patients of MG”. The figure legend should read “Patients with MG”. The editorial staff
regrets the error.
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1. Obaid AH, Zografou C, Douangsone D, et al. Heterogeneity of acetylcholine receptor autoantibody–mediated complement activity in
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