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Little is known about COVID-19 mRNA vaccine humoral immune responses in patients with central ner-
vous system autoimmune demyelinating diseases, multiple sclerosis (MS) and neuromyelitis optica
(NMO), who are on B-cell depleting therapies (BCDT) and other disease modifying therapies (DMTs).
We conducted a single center prospective study to identify the clinical and immunological features asso-
ciated with vaccine-induced antibody response in 53 participants before and after COVID-19 mRNA vac-
cination. This is the first report on the anti-spike RBD and anti-nucleocapsid antibody response, along
with pre- and post-vaccine absolute lymphocyte counts (ALC) and flow cytometry analysis of CD19
and CD20 lymphocytes in patients with MS and NMO. We tested the hypothesis that patients on BCDT
may have impaired COVID-19 vaccine humoral responses. Among patients on BCDT, 36.4% demonstrated
a positive antibody response to spike RBD, in comparison to 100% in all other groups such as healthy con-
trols, untreated MS, and patients on non-B cell depleting DMTs (p < 0.0001). Immunological data revealed
lower baseline (pre-vaccination) levels of IgM in patients on BCDT (p = 0.003). Low CD19 and CD20 counts
and a shorter interval from the last B cell depleting therapy infusion to the first vaccine dose were asso-
ciated with a negative spike RBD antibody response (non-seroconverter) in patients on BCDT. Age, body
mass index (BMI) and total treatment duration did not differ between seroconverters and non-
seroconverters.

� 2021 Elsevier Ltd. All rights reserved.
1. Introduction

Multiple sclerosis (MS) is a chronic demyelinating disease of the
central nervous system. The past decade has seen dramatic
improvements in the clinical management of patients with MS
with the advent of high efficacy disease modifying therapies
(DMTs) such as B-cell depleting therapy (BCDT). These DMTs mod-
ulate or suppress the autoimmune process and have been shown to
decrease the incidence of relapses and to slow disability progres-
sion. However, patients on high efficacy therapy may be more vul-
nerable to serious infections [1].
The coronavirus (COVID-19) pandemic has raised multiple
health concerns for patients with multiple sclerosis (MS). An early
study assessed the risk factors associated with severe COVID-19
infection in patients with MS, and reported age, Expanded Disabil-
ity Status Scale (EDSS), progressive MS, and obesity as significant
risk factors [2]. This study did not assess the effects of individual
DMT exposure on COVID-19 disease severity and reported
increased COVID-19 disease severity scores in the absence of
DMT use. In another study, lymphopenia was independently
reported to predict severe COVID-19 infection, and subsequent
studies reported a higher risk of severe infection following anti-
CD20 therapy [3,4,5]. Other reports have also suggested that MS
patients on BCDT have a more severe COVID-19 disease course
[4,6]. However, regarding COVID-19 vaccines, the current recom-
mendations from the National MS society (NMSS) are to continue
current DMTs without modification of therapeutic regimen [7].
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Mitigation of the COVID-19 pandemic crisis is dependent upon
timely vaccination of a vast majority of the population. Phase III
clinical trials of the mRNA-based SARS-CoV-2 vaccines adminis-
tered in the US, have demonstrated robust vaccine efficacy against
symptomatic illness in 95% of immunocompetent individuals [8].
Recent studies conducted on solid organ transplant recipients
receiving immunosuppressive therapy demonstrated a signifi-
cantly lower likelihood of mounting a positive anti-spike response
to mRNA vaccines [9]. Patients with rheumatic diseases on
mycophenolate or BCDT have also been shown to have an impaired
COVID-19 vaccine response [10]. The immunogenicity of these vac-
cines in MS patients on immune therapy is not well established.
Previously only 2 case reports showed one negative and one posi-
tive antibody response in 2 patients on ocrelizumab [11,12].
Another case study reported decreased humoral immune
responses to vaccine in patients on BCDT; however, it did not pro-
vide correlation with immunological data [13].

We therefore aimed to study the clinical characteristics,
immunological laboratory data, and immunoglobulin levels in MS
and NMO patients, with the goal of identifying factors impacting
the antibody response to COVID-19 mRNA vaccines. This knowl-
edge is crucial when advising patients regarding the timing of vac-
cine and risk mitigation strategies. We specifically aimed to test
the hypothesis that patients on BCDT may have impaired COVID-
19 vaccine humoral immune responses.
2. Methods

We conducted a longitudinal prospective study of participants
with MS and other demyelinating diseases at the University of
Michigan Multiple Sclerosis Center. Informed consent was
obtained prior to participation in the study, which was approved
by the University of Michigan Institutional Review Board. Those
who completed 2 doses of SARS-CoV-2 mRNA vaccines between
December 21, 2020 and May 19, 2021 were included.

We collected two blood samples: the first sample was collected
before the first dose of the vaccine as a pre-vaccination baseline
and the second sample was collected approximately 3 weeks after
the second vaccine dose as a post-vaccination sample. These sam-
ples were tested for complete blood counts with differential,
immunoglobulin levels and flow cytometry profile (which mea-
sures CD3, CD4, CD8, CD19, CD20 and CD16/56). These samples
were also analyzed using the Roche Elecsys anti-SARS-CoV-2
nucleocapsid and Siemens SARS-CoV-2 Spike RBD total antibody
assays which have been previously described [14]. The Roche
anti-SARS-CoV-2 nucleocapsid assay works is an electro-
chemiluminescent immunoassay (ECLIA) which utilizes recombi-
nant biotinylated and ruthenium-labeled nucleocapsid protein.
An index value >1 was recorded as a positive anti-nucleocapsid
antibody response, which reflects past infection with COVID-19.
The Siemens SARS-CoV-2 Spike RBD total antibody assay works
as a chemiluminescent immunoassay (CLIA) by utilizing recombi-
nant S1 subunit receptor-binding domain as a biotinylated and
acridinium ester-conjugated antigen. An index value >1 was
recorded as a positive anti-Spike RBD antibody response, which
indicates a positive vaccine response. Hence both tests give a qual-
itative assessment of the antibody response as either ‘‘positive” or
‘‘negative”.

We compared anti-S antibody levels following SARS-CoV-2
mRNA vaccines [either BNT162b2 (Pfizer) or mRNA-1273 (Mod-
erna)] in patients receiving B cell depleting therapy to four other
groups including untreated MS patients, patients on non B-cell
depleting therapies, patients with prior COVID-19 infection, and
healthy controls. Any patient who had previously contracted
COVID-19 was studied in the prior infection group. B-cell depleting
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therapies included ocrelizumab, inebilizumab, and rituximab. Non
B-cell depleting therapies included glatiramer acetate, peginter-
feron beta-1a, dimethyl fumarate, diroximel fumarate, ozanimod,
and natalizumab. Since NMSS recommendations at the time of data
collection did not recommend alteration of dosing interval around
the time of vaccination, this cohort includes patients who received
vaccines on a first-come-first-served basis. Therapy duration mea-
sured in days, was from the first infusion to the date of last infusion
plus 180 days. Time interval was from the date of the last BCDT
infusion to the date of first vaccine, measured in days. During the
pandemic, some patients chose to cancel or postpone BCDT infu-
sion. We collected random samples of patients who had various
time intervals from last infusion to first vaccine. We also collected
demographic data including gender, age and ethnicity, and clinical
data including current disease course, disease duration, and infor-
mation on concomitant diseases from patient records. A diagnosis
of multiple sclerosis was confirmed by an MS neurologist based on
the McDonald criteria [15].

The primary outcome of interest was the presence or absence of
an anti-Spike RBD humoral immune response post-COVID-19 vac-
cination. The secondary outcomes were B lymphocyte and
immunoglobulin levels. We compared demographic and disease
characteristics across the five groups. The presence of SARS-CoV-
2 anti-Spike RBD antibody response was dichotomized as positive
(= 1) or negative (= 0) and was analyzed as a dependent variable.
For between group comparisons of CD19 and CD20, cell counts
were categorized as 0 (for values < 2% or < 20 cells/cmm) and 1
(for values > 2% or > 20 cell/cmm). For the comparison of categor-
ical variables, a chi-square test was used. For continuous variables
of normal distribution, parametric t tests or Kruskal-Wallis tests
were used. For variables with non-normal distribution, Wilcoxon
Rank-Sum nonparametric tests were used for comparison. Logistic
regression was used to assess the relationship of independent vari-
ables on binary dependent variables. Small sample sizes precluded
multiple independent variables from being included in logistic
regression models. Odds ratios (ORs) reflect the multiplicative
change in the odds of being at a higher level of the dependent vari-
able for every one-unit increase of the independent variable. All
tests for statistical significance were performed at two-sided
a = 0.05. A p value < 0.05 was considered significant. All analyses
were performed using SAS 9.4 or GraphPad Prism 8 software.
3. Results

A total of 53 participants, including 42 patients with MS, 2 with
NMO, 2 with optic neuritis and 7 healthy controls (HC), were ana-
lyzed (Table 1). The HC and three MS groups were predominantly
female (p = 0.003) and were similar in mean age (range 41–
61 years, p = 0.20) with a Caucasian predominance (p = 0.01).
The groups were similar in their comorbidities except for the
patients with a prior diagnosis of COVID-19 who were older in
age and had significant risk factors such as diabetes mellitus and
chronic kidney disease (p = 0.0008 and p = 0.01, respectively).

Twenty-three patients on B-cell depleting therapy (BCDT) had a
mean disease duration of 17 years. Among them, 36.4% (8/22; 1
with missing data) demonstrated a positive antibody response, in
comparison to 100% in all other groups (p = <0.0001) (Table 1).
Of the 20 MS patients on ocrelizumab, 30% (6/20) demonstrated
a positive antibody response. Of the two aquaporin-4 antibody
positive NMO patients, one had a time interval of 62 days between
inebilizumab infusion and the first dose of vaccine and the other
had 119 days between rituximab infusion and the first dose of vac-
cine. They both demonstrated a negative antibody response.

Immunological laboratory data revealed lower levels of serum
immunoglobulin IgM in patients on BCDT (p = 0.003) prior to vac-



Table 1
Patient demographics with pre- and post-COVID mRNA vaccine labs and antibody response.

Healthy Controls Untreated MS Other DMT Treated MS Patients on BCDT Post COVID-19 P-value

Number of Patients 7 13 6 23 4
Age [years] 41.6 (10.5) 45.4 (14.2) 44.3 (15.5) 43.5(12.4) 61.3 (10.7) 0.20
Female [n%] 71.4 92.3 100 60.9 0 0.003
BMI [kg/m2] 23.6 (5.5) 27.3 (6.2) 35.1 (9.9) 32.4 (8.7) 33.5 (5.1) 0.03

Ethnicity Caucasian [n%] 57.1 100 100 82.6 75 0.01
African American [n%] 0 0 0 12.5 25
Others [n%] 42.9 0 0 4.2 0

Comorbidities DM [n%] 0 0 16.7 8.7 75 0.0008
HTN [n%] 0 7.7 33 26.1 50 0.18
CKD [n%] 0 0 0 0 25 0.01
Other autoimmune [n%] 14.3 23.1 33.3 0 0 0.08

Diagnosis MS [n%] 0 100 100 91.3 50
NMO [n%] 0 0 0 8.7 0
Optic neuritis [n%] 0 0 0 0 50

Vaccine
[Pfizer n%] 100 84.6 66.7 60.9 0.15

Pre-Vaccine ALC [K/uL] ^2.0 (0.6) 2.5 (0.5) 1.5 (0.6) 1.7 (0.8) 0.21
IGG [mg/dL] 961.3 (245.5) 1268.3 (334.5) 968.5 (348.0) 913.6(240.3) 0.30
IGA [mg/dL] 147.8 (48.3) 243.3 (87.0) 183.8 (90.0) 242.3 (191.6) 0.46
IGM [mg/dL] 176.0 (97.1) 151.3 (44.5) 126.5 (75.7) 67.8(53.1) 0.003
Positive Spike RBD Antibody [n%] 0 0 25 0 0.11
Positive Nucleocapsid Antibody [n%] 0 0 100 0

Post-Vaccine ALC [K/uL] 1.7 (0.4) 2.4 (1.0) 1.6 (1.1) *1.7 (0.6) &1.8 (0.6) 0.25
IGG [mg/dL] 718.6 (105.3) 840 (261.3) 884.4 (209.2) 1088.7 (143.5) 0.12
IGA [mg/dL] 163.6 (32.3) 129.3 (32.0) 197.9 (103.6) 308.0 (71.1) 0.08
IGM [mg/dL] 104.8 (57.4) 60.0 (31.4) 125.9 (216.9) 89.7 (26.9) 0.41
Positive Spike RBD Antibody [n%] 100 100 100 36.4 100 <0.0001
Positive Nucleocapsid Antibody [n%] 0 25 0 4.8 100 0.002

The values listed are mean (standard deviation). Categorical variables have been reported as a percentage and continuous variables have been reported with mean and
standard deviation. P-values for categorical variables were calculated using the Chi-Square test. P-values for continuous variables were calculated using the Wilcoxon Rank-
Sum test. Nonparametric tests were used due to non-normality of the continuous variables. P < 0.05 was considered significant, P < 0.01 highly significant.
^ For HC, only one time pre-vaccine Ig lab was done. & For post-COVID-19 patients, only one time lab was done (listed under post-vaccine as natural positive controls though
these patients did not receive the vaccines). *1 patient in the BCDT group did not have post vaccine labs and was not included in the within-group comparisons.
DM, diabetes mellitus, HTN: hypertension, CKD: chronic kidney disease.
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cination (Table 1; Fig. 1A). Unadjusted cox proportional hazard
ratios revealed that for each one unit increase in IgM levels, the
rate of having a positive antibody response to vaccination
increased by 1.9% (p = 0.03). Unadjusted outcomes revealed higher
odds of having a positive antibody response [OR 1.05; 95% confi-
dence interval (CI) 1.01–1.09; p value = 0.01] with each unit
increase in IgM levels.

We further compared patients on BCDT with negative (non-
seroconverter) vs. positive (seroconverter) anti-spike RBD antibod-
ies post-vaccination (Table 2). The two subgroups had similar dis-
tributions to each other in age, BMI and gender. The total duration
of treatment was not different between the two groups. The mean
time interval between last infusion of BCDT and the first dose of
vaccination was 313 (range: 77–823) days for those with positive
response, as compared to 102 (range: 33–381) days amongst those
with negative antibody response (p = 0.0037) (Fig. 1B). There was a
trend toward higher odds of having a positive antibody response
[OR 1.009 [95% confidence interval (CI) 1.00–1.02; p value = 0.06]
with each day of increase in time interval between the last infusion
and vaccination.

Lymphocyte immune profiling were performed using flow
cytometry. No significant difference was found in the frequency
of CD4 T cells, CD8 T cells, NK cells as well as CD4/CD8 ratio
between anti-Spike RBD antibody negative subjects and anti-
Spike RBD antibody positive subjects (Table 2). Among anti-Spike
RBD antibody negative subjects (non-seroconverters), 88.9% had
CD19 and CD20 B cell counts <20 cell/cmm or <2% vs. the antibody
positive subjects (seroconverter) where only 40% had low levels of
CD19 and CD20 (p = 0.01) in pre-vaccination samples (Fig. 1C-D).
Post-vaccination, CD19 and CD20 percentage and absolute counts
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remained statistically different between seroconverters and non-
seroconverters (p = 0.01) (Table 2). Lower IgG and IgA levels were
seen in the anti-spike antibody negative group (non-seroconverter)
than the positive group (seroconverter) (p = 0.04) (Fig. 1E).

Only minimal to mild side effects from mRNA COVID-19 vacci-
nes were reported in all participants; common symptoms included
mild body ache, headache, local muscle pain, and low-grade fever
which mostly lasted less than a day. Only two people reported new
or worsening MS symptoms.
4. Discussion

Our study is the first prospective study on COVID-19 mRNA vac-
cine humoral immune responses in patients with MS and other
demyelinating diseases on BCDT compared to other DMTs. We ana-
lyzed clinical features, antibody status, pre- and post-vaccine ALC,
CD19 and CD20 counts and immunoglobin levels. Both anti-spike
RBD and anti-nucleocapsid total antibodies were negative in most
patients before vaccination. After vaccination, the rate of serocon-
version to positive anti-spike RBD was 100% in all groups (HC, MS
no treatment, and MS on other DMTs) except patients on BCDT, in
which it was 36.4% (Table 1). Our results showed a markedly
blunted vaccine response in patients on BCDT highlighting the
need for immunization prior to treatment.

Our results are consistent with the VELOCE study [16] which
showed that Ocrelizumab-treated individuals were half as likely
to mount an antibody response against tetanus toxoid vaccine
(23.9% ocrelizumab vs. 54.5% controls) and almost two thirds less
likely to mount an antibody response to 12 or more pneumococcal
serotypes (37.3% ocrelizumab vs. 97.1% controls). One implication



Fig. 1. Immunological parameters of patients in response to COVID mRNA vaccines. A) Pre-vaccination IgM levels are lower in patients on BCDT. The p values are presented
above the boxplots. P < 0.05 was considered significant. B) The time interval between infusion and vaccine, and total infusion therapy duration comparison between post-
vaccination anti-spike positive and negative groups in patients on BCDT. A shorter time interval between infusion and vaccine was more likely to result in a negative antibody
response. Comparisons were performed by Wilcoxon’s two-sample test for continuous variables. The p values are presented above the boxplots. P < 0.05 was considered
significant. C) Pre-vaccine percentage of CD19 and CD20 comparison between anti-spike positive and negative groups. For the comparison, the percentage of CD19 and CD20
levels were categorized as 0 (for values < 2%) and 1 (for values > 2%). Chi-Square test was used for categorical variables. Lower percentage levels of CD19 and CD 20 were seen
for both pre- and post-vaccination in the anti-spike negative subgroup (non-seroconverter). Graphs shown are for pre vaccination data. The p values are presented above the
boxplots. P < 0.05 was considered significant. D) Pre-vaccine absolute CD19 and CD20 (Abs) comparison between anti-spike positive and negative groups. CD19 Abs and CD20
Abs were categorized as 0 (for values < 20 cells/cmm) and 1 (for values > 20 cells/cmm). A Chi-Square test was used for categorical variables. Lower Abs CD19 and Abs CD20
levels were seen for both pre- and post-vaccination in the anti-spike negative subgroup (non-seroconverter). Graphs shown are for pre vaccination data. The p values are
presented above the boxplots. P < 0.05 was considered significant. E) Post-vaccine IgG, IgA and IgM comparison between anti-spike antibody positive and negative groups.
Lower IgG and IgA levels were seen post–vaccination anti-spike antibody negative group (non-seroconverter). Comparisons were performed by Wilcoxon’s two-sample test
for continuous variables. The p values are presented above the boxplots, and P < 0.05 was considered significant.
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of our data is a possible benefit of postponing the initiation of B cell
depleting therapies or increasing the time interval between infu-
sion and immunization as others have proposed [17]. Of course,
clinicians also need to weigh the risks of potential relapse and
worsening disease in such scenarios. Other cell depleting DMTs
such as alemtuzumab could also potentially affect vaccine efficacy.
It might be particularly challenging to vaccinate patients on ofatu-
mumab which is administered monthly as opposed to ocrelizumab
given every 6 months.

While the NMSS recommends continuation of current DMTs in
MS patients, the likelihood of a protective immune response has
not yet been correlated with individual DMT and patient profiles.
Cell depleting therapy may interfere with the mounting of a pro-
tective immune response to SARS-CoV-2, hence optimizing the
timing of vaccinations relative to the use of ongoing DMTs is crit-
ical for effective vaccination against this virus. Our data demon-
strate that a time interval of <4 months between the last
infusion and the first vaccination results in a lower likelihood of
mounting a positive humoral response. Age, BMI, and total treat-
ment duration in our cohort did not differ between the antibody
positive and negative group. In addition, we found that CD19 and
CD20 lymphocyte counts and immunoglobulin levels (but not
absolute lymphocyte counts) around the time of vaccination
impacted the antibody response in patients on BCDT. We also
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demonstrate a significant reduction of IgG and IgA levels in the
antibody negative groups (Table 2). Previously, low levels of IgG
and IgM have been shown to correlate with longer effective treat-
ment durations of ocrelizumab and an increased risk of infections
[18].

Our study reports qualitative results with total antibodies to
spike RBD and subgroup antibody responses of IgG, IgA and IgM
to spike RBD were not measured. Although the specific subtype
of Ig and quantitative results may be desirable, it is currently
unknown what quantitative antibody titers are required to provide
sufficient protection (i.e. a correlate of protection). A standardized
quantitative assay may allow us to understand this more precisely
in the future. Another limitation of our study is the small sample
size, therefore any direct comparisons between BCDT to other
DMTs needs to be further validated. In our small study, non-cell
depleting DMTs were shown to unlikely negatively impact the
COVID-19 vaccine antibody response. Further longitudinal studies
with individual DMTs may provide more information. We are
unable to generalize our findings in NMO patients owing to small
numbers of patients included. However our study has provided a
glimpse into the vaccine response of NMO patients on BCDT and
larger future studies in NMO population are needed. In addition,
we did not address any differences between the two mRNA vacci-
nes in our study.



Table 2
Comparison of immunological parameters of MS patients on BCDT with positive vs. negative anti-Spike RBD antibody response after two doses of COVID mRNA vaccines.

Reference Range Negative Anti-Spike RBD Antibody Positive Anti-Spike RBD Antibody P-Value

Number of Patients 14 8
Age [years] 43.5 (12.9) 42.5 (12.7) 0.95
Time interval last infusion to the 1st dose of vaccine [days] 101.9 (91.3) 312.9 (260.1) 0.004
Total duration of therapy [days] 647.9 (463.5) 527.6 (394.0) 0.71
BMI [kg/m2] 33.1 (9.1) 32.2(8.4) 0.92
Pre-Vaccine
CD3 [%] 61–79 85.3 (8.1) 79.7 (12.6) 0.34
CD4 [%] 38–54 61.9 (7.6) 56.8 (9.2) 0.16
CD8 [%] 14–28 21.5 (7.5) 21.0 (8.4) 0.65
CD19 [%] 7–24 0.26 (0.7) 4.9 (7.3) 0.01
CD20 [%] 7–20 0.41 (0.8) 5.07 (7.4) 0.01
CD16/56 [%] 6–12 13.5 (8.1) 14.7 (9.6) 0.96
C4: C8 [ratio] 1.2–2.6 3.3 (1.4) 3.2 (1.8) 0.76
CD3 [cells/cmm] 732–3160 1514.6 (603.5) 1288.8 (407.9) 0.65
CD4 [cells/cmm] 456–2160 1093.8 (417.5) 941.5 (382.3) 0.39
CD8 [cells/cmm] 168–1120 385.4 (207.5) 320.3 (109.4) 0.65
CD16/56 [cells/cmm] 84–960 239.5 (163.3) 240.7 (203.1) 0.84
CD19 [cells/cmm] 84–800 3.4 (7.0) 73.8 (109.8) 0.01
CD20 [cells/cmm] 1–354 4.6 (8.1) 76.3 (110.0) 0.01
ALC [K/ul] 1.2–4.0 1.9 (0.8) 1.4 (0.7) 0.25
IGG [mg/dL] 620–1520 865.0 (256.6) 1010.7 (185.8) 0.24
IGA [mg/dL] 40–350 225.1 (218.8) 276.7 (131.6) 0.15
IGM [mg/dL] 50–370 50.1 (20.2) 103.3 (80.1) 0.19
Post-Vaccine
CD3 [%] 61–79 84.0 (7.2) 85.3 (8.2) 0.96
CD4 [%] 38–54 60.9 (9.4) 61.5 (4.3) 0.79
CD8 [%] 14–28 21.3 (8.1) 22.7 (10.2) 0.87
CD19 [%] 7–24 1.0 (2.2) 2.9 (2.1) 0.07
CD20 [%] 7–20 1.3 (2.2) 3.0 (2.0) 0.01
CD16/56 [%] 6–12 13.7 (6.4) 11.0 (6.4) 0.32
C4:C8 [ratio] 1.2–2.6 3.5 (1.8) 3.6 (2.7) 0.96
CD3 [cells/cmm] 732–3160 1488.1 (587.3) 1722.8 (451.5) 0.43
CD4 [cells/cmm] 456–2160 1092.2 (475.4) 1249.6 (350.3) 0.49
CD8 [cells/cmm] 168–1120 367.1 (196.3) 452.2 (247.2) 0.56
CD16/56 [cells/cmm] 84–960 220.8 (101.5) 224.8 (147.2) 1.0
CD19 [cells/cmm] 84–800 19.9 (40.5) 58.4 (49.6) 0.03
CD20 [cells/cmm] 1–354 22.8 (41.4) 59.8 (48.1) 0.03
ALC [K/ul] 1.2–4.0 1.7 (0.6) 2.0 (0.5) 0.31
IGG [mg/dL] 620–1520 800.3 (206.3) 1028.5 (140.6) 0.04
IgA [mg/dL] 40–350 152.5 (69.0) 249.7 (108.1) 0.04
IgM [mg/dL] 50–370 131.9 (260.5) 100.7 (85.7) 0.37

The values listed are mean (standard deviation). P-values for continuous variables were calculated using the Wilcoxon Rank-Sum nonparametric tests due to non-normality
of the continuous variables. For these comparisons, the percentage of CD19 and CD20 levels were categorized as 0 (for values < 2%) and 1 (for values � 2%) and similarly CD19
Abs and CD20 Abs were categorized as 0 (for values < 20 cells/cmm) and 1 (for values � 20 cell/cmm) respectively. Between group comparisons were done using chi-square
tests. P < 0.05 was considered significant. ALC, Absolute lymphocyte count.
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Although our study demonstrated a decreased antibody
response to COVID-19 mRNA vaccines with BCDT, it remains possi-
ble that an adequate T cell vaccine response could still occur that
leads to protection. Depletion of CD8 + T cells in convalescent
macaques was reported to partially abrogate the protective effi-
cacy of natural immunity against rechallenge with SARS-CoV-2,
which suggests a role for cellular immunity in the context of wan-
ing or sub-protective antibody titers [19]. This data demonstrates
that relatively low antibody titers are sufficient for protection
against SARS-CoV-2 in rhesus macaques, and that cellular immune
responses may contribute to protection if antibody responses are
suboptimal. Currently no data exists regarding the impact of BCDT
on cellular responses to COVID-19 vaccines. It is noteworthy that
CD4+ and CD8+ T cell counts remain relatively unchanged after
BCDT, which was also seen in the flow cytometry data from our
study. After ocrelizumab infusion, CD19+ B cell levels begin to
recover after ~ 40 weeks, while memory B cells remain low and
naïve B cells roughly follow the recovery trajectory of CD19+ cells
[20]. Memory helper T cells, along with cytotoxic T cells, and mem-
ory B cells are all important in immunologic memory. We therefore
plan to conduct a follow up study to examine polyclonal as well as
SARS-CoV-2 antigen-specific T cell COVID vaccine responses in
patients on BCDT.
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Our study also raises the important question of whether addi-
tional boosters in non-seroconverters may be needed to generate
a vaccine response. Such a strategy has been shown to significantly
increase the antibody response rate in highly immunosuppressed
solid organ transplant patients [20]. Further assessment of long-
term responses (i.e. 6–12 months post-booster) will also be critical
in addressing the impact of immunotherapy on vaccine immune
response durability. Such knowledge is crucial when advising
patients regarding timing of vaccine, recommendations for booster
shots, and risk mitigation strategies for the MS population as dis-
cussed previously [21]. Notwithstanding the importance of these
future directions for additional studies, our results provide the first
prospective data on the humoral response to COVID-19 mRNA vac-
cines in MS patients.
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