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ARTICLE INFO ABSTRACT

Keywords: Background: Patients with multiple sclerosis (MS) on some disease modifying therapies (DMTs), particularly anti-
Multiple sclerosis CD20 and sphingosine-1-phosphate (S1P) modulators, are at increased risk of severe Coronavirus Disease 19
Disease modifying therapy (COVID-19) and death. COVID-19 vaccinations are effective in preventing infection and severe disease, but
sf(a)c\fl]zaili’)n humoral response to vaccination and outcomes of COVID-19 infection after vaccination in MS patients on DMTs
Anti-CD20 remain less understood.

Methods: In this retrospective single-center study, patients enrolled in the CLIMB (Comprehensive Longitudinal
Investigation of Multiple Sclerosis at Brigham and Women’s Hospital) study and biorepository who had been
vaccinated against COVID-19 and had SARS-CoV-2 spike antibody (anti-SARS-CoV-2 S Roche-Elecsys) testing
were identified and compared to healthy controls. Demographic data, serum immune profiles including
lymphocyte count, B-cell count, and immunoglobulins, and clinical outcome of COVID-19 infection were
collected.

Results: 254 patients (73.2% female, mean (SD) age 52.9 (11.2) years) were identified. When controlling for age,
time since vaccination, and vaccine type, patients on fingolimod, ocrelizumab, rituximab, mycophenolate
mofetil, natalizumab and teriflunomide had significantly lower levels of spike antibodies compared to healthy
controls (n = 34). Longer duration of treatment was associated with lower spike antibody levels in patients on
anti-CD20 therapy (p = 0.016) and S1P modulators (p = 0.016) compared to healthy controls. In patients on anti-
CD20 therapy, higher spike antibody levels were associated with higher CD20 cell count (p<0.001), and longer
time since last anti-CD20 therapy infusion (p<0.001). 92.8% (13/14) vaccine responders (spike antibody titer
>100 ug/dL) on anti-CD20 therapy demonstrated B-cell reconstitution (mean CD20 3.6%). Only 1 out of 86
patients with CD20 of 0% had a measurable spike antibody response to vaccination. During follow-up (mean 270
days), five patients were diagnosed with COVID-19 after vaccination (incidence 1.9%), all of whom had spike
antibody < 20 ug/dL. No patients required ICU care or died.

Conclusions: Patients on some DMTs demonstrate reduced humoral immunity after Sars-CoV-2 vaccination.
Longer duration of anti-CD20 therapy and reduced CD20 cell count is associated with blunted humoral response
to vaccination. CD20 reconstitution >0.1% appears necessary, but not always sufficient, for humoral response to
vaccination. Breakthrough COVID-19 infection in our cohort of MS patients on DMT was higher than in popu-
lation studies. We propose that adjustment of B-cell therapy administration to allow for B-cell reconstitution
prior to vaccination should be considered.
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1. Introduction

Multiple sclerosis (MS) is a central nervous system autoimmune
disease that is estimated to affect over 2.8 million people worldwide.
(Walton et al., 2020) There are currently a wide range of immune sup-
pressing treatment options for patients with MS with varying strength
and efficacy profiles. (Zhang et al., 2021) Understanding the effect of
these disease modifying therapies (DMTs) on coronavirus disease 19
(COVID-19) severity and response to the COVID-19 vaccine is essential
to care of patients with MS during the COVID-19 pandemic. Patients on
high-efficacy anti-CD20 therapies, such as rituximab and ocrelizumab,
are at increased risk of severe COVID-19 and death after infection with
SARS-CoV-2 virus. (Jones et al., 2021) While COVID-19 vaccinations are
effective in preventing COVID-19 infection and severe disease (Baden
et al., 2021, Polack et al., 2020) and have been shown to be safe in
patients with multiple sclerosis (MS), (Lotan et al., 2021) the ability for
MS patients on DMTs to mount an effective immune response after
vaccination remains unclear.

Prior work has demonstrated reduced spike antibody response to
COVID-19 vaccines in patients on anti-CD20 and S1P modulators.
(Sormani et al., 2021, Mrak et al., 2021, Brill et al., 2021, Disanto et al.,
2021, Sabatino et al., 2021, Tortorella et al., 2021, Cohen et al., 2022,
Apostolidis et al., 2021) Research targeted at understanding how to
increase immune response to vaccination in these patients is of great
importance. Previous studies have shown that even minimal B-cell
reconstitution may correlate with an increased humoral response to
COVID-19 vaccination. (Disanto et al., 2021, Apostolidis et al., 2021,
Rico et al., 2021, van Kempen et al., 2021) In one study, while 1 of 36
patients with undetectable B cells seroconverted after vaccination, 45%
of patients with between 0 and 1% of CD19+ B cells seroconverted.
(Mrak et al., 2021) Studies have also found a significant correlation
between time since last anti-CD20 infusion as well as length of
anti-CD20 therapy and SARS-CoV-2 antibody titer. (Disanto et al., 2021,
Sabatino et al., 2021, Tortorella et al., 2021, Apostolidis et al., 2021)

Recent work has shown a significant correlation between break-
through COVID-19 infection and SARS-CoV-2 spike antibody level
(Sormani et al., 2022), indicating spike antibody level (i.e. humoral
vaccination response) may represent some level of protection from
clinical COVID-19. However, the quantitative spike antibody response
post-vaccination necessary to prevent COVID-19 infection is not fully
understood. A recent editorial identified areas for future research
including additional data on humoral response after a wider array of
DMTs, as well as identification of the necessary levels of humoral and
cellular immunity needed to provide sufficient protection against COVID
infection. (Graves and Killestein, 2021) Case series have reported mild
cases of COVID-19 in small numbers of vaccinated patients on DMTs,
(Januel et al., 2021) but have not commented on the necessary immu-
nity to prevent such infections.

We performed a retrospective, single-center cohort study comparing
vaccinated MS patients on DMTs to healthy controls. In this work we
sought to expand the literature characterizing immune responses after
COVID-19 vaccination in a large cohort of MS patients treated with a
wide range of DMTs. Additionally, we sought to identify the relationship
between humoral response to vaccination (SARS-CoV-2 spike antibody
level), DMT type and treatment duration, immune system markers (IgG,
absolute lymphocyte count, CD20 count), and clinical outcomes of
infection with COVID-19.

2. Methods
2.1. Study design and patients

This was a retrospective, single-center cohort study. Patients
enrolled in the CLIMB (Comprehensive Longitudinal Investigation of

Multiple Sclerosis at Brigham and Women’s Hospital) study and CLIMB
biorepository of the Brigham MS Center with a diagnosis of multiple
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sclerosis, who had received the mRNA-1273 (Moderna mRNA),
BNT162b2 (Pfizer mRNA) or Ad26.COV2.S (Johnson and Johnson)
COVID-19 vaccine and had SARS-CoV-2 spike antibody serologic testing
were identified. Fully vaccinated was defined as two doses of mRNA
vaccination, or one dose of Ad26.COV2.S vaccination. Sex, age, body
mass index (BMI), disease duration, last recorded expanded disability
status scale (EDSS), DMT type, vaccine type, date(s) of vaccination, date
of spike antibody testing, and spike antibody level were extracted from
the CLIMB dataset. Patient charts were individually reviewed for accu-
racy, and additional data were collected. Laboratory values of Immu-
noglobulin G (IgG, mg/dL) level, absolute lymphocyte count (ALC, K/
ul), and CD20 cell count (measured as % of total lymphocytes) were
recorded. For IgG and ALC, the value available from the date closest to
the date of first COVID-19 vaccination was used. For CD20 cell count,
the closest value to date of first COVID-19 vaccination available after the
patient’s last anti-CD20 infusion was used. Per protocol at our infusion
center, most CD20 cell counts are drawn immediately prior to admin-
istration of anti-CD20 infusion, so values prior to last infusion were not
used given they would not accurately reflect B-cell counts. Clinical data
including dates of last DMT treatment and development of COVID-19
infection (defined as positive nasopharyngeal SARS-CoV-2 PCR) were
collected. Healthy patients enrolled in a COVID-vaccine study between
June 2021-December 2021 were included in this report and spike
antibody levels collected.

2.2. Standard Protocol approvals, registrations, and patient consents

The CLIMB study and CLIMB biorepository are approved by the
Massachusetts General Brigham Human Research Committee (IRB
#1999P010435, #2017P001169, # 2002P001045). Healthy controls
were enrolled from an IRB approved vaccine study (IRB #
2021P001156). Patients provided written informed consent for these
studies.

2.3. Statistics

Summary statistics were calculated for demographic characteristics
using the mean and standard deviation for continuous variables and
proportions for categorical variables. For the spike antibody levels, the
median and range for each treatment group was calculated. The differ-
ence between treatment groups was assessed using pairwise Wilcoxon
rank sum tests to account for subject below (<0.40) and above (>2500)
the limit of detection. To adjust for age, time since vaccination and type
of vaccine, the treatment groups were compared using a proportional
odds logistic regression model. Finally, the association between spike
antibody level and several patient characteristics were estimated using
Spearman’s correlation coefficient. All analyses were completed in the
statistical software package R version 3.6.3 (www.r-project.org).

2.4. Data availability

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

3. Results
3.1. Demographics

254 patients were identified, 186 (73.2%) were female with a mean
(SD) age of 52.9 (11.2) years and BMI of 27.1 (6.3). The mean (SD;
range) time between the final vaccination and SARS-CoV-2 spike anti-
body sample was 83.0 (46.7; 5, 224) days. 133 (52.4%) patients received
the Pfizer vaccine, 110 (43.3%) received the Moderna vaccine, 11
(4.3%) Johnson and Johnson. 186 (73.2%) of patients had relapse-
remitting MS, 11 (4.3%) had primary progressive MS, 51 (20.1%) had
secondary progressive MS, 3 (1.2%) had progressive relapsing MS, and 3
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(1.2%) had a clinically isolated syndrome. Mean (SD) EDSS at time of
data collection was 2.9 (2.1). Demographic characteristics of included
patients are shown in Table 1.

3.2. Humoral response to vaccination and disease modifying therapy

3.2.1. Quantification of spike antibody levels by DMT

The median (range) spike antibody level for each treatment group
and the healthy controls are provided in Table 2 and Fig. 1. For between
DMT group comparison, we removed patients who had spike antibody
levels checked after only a single dose of mRNA vaccines (n = 8). We
excluded DMT groups with only 1 patient (n = 4). Older age has been
associated with decreased antibody response after COVID-19 vaccina-
tion, (Collier et al., 2021) as has longer time since vaccination, (Levin
et al., 2021) so multiple group comparisons were performed between
DMTs and healthy controls controlling for age, time since vaccination,
and vaccine type. When controlling for these factors, patients on fin-
golimod, ocrelizumab, rituximab, mycophenolate mofetil, natalizumab,
and teriflunomide had significantly lower levels of spike antibodies
compared to healthy controls (Fig. 1).

3.2.2. Duration of anti-CD20 and S1P modulator treatment and spike
antibody levels

Given the large number of patients on anti-CD20 and S1P modulator
therapy in our cohort, and prior evidence that these DMTs reduce spike
antibody response after vaccination, we evaluated the relationship of
duration of DMT treatment and spike antibody levels for these two pa-
tient groups. In patients on S1P modulator therapy (fingolimod, n = 42),
we found the estimated Spearman’s correlation coefficient to be -0.37 (p
= 0.016), indicating that as time on treatment with fingolimod in-
creases, the spike antibody level decreases (Fig. 2A). Similarly, we found
a relationship between longer duration of treatment with anti-CD20
therapy and lower SARS-CoV-2 spike antibody levels (estimated Spear-
man’s correlation coefficient between time on treatment and spike
antibody level -0.19 (p = 0.016) (Fig. 2B).

Table 1
Demographics.
N Age Female/ BMI EDSS
Male

All MS patients 254 529 186 / 68 27.1 2.9
(11.2) (6.3) 2.0)

Dimethyl Fumarate 14 56.8 12/2 23.7 1.5
11.7) (4.0) (1.2)

Fingolimod 42 51.7 29/13 26.5 1.9
(10.9) (6.6) 1.4

Glatiramer acetate 4 60.0 2/2 27.6 2.9
(16.2) (4.2) 3.0

Interferon beta 7 51.0 6/1 24.1 1.7
(12.0) (4.3) (0.5)

Mycophenolate 4 59.3 (3.9) 4/0 25.2 5.4
mofetil (4.5) (1.6)

Natalizumab 8 46.2 6/2 27.4 1.4
(13.4) (7.2) 1.0

Ocrelizumab 116  51.7 80/ 36 28.1 3.1
(11.2) (6.0) (2.1

Ofatumumab 2 59.8 (2.7) 2/0 26.3 5.0
(3.2) (2.1)

Rituximab 37 53.1 30/7 26.6 3.7
(11.0) (7.8) 2.1)

Teriflunomide 11 55.6 (6.9) 8/3 29.7 3.7
(7.5) 2.2)

Untreated 9 64.3(7.3) 7/2 23.8 4.4
(4.2) (2.6)

Healthy controls 34 38.4 15/19 NA NA

(13.5)

Data shown is mean (SD).
BMI = Body mass index in kg/m>
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Table 2
SARS-CoV-2 Spike Antibody Level after controlling for age, time since vacci-
nation and vaccine type.

Treatment group Median Wilcoxon rank sum Proportional odds
spike test comparison vs. model comparison
antibody healthy controls (p- vs. healthy controls
(range) value) (p-value)

Dimethyl >2500 0.35 0.26

fumarate (n = (535.6,
14) >2500)
Fingolimod (n = 16.8 (<0.40,  4.0*107'2 2,010 13
42) >2500)
Glatiramer 1539.5 0.66 0.76
acetate (n = 4) (823,
>2500)
Interferon beta (n 2225 0.78 0.56
=7) (105.9,
>2500)
Mycophenolate 59.8 (<0.40, 0.0011 0.0006
mofetil (n = 4) 157)
Natalizumab (n = 865.9 (36.8, 0.022 0.019
8) >2500)
Ocrelizumab (n = <0.40 <2*10°'6 <2¥10716
116) (<0.40,
>2500)
Ofatumumab (n =  <0.40 0.018 o
2) (<0.40,
<0.40)
Rituximab (n = <0.40 1.4¥10713 <2¥107'6
37) (<0.40,
1074)
Teriflunomide (n 942.4 0.037 0.048
=11) (<0.40,
>2500)

Untreated (n = 9) 372.8 0.018 0.095
(132.6,
>2500)

Healthy controls 1825 reference reference

(n=34) (337.4,
>2500)

Legend: Median spike antibody level ( ug/dL) separated by DMT group. Spike
antibody level at our institution is reported as a single value from <0.4 to >2500
ug/dL.Wilcoxon rank sum comparison between each treatment group and
healthy controls was performed and p-values are shown. Proportional odds
model adjusting for age, vaccine type, and time since vaccination comparing
each DMT group to healthy controls was performed and p-values are shown.
**missing since all the measurements for this treatment were at the lowest value

3.3. Relationship of immune system markers and spike antibody levels

3.3.1. Immunoglobulin G levels

We examined the relationship of Immunoglobulin G (IgG) level and
spike antibody across all patients. IgG level was recorded from the lab
value in the chart available closest to date of vaccination. Average (SD)
time between date of IgG level and date of vaccination was 197 (363)
days. We found a significant relationship between higher levels of IgG
and higher spike antibody level (estimated Spearman’s correlation co-
efficient 0.23 (p = 0.0017) (Fig. 3). All patients with hypogammaglob-
ulinemia (IgG <600 mg/dL) were on anti-CD20 except for four patients:
two on mycophenolate mofeteil, one on teriflunomide, and one on fin-
golimod. Hypogammaglobulinemia has been reported in patients on
fingolimod (Zoehner et al., 2019) and mycophenolate. (Kaplan and
Bonagura, 2019) The patient on teriflunomide had been on ocrelizumab
within 1 year of this study and was switched due to hypogammaglob-
ulinemia, thus their persistent hypogammaglobulinemia was likely
secondary to ocrelizumab and not teriflunomide.

3.3.2. Absolute lymphocyte count

We next sought to further classify the relationship of spike antibody
level and lymphocyte count, particularly for patients on S1P modulators
which are known to cause lymphopenia. Absolute lymphocyte count
value was chosen from the closest available date to date of vaccination.
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* * * * *

Unt fn=9j

Rit (n=37) Ter (n=11) HC (n=34)

Fig. 1. Sars-CoV-2 Spike Antibody level by Disease Modifying Therapy Type. Legend: Box plots demonstrate mean (stdev) spike antibody level ( ug/dL) for
patients on each DMT. *Indicates statistically significant (p<0.05) difference compared to healthy controls. Spike antibody level at our institution is reported as a
single value from <0.4 to >2500 ug/dL. DMF= Dimethyl fumarate; Fin = Fingolimod; GA= Glatiramer acetate; IFN = Interferon beta; MM= Mycophenolate
mofetil; Nat= Natalizumab; Ocr= Ocrelizumab; Ofa= Ofatumumab; Rit=Rituximab; Ter=Teriflunomide; Unt= Untreated; HC: Healthy controls. Between group

comparison statistics are shown in Table 2.

Average time between date of vaccination and serum sample of absolute
lymphocyte count was 101.7 days. The estimated Spearman’s correla-
tion coefficient between absolute lymphocyte count and spike level was
-0.002 (p = 0.97) (Fig. 4A). The estimated Spearman’s correlation co-
efficient between absolute lymphocyte count and spike level among
patients treated with fingolimod was -0.04 (p = 0.80) (Fig. 4B). These
data do not indicate a significant relationship between lymphocyte
count and humoral vaccine response in this cohort.

3.3.3. CD20 lymphocyte counts

We next evaluated the relationship of spike antibody level and CD20
cell count for patients on anti-CD20 infusion therapy (ocrelizumab,
rituximab). Date of last infusion prior to vaccination was recorded to
calculate time between infusion and vaccination. The first CD20 cell
count available after vaccination was chosen as a proxy for CD20 count
at the time of vaccination. The average time between vaccination and
available CD20 count was 118.6 days. Mean (stdev) CD20 cell count for
all patients on anti-CD20 therapy was 0.9 (2.1). We found a significant
relationship between reduced CD20 cell count and lower spike antibody
level (estimated Spearman’s correlation coefficient 0.59 (p<0.001)
(Fig. 5A). We also found a significant relationship between longer time
since anti-CD20 infusion and vaccination date, and higher spike anti-
body levels (estimated Spearman’s correlation coefficient 0.38
(p<0.001) (Fig. 5B).

3.4. Clinical outcomes

3.4.1. Characterizing anti-CD20 therapy vaccine responders vs non-
responders

Given that most patients on anti-CD20 therapy do not demonstrate a
humoral response to COVID-19 vaccination, an in-depth chart review
was performed to further characterize vaccine “responders,” which we
defined as patients on anti-CD20 therapy who had a spike antibody titer
>100 ug/dL. One patient did not have an available CD20 count after
vaccination. Six out of 152 patients on anti-CD20 therapy (3.9%) had
high titer spike antibody levels (>1000 ug/dL). Five of these six patients
demonstrated B-cell reconstitution (CD20 >0.1%) at the first available

CD20 count after vaccination (at an average of 6.4 months after last
infusion). These five patients had an average CD20 cell count of 3.6%
(SD 2.2; range 1.1-6.2). One patient (48-year-old female) initially had
low spike antibody titer after two Moderna vaccinations (5.71 ug/dL)
but demonstrated an increase to spike antibody of >2500 ug/dL after
her third vaccination despite CD20 count of 0%. An additional 8 patients
on anti-CD20 therapy had low positive spike antibody levels >100 ug/
dL. Seven of these patients demonstrated B-cell reconstitution at the first
available CD20 count after vaccination, at an average of 5.8 months
after last infusion. These seven patients had an average CD20 count of
5.31% (SD 4.35; range 0.1-10.5). Taken together, the 14 patients with
spike antibody levels >100 ug/dL were 78% female, 53% RRMS, had
had a mean (SD) age of 48.7 (12) years, a mean (SD) EDSS of 3.17 (2.0),
and a mean treatment duration of 39.9 months (range 14-96 months).
They had a mean of 181.2 days between last ocrelizumab infusion and
vaccination (range 99-348 days). None of these patients contracted
COVID-19 during follow-up.

In contrast, we identified 49 patients on anti-CD20 therapy who had
evidence of B-cell reconstitution (CD20 > 0.1%), but a negative spike
antibody as defined as a titer of < 20 ug/dL, or vaccine “non-re-
sponders.” This patient group was 78% female, 73% RRMS, had a mean
(SD) age of 52.8 (12.8) years, a mean (SD) EDSS of 3.2 (2.2), and a mean
treatment duration of 45.1 months (range 12-165 months). They had an
average of 139.6 days between last treatment and vaccination (range 22-
679 days). They had an average CD20 count of 1.33% (SD 1.83)

When comparing vaccine responders vs non-responders on anti-
CD20 therapy using two-tailed T tests, there was no significant differ-
ence in age (p = 0.358), duration of anti-CD20 therapy (p = 0.556), or
time between last B-cell infusion and vaccination (p = 0.249). However,
there was a significantly higher average B-cell count in the vaccine
responder group (mean CD20 1.3% vs 3.9%, p = 0.00038).

Finally, we evaluated all patients who had a CD20 count of 0% (n =
86) to see if any had a positive humoral response to vaccination. Only
one patient had a spike antibody level >20 ug/dL, with spike antibody
measured at 94.4 ug/dL two weeks after second vaccination. This pa-
tient was a 33yo male who had been treated with ocrelizumab for one
year, with his last infusion four months prior to first vaccination.
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3.4.2. COVID-19 infection after vaccination

Mean (SD) length of follow-up after vaccination for our cohort was
270.8 (36.3) days. Five patients were diagnosed with COVID-19 after
vaccination and are characterized in Table 3. Two patients were on
teriflunomide, two on ocrelizumab, and one on rituximab with a mean
(range) duration of DMT of 31.2 (2-59) months and mean (range) EDSS
of 3.5 (0-6.5). All patients had a spike antibody level <20 ug/dL after
vaccination, with 4 out of 5 patients having level below the threshold of
detection. The mean (SD) time from vaccination to infection was 5.75

(1.04) months. Two patients required supplemental oxygen (World
Health Organization (WHO) COVID severity of 4), two had limitation of
activities but not hospitalized (WHO grade 2), and one patient was
symptomatic but ambulatory (WHO grade 1). None were intubated. Two
patients with EDSS measurements after COVID-19 infection were stable.
Two patients were treated with monoclonal antibody treatment.
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coefficient -0.04 (p = 0.80) (Fig. 3B).
4. Discussion

Understanding the effect of disease modifying therapies on the
ability to mount a humoral response to SARS-CoV-2 vaccination is
imperative for clinicians caring for patients with MS during the ongoing
COVID-19 pandemic. In this study, we add to prior work (Disanto et al.,
2021, Sabatino et al., 2021, Apostolidis et al., 2021, Sormani et al.,
2021) supporting observations that the humoral response to COVID-19
vaccination is reduced in patients on B-cell therapies and S1P

modulators compared to untreated controls. However, we also show
reductions in spike antibody levels in patients on mycophenolate,
natalizumab, and teriflunomide, though to a lesser degree. We also add
that this observation persists even when controlling for age and time
since vaccination, supporting evidence that treatment with these ther-
apies is an independent cause of reduced spike antibody levels after
vaccination. We show that treatment with other DMTs including
dimethyl fumarate, interferons, and glatiramer acetate do not signifi-
cantly reduce antibody response compared to untreated controls. While
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Table 3
Clinical Characteristics of Patients Who Contracted COVID-19 After Vaccination.
Patient ~Age Sex  EDSS Pre- DMT Duration of DMT  Vaccine CD20 Spike Ab Time from vaccine to WHO COVID EDSS post-
COVID (months) type count level (ug/ infection (months) Severity COVID
dL)
1 62 F 6.5 teriflunomide 2 Pfizer n/a 19.3 5.5 4 6.5
2 55 M 2.5 teriflunomide 50 J&J n/a <0.4 6 1 n/a
3 47 F 2.5 ocrelizumab 37 Moderna 0 <0.4 4.5 2 2.5
4 31 F 0 ocrelizumab 8 Pfizer 0.3 <0.4 7 2 n/a
5 59 F 6 rituximab 59 Pfizer 0 <0.4 3* 4 n/a

“ Patient received 3rd vaccination

we observed a trend towards reduced average antibody response in our
group of untreated control patients with MS which has not been seen in
some prior work, (Achiron et al., 2021) of our nine patients, seven had
been on DMT in the past (5 on ocrelizumab, 1 on rituximab, 1 on gla-
tiramer acetate). The mean time since last therapy was 1.2 years, making
effect of prior treatment a possible explanation for this reduction.
When examining duration of DMT treatment, we confirm prior work
showing longer duration of treatment with S1P modulators and anti-
CD20 therapy is associated with reduced SARS-CoV-2 spike antibody
levels. (Sabatino et al., 2021) Additionally, we demonstrate that several
humoral and cellular immune measures correlate significantly with
antibody response to vaccination. While hypogammaglobulinemia has
been shown to impair responses to certain vaccinations, (Szcza-
winska-Poplonyk et al., 2015) there have been fewer reports regarding
IgG levels and COVID-19 vaccine response. Here we show that lower
levels of IgG were associated with lower levels of spike antibody in our
cohort, suggesting this may be an important risk factor for poorer hu-
moral response to vaccination. S1P modulators potentially cause circu-
lating lymphopenia, and data regarding the relationship between
absolute lymphocyte count and spike antibody levels in patients on S1P
modulators have previously been mixed, with some studies reporting
significant correlation between lymphopenia and reduced humoral

response (Sormani et al., 2021) while others do not. (Sabatino et al.,
2021) In our cohort we did not see a significant relationship between
absolute lymphocyte count and spike antibody level across all patients
or within the subgroup of patients on S1P modulators, indicating that
lymphocyte count may not directly influence humoral response to
vaccination. Early work indicates lymphocyte count may correlate with
T-cell mediated vaccination responses (Tortorella et al., 2021), and
additional investigation on this topic is underway.

Study of patients on anti-CD20 therapy is of particular interest given
there is widespread use of these medications and there is evidence that
their use leads to reduced humoral response to vaccination, (Sormani
et al., 2021) which we also demonstrate in our cohort. We show a sig-
nificant correlation between reduced spike antibody and lower CD20
count as well as higher spike antibody level and longer time since last
anti-CD20 infusion. While these findings are consistent with prior work
(Sabatino et al., 2021, Sormani et al., 2021), the relationship between
anti-CD20 therapy dosing interval, B-cell reconstitution, antibody
response, and real-world risk of COVID infection has remained unclear.
We sought to further elucidate these relationships through in depth
chart review of our single-center cohort. We demonstrate that in vaccine
responders (defined as spike antibody titer >100 ug/dL), all patients
except 1 had B-cell reconstitution >0.1%. Conversely, only 1 patient
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with a B-cell count of 0% had a positive spike antibody level, and at a
low titer. However, we also show that not all patients with B-cell
reconstitution mounted an antibody response, with almost 50 patients in
our cohort demonstrating a spike antibody level below the threshold of
detection despite a CD20 count of at least 0.1%. Interpretation of this
data is limited given this is a retrospective cohort and CD20 counts were
not drawn at the exact same time when vaccination occurred. However,
our data indicate that B-cell reconstitution >0.1% is necessary but not
sufficient to mount a humoral vaccine response. Recent data indicate
that COVID-19 breakthrough infection strongly correlates with
SARS-CoV-2 antibody level. (Sormani et al., 2022) Thus, we suggest that
individualized dosing and consideration of extended interval dosing
with monitoring of B-cell counts may be safe (Rolfes et al., 2021) and of
benefit to some patients to allow for B-cell reconstitution and humoral
response to vaccination in vaccine non-responders.

One patient on anti-CD20 therapy in our cohort had a minimal
antibody response after two doses of mRNA vaccination but had an in-
crease to spike antibody of >2500 ug/dL after third vaccination despite
CD19/20 count of 0. While extrapolation from a single case is limited, it
is possible that third vaccination may boost humoral immune response
for patients on anti-CD20 therapy even if they had minimal response to
initial vaccination. Additional data is needed to confirm this finding.

Finally, we report longitudinal clinical outcomes in our patients. We
found a rate of COVID infection after vaccination of 1.9% (5/254). This
occurred in patients only with antibody response <20 ug/dL, which
could suggest that an antibody titer of >20 ug/dL is needed to prevent
infection. However, further large-scale studies will be needed to deter-
mine if there is a necessary minimum antibody titer to prevent COVID-
19 infection, which may vary from person to person based on individual
history and comorbidities. The rate of post-vaccination COVID-19
infection in our cohort is higher than other reports in the general pop-
ulation, which have reported infection after vaccination (as measured by
positive nasopharyngeal PCR) at .2%, (Levin et al., 2021) and is likely
explained by lack of humoral response in a large number of patients in
this cohort.

Strengths of this study include the in-depth analysis of a large cohort
of multiple sclerosis patients and healthy controls from a single center.
We report on humoral response after vaccination from a larger range of
disease modifying therapies than most prior studies, and control for
factors including age and time since vaccination. We also have an
extended follow-up period with an average of 9 months after vaccination
and are one of the first studies to report on outcomes of COVID-19
infection after vaccination in MS patients on DMTs.

Our study has several weaknesses. The COVID data collection in the
MS patients is retrospective which limits the available data. Specifically,
the dates of CD20 cell counts were not drawn on the same date as
vaccination, so first available B-cell counts following vaccination dates
were used as a proxy. While we do not know exact B-cell counts at time
of vaccination, we can infer they were equal or less than those drawn
after. While our sample size is large for a single-center study, our sample
size is limited compared to larger population-based studies. We did not
include T cell responses in this study, which may play an important role
in COVID-19 infection severity and vaccine response (Apostolidis et al.,
2021) and will be the subject of future reports.

5. Conclusions

In summary, we demonstrate reduced humoral immunity to SARS-
CoV-2 after vaccination in patients on a variety of DMTs, especially
S1P modulators and B-cell therapies, even when controlling for age. We
also demonstrate a correlation of decreased humoral response to
vaccination and low IgG, reduced B-cell count, and longer duration of B-
cell and S1P therapy. We suggest that extended interval dosing of B-cell
therapies to allow for B-cell reconstitution >0.1% helps to promote
humoral response to vaccination and should be considered.
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