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Introduction
Anti-CD20 therapy is associated with worse courses 
of severe acute respiratory syndrome coronavirus-2 
(SARS-CoV-2) infections in patients with multiple 
sclerosis (pwMS).1 While Coronavirus disease 2019 
(COVID-19) vaccinations prevent severe disease,2 
anti-CD20-treated pwMS (aCD20pwMS) vaccinated 
twice have diminished SARS-CoV-2 antibody levels, 
avidity, and neutralizing capacity.3 Guidelines there-
fore recommend additional SARS-CoV-2 vaccina-
tions in aCD20pwMS.4 Following dissemination of 
the SARS-CoV-2 Omicron variant,5 it was shown that 
healthy individuals vaccinated thrice, but not twice, 
generate neutralizing antibodies against Omicron.6 
However, it remained unknown whether this holds 
true for aCD20pwMS. Here, we characterize immune 
responses in aCD20pwMS vaccinated two to four 
times.

Patients and methods
aCD20pwMS were recruited between March and June 
2022 and participate in an ongoing, previously 
described, prospective study3 (supplemental material). 
Ten healthy controls (HCs) vaccinated thrice were 
included for comparison. Anti-SARS-CoV-2 spike 
subunit 1 (S1, Non-VOC) immunoglobulin (Ig)G, mat-
uration of SARS-CoV-2-S1 IgG avidity, neutralizing 
capacity against the Omicron BA.2 variant, and SARS-
CoV-2 spike-specific T-cell responses were measured 
as described elsewhere (supplemental material).3

Results
Demographic and clinical data of aCD20pwMS vac-
cinated two (n = 61), three (n = 57), or four times 
(n = 26) against COVID-19 are summarized in 
Supplementary Table 1. All aCD20pwMS had been 
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treated with at least one infusion of anti-CD20 ther-
apy (ocrelizumab or rituximab) a maximum of 
18 months before their last COVID-19 vaccination 
and all pwMS were vaccinated after beginning anti-
CD20 therapy.

The proportion of aCD20pwMS with detectable 
SARS-CoV-2-S1 IgG increased only moderately 
between two (31/61, 50.8%, 95% confidence interval 
(CI): 38.6–62.9), three (31/57, 54.4%, 95% CI: 41.6–
66.6), and four (17/26, 65.4%, 95% CI: 46.2–80.6) 
vaccinations (Figure 1(a)). Accordingly, SARS-CoV-
2-S1 IgG levels were similar after two (median (IQR) 
1.2 (0.1–5.7)), three (1.2 (0.2–5)), and four (2.4 (0.1–
6.6)) vaccinations. In contrast, 10/10 (100%, 95% CI: 
72.2–100) HC vaccinated thrice developed SARS-
CoV-2-S1 IgG. Median (IQR) SARS-CoV-2-S1 IgG 
levels of HC (9.0 (8.3–9.5)) exceeded those of aCD-
20pwMS after three (p < 0.001) or four (p < 0.001) 
vaccinations (Figure 1(a)).

We studied intraindividual courses of SARS-CoV-2 
antibody responses in longitudinal blood samples col-
lected after the second and third SARS-CoV-2 vacci-
nations from 35 aCD20pwMS (Figure 1(a)). 
Seventeen of 35 (48.6%, 95% CI: 33–64.4) aCD20p-
wMS had detectable and 18 of 35 (51.4%, 95% CI: 
35.6–67) had undetectable SARS-CoV-2-S1 IgG after 
two vaccinations. Of the 18 aCD20pwMS without 
SARS-CoV-2-S1 IgG after 2 SARS-CoV-2 vaccina-
tions, 4 (22.2%, 95% CI: 9.0–45.2) showed detectable 
antibodies after the third vaccination, while 14 
remained negative (77.8%, 95% CI: 54.8–91). In 5 of 
17 (29.4%, 95% CI: 13.3–53.1) aCD20pwMS with 
SARS-CoV-2-S1 IgG after the second vaccination, 
SARS-CoV-2-S1 IgG was not detectable after the 
third vaccination. In the remaining 12 of 17 (70.6, 
95% CI: 46.9–86.7) pwMS, SARS-CoV-2-S1 IgG 
remained detectable after the third vaccination.

Maturation of IgG avidity was analyzed in all aCD-
20pwMS with detectable SARS-CoV-2-S1 IgG. After 
the second vaccination, only 6 of 31 pwMS (19.4%, 
95% CI: 9.2–36.3) exhibited high (⩾60) SARS-CoV-
2-S1 IgG avidity. However, after the third and fourth 
vaccinations, the proportion of pwMS with high 
SARS-CoV-2-S1 IgG avidity increased to 17 of 31 
(54.8%, 95% CI: 37.8–70.8) and 11 of 17 (64.7%, 
95% CI: 41.3–82.7), respectively (Figure 1(b)). 
Accordingly, the median (interquartile range, IQR) 
avidity indices increased between the second (44.4 
(IQR, 15.1–55.7)), third (71.4 (39.0–91.8), p = 0.002), 
and fourth (65.0 (50.5–91.91), p = 0.003) vaccina-
tions. Ten of 10 (100%) HCs had high avidity indices 
(97.7 (IQR, 93.6–100)).

Using an authentic SARS-CoV-2 plaque reduction 
neutralization test, the capacity of SARS-CoV-2 anti-
bodies to neutralize Omicron (BA.2) was investigated 
in the 10 aCD20pwMS with highest SARS-CoV-2-S1 
IgG levels after the second, third, and fourth vaccina-
tions (Figure 1(c)). None (0/10, 0%, 95% CI: 0–27.8) 
of the aCD20pwMS vaccinated twice, 3 of 10 (30%, 
95% CI: 10.8–60.3, p = 0.21 vs two vaccinations) 
pwMS vaccinated thrice, and 6 of 10 pwMS (60%, 
95% CI: 31.3–89.2, p = 0.01 vs two vaccinations) vac-
cinated four times generated Omicron neutralizing 
antibodies. Likewise, 7 of 10 HCs (70%, 95% CI: 
39.7–89.2) vaccinated thrice had Omicron neutraliz-
ing antibodies, typically higher (median (IQR), 40 
(0–80)) than those of pwMS vaccinated three (0 (0–
20)) or four (20 (0–80)) times. Intervals between anti-
CD20 infusions and SARS-CoV-2 vaccinations in 
pwMS with or without neutralizing antibodies against 
Omicron after three or four vaccinations did not sig-
nificantly differ (Supplementary Tables 2 and 3).

The frequencies of aCD20pwMS with SARS-CoV-2-
specific T-cell responses were high and similar in 
aCD20pwMS vaccinated two (24/25, 96%, 95% CI: 
80.5–99.8), three (49/51, 96.1%, 95% CI: 86.8–99.3), 
or four times (12/13, 92.3%, 95% CI: 66.7–99.6), and 
in thrice vaccinated HC (10/10, 100%, 95% CI: 72.3–
100) (Figure 1(d)).

Discussion
This study shows that the frequency of aCD20pwMS 
with detectable SARS-CoV-2-S1 IgG antibodies after 
two to four vaccinations increases only moderately. 
About 20% of anti-CD20-treated pwMS with no 
SARS-CoV-2-S1 IgG after the second vaccination 
developed SARS-CoV-2-S1 IgG after a third vaccina-
tion, matching findings in aCD20pwMS, who did not 
seroconvert after the second vaccination.7,8 In some 
previously SARS-CoV-2 IgG-positive pwMS, SARS-
CoV-2 IgG became undetectable after the third vac-
cination, likely due to waning antibody levels.9 
Altogether, these findings indicate a persistently 
impaired quantitative SARS-CoV-2-specific humoral 
immune response in aCD20pwMS even after two 
booster vaccinations.

However, in anti-CD20-treated pwMS who devel-
oped SARS-CoV-2 antibodies following SARS-
CoV-2 vaccinations, avidity and neutralizing capacity 
of SARS-CoV-2 antibodies improved after third or 
fourth vaccinations. This suggests that in some anti-
CD20-treated pwMS, the physiological mechanisms 
of antibody maturation and diversification are pre-
served, though at an attenuated level.
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Figure 1. (a) SARS-CoV-2-S1 IgG levels in two, three, and four times vaccinated anti-CD20-treated pwMS and three times 
vaccinated HC were measured by ELISA. pwMS sampled more than once are connected by lines. The dotted horizontal 
line indicates the manufacturer’s threshold of an SARS-CoV-2-S1 IgG OD ratio of 1.1, levels above which were considered 
positive. (b) Relative avidity indices in anti-S1 IgG reactive (Ab reactive) two, three, and four times vaccinated anti-CD20-
treated pwMS and three times vaccinated HC. pwMS sampled more than once are connected by lines. The dotted horizontal 
line indicates a relative avidity index of 60, levels equal to or above which were considered high. (c) Serum neutralization 
titers against Omicron BA.2 were analyzed in two, three, and four times vaccinated pwMS and three times vaccinated HC. 
Serum dilutions with a plaque reduction of 90% are referred to as PRNT90 titers. PRNT90 titers ⩾ 20 were considered to 
indicate the presence of neutralizing antibodies. (d) Whole blood of pwMS vaccinated two, three, or four times and of HC 
vaccinated three times against SARS-CoV-2 was stimulated ex vivo with components of the S1 domain of the spike protein 
for 24 hours, and interferon (IFN)-γ concentration in the supernatant was measured by ELISA. The dotted horizontal line 
indicates IFN-γ concentrations of 200 mIU/mL, levels above which indicate the presence of SARS-CoV-2-specific T cells. 
The pwMS with a very low T-cell response following three vaccinations had an additional combined immunodeficiency 
syndrome. (a, b, d) p-values were calculated by a linear mixed model with Bonferroni correction.
HC: healthy controls; IFN-γ: interferon-γ; IgG: immunoglobulin G; IGRA: interferon-γ release assay; IU: international units; ns: not 
significant; OD: optical density; PRNT: plaque reduction neutralization test; S: SARS-CoV-2 spike protein S1 domain; vac: vaccination.
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The high proportion of aCD20pwMS with SARS-
CoV-2-specific T-cell responses after three or four 
vaccinations is consistent with previous findings after 
two vaccinations.3 The preserved T-cell responses 
appear relevant as T cells cross-recognize SARS-
CoV-2 variants and are unlikely to be affected by anti-
body escape variants.10

Limitations of this study are the rather small number 
of aCD20pwMS vaccinated four times and the lack of 
absolute B cell counts.

In summary, we show that humoral responses to 
SARS-CoV-2 remain quantitatively impaired in aCD-
20pwMS after three or four vaccinations. Still, ~20% 
of patients who did not develop antibodies after two 
vaccinations benefited from a third vaccination by 
developing SARS-CoV-2 antibodies. Furthermore, 
SARS-CoV-2 antibody functionality improves after 
three or four vaccinations in aCD20pwMS with 
detectable SARS-CoV-2 antibodies. These results 
support current recommendations for additional 
booster vaccinations in aCD20pwMS.
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