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Introduction
Multiple sclerosis (MS) is an inflammatory, progressive 
neurodegenerative immune-mediated disease of the cen-
tral nervous system (CNS).1 Despite the effectiveness of 
currently available MS treatments at reducing relapses,2–6 
there is an ongoing unmet need for treatments that can 
effectively target immune cells without sustained deple-
tion and/or immunosuppression. Some disease-modifying 
therapies (DMTs), including sphingosine-1-phosphate 
receptor (S1PR) modulators and anti-CD20 monoclonal 
antibodies, are associated with immunosuppression, 

including an increased risk of infections,7–10 attenuated 
vaccine responses to severe acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2)11–14 and increased severity 
of coronavirus disease 2019 (COVID-19).15 Therefore, 
immunomodulators, a class of therapeutic agents that 
modulates dysregulated immune systems back to a more 
tolerogenic state and improve the ability to distinguish 
self from foreign antigens, have long been pursued.

Bruton’s tyrosine kinase (BTK), one of the Tec family 
of non-receptor tyrosine kinases, is expressed in B 
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cells, and innate cells such as macrophages and micro-
glia.16 BTK propagates signals from multiple recep-
tors including B-cell, Fc, toll-like and chemokine 
receptors.16 BTK contains a kinase domain plus four 
additional domains that together contribute to multi-
ple functions critical for intracellular signalling.17 
Mouse models indicate that autoreactive B cells are 
more dependent on BTK signalling than normal B 
cells,18 and higher BTK expression levels lower the 
threshold for activation of hyperresponsive B cells.19 
These data indicate BTK activity acts to modulate 
immune function rather than as a simple ‘on/off’ 
switch of immune cell function.

In patients with MS, elevated levels of phospho-
BTK have been detected in peripheral blood B-cell 
subsets and in microglia in CNS lesions, suggesting 
that activated BTK signalling plays a role in 
MS-relevant inflammatory immune responses.20,21 
Therefore, modulation of BTK signalling in the 
periphery and CNS may reduce both peripherally- 
driven and CNS-compartmentalised inflammation 
associated with relapses, brain tissue loss and disa-
bility progression, while still maintaining normally 
protective immune system responsiveness to  
foreign antigens.

Evobrutinib is an oral, CNS-penetrant, highly selec-
tive covalent BTK inhibitor.22,23 Evobrutinib can 
decrease the activation, migration, proliferation 
and cytokine release of B cells, inhibit proinflam-
matory microglia/macrophage differentiation and 
change the polarisation of microglia/macrophages 
to a neuroprotective phenotype.21,24–26 In a Phase II 
trial (NCT02975349) in patients with relapsing MS 
(RMS), evobrutinib 75 mg once daily (QD) and twice 
daily (BID) showed treatment benefits on T1 gadolin-
ium-positive lesions versus placebo (week 24; pre-
sumably via an effect on peripheral B cells)27,28 and 
on slowly expanding lesions (suggesting an effect on 
chronic active lesions, possibly through action on 
CNS-derived microglia).29 The reduction in T1 gado-
linium-positive lesions, an indicator of relapse biol-
ogy, was consistent with the numerical reductions in 
annualised relapse rate (ARR) seen with evobrutinib 
75 mg QD and BID at week 48 versus placebo/evo-
brutinib 25 mg QD. Currently, the impact of evobruti-
nib on vaccine responses in patients with RMS has 
not been investigated. However, a preliminary, post 
hoc analysis of a Phase II trial (NCT02975336) has 
indicated that evobrutinib-treated patients with sys-
temic lupus erythematosus (75 mg QD and 50 mg BID 
versus placebo) can mount a recall humoral response 
to seasonal influenza vaccination.30

To better understand how evobrutinib may be modu-
lating immune cell function, the effect on de novo and 
recall immune responses in SARS-CoV-2 vaccinated 
patients with RMS was investigated.

Patients and methods

Trial design
The analyses described here included data from the 
Phase II trial of evobrutinib in RMS (NCT02975349; 
https://clinicaltrials.gov/ct2/show/NCT02975349), 
which has been described previously.27

Briefly, the double-blind, randomised controlled 
trial with a parallel, open-label, dimethyl fumarate 
(DMF) reference group in patients with RMS, com-
prised a 48-week double-blind period (DBP) fol-
lowed by an open-label extension (OLE; see 
Supplemental eFigure 1). Patients were randomly 
assigned 1:1:1:1:1 to oral evobrutinib (25 mg QD, 
75 mg QD, or 75 mg BID); placebo (switched to evo-
brutinib 25 mg QD after week 24), or open-label 
DMF (120 mg BID for 7 days, then 240 mg BID 
thereafter).27 After 48 weeks, all patients were eligi-
ble to enter the OLE and were switched to evobruti-
nib 75 mg QD. Following a protocol amendment, all 
patients in the OLE switched to evobrutinib 75 mg 
BID after a mean (±SD) of 49.8 (±6.17) weeks. 
This amendment was informed by an additional 
review of the DBP data. An added benefit of the BID 
versus QD dose across several endpoints (MRI, 
ARR and additional exposure–response analyses)31 
was observed during the review of the efficacy and 
safety data from the primary analysis at 24 weeks 
and the blinded extension analysis at 48 weeks.

The trial was conducted in accordance with the 
Declaration of Helsinki and the International Conference 
on Harmonisation Good Clinical Practice Guidelines. 
Written informed consent was obtained from each patient 
before any trial-related activities were performed.

Vaccinated subgroup
A post hoc analysis was performed on samples identi-
fied retrospectively in a subgroup of patients who 
were vaccinated during the OLE. This vaccinated sub-
group included those patients who had received both 
evobrutinib 75 mg BID and a complete SARS-CoV-2 
vaccination cycle (messenger RNA (mRNA) or non-
mRNA vaccines) with or without boosters (mRNA) 
during the OLE. A complete vaccination cycle was 
defined as per the specific dosing recommendations 
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for each vaccine (i.e., two doses except for the Janssen 
(Johnson & Johnson) vaccine that only required one). 
The pre-dose plasma sample was defined as the latest 
available sample prior to the first vaccine dose. As a 
result of the OLE visit schedule, the post-dose and 
post-booster samples were taken from the first 
visit ⩾ 28 days and ⩾ 7 days after the last vaccine/
booster dose, respectively.

In addition to assessing the SARS-CoV-2 vaccination 
response, safety was assessed by the nature, severity 
and occurrence of treatment-emergent adverse events 
(TEAEs).

SARS-CoV-2 anti-Spike 1 and 2 antibody assay
To investigate the SARS-CoV-2 vaccination response, 
the DiaSorin LIAISON SARS-CoV-2 antibody test 
kit, a chemiluminescence immunoassay, was used to 
quantitatively assess the combined levels of SARS-
CoV-2 anti-Spike 1 (S1) and S2 antibodies (details are 
described in the Supplemental Material).

The lower limit of quantification was 3.8 arbitrary 
units (AU)/mL. Seronegativity was defined as < 15.0 
AU/mL and seropositivity as ⩾ 15.0 AU/mL.32 The 
clinical reporting range for the assay was 3.8–2900.0 
AU/mL.

Results

Patient population
A total of 267 patients were randomised into the Phase 
II trial. Of the 213 patients who then entered the OLE, 
160 (75.1%) completed ⩾ 192 weeks of treatment. Of 
these, 45 patients who received both evobrutinib 
75 mg BID and a complete SARS-CoV-2 vaccination 
cycle during the OLE were included in this post hoc 
vaccinated subgroup analysis. The baseline character-
istics of the full patient cohort and the vaccinated sub-
group are summarised in Table 1. Prior to any 
SARS-CoV-2 vaccination, 6 out of 45 patients 
reported a COVID-19 infection-related TEAE. These 
patients were seropositive (⩾ 15.0 AU/mL) at the pre-
vaccination sample.

In the vaccinated subgroup (n = 45), most patients 
received an mRNA SARS-CoV-2 vaccine (n = 37, 
82.2%), with eight patients (17.8%) receiving a non-
mRNA vaccine. Fourteen patients (31.1%) also 
received an mRNA booster. The mean (±SD) evobru-
tinib 75 mg BID exposure time during the OLE pre-
vaccination was 105.2 (±7.9) weeks (minimum 
88.7 weeks). Prior to vaccination, 32 patients (71.1%) 
were seronegative (< 15.0 AU/mL) and 13 patients 
(28.9%) were seropositive (⩾ 15.0 AU/mL). The 
mean (±SD) time between the last vaccine dose and 

Table 1.  Baseline characteristics.

Vaccinated 
subgroup
(n = 45)a

Treatment received during the DBP (full trial cohort)

  Placebo + evobrutinib
25 mg QD
n = 39 (100%)

Evobrutinib
25 mg QD
n = 39 (100%)

Evobrutinib
75 mg QD
n = 42 (100%)

Evobrutinib
75 mg BID
n = 44 (100%)

DMF
240 mg BID 
n = 49 (100%)

Female, n (%) 31 (68.9) 28 (71.8) 22 (56.4) 29 (69.0) 30 (68.2) 36 (73.5)

Age, years  
(mean (± SD))

46.0 (±9.6) 42.0 (±11.1) 42.7 (±9.6) 43.5 (±9.9) 44.1 (±11.3) 42.4 (±11.7)

Time since MS 
onset, years  
(median (min; max))

– 7.5 (0.1;39.4) 8.4 (1.6;26.4) 13.2 (0.4;23.3) 11.2 (0.2;39.4) 7.3 (3.9;14.5)

Type of vaccine, n (%)

  mRNA 37 (82.2) – – – – –

  Non-mRNA 8 (17.8) – – – – –

Received booster, 
n (%)

14 (31.1) – – – – –

Serostatus, n (%)

  Seropositive 13 (28.9) – – – – –
  Seronegative 32 (71.1) – – – – –

aEvobrutinib 75 mg BID exposure pre-dose: mean (±SD): 105.2 (±7.9) weeks; median (min;max): 104.4 (88.7;132.4) weeks.
BID: twice daily; DMF: dimethyl fumarate; DBP: double-blind period; mRNA: messenger ribonucleic acid; MS: multiple sclerosis; QD: once daily; SD: 
standard deviation; %: proportion of patients.
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post-dose sample was 10.3 (±3.4) weeks (median 
(min;max) 10.6 (4.9;19.1) weeks). The mean (±SD) 
time between the booster dose and post-booster sam-
ple was 6.4 (±3.6) weeks (median (min;max) 7.6 
(1.6;12.3) weeks).

Immune response to SARS-CoV-2 vaccines
Of the 45 evobrutinib-treated patients, 43 developed/
increased S1/S2 IgG antibody levels post-vaccination. 
Overall, geometric mean (±SD) S1/S2 IgG antibody 
levels were 9.0 (±4.0) AU/mL (median 3.8) before 
the first vaccination and increased to 237.8 (±4.7) 
AU/mL (median 182.0) after a complete vaccination 
cycle (see Figure 1(a)). S1/S2 IgG antibodies post-
vaccination were higher in patients who were sero-
positive pre-vaccination (n = 13; geometric mean 
(±SD) 984.4 (±2.9) AU/mL) versus those who 
were seronegative (n = 32; 133.6 (±3.7) AU/mL); 
see Figure 1(b)). Two patients did not have 
detectable changes in S1/S2 IgG antibody levels 
after vaccination. One patient was seronegative 
both pre- and post-vaccination. The other patient 
had antibody levels > 2900 AU/mL (the upper 
limit of detection for the assay) both pre- and 
post-vaccination with no reported COVID-19 
infection.

The majority of patients (n = 36/45) had a 10–100-
fold induction of S1/S2 IgG antibody levels from 
pre-vaccination to post-vaccination; the geometric 
mean (±SD) fold change of S1/S2 IgG antibody 
levels for all patients was 26.4 (±3.4) AU/mL. The 
fold changes in the pre-vaccination seropositive 
patients were lower versus the pre-vaccination 
seronegative patients since the IgG antibody levels 
were already increased pre-vaccination in seroposi-
tive patients (see Table 2).

As this was a post hoc analysis, the time between the 
last vaccine dose to the post-dose antibody assessment 
ranged from 4.9 to 19.1weeks. For the majority of 
patients, the time between the last vaccine dose and 
antibody assessment was > 8 weeks (n = 32/45, 71.1%). 
With increasing time between the last vaccine dose 
and antibody assessment, a lower S1/S2 IgG anti-
body level was observed (geometric mean 
(±SD) ⩽ 8 weeks: 672.1 (±3.3); >8–⩽12 weeks: 
166.3 (±4.1); >12 weeks: 142.0 (±5.1) see Figure 2). 
It should be noted that prior to vaccination, the anti-
body levels were similar across these time period 
categories (⩽ 8 weeks: 9.6 (±3.0);  > 8–⩽ 12 weeks: 
9.4 (±5.2);  > 12 weeks: 8.0 (±4.0)).

Immune response to SARS-CoV-2 booster 
vaccines
S1/S2 IgG antibody levels increased in 12 of the 
14 evobrutinib-treated patients who received a 
booster when compared with levels generated fol-
lowing the initial vaccination cycle (post-booster: 
geometric mean (±SD) 1366.8 (±2.0) AU/mL; 
median 1605.0; post-vaccination: geometric mean 
(±SD) 216.6 (±5.4) AU/mL; median 142.5; see 
Figure 3(a)). S1/S2 IgG antibody levels were simi-
lar for seropositive (n = 3; geometric mean (±SD) 
1464.8 (±1.2) AU/mL) and seronegative (n = 11; 
1341.3 (±2.2) AU/mL) patients who had received 
a booster, albeit the small number of patients limits 
this comparison. Two patients did not have a sub-
stantial or detectable change in S1/S2 IgG anti-
body levels after the booster. One patient had S1/
S2 IgG antibody levels of 1575.0 and 1615.0 AU/
mL post-vaccination and post-booster, respec-
tively. The other patient had levels ⩾ 2900 AU/mL 
(the upper limit of detection for the assay) at both 
time points.

The time between the booster dose and the post-
booster sample ranged from 1.6 to 12.3 weeks. For 
over half of patients who received a booster, the time 
between the booster vaccine dose and antibody 
assessment was > 4 weeks (n = 8/14, 57.1%). With 
increasing time between the booster dose and anti-
body assessment, a lower S1/S2 IgG antibody level 
was observed (geometric mean (±SD) ⩽ 4 weeks: 
1949.8 (±1.6 AU/mL); > 4–⩽ 8 weeks: 1798.0 (±1.6) 
AU/mL; > 8 weeks: 757.1 (±2.0) AU/mL; see 
Figure 3(b)).

Overall, no substantial differences in S1/S2 IgG 
antibody levels were observed with the mRNA 
versus non-mRNA vaccines post-vaccination or 
post-booster (see Table 3). However, due to the 
small sample size, no strong conclusions can be 
made.

Safety in the vaccinated subgroup
Overall, during the vaccination period (time from the 
first vaccine dose until 42 days after the last dose) no 
new safety signals were identified, and patients had a 
similar local and systemic TEAE profile following 
vaccination as the general population (data not 
reported). Eight patients reported 17 vaccine-related 
TEAEs, which were all listed as adverse reactions spe-
cific to the vaccines (immunisation reaction, vaccina-
tion site pain, vaccination site bruising and vaccination 
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complication (further reported as fatigue)). No clini-
cally meaningful differences among the TEAEs 
reported after the first, second or booster vaccine doses 
were observed.

Discussion
Overall, our data indicate that almost all patients 
(96%) receiving evobrutinib treatment for at least 
192 weeks were able to mount immune responses to 

Figure 1.  (a) Pre- and post-vaccination S1/S2 IgG antibody levels and (b) by serostatus.
Patients were treated with evobrutinib 75 mg BID.
a2900 AU/mL is the upper limit of reporting of the assay and 3.8 AU/mL is the lower limit of reporting of the assay.
AU: arbitrary unit; BID: twice daily; IgG: immunoglobulin G; SD: standard deviation.
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Table 2.  S1/S2 IgG antibody levels from pre-vaccination to post-vaccination.

Seropositive at
pre-vaccination
n = 13 (100%)

Seronegative at
pre-vaccination
n = 32 (100%)

All patients
n = 45 (100%)

Pre-vaccination, AU/mL

  Geometric mean (±SD) 55.5 (±4.0) 4.3 (±1.3) 9.0 (±4.0)

  Median   44.7   3.8   3.8

Post-vaccination, AU/mL

  Geometric mean (±SD) 984.4 (±2.9) 133.6 (±3.7) 237.8 (±4.7)

  Median 1465.0 123.0 182.0

Fold changes to post-vaccinationa, n (%)

  ⩽ 1X 1 (7.7) 1 (3.1) 2 (4.4)

  > 1–10X 3 (23.1) 2 (6.3) 5 (11.1)

  > 10–30X 4 (30.8) 13 (40.6) 17 (37.8)

  > 30–60X 3 (23.1) 8 (25.0) 11 (24.4)

  > 60–100X 2 (15.4) 6 (18.8) 8 (17.8)

  > 100X 0 2 (6.3) 2 (4.4)

Geometric mean fold change (±SD) 17.7 (±3.33) 31.0 (±3.40) 26.4 (±3.43)

  95% CI [8.57; 36.70] [19.91; 48.15] [18.20; 38.16]

Median fold change 18.3 30.3 28.4

  Q1; Q3 8.3; 34.0 21.7; 56.2 18.3; 49.3
  Min; Max 1.0; 90.5 1.0; 557.9 1.0; 557.9

Patients were treated with evobrutinib 75 mg BID.
aFold changes are the ratio between the post-dose and pre-dose IgG antibody levels.
AU: arbitrary unit; BID: twice daily; CI: confidence interval; IgG: immunoglobulin G; SD: standard deviation; %: proportion of 
patients.

Figure 2.  Persistence of S1/S2 IgG antibody levels over time.
Patients were treated with evobrutinib 75 mg BID.
a2900 AU/mL is the upper limit of reporting of the assay and 3.8 AU/mL is the lower limit of reporting of the assay.
AU: arbitrary unit; BID: twice daily; IgG: immunoglobulin G; SD: standard deviation.
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SARS-CoV-2 vaccines that were in line with pub-
lished reports of neutralising antibody levels in 
untreated patients with MS or healthy controls.13,33,34 
In a Phase II trial involving patients with RMS, 

evobrutinib has been shown previously to lower MRI 
lesions, reflecting a decreased relapse biology.27,28 
The results shown here suggest evobrutinib may act 
as an immune modulator, such that pathogenic CNS 

Figure 3.  (a) Post-booster S1/S2 IgG antibody levels and (b) persistence of S1/S2 IgG antibody levels post-booster over 
time.
Patients were treated with evobrutinib 75 mg BID.
a2900 AU/mL is the upper limit of reporting of the assay and 3.8 AU/mL is the lower limit of reporting of the assay.
AU: arbitrary unit; BID: twice daily; IgG: immunoglobulin G; SD: standard deviation.
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autoimmunity is inhibited, while allowing generation 
of immunoreactivity to foreign epitopes, including 
novel antigens.

Currently, most published data on the roles of BTK in 
normal immune cell function are derived from knock-
out mice19 and the consequences of genetic mutations 
in humans.35 Such data provide insights into BTK 
involvement in the earliest stages of immune system 
development, but do not clarify its roles in the mature 
immune system. In adult humans, knowledge is 
largely limited to studies of less selective BTK inhibi-
tors used in oncology,36–38 and important gaps remain 
in our understanding of the impact of BTK inhibition 
on the mature immune system in non-neoplastic con-
texts such as autoimmune disease. Our results are the 
first to report the impact of long-term BTK inhibition 
on vaccine responses in adults with RMS.

Case series and registry studies have reported that anti-
CD20-treated patients with MS are at higher risk of 
more severe COVID-19 disease compared with those 
taking other DMTs.15,39,40 There is evidence that MS 
DMTs that work through B-cell depletion (anti-CD20 
monoclonal antibodies) or lymphocyte sequestration 
(S1PR modulators) adversely affect humoral responses 
to SARS-CoV-2 vaccination in people with MS.12–14 To 
date, most of the available data on BTK inhibitors and 
SARS-CoV-2 vaccine responses are derived from their 
use in chronic lymphocytic leukaemia (CLL). In 
patients with CLL, the BTK inhibitors ibrutinib and 
acalabrutinib are associated with a blunted immune 
response to recombinant zoster, hepatitis and SARS-
CoV-2 vaccines.36–38,41–44 However, the BTK inhibitors 
used in these studies were less selective than evobruti-
nib.22,23 It is also important to note that significant 
immune dysfunction, resulting in an increased infec-
tion risk, is a key feature of CLL and reduced responses 
to vaccination among non-BTK inhibitor-treated 
patients have been observed.45 Data herein support that 
humoral responses to SARS-CoV-2 vaccinations are 

not adversely affected by evobrutinib. In addition, the 
safety profile observed in this study was similar to the 
general population in terms of vaccine-related adverse 
events. Taken together with previous safety data from 
the OLE of the Phase II trial indicating that, for most 
evobrutinib-treated patients, CD19+ B-cell counts 
(96 weeks) and Ig levels (120 weeks) remained in the 
normal range,28 these results are reassuring. There is 
currently no standard definition or assay for assessing 
the humoral response to SARS-CoV-2 vaccines and a 
wide range of assays have been used to investigate 
these responses in patients with MS, making direct 
comparisons between our data and the literature chal-
lenging. To date, we are aware of only one publication 
using the same assay as ours.13 Brill et al.13 evaluated 
serologic SARS-CoV-2 vaccine responses in untreated 
patients with MS and healthy controls and showed that 
the mean S1/S2 IgG antibody levels generated in these 
participants were comparable to our study (283 and 
288 AU/mL, respectively). Prior work has shown that 
humoral responses wane over time in healthy volun-
teers after SARS-CoV-2 mRNA vaccination46,47 and 
the post-dose samples in Brill et al.13 were evaluated 
2–4 weeks after the last vaccine dose, as compared with 
5–19 weeks after the last vaccination in our study. 
Indeed, we observed a waning of responses beyond the 
8-week post-vaccination time point. Overall, our 
results appear in line with the published report of 
humoral responses generated using the same antibody 
assay in healthy persons and untreated MS patients.

Our study has limitations. The analysis of vaccine 
responses in samples obtained from the Phase II OLE 
trial was not pre-specified and relatively small num-
bers of patient samples over a range of time points 
post-vaccination were included. In addition, a com-
parator treatment group was not available. Information 
from a larger patient population and a comparator 
group is anticipated from the ongoing Phase III trials 
of evobrutinib. Since most patients in the current OLE 
received mRNA vaccinations, with a limited number 

Table 3.  S1/S2 IgG antibody levels by mRNA and non-mRNA vaccines.

Pre-vaccination Post-vaccination Post-booster

  mRNA
(n = 37)

non-mRNA
(n = 8)

mRNA
(n = 37)

non-mRNA
(n = 8)

mRNA
(n = 12)

non-mRNA
(n = 2)

Geometric 
mean (±SD)

8.5 (±4.3) 12.1 (±3.2) 247.7 (±4.5) 197.1 (±6.2) 1402.4 (±2.1) 1171.6 (±1.6)

Median 3.8 12.1 173.0 184.0 1627.5 1232.5

Q1; Q3 3.8; 13.2 4.1; 31.1 108.0; 715.0 116.0; 972.0 945.0; 2901.0 850.0; 1615.0
Min; Max 3.8; 2901.0 3.8; 76.2 3.8; 2901.0 5.2; 1685.0 261.0; 2901.0 850.0; 1615.0

IgG: immunoglobulin G; mRNA: messenger ribonucleic acid; SD: standard deviation.
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receiving other types of SARS-CoV-2 vaccine types, 
we are not powered to analyse immune response by 
individual vaccine type.12 Our study assessed only 
humoral and not cellular immunity and, finally, we 
used only IgG as the measure of vaccine response and 
while this is the standard approach, IgA and IgM 
which are also considered important in vaccine 
response measures, were not assessed here.42,48

Conclusion
The increases in antibody levels generated after 
COVID-19 immunisation in both seropositive and 
seronegative patients suggest that evobrutinib treat-
ment does not substantially inhibit serologic responses 
to both de novo and recall antigens.
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