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Summary

Background: Immunosuppressed patients with inflammatory bowel disease (IBD) ex-
perience increased risk of vaccine-preventable diseases such as COVID-19.

Aims: To assess humoral and cellular immune responses following SARS-CoV-2
booster vaccination in immunosuppressed IBD patients and healthy controls.
Methods: In this prospective, multicentre, case-control study, 139 IBD patients
treated with biologics and 110 healthy controls were recruited. Serum anti-SARS-
CoV-2 spike IgG concentrations were measured 2-16 weeks after receiving a third
mMRNA vaccine dose. The primary outcome was to determine if humoral immune re-
sponses towards booster vaccines differ in IBD patients under anti-TNF versus non-
anti-TNF therapy and healthy controls. Secondary outcomes were antibody decline,
impact of previous infection and SARS-CoV-2-targeted T cell responses.

Results: Anti-TNF-treated IBD patients showed reduced anti-spike IgG concentrations
(geometric mean 2357.4 BAU/ml [geometric SD 3.3]) when compared to non-anti-
TNF-treated patients (5935.7 BAU/ml [3.9]; p <0.0001) and healthy controls (5481.7
BAU/ml [2.4]; p <0.0001), respectively. In multivariable modelling, prior infection
(geometric mean ratio 2.00 [95% Cl 1.34-2.90]) and vaccination with mRNA-1273
(1.53 [1.01-2.27]) increased antibody concentrations, while anti-TNF treatment (0.39
[0.28-0.54]) and prolonged time between vaccination and antibody measurement
(0.72 [0.58-0.90]) decreased anti-SARS-CoV-2 spike antibodies. Antibody decline

was comparable in IBD patients independent of anti-TNF treatment and antibody
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1 | INTRODUCTION

The approval of the first SARS-CoV-2 mRNA vaccine in 2020 marked
a turning point in the ongoing coronavirus pandemic. Despite the
evolution of highly contagious variants, vaccines have ever since lim-
ited the number of SARS-CoV-2 transmission, hospitalisations and
deaths.!

However, conclusive data on the protection of immunocompro-
mised individuals is scarce, since initial vaccine trials excluded such
patient groups. The inflammatory bowel diseases (IBD) Crohn's dis-
ease (CD) and ulcerative colitis (UC) are immunological disorders of
multifactorial origin that affect more than 0.3% of the population
in Western countries and often require immunosuppressive treat-
ment with biologics.?? It has been demonstrated that anti-tumour
necrosis factor-o (TNF) antibodies, such as infliximab or adalimumab,
are associated with reduced immune responses after vaccination
against several viruses such as hepatitis B, hepatitis A and influ-
enza, which sparked concerns on the protection of these patients
by SARS-CoV-2 vaccines.*”® Importantly, such effects could not be
found in patients treated with vedolizumab or ustekinumab, which
antagonise molecular mediators of inflammation distinct to the TNF
pathway, namely a4f7 integrin and IL-12/1L-23.7® Furthermore, IBD
patients face an increased risk of requiring hospitalisation following
SARS-CoV-2 infection.’

Strikingly, several recent studies demonstrated that the concen-
tration of anti-spike antibodies following one or two doses of the
SARS-CoV-2 mRNA vaccine BNT162b2 are reduced in IBD patients
treated with infliximab compared to patients treated with vedol-
izumab or ustekinumab and healthy controls.!°™*® These findings
highlight the importance of additional booster vaccines in order
to improve the protection of these vulnerable patient groups. This
is especially important in consideration of the rapid spread of the
B.1.1.529 (omicron) variant which is more contagious than its pre-
decessor and can partly escape immune responses.!* So far, third
dose SARS-CoV-2 vaccination was shown to be efficient in improv-
ing immune responses and increasing the breadth of protection.15
However, little is known about the benefit of a third vaccine dose for
IBD patients treated with biologics.

In order to improve guidelines for the fourth SARS-CoV-2 vac-
cination in immunosuppressed patients, we assessed humoral and
cellular immune responses following SARS-CoV-2 booster vacci-

nation with a third dose in immunosuppressed IBD patients and

concentrations could not predict breakthrough infections. Cellular and humoral im-
mune responses were uncoupled, and more anti-TNF-treated patients than healthy
controls developed inadequate T cell responses (15/73 [20.5%] vs 2/100 [2.0%];

Conclusions: Anti-TNF-treated IBD patients have impaired humoral and cellular im-
munogenicity following SARS-CoV-2 booster vaccination. Fourth dose administration
may be beneficial for these patients.

healthy controls. We hypothesised that anti-SARS-CoV-2 spike
1gG levels following a third vaccine dose are reduced in anti-TNF-
treated IBD patients compared to healthy controls and IBD patients
treated with other biologics such as vedolizumab and ustekinumab.
Furthermore, we hypothesised that these patients develop atten-
uated SARS-CoV-2-directed T cell immunity after receiving a third

vaccine dose.

2 | MATERIALS AND METHODS
2.1 | Study design

The STAR SIGN study (Systemic and T cell-Associated Responses
to SARS-CoV-2 booster Immunisation in Gut iNflammation) is a na-
tional multi-centre case-control study with the aim to investigate
the effect of biologics on immunogenicity towards a third dose of
SARS-CoV-2 mRNA vaccines in IBD patients. The study is designed
as a prospective observational trial. Prospective data were collected
through a patient questionnaire and via assessment of blood samples
taken at inclusion. Retrospective data were collected manually from
electronic medical records. The study protocol was approved by the
Ethics Committee of Eastern Switzerland (project-1D 2021-02511).

2.2 | Study population

Participants for the subject group were recruited at the IBD out-
patient clinic of the Cantonal Hospital St. Gallen, at the outpatient
clinic Rorschach, and at the IBD outpatient clinic of the Inselspital
Bern University Hospital during hospital visits scheduled for appli-
cation of biologic therapy. Healthy participants were recruited from
staff of the Cantonal Hospital St. Gallen. Staff who were directly
involved in the research project, for example, via project planning,
patient recruitment, data collection and handling or evaluation of
results were excluded from this study. For all participants, age of
at least 18years and completion of a third dose of a SARS-CoV-2
vaccine 2-16 weeks prior to enrolment were essential inclusion cri-
teria. Patient eligibility criteria included a diagnosis of UC, CD or
indeterminate colitis and treatment with either anti-TNF antibod-
ies (infliximab, adalimumab, golimumab and certolizumab pegol) or

non-anti-TNF biologics (vedolizumab and ustekinumab). Healthy
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control eligibility criteria included the absence of IBD. Study exclu-
sion was prompted upon incapability to answer the questionnaire,
absence of signed consent, pregnancy at the time of SARS-CoV-2
booster vaccination or between booster vaccination and inclusion,
and administration of a booster vaccine different from BNT162b2
or mRNA-1273. Regarding the control group, study exclusion was
also prompted upon use of immunosuppressive medication including
steroids, immunomodulators and biologics within 6 months before
booster application or between booster application and inclusion.
Variables recorded for this study include booster vaccine type
(BNT162b2, mRNA-1273), participant demographics (age, gender,
ethnicity, education, BMI, smoking status and comorbidities) and
specific information about IBD such as diagnosis (CD, UC and in-
determinate colitis), disease duration, age at disease diagnosis, con-
comitant medication and disease activity. Additionally, the presence
of a prior SARS-CoV-2 infection based on a positive PCR or rapid
antigen test was recorded. Detailed characteristics of study partici-

pants can be found in Table 1.

2.3 | Study outcomes

Our primary outcome was to determine if the anti-spike antibody
levels in anti-TNF-treated IBD patients differ from non-anti-TNF-
treated IBD patients and healthy controls, respectively, after third
SARS-CoV-2 (booster) vaccination. This comparison was determined
by analysing the ratio of the geometric means of anti-spike protein
IgG concentrations 2-16 weeks after receiving a third dose of SARS-
CoV-2 mRNA vaccines. We analysed this outcome using a multivari-
able linear regression model controlling for age, smoking, detectable
nucleocapsid antibodies, time between receiving the second and
third vaccine doses, time between booster vaccination and meas-
urement of antibody levels, and type of vaccine.

Secondary outcomes were

1. antibody concentrations following SARS-CoV-2 booster vacci-
nation with a third dose over time,

2. antibody concentrations in participants who experienced a SARS-
CoV-2 infection before booster vaccination, and

3. cellular immunity status, as indicated by T-cell-mediated
interferon-y (IFN-y) release after stimulation of whole blood with
SARS-CoV-2 antigens.

2.4 | Measurement of SARS-CoV-2 spike
protein and nucleocapsid antibody concentrations

Anti-SARS-CoV-2 spike protein and anti-nucleocapsid antibody con-
centrations were determined in the sera of study participants two
to 16 weeks after third dose SARS-CoV-2 booster vaccination. All
measurements were performed by trained laboratory staff at the
Center of Laboratory Medicine (ZLM) in St. Gallen (Switzerland)
which is accredited according to the ISO/IEC 17025 norm. Serum
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was isolated after a coagulation time of 20min by centrifugation for
10 min at 2800g.

Concentrations of IgG antibodies targeting the SARS-CoV-2
spike protein were measured using the LIAISON® SARS-CoV-2
TrimericS IgG assay (DiaSorin Inc.) according to the manufacturer's
instructions. This chemiluminescence immunoassay (CLIA) uses re-
combinant trimeric SARS-CoV-2 spike protein-covered magnet par-
ticles (solid phase) and isoluminol-conjugated antibodies directed
against human IgG. Briefly, in the first step, SARS-CoV-2 spike
protein-targeting antibodies in the sample bind to the trimeric spike
protein in the solid phase and unbound antibodies are washed off.
In the second step, the isoluminol-conjugated antibodies bind to
IgG antibodies that are attached to the solid phase. After remov-
ing excess antibody conjugate, the amount of attached isoluminol is
quantified by measuring the Relative Light Units (RLU) released by a
flash chemiluminescence reaction. RLUs are converted to the WHO
international standard BAU/ml (BAU = binding antibody units) using
anumerical factor of 2.6, as evaluated by the manufacturer. Samples
containing 33.8 BAU/ml or more were considered seropositive. If
anti-spike protein 1gG levels were above the detectable range of
the assay (>2080 BAU/ml), samples were diluted 1:20 in LIAISON®
TrimericS IgG Diluent Accessory.

The presence of IgG antibodies against the SARS-CoV-2 nucleo-
capsid protein was determined using the Biomerica COVID-19 IgG/
IgM Rapid Test (Biomerica) according to the manufacturer's instruc-
tions. This is a lateral flow chromatographic immunoassay, in which
the specimen reacts with a SARS-CoV-2 nucleocapsid antigen-gold
conjugate, and then migrates upwards on the membrane chromato-
graphically to react with anti-human IgM and anti-human IgG. A pos-
itive resultis indicated by the appearance of a band next to the “IgM”
or “IgG” in the test window, respectively. Sufficient loading of sam-
ple volume and test buffer is indicated by the appearance of a band
next to the “C”. Participants with a positive test for nucleocapsid IgG
antibodies were considered nucleocapsid seropositive. These partic-
ipants were considered to have experienced a SARS-CoV-2 infection

prior to study inclusion.

2.5 | IFN-y release assay

For the assessment of CD4* and CD8* T cell-mediated immune
responses towards SARS-CoV-2, the amount of IFN-y released
by peripheral blood lymphocytes was measured upon stimulation
with T cell-directed SARS-CoV-2 antigens. For stimulation, the
Qiagen QuantiFERON® SARS-CoV-2 starter and extended sets
(Qiagen) were utilised according to the manufacturer's instruc-
tions. Briefly, blood was collected in heparinized blood collection
tubes, stored overnight at 4°C and transferred to QuantiFERON®
SARS-CoV-2 tubes, which contain the following SARS-CoV-2 an-
tigen peptides: CD4"-stimulating spike protein peptide derived
from the S1 subunit (SARS-CoV-2 Agl tube), CD4*- and CD8%-
stimulating spike protein peptides derived from the subunits S1
and S2 (SARS-CoV-2 Ag2 tube), or the latter antigens combined



WOELFEL ET AL.

‘I wiLey

TABLE 1 Baseline characteristics of study population.

Variable Level Anti-TNF (nh = 73) Non-anti-TNF (n = 52) Healthy controls (n = 100)
Type of vaccine (%) BNT162b2 (Pfizer-BioNTech) 55(75.3) 40(76.9) 91 (91.0)
mRNA-1273 (Moderna) 18 (24.7) 12(23.1) 9 (9.0)
Age, years (mean [SD]) 44.64 (15.32) 51.87 (18.19) 46.63 (11-25)
Gender (%) Female 31 (42.5) 20 (38.5) 54 (54.0)
Male 42 (57.5) 32 (61.5) 46 (46.0)
Ethnicity (%) European 68(93.2) 50 (98.0) 98(98.0)
Asian 1(1.4) 1(2.0) 1(1.0)
African 2(2.7) 0(0.0) 0(0.0)
Other 2(2.7) 0(0.0) 1(1.0)
Education (%) Primary 12 (16.4) 6(11.5) 1(1.0)
Secondary 34 (46.6) 23 (44.2) 22 (22.0)
Tertiary 27 (37.0) 23(44.2) 77 (77.0)
BMI, kg/m? (mean [SD]) 24.48 (3.64) 25.47 (5.39) 24.08 (3.42)
Smoking (%) Never 28 (38.4) 23 (44.2) 57 (57.0)
Former 32(43.8) 21 (40.4) 29 (29.0)
Current 13 (17.8) 8(15.4) 14 (14.0)
Diagnosis (%) Crohn's disease 54 (74.0) 31 (59.6)
Ulcerative colitis 19 (26.0) 20 (38.5)
Indeterminate colitis 0(0.0) 1(1.9)

Disease duration, years
(median [IQR])

Age at diagnosis, years
(median [IQR])

Steroids (%)

Immunomodulator (%)

5-ASA (%)

Disease activity (PRO2) (%)

Cancer (%)

Heart disease (%)

Hypertension (%)

Pulmonary disease (%)

Kidney disease (%)

Diabetes (%)

Yes

No
Yes

No
Yes

No
Remission
Mild
Moderate
Severe
No
Yes

No
Yes

No
Yes

No
Yes

No
Yes

No

11.00 [6.00, 19.50]

26.00[20.00, 40.50]

17 (23.3)
56 (76.7)
1(1.4)
72 (98.6)
16 (21.9)
57(78.1)
49 (69.0)
13(18.3)
9(12.7)
0(0.0)
73(100.0)
4(5.5)
69 (94.5)
6(8.2)
67 (91.8)
1(1.4)
72 (98.6)
2(2.7)
71(97.3)
1(1.4)
72 (98.6)

12.00 [7.00, 22.00]

30.00 [22.00, 50.50]

9(17.3)
43(82.7)
2(3.8)
50(96.2)
16 (30.8)
36 (69.2)
33(63.5)
8(15.4)
10(19.2)
1(1.9)
52(100.0)
6(11.5)
46 (88.5)
10 (19.2)
42(80.8)
5(9.6)
47 (90.4)
3(5.8)
49 (94.2)
0(0.0)
52 (100.0)
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Variable Level Anti-TNF (nh = 73) Non-anti-TNF (n = 52) Healthy controls (n = 100)
Hyperlipidaemia (%) Yes 1(1.4) 2(3.8)
No 72 (98.6) 50(96.2)
Arthritis (%) Yes 9(12.3) 1(1.9)
No 64 (87.7) 51(98.1)
Reported infection before Yes 6(8.2) 2(3.8) 10 (10.0)
booster (%) No 67(91.8) 50 (96.2) 90 (90.0)
Anti-SARS-CoV-2 Positive 6(8.2) 6(11.5) 22(22.4)

nucleocapsid IgG (%)

with immunodominant CD8" epitopes derived from the whole
genome (SARS-CoV-2 Ag3 tube). As negative and positive con-
trols, QuantiFERON® Nil and Mitogen blood collection tubes
that contain no antigen (Nil) or mitogen (Mitogen) were used,
respectively. For stimulation, antigen tubes were incubated at
37°C for 16-24 h and plasma was harvested by centrifugation for
10 min at 2800g. IFN-y in serum from stimulated whole blood was
quantified using the DiaSorin Liaison® QuantiFERON®-TB Gold
Plus assay kit (DiaSorin Inc.) as instructed by the manufacturer.
In brief, IFN-y contained in the sample interacts with anti-IFN-y
antibodies which are coupled to magnetic beads. After washing
off unbound proteins, an anti-IFN-y antibody conjugated with
biotin binds to IFN-y and a streptavidin-isoluminol-conjugate is
added. Following an additional washing step, the reaction initia-
tion reagents are added and emitted light is quantified in relative
light units (RLU) by a photomultiplier. Samples were considered
positive for T cell-mediated immune responses against SARS-
CoV-2 when the detected light signal exceeded the cutoff value
of 0.151U/ml after subtraction of the background value from the
Nil tube as described before.!® Analysis of cellular immune re-
sponses was only performed in study participants recruited at
the Cantonal Hospital St. Gallen, because inclusion of partici-
pants from external centres was limited by the requirement of
fresh blood sampling.

2.6 | Statistics

Categorical variables were summarised with absolute and relative
frequencies; continuous variables were summarised with mean and
standard deviation (SD) or median and interquartile range (IQR). The
Kruskal-Wallis test was applied to test for differences in anti-SARS-
CoV-2 spike antibody concentration between the three study groups
(IBD patients treated with anti-TNF biologics, IBD patient treated
with non-anti-TNF biologics and healthy controls). Dunn's post hoc
tests were additionally performed while controlling the family-wise
error rate with the Holm method.

We performed multivariable linear modelling with log-
transformed anti-SARS-CoV-2 spike IgG levels as outcome to analyse

the impact of treatment with biologic agents on third dose booster

vaccine-elicited humoral immunity, adjusted for potential con-
founders which were chosen based on previous studies.’®? In this
model, we included anti-TNF treatment, non-anti-TNF treatment,
detectable nucleocapsid antibodies, time between third vaccination
and determination of antibody levels, age, smoking, time between
second and third vaccination, and vaccine type. The coefficients of
time between booster vaccination and antibody measurement, and
of time between second and third vaccination were expressed per
month. The coefficient of age was expressed per decade. All three of
these potential confounders were treated as continuous variables in
the analysis. Additionally, possible interactions between IBD treat-
ment and time between booster vaccination and measurement of
antibody levels or detectable nucleocapsid antibodies were tested.
Although no strict linear relationship between the outcome and time
between third vaccination and determination of antibody levels was
found, the assumptions of linearity seemed reasonable for most
of the observations. As residuals were not normally distributed, a
non-parametric 95% confidence interval was obtained by simple
bootstrapping, using the 2.5% and 97.5% quantiles of 10,000 boot-
strapped values.

The number of participants without adequate T cell response
was compared between IBD patients treated with anti-TNF anti-
bodies, IBD patients treated with non-anti-TNF antibodies and
healthy controls with Holm-corrected Fisher's exact tests. Anti-
SARS-CoV-2 spike antibody concentrations were additionally
compared between participants with a positive and negative T cell
response with a Wilcoxon rank-sum test with continuity correc-
tion. T cell negative individuals were assigned to quartiles based
on their individual anti-spike 1gG concentration and the association
between anti-spike IgG concentration and negative T cell response
was tested with the chi-squared test. All analyses were performed
in the R programming language (version 4.0.2; R Core Team, 2020).
The package “tableone” was used to compute descriptive statis-
tics. The package “Dunn's test” was used to calculate Dunn's post
hoc tests. The package “boot” was used to bootstrap confidence
intervals.

Assuming a similar difference in serological response as in
the CLARITY-IBD study, we calculated with a geometric mean
(geometric SD) of 6.0 U/ml (5.9) in patients with anti-TNF treat-
ment and 28.8 U/ml (5.4) in patients with non-anti-TNF.1° We
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additionally assumed those immune responses of non-anti-TNF
patients are comparable to those of healthy controls. Taking the
natural logarithm, these values correspond to 1.8 (1.8) and 3.4
(1.7). To simplify matters, a power calculation was done for a two-
sided two-sample equal-variance t-test. Group sample sizes of
21 (total 42) achieve 90% power to reject the null hypothesis of
equal means when the population mean difference is p1-p2 = 1.8-
3.4 =-1.6 with an SD for both groups of 1.8 and with a significance
level of 0.05 using a two-sided two-sample equal-variance t-test.
This sample size calculation was done with PASS 2021, v21.0.5.
As we planned a multivariable linear model as primary analysis, we
assumed that with a minimum sample size of 200, a linear model
with 10-15 parameters (including non-linear terms and interac-
tions) would not be over-fitted.'”

3 | RESULTS

3.1 | Study population

Between 17 January 2022 and 4 April 2022, a total of 249 study
participants were recruited from the outpatient clinics and hospi-
tal staff of Cantonal Hospital St. Gallen, Ambulatorium Rorschach
and Inselspital Bern. This includes 139 patients diagnosed with
IBD and 110 healthy controls, of which 24 had to be excluded
for different reasons (Figure 1). Of the recruited IBD patients, 81
were treated with the TNF antagonists infliximab, adalimumab or
golimumab and 58 were treated with the non-anti-TNF biologics
vedolizumab or ustekinumab. At the day of study inclusion, base-
line parameters were recorded and anti-SARS-CoV-2 spike IgG
and anti-nucleocapsid antibodies, as well as anti-SARS-CoV-2 T
cell responses were quantified. Detailed characteristics of the
study population, excluding participants who were excluded from
the analysis for not meeting inclusion criteria, are summarised in
Table 1.

3.2 | Anti-TNF treatment attenuates antibody
responses following SARS-CoV-2 booster vaccination
with a third vaccine dose

We included 225 participants in our primary analysis. IBD patients
receiving anti-TNF treatment showed a reduced geometric mean of
anti-spike 1gG concentrations (geometric mean 2357.4 BAU/ml [ge-
ometric SD 3.3]), compared to IBD patients treated with non-anti-
TNF biologics (5935.7 BAU/ml [3.9]; p <0.0001) and healthy controls
(5481.7 BAU/ml [2.4]; p<0.0001), respectively (Figure 2A). No dif-
ference in anti-spike 1gG levels was observed between non-anti-TNF
treatment and healthy controls (p = 0.54). In all participants, anti-
body concentration surpassed the threshold for seroconversion as
defined by a cut-off of 33.8 BAU/ml (Figure 2A), except for one non-
anti-TNF-treated IBD patient. Furthermore, in all three study groups,
most participants showed antibody concentrations below 10,000
BAU/ml. Interestingly, this proportion was higher in the anti-TNF
group (65/73; 89.0%) compared to the non-anti-TNF group (34/52;
65.4%) and healthy controls (75/100; 75.0%), respectively. No par-
ticipant in the anti-TNF group reached antibody levels higher than
30,000 BAU/ml, while this was found in 9.6% (5/52) and 5% (5/100)
of non-anti-TNF-treated patients and healthy controls, respectively
(Figure 2B).

Multivariable modelling using log-transformed anti-SARS-CoV-2
spike protein IgG concentrations as dependent variable revealed
that anti-TNF treatment had the strongest negative impact on anti-
spike 1gG concentrations relative to absence of anti-TNF treatment
in our study population (geometric mean ratio 0.39 [95% Cl 0.28-
0.54]) (Figure 3). In contrast, participants treated with the non-anti-
TNF drugs vedolizumab or ustekinumab had no significant changes
in IgG concentrations, when compared to healthy individuals (1.0
[0.6-1.47]). In addition, time per month since booster vaccination
(0.72 [0.58-0.9]) was significantly associated with reduced IgG con-
centrations. Notably, time since booster vaccination was dissimilar

in healthy controls and IBD patients (Figure S1), highlighting the

249 participants were recruited

24 participants did not meet eligibility criteria:

2 Date of biological application missing
1 Time between biological application and |«
booster vaccination not in line with
protocol
8 Booster vaccination date missing
12 Time between booster vaccination and

v

study inclusion not in line with protocol

1 1BD medication not in line with protocol 225 participants

\ 4 v

v

73 52
Anti-TNF- Non-anti-TNF-
treated IBD patients treated IBD patients

FIGURE 1 Participants included in the

100 STAR SIGN cohort. All included individuals

:'oenatlrt:é received a third SARS-CoV-2 vaccine dose
of either BNT162b2 or mRNA-1273.
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100000

10000

1000

1004

Anti-SARS-CoV-2 spike 1gG
concentration (BAU/ml)

10

(B) Anti-TNF

3 0<x<10,000
3 10,000 < x < 20,000
= 20,000 < x < 30,000

Non-anti-TNF

3 0<x<10,000

=3 10,000 < x < 20,000
B 20,000 < x < 30,000
Bl 30,000 < x < 40,000
Hl 40,000 < x < 50,000
Ml 50,000 < X < 60,000
Bl 60,000 < x < 70,000

Healthy

O 0<x<10,000
B 10,000 < x < 20,000

EE 20,000 < x < 30,000
Bl 30,000 < x < 40,000
Bl 40,000 < x < 50,000

FIGURE 2 Anti-spike protein antibody concentration following SARS-CoV-2 booster vaccination is attenuated by anti-TNF treatment.

(A) Concentrations of anti-spike protein IgG antibodies were determined two to 16 weeks after booster vaccination with BNT162b2 or
mMRNA-1273 in sera from healthy controls and IBD patients treated either with the anti-TNF biologics (anti-TNF: Infliximab, adalimumab,
golimumab) or with non-anti-TNF biologics (non-anti-TNF: Vedolizumab, ustekinumab). Geometric means are represented by the bold

bar and 95% confidence intervals are displayed as error bars. The threshold for seroconversion of 33.8 binding antibody units (BAU)/

ml is indicated by the dotted line. p-values are based on holm-corrected Dunn's post hoc tests following a significant Kruskal-Wallis test
(p<0.0001) (B) fractions of participants with anti-SARS-CoV-2 spike IgG concentrations as indicated, stratified by study group. Total number
of participants in each study group is displayed in the centre of the donut chart.

Variable n/N

Anti-TNF (vs no anti-TNF) 71/219
Non-anti-TNF (vs no non-anti-TNF) 51/219
Anti-SARS-CoV-2 nucleocapsid IgG positive 34/219
Time since booster (per month) 219/219
Age (per decade) 219/219
Current smokers (vs former plus never smokers) 34/219
Time between 2nd and 3rd vaccination (per month) 219/219
MRNA-1273 (vs BNT162b2) 371219

Geometric mean
ratio (95% ClI)
0-39 (0-28, 0-54)
100 (0-60, 1-47)

0-2

—#@—  2.00(1-34, 2:90)
—— 0-72 (0-58, 0-90)
- 0-94 (0-83, 1.05)
— 0-83 (0-44, 1:28)
- 1.07 (0-97, 1-17)
_._
: . . - — ., 1-53(1.01,2:27)
0-3 0-5 0-8 1-0 15 20 30
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FIGURE 3 Factors associated with serologic response following SARS-CoV-2 booster vaccination. Exponential coefficients of a
multivariable linear regression model of log-transformed anti-spike antibody for peer review concentrations are indicated by black squares.
Error bars indicate 95% confidence intervals. Geometric mean ratios of antibody concentration associated with each variable are listed
together with 95% confidence intervals. Of note, for better visualisation the x-axis scale varies throughout different sections as indicated.

importance of covariate for this variable. Antibody concentrations
were significantly increased in participants who received mRNA-
1273 as a third dose compared to BNT162b2 (1.53 [1.01-2.27]) and
in patients with positive anti-SARS-CoV-2 nucleocapsid IgG seral

status, which is an indicator of a previous SARS-CoV-2 infection

(2.00 [1.34-2.90]). Anti-spike protein IgG concentrations for partic-
ipants with and without previous SARS-CoV-2 infection are visual-
ised in Figure S2. No significant changes were associated with time
per month between receiving the second and third vaccine doses

(1.07 [0.97-1.17]). Importantly, there was no interaction between
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study group and time between booster vaccination and measure-
ment of antibody levels nor between study group and positive anti-
SARS-CoV-2 nucleocapsid IgG seral status. A multivariable linear
regression model additionally adjusting for steroid use indicated
no impact on antibody concentrations (Figure S3). When assessing
potential bivariate correlations between IBD activity and antibody
concentrations, a weak correlation was found for calprotectin lev-
els <2 months before booster vaccination, but no correlation was
found for calprotectin levels <2 months after booster vaccination
or patient-reported outcome (PRO2) (Figure S4). However, multi-
variable modelling indicated no strong effect of faecal calprotectin
levels before vaccination, but strong effects of anti-TNF treatment
and time since booster vaccination on the serological response
(Table S2).

3.3 | Serum antibody concentrations decline over
time following SARS-CoV-2 booster vaccination and
remain reduced in anti-TNF-treated patients

To investigate whether anti-TNF therapy impacts antibody kinet-
ics after SARS-CoV-2 booster vaccination, we visualised the rolling
geometric means of anti-spike 1gG concentrations in IBD patients
treated with anti-TNF or non-anti-TNF biologics (Figure 4A). While
mean antibody concentrations were consistently reduced in the
anti-TNF group during the investigated time period, antibody decay
starting approximately 40days after vaccination could be observed
in both groups. Importantly, antibody concentrations sustainably
stayed above the seroconversion threshold. When stratifying anti-
body levels by time intervals, the geometric mean of anti-spike IgG
concentrations was reduced at 10-16 weeks compared to 2-9 weeks
after vaccination in anti-TNF- (p <0.001) and non-anti-TNF-treated
(p = 0.019) IBD patients, respectively (Figure 4B).

3.4 | High concentrations of anti-spike antibodies
did not protect from breakthrough infections
during the omicron wave

Despite high concentrations of anti-spike IgG concentrations in our
healthy control group, 29 out of 54 healthy subjects (53.7%) expe-
rienced breakthrough infections during the observed time period
(Figure 5A). When comparing anti-spike 1gG concentrations of sub-
jects with or without breakthrough infection, no difference in geo-
metric mean of anti-spike IgG concentrations was found (p = 0.931),
suggesting that high antibody levels cannot protect from break-
through infection during the SARS-CoV-2 B.1.1.529 (omicron) wave
(Figure 5B).

3.5 | SARS-CoV-2 reactive T cell immunity is
reduced in anti-TNF treated IBD patients following a
third vaccination

Since T cell immunity plays a central role in the protection against
SARS-CoV-2, we further quantified T cell-mediated release of IFN-y
upon stimulation of whole blood with SARS-CoV-2 antigens.'®
Strikingly, a higher proportion of anti-TNF-treated IBD patients
failed to mount an adequate T cell response after booster vaccina-
tion compared to healthy controls (15/73 [20.5%] vs 2/100 [2.0%];
p = 0.00031; Figure 6). The proportion of T cell immunity-negative
individuals was numerically also higher in non-anti-TNF-treated IBD
patients than in healthy controls, but in this case without being sig-
nificant (5/52 [9.6%] vs 2/100 [2%]; p = 0.093). Similarly, no signifi-
cant difference could be observed between anti-TNF-treated and
non-anti-TNF-treated IBD patients (15/73 [20.5%] vs 5/52 [9.6%];
p = 0.14). Notably, IBD patients with adequate T cell immunity re-
ported higher clinical IBD activity than patients lacking robust T cell
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FIGURE 4 Anti-spike IgG concentration following SARS-CoV-2 booster vaccination over time. For peer review (A) depicted are rolling
geometric means which are calculated by including the values from 7 days on each side of the indicated day (15-day window), stratified
by treatment. Individual values are depicted in transparent colours. (B) Geometric means of anti-spike 1gG concentrations, stratified

by indicated time intervals post-SARS-CoV-2 booster vaccination. Statistical analyses are based on Wilcoxon rank-sum tests with holm
correction. Dotted lines represent the threshold for seroconversion (33.8 BAU/ml), respectively.
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with and without infection, respectively. Time periods correlated
with the first B.1.1.529 (omicron) wave in 2022

responses (Figure S5A). However, disease activity was similar in IBD
patients under anti-TNF and non-anti-TNF treatment (Figure S5B).

3.6 | T cellimmunity is uncoupled from humoral
immune response in IBD patients following a third
SARS-CoV-2 vaccination

When comparing SARS-CoV-2 spike antibody concentrations in
T cell immunity positive and negative individuals from our study
population, antibody concentrations differed only marginally, sug-
gesting no correlation between humoral and cellular immune re-
sponses (geometric means 4318.2 BAU/ml vs 3635.9 BAU/ml;
p = 0.88; Figure 7A). Furthermore, uncoupling of antibody and T
cell responses was visualised by ordering antibody concentrations
by magnitude while highlighting T cell negative individuals per study
group (Figure 7B). When anti-spike 1gG concentrations were catego-
rised into quartiles, similar proportions of anti-TNF-treated patients
with inadequate T cell response were seen in all quartiles (1st (high-
est) quartile: 6/56 [10.7%]; 2nd quartile: 7/56 [12.5%]; 3rd quartile:
3/56 [5.4%]; 4th (lowest) quartile: 6/56 [10.7%]; p = 0.61 based on
chi-squared test).

4 | DISCUSSION

Immunocompromised patients face a greater risk of infectious dis-
eases, and immunogenicity towards vaccines is reduced by several
immunosuppressive drugs.t”?° Therefore, vaccination campaigns
worldwide recommend a SARS-CoV-2 booster vaccine for immu-
nosuppressed patients. Booster vaccines were shown to be safe in
IBD patients and several studies analysed booster vaccine-elicited

immune responses in different subgroups of immunocompromised

&

FIGURE 6 T cell immunity following SARS-CoV-2 booster
vaccination is impaired by anti-TNF treatment in IBD patients.
Proportion of participants who failed to develop an adequate T cell
response following booster vaccination, stratified by study group.
Numbers above bars indicate the number of participants without
adequate T cell immunity. Statistical analysis comparing anti-TNF-
treated IBD patients with healthy controls is based on Holm-
corrected Fisher's exact test (p = 0.00031).

patients.?Y?” However, to our knowledge, this is the first study to
prospectively characterise the humoral and functional cellular im-
mune responses following a third dose with SARS-CoV-2 mRNA vac-
cines in IBD patients receiving immunosuppressive treatment and
healthy controls.

First, we demonstrated that anti-TNF treatment attenuates the
anti-spike IgG concentration following third dose vaccination, com-
pared to treatment with non-anti-TNF biologics and healthy con-
trols, respectively (Figure 2A,B). These observations are in line with
findings from CLARITY-IBD, VIP, PREVENT-COVID, HERCULES and
Wagner et al., while the STOP COVID-19 in IBD study could not find
reduced antibody concentrations in anti-TNF-treated IBD patients
when comparing them to IBD patients without immunosuppressive
treatment.?4-2%28-30 |mportantly, it must be noted that the reduced
antibody responses found in this study, might at least partially be
influenced by already reduced antibody concentrations in anti-TNF-
treated patients after two vaccine doses as shown before, 10-12:31-37

Second, multivariable linear regression modelling revealed that
anti-TNF treatment is the strongest predictor of impaired humoral
immunity after third dose vaccination (Figure 3). Similar to previous
reports, reduced anti-spike antibody concentrations were further as-
sociated with time between booster and antibody measurement and
vaccination with BNT162b2 (compared to mRNA-1273), whereas
prior infection resulted in higher antibody concentrations.2>:28:30:34
Given the correlation between COVID-19 severity and infection-
elicited antibody responses, it will be interesting to see if the lat-
ter effect also establishes after infection with SARS-CoV-2 omicron
variants which cause less severe disease.®*? In contradiction to the
CLARITY-IBD and VIP studies, but in line with the STOP COVID-19
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FIGURE 7 Cellular immunity following
SARS-CoV-2 booster vaccination is
uncoupled from humoral immune
responses. (A) Anti-SARS-CoV-2 spike
1gG concentrations of participants with
and without an adequate T cell response.
Colours correspond to the respective
study group as indicated. Statistical
analysis is based on a Wilcoxon rank sum
test with continuity correction. (B) Each
bar represents the anti-SARS-CoV2 spike
IgG concentration measured in one study
participant. Antibody concentrations

are ordered by magnitude from lowest

to highest. Red, blue and green colours
correspond to the study groups anti-TNF,
non-anti-TNF and healthy, respectively.
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in IBD study, age did not impact antibody concentrations in our
participants.?>263% Moreover, as the first study to investigate this,
we could not find an impact of disease activity on antibody concen-
trations following booster vaccination. Of note, our study included
26 patients who used steroids at the time of third dose vaccination.
However, a multivariable linear regression model covarying steroid
use indicated no impact on antibody concentrations (Figure S3),
which is in line with the CLARITY-IBD but in contrast to the STOP
COVID-19 in IBD study.?>3° While combination therapy with immu-
nomodulators and anti-TNF agents was previously shown to attenu-
ate antibody responses after SARS-CoV-2 vaccination, we try to limit
the number of patients receiving long-term combination therapy in
our IBD centres due to an increased risk for developing lymphoma
or severe COVID-19.3740-42 Gjven the low number of patients with
combined immunosuppressive therapy in this study, we did not co-
variate for this potential confounder in our model. Future studies
will be required to investigate if third dose SARS-CoV-2 vaccine
responses in IBD patients are also affected by other potential con-
founders such as vitamin D deficiency which has been hypothesised
to influence severity of COVID-19.4344

Third, we found that antibody concentrations decline similarly
over time in anti-TNF and non-anti-TNF-treated individuals, re-
spectively (Figure 4A,B). In both groups, the rolling mean anti-spike
IgG concentration clearly stayed above the threshold for serocon-
version, indicating that a substantial immune response is provided
at least up to 16 weeks after third dose SARS-CoV-2 vaccination.
However, the constant antibody decay in both groups plus the con-
sistent reduction of antibody concentrations in anti-TNF-treated

patients potentially indicate that antibody concentrations might fall

below the seroconversion threshold earlier in patients under anti-
TNF treatment. These findings point towards a benefit of a fourth
vaccine dose in anti-TNF patients in order to guarantee optimal pro-
tection. Rolling mean antibody concentrations were not visualised
for healthy participants due to the lack of variation in the time in-
tervals since booster vaccination. Antibody decay in IBD patients
following a third vaccine dose was reported previously, but unlike
a previous report, we did not see an increased decay in anti-TNF-
treated patients.?>° Long-term longitudinal sampling will be re-
quired to determine the exact rate of antibody-decay in IBD patients
under immunosuppressive treatment and to identify the best timing
for fourth dose administration.

Fourth, we uncovered that high concentrations of anti-spike
IgG concentrations did not protect from SARS-CoV-2 break-
through infections during times of high B.1.1.529 (omicron) prev-
alence (Figure 5A,B), which is in line with previous reports in IBD
patients and healthy controls.?>#>4¢ The current data suggests
that neutralising antibodies are most important for preventing
SARS-CoV-2 infection but both antibody and CD8+ T cell re-
sponses are crucial for preventing severe disease.”’” Given that
B.1.1.529 (omicron) escapes most neutralising antibodies, the risk
of infection following vaccination remains high during the omicron
wave, which is reflected by our analysis of breakthrough infec-
tions. However, vaccines remain our most powerful tool to pre-
vent severe COVID-19.

Lastly, we demonstrated that a higher proportion of IBD
patients under anti-TNF treatment had inadequate SARS-CoV-
2-directed T cell immunity after third dose vaccination, when

compared to healthy controls (Figure 6). Importantly, time
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intervals between booster vaccination and assessment of T cell
immunity were similar in T cell negative and positive individuals
(Figure Sé; p = 0.398), indicating that attenuated T cell responses
are a result of anti-TNF treatment rather than differences in time
since booster vaccination. Since T cell positive IBD patients re-
ported higher disease activity than T cell negative patients, we
cannot rule out the possibility that disease activity contributes
to the development of adequate T cell immunity after booster
vaccination. However, since similar disease activity was reported
by anti-TNF- and non-anti-TNF-treated IBD patients, we assume
that our findings are not biased by this potential effect. Robust
T cell immunity plays a pivotal role in protection against SARS-
CoV-2 omicron subvariants or when neutralising antibody con-
centrations are waning or low.*"*’ Furthermore, CD8+ T cells
are required for protection against severe COVID-19 in immuno-
compromised patients.’® Therefore, our results indicate that our
finding of impaired T cell responses might add to the potentially
elevated risk of severe COVID-19 (based on reduced concen-
tration of SARS-CoV-2-reactive antibodies) in anti-TNF-treated
patients. Contrary to our findings, previous reports from the
CORALE-IBD and CLARITY-IBD studies showed that T cell re-
sponses to SARS-CoV-2 vaccination are augmented in anti-TNF-
treated IBD patients after two vaccine doses, and not impaired
after three vaccine doses.?®! Notably, these studies only fo-
cused on quantification of SARS-CoV-2-reactive T cells or clonal
depth rather than qualitative measures of immunity such as IFN-y
secretion. Recently, another study reported that after two doses,
a higher proportion of IBD patients lacked adequate SARS-CoV-
2-directed IFN-y secretion, when compared to healthy controls.*?
Importantly, this is the first study to demonstrate impaired func-
tional T cell immunity in anti-TNF-treated IBD patients after three
doses of SARS-CoV-2 mRNA vaccines. Interestingly, no correla-
tion between humoral and T cell immunity was detected in this
study (Figure 7A,B). While the number of SARS-CoV-2-reactive
T cells was shown to be uncoupled from antibody concentrations
by the CLARITY study, this is the first study to demonstrate un-
coupling of antibody concentrations and IFN-y secretion upon
challenge with SARS-CoV-2 antigens.?6* Since robust CD8+ T
cell responses can protect against SARS-CoV-2 even when an-
tibody concentrations are low, this highlights the importance of
assessing both immune mechanisms in order to accurately iden-
tify at-risk patients.

We acknowledge the lack of seral virus neutralisation analyses as
a limitation of this study. To account for this limitation we used a se-
rological assay that employs a trimeric spike protein with improved
detection of a broad repertoire of IgG neutralising antibodies and
has been validated for neutralising IgG estimation by the manu-
facturer.>>>* Future studies should focus on investigating how the
presented findings affect neutralisation of current SARS-CoV-2 vari-
ants that can escape vaccine-elicited immune responses such as the
omicron subvariants BA.2 and BA.5.%> Moreover, our study design is
limited by the assignment of participants to groups based on the re-

spective action mode of IBD treatment - similarly to the RECOVER

WILEY—-

trial—rather than specific biologic agents and the lack of longitudinal
sampling.11 Notably, no previous study could find differences in an-
tibody levels between patients treated with infliximab vs other anti-
TNF antagonists, or between patients treated with vedolizumab vs
ustekinumab.*?

In conclusion, our results provide important insights into the im-
munogenicity following a third dose of BNT162b2 or mMRNA-1273 in
IBD patients and highlight that patients treated with anti-TNF antag-
onists experience impaired immunogenicity on both a humoral and
cellular level. Our findings have important and direct implications
for global health policy makers and will contribute to establishing
evidence-based guidelines for future vaccine doses. In the face of
constantly evolving SARS-CoV-2 variants and the increasing threat
of vaccine fatigue, it is more important than ever to identify at-risk
patient groups.’® While robust humoral immune responses can-
not protect against breakthrough infections with the SARS-CoV-2
B.1.1.529 (omicron) variant, our data indicate that a fourth vaccine
dose may still be beneficial for anti-TNF-treated IBD patients in
order to guarantee adequate long-term protection against severe
COVID-19.
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