Articles

Check for
updates

Lower magnitude and faster waning of antibody responses to
SARS-CoV-2 vaccination in anti-TNF-a-treated IBD patients are
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Summary eBioMedicine
Background Patients with inflammatory bowel disease (IBD) and healthy controls received primary SARS-CoV-2- 2023;96: 104788
mRNA vaccination and a booster after six months. Anti-TNF-o-treated patients showed significantly lower :Ub"s"ebd Online 4
antibody (Ab) levels and faster waning than a4f7-integrin-antagonist recipients and controls. This prospective hemem er 2023

. . . 4 . . . ) ttps://doi.org/10.
cohort study aimed to elucidate the underlying mechanisms on the basis of circulating T-follicular helper cells ;. Jj.ebiom 2023,
(cTth) and B memory cells. 104788

Methods We measured SARS-CoV-2- Wuhan and Omicron specific Abs, B- and T-cell subsets at baseline and kinetics
of Spike (S)-specific B memory cells along with distributions of activated cTth subsets before and after primary and
booster vaccination.

Findings Lower and faster waning of Ab levels in anti-TNF-« treated IBD patients was associated with low numbers of
total and naive B cells vs. expanded plasmablasts prior to vaccination. Along with their low Ab levels against Wuhan
and Omicron VOCs, reduced S-specific B memory cells were identified after the 2nd dose which declined to non-
detectable after 6 months. In contrast, IBD patients with a4f7-integrin-antagonists and controls mounted and
retained high Ab levels after the 2nd dose, which was associated with a pronounced increase in S-specific B
memory cells that were maintained or expanded up to 6 months. Booster vaccination led to a strong increase of
Abs with neutralizing capacity and S-specific B memory cells in these groups, which was not the case in anti-
TNF-a treated IBD patients. Of note, Ab levels and S-specific B memory cells in particular post-booster correlated
with the activation of cTfh1 cells after primary vaccination.

Interpretations The reduced magnitude, persistence and neutralization capacity of SARS-CoV-2 specific Abs after
vaccination in anti-TNF-a-treated IBD patients were associated with impaired formation and maintenance of
S-specific B memory cells, likely due to absent cTfh1 activation leading to extra-follicular immune responses and
diminished B memory cell diversification. These observations have implications for patient-tailored vaccination
schedules/vaccines in anti-TNF-a-treated patients, irrespective of their underlying disease.
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Research in context

Evidence before this study

We searched PubMed and Embase, without language
restrictions, for studies published between January 1, 2000,
and October 20, 2022, investigating humoral or B memory or
Tth responses to SARS-CoV-2 vaccination in
immunosuppressed IBD patients. Search terms (“COVID-19”
OR “SARS-CoV-2") AND (“vaccine” OR "vaccination”) AND
(“immunosuppression” OR “immunosuppressive” OR
“immunomodulator” OR “adalimumab” OR “azathioprine”
OR "biologic” OR “tumour necrosis factor” OR “infliximab” OR
“anti-integrin” OR “vedolizumab”) AND (“antibody”

OR “humoral” OR “immune response”) OR (“B memory cell”)
OR (“T follicular helper cell”) AND (“IBD") were used.

We have previously shown that SARS-CoV-2 antibody
responses after two vaccine doses and also a booster dose
were significantly lower in IBD patients treated with TNF-a
inhibitors than in those receiving a4{37-integrin antagonists
or no medication. In accordance, also other studies have
shown that anti-TNF treatment is associated with lower and
faster waning antibody responses. There are however very
limited data on the underlying mechanisms leading to this
outcome, such as base line distributions of B and T cells,
distributions of activated T follicular helper cell subsets and
formation and maintenance of Spike-specific B memory cells
over time.

Introduction

The approval and administration of SARS-CoV-2-mRNA
vaccines were crucial steps in the worldwide efforts to
combat the ongoing coronavirus pandemic. However,
vaccinations in immuno-compromised individuals,
such as patients with inflammatory bowel disease (IBD)
under immunosuppressive/modulatory therapies, elicit
lower and faster waning immune responses, a condition
that can be partly overcome by application of a booster
dose.’

IBDs, such as Crohn’s disease (CD) and ulcerative
colitis (UC), are chronic inflammatory conditions of the
gastrointestinal tract with multifactorial origin and a
rather high prevalence (>0.3%) in Western pop-
ulations.”” IBD is characterized by uncontrolled activa-
tion of intestinal immune cells in a genetically

Added value of this study

To our knowledge, these are new findings outlining the
potential mechanisms responsible for the different
vaccination outcomes in IBD patients with regard to their
treatment regimens. We showed that reduced magnitude,
persistence and neutralization capacity of SARS-CoV-2-specific
Abs in anti-TNF-a-treated IBD patients were related to
increased baseline inflammation and lack of activated cTth

1 cell expansion. This resulted in likely extrafollicular immune
responses with impaired formation and maintenance of
memory B cells and diminished B cell diversification. In
contrast, the kinetics and quality of vaccine responses in
a4f7-integrin treated IBD patients were similar to healthy
controls.

Implications of all the available evidence

Anti-TNF-a treatment inhibits the formation and
diversification of memory B cells, thereby impeding long-term
duration and breadth of antibody responses. Regular booster
vaccinations counteract early antibody waning and loss of
protection via SARS-CoV 2 specific humoral responses.
Nevertheless, cellular responses with respect to IFN-y seem
unaffected by anti-TNF-o treatment which appears to provide
protection from severe COVID-19.

susceptible host. The healthy mucosal immune system
facilitates a mainly anti-inflammatory environment with
intestinal macrophages producing interleukin (IL)-10
upon phagocytosis of/exposure to bacteria and dendritic
cells secreting retinoic acid and transforming growth
factor (TGF)-B, which leads to induction of regulatory T
cells. A defective gut barrier and microbial dysbiosis in
IBD induce accumulation and local activation of im-
mune cells. Due to increased bacterial exposure, acti-
vated macrophages produce high levels of inflammatory
cytokines such as tumor necrosis factor (INF)-a or IL-
12. Primed dendritic cells present bacterial antigens in
Peyer’s patches and mesenteric lymph nodes to naive T
cells, which differentiate into Th1l and Th17 effector
cells. Due to up-regulation of chemokine receptors
and integrins, these effector T cells enter systemic
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circulation and home to intestinal tissues, where they
further foster inflammation via cytokine secretion.*
These continuing inflammatory processes lead to com-
plications such as fibrosis, stenosis and cancer, indi-
cating the obvious need for effective anti-inflammatory
therapies.

Therapeutic approaches with monoclonal Abs
(mAbs) interfere with key factors in these pathogenic
processes. TNF-a neutralising mAbs are widely used to
treat IBD and inhibit its binding to tumor necrosis
factor receptor (TNFR) 1 and TNFR2. TNFR1 is ubiq-
uitously expressed and mainly facilitates the pro-
inflammatory effects, while TNFR2 expression is
rather restricted to lymphocytes and mediates activation
and proliferation. TNF-a targeting therapy mainly in-
hibits interaction of TNF-a with TNFR2 on T cells.® The
a4p7-integrin expressed on effector lymphocytes is a key
integrin for intestinal homing; it binds to MAdCAM-1
on the endothelium of intestinal blood vessels, facili-
tating lymphocyte extravasation to intestinal tissues.
Biologicals targeting a4p7-integrin thus inhibit homing
of T effector cells to the intestinal tissue and recent re-
ports suggest that a4p7-integrin targeting also blocks
recruitment of pro-inflammatory monocytes and den-
dritic cells to the intestine and leads to changes in
programming of innate and acquired immune cells to
limit inflammation.” Furthermore, also Ab-secreting B
cells home to the intestine via oa4p7-integrin/MAdCAM-
1 interaction as shown in murine chronic colitis
models.*

Immunomodulatory  drugs are  successfully
employed as treatments for IBD; however, there is evi-
dence that immunogenicity of vaccines is altered under
such conditions, and in particular TNF-o-targeting
therapies are shown to reduce vaccine responses, e. g.
upon influenza, hepatitis A and B, and unconjugated
pneumococcal vaccine administration. In contrast, both
the w4P7 integrin-antagonist vedolizumab and the
[L-12/1L-23 inhibitor ustekinumab allow for intact sys-
temic vaccine responses.”’® With respect to SARS-CoV-
2-mRNA vaccination in IBD patients, we and others
report that patients treated with TNF-a inhibitors mount
significantly lower SARS-CoV-2-specific Ab titers than
those receiving o4f7 integrin-antagonists, IL-12/IL-23
inhibitors or no treatment, as shown both after admin-
istration of primary vaccination"''* and also a booster
dose.**

In order to elucidate the underlying mechanisms
leading to these different outcomes, we investigated IBD
patients receiving either TNF-a inhibitors or a4p7
integrin-antagonists and healthy individuals (controls)
during the course of SARS-CoV-2-mRNA primary and
booster vaccination in considerable detail. Our analysis
included the quantification of Ab titers to Wuhan and
Omicron, pre-vaccination distributions of B- and T-cell
subsets, the induction of SARS-CoV-2 Spike-specific B
memory cells, and distributions and activation of T
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follicular helper cell subsets. We aimed to investigate
the immunologic processes and mechanisms that
contribute to the magnitude of the Ab response, estab-
lishment of memory cells, and sustained immunity. Our
results indicate that impaired vaccine responses in anti-
TNF-a treated patients were associated with lack of cTth
activation and limited germinal center formation. This
resulted in increased numbers of short lived plasma-
blasts and absence of Spike (S)-specific B memory cells,
leading to early antibody waning and reduced B memory
diversification.

Methods

Study population

Patients with inflammatory bowel disease (IBD) and
controls without prior COVID-19 vaccination were
invited to participate in this prospective, open-label,
phase four cohort study at the outpatient vaccination
clinic at the Institute of Specific Prophylaxis and Tropical
Medicine and at the Department of Internal Medicine III,
Division of Gastroenterology and Hepatology, of the
Medical University Vienna and General Hospital of
Vienna. Starting on March 11th 2021, a total of (n = 130)
IBD patients and (n = 66) controls were enrolled and
blood draws were performed before and after a 2-dose
primary vaccination and a booster dose after six
months (Figure S1)." Inclusion criteria were age >18
years, diagnosis of IBD with or without immune-
suppressive/immunomodulatory therapy, for controls
no immunosuppression, and no previous SARS-CoV-2
vaccination (detailed eligibility in Supplementary Data
1). Of all recruited subjects only a subset of 58 IBD pa-
tients and 30 controls consented prior to vaccination to
analyses of cellular immune responses (i. e. sampling of
higher blood volume for PBMC isolation). Of these IBD
patients 17 received o4P7 integrin-antagonist therapy,
who were age and gender matched with the group of IBD
patients with TNF-a inhibitor therapy (n = 19) and with
healthy controls (n = 20). The subjects were not pre-
selected according to Ab responses or other immunologic
criteria, other than their IBD treatment. They had no
history of SARS-CoV-2 infection or were excluded upon
virus exposure. Treatment protocols and clinical disease
activity of IBD patients are provided in Table S1 A-D.
Evaluation of Ab responses and in-depth analyses of
cellular immune responses was done at four time points:
prior to 1st, one week (cellular analyses) or four weeks
(Abs) post 2nd dose, six month after 2nd dose (prior to
booster) and four weeks post booster (Figure S2).

Ethics

Written informed consent was obtained from the sub-
jects according to the Declaration of Helsinki/Interna-
tional Conference on Harmonization Guideline for
Good Clinical Practice. The study was approved by the
Ethics Committee of the Medical University of Vienna
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(EK: 1073/2021) and international trial registration was
done at EudraCT, Reg. Number: 2021-000291-11.

Procedures

All participants were advised to receive two doses of
mRNA vaccine (either BNT162b2, Comirnaty, Pfizer
BioNTech or mRNA-1273, Spikevax, Moderna Biotech)
with a three-to-four-week interval and a booster dose six
months after the 2nd dose. Serum samples for antibody
titer measurements were collected prior to first dose and
four weeks after the 2nd dose, as well as prior to booster
and four weeks thereafter. Samples were obtained from
native venous blood and frozen and stored until anal-
ysis. Furthermore, lithium heparinized blood for isola-
tion of peripheral blood mononuclear cells (PBMC) was
taken before the first and one week after the 2nd dose,
and before and four weeks after application of the
booster dose. The study was conducted as an
investigator-initiated, prospective, open-label, phase IV
trial.

SARS-CoV-2-specific 1gG antibodies against Wuhan
and Omicron variants

SARS-CoV-2-specific IgG Abs directed against spike
subunit 1 (S1) protein of the original (hu-1) and the
omicron BA.1 variant were measured by ELISA (Quan-
tivac® and Anti-SARS-CoV-2-Omikron-ELISA, Euro-
immun, Libeck, Germany) in diluted serum samples
(1:100) according to the manufacturer’s instructions.
Antibody results are reported in binding antibody units/
ml (BAU/ml) for hu-1 and in relative units (RU/ml) for
BA.1, and were considered positive at > 35.2 BAU/ml
and >11 RU/ml respectively. IgG specific for SARS-
CoV-2 Omicron BA.4/5 receptor binding domain
(RBD) were measured by ELISA (OD values) and
the capacity to inhibit RBD BA.4/5 binding to ACE2
(% inhibition) were assessed as previously described,
using 50 ng RBD BA.4/5 and serum dilution of 1:2.">'¢
OD values > 0.25 and inhibition levels of >20% were
considered positive, and inhibition levels >50% as
relevant.

Leukocyte and lymphocyte counts

Leukocytes and lymphocytes were measured in EDTA
whole blood with SYSMEX XP-300 differential hema-
tology analyzer.

Cellular immune responses

PBMC isolation

PBMC from lithium-heparinized blood were prepared
by Ficoll density gradient centrifugation (Ficoll Paque
Plus, Amersham Biosciences, NJ, USA) and restimu-
lated with Sl-specific peptide pools from hu-1 at
0.03 nmol per peptide per 5 x 10> cells (PepTivator®
SARS-CoV-2 peptide pools, Milteny Biotech) for 24 h as
previously described.’

Cytokine measurements

Concentrations of interleukin (IL)-2, IL-5, IL-10, GMCSF,
and interferon (IFN)-y were measured in thawed super-
natants with Luminex Human High-Sensitive Cytokine
Performance Assays (Bio-Techne, Minneapolis, USA)
used according to the manufacturer’s instruction on a
Luminex® 100/200 System. Concentrations of TNF-« in
culture supernatants were evaluated by enzyme-linked
immunosorbent assay (Human TNF-alpha Quantikine
ELISA, R&D Systems) according to the manufacturer’s
instructions. Serum cytokine levels were determined with
a Milliplex® Human Cytokine/Chemokine/Growth Fac-
tor Panel A kit (Merck Millipore, Billerica, MA) according
to the manufacturer’s instructions (Detailed protocol
Supplementary Data 2).

Flow cytometric lymphocyte analysis

PBMC were surface stained with fluorochrome-
conjugated mAbs (Supplementary Data 3 A and B) to
characterize B cell, T cell, and circulating T follicular
helper cell (cTfh) subsets (Gating strategy for cTth
Figure S3). Data were acquired on a FACS Canto II flow
cytometer or Beckman Coulter Navios Ex flow cytometer
by gating on cells with forward/side light scatter proper-
ties of lymphocytes and analyzed with FACS Diva 8.0
software and FlowJo_v10.8.1 software (BD Biosciences,
San Jose, CA, USA). Percentages of sub-populations relate
to the respective parent population and absolute numbers
(n/pl) were calculated based on peripheral white blood cell
counts. For detection of SARS-CoV-2 S protein-specific B
memory cells, biotinylated S protein (Wuhan, 1256 aa)
antigen was tetramerized with streptavidin-APC or
streptavidin-BV421 probes as described in Dan et al.”
(detailed protocol Supplementary Data 4). S-specific B
memory cells were quantified as percentages of total
memory B cells (Gating strategy Figure S4).

Statistical methods

Prior to statistical evaluation, residuals after accounting
for group means were submitted to distribution anal-
ysis. Ab levels as well as B- and T-cell counts including
those of subsets were best fit by a log-normal distribu-
tion and, hence, these data were log-transformed,
while percentages of B- and T-cell populations were
best fit by a Johnson Sy distribution suggesting a logit-
transformation to obtain normality. Further statistical
analyses were done using transformed values. Graphi-
cally, results are presented as dot-plots with medians
and interquartile ranges (IQR) or line-plots showing
means and 95% confidence intervals (CI). Data were
analyzed by Generalized Linear Models (GLM) with
patient groups and controls as between-subjects factors
and (for antibody levels) time point of blood withdrawal
as within-subject factor. In this case, a Multilevel
Mixed-Effect GLM was applied with subject ID as a
random effect indicator. The full factorial design was
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used; however, hypotheses tests were done on the
group x time interaction with comparisons between
groups performed by linear contrasts with Bonferroni-
Holm corrected p-values. Contrast were within time
point as well as differences between subsequent time
points comparisons of IBD groups against controls.
Homogeneity of variances was tested by Brown-
Forsythe tests and normality of residuals by Shapiro—
Wilk tests. A multivariate discriminant analysis was
performed to assess the contribution of the different
subpopulations of B- and T-cells for differentiating the
two IBD groups and the control group. Results are
graphically presented as dot-plots presenting each
participant in the plane spanned by the two canonical
roots. Contribution of the different components of the
B- and T-cell subsets is shown color-coded for positive
and negative coefficients. Participants lost to follow-up
were included up to the time point of loss. For all ana-
lyses no imputations for missing values were applied
and p-values below 0.05 were considered significant.
Analyses were performed using Stata 17.0 (StataCorp,
College Station, TX, USA). Graphs were produced using
GraphPad Prism (San Diego, CA, USA; Version 7.0).

From previous investigations, we assumed a stan-
dard deviation of the log;o-Ab levels of 0.3. For three
time points (4 wks after 2nd, 6 mo after 2nd, 4 wks after
3rd vaccination) and three groups (controls, IBD_TNEF-
a, IBD_o4p7-integrin) we defined the effect size for the
group x time interaction as delta = 0.7 (square root of
the ratio of the effect to the error variance) that should
be detected with a power of 80% at the 5% significance
level. The between time point correlation was assumed
to be 0.7. Under these assumptions, a sample size of
n = 10 per group is required. Since baseline as well as
further B- and T-cell parameters should be assessed, it
was decided to enroll about 20 patients per group. Since
this is not a randomized controlled trial and only one
intervention schedule was applied (COVID-19 2 + 1
vaccination) there was no randomization.

Role of funders

The study was funded by third party funding of the
Institute of Specific Prophylaxis and Tropical Medicine
at the Medical University Vienna. The Medical Univer-
sity of Vienna was the sponsor of this academic study.

The funders had no role in study design, data collection,
data analyses, interpretation, or writing of report.

Results

Patients and settings

Of all enrolled subjects, 114 IBD patients and 62 con-
trols received the complete vaccination series with 2-
dose primary vaccination and a booster dose after six
months. Only a subgroup of IBD (n = 58), and controls
(n = 30) agreed to donate also blood for cellular analyses.
From these IBD patients two groups were selected ac-
cording to their treatment: i) IBD patients receiving
TNF-o inhibitor therapy (IBD_TNF-o; n = 19; three pa-
tients with co-administration of azathioprine) and ii)
IBD patients receiving the o4p7 integrin-antagonist
vedolizumab (IBD_a4f7-integrin; n = 17), which were
compared to controls (n = 20) (Figure S1). The de-
mographic parameters age, sex (self-reported by study
participants), BMI and diagnosis of UC or CD are listed
in Table 1. Mean age and BMI were similar in the three
groups. Prior to 1st vaccination two patients in the IBD
TNF-o group had moderate disease activity; all other
patients were in clinical remission with only mild active
disease (patient reported outcome scores for CD'® and
UC" as previously described). Detailed information on
type and phase of treatment as well as disease activity is
provided in Table S1 A-D.

Humoral immune response

SARS-CoV-2-specific IgG Abs against hu-1 S1 protein
were measured pre-vaccination and four weeks and six
months after the 2nd dose, as well as four weeks after
administration of a booster dose. Analysis of geometric
mean concentrations (GMC) showed that four weeks
after the second dose, patients treated with TNF-a in-
hibitors had mounted significantly lower antibody levels
(GMC 1241 BAU/mL [95% CI 817-1884]) than healthy
controls (GMC 3552 BAU/mL [95% CI 2339-5393]) or
IBD patients receiving a4p7-integrin antagonist (GMC
4537 BAU/mL [95% CI 2881-7144]). Six months after
the second dose, S1-specific IgG had declined signifi-
cantly faster to significantly lower levels in TNF-a in-
hibitor treated IBD patients compared to controls (GMC
72 BAU/mL [95% CI 46-112] vs. GMC 757 BAU/mL
[95% CI 486-1180]), and also to subjects receiving a4p7-

IBD (TNFox) IBD (xx4p7-integrin) Controls
participants (n) 19 17 20
sex (m/f) 14/5 6/11 11/9
age (y) 451 (39.72-50.9) 50.5 (40.6-60.5) 53.5 (46.4-60.6)
BMI 24.7 (22.4-27.0) 25.5 (22.3-28.8) 26.1 (24.2-27.9)
uc/cb 7/12 11/6

Values are given as arithmetic means with 95% Cl. Abbreviations: f, female; m, male; y, year; a4f7-integrin, a4p7-integrin-antagonist therapy; BMI, body mass index; CD,
Crohn'’s disease; IBD, inflammatory bowel disease; UC, ulcerative colitis; TNFa, TNFa-targeting therapy.

Table 1: Demographic data of study subjects.
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integrin antagonist (GMC 771 BAU/mL [95% CI 476 to
1248]). Importantly, booster vaccination following six
months after the second dose increased the S1-specific
Ab levels in all groups four weeks thereafter. Even
though fold-increase was significantly stronger in
IBD_TNF-a patients vs. controls, S1-specific IgG levels
after four weeks remained significantly lower than in
the control group (GMC 1363 BAU/mL [95% CI 876 to
2124] vs. GMC 3557 BAU/mL [95% CI 2263 to 5589])
and also in a4f7-integrin treated IBD patients (GMC
7684 BAU/mL [95% CI 4701 to 12,559]) (Fig. 1A). The
majority of IBD patients treated with TNF-o inhibitors
presented with Ab levels <2000 BAU/mL after the 2nd
dose which declined to <90 BAU/mL after six months

and were thus classified as low-responders. High
responder vaccinees in the control and IBD_o4f7-
integrin group were defined by mounting S1-specific
IgG >4000 BAU/mL after the 2nd dose and maintain-
ing high Ab levels >1100 BAU/mL after six months.
In addition to IgG specific for the wild-type S1
sequence we also measured concentrations of Omicron
BA.1 and Omicron BA.4/5 specific IgG Abs, as well as
cross neutralization capacity of Omicron BA.4/5 specific
Abs at six months post 2nd dose and four weeks after
booster. Similar to wild-type-specific IgG Abs, concen-
trations of Omicron BA.1- as well as BA.4/5-specific IgG
Abs were significantly lower in anti-TNF-a treated IBD
patients compared to controls and a4p7-integrin treated
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100007 - IBD (anti TNFa)
1000 -= |BD (c4P7 integrin)
- ek * -+~ controls
E
S5
100 o
&

10 4

B omicron BA.1 C omicron BA.4/5
10000 10 -
10004
E a
S 100+
3 5]

104

e ek

N
b:x‘

D omicron BA.4/5 (inh)

-+ |BD (anti TNF«)
- |BD (a4p7 integrin)

-4 controls

% Inhibition

Fig. 1: Kinetics of SARS-CoV-2-Spike (S1) specific IgG antibodies. Geometric mean concentrations (GMC) with 95% Cl of A) S1-specific IgG
against ancestral virus hu-1 in BAU/mL in IBD patients treated with either anti-TNFo (n = 19) or a4p7-integrin-antagonists (n = 17) and
controls (n = 20) measured before the first and four weeks and six months after the second dose, as well as four weeks after booster dose of
SARS-CoV-2 mRNA vaccine (BNT162b2 or mRNA-1273); dashed line - positive cut-off for S1-specific IgG at 35.2 BAU/mL; B) S1-specific IgG
against Omicron BA.1 (in RU/mL), dashed line—positive cut-off for BA.1 S1-specific IgG at 11.0 RU/m; C) IgG specific for RBD of Omicron BA.4/5
(as OD) and D) inhibition capacity of BA.4/0.5-specific Abs (as % inhibition) measured six months after the second dose and four weeks after
booster dose; OD values > 0.25 and inhibition levels of >20% were considered positive (black dashed line), inhibition levels >50% as relevant (red
dashed line). Asterisks positioned below IBD/anti-TNF-a data points represent significance of difference to controls, below IBD/integrin
antagonist datapoints difference between this group and controls. Asterisks with a band indicate significant changes over time; band in light
red - difference between controls and IBD/anti-TNF-a, in dark red - difference between controls and IBD/integrin antagonist. Abbreviations:
BAU, binding antibody units; mo, months; RBD, receptor-binding domain; RU, relative units; S1, SARS-CoV-2 Spike protein 1. ANOVA with
linear contrasts; ****p < 0.0001; **p < 0.01; *p < 0.05.
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patients, both at six months post 2nd dose and four
weeks after booster dose (Fig. 1 B, C). Cross neutrali-
zation capacity of Omicron BA.4/5-specific IgG Abs was
not detectable for both treatment groups and controls six
months after 2nd dose. While inhibition capacity could
be significantly boosted in the integrin antagonist
treated patients and the control group, no such effect
could be obtained in the anti-TNF-a treated IBD group
(Fig. 1 D). The individual trajectories for all antibody
levels are shown in Supplementary Figure S5 A-D.

Cytokines in re-stimulated PBMC and in sera

We analyzed cell mediated immune responses (IFN-y,
IL-2, IL-10, GMSCF and IL-5) before and one week as
well as six months after the 2nd dose and four weeks
post booster vaccination in Sl-re-stimulated PBMC.
IFN-y production after primary (2nd dose) and booster
vaccination was not reduced in anti-TNF-o treated IBD
patients compared to controls, while IL-2 and IL-5 levels
were significantly lower one week after 2nd dose
(Supplementary Figure S6 A, B, E). We also determined
concentrations of IFN-y, IL-2, IL-10, IL-12, IL-13, IL-17 A
and TNF-a in sera obtained before and four weeks as
well as six months after the 2nd dose, and four weeks
after booster. Results showed that in neither of the
investigated groups an increase of serum cytokines four
weeks after primary and booster vaccination was present
(Figure S7). Furthermore, some patients with elevated
baseline TNF-a and IFN-y levels in culture supernatants
(Table S2) also showed elevated cytokine concentrations
prior to vaccination in sera.

Leukocyte and lymphocyte counts

In comparison to the controls, both IBD groups had
slightly more leukocytes (mean 6.13 x 103/ul [95% CI
5.29-6.95] in controls vs. 7.28 x 103/pl [95% CI
6.25-8.31] in anti-TNF-a treated and 7.67 x 103/ul [95%
CI 5.94-9.42] in o4p7-integrin treated) and lower per-
centages of lymphocytes (32.1% [95% CI 28.9-35.3] in
controls vs. 28.5% [95% CI 22.4-34.7] in anti-TNF-«
treated and 28.7% [95% CI 24.4-33.0] in a4f7-integrin
treated). This resulted in similar absolute numbers of
lymphocytes in the three groups (1.94 x 103/pl [95% CI
1.70-2.19] in controls vs. 2.04 x 103/ul [95% CI 1.60 to
2.48] in anti-TNF-a treated and 2.18 x 103/ul [95% CI
1.59-2.76] in a4f7-integrin treated) (Figure S8.1 A-C).

Flow cytometric lymphocyte analyses

In order to investigate whether IBD treatment with
different biological immuno-modulators influenced the
base-line distributions of lymphocyte subsets, we
analyzed PBMC samples obtained pre-vaccination by
flow-cytometry.

CD19+ B cells and CD3+ T cells

Flow-cytometric characterization of lymphocytes showed
that mean levels of CD19+ B cells and CD3+ T cells as

www.thelancet.com Vol 96 October, 2023

percentages of total lymphocytes and absolute numbers
(n/pl) were normal. The relative percentage of CD19+ B
cells was significantly reduced in the IBD_TNF-a group
and but not absolute numbers (Figure S8.2 A, B). Four B
cell subsets were distinguished: IgD+/CD27- naive B
cells, IgD+/CD27+ un-switched B memory cells, IgD—/
CD27+ switched B memory cells, and a double-negative
population, consisting of B memory and Ab secreting
cell (APC) precursors lacking CD27 expression.”
Respective analysis showed by trend reduced absolute
naive B cells (0.98 x 103/pl [95% CI 0.68-1.28]) in the
IBD_TNF-a group compared to controls (1.28 x 103/pl
[95% CI 1.02-1.54]) and a similar pattern for un-switched
B cells (IBD TNF-a group 0.21 x 103/pl [95% CI
0.15-0.26] vs. controls 0.32 x 103/pl [95% CI 0.21-0.44]).
(Figure S9 A, B, E, and F). Of note, we also observed
significantly more plasmablasts (PB) (CD19+/CD27++/
CD38"8" as % of B cells at base line in this group
compared to controls and to o4f7-integrin antagonist
treated IBD patients (Figure S8.2C and D).

CD3+ T cells as percentages of lymphocytes were
significantly increased in IBD_TNF-a group compared
to controls, yet not in absolute numbers (Figure S8.2E
and F). The CD4+ and CD8+ T cell subsets did not
differ significantly between IBD groups and controls,
but NK-T cells were significantly increased as % and
absolute numbers in the IBD_TNF-a group compared to
a4p7-integrin antagonist treated patients (Figure S8.2 I
and J). Four memory subsets of CD4+ and CD8+ T
cells were quantified based on their CD45RA and
CCR?7 expression: naive T cells, lymph node homing
central memory T cells, peripheral tissue homing
effector memory T cells, and CD45RA re-expressing
effector memory T cells.?”? IBD patients receiving
a4p7-integrin antagonists had significantly more naive T
cells as relative % of CD4 T cells compared to controls
(Figure S8.2 G and H). Naive and memory compart-
ments of CD8 T cells did not differ significantly between
the groups (data not shown).

Multivariate analysis of respective B and T cell sub-
sets (in absolute numbers) discriminated between con-
trols and IBD patients, and further between anti-TNF-a
and o4f7-integrin antagonist treatment in these patients
(Figure S10).

Distributions, shifts and activation status of T follicular
helper cell subsets

We quantified circulating T follicular helper cells (cTth)
as percent of CD4+ T cells in IBD patients and controls
by expression of CXCR5. No differences in cTth cells
before and one week after the 2nd vaccine dose were
observed between 16 IBD patients, ([n = 12] with anti-
TNF o treatment and [n = 4] with integrin antagonists)
and 10 controls ([n = 6] high- and [n = 4] low-responder
controls. A significant decrease of total cTth cells was
only observed in controls, which we further investigated
in the subgroup analysis (Fig. 2A). Similar to classical T
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Fig. 2: Quantification of circulating T follicular helper (cTfh) cells, cTfh1 and cTfh2 subset, and post/pre ratios of cTfh1 and cTfh2. PBMC
were stained with fluorochrome-labeled mAbs and analyzed on a BD FACS Canto Il flow cytometer. Quantification of A) cTfh (CD3+/CD4+/
CD45RA-/CXCR5+) in 16 IBD patients (of these [n = 12] with anti-TNF « treatment and [n = 4] receiving integrin antagonists) and 10 controls
(of these [n = 6] high responders and [n = 4] low responders before (pre) and one week after 2nd dose as % of total CD4+ T cells; B) cTfh1 and
C) cTfh2 cells as % of total cTth before (pre) and one week after 2nd dose; D) Ratios (% post 2nd/% pre vaccination) of cTfh1 and cTfh2 subsets
shown in low-responder IBD patients with anti-TNF a treatment (n = 12) and low-responder controls (n = 4) as well as high-responders IBD
patients treated with integrin antagonists (n = 4) and high-responder controls (n = 6), black line is arithmetic mean; and E) Ratios of cTfh1 and
cTfh2 subsets combined in low-responders and high-responders of all groups, black line is arithmetic mean. ANOVA with linear contrasts;

*p < 0.05.

helper cells, cTth cells can be divided into cTth1, cTth2,
and cTth17 subsets according to expression of the che-
mokine receptors CXCR3 and CCR6 (Figure S3). Gen-
eration of CXCR3+ cTth1 cells is reported in response to
viral infections,”* while cTth2 and cTth17 cells are
associated with human auto-immune diseases.” Subset
analysis indicated increased cTfhl cells in IBD patients
(p = 0.058, ANOVA with linear contrasts) and controls
(p < 0.05, ANOVA with linear contrasts) one week post
2nd compared to pre-vaccination. This resulted in
significantly more cTfhl cells in the control vs. IBD
group after vaccination (Fig. 2B). When grouping IBD
patients into integrin antagonist-treated high re-
sponders and anti-TNF-a treated low responders,
integrin antagonist-treated IBD high responders showed
increased cTfh1 subsets after vaccination (post/pre ratio
>1) which was not the case in anti-TNF treated IBD low

responders. In control high responders cTth1 cells were
increased non-significantly, while decrease of the Tfh2
subset (post/pre ratio <1) was significant (Fig. 2D).
Fig. 2E summarizes that high- and low-responder vac-
cinees differed with regard to their cTthl and cTth2
ratios.

Quantification of activated cTfhl and cTfth2 cells
(PD-1++/ICOS+)*” showed that high responder vacci-
nees (integrin antagonist-treated IBD patients and high
responder controls) had more activated cTfhl and also
Tth2 cells after primary vaccination than low responders
(anti-TNF-a treated IBD patients and low-responder
controls) (Fig. 3A). After booster vaccination no differ-
ences in numbers of activated c¢Tfhl and cTth2 cells
(Figure S11) and in cTthl and cTth2 ratios between
high and low responders were observed (data not
shown).
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Fig. 3: Quantification of activated cTfh1 and cTfh2 cells and correlation with S1-specific IgG Abs and S-specific B memory cells. A)
Quantification of activated cTfh1 and cTfh2 (as % of total cTfh1 and cTfh2 cells) pre and post primary vaccination in 8 high-responders (squares)
(of these [n = 3] IBD patients with integrin antagonists and [n = 5] high-responder controls) and 13 low-responders (circles) (of these [n = 9]
IBD patients with anti-TNF « treatment and [n = 4] low responder controls), the shown percentages are [% activation post 2nd dose] minus [%
activation pre vaccination], black line is arithmetic mean. Correlation of activated cTfh1 cells present after primary vaccination with B) hu-1 S1-
specific IgG Ab levels after primary vaccination and C) after booster vaccination; with D) percentages of S-specific B memory cells after primary
vaccination and E) after booster vaccination. Spearman rank correlation coefficients (rs) with p-values obtained by bootstrapping; ***p < 0.001,

**p < 0.01, *p < 0.05.

SARS-CoV-2 spike (S) protein-specific memory B cells

High responder controls (n = 4) with hu-1 S1-specific IgG
>4000 BAU/mL one month after 2nd dose and high Ab
levels after six months (>1100 BAU/mL) formed high
numbers of S-specific B memory cells one week after the
2nd dose. These S-specific B memory cells remained
stable or further expanded until six months post 2nd dose
and further increased after booster vaccination. These
high-responders showed a normal pattern of PB induc-
tion, i. e. low frequencies of PB pre-vaccination and in-
crease of PB one week after primary vaccination (Fig. 4A).
In contrast, anti-TNF-a treated IBD low-responders
(n = 4; Ab levels <2000 BAU/mL after 2nd dose which
declined <90 BAU/mL after six months) established low
numbers of S-specific B memory cells, which were not
maintained until six months after 2nd dose and hardly
expanded upon booster. In parallel, increased total PB
populations were present before vaccination. This kinetic
was most prominent in association with elevated IFN-
y/TNF-a baselines (Fig. 4 B) and not so clearly seen in
anti-TNF-a treated IBD low-responders without inflam-
matory cytokines (n = 9, Figure S12A). Levels of S1-
specific IgG Abs and S-specific B memory cells in
a4p7-integrin antagonist treated IBD high responders
(n = 4) were comparable to controls (Figure S12B). In
accordance, the percentages of S-specific B memory cells
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in all analyzed subjects were positively correlated with
SARS-CoV-2 S1-specific Ab levels at all time points (four
weeks and six months post 2nd and four weeks post
booster), (Figure S13 A-C).

Correlations between cTfh, S1-specific Abs and B
memory cells
The numbers of activated cTfh1 cells present after pri-
mary vaccination correlated with hu-1 S1-specific Ab
levels after primary and after booster vaccination (Fig. 3
B, C); the correlation with presence of S-specific B
memory cells was highly significant after booster but
not after primary vaccination. (Fig. 3 D, E).
Furthermore, we correlated the ratios of cTthl and
cTth2 cells (percentages post/pre vaccination) with S-
specific memory B cells and hu-1 S1-specific IgG levels
after primary and booster vaccination. This indicated
that the increase of cTfhl cells correlated significantly
with S-specific memory B cells after primary (p = 0.01)
but less after booster vaccination (p = 0.06, Spearman
rank correlation). Circulating Tth2 ratios showed nega-
tive correlations though not statistically significant
(Fig. 5A-D). Similar associations were observed be-
tween hu-1 Sl1-specific IgG AD levels and cTthl and
cTth2 ratios, yet statistically significant only between
cTth2 decrease and Abs post booster (Fig. SE-H).


www.thelancet.com/digital-health

Articles

10

A Controls - high responders
12500- - S1-1gG (BAU/MI)
10 -~ S - B memory
10000+ o * =+ PB
_ W
£ 75004 3
5 -6 ©
3
< =
@ 5000 PR
o
2500 l, @
0 . T T 0
<
& '»°6 q.“b P
o o &
QO (s} \‘0
o < 4
N o ()
o & o
N
hq\
B
IBD (TNFa) - low responders
125004 o - S1-1gG (BAU/MI)
100004 s = S-Bmemory
E 7500 E
2 3
m 5000 4 a2
o
25004 , ©
0 ;/I\: .I 0
< > <
¢ "15\ q,(‘b ota‘o
&2 oc;' «©
A < &
N (] (o)
& & d
Ng &
1Y

Fig. 4: Kinetics of S1-specific IgG, S-specific memory B cells and plasmablasts in high- and low-responder vaccinees. Kinetic of S1-specific
IgG (green line, in BAU/mL), S protein-specific memory B cells (as % of total B memory cells, red line) and plasmablasts (PB; as % of total CD19+
B cells, black line) determined at four time points: pre-vaccination, either one week (S-specific B memory, PB) or four weeks (S1-specific IgG)
post 2nd dose, six months post 2nd dose and four weeks post booster vaccination; A) in control high-responders (n = 4; S1-specific IgG >4000
BAU/mL 4 wks after 2nd dose and >1100 BAU/mL after 6 months), and B) in anti-TNF-a treated IBD low-responders with elevated IFN-y/TNF-a
baseline levels (n = 4; S1-specific lgG <2000 BAU/mL after 2nd dose and <90 BAU/mL after six months). Data points represent arithmetic mean

with SEM.

Correlation of Ab decline with the demographic
parameters age and BMI

In order to assess the relative influence of demographic
parameters on the decline of vaccine-induced Abs, we
investigated whether the decline rates of SARS-CoV-2
hu-1 S1-specific IgG (BAU/mL) between four weeks
and six months after the 2nd dose correlated with age
and body mass index (BMI) of the subjects. This was
done with data from the entire cohorts of IBD patients
(n = 130) and controls (n = 66) that were recruited
for our study on SARS-CoV-2 vaccine responses in
immune-compromised patients.! Spearman rank corre-
lations showed that the ADb decline correlated

significantly with BMI (r = -0.374, p = 0.003) and by
trend also with age (r = —0.213, p = 0.09) in healthy
controls, but not in the IBD patients (Fig. 6A-D).

Discussion

Patients undergoing immunosuppressive treatment
represent a risk group for developing severe COVID-19
disease and were therefore prioritized in SARS-CoV-2
vaccination campaigns. In order to monitor vaccine-
responsiveness in such cohorts we recruited a total of
263 immunocompromised patients, of these 130
with IBD. The majority of IBD patients (54%) received
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anti-TNF-a treatment, and of those treated with other or
non-biologicals, the largest group (17%) were patients
receiving a4p7-integrin antagonists. The data obtained
in that study show that humoral (Ab) non/low-
responsiveness to SARS-CoV-2 vaccination in IBD pa-
tients occurred in association with anti-TNF-a but not
a4p7-integrin-antagonist treatment.! Our goal of the
current study was to identify potential alterations in
immune cell distributions in the respective treatment
cohorts and to elucidate immunologic processes and
mechanisms that contributed to the observed differ-
ences in magnitude and persistence of vaccine-induced
humoral responses.

IBD patients receiving anti-TNF-a blockers respon-
ded with a lower magnitude and faster waning of SARS-
CoV-2 Abs against both Wuhan and Omicron variants
after primary vaccination. Booster vaccination could not
restore antibody levels as well as inhibition capacity to
the responses in healthy controls and integrin-
antagonist treated IBD patients. These observations
were associated with reduced B cells but expanded
plasmablast populations at baseline.

The diminished Ab production in anti-TNF-a
treated IBD vaccinees might be associated with their
limited total and naive B cell pool. Reduced circulating
CD19+ B cells and un-switched B memory cells in
TNF-a treated IBD patients are also described by
others® and both, the crucial role of TNF-a in
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formation of proper lymphoid organ structure” and its
function in B cell activation and proliferation might be
causative.’® Furthermore, we hypothesized that lack of
expansion of cTfhl cells after primary vaccination in
low responders might be impairing Ab production.
Indeed, we here show the importance of activated
cTthl cells for induction of long-term humoral re-
sponses, because particularly these cells strongly
correlated with antibodies and memory B cells after
booster. Similarly, also others described that expansion
of cTthl cells correlated with the magnitude of the
induced antibody response after yellow fever and
influenza vaccination®** and HCV and SARS-CoV-2
infection.”””* In addition, data from studies with
HIN1 influenza vaccination show that high respon-
siveness is associated with cTth activation in healthy
controls and HIV patients.*

Despite the faster waning of antibody responses in
anti-TNF treated patients, cytokine/IFN-y production by
S1 stimulated PBMC was comparable to healthy con-
trols as also described by others.***® Vaccine-specific
cellular responses - particularly Thl cytokines - may
prevent severe COVID-19 disease even in the absence/
lack of specific antibodies. This is supported by the fact
that in case of breakthrough infections (with Omicron
variants) only mild disease without increased rates of
hospitalization occurred in our cohorts (data not shown)
as well as in other studies.”’**

11
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Regarding the function of TNF-a in humoral im-
mune responses, previous murine research shows that
TNF-a and its receptor are required for the formation of
primary B cell follicles, follicular dendritic cell networks
and germinal centers (GC),”* and a similar phenotype
and reduced B memory cells are shown in rheumatoid
arthritis patients with anti-TNF-o therapy.” However,
more recent preclinical models show that actually
increased TNF-a levels contribute to GC B cell sup-
pression during intracellular bacterial infection and
that TNF-a and IFN-y limit GC responses in malaria
infection by inhibiting Tfh cell differentiation.*
Furthermore, patients who succumbed to severe
COVID-19 infection show high TNF-a production and
loss of Bcl-6-expressing Tth cells and GCs in post-
mortem LN analyses.*>*

By definition, mAbs targeting TNF-a bind to mem-
brane bound TNF-a on macrophages and disrupt the
costimulatory interaction with TNFR2 on mucosal T
cells, leading to T cell apoptosis, while migration of the
different proinflammatory cell subsets remains unim-
paired in this treatment collective.* Accordingly in our
study we observed increased base-line/systemic IFN-y

levels in several patients receiving TNF-a blockers.
Interestingly, TNF-a baselines were also elevated, indi-
cating that, notwithstanding the treatment, TNF-a levels
fluctuated probably because of drug pharmacokinetics
or drug resistance and treatment failures.* We suggest
that the increased inflammatory cytokine levels in IBD
patients treated with anti-TNF-a blockers led to mostly
extrafollicular (EF) vaccine responses by limiting cTth
cell entry to GC, and in consequence to impaired GC
formation, lack of long-lived S-specific B memory and
plasma cells and diminished B memory cell diversifi-
cation. The expanded plasmablast populations prior to
vaccination might furthermore suggest that EF immune
responses to other antigens were continuously ongoing
in these patients. In addition, we detected expanded NK-
T cell populations in TNF-« treated IBD patients, which
might also have contributed to the elevated IFN-y
baselines, as it was shown that Type I NK-T cells in-
crease IFN-y production upon contact with activated
macrophages.*’

IBD patients treated with a4f7-integrin antagonists
exhibited expanded naive CD4 T cell populations.
Treatment targeting a4f37-integrin by definition reduces
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the circulation of inflammatory innate and CD4 Thl
effector cells in peripheral blood and tissues, and
accordingly no elevated base lines of inflammatory cy-
tokines were measured. Expanded naive T cells and
normal B cell populations prior to vaccination might
have allowed for sufficient T and B cell priming,
adequate type 1 cTfh cell activation and differentiation
and subsequent follicular GC responses with formation
of long-lived B memory and plasma cells in these pa-
tients, similar to healthy controls.

Our data clearly demonstrate that vaccine respon-
siveness in IBD patients depends on the type of anti-
inflammatory treatment and that respective sub-analysis
is essential. Along these lines, a previous study-not
stratifying according to treatment-described that recep-
tor binding domain—specific B memory cells were
generated at similar rates in controls and IBD patients.*
Another recent study also did not show any difference
between anti-TNF-o and o4p7-integrin antagonist treat-
ment, in all likelihood because SARS-CoV-2-specific B
memory cells were quantified only in the switched
(CD19+/IgD-/CD27+) B memory compartment and
maintenance of B memory cells up to six months was not
investigated.* In contrast to these studies, we succeeded
to show by treatment-subgroup analysis that activation of
cTthl cells after primary vaccination strongly correlated
with formation of B memory cells and S1 specific anti-
body levels, indicating the critical role of activated cTfh1
cells for establishment of long-term humoral immunity
and breadth of memory B cell clones.

Additionally, we also observed that the decline rate of
SARS-CoV-2-specific IgG correlated with BMI and age
in healthy controls, indicating that baseline inflamma-
tion due to obesity (associated with metabolic processes)
or age (inflammaging) in otherwise healthy individuals
was associated with faster Ab decline, a finding also
observed in our previous work with such cohorts.***! We
suggest that the here described pathway responsible for
faster antibody waning may also account for other
pro-inflammatory situations, including obesity and
increased age.

The observed decline of memory B cells and anti-
body levels in anti-TNF treated patients suggest a need
for repeated booster vaccinations. However, their T cell
responses with particular regard to IFN-y production
comparable to healthy controls indicate that protection
against severe disease might be established even in the
absence of antibody production. A limitation of the
study is the rather small sample size; however, the clear-
cut results seem representative for the selected groups.

Thus, our results have implications for patient-
tailored vaccines/vaccination schedules in anti-TNF
treated patients, irrespective of their underlying disease.
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