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Abstract

Background: Homologous and heterologous SARS-CoV-2 vaccinations yield different
spike protein-directed humoral and cellular immune responses. This study aimed to
explore their currently unknown interdependencies.

Methods: COV-ADAPT is a prospective, observational cohort study of 417 healthcare
workers who received vaccination with homologous ChAdOx1 nCoV-19, homologous
BNT162b2 or with heterologous ChAdOx1 nCoV-19/BNT162b2. We assessed hu-
moral (anti-spike-RBD-1gG, neutralizing antibodies, and avidity) and cellular (spike-
induced T-cell interferon-y release) immune responses in blood samples up to 2 weeks
before (T1) and 2-12 weeks following secondary immunization (T2).

Results: Initial vaccination with ChAdOx1 nCoV-19 resulted in lower anti-spike-
RBD-IgG compared with BNT162b2 (70 + 114 vs. 226 + 279 BAU/ml, p < .01) at
T1. Booster vaccination with BNT162b2 proved superior to ChAdOx1 nCoV-19 at
T2 (anti-spike-RBD-IgG: ChAdOx1 nCoV-19/BNT162b2 2387 + 1627 and homolo-
gous BNT162b2 3202 + 2184 vs. homologous ChAdOx1 nCoV-19 413 + 461 BAU/
ml, both p < .001; spike-induced T-cell interferon-y release: ChAdOx1 nCoV-19/
BNT162b2 5069 + 6733 and homologous BNT162b2 4880 + 7570 vs. homologous
ChAdOx1 nCoV-19 1152 + 2243 mlU/ml, both p < .001). No significant differences
were detected between BNT162b2-boostered groups at T2. For ChAdOx1 nCoV-19,
no booster effect on T-cell activation could be observed. We found associations be-
tween anti-spike-RBD-1gG levels (ChAdOx1 nCoV-19/BNT162b2 and homologous
BNT162b2) and T-cell responses (homologous ChAdOx1 nCoV-19 and ChAdOx1
nCoV-19/BNT162b2) from T1 to T2. Additionally, anti-spike-RBD-IgG and T-cell

Abbreviations: COVID-19, coronavirus disease 2019; IFN, interferon; RBD, receptor binding domain; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; T, time point.
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response were linked at both time points (all groups combined). All regimes yielded
neutralizing antibodies and increased antibody avidity at T2.

Conclusions: Interdependencies between humoral and cellular immune responses dif-
fer between common SARS-CoV-2 vaccination regimes. T-cell activation is unlikely to

compensate for poor humoral responses.

BNT162b2, ChAdOx1 nCoV-19, immune response, SARS-CoV-2, vaccination
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GRAPHICAL ABSTRACT

Booster with BNT162b2 elicits strong humoral and cellular immune responses independent of the prime vaccination, whereas ChAdOx1
nCoV-19 booster does not further enhance the cellular response. Levels of humoral and cellular immune responses following COVID-19
vaccinations are related and interdependencies between them differ amongst vaccination regimes. Poor humoral immune responses are

unlikely to be compensated by strong cellular activation.

1 INTRODUCTION

|
COVID-19 caused by SARS-CoV-2 was declared a pandemic disease
by the WHO in March 2020 and has since resulted in more than five
million casualties worldwide.!™® SARS-CoV-2 enters macrophages,
type Il pneumocytes, pericytes, and muscle cells by utilizing the
angiotensin-converting enzyme 2.°> As a reaction, innate and ac-
quired immune responses are mounted, including the production of
antibodies and specific T-cells.®™?

While SARS-CoV-2 expresses four major structural proteins
(spike, membrane, envelope, and nucleocapsid proteins), vaccine
production has focused on the spike protein because of its immu-
nogenicity and its importance for the induction of neutralizing anti-
bodies.1°*2 Current EMA (European Medicines Agency)-authorized
vaccines have all been shown to induce significant levels of anti-
bodies against the spike protein and to provide efficient protection
against the virus. 137

Overall, levels of anti-spike-RBD (receptor-binding domain)-
IgG and neutralizing antibodies (which correlate strongly) appear

to be good measures of vaccine efficacy.'®2! Recent publications
report a vaccine efficiency of 80% against infections with the Alpha
variant (B.1.1.7), with anti-spike-RBD-IgG titers of 506 BAU/ml or
90% efficacy for titers above 775 BAU/mI.2>2?2 Similar studies for
the Delta (B.1.617.2) or Omicron (B.1.1.529) variants are expected
to be published very soon.?® It must be assumed that higher anti-
body titers are necessary to prevent infections. Additionally, recent
research has shown declining antibody titers and waning vaccine
efficacy over time.*”?42% T-cells may also contribute considerably to
protective immunity against SARS-CoV-2,2¢ although little is known
about the relative importance of T-cells in preventing SARS-CoV-2
infections.

Due to cases of cerebral venous thrombosis following ChAdOx1
nCoV-19 (AstraZeneca) vaccinations particularly in younger indi-
viduals, immunizations with ChAdOx1 nCoV-19 were discontinued
in younger people in many European countries. As a consequence,
heterologous ChAdOx1 nCoV-19/BNT162b2 (Comirnaty, BioNTech)
vaccination was proposed. At that time, there was a lack of data on

immunogenicity and safety of this combination.?”~%?
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FIGURE 1 Diagram of participant recruitment and study procedure. Dashed lines indicate excluded groups. *The term “COVID-19
history” refers to PCR-confirmed SARS-CoV-2 infection. **Immunosuppression: adalimumab (n = 1), ropeginterferon alfa-2b (n = 1), and

apremilast (n = 1). ChAdOx1=ChAdOx1 nCoV-19

In the meantime, research has shown that heterologous immuni-
zation with ChAdOx1 nCoV-19/BNT162b2 is safe and at least equally
effective to the homologous BNT162b2 regimen.®°3> Nevertheless,
cellular immune responses (e.g., spike protein-directed T-cell re-
sponses) and individual titer developments (e.g., I1gG titers against
the spike protein) and particularly the relationship between these
two branches have not been assessed in larger cohorts.

We are still in the process of determining optimal dosing inter-
vals and combinations of the currently available vaccines. The goal
of this study was to determine and correlate humoral and cellular
immune responses against the spike protein following heterologous
ChAdOx1 nCoV-19/BNT162b2 vaccination and compare them with
homologous ChAdOx1 nCoV-19 or homologous BNT162b2 reg-
imens, respectively. These findings will help to develop optimized

protocols for population-based vaccination programs.

2 | MATERIALS AND METHODS

2.1 | Cohort

The prospective, observational COV-ADAPT cohort study was
conducted at the University Medical Center Gottingen, Germany
(UMG). Employees and affiliates of the UMG between 18 and
75 years who received routine first (prime) and second (booster)

vaccination against COVID-19 at the UMG vaccination center were
eligible for inclusion in the study unless they were currently af-
flicted with COVID-19 or were in domestic quarantine. The study
was approved by the UMG ethics committee (21/5/21). Study design
and study implementation were performed in accordance with the
guidelines of Good Clinical Practice (ICH 1996) and the Declaration
of Helsinki. The study was registered with the German Clinical Trials
Register (DRKS00026029).

Participants received boosters with EMA-authorized vaccines
between 14 May, 2021, and 14 July, 2021. The UMG vaccination
center distributed vaccines in accordance with the recommenda-
tions of the German standing committee on vaccinations (STIKO)
and depending on the availability of the vaccines. Prior to the study
inclusion, participants had either had received an initial dose of
BNT162b2 (Comirnaty, BioNTech) or ChAdOx1 nCoV-19 (Vaxzevria,
AstraZeneca), or had had COVID-19.

After written informed consent was obtained, blood samples
were collected. We assessed vaccination regime, age, sex, previ-
ous COVID-19, medications, and comorbid diseases by question-
naire. Study subjects were labelled “post COVID-19,” if they had
had a PCR-confirmed SARS-CoV-2 infection. All other indications
of a prior SARS-CoV-2 infection were summarized as “COVID-19
contact”.

We registered and excluded all cases with immunosuppres-
sive medication as well as those whose medication frequently has
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immunologically relevant side effects (Figure 1). We did not exclude
subjects whose concomitant diseases were expected to have no or
at most moderate influence on the outcome of vaccination such as
well-controlled diabetes mellitus, cardiovascular disease, asthma,
or allergies. No study participant reported comorbid diseases,
which would be expected to strongly influence the immune system.
Two subjects that had received a ChAdOx1 nCoV-19/mRNA-1273
(Moderna) combination were excluded from further analysis as this

group was too small.

2.2 | Measurement of humoral and cellular
immune responses

Blood samples were collected at the UMG up to 2 weeks before (T1)
and 2 weeks to 3 months following booster immunization (T2).
The following analyses were performed:

1. 1gG antibodies directed against the receptor binding domain
of the spike protein (anti-spike-RBD-1gG) via the SARS-CoV-
2-1gG-Il-Quant assay on the Architect i2000SR (Abbott
Laboratories).

2. Anti-nucleocapsid-lgGs (NCP) to detect previous SARS-CoV-2 in-
fection using the anti-SARS-CoV-2-NCP-ELISA (IgG) (Euroimmun)
on the DSX Automated ELISA System (Thermo Labsystems).

3. Neutralizing antibodies (nABs) against SARS-CoV-2 through the
DIA-SARS-CoV-2-nAb assay (DiaProph, Kiev, Ukraine; distributed
by AlphaScience GmbH) on the DSX Automated ELISA System
(Thermo Labsystems).

4. Antibody avidity via the DIA-SARS-CoV-2-S-IgG-av avidity
assay (DiaProph) on the DSX Automated ELISA System (Thermo
Labsystems).

5. The cellular immune response using the SARS-CoV-2-spike-
specific-IFN-y-release assay (IGRA) (Euroimmun) on the DSX
Automated ELISA System (Thermo Labsystems).

2.3 | Statistics

Statistical analyses were performed by the Scientific Core Facility
for medical biometry and statistical bioinformatics (MBSB) of the
UMG using the statistics software R. The significance levels were
set to alpha = 5% for all statistical tests.

For further details, please see the Appendix S1.

3 | RESULTS

3.1 | COV-ADAPT Study Design

From 14 May, 2021, to 14 July, 2021, we recruited 417 participants
between the ages of 18 and 65 years for a first blood sampling (T1)
up to 2 weeks prior to their receiving a routine COVID-19 booster

vaccination at the UMG vaccination center (Figure 1). Participant
characteristics are summarized in Table 1. Of the 398 eligible study
participants, 326 had received ChAdOx1 nCoV-19 as their prime
vaccination and 72 BNT162b2.

A second blood sample was taken 2 weeks to 3 months after
booster vaccination (T2). At T2, 382 of the 398 eligible study par-
ticipants could be allocated to groups according to their vaccina-
tion regimes: homologous ChAdOx1 nCoV-19 (nh = 27), ChAdOx1
nCoV-19/BNT162b2 (n = 287), and homologous BNT162b2
(n = 68), the others were lost to follow-up (Figure 1, Table S1).
Subjects with homologous ChAdOx1 nCoV-19 vaccinations were
older on average than subjects with a BNT162b2 booster (see
Table 1). We accounted for inhomogeneity by controlling for age

and sex.

3.2 | Strong primary immune response with mRNA
vaccination (BNT162b2) and high anti-spike-RBD-IgG
titers after booster with BNT162b2, independent of
prime vaccination

We analyzed titers of 1gG against the spike-RBD at T1 (Figure 2A)
and found that individuals who had received BNT162b2 as their
prime vaccination had achieved significantly higher titers, with an
average of 226 + 279 BAU/ml (mean + standard deviation [SD]),
as compared with ChAdOx1 nCoV-19 (70 + 114 BAU/ml). Samples
at T2 showed that booster vaccinations significantly increased the
levels of anti-spike-RBD-IgG for all included vaccine combinations
(Figure 2A). However, we observed a superior anti-spike-RBD-1gG
response for subjects with a BNT162b2 booster regardless of the
initial vaccine, as compared with homologous ChAdOx1 nCoV-19
vaccination (Figure 2A, blue triangles). Among those with BNT162b2
booster (i.e., ChAdOx1 nCoV-19/BNT162b2 and homologous
BNT162b2 groups), no significant difference in anti-spike-RBD-1gG
could be found at T2. Of note, anti-spike-RBD-IgG titers in individu-
als with a BNT162b2 booster vaccination exceeded the geometric
mean of the homologous ChAdOx1 nCoV-19 vaccinated subjects in
all participants but one (Figure 2B).

Regression analysis, corrected for age, sex, and elapsed time be-
tween the 2" vaccination and T2 (Figure 2C), showed a strong pos-
itive association between anti-spike-RBD-IgG titers at T1 and T2 in
the ChAdOx1 nCoV-19/BNT162b2 group (b = 0.38, Cl = [0.31;0.45],
p < .001) and a weaker association in the homologous BNT162b2
group (b = 0.11, Cl = [0.01;0.21], p = .039). Subjects with higher ti-
ters after prime vaccination achieved higher titers following booster
vaccination. For the homologous ChAdOx1 nCoV-19 group, a sim-
ilar tendency was found but did not reach statistical significance
(b =0.42, Cl =[-0.06;0.90], p = .085).

We further analyzed whether age (Figure S1A), time be-
tween booster and T2 (Figure S1C), or sex (Figure S2) impacted
on the humoral response. We found that anti-spike-RBD-IgG ti-
ters showed a trend toward lower titers at higher ages only in
the groups with a BNT162b2 booster (Figure S1A), but not in the
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TABLE 1 Patient characteristics and
immune responses following different

P t
SARS-CoV-2 vaccination regimes arameter

n
Age [years]
Mean + SD
Sex
Male
Female
Unknown
1gG T1 [BAU/ml]
Mean + SD
TCT1 [mIU/ml]
Mean + SD
1gG T2 [BAU/ml]
Mean + SD
Missing
TC T2 [mIU/ml]
Mean + SD
Missing
Avidity T1
Negative
Low
High
Missing
Avidity T2
High
Missing
Neutralization T1
Negative
Positive
Missing
Neutralization T2
Negative
Positive

Missing

2 wiLey-L

ChAdOx1 ChAdOx1 BNT162b2
Total ChAdOx1 BNT162b2 BNT162b2
399 27 287 68
35+13 57+8 34 +13 309
100 (25.1%) 4(14.8%) 68 (23.7%) 19 (27.9%)
297 (74.4%) 23(85.2%) 218 (76.0%) 48 (70.6%)
2(0.5%) 0(0.0%) 1(0.3%) 1(1.5%)
94 + 140 555 4e 572 72 +119 201 + 194
791 + 1803 1152 + 2243 669 + 1578 1240 + 2509
2370 + 1787 413 + 461 2387 + 1627 3202 + 2184
32 0 8 10
4747 + 6677 1680 + 1854 5069 + 6733 4880 + 7570
35 0 11 10
45 (11.3%) 7 (25.9%) 26 (9.1%) 11 (16.2%)
184 (46.2%) 12 (44.4%) 118 (41.3%) 48 (70.6%)
169 (42.5%) 8(29.6%) 142 (49.7%) 9 (13.2%)
1 0 1 0
366 (100.0%) 27 (100.0%) 276 (100.0%) 60 (100.0%)
33 0 11 8
41 (10.3%) 5(18.5%) 25 (8.7%) 8(11.8%)

357 (89.7%) 22 (81.5%) 261 (91.3%) 60 (88.2%)
1 0 1 0

37 (10.1%) 0(0.0%) 31(11.2%) 6 (10.0%)
329 (89.9%) 27 (100.0%) 245 (88.8%) 54 (90.0%)
33 0 11 8

Note: Patient characteristics and measurements of immune responses up to 2 weeks before (T1)
and 2 weeks to 3 months following booster vaccination (T2) according to vaccination regimes.
“Total” refers to 417 recruited patients minus 8 subjects with previously proven COVID-19, 7
subjects with detectable positive or border-line anti-NCP IgG antibody titers despite anamnestic

negative COVID-19-history and 3 subjects with immunosuppressive drug intake.

Abbreviations: ChAdOx1, ChAdOx1 nCoV-19; IgG, anti-spike-RBD-1gG; TC, spike-directed IFN-y

T-cell release.

homologous ChAdOx1 nCoV-19 group. Sex did not have a signif-
icant influence (Figure S2). Furthermore, the magnitude of anti-
spike-RBD-IgG titers differed between the booster vaccination
and T2 (Figure S1C), while the response tended to increase with
elapsed time in the homologous ChAdOx1 nCoV-19 group (albeit
not significantly), titers declined in both groups that had received
the BNT162b2 booster (significant in the ChAdOx1 nCoV-19/
BNT162b2 group).

3.3 | Robust spike-directed T-cell response
following mRNA (BNT162b2) booster but not
following homologous ChAdOx1 nCoV-19 vaccination

Next, we measured the spike-directed IFN-y T cell response in our
study groups. There was no significant difference between indi-
viduals whose prime vaccination was with either ChAdOx1 nCoV-
19 or BNT162b2 at T1, with averages of 707 + 1631 mIU/ml and
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FIGURE 2 Anti-spike-RBD-IgG titers up to 2 weeks before (T1) and 2 weeks to 3 months following booster vaccination (T2) according
to vaccination regimes. (A) Anti-spike-RBD-IgG (IgG) [BAU/ml] at both time points by vaccination regime. Significance asterisks indicate
results from contrast tests within a linear mixed effect model for log(lgG) with vaccination regime and time and their interaction as
predictors, adjusted for age and sex. The p values are adjusted for multiple testing using Holm's procedure. ***p < .001; **p < .01; *p < .05.
(B) Distribution (as histograms) of anti-spike-RBD-1gG [BAU/mI] measured at T2 in the different vaccination regimes (facets). The dashed
lines show the geometric group means. (C) Regression (log,) of IgG at T2 on IgG at T1 controlling for age, sex, and time between second
vaccination and T2. B values, p values and confidence intervals (Cl) are displayed in the figures. ChAdOx1, ChAdOx1 nCoV-19

1277 + 2514 mlU/ml (Figure 3A, dots). In contrast to anti-spike-
RBD-IgG titers, the distribution was not strikingly different as me-
dians partially overlapped (Figure 3B). Remarkably, there was also
no statistically significant booster effect between T1 and T2 in sub-
jects homologously vaccinated with ChAdOx1 nCoV-19. In contrast,
booster with BNT162b2 yielded a significantly increased IFN-y T-
cell response at T2, regardless of the prime vaccination (Figure 3A,
blue triangles). Similar to the findings of the humoral response,

there was no significant difference in T-cell responses between the

ChAdOx1 nCoV-19/BNT162b2 and the homologous BNT162b2
group.

Regression analysis between T-cell responses at T1 and T2
(Figure 3C) showed significant linear associations particularly for the
homologous ChAdOx1 nCoV-19 group (b = 0.78, Cl = [0.40;1.15],
p < .001). For the ChAdOx1 nCoV-19/BNT162b2 group, there was
also a positive association (b = 0.47, Cl = [0.34;0.61], p < .001),
whereas for the homologous BNT162b2 group, no significant asso-
ciation could be detected (b = 0.14, Cl = [-0.05;0.32], p = .139).
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FIGURE 3 T-cell responses up to 2 weeks before (T1) and 2 weeks to 3 months following booster vaccination (T2) according to
vaccination regimes. (A) Spike-directed IFN-y T-cell responses (TC) [mIU/ml] at both time points by vaccination regime. Significance asterisks
indicate results from contrast tests within a linear mixed effect model for log(TC) with vaccination regime and time and their interaction

as predictors and additionally adjusted for age and sex. The p values are adjusted for multiple testing using Holm's procedure. ***p < .001;
**p <.01; *p < .05. (B) Distribution (as histograms) of spike-directed IFN-y T-cell responses [mIU/ml] measured at T2 in the different
vaccination regimes (facets). The dashed lines show the geometric group means. (C) Regression (log,) of TC at T2 on TC at T1 controlling

for age, sex, and time between second vaccination and T2. B values, p values and confidence intervals (Cl) are displayed in the figures.

ChAdOx1, ChAdOx1 nCoV-19

When examining the parameters such as age (Figure S1B), time
between booster and T2 (Figure S1D), and sex (Figure S2) with re-
spect to IFN-y T-cell response, it was weakly (not statistically sig-
nificantly) increased with age only in the homologous ChAdOx1
nCoV-19 group. Our data point toward a slight reduction in spike-
directed IFN-y T-cell activity depending on the elapsed time between
booster vaccination and T2 for the ChAdOx1 nCoV-19/BNT162b2
group. This effect could not be observed for homologous BNT162b2
or ChAdOx1 nCoV-19 vaccines (Figure S1D).

3.4 | Associations between humoral and cellular
immune responses in primary and booster vaccination

To assess the association between anti-spike-RBD-IgG titers and
spike-directed IFN-y T-cell responses (Figure 4), separate regres-
sion analyses for T1 (Figure 4A,B) and T2 (Figure 4C,D) were per-
formed. The analysis was conducted for all the study participants
combined (Figure 4A,C) as well as for the different vaccination re-

gimes (Figure 4B,D). For the study group as a whole, there was a



HOLLSTEIN ET AL.

clear positive association between anti-spike-RBD-IgG titers and
spike-directed IFN-y T-cell responses for both T1 and T2 (b = 0.21,
Cl=[0.10;0.32],p <.001 forT1and b=0.35,Cl =[0.17;0.53],p < .001
for T2). However, when considering vaccination groups separately,
significant correlations were only found at T1 in the homologous
ChAdOx1 nCoV-19 and the ChAdOx1 nCoV-19/BNT162b2 groups,

whereas no association was seen in the homologous BNT162b2
group at T1. At T2, none of the vaccine regimes yielded a significant
correlation, although in the ChAdOx1 nCoV-19/BNT162b2 group, a
trend was detectable (b = 0.26, Cl =[0.00;0.53], p = .054).

An additional analysis investigated the correlation between the
spike-directed T-cell IFN-y responses at T1 and anti-spike-RBD-1gG
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FIGURE 4 Regression of the spike-directed IFN-y T-cell responses (TC) and anti-spike-RBD-IgG (IgG) up to 2 weeks before (T1)

and 2 weeks to 3 months following booster vaccination (T2). (A) Regression (log,) at T1 controlling for age, sex, and time between first
vaccination and T1 for all study participants and (B) for the respective subgroups. (C) Regression (log,) at T2 controlling for age, sex, and time
between second vaccination and T2 in all study participants and (D) for the respective subgroups. (E) Regression (log,) of TC at T1 and IgG

at T2, controlling for age, sex, and time between second vaccination and T2 for the respective subgroups. B values, p values and confidence
intervals (Cl) are displayed in the figures. ChAdOx1, ChAdOx1 nCoV-19
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at T2 (Figure 4E). Significant correlations were found for the
ChAdOx1 nCoV-19/BNT162b2 and homologous BNT162b2 groups,
that is, good T-cell responses after T1 were associated with a good
antibody response following booster vaccination at T2 (b = 0.14,
Cl = [0.06;0.21], p < .001 for ChAdOx1 nCoV-19/BNT162b2 and
b =0.11, Cl =[0.01;0.21], p = .026 for homologous BNT162b2).

3.5 | Neutralizing antibodies and increasing
antibody avidity in all three regimens

The neutralization index (NI) as a parameter for the development
of neutralizing antibodies against SARS-CoV-2 (Figure 5A) and the
relative avidity index (RAI) (Figure 5B) was also determined for T1
and T2. Both qualitative parameters complement the quantitative
determination of the antibody titers.

In all three groups, there were measurable titers of neutral-
izing antibodies already at T1. We found a significant increase in
the NI from T1 to T2, most pronounced in both the homologous
ChAdOx1 nCoV-19 and the ChAdOx1 nCoV-19/BNT162b2 groups
(Figure 5A, Table S2). The more moderate increase in the homolo-
gous BNT162b2 group can be attributed to the already high level of
neutralization indices at T1.

Interestingly, in both BNT162b2-boostered groups, a small num-
ber of participants (31/276 for the ChAdOx1 nCoV-19/BNT162b2
group and 6/60 for the homologous BNT162b2 group) presented with
no neutralizing antibodies at T2, even though the majority of these
participants had measurable neutralizing antibodies at T1. Only three
subjects showed neither neutralizing antibodies at T1 nor at T2, all
of whom had received homologous BNT162b2. Of note, the lack of
neutralizing antibodies did not correspond to a lack of anti-spike-RBD-
1gG, as these participants did have above average anti-spike-RBD-IgG
titers when compared with their respective groups (Figure S3).

In our study, individuals who were prime vaccinated with
ChAdOx1 nCoV-19 reached a significantly higher avidity index at T1
when compared with BNT162b2 (Figure 5B, Table S3). All groups
showed a significant increase in avidity at T2. Interestingly, the
homologous BNT162b2 group also reached the lowest avidity at
T2, which was significantly lower than for both groups with prime
ChAdOx1 nCoV-19 vaccination. We thus found the ratio between
antibody titers and avidity to be different between the vaccination
schemes. The reason for this could either be that (i) ChAdOx1 nCoV-
19 yields fewer but more avid antibodies or (ii) our avidity assay is

insufficiently quantitative.

4 | DISCUSSION

COV-ADAPT is an observational cohort study providing real-
world data on heterologous vaccination with ChAdOx1 nCoV-19/
BNT162b2 compared with homologous ChAdOx1 nCoV-19 and
BNT162b2-vaccinations in a large cohort of 417 healthcare workers.
As the focus of this study was the evolution of the immune response

after prime and booster vaccination, baseline values of participants
before both vaccines were not included. We correlated immune
responses on an individual level after prime vaccination with the
responses after secondary immunization (booster) to evaluate the
predictability of the quality of the immune response. We were able
to demonstrate that humoral and cellular immune responses corre-
late with one another, suggesting that a poor humoral immune re-
sponse is unlikely to be ameliorated by a strong cellular response.

In our study, we found a superior effectiveness in regard to im-
mune stimulation for BNT162b2, either in a homologous vaccine re-
gime or as a heterologous combination with ChAdOx1 nCoV-19. This
superior effectiveness was observed both in terms of the humoral
immune response (anti-spike-RBD-IgG titers) and the cellular com-
ponent, that is, the spike-directed IFN-y T-cell responses. Our find-
ings corroborate the previous findings of comparability of the IgG
response against the spike protein in heterologous ChAdOx1 nCoV-
19/BNT162b2 regimes to homologous BNT162b2 and superiority
to homologous ChAdOx1 nCoV-19.313% Furthermore, these studies
showed a tolerable and manageable reactogenicity after heterolo-
gous immunization with ChAdOx1 nCoV-19/BNT162b2 compared
with homologous ChAdOx1 nCoV-19 and BNT162b2.30-33:35

The combination of vector- and mRNA-based vaccines was
initially thought to provide the benefits of both vaccination tech-
niques. The hope was that this combination would yield the strong
1gG responses known from mRNA vaccines as well as enhanced T-
cell responses.®® Both responses appear to play an important role
in vaccine-induced protection against SARS-CoV-2 infection, par-
ticularly in the early phase after vaccination.1?26 Specifically, CD8"
cell responses were expected to be increased through heterolo-
gous vaccination with ChAdOx1 nCoV-19/BNT162b2, as based on
animal models and pathophysiological considerations.>**” Several
studies in smaller subpopulations appeared to support this hypothe-
sis.31:82,38 However, in our large dataset, we were not able to confirm
a general superiority of the ChAdOx1 nCoV-19/BNT162b2 regime
compared with homologous BNT162b2 vaccination in terms of T-cell
stimulation. At T2, booster vaccination with BNT162b2 significantly
increased spike-directed IFN-y release of T-cells in individuals from
the ChAdOx1 nCoV-19/BNT162b2 and the homologous BNT162b2
groups, with no statistically relevant difference.

Booster vaccination with ChAdOx1 nCoV-19 had no discernible
influence on IFN-y release by T-cells, suggesting that it is ineffective
for increasing T-cell-mediated immunity. This is in line with recent
findings by Hillus et al.®> Of note, Schmidt et al.*? showed that all
three vaccination regimes (homologous ChAdOx1 nCoV-19, heter-
ologous ChAdOx1 nCoV-19/BNT162b2, homologous BNT162b2)
induced polyfunctional T-cells, which slightly differed in the induced
CD4" and CD8™" T-cell subpopulations. We did not account for dif-
ferent T-cell subpopulations and can hence not exclude subtle func-
tional advantages of a heterologous vaccination.

We found that the humoral (anti-spike-RBD-IgG) responses at
T1 and T2 were positively associated for both BNT162b2-boostered
groups, with a more pronounced effect in the ChAdOx1 nCoV-19/
BNT162b2 group. Thus, a strong or weak initial humoral response
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appears to be predictive for the development of high or low titers of
protective anti-spike-RBD-1gG at T2, respectively. The lack of statis-
tical significance in the ChAdOx1 nCoV-19 group may be attributed
to the small group size (n = 27).

Additionally, we found a strong and significant positive asso-
ciation between IFN-y release by T-cells at T1 and T2 for the ho-
mologous ChAdOx1 nCoV-19 and ChAdOx1 nCoV-19/BNT162b2
groups. Thus, participants in these two groups who started off
with a strong response also showed strong responses at T2, while
weak responses remained weak at T2. The positive association in
the homologous ChAdOx1 nCoV-19 group was not accompanied by
an increased T-cell response from T1 to T2. T-cell activity therefore
depended heavily on the reaction to the prime vaccine and could not
be further increased by the ChAdOx1 nCoV-19 booster. In contrast,
T-cell responses generally increased from T1 to T2 in the ChAdOx1
nCoV-19/BNT162b2 and homologous BNT162b2 groups, indicating
a BNT162b2-induced booster effect.

On an aggregate level, humoral and cellular responses were
found to be associated with each other at T1 and T2, respectively.
When looking at the particular vaccine regimes separately, a sig-
nificant association between these responses could only be de-
tected for homologous ChAdOx1 nCoV-19 and ChAdOx1 nCoV-19/
BNT162b2 groups at T1. The loss of significance for all vaccination
regimes at T2 could be attributed to a stronger augmentation of

anti-spike-RBD-IgG titers compared to the T-cell responses. One
may speculate that antibody titers have a higher capacity to increase
as compared to the cellular compartment of the immune system, re-
sulting in a loss of linear association.

A significant association between IFN-y responses at T1 and
anti-spike-RBD-IgG at T2 was found for the ChAdOx1 nCoV-19/
BNT162b2 and homologous BNT162b2 groups, suggesting that good
initial T cell responses correspond with good humoral responses at
T2. This is in line with the notion that functional T-helper cells and
memory T-cells are fundamental for launching a successful immune
response.39 Thus, an effective spike-directed T-cell activation at T1
leads to increased anti-spike-RBD titers at re-exposure to the antigen.

While quantitative immune responses did not differ between
males and females, subjects of higher age and male sex showed
lower avidity after prime vaccination. Avidity, a measure for the
binding strength of a multivalent bond between antigen and anti-
body,4° is often used as a parameter of the quality of an antibody
response. Such general sex-dependent differences in immune re-
sponses might contribute to increased COVID-19 severity in men
and older individuals, as has been observed in previous studies.*!
However, due to the semi-quantitative nature of the test used here,
all subjects reached the maximum test category “high avidity” at T2.
We therefore did not find associations between vaccination regimes
and/or specific participant characteristics.
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Most individuals who received BNT162b2 as a booster developed
significant immune responses, which were, by all quantitative parame-
ters measured in this study, highly superior to immunity induced by ho-
mologous ChAdOx1 nCoV-19. Unexpectedly, there were no significant
differences between the three vaccination regimens in regard to the
neutralization indices at both time points. A possible explanation is that
the relative neutralization capacity had already been high (90%) after
prime vaccination. However, in contrast to the homologous ChAdOx1
nCoV-19 group, some individuals presented with a lack of neutralizing
antibodies at T2 following booster vaccination with BNT162b2.

Our findings revealed an association between humoral and cel-
lular immune responses following vaccination, and that a poor hu-
moral immune response is unlikely to be compensated by a strong
cellular immune response. The distinct differences between vacci-
nation regimes, as demonstrated in this study, should be taken into
account for population-based vaccine programs.

Future studies could evaluate the persistence of the observed in-
terdependencies with increasing time after prime-boost vaccination.
Such studies are needed to determine the stability of the observed
immune responses over time and may contribute to guidelines for
the combination of different vaccines. Furthermore, it will be im-
portant to follow-up on the immune response of our participants
after their 3rd (booster) and possibly 4th vaccination to assess the
evolvement of the immune response after repetitive COVID-19
vaccine application. Indeed, many countries are currently adminis-
tering booster shots only months after completion of prime-boost
immunizations. It will be important to assess the interdependencies
between humoral and cellular immune responses among different
vaccine combinations to overcome waning immune responses and
decreasing vaccine efficacy.
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