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Summary

Background Vaccines are an important means to overcome the SARS-CoV-2 pandemic. They induce specific anti- eBioMedicine 2022;85:
body and T-cell responses but it remains open how well vaccine-induced immunity is preserved over time following 104294

homologous and heterologous immunization regimens. Here, we compared the dynamics of humoral and cellular ~ Published online xxx

immune responses up to 180 days after homologous or heterologous vaccination with either ChAdOx1-nCoV-19 hEpS:/ /;(;);-2()29()/‘:2()511016/J-
(ChAd) or BNT162b2 (BNT) or both. epiom.2uas.

Methods Various tests were used to determine the humoral and cellular immune response. To quantify the antibody
levels, we used the surrogate neutralization (sVNT) assay from YHLO, which we augmented with pseudo- and real
virus neutralization tests (pVNT and rVNT). Antibody avidity was measured by a modified ELISA. To determine cel-
lular reactivity, we used an IFN-y Elispot, IFN-y/IL Flurospot, and intracellular cytokine staining.

Findings Antibody responses significantly waned after vaccination, irrespective of the regimen. The capacity to neu-
tralize SARS-CoV-2 — including variants of concern such as Delta or Omicron — was superior after heterologous
compared to homologous BNT vaccination, both of which resulted in longer-lasting humoral immunity than homol-
ogous ChAd immunization. All vaccination regimens induced stable, polyfunctional T-cell responses.

Interpretation These findings demonstrate that heterologous vaccination with ChAd and BNT is a potent alternative
to induce humoral and cellular immune protection in comparison to the homologous vaccination regimens.
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Research in context

Evidence before this study

Due to some rare severe side effects after the adminis-
tration of the adenoviral vaccine, ChAdOx1 nCoV-19,
many countries recommended a heterologous vaccina-
tion scheme including mRNA vaccines like BNT162b2
for the second dose. We performed a PubMed search
(with no restrictions on time span) using the search
terms “SARS-CoV-2” and “heterologous vaccination”
and obtained 247 results. Only a fraction of manuscripts
included direct comparisons of patient cohorts that
received either a heterologous or a homologous vacci-
nation regimen. Of those, the vast majority investigated
only short-term immunogenicity after vaccination. Thus,
little is known about the preservation of immunity by
heterologous compared to homologous vaccination.

Added value of this study

We add a very comprehensive and comparative study
investigating heterologous and homologous vaccina-
tion regimens early and late after vaccination. Key fea-
tures include the number of patients (n = 472), the
number of vaccination cohorts (n = 3), the fact that sam-
ples were derived from three independent study cen-
ters and comparative analyses were performed at two
independent study centers, as well as in-depth investi-
gation of humoral and T cellular immunity.

Implications of all the available evidence

The recent data creates a line of evidence that heterolo-
gous vaccination, compared to homologous vaccination
regimens, results in at least non-inferior maintenance of
humoral and cellular immunity. The enhanced under-
standing of immunity induced by individual vaccination
regimens is crucial for further recommendations regard-
ing the necessity, timing and choice of additional vacci-
nations and public health policies.

Introduction

The widespread use of safe and effective vaccines is
essential for overcoming the Severe Acute Respiratory
Syndrome Coronavirus 2 (SARS-CoV-2) pandemic. As
of today, billions of doses of Coronavirus Disease 19
(COVID-19) vaccines, based on adenoviral vectors or
mRNA, have been administered worldwide. In very rare
cases, the administration of the adenoviral vector-based
ChAdOx1-nCov-19 (ChAd) vaccine has been associated
with the induction of a vaccine-induced thrombocytope-
nic thrombosis syndrome, particularly in young
women." Consequently, the vaccination authorities of
several countries recommended that persons under the
age of 60 years who had received a primary dose of
ChAd should receive an mRNA-based Covid-19 vaccine
for the second immunization.”

We and others have previously shown that the heter-
ologous combination of ChAd and mRNA vaccination
results in a non-inferior or even superior humoral and
cellular immune response compared to homologous
mRNA or ChAd vaccination regimens.*” " While
homologous ChAd vaccination elicited a strong T-cell
response shortly after the second immunization, anti-
body responses were inferior to homologous or heterol-
ogous regimens with mRNA vaccines. Furthermore, in
the case of homologous vaccination regimens, various
studies have shown a decline in antibody and T-cell lev-
els a few months after the second dose.” For heterolo-
gous vaccination regimens, however, follow-up data on
how long B- and T-cell immunity persists are
limited."*™ This particularly applies to the immune
response against newly emerged SARS-CoV-2 variants
of concern (VoC) such as the Delta or Omicron
mutant.® Currently, it therefore remains unclear how
the heterologous combination of ChAd and mRNA vac-
cination compares to homologous mRNA or ChAd vac-
cination in terms of persistence of humoral and cellular
immunity.
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Here, we examined humoral and cellular immunity
in up to 472 participants from three different study cen-
ters at different time points before, and up to 180 days
after heterologous and homologous vaccination with
mRNA with BNT162b2 (BNT) and ChAd. While T-cell
responses showed only modest contraction, significant
waning of humoral immunity was observed over time
in all three vaccination regimens. Compared to homolo-
gous vaccination with ChAd or BNT, the heterologous
regimen generally resulted in more constant antibody
responses both in terms of quantity and quality.

Methods

Study design and participants
The study is a follow-up analysis of 472 homologously
or heterologously vaccinated participants that were pre-
viously only assessed for the production of antibodies
using sVNT.® A priori, no power analysis was performed
on the number of participants. This was due to the fact
that at that time there were only a very small number of
people who could have been included according to the
criteria, as well as the voluntary basis of participation.
Study participants (all of European Caucasian ethnic-
ity) were divided into three different cohorts according
to their vaccination regimen. Subjects of the two homol-
ogous groups received two doses of BNT or ChAd,
respectively. In contrast, subjects of the third group
received the heterologous vaccination regimen consist-
ing of ChAd vaccine for the first and BNT for the second
dose. Participants’ sera and peripheral blood mononu-
clear cells (PBMCs) were analyzed at two different study
centers in Germany. Blood sampling schedules varied
by study center and cohort. Not all tests were performed
at every point in time. In general, four different points
in time can be distinguished. Time point “before” is the
initial time point at the day of the first vaccination.
“Early after #1” refers to the moment of the second vac-
cination, “early after #2” corresponds in median 13 —
15 days after this vaccination and the “late after #2” time
point analysis was carried out between 98 — 158 days in
the median after the second vaccination, depending on
the study center and vaccination regimen. The cohorts
of homologous BNT and ChAd vaccinated people
mainly include healthcare workers, whereas the heterol-
ogous vaccinated cohort did not comprise a specific pro-
fessional group. Subjects were not pre-selected by the
study team, but could voluntarily enroll for study partici-
pation. This was on condition that they had been vacci-
nated in accordance with the defined vaccination
regimens. Accordingly, there was no selection bias by
the study team. Subjects who reported SARS-CoV-2
infection at follow-up were excluded from the analysis.
Likewise, those who were positive for N-specific anti-
bodies after natural infection would have been
excluded.
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For longitudinal characterizations of the T-cell
responses at the Munich study center (heterologous
ChAd-BNT cohort), a separate cohort of vaccinees was
included for the time points “early after #1”, “early after
#2”, and “late after #2”. For longitudinal characteriza-
tions of the T-cell responses at the Erlangen study cen-
ter (homologous BNT cohort), a separate cohort of
vaccinees was included for the time points “before”,
“early after #1”, and “early after #2” for contextualiza-
tion. A detailed description of the cohorts can be found
in Table 1.

Antibody response using surrogate virus neutralization
assay

We used the iFlash-1800 CLIA Analyzer (YHLO Shenz-
hen, China) for the quantification of the antibody
response. For the detection of neutralizing antibodies,
we applied the iFlash-2019-nCoV NAD assay according
to the manufacturer’s instructions. The test principle is
a competitive immunoassay. The iFlash-2019-nCoV
NAD assay is only validated up to a level of 8oo AU/ml
according to the WHO standard. Therefore, all results
exceeding this limit have been set to 8oo AU/ml.

Antibody avidity

Binding strength of the SARS-Cov-2 IgG antibodies was
determined by adaptation of the commercial IgG agile
SARS-CoV-2 ELISA (Virion/Serion, Germany) using
ammonium thiocyanate (NH,SCN) (Roth, Germany) as
previously described.’® *® Serum samples were mea-
sured using the IgG agile SARS-CoV-2 ELISA and
diluted to 100 U/mL according to the standard curve
provided by the manufacturer to exclude an influence of
variable antibody concentrations. Thereafter, serum
samples were incubated in the plates pre-coated with
Wuhan SARS-CoV-2-spike-ectodomain S1, S2 and RBD
recombinant antigens for th at 37°C in a humid cham-
ber. After washing, antigen-antibody complexes were
incubated in the presence of 1.0 M ammonium thiocya-
nate or PBS as control for 10 min at room temperature.
After washing to remove antibodies bound with low
avidity, the ELISA was completed according to the man-
ufacturer’s instructions. The relative avidity index was
calculated as follows: IgG concentrations (NH,SCN) /
IgG concentrations (PBS) x 100, and is given in percent.

Real virus neutralization assay

Based on a previously established infection inhibition
assay,'® VeroEG cells (ATCC, US, RRID: CVCL_YQ49)
were seeded in 10% fetal calf serum Dulbecco’s Modi-
fied Eagles medium (Thermo Fisher Scientific, Ger-
many) at 15,000 cells per well one day before
incubation. Infection was started using SARS-CoV-2 at
a multiplicity of infection (MOI) of 0.03 plaque-forming
units (PFU) / cell. To detect virus-neutralization activity,
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Study Center Munich

Study Center Erlangen

BNT162b2 mRNA prime,
BNT162b2 mRNA boost
MUCn =50

ChAdOx1 nCoV-19 prime,
BNT162b2 mRNA boost
CGNn =50

BNT162b2 mRNA prime,
BNT162b2 mRNA boost
ERLNn=119

ChAdOx1 nCoV-19 prime,
ChAdOx1 nCoV-19 boost
ERL n =52

ChAdOx1 nCoV-19 prime,
BNT162b2 mRNA boost
ERL n = 201

Volunteer source

Age in years, median (IQR)
[range]

Sex, n (%) Female

Sex, n (%) Male

Time from prime to second
dose in days, median
(IQR) [range]

Time from second dose to
blood collection in days,
median (IQR) [range]

lost to follow-up, n

Healthcare worker

40.5 (32-52.75) [22-75]

31 (62%)

19 (38%)
21(20-22) [19-24]

Early: 13 (13-14) [11-16]
Late: 98 (96-102) [91-158]

General population at vacci-
nation center
47 (33.25-55) [23-61]

37 (74%)
13 (26%)
63 (63-64) [60-84]

Early: 15 (14-15) [13-15]
Late: 110 (105,5-111) [104-
113]

7

Healthcare worker

44 (30-54) [17-85]

81 (68.1%)
38 (31.9%)
23 (21-25) [13-29]

Early: 14 (14-16) [10-36]
Late: 158 (153-167) [140-
180]

0

General population at vacci-
nation center
59 (46-64) [31-64]

35 (67.3%)
17 (32.7%)
63 (63-63) [63-63]

Early: 13 (13-15) [13-16]
Late: 142 (141-144) [140-
144]

0

General population at vacci-
nation center
42 (33-52) [19-60]

127 (63.2%)
74 (36.8%)
63 (63-63) [60-63]

Early: 14 (14-15) [12-17]
Late: 142 (141-144) [140-
146]

0

Table 1: Detailed representation of different study cohorts, separated by study center.

MUC, Munich; CGN, Cologne; ERL, Erlangen; IQR: interquartile range.




Articles

serum samples were serially diluted 1:2 with DMEM
starting from 1:20 up to a 1:2560 or n:5120 dilution,
respectively. SARS-CoV-2 virus (GISAID EPI ISL:
2772700 [Delta/ B1.617.2], 7808190 [Omicron/
Br.1.529 BA.1]) (480 PFU/15,000 cells/well) was added
in a total volume of 50 pL at 37°C. After one hour of pre-
incubation, the inoculum was transferred to the pre-
seeded VeroEG cells for another one-hour incubation at
37°C before the inoculum was replaced by supple-
mented DMEM. SARS-CoV-2 infection was terminated
after 23 hours by adding 4% paraformaldehyde to fix
the cells, and infection rate was analyzed by an in-cell
ELISA.

After fixation, cells were washed with PBS and per-
meabilized with 0.5% saponin (Sigma-Aldrich, Ger-
many). Blocking buffer, consisting of 0.1% saponin-
10% goat serum (Sigma-Aldrich) in PBS, was added
and incubated for one hour on fixed cells to avoid
unspecific binding of antibodies. As a primary antibody,
the SinoBiological anti-SARS-CoV-2-N T62 antibody
(40143-T62, RRID:AB2892769) was used. The anti-
body was diluted with 1% FCS-PBS to r:1500 ratio and
sopl were added in each well and incubated at room
temperature for 2 hours. After washing, the second anti-
body was added. Goat anti-rabbit IgG2a-HRP antibody
(EMD Millipore / order number 12-348, RRID:
AB_39o191) with 1% FCS-PBS was diluted to 1:4000
ratio. 5opl were added and incubated at room tempera-
ture for 1-2 hours. After the final washing step 1oopl tet-
ramethylbenzidine (TMB) were incubated for 20 min at
room temperature. As final step 2M H,SO, were added
to stop the reaction. The result was quantified using
optical detection with a Tecan Infinite 200 reader
(TECAN, Switzerland) at 450 nm wavelength. The inhi-
bition curve of each sample was analyzed by statistical
analysis software Graph Pad Prism (GraphPad Soft-
ware, USA), and 50% inhibitory concentration (IC50)
was determined using non-linear regression.

FACS-based analysis of anti-S binding antibodies

A modified version of our previously published serologi-
cal assay was used, in which HEK 293T (RRID:
CVCL_4U22) cells either stably expressing the spike
protein from the original Wuhan strain or transiently
expressing the spike protein of B.1.167.2 or Br.r.529,
respectively, were used as target cells.”” To quantify
antigen-specific antibodies, 5 x 10> HEK 293T cells
were incubated with serum samples diluted in 100 pl
FACS-PBS (PBS with 0.5% BSA and 1 mM sodium
azide) for 20 minutes at 4°C to bind to spike protein on
the surface. After washing with 200 1l buffer, bound S-
specific antibodies were detected with anti-human IgG-
AFG647 (4°C, 30 min incubation; clone HP6o17, Biole-
gend, Cat #409320, RRID:AB_2563330). After further
washing, samples were measured on an AttuneNxt
(ThermoFisher) and analyzed using FlowJo software
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(Tree Star Inc.). A standard plasma sample with a
defined concentration of 1,ormg/ml anti-SARS-CoV-2S
IgG was used as reference control. The median fluores-
cence intensity (MFI) correlates with the level of bound
antibodies.™

Pseudotype neutralization assay

Neutralization of the early D614G (WT) and the
B1.617.2 variants was assessed with the help of spike-
pseudotyped simian immunodeficiency virus particles
as described before.*® To produce pseudotyped reporter
particles, HEK293T cells were transfected with the SIV-
based self-inactivating vector encoding luciferase
(pGAE-LucW, RRID:Addgene_21375), the SIV-based
packaging plasmid (pADSIV3,), and the respective spike
variant-encoding plasmid as described previously.*’

For the assessment of pseudotype neutralization,
HEK293T-ACE2 cells were seeded at 2 x 10% cells/well
in a 96well flat bottom plate. 24 h later, 6o pl of serial
dilutions of the serum samples were incubated with 6o
pl lentiviral particles for 1 h at 37°C. HEK293T cells
were washed with PBS and the particle-sample mix was
added to the cells. 48 h later, medium was discarded,
and the cells washed twice with 200 pl PBS. Following
sopl PBS and 25l ONE-Glo™ (Promega Corp, Madi-
son, USA) was added and after 3 minutes the luciferase
signal was assessed on a microplate luminometer (VIC-
TOR X5, PerkinElmer) and analyzed using PerkinElmer
2030 Manager software. The reciprocal serum ID, was
determined with Prism GraphPad 9 (San Diego, Cali-
fornia, USA) by application of the Sigmoidal 4PL func-
tion. For sera that did not reach neutralization by at
least 50% at the highest serum dilution, the ID, was
set to the highest reciprocal serum dilution, namely 20.

Isolation and cultivation of peripheral blood
mononuclear cell (PBMC)

PBMCs were isolated from citrate peripheral blood of
vaccinated individuals by density gradient centrifuga-
tion using Biocoll® separating solution, density
1.077 g/ml (Bio&Sell) and frozen in heat-inactivated
FCS + 10% DMSO (Sigma-Aldrich) for liquid nitrogen
storage. Thawed PBMCs were cultured in complete
RPMI medium (RPMI 1640 medium (Thermo Fisher)
supplemented with 10% heat-inactivated FCS, 50 pM
-Mercaptoethanol, o.05 mg/ml gentamicin, 1.192 g/l
HEPES, o.2 g/l L-glutamine, and 100 U/ml penicillin-
streptomycin) at 37°C and 5% CO,.

IFN-y Enzyme-linked immunospot (ELISPOT)

Cryopreserved PBMCs were thawed and rested over-
night at 1 x 10° cells/ml in complete RPMI medium.
ELISPOT plates (Millipore) were coated with anti-
human IFN-y monoclonal antibody (clone 1-DIK, Mab-
tech) at o.5 pg/well overnight at 4°C. Plates were
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washed with sterile PBS and subsequently blocked with
complete  RPMI medium for 12 h at 37°C.
400,000 PBMCs/well were seeded and stimulated with
11aa overlapping 15-mer PepMix™™ SARS-CoV-2 spike
glycoprotein peptide pool (1 pg/ml), provided in two
peptide sub-pools St and S2 (JPT), for 20 h at 37°C. For
the unstimulated condition, PBMCs were cultured in
complete RPMI medium and respective dilution of sol-
vent DMSO. As a positive control, PBMCs were stimu-
lated with 25 ng/ml phorbol myristate acetate (PMA)
(Sigma-Aldrich) and 1 pg/ml ionomycin (Sigma-
Aldrich). Following this incubation, all steps were per-
formed at room temperature. Plates were washed with
PBS containing 0.05% Tween-20 (Sigma-Aldrich) and
incubated with biotinylated anti-human IFN-y monoclo-
nal antibody (clone 7-B6-1, Mabtech, RRID:AB_go07272)
at 0.2 pg/well for 2 h. Following a second wash step
with PBS containing 0.05% Tween-20, plates were
incubated with an avidin-biotinylated peroxidase com-
plex (VECTASTAIN® Elite ABC-HRP Kit, Vector Labo-
ratories) for 1-2 h. After final washing steps with first
PBS containing 0.05% Tween-20 and then PBS, plates
were developed by the addition of AEC substrate solu-
tion (Sigma-Aldrich) for 15 minutes. Subsequently,
plates were washed with water, dried for 24 h in the
dark, and analyzed on an ImmunoSpot® Analyzer (Cel-
lular Technologies Limited). A positive peptide-specific
response was quantified by subtraction of mean spots of
the unstimulated control and depicted as spot forming
units (SFU)/10° PBMCs.

IFN-v/IL-2 Fluorospot assay

Cryopreserved PBMCs were thawed and rested over-
night at 2 x 10° cells/ml in complete RPMI medium.
Human IFN-y/IL-2 Fluorospot assays (CTL Europe,
Germany) were performed according to the man-
ufacturer’s instructions. One day before the Fluorospot
assays were performed, the plates were activated by add-
ing 70% ethanol for less than one minute. Followed by
a washing step and addition of IFN-y/IL-2 capture
antibodies overnight. After decanting the plate,
200,000 PBMCs/well were seeded and stimulated with
11aa overlapping 15-mer PepMix SARS-CoV-2 spike
glycoprotein peptide pool (1 pg/ml), provided in two
peptide sub-pools St and Sz (JPT), for 20 h at 37°C. As
antigen-specific positive control, we used a CEF pool of
in total 32 15mer peptides derived from Cytomegalovi-
rus (5 peptides), Epstein-Barr virus (15 peptides), and
Influenza virus (Flu) (12 peptides) proteins (National
Institute for Biological Standards and Control (NIBSC),
UK). For the unstimulated condition, PBMCs were cul-
tured in complete RPMI medium. After the stimulation
period, the plates were washed and 8o pL of anti-
human IFN-y (FITC, RRID:AB_2733588)/anti-human
IL-2 (Hapten2,) detection antibody solution was added
for 2h at room temperature. For the visualization of

secreted cytokines, plates were washed and a tertiary
solution including anti-FITC Alexa Fluor® 488 (visual-
izes IFN-y) and anti-Hapten2 CTL-Red™ (visualizes IL-
2) was added for one hour. The staining procedure was
stopped by washing the plate. After drying the plates for
24h on paper towels on bench top, Fluorospot plates
were scanned and analyzed using an automated reader
system (ImmunoSpot Ultimate UV Image analyzer/
ImmunoSpot 7.0.17.0 Professional DC Software,
CTL Europe GmbH, Germany). Positive reactivity to
experimental stimulatory agents was given when the
spot count in antigen-stimulated cells was greater
than twice the spot count in unstimulated (back-
ground) wells.

Intracellular cytokine staining (1CCS)

Cryopreserved PBMCs were thawed and rested over-
night at 1 x 10° cells/ml in complete RPMI medium.
10° PBMCs were stimulated with spike glycoprotein
peptide pool as described above for 20 h at 37°C in the
presence of 1 pil/ml GolgiPlug™ (BD Biosciences). For
the unstimulated condition, PBMCs were cultured in
complete RPMI medium and respective dilution of sol-
vent DMSO. As a positive control, PBMCs were stimu-
lated with 25 ng/ml PMA and 1 pg/ml ionomycin.
Following this incubation, all steps were performed at
4°C. PBMCs were washed twice with FACS buffer (PBS
containing 0.5% BSA) and stained with ethidium-
monoazide-bromide (EMA) (Thermo Fisher) for 15
minutes for live/dead discrimination. After two washing
steps with FACS buffer, PBMCs were stained for sur-
face markers CD8&-eFluor4g5o (clone OKT8, Thermo
Fisher, dilution 1:200, RRID:AB_2535439) and CD4-PE
(clone RPA-T4, Thermo Fisher, 1400, RRID:
AB_1257144) for 20 minutes. Excess antibody was
removed by two washing steps with FACS buffer fol-
lowed by fixation/permeabilization using Cytofix/Cyto-
perm (BD Biosciences). PBMCs were washed twice with
1x Perm Wash buffer (BD Biosciences) and subse-
quently stained intracellularly for IL-2-APC (clone
5344.11, BD Biosciences, 1:20, RRID:AB_400574) and
IFN-y-FITC (clone 25723.11, BD Biosciences, 110,
RRID:AB_400425) for 30 minutes. Following washing
steps with first 1x Perm Wash buffer and then FACS-
buffer, PBMCs were filtered through a nylon mesh and
acquired on a LSRFortessa™ flow cytometer (BD Bio-
sciences). A positive peptide-specific response was
quantified by subtracting the mean frequency of IL-2
and IFN-y double-positive T cells of the unstimulated
control.

Ethics

Ethics approval was granted by the local ethics commit-
tees in Erlangen (Az. 340_21B) and Munich (Az. 26/21
and Az. 330/21 S). All subjects were informed about the
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study and confirmed their participation by means of an
informed consent form.

Statistics
The following statistical tests were used:

Mann-Whitney test: Applied to all comparisons com-
paring a time point consisting of only two groups
whose data sets were not paired and for which we
could not assume a normal distribution due to sam-
ple size.

Kruskal-Wallis test followed by Dunn’s multiple
comparison test: Applied to all comparisons comparing
a time point consisting of more than two groups whose
data sets were not paired and for which we could not
assume a normal distribution due to the sample size.

Wilcoxon test: Applied to all comparisons that com-
pared two time points of a cohort and that had differ-
ent sample sizes at time points one and two. The
reason for this is the loss to follow-up.

Friedman test with multiple comparisons: Applied to
all comparisons that compared two time points in a
cohort that had identical sample sizes at time one and
two.

Due to the a priori determination of the vaccination
regimens, randomization and blinding were not possi-
ble. Sample size determination was limited by the num-
ber of available subjects, as well as the available testing
capacity.

Data are presented with frequencies and percentages
for categorial variables and with median, interquartile
range (IQR) and range for continuous variables. Cate-
gorical data were compared using chi-squared test or
Fisher’s exact test as appropriate. Median comparison
was performed with Mann-Whitney U test (2 categories)
or Kruskal-Wallis H (3 categories) as appropriate. A lin-
ear regression model analysis was built in order to deter-
mine which variables had impact in the late IC50. In
case any of these variables had a p value <o.1 in the uni-
variable model it was included in the multivariable one.
The multivariable model was performed with the back-
wards Wald methods. A p value <o.o5 was considered
statistically significant.

Statistics as well as figures were created with PRISM
GraphPad 9.3.1 as well as IBM SPSS Statistics for Win-
dows, Version 27.0. Armonk, NY, United States.

Role of Funders

The funders did not interfere with the study design,
data collection, data analysis, interpretation, or writing
of report.
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Results

Heterologous COVID-19 vaccination induced strong
antibody responses which are superior or comparable
to homologous mRNA vaccination regimens

We compared humoral and cellular immune responses
in 472 healthy individuals in median 13 — 15 days (“early
after #2”) and 98 — 158 days (“late after #2”) after heter-
ologous or homologous vaccination with ChAd and
BNT (Table 1). Previously, we had reported limited data
on antibody responses early after second vaccination.’
Analyses were performed at the study centers in
Munich (Munich and Cologne samples) and Erlangen
(Erlangen samples) (Table 1). There are differences in
sample collection time points and other study partici-
pant characteristics and only for the Erlangen study cen-
ter exist data from all three vaccination regimens
(Suppl. Table 1). Furthermore, a proportion analysis
comparing the cohorts receiving different vaccination
regimens revealed higher age and body mass index
(BMI) for the ChAd-ChAd group (Suppl. Table 2). This
might be due to the specific recommendation in Ger-
many at that time to not use the ChAd vaccine in people
under the age of 6o. In light of the above-mentioned
differences, the results were stratified for the two study
sites.

We first assessed the quantities of antibody levels by
SVNT (Figure 1). This assay correlates well with a real
virus neutralization assay not only for the EU-strain
SARS-CoV-2 D614G virus, as previously described,’ but
also for the Delta VoC (Suppl. Figure 1). Regardless of
the vaccination schedule, we observed significant
(p < o,0001 for all comparisons [Wilcoxon test]) waning
of antibody levels in almost all individuals at the late
time point.

At the study center in Munich (Figure 1a), antibody
neutralization capacity at the follow-up time point was
significantly (p < o,0001 [Wilcoxon test]) reduced com-
pared to the time point early after second vaccination,
but the remaining antibody levels were similar after
ChAd-BNT (median = 234.65 AU/ml; n = 43) and BNT-
BNT (median = 328.17 AU/ml; n = 46) vaccination. At
an independent study center in Erlangen, these results
were confirmed (Figure 1b). Furthermore, additional
analyses of samples from a homologous ChAd-ChAd
vaccination scheme cohort showed that neutralizing
antibody levels late after homologous ChAd-ChAd vacci-
nation (median of 9.32 AU/ml; n = 52) were still signifi-
cantly (p < o,0001 [Kruskal-Wallis test]) lower
compared to homologous BNT-BNT (median = 31.74
AU/ml; n = 119) or heterologous ChAd-BNT
(median = 4172 AU/ml; n = 201) vaccination
(Figure 1b). Thus, the heterologous ChAd-BNT vaccina-
tion regimen results in neutralizing antibody levels
against SARS-CoV-2 WT virus which are as high as after
homologous BNT-BNT and higher than after homolo-
gous ChAd-ChAd immunization. Using a linear
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by Wilcoxon test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, and n.s. indicates not significant. A detailed description of the data can be found in Supplemental Table for Figure 1a
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regression analysis, we confirmed that neither body
mass index, comorbidities, time intervals between the
vaccinations, nor blood sampling significantly affected
the neutralization levels at the late time points, whereas
age (p 0.022) and the vaccination regimen
(p < o.o01) were significantly associated using a uni-
variable model (Table 2). However, in the multivariable
model age was not statistically significantly associated
anymore (p = 0.2006), leaving vaccination regimen as
the only parameter in the model that is statistically sig-
nificantly associated with the late ICso values
(p < o0.001). With this outcome, the model is not multi-
variable anymore, but it underlines the interpretation
that the vaccination regimens strongly influence the
IC50 values at late time points after 2™ vaccination.

Serum neutralization capacity of variants of concern is

superior after heterologous vaccination

To investigate potential differences in serological
responses between the different cohorts in more detail,
we next applied rVNT for the most relevant SARS-CoV-
2 VoC. At the Munich study center, neutralization of
VoC B.1.617.2 (Delta) and B.r.1.529 (Omicron) was
investigated using sera collected 13 — 15 days and 98 —
110 days in median after heterologous ChAd-BNT or
homologous BNT-BNT vaccination (Figure 2a). Early
after the second vaccine dose, heterologous ChAd-BNT
vaccination resulted in significantly (p = 0,0003 [Mann-
Whitney test]) better serum neutralization capacity of
Delta, and to a lesser extent (p = 0,0122 [Mann-Whitney
test]) also Omicron, than homologous BNT-BNT vacci-
nation (ChAd-BNT median IC,, = 929.15; n = 50; BNT-
BNT median IC,, = 432.85; n = 50). Serum neutraliza-
tion capacity for Omicron compared to Delta was
reduced 25.8-fold and 21.6-fold for ChAd-BNT (median
ICy, = 36) and BNT-BNT (median IC,, = 20), respec-
tively, in an analysis of sub-cohorts consisting of 15 par-
ticipants each. 98 — 110 days in median after the

second vaccination, serum neutralization capacity for
Delta still significantly (p < o,0001 [Mann-Whitney
test]) differed between ChAd-BNT (median ICg.=
398.20, n = 43) and BNT-BNT vaccination (median
IC;o = 72.93, n = 46). However, there was barely any
neutralization capacity left against Omicron in either
cohort (Figure 2a).

To confirm these results, serum samples from the
Erlangen study center collected at 142 — 158 days in
median after second vaccination (,late after #2) were
analyzed in the rVNT assay for the ability to neutralize
the Delta variant. These analyses again additionally
included a cohort of homologous ChAd-ChAd vacci-
nated participants. Late after ChAd-ChAd immuniza-
tion, barely any neutralization capacity against Delta
was detectable (median ICy, = 20; n = 21), which was
significantly different from the ChAd-BNT and BNT-
BNT cohorts (p = 0,0072 and p = o.0002 [Kruskal-
Wallis test]). In contrast to the results obtained at the
Munich study center, there was no significant
(p = 0.8119 [Kruskal-Wallis test]) difference in neutrali-
zation capacity against Delta between the ChAd-BNT
(median IC,, = 107.8; n = 30) and BNT-BNT (median
IC;o = 172; n = 30) group (Figure 2b). These findings
were further confirmed using pVNT, although overall
the neutralization titers were slightly lower than in the
rVNT (Suppl. Figure 2). Whether the discrepancy
between the two centers are due to the later sampling
time point of the Erlangen cohort, the lower numbers of
participants, or variations in the conditions for the neu-
tralization assay, cannot be clarified. However, the dif-
ferences between vaccination regimens at one site are
not affected by this, since analyses for a single given
time point were conducted in the same experiment. The
reduced capacity to recognize the spike (S) proteins of
VoC in comparison to the S protein of the original
Wuhan strain observed in the pVNT assay (Suppl
Figure 2) was confirmed by a flow cytometric analysis
using HEK293 cells expressing the corresponding S

UNIVARIABLE MODEL MULTIVARIABLE MODEL
p value B 95% Cl for B p value B 95% Cl for B
Lower Bound Upper Lower Bound Upper
Bound Bound
Vaccination regimen <.001 —30,630 —45,973 —15,287 <.001 —30,630 —45,973 —15,287
Age 0,022 —1,045 —1,936 —0,154 0,206 —0.590 —1.507 0.327
Sex 0,210 15,112 —8,556 38,780
BMI 0,745 0,445 —2,247 3,137
Comorbidities 0,340 —14,632 —44,742 15,479
Time from prime to second dose 0,586 0,169 —0441 0,778
Time to blood collection, early after 2nd 0,366 —1,884 —5,972 2,205
Time to blood collection, late after 2nd 0,664 —0,261 —1,443 0,921
Table 2: Linear regression analysis for study center Erlangen.
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proteins in their natural conformation on the cell sur-
face (Suppl. Figure 3). Overall, these results demon-
strate that humoral immunity against VoC was reduced
irrespective of the vaccination regimen, but that differ-
ences in antibody neutralization capacity between the
immunization cohorts remained unchanged.

Heterologous vaccination results in increased antibody
avidity

The neutralization capacity of antibodies depends not
only on their quantity, but also on their quality."® We
therefore next applied a modified quantitative anti-S
ELISA to determine antibody avidity against the S
domain of the SARS-CoV-2 WT spike antigen. To
this end, we used samples of the sub-cohorts from
the Omicron rVNT analysis (Figure 3). 13-15 days
after second vaccination we observed a higher avidity
of antibodies in the heterologous ChAd-BNT
(median = 57.96 %) compared to the homologous
BNT-BNT (median = 30.86 %) cohort. This differ-
ence remained constant at follow-up (Figure 3). Over
time, there was a tentative increase in antibody avid-
ity for both groups (BNT-BNT median = 49.49 %;
ChAd-BNT median = 65.69 %) which was, however,
not statistically significant (p = o0.0537 and
p = 0.4118 [Friedman test]). (Figure 3). These results
indicate that higher antibody avidity after heterolo-
gous ChAd-BNT compared to homologous BNT-BNT

vaccination contributes to non-inferior neutralization
capacity (Figure 1).

Homologous and heterologous vaccination induce
stable polyfunctional SARS-CoV-2 spike-reactive T-cell
responses

Given the critical role of T lymphocytes in protection
against SARS-CoV-2 infection, we next also character-
ized the T-cell response elicited by heterologous or
homologous vaccination regimens. We acquired periph-
eral blood mononuclear cells (PBMCs) from vaccinated
individuals at the two study centers and characterized
CD4 and CDg& T-cell responses by IFN-y enzyme-linked
immunospot (ELISPOT), IFN-y/IL-2 Fluorospot as well
as intracellular cytokine staining followed by flow
cytometry analysis (ICCS). To this end, PBMCs were
stimulated overnight with two 15mer peptide pools cov-
ering the St and S2 domains of the full-length SARS-
CoV-2 spike glycoprotein, respectively.

To evaluate the dynamics of spike-specific T cells, the
frequency of antigen-reactive, [FN-y-producing T cells
was first longitudinally characterized within the ChAd-
BNT in Munich (Figure 4a) and the BNT-BNT cohort in
Erlangen (Figure 4b) early after first and second vacci-
nation, as well as at the late follow-up time point. Lim-
ited T-cell responses to spike peptide stimulation were
observed in some individuals already before vaccination
(Figure 4b), which might result from cross-reactive
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Figure 3. Higher antibody avidity upon heterologous ChAd-BNT compared to homologous BNT-BNT vaccination. Antibody
avidity of a subcohort (n = 12) from study center Munich after heterologous ChAd-BNT and homologous BNT-BNT vaccination.
Early after #2” refers to on average (median) 13-15 days after secondary BNT vaccination. ,Late after #2" refers to on average
(median) 98 and 110 days after second vaccination. Bars represent group medians, whiskers interquartile range. For inter-group sta-
tistics concerning one time point Mann-Whitney test was used. Over-time comparison within one group was done by Friedman
test. A detailed description of the data can be found in Supplemental Table for Figure 3.
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Figure 4. Long-term maintenance of SARS-CoV-2 spike-reactive T cells after homologous and heterologous vaccination. (a)-
(b) Longitudinal characterization of spike-specific T cells, quantified by IFN-y spot forming units (SFU) after stimulation with SARS-
CoV-2 spike peptide pools S1 and S2. (a) Vaccinees of Munich study center quantified by IFN-y Fluorospot. “early after #1": 55 to
137 days after initial ChAd vaccination, n = 26. “early after #2”: 12 to 36 days after second BNT vaccination, n = 29. “late after #2": 91
to 153 days after second BNT vaccination, n = 22. (b) Vaccinees of Erlangen study center quantified by IFN-y ELISPOT. “before”: pre-
vaccination, n = 16. “early after #1”: 9-12 days after first BNT vaccination, n = 21. “early after #2": 9-11 days after second BNT vaccina-
tion, n = 17. “late after #2": 148—210 days after second BNT vaccination, n = 12. The time points “before”, “early after #1”, and “early
after #2" refer to a separate cohort of vaccinees that was included for contextualization. (c) Cohort comparison of spike-specific T
cells after stimulation with SARS-CoV-2 spike peptide pools S1 and S2, in dilution of solvent (Neg. ctrl.), or with PMA/ionomycin (Pos.
ctrl.). Vaccinees of Erlangen study center 141—210 days after second vaccination (late after #2). Representative data (left) and quanti-
fication of IFN-y SFU for all donors of indicated vaccination cohorts (right) are displayed. (d)-(f) Flow cytometric analyses of polyfunc-
tional spike-specific T cells after stimulation with SARS-CoV-2 spike peptide pools S1 and S2, in dilution of solvent (Neg. ctrl.), or with
PMA/ionomycin (Pos. ctrl.). Vaccinees of Erlangen study center 141—210 days after second vaccination (late after #2). (d) Representa-
tive flow cytometry data. Shown gates are pre-gated for CD4+ living lymphocytes. Quantification of IL-2 and IFN-y double-positive
CD4 (e) and CD8 (f) T cells for all donors of indicated vaccination cohorts. Dots represent individual vaccinees. Numbers indicate
vaccinees with a positive response defined by a detectable T-cell response above background. Non-responsive vaccinees are repre-
sented as not detected (n.d.). For inter-group statistics concerning one time point Kruskal-Wallis test was performed followed by
Dunn'’s multiple comparisons test ((c), (e), (f). Over-time comparison within one group was done by Mann-Whitney test ((a), (b)).
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, and n.s. indicates not significant.
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clonotypes derived from exposure to common cold
coronaviruses.”*** Induction of spike-specific T cells
was observed 55-137 days after one vaccination with
ChAd (Munich study site, Figure 4a) or 9-12 days after
one vaccination with BNT (p < o.0oo1 [Mann-Whitney
test]) (Erlangen study site, Figure 4b) in almost all indi-
viduals (“early after #1”). T-cell responses peaked 12-
36 days (p < o.0oo01 [Mann-Whitney test]) (Munich
study site, Figure 4a) or 9-11 days (p < o0.0001 [Mann-
Whitney test]) (Erlangen study site, Figure 4b) after sec-
ond immunization with BNT (“early after #2”).
148—210 days (Erlangen study site) and 91—153 days
(Munich study site) after second immunization with
BNT (“late after #2”), comparable responses of spike-
reactive T cells were observed for both homologous vac-
cination regimens as well as the heterologous vaccine
cohort.

Having demonstrated that spike-reactive T cells were
detectable at least 4 months after the second vaccina-
tion, we next examined the effect of different vaccina-
tion regimens on the quality of the T-cell response in
more detail. We therefore quantified IFN-y secreting,
spike-specific T cells 141—210 days after vaccination
with the different vaccine regimens in study partici-
pants at the Erlangen study center (Figure 4c). IFN-y
ELISPOT detected reactive T cells in almost all individu-
als of ChAd-BNT, BNT-BNT and ChAd-ChAd vaccina-
tion cohorts. After heterologous ChAd-BNT vaccination,
S1-reactive T cells were detected at higher frequencies
compared to the homologous BNT-BNT vaccination
(p = o.0010 [Kruskal-Wallis test]) cohort while there was
no difference for S2-specific T cells and the other vacci-
nation schemes (ChAd-BNT vs. BNT-BNT: p = 0.0529,
ChAd-ChAd vs. BNT-BNT: p = 0.4797, ChAd-BNT vs.
ChAd-ChAd: p>0.9999 [Kruskal-Wallis test]). Thus,
heterologous vaccination was at least as efficient as
homologous vaccination in inducing spike-reactive T-
cell responses that are stable over time (Figure 4c¢).

T-cell polyfunctionality is a hallmark of high-quality
immunity and predictive of protective immune
responses.”* To examine whether heterologous and
homologous vaccination regimens induce and maintain
polyfunctional T lymphocytes equally well, T cells were
characterized for simultaneous production of the effec-
tor cytokines IL-2 and IFN-y (Figure 4d; Suppl. Figure
4). Quantification of these double-positive T cells
revealed a dominant, polyfunctional CD4 T-cell
response that persisted in the majority of individuals
irrespective of the vaccination regimen used (St: ChAd-
BNT vs. BNT-BNT: p = 0.9115, ChAd-ChAd vs. BNT-
BNT: p = 0.7499, ChAd-BNT vs. ChAd-ChAd:
p = 0.0831; S2: ChAd-BNT vs. BNT-BNT: p = 0.3462,
ChAd-ChAd vs. BNT-BNT: p>0.9999, ChAd-BNT vs.
ChAd-ChAd: p = o0.0429 [Kruskal-Wallis test])
(Figure 4e). For CD8 T cells, we observed a greater
inter-individual variability (Figure 4f) with 40-60% of
cells not reacting to peptide stimulation at all. This
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effect was most probably due to variable recognition of
CD8 epitopes within the r5mer peptides that were used
for antigenic stimulation.

Overall, the frequency of polyfunctional T cells quan-
tified by ICS correlated with the frequency of spike-reac-
tive T cells determined by IFN-y ELISPOT, further
validating the findings (S1: r = 0.7, p < 0.0001; S2:
r = 035, p = 0.0047 [Spearman correlation]) (Suppl.
Figure 5). Fluorospot assays further confirmed the
induction of IL-2 and IFN-y secreting polyfunctional T
cells after primary immunization with ChAd and sec-
ondary immunization with BNT, as well as the persis-
tence of a polyfunctional CD4-dominated T-cell
response at the level of primary vaccination throughout
the entire observation period (Suppl. Figure 6). In sum-
mary, all vaccination regimens induce stable and poly-
functional T-cell responses.

Discussion

We here analyzed the humoral and cellular immune
response of 472 participants from three different study
sites, 13-15 days and 98-158 days in median after homol-
ogous and heterologous ChAd and BNT vaccination.
Overall, heterologous vaccination with ChAd followed
by BNT induced equal or even superior humoral and
cellular immune responses compared to homologous
BNT-BNT or ChAd-ChAd vaccination.

We and others had previously reported enhanced
neutralization capacity early after heterologous ChAd-
BNT vaccination compared to homologous BNT-BNT-
vaccination, both of which in turn induced clearly
higher neutralizing antibody titers than a homologous
ChAd vaccination regimen.’” ™ Apart from significant
waning of neutralization capacity towards WT virus at
late time points for all regimens, we here observed that
differences in humoral immunity towards WT virus
between ChAd-BNT and BNT-BNT vaccination van-
ished, while homologous ChAd-ChAd still showed
reduced neutralization titers compared to the other two
vaccination schemes. One caveat in this regard is that
we did not analyze time points longer than 5 months. In
light of the unusually long germinal center reaction
especially after mRNA vaccination,” *? it is conceivable
that at even later time points further differences
between the vaccination regimens may emerge.

In line with previous reports,'®*° 4° S-specific anti-
bodies induced by the current vaccines encoding the S
protein from the original Wuhan strain have signifi-
cantly reduced neutralizing activity against the SARS-
CoV-2 VoC Delta, and even less activity against Omi-
cron. Of note, we here detect such loss of neutralization
for all vaccination schedules. In terms of differences
between the immunization regimens, ChAd-BNT and
BNT-BNT groups showed higher neutralizing antibody
response against VoCs than the ChAd-ChAd group, as
observed for WT virus.
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The relative binding capacity to the different spike
variants might be also indicative for the degree of
immune evasion by the different VoCs. Since neutraliz-
ing antibody levels directly correlate with the level of
protection against infection,*' vaccine efficacy (VE)
against infection with VoCs also decreased dramatically
over time.**” 44 Nevertheless, 98 — 158 days in median
after the second vaccination, VE were reported to be
comparable for BNT-BNT and ChAd-BNT, but lower for
ChAd-ChAd schedules.*+°

Antibody quality might be even more important than
the mere quantity for potent vaccine responses, as dem-
onstrated by the high avidity of anti-spike antibodies
after a third exposition.'® In our study, antibody avidity
increased slightly from the early to the late time point
for both the ChAd-BNT and the BNT-BNT cohort,
which might indicate ongoing B-cell maturation. It has
been reported that this process could last up to 6
months in recipients of homologous mRNA vaccines or
convalescent patients, while comparable data on heterol-
ogous vaccinations are missing.” *° A higher avidity of
antibodies induced by heterologous ChAd-BNT vaccina-
tion offers an explanation why they show a superior
neutralization capacity against VoC at both study cen-
ters. One potential reason for differential affinity matu-
ration of memory B cells is the difference in the interval
between the first and second vaccine dose, which was in
the median 63 days for the ChAd-BNT vaccinees and
21-23 days for homologous BNT-BNT vaccinated indi-
viduals. Furthermore, the duration of antigen presenta-
tion in the germinal centers might be different after
viral vector immunization or mRNA vaccination. The
presence of vaccine-derived mRNA and spike protein
has been shown in lymph node biopsies from mRNA
vaccinated individuals up to 8 weeks.”® Of note, we can-
not rule out that the larger time difference between the
individual immunizations for the ChAd-BNT vaccinees
could also influence the quantity of the antibody
response, as reported recently for homologous vaccina-
tion regimens.*” Further investigations to elucidate the
differences for the current vaccines are highly relevant
for the implementation of future vaccine regimens
using gene-based vaccines.

Although the VE against symptomatic infections
wanes over time due to the reduced neutralizing capac-
ity of vaccine-induced antibodies, and despite the fact
that Omicron by now dominates SARS-CoV-2 case
numbers worldwide, protection from severe disease pro-
gression currently still prevails. Apart from boosters of
humoral immunity through a third vaccination, a cen-
tral reason for this is a more long-lasting** 5* and con-
served 5% T-cell response. In this context, we also
addressed the question to which extent SARS-CoV-2
spike protein-specific T cells will persist in response to
different vaccination regimens. Maintenance of spike-
reactive T cells was observed for the vast majority of
individuals after homologous and heterologous

immunization at the late time point. Longitudinal char-
acterization of the frequency in individual vaccinees
indicated longer lasting quantities of these spike-spe-
cific T cells at a level obtained after the first immuniza-
tion. This observation was made at both independent
study centers. Depending on the readout, the heterolo-
gous vaccination regimen was consistently non-inferior
and sometimes statistically significantly superior to the
homologous BNT immunization. It has already been
shown that a priming dose of ChAd induces a stronger
T-cell response compared to a primary immunization
with BNT, which was however no longer the case after a
secondary BNT immunization.’”® Nevertheless, this
could still indicate that the overall superiority of
humoral and cellular immunogenicity through the het-
erologous vaccination regimen results from a more
potent primary immune response. For example, strong
CD4 T-cell responses induced by primary ChAd vacci-
nation may also explain why serological antibody
responses after heterologous ChAd-BNT vaccination are
more prominent than after homologous BNT-BNT
vaccination.’®

Polyfunctionality as a predictor of an effective T-cell
immune response was demonstrated for persisting T
cells after all vaccination regimens.*# Especially poly-
functional CD4 T cells were well maintained
141—210 days after the second vaccination. For CD8 T
cells this was less clear, most probably owing to variable
recognition of (shorter) CD8 epitopes within the 15mer
peptides that were used for antigenic stimulation. Over-
all, our data show that heterologous vaccination is at
least as capable as homologous vaccination regimens in
inducing longer lasting maintenance of polyfunctional
spike-specific T cells, which are likely to convey protec-
tive immunity.

In summary, these data document at least non-infe-
rior humoral and cellular immunogenicity after heterol-
ogous ChAd-BNT vaccination compared to the
respective homologous regimens. While waning of
humoral immunity and reduced neutralization capacity
against VoC was detected for all vaccination regimens,
T-cell responses were more consistently conserved. An
enhanced understanding of humoral and cellular
immunity induced by individual vaccination regimens
is crucial for further recommendations regarding the
necessity, timing, and choice of additional vaccinations
and public health policies.
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