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ABSTRACT

Objectives: Regarding reactogenicity and immunogenicity, heterologous COVID-19 vaccination regimens
are considered as an alternative to conventional immunization schemes.
Methods: Individuals receiving either heterologous (ChAdOx1-S [AstraZeneca, Cambridge, UK]/BNT162b2
[Pfizer-BioNTech, Mainz, Germany]; n = 306) or homologous (messenger RNA [mRNA]-1273 [Moderna,
Cambridge, Massachusetts, USA]; n = 139) vaccination were asked to participate when receiving their
second dose. Reactogenicity was assessed after 1 month, immunogenicity after 1, 3, and/or 6 months,
including a third dose, through SARS-CoV-2 antispike immunoglobulin G, surrogate virus neutralization
test, and a plaque reduction neutralization test against the Delta (B.1.167.2) and Omicron (B.1.1.529; BA.1)
variants of concern.
Results: The overall reactogenicity was lower after heterologous vaccination. In both cohorts, SARS-CoV-2
antispike immunoglobulin G concentrations waned over time with the heterologous vaccination demon-
strating higher neutralizing activity than homologous mRNA vaccination after 3 months to low neutral-
izing levels in the Delta plaque reduction neutralization test after 6 months. At this point, 3.2% of the
heterologous and 11.4% of the homologous cohort yielded low neutralizing activity against Omicron. After
a third dose of an mRNA vaccine, >99% of vaccinees demonstrated positive neutralizing activity against
Delta. Depending on the vaccination scheme and against Omicron, 60% to 87.5% of vaccinees demon-
strated positive neutralizing activity.
Conclusion: ChAdOx1-S/BNT162b2 vaccination demonstrated an acceptable reactogenicity and immuno-
genicity profile. A third dose of an mRNA vaccine is necessary to maintain neutralizing activity against
SARS-CoV-2. However, variants of concern-adapted versions of the vaccines would be desirable.
© 2023 The Authors. Published by Elsevier Ltd on behalf of International Society for Infectious Diseases.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

tion (STIKO) for individuals aged 18-64 years on January 29, 2021.
The shortage of vaccine doses at this time point led to a prior-

At the beginning of the vaccination campaign during the
COVID-19 pandemic, the ChAdOx1-S vaccine (AstraZeneca, Cam-
bridge, UK) was available in Europe. The recommendation for the
use in Germany was given by the Standing Committee on Vaccina-
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itization of the ChAdOx1-S vaccine mainly to individuals with a
high risk for an infection with SARS-CoV-2, including health care
workers at the front line. After a series of blood clotting events
in Europe, in particular, severe sinus vein thrombosis in young in-
dividuals [1], this recommendation was adjusted in April 2021 to
the effect that a messenger RNA (mRNA) vaccine instead of the
vector vaccine ChAdOx1-S was recommended to people aged be-
low 60 years [2]. Consequently, a heterologous vaccination scheme
with a mRNA vaccine (BNT162b2 [BioNTech/Pfizer, Mainz, Ger-
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many/New York, NY, USA]/mRNA-1273 [Moderna, Cambridge, Mas-
sachusetts, USA]) was considered for individuals having received
their first dose with ChAdOx1-S [3]. Data regarding reactogenicity
and immunogenicity concerning this regimen gained importance.
Several studies indicate that the heterologous vector/mRNA vaccine
scheme is associated with a tolerable reactogenicity profile [4,5]
and is not inferior to a homologous scheme in terms of immuno-
genicity [6-8]. The purpose of the presented study is to determine
the reactogenicity and immunogenicity of the heterologous vac-
cination (ChAdOx1-S/BNT162b2) scheme. To achieve this, employ-
ees of the University Hospital Frankfurt having received their rou-
tine COVID-19 vaccination were asked to participate in our study.
A homologous mRNA-1273 vaccinated cohort was used as a con-
trol. As the humoral mediated immune response serves as a sur-
rogate for immunity, we focused our analysis on the SARS-CoV-
2 antispike immunoglobulin (Ig) G and neutralizing antibody re-
sponse for up to 6 months after basic immunization. As the Delta
(B.1.167.2) and Omicron (B.1.1.529) variants of concern (VOCs) be-
came dominant in the second half of 2021 and spring 2022 in Ger-
many, respectively, neutralizing capacity was measured by plaque
reduction neutralization test (PRNT) against these variants. When
the STIKO recommended a third vaccine dose in November 2021
[9], we decided to include participants receiving the booster dose
as well.

2. Materials and methods
2.1. Study design

Employees of the University Hospital Frankfurt (18-59 years of
age) receiving their routine COVID-19 immunization according to
the guidelines of the STIKO were asked to participate in our study.
On the date of receiving the second dose, informed written consent
was obtained together with baseline demographic and health (fo-
cus on immunodeficiency or immunosuppression) data and blood
for immunological analyses. The heterologous cohort received their
second dose with 30 pg of BNT162b2 (mRNA-vaccine), further
called “BNT”, within 9-12 weeks after the first dose of ChAdOx1-S
vaccine (vector vaccine), further called “AZ” (heterologous scheme:
AZ/BNT). The homologous cohort received their second dose of
mRNA-1273 (mRNA-vaccine), further called “Moderna” 6 weeks af-
ter the first dose (100 pg each; homologous scheme: two x Mod-
erna). Dosages for individuals receiving a third dose were: 30 pg
for BNT and 50 pg for Moderna. There were three follow-up vis-
its about 1 month (follow-up I), 3 months (follow-up II), and 6
months (follow-up III) after the second dose. For individuals re-
ceiving a third dose 6 months after the second dose, the follow-up
Il examination was about 14 days after the third dose. On every
visit, blood was drawn and participants were asked whether there
was a polymerase chain reaction (PCR)-confirmed SARS-CoV-2 in-
fection. Enrolled participants not showing up to a study visit were
reinvited to the next visit. The study design is depicted in Figure 1.

2.2. Assessment of reactogenicity and safety

A month after the second dose (follow-up 1) partici-
pants were asked for subjective local or systemic reactions
(mild/moderate/severe) and the timing of occurrence after re-
ceiving the vaccine by using a questionnaire. Participants could
provide additional data through a free text field.

2.3. Assessment of immunogenicity

The presence of SARS-CoV-2 specific antispike (receptor binding
domain) and antinucleocapsid protein IgG antibodies was assessed
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using the Abbott SARS-CoV-2 IgG II (cutoff for positivity >7.1 bind-
ing antibody units [BAU]/ml) and SARS-CoV-2 IgG on the Abbott
Alinity i platform (Abbott GmbH, Wiesbaden, Germany), according
to the manufacturers’ recommendation. The first assay was used to
measure the vaccine-induced humoral mediated immune response,
the latter to detect individuals with convalescent SARS-CoV-2 in-
fection. To assess the functional neutralization capacity of antibod-
ies, we used the GenScript SARS-CoV-2 Surrogate Virus Neutraliza-
tion Test Kit, further referred as surrogate virus neutralization test
(SVNT; GenScript Biotech, Piscataway Township, USA) according to
the manufacturer’s specification. The manufacturer’s cutoff for pos-
itivity is set to >30% inhibition (INH%). This assay works accord-
ing to the principle of competitive binding: anti-SARS-CoV-2 neu-
tralizing antibodies block an enzyme-labeled S-receptor binding
domain protein from binding its natural ligand, the angiotensin-
converting enzyme 2, precoated on a microtiter plate. In addition,
a cell culture-based PRNT was performed to determine the neu-
tralization capacity against SARS-CoV-2 Delta (B.1.617.2) 3 months
and against Delta (B.1.617.2) and Omicron (B.1.1.529; BA.1) about 6
months after basic immunization, including individuals receiving a
third dose. A titer of 1 : 10 was defined as equivocal and >1 : 20
as positive test result. Further details about the conducted PRNT
can be found in the supplemental material.

2.4. Statistical analysis

Unpaired two-tailed t-tests, Kruskal-Wallis with Dunn multiple
comparisons test, Mann-Whitney U test, Wilcoxon test, three-way
analysis of variance (ANOVA), and Spearman correlation analyses
were performed using GraphPad Prism 9 (GraphPad Software, San
Diego, CA, USA). Correlation coefficients were interpreted according
to Cohen. P-values <0.05 were considered significant.

2.5. Study design

The study design is depicted in Figure 1. From June 2 to 17,
2021, 453 employees of the University Hospital Frankfurt received
their second dose of COVID-19 vaccine, either as ChAdOx1-S (AZ)
and BNT162b2 (BNT) or two x mRNA-1273 (Moderna) vaccination;
16 individuals were excluded from further analysis because of pos-
itive PCR and/or SARS-CoV-2 nucleocapsid results. Exclusion cri-
teria were an incomplete questionnaire, self-reported SARS-CoV-2
PCR-confirmed infection, and an initially positive SARS-CoV-2 nu-
cleocapsid result. Enrolled participants not showing up to a study
visit were reinvited to the next visit. One newly detected SARS-
CoV-2 PCR-confirmed infection was reported in the AZ and BNT
vaccination cohort after follow-up II (3 months), the individual
was excluded from further analysis. At follow-up III (6 months),
nine individuals were excluded from further analysis due to miss-
ing information on the questionnaire (n = 8) or due to SARS-CoV-
2 PCR-confirmed infection (n = 1) in the AZ/BNT cohort. In the
two x Moderna-vaccinated cohort at follow-up III (6 months), one
individual was excluded due to missing information on the ques-
tionnaire.

3. Results
Baseline characteristics are shown in Table 1. According to base-

line health data, all participants turned out to be immunocompe-
tent.

3.1. Reactogenicity

Subjective reactogenicity was reported by 98.8% (244/247) of
participants who attended the follow-up I (1 month) examination
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Figure 1. Study design.

AZ, ChAdOx1-S; BNT, BNT162b2; Delta, B.1.617.2; Ig, immunoglobulin; N antibody(ies), SARS-CoV-2 anti-Nucleocapsid IgG; Omicron, B.1.1.529; PCR, polymerase chain reaction;
PRNT, cell culture-based plaque reduction neutralization test; S1 antibodies, SARS-CoV-2 antispike IgG antibodies; sVNT, surrogate virus neutralization test.

*About 12 weeks distance according to heterologous vaccination scheme
“*About 4 weeks distance according to homologous vaccination scheme
***For one participant not enough sample volume for the assay

**For one participant not enough sample volume for the cell culture-based neutralization assay against SARS-CoV-2 Omicron VOC

Table 1

128 (2023) 166-175

Baseline characteristics of the study cohort.

AZ and BNT vaccination (n = 300)

2 x Moderna vaccination (n = 137)

Age, years (median)
Sex?

Female

Male
Vaccination to sampling
interval, days (median)

36 (19-59)

213 (71%)
86 (28.7%)
29 (22-37) follow-up-I (n = 247)
91 (85-98) follow-up-II (n = 216)

35 (19-59)

91 (66.4%)
46 (33.6%)
28 (27-35) follow-up-I (n = 85)
92 (85-93) follow-up-II (n = 76)

181.5 (168-190) 14 (7-24) 182 (172-183) 12 (10-21)
follow-up-III follow-up-III follow-up-III without follow-up-III

without third dose additional third dose® third dose additional third dose®
(n = 62) (n =107) (n = 44) (n =19)

AZ, ChAdOx1-S; BNT, BNT162b2.

2 One participant in the AZ and BNT vaccination cohort stated to be diverse.
b About 6 months after second dose with either BNT or Moderna.
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Table 2
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Proportions (%) of subjectively reported symptoms after boosting according to the heterologous or homologous vac-
cination scheme. The 95% confidence intervals according to Wilson and Brown are shown in brackets.

Reactogenicity (any severity), %

ChAdOx1-S and BNT162b2 vaccination

2 X Moderna vaccination

Headache 61.1 (54.8-67) [149/244]
Limb pain 40.6 (34.6-46.8) [99/244]
Fever (including elevated 19.7 (15.2-25.1) [48/244]
temperature)

Injection site pain
Injection site erythema
Injection site pruritus

81.6 (76.2-85.9) [199/244]
12.3 (8.8-17) [30/244]
7.8 (5-11.8) [19/244]

56.5 (45.9-66.5) [48/85]
64.7 (54.1-74) [55/85]
43.5 (33.5-54.1) [37/85]

82.4 (72.9-89) [70/85]
27.7 (16.8-34.8) [21/85]
16.5 (10.1-25.8) [14/85]

Headache Limb pain Fever
1001 1001 1001
60 60 60
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O 401 84 o 40 LS 40
5 5 54 5
o 48 o 55 18 [-%
[ 15 21 o 16 o
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2x Moderna vaccination n=85

Figure 2. Proportions (%) and number of subjectively reported symptoms after receiving the second dose according to the heterologous or homologous vaccination scheme

grouped by severity.
AZ, ChAdOx1-S; BNT, BNT162b2.

after heterologous (AZ/BNT) and by 100% (85/85) of participants af-
ter homologous (two x Moderna) vaccination (Table 2). The major-
ity of symptoms were reported to have appeared within 12 hours
after receiving the second dose.

Without differentiating by severity, headache and local injec-
tion site pain were reported to a comparable degree in both co-
horts. Injection site erythema, pruritus, fever, and limb pain were
observed about 3-, 2-, and 1.5-fold more frequently by participants
vaccinated according to the homologous scheme. The overall reac-
togenicity was lower in the heterologous (AZ/BNT) immunized co-
hort than in the homologous (two x Moderna) immunized group.
Proportions of reported symptoms grouped by severity are shown
in Figure 2.

With the exception of severe limb pain and fever (>38.5°C),
which were reported 10-fold more frequently in the homologous
immunized cohort, reported symptoms grouped by severity were
comparable between both cohorts. In addition, no potential life-
threatening reactions have been reported.

3.2. Immunogenicity

Data on immunogenicity were obtained on the day of receiv-
ing the second dose and 1, 3, and 6 months after receiving the
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second dose (Figure 3/Table 3). Individuals receiving a third dose
about 6 months after the second dose were analyzed separately.
On the day of receiving the second dose, 96% (288/300) of in-
dividuals receiving AZ and 100% (137/137) receiving Moderna as
their first dose had detectable SARS-CoV-2 antispike IgG antibod-
ies. All seronegative individuals attending the follow-up I exami-
nation (n = 9) demonstrated seroconversion after having received
their second dose.

Individuals receiving their second dose according to the homol-
ogous (two x Moderna) vaccination scheme revealed significant (P
<0.0001) higher mean SARS-CoV-2 antispike IgG antibody levels
at the follow-up I, II, and Il examinations than the heterologous
(AZ/BNT) vaccinated cohort.

In addition, SARS-CoV-2 antispike IgG antibody levels decreased
significantly in a Wilcoxon test (P <0.0001) within each cohort
from 1 to 3 and 6 months after receiving their second dose.

Significant differences in antibody concentrations were also ob-
served through three-way ANOVA for the confounding factors of
sex and age (P <0.0001).

In the Spearman correlation analysis, weak negative correla-
tions between the age of the heterologous (AZ/BNT) immunized
participants and levels of SARS-CoV-2 antispike IgG antibodies
were observed at the follow-up I and II examinations; however, the



N. Kohmer, S. Stein, B. Schenk et al.

<0.0001

day of 2nd dose

International Journal of Infectious Diseases 128 (2023) 166-175

<0.0001 <0.0001

[ | [
10000 ] : :
e : e | .
a : {
@  roooq : - &
ca Y - 4
© £ i i
Y5 100+ I -3 ? .
2 : P :
qm e i . :
9D L[ W, I WO T I
5 - Follow up | i Follow up Il Follow up IlI
() (1 month) i (3 months) (6 months)
T T T 1 T T T
L L L
W béo"’ & &"(@ & o‘b‘(@ & &‘&
AR A A A L
Vv Vv Vv

Figure 3. Levels of SARS-CoV-2 antispike IgG in BAU/ml and median on the day of receiving the second dose and 1, 3 and 6 months after either heterologous or homologous
basic vaccination (without a history of infection or having received a third dose). The cutoff to positivity is shown as dotted horizontal line. P-values of an unpaired two-tailed

t-test between both cohorts are shown for the follow-up data.
AZ, ChAdOx1-S; BAU, binding antibody units; BNT, BNT162b2; Ig, immunoglobulin.

Table 3

Mean SARS-CoV-2 antispike IgG levels (BAU/ml) and 95% CI at the follow-up-I to IIl examinations of individuals vaccinated with

either AZ/BNT or 2 x Moderna.

Follow-up-I (1 month)

Follow-up-II (3 months)

Follow-up-III (6 months)

Mean SARS-CoV-2 antispike IgG BAU/mL

AZ[BNT 1721.3 570.5 2104 P <0.0001°
(1564.4-1878.2 95% CI) (513.9-627.1 95% CI) (169.8-250.9 95% CI)
(n = 247) (n = 216) (n =62)
2xModerna 3347.2 1294.4 596.7
(2927.4-3767 95% CI) (1074.8-1514 95% CI) (423.2-761.1 95% CI)
(n = 85) (n =75) (n = 44)
P <0.0001?

AZ, ChAdOx1-S; BAU, binding antibody units; BNT, BNT162b2; CI, confidence interval; Ig, immunoglobulin.

2 Within each vaccination scheme between each follow-up visit

b Between both vaccination schemes for each follow-up visit

correlation was only significant at follow-up I (r = -0.1622 [-0.2847
to -0.03446 95% confidence interval (CI)], P = 0.0107) and weakly
but not significantly positive at follow-up III (Table S1). For the ho-
mologous (two x Moderna) immunized participants, weak nega-
tive correlations between age and levels of SARS-CoV-2 antispike
IgG antibodies were also observed for all follow-up examinations.
Correlations, however, were only significant at follow-up I (r = -
0.2229 [-0.4216 to -0.003912 95% CI], P = 0.0403) and at follow-up
I (r = -0.2997 [-0.4983 to -0.07124 - 95% CI], P = 0.0090).

Mean SARS-CoV-2 antispike IgG antibody levels correlating with
positivity in the PRNT (titer >1 : 20) against Delta (B.1.617.2) at
follow-up II (3 months) were 488.7 BAU/ml (381.9-595.4 BAU/ml
95% CI) in the AZ/BNT (n = 39) and 1311.1 BAU/ml (1032.9-1589.4
BAU/ml 95% CI) in the two x Moderna (n = 23) cohort. The mean
follow-up SARS-CoV-2 antispike IgG antibody levels were compara-
ble between both sexes; male participants yielded slightly higher
BAU levels than female participants in the heterologous (AZ/BNT)
vaccinated cohort and female participants had slightly higher lev-
els than male participants in the homologous (two x Moderna)
vaccinated cohort for most of the cases (Table S2). Differences,
however, were only significant (P = 0.0162) in the heterologous
(AZ/BNT) vaccinated cohort at follow-up III (6 months).

3.3. Surrogate virus neutralization test

Regarding potential neutralizing antibodies measured by sVNT
against SARS-CoV-2 (wild type), at the follow-up I (1 month) ex-
amination, there was no significant difference in neutralizing ac-
tivity of the AZ/BNT (mean of 95.46 % inhibition INH%, n = 247)
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compared with the two x Moderna (mean of 95.66 INH%, n = 85)-
vaccinated cohort (Figure 4).

At the follow-up II (3 months) examination, the homologous
vaccinated cohort yielded significantly (P <0.0001) higher neu-
tralizing activity (mean of 95.95 INH%, n = 76) than the heterol-
ogous vaccinated cohort (mean of 93.18 INH%, n = 216, includ-
ing one negative tested sample). The neutralizing activity, however,
was high (>80% INH) for the majority of the cohorts at both time
points.

3.4. PRNT

In a cell culture-based neutralization assay against Delta
(B.1.617.2) conducted at the follow-up II (3 months) examination,
the AZ/BNT-vaccinated cohort (n = 216, including four negative
tested samples) demonstrated significantly higher (P = 0.0085)
serum neutralizing activity than the two x Moderna-vaccinated
cohort (n = 76, including one negative tested sample) (Figure 5).
Titer distributions can also be found in the supplemental material
(Table S3).

In the heterologous vaccinated cohort and in the homologous
vaccinated cohort, 88.9% (192/216) and 88.2% (67/76), respectively,
of the vaccinees demonstrated positive serum neutralizing activ-
ity (titer >1 : 20). At follow-up Il (6 months) and also against
Delta (B.1.617.2), 24.2% (15/62) of the AZ/BNT and 52.3% (23/44)
of the two x Moderna-vaccinated individuals yielded a titer of
>1 : 20. The serum neutralizing activity was significantly higher
(P <0.0001) in the two x Moderna-vaccinated cohort. In a PRNT
against Omicron (B.1.1.529; BA.1) conducted at follow-up III (6
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Figure 4. Levels of ACE2-RBD binding inhibition and mean are shown for partici-
pants of the 1 month (a) and/or 3 months (b) follow-up visit after heterologous or
homologous second dose, including median, 95% confidence interval and P-value of
a conducted Mann-Whitney U test between both cohorts. The cutoff to positivity is
shown as dotted horizontal line.

ACE2, angiotensin-converting enzyme 2; AZ, ChAdOx1-S; BNT, BNT162b2; ns, not
significant; RBD, receptor binding domain.
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Figure 5. Results of a PRNT against the Delta (B.1.617.2) VOC conducted for partic-
ipants of the 3 (a) and 6 (b) months follow-up visit after second dose (not having
received a third dose), including median, 95% confidence interval of titers and the
P-value of a conducted Mann-Whitney U test. Dotted lines indicate cutoff to posi-
tivity.

AZ, ChAdOx1-S; BNT, BNT162b2; neg, negative; PRNT, plaque reduction neutraliza-
tion test.

months), only a minority demonstrated serum neutralizing activ-
ity: AZ/BNT-vaccinated 3.2% (2/62), with a titer of 1 : 10 each;
two x Moderna-vaccinated 11.4% (5/44), with a titer of 1 : 10
(n=3)and 1:20 (n=2)

3.5. Immunogenicity after the third dose

For individuals having received a third dose of either BNT (30
ng) or Moderna (50 pg) about 6 months after basic immuniza-
tion (two doses), SARS-CoV-2 antispike IgG antibody levels were
measured about 14 days after vaccination. Individuals having re-
ceived three doses of Moderna yielded the highest mean SARS-
CoV-2 antispike IgG antibody concentration of 6045.4 BAU/ml, fol-
lowed by the homologous vaccinated cohort with a third dose of
BNT of 5375.7 BAU/ml, the heterologous vaccinated cohort with
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Table 4
Mean SARS-CoV-2 antispike IgG antibody levels (BAU/ml) and 95% CI of
individuals having received either a third dose of BNT or Moderna.

SARS-CoV-2 antispike 1gG

Vaccination scheme BAU/ml

3 X Moderna (n = 11)?

2 X Moderna/BNT (n = 8)
AZ/BNT/Moderna (n = 10)
AZ/2 x BNT (n = 97)?

6045.4 (3885.8-8205.1 95% CI)
5375.7 (2463.5-8287.9 95%ClI)
3821.4 (1600.4-6042.5 95% CI)
2912.8 (2488-3337.7 95% CI)

AZ, ChAdOx1-S; BAU, binding antibody units; BNT, BNT162b2; CI, confi-
dence interval; Ig, immunoglobulin.

2 Significantly different using the conducted Kruskal-Wallis and post hoc
Dunn multiple comparisons test: P = 0.0043

a third dose of Moderna of 3821.4 BAU/ml, and the heterologous
vaccinated cohort with a third dose of BNT of 2912.8 BAU/ml
(Table 4).

Only the mean SARS-CoV-2 antispike IgG antibody levels be-
tween individuals receiving three doses of Moderna and the het-
erologous vaccinated individuals receiving a third dose of BNT
were significantly different (P = 0.0043) in a conducted Kruskal-
Wallis and post hoc Dunn multiple comparisons test (Figure S1).
Other P-values were as follows: AZ/2XBNT versus two x Mod-
erna/BNT, P = 0.2713; AZ/BNT/Moderna versus two x Mod-
erna/BNT, P >0.9999; AZ/two x BNT versus AZ/BNT/Moderna, P
>0.9999; AZ/BNT/Moderna versus three x Moderna, P = 0.4678;
three x Moderna versus two x Moderna/BNT, P >0.9999. The me-
dian age among the cohorts was comparable, with a predominant
proportion of women: aged 39 (19-59) years, female (n = 78) and
male (n = 19; AZ/two x BNT); 40 (29-57) years, female (n = 6) and
male (n = 4; AZ/BNT/Moderna); 48 (31-59) years, female (n = 6)
and male (n = 2; two x Moderna/BNT); and 41 (29-59) years, fe-
male (n = 7) and male (n = 4) (three x Moderna).

The Wilcoxon tests revealed significant higher SARS-CoV-2 an-
tispike IgG levels after receiving a third dose than the anti-
body levels at the follow-up II (3 months) examination in all
cohorts (two x Moderna/BNT-vaccinated [n 8], P = 0.0078;
three x Moderna-vaccinated [n = 10], P = 0.0020; AZ/two x BNT-
vaccinated [n = 85], P <0.0001; AZ/BNT/Moderna-vaccinated
[n = 10], P = 0.0020).

In addition to SARS-CoV-2 antispike IgG analyses, the neu-
tralization capacity was assessed by PRNT against SARS-CoV-2
Delta (B.1.617.2) and Omicron (B.1.1.529; BA.1). Within each vac-
cination regime and compared with Delta (B.1.617.2), significantly
lower serum neutralizing activity was observed against Omicron
(B.1.1.529; BA.1) using the Wilcoxon test (Figure 6).

Regarding each VOC specific neutralization, individuals who
were vaccinated with three x Moderna reached significantly higher
serum neutralizing activity than the AZ/2xBNT vaccinated in-
dividuals (P = 0.0427) in a conducted Mann-Whitney U test.
Other differences in neutralizing antibody levels were not sig-
nificant. A total of >99% of the vaccinees demonstrated positive
serum neutralizing activity (titer >1 : 20) against Delta (B.1.617.2).
Against Omicron (B.1.1.529; BA.1), 60% (6/10) of AZ/BNT/Moderna,
70.8% (68/96, excluding one sample with not enough sample vol-
ume) of AZ/two x BNT, 80% (8/10, excluding one sample with
not enough sample volume) of three x Moderna, and 87.5%
(7/8) of two x Moderna/BNT-vaccinated individuals demonstrated
positive serum neutralizing activity (titer >1 : 20). No serum
neutralizing activity against Omicron (B.1.1.529; BA.1) was ob-
served for 8.3% (8/96) of individuals in the AZ/two x BNT, 20%
(2/10) in the AZ/BNT/Moderna, 10% (1/10) in the three x Mod-
erna, and 12.5% (1/8) in the two x Moderna/BNT cohort. Titer
distributions can also be found in the supplemental material
(Table S4).
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Figure 6. Results of the PRNT regarding the serum neutralization activity of individuals 2 weeks after having received either a third dose of BNT or Moderna including
median and 95% confidence interval, significant differences (P-values) and cutoff to positivity (dotted line).
AZ, ChAdOx1-S; BNT, BNT162b2; ns, not significant; neg, negative; PRNT, plaque reduction neutralization test.

4. Discussion

In our study, we compared the reactogenicity and immuno-
genicity in COVID-19 vaccinated immunocompetent adults accord-
ing to a heterologous (AZ/BNT) and a homologous (two x Mod-
erna) vaccination scheme. Furthermore, we analyzed the elicited
humoral immune response in individuals receiving a third dose of
an mRNA-COVID-19 vaccine (BNT or Moderna).

Overall and based on the findings of our study using a small to
medium sample size, both vaccination schemes yielded an accept-
able and manageable reactogenicity profile, which was tendentially
lower in the heterologous vaccinated cohort. This is in concordance
with findings of similar studies, in which no major differences be-
tween both vaccination schemes were observed [7,10,11]. However,
when the interval between prime and heterologous mRNA boost
was reduced to about 4 weeks, higher reactogenicity could be ob-
served [12-14]. In our study, most of the reported symptoms were
rather expected and consisted of local reactions, headache, and
limb pain. Slightly more side effects were reported in the homol-
ogous vaccinated cohort, which might be attributed to a higher
dosage in the Moderna (100 pg) vaccine than BNT (30 pg) and a
shorter vaccination interval. No potential life-threatening reactions
have been reported.

In terms of immunogenicity, individuals in the two-dose ho-
mologous vaccinated cohort (two x Moderna) yielded significantly
higher mean SARS-CoV-2 antispike IgG antibody levels than the
two-dose heterologous vaccinated cohort (AZ/BNT) at all time
points. This was also observed in comparable studies [10,15,16].
In addition, SARS-CoV-2 antispike IgG antibodies in both cohorts
waned over time in a similar manner, as described elsewhere
[10,16-18]. Interestingly, about 2.5 higher levels of SARS-CoV-2 an-
tispike IgG antibody levels were required in the homologous cohort
to achieve positive neutralizing activity against Delta (B.1.617.2) af-
ter 3 months, evolving into a rather low reactivity after 6 months.
This phenomenon suggests a higher neutralizing capacity of an-
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tibodies generated in the heterologous vaccinated cohort three
months after the second dose. Literature also shows that immu-
nity after heterologous (AZ/mRNA) vaccination is equivalent to or
more pronounced than homologous mRNA or vector-based regi-
mens [5,19-21]. For individuals receiving a third dose, solely indi-
viduals vaccinated with Moderna yielded highest mean SARS-CoV-
2 antispike IgG antibody levels compared with the other cohorts.
Regarding data on immunogenicity after a third dose, in a study
by Herzberg et al., 4 weeks after a third dose, a heterologous vac-
cinated (AZ/BNT) cohort receiving a third dose of BNT yielded sig-
nificantly lower SARS-CoV-2 antispike IgG levels than a homolo-
gous vaccinated cohort receiving three doses of BNT but higher
concentrations than the two x AZ/BNT-vaccinated cohort [22]. A
third dose after 6 months also augmented waning antispike IgG in
heterologous vaccinated individuals in a study by Behrens et al.;
however, the neutralizing activity against Omicron (B.1.1.529) re-
mained severely impaired [23].

We could observe a weak negative correlation between age and
the SARS-CoV-2 antispike IgG antibodies in the heterologous co-
hort at follow-up I (1 month after second vaccination) and follow-
up I and II (3 months after second vaccination) in the homologous
group. A prospective multicenter study from Taiwan with 353 par-
ticipants in a homologous mRNA-1273 vaccinated group found no
age-related variation in groups from 20-40, 40-60, and >60 years
related to antibody production and neutralizing ability 1 month af-
ter receiving the second vaccination [15]. We did not observe sig-
nificant differences in the SARS-CoV-2 antispike IgG antibody lev-
els between different sexes, which is in concordance to the find-
ings of a comparable study conducted by Benning et al. [6]. At
present, sex-disaggregated data about immunogenicity and reacto-
genicity after COVID-19 vaccination are sparse.

The significant difference in neutralizing activity between ho-
mologous and heterologous vaccinated individuals in the sVNT
(SARS-CoV-2 wild type) at follow-up II (3 months) is rather neg-
ligible because the majority of both cohorts yielded activity within
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a high neutralizing range (>80% inhibition) [24]. These findings
are in concordance with studies using a comparable study profile
[7,25].

Regarding SARS-CoV-2 Delta (B.1.617.2) specific neutralization as
assessed by PRNT after 3 and 6 months, the heterologous vacci-
nated cohort showed significantly higher neutralizing activity than
the homologous cohort after 3 months, however after 6 months
neutralizing activity was more pronounced in the latter Literature
shows that B cell memory compartments continue to evolve af-
ter infection and enhance the serologic response after boosting
with an mRNA vaccine. Perhaps this process is also involved here
[26,27].

Concerning the neutralizing activity against SARS-CoV-2 Delta
(B.1.617.2) and Omicron (B.1.1.529; BA.1) after 6 months, the ma-
jority of vaccinees still demonstrated neutralizing efficacy against
Delta but not against Omicron. In the group of individuals having
received a third dose, individuals vaccinated with three x Mod-
erna reached significantly higher serum neutralizing activity than
the individuals vaccinated with AZ/two x BNT. Other differences
in the neutralizing activity between the different regimens were
comparable. Nevertheless, the neutralizing activity against Omicron
is rather low even in the three x Moderna cohort. These find-
ings can be related to the description from the UK Health Secu-
rity Agency from December 2021, demonstrating a reduced effi-
cacy of the AZ/BNT vaccination regime against SARS-CoV-2 Delta
(B.1.617.2) and Omicron (B.1.1.529) [28] and neutralizing activity
studies including individuals with a third dose of COVID-19 vac-
cine [29,30]. In these studies, neutralization against Omicron was
lower than against wild type or Delta but as also shown in our
study, was generally higher in individuals who recently received
their third (booster) dose. Furthermore, it supports the molecular
findings of strong immune escape mutations in Omicron [31-33].
This underlines the need for a third dose after basic immuniza-
tion. Because the local SARS-CoV-2 incidence was low when the
study was conducted (only two PCR-confirmed infection were re-
ported by the study participants during our study period), we can-
not provide data for vaccine effectiveness. But it can be assumed
that neutralizing antibody levels are highly predictive of immune
protection from the severe clinical course of COVID-19 [34] and
that there is a positive correlation between serum neutralizing ac-
tivity and cross-protection against VOCs as a meta-analysis from
24 studies on in vitro neutralization and clinical protection showed
[35]. In addition, immunoglobulins are used as therapeutics [36];
however, their neutralizing capability should continuously be as-
sessed as mutations in the spike protein of SARS-CoV-2 might sig-
nificantly lower neutralizing efficiency [37].

A recent study with a large cohort of elderly individuals in
Finland, before the emergence of Omicron, showed a vaccine ef-
fectiveness against COVID-19-related hospitalization of 95%, 14-60
days after homologous and heterologous three dose series for the
period from December 2020 to March 2022 [38]. Vaccine effec-
tiveness against severe COVID-19 by Omicron is estimated at 50-
90% after two doses and about 90% after having received a third
dose (including heterologous prime-boost schemes). More research
is needed to determine how long the protection will last [39-41].

Statistical methods were used to describe (significant) differ-
ences between antibody levels and neutralizing activity. Whether
they also translate into clinical observable differences in immunity
is not clear. To date, there is no specified threshold of antibody or
in vitro neutralization levels for protective immunity against SARS-
CoV-2.

T cell-mediated immune response, although not analyzed in
our study, plays a role in SARS-CoV-2 infection [42,43]. Early
data suggest that besides poor humoral elicited immune response
in COVID-19-vaccinated and convalescent individuals, T cell re-
sponse is cross-reactive against Omicron [44-46]. In several stud-
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ies, heterologous AZ/BNT vaccination led to a strong T cell re-
sponse [7,11,16,19]. In a study conducted in Austria, the frequency
and multifunctionality of spike-specific T cell response of AZ/BNT-
vaccinated was comparable to individuals vaccinated with homol-
ogous BNT/BNT [47]. This was also the case in a study from Ger-
many where a stable and polyfunctional T cell response was gener-
ated after heterologous AZ/BNT vaccination. The mechanism of im-
mune memory, however, is complex, and the source of SARS-CoV-2
long-term protective immunity is not defined in humans.

One limitation of our study is that symptoms after the second
dose were asked subjectively and not standardized. There has been
no blinding to the participants and no placebo was involved, so it
cannot be ruled out that some participants were guided by expec-
tations or experiences from the first vaccination. In addition, our
study size was too small to capture rare adverse events, such as
anaphylaxis. Reactogenicity after receiving a third dose was not an-
alyzed. In addition, we did not ask if the vaccinees took any pro-
phylactic antipyretic medication to prevent or limit the occurrence
of vaccine related reactions. A study performed between December
2020 and July 2021 in 380 health care workers in Berlin (Germany)
compared the reactogenicity of a homologous BNT162b2 and het-
erologous ChAdOx1-S/BNT162b2 vaccination regime and showed
that the prophylactic intake of antipyretics did not affect adverse
reactions [7]. Furthermore, reactogenicity and immunogenicity re-
sults might be biased due to dropout and differences in cohort size
throughout the study. The cohort sizes of individuals having re-
ceived a third dose are too small to draw further specific and gen-
erally applicable recommendations. There was no sample available
directly before the third dose to compare the effect of the booster
dose. Because the sampling was conducted 14 days after the third
dose, we do not know about long-term effects of the booster dose.
In addition, vaccination to sample intervals were slightly differ-
ent among the examined cohorts. We would have preferred to
include individuals receiving BNT as the homologous mRNA vac-
cinated control cohort; however, when the study was performed,
only individuals vaccinated with Moderna were available and com-
patible with the study schedule.

In conclusion and based on the findings of our study, the
heterologous (AZ/BNT) vaccination regime demonstrated an ac-
ceptable reactogenicity and immunogenicity profile. Heterologous
(AZ/BNT) vaccination temporarily led to higher neutralizing activ-
ity than homologous mRNA vaccination. Administering a third dose
of an mRNA vaccine is necessary to maintain neutralizing activ-
ity against SARS-CoV-2, especially against Omicron (B.1.1.529). Fur-
ther research is needed to confirm our findings, identify optimal
combinations, doses, intervals and determine how immunogenic-
ity translates into protection against SARS-CoV-2. If vaccine efficacy
could be improved, for instance, by optimizing neutralizing activ-
ity against dominant circulating SARS-CoV-2 variants, VOC adapted
versions of the vaccines would be desirable.
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