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Abstract: Heterologous primary immunization against SARS-CoV-2 is part of applied recommen-
dations. However, little is known about duration of immune responses after heterologous vaccine
regimens. To evaluate duration of immune responses after primary vaccination with homologous
adeno-vectored ChAdOx1 nCoV-19 vaccine (ChAd) or heterologous ChAd/BNT162b2 mRNA vac-
cine (BNT), anti-spike-IgG and SARS-CoV-2 VOC-neutralizing antibody responses were measured in
354 healthcare workers (HCW) at 2 weeks, 3 months, 5 months and 6 months after the second vaccine
dose. T-cell responses were investigated using a whole blood interferon gamma (IFN-γ) release
assay 2 weeks and 3 months post second vaccine dose. Two hundred and ten HCW immunized with
homologous BNT were enrolled for comparison of antibody responses. In study participants naïve to
SARS-CoV-2 prior to vaccination, heterologous ChAd/BNT resulted in 6-fold higher peak anti-spike
IgG antibody titers compared to homologous ChAd vaccination. The half-life of antibody titers was
3.1 months (95% CI 2.8–3.6) following homologous ChAd vaccination and 1.9 months (95% CI 1.7–2.1)
after heterologous vaccination, reducing the GMT difference between the groups to 3-fold 6 months
post vaccination. Peak T-cell responses were stronger in ChAd/BNT vaccinees, but no significant
difference was observed 3 months post vaccination. SARS-CoV-2 infection prior to vaccination
resulted in substantially higher peak GMTs and IFN-γ levels and enhanced SARS-CoV-2 specific
antibody and T cell responses over time. Heterologous primary SARS-CoV-2 immunization with
ChAd and BNT elicits a stronger initial immune response compared to homologous vaccination with
ChAd. However, although the differences in humoral responses remain over 6 months, the difference
in SARS-CoV-2 specific T cell responses are no longer significant three months after vaccination.

Keywords: COVID-19; SARS-CoV-2; SARS-CoV-2 vaccination; heterologous; immune response;
duration; antibodies; humoral response; T-cells; immunity; immunology
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1. Introduction

In the global struggle to achieve and maintain efficient COVID-19 vaccine programs,
heterologous vaccine regimens attract great interest [1–7]. With tolerable safety [1,8,9], and
both immunogenicity [2–8,10–14] and effectiveness [15–20] exceeding that of homologous
adenovector immunization, heterologous primary vaccination is as of 7 December 2021
recommended by European Medical Agency and European Centre for Disease prevention
and Control [21]. However, more data on the duration of immune responses following
heterologous primary vaccine protocols are needed [21,22].

In this study, T-cell responses against SARS-CoV-2 wild type and antibody responses
against SARS-CoV-2 wild type and four variants of concern (VOC: Alpha, Beta, Gamma,
and Delta), were analyzed over six months after two doses adeno-vectored ChAdOx1 nCoV-
19 vaccine (ChAd) or one dose ChAd followed by one dose BNT162b2 mRNA vaccine
(BNT) in 354 healthcare workers (HCW) with and without SARS-CoV-2 infection prior to
vaccination. Healthcare workers vaccinated with two doses BNT (n = 210) were enrolled
for comparison of VOC-neutralizing responses.

2. Materials and Methods

The COMMUNITY study is an ongoing longitudinal cohort study including 2149
HCW [23,24]. Blood samples were first obtained at study inclusion in April 2020 and
are from then on collected prospectively at a minimum of four months interval. Clinical
data including symptomatology is collected at every follow-up through a smart phone
application-based questionnaire. SARS-CoV-2 spike-specific IgG responses were analyzed
by multiplex antigen bead array at every follow-up preceding vaccination (FlexMap3D,
Luminex Corp, Austin, USA) as described elsewhere [23,24].

HCW received vaccination with either BNT or ChAd starting January and February
2021, respectively. Upon reports on vaccine induced thrombocytopenia and thrombosis [25],
the use of adenovector vaccines was discontinued in persons under 65 years in Sweden.
ChAd primed HCW were, as in several other European countries [1], recommended a
mRNA vaccine dose but a second ChAd dose at the same dose interval remained an eligible
option.

Participants that had received a first dose of ChAd were included in this sub study
(n = 354). Samples were collected at 2 weeks (n = 190), 3 months (n = 337), 5 months
(n = 102) and 6 months (n = 92) after second vaccine dose (ChAd or BNT), Figure S1.
Participants were stratified by occurrence of SARS-CoV-2 infection prior to vaccination,
defined by either a positive PCR test in the national registry holding all PCR-verified
SARS-CoV-2 infections in Sweden [26] or a positive anti-spike IgG result at any of the
study follow-ups prior to vaccination. Participants with negative results at every follow-
up and no documented PCR positivity were considered SARS-CoV-2 naïve. Participants
with breakthrough infections, defined as either positive PCR in the national registry or
by a non-vaccine induced antibody increase of >2 SD between samplings (n = 6) were
censored upon detection of breakthrough infection. Of the 354 study participants, 113
(median age 50 (range 22–68) years, 88% women, 40 SARS-CoV-2 recovered) received
homologous ChAd vaccination with a median dose interval of 83 (range 70–98) days. Two
hundred and forty-one study participants (median age 48 (range 20–69), 88% women,
67 SARS-CoV-2 recovered) received heterologous vaccination with ChAd followed by
BNT, with a median dose interval of 91 (range 70–98) days, Table 1. At sampling 2 weeks
post second vaccine dose participants answered a standardized questionnaire (Table S3)
concerning reactogenicity following their second vaccine dose. Serum aliquots from 210
study participants (median age 50 (range 21–68) years) immunized with two doses of
BNT with a 21-day interval (median 21 days, range 21–28 days) and seronegative before
vaccination were collected 3 months after second dose.
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Table 1. Demographics, vaccine dose interval and occurrence of SARS-CoV-2 infection prior to
vaccination. BNT; BNT162b2 mRNA vaccine, ChAd; ChAdOx1 nCoV-19 vaccine, IQR; interquartile
range. Age and dose interval are presented as median (interquartile range).

BNT/BNT
n = 210

ChAd/BNT
n = 241

ChAd/ChAd
n = 113

Age (IQR) 50 (40–58) 48 (39–56) 50 (39–56)
Sex

Female 180 (86%) 211 (88%) 99 (88%)
Male 30 (14%) 30 (12%) 14 (12%)

Dose interval, days (IQR) 21 (21–28) 91 (86–94) 83.0 (77–87)
Infection prior to vaccine

Naïve 210 (100%) 174 (72%) 73 (65%)
Recovered 0 67 (28%) 40 (35%)

2.1. Humoral Immune Response

Spike-specific IgG against SARS-CoV-2 wild type and surrogate virus neutralization
(the ability of antibodies to block the binding of ACE2 to it cognate ligands) against
wild type and variants B.1.1.7 (Alpha), B.1.351 (Beta), P1 (Gamma) and 1.617.2 (Delta)
were measured using the V-PLEX SARS-CoV-2 Panel 13 for IgG and ACE2 (Meso Scale
Diagnostics (MSD), USA. Cat no. K15463U and K15466U) using a similar approach as
previously described [27]. Reference Standard 1 in the serology assay is calibrated against
the WHO International Standard (NIBSC code: 20/136) and IgG titers are reported in
International Units (BAU/mL). Sample dilution for the surrogate neutralization assay was
1:100 and the data are displayed as MSD Arbitrary Units/mL (AU/mL).

2.2. Live-Virus Microneutralization

A subset of 17 samples collected 18–21 days (median 20) following homologous ChAd
and 17 samples collected 18–20 days (median 19) following heterologous ChAd/BNT (all
34 individuals naïve before vaccine) were analysed using a live-virus microneutralization
assay based on cytopathic effects (CPE) with SARS-CoV-2 wild type and Delta strains
as previously described [28]. Serum was 3-fold serially diluted. Each dilution was sub-
sequently mixed with equal volume of 4000 TCID50/mL virus (50 µL serum plus 50 µL
virus), incubated for 1 h and finally added, in duplicates, to confluent Vero E6 cells in
96-well plates. Original SARS-CoV-2 (severe acute respiratory syndrome coronavirus 2
isolate SARS-CoV-2/human/SWE/01/2020, GenBank: MT093571.1) and the Delta variant
(from Statens Serum Institut, Copenhagen, Denmark), were used. Cells were inspected
for CPE by optical microscopy. For both wild type and Delta strain, each well was scored
as either neutralizing (if no signs of CPE was observed) or non-neutralizing (if any CPE
was observed) after 5 days of incubation. The arithmetic mean neutralization titer of the
reciprocals of the highest neutralizing dilutions from the two duplicates for each sample
was then calculated.

2.3. T-Cell Responses

T-cell responses were assessed 2 weeks (n = 190) and 3 months (n = 337) post second
vaccine dose. Whole blood was stimulated with an in-house generated peptide pool
containing in total 16 peptides based on the spike, nucleocapsid, membrane and open
reading frame 3 and 7 proteins [29,30]. The peptides have an estimated HLA coverage of
97% (class I and II combined) and have shown to provide a specificity of 96.1% when using
it as a read-out for specific cellular responses against SARS-CoV-2 [29,30]. IFN-γ levels
were determined using the V-PLEX Plus Human IFN-γ Kit (MSD, Rockville, MD, USA).

2.4. Statistics

A mixed-effects linear regression model by vaccine regimen was generated for each
outcome with adjustment for sex, age, vaccine dose interval and occurrence of SARS-CoV-2
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infection prior to vaccination (infection status). Interactions were applied between sex and
age, dose interval and infection status with a three-way interaction for vaccine combination,
infection status and time since vaccination. Non-linearity was evaluated using ANOVA in
nested models and modelled using natural splines where the number of knots was decided
by optimal AIC-value.

Risk of side effects were evaluated using a logistic regression model by vaccine type
and infection status, interaction adjusted for age and sex with p-values from Fisher’s test.

Antibody response was transformed using the log2 function. Estimate comparisons
are provided as multiplication factors and presented with 95% confidence intervals (CI).
The effect on antibody titers by side effects was measured using a linear regression model
for the first measured antibody titer similarly adjusted with the addition of time since
vaccination. Analyses were performed in statistical program R version 4.1.2 with the
nlme-package version 3.1.152.

To minimize interference of variation of time between second dose and sampling when
comparing VOC-neutralizing antibody titers three months post vaccination, a sub-cohort
of samples collected 3 months (75–105 days) post second vaccine dose was established.

Estimates of correlation between assays were obtained with Spearman’s rank correla-
tion using GraphPad PRISM version 9.2.0. For comparison of VOC neutralizing geometric
mean titers (GMTs) Wilcoxson rank-sum test was used (GraphPad, San Diego, CA, USA).

The study complies with the declaration of Helsinki and was approved by the Swedish
Ethical Review Authority (dnr 2020-01653). Informed written consent was obtained from
all study participants.

3. Results
3.1. Antibody Titers Up to Six Months after Primary Immunization with Heterologous ChAd/BNT
or Homologous ChAd

Adjusted for age, sex, vaccine dose interval and time between second vaccine dose
and sampling, heterologous immunization with ChAd/BNT resulted in 6-fold (95% CI
4.8–7.6) higher peak anti-spike (WT) IgG GMT compared to homologous ChAd vaccination
in individuals naïve to SARS-CoV-2 prior to vaccination, (Figure 1A). As expected, antibody
titers declined over time. Half-life of anti-spike IgG was longer following homologous
ChAd vaccination (3.1 months (95% CI 2.8–3.6)) as compared to heterologous ChAd/BNT
vaccination (1.9 months (95% CI 1.7–2.1)) in SARS-CoV-2 naïve participants (Table 2).
Consequently, after 6 months the difference in anti-spike IgG GMT was less pronounced
with 3-fold (95% CI 2.1–3.8) higher titers after heterologous as compared to homologous
vaccination (Figure 1A).

SARS-CoV-2 recovered participants reached substantially higher peak anti-spike IgG
GMTs following both vaccine regimens (Figure 1A,B and Table S1). Half-life was increased,
although not significantly, after homologous ChAd vaccination (3.8 months (95% CI 3.1–4.7)
compared to 2.7 months (95% CI 2.3–3.3) after heterologous ChAd/BNT). At 6 months post
vaccination, SARS-CoV-2 recovered participants displayed 6-fold (95% CI 4.4–8.9) and 5-
fold (95% CI 3.7–7.3) higher anti-spike IgG GMT after homologous ChAd and ChAd/BNT,
respectively, compared to SARS-CoV-2 naïve participants given the same vaccine regimen
(Table S1). Antibody decay estimates based on sampling 1–3, 3–6 or 1–6 months are
presented in Table 2.

There were no significant dose interval dependent effects on peak serological responses.
However, there was an association between shorter dose interval and lower antibody titers
at 3 months post vaccination among participants who were SARS-CoV-2 naïve prior to
vaccination, diminishing at approximately 80 days dose interval.
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Figure 1. Change in anti-spike IgG titers over 6 months following vaccination. Circles represent
individual values, lines represent geometric mean titer with 95% CI in (A) participants SARS-CoV-2
naïve prior to vaccination and (B) participants SARS-CoV-2 recovered prior to vaccination. ChAd;
ChAdOx1 nCoV-19 vaccine, BNT; BNT162b2 mRNA vaccine.

Table 2. Estimated half-life at different sampling points after both vaccine regimens in participants
either SARS-CoV-2 recovered or naïve prior to vaccination. ChAd; ChAdOx1 nCoV-19 vaccine, BNT;
BNT162b2 mRNA vaccine.

2 Weeks to 3 Months 3 to 6 Months 2 Weeks to 6 Months

Naïve
ChAd/BNT 1.3 months (1.2–1.4) 2.7 months (2.2–3.4) 1.9 months (1.7–2.1)

ChAd/ChAd 2.5 months (2.2–3) 3.7 months (2.9–5.1) 3.1 months (2.8–3.6)
Recovered

ChAd/BNT 1.6 months (1.4–1.9) 4.7 months (3–10.6) 2.7 months (2.3–3.3)
ChAd/ChAd 2 months (1.7–2.4) 9.8 months (5.1–129.7) 3.8 months (3.1–4.7)

3.2. Neutralizing Antibody Responses

Surrogate virus neutralization assay was performed in 205 participants sampled three
months post second dose. In participants naïve to SARS-CoV-2 prior to vaccination, GMTs
of neutralizing antibodies against all four VOCs’ spike were significantly higher following
heterologous ChAd/BNT vaccination as compared to homologous ChAd vaccination
(Figure 2). Three months after vaccination, BNT immunization resulted in a significantly
stronger neutralizing capacity against wild type (p = 0.025), but not against the VOCs, as
compared to heterologous ChAd/BNT.

GMT of neutralizing antibodies among participants with SARS-CoV-2 infection prior to
vaccination exceeded those in naïve participants, regardless of vaccine regimen (Figure S2).

A live-virus microneutralization assay was performed on 34 post vaccination samples.
There was a strong correlation between live virus neutralization titer (NT), titers of anti-
WT-spike IgG and VOC specific surrogate neutralization antibody levels (Table S2).
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Figure 2. Surrogate virus neutralization GMT 3 months post heterologous ChAd/BNT (n = 149,
median time to sampling 90 days (range 82–105)) and homologous ChAd/ChAd (n = 56, median
time to sampling 98 days (range 77–105)) primary vaccination in SARS-CoV-2 naïve participants.
Samples 3 months post homologous BNT/BNT (n = 210, median time to sampling 87 days (range
75–104)) are presented for reference. Dotted line (wt) represents cut-off value set by the manufacturer.
* p = 0.0252, **** p < 0.001, ns; not significant. Ab; antibodies, WT; wild type, AU; Arbitrary Units,
ChAd; ChAdOx1 nCoV-19 vaccine, BNT; BNT162b2 mRNA vaccine.

3.3. T-Cell Responses

SARS-CoV-2 specific T-cell memory responses were assessed based on IFN-γ release
after stimulation of fresh whole blood with a SARS-CoV-2-specific peptide pool (Figure 3).
When adjusted for age, sex, vaccine dose interval and time between second vaccine dose
and sampling, IFN-γ levels were 2.8-fold higher 2 weeks after ChAd/BNT, compared to
after ChAd/ChAd vaccination (p < 0.001). At 3 months post second vaccine dose, a com-
paratively larger decline of IFN-γ responses was noted among recipients of heterologous
ChAd/BNT, resulting in a no longer significant difference between the regimens (p = 0.18).

Importantly, participants that had been SARS-CoV-2 infected prior to vaccination
showed higher peak IFN-γ responses 2 weeks post vaccination compared to naïve partici-
pants irrespective of vaccine regimen (2-fold higher after both ChAd/BNT (p = 0.028) and
ChAd/ChAd (p = 0.058)). Differences were retained at three months post vaccine (2.5-fold
higher after both ChAd/BNT (p < 0.001) and ChAd/ChAd (p = 0.003), although without a
significant difference between regimens (p = 0.28).

There were no significant dose interval dependent effects on IFN-γ levels in any of the
groups.

3.4. Reactogenicity Following Second Vaccine Dose in Heterologous ChAd/BNT and Homologous
ChAd/ChAd Primary Vaccination Regimens

There were no self-reported severe adverse events following either of the vaccine
regimens, but mild systemic and local events were more frequent after heterologous
ChAd/BNT vaccination (62%) than after homologous ChAd (29%) (p < 0.001), Table S3.
Notably, there were no significant differences in second dose reactogenicity between SARS-
CoV-2 recovered and naïve participants in the ChAd/BNT group. Among recipients of the
second ChAd dose however, SARS-CoV-2 recovered participants (n = 26) reported fever
or pronounced illness (bed bound or sick leave) at a higher frequency (p < 0.001). There
was a non-significant trend towards stronger humoral responses three months post vaccine
among participants with pronounced illness after the second vaccine dose.
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Figure 3. Concentration of background-adjusted interferon-gamma (IFN-γ) levels after whole-blood
stimulation with 16 SARS-CoV-2 specific peptides in serial sampling at 2 weeks (14–21 days) and
3 months (75–105 days) after vaccine in (A) SARS-CoV-2 naïve (ChAd/BNT n = 92, ChAd/ChAd
n = 48) and (B) SARS-CoV-2 recovered (ChAd/BNT n = 25, ChAd/ChAd n = 25) participants. IFN-γ
was measured by ELISA in the supernatant. Transparent circles represent individual samples, filled
circles represent geometric mean with 95% CI. IFN-γ; Interferon-γ, ChAd; ChAdOx1 nCoV-19 vaccine,
BNT; BNT162b2 mRNA vaccine.

4. Discussion

This is, to our knowledge, to date the longest follow-up study with the aim to compare
SARS-CoV-2 primary homologous adenovector vaccination to a heterologous vector-mRNA
regimen. Our data show enhanced humoral responses up to 6 months post ChAd/BNT
vaccination compared to homologous ChAd, and a non-inferior T cell response, providing
additional support for the use of heterologous vector/mRNA primary immunization
regimens.

Although both binding and neutralizing antibody titers were higher after ChAd/BNT
vaccination compared to homologous ChAd, ChAd/BNT-elicited antibody titers displayed
a more rapid decline, owing to a shorter half-life, as compared to homologous ChAd
elicited antibody titers in participants who were SARS-CoV-2 naïve prior to vaccination.
Although this may be explained by a more rapid clearance of initially higher peak antibody
titers, half-life following homologous ChAd remained enhanced throughout the entire
study period. It remains to be investigated if there is a vaccine dependent difference in
durability of the humoral response.

The initially inferior humoral and cellular immune responses after homologous ChAd
compared to heterologous ChAd/BNT vaccination reported here are in line with previous
reports by us and others [5,6,31]. The reasons behind this are not fully understood but
competitive T cell responses directed against the adenovirus vector, which would hamper
the SARS-CoV-2 spike-specific immune responses, could be one explanation [31]. Anti-
bodies against the adeno-vector induced by the first ChAd dose could also contribute to
reduced antigen exposure after the second vaccine dose. Both these factors may influence
the peak SARS-CoV-2 specific T-cell responses 2 weeks post second ChAd dose, but do not
seem to affect the durability of responses evoked. Over time, the adjusted differences in
SARS-CoV-2 T cell responses between the vaccine regimens balanced out and were at three
months post vaccination no longer significant.
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Both vaccine regimens elicited antibodies capable of inhibiting WT spike-ACE2 bind-
ing (surrogate neutralization) which remained detectable 3 months after vaccination. There
were, however, large inter-individual variations in neutralizing antibody titers against the
four VOCs in SARS-CoV-2 naïve participants, particularly after homologous ChAd. In
contrast, this variation was much less pronounced among SARS-CoV-2 recovered partici-
pants, supporting a more robust humoral response in vaccinated SARS-CoV-2 recovered
individuals [32].

As expected [27,33], SARS-CoV-2 infection prior to vaccination was associated with
enhanced humoral and cellular responses following both vaccine regimens. Of note, in
SARS-CoV-2 recovered participants, the more moderate decrease in antibody titers seen
after homologous ChAd as compared to after heterologous ChAd/BNT seemed to override
the initially stronger response evoked by heterologous ChAd/BNT, suggesting similar
humoral responses several months post vaccination regardless of vaccine regimen if SARS-
CoV-2 infection has occurred prior to vaccination.

This study is limited by the observational study design and the female dominance of
the study cohort. Furthermore, we expect the longer dose interval in the ChAd/BNT group
to enhance, but not fully explain, the stronger humoral response seen in this group.

5. Conclusions

Taken together, our findings provide further support for the use of heterologous pri-
mary SARS-CoV-2 immunization with ChAd and BNT. The regimen is tolerable and results
in durable immune responses. Despite an initial rapid decline in titers, heterologous vacci-
nation induced antibody titers and T-cell responses that remain high over time compared to
those evoked by homologous ChAd vaccination. Robust and durable immune responses to
heterologous vector/mRNA immunization is of great importance to mitigate consequences
of variations in vaccine supply, to avoid concerns related to vector immunity and to meet
updated mRNA-vaccines.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/vaccines10030359/s1, Figure S1. Study cohort and sampling time
points. Figure S2. Surrogate virus neutralization GMTs against variants of concern 3 months after
ChAd/BNT (n = 213, 64 SARS-CoV-2 recovered), ChAd/ChAd (n = 85, 29 SARS-CoV-2 recovered) and
BNT n = 210 (0 recovered) primary vaccination. Table S1. Vaccine regimen and anti-spike-IgG levels
at 1, 3, 5 and 6 months after vaccine in SARS-CoV-2 recovered and naïve participants, effect per group
as factors with naïve ChAd/ChAd participants as the reference group. Table S2. Correlations between
binding antibodies, neutralizing antibodies (as determined by live-virus microneutralization) and
surrogate virus neutralization (as determined by ACE2-spike competitive assay). Table S3. Frequency
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vaccine, BNT; BNT162b2 mRNA vaccine.

Author Contributions: Conceptualization, U.M., S.H. (Sebastian Havervall), K.B., C.N., J.K., M.Å.
and C.T.; Data curation, M.G.; Formal analysis, U.M., S.H. (Sebastian Havervall), H.N., M.G. and C.T.;
Funding acquisition, S.M. and C.T.; Investigation, U.M. and S.H. (Sebastian Havervall); Methodology,
U.M., S.H. (Sebastian Havervall), H.N., S.M., W.C., J.K., M.Å. and C.T.; Project administration, N.G.-
N.; Supervision, C.T.; Visualization, M.G.; Writing—original draft, U.M., S.H. (Sebastian Havervall),
C.N., S.M., J.K., M.Å. and C.T.; Writing—review & editing, H.N., K.B., P.N., M.P., S.H. (Sophia Hober),
C.N., S.M., J.K., M.G., M.Å. and C.T. All authors have read and agreed to the published version of the
manuscript.

Funding: This research was funded by grants from Knut & Alice Wallenberg Foundation, Jonas &
Kristina af Jochnick Foundation, Leif Lundblad Family Foundation, The Swedish Research Council,
and Region Stockholm. All the funders above had no role in the design and conduct of the study;
collection, management, analysis, and interpretation of the data; preparation, review, or approval of
the manuscript; and decision to submit the manuscript for publication.

https://www.mdpi.com/article/10.3390/vaccines10030359/s1
https://www.mdpi.com/article/10.3390/vaccines10030359/s1


Vaccines 2022, 10, 359 9 of 10

Institutional Review Board Statement: The study complies with the declaration of Helsinki and
was approved by the Swedish Ethical Review Authority (dnr 2020-01653). Informed written consent
was obtained from all study participants.

Informed Consent Statement: Written informed consent was obtained from all subjects involved in
the study.

Data Availability Statement: Not applicable.

Conflicts of Interest: Hober has participated on Astra Zeneca COVID-19 SCG Virtual Advisory
Board.

References
1. Shaw, R.H.; Stuart, A.; Greenland, M.; Liu, X.; Nguyen Van-Tam, J.S.; Snape, M.D.; Com-COV Study Group. Heterologous

prime-boost COVID-19 vaccination: Initial reactogenicity data. Lancet 2021, 397, 2043–2046. [CrossRef]
2. Borobia, A.M.; Carcas, A.J.; Pérez-Olmeda, M.; Castaño, L.; Bertran, M.J.; García-Pérez, J.; Campins, M.; Portolés, A.; González-

Pérez, M.; Morales, M.T.G.; et al. Immunogenicity and reactogenicity of BNT162b2 booster in ChAdOx1-S-primed participants
(CombiVacS): A multicentre, open-label, randomised, controlled, phase 2 trial. Lancet 2021, 398, 121–130. [CrossRef]

3. Barros-Martins, J.; Hammerschmidt, S.I.; Cossmann, A.; Odak, I.; Stankov, M.V.; Ramos, G.M.; Dopfer-Jablonka, A.; Heidemann,
A.; Ritter, C.; Friedrichsen, M.; et al. Immune responses against SARS-CoV-2 variants after heterologous and homologous
ChAdOx1 nCoV-19/BNT162b2 vaccination. Nat. Med. 2021, 27, 1525–1529. [CrossRef] [PubMed]

4. Dimeglio, C.; Herin, F.; Da-Silva, I.; Jougla, I.; Pradere, C.; Porcheron, M.; Martin-Blondel, G.; Chapuy-Regaud, S.; Izopet, J.
Heterologous ChAdOx1-S/BNT162b2 Vaccination: Neutralizing Antibody Response to Severe Acute Respiratory Syndrome
Coronavirus 2 (SARS-CoV-2). Clin. Infect. Dis. 2021, ciab705. [CrossRef]

5. Hillus, D.; Schwarz, T.; Tober-Lau, P.; Vanshylla, K.; Hastor, H.; Thibeault, C.; Jentzsch, S.; Helbig, E.T.; Lippert, L.J.; Tscheak, P.;
et al. Safety, reactogenicity, and immunogenicity of homologous and heterologous prime-boost immunisation with ChAdOx1
nCoV-19 and BNT162b2: A prospective cohort study. Lancet Respir. Med. 2021, 9, 1255–1265. [CrossRef]

6. Schmidt, T.; Klemis, V.; Schub, D.; Mihm, J.; Hielscher, F.; Marx, S.; Abu-Omar, A.; Ziegler, L.; Guckelmus, C.; Urschel, R.; et al.
Immunogenicity and reactogenicity of heterologous ChAdOx1 nCoV-19/mRNA vaccination. Nat. Med. 2021, 27, 1530–1535.
[CrossRef]

7. Tenbusch, M.; Schumacher, S.; Vogel, E.; Priller, A.; Held, J.; Steininger, P.; Beileke, S.; Irrgang, P.; Brockhoff, R.; Salmanton-García,
J.; et al. Heterologous prime–boost vaccination with ChAdOx1 nCoV-19 and BNT162b. Lancet Infect. Dis. 2021, 21, 1212–1213.
[CrossRef]

8. Liu, X.; Shaw, R.H.; Stuart, A.S.V.; Greenland, M.; Aley, P.K.; Andrews, N.J.; Cameron, J.C.; Charlton, S.; A Clutterbuck, E.;
Collins, A.M.; et al. Safety and immunogenicity of heterologous versus homologous prime-boost schedules with an adenoviral
vectored and mRNA COVID-19 vaccine (Com-COV): A single-blind, randomised, non-inferiority trial. Lancet 2021, 398, 856–869.
[CrossRef]

9. A Powell, A.; Power, L.; Westrop, S.; McOwat, K.; Campbell, H.; Simmons, R.; E Ramsay, M.; Brown, K.; Ladhani, S.N.;
Amirthalingam, G. Real-world data shows increased reactogenicity in adults after heterologous compared to homologous
prime-boost COVID-19 vaccination, March−June 2021, England. Eurosurveillance 2021, 26, 2100634. [CrossRef]

10. Stuart, A.S.V.; Shaw, R.H.; Liu, X.; Greenland, M.; Aley, P.K.; Andrews, N.J.; Cameron, J.C.; Charlton, S.; A Clutterbuck, E.; Collins,
A.M.; et al. Immunogenicity, safety, and reactogenicity of heterologous COVID-19 primary vaccination incorporating mRNA,
viral-vector, and protein-adjuvant vaccines in the UK (Com-COV2): A single-blind, randomised, phase 2, non-inferiority trial.
Lancet 2021, 399, 36–49. [CrossRef]

11. Vallée, A.; Vasse, M.; Mazaux, L.; Bonan, B.; Amiel, C.; Zia-Chahabi, S.; Chan-Hew-Wai, A.; Farfour, E.; Camps, E.; Touche, P.;
et al. An Immunogenicity Report for the Comparison between Heterologous and Homologous Prime-Boost Schedules with
ChAdOx1-S and BNT162b2 Vaccines. J. Clin. Med. 2021, 10, 3817. [CrossRef] [PubMed]

12. Ho, T.C.; Chen YM, A.; Chan, H.P.; Chang, C.C.; Chuang, K.P.; Lee, C.H. The Effects of Heterologous Immunization with
Prime-Boost COVID-19 Vaccination against SARS-CoV. Vaccines 2021, 9, 1163. [CrossRef] [PubMed]

13. Benning, L.; Töllner, M.; Hidmark, A.; Schaier, M.; Nusshag, C.; Kälble, F.; Reichel, P.; Buylaert, M.; Grenz, J.; Ponath, G.; et al.
Heterologous ChAdOx1 nCoV-19/BNT162b2 Prime-Boost Vaccination Induces Strong Humoral Responses among Health Care
Workers. Vaccines 2021, 9, 857. [CrossRef] [PubMed]

14. Groß, R.; Zanoni, M.; Seidel, A.; Conzelmann, C.; Gilg, A.; Krnavek, D.; Erdemci-Evin, S.; Mayer, B.; Hoffmann, M.; Pöhlmann, S.;
et al. Heterologous ChAdOx1 nCoV-19 and BNT162b2 prime-boost vaccination elicits potent neutralizing antibody responses
and T cell reactivity against prevalent SARS-CoV-2 variants. EBioMedicine 2021, 75, 103761. [CrossRef]

15. Nordström, P.; Ballin, M.; Nordström, A. Effectiveness of heterologous ChAdOx1 nCoV-19 and mRNA prime-boost vaccination
against symptomatic Covid-19 infection in Sweden: A nationwide cohort study. Lancet Reg. Health Eur. 2021, 11, 100249.
[CrossRef]

16. Poukka, E.; Baum, U.; Palmu, A.A.; Lehtonen, T.O.; Salo, H.; Nohynek, H.; Leino, T. Cohort study of Covid-19 vaccine effectiveness
among healthcare workers in Finland, December 2020–October. Vaccine 2021, 40, 701–705. [CrossRef]

http://doi.org/10.1016/S0140-6736(21)01115-6
http://doi.org/10.1016/S0140-6736(21)01420-3
http://doi.org/10.1038/s41591-021-01449-9
http://www.ncbi.nlm.nih.gov/pubmed/34262158
http://doi.org/10.1093/cid/ciab705
http://doi.org/10.1016/S2213-2600(21)00357-X
http://doi.org/10.1038/s41591-021-01464-w
http://doi.org/10.1016/S1473-3099(21)00420-5
http://doi.org/10.1016/S0140-6736(21)01694-9
http://doi.org/10.2807/1560-7917.ES.2021.26.28.2100634
http://doi.org/10.1016/S0140-6736(21)02718-5
http://doi.org/10.3390/jcm10173817
http://www.ncbi.nlm.nih.gov/pubmed/34501264
http://doi.org/10.3390/vaccines9101163
http://www.ncbi.nlm.nih.gov/pubmed/34696271
http://doi.org/10.3390/vaccines9080857
http://www.ncbi.nlm.nih.gov/pubmed/34451982
http://doi.org/10.1016/j.ebiom.2021.103761
http://doi.org/10.1016/j.lanepe.2021.100249
http://doi.org/10.1016/j.vaccine.2021.12.032


Vaccines 2022, 10, 359 10 of 10

17. Nordström, P.; Ballin, M.; Nordström, A. Effectiveness of COVID-19 Vaccination Against Risk of Symptomatic Infection,
Hospitalization, and Death Up to 9 Months: A Swedish Total-Population Cohort Study. Lancet 2021. preprints. [CrossRef]

18. Skowronski, D.M.; Setayeshgar, S.; Febriani, Y.; Ouakki, M.; Zou, M.; Talbot, D. Two-dose SARS-CoV-2 vaccine effectiveness
with mixed schedules and extended dosing intervals: Test-negative design studies from British Columbia and Quebec, Canada.
medRxiv 2021. [CrossRef]

19. Martínez-Baz, I.; Trobajo-Sanmartín, C.; Miqueleiz, A.; Guevara, M.; Fernández-Huerta, M.; Burgui, C.; Casado, I.; Portillo, M.E.;
Navascués, A.; Ezpeleta, C.; et al. Product-specific COVID-19 vaccine effectiveness against secondary infection in close contacts,
Navarre, Spain, April to August. Eurosurveillance 2021, 26, 2100894. [CrossRef]

20. Pozzetto, B.; Legros, V.; Djebali, S.; Barateau, V.; Guibert, N.; Villard, M.; Peyrot, L.; Allatif, O.; Fassier, J.-B.; Massardier-Pilonchéry,
A.; et al. Immunogenicity and efficacy of heterologous ChAdOx1–BNT162b2 vaccination. Nature 2021, 600, 701–706. [CrossRef]

21. EMA. Heterologous Primary and Booster COVID-19 Vaccination—Evidence Based Regulatory Considerations; EMA/349565/2021;
Biological Health Threats and Vaccine Strategy Office, EMA Pandemic Task Force for COVID-19 (COVID-ETF): Amsterdam, The
Netherlands, 2021.

22. Chiu, N.-C.; Chi, H.; Tu, Y.-K.; Huang, Y.-N.; Tai, Y.-L.; Weng, S.-L.; Chang, L.; Huang, D.T.-N.; Huang, F.-Y.; Lin, C.-Y. To mix or
not to mix? A rapid systematic review of heterologous prime–boost covid-19 vaccination. Expert Rev. Vaccines 2021, 20, 1211–1220.
[CrossRef] [PubMed]

23. Rudberg, A.-S.; Havervall, S.; Månberg, A.; Falk, A.J.; Aguilera, K.; Ng, H.; Gabrielsson, L.; Salomonsson, A.-C.; Hanke, L.;
Murrell, B.; et al. SARS-CoV-2 exposure, symptoms and seroprevalence in healthcare workers in Sweden. Nat. Commun. 2020, 11,
5064. [CrossRef] [PubMed]

24. Havervall, S.; Rosell, A.; Phillipson, M.; Mangsbo, S.M.; Nilsson, P.; Hober, S.; Thålin, C. Symptoms and Functional Impairment
Assessed 8 Months after Mild COVID-19 among Health Care Workers. JAMA 2021, 325, 2015–2016. [CrossRef] [PubMed]

25. Greinacher, A.; Thiele, T.; Warkentin, T.E.; Weisser, K.; Kyrle, P.A.; Eichinger, S. Thrombotic Thrombocytopenia after ChAdOx1
nCov-19 Vaccination. N. Engl. J. Med. 2021, 384, 2092–2101. [CrossRef] [PubMed]

26. Public Health Agency of Sweden, SmiNet. Public Health Agency of Sweden, SmiNet. Available online: www.folkhalsomyndigheten.
se/smittskydd-beredskap/overvakning-och-rapportering/sminet/ (accessed on 1 October 2021).

27. Havervall, S.; Marking, U.; Greilert-Norin, N.; Ng, H.; Gordon, M.; Salomonsson, A.-C.; Hellström, C.; Pin, E.; Blom, K.; Mangsbo,
S.; et al. Antibody responses after a single dose of ChAdOx1 nCoV-19 vaccine in healthcare workers previously infected with
SARS-CoV-2. eBioMedicine 2021, 70, 103523. [CrossRef] [PubMed]
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