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ARTICLE INFO ABSTRACT

Keywords: The outbreak of COVID-19 spurred the development of different vaccines against SARS-CoV-2 however, rec-
SARS-CoV-2 ommendations on how to maintain long-term protection from COVID-19 remain elusive.

COVID-19 We here report on a cohort of 192 health care workers receiving their primary vaccination with either
][3\1;;(2)222 AZD1222 or BNT162b2. Over the course of three years, six blood samples were taken and analyzed for antibody

dynamics against the receptor binding domain of the Spike protein and for function via surrogate virus
neutralization.

Our results showed that higher anti SARS-CoV-2 S titers correlated with increased neutralizing capacity and
ameliorated COVID-19 disease. The type of the first prime/boost vaccine exerted long term effects with a ho-
mologous BNT162b2 regimen outperforming AZD1222 in terms of antibody titers and neutralizing capacity. This
deficit for AZD1222 was not compensated for by subsequent boosting with RNA vaccines, was still evident after

Immune imprinting
Breakthrough infection

three years, and is discussed in the context of immune imprinting.

1. Introduction

Following the outbreak of coronavirus disease (COVID)-19 caused by
the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), a
number of different vaccines were developed using various strategies
[1]. Among the first vaccines that were clinically tested and approved
were the mRNA-based ones from Pfizer-BioNTech (Comirnaty,
BNT162b2) or Moderna (Spikevax, mRNA-1273) as well as the adeno-
viral vector-based vaccine from AstraZeneca (Vaxzevria, AZD1222). All
three were proven to be safe and effective [2-4]. They also protected
against severe disease courses, hospitalization, and death [5]. Moreover,
vaccination against SARS-CoV-2 also turned out to reduce the risk of the
long-term sequelae long—/post-COVID [6,7]. However, vaccinations did
not altogether prevent COVID-19 and so called breakthrough infections
in fully vaccinated individuals have been observed early on [8]. Up until
today they are ascribed to circulating variants of concern (VOC) of
SARS-CoV-2 [9,10], but also to the speed of natural decline of antibodies
among the vaccinated. Numerous studies from our own group and others
have described the immune responses to the above-mentioned vaccines
as well as differences between vaccine types and the waning of antibody
titers up to two years after vaccination [11-19]. However, data on
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vaccine efficacy more than 24 months after primary immunization are
scarce. While high binding antibody units and neutralizing capacity
have from the start been understood as protective correlates [20-22],
neither is routinely tested, nor is there any more need to verify SARS-
CoV-2 in case of respiratory infections. As a consequence, individual
vaccination status are unclear and recommendations for or against
repeated booster immunizations remain unfounded. Moreover, the
concept of immune imprinting — or original antigenic sin (OAS) —
questions the benefit of multiple vaccinations with the same antigen
[23-26]. According to OAS, the immune system repeatedly relies on the
first cohort of B cells engaged by an antigenic stimulus and will not
induce de novo responses upon encounter of related antigens [27]. The
concerns raised in the context of COVID-19 are that repeated immuni-
zations with the receptor binding domain (RBD) of SARS-CoV-2 may in
the future prevent an adequate response to newly emerging and more
aggressive variants of concern.

To investigate the phenomenon of immune imprinting and to analyze
vaccine efficacies at three years after the first immunization, we here
followed up on three cohorts of a total of 192 health care workers who
had undergone different prime/boost regimen. We monitored binding
antibody units and neutralizing capacity against the background of
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infection and vaccination histories.

2. Materials and methods

2.1. Study participants and blood sampling

Initially, 192 employees of Rostock University Medical Center from
the medical and non-medical fields were recruited by the Coordination
Center for Clinical Studies [28]. Personal data was only collected on age
and sex. EDTA and serum blood samples were taken by venipuncture
every six months at each visit. In addition, new vaccinations and results
of a COVID-19 PCR or rapid test carried out in the last six months were
documented, and the participants were asked about symptoms of a
respiratory infection in the last six months. At the end of the study, each
remaining subject was given a questionnaire to record the number and
duration of symptoms (cough, runny nose, sore throat, fever, shortness
of breath, severe feeling of illness, headache, aching limbs, loss of taste/
odor, nausea/vomiting/diarrhea) of COVID-19 illness in the last six
months. The samples were collected in the period from July 2021 to
February 2024. Study participants were exclusively Caucasians except
for two subjects of Asian and two of Syrian origins. Plasma and serum
were processed via centrifugation at 1500g for 10 min and 2000 g for 10
min, respectively. Both were subsequently frozen at —80 °C for later use.
The study was approved by the Ethics Committee of the University
Medical Center Rostock under the number A 2020-0086. Written
informed consent was obtained from all study participants.

2.2. Quantification of anti-SARS-CoV-2 S and anti-Nucleocapsid
antibodies

To quantify antibodies against SARS-CoV-2, anti-SARS-CoV-2S and
anti-SARS-CoV-2 N Elecsys® Assays (Roche Diagnostics, Mannheim,
Germany) were performed according to the manufacturer’s instructions
and were run on a Cobas E411 (Roche Diagnostics, Mannheim, Ger-
many). Results were compared to the WHO international standard for
anti-SARS-CoV-2 immunoglobulin to obtain binding antibody units
(BAU) [29]. Measured U/mL correlated strongly with the international
WHO standard binding antibody units (BAU/mL) (U = 0.972 * BAU;
Pearson r = 0.99996).

2.3. Neutralizing capacity against omicron BA.2

The SARS-CoV-2 Surrogate Virus Neutralizing Test (sVNT) kit
(GenScript, Piscataway, NJ, USA) was used according to the manufac-
turer’s instructions. In short, frozen plasma was thawed, centrifuged at
10,000g for five min to remove precipitates, and diluted 1:40 in dilution
buffer. HRP peptide Omicron BA.2 (SARS-CoV-2 Spike protein RBD-
HRP, BA.2 variant, His Tag) (GenScript) were diluted at 1:1000.
Diluted plasma samples and diluted HRP peptide samples were mixed in
equal parts. After 30 min of incubation at 37 °C, samples were pipetted
onto an ACE2 coated ELISA capture plate and incubated for an addi-
tional 15 min at 37 °C. Then, substrate solution was added and incu-
bated for another 15 min at room temperature before stop solution was
added to terminate the reaction. Photometric measurements of the
capture plate were performed at 450 nm using the InfiniteM200 (Tecan,
Manneheim, Switzerland). Optical densities (OD) were used for calcu-
lation: Neutralizing Capacity = (1 — ODgample/ODNegctrl) X 100 %.

2.4. Statistics

Contingency table analyses were performed via chi-square test. Data
were first tested for Gaussian distribution using the Shapiro-Wilk test.
For unpaired comparisons, either the Mann-Whitney-U test was used for
two groups or the Kruskal-Wallis test followed by Dunn’s correction for
multiple comparisons for three groups. Pearson was performed for
correlation analyses of metric data and the Spearman rank correlation
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for metric-ordinal data. Statistical assays were performed with Graph-
Pad InStat® version 3.10 for Windows (GraphPad Software, San Diego,
CA, USA) or IBM SPSS Statistics Version 27 (IBM, Armonk, NY, USA).
Graphs were created with R (Version 2024.04.2).

2.5. Ethic commitment

The study was conducted according to the guidelines of the Decla-
ration of Helsinki and approved by the Ethics Committee of the Rostock
University Medical Center (file number: A 2020-0086, date of approval:
16 June 2021). Written informed consent was obtained from all subjects
involved in the study.

3. Results
3.1. Study design

We here monitored three cohorts of healthcare workers who had
undergone either a homologous prime/boost regimen with BNT162b2
(n=66) or AZD1222 (n = 61) or a heterologous regimen with AZD1222
followed by BNT162b2 (n = 65), respectively. Priming took place for all
participants at the turn of 2021,/2022 and the intervals between priming
and first boost were recommended by the manufacturers to be four
weeks for BNT162b2 and three months for AZD1222. For the heterolo-
gous prime/boost regimen, the local authorities recommended three
months as well. Starting with the third vaccination, at about nine
months after priming, all participants received mRNA vaccines. A
detailed vaccination scheme is presented in the supplemental Fig. 1. All
cohorts were followed up over three years with subsequent blood
withdrawals at 6, 12, 18, 24, 30, and 36 months after priming. Study
design plus overview of vaccination and infection processes are sum-
marized in Table 1. A detailed overview of the vaccination schedule
including the spike variant is provided in Supplemental Fig. 1.

3.2. The primary vaccination regime exerted longtime effects

Already at six months after the first vaccination, there were signifi-
cant differences between the three cohorts regarding their anti-SARS-
CoV-2 S antibody titers and their capacity to neutralize SARS-CoV-2
virus, with the heterologous vaccination regimen outperforming the
other two (Fig. 1 and [28]). However, the different time intervals be-
tween prime and boost - depending on the vaccine used for priming —
resulted in different time intervals between boost and blood withdrawal
at six months. These were a mean of 160 days for those being primed
with BNT162b2 and only 100 days for those being primed with
AZD1222, allowing for a more pronounce waning of antibody titers in
the BNT162b2 primed group. We therefore compared at six months only
the homologous AZD1222 prime/boost regimen to the heterologous
AZD1222/BNT162b2 one. Fig. 1 shows that the latter — priming with
AZD1222 followed by a BNT162b2 boost — by far outperformed the
homologous prime/boost regimen with AZD1222. Fig. 1 also shows that
at 12 months - shortly after the third vaccination — anti-SARS-CoV-2 S
titers looked comparable for the three cohorts and even though there
was a trend, also the neutralizing capacities showed no significant dif-
ferences. At later time points, those who had been homologously primed
and boosted with BNT162b2 kept outperforming those homologously
primed and boosted with AZD1222. These differences were statistically
significant for the anti-SARS-CoV-2 S titers while only a trend was
observed for the neutralizing capacities. However, statistics were more
difficult to calculate for the neutralizing capacities as the test results
quickly reached the upper limit of detection. To stay below this limit
would have required plasma dilutions which in turn render a trans-
formation into percent neutralizing capacity impossible. In summary,
the homologous prime/boost regimen with AZD1222 exerted a longtime
disadvantage over a regimen including BNT162b2, even after 36
months, and this disadvantage could not be compensated for by
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Table 1
Summary of vaccinations and infection processes.
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time point vaccination numbers of samples numbers of vaccinations numbers of infections
(blood sampling) regimen
N 2 3 4 5 6 0 1 2 3 4
T1 AZD/AZD 61 61 61 0
(6 Months) AZD/BNT 65 65 63 2
BNT/BNT 66 66 66 0
T2 AZD/AZD 57 3 54 54 3
(12 Months) AZD/BNT 63 4 59 60 3
BNT/BNT 61 4 57 58 3
T3 AZD/AZD 53 0 52 1 25 28
(18 Months) AZD/BNT 63 1 60 2 18 45
BNT/BNT 60 0 55 5 22 38
T4 AZD/AZD 53 0 44 9 0 12 29 12
(24 Months) AZD/BNT 63 1 50 12 0 6 40 16
BNT/BNT 59 0 49 8 2 6 39 14
TS5 AZD/AZD 50 0 41 9 0 7 21 20 2
(30 Months) AZD/BNT 56 0 44 12 0 5 22 20 9
BNT/BNT 54 0 44 7 3 3 26 19 6
T6 AZD/AZD 48 0 38 8 2 0 3 10 24 10 1
(36 Months) AZD/BNT 55 0 44 10 1 0 2 10 21 17 5
BNT/BNT 49 0 38 5 3 3 2 7 23 14 3
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Fig. 1. The primary vaccination regime exerts longtime effects.

Dot plots overlaid by box-plots present anti-SARS-CoV-2 S titers measured in BAU/ml (A) and percentage neutralizing capacity against BA.2 (B) over time; each dot
represents one study participant; boxes show median values; ULOD = upper limit of detection; all participants (N = 1036) are included: p values result from Kruskal-
Wallis test followed by Dunn’s correction for multiple comparisons: raw p-values are given.

introducing mRNA vaccines for third, fourth and possibly fifth
vaccination.

3.3. Infection rates did not differ between the three vaccination cohorts

At every blood withdrawal, we requested information about previous
SARS-CoV-2 infections. Self-disclosures were then either confirmed or
complemented with antibody titers against the nucleocapsid so that we
were able to monitor infection rates within the three vaccination co-
horts. Fig. 2 summarizes these results and shows that despite the dif-
ferences in anti-SARS-CoV-2 S titers and neutralizing capacities shown
in Fig. 1, infections were distributed evenly over the three cohorts.
Table 1 and Supplemental Table 1 complement these data by showing
that also the numbers of vaccinations were distributed evenly over the

three cohorts with the majority of individuals having received three
vaccinations and recovered from two infections at 36 months. In addi-
tion, neither age nor sex had any impact on infection rates.

3.4. Higher anti-SARS-CoV-2 S titers and elevated neutralizing capacities
reduced breakthrough infections and negatively correlated with duration
and numbers of COVID-19 symptoms

As there is no consensus yet as to the level of anti-SARS-CoV-2 S titer
or neutralizing capacity required to confer protection, we were intrigued
whether the differences we observed held any biological meaning. To
that extent, we compared the titers at any given blood withdrawal with
the presence or absence of a SARS-CoV-2 infection within the last six
months. Fig. 3A indeed shows a statistically significant difference in the
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Fig. 2. Infection rates do not differ between the three vaccination cohorts.
Bar plots indicate - for the six time points and the three vaccination cohorts - the numbers of individuals who had experienced either one, two, three, or four SARS-
CoV-2 infections; all participants (N = 1036) are included: Chi? tests negated statistically significant differences between the vaccination cohorts.
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Fig. 3. Higher anti-SARS-CoV-2 S titers and elevated neutralizing capacities reduce break-through infections.

Dot plots overlaid with violin plots indicate anti SARS-CoV-2 S titers and neutralizing capacities at a given time point of blood collection and differentiate between
those with a proven COVID-19-infection (N = 334) during the last six months and those without (N = 322) (A); The same results are shown in (B) yet differentiate the
reconvalescents into those who were aware of an infection and self-reported it (N = 237) vs those who were unaware (N = 97); ULOD = upper limit of detection; each
dot represents one study participant; plots show median values; p values result from Mann-Whitney-U test: raw p-values are given.
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titers with those having experienced an infection presenting a median of
9188 BAU/ml as opposed to 13,027 BAU/ml for those who have not.
Likewise, the median neutralizing capacity was 69-8 % for those who
experienced an infection as opposed to 84-2 % for those who had not.
Importantly, Fig. 3B shows that among those with a proven SARS-CoV-2
infection within the last six months, there were statistically significant
differences in anti-SARS-CoV-2 S titers and neutralizing capacities be-
tween those who had noticed and reported their SARS-CoV-2 infection
(median of 8010 BAU/ml and 59 % neutralizing capacity) — and those
who had not (median of 12,635 BAU/ml and 85 % neutralizing capac-
ity). Along these lines, we found negative correlations between anti-
SARS-CoV-2 S titers and neutralizing capacities on the one hand and
duration and numbers of symptoms on the other (Fig. 4). In summary,
our results suggest that the higher the humoral immune response against
the SARS-CoV-2 virus, the lower the numbers of infections and the
milder the course of COVID-19.

3.5. Infections contribute better to neutralizing capacities than
vaccinations

At the end of the observation period, we were curious whether it was
infection or immunization that contributed most to high antibody titers
and neutralizing capacities. Since all participants had taken at least
three immunizations, we compared the titers and neutralizing capacities
of those with three immunizations to those with four and more. Fig. 5
shows that for those who had not been infected with SARS-CoV-2 at all, a
fourth or fifth immunization is beneficial as titers rose from a median of
427 BAU/ml to 6160. Among the convalescents, anti-SARS-CoV-2 § ti-
ters also increased from a median of 9948 BAU/ml to a median of 15,620
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in case of one to two infections and from 12,815 to 15,694 BAU/ml in
case of three to four infections. These differences did not though reach
significance. Likewise, comparing one to two versus three to four in-
fections after having taken either three or four and more immunizations,
also showed trends, only. Along these lines, neutralizing capacities
increased only mildly after additional immunizations, from medians of
89 % to 93 % in case of one to two infections and from 94 % to 96 % in
case of three to four infections. However, against the background of
three immunizations, three to four infections resulted in significantly
higher neutralizing capacities than one to two with medians of 89 % and
94 %, respectively. Likewise, four immunizations and three to four in-
fections led to medians of 96 % neutralizing capacity compared to only
93 % in the case of one to two infections. In summary both, infection and
immunization contribute equally to anti-SARS-CoV-2 S titers. However,
as for neutralizing capacities, infections seem to contribute better.

4. Discussion

We here report on a three years follow-up of 192 health care workers
who had received different primary vaccination regimen against SARS-
CoV-2 - either homologously primed and boosted with AZD1222,
homologously primed and boosted with BNT162b2, or primed with
AZD1222 and boosted with BNT162b2. Thereafter, all study partici-
pants had received at least one additional mRNA vaccine. Our results are
in line with previous reports showing that, the various regimen are
similarly efficient in that infection rates with SARS-CoV-2 are compa-
rable among the three cohorts [2,4,30]. We also confirmed that the
heterologous prime/boost regimen was superior to the homologous one
including AZD1222 and that was true for all time points analyzed.
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Fig. 4. Higher anti-SARS-CoV-2 S titers and elevated neutralizing capacities negat

ively correlate with duration and numbers of COVID-19 symptoms.

At the end of the observation period (36 months), participants were asked about previous SARS-CoV-2 infections. (A) Dot plots and regression curves indicate
negative correlations between the duration of symptoms resulting from infection and anti-SARS-CoV-2 S titers as well as neutralizing capacities; (B) shows a negative
correlation between the numbers of symptoms experienced during infection and neutralizing capacities against Omicron BA.2. For anti-SARS-CoV-2 § titers, there
was only a trend of a negative correlation; each dot represents one study participant; All participants whose self-reported disease was confirmed by increase in
nucleocapsid antibodies in the last six months were included (N = 45): *p values result from Pearson correlation or #Spearman rank correlation: raw p-values

are given.
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Fig. 5. Infections contribute better to neutralizing capacities than vaccinations.

Dot plots overlaid with box-plots present anti-SARS-CoV-2 S titers and neutralizing capacities in the context of three or four and more immunizations and increasing
numbers of proven infections; ULOD = upper limit of detection; each dot represents one study participant; number of included samples are shown: p values result

from Mann-Whitney-U test: raw p-values are given.

However, differences between the heterologous and the homologous
prime/boost regimen including BNT162b2 need to be viewed critically —
certainly at 12 months - as different time intervals between boost and
blood sampling may have impacted on the results [31,28,32,33].
Indeed, a systematic review confirmed comparable anti-SARS-CoV-2 S
antibody titers for the homologous prime/boost regimen with
BNT162b2 and the heterologous one [34].

In the long run though, antibody titers against the spike protein and
capacities to neutralize SARS-CoV-2 were highest in those having
received the homologous prime/boost regimen with BNT162b2, and
were lowest in those homologously primed and boosted with AZD1222.
Importantly, this effect was independent of age and sex, was continu-
ously observed over three years and could not be compensated for by an
additional third, fourth, or fifth vaccination with an mRNA vaccine, nor
by infection with the virus. Our results therefore imply long-term con-
straints on the humoral immune response after primary immunization
with the adenoviral vaccine. Due to previous observations on significant
differences in the very early immune responses to AZD1222 or
BNT162b2, we would like to discuss our recent findings in the context of
immune imprinting. We previously showed that compared to
BNT162b2, the AZD1222 cohort showed transient leukopenia and a
transient increase in pro-inflammatory monocytes on day 2 after prim-
ing, a significant bout of plasma blasts on day 6, followed by again a
significant increase of late memory B cells on days 13 and 20 [12].
However, on day 20 the BNT162b2 cohort performed significantly
better in virus neutralization and had already significantly higher titers
of anti-spike IgG and IgA antibodies. In short, even though the SARS-
CoV-2 antigens presented to the immune system should be similar if
not identical, both vaccines induced disparate immune reactions. Along
these lines, it was shown by others that the context of the spike antigen —
either as mRNA vaccine or SARS-CoV-2 itself — led to different retention
periods in germinal centers, with the vaccine encoded antigen outlasting
the virus encoded one [35,36]. We therefore would like to speculate that
the mRNA vaccine - either due to specific adjuvant effects and/or pro-
longed retention of the antigen in germinal centers led to either a larger
pool of memory- and long-lived plasma cells or to higher affinity anti-
bodies. Both would lead to higher reads when assessing antibody titers
or neutralization capacities. However, the fact that subsequent immu-
nizations with mRNA vaccine in the AZD1222 cohort did not compen-
sate for early deficits is reminiscent of immune imprinting. Immune
imprinting was first described as original antigenic sin, summarizing a
propensity of the immune system to rely repeatedly on the first cohort of
B cells engaged by an antigenic stimulus - in detriment to the induction

of de novo responses upon encounter of related antigens [27,37,38]. As
the presence of imprinting correlates with the extent of sequence simi-
larity among immunogens and as both, BNT162b2 and AZD1222 encode
the wild type RBD of the SARS-CoV-2 spike protein [39,2,4] it does not
come as a surprise that boosting the AZD1222 primed cohort with an
mRNA vaccine merely led to a re-stimulation of the first cohort of B cells
engaged. Along these lines, a decreased response to variant-specific
epitopes in vaccinated individuals compared to unvaccinated ones has
previously been discussed to result from imprinting [36]. These obser-
vations question the benefit of repeated boosting as adequate responses
to a newly emerging and aggressive variant of concern may be
hampered. Our findings of infections contributing better to increased
neutralizing capacity than vaccinations suggests that breakthrough in-
fections, which are generally mild, may offer sufficient protection
against current and upcoming VOCs [26]. However, relying on this
protection puts vulnerable groups at risk and comes also at the risk of
long/post-COVID. To complicate matters, pre-boost antibody titers
against the RBD of the original spike protein inversely correlated with
post-boost antibody reactivity against VOC, indicating that high anti-
body titers against the original strain resulted in reduced immunoge-
nicity of the variant protein [40]. Against this background, it is
imperative to define target ranges of anti-SARS-CoV-2 S antibody titers
that allow for a well-founded recommendation for or against a repeated
boost.

As higher antibody titers and better neutralizing capacities in our
study correlated with fewer infections and milder courses of COVID-19,
we would like to speculate that, a stronger humoral response may also
contain long and post-COVID. A detailed investigation into the various
vaccine platforms is therefore imperative in order to optimize future
vaccines. Strategies to optimize immunity without exacerbating immune
imprinting have already been suggested and include among others the
utilization of different adjuvants, change of vaccine platforms, alter-
nating intramuscular and intradermal immunizations, removal of
conserved domains in the immunogen, increasing antigen dosages and,
as indicated above, optimizing vaccination intervals [38,41,40].

There are limitations to our study that need to be pointed out: i) our
heterologous prime/ boost regimen included priming with AZD1222
and boosting with BNT162b2 only. We therefore cannot rule out that a
vice versa set-up may ameliorate immune imprinting. ii) the age group
analyzed here included the working population only, and therefore does
not allow for any extrapolation towards the elderly or children. iii) we
here concentrated on the humoral immune response, only. As there is
evidence that different vaccines also induce different cellular immune
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responses [42-47,31], T cell memory will have to be assessed before
final recommendations for or against a repeated boost are passed.

In summary, we are the first to provide a three year follow up on anti-
SARS-CoV-2 S titers and neutralizing capacities following three different
vaccination regimens. We show that a homologous prime/boost regimen
with BNT162b2 is superior to AZD1222 and speculate that imprinting
prevents mRNA boosts from clearing out any differences. Future
research therefore needs to improve strategies to optimize immunity
without exacerbating immune imprinting.

Supplementary data to this article can be found online at https://doi.
0rg/10.1016/j.clim.2025.110523.
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