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ABSTRACT

Purpose: This study analyses the immune response of elite
athletes after COVID-19 vaccination with double-dose mRNA
and a single-dose vector vaccine.

Methods:  Immunoglobulin G (IgG) antibody titers,
neutralizing activity, CD4 and CDS8 T-cells were examined in
blood samples from 72 athletes before and after vaccination
against COVID-19 (56 mRNA (BNT162b2 / mRNA-1273), 16
vector (Ad26.COV.2) vaccines). Side effects and training time loss
was also recorded.

Results: Induction of IgG antibodies (mRNA: 5702 BAU/ml;
4343 BAU/ml (hereafter: median), vector: 61 BAU/ml; 52 BAU/
ml, p<0.01), their neutralizing activity (99.7%, 10.6%, p<0.01),
and SARS-CoV-2 spike-specific CD4 T-cells (0.13%,; 0.05%;
p<0.01) after mRNA double-dose vaccines was significantly more
pronounced than after a single-dose vector vaccine. SARS-CoV-2
spike-specific CD8 T-cell levels after a vector vaccine (0.15%)
were significantly higher than after mRNA vaccines (0.02%;
p<0.01). When athletes who had initially received the vector
vaccine were boostered with an mRNA vaccine, IgG antibodies
(to 3456 BAU/ml; p<0.01), neutralizing activity (to 100%;
p<0.01), CD4 (to 0.13%; p<0.01) and CDS8 T-cells (to 0.43%;
p<0.01) significantly increased. When compared with dual-dose
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mRNA regimen, IgG antibody response was lower (p<0.01), the
neutralizing activity (p<0.01) and CD8 T-cell (p<0.01) response
higher and no significant difference in CD4 T-cell response
(p=0.54) between the two regimens. Cumulative training loss (3
days) did not significantly differ between vaccination regimens
(p=0.46).

Conclusion: mRNA and vector vaccines against SARS-
CoV-2 appear to induce different patterns of immune response
in athletes. Lower immune induction after a single-shot vector
vaccine was clearly optimized by a heterologous booster. Vaccine
reactions were mild and short-lived.



INTRODUCTION

The world-wide coronavirus pandemic led to many medical,
social, and health care system challenges. An infection with
SARS-CoV-2 can cause severe COVID-19 with pathology
including pulmonary inflammation, pulmonary fibrosis, or
vascular thrombosis (1). Moreover, neurologic complications
(2), olfactory and gustatory dysfunctions (3), and cardiac
manifestations like myocarditis(4) may result. Important
preventative/hygiene measures like frequent disinfection,
wearing face masks and social distancing were recommended and
used in the beginning of the pandemic(5) while different types of
vaccines (vector-vaccine, mRNA vaccine, protein-based) were
developed with some delay knowing that vaccinations are one
of the most effective means to prevent the spread and severe
courses of many infection diseases(6).

Due to vaccine shortage, it was initially necessary to
prioritize older people, medical staff and other high-risk
populations for vaccinations, mostly without individual choice
of vaccine type. In May 2021, during the last preparation stages
for the Olympic and Paralympic Games in Tokyo, aspirants for
the German Olympic and Paralympic team were prioritized
for vaccination based on a political decision of the German
government, considering that vaccinating athletes against
COVID-19 had been strongly advised (7). With different vaccine
types available (and very little experience with mRNA vaccines
in general), their immunogenicity and reactogenicity could be
expected to differ and potentially differ in their impact on the
training (e.g. time loss due to vaccine reactions) and the safety
of athletes (e.g. protection from acquiring an infection) prior
to and during the Olympic Games. The double-dose mRNA
vaccines BNT162b2 (Comirnaty® by BioNTech) and mRNA-
1273 (Spikevax® by Moderna) are based on non-replicating
mRNA delivered via lipid-based nanoparticles. SARS-CoV-2
spike-encoding mRNA are translated by muscle cells or tissue
resident antigen-presenting cells followed by its secretion and/
or presentation on the cell surface. These viral spike proteins
are recognised as foreign antigens and trigger cellular and
humoral immune response(8). The mRNA vaccines were
approved based on pivotal trials showing vaccination efficacy
0f 95%(9) and 94%(10), respectively. Overall, vaccine reactions
were reported to be mild and short-lived (mean of 2-3 days)
in these investigations (9, 10). The single-dose vector vaccine
Ad26.COV.2 (Janssen® by Johnson&Johnson (renamed in 2022
as Jecovden®) is a recombinant, replication-incompetent human
adenovirus type 26-based vector that encodes the SARS-CoV-2
spike protein, inducing expression and an immune response.
It was officially approved with an effectiveness of 67% in the
pivotal trial (11). At the time of the first athlete prioritization,
only BNT162b2, mRNA-1273, and Ad26.COV.2 were available.
It must be noted that at this time the double-dose ChAdOx!1
nCoV-19 vector vaccine (by AstraZeneca) was no longer
recommended for people under 60 years of age in Germany
(12). Despite the considerably lower effectiveness of Ad26.
COV.2 as demonstrated in the registration studies, Ad26.COV.2
was considered a practical choice for members of the German
Olympic team in summer 2021 in Germany (7). A single-shot
vaccination was considered promising by many athletes (and
medical advisors) due to a potential induction of less vaccine
side effects and possibly a faster build-up of SARS-CoV-2-
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specific immunity. The aspect of formally receiving a vaccinated
state (meaning a certificate needed for traveling) more quickly
added to the positive image of the vector vaccine particularly in
the athletes.

Understanding that vaccinating athletes against SARS-
CoV-2 is important, it also needs to be mentioned that sport
may lead to changes in the immune system of athletes. Intensive
training programs in the preparation phase for major competitions
may result in an increased susceptibility to infections due to
a reduction in the number of immune cells and an associated
reduction in functionality(13). Therefore, it is important to
understand the influence of COVID-19 vaccines on the immune
system of athletes. In general data about vaccinating athletes is
limited due to concerns in athletes about safety and efficacy of
vaccinations - but it is important to understand more about the
immune system of athletes (4, 14).

The aim of this study was to determine the immune
response of elite athletes after COVID-19 vaccination as well
as comparing the humoral und cellular immune response
between double-dose mRNA vaccines and a single-dose vector
vaccine in this population. We hypothesized a significant
induction of the immune response after both vaccine types with
a stronger induction of the immune response after double dose
regimen compared to a single dose vector vaccine. We further
hypothesized that vaccine related adverse events will overall be
mild and short-lived but that training restrictions will be lower
after a single dose compared to a double dose vaccine. Later
changes in official vaccination policies putting more emphasis
on booster vaccinations enabled us to carry out some comparison
between homologous and heterologous booster vaccination in
our elite athlete population.

METHODS

Participants

72 healthy elite athletes older than 16 years participated in this
prospective study. Among individuals who were vaccinated
with an mRNA vaccine (mean of 21 years + 6 years (standard
deviation)), 29 were females (28: BNT162b2, 1: mRNA-1273)
and 27 were males (25: BNT162b2, 2: mRNA-1273). The mean
age of the 5 female and 11 male athletes of the Ad26.COV.2
group was 28+5 years (standard deviation). In their respective
sports discipline, the athletes performed on international or
national level. Recruitment was supported by the Olympic
Training Centre Saarbriicken, the University Hospital Charité
Berlin and the Institute of Applied Training Science (IAT) in
Leipzig mainly via personal communication with the athletes
from May 2021 to September 2021. Exclusion criteria were
hypersensitivity or allergy to one of the ingredients of the
vaccines, a clinically relevant immunodeficiency, or an acute
illness. Medication intake was not verified by means of blood
profiling, but participants were explicitly asked about serious
illnesses and possible treatments.

Ethics approval.
The study was carried out in accordance with the Helsinki
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declaration and approved by the local ethics committee (133/21,
Arztekammer des Saarlandes, Saarbriicken, Germany). All
participants were informed about the study procedures, prior
to giving written informed consent. Parents signed informed
consent for participants under the age of 18 years.

Study design

All participants received one out of three approved and vaccine
regimens recommended at the time of the study. The regimen
was chosen depending upon availability or personal preference,
as a randomized controlled assignment of the vaccine was
not intended and not possible under the circumstances in mid
2021. The available vaccines were mRNA-1273 (Spikevax® by
Moderna, 3 athletes), BNT162b2 (Comirnaty® by BioNTech/
Pfizer, 53 athletes) and Ad26.COV.2 (Jecovden® by Janssen, 16
athletes). mRNA-1273 and BNT162b2 are double-dose mRNA
vaccines whereas Ad26.COV.2 was approved as a single-dose
vector vaccine. Blood samples were taken before vaccination
to determine baseline reactivity and exclude previous contact
with SARS-CoV-2 antigens during asymptomatic infection.
Moreover, short-term immunogenicity was analysed two weeks
after the second dose in case of mRNA vaccines, and three weeks
after the single dose vector vaccine (due to known differences in
vaccine-induced peak immune responses after the first and the
second vaccination(15)). Follow-up analyses were performed
6 months after the last vaccination. Further evidence for prior
infection with SARS-CoV-2 was tested using an NCAP-ELISA
that was performed at least once (primarily after second mRNA
vaccination, or after the first Ad26.COV.2 vaccination to test
for the presence of antibodies to the SARS-CoV-2 nucleocapsid
protein). The study design is illustrated in figure 1. The athletes
recorded all local and systemic adverse events such as pain,
redness and swelling at the injection site as well as headache,
fatigue, muscle pain, chills, and nausea during the first week after
each vaccination by completing a standardized questionnaire.
Each adverse event was rated by means of four different levels
of severity. Experiencing no side effects was rated 0, whereas
mild, moderate, or severe side effects were graded with 1, 2,
and 3, respectively. Mild side effects were defined as adverse
reactions that did not interfere with training and daily routine,
moderate side effects impaired but still allowed training and
daily routine, whereas severe side effects prevented training and
daily routine for at least one day. Therefore, training restrictions
in the context of this study were solely based on occurrence
of moderate or severe side effects, whereas restrictions based
on precaution were not considered. For regimens with two
vaccination time points, all days with training restrictions were
added to determine the total number of days lost.

BNT162b2, mRNA-1273
) +3-6 weeks +2 weeks + 6 months
‘ : : —>
W4 V4 ¢ ¢
Ad26.COV.2
0 + 3 weeks + 6 months
1 |
[ ”
6/ ¢ )

Figure 1. Overview of the study design with the vaccine regimens and
their matching blood samples.
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Necessary adjustments during the course of the study

After collecting the samples 2/3 weeks after vaccination and
analysing the humoral and cellular immune response we found
that the single-dose vector vaccine led to an insufficient humoral
immune response in our athletes (e. g. median IgG antibodies after
double-dose mRNA vaccination: 5702 BAU/ml, median IgG
antibodies after single-dose vector vaccination: 61 BAU/ml). To
provide adequate protection from COVID-19, recommendations
for athletes were modified (and the study design had to be adjusted
accordingly) by offering a heterologous boost vaccination to
optimize the immune response in these athletes. This was carried
out in 11 out of 16 athletes with the BNT162b2 vaccine after a
median time of 119 days. An additional blood sample was taken
two weeks after the heterologous boost to analyse the immune
response. The adjusted study design can be seen in figure 2. The
study adjustment was approved by the local ethics committee on
September 6, 2021.

BNT162b2, mRNA-1273
0 +3-6 weeks +2 weeks +6 months
I 1 | | >
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Ad26.COV.2 + BNT162b2
0 +3 weeks +3-4 months +2 weeks
t 1 | >
6/ ¢ Ve ¢

Figure 2. Overview of the adjusted study design with timelines for
vaccination and blood sampling.

Procedures for immunological analyses

Lymphocyte subpopulations as well as vaccine-induced
IgG antibody titers, neutralizing activity, and CD4 and CD8
T-cells were analysed from heparinized blood as previously
described(16). Blood samples (9ml) were taken from an
antecubital vein. The time of day was variable and deemed
acceptable for our targeted parameters.

Vaccine-induced humoral immune responses were tested
using ELISA assays as described by the manufacturer’s
instruction (Euroimmun, Liibeck, Germany). An enzyme-linked
immunosorbent assay (ELISA, SARS-CoV-2-QuantiVac) was
used to quantify SARS-CoV-2 specific IgG antibodies against
the receptor binding domain. Thresholds were set at <25.2
BAU/ml for being negative, >25.2 to <35.2 BAU/ml for being
intermediate and >35.2 BAU/ml for being positive. An anti-
SARS-CoV-2-NCP-ELISA was used to quantify SARS-CoV-2
specific IgG towards the nucleocapsid (N) protein. A surrogate
neutralization assay that is based on antibody-mediated
inhibition of soluble ACE2 binding to the plate bound S1
receptor binding domain (SARS-CoV-2-NeutraLISA) was used
at a single serum dilution. Surrogate neutralizing capacity was
calculated as percentage of inhibition (IH) by 1 minus the ratio
of the extinction of the respective sample and the extinction of
the blank value (16). The stimulus threshold was set according
to manufacturer instructions with [H being negative under 20%,
intermediate between 20 and 35% and positive over 35 %.

The protocol for quantification of SARS-CoV-2 spike-
specific CD4 and CD8 T cells has been described before



(16). In brief, spike-19 specific CD4 and CDS8 T-cells were
quantified after a 6h stimulation with SARS-CoV-2 spike-
derived overlapping peptides (each peptide 2 pg/ml, JPT, Berlin,
Germany). Stimulation with 0.64% dimethyl sulfoxide (DMSO)
and with 2.5 pg/ml of Staphylococcus aureus Enterotoxin B
was used as a negative and positive control, respectively, to
secure the specificity of the stimulation. Immunostaining was
performed using anti-CD4 (clone SK3, 1:33.3), anti-CDS (clone
SK1, 1:12.5), anti-CD69 (clone L78, 1:33.3) and anti-IFNy
clone 4S.B3, 1:100, all antibodies from BD), and analyzed using
flow-cytometry (BD FACS Canto II including BD FACSDiva
software 6.1.3) (16). SARS-CoV-2-reactive CD4 or CD8 T-cells
were identified as activated CD69-positive T-cells producing
IFNy. The percentage of specific T-cells was quantified by
subtracting the percentage of T-cells after negative control
stimulation from that after spike-specific stimulation. Detection
limit was set at 0.03% as described before (16, 17).

Statistics

Statistical analysis was performed using R studio (version 4.0.5).
Normal distribution of data was assessed using the Shapiro-Wilk
test. No target parameter was distributed normally. Consequently,
the nonparametric Wilcoxon test was used to analyse the
quantitative parameters IgG antibody titre, neutralizing activity,
CD4 and CDS8 T-cells before and after vaccination. The Mann-
Whitney-U-test was used to compare the immune response of
the different vaccines and to analyse the vaccine side effects.
The significance level was set at p <0.05 for the a error. The
effect size r for the Mann-Whitney-U and the Wilcoxon test was
calculated with |Z|/\n with Z being the standardised value and n
the number of cases. Z was calculated with x - p / 8. The effect
size 1 is defined with r being small >0.10, medium >0.30 and
large >0.50. No sample size analysis was performed because
targeting a specific effect was not possible and intended; no
comparable studies were available at that time.
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RESULTS

Comparison of the immune response before and after
vaccination

None of the athletes were tested NCAP-positive, which excluded
ahistory of SARS-CoV-2 infection. The mRNA vaccines induced
a significant immune response as indicated by an increase in
IgG antibodies (z=-6.5, p<0.01, r=0.87), neutralizing antibodies
(z=-6.5, p<0.01, r=0.87), as well as spike protein-specific CD4
(z=-6.5, p<0.01, r=0.87) and specific CD8 T-cells (z=-4.9,
p<0.01, r=0.70). The aforementioned mRNA group comprises
two vaccines, with mRNA-1273 being obtained from only three
athletes. The IgG antibodies and neutralizing antibodies of the
three athletes fall within the interquartile range of the mRNA
group — which they belong to. Nevertheless, the values of the
CD4 and CDS8 T cells exhibit slight discrepancies, and thus,
they are presented separately here (CD4 T cells: 0.05%, 0.48%,
0.67%; CD8 T cells: 0.01%, 0.05%, 0.11%). The Ad26.COV.2
vaccine also induced a significant increase in IgG antibodies
(z=-4.2, p<0.01, r=0.88), neutralizing activity (z=-4.2, p<0.01,
r=0.88), CD4 spike T-cells (z=-3.4, p<0.01, r=0.87) and CD8
spike T-cells (z=-4.2, p<0.01, r=0.88). Data are shown in table 1.

Comparison of the short-term immune response between the
different vaccine regimens

When comparing immune-responses after vaccination, median
IgG-levels were significantly higher after the mRNA vaccination
(z=-6.1, p<0.01, r=0.71) than after the Ad26.COV.2 vaccination.
This also held true for median neutralizing activity (z=-6.1, p<0
.01, r=0.71), and CD4 T-cells (z=-4.4, p<0.01, r=0.52). In contrast,
the Ad26.COV.2 vaccine induced a significantly higher CD8 T-cell
response as compared to the mRNA vaccine (z=-4.1, p<0.01,
r=0.48). Spike-specific IgG antibody levels and neutralizing
activity as well as spike-specific CD4 and CDS8 T-cell levels after
vaccination are illustrated in figure 3.

Immune response after heterologous vaccination

A second heterologous mRNA vaccination with BNT162b2 was
recommended for all individuals who had received a single dose of
Ad26.COV.2. This led to a significant increase in both humoral and
cellular immune responses (figure 3). IgG-levels increased from a

mRNA Ad26.COV.2
Parameter before after p-value | before after p-value
5702 BAU/ml 61 BAU/ml
Spike specific IgG antibodies ?IQBQE/]‘;‘[LU uty | (QR 4343 | <0.01 ?IQBII:LZI/}gn/LU ety | (1QR 52 <0.01
BAU/ml) BAU/ml)
Spike specific Neutralizing 0 % 99% <0.01 0 % 11% <0.01
antibodies (IQR 0%) (IQR 0.48%) | (IQR 0%) (IQR 24%)’ '
. . 0% 0.13 % 0% 0.05%
Spike specific CD4 T-cells QR 0.01%) | (1Qr0.12%) | %1 |(1Qr0.01%) | (1QR 0.05%) | 00!
. . 0% 0.02% 0% 0.15%
Spike specific CD8 T-cells (IQR 0.005%) | (1QR 0.06%) | %1 | (1QR 0.003%) |(1QR 0.19%) | 00!

Table 1 Blood parameters before and after vaccination with mRNA and Ad26.COV.2. Spike-specific IgG antibody levels [BAU/ml], neutralizing
activity [%IC50], and the percentage of spike-specific CD4 and CD8 T-cells were quantified after two doses of a mRNA vaccine (n=56; BNT n=53,
mRNA-1273 n=3) and after a single dose of Ad26.COV.2 (n=16), as well as before those vaccinations. Median values and interquartile range (IQR)

are given.
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Figure 3. Vaccine-induced antibodies and T cells. Median spike-specific IgG antibody levels [BAU/mI], neutralizing activity [%IC50], and the
percentage of spike-specific CD4 and CD8 T-cells were quantified after two doses of a mRNA vaccine (n=56; BNT n=53, mRNA-1273 n=3), a
single dose of Ad26.COV.2 (n=16) or after heterologous combination of Ad26.COV.2 followed by BNT (n=11). Thresholds defining a negative
response are indicated by a stippled line. Asterisks mark significance <0.05.

median of 61 BAU/ml (IQR 52 BAU/ml) to a median of 3456
BAU/ml (IQR 2209, z=-3.3, p<0.01, r=0.88) and the neutralizing
activity from a median of 11% (IQR 24) to 100% (IQR 0.24,
z=-3.3, p<0.01, r=0.88). Likewise, spike-specific CD4 T-cells
increased from a median of 0.05% (IQR:0.05) to 0.13% (IQR 0.1,
z=-2.6, p<0.01, r=0.75) and the CD8 T-cells from a median of
0.15% (IQR:0.19) to 0.43% (IQR 1, z=-2.6, p<0.01, r=0.75).

Comparison of the immune response after mRNA vaccine
regimen and adjusted regimen

When compared to the homologous mRNA double dose vaccination
regimen, IgG antibody levels after heterologous vaccination were
moderately lower (z=-2.6, p<0.01, r=0.32), while the neutralizing
activity (z=-3.6, p<0.01, r=0.45) and the CD8 T-cell response
(z=-4.8, p<0.01, r=0.58) were significantly more pronounced. No
difference was observed in CD4 T-cell levels (z=-0.6, p=0.54).

Long-term immune response after mRNA vaccine regimen
For the mRNA vaccines, all four chosen indicators significantly
decreased after 6 months: IgG from a median of 5702 BAU/ml
(IQR 4343 BAU/ml) to 1043 BAU/ml ((IQR 1112 BAU/ml), z=-
7.7, p<0.01, r=0.87), neutralizing activity from a median of 99%
(IQR 0.48) to 98% ((IQR 6), z=-4.8, p<0.01, r=0.70), CD4 T-cells
from a median of 0.13 % (IQR 0.12) to 0.03% ((IQR 0.03),z=-
5.9, p<0.01, r=0.86) and CD8 T-cells from a median of 0.02%
(IQR:0.06) to 0.01% ((IQR 0.02),z=-3, p<0.01, r=0.45).

Due to necessary adaptions of the study design and limited
numbers, a long-term follow-up after a single dose-vector vaccine
(marginal reaction after 3 weeks) or heterologous regimen after
Ad.26.COV.2 prime (too much delay) was not performed.
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Adverse vaccine reactions

After the first dose of the mRNA vaccine, all athletes reported pain
at the injection site lasting for a median time of 3 days (IQR 1).
The most frequently reported systemic side effect was fatigue with
70% (median time: 2 days, IQR 3 days) and headache with 45%
(median time: 0 days, IQR 1 day). The second mRNA dose caused
pain at the injection site in 76% of cases for a median time of 2
days (IQR 2 days). Fatigue was reported by 71% (median time:
2 days, IQR 3 days) and headache by 59% (median time: 1 days,
IQR 3 days) of the athletes. After the Ad26.COV.2 dose, all athletes
reported pain at the injection site for a median time of 4 days (IQR
2 days). Fatigue was reported by 93% (median time: 3 days, IQR
2 days) and headache by 87% (median time: 3 days, IQR 1 day) of
the athletes. The second heterologous mRNA dose led to local pain
in 92% (median time: 2 days, IQR 1 day). Fatigue was reported
by 84% (median time: 3 days, IQR 3 days) and headache by 75%
(median time: 2 days, IQR 2.5 days) of the athletes. Occurrence of
all collected local and systemic side effects is shown in figure 4.

Pan
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Figure 4. Local and systemic side effects. The different vaccine regimens
are shown with their occurrence of local and systemic side effects.
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Training Restrictions

Training restriction due to adverse events after the first and
second mRNA vaccination lasted for a median of 2 days (IQR
1). The single dose Ad26.COV.2 vaccine led to a comparable
training restriction of 2 (IQR1) days (z=-0.09, p=0.9, r=0.01).
The heterologous regimen after Ad26.COV.2 priming was
followed by a cumulative restriction of training of 3 days (IQR
1), which was not significantly different from the two dose
mRNA vaccines (z=-0.73, p=0.46, r=0.1).

DISCUSSION

The aim of our study was to evaluate the humoral and cellular
response in elite athletes after vaccination with different regimes
against COVID-19. The main findings were (i) the humoral and
cellular immune response in athletes was induced after double-
dose mRNA and single-dose vector vaccines, (ii) the mRNA
and vector vaccines differed in their immunogenicity, with
Ad26.COV.2 as single-dose being less potent for increasing
IgG antibodies, neutralizing activity and CD4 T-cells, but more
potent in inducing the CD8 T-cell response, (iii) a heterologous
mRNA vaccination after Ad26.COV.2 priming was able to bring
the humoral and cellular immune response close to double-dose
mRNA vaccinations in all parameters, and (iv) there were no
differences in training restrictions between the vaccine regimens.
All side effects were minor and did not lead to substantial training
loss.

Lo Sasso et al. (2021)(18) state that an effective immune
response can be inferred from the increase in IgG antibodies and
their related neutralizing activity, as well as from induction of
CD4 and CD8 T-cells. Particularly, the neutralizing antibody titers
are considered important for the protection against acquisition of
SARS-CoV-2 infection due to their ability to inhibit spike protein
attachment to the ACE-2 receptor, and consequently inhibit entry
of the coronavirus (18). Initial studies on the immunogenicity
of a single dose of the Ad26.COV.2 vaccine among non-athlete
healthy individuals reported adequate induction of neutralizing
antibody titers against the wild type and the Alpha variant, and
some studies even showed durable and sufficient responses
against new variants of the coronavirus (19-21). In contrast, the
current study showed that the single dose of the Ad26.COV.2
vaccine only induced poor neutralizing antibody activity in
elite athletes, which may indicate insufficient protection against
infection and transmission. Similar findings have been reported
for immunocompetent individuals in general by Self et al. (2021)
(21) who claim that the single-dose vector vaccine is the least
immunogenic one of the available vaccines. On the other hand,
it induced a comparably strong CD8 T-cell response, which
in concert with a low neutralizing antibody function may still
protect from severe courses of COVID-19 disease once infected.
Thus, the Ad26.COV.2 vaccine may protect athletes from serious
outcomes of the infection, but it is potentially less effective in
protecting against an acquisition of the infection and transmitting
it to other athletes; it should therefore not be considered an
effective choice for elite athletes participating in major sport
events who want to avoid SARS-CoV-2 infections.
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The double-dose mRNA vaccines showed a clearly stronger
induction of neutralizing antibody titers and CD4 T-helper cells
compared to the single-dose vector vaccine. This aligns with
findings from Tada et al. (2021)(23) who showed significantly
lower neutralizing antibody titers against all variants after Ad26.
COV.2 compared to BNT162b2 and mRNA-1273. Collectively,
findings support the notion of an inadequate humoral immune
response after a single-dose vector vaccine, thereby explaining
the increased rate of breakthrough infections (24), thus
necessitating a second immunization following Ad26.COV.2
vaccine to increase protection from virus acquisition. Moreover,
itis likely that transmission between athletes cannot be effectively
prevented by the Ad26.COV.2 vaccine to control the virus spread
in settings typical for sport and major sports events.

However, CD4 and CD8 T cells also contribute to the
effectiveness of vaccinations. Grifoni et al. (2020)(25) showed
that individuals who had contact with the virus develop CD4
T-cells in 100% and CD8 T-cells in 70% of cases and inferred
that this mobilisation of the adaptive immune system may assist
in the prevention of severe courses of COVID-19. In our study,
the double-dose mRNA vaccinations led to a larger induction
of CD4 T-cells than the single dose vector vaccine, whereas
the latter induced a moderately higher CD8 T-cell response.
Therefore, prevention of severe courses can be assumed for both
vaccine regimen.

Under consideration of these findings, athletes vaccinated
with Ad26.COV.2 were offered an additional vaccination to
improve their immune response. A study by Atmar et al. (26)
showed that the humoral immune response can be significantly
improved with a heterologous boost after Ad26.COV.2 priming,
leading to similar immune responses as homologous mRNA
booster vaccination. Our data confirm these findings by showing a
large improvement in all investigated immunological parameters.
Moreover, a comparison of vaccine-induced immune responses
after homologous mRNA vaccination with heterologous vector/
mRNA vaccination in immunocompetent non-athlete individuals
using exactly the same analysis methods also revealed significantly
higher CD8 T-cell levels after heterologous vaccination, which is
in line with our findings in elite athletes (16, 27). Accordingly, in
October 2021, the Standing Committee on Vaccination (STIKO)
at the Robert Koch Institute, the relevant council for vaccination
policies in Germany, recommended a heterologous mRNA boost
vaccination to all persons who have received the Ad26.COV.2
vaccine to optimize immunity against SARS-CoV-2 (24).
Typical vaccine related adverse events may lead to training
restrictions and are therefore important aspects to consider when
vaccinating athletes, particularly during their preparation for
major sport events like Olympic Games. In the current study,
there were no significant differences in (cumulative) training
restrictions between the double-dose homologous mRNA, the
single dose-vector vaccine, and the heterologous vector-mRNA
regimens. Median training restriction was 2-3 days. In our study
only training restrictions were considered that were caused by side
effects with a score larger than 1, although it has to be taken into
account that there may be additional reasons for athletes not to
train than only side effects, e.g. general caution after vaccination.
Comparable results have been found in British Olympic athletes
where side effects after mRNA vaccination lasted for 1-2 days
(28). Thus, adverse events in elite athletes appear to be generally
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mild and short-lived with limited impact on training. However,
individual athletes may be affected considerably longer (up to 9
days; (28)) so that - if possible - vaccinations should be planned
well in advance of the next competition. Of note, training
restrictions after vaccination are considerably lower and more
predictable compared to an infection with SARS-CoV-2 (29).

Lastly, there was an expected large decline in the immune
response 6 months after the double-dose mRNA vaccines.
Accordingly, a third vaccine dose with BNT16b2 or mRNA-1273
can be considered to boost the immune response and increase the
protective effect(30), which was generally recommended at a later
stage of the pandemic.

Limitations

Due to the vaccine shortage and local differences in vaccine
availability at the time of prioritizing Olympic Games aspirants
for vaccination, it was not possible to control and randomize
assignment of the vaccine regimens, which precluded a more
rigorous study design. This is similar to many COVID-19
related studies, which arose from the circumstances at that time.
Moreover, the time interval of the heterologous boost after the
first dose of the Ad26.COV.2 vaccine was longer than between
the first and second mRNA vaccinations, which may contribute
to altered immune responses as compared to the dual dose mRNA
regimen (31). However, at the time of planning the study, the less
pronounced immune response after single-dose vector vaccine
was unforeseeable. Altogether, some unpredictable changes in
the national COVID-19 policy had a relevant influence on our
study protocol without invalidating the measurements per se (but
weakening the conclusions).

Perspective

This study helps to understand the induced immune response after
COVID-19 vaccinations in athletes, and vaccine related training
restrictions and side effects. In addition, it would be interesting to
investigate the association of the analysed immune response with the
number of athletes that experience SARS-CoV-2 infection, as well
as the severity and duration of their symptoms. This could provide
better insights in the actual risk of infections after vaccination and
the protection that is assumed by the immune response. Another new
question that can be explored in the future is more detailed analysis
of the side effects. Detection of side effects and training limitations
was performed in our study using paper-based questionnaires. It
would also be interesting to investigate limitations using objective
measurement devices including fitness watches or other biometric
devices. These can detect parameters such as heart rate, heart rate
variability, sleep phases and skin temperature that may be associated
with the vaccination and documented side effects. This has been
previously investigated using a wrist-worn biometric device, but
not specifically in elite athletes(32).

Conclusion

In contrast to double-dose mRNA vaccination, a single-dose
vector vaccination does not seem to protect athletes sufficiently
against acquisition of COVID-19. Receiving a booster dose seems
to induce a sufficient immune response in all cases. There were no
indications for a compromised immune response to vaccination
in elite athletes. Based on both the strong immunogenicity and
limited side effets, this study does not provide any evidence
against vaccinating elite athletes against COVID-19.
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