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Abstract: SARS-CoV-2 testing is dominated by PCR to guide treatment and individual as well as
public health preventive measures. Among 1700 football (soccer) players and staff of the German
Bundesliga and Bundesliga 2 who were regularly tested by PCR twice weekly, 98 individuals had a
positive PCR (May 2020 to mid-January 2021). A subset of these were retested shortly after the initial
positive result. Among those, 11 subjects were identified who only had a transient single positive PCR
of low viral load. All individuals were asymptomatic and none developed long COVID. We tested
SARS-CoV-2 IgG and IgA as well as SARS-CoV-2 specific CD4 und CD8 positive T cells, and showed
that only one out of 11 individuals developed SARS-CoV-2 specific cellular and humoral immunity
after the positive PCR, whereas a specific immunity was undetectable in all other individuals. Thus,
a single positive PCR might indicate that transient colonization of the upper respiratory tract with
SARS-CoV-2 may occur without systemic induction of specific adaptive immunity. Together with test
artifacts as another potential reason for a transiently positive test, this finding may favor cautious
interpretation of positive PCR results or retesting before initiating intervening treatment or infection
control measures in some cases.
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1. Introduction

Detection of SARS-CoV-2 RNA using nucleic acid amplification assays such as PCR is
the cornerstone diagnostics for acute infection. At the individual level, a positive PCR is
interpreted as evidence for infection and contagiousness. Moreover, in patients with risk
factors antiviral treatment might be initiated to avoid severe disease and hospitalization [1].
During the first years of the SARS-CoV-2 pandemics a single positive test was generally
followed by isolation and contact tracing and quarantine to prevent further spread.

When developing public health recommendations, the number of positive PCR tests
can trigger specific measures such as physical distancing, limiting movements or minimiz-
ing gatherings of individuals and large groups [2–4]. In addition, in public health and in
international restrictions such as the EU certificate [5], vaccinated individuals were equated
with individuals recovered from SARS-CoV-2 infection for a certain period of time based
on the suspected development of a protective immune response. Nevertheless, the status
of a person recovered from infection was primarily based on a positive PCR and not on
an immune response, underlining the impact of a positive PCR test result. One must keep
in mind that all measures were rather strict and had a profound and sometimes negative
impact on physical and mental health [6].

The local and the systemic immunity is a result of complex mechanisms involving the
innate and the adaptive immune system and consists of humoral as well as cellular factors.
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Whereas systemic responses are usually measured in blood, local reactions are much more
difficult to determine. Local immunity is a barrier that blocks further spread of infection
which may not necessarily result in induction of a systemic immune response. The innate
local immunity against RNA viruses is usually stimulated by the presence of viral RNA
which is recognized by various pattern recognition receptors. This is followed by a cascade
of events including secretion of cytokines or chemokines followed by further attraction of
other cells including neutrophils, monocytes and natural killer (NK) cells. Only if innate
immunity itself is not sufficient in blocking the infection, the virus will establish infection
in the cell, and adaptive immune responses are induced. The adaptive immune response is
dominated by antigen-specific antibodies and antigen-specific T cells, which are detectable
in circulation but also play a role at the site of infection [7].

In the setting of a cohort of elite athletes and staff with twice weekly PCR testing for
approximately nine months (from May 2020 until SARS-CoV-2 vaccination was introduced
in mid-January 2021) we found a relevant number of individuals with a single positive
PCR test that was followed by a negative test in a rather short interval questioning the
interpretation of a positive PCR result as evidence for a relevant infection. As alternative
explanation, this may result from false positive PCRs. In addition, local transient infections
may occur, regulated by the local innate immune response at mucosal surfaces. As both al-
ternative explanations would not necessarily be followed by induction of systemic immune
responses, these individuals were further characterized for development of SARS-CoV-2
specific antibodies and T cells to provide indirect evidence for a relevant infection.

2. Study Group, Materials and Methods

The study participants with a transiently positive PCR originated from a cohort of elite
football players and staff, where a special hygiene program was established in May 2020
during the first lockdown in Germany to facilitate the restart of the German Bundesliga and
Bundesliga 2 with matches behind closed doors [8,9]. This cohort comprised approximately
1700 players and staff (mostly males (>95%), median age of approximately 30 years as
described before [8]) with direct contact to players (e.g., coaches, physiotherapists) of
the 36 professional soccer teams in Germany. The concept included twice weekly PCR
testing during the entire football seasons starting in May 2020 using nasopharyngeal and/or
oropharyngeal swabs. Swabs were taken by the team physicians or trained staff. PCRs were
performed in selected laboratories accredited according to the highest quality standard
for medical laboratories (DIN ISO EN 15189) and contracted by the Deutsche Fußball
Liga (DFL). The labs used only high-quality commercial PCR assays (Cobas 6800/8800
SARS-CoV-2 (Roche, Basel, Switzerland), GeneExpert SARS-CoV-2 (Cepheid, Sunnyvale,
CA, USA), TaqPath COVID-19 (Thermo Fisher Scientific, Waltham, MA, USA), Allplex
SARS-CoV-2 (Seegene, Seoul, Republic of Korea), ampliCube SARS-CoV-2 on Lightcycler
480 II (Mikrogen, Neuried, Germany), and the quality of the assays were verified by the
Coronavirus Task Force of the DFL. At least a dual target PCR with an extraction/inhibition
control was mandatory. The analytical cut-offs provided by the manufacturers were used.
Interpretation criteria were harmonized and tests were considered positive when at least
two target genes tested positive.

In a subset of 11 individuals (all males, aged 30.6 ± 9.1 (mean ± standard deviation)
years), a total of 4.7 mL of heparinized blood was drawn. The interval between positive
PCR and blood sample was chosen to be at least 21 days to allow sufficient time for
development of humoral and cellular immune responses. For SARS-CoV-2 specific IgG and
IgA a semi-quantitative ELISA according to the manufacturer’s instructions (Euroimmun,
Lübeck, Germany) was used. Antibody levels were expressed as ratios of the extinction
of the sample divided by the extinction of a calibrator serum. Ratios < 0.8 were scored
negative, ratios between ≥0.8 and <1.1 were scored equivocal, and ratios ≥ 1.1 were scored
positive [10].

SARS-CoV-2 specific CD4 and CD8 T cells were quantified by intracellular cytokine
staining using multiparameter flow-cytometry directly from whole blood after specific



Vaccines 2023, 11, 482 3 of 8

stimulation with overlapping peptide pools encompassing the SARS-CoV-2 parental spike
protein using an in-house assay as previously described [10–13]. After 2 h of stimulation,
brefeldin A was added to accumulate cytokines intracellularly. Four hours later, blood cells
were processed for flow-cytometric staining using fluorescently-labeled antibodies toward
CD4, CD8, CD69 and interferon-γ (IFNγ). Spike-specific T cells were quantified as CD69-
IFNγ double positive cells among CD4 and CD8 T cells using a gating strategy as described
before [10–13]. Stimulation with the peptide-diluent (DMSO) was used as negative control,
stimulation with Staphylococcus aureus enterotoxin B (SEB) served as internal positive control
for general T cell responsiveness as described before [10–13]. Percentages below 0.05%
were scored negative.

The study was approved by the ethics committee of the Ärztekammer des Saarlandes
(reference 76/20), and all individuals gave written informed consent.

3. Results

Approximately 1700 players and staff were regularly screened at least twice weekly
by SARS-CoV-2 PCR between May 2020 and mid of January 2021. Testing was mandatory,
and players with positive PCRs were excluded from active participation in professional
football. During this interval, 98 individuals tested positive (players and staff). The first
PCR test was found on 13 September 2020 and the last test included in this study was
found on 14 January 2021. Subtyping of the variants was not done, but during the initial
period, the parental Wuhan and during the last weeks of the observation the Alpha variants
dominated in Germany. A positive PCR had relevant consequences for the players and
the teams, as the players were excluded from training and from the next matches. To
avoid these consequences, some teams closely repeated PCR testing in positive players if
they considered the results to be untrustworthy although this was neither mandatory nor
encouraged in the protocol of the Bundesliga [9].

Among these 98 positive individuals, 11 (all males, aged 30.6 ± 9.1 (mean ± standard
deviation) years) were identified with an unexpected pattern of a single positive PCR
preceded and immediately followed by a series of negative PCRs. The individuals (8 players,
two coaches and one physiotherapist) originated from nine different clubs throughout
Germany with only two individuals from the same two club. We wondered if this unusual
pattern reflected an actual SARS-CoV-2 infection that resulted in the systemic induction of
specific humoral and cellular immune response. Thus, symptoms and blood samples of
these 11 individuals were collected and analyzed (Figure 1).

All subjects were asymptomatic and none developed long COVID over a follow-up
of at least 2 years. Viral load of the initial positive PCR test was rather low (median Ct
36.3 (range 37.9–28.0)). A median of 42 (range 21–135) days after the positive PCR, SARS-
CoV-2 specific antibodies (IgG and IgA) as well as SARS-CoV-2 specific CD4 and CD8 T
cells were determined. All individuals showed reactive T cells after stimulation with the
positive control stimulus SEB (CD4 median 2.43% (IQR 1.63–3.62%), CD8 median 6.82%
(IQR 4.10–12.94%)) demonstrating the principal responsiveness of cellular immunity [13].
Interestingly, a systemic humoral and cellular immune response was only found in one
out of 11 individuals, whereas all other tested individuals did not mount any specific
immune response. Two individuals had serum samples tested for antibodies prior to the
first positive PCR that were negative since they took part in another study [8].
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Figure 1. Overview of SARS-CoV-2 PCR test results over time and SARS-CoV-2 specific humoral
and cellular immune response. Each line shows data from one individual. The chronological order
of PCR testing before and after the positive test is shown with the positive PCR test result including
Ct value labeled in red, and negative PCR results in green and indicated by an “n”. SARS-CoV-2
specific IgG and IgA were determined at a median of 42 (range 21–114) days after the positive PCR
test. Individual #4 had negative serological results on screening 3 and 4 months before the positive
PCR test, individual #11 had negative serological results on screening 6 months before the positive
PCR. Ct, cycle threshold; IQR, interquartile range; PCR, polymerase chain reaction.

4. Discussion

In this study, we report the results of a unique cohort of individuals that were moni-
tored closely for symptoms and with PCR twice weekly over a long period of time, which
is rarely done. We show that a positive PCR may occur in the absence of clinical symptoms
and without development of systemic humoral or cellular immune response. Of note, the
study was performed prior to vaccination. Therefore, immunological analyses were not
influenced by vaccination responses. As another strength of our study, a subset of the
initially positive individuals was retested with PCR in a short interval, which again was not
the usual procedure that was recommended for positive cases. These two aspects allowed
us to identify unexpected patterns of viral load, immune responses and symptoms that
would not normally be detected. We suggest that these findings may either be a result of
a falsely positive PCR or alternatively of a transient infection. As both situations do not
imply a relevant infection, our findings may have important implications for management
strategies that are based on positive PCR tests.

In this cohort a relevant number of individuals had positive PCR test in swabs from
the upper respiratory tract that did not result in a systemic response neither in symptoms
nor in an immune response on both B cell and T cell level. In addition, viral replication
was very low or possibly the result of mere colonization, as Ct levels were quite high
and a negative follow-up PCR was detected at the next testing, which in most cases was
performed the very next day. Of note, one individual (No. 4) developed an immune
response (SARS-CoV-2-specific IgG, IgA, and CD4 T cells), although the viral load was
rather low with the lowest Ct of all individuals (Ct 37.9), underscoring that not all samples
with high Ct values above the analytical cut-off samples may have been false positives.
Interestingly, another study among military personnel (n = 1453) also reported 14 cases of
positive tests, of which 11 had transient episodes of PCR positivity followed by negative
results in all subsequent tests [14]. As in our study, the authors also did not find any
induction of antibodies, but the individuals were not further analyzed for induction of
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SARS-CoV-2 specific cellular immune response. Several explanations may seem plausible
to explain a transiently positive PCR in asymptomatic individuals without induction of
specific immune responses. A transiently positive PCR may be falsely positive. A false
positive PCR test due to contamination during swabbing or poor quality of PCR testing
cannot be excluded. However, the high number of individuals with this unusual pattern
(at least 11 out of a maximum of 98 individuals) makes testing failure unlikely as the only
explanation, especially in the context of high-quality dual target commercial PCRs that
were performed in accredited laboratories and only considered positive if both targets
reacted positive. Likewise, subsequent samples after the initial positive test result could
have been falsely negative. One might even speculate that sampling could have been
influenced to avoid exclusion of the player. However, this is considered unlikely, as PCR
tests remained negative on several occasions. In addition, incorrect swabbing of an infected
individual would not have prevented an immune response in 10 out of 11 individuals,
where neither humoral nor cellular immune response was detectable. Another possible
factor could be the development of mutations in the genome that interfere with primers
or probes. However, these mutations would be more likely with a longer replication time.
Here, the replication time was extremely short, so this phenomenon is considered rather
unlikely. Finally, the immune tests used in our study may have failed to detect SARS-CoV-2
specific immune responses. However, we have used either commercial assays or in-house
assays that have been extensively evaluated for characterization of the development of
SARS-CoV-2 specific T cells after infection and COVID-19 vaccination [10–13,15,16].

Apart from mere technical issues, transient infections may represent another reason for
transiently positive test results. In this situation, local components of the immune response
may have limited further viral spread and subsequent induction of a systemic immune
response, as has recently been suggested as a key mechanism why children are less affected
by SARS-CoV-2 infection as compared to adults [17]. None of the individuals had any
previous SARS-CoV-2 infection prior to the positive PCR reported here nor had they been
vaccinated, as the vaccine was not available at the time of the study. Thus, the presumed
local immunity could, on the one hand, be the result of innate immunity and, on the other
hand, represent a local, not systemically detectable, cross-reactive immune response in the
nasal mucosa resulting from a previous infection with one or more seasonal coronaviruses,
mainly other betacoronaviruses such as HKU1 and OC43 [18,19]. A single positive PCR
test in an asymptomatic individual should therefore be interpreted with caution, as it may
reflect transient viral colonization limited to the upper respiratory tract [20] and does not
necessarily represent a proof of a systemic infection in all cases. While the concept of
resident and transient colonization of bacteria and their interplay with mucosal surfaces is
well known both for commensal species and bacteria that cause clinically relevant diseases,
the virome has more recently been characterized as consisting of mainly bacteriophages and
viruses that infect other cellular microorganisms and/or human cells [21]. Approximately
108 virus like particles per milliliter can be found in saliva, and the composition of viruses
might be different between saliva and samples from the respiratory tract [22]. Only few
studies focused on RNA viruses in the nasal or oral mucosa. Interestingly, however, a high
number of different RNA viruses including coronaviruses were recently found in healthy
children, showing that coronaviruses might be a part of the virome and thus might be
present without causing symptoms [23].

The large number of individuals with frequent testing intervals and the close follow-up
is considered a particular strength of our study. Nevertheless, we also identified some
limitations. First, the observed phenomenon might even be more common in a real-world
setting, as the league’s testing protocol had not encouraged retesting. Thus, the percentage
of individuals with intermittently positive test results may have been underestimated. In
addition, teams were not required to report retest results to the task force and generally
did so only in cases of important players and negative PCRs in follow-up. Secondly,
the real-world setting did not allow any retesting of swab samples by alternative tests
as an independent confirmation. However, when developing the hygiene concept for
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the soccer teams, stringency of testing was ensured by the exclusive use of high-quality
commercial dual target PCRs that were performed in accredited laboratories only. Thirdly,
the period between the positive PCR and the collection of the blood sample ranged from
21 to 135 days. A minimum period of 21 days was considered important and sufficient
for detection of humoral and cellular immune response. Although some parameters may
decrease over time, specific IgG and T cell responses have been shown to persist for longer
periods [24,25]. It is therefore considered unlikely, that we have missed detection of specific
immune responses at later time points. Finally, the study was terminated in January
2021 because SARS-CoV-2 vaccines have since become available. This precluded further
analyses, as vaccination leads to a preformed immune response and makes studies such as
those conducted here impossible.

In summary, both falsely positive test results as well as transient infections may account
for our observation of transiently positive PCRs in a substantial portion of individuals that
were regularly tested. Further studies are needed to better distinguish between the two
possibilities and to further characterize immunological mechanisms underlying transient
infections. Interesting areas for future research may include characterization of local and
systemic innate and adaptive cellular subsets associated with severe COVID-19, such as
proliferative-exhausted CD8 T cells that may escape detection with functional assays [10,26],
or NK cell subpopulations [27], or the quality and quantity of proinflammatory monocyte
subpopulations [28], which may also play a role in local protection. In general, studies
employing multi-omics may enable to correlate different factors and proteins with different
clinical manifestations ranging from asymptomatic to severe disease [26–28]. It might be
added that none of the positive tested individuals developed any symptoms including long
COVID during a follow-up of at least 2 years. Although the number of individuals is rather
small, this is in line with one of the hypotheses that (next to other factors) a dysregulated
immune response might be a factor in the pathogenesis of long COVID and suggests that
individuals without systemic immune response do not [29,30]. Whether this is because the
virus was locally targeted in time or because no immune dysregulation was triggered is
unknown, but in any case, worth further investigation.

5. Conclusions

In conclusion, our unique dataset acquired among a large cohort of professional
football players and staff which underwent a strict regular PCR screening protocol shows
that transiently positive PCRs with SARS-CoV-2 may frequently occur in asymptomatic
individuals without systemic induction of a specific adaptive humoral or cellular immune
response. This pattern found in around 10% of positive cases has so far likely been
overlooked, since close monitoring and confirmatory retesting shortly after a positive
PCR test is generally not recommended and thus rarely done. Further characterization
of transient colonization regarding contagiousness is warranted, as measures such as
treatment, isolation and contact tracing may not be justified in these cases. Our results
indicate that under certain circumstances (low viral load and no symptoms), a positive
PCR may not be interpreted as a proven infection that is normally followed by a range
of consequences such as isolation, treatment, or the status of immunity as a recovered
infection). This could also have implications in public health, since interpretation of a
positive PCR is key in the management of future pandemics.

Author Contributions: M.S., T.M. and B.C.G. designed that study. V.K. and T.S. performed the
experiments. All authors analyzed the data. M.S., T.M. and B.C.G. wrote the manuscript with input
of all authors. All authors have read and agreed to the published version of the manuscript.

Funding: The league organization (Deutsche Fußball Liga, DFL) has covered study costs without
any influence on protocol, results or interpretation.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki, and approved by the Ethics Committee of the Ärztekammer des Saarlandes (protocol
code 76/20).



Vaccines 2023, 11, 482 7 of 8

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

Data Availability Statement: All data of this study are listed in Figure 1.

Acknowledgments: The authors thank all players and staff for their participation, and Candida
Guckelmus for expert technical assistance.

Conflicts of Interest: M.S. received grants and support for attending meetings and/or travel from
Novartis, Biotest and Astella and horonaria for lectures from Novartis and Biotest. All other authors
have no conflict of interests.

References
1. Bartoletti, M.; Azap, O.; Barac, A.; Bussini, L.; Ergonul, O.; Krause, R.; Paño-Pardo, J.R.; Power, N.R.; Sibani, M.; Szabo, B.G.;

et al. ESCMID COVID-19 living guidelines: Drug treatment and clinical management. Clin. Microbiol. Infect. 2022, 28, 222–238.
[CrossRef] [PubMed]

2. Talic, S.; Shah, S.; Wild, H.; Gasevic, D.; Maharaj, A.; Ademi, Z.; Li, X.; Xu, W.; Mesa-Eguiagaray, I.; Rostron, J.; et al. Effectiveness
of public health measures in reducing the incidence of covid-19, SARS-CoV-2 transmission, and covid-19 mortality: Systematic
review and meta-analysis. BMJ 2021, 375, e068302. [CrossRef] [PubMed]

3. Polisena, J.; Ospina, M.; Sanni, O.; Matenchuk, B.; Livergant, R.; Amjad, S.; Zoric, I.; Haddad, N.; Morrison, A.; Wilson, K.;
et al. Public health measures to reduce the risk of SARS-CoV-2 transmission in Canada during the early days of the COVID-19
pandemic: A scoping review. BMJ Open 2021, 11, e046177. [CrossRef] [PubMed]

4. World Health Organisation. Overview of Public Health and Social Measures in the Context of COVID-1—Interim Guidance. 2020.
Available online: https://www.who.int/publications/i/item/overview-of-public-health-and-social-measures-in-the-context-
of-covid-19 (accessed on 18 February 2023).

5. Council of the European Union. EU Digital COVID Certificate: How It Works. 2021. Available online: https://www.consilium.
europa.eu/en/policies/coronavirus/eu-digital-covid-certificate/ (accessed on 18 February 2023).

6. Loades, M.E.; Chatburn, E.; Higson-Sweeney, N.; Reynolds, S.; Shafran, R.; Brigden, A.; Linney, C.; McManus, M.N.; Borwick,
C.; Crawley, E. Rapid Systematic Review: The Impact of Social Isolation and Loneliness on the Mental Health of Children and
Adolescents in the Context of COVID-19. J. Am. Acad. Child Adolesc. Psychiatry 2020, 59, 1218–1239.e1213. [CrossRef] [PubMed]

7. Pollard, A.J.; Bijker, E.M. A guide to vaccinology: From basic principles to new developments. Nat. Rev. Immunol. 2021, 21,
83–100. [CrossRef] [PubMed]

8. Mack, D.; Gartner, B.C.; Rossler, A.; Kimpel, J.; Donde, K.; Harzer, O.; Krutsch, W.; von Laer, D.; Meyer, T. Prevalence of
SARS-CoV-2 IgG antibodies in a large prospective cohort study of elite football players in Germany (May-June 2020): Implications
for a testing protocol in asymptomatic individuals and estimation of the rate of undetected cases. Clin. Microbiol. Infect. 2021, 27,
473.e471–473.e474. [CrossRef] [PubMed]

9. Deutscher Fußball Bund (DFB). Sports Medicine/Special Match Operations Task Force in Professional Football. 2020. Avail-
able online: https://media.dfl.de/sites/3/2020/05/2020-05-01_Sports-Medicine_Special-Match-Operations_Task-Force.pdf
(accessed on 18 February 2023).

10. Schub, D.; Klemis, V.; Schneitler, S.; Mihm, J.; Lepper, P.M.; Wilkens, H.; Bals, R.; Eichler, H.; Gärtner, B.C.; Becker, S.L.; et al. High
levels of SARS-CoV-2-specific T cells with restricted functionality in severe courses of COVID-19. JCI Insight. 2020, 5, e142167.
[CrossRef]

11. Klemis, V.; Schmidt, T.; Schub, D.; Mihm, J.; Marx, S.; Abu-Omar, A.; Ziegler, L.; Hielscher, F.; Guckelmus, C.; Urschel, R.; et al.
Comparative immunogenicity and reactogenicity of heterologous ChAdOx1-nCoV-19-priming and BNT162b2 or mRNA-1273-
boosting with homologous COVID-19 vaccine regimens. Nat. Commun. 2022, 13, 4710. [CrossRef]

12. 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]

13. Schmidt, T.; Sester, M. Detection of antigen-specific T cells based on intracellular cytokine staining using flow-cytometry. Methods
Mol. Biol. 2013, 1064, 267–274.

14. Tsur, A.; Furer, A.; Avramovich, E.; Karp, E.; Twig, G.; Bader, T.; Almakias, M.; Fink, N. SARS-CoV-2 Epidemic in the Israeli
Defense Force-Lessons Learned from Our rt-PCR Screening Policy. Mil. Med. 2021, 188, e65–e68. [CrossRef]

15. Schmidt, T.; Klemis, V.; Schub, D.; Schneitler, S.; Reichert, M.C.; Wilkens, H.; Sester, U.; Sester, M.; Mihm, J. Cellular immunity
predominates over humoral immunity after homologous and heterologous mRNA and vector-based COVID-19 vaccine regimens
in solid organ transplant recipients. Am. J. Transplant. 2021, 21, 3990–4002. [CrossRef] [PubMed]

16. Hielscher, F.; Schmidt, T.; Klemis, V.; Wilhelm, A.; Marx, S.; Abu-Omar, A.; Ziegler, L.; Guckelmus, C.; Urschel, R.; Sester, U.; et al.
NVX-CoV2373-induced cellular and humoral immunity towards parental SARS-CoV-2 and VOCs compared to BNT162b2 and
mRNA-1273-regimens. J. Clin. Virol. 2022, 157, 105321. [CrossRef] [PubMed]

17. Yoshida, M.; Worlock, K.B.; Huang, N.; Lindeboom, R.G.H.; Butler, C.R.; Kumasaka, N.; Conde, C.D.; Mamanova, L.; Bolt, L.;
Richardson, L.; et al. Local and systemic responses to SARS-CoV-2 infection in children and adults. Nature 2022, 602, 321–327.
[CrossRef] [PubMed]

http://doi.org/10.1016/j.cmi.2021.11.007
http://www.ncbi.nlm.nih.gov/pubmed/34823008
http://doi.org/10.1136/bmj-2021-068302
http://www.ncbi.nlm.nih.gov/pubmed/34789505
http://doi.org/10.1136/bmjopen-2020-046177
http://www.ncbi.nlm.nih.gov/pubmed/33687956
https://www.who.int/publications/i/item/overview-of-public-health-and-social-measures-in-the-context-of-covid-19
https://www.who.int/publications/i/item/overview-of-public-health-and-social-measures-in-the-context-of-covid-19
https://www.consilium.europa.eu/en/policies/coronavirus/eu-digital-covid-certificate/
https://www.consilium.europa.eu/en/policies/coronavirus/eu-digital-covid-certificate/
http://doi.org/10.1016/j.jaac.2020.05.009
http://www.ncbi.nlm.nih.gov/pubmed/32504808
http://doi.org/10.1038/s41577-020-00479-7
http://www.ncbi.nlm.nih.gov/pubmed/33353987
http://doi.org/10.1016/j.cmi.2020.11.033
http://www.ncbi.nlm.nih.gov/pubmed/33285279
https://media.dfl.de/sites/3/2020/05/2020-05-01_Sports-Medicine_Special-Match-Operations_Task-Force.pdf
http://doi.org/10.1172/jci.insight.142167
http://doi.org/10.1038/s41467-022-32321-0
http://doi.org/10.1038/s41591-021-01464-w
http://doi.org/10.1093/milmed/usab215
http://doi.org/10.1111/ajt.16818
http://www.ncbi.nlm.nih.gov/pubmed/34453872
http://doi.org/10.1016/j.jcv.2022.105321
http://www.ncbi.nlm.nih.gov/pubmed/36279695
http://doi.org/10.1038/s41586-021-04345-x
http://www.ncbi.nlm.nih.gov/pubmed/34937051


Vaccines 2023, 11, 482 8 of 8

18. Dowell, A.C.; Butler, M.S.; Jinks, E.; Tut, G.; Lancaster, T.; Sylla, P.; Begum, J.; Bruton, R.; Pearce, H.; Verma, K.; et al. Children
develop robust and sustained cross-reactive spike-specific immune responses to SARS-CoV-2 infection. Nat. Immunol. 2022, 23,
40–49. [CrossRef]

19. Lineburg, K.E.; Grant, E.J.; Swaminathan, S.; Chatzileontiadou, D.S.M.; Szeto, C.; Sloane, H.; Panikkar, A.; Raju, J.; Crooks, P.;
Rehan, S.; et al. CD8(+) T cells specific for an immunodominant SARS-CoV-2 nucleocapsid epitope cross-react with selective
seasonal coronaviruses. Immunity 2021, 54, 1055–1065.e1055. [CrossRef]

20. Hou, Y.J.; Okuda, K.; Edwards, C.E.; Martinez, D.R.; Asakura, T.; Dinnon, K.H., 3rd; Kato, T.; Lee, R.E.; Yount, B.L.; Mascenik, T.M.;
et al. SARS-CoV-2 Reverse Genetics Reveals a Variable Infection Gradient in the Respiratory Tract. Cell 2020, 182, 429–446.e414.
[CrossRef]

21. Liang, G.; Bushman, F.D. The human virome: Assembly, composition and host interactions. Nat. Rev. Microbiol. 2021, 19, 514–527.
[CrossRef]

22. Pride, D.T.; Salzman, J.; Haynes, M.; Rohwer, F.; Davis-Long, C.; White, R.A., 3rd; Loomer, P.; Armitage, G.C.; Relman, D.A.
Evidence of a robust resident bacteriophage population revealed through analysis of the human salivary virome. ISME J. 2012, 6,
915–926. [CrossRef]

23. Rajagopala, S.V.; Bakhoum, N.G.; Pakala, S.B.; Shilts, M.H.; Rosas-Salazar, C.; Mai, A.; Boone, H.H.; McHenry, R.; Yooseph, S.;
Halasa, N.; et al. Metatranscriptomics to characterize respiratory virome, microbiome, and host response directly from clinical
samples. Cell Rep. Methods 2021, 1, 100091. [CrossRef]

24. Jordan, S.C. Innate and adaptive immune responses to SARS-CoV-2 in humans: Relevance to acquired immunity and vaccine
responses. Clin. Exp. Immunol. 2021, 204, 310–320. [CrossRef] [PubMed]

25. Chia, W.N.; Zhu, F.; Ong, S.W.X.; Young, B.E.; Fong, S.W.; Le Bert, N.; Tan, C.W.; Tiu, C.; Zhang, J.; Tan, S.Y.; et al. Dynamics of
SARS-CoV-2 neutralising antibody responses and duration of immunity: A longitudinal study. Lancet Microbe. 2021, 2, e240–e249.
[CrossRef] [PubMed]

26. Su, Y.; Chen, D.; Yuan, D.; Lausted, C.; Choi, J.; Dai, C.L.; Voillet, V.; Duvvuri, V.R.; Scherler, K.; Troisch, P.; et al. Multi-Omics
Resolves a Sharp Disease-State Shift between Mild and Moderate COVID-19. Cell 2020, 183, 1479–1495.e1420. [CrossRef]
[PubMed]

27. Kramer, B.; Knoll, R.; Bonaguro, L.; ToVinh, M.; Raabe, J.; Astaburuaga-Garcia, R.; Schulte-Schrepping, J.; Kaiser, K.M.; Rieke,
G.J.; Bischoff, J.; et al. Early IFN-alpha signatures and persistent dysfunction are distinguishing features of NK cells in severe
COVID-19. Immunity 2021, 54, 2650–2669.e2614. [CrossRef]

28. Lee, J.W.; Su, Y.; Baloni, P.; Chen, D.; Pavlovitch-Bedzyk, A.J.; Yuan, D.; Duvvuri, V.R.; Ng, R.H.; Choi, J.; Xie, J.; et al. Integrated
analysis of plasma and single immune cells uncovers metabolic changes in individuals with COVID-19. Nat. Biotechnol. 2022, 40,
110–120. [CrossRef]

29. Su, Y.; Yuan, D.; Chen, D.G.; Ng, R.H.; Wang, K.; Choi, J.; Li, S.; Hong, S.; Zhang, R.; Xie, J.; et al. Multiple early factors anticipate
post-acute COVID-19 sequelae. Cell 2022, 185, 881–895. [CrossRef]

30. Li, J.; Zaslavsky, M.; Su, Y.; Guo, J.; Sikora, M.J.; van Unen, V.; Christophersen, A.; Chiou, S.-H.; Chen, L.; Li, J.; et al. KIR+CD8+ T
cells suppress pathogenic T cells and are active in autoimmune diseases and COVID-19. Science 2022, 376, eabi9591. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1038/s41590-021-01089-8
http://doi.org/10.1016/j.immuni.2021.04.006
http://doi.org/10.1016/j.cell.2020.05.042
http://doi.org/10.1038/s41579-021-00536-5
http://doi.org/10.1038/ismej.2011.169
http://doi.org/10.1016/j.crmeth.2021.100091
http://doi.org/10.1111/cei.13582
http://www.ncbi.nlm.nih.gov/pubmed/33534923
http://doi.org/10.1016/S2666-5247(21)00025-2
http://www.ncbi.nlm.nih.gov/pubmed/33778792
http://doi.org/10.1016/j.cell.2020.10.037
http://www.ncbi.nlm.nih.gov/pubmed/33171100
http://doi.org/10.1016/j.immuni.2021.09.002
http://doi.org/10.1038/s41587-021-01020-4
http://doi.org/10.1016/j.cell.2022.01.014
http://doi.org/10.1126/science.abi9591

	Introduction 
	Study Group, Materials and Methods 
	Results 
	Discussion 
	Conclusions 
	References

