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Abstract

Background Over 10% of all SARS-CoV-2 infections lead to persistent symptoms, a condition called post-COVID condi-
tion (PCC). For elite athletes, whose performance is central, PCC poses significant challenges. It is suggested that immune
cells, particularly regulatory and effector T cells, play a key role in symptom persistence nonetheless it has not yet been
investigated.

Objective This study investigates immune dynamics after SARS-CoV-2 infection and assesses whether symptom persis-
tence is accompanied by T cell dysregulation in highly trained athletes.

Methods Thirty-six highly trained athletes were included in this study after experiencing SARS-CoV-2 infection. Athletes’
data were analyzed 2—4 weeks after infection (T0) and 3—4 months later (T1). They were categorized into two groups: those
with persistent symptoms (PS) and those without (SF). Their immune cell distribution was assessed via flow cytometry.
Results In the PS group, there was an increase in T helper (Th) cell 17 and Th2 cells from TO to T1, whereas in the SF group,
these cell types either decreased or remained unchanged, respectively. Furthermore, Thl cells decreased and natural (NK)
cells increased from TO to T1 in the PS group, while no changes were observed in the SF group. No changes were observed
in Tregs nor in other cell types.

Conclusion This dysregulation of the immune system toward humoral immunity indexed by a rise in Th2 and Th17 cells
and a decrease in Thl cells over time could be indicative of a possible virus persistence contributing to persistent symptoms.
Clinical Trial Registration The study has been registered in the German Clinical Trials Register (DRKS00023717).
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Graphical Abstract
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Abbreviations
BMI Body mass index
CD Cluster of differentiation

DOSB German Olympic Association
FMO Fluorescence minus controls
FoxP3 Forkhead-Box-Protein 3

IFN Interferon

IL Interleukin

NK cell Natural killer cell

PBMC Peripheral blood mononuclear cell
PBS Phosphate-buffered saline
CcC Post-COVID condition

PEM Post-exertional malaise

PS Persistent symptoms

RNA Ribonucleic acid
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SARS-CoV-2  Severe acute respiratory syndrome corona-

virus 2
SF Symptom free
Th cell T helper cell
TNF Tumor necrosis factor
Treg Regulatory T cell
VO,peak Peak oxygen uptake
Introduction

Although most people have now recovered from at least
one COVID-19 infection, there is a significant propor-
tion who continue to struggle with persistent symptoms
even after the acute phase of the illness. Long Covid is
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an infection-associated chronic condition (post-COVID
condition, PCC) that occurs after severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) infection and is
present for at least three months as a continuous, relaps-
ing and remitting, or progressive disease state that affects
one or more organ systems [1, 2]. Additionally, there is evi-
dence that symptoms can also persist up to 12 months post-
infection [3]. Accurately assessing the prevalence of PCC
remains challenging due to the lack of a definitive diagnos-
tic test; however, it is widely recognized that the condition
affects over 10% of all SARS-CoV-2 infections, indepen-
dently of fitness level [4].

A systematic review from 2021, including 39 studies
investigating PCC in recovered patients, identified the most
common PCC symptoms as weakness (41%), general mal-
aise (33%), fatigue (31%), impaired concentration (26%),
and breathlessness (25%) [5]. It has been suggested that
patients who initially experienced severe symptoms report
post-acute respiratory symptoms, such as shortness of
breath or dyspnea, more frequently than those with mild or
asymptomatic COVID-19 infection [6]. Furthermore, many
PCC patients report diminished exercise capacity, exercise
intolerance, decreased physical performance and difficulty
recovering from both physical and mental exertion (post-
exertional malaise, PEM) up to three months post-infection
[7]. Interestingly, vaccination against SARS-CoV-2 has
been shown to reduce the occurrence of certain symptoms,
such as headache [8].

In elite athletes, even minimal symptom persistence
can significantly impair performance [9]. However, results
regarding the recovery abilities of competitive athletes
are heterogeneous. While no difference in physical per-
formance was found between competitive athletes with
and without an infection in the early recovery phase of a
COVID-19 infection shown by Komici et al. [10], Vollrath
et al. [9] demonstrated a declined aerobic exercise capacity
and symptom persistence even three months post-infection
which might be linked to dysregulated continuous immune
activation (e.g., virus persistence [4]). In addition, studies
of elite athletes showed that six months after infection, ~
16% of elite athletes reported a decline in performance, with
concentration problems (~ 11%) and dyspnea on exertion
(~ 12%) being the most common symptoms reported in the
follow-up questionnaire [11]. Furthermore, six months after
the initial infection, ~ 10% of elite athletes stated that their
current exercise tolerance was below 70% compared to their
pre-infection state [11].

The initial infection with SARS-CoV-2 can trigger a
cytokine storm [12], among other immunological responses,
which is thought to be associated with acute symptom
severity [13]. Additionally, this cytokine storm reinforces
T helper (Th) 1 cell activity, while inhibiting Th2 cells,

activating macrophages, and promoting natural killer (NK)
cell cytotoxicity as well as major histocompatibility com-
plex proteins [14]. After a common virus infection, espe-
cially the rise in Th1 and NK cells ensures the fast clearance
of the virus from the organism [15, 16], associated with the
elimination of symptoms.

However, persistent symptoms in PCC may be associated
with dysregulated Th1 and Th2 cell responses. A reduction
in Th1 activity following infection, despite the persistence of
viral particles or remnants, could explain ongoing immune
activation and why symptoms continue beyond the acute
phase. When viral particles or fragments are released into
the extracellular space, they trigger the humoral immune
response. This activation engages the Th2 pathway, which
promotes antibody production by plasma cells and the neu-
tralization of extracellular viruses [17].

Research on systemic inflammation in PCC also focused
on regulatory T cells (Treg) and their ratio to Th cells. A
scoping review conducted by Haunhorst et al. [18] sug-
gested that Treg dysregulation can persist for at least sev-
eral months post-infection. Their results, however, indicate
highly heterogeneous, individual Treg dynamics following
SARS-CoV-2 infection with contradictory results between
studies (decrease reported by Utrero-Rico et al. [19],
increase reported by Galan et al. [20]). A rise in interleu-
kin (IL)-6, IL-4, and interferon (IFN)-y due to the innate
immune response could specifically hinder the development
of Treg, while encouraging a pro-inflammatory Th17 cell
profile [21, 22]. Furthermore, in severe cases of COVID-19,
there has been documented evidence of an increased Th17/
Treg ratio [23]. This would lead to a persistent immune
response that is not sufficiently regulated by Treg [24].

These heterogeneities may also stem from differences
in immune status prior to infection. As a result, it is pos-
sible that elite athletes and highly trained individuals may
respond differently to such infections than other populations
(e.g., variations in Treg, memory T cells, and immunosenes-
cence). Additionally, based on the sports performed (e.g.,
endurance vs. combat athletes), VO,max and immune pro-
files can also greatly vary within an athlete population [25].

Therefore, this study examined the changes in cells from
the innate immune system (NK cells) and adaptive immune
system (e.g., Treg, Th17, Thl, Th2, naive T cells, B cells)
following SARS-CoV-2 infection in highly trained athletes.
The changes in the immune cells from two to four weeks
after infection (T0) to three months after TO (T1) were
compared between athletes with and without persistent
symptoms. Additionally, correlational analyses between the
different cell types and participant characteristics were per-
formed to identify possible covariates. As such, the aim is to
shed light on the immune cell dynamics after infection and
if symptom persistence over several months is accompanied
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by altered immune cell proportions as well. Furthermore,
a reflection on our results and the comparison with other
populations is performed.

Methods

This study is part of CoSmo-S (COVID-19 in elite sports—
A multi-center cohort Study), a consortium investigating
PCC in athletes [26]. The study has been registered in the
German Clinical Trials Register (DRKS00023717). Eth-
ics approval was obtained by the Ethics Committee of the
Medical Faculty, University of Tiibingen on 28 July 2020
(reference number: 608/2020BO1), the Ethics Commit-
tee of the University Ulm on 3 November 2020 (reference
number: 408/20), and the Ethics Committee of the German
Sport University Cologne on 22 June 2020 (reference num-
ber: 087/2020). The work described is carried out following
the Declaration of Helsinki.

Study Characteristics

Due to an amendment, the study characteristics can dif-
fer from the original protocol [26]. Examinations for this
sub-study were performed at the University Hospital Ulm
and the German Sport University Cologne, two of the 13
sports medical outpatient clinics in Germany licensed by the
German Olympic Association (DOSB) for preparticipation
screenings in federal squad athletes and Paralympic athletes.

The included participants were infected with SARS-
CoV-2 two to four weeks before the examination. The
infection was verified via a positive swap (polymerase chain
reaction, PCR) or a positive serum SARS-CoV-2 IgG [26].
If athletes could present a positive PCR test result on the day
of the examination that proves their infection at least two

weeks but no more than four weeks previously, they were
included in the study (T0). Blood was drawn, and informa-
tion about symptoms (eight different symptom categories —
more information in Supplementary Material) and general
information about, e.g., their age or sports, were gathered
via a diagnostic interview. The follow-up time point with
blood draw and symptoms assessment was three months
later, referred to as their T1. An overview of the study is
displayed in Fig. 1.

Participant Characteristics

Thirty-six athletes were included in this study. Participants
were eligible for inclusion if they were 14 years or older,
members of the German federal or Paralympic federal
squads, who attended their annual preparticipation screening
at a DOSB-licensed study center, or highly trained amateur
athletes. The preparticipation screening is a sports medi-
cal routine visit for German athletes at which their health
is controlled. Additionally, written informed consent was
required from all participants. For those under 18, paren-
tal consent was also necessary. Exclusion criteria included
a positive SARS-CoV-2 PCR test within the previous two
weeks, refusal of venous blood sampling, insufficient profi-
ciency in the German language, any acute or chronic illness
deemed unsuitable by the study physician, or withdrawal
of consent to participate. Detailed information on eligibility
criteria can be found in the study protocol [26].

Peak oxygen consumption (VO,peak) was determined
at TO via cardiopulmonary exercise testing with a maxi-
mal ramp protocol. Detailed description of the procedure
can be found in a previous study publication [9]. Of the 36
athletes included, only 12 had measurements at both time
points, while 24 had only a TO or T1. After inclusion, partic-
ipants were divided into two groups based on their symptom

Infection
l 2-4 weeks | 3 months |
16 athletes in PS 8 athletes in PS
= 14 athletes in SF 10 athletes in SF
=Y (o] Y
S So Vg
Data used for analysis
%g Performance ol Questionnaires + /é& Blood
OL®) diagnostics v= General information draw

Fig. 1 Study overview. T-1 refers to the athlete’s data taken before their SARS-CoV-2 infection, while TO (2—4 weeks) and T1 (3 months after TO)
are measurement time points after the infection. PS persistent symptoms, SF symptom free
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Table 1 Participant characteristics Table 2 Overview of Treg and Th panel with the corresponding CD
Parameters PS (N=19) SF (N=17) Treg panel Th panel
Sex (m/f) 12/7 10/7 CD3" Tecells CD3* T cells
Age (years) 2494+6.3 23.14+4.2 CD3~ CD19* Bcells CD3 CDI16" NK cells
(16-44) (14-29) CD3* CD4~ Cyto-  CD3"CD4" Cyto-
BMI (kg/m?) 22.342.1 21.9£2.0 toxic T toxic T
(17.8-25.9) (18.7-25.3) cells cells
Weeks since infection at TO 3.3£0.8 (2-4) 3.5+£0.8 CD4" CD25" CD127low Tregs  CD4" CDI183" Thl
24 (CXCR3%) cells
VO,peak at TO (ml/kg/min) 43.1+8.0 43.0+6.9 CD4" CD45RA" Naive T CD4" CCR4" Th2
Training hours per week 9.5 (5-18) 10.2 CD45RO™ cells (CD194") CCR6™  cells
(average hours) (2-14) CD4" CCR4* Th17
Note mean+ SD, range in brackets. f female, m male, min minute, mil (CD194") cells
milliliter, N number of athletes, kg/m?’ kilograms per meter squared, CCR6"CCRI10~

PS persistent symptoms, SF' symptom free

persistence. Athletes with at least one persistent symptom
were placed in one group (persistent symptoms - PS), while
those who were asymptomatic post-infection were placed
in another (symptom-free — SF). Most frequent symptoms
were fatigue (45%), reduced exercise performance (45%),
muscle/joint pain (27%), and headache (27%).

Participant characteristics are presented in Table 1.
84% of the athletes were not vaccinated. Among the 16%
who were vaccinated, half had received two vaccination
doses and the other half three vaccination doses, all with
the BioNTech/Pfizer vaccine. The sports most represented
were endurance related (running, riding the bike, swim-
ming—25%), fencing (11%), soccer (11%), judo (11%),
tackwondo (11%), track and field (5.5%), rowing (5.5%),
wrestling (5.5%), and others with only one athlete engaged
in this sport (14.5%).

Blood Processing

Peripheral blood mononuclear cells (PBMC) were isolated
using Leucosep tubes. 3-8 mL of anticoagulated sample
material (EDTA blood, diluted with physiological saline if
necessary) were poured directly from the blood collection
tube into the 12 mL Leucosep tube. Thereafter, the tube was
centrifuged for 10 min at 1000 g. Then, the plasma frac-
tion was lifted off, and the enriched cell fraction (PBMC)
was harvested using a Pasteur pipette or by pouring from
the Leucosep tube into a fresh centrifuge tube. The enriched
cell fraction was washed thrice, firstly with 10 mL phos-
phate-buffered saline (PBS), centrifuged at 250 g for 10 min
with brake and then again twice with 5 mL PBS. Thereafter,
the cell pellet was resuspended in 2 mL freezing medium
(Thermo Fisher Scientific, Germany), aliquoted into four
cryotubes, and stored at -80 °C until required.

As the analysis took place at the German Sport University
Cologne, the samples from Ulm were sent to Cologne. The
samples were shipped on dry ice to prevent them from thaw-
ing during the 24-hour transport. On the day of the analysis,

CD cluster of differentiation, 7% cells T helper cells, Treg regulatory
T cells, CCR/CXCR chemokine receptor

one aliquot per time point and participant was thawed in a
37 °C water bath for 90 s, then immediately diluted in 9 mL
of PBS, and centrifuged at 400 g for 10 min. After discard-
ing the supernatant, the samples were analyzed with a flow
cytometer from Miltenyi Biotec (MACS Quantifyer 10).

Flow Cytometry

Table 2 presents the cluster of differentiation (CD) enabling
the identification of the different types of cells.

Propidium iodide was used as a viability control, while
fluorescence minus controls (FMO) helped to set the gates
correctly. For the FMO of the Treg panel, CD3, CD4, and
CD19 were set as a backbone panel, while the correspond-
ing panel for the Th cells was built of CD3, CD4, and CD16.
Thereafter, each fluorescence marker was systematically
excluded to see the spread of the other fluorochromes within
the gating strategy. Isotype controls were needed to deter-
mine the non-specific binding.

For the analysis, the samples were stained with antibod-
ies to examine Treg or Th cells. The following antibodies
were used: CD3-VioBlue (REA613), CD25-VioBright 515
(REA570), CD127-PE (REA614), CD45R0O-APC-Vio770
(REA611), CD45RA-PE-Vio770 (REA1047), CD4-APC-
Vio770 (REA623), CD194 (CCR4)-PE-Vio770 (REA279),
CD183 (CXCR3)-VioBright FITC (REA232), CD4-APC
(REA623), CD196 (CCR6)-APC (REA190), CD19-Vio-
Green (REA675), Anti-CCR10-PE (REA326), and CD16-
VioGreen (REA423) (all antibodies: Miltenyi Biotec,
Germany). The gating strategies were applied as previously
described in Wenning et al. [27]. The researcher responsi-
ble for carrying out the gating was blinded to the symptom
status.

As this was an exploratory set-up, this gating strategy
and CD also enabled us to measure memory T cells, transi-
tional T cells, Th9, Th22, and Th1Th17 cells. These results
were treated as secondary outcomes.

@ Springer
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The samples had to consist of at least 50% living cells.
This led to the exclusion of four samples at TO (11%) and
two at T1 (12%), including two participants for which both
time points had to be excluded (5%).

Statistics

As this study represents a secondary analysis of existing
data, no a priori sample size calculation was performed.
A post hoc power analysis was conducted based on the
observed effect size to estimate the achieved statistical
power. To compute the power confidence interval for each
effect, an effective sample size of 12 (participants with TO
and T1) was considered too conservative, while 36 (partici-
pants included in the mixed model) was deemed too opti-
mistic. Therefore, an effective sample size of 24 was used.
A correlation of p=0.7 among repeated measures at rest
was assumed. For the general analysis, data from both time
points could be included, 18 had only a TO and six only a
T1. At TO, 16 athletes were in the PS group and 14 were in
the SF. At T1, eight were included in the PS group and ten
in the SF group. Data were 3z winsorised and transformed
by taking the square root. Thereafter, all data were normally
distributed so that only parametric tests were used. Pre-
liminary correlational analyses or t-tests between each cell
type and participant characteristics, like sex, age, BMI, and
VO,peak, were performed. Mixed model repeated measures
ANOVAs, corrected for baseline values, were performed to
test if participants with symptoms had significantly different
cell counts and ratios than those without symptoms. Addi-
tionally, mixed model repeated measures ANOVAs control-
ling for sex, VO,peak, type of sports, vaccination status,
dead cell ratio, and study center were performed. This
mixed model approach eliminated the need for imputation,
as athletes with only one measurement could be included
in the analysis. Partial eta squared (17p2) was the effect size
reported for the main effects, while Cohen’s d (d) was used
to display the effect size for post-hoc analyses either com-
puted based on adjusted means and pooled standard devia-
tion and based on adjusted means and the model variance
(Supplementary material — Table A3). The significance level
was set at p <.05. The same statistical methods were applied
for the secondary outcomes of this exploratory analysis
(Supplementary Material).

Results

Correlational analyses between the different types of cells
and age and BMI at baseline showed no significance, indi-
cating no need to control for these covariates beyond base-
line differences (see Supplementary Material — Figure Al).

@ Springer

Results are displayed in Fig. 2. There was a large interac-
tion effect for Thl (77,’= 0.470, p <.001) with the PS group
displaying a significant decrease from TO to T1 (d=-0.92, p
<.001, large effect) (Fig. 2A). A large interaction was also
shown for Th2 (77,’= 0.420, p < .001) with the PS group
showing an increase from TO to T1 (d=1.40, p <.001, large
effect) (Fig. 2B). Additionally, the Th1/Th2 ratio had a large
interaction effect (17,>= 0.530, p <.001). Athletes with symp-
toms displayed a decrease from TO to T1 (d=-1.36, p<.001,
large effect) (Fig. 2H). NK cells displayed a large interac-
tion effect (77,’= 0.330, p = .001). They increased in the PS
group (d=1.12, p = .001, large effect) (Fig. 2C). There was
a large interaction effect also for Th17 (17,%= 0.190, p = .023)
with the PS group showing a significant increase from TO to
T1 (d=0.29, p = .014, small to moderate effect) (Fig. 2D).
Also, naive T cells displayed a large interaction effect (=
0.150, p = .039) (Fig. 2F) with the PS group showing an
increase (d=0.97, p = .013, large effect). Treg (Fig. 2E) and
their ratio with Th17 (Fig. 2I) displayed no significant time,
group, or interaction effect. However, their ratio with naive
T cells showed a large interaction effect (1,>= 0.140, p =
.045) with the PS group displaying a significant decrease
from TO to T1 (d =-1.12, p = .010, large effect) (Fig. 2G).

Significant results were also shown for Th9, Th22, and
Th1Th17. There was no significant interaction effect for
transitional T cells, memory T cells, and B cells. As these
are only secondary results obtained from the exploratory
set-up of this study, further details are only provided in
the Supplementary Material in Table A2. The results of the
post hoc power analysis can be found in the Supplementary
material in Table A2 as well. ANOVAs controlled for type
of sports, sex, VO,peak, vaccination status, study center,
and dead cell ratio did not show different results compared
to controlling for cell-specific baseline differences only.
Therefore, their results can be found in the supplementary
material (Tables A4-A9).

Discussion

To the best of our knowledge, this study is the first aiming to
shed light on the depth immune cell profile dynamics after
SARS-CoV-2 infection and to determine whether symptom
persistence over several months is accompanied by altered
immune cell proportions in highly trained individuals in
the recovery period up to four months after SARS-CoV-2
infection. The results of this study demonstrated an increase
in Th2, Th17, naive T cells, and NK cells over time, while
Thl cells decreased from TO to T1 in athletes with persis-
tent symptoms. No change was observed for Treg in highly
trained athletes with and without persistent symptoms.
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Fig. 2 Participants’ levels of (A)
Thl, (B) Th2, (C) NK cells, (D) A
Th17, (E) Treg, (F) Naive T
cells, (G) Treg/Naive T cell ratio,
(H) Th1/Th2 ratio, (I) Th17/Treg
ratio from TO to T1. Data are
presented as adjusted means for
baseline levels=+standard error.
At TO, 16 athletes were in the PS
group and 14 were in the SF. At
T1, eight were included in the PS
group and ten in the SF group.
Only post hoc results from the
time-by-group interaction are
presented. Solid line: PS; dashed
line: SF. Time differences are
presented using the following e

symbols; *: p <.050, **: p < o LT
.010, ***: p <.001. Group dif-

ferences are presented using the
following symbols; #: p <.050,
##: p <.010, ###: p <.001
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In general, viruses like SARS-CoV-2 use a specific pro-
tein, the spike protein, to bind to receptors on the surface
of host cells (e.g., ACE2 receptors for SARS-CoV-2) [28].
After attachment, the virus either fuses with the cell mem-
brane or enters via endocytosis, releasing its genetic mate-
rial (RNA in the case of SARS-CoV-2) into the host cell (see
also graphical abstract — zoomed-in section at T0). The viral

RNA is copied using the host’s cellular machinery. Newly
produced viral RNA and proteins are packaged into virus
particles. The virus exits the cell, often by budding off or
causing cell lysis. Released viruses infect neighboring cells
or enter the bloodstream to spread to other tissues [29].
After an acute infection, Thl cells initially increase to
combat the virus by targeting infected cells and addressing
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the intracellular presence of the pathogen (graphical abstract
TO) [15, 16]. A cross-inhibition occurs as IFN-y, released
from Thl cells, suppresses Th2 differentiation [30]. Fur-
thermore, IFN-y is activating macrophages [31], stimulat-
ing antigen presentation [32], and promoting the activation
of cytotoxic CD8" T cells [33]. Additionally, tumor necrosis
factor (TNF)-a and IL-2 are released, leading to inflam-
mation and recruitment of immune cells and inducing the
apoptosis of infected cells [34] and the stimulation as well
activation of CD8" T cells and NK cells [35], respectively.

However, as soon as apoptosis and necrosis of viruses and
infected cells occur, remaining fragments are detected in the
extracellular matrix and the blood by Th2 cells (graphical
abstract T1). They activate the humoral immune response,
which supports antibody production and the neutralization
of extracellular viruses [17]. This humoral immune response
involves then the inhibition of the Thl response via IL-4
and indirectly supports the differentiation of Treg by induc-
ing a more anti-inflammatory environment [36].

The increased number of naive T cells, that might have
been pushed forward by a chronic demand, may reflect an
immature or dysregulated immune response that does not
meet the requirements of an effective antiviral defence. It
could be assumed that it contributes to the pathophysiology
of PCC, especially in chronic inflammation and autoim-
mune reactions.

As Thl cells failed to clear the virus effectively, per-
sistent symptoms arose post-infection. This scenario is
accompanied by an increase in Th17 cells, which are asso-
ciated with chronic inflammation, autoimmune responses,
cytokine storms, and overall immune system dysregula-
tion. Emerging evidence highlights the pivotal role of
Th17 cells in COVID-19 pathogenesis [37]. These cells
not only exacerbate cytokine release but also promote Th2
responses, suppress Thl activity, and impair Treg, further
disrupting immune balance [37]. Th17 cells are key driv-
ers of inflammation and tissue damage [38], which may
underline the long-term symptoms observed in PCC, such
as chronic fatigue, muscle and joint pain, and respiratory
issues. This highlights the complex and multifaceted nature
of Th17 involvement in immune dysregulation and disease
progression.

When comparing our highly trained population to other
studies, similar findings can be observed. For example,
Kratzer et al. [39] demonstrated a long-term decline in both
innate and adaptive immune cells, accompanied by a shift
from a Thl- to a Th2-dominated serum cytokine profile in
PCC patients from ten weeks to ten months post-infection.

In the group of highly trained athletes with persistent
symptoms, an observed increase in NK cells from TO to T1
suggests a potential ongoing viral issue. This rise in NK cell
activation might result from the diminished adaptive immune

@ Springer

response, such as the reduction in Th1 cells, prompting the
innate immune system to compensate (e.g., through NK cell
activation). However, a higher number of NK cells does not
necessarily equate to functional activity [40]. In PCC, the
expansion of specific NK cell subtypes, such as immature or
less cytotoxic NK cells, may limit their effectiveness in sup-
porting immune defence mechanisms [40]. This could indi-
cate a qualitative rather than quantitative deficiency, where
the increased presence of NK cells does not translate to an
adequately robust antiviral response.

Tsao et al. [41] compared the proportion of NK cells
between PCC patients four months following infection with
fully recovered individuals. Interestingly, they showed that
PCC patients had significantly fewer NK cells compared to
fully recovered participants, contradicting our findings and
possibly showing different responses between athletes and
non-trained individuals.

The observed shift in effector T cells and increase NK
cells may suppress immunoregulatory mechanisms medi-
ated by Treg, as no significant change in Treg levels was
noted from TO to T1. This dysregulated immune activation
could explain the persistent symptoms seen in athletes. A
scoping review conducted by Haunhorst et al. [18] sug-
gested that Treg dysregulation can persist for at least sev-
eral months post-infection. Their results, however, indicate
highly heterogeneous, individual Treg dynamics following
SARS-CoV-2 infection affected by factors such as age, sex,
or training status. Although no firm conclusion on the direc-
tion and consistency of the Treg dynamics could be drawn,
theories about their underlying biological mechanisms have
been developed. For instance, the rise in IL-6 and IL-17
could specifically hinder the development of Treg and the
induction of Forkhead-Box-Protein (FoxP) 3, the key tran-
scription factor of Treg, while encouraging a pro-inflamma-
tory Th17 cell profile [21, 22].

The reduced Thl response may impair the immune sys-
tem’s ability to effectively combat the virus or subsequent
infections, further contributing to chronic inflammation.
Excessive Th2 activity could also exacerbate the inflam-
matory state, potentially linking it to the prolonged symp-
toms of PCC, such as fatigue, muscle pain, and respiratory
issues [42]. This imbalance highlights a scenario where the
immune system, instead of resolving the infection, remains
in a dysregulated and overactive state, perpetuating inflam-
mation and tissue damage. Besides, the decrease in Th22
might indicate that the ongoing inflammation is located in
the gut as Th22 cells play an important role in maintaining
the barrier function of the intestinal epithelium [43]. Yet,
this remains to be proven with more research on tissue-spe-
cific immune dysregulations in patients suffering from PCC.

Finally, one should recall that this dysregulation of the
immune system is only one part of a larger system that also
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includes red blood cell function and poorer oxygen supply,
which serve as an additional explanation for the PCC symp-
toms [44].

Strengths and Limitations

The strengths of this study lie in linking changes in immune
cells with the occurrence of symptoms in a rare population,
namely, athletes. Indirect measurements of immune cells are
often performed using cytokine changes. This study exam-
ined actual changes in athletes’ immune cells in relation to
persistent symptoms. The results presented underscore the
importance of immunological rewiring in connection with
PCC and other post-viral diseases.

The presented results must be, however, interpreted in the
context of their limitations. Some samples had a relatively
low quality, displayed by a high percentage of dead cells.
Therefore, the accepted rate of dead cells was set at 50%.
To ensure, that all cell types died equally in those samples,
manipulation checks were carried out beforehand between
samples with high rates of dead cells (>15%) and low rate
of dead cells (<15%). No significant difference was found.

In this study, a binary scoring system was employed to
differentiate between athletes with and without persistent
symptoms. Future research should consider examining
symptom severity and its association with immune cell
changes. Incorporating a qualitative analysis of symptom
severity, alongside the quantitative findings from this study
would provide a more comprehensive understanding of the
underlying mechanisms.

In addition, when examining the athlete’s sport as a
covariate, considerable heterogeneity within the groups was
evident due to the binary classification between endurance
and combat sports. However, this was the most appropriate
method for categorizing the sports performed. Moreover,
retrograde amnesia was not assessed in this study. However,
it could have potentially influenced the athlete’s reponses to
the the symptom questions. Therefore, it should be included
in future studies investigating PCC symptoms.

Furthermore, a larger sample and analyses for other
population groups are required in order to obtain even more
generalizable results. This is especially relevant as the con-
fidence interval for the post hoc calculated power for some
immune cells is quite large (Supplementary Material Table
A2). Moreover, although the effect sizes presented are high,
they still have large confidence intervals, reflecting high
interindividual heterogeneity (Supplementary Material
Table A2).

Additionally, the viral variant could play a role and act
as a further explanation for persistent symptoms in PCC
patients [45]. Moreover, controlling for the severity of the
infection would add additional value and explanation to the

occurrence in PCC. Future studies should therefore also col-
lect this information.

Future Perspectives

Future research should emphasize the investigation of the
interplay of immune cells and their corresponding cyto-
kines. A change in the immune cell population does not nec-
essarily influence the pro- and anti-inflammatory cytokines
released. Special emphasis should be put on Thl-related
cytokines (e.g., [FN-y, TNF-a, IL-2), Th2-produced cyto-
kines (e.g., IL-4, IL-5, IL-13), and cytokines released from
Treg (IL-10, TGF-B) and Th17 cells (IL-17, IL-22). Espe-
cially, in the context of competitive sports, it is important to
note the anti-inflammatory effects of (acute) exercise [46,
47], which offers a simple way to support immune regula-
tion. As already mentioned in the example of NK cells, the
functionality of immune cells can be reduced even though
their number increases. It is, therefore, essential to also
measure cytokine concentrations in future studies to find
out which actual inflammatory processes are triggered by
the change in immune cells.

Conclusion

This is the first study highlighting the re-wiring of the
immune system in the recovery period up to four months
after SARS-CoV-2 infection in highly trained athletes. It is
indexed by a rise in Th2, Th17, naive T cells, and NK cells,
a decrease in Thl cells and no changes in Tregs from post-
infection to three months later in athletes showing persis-
tent symptoms. Our results are the first to provide a possible
explanation for persistent symptoms in PCC athletes based
on immune cell dynamics. These immune alterations may
be a possible explanation for reduced exercise performance
in athletes with PCC. Nevertheless, future studies should
attempt to expand the current picture of the disease and its
effects on highly trained athletes by including further mea-
surement times post-infection and immune cell-dependent
cytokine concentrations.
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