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Background: Information on the clinical characteristics and pathophysiological
mechanisms underlying post-COVID-19 fatigue are scarce. The main objective of this
study was to evaluate sex-specific humoral and T-cell responses associated with post-
COVID-19 fatigue in a sample of individuals treated as outpatients.

Methods: At a median time of 279 (179;325) days after the acute infection, a total of 281
individuals (45.9% men) aged 18-87 years old were included in the analysis. The
participants were examined at the University Hospital of Augsburg, Southern Germany.
Fatigue was assessed using the Fatigue Assessment Scale (FAS). Levels of anti-SARS-
CoV2-spike IgG antibodies were measured by an enzyme-linked immunosorbent assay
(ELISA), and for exploration of the SARS-CoV2-specific T-cell response, ex vivo ELISpot/
FLUOROspot assays were conducted using an interferon-g (IFN-g) and interleukin-2 (IL-2)
SARS-CoV-iSpot kit.

Results:Women more significantly suffered from post-COVID-19 fatigue in comparison
to men (47.4% versus 25.6%, p=0.0002). Females but not males with fatigue showed a
significantly lower number of T-cells producing IFN-g, IL-2 or both IL-2 and IFNg in
comparison with females without fatigue. In both sexes, serum levels of anti-SARS-
CoV2-spike IgG antibodies did not differ significantly between participants with or
without fatigue.

Conclusions: Development of fatigue after acute COVID-19 disease might be associated
with SARS-CoV-2-specific T-cell responses in women, but not men after a mild infection
course treated outpatient.
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INTRODUCTION

Chronic fatigue syndrome is characterized by unusual fatigue, a
significant lack of energy, and a persistent feeling of exhaustion
lasting for more than six months (1). Chronic fatigue is a
phenomenon common to conditions such as cancer,
neurological conditions such as stroke and multiple sclerosis,
and diseases of the immune system, and it affects up to 18% of
the population in Western countries (1). Patients with fatigue
syndrome are predominantly female, and in prior studies,
chronic subclinical inflammation, activation of the immune
system, autonomic dysfunction, impaired function of the
hypothalamic-pituitary-adrenal axis, and neuroendocrine
dysregulation have been discussed as underlying biological
causes (2). Furthermore, fatigue often occurs after virus
infections, the most prominent example being the Epstein-Barr
virus (3); more recently it was described that subjects develop
fatigue after a COVID-19 infection (4). In exploring the causes of
chronic fatigue, some studies showed an association with
cytokine changes in the blood; increases in proinflammatory
cytokines such as IL-1ß have been associated with fatigue in
patients suffering from several chronic diseases (5). A review of
the literature on biomarkers of fatigue revealed that most studies
found elevated blood IL-6, TNF-a, and CRP concentrations (2).
Recent studies suggested dysregulation of the immune system
(6), including T-cell immunity (7). However, data are still
insufficient and results are not consistent (8).

In view of the common occurrence of fatigue after infection
with SARS-CoV-2, it is a phenomenon that is highly relevant
both for those affected themselves and from a health economic
perspective. However, effective treatment approaches do not yet
exist (9), and only supportive treatment of the symptoms
adapted to the individual patient is possible. One reason for
this is the fact that the biological mechanisms that cause fatigue
are largely unknown.

In the present study, we focused on individuals with a mild
course of prior COVID-19 disease and evaluated the specific
humoral and T-cell responses to SARS-CoV-2 in men and
women with and without post-COVID-19 fat igue.
Furthermore, we investigated, whether C-reactive protein
(CRP) and IL-6 serum levels were associated with fatigue in
both sexes.
METHODS

The present study was a single-center study. Patient recruitment
was carried out by the local health authorities of the city and
district of Augsburg, Southern Germany. All registered residents
with a positive SARS-CoV-2 smear up to November 2020
(n=1600) were invited in writing to participate in the
voluntary study.

At the time of the examination, the positive smear had to be at
least 14 days ago and the quarantine had to be lifted. In the
period from 11/2020 to 05/2021, a total of 525 eligible persons
were examined at the University Hospital Augsburg. Of these,
463 study participants were treated exclusively on an outpatient
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basis. In addition to a physical examination with a focus on
vascular complications, demographic data, pre-existing
conditions, pre-medication and risk factors were collected
using a standardized questionnaire. Furthermore, health-
related quality of life and the mental condition of the study
participants were evaluated using validated questionnaires.
Finally, blood was taken from each study participant
and analyzed.

A positive vote of the ethics committee of the Ludwig-
Maximilians-Universität München was available (No. 20-735)
and written informed consent was obtained from each
study participant.

For this analysis, only unvaccinated study participants whose
acute COVID-19 disease occurred more than 90 days ago were
included (n=283; 131 men and 152 women). We excluded
participants with missing values on fatigue-score (n=2).
Furthermore, for the analysis regarding the immunologic
markers, we also excluded participants with a history of
depression (8 men, 14 women). Finally, there were missing
values in the biomarker measurements, so the analyses were
partly based on different numbers; reference is made to this at the
appropriate place.

Data Collection
In a personal interview and a self-administered questionnaire,
information on medical history, smoking habits, medication use,
and socioeconomic status was collected by study nurses. Study
participants also underwent a medical examination and blood
sampling (non-fasting). Schooling was classified into two
categories, low (<=10 years of schooling) and high (>10 years
of schooling). Marital status was categorized as married (yes/no).
When recording previous diseases and risk factors, “I don’t
know” statements were added to “no” statements. Prior
cardiovascular disease was defined as a history of myocardial
infarction or stroke.

Fatigue Assessment
We used the Fatigue Assessment Scale (FAS), a reliable and valid
tool for assessing fatigue symptoms (10). The FAS consists of 10
items with answer options from “never” (1) to “always” (5),
whereby fatigue levels between 10 (minimum score) and 50
(maximum score) are calculated. Persons with scores below 22
are indicated to have no fatigue, subjects with scores between 22
and 35 can be classified as having moderate fatigue, and subjects
with scores above 35 have a high level of fatigue (11). In the
present analysis, persons with scores above 21 were classified as
having fatigue.

Assessment of
Immunologic Characteristics
Levels of anti-SARS-CoV2-spike IgG antibodies were measured
by an enzyme-linked immunosorbent assay (ELISA) using the
Elecsys immunoassay (Roche Diagnostics, Mannheim, Germany)
following the manufacturer’s specifications. A positive result
was indicated by a value >0.4 U/ml and the upper measurement
limit was set to 2,500U/ml. Due to themanufacturer the upper limit
of the test is 250 U/mL. For SARS-CoV2S antibodies > 250 U/ml,
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a dilution of 1:10 was automatically performed. In case of dilution
by the instrument, the software automatically takes the dilution
into account when calculating the sample concentration. For the
exploration of the SARS-CoV2-specific T-cell response, ex vivo
ELISpot/FLUOROspot assays were conducted using the
interferon-g (IFN-g) and interleukin-2 (IL-2) SARS-CoV-iSpot
kit from Autoimmun Diagnostika (AID GmbH, Straßberg,
Germany). Peripheral blood mononuclear cells (PBMC) drawn
in citrate tubes were isolated on the day of sample collection or
the following day by Ficoll-Paque (GE Healthcare, Munich,
Germany) and seeded at a density of 2 × 105 cells per well in
AIM-V medium in duplicate. Cells were stimulated for 18 hours
with the AID-SARS-CoV-2 peptide library containing peptides
from the S, N, M, and O proteins and the CD28 antibody, or cells
were left unstimulated with the CD28 antibody alone as a
negative control. To confirm specific responses to SARS-CoV-2
peptides, cells were stimulated in parallel with peptide libraries
cross-reactive with all coronaviruses (PAN) and with libraries
specific for cytomegalovirus, Epstein-Barr virus, and influenza
virus (CEF). Pokeweed mitogen was used as a positive control.
We counted the number of spots by using the iSpot Reader from
AID GmbH. Samples were excluded if the positive control
Pokeweed Mitogen had fewer than 50 spot-forming units/2 ×
105 cells or if the unstimulated control values were >10 or >20
spot-forming units/2 × 105 cells for IFNg or IL-2, respectively.
Positive responses were defined by stimulation index (stimulated
spot-forming units/2 × 105 cells divided by unstimulated spot-
forming units/2 × 105 cells) as clearly positive with a stimulation
index of ≥7 and clearly negative with a stimulation index of ≤3.
Samples with values that fell in between were defined as negative
unless the unstimulated control value was >2 staining units/2 ×
105 cells and the stimulation index was >3, as described by the
manufacturer (12). In the present manuscript, measurements are
shown as stimulation index (SI) values and not as spot-forming
units due to the different background levels in the IFN-g and IL-
2 assays.

Blood Parameters
C-reactive protein (CRP; reference range 0-0.5 mg/dL) was
measured by an article-enhanced immunological turbidity test,
where the aggregates are determined turbidimetrically (Cobas
instrument, Roche Diagnostics, Mannheim, Germany).
Interleukin-6 (IL-6; reference range <15 pg/mL) was measured
from serum samples using the Immunological ECLIA test
(ElektroChemiLuminescence ImmunoAssay) on Cobas
instrument (Roche Diagnostics, Mannheim, Germany). Serum
creatinine was analyzed by the Jaffe method. Glucose levels were
measured in serum using the GLUC3 assay on a Cobas c702
instrument (Roche Diagnostics GmbH, Mannheim, Germany).

Statistical Analysis
Quantitative data are reported as median and interquartile range
(IQR) and groups were compared by Wilcoxon Rank Sum Test.
Categorical data are presented as numbers (%) and differences
between groups were tested by Chi-square or Fisher’s exact test.
A p-value < 0.05 was considered statistically significant.
Frontiers in Immunology | www.frontiersin.org 3
Statistical analysis was conducted using SAS version 9.4 and R
version 4.1.0.
RESULTS

Median time between acute illness with COVID-19 and
examination day was 279 (IQR 179; 325) days. The participants
were on average 47.0 years (SD 15.3 years) old, and 54.1% were
female. Women more significantly suffered from fatigue in
comparison to men (47.4% versus 25.6%, p=0.0002). A high level
of fatigue (fatigue score above 35) was present in 5 (3.9%) men and
15 (9.9%) women, a moderate level of fatigue (fatigue score between
22 and 35) in 28 (21.7%) men and 57 (37.5%) women; 96 (74.4%)
men and 80 (52.6%) women had no fatigue (fatigue score below 22).

The sex-specific baseline characteristics and clinical features
dichotomized in participants with and without fatigue are shown
in Table 1. In both males and females, almost no differences
could be seen regarding age, BMI, disease history, and routine
blood parameters.

Cellular Immunity
Evaluation of the cellular immune response quantified by a
SARS-CoV2 IFN-g ELISpot assay revealed that IFN-g
producing cells equal or below the cut-off of SI=3 (clearly
negative result) were detected in 63 (24.1%) of the 261
individuals tested. SARS-CoV2 IL-2 producing cells equal or
below the cut-off of SI=3 were detected in 91 of the 221 (41.2%)
subjects with measured values. Altogether in 221 participants
both IL-2 and IFN-g producing cells could be measured; IFN-g-
and IL-2 producing cells equal or under the cut-off of SI=3 were
found in 102 (46.2%) participants. Women had more often
clearly negative results than men.

In Table 2 and Figures 1–3, the results (given as SI) of the
comparison of T-cell response between participants with and
without fatigue are shown. There were no differences in the
immunologic SARS-CoV-2-specific IFN-g T cell response (IFN-
g, IL-2, or both) between these groups in men. However, measures
of T-cell responses significantly differed between women with and
without fatigue. Females with fatigue showed a significantly lower
number of IFN-g, IL-2, or both IL-2 and IFNg producing T-cells in
comparison with females without fatigue.

Humoral Immunity
In all but one examined participants, specific IgG antibodies in
serum samples were measured at a median time of 279 (IQR 181;
326) days after acute infectionwith SARS-CoV-2.Median levels of
IgG antibodies were 107.5 (34.9;311.5) U/ml in the total sample,
89.5 (27.0;306.0) U/ml in men, and 116.0 (39.7; 322.0) U/ml in
women. In both sexes, serum levels of anti-SARS-CoV2-spike IgG
antibodies did not differ significantly between participants with or
without fatigue (Figure 4). The IgG antibody levels in men with
and without fatigue were 109 (26.45;268.25) U/mL and 88.1
(29.65;332.75) U/mL (p=0.789), respectively. In women the
corresponding levels were 95.1 (38.2;166) U/mL and 121.5
(39.78;385) U/mL (p-value 0.062), respectively.
May 2022 | Volume 13 | Article 902140
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Inflammatory Markers
Median serum CRP concentrations were similar for males and
females with and without fatigue [men: 0.09 (0.06; 0.20) mg/dL
versus 0.08 (0.06; 0.16) mg/dL, p=0.2984; women 0.09 (0.06;
0.22) mg/dL versus 0.09 (0.06; 0.17) mg/dL, p=0.8213]. However,
while there were no significant differences in median serum IL-6
levels in men with and without fatigue [with fatigue: 3.09
(2.50;3.50) pg/mL, without fatigue: 2.80 (2.50;3.50) pg/mL; p-
value 0.579], the levels differed significantly in women [with
fatigue: 3.50 (2.50; 3.50) pg/mL, without fatigue: 2.50 (2.50; 3.50)
pg/mL; p-value 0.0031] (Table 1).
DISCUSSION

The present study could show that recovered men and women
treated as outpatients during a COVID-19 disease maintained
Frontiers in Immunology | www.frontiersin.org 4
both types of immune response several months after the acute
infection. Fatigue was more common in women. When
comparing individuals with post-COVID fatigue with
individuals without it, T-lymphocyte response between both
groups did not differ in men, while in women significantly
lower IFN-g and IL-2 responses could be shown. The humoral
SARS-CoV2 IgG antibodies did not significantly differ between
the two groups, neither in men nor in women. Thus, it seems
possible that alterations in the sex-specific responses to the virus
could be related to the development of fatigue after infection.

Levels of IgG antibodies specifically directed against the spike
protein of SARS-CoV-2 were detectable in all participants in our
study. This is in accordance with data from another study, that
reported a percentage of 90% spike IgG-positive convalescents half a
year after COVID-19 (13). In addition, persistent seropositivity after
7 and 4 months in patients with mild or moderate COVID-19 have
also been reported by other studies (14, 15). In the present study,
TABLE 1 | Sex-specific characteristics of study participants (frequencies and, in parentheses, percentages or median values and, interquartile range in parentheses), by
the presence of post-COVID-19 chronic fatigue syndrome (yes/no).

Fatigue no Fatigue yes p-value*

WOMEN n = 80 n = 72
Age (years) 46 (32; 57.5) 47 (34;55.5) 0.9573
Body mass index (kg/m²) 23.0 (21.2; 26.2) 24.2 (21.3; 27.7) 0.2399
Hypertension 15 (18.8) 9 (12.5) 0.3742
Diabetes mellitus 4 (5.0) 0 –

Depression 4 (5.0) 10 (13.9) 0.0899
Cardiovascular disease 5 (6.25) 3 (4.2) 0.7223
School education 55 (68.8) 44 (61.1) 0.3945
Marital status 47 (58.8) 49 (68.1) 0.2445
Current smoker 24 (30.0) 27 (37.5) 0.3905
Time since acute infection (days) 272.0 (186.5;315.5) 269.5 (151.5;337.0) 0.9971
White blood cell count* (/nl) 6.62 (5.74;7.61) 6.38 (5.40;7.29) 0.2829
Hematocrita (l/L) 39.3 (37.8;40.6) 39.9 (38.0;41.5) 0.1305
Hemoglobina (g/L) 134 (126;138.5) 135 (130;141) 0.2120
Plateletsa (/nl) 243 (213;287) 240 (211;274) 0.6160
Glucose b (mg/dL) 86 (76.5;103) 86 (80;99) 0.6464
Creatininec (mg/dL) 0.76 (0.68;0.82) 0.74 (0.67;0.81) 0.4038
CRPd (mg/dL) 0.09 (0.06; 0.17) 0.09 (0.06; 0.22) 0.8213
IL-6e (pg/mL) 2.50 (2.50; 3.50) 3.50 (2.50; 3.50) 0.0031
MEN n = 96 n = 33
Age (years) 52.5 (36.5; 60) 51 (37; 57) 0.8332
Body mass index (kg/m²) 26.6 (24.6; 29.4) 26.60 (23.5; 29.0) 0.5690
Hypertension 23 (24.0) 7 (21.2) 0.8157
Diabetes mellitus 4 (4.2) 2 (6.1) 0.6454
Depression 5 (5.2) 3 (9.1) 0.4208
Cardiovascular Disease 5 (5.2) 4 (12.1) 0.2325
School education 72 (75.0) 26 (78.8) 0.8143
Marital status 67 (69.8) 25 (75.8) 0.6564
Current smoker 43 (44.8) 16 (48.5) 0.8398
Time since acute infection (days) 289.5 (185.5;336.5) 287.0 (185.0;316.0) 0.4197
White blood cell count* (/nl) 6.17 (5.48;7.52) 6.61 (5.46;7.27) 0.9496
Hematocrita (l/L) 43.5 (41.4;44.9) 44.0 (41.7;45.5) 0.5693
Hemoglobina (g/L) 150.5 (143;157) 152 (143;157) 0.9868
Plateletsa (/nl) 223.5 (198;261) 229 (174;248) 0.7771
Glucoseb (mg/dL) 89.0 (81;99) 90.5 (83.5;105.0) 0.4031
Creatininec (mg/dL) 0.94 (0.87;1.04) 0.99 (0.84;1.06) 0.8028
CRPd (mg/dL) 0.08 (0.06; 0.16) 0.09 (0.06;0.20) 0.2984
IL-6e (pg/mL) 2.80 (2.50;3.50) 3.09 (2.50;3.50) 0.5790
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IgG antibodies did not significantly differ between individuals with
and without fatigue, neither in men nor in women. So far, no similar
study regarding post-COVID-19 fatigue has been conducted,
making comparisons to other investigations difficult. One former
study on long-term symptoms after COVID-19 found a weak
correlation between long-term loss of taste/smell and low IgA
levels at early time points (16), but not with IgG levels during
follow-up.

It is well known that women are affected by fatigue much
more often (about 3 times as often) than men (17). But, it is still
unclear whether infections cause symptoms or those reflect a
suppressed immune system (18, 19). Possibly, the effectiveness of
an immune response of a person may be involved in the
development of fatigue months after the acute infection (3, 20).
Thus, we examined the T-cell response against SARS-CoV-2 in
Frontiers in Immunology | www.frontiersin.org 5
men and women with and without fatigue using the ELISpot
assay, which predominantly measures immediate responses from
effector and effector memory T-cells.

Our findings confirm and extend previous study results
showing that SARS-CoV-2-specific IL-2 and/or IFN-g-
producing cells were present in blood samples from recovered
individuals who had milder COVID-19 courses (13, 21, 22).
Although the ELISpot assay may not be suitable to measure the
longevity of T-cell responses, we could show that specific T-cell
responses appeared to be maintained for a median time of 9 (IQR
6;11) months after the onset of disease. When comparing women
with and without fatigue, we found lower T-cell responses
measured by ELISpot in affected women; this was not the case
in men. This applied to the IFN-g (acute) and IL-2 (memory)
reaction of pathogen-specifically activated T cells against SARS-
CoV-2. Detection of IFN-g-producing T cells is a sign of
immunity to intracellular pathogens and previous studies have
shown that SARS-CoV-2-specific IFN-g-producing T cells to be
of the phenotype CD4+ (T helper 1 [Th1]) or cytotoxic
phenotype CD8+ (23, 24). It could be hypothesized that a
decreased specific T cell response in women could be involved
in the development of post-COVID-19 fatigue. However, the
immune responses to a viral disease are much more extensive
and complex, and depend on a number of factors (25, 26). The
medium-term T-lymphocyte responses and antibody levels in
recovered patients investigated in our study in connection with
the manifestation of fatigue represent only one part of the
immune response to SARS-CoV-2. Further studies are needed
to investigate the role of cellular and humoral immunity in
this context.

Low-grade systemic inflammation also seems to play a role in
the pathophysiology of chronic fatigue syndrome, but prior
findings were not consistent (2, 27). We found a significantly
higher IL-6 level in women with fatigue in comparison to the no-
fatigue group, while in men there were no differences. However,
FIGURE 1 | Sex-specific comparison of cells producing IFN-g measured by ELISpot after stimulation with SARS-CoV-2 antigens (SI values) between persons with
and without fatigue on the logarithmic scale.
TABLE 2 | Number of IFN-g, IL-2, and both IFN-g and IL-2 producing cells,
measured by ELISpot after stimulation of PBMC in vitro with a SARS-CoV-2-
specific peptide library (SI values) in men and women with and without post-
COVID-19 fatigue.

Study participants

total w/o fatique with fatique

MEN N=114 n=90 n=24 p-value*
IFN-g 114 6.15 (2.5; 15.25) 8 (5.375; 11.625) 0.392
IL-2 98 3.6 (2; 10.2) 3 (2; 7.65) 0.558
IFN-g and IL-2 98 3 (1; 7.25) 4.5 (2.25; 7) 0.428
WOMEN N=133 n=76 n=57 p-value
IFN-g 133 7 (4.5; 11) 4 (2.4; 7) 0.001
IL-2 110 4.2 (2; 11) 2.3 (2; 4) 0.022
IFN-g and IL-2 110 3.5 (2; 6.5) 2 (0.5; 4.5) 0.007
Cells were stimulated for 18 h with the AID SARS-CoV-2 peptide library—containing
peptides from the S, N, M, and O proteins—and CD28 antibody, or left unstimulated with
CD28 antibody alone as a negative control. Stimulation was performed without cytokines
as described by AID.
*Wilcoxon Rank Sum Test.
Significant p-values are given in bold letters.
May 2022 | Volume 13 | Article 902140
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the median IL-6 levels observed in our study were very low and
within the reference range that is found in healthy individuals.
Therefore, it is difficult to draw any conclusions in terms of
biological significance from this finding.

Although female sex is in particular associated with the
occurrence of the fatigue syndrome, so far no study carried out
sex-specific analyses on this issue in connection with post-
COVID-19 fatigue. Further studies are needed to explore
possible sex-specific mechanisms involved in individuals with
fatigue and to identify possible factors mediating sex differences
in immune responses.

The present study has several limitations. First, we included
mainly middle-aged men and women of German nationality, thus,
Frontiers in Immunology | www.frontiersin.org 6
generalizability to other age groups and ethnicities is limited.
Second, only persons with a mild COVID-19 infection were
included and thus, the results are not transferrable to severe cases
of infection. Third, only T-cell responses via ELISpot were
measured in this study and no information on SARS-CoV-2-
specific central memory CD4+ or CD8+ T-cells were available.
Fourth, only CRP and IL-6 were available as inflammatory markers.
Furthermore, no high-sensitive CRP values were measured in this
study. Fifth, biomarkers and fatigue weremeasured only once after a
mild COVID-19 infection and no information on them at the
timepoint of the acute disease was available. In addition, we do not
have information on smear test results and measurements at the
time of acute infection. Sixth, prior studies could show that IL-6
FIGURE 3 | Sex-specific comparison of cells producing both IFN-g and IL-2 measured by ELISpot after stimulation with SARS-CoV-2 antigens (SI values) between
persons with and without fatigue on the logarithmic scale.
FIGURE 2 | Sex-specific comparison of cells producing IL-2 measured by ELISpot after stimulation with SARS-CoV-2 antigens (SI values) between persons with
and without fatigue on the logarithmic scale.
May 2022 | Volume 13 | Article 902140
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serum levels could be affected by hormonal/menstrual cycle (28).
Unfortunately, we were not able to take this into account in our
study, as no data on hormonal/menstrual cycles were collected in
the study. Seventh, due to the low number of cases with high level of
fatigue, especially in men, a further analysis by stratification into
moderate and severe fatigue was not possible in our study.In
conclusion, the present results showed that a specific immune
response against SARS-CoV-2 is present in men and women after
a mild or moderate COVID-19 infection. It seems that the extent of
T-cell response in women but not men is associated with the
occurrence of fatigue. More studies are needed to understand the
sex-specific role of cellular immunity regarding the manifestation of
fatigue after a COVID-19 disease.
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