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Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is characterized by a
range of symptoms in which host immune response have been associated with
disease progression. However, the putative role of regulatory T cells (Tregs) in
determining COVID-19 outcomes has not been thoroughly investigated. Here, we
compared peripheral Tregs between volunteers not previously infected with SARS-
CoV-2 (healthy control [HC]) and volunteers who recovered from mild (Mild
Recovered) and severe (Severe Recovered) COVID-19. Peripheral blood
mononuclear cells (PBMC) were stimulated with SARS-CoV-2 synthetic peptides
(Pool Spike CoV-2 and Pool CoV-2) or staphylococcal enterotoxin B (SEB). Results of
a multicolor flow cytometric assay showed higher Treg frequency and expression of
IL-10, IL-17, perforin, granzyme B, PD-1, and CD39/CD73 co-expression in Treg
among the PBMC from the Mild Recovered group than in the Severe Recovered or
HC groups for certain SARS-CoV-2 related stimulus. Moreover, Mild Recovered
unstimulated samples presented a higher Tregs frequency and expression of IL-10
and granzyme B than did that of HC. Compared with Pool CoV-2 stimuli, Pool Spike
CoV-2 reduced IL-10 expression and improved PD-1 expression in Tregs from
volunteers in the Mild Recovered group. Interestingly, Pool Spike CoV-2 elicited a
decrease in Treg IL-17* frequency in the Severe Recovered group. In HC, the
expression of latency-associated peptide (LAP) and cytotoxic granule co-expression
by Tregs was higher in Pool CoV-2 stimulated samples. While Pool Spike CoV-2
stimulation reduced the frequency of IL-10" and CTLA-4" Tregs in PBMC from
volunteers in the Mild Recovered group who had not experienced certain
symptoms, higher levels of perforin and perforin*granzyme B* co-expression by
Tregs were found in the Mild Recovered group in volunteers who had experienced
dyspnea. Finally, we found differential expression of CD39 and CD73 among
volunteers in the Mild Recovered group between those who had and had not
experienced musculoskeletal pain. Collectively, our study suggests that changes in
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the immunosuppressive repertoire of Tregs can influence the development of a
distinct COVID-19 clinical profile, revealing that a possible modulation of Tregs exists
among volunteers of the Mild Recovered group between those who did and did not
develop certain symptoms, leading to mild disease.
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1 Introduction

In December 2019, pneumonia of unknown etiology was
observed in Wuhan, China, and was later associated with a new
betacoronavirus (1). Named Coronavirus of Severe Acute
Respiratory Syndrome 2 (SARS-CoV-2), this new pathogen is the
causative agent of Coronavirus Disease 2019 (COVID-19) and is
responsible for the current pandemic announced by the World
Health Organization (WHO) on 11 March 2020 (1-3). Although
the disease may present with a broad spectrum of manifestations,
including asymptomatic cases and severe symptoms that may result
in death, most affected individuals develop a non-severe condition
(3, 4).

The public health emergency caused by the SARS-CoV-2
infection has prompted the scientific community to evaluate
immune response, revealing the significant contribution of the
immune system to disease progression (5). In this context, factors
such as viral load and the efficacy of innate immunity, especially
those mediated by type I interferons, seem to be pivotal to adaptive
responsiveness and clinical outcomes (6). For example, the time of
action of CD4" T lymphocytes has been associated with different
clinical conditions (7). Additionally, lymphopenia and defects in
Th1 immune profile have been associated with increased severity in
COVID-19 cases (8).

Regulatory T cells (Tregs), a CD4" T lymphocyte subpopulation
with regulatory functions, develop a pivotal role in self-tolerance
and immune homeostasis in some diseases (9, 10). In the context of
COVID-19, alterations in IL-10" and CD39" Treg subpopulations
or an imbalance between Tregs/Th17 can be associated with disease
severity (10-13). However, divergent results regarding the
frequency of these lymphocytes raise questions regarding the role
of Tregs in disease progression (10, 14-16).

Thus, to better understand the role of Tregs in the
context of SARS-CoV-2 infection, we evaluated Tregs
(CD3"CD4"CD25"FOXP3") based on their frequency and
expression of cytokines, cytotoxic granules, inhibitory receptors,
and ectonucleotidases in the peripheral blood mononuclear cells
(PBMC) from volunteers recovered from mild and severe forms of
COVID-19. Among the volunteers who recovered from mild
disease, we compared the immune parameters between those who
did and did not experience certain symptoms. We observed a
differential Treg immune profile after disease resolution
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particularly in the group of volunteers who recovered from mild
SARS-CoV-2 infection. This study points to a pivotal change in the
Treg profile that could help the scientific community understand
the role of this subpopulation of lymphocytes in the course of
difterent clinical forms of COVID-19.

2 Materials and methods

2.1 Ethics statement

This study was approved by the National Commission of Ethics
in Research (certificate CAAE: 31354720.0.0000.5188). All
experiments were performed in compliance with the relevant
regulations, institutional guidelines, and ethical standards of the
Declaration of Helsinki. Informed consent was obtained from all
the enrolled volunteers.

2.2 Patient recruitment

This study was conducted from May 2020 to May 2021 in
Brazil. The study began around the time when the SARS-CoV-2
virus of the original lineage was still circulating and continued with
the alpha and gamma variants being first detected in the end of 2020
(between October and December). These studies ended in May
2021, a few days after the delta variant was identified for the first
time in Brazil (April 26, 2021) (17, 18). Sixteen nonvaccinated
volunteers who presented COVID-19 symptoms between May 2020
and May 2021 and had subsequently recovered were recruited. The
SARS-CoV-2 diagnosis was based on RT qPCR for COVID-19
during the acute phase and IgG serological tests (Euroimmun Anti-
SARS-CoV-2 assay, Perkin Elmer Company) after recovery. The
recovered COVID-19 volunteers were assigned to either the Mild
Recovered (did not need hospitalization, n = 9) or Severe Recovered
(presented pulmonary symptoms requiring hospitalization, n = 7)
group. For epidemiologic purposes, severe dyspnea, a respiratory
rate of 30 or more breaths per minute, a blood oxygen saturation of
93% or less, and infiltrates in more than 50% of the lung were
considered severe symptoms of COVID-19 (19). In addition, a
healthy control group (HC, n = 8) was included. Volunteers in the
HC group were not previously vaccinated against COVID-19, were
reportedly asymptomatic for the last 10 weeks, were negative by
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certified SARS-CoV-2 antibody test (Euroimmun Anti-SARS-CoV- SARS-CoV-2 epitopes were predicted using protein sequences
2 assay Perkin Elmer Company), and had a negative RT qPCR test  derived from the Brazilian SARS-CoV-2 sequences deposited in
for SARS-CoV-2. Whole blood for flow cytometry analysis was ~ GenBank and IEDB analysis resources. CD4 SARS-CoV-2 epitope
collected in sodium heparin-coated vacutainers and gently agitated  prediction was performed as previously reported, using the
until processing. The blood samples were processed on the day = NetMHCIIpan 4.0 algorithm and CD4 immunogenicity
of collection. prediction (IEDB), HLA-DRB*1:03:01, HLA-DRB*1:07:01, HLA-
DRB*1:15:01, HLA-DRB*3:01:01, HLA-DRB*3:02:02, HLA-
DR*4:01:01, and HLA-DRB*5:01:01. Due to extremely high
2.3 RT CIPCR assay heterogenicity of the Brazilian population, we carefully included
the frequently identified HLA I and II in the Brazilian population
Quantitative real-time PCR (RT qPCR) was performed as  along with the most frequently identified HLA populations in the
described previously (20) at the time of sample collection for flow  world. CD8 SARS-CoV-2 epitope prediction was performed as
cytometry experiments. This procedure was essential to ensure that ~ previously reported using the NetMHCpan4.0 algorithm (HLA-
no SARS-CoV-2 infection or reinfection occurred in the HC and  A*01:01; HLA-A* 02: 01; HLA-A* 11: 01; HLA-A* 24: 02; HLA-A*
recovered volunteers. The RNA isolated from nasopharyngeal or  68:01; HLA-A* 23: 01; HLA-A* 26: 01; HLA-A* 30: 02; HLA-A* 31:
oropharyngeal swabs was extracted (QIAprep&amp Viral RNA UM 01; HLA-B* 07: 02; HLA-B* 51: 01; HLA-B* 35: 01; HLA-B* 44: 02;
Kit, QTAGEN, USA) and amplified by one-step RT qPCR (SARS-  HLA-B* 35: 03; HLA-C* 05: 01; HLA- C* 07: 01 e HLA-C* 15: 02).
CoV-2 N1+N2 Assay Kits, QTAGEN, USA). Despite inferring cellular populations of T lymphocytes, this
strategy extrapolates to lymphocyte-like cells, such as natural
killer (NK) cells, because a specific prediction program for NK
2.4 Design and preparation of SARS-CoV-2 cell populations is not yet available.
epitope pools

For peptide design, we identify the most frequent HLA-class /11~ 2.5 Isolation of plasma
alleles among the Brazilian population and most frequently in the
world in the IEDB tools. We then performed MHC-I and II binding Plasma samples were collected after centrifugation of whole
affinity and antigenicity predictions and analyzed the peptide  blood at 400 x g for 10 min at room temperature (25°C). The
molecular dynamics of the best-fited MHC-I and II/protein of undiluted plasma was then transferred to cryotubes, aliquoted, and
SARS-CoV-2 complexes. SARS-CoV-2 virus-specific CD4 and CD8  stored at -80°C for subsequent analysis.
peptides (Table 1) (patent number: BR 10 2022 005518 1) were
synthesized (GenOne Biotechnologies, Rio de Janeiro, Brazil),
lyophilized, and stored at -20°C for subsequent analysis. 2.6 Isolation of PBMC
Subsequently, the peptides were resuspended in H,O (MiliQ) and
pooled into groups (Pool CoV-2 contained peptides from the spike PBMC from volunteers inserted in the HC and volunteers who
protein and non-spike proteins, whereas Pool Spike CoV-2  had recovered from mild and severe COVID-19 (Mild Recovered
contained peptides from the spike protein only, Table 1). and Severe Recovered groups, respectively) were obtained from

TABLE 1 List of peptides chosen in this study through prediction studies and Spike peptide pool.

Peptide a.a.* position Source
ORFla ILASFSASTSAFVET 476-490 This study
ORFla FLHFLPRVESAVGNICYTP 2880-2890 This study
ORF1b FVDGVPEVVSTGYHFR 4726-4741 This study
SPIKE_NTD NIDGYFKIYSKHTPINLV 196-210 (1)
Pool Spike CoV-2 SPIKE_RBD ATRFASVYAWNRKRI 344-358 1)
Pool CoV-2 SPIKE_S2 ALQIPFAMQMAYREN 893-907 1)
ORF3 KKRWQLALSKGVHEV 66-80 This study
E FYVYSRVKNLNSSRV 56-70 This study
M LYLYALVYELQSINEVRIIM 114-123 This study
M KEITVATSRTLSYYK 166-180 This study
ORF8 FYSKWYIRVGARKSA 41-55 This study

*a.a, amino acid.
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heparinized venous blood using density gradient centrifugation
(Ficoll-Paque ™ Plus, GE Healthcare, Life Sciences, Pittsburgh,
PA, USA). PBMC were centrifuged for 40 min at 400 x g and
washed three times with phosphate-buffered saline (PBS) before
counting. PBMC were maintained in RPMI-1640 (Sigma-Aldrich)
supplemented with antibiotics (penicillin, 200 U/mL; streptomycin,
0.1 mg/mL), 1 mM L-glutamine (1 mM), and 10% heat-inactivated
AB Rh+ human serum (Sigma-Aldrich), hereafter referred to as
medium. Cultures were set up at a concentration of 2.5 X 10° cells in
96-well plates in the presence or absence of SARS-CoV-2 antigens
and Staphylococcal enterotoxin B from Staphylococcus aureus (SEB,
Sigma-Aldrich). PBMC were subjected to four different conditions:
unstimulated (medium), stimulated with SARS-CoV-2 antigens
(Pool Spike Cov-2 and Pool Cov-2, each at 1 pg/well), and
stimulated with SEB (1 ug/well). The cells were incubated under
5% CO, in an incubator at 37°C for 16 h. Next, brefeldin-A (1 mg/
mL, Sigma-Aldrich) was added and the samples were incubated
under 5% CO, in an incubator at 37°C for 4 h.

2.7 Flow cytometry assay

Briefly, freshly isolated PBMC were plated at a concentration of
2.5 x 10° cells per well in a 96-well U-bottom plate. Cocktails of
Antibodies for extracellular staining were added and incubated for
30 min at 4°C. For extracellular staining, the following antibodies
from BD Biosciences were used: extracellular PE-Cy5 conjugated
anti-CD3 (clone UCHT], isotype. Mouse BALB/c IgGl, ¥, cat.
555334, specie. mouse), APC-Cy7 conjugated anti-CD4 (clone
RPA-T4, isotype. Mouse IgGl, k, cat. 557871, specie. mouse), PE-
Cy7 conjugated anti-CD25 (clone M-A251, isotype. Mouse BALB/c
IgGl, K, cat. 557741, specie. mouse), PE-conjugated anti-CD39
(clone TU66, Isotype: Mouse IgG2b, K, cat. 555464, specie. mouse),
APC-conjugated anti-CD73 (clone AD2, isotype: Mouse IgGl, K,
cat. 560847, specie. mouse), PE-conjugated anti-PD1 (clone MIH4,
isotype. Mouse IgGl, K, cat. 557946, specie. mouse), PE-conjugated
anti-LAP (clone TW4-2F8, isotype. Mouse BALB/c 1gGl, K, cat.
562260, specie. mouse), IgG isotypes control antibodies such as
IgG3-FITC (clone J606, isotype. Mouse BALB/c IgG3, «, cat.
555578, specie. mouse), IgG3-Alexa Fluor 647 (clone J606,
isotype. Mouse BALB/c IgG3, «, cat. 560803, specie. mouse),
IgG1-APC-H7 (clone MOPC-21, isotype. Mouse IgGl, «, cat.
560167, specie. mouse), IgG1-PE-Cy-5 (clone MOPC-21, isotype.
Mouse IgGl, «, cat. 555750, specie. mouse), and IgG1-PE-Cy-7
(clone MOPC-21, isotype. Mouse IgGl, «, cat. 557872, specie.
mouse). After incubation with antibodies for 30 min at 4°C, the
cells were washed with 150 pL of PBS. The plate was centrifuged
(8 min, 244 x g, 4°C), the supernatant was removed, and 100 uL of
4% formaldehyde and 100 uL of PBS were added to the wells. The
plate was incubated at room temperature (25°C) for 20 min to fix
the extracellular staining. After centrifugation (8 min, 244 x g, 4°C),
the supernatant was discarded and the samples were washed with
150 pL of PBS. The plate was centrifuged yet again (8 min, 244 x g,
4°C) and the supernatant was discarded. For intracellular staining,
the cells were permeabilized with 150 UL of permeabilization buffer
(0.5% bovine serum albumin (BSA), w/v and 0.5% saponin, w/v in
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PBS) for 10 min at room temperature (25°C). After centrifugation
(8 min, 244 x g, 4°C), the supernatant was removed, and
intracellular staining was performed. The following conjugated
antibodies from BD Biosciences were used to detect intracellular
molecules: Alexa Fluor 647 conjugated anti-perforin (clone 3G9,
isotype. Mouse BALB/c IgG2b, «, cat. 563576, specie. mouse), PE-
conjugated anti-granzyme B (clone GB11, isotype. Mouse BALB/c
IgGl, x, cat. 561142, specie. mouse), PE-conjugated anti-CTLA-4
(clone BNI3, isotype. Mouse BALB/c IgG2a, ¥, cat. 555853, specie.
mouse), APC-conjugated anti-IL10 (clone JES3-19F1, isotype. Rat
IgG2a, K, cat. 554707, specie. rat), PE-conjugated anti-IL-17 (clone
SCPL1362, isotype. Mouse 1gGl, ¥, cat. 560436, specie. mouse),
Alexa Fluor 488 conjugated anti-FOXP3 (clone 236A/E7, isotype.
Mouse BALB/c IgGl, k, cat. 561181, specie. mouse), and IgG
isotype control antibodies IgG1-PE (clone MOPC-21, isotype.
Mouse IgGl, ¥, cat. 559320, specie. mouse). All antibodies were
used according to the manufacturer’s instructions. The plate was
then incubated for 45 min at room temperature (25°C), and 150 UL
of permeabilization buffer was added. After centrifugation, the
supernatant was removed (8 min, 244 x g, 4°C). Finally, 200 puL
of wash B (PBS/BSA) was added, and the samples were transferred
to fluorescence-activated cell sorting (FACS) tubes and maintained
at 4°C. At least 70,000 gated events were acquired using FACS
CANTO II (BD Biosciences) and analyzed using the FlowJo v.10.8
software (BD, Ashland - USA).

2.8 Flow cytometry data analysis

All parameters evaluated in Tregs were analyzed using FlowJo
software v.10.8 (BD, Ashland, USA). Limits for quadrant markers
were set based on negative populations (cells), isotype controls, and
fluorescence minus one (FMO), when appropriate. Five or six
different fluorochromes were identified in each analysis. Four
fluorochromes, anti-CD3 PE-Cy5, anti-CD4 APC-Cy7, anti-CD25
PE-Cy7, and anti-FOXP3 Alexa Fluor 488, were used to identify
Tregs (CD3"CD4"CD25"FOXP3™). We first selected the total
lymphocyte gate through size-FSC-A and granularity-SSC-A
profiles, followed by singlet separation using the FSC-A x FSC-
H parameters. Next, we set the CD3"CD4" cells and identified
CD25 + T cells within this subpopulation. Subsequently,
CD3'CD4"CD25"FOXP3" T-cells were detected. Two
fluorochromes, anti-X PE and anti-Y APC (or Alexa Fluor 647),
were used to assess the intracellular or surface markers. The
following markers were used: IL-10, IL-17, latency-associated
peptide (LAP), perforin, granzyme B, CTLA-4, PD-1, CD39, and
CD73. The analytical strategy is shown in Supplementary
Figures 1-5.

2.9 Statistical analysis

The Shapiro-Wilk normality test was performed for all
parameters evaluated using flow cytometry. If normally
distributed, multiple comparisons were performed using two-way
ANOVA and Tukey’s post-hoc test or one-way ANOVA and
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Tukey’s post-hoc test. Kruskal-Wallis with Dunn’s multiple
comparisons test was performed if the data were not normally
distributed. The immunological data between volunteers who had
and had not developed certain symptoms in the Mild Recovered
group was compared and analyzed based on the following clinical
data: dyspnea, sore throat, nasal obstruction, myalgia, arthralgia,
fatigue, diarrhea, anosmia, and ageusia. These comparisons were
performed using one-way ANOVA and Tukey’s post hoc test or
Kruskal-Wallis with Dunn’s multiple comparisons tests. Differences
were considered statistically significant at p < 0.05. Statistical
analyses were performed using GraphPad Prism 8.4.3. To create a
heat map matrix regarding immunological marker expression in the
HC, mild recovered, and severe recovered groups, we used
Morpheus software and adjusted it to Z-score (22).

3 Results

3.1 Characteristics of HC, mild recovered,
and severe recovered volunteers

For this study, we recruited 24 volunteers and distributed them
into three groups. In the HC group, 8 volunteers (4 male and 4
female) with a mean age of 35.62 ( * 8.63) were enrolled. The Mild
Recovered group included 9 volunteers (5 male and 4 female) with a
mean age of 33.22 ( + 6.70). Finally, 7 volunteers were enrolled in
the Severe Recovered group (4 male and 3 female) with a mean age
0f 36.85 (£ 7.64) (Tables 2-4). No significant differences in age were
found between the groups.

Most volunteers who experienced mild COVID-19 reported
headache, runny nose, and fatigue (Table 3). All volunteers in the
severe recovery group experienced pulmonary infiltration, low
oxygen saturation, and headache, whereas almost all had high
fever, tachypnea, and fatigue (Table 4). Regarding comorbidities,
obesity was a significant chronic disease observed among 56% of the
recovered COVID-19 cases.

Finally, volunteers were asked to self-identify themselves among
the following ethnic-racial classifications: white, brown, black, yellow
(Asian), and indigenous (Native American). Volunteers who self-

10.3389/fimmu.2023.1078922

classified themselves as brown and white comprised 58.33% and
33.33%, respectively, whereas those of black and indigenous self-
classification comprised 4.1% each. Thus, the demographic of the HC
group was white (62.5%), brown (25%), and indigenous (12.5%); that
of Mild Recovered group was brown (88.88%) and white (11.11%),
whereas that of Severe Recovered group was brown (57.14%), white
(28.57%), and black (14.28%). The demographic and clinical details
of the volunteers are shown in Tables 2-4.

3.2 Mild-recovered volunteers have
elevated levels of Tregs

Analysis of PBMC from volunteers recovered from COVID-19
revealed a higher frequency of occurrence of Tregs in Mild
Recovered group than in HC for non-stimulated samples
(Figure 1A). In addition, pool CoV-2-stimulated samples from
Mild Recovered and Severe Recovered groups presented more
Tregs than did HC (Figure 1A). We also compared the frequency
of occurrence of the studied lymphocyte subset among the Mild
Recovered volunteers between those who had and had not
experienced the following symptoms during acute COVID-19:
dyspnea, myalgia, sore throat, arthralgia, fatigue, nasal
obstruction, diarrhea, anosmia, and ageusia. Our data showed
that those who did not experience nasal obstruction had more
Tregs among the non-stimulated and Pool Spike CoV-2 stimulated
PBMC than in those with this symptom (Figure 1B). A comparison
of the frequency of occurrence of Treg among the Mild Recovered
volunteers between those who had and had not experienced the
other symptoms was also analyzed, but no significant results were
found (Supplementary Figure 1).

3.3 Expression of IL-10 and IL-17 by Tregs
is higher in volunteers who recovered from
mild COVID-19

We also evaluated cytokine expression by Tregs in all the
groups. Mild Recovered non-stimulated samples had higher levels

TABLE 2 Gender, age, and ethnic-racial self-classification of healthy control volunteers (HC).

#Code Gender Age Ethnic-racial self-classification
CTL 1 Female 46 White

CLT 3 Male 47 White

CLT 4 Female 28 White

CLT 5 Male 35 White

CLT 6 Male 22 Brown

CLT 7 Female 36 Indigenous

CLT 8 Male 40 White

CLT 9 Female 31 Brown

MEAN *4F:4M 35.62 (+ 8.63)

*F, Female; M, Male. The bold value represents the mean and standard deviation (in brackets) of the Age regarding HC volunteers.
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TABLE 3 Gender, age, ethnic-racial self-classification, comorbidities, and symptoms of mild recovered volunteers (Mild Recovered).

Ethnic-racial
self-classifi-
cation

Blood collection
after recovery of
COVID-19 (days)

Comorbidities

Symptoms

#Code Gender Age

H he, 3 h with phlegm, 1 ion,

cOV3 Male 2 194 — Guillain-Barré eadache, Runny nose. c.oug wit p egm, Nasal obstruction.
Chills, and Fatigue
Fever, Headache, D h, Myalgia, Chills, Fatigue, and
Ccovs Female 33 204 Brown Obesity ever, Headache, Dry cough, Myalgia, Chills, Fatigue, an
Anosmia
cove Male ” 14 Brown Fever, Headache, Runny nose, §0re throat, D?fspnea, Diarrhea,
Fatigue, Anosmia, and Ageusia
Cov7 Male 39 211 Brown Fever and Dry cough
covs Male I . Brown Obesity Runny nose, Sore throat, Nasal o.bstruction, Myalgia, Diarrhea,
and Fatigue
COoVv9 Male 40 56 Brown Headache, Runny nose, and Dyspnea
COoV10 Female 36 16 White Obesity Arthralgia
Fever, Headache, Runny nose, Sore throat, Dry cough,
COVvI1l Female 39 196 Brown Dyspnea, Tachypnea, Arthralgia, Myalgia, Nausea, Vomiting,
Diarrhea, Chills, Fatigue, Anosmia, and Ageusia
COV1s Female 35 50 Brown Obesity Headache, Runny nose, Sore thro.at, Dry coug.h, Cough with
phlegm, Nasal obstruction, and Fatigue
33.22
MEAN *4F:5M (+ 148.44 ( + 81.83)
6.70)

*F, Female; M, Male. The bold value represents the mean and standard deviation (in brackets) of the Age and Blood collection after recovery of COVID-19 (days) regarding mild recovered volunteers.

TABLE 4 Gender, age, ethnic-racial self-classification, comorbidities, and symptoms of severe recovered volunteers (Severe Recovered).

Ethnic-racial
self-classifi-
cation

Blood collection
after recovery of
COVID-19 (days)

Comorbidities

Symptoms

#Code Gender Age

Low blood oxygen saturation, Headache, Lung infiltrate, Sore

COV1 Female 27 73 Brown throat, Dry cough, Dyspnea, Nasal obstruction, Tachypnea,
Diarrhea, and Fatigue.
. Fever, Low blood oxygen saturation, Headache, Arthralgia,
Hypertension and Rk i R K
Cov2 Male 43 182 Brown Obesit Myalgia, Lung infiltrate, Nausea, Diarrhea, Fatigue, Tachypnea,
i
¥ Eye swelling, Anosmia, and Ageusia
. Fever, Low blood oxygen saturation, Headache, Dry cough,
. Hypertension and . . e
COv4 Female 38 138 White Obesi Cough with phlegm, Dyspnea, Tachypnea, Myalgia, Vomiting,
Rl Lung infiltrate, Chills, and Fatigue
Low blood oxygen saturation, Fever, Headache, Lung infiltrates,
COV14 Male 25 301 Black Obesity Runny nose, Sore throat, Dry cough, Dyspnea, Nausea, Fatigue,
Eye swelling, and Anosmia
Asth Low bl ion, Fever, Headache, hroat,
COVie Male 3 1 Brown st ma' and ow b O?d oxygen satura.tlon ever, Headache, Sore throat
Obesity Cough with blood, Lung infiltrates, dyspnea, and Tachypnea
Fever, Headache, Sore throat, Low blood oxygen saturation,
Cov17 Female 40 62 Brown Arthralgia, Myalgia, Lung infiltrate, Chills, Fatigue, Anosmia,
Ageusia, and Tachypnea
Low blood oxygen saturation, Fever, Headache, Runny nose, Sore
cOvVis Male 0 61 White Obesity throat, Lung inﬁltra.tes, ]?ry cough, pyspne'a, Nasal obst'ruction,
(IMC 38.5) Tachypnea, Myalgia, Diarrhea, Chills, Fatigue, Anosmia, and
Ageusia.
36.85
MEAN | *3F:4M (£ 122.42 ( £ 93.40)
7.64)

*F, Female; M, Male. The bold value represents the mean and standard deviation (in brackets) of the Age and Blood collection after recovery of COVID-19 (days) regarding severe
recovered volunteers.
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FIGURE 1

Frequency of regulatory T cells in peripheral blood from volunteers. Peripheral blood mononuclear cells (PBMC) were collected from volunteers not
previously affected with SARS-CoV-2 infection (Healthy Control - HC, n = 8) and volunteers who had recovered from mild (Mild Recovered, n = 9)
and severe (Severe Recovered, n = 7) COVID-19. The samples were incubated for 20 hours under four conditions: unstimulated (medium),
stimulated with SARS-CoV-2 peptides (Pool Spike CoV-2 and Pool CoV-2 peptide), and stimulated with SEB. Unstimulated and SEB-stimulated
PBMC were used as a negative and positive control, respectively. (A) Frequency of regulatory T cells in HC, Mild Recovered, and Severe Recovered.
(B) Comparison of the frequency of regulatory T cells among Mild Recovered volunteers who had and had not experienced nasal obstruction during
acute COVID-19. The symbols @, ll. and A represent each sample from Mild Recovered volunteer that was unstimulated (medium condition only)
or stimulated with Pool Spike CoV-2 peptides or Pool CoV-2 peptides, respectively. Multiple comparisons were performed using two-way ANOVA
and Tukey's post hoc test, one-way ANOVA and Tukey's post hoc test, and Kruskal-Wallis with Dunn’s multiple comparisons test when appropriate.
The bars represent the mean values, and the error bars show the standard error of the mean (SEM) for each group. The lines above the bars indicate

statistically significant differences between the two groups. *p < 0.05. SEB, staphylococcal enterotoxin B.

of IL-10-producing Tregs than did the HC group (Figure 2A).
Moreover, in Pool CoV-2-stimulated cells, the frequency of
CD3"CD4"CD25"FOXP3"IL-10" was lower in the Severe
Recovered group than in the Mild Recovered group (Figure 2A).
In the Mild Recovered group, the IL-10 expression by Tregs due to
Pool CoV-2 peptide stimulus was higher compared with that due to
Pool Spike CoV-2 stimulus (Figure 2A).

We also detected an elevated IL-17" Treg frequency in PBMC
from volunteers in the Mild Recovered group stimulated with
SARS-CoV-2 related peptides compared with those from HC and
Severe Recovered volunteers (Figure 2B). Severe Recovered group
also presented higher IL-17 expression by Tregs than did the Pool
CoV-2-stimulated PBMC in HC (Figure 2B). In addition, in HC
samples incubated with SEB, IL-17" Treg expression was more
pronounced than in PBMC incubated with SARS-CoV-2-related
peptides (Figure 2B). In contrast, Pool Spike CoV-2 reduced IL-17
expression by Tregs in the Severe Recovered group (Figure 2B).
Finally, the levels of LAP™ Tregs did not differ between the HC, Mild
Recovered, and Severe Recovered groups (Figure 2C). However, in
the Pool CoV-2-stimulated PBMC, the frequency of Tregs
expressing LAP was more accentuated than in Pool Spike CoV-2-
stimulated samples (Figure 2C).

We also compared cytokine expression by Tregs among Mild
Recovered volunteers between those who had and had not
experienced certain symptoms of acute COVID-19. The Pool
Spike CoV-2-stimulated samples of Mild Recovered volunteers
who had not developed myalgia, fatigue, or nasal obstruction
presented lower IL-10" Treg frequency than did the unstimulated
cells (Figure 2D). Diminished levels of IL-10 expression were
observed in Pool Spike CoV-2-stimulated-Tregs compared with
that of Pool CoV-2-stimulated Tregs in volunteers who had not
developed myalgia, diarrhea, or anosmia during acute disease
(Figure 2D). Finally, in unstimulated samples, the expression of

Frontiers in Immunology

IL-10 by Tregs was higher and lower in volunteers with arthralgia
and fatigue, respectively, than in those who had not developed these
symptoms (Figure 2D).

Interestingly, compared to unstimulated samples, Pool CoV-2
elicited the expression of IL-17 by Tregs in the Mild Recovered
volunteers who did not present with myalgia and diminished the
frequency of IL-17" Treg in those who developed this symptom
(Figure 2E). In the unstimulated samples, expression of IL-17 by
Tregs from volunteers who did not have myalgia was lower than
that by Tregs from those with this symptom (Figure 2E). Our data
showed that IL-17 expression was less prevalent in volunteers with
fatigue than in those without fatigue in samples stimulated with
Pool CoV-2 (Figure 2E). For volunteers who experienced anosmia,
the Pool Spike CoV-2 stimulus reduced the expression of IL-17 in
Tregs compared with that of unstimulated samples (Figure 2E).

We also found elevated LAP* Treg levels in Pool CoV-2-
stimulated samples from Mild Recovered volunteers with dyspnea,
whereas the opposite was observed in nasal obstruction (Figure 2F).
In addition, unstimulated PBMC from Mild Recovered volunteers
who had not experienced sore throat expressed a higher frequency of
LAP-expressing Tregs than did the PBMC from those who had this
symptom (Figure 2F). A comparison of cytokine expression among
Mild Recovered volunteers between those who had and had not
experienced the other symptoms was also analyzed, but no significant
results were found (Supplementary Figure 2).

3.4 Production of cytotoxic granules by
Tregs was higher in mild recovered
volunteers who experienced dyspnea

The present study also analyzed the production of cytotoxic
granules by Tregs. Pool CoV-2-stimulated samples presented a

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1078922
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

de Sousa Palmeira et al.

N
3

o

% of Regulatory T cells
expressing IL-10
@ B

Healthy
Control

of IL10 by
cells (Myalgia)

Without

of IL10 by
cells (Fatigue)
g

Without

of IL-10 by Regulatory T
cells (Diarrhea)
3 & 8

o«

o

Without

FIGURE 2

Mild

Recovered

With

With

With

ion of IL-10 by ion of IL-10 by

of IL-10 by
cells (Anosmia)

I Medium 23 Pool Spike CoV-2 [l Pool Cov-2 [ SEB

% of Regulatory T cells
expressing IL-17

Severe
Recovered

[ Medium [ Pool Spike CoV-2

20
T 15 ~
g 3
s N
£
£ 10 LIS
< %
2
3 51
8

o

Without

204
T
g
S159 . .
@ . 4
2
O 10
i L]
8
£ 54
K]
8

o0

Without

Without

Healthy
Control

With

With

With

Cc

Mild Severe
Recovered  Recovered

[ Pool CoV-2
.
404
) - e
3 30
2% N
s .
. 0
204 ™ 3
=
28 10 1
o
Without
.
40
=3
= 304 4
=E
Zg N
= 2 50 Ll
53 .
42 < N
Ze
28 104
o
Without

&l

ion of LAP by
cells (Dyspnea)

Without

g
P
8

of LAP by
cells (Nasal Obstruction)
N
8

s

°

Without

% of Regulatory T cells
expressing LAP
N
S

With

‘With

With

With

Expression of LAP by Regulatory T

Expression of IL-17 by Regulatory T

10.3389/fimmu.2023.1078922

Mild Severe
Recovered Recovered

cells (Fatigue)

Without With

cells (Sore Throat)

Regulatory T cells expressing IL-10, IL-17, and latency-associated peptide (LAP) in peripheral blood from volunteers. Peripheral blood mononuclear
cells (PBMC) were collected from volunteers not previously affected by SARS-CoV-2 infection (Healthy Control — HC, n = 8) and volunteers who
recovered from mild (Mild Recovered, n = 9) and severe (Severe Recovered, n = 7) COVID-19. The samples were incubated for 20 hours under four
conditions: unstimulated (medium), stimulated with SARS-CoV-2 peptides (Pool Spike CoV-2 and Pool CoV-2 peptide), and stimulated with SEB
Unstimulated and SEB-stimulated PBMC were used as a negative and positive control, respectively. Frequency of regulatory T cells expressing IL-10
(A), IL-17 (B), and LAP (C) in HC, Mild Recovered, and Severe Recovered. Lowercase letters represent statistical differences (p < 0.05) between
conditions within each group: (a) (medium x Pool Spike CoV-2), (d) (Pool Spike CoV-2 x Pool CoV-2), (e) (Pool Spike CoV-2 x SEB), and (f) (pool
CoV-2 x SEB). (D) Comparison of the frequency of regulatory T cells expressing IL-10 among Mild Recovered volunteers who had and had not
experienced the following symptoms: myalgia, arthralgia, fatigue, nasal obstruction, diarrhea, and anosmia during acute COVID-19. (E) Comparison
of the frequency of regulatory T cells expressing IL-17 among Mild Recovered volunteers who had and had not experienced the following
symptoms: myalgia, fatigue, and anosmia during acute COVID-19. (F) Comparison of the frequency of regulatory T cells expressing LAP among Mild
Recovered volunteers who had and had not experienced the following symptoms: dyspnea, sore throat, and nasal obstruction during acute COVID-
19. The symbols @, ll. and A represent each sample from Mild Recovered volunteer that was unstimulated (medium condition only) or stimulated
with Pool Spike CoV-2 peptides or Pool CoV-2 peptides, respectively. Multiple comparisons were performed using two-way ANOVA and Tukey's
post hoc test, one-way ANOVA and Tukey's post hoc test, and Kruskal-Wallis with Dunn’s multiple comparisons test when appropriate. The bars
represent the mean values, and the error bars show the standard error of the mean (SEM) for each group. The lines above the bars indicate
statistically significant differences between the two groups. *p < 0.05; **p < 0.01. SEB, staphylococcal enterotoxin B
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higher Perforin™ Treg frequency in the Mild Recovered group than
in the other groups (Figure 3A). In contrast, in Pool Spike CoV-2
stimulus Tregs in the Mild Recovered group produced more
perforin than that in the Severe Recovered group (Figure 3A). In
addition, SEB-incubated PBMC from HC presented higher levels of
Perforin® Tregs than in cells from Severe Recovered group
(Figure 3A). Finally, in the Mild Recovered group, the frequency
of Tregs that produced perforin was lower in the SEB-stimulated
cells than in the Pool CoV-2-stimulated samples (Figure 3A).

We also found elevated levels of granzyme B producing Treg
in Mild Recovered group than in the HC in unstimulated or

10.3389/fimmu.2023.1078922

SARS-CoV-2-related peptide-stimulated samples (Figure 3B).
When perforin and granzyme B co-expression was analyzed,
we observed that SEB-stimulated PBMC from HC presented
higher levels of Tregs co-expressing both granules than did the
cells from the Severe Recovered group (Figure 3C). In the HC,
Pool CoV-2 stimulus induced a higher frequency of
perforin'granzyme B' Tregs compared to that in the
unstimulated samples (Figure 3C). In contrast, in the Severe
Recovered group, the SEB-incubated samples presented lower
perforin and granzyme B co-expression by Tregs than in the
other conditions (Figure 3C).
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Regulatory T cells expressing perforin and granzyme B in peripheral blood from volunteers. Peripheral blood mononuclear cells (PBMC) were

collected from volunteers not previously affected by SARS-CoV-2 infection

(Healthy Control - HC, n = 8) and volunteers who recovered from mild

(Mild Recovered, n = 9) and severe (Severe Recovered, n = 7) COVID-19. The samples were incubated for 20 hours under four conditions:
unstimulated (medium), stimulated with SARS-CoV-2 peptides (Pool Spike CoV-2 and Pool CoV-2 peptide), and stimulated with SEB. Unstimulated
and SEB-stimulated PBMC were used as a negative and positive control, respectively. Frequency of regulatory T cells expressing perforin (A),
granzyme (B), and co-expressing perforin and granzyme B (C) in HC, Mild Recovered, and Severe Recovered. Lowercase letters represent statistical
differences (p < 0.05) between the conditions within each group: (b) (medium X Pool CoV-2), (c) (medium x SEB), (e) (Pool Spike CoV-2 X SEB), and
(f) (Pool CoV-2 x SEB). Symbol # represents statistically significant differences between the HC and Severe Recovered groups in the SEB conditions.

The bars with # above depict the higher expression of the analyzed marker

compared with that in the other group. (D) Comparison of the frequency

of regulatory T cells expressing perforin among Mild Recovered volunteers who had and had not experienced the following symptoms: dyspnea and
ageusia during acute COVID-19. (E) Comparison of the frequency of regulatory T cells expressing granzyme B among Mild Recovered volunteers
who had and had not experienced arthralgia during acute COVID-19. (F) Comparison of the frequency of regulatory T cells coexpressing perforin
and granzyme B among Mild Recovered volunteers who had and had not experienced the following symptoms: dyspnea, arthralgia, and nasal
obstruction during acute COVID-19. The symbols @, ll, and A represent each sample from Mild Recovered volunteer, that was unstimulated
(medium condition only) or stimulated with Pool Spike CoV-2 peptides or Pool CoV-2 peptides, respectively. Multiple comparisons were performed
using two-way ANOVA and Tukey's post hoc test, one-way ANOVA and Tukey's post hoc test, and Kruskal-Wallis with Dunn’s multiple comparisons
test when appropriate. The bars represent the mean values, and the error bars show the standard error of the mean (SEM) for each group. The lines
above the bars indicate statistically significant differences between the two groups. *p < 0.05; **p < 0.01; #p < 0,05; ##p < 0.01. SEB, staphylococcal

enterotoxin B.
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We compared and analyzed the expression of perforin by Tregs
among Mild Recovered volunteers between those who had and had
not experienced certain symptoms and found higher Perforin® Treg
levels in unstimulated and Pool CoV-2-stimulated PBMC from
volunteers who presented with dyspnea during acute COVID-19
than in those who did not (Figure 3D). We also detected higher
levels of perforin produced by unstimulated Tregs from volunteers
who had ageusia than in those who did not (Figure 3D). Elevated
granzyme B expression was observed in Tregs in samples stimulated
with Pool Spike CoV-2 in Mild Recovered volunteers who did not
have arthralgia during acute COVID-19 than in those who
did (Figure 3E).

In samples unstimulated and stimulated with peptides related to
SARS CoV-2, the co-expression of cytotoxic granules by Tregs was
higher in Mild Recovered volunteers who experienced dyspnea than
in those who did not (Figure 3F). Higher levels of Tregs
Perforin*Granzyme B" cells were detected in Pool CoV-2-
stimulated PBMC from volunteers who had arthralgia than in
those who did not (Figure 3F). However, for those who developed
nasal obstruction during acute COVID-19, we observed a mild Pool
Spike CoV-2-induced co-expression of cytotoxic granules by Tregs
(Figure 3F). Comparison of the cytotoxic granule expression among
Mild Recovered volunteers between those who had and had not
experienced other symptoms were also analyzed, but no significant
results were found (Supplementary Figure 3).

3.5 Pool spike CoV-2 stimulus reduces
CTLA-4 expression by Tregs in mild
recovered volunteers who did not
experience certain symptoms

This study evaluated the expression of inhibitory receptors such
as PD-1 and CTLA-4. Although CTLA-4 did not show significant
changes in any of the studied groups (Supplementary Table 1), the
frequency of Tregs expressing PD-1 was lower in the Severe
Recovered group than in the Mild Recovered group in PBMC
stimulated with Pool Spike CoV-2 (Supplementary Table 1). The
Pool Spike CoV-2-stimulated samples in the Mild Recovered group
presented a higher frequency of PD-1-producing Tregs than did
those incubated with Pool CoV-2 peptide (Supplementary Table 1).

Analyzing the PD-1" Treg frequency between Mild Recovered
volunteers with or without certain symptoms revealed that those
who experienced dyspnea presented lower levels of PD-1* Tregs in
PBMC stimulated with Pool CoV-2 than with Pool Spike CoV-2
(Figure 4A). In addition, the volunteers who did not develop sore
throat or nasal obstruction presented a higher frequency of PD-1"
Treg in unstimulated PBMC than in those stimulated with Pool
CoV-2 (Figure 4A). Finally, unstimulated samples from volunteers
who did not experience sore throat or fatigue presented a higher
frequency of PD-1 producing Tregs than the cells from volunteers
who developed these symptoms (Figure 4A).

The frequency of CTLA-4" Treg among Mild Recovered
volunteers between those who had and had not experienced
certain symptoms during acute COVID-19 was compared, and we
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observed that those who had not experienced sore throat, nasal
obstruction, diarrhea, and ageusia had a lower Pool Spike CoV-2
peptide-induced CTLA-4 expression in Tregs compared with that
in unstimulated cells (Figure 4B). We observed higher levels of
CTLA-4" Tregs in PBMC stimulated with Pool CoV-2 than with
Pool Spike CoV-2 among Mild Recovered volunteers who had not
experienced fatigue (Figure 4B). Pool CoV-2-stimulated PBMC
presented fewer Tregs expressing CTLA-4 in those who had
developed anosmia when compared with that of the unstimulated
samples (Figure 4B). We also observed a lower Treg CTLA-4"
frequency in Pool CoV-2-stimulated PBMC from Mild Recovered
volunteers who had experienced fatigue, anosmia, and ageusia than
in those who had not developed these symptoms (Figure 4B). The
Treg CTLA-4" levels in the Pool Spike CoV-2-stimulated PBMC
were higher in volunteers who had developed diarrhea than in those
who had not (Figure 4B). A comparison of the expression of
the inhibitory receptors among Mild Recovered volunteers
between those who had and had not experienced other symptoms
was also analyzed, but no significant results were found
(Supplementary Figure 4).

3.6 Contrary CD39 and CD73
expression patterns are observed
among mild recovered volunteers
between those who had and had not
experienced certain symptoms

Finally, the expression of CD39 and CD73 by Tregs was
analyzed. As shown in Figures 5A, B), no significant changes in
the levels of Tregs expressing CD39 or CD73 were observed
between the studied groups. However, when the co-expression of
CD39"CD73" was analyzed, Mild Recovered samples incubated
with Pool CoV-2 had a higher frequency of CD397CD73" Treg
expression than did the HC (Figure 5C). In the HC group, we also
observed the high co-expression by Tregs in samples stimulated
with SEB that with Pool CoV-2 (Figure 5C).

The comparison of ectonucleotidase expression among Mild
Recovered volunteers between those who had and had not
experienced certain symptoms showed a higher CD39" Treg
frequency in unstimulated PBMC from volunteers who had not
developed myalgia and arthralgia than in those who had
(Figure 5D). In addition, the levels of CD39 expression by Tregs
in volunteers who had presented with fatigue and anosmia were
more prevalent in the unstimulated samples than in Pool Spike
CoV-2-stimulated samples (Figure 5D). The anosmia-positive
volunteers were also marked by a lower expression of CD39 by
Tregs in Pool CoV-2 stimulus compared to those that had not
experienced this symptom (Figure 5D).

In Pool Spike CoV-2-incubated samples from Mild Recovered
volunteers who had myalgia, arthralgia, and diarrhea, we observed a
higher level of CD73" Treg frequency than in those who had not
presented these symptoms (Figure 5E). Volunteers who experienced
arthralgia also presented higher CD73 expression by Tregs in
unstimulated samples than in those without arthralgia
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FIGURE 4
Comparison of the frequency of regulatory T cells expressing PD-1 and CTLA-4 among Mild Recovered volunteers who had and had not developed
some symptoms. Peripheral blood mononuclear cells (PBMC) were collected from volunteers and the samples were incubated for 20 hours under
four conditions: unstimulated (medium), stimulated with SARS-CoV-2 peptides (Pool Spike CoV-2 and Pool CoV-2 peptide), and stimulated with SEB
(did not show in this figure). (A) Comparison of the frequency of regulatory T cells expressing PD-1 among Mild Recovered volunteers who had and
had not developed the following symptoms: dyspnea, sore throat, fatigue, and nasal obstruction during acute COVID-19. (B) Comparison of the
frequency of regulatory T cells expressing CTLA-4 among Mild Recovered volunteers who had and had not experienced the following symptoms:
sore throat, fatigue, nasal obstruction, diarrhea, anosmia, and ageusia during acute COVID-19. The symbols @, ll. and A represent each sample
from Mild Recovered volunteer that was unstimulated (medium condition only) or stimulated with Pool Spike CoV-2 peptides or Pool CoV-2
peptides, respectively. Multiple comparisons were performed using one-way ANOVA and Tukey's post hoc test, and Kruskal-Wallis with Dunn's
multiple comparisons test when appropriate. The bars represent the mean values, and the error bars show the standard error of the mean (SEM) for
each group. The lines above the bars indicate statistically significant differences between the two groups. *p < 0.05; **p < 0.01. SEB, staphylococcal
enterotoxin B.

(Figure 5E). Interestingly, CD39"CD73" Tregs were more prevalent and had not developed this symptom (Figure 5F). No
in all conditions for volunteers who had developed myalgia than for ~ significant results were found in the comparison of
those who had not (Figure 5F). A similar result was observed for  ectonucleotidase expression among Mild Recovered volunteers
diarrhea with the exception of unstimulated samples; no significant ~ between those who had and had not experienced other symptoms
differences were found among volunteers between those who had  (Supplementary Figure 5).
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FIGURE 5

Regulatory T cells expressing CD39 and CD73 in peripheral blood from volunteers. Peripheral blood mononuclear cells (PBMC) were collected from
volunteers not previously affected by SARS-CoV-2 infection (Healthy Control - HC, n = 8) and volunteers who recovered from mild (Mild Recovered,
n = 9) and severe (Severe Recovered, n = 7) COVID-19. The samples were incubated for 20 hours under four conditions: unstimulated (medium),
stimulated with SARS-CoV-2 peptides (Pool Spike CoV-2 and Pool CoV-2 peptide), and stimulated with SEB. Unstimulated and SEB-stimulated
PBMC were used as a negative and positive control, respectively. Frequency of regulatory T cells expressing CD39 (A), CD73 (B), and co-expressing
CD39 and CD73 (C) in HC, Mild Recovered, and Severe Recovered. Lowercase letters represent statistical differences (p < 0.05) between the
conditions within each group: (f) (Pool CoV-2 x SEB). (D) Comparison of the frequency of regulatory T cells expressing CD39 among Mild Recovered
volunteers who had and had not experienced the following symptoms: myalgia, arthralgia, fatigue, and anosmia during acute COVID-19. (E)
Comparison of the frequency of regulatory T cells expressing CD73 among Mild Recovered volunteers who had and had not experienced the
following symptoms: myalgia, arthralgia, and diarrhea during acute COVID-19. (F) Comparison of the frequency of regulatory T cells coexpressing
CD39 and CD73 among Mild Recovered volunteers who had and had not experienced the following symptoms: myalgia and diarrhea during acute
COVID-19. The symbols @, ll, and A represent each sample from Mild Recovered volunteer that was unstimulated (medium condition only) or
stimulated with Pool Spike CoV-2 peptides or Pool CoV-2 peptides, respectively. Multiple comparisons were performed using two-way ANOVA and
Tukey's post hoc test, one-way ANOVA and Tukey's post hoc test, and Kruskal-Wallis with Dunn’s multiple comparisons test when appropriate. The
bars represent the mean values, and the error bars show the standard error of the mean (SEM) for each group. The lines above the bars indicate
statistically significant differences between the two groups. *p < 0.05. SEB, staphylococcal enterotoxin B.
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4 Discussion

The worldwide emergency caused by the current COVID-19
pandemic has led to significant efforts by the scientific community
to understand the host immune response to SARS-CoV-2 infection
(5). Although most infected individuals develop mild COVID-19,
the severity was high in some people, and excessive inflammation is
usually associated with the worsening of the illness (23, 24). To
better understand the impact of SARS-CoV-2 infection on adaptive
immunity after infection resolution, we evaluated the peripheral
Tregs of volunteers who had recovered from mild and severe
COVID-19. Compared to HC, we report higher levels of Tregs in
Pool CoV-2-stimulated samples from Mild and Severe Recovered
volunteers. In addition, unstimulated PBMC from the Mild
Recovered group presented a higher frequency of Tregs than did
HC, suggesting long-term immune changes after SARS-CoV-2
infection as previously reported by Liu et al. (2021) (25). The
absence of statistical differences between the Mild and Severe
Recovered groups could indicate no correlation between Treg
frequency and the course of COVID-19.

However, it is interesting to consider the possibility that after
recovery from COVID-19, the Treg levels were downregulated. This
raises questions regarding the parameters and their actual impact
on distinct forms of the disease. However, the higher Treg
frequency in unstimulated PBMC from the Mild Recovered group
than in HC suggests improved activity during the acute stage that
was partially sustained after the cure. In this case, no differences
were found between the Mild Recovery volunteers who did and did
not have the evaluated symptoms during acute disease, nasal
obstruction being an exception. Volunteers without nasal
obstruction had more Tregs than in those with this clinical sign,
indicating that these cells participate in the development of an
attenuated form of COVID-19. However, the analysis of cell
frequency alone does not provide details on the impact of long-
term SARS-CoV-2 infection on Tregs from recovered volunteers.
Thus, we analyzed the expression of some proteins related to Treg
activity in all the evaluated groups.

IL-10 is a cytokine with anti-inflammatory properties used by
Tregs as a direct tool for immune response modulation during
immunosuppressive activity (26). We found a higher frequency of
IL-10" Treg in unstimulated or Pool CoV-2-stimulated Mild
Recovered PBMC compared to that in HC and Severe Recovered
groups, strengthening the hypothesis of persistent immune changes
after the resolution of infection (27, 28). Although some studies
correlate cytokines such as IL-6 and IL-10 as predictors of COVID-
19 severity, elevated IL-10 levels could act to moderate excessive
inflammation even though it is not able to do so (29-31).

Considering that acute COVID-19 induced higher expression
levels of Treg IL-10" in Mild Recovered volunteers, these results
may indicate an improved regulatory activity to aid in an adequate
antiviral response leading to the resolution of infection with little
tissue injury. Consistent with this, Shuwa et al. (2021) (27) showed
that GecPC-stimulated PBMC from convalescent patients with chest
X-ray abnormalities manifested a reduced frequency of IL-10-
producing B cells compared with that in those without the
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abnormalities, suggesting a correlation between pulmonary
pathology resolution and B IL-10" cell expansion. Volunteers who
recovered from mild COVID-19 presented elevated levels of IL-10
producing Tregs, which points to a sustained immunosuppressive
microenvironment that can attenuate inflammation upon
reinfection. Our data showed that Pool CoV-2 stimulation elicited
more IL-10 expression than did Pool Spike CoV-2 stimulus in the
Mild Recovered group. This result points to increased suppressive
capacity in reactive Tregs because Mild Recovered IL-10" Tregs
levels were also higher than that in the cells from Pool CoV-2
stimulated Severe Recovered group. Meckiff et al. (2020) (32)
suggested a potentially impaired Treg response in hospitalized
COVID-19 patients, corroborating our findings.

Analyzing the expression of IL-17 by Tregs (33-37), we
observed a more pronounced level of cytokine synthesis in Mild
Recovered volunteers. Some studies point to the contribution of this
interleukin into the severity of COVID-19, also showing that the
activation of IL-17 signaling pathways due to the interaction of
SARS-CoV-2 ORF8 with IL-17 receptor could induce the
expression of pro-inflammatory factor, contributing to cytokine
storm (38, 39). However, Ghazavi et al. (2021) (40) found higher IL-
17 plasma levels in patients with mild COVID-19, whereas Shuwa
et al. (2021) (27) observed the expression of IL-17 among CD4+ T
cells in a population of stimulated PBMC during acute disease, and
it was maintained in the convalescent stage regardless of the clinical
profile. Hence, it might be possible that SARS-CoV-2 infection
elicited a greater IL-17 expression in Tregs from Mild Recovered
volunteers during the acute stage and the levels were maintained
after disease resolution. This could be why statistically significant
differences were detected only after stimulation by SARS-CoV-2-
related peptides. The similarity in IL-17 production between
unstimulated, Pool Spike CoV-2-stimulated, and Pool CoV-2-
stimulated cells supports the above-mentioned hypothesis.

The elevated levels of IL-17 synthesis by Tregs in Mild
Recovered volunteers could also indicate a high level of
expression of transcription factor (TF) RORyt. RORyt" Tregs
could possibly impede Th17 differentiation, thus attenuating the
production of inflammatory mediators. Previous studies have
suggested that Tregs expressing TF of other CD4" T
subpopulations help in the immunosuppression of distinct
inflammatory profiles (36, 41-44). However, SARS-CoV-2
peptides appear to elicit a higher Thl response profile in T cells
(45-47). Hence, the decreased IL-17 expression by Tregs under
Spike stimulus may point to an appropriate assembly of the antiviral
immune response during reinfection in Severe Recovered
volunteers, contributing to a faster infection resolution. However,
both hypotheses suggest a distinct Treg profile between Mild and
Severe Recovered volunteers with the potential to fight SARS-CoV-
2 reinfection appropriately.

The contribution of IL-17 to proper disease resolution upon
first exposure to or reinfection with SARS-CoV-2 could aid in
understanding other potential favorable properties of IL-17" Tregs.
A study by Schnoeller et al. (2014) (48) demonstrated a protective
role of IL-17 in respiratory syncytial virus (RSV) infection following
vaccination with attenuated Bordetella pertussis. Wang et al. (2011)
(49) also reported a beneficial role of IL-17 against the H5N1 virus,
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possibly through migratory modulation of B lymphocytes. Under
certain conditions, Treg subpopulations express IL-17 displaying
considerable and expressive immunosuppressive activity (35, 50,
51). Interestingly, in vitro studies by Li et al. (2012) (51)
demonstrated that IL-17-producing Tregs, named Tr17, expressed
higher amounts of perforin, granzyme B, and CD107a, suggesting a
greater degranulation capacity compared with that of IL-17 Tregs.
Taken together, our data indicate that the Treg subpopulation may
improve the immunomodulatory profile in volunteers who
recovered from mild COVID-19.

Consistent with Li et al. (2012) (51), IL-17" Tregs may have
been partially responsible for the higher expression of perforin and
granzyme B found in the Mild Recovered group and probably
contributed to the mildness of the disease in these volunteers during
acute COVID-19. Interestingly, comparative analysis of data in the
Mild Recovered group showed higher perforin levels or co-
production of perforin and granzyme B by Tregs from those who
experienced certain symptoms, especially dyspnea. Although
cytotoxic granule expression may correlate with COVID-19
severity, perforin and granzyme production by Tregs is essential
for its immunosuppressive properties (52-55). Considering the
immunomodulatory roles of Tregs, the differential expression of
cytotoxic granules in Mild Recovered volunteers affected mainly by
dyspnea suggests a partial contribution of Tregs to inflammation
control through this mechanism, resulting in milder forms of
COVID-19. Loebbermann et al. (2012) (53) demonstrated the
essential role of granzyme B-producing Treg cells in controlling
pulmonary inflammation during acute viral infection.
Hence, cytotoxic granule producing Tregs could exert an
immunomodulatory effect through targeted immune cell death
and prevent exacerbated inflammatory activity. The importance
attributed to the Treg-secreted granules in inducing cell death (or
suppression) in dendritic cells (DC), NK cells, and CD8+ T cells,
raises the possibility of immunomodulation at the level of innate
and adaptive immunity (52, 56, 57).

Interestingly, our data also showed a significant increase in
Tregs expressing LAP and co-expressing perforin and granzyme B
in Pool CoV-2-stimulated PBMC from HC. Samples of patients not
previously exposed to the virus showed the presence of reactive T
cells to SARS-CoV-2, probably due to exposure to other endemic
coronaviruses (58). Therefore, our findings may point to
immunological cross-reactivity caused by prior infections by
other pathogens.

Modulation of costimulatory (such as CD28 and ICOS) or
inhibitory (such as CTLA-4 and PD-1) receptors is a valuable
mechanism for T lymphocyte responsiveness control (59, 60).
Tregs express inhibitory receptors responsible for the modulation
of the immune response through cell-cell contact mechanisms (55,
61). Despite similar CTLA-4 production levels among the evaluated
groups, comparative analysis of the data of the Mild Recovered
group demonstrated a decreased expression pattern of IL-10" and
CTLA-4" Tregs in Pool Spike CoV-2-stimulated samples from
volunteers who had not experienced specific symptoms. This
result suggests a distinct modulation of immunosuppressive Treg
tools among Mild Recovered volunteers who had and did not
develop certain clinical signs during acute COVID-19. Some
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studies have indicated that SARS-CoV-2 peptides elicit a stronger
Th1 response (45-47). Based on the differential Treg profile data, it
seems possible that Mild Recovered volunteers experience a well-
coordinated immune response, partially because of attenuated Treg
immunosuppressive mechanisms, which elicited a faster antiviral
signature. Considering the highly functional and balanced T cell
responsiveness in asymptomatic individuals (62), our data suggest
that immunomodulation at Treg levels aids in better
infection resolution.

We also demonstrated that Pool Spike CoV-2 induced a higher
frequency of PD-1" Tregs than did Pool CoV-2 in Mild Recovered
volunteers, similar to that observed in volunteers from the same
group who had experienced dyspnea during acute COVID-19.
Kamada et al. (2019) (63) reported an improvement in cell-
mediated immunosuppression after blocking PD-1 on Tregs.
Since the frequency of Tregs expressing PD-1 was more
pronounced in Mild than in Severe Recovered samples with Pool
Spike CoV-2 stimulation, these results indicate a possible limiting
immunosuppressive activity that favors antiviral responsiveness.

Finally, we evaluated the expression of ectonucleotidases CD39
(NTPDasel) and CD73 (5'-ribonucleotide phosphohydrolase),
which is another immunosuppressive mechanism exerted by
Tregs through purinergic signaling modulation by hydrolysis of
extracellular ATP (pro-inflammatory) and generation of adenosine
(immunosuppressive) (55, 64-66). Even without significant
differences in CD39 or CD73 expression among the recovered
groups, the Pool CoV-2-stimulated PBMC from Mild Recovered
volunteers presented more CD39"CD73" Tregs than did the HC,
suggesting greater adenosine synthesis capacity upon reinfection.

Interestingly, we found higher CD3"CD4"CD25 " FOXP3*CD39"*
T cell frequency in unstimulated conditions in Mild Recovered
volunteers who had not experienced musculoskeletal symptoms
(arthralgia and myalgia) during acute COVID-19. Past studies have
shown an overall correlation between CD39 expression in some
lymphocytes and excellent responsiveness to rheumatoid arthritis
(RA)-associated treatments or between reduced RA activity and
rheumatoid factor (RF) levels (67-69). In contrast, Gu et al. (2017)
(70) showed that CD39"¢" Tregs may have more stability and

low

protective roles compared with that CD39°" Tregs. This partially
explains the higher frequency of CD39" Tregs in Mild Recovered
volunteers who had not experienced musculoskeletal pain during
active disease. Based on these observations by Gu et al. (2017) (70),
CD39" Tregs could be evaluated to validate whether these cells are
endowed with higher immunosuppressive capacity in volunteers
without arthralgia and myalgia than in those who had developed
these symptoms. This is a possibility considering that in Mild
Recovered volunteers who had experienced anosmia and fatigue,
Pool Spike CoV-2 elicited a downregulation in CD39" Tregs. At the
same time, a lower frequency of this subpopulation was found post
Pool CoV-2 stimulation in samples of Mild Recovered volunteers
who had experienced anosmia compared with those who had not.
The frequency of CD73" Tregs, in contrast to that of CD39, was
higher in Mild Recovered volunteers who had developed myalgia
and arthralgia in the acute phase of the disease, suggesting
differential ectonucleotidase modulation in the face of
musculoskeletal symptoms. A correlation exists between low
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CD73 expression and the severity of juvenile idiopathic arthritis
(JIA) (71). CD73 also plays a protective role in collagen-induced
arthritis (CIA) in a mouse model for the study of RA (72). Thus,
Mild Recovered COVID-19 volunteers who had experienced
musculoskeletal symptoms possibly had better adenosine
production mediated by Tregs. These results suggest a protective
role of this subpopulation in this group, partially explaining the
greater CD39"CD73" Treg frequency in Mild Recovered volunteers
who had developed myalgia.

Unfortunately, due to the lack of a longitudinal study, we could
not determine whether the lower levels of CD39" Tregs and higher
levels of CD73" and CD39" CD73" Tregs in volunteers who had
musculoskeletal symptoms occurred before, during, or after the first
infection. Since similar levels of CD39" Tregs were observed in both
stimulated and unstimulated PBMC, the frequency of this
subpopulation in Mild Recovered volunteers without
musculoskeletal symptoms could have been high even before the
infection, leading to the absence of these clinical signs. This raises
the possibility of a correlation between CD39 expression by Tregs
and the course of COVID-19. We, however, suggest that Mild
Recovered volunteers who had and had not experienced certain
symptoms are endowed with distinct immunosuppressive
components that can converge to aid in host protection in case of
reinfection. The lower CD39" and higher CD73" Treg expression in
Mild Recovered volunteers who had experienced certain symptoms
suggests that the opposite expression of both enzymes possibly
elicited by SARS-CoV-2 infection in the Mild Recovered group can
persist for long periods after disease resolution.

5 Conclusion

In the present study, we observed higher frequencies of Tregs
and expression of IL-10, IL-17, perforin, granzyme B, PD-1, and
CD39"CD73" co-expression by Tregs in the Mild Recovered group
compared with that in HC or Severe Recovered group under certain
conditions. We also observed a differential frequency of Tregs
expressing immunological markers between cells from Mild
Recovered volunteers among those who had and had not
developed certain symptoms during acute COVID-19. Hence, we
arrived at a few inferences. In Mild Recovered volunteers who had
not experienced certain clinical signs, Pool Spike CoV-2 stimulus
elicited a downregulation of CTLA-4" and IL-10" Tregs frequency,
indicating attenuation of specific immunosuppressive mechanisms
that possibly contributed to the effective antiviral response. A
differential expression between CD39 and CD73 by Tregs was
also observed. Dyspnea was associated with high levels of perforin
and cytotoxic granule co-expression by the studied lymphocytes.
Finally, the SARS-CoV-2-related peptides (Pool Spike CoV-2 and/
or Pool CoV-2) induced changes in the expression of IL-10 and PD-
1 in volunteers who recovered from mild COVID-19, IL-17 in
volunteers who recovered from Severe COVID-19, and LAP and co-
expression of cytotoxic granules in HC.

Our study has some limitations, including the small number of
volunteers, mainly in the Severe Recovered group. This work does
not encompass the full scale of heterogeneity in the Brazilian
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population. Hence, we were not able to explore genetics and age
as factors that may affect the immune response to infections (73,
74). However, despite these limitations, our study reveals important
data about the participation of Tregs in COVID-19, suggesting that
modulation of immunosuppressive markers could partially drive a
mild disease, and these alterations that possibly occur during the
acute disease can persist for months. It is noteworthy to highlight
that this study enrolled just unvaccinated volunteers. Thus, we
believe that this study would greatly aid the scientific community to
make further advancements and gain knowledge regarding the
contribution of immunological changes at the level of Tregs to
the development of distinct clinical profiles in COVID-19.

Data availability statement

The original contributions presented in the study are included
in the article/Supplementary Material. Further inquiries can be
directed to the corresponding author.

Ethics statement

The studies involving human participants were reviewed and
approved by National Commission of Ethics in Research (certificate
CAAE: 31354720.0.0000.5188). The patients/participants provided
their written informed consent to participate in this study.

Author contributions

PP: Investigation, data curation, formal analysis, visualization,
and writing of the original draft. RP: Investigation and data
curation. BC: Investigation and data curation. IM: Formal
analysis and resources provided. FA: Formal analysis and
resources provided. RV: Formal analysis. DJ: Formal analysis. TA:
Writing, review, and editing. TK: Conceptualization, methodology,
validation, resources provision, supervision, project administration,
funding acquisition, writing of the original draft, review, and
editing. All authors contributed to the article and approved the
submitted version.

Funding

This work was supported by the Conselho Nacional de
Desenvolvimento Cientifico e Tecnologico- CNPq CHAMADA
4 BRICS STI COVID- 19 (Number 440939/2020-8) and
Coordena¢io de Aperfeicoamento de Pessoal de Nivel Superior-
CAPES by fellowships support. The funding sources were not
involved in the study design, collection, analysis, and
interpretation of data, writing of the report, or in the decision
to submit the article for publication.

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1078922
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

de Sousa Palmeira et al.

Acknowledgments

The authors are grateful to all the volunteers who enrolled in
this study and the Federal University of Paraiba, Brazil, for
providing the structure to perform this work. We would like to
thank Editage (www.editage.com) for English language editing.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

References

1. Hu B, Guo H, Zhou P, Shi ZL. Characteristics of SARS-CoV-2 and COVID-19.
Nat Rev Microbiol (2021) 19:141-54. doi: 10.1038/s41579-020-00459-7

2. Lafon E, Diem G, Witting C, Zaderer V, Bellmann-Weiler RM, Reindl M, et al.
Potent SARS-CoV-2-specific T cell immunity and low anaphylatoxin levels correlate
with mild disease progression in COVID-19 patients. Front Immunol (2021) 12:684014.
doi: 10.3389/fimmu.2021.684014

3. Merad M, Blish CA, Sallusto F, Iwasaki A. The immunology and
immunopathology of COVID-19. Science (2022) 375:1122-7. doi: 10.1126/
science.abm8108

4. Zhai W, Luo Z, Zheng Y, Dong D, Wu E, Wang Z, et al. Moderate vs. mild cases
of overseas-imported COVID-19 in Beijing: a retrospective cohort study. Sci Rep (2021)
11:1-11. doi: 10.1038/s41598-021-85869-0

5. Caldrer S, Mazzi C, Bernardi M, Prato M, Ronzoni N, Rodari P, et al. Regulatory
T cells as predictors of clinical course in hospitalised COVID-19 patients. Front
Immunol (2021) 12:789735. doi: 10.3389/fimmu.2021.789735

6. Moss P. The T cell immune response against SARS-CoV-2. Nat Immunol (2022)
23:186-93. doi: 10.1038/s41590-021-01122-w

7. Sette A, Crotty S. Adaptive immunity to SARS-CoV-2 and COVID-19. Cell
(2021) 184:861-80. doi: 10.1016/j.cell.2021.01.007

8. Andre S, Picard M, Cezar R, Roux-Dalvai F, Alleaume-Butaux A,
Soundaramourty C, et al. T Cell apoptosis characterize severe covid-19 disease. Cell
Death Differ (2022) 29:1486-99. doi: 10.1038/s41418-022-00936-x

9. Bayati F, Mohammadi M, Valadi M, Jamshidi S, Foma AM, Sharif-Paghaleh E.
The therapeutic potential of regulatory T cells: challenges and opportunities. Front
Immunol (2021) 11:585819. doi: 10.3389/fimmu.2020.585819

10. Simsek A, Kizmaz MA, Cagan E, Dombaz F, Tezcan G, Asan A, et al.
Assessment of CD39 expression in regulatory T-cell subsets by disease severity in
adult and juvenile COVID-19 cases. ] Med Virol (2022) 94:2089-101. doi: 10.1002/
jmv.27593

11. Neumann J, Prezzemolo T, Vanderbeke L, Roca CP, Gerbaux M, Janssens S,
et al. Increased IL-10-producing regulatory T cells are characteristic of severe cases of
COVID-19. Cli Transl Immunol (2020) 9:1-13. doi: 10.1002/cti2.1204

12. Sadeghi A, Tahmasebi S, Mahmood A, Kuznetsova M, Valizadeh H,
Taghizadieh A, et al. Th17 and treg cells function in SARS-CoV2 patients compared
with healthy controls. J Cell Physiol (2021) 236:2829-39. doi: 10.1002/jcp.30047

13. Vick SC, Frutoso M, Mair F, Konecny AJ, Greene E, Wolf CR, et al. A regulatory
T cell signature distinguishes the immune landscape of COVID-19 patients from those
with other respiratory infections. Sci Adv (2021) 7:1-17. doi: 10.1126/sciadv.abj0274

14. Rahimzadeh M, Naderi N. Toward an understanding of regulatory T cells in
COVID-19: A systematic review. ] Med Virol (2021) 93:4167-81. doi: 10.1002/
jmv.26891

15. Wang H, Wang Z, Cao W, Wu Q, Yuan Y, Zhang X. Regulatory T cells in
COVID-19. Aging Dis (2021) 12:1545-53. doi: 10.14336/AD.2021.0709

16. Wang Y, Zheng J, Islam MS, Yang Y, Hu Y, Chen X. The role of CD4+ FoxP3+
regulatory T cells in the immunopathogenesis of COVID-19: implications for
treatment. Int J Biol Sci (2021) 17:1507-20. doi: 10.7150/ijbs.59534

17. BRASIL. Ministério da Saude. Informe semanal n° 37 de evidéncias sobre
variantes de atengdo de SARS-CoV-2 (2021). Available at: https://www.gov.br/saude/
pt-br/coronavirus/publicacoes-tecnicas/informes-de-variantes/informe_s37.pdf/view
(Accessed September 21, 2022).

Frontiers in Immunology

10.3389/fimmu.2023.1078922

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2023.
1078922/full#supplementary-material

18. Adamoski D, Baura VA, Rodrigues AC, Royer CA, Aoki MN, Tscha MK, et al.
SARS-CoV-2 delta and omicron variants surge in curitiba, southern Brazil, and its
impact on overall COVID-19 lethality. Viruses (2022) 14:1-8. doi: 10.3390/v14040809

19. Wu Z, Mcgoogan JM. Characteristics of and important lessons from the
coronavirus disease 2019 (COVID-19) outbreak in China: Summary of a report of
72 314 cases from the Chinese center for disease control and prevention. JAMA (2020)
323:1239-42. doi: 10.1001/jama.2020.2648

20. Guerra-Gomes IC, Gois BM, Peixoto RF, Palmeira PHS, Dias CNS, Csordas BG,
et al. Phenotypical characterization of regulatory T cells in acute zika infection.
Cytokine (2021) 146:1-7. doi: 10.1016/j.cyt0.2021.155651

21. Steinhagen K, Messing C, Lattwein E, Stiba K, Lindhorst F, Neugebauer E, et al.
Applicants: Eurimmun medizinische labordagnostika AG, chariteé - universititsmedizin
berlin. a method and reagents for the diagnosis of SARS-COV-2. (2021). N.
EP20158626A.-Date of filing: 20 Feb. 2020. Date of publication: 25 Ago.

22. Morpheus. (2022). Available at: https://software.broadinstitute.org/morpheus/.

23. Merad M, Subramanian A, Wang TT. An aberrant inflammatory response in
severe COVID-19. Cell Host Microbe (2021) 29:1043-7. doi: 10.1016/
j.chom.2021.06.018

24. Li Q, Wang Y, Sun Q, Knopf ], Herrmann M, Lin L, et al. Immune response in
COVID-19: what is next? Cell Death Differ (2022) 29:1107-22. doi: 10.1038/s41418-
022-01015-x

25. Liu J, Yang X, Wang W, Li Z, Deng H, Liu J, et al. Analysis of the long-term
impact on cellular immunity in COVID-19-recovered individuals reveals a profound
NKT cell impairment. Mbio (2021) 12:1-14. doi: 10.1128/mBi0.00085-21

26. Rocamora-Reverte L, Melzer FL, Wiirzner R, Weinberger B. The complex role of
regulatory T cells in immunity and aging. Front Immunol (2021) 11:616949.
doi: 10.3389/fimmu.2020.616949

27. Shuwa HA, Shaw TN, Knight SB, Wemyss K, McClure FA, Pearmain L, et al.
Alterations in T and b cell function persist in convalescent COVID-19 patients. Med
(2021) 2:720-35. doi: 10.1016/j.med;.2021.03.013

28. Singh R, Hemati H, Bajpai M, Yadav P, Maheshwari A, Kumar S, et al. Sustained
expression of inflammatory monocytes and activated T cells in COVID-19 patients and
recovered convalescent plasma donors. Immuni Inflammation Dis (2021) 9:1279-90.
doi: 10.1002/iid3.476

29. Han H, Ma Q, Li C, Liu R, Zhao L, Wang W, et al. Profiling serum cytokines in
COVID-19 patients reveals IL-6 and IL-10 are disease severity predictors. Emerg
Microbes Infect (2020) 9:1123-30. doi: 10.1080/22221751.2020.1770129

30. Islam H, Chamberlain TC, Mui AL, Little JP. Elevated interleukin-10 levels in
COVID-19: potentiation of pro-inflammatory responses or impaired anti-
inflammatory action. Front Immunol (2021) 12:6770. doi: 10.3389/fimmu.2021.6770

31. de-Oliveira-Pinto LM, Solorzano VEF, Martins ML, Fernandes-Santos C,
Damasco PH, Siqueira MAMT, et al. Comparative analysis of circulating levels of

SARS-CoV-2 antibodies and inflammatory mediators in healthcare workers and
COVID-19 patients. Viruses (2022) 14:1-19. doi: 10.3390/v14030455

32. Meckiff BJ, Ramirez-Suastegui C, Fajardo V, Chee SJ, Kusnadi A, Simon H, et al.
Imbalance of regulatory and cytotoxic SARS-CoV-2-reactive CD4+ T cells in COVID-
19. Cell (2020) 183:1340-1353.e16. doi: 10.1016/j.cell.2020.10.001

33. Beriou G, Costantino CM, Ashley CW, Yang L, Kuchroo VK, Baecher-Allan C,
et al. IL-17-producing human peripheral regulatory T cells retain suppressive function.
Blood (2009) 113:4240-9. doi: 10.1182/blood-2008-10-183251

frontiersin.org


http://www.editage.com
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1078922/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1078922/full#supplementary-material
https://doi.org/10.1038/s41579-020-00459-7
https://doi.org/10.3389/fimmu.2021.684014
https://doi.org/10.1126/science.abm8108
https://doi.org/10.1126/science.abm8108
https://doi.org/10.1038/s41598-021-85869-0
https://doi.org/10.3389/fimmu.2021.789735
https://doi.org/10.1038/s41590-021-01122-w
https://doi.org/10.1016/j.cell.2021.01.007
https://doi.org/10.1038/s41418-022-00936-x
https://doi.org/10.3389/fimmu.2020.585819
https://doi.org/10.1002/jmv.27593
https://doi.org/10.1002/jmv.27593
https://doi.org/10.1002/cti2.1204
https://doi.org/10.1002/jcp.30047
https://doi.org/10.1126/sciadv.abj0274
https://doi.org/10.1002/jmv.26891
https://doi.org/10.1002/jmv.26891
https://doi.org/10.14336/AD.2021.0709
https://doi.org/10.7150/ijbs.59534
https://www.gov.br/saude/pt-br/coronavirus/publicacoes-tecnicas/informes-de-variantes/informe_s37.pdf/view
https://www.gov.br/saude/pt-br/coronavirus/publicacoes-tecnicas/informes-de-variantes/informe_s37.pdf/view
https://doi.org/10.3390/v14040809
https://doi.org/10.1001/jama.2020.2648
https://doi.org/10.1016/j.cyto.2021.155651
https://software.broadinstitute.org/morpheus/
https://doi.org/10.1016/j.chom.2021.06.018
https://doi.org/10.1016/j.chom.2021.06.018
https://doi.org/10.1038/s41418-022-01015-x
https://doi.org/10.1038/s41418-022-01015-x
https://doi.org/10.1128/mBio.00085-21
https://doi.org/10.3389/fimmu.2020.616949
https://doi.org/10.1016/j.medj.2021.03.013
https://doi.org/10.1002/iid3.476
https://doi.org/10.1080/22221751.2020.1770129
https://doi.org/10.3389/fimmu.2021.6770
https://doi.org/10.3390/v14030455
https://doi.org/10.1016/j.cell.2020.10.001
https://doi.org/10.1182/blood-2008-10-183251
https://doi.org/10.3389/fimmu.2023.1078922
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

de Sousa Palmeira et al.

34. Kryczek I, Wu K, Zhao E, Wei S, Vatan L, Szeliga W, et al. IL-17+ regulatory T
cells in the microenvironments of chronic inflammation and cancer. ] Immunol (2011)
186:4388-95. doi: 10.4049/jimmunol.1003251

35. Afzali B, Mitchell PJ, Edozie FC, Povoleri GAM, Dowson SE, Demandt L, et al.
CD 161 expression characterize a subpopulation of human regulatory T cells that
produces IL-17 in a STAT 3-dependent manner. Eur J Immunol (2013) 43:2043-54.
doi: 10.1002/eji.201243296

36. Sefik E, Geva-Zatorsky N, Oh S, Konnikova L, Zemmour D, McGuire AM, et al.
Individual intestinal symbionts induce a distinct population of RORY+ regulatory T
cells. Science (2015) 349:993-7. doi: 10.1126/science.aaa9420

37. Jung MK, Kwak J, Shin E. IL-17A-producing Foxp3+ regulatory T cells and
human diseases. Immune Netw (2017) 17:276-86. doi: 10.4110/in.2017.17.5.276

38. Darif D, Hammi I, Kihel A, Saik IEI, Guessous F, Akarid K. The pro-
inflammatory cytokines in COVID-19 pathogenesis: What goes wrong? Microb
Pathog (2021) 153:1-10. doi: 10.1016/j.micpath.2021.104799

39. Lin X, Fu B, Yin S, Li Z, Liu H, Zhang H, et al. ORF8 contributes to cytokine
storm during SARS-CoV-2 infection by activating IL-17 pathway. Iscience (2021) 24:1-
24. doi: 10.1016/j.is¢i.2021.102293

40. Ghazavi A, Ganji A, Keshavarzian N, Rabiemajd S, Mosayebi G. Cytokine profile
and disease severity in patients with COVID-19. Cytokine (2021) 137:1-5. doi: 10.1016/
j.cyt0.2020.155323

41. Chaudhry A, Rudra D, Treuting P, Samstein RM, Liang Y, Kas A, et al. CD4+
regulatory T cells control TH17 responses in a Stat3-dependent manner. Science (2009)
326:986-91. doi: 10.1126/science.1172702

42. Koch MA, Tucker-Heard G, Perdue NR, Killebrew JR, Urdahl KB, Campbell DJ.
The transcription factor T-bet controls regulatory T cell homeostasis and function
during type 1 inflammation. Nat Immunol (2009) 10:595-602. doi: 10.1038/ni.1731

43. Levine AG, Mendoza A, Hemmers S, Moltedo B, Niec RE, Schizas M, et al.
Stability and function of regulatory T cells expressing the transcription factor T-bet.
Nature (2017) 546:421-5. doi: 10.1038/nature22360

44. Clay SL, Bravo-Blas A, Wall DM, MacLeod MKL, Milling SWF. Regulatory T cells
control the dynamic and site-specific polarization of total CD4 T cells following salmonella
infection. Mucosal Immunol (2020) 13:946-57. doi: 10.1038/s41385-020-0299-1

45. Grifoni A, Weiskopf D, Ramirez SI, Mateus J, Dan JM, Moderbacher CR, et al.
Targets of T cell responses to SARS-CoV-2 coronavirus in humans with COVID-19
disease and unexposed individuals. Cell (2020) 181:1489-1501.e15. doi: 10.1016/
j.cell.2020.05.015

46. Neidleman J, Luo X, Frouard J, Xie G, Gill G, Stein ES, et al. SARS-CoV-2-
specific T cells exhibit phenotypic features of helper function, lack of terminal
differentiation, and high proliferation potential. Cell Rep Med (2020) 1:1-30.
doi: 10.1016/j.xcrm.2020.100081

47. Weiskopf D, Schmitz KS, Raadsen MP, Grifoni A, Okba NMA, Endeman H,
et al. Phenotype and kinetics of SARS-CoV-2-specific T cells in COVID-19 patients
with acute respiratory distress syndrome. Sci Immunol (2020) 5:1-11. doi: 10.1126/
sciimmunol.abd2071

48. Schnoeller C, Roux X, Sawant D, Raze D, Olszewska W, Locht C, et al.
Attenuated bordetella pertussis vaccine protects against respiratory syncytial virus
disease via an IL-17-dependent mechanism. Am ] Respir Crit Care Med (2014)
189:194-202. doi: 10.1164/rccm.201307-12270C

49. Wang X, Chan CCS, Yang M, Deng J, Poon VKM, Leung VHC, et al. A critical
role of IL-17 in modulating the b-cell response during H5N1 influenza virus infection.
Cell Mol Immunol (2011) 8:462-8. doi: 10.1038/cmi.2011.38

50. Voo KS, Wang YH, Santori FR, Boggiano C, Wang YH, Arima K, et al.
Identification of IL-17-producing FOXP3+ regulatory T cells in humans. Proc Natl
Acad Sci U.S.A. (2009) 106:4793-8. doi: 10.1073/pnas.0900408106

51. Li L, Patsoukis N, Petkova V, Boussiotis VA. Runx1 and Runx3 are involved in
the generation and function of highly suppressive IL-17-producing T regulatory cells.
PLos One (2012) 7:1-7. doi: 10.1371/journal.pone.0045115

52. Cao X, Cai SF, Fehniger TA, Song J, Collins LI, Piwnica-Worm DR, et al.
Granzyme b and perforin are important for regulatory T cell-mediated suppression of
tumor clearance. Immunity (2007) 27:635-46. doi: 10.1016/j.immuni.2007.08.014

53. Loebbermann J, Thornton H, Durant L, Sparwasser T, Webster KE, Sprent J,
et al. Regulatory T cells expressing granzyme b play a critical role in controlling lung
inflammation during acute viral infection. Mucosal Immunol (2012) 5:161-72.
doi: 10.1038/mi.2011.62

Frontiers in Immunology

17

10.3389/fimmu.2023.1078922

54. Kang CK, Han GC, Kim M, Kim G, Shin HM, Song KH, et al. Aberrant
hyperactivation of cytotoxic T-cell as a potential determinant of COVID-19 severity.
Int J Infect Dis (2020) 97:313-21. doi: 10.1016/j.ijid.2020.05.106

55. Grover P, Goel PN, Greene MI. Regulatory T cells: regulation of identity and
function. Front Immunol (2021) 12:750542. doi: 10.3389/fimmu.2021.750542

56. Boissonnas A, Scholer-Dahirel A, Simon-Blancal V, Pace L, Valet F,
Kissenpfennig A, et al. Foxp3+ T cells induce perforin-dependent dendritic cell
death in tumor-draining lymph nodes. Immunity (2010) 32:266-78. doi: 10.1016/
j.immuni.2009.11.015

57. Salti SM, Hammelev EM, Grewal JL, Reddy ST, Zemple SJ, Grossman W], et al.
Granzyme b regulates antiviral CD8+ T cell responses. ] Immunol (2011) 187:6301-9.
doi: 10.4049/jimmunol.1100891

58. Anft M, Blazquez-Navarro A, Stervbo U, Skrzypczyk S, Witzke O, Wirth R, et al.
Detection of pre-existing SARS-CoV-2-reactive T cells in unexposed renal transplant
patients. ] Nephrol (2021) 34:1025-37. doi: 10.1007/s40620-021-01092-0

59. Chikuma S. CTLA-4, an essential immune-checkpoint for T-cell activation. Curr
Topics Microbiol Immunol (2017) 410:99-126. doi: 10.1007/82_2017_61

60. Rowshanravan B, Halliday N, Sansom DM. CTLA-4: a moving target in
immunotherapy. Blood (2018) 131:58-67. doi: 10.1182/blood-2017-06-741033

61. Koyama S, Nishikawa H. Mechanisms of regulatory T cell infiltration in tumors:
implications for innovative immune precision therapies. ] Immunother Cancer (2021)
9:1-13. doi: 10.1136/jitc-2021-002591

62. Le Bert N, Clapham HE, Tan AT, Chia WN, Tham CYL, Lim JM, et al. Highly
functional virus-specific cellular immune response in asymptomatic SARS-CoV-2
infection. J Exp Med (2021) 218:1-13. doi: 10.1084/jem.20202617

63. Kamada T, Togashi Y, Tay C, Ha D, Sasaki A, Nakamura Y, et al. PD-1+
regulatory T cells amplified by PD-1 blockade promote hyperprogression of cancer.
Proc Natl Acad Sci U.S.A. (2019) 116:9999-10008. doi: 10.1073/pnas.1822001116

64. Antonioli L, Pacher P, Vizi ES. Hasko G CD39 and CD73 in immunity and
inflammation. Trends Mol Med (2013) 19:355-67. doi: 10.1016/
j.molmed.2013.03.005

65. Allard B, Longhi MS, Robson SC, Stagg J. The ectonucleotidases CD39 and
CD73: novel checkpoint inhibitor targets. Immunol Rev (2017) 276:121-44.
doi: 10.1111/imr.12528

66. Battastini AMO, Figueiro F, Leal DBR, Doleski PH, Schetinger MRC. CD39 and
CD73 as promising therapeutic targets: What could be the limitations? Fron Pharmacol
(2021) 12:633603. doi: 10.3389/fphar.2021.633603

67. Peres RS, Liew FY, Talbot J, Carregaro V, Oliveira RD, Almeida SL, et al. Low
expression of CD39 on regulatory T cells as a biomarker for resistance to methotrexate
therapy in rheumatoid arthritis. Proc Natl Acad Sci U.S.A. (2015) 112:2509-14.
doi: 10.1073/pnas.1424792112

68. Gupta V, Katiyar S, Singh A, Misra R, Aggarwal A. CD39 positive regulatory T
cell frequency as a biomarker of treatment response to methotrexate in rheumatoid
arthritis. Int ] Rheum Dis (2018) 21:1548-56. doi: 10.1111/1756-185X.13333

69. Zacca ER, Vesely MCA, Ferrero PV, Acosta CDV, Ponce NE, Bossio SN, et al. B
cells from patients with rheumatoid arthritis show conserved CD39-mediated
regulatory function and increased CD39 expression after positive response to
therapy. J Mol Biol (2021) 433:1-11. doi: 10.1016/j.,jmb.2020.10.021

70. GuJ, Ni X, Pan X, Lu H, Lu Y, Zhao J, et al. Human CD39™ regulatory T cells
present stronger stability and function under inflammatory conditions. Cell Mol
Immunol (2017) 14:521-8. doi: 10.1038/cmi.2016.30

71. Gordon-Smith SB, Ursu S, Eaton S, Moncrieffe H, Wedderburn LR. Correlation
of low CD73 expression on synovial lymphocytes with reduced adenosine generation
and higher disease severity in juvenile idiopathic arthritis. Arthritis Rheumatol (2015)
67:545-54. doi: 10.1002/art.38959

72. Chrobak P, Charlebois R, Rejtar P, Bikai RE, Allard B, Stagg J. CD73 plays a
protective role in collagen-induced arthritis. J Immunol (2015) 194:2487-92.
doi: 10.4049/jimmunol.1401416

73. Bartleson JM, Radenkovic D, Covarrubias AJ, Furman D, Winer DA, Verdin E.
SARS-CoV-2, COVID-19, and the ageing immune system. Nat Aging (2021) 1:769-82.
doi: 10.1038/s43587-021-00114-7

74. Secolin R, Araujo TK, Gonsales MC, Rocha CS, Naslavsky M, Marco L, et al.
Genetic variability in COVID-19-related genes in the Brazilian population. Hum
Genome Var (2021) 8:1-9. doi: 10.1038/s41439-021-00146-w

frontiersin.org


https://doi.org/10.4049/jimmunol.1003251
https://doi.org/10.1002/eji.201243296
https://doi.org/10.1126/science.aaa9420
https://doi.org/10.4110/in.2017.17.5.276
https://doi.org/10.1016/j.micpath.2021.104799
https://doi.org/10.1016/j.isci.2021.102293
https://doi.org/10.1016/j.cyto.2020.155323
https://doi.org/10.1016/j.cyto.2020.155323
https://doi.org/10.1126/science.1172702
https://doi.org/10.1038/ni.1731
https://doi.org/10.1038/nature22360
https://doi.org/10.1038/s41385-020-0299-1
https://doi.org/10.1016/j.cell.2020.05.015
https://doi.org/10.1016/j.cell.2020.05.015
https://doi.org/10.1016/j.xcrm.2020.100081
https://doi.org/10.1126/sciimmunol.abd2071
https://doi.org/10.1126/sciimmunol.abd2071
https://doi.org/10.1164/rccm.201307-1227OC
https://doi.org/10.1038/cmi.2011.38
https://doi.org/10.1073/pnas.0900408106
https://doi.org/10.1371/journal.pone.0045115
https://doi.org/10.1016/j.immuni.2007.08.014
https://doi.org/10.1038/mi.2011.62
https://doi.org/10.1016/j.ijid.2020.05.106
https://doi.org/10.3389/fimmu.2021.750542
https://doi.org/10.1016/j.immuni.2009.11.015
https://doi.org/10.1016/j.immuni.2009.11.015
https://doi.org/10.4049/jimmunol.1100891
https://doi.org/10.1007/s40620-021-01092-0
https://doi.org/10.1007/82_2017_61
https://doi.org/10.1182/blood-2017-06-741033
https://doi.org/10.1136/jitc-2021-002591
https://doi.org/10.1084/jem.20202617
https://doi.org/10.1073/pnas.1822001116
https://doi.org/10.1016/j.molmed.2013.03.005
https://doi.org/10.1016/j.molmed.2013.03.005
https://doi.org/10.1111/imr.12528
https://doi.org/10.3389/fphar.2021.633603
https://doi.org/10.1073/pnas.1424792112
https://doi.org/10.1111/1756-185X.13333
https://doi.org/10.1016/j.jmb.2020.10.021
https://doi.org/10.1038/cmi.2016.30
https://doi.org/10.1002/art.38959
https://doi.org/10.4049/jimmunol.1401416
https://doi.org/10.1038/s43587-021-00114-7
https://doi.org/10.1038/s41439-021-00146-w
https://doi.org/10.3389/fimmu.2023.1078922
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Differential regulatory T cell signature after recovery from mild COVID-19
	1 Introduction
	2 Materials and methods
	2.1 Ethics statement
	2.2 Patient recruitment
	2.3 RT qPCR assay
	2.4 Design and preparation of SARS-CoV-2 epitope pools
	2.5 Isolation of plasma
	2.6 Isolation of PBMC
	2.7 Flow cytometry assay
	2.8 Flow cytometry data analysis
	2.9 Statistical analysis

	3 Results
	3.1 Characteristics of HC, mild recovered, and severe recovered volunteers
	3.2 Mild-recovered volunteers have elevated levels of Tregs
	3.3 Expression of IL-10 and IL-17 by Tregs is higher in volunteers who recovered from mild COVID-19
	3.4 Production of cytotoxic granules by Tregs was higher in mild recovered volunteers who experienced dyspnea
	3.5 Pool spike CoV-2 stimulus reduces CTLA-4 expression by Tregs in mild recovered volunteers who did not experience certain symptoms
	3.6 Contrary CD39 and CD73 expression patterns are observed among mild recovered volunteers between those who had and had not experienced certain symptoms

	4 Discussion
	5 Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References


