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Abstract

Severe cases of COVID-19 present hyperinflammatory condition that can be fatal.

Little is known about the role of regulatory responses in SARS-CoV-2 infection.

In this study, we evaluated the phenotype of regulatory T cells in the blood

(peripheral blood mononuclear cell) and the lungs (broncho-alveolar) of adult

patients with severe COVID-19 under invasive mechanical ventilation. Our results

show important dynamic variation on Treg cells phenotype during COVID-19

with changes in number and functional parameters from the day of intubation

(Day 1 of intensive care unit admission) to Day 7. We observed that compared

with surviving patients, non-survivors presented lower numbers of Treg cells in

the blood. In addition, lung Tregs of non-survivors also displayed higher PD1 and

lower FOXP3 expressions suggesting dysfunctional phenotype. Further signs of

Treg dysregulation were observed in non-survivors such as limited production of

IL-10 in the lungs and higher production of IL-17A in the blood and in the lungs,

which were associated with increased PD1 expression. These findings were also
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associated with lower pulmonary levels of Treg-stimulating factors like TNF and

IL-2. Tregs in the blood and lungs are profoundly dysfunctional in non-surviving

COVID-19 patients.
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INTRODUCTION

Coronavirus disease 2019 (COVID-19) is a viral infection

that emerged in Wuhan, China, at the end of 2019 and

spread worldwide [1]. It is caused by the severe acute

respiratory syndrome coronavirus 2 (SARS-CoV-2) that is

estimated to have caused over 520 million cases, with

over 6 million deaths by May 2022 [2]. SARS-CoV-2

infection present as a mild disease in the majority of

patients, with fever, chills, cough, dyspnoea, fatigue,

headache, anosmia, ageusia, sore throat, nasal congestion

and gastrointestinal disorders being the most common

symptoms [3,4]. Severe disease is characterized by

intense dyspnoea, chest pain, confusion, reduced oxygen

saturation levels, acute respiratory distress syndrome

(ARDS), shock and acute kidney injury. Around 5% of

patients require intensive care unit (ICU) admission [5],

with mortality exceeding 70% among intubated patients.

Many underlying conditions have been identified as risk

factors for severity and higher mortality in COVID-19,

such as obesity, diabetes, high blood pressure and age

over 60 years old. The pathogenesis of severe COVID-19

is still elusive, but some mechanisms have been postu-

lated, such as hyper-inflammatory syndrome [6], cyto-

kine storm [4,7–9], defects in innate [10] or adaptive

immunity [11–14].

During infections, in general, inflammation is a reac-

tion of the immune system to control pathogen prolifera-

tion and to restore damaged tissue back to homeostasis

[15,16]. The human innate and adaptive immune

response against pathogens, like viruses, activate a vari-

ety of cellular and molecular mechanisms that lead to the

secretion of pro-inflammatory cytokines, activation of

leukocytes and synthesis of anti-pathogens molecules,

like antibodies and complement factors [17–19]. Such

coordinated response aims to impair viral replication and

spread into tissues. However, excessive immune reaction

may trigger immunopathogenesis, damaging tissues and

impacting systemic homeostasis. For example, the cyto-

kine storm, an overproduction of cytokines observed in

some infections like dengue and COVID-19, is thought to

be one of the causes of severe presentation of both dis-

eases [20–22].

To restrict the pro-inflammatory reaction within

physiological limits, the immune system employs a

variety of regulatory mechanisms, of which, the most

important is considered the regulatory T cells (Tregs)

[23]. Tregs are CD4+ T cells that express high levels of

CD25 and factor Forkhead Box P3 (FOXP3), which is a

key nuclear transcription factor that determines Treg

differentiation and function [24–26]. Moreover, Tregs

suppress the activation, proliferation and effector mecha-

nisms of CD4+ T cells and CD8+ T cells, as well of innate

cells. To promote its regulatory functions, Tregs are able

to express surface molecules, secrete cytokines with sup-

pressive roles, including interleukin-10 (IL-10), or con-

sume or modify lymphocyte survival factors, like IL-2

and tryptophane [27,28]. Although severe COVID-19 is

considered a hyperinflammatory complication of the

SARS-CoV-2 infection, the information about how

patients with COVID-19 limit their inflammatory

response is scarce.

Few studies have appreciated the role of Treg on

SARS-CoV-2 infection [29–35]. It has been found that

Tregs in severe COVID-19 patients display increased

expression of PD-1 and several disturbances in transcrip-

tional signatures [29]. In addition, therapy with Treg in

severe COVID-19 patients seems to be beneficial promot-

ing recovery [36]. However, how Tregs are regulated dur-

ing severe COVID-19 infection and its implications on

disease evolution is still a matter of debate. In this study,

we evaluated the phenotype and functional differences of

blood and lung Tregs in COVID-19 patients admitted to

the ICU. Our results suggest a major dysfunction of Tregs

associated with fatal COVID-19 cases.

MATERIALS AND METHODS

Patients and ethical aspects

This was a single-centre prospective cohort, carried out

from May 2020 to August 2021, at Hospital das Clínicas

of the Universidade Federal de Minas Gerais (HC-

UFMG), in Belo Horizonte, MG, Brazil. The research

received Institutional Review Board approval (CAAE:

30437020.9.3001.5124) and all the patients or their repre-

sentatives signed an informed consent before the sample

and data collection. This study selected a subset of

40 severe COVID-19 patients admitted to the ICU, all of
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them undergoing invasive mechanical ventilation within

the first 24 h of ICU stay. Participants were adults

(18 years or older) with confirmed SARS-COV-2 infection

by RT-PCR in lower respiratory secretion or nasal swab.

Patients with forecast of death within 48 h of admission

were excluded from the study. Patients were enrolled at

Day 1 (within 24 h of ICU admission and intubation) and

followed until death or hospital discharge. Biological

samples, that is, heparinized blood and mini broncho-

alveolar lavage (BAL), were collected at Days 1, 3 and/or

7 of intubation, which correspond to the days since

admission to the ICU. We could not collect all time

points from all participants because some patients were

released from ICU or died before Day 7. Because of that,

additional patients were enrolled to replace early with-

draws at later time points (Figure S1).

Collection and processing of biological
material

Peripheral blood samples (5 ml) were collected in hepa-

rinized tubes at Day 1 (ICU admission and intubation)

and Days 3 and 7. Plasma and peripheral blood mono-

nuclear cells (PBMCs) were separated by centrifugation

using Histopaque-1077 gradient (Sigma-Aldrich). Plasma

was collected and frozen at �80�C until use. PBMCs were

washed and resuspended in RPMI 1640 (Sigma-Aldrich)

containing 10% fetal bovine serum (FBS) (Sigma-

Aldrich), 2 mM L-glutamine (Sigma-Aldrich), 100 IU/ml

Penicillin (GIBCO) and 100 μg/ml Streptomycin (GIBCO)

for cell culture. BAL samples were collected at the same

time points as blood with the instillation of 10 ml of

phosphate-buffered saline (PBS) which was immediately

aspirated and dispensed in a closed system secretion col-

lector. BAL was processed within 2 h of collection as

described previously [37] with minor modifications.

Briefly, an aliquot of 500 μl of non-processed BAL was

separated and frozen at �80�C until use. The remaining

BAL was diluted 2� in PBS containing 0.1% of Dithio-

threitol (DTT) (LGC Biotecnologia), the sample was

then vortexed for 15 s, rested for 10 min and vortexed

again for 15 s. Samples were further diluted 4� in PBS

and submitted to centrifugation to collect supernatants

and cells. Cells were washed one more time with PBS

and resuspended in RPMI 1640 (Sigma-Aldrich) con-

taining 10% FBS (Sigma-Aldrich), 2 mM L-glutamine

(Sigma-Aldrich), 100 IU/ml Penicillin (GIBCO) and

100 μg/ml Streptomycin (GIBCO).

Cells from blood and BAL were then cultured in a

U-bottom 96-well plate (1 � 106 cells/well) in a 5% CO2

incubator at 37�C for 12 h in the presence of Brefeldin A

(1.0 μg/ml) (BioLegend) for the accumulation of

intracellular cytokines but without stimulation or in the

presence of phorbol myristate acetate (PMA) (50 nM)

and ionomycin (1 μM) as positive control (Tables S1 and

S2). No specific antigen stimulation was used.

Immunophenotyping and intracellular
cytokine assessment

After the incubation period, cells were washed in PBS,

and labelled with surface antibodies against CD3 BV650

(clone OKT3, BioLegend), CD4 BV510 (RPA-T4, BioLe-

gend), CD8 eFluor450 (SK1, eBioscience), CD25 Alexa

Fluor 700 (M-A251, BioLegend), CD127 APC/Fire750

(A019D5, BioLegend), PD1 BV605 (EH12.2H7, BioLe-

gend), GITR FITC (110416, R&D Systems), CD200

PE-Cy7 (OX104, eBioscience) and LAP PerCP (27232,

R&D Systems). Cells were washed, fixed and permeabi-

lized using FOXP3 staining buffer Set (eBioscience)

according to the manufacturer’s instructions. Then pro-

ceed with the intracellular labelling of antibodies against

FOXP3 PE (clone 236A/E7, BD), TNF PE/Dazzle

(MAb11, BioLegend), IL-10 APC (JES3-19F1, BioLegend)

and IL-17A BV570 (BL168, BioLegend). After three

washes, cells were resuspended in FACS buffer (PBS with

5% FBS) and acquired on a BD LSR-FORTESSA using the

BD FACSDiva software.

Flow cytometry

Analyses were performed using FlowJo Program version

10 (LLC) and the gate strategies are shown in Figure S2.

The populations of lymphocytes (SSC-A � FSC-A), sin-

glet (FSC-H � FSC-A) and time (SSC-A � Time) were

selected. The Boolean Gate tool ‘Make and Gate’ was

used to obtain the intersection of these three initial gates,

from which CD3+CD4+CD8� was selected (Figure S2).

Then, the CD25+FOXP3+ and CD25+CD127low/neg popu-

lations were gated and intersected using the Boolean

Gate: Make and Gate tool to define the Treg cell popula-

tion (CD4+CD25+CD127lowFOXP3+). Finally, gates for

PD1, GITR, CD200, LAP, IL-10, TNF and IL-17A were

selected from the Treg cell population using FMO as a

reference gate of negative populations. To evaluate the

production of IL-17A and IL-10 cytokines by Tregs that

express or not PD1, we used the Boolean gate tool ‘make

and gate’ between Treg cells that produced IL-17A and

expressed or not PD1. In the same way, the Boolean

gate ‘make and gate’ was also used between Treg cells

that produced IL-10 and expressed or not PD1. Samples

with less than 100 events at the gate of Tregs

(CD4+CD25+CD127lowFOXP3+) were excluded from the
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analysis. GraphPad PrismV5.0 (GraphPad-Software) was

used for data analysis and graphic presentation.

Quantification of cytokines and
chemokines

Plasma and supernatant of BAL levels of IL-6, IL-2 and

TNF were assessed by Bio-Plex Pro™ Human Cytokine

17-plex Assay, Cat #M5000031YV (Bio-Rad) according to

the manufacturer’s instructions.

Statistical analysis

Statistical analysis was performed using GraphPad Prism

program version 6.05 software. The results were analysed

using appropriate statistical tests, as indicated in figure

legends. The outliers were analysed using the ROUT

(Q = 2%) method of GraphPad Prism V6.05 software.

RESULTS

Study population

Severe COVID-19 patients (n = 40) admitted to the

ICU of Hospital das Clínicas of the Universidade Fed-

eral de Minas Gerais, Belo Horizonte, Brazil, were

recruited between 2020 and 2021. All patients were

under invasive mechanical ventilation (MV) and were

classified into two groups: survivor and non-survivor

groups. Blood samples and mini-BAL were collected on

Days 1, 3 and/or 7 of intubation which correspond to

the day of admission to the ICU. Both groups were

comparable for gender and severity scores, namely

SOFA and APACHE II, and pulmonary viral load at

admission (Table 1). Non-survivors were older (median

age of 48 years old in survivors’ group versus 65 years

old among non-survivors, p = 0.01) and showed higher

frequency of comorbidities or other risk factors for

severe COVID-19 when compared to survivors (68.4%

vs. 95.2%, p = 0.04), mainly cardiovascular diseases,

which included cardiac insufficiency, coronary disease,

arrhythmias and others (p = 0.01). Non-survivors also

used higher frequencies of drugs that can cause ACE2

hyperexpression, such as ACE2 inhibitors, angiotensin

2 blockers and ibuprofen (26.3% vs. 61.9%, p = 0.03).

The frequency of hypertension, diabetes and obesity

was similar between survivors and non-survivors. All

patients received antibiotics at some point of ICU stay,

often associated with secondary bacterial infection, and

most of them received dexamethasone, vasopressor, or

TAB L E 1 Demographics, clinical and laboratory

characteristics of severe COVID-19 patients with MV survivor or

non-survivor groups during the pandemic of 2020 and 2021

Survivors

(n = 19)

Non-

survivors

(n = 21)

Baseline ICU admission:

Age – median (IQR) 48 (41–62) 65 (55–75)*

Gender (F/M) 6/13 8/13

SOFA at admission – median

(IQR)

7 (3–9) 7 (5–9)

APACHE II at admission –

median (IQR)

16 (10–20) 13.5 (11–15)

Viral load – median (CT of

target/CT of endogenous

control) (IQR)

1.02 (0.89–

1.37)

0.84 (0.66–

1.12)

Patients with some

comorbidities – no. (%)

13 (68.4) 20 (95.2)*

Systemic arterial hypertension –

no. (%)

8 (42.1) 12 (57.1)

Other Cardiovascular diseases –

no. (%)

2 (11.0) 10 (47.6)*

Diabetes mellitus – no. (%) 4 (21.1) 8 (38.1)

COPD – no. (%) 3 (15.8) 4 (19.0)

Asthma – no. (%) 2 (11.0) 1 (4.7)

CKD Dialytic – no. (%) 0 2 (9.5)

Active neoplasm – no. (%) 1 (5.2) 3 (14.3)

Transplanted – no. (%) 1 (5.2) 0

Obesity: BMI > 30 (weight (kg)/

height (m2)) – no. (%)

5 (26.3) 3 (14.3)

Other comorbidities – no. (%) 2 (11.0) 6 (28.6)

Smoking – no. (%) 3 (15.8) 4 (19.0)

Use of immunosuppressants –

no. (%)

2 (11.0) 1 (4.7)

Use of ACE2-hyperexpressing

drugs – no. (%)

5 (26.3) 13 (61.9)*

During the study follow-up:

Use of dexamethasone – no. (%) 16 (84.2) 16 (76.2)

Vasopressor or inotropic – no.

(%)

18 (94.7) 21 (100)

Antibiotic use – no. (%) 19 (100) 21 (100)

Number of days after onset of

symptoms at study entry

(Day 1 intubation/ICU) –

median (IQR)

10 (7–16) 8 (6–11)

Number of days of ICU stay –

median (IQR)

19 (11–33) 14 (9–27)

Abbreviations: ACE2, angiotensin-converting enzyme 2; BMI, body

mass index; CKD, chronic kidney disease; COPD, chronic obstructive

pulmonary disease; ICU, intensive care unit; IQR, interquartile range.

*Indicates p < 0.05 by Mann–Whitney test.
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inotropic drugs (Table 1). Mean days of COVID-19

symptoms at the time of admission to the ICU was

9 days (between 6 and 16 days) for both groups and

median length of ICU stay was 19 days for survivors

and 14 days for non-survivors.

Non-survivor patients have fewer Tregs,
with lower expression of FOXP3 when
compared to survivors

To investigate Tregs (CD3+CD4+CD25hiCD127lowFOX

P3+) in COVID-19, we evaluated their levels and pheno-

type in the PBMCs and lungs cells (mini-BAL) after a

12-h culture without stimulation. Despite the culture, the

absolute number of Tregs in the blood and BAL were in

accordance with previously published data for COVID-19

patients [29,35,38]. The absolute numbers of Tregs in the

blood (PBMCs) of survivors were higher on Days 3 and

7 after ICU admission, but not in the lungs (Figure 1a,b).

When the frequency of Treg in CD4+ T cell population

was accessed, no difference between groups was observed

either in the blood or lungs (Figure 1c,d). We also investi-

gated the levels of expression of FOXP3 by Tregs of survi-

vors and non-survivors. While we did not find a

difference in the GMFI levels of FOXP3 expression in the

blood Tregs between survivors and non-survivors

(Figure 1e), there was a trend (p = 0.051) to reduced

expression by lung Tregs of non-survivor patients on Day

7 (Figure 1f).
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F I GURE 1 Number, frequency and FOXP3 MFI of

blood and lung Tregs. PBMCs and BAL cells from

patients with severe COVID-19 were incubated for 12 h

in the presence of BFA without stimulation. Number of

Tregs per ml of blood (a) or BAL (b), frequencies of

Tregs in CD4+ T cell population (c, d), and geometric

means of FOXP3 expression by Tregs (e, f) were

evaluated by flow cytometry. Survivors (open circles)

n = 9 (D1), n = 4 or 6 (D3) and n = 6 (D7). Non-

survivors (grey triangles) n = 11 (D1), n = 8 (D3) and

n = 8 (D7). The lines represent the geometric mean of

each group. Differences between these two COVID-19

groups were analysed by Mann–Whitney test and are

indicated by asterisks (* for p < 0.05 and ** for p < 0.01)

when statistically significant. BAL, broncho-alveolar

aspirate; PBMC, peripheral blood mononuclear cell.
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Lung Tregs of non-survivor COVID-19
patients are phenotypically dysfunctional

To better characterize Treg cells, we analysed the expres-

sion of functional surface markers like GITR, CD200,

LAP and PD1, known to be important for Treg function

or dysfunction. Tregs of survivors and non-survivors

expressed similar levels of GITR, CD200 and LAP mole-

cules, both in the blood and lungs, from the day of ICU

admission through Day 7 of follow-up (Figure S3a–f). On

the other hand, lung Tregs of non-survivors presented

higher frequencies of PD1 expression when compared to

survivors (Figure 2a–d) on Day 7.

We, then, analysed the expression of IL-10, an impor-

tant effector cytokine of Tregs. PBMCs and lung cells

were cultured overnight without stimulation; therefore,

we could capture spontaneous cytokine production. IL-10

production by Tregs could be detected in the blood

(Figure 3a,b) and in the lungs (Figure 3c,d). Although at

admission, the blood and lung Tregs of both survivors

and non-survivors expressed similar frequencies of IL-10

(Figure 3b,d), differences on IL-10 production could be

noticed at later time points. For example, starting on Day

3 of ICU admission, lung Tregs of survivors expressed

higher frequencies of IL-10 than non-survivors

(Figure 3d), which was even more evident at Day 7. Inter-

estingly, while survivors increased or maintained the pro-

duction of IL-10 by lung Tregs relative to those found at

Day 1, non-survivors showed a significant decrease in IL-

10 production after ICU admission (Figure 3c,d), with

most of Treg cells producing no IL-10 by Day 7. In con-

trast, blood Treg of non-survivors displayed higher IL-10

production than Treg of survivors at Day 7 (Figure 3a,b).

We also analysed the production of TNF, which is

considered an autocrine survival and functional factor for

active Tregs [39–42]. We found higher frequencies of

Tregs producing TNF in the blood (Days 1 and 3) and in

the lungs (Day 1) of survivors when compared to non-

survivors (Figure 3e–h). These differences reduced and at

Day 7, both groups expressed similar levels of TNF pro-

duction by Tregs (Figure 4f,h). Since TNF and IL-2 are

important factors for Treg survival, we analysed their
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cells from patients with severe COVID-19 were incubated for 12 h in the presence of BFA without stimulation. Frequency of IL-10 (a–d) and

TNF (e–h) were evaluated by flow cytometry. Representative dot plots of Tregs producing IL-10 on Day 7 (a, c) or TNF on Day 1 (e, f).

Frequency of cytokine production by survivors (open circles) n = 9 (D1), n = 4 or 6 (D3) and n = 6 (D7) and non-survivors (grey triangles)

n = 10 (D1), n = 8 (D3) and n = 8 (D7) are represented by geometric means represented by horizontal lines (b, d, f and h). Differences

between severe COVID-19 groups were analysed by Mann–Whitney test and are indicated by asterisks (*) when statistically significant

(p < 0.05). BAL, broncho-alveolar aspirate; PBMC, peripheral blood mononuclear cell.
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levels in plasma and supernatant of BAL obtained on

Day 1 of intubation, and on Day 7. TNF levels were

reduced at the first day of intubation in the blood and

lungs of non-survivors when compared to survivors

(Figure S4a,b), while IL-2 was reduced in lungs of non-

survivors at Day 7 after intubation (Figure S4d). These

data suggest that Tregs of non-survivors were not only

dysfunctional, but also subject to impaired stimulatory

factors.

Tregs are reported to produce proinflammatory cyto-

kines, like IL-17A, during infections or intense inflamma-

tory processes [43] being IL-6 one of the major drivers of

Treg dysfunction and IL-17A production in mice [44–46],

while in humans, IL-6 alone might not be sufficient [47].

On the other hand, there are reports showing that IL-6

may increase the conversion of IL-17A-producing Tregs

induced by IL-1b [43,48,49]. We therefore evaluated the

levels of IL-6 and production of IL-17A by Tregs of
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F I GURE 4 Tregs of non-survivors display higher production of IL-17A associated with PD1 expression. PBMCs and BAL cells from

patients with severe COVID-19 were incubated for 12 h in the presence of BFA without stimulation and subjected to flow cytometry.

Frequency of IL-17A+ Tregs (a–d), influence of PD1 expression on IL-17A production at Day 7 (e, f) and correlation between the frequency

of Tregs producing IL-17A and expressing PD1 (g) were evaluated. Representative dot plots of Tregs producing IL-17A on Day 7 (a, c) are

shown. Frequencies of Tregs in survivors (open circles) n = 9 (D1), n = 4 or 6 (D3) and n = 6 (D7) and non-survivors (grey triangles) n = 10
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severe COVID-19 groups were analysed by Mann–Whitney test and are indicated by asterisks (* for p < 0.05 and ** for p < 0.01) when
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COVID-19 survivors and non-survivors. We found ele-

vated levels of IL-6 mainly in plasma from non-survivors

(Figure S4e). Indeed, Tregs of COVID-19 patients,

expressed reasonable levels of IL-17A in the blood

(Figure 4a,b) and lungs (Figure 4c,d) on the first day of

intubation, that is, the day of ICU admission. However,

survivor patients downregulated IL-17A expression by

Tregs from Days 1 to 7 (Figure 4b,d). On the other hand,

Tregs of non-survivors kept high levels of IL-17A produc-

tion by Tregs and presented significantly higher frequen-

cies of IL-17A+ Tregs in the blood (Day 7) and lungs

(Days 3 and 7) when compared to survivors (Figure 4b,d).

In addition, lung Tregs of non-survivors also expressed

higher per cell IL-17A levels, as measured by GMFI, at

Day 7 when compared to survivors (Figure S5a,b).

PD1 has been considered a marker of dysfunctional

Tregs [50,51]. Selective deletion of PD1 expression by

Tregs enhanced Treg proliferation and suppressor activ-

ity, improving experimental autoimmune conditions

in vivo [52]. In addition, increased activity of

PD1-expressing Tregs has also been implicated in fail-

ure with PD1 blockade as cancer therapy [53]. There-

fore, we analysed if PD1 expression could be associated

with Treg dysfunction. Indeed, IL-17A was expressed by

lung Tregs, but not blood Tregs, that also expressed sur-

face PD1 on Day 7 after intubation (Figure 4e,f). In

addition, aggregated data from survivors and non-

survivors showed that IL-17A expression correlated with

PD1 (Figure 4g) expression by Tregs. On the other

hand, IL-10 production by Tregs was negatively associ-

ated with the level of PD1 expression, that is, high

PD1-expressing Tregs expressed lower levels of IL-10 on

Day 7 (Figure S6a,b). The frequency of lung PD1+ Treg

also correlated positively with SOFA score (Table S3)

on Days 1 and 7. In contrast, on Day 1, lung Tregs pro-

ducing TNF were negatively associated with SOFA.

These data suggest that PD1 expression is associated

with Treg dysfunction, that is, decreased IL-10 produc-

tion capability and increased production of IL-17A, and

with worse clinical outcomes.

DISCUSSION

Tregs are major regulators of peripheral tolerance,

including tolerance to infectious diseases. During a

severe infection, a balance between pro-inflammatory

and regulatory responses is very important for a favour-

able outcome. For example, while the lack of inflamma-

tion may cause impaired resistance to pathogens,

exacerbated inflammatory response might be associated

with the development of immune pathology. Infection by

SARS-CoV-2 causes a mild flu-like syndrome in most of

the infected individuals, but it is estimated to cause

severe respiratory manifestations in around 5% of cases,

with a death rate of 1.2% in the United States and 2.2% in

Brazil [2]. Fatal COVID-19 evolution has been associated

with defective activation of innate [10] and especially

adaptive [11,13,14,54] immunity, and cytokine storm

[4,8,9]. Interestingly, when measuring cytokines associ-

ated with cytokine storms, such as IL-6 and TNF, we

found that non-survivors displayed similar (IL-6) or even

lower (TNF) levels of these cytokines in the lungs. On the

other hand, IL-6 was increased in the blood, which sug-

gests that although the lungs may be an important site

for the infection, it may not be the only site responsible

for the systemic cytokine storm. These observations sug-

gest that severe COVID-19 might be associated with the

activation of a defective local and systemic inflammation

associated with an important dysfunction of regulatory

mechanisms.

Dysfunction of Tregs in COVID-19 has been sug-

gested by previous publications [29,34,35]. For example,

some data suggest that the numbers of systemic Tregs

and the level of FOXP3 expression are lower in severe

COVID-19 patients [32,35,38,55]. Conversely, others have

found that Tregs of severe COVID-19 patients displayed

increased regulatory signature, expressed higher FOXP3

levels and displayed increased expression of several regu-

latory and inflammatory markers like Tbet, KLGR1, PD1,

ICOS, GITR, CTLA-4 [29,56] and also CXCR3, suggesting

the ability to migrate to the lungs [56]. These differences

may be associated with a dynamic regulation of Treg

function along with the infection. Our data suggest that

important changes of Treg phenotype and function may

happen in the course of a few days. For example, on the

first day of ICU admission, the numbers of Tregs in the

blood and lungs were similar between survivors and non-

survivors, but 7 days later, Tregs of non-survivors were

found in lower numbers in the blood and expressed lower

levels of FOXP3 in the lungs. Similar dynamics could be

observed for IL-10 and IL-17A production, which were

not different between groups at admission, and changed

drastically on the course of 3 or 7 days resulting in signif-

icant differences between groups. Interestingly, differ-

ences on Treg phenotype were associated not only with

time of infection, but also with tissue of evaluation, that

is, differences were observed between blood or lungs. For

example, on Day 7, Tregs of non-survivors displayed

higher IL-10 production in the blood when compared to

survivors, suggesting higher activity of these cells; how-

ever, in the lungs, Tregs were found to produce almost

no IL-10 in non-survivors, suggesting dysfunction. Simi-

larly, PD1 was highly expressed by lung Tregs of non-

survivors at Day 7, but not in the blood. These data sug-

gest that Tregs were adapting to tissue-specific
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environment and to time-dependent stimulus in the

course of infection.

Despite the variations observed in phenotype between

blood and lung Tregs and time-associated modulation,

our data suggest that Treg in non-survivors were under-

going a major dysfunctional phenotype as they stopped

producing IL-10 in the lungs and started to produce

IL-17A. IL-17A production by FOXP3-positive T cells

may arise based on two mechanisms: (1) under pro-

inflammatory stimulation, Tregs lose FOXP3 expression

and acquire IL-17A production capacity, the exTregs [57],

and (2) conventional T cells can transiently express

FOXP3 while undergoing activation [58]. The phenotype

characterization of peripheral and lung Tregs evaluated

in this study suggests a conventional Tregs pattern, that

is, CD4+CD25hiCD127lowFOXP3+. While IL-17A expres-

sion by Tregs may not necessarily imply the loss of its

regulatory capacity [59], it has often been associated with

worsening of inflammatory conditions. We found that

although IL-17A production by Tregs was a common fea-

ture in severe COVID-19 patients, especially in the lungs,

Tregs of survivors presented a temporal decrease of its

production, while Tregs of non-survivors maintained

high levels of IL-17A production in the blood and the

lungs throughout the observation period. We speculate

that such sustained production of a pro-inflammatory

cytokine by a cell which should regulate the inflamma-

tory response may contribute to aggravated pathology,

either local or systemic, in severe COVID-19 patients.

The role of PD1 expression by Tregs is controversial.

There is data to show the importance of PD1 for Treg

development [60,61], expression and maintenance of

FOXP3 [60] and general regulatory function [62]. On the

other hand, PD1 can be associated with dysfunctional

Tregs in the context of an infection [63] or cancer [50].

Indeed, Tregs lacking PD1 show better regulatory

capacity and control of inflammatory diseases

than PD1-expressing Tregs [52] and blockage of PD1 dur-

ing cancer treatment can activate PD1+ Tregs, which

were dormant before, and offset the activation of

PD1-expressing effector T lymphocytes [53]. Our findings

suggest that PD1 expression by Tregs is associated with

dysfunction of these cells. PD1-expressing Tregs not only

showed increased IL-17A levels, but also lower IL-10

expression in the lungs of non-survivors. In addition,

PD1 expression by lung Tregs correlated with IL17A pro-

duction and with clinical score SOFA, that is, the higher

the expression of PD1, the worse the clinical score of the

patients. Interestingly, non-survivors also lacked factors

to sustain Treg function in the lungs. For example, Tregs

are highly dependent on TNF [39–42,64] and IL-2 [27] as

survival factors. Accordingly, we found that the level of

both factors was decreased in the lungs of non-survivors

on Day 1 (TNF) and Day 7 (IL-2).

Our findings, that Tregs dysfunction is associated

with poor COVID-19 evolution, support previous reports

of Tregs in ARDS. For instance, increased levels of Tregs

in BAL, but not in the blood or tracheal aspirate, are

associated with faster resolution ARDS in intubated

patients [65]. Another group found that Tregs were

increased in the blood and reduced in the BAL of individ-

uals with ARDS, when compared to non-ARDS patients

[66]. In addition, higher levels of BAL Tregs expressing

activation markers were associated with increased sur-

vival outcome of ARDS [66] confirming the beneficial

role of Tregs in ARDS. In contrast, Treg levels have also

been associated with increased mortality by ARDS [67].

However, no characterization of the Tregs has been per-

formed in this study [67] and it is not known if the Tregs

associated with poor ARDS outcome were properly func-

tional. Taken together, data from ARDS also suggests

that the proper function of Tregs is important for a

favourable outcome, as we found in COVID-19.

Severe COVID-19 is considered a hyperinflammatory

complication of the SARS-COV-2 infection suggesting an

imbalance between inflammatory and regulatory mecha-

nisms. Therefore, establishing the phenotype of Tregs is

important to understand the physiopathology of severe

COVID-19 evolution. In this work, we showed that Tregs

of fatal COVID-19 cases display important dysfunctional

markers, especially high expression of PD1 and high

levels of IL-17A production associated with defective pro-

duction of IL-10, especially in lungs and to a lesser degree

in the periphery. Our results suggest that the loss of

proper capacity to control inflammation of dysfunctional

Tregs may be one of the mechanisms of immunopathol-

ogy associated with severe and fatal evolution of

COVID-19.
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