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A B S T R A C T

Background: HIV infection promotes the expansion of immunosuppressive regulatory T-cells (Tregs), contrib-
uting to immune dysfunction, tissue fibrosis and disease progression. Early antiretroviral treatment (ART)
upon HIV infection improves CD4 count and decreases immune activation. However, Treg dynamics and their
epigenetic regulation following early ART initiation remain understudied.
Methods: Treg subsets were characterized by flow cytometry in 103 individuals, including untreated HIV-
infected participants in acute and chronic phases, ART-treated in early infection, elite controllers (ECs),
immunological controllers (ICs), and HIV-uninfected controls. The methylation status of six regulatory
regions of the foxp3 gene was assessed using MiSeq technology.
Findings: Total Treg frequency increased overtime during HIV infection, which was normalized in early ART
recipients. Tregs in untreated individuals expressed higher levels of activation and immunosuppressive
markers (CD39, and LAP(TGF-b1)), which remained unchanged following early ART. Expression of gut migra-
tion markers (CCR9, Integrin-b7) by Tregs was elevated during untreated HIV infection, while they declined
with the duration of ART but not upon early ART initiation. Notably, gut-homing Tregs expressing LAP(TGF-
b1) and CD39 remained higher despite early treatment. Additionally, the increase in LAP(TGF-b1)+ Tregs
overtime were consistent with higher demethylation of conserved non-coding sequence (CNS)-1 in the foxp3
gene. Remarkably, LAP(TGF-b1)-expressing Tregs in ECs were significantly higher than in uninfected sub-
jects, while the markers of Treg activation and gut migration were not different.
Interpretation: Early ART initiation was unable to control the levels of immunosuppressive Treg subsets and their
gut migration potential, which could ultimately contribute to gut tissue fibrosis and HIV disease progression.
Funding: This study was funded by the Canadian Institutes of Health Research (CIHR, grant MOP 142294) and
in part by the AIDS and Infectious Diseases Network of the R�eseau SIDA et maladies infectieuses du Fonds de
recherche du Qu�ebec-Sant�e (FRQ-S).
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/)
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1. Introduction

Regulatory T-cells (Tregs) consist of a subset of CD4 T-cells with
immunosuppressive functions that expresses high levels of CD25 (a
chain of IL-2 receptor), low levels of CD127 (a chain of IL-7 receptor),
and the master transcription factor forkhead box P3 (FoxP3) which con-
trols Treg lineage stability and immunosuppressive functions [1-3].
Tregs can be further classified into thymic Tregs (tTregs) and peripheral
Tregs (pTregs), depending on their site of differentiation. tTregs are gen-
erated from CD4 and CD8 double-positive thymocytes upon recognition
of self-antigens, and they constitute the majority of circulating Tregs in
lymphoid organs and peripheral blood [1-3]. On the other hand, pTregs
are differentiated from circulating naïve CD4 T-cells under inflammatory
conditions in the presence of IL-2 and transforming growth factor-beta
1 (TGF-b1). pTregs are more prevalent in certain organs, such as the

http://crossmark.crossref.org/dialog/?doi=10.1016/j.ebiom.2021.103570&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:jenabian.mohammad-ali@uqam.ca
https://doi.org/10.1016/j.ebiom.2021.103570
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.ebiom.2021.103570
http://www.ScienceDirect.com
http://www.elsevier.com/locate/ebiom


Research in Context

Evidence before this study

Early HIV infection is characterized by rapid CD4 T-cell depletion,
a dramatic increase in immune activation, and irreversible gut
mucosal fibrosis, which are associated with increased frequen-
cies of immunosuppressive regulatory T-cells (Tregs). Tregs con-
tribute to HIV disease progression by promoting immune
dysfunction and tissue fibrosis. Antiretroviral therapy (ART) initi-
ation as early as possible is recommended to decrease HIV bur-
den, immune dysfunction, and secondary HIV transmission.
However, ART is unable to restore gut mucosal integrity, and
such mucosal damage is present even in individuals that natu-
rally control HIV viral replication, known as elite controllers
(ECs). The impact of early ART initiation during acute HIV infec-
tion on Tregs subset dynamics remains understudied.

Added value of this study

Herein, we assessed the dynamics of various Treg subsets in
HIV-infected individuals with different clinical outcomes and
after early ART initiation. We found that, despite decreasing
total Tregs frequencies, early ART initiation was unable to nor-
malize the proportion of immunosuppressive Treg subsets,
including CD39+, and LAP(TGF-b1)+ Tregs, and their potential to
migrate toward the gut. Importantly, we showed that even in
ECs, the frequencies of pro-fibrotic Tregs (LAP(TGF-b1)+) Tregs
and their migration into the gut was higher than in uninfected
individuals, which support previous reports on gut fibrosis in
ECs. Additionally, for the first time, we evaluated the epigenetic
regulation of six major regions of the foxp3 gene, the master
regulator of Treg suppressive functions. We found increased
demethylation of conserved non-coding sequences (CNS) 1 in
the foxp3 gene, which is known to be induced by TGF-b1.

Implications of all the available evidence

Our findings fill a knowledge gap on progressive and irreversible
gut fibrosis mechanisms despite early ART initiation. Our results
highlight the role of pro-fibrogenic Tregs via CD39/TGF-b1 path-
way and their homing in the gut despite early ART. These obser-
vations underscore Tregs as potential targets for HIV
immunotherapeutic interventions in combination with ART.
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gut, where they prevent local inflammation and establish tolerance
against exogenous antigens [1-3].

Conserved non-coding sequences (CNSs) within the foxp3 locus are
involved in Treg lineage stability and subsequent suppressive func-
tions. DNA demethylation of CNS1 and CNS2 are required for the dif-
ferentiation of pTregs and tTregs, respectively [4]. The binding of
Smad2/3 to CNS1 induced by TGF-b signaling is critical for pTreg cell
differentiation [5]. CNS2, also known as the Treg-specific demethylated
region (TSDR), is highly enriched in CpG sites which are fully demethy-
lated only in tTregs, contributing to the maintenance of FoxP3 expres-
sion and tTreg lineage stability [6]. Another intronic regulatory
element, CNS3, plays an important role in expanding both tTreg and
pTreg cells, and it is suggested that CNS3 lowers the threshold of the
T-cell receptor (TCR) signaling strength and potentiates the transcrip-
tion of FoxP3[7,8]. Chronic HIV infection is associated with increases in
the proportion of Tregs and their activation in both acute and chronic
stages, which play a deleterious role during the infection by decreasing
HIV-specific immune responses, T-cell proliferation, and cytokine pro-
duction, and promoting viral persistence [2,9-11]. Importantly, Tregs
in the colon mucosa and peripheral blood of HIV-infected individuals
demonstrate higher demethylation in the foxp3 promoter compared to
those of healthy controls, indicating an enhanced function [12]. Addi-
tionally, FoxP3 downregulation in HIV-infected Tregs was associated
with lower demethylation in the foxp3 locus [13].

Several Treg subsets with high immunosuppressive functions have
been identified, including cytotoxic T lymphocyte antigen 4 (CTLA4)+

Tregs, programmed cell death protein 1 (PD1)+ Tregs, CD39+ Tregs, and
TGF-b1+ Tregs. It has been shown that CTLA4 impedes CD28 co-stimu-
lation by competitive binding to CD80/CD86 [1,14], and Treg-specific
CTLA4 deficiency impairs Treg suppressive function [15]. CTLA4+ Tregs
increase during HIV infection [9,16,17] and remains higher despite
antiretroviral therapy (ART) [18]. PD1 is expressed on Tregs under rest-
ing and activated conditions [19,20] and prevents the proliferation and
immune responses of effector T-cells [21,22]. Untreated HIV infection
increases PD1+ Tregs, and their levels positively correlate with viral
load and exhaustion of total CD4 and CD8 T-cells [23]. The ectonucleo-
tidase CD39 hydrolyzes inflammatory ATP into ADP and AMP, followed
by immunosuppressive adenosine production by another ectonucleoti-
dase, CD73 [2,24,25]. Our team and others reported that CD39+ Tregs
and adenosine pathways are involved in suboptimal anti-HIV immune
responses and disease progression, and their levels remain higher than
uninfected individuals even under suppressive ART [26-28].

Another major contribution of Tregs in HIV disease progression,
which starts early after HIV infection, is via TGF-b1 production,
which promotes collagen-1 deposition and lymphoid tissue fibrosis
[29,30]. TGF-b1 inhibits effector T-cell proliferation, suppresses the
effector functions of CD8 T-cells, and promotes the differentiation of
pTregs [31-33]. Tissue fibrosis is an irreversible phenomenon that
obstructs cell-cell interactions and limits trafficking and homing of
CD4 T-cells and IL-7 bioavailability, causing persistent immune dys-
regulation [29,30,34-37]. Furthermore, gut mucosal fibrosis contrib-
utes to gut dysbiosis and progressive microbial translocation from
the gut to the periphery, which promotes systemic chronic inflam-
mation and accelerated comorbidities and non-AIDS malignancies
[38,39]. Notably, gut mucosal fibrosis occurs even in HIV elite con-
trollers (EC) while they exhibit similar peripheral Treg levels com-
pared to healthy individuals [40,41].

The acute phase of HIV infection is characterized by a rapid CD4 T-
cell depletion and increased immune activation and dysfunction, mainly
in the major sites of HIV replication and fibrosis, such as the gut-associ-
ated lymphoid tissues (GALT) [2,34,42-45]. Currently, it is highly recom-
mended to initiate ART as early as possible upon HIV exposure since it
improves CD4 T-cell count recovery and anti-HIV effector immune
responses, while early ART decreases immune activation and viral reser-
voir size [43,46]. Long-term ART has been shown to decrease Treg fre-
quency in the blood at levels similar to those of uninfected
individuals [10,47]. Nevertheless, even early ART initiation was
unable to completely reverse HIV-induced damaged in GALT
[41,48]. However, to date, the dynamics of Treg subsets and the
epigenetics status of foxp3 gene during acute HIV infection and
the impact of early ART initiation remains understudied. In this
study, in HIV-infected individuals with different clinical out-
comes, we evaluated the dynamic of Tregs and methylation signa-
ture of foxp3 gene overtime during HIV infection and following
early ART initiation in the acute phase. We found that early ART
initiation failed to control the expansion of immunosuppressive
Treg subsets and their potential migration to the gut, which
might contribute to immune dysfunction and tissue fibrosis in
the GALT.

2. Methods

2.1. Study population

Frozen peripheral blood mononuclear cells (PBMCs) from HIV-
infected and uninfected controls were obtained from the Canadian
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Cohort of HIV Infected Slow Progressors, Montreal Primary HIV Infec-
tion cohort, and McGill University Health Centre. Among study par-
ticipants, 26 had acute HIV infection, defined as being within
<180 days (median (IQR) 90 (43-126) days) from the estimated date
of HIV infection. Chronically infected patients were either untreated
(n=10) with more than one year of infection or ART-treated (n=11).
HIV ECs (n=18) with undetectable plasma viral load (VL) in the
absence of ART, untreated immunological controllers (ICs, n=18) with
VL< 5000 copies/ml and CD4 > 400 cells/mm3, as well as 20 HIV-
uninfected controls were also included. Additionally, we prospec-
tively assessed 20 acutely infected individuals, of whom ten had initi-
ated ART during the acute infection, while the remaining ten patients
were untreated. Follow-up specimens from the longitudinal cohorts
were not included in our cross-sectional analysis.
2.2. Ethical considerations

This study was conducted according to the Declaration of Helsinki
and received approval from the Ethical Review Board (#2014-452) of
the Universit�e du Qu�ebec �a Montr�eal (UQAM). All study subjects pro-
vided written informed consent prior to their blood collection.
2.3. Flow cytometry analysis

Multiparameter flow cytometry was performed on thawed
PBMCs. Optimal concentrations of fluorochrome-conjugated antibod-
ies were used for immunological staining as detailed in Supplemen-
tary Table 1. Dead cells were excluded for the analysis using the
LIVE/DEAD Fixable Aqua Dead Cell Stain Kit (Invitrogen, Oregon,
USA). Following extracellular staining, intracellular staining of FoxP3,
CTLA4, and Helios was performed after permeabilization with the
Transcription Factor Buffer Set (BD Bioscience, New Jersey, USA).
Data acquisition was performed on a BD LSR Fortessa X-20 cytometer,
and results were analysed by FlowJo V10.7.1 (Oregon, USA).
2.4. Bisulfite DNA conversion and Nested-Polymerase chain reaction

FoxP3+ CD4 T-cells were FACS-sorted using a FACs Aria III
sorter (BD Biosciences) following the gating strategy presented in
Supplementary Fig. 1. Of note, to evaluate the epigenetics status
of the foxp3 gene, only male donors were used to avoid random
X chromosome inactivation in females [49]. Genomic DNA from
sorted FoxP3+ CD4 T-cells was isolated using the DNeasy kit (Qia-
gen, Hilden, Germany). Bisulfite conversion of DNA samples was
conducted using the EpiTect Bisulfite Kit (Qiagen, Hilden, Ger-
many). Six specific CpG-rich regions [50], including enhancer,
proximal promoter, and CNS0-CNS3, were amplified by PCR using
primers targeting specifically bisulfite converted DNA, none of
which binds to areas containing CpG sites to avoid potential bias
(Supplementary Table 2). Briefly, PCRs were carried out in 25 ml
reaction volumes containing a final concentration of 1X PCR
buffer (Platinum Taq DNA polymerase, Invitrogen), 1.5 mM
MgCl2, 0.2 mM of dNTP mix, 0.4 mM forward and reverse pri-
mers, and 2-4 ml of bisulfite DNA template (external PCR) or
external PCR product (internal PCR). The thermocycling program
used was as follows: 95°C for 2 min, followed by 40 cycles of 95°
C for 30 s, Tm for 40 s, 72°C for 1 min, and a final extension step
of 72°C for 10 min. The optimized Tm for each region was as fol-
lows: 50°C for proximal promoter, 58.1°C for enhancer, 51.8°C for
CNS0 and CNS3, 52.7°C for CNS1, and 59.1°C for CNS2. Following
amplification, the quality of PCR products was assessed on a 2%
agarose gel.
2.5. Next-generation sequencing

PCR products were purified using Just-a-plate 96 PCR purification
and normalization kit (Charm Biotech, MA, USA). The libraries were
then generated by pooling 5ml of each sample, and the cleanup steps
were performed using AMPure XP Beads (Beckman Coulter, Califor-
nia, USA). Purified libraries were quantified using the Qubit dsDNA
HS assay (Life Technologies, California, USA) and the NEBNext Library
Quant Kit for Illumina (New England Biolabs, MA, USA). The average
size fragment was determined using a high sensitivity DNA assay on
the 2100 Bioanalyzer System (Agilent, California, USA). Finally, the
amplicon pool was spiked with 12% of PhiX control (loaded at a final
concentration of 6 pM), and sequencing was performed using the
MiSeq� Reagent Kit v3 cartridge 600 cycles (PE300) (Illumina).
Library preparation and sequencing were carried out at the Genomics
Core of the CERMO-FC research center, UQAM.

2.6. Bioinformatic analysis

Bisulfite treated sequences within FASTQ files were trimmed for
adapters and bases of quality lower than 30 at the 30 extremities
using TrimGalore version 0.4.5. Trimmed reads were then mapped
on chromosome X of the human genome GRCh37 using Bismark ver-
sion 0.19.0. Default parameters were used for the alignment, which
was performed with Bowtie 2.1.0. Bioinformatic analysis was done
by the Bioinformatics Core Facility at the Institute for Research in
Immunology and Cancer, Universit�e de Montr�eal.

2.7. Statistical analysis

Statistical analysis was performed using GraphPad Prism V6.01
(California, USA). Results are presented throughout the text as
median with interquartile range (IQR). The distribution of variables
was initially determined by the Kolmogorov�Smirnov test. Then, the
Kruskal�Wallis test was performed to determine whether significant
differences exist between the six study groups. Nonparametric
Mann-Whitney and Wilcoxon rank tests were used for unpaired and
paired variables, respectively. The Spearman correlation coefficient
test established the correlation between variables. Only statistical
significances (p<0.05) are presented in the figures (*, P < 0.05;
**, P < 0.01; ***, P < 0.001; ****, P < 0.0001).

2.8. Role of funding source

Funders had no role in study design, data collection, data analyses,
interpretation, or writing of report.

3. Results

3.1. Characteristics of the study populations

Chronically infected individuals on ART in the cross-sectional
study versus chronically infected individuals on ART in the longitudi-
nal study were significantly older (median age: 51 versus 36.5 years,
Mann-Whitney p= 0.04) with longer duration of HIV infection
(median: 12.7 versus 2.27 years, p<0.0001) and on longer duration
on ART (median: 14.58 versus 1.72 years, Mann-Whitney p=0.0002).
ART initiation in these individuals was also more delayed (median
years of ART initiation post-infection of 1.11 versus 0.46 years, Mann-
Whitney p=0.05) (Tables 1, 2). We thus assessed the impact of early
ART on our study measures based on the longitudinal analysis. In
chronic infection, ART normalized the CD4 T-cell count, yet the CD8
T-cell count remained elevated compared to uninfected individuals.
Consequently, despite improved CD4/CD8 ratio, early ART was unable
to normalize this parameter in treated individuals. EC and IC exhibit
CD4 T-cell counts similar to uninfected individuals, despite higher



Table 1
Clinical characteristics of study groups.

Study population (n=103)

Characteristics Non-infected (n=20) Acute (n=26) Chronic ART- (n=10) Chronic ART+ (n=11) EC (n=18) IC (n=18) p-values

Male sex, n (%) 15a

(75%)
26a,h,i

(100%)
10,k,l

(100%)
11,m,n

(100%)
10h,k,m

(55.6%)
10i,l,n

(55.6%)
p<0.0001

Age, years [median (IQR)] 39d

(30.75-47)
39.5g,h

(32.75-43)
32.5j,k

(26-39.75)
51g,j,n

(41-60)
49d,h,k,o

(32-55.5)
35n,o

(31.5-40.75)
p=0.0005

Nadir CD4+ cell count, cells/ml [median
(IQR)]

NA 330i

(257.8-500)
310l

(245-423.5)
334

(297.8-533.5)
551.5
(301.5-624.8)

459.5i,l,

(399-592.5)
p=0.07

CD4+ T-cell count, cells/ml [median
(IQR)]

632b

(463.5-775)
460h,i

(380-610)
440b,k,l

(255-543)
603

(400-847)
730h,k

(638.5-900)
680i,l

(614-806.5)
p=0.0002

CD8+ T-cell count, cells/ml [median
(IQR)]

197a,b,c,d,e

(153-428.5)
996a

(640-1630)
750b

(629-1133)
743c

(433.3-1192)
739d

(604-1040)
808e

(478.8-1213)
p=0.0003

CD4+/CD8+ T-cell count ratio [median
(IQR)]

2.82a,b,c,d,e

(1.41-4.19)
0.46a,g,h,i

(0.21-1.14)
0.48b,j,k,l

(0.40-0.61)
0.87c,g,j

(0.60-1.81)
0.95d,h,k,n

(0.80-1.43)
0.81e,i,l,n

(0.55-1.42)
p<0.0001

Viral load, log10 copies/mL [median
(IQR)]

NA 4.36g,h,i

(3.82-5.50)
4.56j,k,l

(3.74-3.98)
1.60g,j,n

(1.60-1.60)
1.65h,k,o

(1.60-1.69)
2.91i,l,n,o

(2.57-3.34)
p<0.0001

Duration of infection, years [median
(IQR)]

NA 0.25f,g,h,i

(0.12-0.35)
2.55f,j,k,l

(1.54-4.26)
12.40g,j

(4.99-19.33)
15.3h,k,o

(7.87-21)
7.55i,l,o

(2.9-11.08)
p<0.0001

Time of ART initiation years post-infec-
tion [median (IQR)]

NA NA NA 1.11
(0.49-2.02)

NA NA NA

Duration of ART, years [median (IQR)] NA NA NA 14.58
(3.56-20.73)

NA NA NA

Results are shown as median and interquartile range (IQR).
NA: not applicable, EC: Elite controllers, IC: Immunological controllers
p-values come from comparing the six groups using the Kruskal-Wallis test. Significant differences (p < 0.05) following Mann�Whitney U test or Fisher’s test are mentioned as
follow:
a: Non-infected vs Acute, b: Non-infected vs Chronic (ART-), c: Non infected vs Chronic (ART+), d: Non-infected vs EC, e: Non-infected vs IC, f: Acute vs Chronic (ART-), g: Acute vs
Chronic (ART+), h: Acute vs EC, i: Acute vs IC, j: Chronic (ART-) vs Chronic (ART+), k: Chronic (ART-) vs EC, l: Chronic (ART-) vs IC, m: Chronic (ART+) vs EC, n: Chronic (ART+) vs IC,
o: EC vs IC
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CD8 T-cell counts. Besides, individuals with chronic infection on long-
term ART and ECs groups were the oldest study group with the lon-
gest duration of HIV infection. In longitudinal specimens, after early
ART initiation, the CD4 T-cell count and CD4/CD8 ratio were
improved significantly (Wilcoxon p=0.04 and p=0.002, respectively).
Of note, no significant difference was detected between clinical char-
acteristics of two n=10 acute individuals in untreated and treated
longitudinal sub-groups (Table 2). All ART-treated individuals had a
Table 2
Clinical characteristics of longitudinal samples.

Characteristics Acute (n=

Male sex, n (%) 10
(100%)

Age, years [median (IQR)] 39.5
(35.50-

Nadir CD4+ cell count, cells/ml [median (rangeIQR)] 365
(297.5-

CD4+ T-cell count, cells/ml [median (IQR)] 515
(419-76

CD8+ T-cell count, cells/ml [median (IQR)] 830a

(615-11
CD4+/CD8+ T-cell count ratio [median (IQR)] 0.56a

(0.40-1
Viral load, log10 copies/mL [median (IQR)] 4.07a

(3.54-4
Duration of infection, years [median (IQR)] 0.22a

(0.11-0
Time of ART initiation years post-infection, years [median (IQR)] NA

Duration of ART, years [median (IQR)] NA

Results are shown as median and interquartile range (IQR).
NA: not applicable
Significant differences (p < 0.05) following Wilcoxon signed-rank test are mentione
a: Acute vs Chronic (ART-), b: Acute vs Chronic (ART+)
plasma VL below the level of detection. The clinical characteristics of
study participants are described in Tables 1 and 2.

3.2. Early ART initiation decreased but did not normalize T-cell immune
activation and senescence

As expected, untreated HIV infection was associated with
increased CD38+HLADR+ activated CD4 and CD8 T-cells (Fig. 1a, d, e).
Longitudinal specimens

Untreated ART-Treated

10) Chronic ART- (n=10) Acute (n=10) Chronic ART+ (n=10)

10
(100%)

10
(100%)

10
(100%)

43.25)
39.5
(34.75-43)

36
(29.75-46.50)

36.5
(29-46.5)

525)
NA 258.5

(207.5-530)
NA

7.5)
595
(287.5-813.8)

450b

(272.5-561.3)
521b

(377.5-795)

70)
953a

(705-1915)
1019

(580-1708)
655

(531-1081)

.35)
0.50a

(0.32-0.85)
0.40b

(0.19-0.81)
0.69b

(0.40-1.24)

.37)
4.60a

(4.01-5.20)
4.40b

(3.92-5.77)
1.70b

(1.67-1.70)

.36)
2.19a

(2.12-2.39)
0.28b

(0.13-0.39)
2.27b

(2.00-2.646)
NA NA 0.46

(0.27-0.59)
NA NA 1.72

(1.43-1.99)

d as follow:



Figure 1. Levels of CD4 and CD8 T-cell immune-activation, immunosenescence and exhaustion among study groups. Gating strategies used to define (a) activated (HLA-DR+CD38+)
CD4 and CD8 T-cells, (b) immunosenescence (CD28�CD57+) CD4 and CD8 T-cells, and (c) exhausted (PD1+CD57+) CD4 and CD8 T-cells. Percentages of immune-activated (HLA-
DR+CD38+) CD4 (d) and CD8 T-cells (e). Percentages of immunosenescent (CD28�CD57+) CD4 (f) and CD8 T-cells (g). Percentages of exhausted (PD1+CD57+) CD4 (h) and CD8 T-cells
(i). Statistical significance is indicated in the figures (*, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001). Differences among six study groups was determined by nonparametric
Mann-Whitney rank test for unpaired variables, while the Wilcoxon rank tests were used for paired variables in the follow-up study. Sample size in Cross-sectional analysis: non-
infected n=20, Acute n=26, Chronic ART- n=10, Chronic ART+ n=11, EC n=18, IC n=18; Sample size in longitudinal analysis: non-infected n=20, ART- n=10, ART+ n=10.
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Early ART initiation reduced CD8 T-cell immune activation (Wilcoxon
p=0.002), while their levels remained higher than those of HIV-unin-
fected controls (Mann-Whitney p<0.0001; Fig 1d, e). HIV infection
increased the frequencies of both senescent (CD28�CD57+) and
exhausted (PD1+CD57+) CD8 T-cells in all study groups (Fig. 1b, g, i),
while early ART initiation failed to mitigate this increase (Mann-
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Whitney p=0.0004 and p<0.0001, respectively). HIV infection also
increased levels of CD4 T-cell exhaustion, which was reduced but not
normalized by early ART (Mann-Whitney p=0.009; Fig. 1c, h), while
no difference in senescent CD4 T-cells was observed among study
groups (Fig. 1b, f). Both CD4 and CD8 T-cell immune activation and
senescence correlated negatively with CD4/CD8 ratios and positively
with VL (Supplementary Fig. 2). Interestingly, significant decreases
in CD4 and CD8 immune activation, and CD8 exhaustion, were corre-
lated with the duration of ART (Table 3). EC and IC groups presented
significantly lower CD4 and CD8 immune activation than untreated
HIV-infected individuals, while their CD8 immune activation, senes-
cence, and exhaustion remained higher than uninfected controls
(Fig. 1).

3.3. Early ART initiation suppressed the expansion of total Tregs

Chronic HIV infection was associated with an increase in total
Treg (CD4+CD25highCD127lowFoxP3+) frequencies compared to unin-
fected individuals (Mann-Whitney p<0.01 in both cross-sectional
and longitudinal analysis), which was suppressed following early
ART initiation (Fig 2a, b). The frequency of total Tregs was inversely
correlated with CD4/CD8 ratio and positively with CD4 immune
activation (Supplementary Fig. 3). Treg frequencies in ECs and ICs
were lower than chronically untreated HIV+ individuals (Mann-
Table 3
Correlation between clinical and immunological parameters and duration
of ART (years).

Correlations with duration of ART (years)

Immunological measure r p-value

CD4 T-cells count 0.1030 0.7
CD8 T-cells count 0.0088 0.9
CD4/CD8 ratio 0.0558 0.8
CD4 Activation (CD4+HLA-DR+CD38+) -0.5563 0.02
CD4 Immunosenescence (CD4+CD57+CD28�) -0.2735 0.3
CD4 exhaustion (CD4+CD57+PD1+) -0.3076 0.2
CD8 activation (CD8+HLA-DR+CD38+) -0.6176 0.01
CD8 Immunosenescence (CD8+CD57+CD28�) -0.2176 0.4
CD8 exhaustion (CD8+CD57+PD1+) -0.6176 0.01
Total Tregs (CD4+CD25highCD127lowFoxP3+) -0.4495 0.07
Naïve Tregs (CD45RA+CD28+ Tregs) -0.8374 < 0.0001
CM Tregs (CD45RA�CD28+ Tregs) 0.6559 0.007
EM Tregs (CD45RA�CD28� Tregs) 0.5567 0.02
TD Tregs (CD45RA+CD28� Tregs) -0.5243 0.03
CTLA4+ Tregs -0.0911 0.7
PD1+ Tregs -0.5765 0.02
CTLA4+PD1+ Tregs -0.3429 0.1
Mem CTLA4+PD1�FoxP3+ 0.0235 0.9
CD39+ Tregs 0.07506 0.7
LAP(TGF-b1)+ Tregs -0.5085 0.04
CD39+LAP(TGF-b1)+ Tregs -0.1927 0.4
CXCR3+ Tregs -0.5901 0.01
CCR6+ Tregs -0.7334 0.001
Integrin b7+ Tregs -0.6500 0.007
CCR9+ Tregs -0.5321 0.03
Integrin b7+CD39+ Tregs -0.5063 0.04
Integrin b7+LAP(TGF-b1)+ Tregs -0.5950 0.01
CCR9+CD39+ Tregs -0.3812 0.1
CCR9+LAP(TGF-b1)+ Tregs -0.4183 0.1
Th17 cells -0.3765 0.15
Th17/Treg ratio -0.3029 0.25
CD31�FoxP3+ -0.5441 0.03
CD31+FoxP3+ -0.6696 0.005
Helios�FoxP3+ -0.6265 0.01
Helios+FoxP3+ -0.4059 0.12
HLA-DR+CD38+FoxP3+ -0.5578 0.02
CNS1 demethylation -0.1655 0.5

p-values come from the comparison of clinical and immunological parame-
ters with the duration of ART (years) by using the Spearman correlation
coefficient test.
Significant differences (p < 0.05) are highlighted in Bold.
Whitney p<0.05 for both comparisons) and similar to uninfected
individuals (Fig 2b). We also found heterogeneity in Treg differenti-
ation in HIV-infected individuals compared to uninfected controls
(Fig. 2a, c-f). Indeed, acute HIV infection was associated with an
increase in the frequencies of naïve Tregs (Mann-Whitney p=0.001),
along with a decrease in central memory (CM, Mann-Whitney
p=0.003) and effector memory (EM, Mann-Whitney p<0.0001) Tregs
(Fig. 2c-e). In longitudinal analysis, early ART initiation didn’t affect
these subsets. However, longer duration of ART was associated with
significant increases CM and EM Tregs (Spearman p=0.007 and
p=0.02, respectively) and with a decline in naïve and TD Tregs
(Spearman p<0.0001 and p=0.03, respectively; Table 3). Interest-
ingly, the EC group had similar frequencies of naïve, CM and EM
and lower terminally differentiated (TD) Tregs compared to unin-
fected individuals (Fig. 2c, f). These results collectively showed that
early ART initiation controlled the expansion of Tregs and affected
the distribution of their memory subsets.

3.4. Early ART initiation failed to normalize Treg subsets known for their
highly immunosuppressive capacity

As mentioned before, various Tregs subsets, including CTLA4+

[9,16,17], PD1+ [23], CD39+ [26-28], and TGF-b1+ [29] Tregs increase
during untreated HIV infection and impact negatively in the out-
come of the disease. Herein, we observed an increase in the fre-
quencies of CTLA4+ Tregs, PD1+ Tregs, and CTLA4+PD1+ Tregs
(Mann-Whitney p=0.005, p<0.0001 and p<0.0001, respectively)
during acute HIV infection compared to uninfected individuals,
which were not restored longitudinally after early ART initiation
(Fig. 3a, d-f). Meanwhile, longer duration of ART was associated
with a decline in PD1-expressing Tregs (Spearman p=0.02; Fig 3e, f;
Table 3). ECs and ICs showed lower CTLA4+ Tregs, PD1+ Tregs, and
CTLA4+PD1+ Tregs frequencies than acute HIV-infected group while
similar CTLA4+ Tregs and CTLA4+PD1+ Treg than uninfected controls
(Fig. 3d-f). A new subset of memory CD4 T-cells that share Treg
characteristics described as memory CTLA4+PD1�FoxP3+ has been
recently proposed as viral reservoirs within peripheral lymph nodes
of ART-treated SIV-infected rhesus macaques [51]. In this regard, we
found that acute HIV infection increased the frequencies of these
cells compared to uninfected individuals (p=0.04), while early ART
could not restore their frequencies, suggesting a potential contribu-
tion of Tregs in viral persistence despite early ART (Fig. 3b, g).

Higher CD39+ Tregs were observed in acute HIV-infected and
ART-treated individuals compared to uninfected controls (Mann-
Whitney p=0.02 and p<0.0001, respectively), and ART duration
didn’t affect CD39+ Tregs frequencies (Fig. 3c, h; Table 3). In concor-
dance with a previous report [16], EC had similar CD39+ Treg fre-
quencies than uninfected controls (Fig. 3h). TGF-b1 is initially
synthesized as a pro-TGF-b1, which is further cleaved to produce
the dimeric propeptides called a latency-associated peptide (LAP)
that associates non-covalently with mature TGF-b to prevent TGF-
b1 binding to its receptor and subsequent activity [52]. LAP(TGF-
b1)+ Tregs and CD39+LAP(TGF-b1)+ Tregs populations (Fig. 3c, i, j)
were increased during HIV infection versus uninfected individuals
(Mann-Whitney p<0.0001 for both comparison) and were not
reduced upon early ART initiation. Interestingly, the frequencies of
LAP(TGF-b1)+ Tregs correlated negatively with duration of ART
(Spearman p=0.04; Table 3) and CD4/CD8 ratio (Spearman p=0.002)
and positively with immune activation (Spearman p=0.04 for CD4
and p=0.01 for CD8 activation; Supplementary Fig. 4). In addition,
the frequencies of LAP(TGF-b1)+ Tregs remained elevated in EC
group compared to uninfected controls (Mann-Whitney p=0.01).
Overall, our data demonstrated that early ART initiation was unable
to normalize the frequencies of immunosuppressive Treg subsets,
nor did it affect the frequencies of a Treg population previously
described as a viral reservoir (Memory CTLA4+PD1�FoxP3+ T-cells).



Figure 2. Changes in the frequencies of total Tregs and Treg memory subsets among study groups. (a) Gating strategies used to define total Tregs (CD4+CD25highCD127lowFoxP3+)
and Tregs subsets within CD4 T-cells. (b) Percentages of total Treg. Frequencies of (c) naïve (CD45RA+CD28+), (d) central memory (CM, CD45RA�CD28+), (e) effector memory (EM,
CD45RA�CD28�) and (f) terminally differentiated (TD, CD45RA+CD28�) Treg subsets. Statistical significance is indicated in the figures (*, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P
< 0.0001). Differences among six study groups was determined by nonparametric Mann-Whitney rank test for unpaired variables, while the Wilcoxon rank tests were used for
paired variables in the follow-up study. Sample size in Cross-sectional analysis: non-infected n=20, Acute n=26, Chronic ART- n=10, Chronic ART+ n=11, EC n=18, IC n=18; Sample
size in longitudinal analysis: non-infected n=20, ART- n=10, ART+ n=10.
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3.5. Early ART failed to normalize Tregs migration potential toward the
gut

We previously demonstrated that Treg accumulation within
GALT begins in acute HIV infection [28]. To assess the Treg capacity
to migrate to inflammatory tissues and the gut, we analysed the
expression of CXCR3 [53,54] and CCR6 [55] which mediate Treg
recruitment to mucosal and inflammatory sites. HIV infection
increased both CXCR3+ and CCR6+ Treg subsets, while early ART ini-
tiation was unable to normalize the CCR6+ Tregs levels (Fig. 4a, g,
h). Furthermore, we also assessed the expression of Integrin-b7+,
which directs Tregs migration from blood into the gut via the inter-
action with Mucosal vascular-Addressin Cell-Adhesin Molecule 1
[56-60] and CCR9, a chemokine receptor that binds to CCL25 and
promotes Treg migration to the small intestine [60-62]. HIV infec-
tion was associated with an increase in Integrin-b7+ and CCR9+

Tregs starting in the acute phase, which were not restored by early
ART initiation (Fig 4b, i, j). Notably, CD39+ and LAP(TGF-b1)+ Tregs
with gut migratory potential such as Integrin-b7+CD39+, Integrin-
b7+LAP(TGF-b1)+, CCR9+CD39+, and CCR9+LAP(TGF-b1)+ (Mann-
Whitney p=0.0004, p=<0.0001, p=0.0017, p=0.0019; respectively)
Tregs were all increased during acute HIV infection compared to
uninfected participants and were not restored following early ART
initiation (Fig. 4c-f, k-n). However, a significant decline was
observed in frequencies of Tregs expressing gut homing markers
along with the longer duration of ART (Table 3). Significantly, the
frequencies of CCR9+CD39+, CCR9+LAP(TGF-b1)+, Integrin-b7+CD39+,
and Integrin-b7+LAP(TGF-b1)+ Tregs positively correlated with CD4
and CD8 immune activation, and negatively with CD4/CD8 ratio as
an indicator of disease progression (Supplementary Fig. 5). A posi-
tive correlation was observed between VL and CCR9+LAP(TGF-b1)+

and Integrin b7+LAP(TGF-b1)+ Tregs, while no correlation was
detected with CCR9+CD39+ and Integrin b7+CD39+ Tregs (Supple-
mentary Fig. 5), suggesting the accumulation of CD39+ Tregs in the
gut regardless of VL.

ECs and ICs represented similar levels of CXCR3+, Integrin b7+,
CCR9+, Integrin b7+CD39+, and CCR9+CD39+ Tregs than uninfected
individuals. Importantly, Integrin-b7+LAP(TGF-b1)+ Tregs and
CCR9+LAP(TGF-b1)+ Tregs were significantly higher in ECs (Mann-
Whitney p=0.03 and p=0.004, respectively) and ICs (Mann-Whitney
p=0.005 and p=0.003, respectively) than uninfected individuals, sug-
gesting the accumulation of pro-fibrotic Tregs even in these individ-
uals (Fig 4). Moreover, lower frequencies of CCR6+ Tregs were
observed in EC individuals compared to HIV uninfected controls



Figure 3. Early ART initiation was unable to normalize Tregs subsets with known immunosuppressive functions. Gating strategies used to define (a) CTLA4+ and PD1+ Tregs, (b)
Memory (CD45RA�) CTLA4+PD1�FoxP3+ CD4 T-cells, (c) CD39+ and LAP(TGF-b1)+ Tregs. d)Percentages of CTLA4+ Tregs within CD4 T-cells. (e) Percentages of PD1+ Tregs within CD4
T-cells. f) Percentages of CTLA4+PD1+ Tregs within CD4 T-cells. (g) Percentages of Memory CTLA4+PD1�FoxP3+ within CD4 T-cells. h) Percentages of CD39+ Tregs within CD4 T-cells.
i) Percentages of LAP(TGF-b1)+ Tregs within CD4 T-cells. j) Percentages of CD39+LAP(TGF-b1)+ Tregs within CD4 T-cells. Statistical significance is indicated in the figures (*, P <

0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001). Differences among six study groups was determined by nonparametric Mann-Whitney rank test for unpaired variables, while the
Wilcoxon rank tests were used for paired variables in the follow-up study. Sample size in Cross-sectional analysis: non-infected n=20, Acute n=26, Chronic ART- n=10, Chronic ART+
n=11, EC n=18, IC n=18; Sample size in longitudinal analysis: non-infected n=20, ART- n=10, ART+ n=10.
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Figure 4. Impact of early ART initiation on Tregs migratory potential toward the gut. Gating strategies used to define (a) CXCR3+ and CCR6+ Tregs, (b) CCR9+ and Integrin-b7+ Tregs,
(c) Integrin-b7+CD39+ Tregs, (d) Integrin-b7+LAP(TGF-b1)+ Tregs, (e) CCR9+CD39+ Tregs, (f) CCR9+LAP(TGF-b1)+ Tregs. (g) Percentages of CXCR3+ Tregs within CD4 T-cells. (h) Per-
centages of CCR6+ Tregs within CD4 T-cells. (i) Percentages of Integrin-b7+ Tregs within CD4 T-cells. (j) Percentages of CCR9+ Tregs within CD4 T-cells. (k) Percentages of Integrin-
b7+CD39+ Tregs within CD4 T-cells. (l) Percentages of Integrin-b7+LAP(TGF-b1)+ Tregs within CD4 T-cells. (m) Percentages of CCR9+CD39+ Tregs within CD4 T-cells. n) Percentages
of CCR9+LAP(TGF-b1)+ Tregs within CD4 T-cells. Statistical significance is indicated in the figures (*, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001). Differences among six
study groups was determined by nonparametric Mann-Whitney rank test for unpaired variables, while the Wilcoxon rank tests were used for paired variables in the follow-up
study. Sample size in Cross-sectional analysis: non-infected n=20, Acute n=26, Chronic ART- n=10, Chronic ART+ n=11, EC n=18, IC n=18; Sample size in longitudinal analysis: non-
infected n=20, ART- n=10, ART+ n=10.
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Figure 5. Frequencies of Th17 cells and Th17/Treg ratio overtime during HIV infection and following early ART. (a) Gating strategy used to define Th17 cells (CD4+CD45RA�CCR6+).
(b) Percentages of Th17 cells within CD4 T-cells. (c) Th17/Treg ratio. (d) Correlation between duration of the infection (years) and Th17/Treg ratio within all study groups. (e) Corre-
lation between duration of the infection (years) and Th17 cells frequencies within elite controllers. Statistical significance is indicated in the figures (*, P < 0.05; **, P < 0.01; ***, P <

0.001; ****, P < 0.0001). Differences among six study groups was determined by nonparametric Mann-Whitney rank test for unpaired variables, while the Wilcoxon rank tests were
used for paired variables in the follow-up study. Sample size in Cross-sectional analysis: non-infected n=20, Acute n=26, Chronic ART- n=10, Chronic ART+ n=11, EC n=18, IC n=18;
Sample size in longitudinal analysis: non-infected n=20, ART- n=10, ART+ n=10.
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(Fig. 4h). Altogether, our results showed that, during HIV infection
and despite early ART initiation, immunosuppressive CD39+ and LAP
(TGF-b1)+ Tregs continued to migrate to the gut which, in turn,
could contribute to disease progression and mucosal fibrosis.

3.6. Early ART initiation restored Th17/Treg ratio

Memory CCR6+ Th17 cells are highly permissive to HIV infection
and are rapidly depleted following the infection, which results in
the breakdown of gut mucosal integrity and microbial translocation
[42,63,64]. Here, the frequency of Th17 cells was lower among both
untreated and ART+ chronically infected individuals compared to
uninfected controls (Mann-Whitney p=0.0093 and p=0.0099, respec-
tively), while early ART was unable to affect their frequencies
(Fig. 5a, b). Accordingly, the Th17/Treg ratio, a well-known marker
of GALT integrity and immunological function, also decreased in
untreated chronically HIV-infected individuals versus uninfected
participants (Mann-Whitney p=0.003), while restored by early but
not delayed ART (Fig. 5c). Interestingly, ECs, with the longest dura-
tion of the infection, had the lowest Th17 cell frequencies and Th17/
Treg ratio among the study groups (Fig. 5b, c). In this sense, a nega-
tive correlation was observed between the Th17/Treg ratio and the
duration of the infection (Fig. 5d). Accordingly, in ECs, a negative
correlation between the frequencies of Th17 cells and the duration
of the infection was also detected (Fig. 5e). Our data demonstrated
TaggedEndthat early ART initiation but not the duration of ART (Fig 5c; Table 3)
normalized the Th17/Treg ratio.

3.7. Early ART failed to decrease the expansion of peripheral pTregs

As Tregs can either be differentiated in the thymus (tTregs) or in
the peripheral tissues (pTregs) during inflammation [2], to assess
their origin we evaluated the expression of CD31, a marker of
recently thymic migrated CD4 T-cells [65], and Helios, a well-known
specific marker of thymic Tregs [66,67] (Fig. 6a). We observed an
increase in the frequencies of CD31�FoxP3+ and Helios�FoxP3+ CD4
T-cells overtime during HIV infection (cross-sectional acute versus
uninfected Mann-Whitney p=0.03 and p=0.002, respectively), sug-
gesting increases in pTreg differentiation, whereas Helios�FoxP3+

CD4 T-cells was not normalized by early ART initiation (Fig. 6c, e).
We also observed an increasing trend in the frequencies of thymic
Helios+FoxP3+ and CD31+FoxP3+ CD4 T-cells following HIV infection,
while only Helios+FoxP3+ were normalized after early ART (Fig. 6d,
e). Additionally, the frequencies of CD31�FoxP3+ and Helios�FoxP3+

pTregs were correlated positively with VL and negatively with CD4/
CD8 ratio, suggesting the expansion of pTregs along with disease pro-
gression (Supplementary Fig. 6). Interestingly, ECs and ICs had sig-
nificantly lower frequencies of both tTregs and pTregs compared to
untreated HIV-infected individuals and uninfected controls (Fig. 6).
In line with the increased extrathymic generation of Tregs, which are



Figure 6. Tregs origin and immune activation overtime during HIV infection and following early ART. (a) Gating strategies used to define CD31+, CD31�, Helios�, Helios+ FoxP3+ CD4
T-cells. (b) Gating strategies used to define activated FoxP3+ CD4 T-cells (HLA-DR+CD38+FoxP3+). (c) Percentages of CD31�FoxP3+ within CD4 T-cells. (d) Percentages of CD31+FoxP3+

within CD4 T-cells. (e) Percentages of Helios�FoxP3+ within CD4 T-cells. (f) Percentages of Helios+FoxP3+ within CD4 T-cells. (g) Percentages of HLA-DR+CD38+FoxP3+ within CD4 T-
cells. Statistical significance is indicated in the figures (*, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001). Differences among six study groups was determined by nonparamet-
ric Mann-Whitney rank test for unpaired variables, while theWilcoxon rank tests were used for paired variables in the follow-up study. Sample size in Cross-sectional analysis: non-
infected n=20, Acute n=26, Chronic ART- n=10, Chronic ART+ n=11, EC n=18, IC n=18; Sample size in longitudinal analysis: non-infected n=20, ART- n=10, ART+ n=10.
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mainly induced during inflammation, we observed increased
immune activation of FoxP3+ CD4 T-cells (HLA-DR+CD38+) in
untreated HIV-infected individuals that was not reduced following
early ART initiation (Fig. 6a, g). Moreover, we observed that long-
term ART was associated with a decrease in pTregs (Helios�FoxP3+)
and activated Tregs (HLA-DR+CD38+FoxP3+), while no correlation
was observed on thymic Tregs (Helios+FoxP3+) (Table 3). ECs and ICs
had lower levels of Treg immune activation than other HIV-infected
individuals (Fig. 6g). Altogether, early ART initiation failed to
decrease pTreg expansion and Treg immune activation.



Table 4
Demethylation levels of CpG sites at regulatory regions of foxp3 locus.

Percentage (%) of demethylation

Region HIV-non infected(n= 11) Acute(n= 26) Chronic ART-(n= 6) Chronic ART+(n= 77) EC(n= 10) IC(n= 10) p-values

Enhancer
Median [IQR]

99
[98-99]

99
[98-100]

99
[97.5-99.25]

99
[99-99]

99.5
[98.75-100]

99
[98-99.25]

0.76

Proximal promoter Median [IQR] 97
[93-100]

97.5
[85-100]

98
[96-99.25]

99
[97-100]

98
[96.5-100]

98.5
[95.5-99.25]

0.85

CNS0
Median [IQR]

85
[84-88]

82
[77-89]

86
[82-90.25]

85
[83-89]

86.5
[77.5-89.75]

83.5
[80.5-84.75]

0.50

CNS2
Median [IQR]

82
[75-96]

78
[53.75-99]

94
[78.25-98.25]

89
[44-92]

90.5
[47.25-96]

87
[81-93.5]

0.86

CNS3
Median [IQR]

96
[95-99]

97
[92.5-99]

98
[97-100]

98
[95-98]

96.5
[85-99.25]

97.5
[94.75-98.25]

0.56

Percentage of CpG demethylation was determined by bisulfite conversion and next generation sequencing of genomic DNA from CD4+FoxP3+ T cells on six regulatory regions:
enhancer, proximal promoter, CNS0, CNS1, CNS2, and CNS3. Results are shown as median and interquartile range (IQR) of percentage of demethylation, and on average 30000
mapped reads were analyzed for each sample.
p-values come from comparing the six groups using the Kruskal-Wallis test.
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3.8. Early ART initiation normalized the CpG demethylation status of
CNS1 region of the foxp3 gene

Methylation of the foxp3 gene has an essential role in transcrip-
tion of the gene, which further translates to cell phenotype and activ-
ity[68]. We thus evaluated the methylation status of the six
regulatory regions of the foxp3 gene in FACS-sorted CD4+FoxP3+ cells
(Supplementary Fig. 1). CNS0, CNS2, CNS3, enhancer, and proximal
promoter were highly demethylated among study groups, and no sig-
nificant differences were observed in sorted cells (Table 4). In con-
trast, and in line with the observed expansion of pTregs overtime of
the infection (Fig. 6), increases in CNS1 demethylation status were
observed in untreated chronically HIV-infected individuals versus
uninfected individuals (Mann-Whitney p=0.007) while early ART ini-
tiation normalized the levels of CNS1 demethylation (Fig. 7a). Addi-
tionally, no correlation was observed between the duration of ART
and CNS1 demethylation (Table 3).
Figure 7. Impact of early ART on CpG sites demethylation of CNS1 region in the foxp3 gene
indicated in the figures (*, P < 0.05). Differences among six study groups was determined b
rank tests were used for paired variables in the follow-up study. Sample size in Cross-sectio
n=10, IC n=10; Sample size in longitudinal analysis: non-infected n=11, ART- n=10, ART+ n=1
4. Discussion

Early ART initiation as close as possible to the estimated time of
HIV exposure is highly recommended in clinical practice due to its
proven benefits in facilitating CD4 T-cell count recovery, decreasing
immune activation, and reducing secondary HIV transmission
[43,46]. The GALT represents one of the major sites of SIV/HIV repli-
cation, CD4 depletion, and immune dysfunction [2,34,42-45]. Our
team and others have previously shown that GALT fibrosis and
microbial translocation start early following HIV/SIV infections along
with increased frequencies of immunosuppressive Tregs and TGF-b1
production [28,30,41,69-71]. Herein, we assessed the impact of early
ART initiation and duration of ART on the dynamics of Treg immuno-
modulatory subsets.

Similar to other studies [2,10,28], we observed increased frequen-
cies of total CD4+CD25highCD127lowFoxP3+ Tregs in untreated HIV-
infected individuals, which were normalized by early ART, while ECs
showed lower Tregs frequencies than HIV-progressors and similar to
uninfected individuals [18,72-75]. A distinctive differentiation
. (a) Percentage of CNS1 demethylation within the foxp3 gene. Statistical significance is
y nonparametric Mann-Whitney rank test for unpaired variables, while the Wilcoxon
nal analysis: non-infected n=11, Acute n=26, Chronic ART- n=6, Chronic ART+ n=7, EC
0.
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pattern of Tregs was observed in acute HIV infection, which was char-
acterized by higher proportions of naïve Tregs along with low fre-
quencies of CM and EM Tregs, while in longitudinal analysis early
ART initiation didn’t affect these subsets. Increase naïve Tregs during
untreated infection is likely to be related to a higher thymic output
along with the observed increase in Helios+FoxP3+ CD4 T-cells over
time in our study. This increase in naïve Tregs might also be related
to a slow differentiation rate of these cells into CM Tregs during HIV
infection [76]. In addition, the low frequencies of CM and EM Tregs in
peripheral blood could also indicate higher retention of these cells in
lymphoid organs [77,78] or preferential HIV-induced apoptosis of CM
Tregs [76].

Early ART had failed to decrease the expression of CTLA4 and PD1
by Tregs which, in turn, might contribute to an increase in Treg-medi-
ated inhibition of effector T-cell proliferation, HIV-specific responses,
and cytokine production [1,14,21,22]. Enhanced PD1/PD1L interaction
could promote Tregs' development and suppressive functions by stabi-
lizing and maintaining FoxP3 during HIV infection [79-82]. Our study
also revealed an increase in memory CTLA4+PD1�FoxP3+ T-cells during
acute HIV infection. This subset has been recently shown as viral reser-
voirs in SIV infection during suppressive ART [51], suggesting a poten-
tial contribution of Tregs in viral persistence despite early ART. Tregs
in EC and IC groups expressed similar CTLA4 levels than uninfected
individuals, which could be related to the maintenance of effector cell
functions and further better viral control in these individuals compared
to HIV progressors.

Increased CD39 expression by Tregs and their production of immu-
nosuppressive adenosine in chronic HIV infection under ART are
involved in HIV disease progression [16,26,27,83]. Here, we observed
that levels of CD39+ Tregs remained higher in blood of ART-treated
individuals than uninfected controls. Neither timing of ART initiation,
nor duration of ART, were capable of normalizing the frequencies of
CD39+ Tregs which may contribute to chronic immune dysfunction
despite ART, as we previously reported [25,27]. Furthermore, the upre-
gulation of downstream genes of the TGF-b1 pathway occurs as early
as one day post-SIV infection of rhesus macaques [84]. We recently
showed that early ART initiation at four days post-SIV infection in rhe-
sus macaques is unable to decrease TGF-b1 [28]. Accordingly, here we
observed an increase in LAP(TGF-b1)+ Tregs during HIV infection that
was not restored following ART. Notably, there is a functional positive
feedback between CD39 and TGF-b1. CD39 enzymatic activity and the
excessive generation of adenosine promote TGF-b1 production and tis-
sue remodelling and fibrosis [85-87], while the TGF-b1 signalling indu-
ces CD39 expression and activity [88-91]. The adenosine pathway
could also promote the generation of FoxP3+ Treg cells [92,93] via the
stimulation of TGF-b1 production [31,32]. Importantly, TGF-b1 regu-
lates Treg trafficking to the gut [94,95], and CD39+ Tregs maintain their
suppressive capacity and exhibit high FoxP3 expression and stability in
inflammatory conditions [96].

We found that HIV infection is associated with an early increase in
the expression of homing markers CXCR3, CCR6, Integrin b7, and
CCR9 by Tregs, which were not normalized by early ART, while nega-
tive correlations were observed between their frequencies and dura-
tion of ART. Our results are in line with other reports showing
increased CXCR3+ [97] and Integrin b7+ Tregs [98,99] frequencies in
HIV-infected individuals and a decrease in small intestinal mucosal
CCR6+ Treg following ART [100]. We also found that expression of the
gut homing markers by CD39+ Tregs and LAP(TGF-b1)+ Tregs were
increased during HIV infection and occurred even in ECs and ICs, but
not restored by early ART. This suggests a potential key role of CD39/
TGF-b1 interplay in gut mucosal fibrosis and dysfunction, even in the
absence of detectable VL.

Altered Th17/Treg balance in favour of Tregs is a main cause of gut
mucosal immune dysfunction, which facilitates microbial transloca-
tion from gut to peripheral blood, promoting generalized inflamma-
tion [47,101-103]. In line with previous reports [28,104,105], we
found a decrease in both Th17 cell frequencies and Th17/Treg ratio
during HIV infection, while timing of ART initiation but not duration
of ART restored Th17/Treg ratio. We also found a lower Th17/Treg
ratio in EC versus other HIV-infected individuals or uninfected con-
trols, contrasting with previous reports [74,102,106]. Individuals in
the EC group were significantly older than other HIV-infected indi-
viduals, which could explain the lower Th17/Treg ratio in these indi-
viduals since Th17/Treg balance is disturbed during aging [107].
Besides, we found a negative correlation between the Th17/Treg ratio
and the duration of the infection in ECs, suggesting long-term sub-
optimal immune function and impaired gut barrier functions despite
their undetectable viremia [108,109].

To better evaluate the origin of Treg expansion during untreated
HIV infection, we assessed the expression of CD31 as a marker of
recently thymus emigrant Tregs and Helios, a specific marker of thy-
mic Tregs [65-67]. We observed an increase in CD31� and Helios�

FoxP3+ CD4 T-cells in untreated HIV infection, while early ART initia-
tion failed to reduce the frequencies of Helios�FoxP3+ CD4 T-cells
along with the observed increase in the total Treg pool. Additionally,
we demonstrated an increase in Helios+FoxP3+ CD4 T-cells over time
in untreated individuals, indicating increased thymic output of Tregs
in these individuals, which was normalized by early ART. Notably,
compared to Helios� Tregs, Helios+ Tregs are more stable and prolif-
erative in vivo and produce high levels of TGF-b1 [110,111]. Signifi-
cantly, in line with previous reports [23,112], we found that HIV
infection was associated with an increase in HLA-DR+CD38+ FoxP3+

CD4 T-cells, which was not normalized following early ART, and
declined along with ART duration. The maintenance of activated
FoxP3+ CD4 T-cells after early ART is important since this population
shows greater suppressive function [113].

For the first time, we assessed the methylation status of the six
regulatory regions of foxp3 locus, i.e., enhancer, proximal promoter,
and CNS0-3, to assess the epigenetic regulation of Tregs in HIV infec-
tion. We detected significant increases over time only in CNS1
demethylation in untreated HIV-infected individuals that were nor-
malized following early ART initiation. The CNS1 region includes
binding sites for several transcription factors, including Smads,
nuclear factor of activated T-cells (NFAT), activator protein 1 (AP-1),
and retinoic acid receptor (RAR) [7]. Significantly, TGF-b1 induces the
binding of Smad2/3 to CNS1 in the foxp3 locus, which is crucial for
FoxP3 induction and differentiation of pTregs [114]. CNS1 demethyla-
tion is in line with our finding on the increase in LAP(TGF-b1)+ Tregs
and expansion of Helios�FoxP3+ pTregs in untreated HIV infection.
Notably, we did not observe any differences in CNS2 demethylation,
a well-known regulatory region that contributes to continuous
expression of FoxP3 in tTregs and their stability [115-117], which
was in line with frequencies of Helios�FoxP3+ tTregs, and with previ-
ous reports on rarely CNS2 demethylation in conventional T-cells or
TGF-b-induced iTregs generated in vitro [116]. We observed higher
levels of LAP(TGF-b1)+ Tregs in ECs than uninfected individuals, along
with no differences in CNS1 demethylation between these two study
groups. Our results suggest that other possible mechanisms, in addi-
tion to the effect of LAP(TGF-b1) on CNS1 demethylation might be
involved in differential Treg homeostasis in ECs [73,74,112]. As such,
we previously reported distinct tryptophan catabolism in ECs which
is known to be involved in the generation of pTregs in HIV infection
[47]. Furthermore, the induction of pTregs is impaired with age,
while tTregs are increased with age [118]. Accordingly, the older age
in ECs could also explain, partially, the lack of significant difference in
CNS1 demethylation in ECs versus uninfected individuals.

The findings of this study must be considered in light of some lim-
itations. We acknowledge that confounders such as sex, age, duration
of infection and the timing of ART initiation, might impact our obser-
vations. Males and persons of older age are known to have higher
Tregs frequencies compared to females [119-121] and younger indi-
viduals [122-124]. Additionally, sex and age-related differences exist
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in the expression of immune checkpoints PD1 and CTLA4 [125,126],
and, TGF-b1 [127-130]. In our study, we mainly included male indi-
viduals since the majority of participants in the Montreal primary
infection (acute) cohort are male. Furthermore, as previously indi-
cated, the methylation status of the foxp3 gene can be done ade-
quately only in males [49]. The higher proportion of females in the EC
and IC groups was due to the availability of these rare specimens and
a higher number of women in these study cohorts, which, in turn,
might impact some of our observations. The significant older age in
both EC and chronic ART+ groups in the cross-sectional study, might
also affect our results. As such, the discordances in CTLA4, PD1, CD31
or CCR6 expression by Tregs in ART+ individuals in cross-sectional
versus longitudinal studies, might be explained by the significantly
older age of ART+ individuals in cross-sectional specimens along with
their significantly longer duration of infection. We also recognize
that the small sample size available for our study is a limitation and
would benefit from replication. However, our findings are in keeping
with our previous results and have high biological plausibility
[47,69,131-134]. Moreover, due to the limited availability of the
specimens, we were not able to perform in vitro Treg functional
assays. Finally, although we used well-known markers of T-cell
migration to the gut, all assessments were done in peripheral blood
as an indirect indicator of Treg migration into the GALT. Further stud-
ies to evaluate the dynamics of Tregs in gut mucosal tissue are
needed to confirm our observations.

In summary, we showed that even though early ART initiation
clearly improved CD4 recovery and T-cell immune activation and
exhaustion, the frequencies of immunosuppressive and pro-fibro-
genic Tregs and their potential migration toward the gut overtime
were not affected by early ART. Our results suggest that immuno-
therapies which impact the CD39/TGF-b1 pathway or reduce Treg
homing to gut could be tested in clinical trials as adjuncts to ART to
prevent gut mucosal fibrosis.
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