
Citation: Yero, A.; Shi, T.; Clain, J.A.;

Zghidi-Abouzid, O.; Racine, G.;

Costiniuk, C.T.; Routy, J.-P.; Estaquier,

J.; Jenabian, M.-A. Double-Negative

T-Cells during Acute Human

Immunodeficiency Virus and Simian

Immunodeficiency Virus Infections

and Following Early Antiretroviral

Therapy Initiation. Viruses 2024, 16,

1609. https://doi.org/10.3390/

v16101609

Academic Editor: Ester Ballana Guix

Received: 3 September 2024

Revised: 1 October 2024

Accepted: 8 October 2024

Published: 14 October 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

viruses

Article

Double-Negative T-Cells during Acute Human
Immunodeficiency Virus and Simian Immunodeficiency Virus
Infections and Following Early Antiretroviral Therapy Initiation
Alexis Yero 1 , Tao Shi 1, Julien A. Clain 2 , Ouafa Zghidi-Abouzid 2, Gina Racine 2, Cecilia T. Costiniuk 3,4 ,
Jean-Pierre Routy 3,4 , Jérôme Estaquier 2 and Mohammad-Ali Jenabian 1,5,*

1 Department of Biological Sciences and CERMO-FC Research Centre, Université du Québec à
Montréal (UQAM), Montreal, QC H2X 3X8, Canada; yero_diaz.alexis@courrier.uqam.ca (A.Y.);
shhm2001@gmail.com (T.S.)

2 Centre Hospitalier Universitaire (CHU) de Québec Centre de Recherche, Faculté de Médecine, Université
Laval, Québec, QC G1V 0A6, Canada; jclain2@gmail.com (J.A.C.);
ouafa.zghidi-abouzid@crchudequebec.ulaval.ca (O.Z.-A.); gina.racine@crchudequebec.ulaval.ca (G.R.);
jerome.estaquier@crchudequebec.ulaval.ca (J.E.)

3 Infectious Diseases and Immunity in Global Health Program, Research Institute of McGill University Health
Centre, Montreal, QC H3H 2R9, Canada; cecilia.costiniuk@mcgill.ca (C.T.C.);
jean-pierre.routy@mcgill.ca (J.-P.R.)

4 Chronic Viral Illness Service, Division of Infectious Disease, Department of Medicine, McGill University
Health Centre, Montreal, QC H4A 3J1, Canada

5 Department of Microbiology, Infectiology and Immunology, Faculty of Medicine, Université de Montréal,
Montreal, QC H3T 1J4, Canada

* Correspondence: jenabian.mohammad-ali@uqam.ca; Tel.: +1-(514)-987-3000 (ext. 6794); Fax:
+1-(514)-987-4647

Abstract: HIV infection significantly affects the frequencies and functions of immunoregulatory
CD3+CD4−CD8− double-negative (DN) T-cells, while the effect of early antiretroviral therapy (ART)
initiation on these cells remains understudied. DN T-cell subsets were analyzed prospectively
in 10 HIV+ individuals during acute infection and following early ART initiation compared to
20 HIV-uninfected controls. In this study, 21 Rhesus macaques (RMs) were SIV-infected, of which
13 were assessed during acute infection and 8 following ART initiation four days post-infection. DN
T-cells and FoxP3+ DN Treg frequencies increased during acute HIV infection, which was not restored
by ART. The expression of activation (HLA-DR/CD38), immune checkpoints (PD-1/CTLA-4), and
senescence (CD28−CD57+) markers by DN T-cells and DN Tregs increased during acute infection and
was not normalized by ART. In SIV-infected RMs, DN T-cells remained unchanged despite infection
or ART, whereas DN Treg frequencies increased during acute SIV infection and were not restored
by ART. Finally, frequencies of CD39+ DN Tregs increased during acute HIV and SIV infections and
remained elevated despite ART. Altogether, acute HIV/SIV infections significantly changed DN T-cell
and DN Treg frequencies and altered their immune phenotype, while these changes were not fully
normalized by early ART, suggesting persistent HIV/SIV-induced immune dysregulation despite
early ART initiation.

Keywords: CD4−CD8− T-cells; double negative (DN) T-cells; acute SIV infection; acute HIV infection;
early ART; regulatory T-cells (Tregs)

1. Introduction

Double negative (DN) CD3+CD4−CD8− T-cells, are a unique population of T lym-
phocytes lacking CD4 and CD8 co-receptor expression, comprising around 1–5% of T-cells
circulating in the peripheral blood [1–4]. DN T-cells can originate from both thymic and
extrathymic sources. Thymocytes may escape negative selection in the thymus during
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T-cell development without upregulating CD4 or CD8 receptor molecules [5,6]. DN T-cells
also derive from mature CD4 and CD8 T-cells that downregulate their expression levels in
the periphery [7–10].

DN T-cell subsets, known as T helper (Th)-like DN T-cells, produce effector cytokines,
including IL-4, IL-17, and IFN-γ, which are commonly expressed by their counterpart CD4
Th cells Th2, Th17, and Th1 [7,11]. Consequently, they can drive inflammatory processes and
contribute to the pathogenesis of certain autoimmune disorders, including systemic lupus
erythematosus (SLE) and Sjögren’s syndrome [12,13]. However, other groups have reported
that DN T-cells exhibit regulatory and immunosuppressive functions similar to regulatory
T-cells (Tregs), known as DN regulatory T-cells (DN Tregs), by producing immunosuppressive
cytokines such as IL-10 and transforming growth factor-beta 1 (TGF-β1) [14–16]. DN T-cells
can also produce cytotoxic molecules such as perforin and granzyme B [17–19] and induce
apoptosis in target cells via the Fas/FasL pathway [20]. Therefore, DN T-cells represent a
complex population of CD3 T-cells with both pro- and anti-inflammatory properties.

Human immunodeficiency virus (HIV) proteins such as Nef, Vpu, and Env can also down-
regulate CD4 expression on infected CD4 T-cells, generating peripheral DN T-cells [8,21–26]. In
simian immunodeficiency virus (SIV) infection models in African green monkeys (AGMs), it
was also demonstrated that the epigenetic regulation of CD4 receptors promotes CD4 down-
regulation [27,28], and that homeostatic cytokines such as IL-2 can also contribute to decreased
CD4 expression [29,30]. Moreover, the conversion of CD4+ T-cells into virus-resistant CD4−

T-cells that maintain CD4-like functions has also been reported in SIV-infected AGMs [30–33].
Importantly, persistent antibody-mediated CD4 T-cell depletion was not associated with gut
dysfunction in SIV-infected AGMs, indicating that disease progression is independent of CD4
T-cell restoration in these animals [34]. In addition, CD8 downregulation in CD8 T-cells can also
contribute to the pool of DN T-cells [35]. We and others have demonstrated that DN T-cells
could serve as viral reservoirs and harbor replication-competent HIV provirus, contributing to
HIV persistence in antiretroviral therapy (ART)-treated people with HIV (PWH) [19,36–38]. It
has been reported that the relative frequency of DN T-cells is increased in the blood of PWH,
particularly those with advanced disease and low CD4 T-cell counts [39]. However, other
groups found that the absolute counts of DN T-cells are lower in PWH compared to uninfected
individuals [40], and this frequency is reduced in PWH with high viral loads (VLs) during
early infection [41] as well in immunological non-responders despite prolonged ART [42]. In a
pathogenic model of SIV infection (rhesus macaque, RM), the frequencies of DN T-cells have
been reported to be similar to uninfected RMs but express higher levels of apoptotic mark-
ers [43], whereas in pigtailed macaques, a modest increase in DN T-cells was observed after SIV
infection [44]. In contrast, in a nonpathogenic SIV-infected model (sooty mangabey), DN T-cells
displayed helper T-cell functions and proliferative capacity [33,45,46]. These differences in DN
T-cell dynamics could also reflect the emergence of DN Tregs. Indeed, DN T-cells expressing
the transcription factor FoxP3 are associated with disease progression along with increased
expression of CD39 and CD25 and increased proliferative capacity (Ki67 expression) [47]. Thus,
the frequency of DN Tregs correlates negatively with CD4 T-cell counts and the CD4/CD8 ratio
and positively with immune activation and systemic inflammation [47].

However, the impact of early ART imitation on the dynamics of DN T-cells and their
regulatory subset is understudied. Thus, here, we assessed the changes in DN T-cells and
DN Tregs during both acute HIV and SIV infections and evaluated the effect of early ART
initiation on these cells.

2. Materials and Methods
2.1. Ethical Considerations for Human Study

This study, which followed the principles of the Helsinki Declaration, was approved by
the Ethical Review Board of the Université du Québec à Montréal (UQAM) under protocol
number #2014-452(approved on 10 August 2015). Before blood collection, all participants
provided written informed consent for research-oriented biobanking purposes.
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2.2. Human Study Population

A total of 30 individuals were enrolled in our study, including 10 PWH in acute
infection [median: 100 days post-infection and interquartile range (IQR): 46–140 days]
and 20 HIV non-infected controls (Table 1). PWH were longitudinally assessed during
viremia in acute infection and following ART initiation during early infection [median:
165 days post-infection and IQR: 97–212 days; median duration of ART: 1.72 years and
IQR: 1.43–2 years]. In the ART-treated group, 9 out of 10 individuals reached undetectable
VL following early ART initiation (Table S1). The median nadir CD4 T-cell count for
PWH was 258.5 cells/µL and IQR: 207.5–530 cells/µL. Peripheral blood mononuclear cells
(PBMCs) from PWH and uninfected controls were obtained from the Montreal Primary
HIV Infection cohort. Blood sample collection coincided with the estimated infection
duration in both acute and ART-treated groups. Additionally, for the ART-treated group,
sample collection aligned with the treatment duration. Peripheral blood was collected in
EDTA-containing collection tubes, followed by PBMC isolation by Ficoll (Wisent, Montreal,
QC, Canada) centrifugation. Isolated PBMCs were cryopreserved in liquid nitrogen to
be analyzed in batches. All participants in this study tested negative for other prevalent
sexually transmitted infections (STIs) as well as HCV and HBV.

Table 1. Clinical characteristics of study groups in the human study.

Characteristics
Study Population (n = 30)

Non-Infected
(n = 20)

Acute
(n = 10)

ART-Treated
(n = 10)

Male sex, n (%) 15
(75%)

10
(100%)

10
(100%)

Age, years
[median (IQR)]

39
[30.75–47]

36
[29.75–46.5]

36.5
[29–46.5]

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

632 a

[463.5–775]
450 a,c

[272.5–561.3]
521 c

[377.5–795]

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

197 a,b

[153–428.5]
1019 a

[580–1708]
655 b

[531–1081]

CD4+/CD8+ ratio
[median (IQR)]

2.82 a,b

[1.41–4.19]
0.40 a,c

[0.19–0.81]
0.69 b,c

[0.40–1.24]

Viral load, log10 copies/mL
[median (IQR)] N/A 4.40 c

[3.93–5.77]
1.70 c

[1.68–1.70]

Duration of infection, months
[median (IQR)] N/A 3.36 c

[1.56–4.68]
27.24 c

[24–29.52]

Time of ART initiation post-infection,
months [median (IQR)] N/A N/A 5.52

[3.24–7.08]

Duration of ART, months
[median (IQR)] N/A N/A 20.64

[17.16–24]
Significant differences (p < 0.05) following Mann–Whitney U test, Fisher’s test, and Wilcoxon signed-rank test are
mentioned as follows: a: non-infected vs. acute, b: non-infected vs. ART-treated, c: acute vs. ART-treated. N/A:
non-applicable.

2.3. Ethical Considerations for RM Study

All monkeys were accommodated at Laval University’s non-human primate (NHP)
facilities in Quebec City, Quebec, Canada, adhering to the guidelines of the Canadian
Council on Animal Care (http://www.ccac.ca, accessed on 29 September 2024). This study
received approval from the Laval University Animal Protection Committee (#106004). The
monkeys’ diet consisted of standard monkey chow supplemented with daily portions
of fruit, vegetables, and unlimited access to water. Veterinary staff administered and
supervised social enrichment activities while the animals’ overall health was monitored
daily. Any animals exhibiting significant distress, illness, or weight loss underwent clinical
evaluation and, if necessary, were humanely euthanized using barbiturates, following the
Veterinary Medical Association’s guidelines.

http://www.ccac.ca
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2.4. Experimental SIV Infection Protocol

Thirty-one female RMs, all negative for SIVmac, STLV-1 (Simian T Leukemia Virus type-
1), SRV-1 (type D retrovirus), and herpes-B viruses, were included in our study (Table 2).
Of these, 21 animals were infected intravenously with 20 AID50 of SIVmac251 virus, while
only 8 of them received early ART treatment initiated four days post-infection consisting of
a combination of reverse transcriptase inhibitors Tenofovir (20 mg/kg) and Emtricitabine (20
mg/kg), protease inhibitors Indinavir (2 mg/kg) and Ritonavir (20 mg/kg), as well as integrase
inhibitor Raltegravir (20 mg/kg) [48,49] (Figure 1). Seven early ART-treated animals reached
undetectable VL following treatment, and in only one animal, we detected SIV RNA (Table S2).
The remaining 13 animals remained untreated during the acute phase of the infection (11–60
days post-infection). Blood specimens from 10 SIV-uninfected RMs were also included as a
control (Figure 1). Blood samples were collected in EDTA collection tubes and frozen at −80 ◦C
until further use. Samples were later defrosted and used for flow cytometry analysis.

Table 2. Clinical characteristics of study groups in the Rhesus macaque study.

Characteristics

Study Population (n = 31)

Non-Infected
(n = 10)

Acute
(n = 13)

Early
ART-Treated

(n = 8)

CD4 count/mm3

[median (IQR)]
1056 a

[766.3–1871]
673 a,c

[513–980.5]
1472 c

[1020–2687]

CD8 count/mm3

[median (IQR)]
648

[303–1231]
724 c

[463.5–946.5]
1330 c

[816–1986]

CD4+/CD8+ ratio
[median (IQR)]

1.74 a,b

[1.37–2.16]
0.98 a

[0.67–1.57]
1.25 b

[1.07–1.33]

Plasma viral load log10 copies/mL
[median (IQR)] N/A 6.76 c

[6.12–7.39]
1.60 c

[1.60–1.60]

Duration of infection (days)
[median (IQR)] N/A 33

[14–36]
27.5

[14–35]

Duration of ART (days)
[median (IQR)] N/A N/A 23.5

[10–31]
Significant differences (p < 0.05) following Mann–Whitney U test are mentioned as follow: a: non-infected vs.
acute, b: non-infected vs. early ART-treated, c: acute vs. early ART-treated. N/A: non-applicable.
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mal; therefore, in some cases, blood was collected from more than one animal on the same day. Nota 
bene: Blood samples from 3 animals were collected before and after SIV infection. 
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Bioscience, Franklin Lakes, NJ, USA). Intracellular staining for FoxP3 and CTLA-4 was 
performed for 1 h at 4 °C in a Perm/Wash solution (BD Bioscience, Franklin Lakes, NJ, 
USA). Data were acquired using a 3-laser BD Fortessa X-20 cytometer and analyzed using 
FlowJo v10.9.0 (Ashland, OR, USA). The antibodies used for immune phenotyping are 
listed in Table 3. 
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Figure 1. Study protocol. A total of 21 female Rhesus macaques (RMs) were infected intravenously
with 20 50% animal infectious doses (AIDs) of SIVmac251 virus, and the specimens were collected in

the acute phase of infection in 13 animals in the absence of ART. Eight monkeys were treated four
days after the infection in a daily manner with an ART cocktail. Blood specimens were obtained
from 10 SIV-uninfected animals that were used as controls. Black arrows represent the time when
samples from whole blood were taken. Of note, each “D” followed by a number indicates one animal;
therefore, in some cases, blood was collected from more than one animal on the same day. Nota bene:
Blood samples from 3 animals were collected before and after SIV infection.
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2.5. Flow Cytometry Analysis

Multi-color flow cytometry was performed on frozen whole blood in the RM study
and frozen PBMCs in the human study. Dead cells were excluded using the LIVE/DEAD
Fixable Aqua Dead Cell Stain Kit (Invitrogen, MA, USA). Surface staining was conducted
for 1 h at 4 ◦C in PBS + 2% fetal bovine serum (FBS). Cells were fixed and permeabilized
for 40 min at 4 ◦C upon surface staining using the Transcription Factor Buffer Set (BD
Bioscience, Franklin Lakes, NJ, USA). Intracellular staining for FoxP3 and CTLA-4 was
performed for 1 h at 4 ◦C in a Perm/Wash solution (BD Bioscience, Franklin Lakes, NJ,
USA). Data were acquired using a 3-laser BD Fortessa X-20 cytometer and analyzed using
FlowJo v10.9.0 (Ashland, OR, USA). The antibodies used for immune phenotyping are
listed in Table 3.

Table 3. List of antibodies used in the flow cytometry analysis.

mAb Fluorochrome Clone Company Catalog

CD127 PE-Cy7 HIL-7R-M21 BD Pharmingen™ 560822

CD152 (CTLA-4) APC BNI3 BD Pharmingen™ 555855

CD183 (CXCR3) PE-Cy5 1C6/CXCR3 BD Pharmingen™ 551128

CD194 (CCR4) BV421 1G1 BD Horizon™ 562579

CD195 (CCR5) BV605 2D7/CCR5 BD Horizon™ 563379

CD196 (CCR6) BB515 11A9 BD Horizon™ 564479

CD199 (CCR9) APC L053E8 BioLegend 358908

CD279 (PD-1) BV711 EH12.2H7 BioLegend 329928

CD28 PE-Cy5 CD28.2 BD Pharmingen™ 555730

CD3 Alexa Fluor 700 UCHT1 BD Pharmingen™ 557943

CD3 BV605 UCHT1 BD OptiBuild™ 742623

CD3 BV786 UCHT1 BD Horizon™ 565491

CD3 Alexa Fluor 488 SP34.2 BD Pharmingen™ 557705

CD3 Alexa Fluor 700 SP34.2 BD Pharmingen™ 557917

CD3 Alexa Fluor 488 SP34.2 BD Pharmingen™ 557705

CD38 PE-Cy7 HIT2 BD Pharmingen™ 560677

CD39 APC eBioA1 eBioscience™ 17-0399-42

CD39 BV711 TU66 BD Horizon™ 563680

CD4 APC-H7 RPA-T4 BD Pharmingen™ 560158

CD4 FITC RPA-T4 BD Pharmingen™ 555346

CD4 BV650 L200 BD Horizon™ 563737

CD45RA BV650 HI100 BD Horizon™ 563963

CD45RA APC-H7 5H9 BD Pharmingen™ 561212

CD57 BV421 NK-1 BD Horizon™ 568894

CD73 BV605 AD2 BD Horizon™ 563199

CD8α APC-H7 SK1 BD Pharmingen™ 560179

CD8α APC-R-700 SK1 BD Horizon™ 565192

CD8β PE-Cy7 SIDI8BEE eBioscience™ 25-5273-42
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Table 3. Cont.

mAb Fluorochrome Clone Company Catalog

FoxP3 PE-CF594 236/A7 BD Horizon™ 563955

HLA-DR BV605 G46-6 BD Pharmingen™ 562844

Integrin β7 FITC FIB504 BioLegend 321212

LAP(TGF-β1) BV421 TW4-2F8 BioLegend 349613

2.6. Statistical Analysis

Statistical analysis was performed using GraphPad Prism V10 (Boston, MA, USA).
The Kolmogorov–Smirnov test was employed to assess variable distribution. The Kruskal–
Wallis test was used to identify significant differences among more than two research
groups. The Mann–Whitney rank test for unpaired variables determined differences
between various animal groups. The Wilcoxon matched-pairs signed rank test was used
to compare paired variables. The Spearman rank correlation test was also applied to
detect associations among study variables. The figures include only statistical significances
(*, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001).

3. Results
3.1. Frequencies of DN T-Cells Increasing during Early HIV Infection and Not Being Restored by
Early ART

The relative frequencies of total DN T-cells (CD3+CD4−CD8−) were significantly higher
during early HIV infection but not normalized after early ART initiation (Figure 2A,B) com-
pared to non-infected controls and positively correlated with CD8 T-cell counts (Table 4).
We also found a switch in the DN T-cell differentiation phenotype that was associated
with lower frequencies of central memory (CM, CD45RA−CD28+) and higher frequen-
cies of terminally differentiated (TD, CD45RA+CD28−) subsets vs. non-infected controls
(Figure 2A,C,D). This profile was not restored by ART initiation in the early phase of
infection, but the effector memory (EM, CD45RA−CD28−) subset was decreased in early
ART-treated individuals (Figure 2A,C–E). The frequency of CM DN T-cells was negatively
associated with CD8 T-cell counts and the duration of treatment, while a positive associa-
tion was found with the CD4/CD8 ratio (Table 4). On the other hand, the TD DN T-cell
frequency was positively correlated with CD8 T-cell counts and the duration of treatment
and negatively with the CD4/CD8 ratio (Table 4), while the EM DN T-cell frequency was
negatively correlated with both the duration of the infection and the treatment and pos-
itively with VL (Table 4). Frequencies of naïve (CD45RA+CD28+) DN T-cells remained
stable despite HIV infection or early ART initiation (Figure 2A,F) vs. non-infected controls.
Since the IL-7 receptor (CD127) is needed for T-cell survival and HIV infection is known
to downregulate its expression by CD4 and CD8 T-cells [50–52], we also assessed CD127
expression by DN T-cells, which has not been evaluated in previous studies on DN T-cells
during HIV/SIV infections. In this regard, the frequencies of CD127+ DN T-cells were
lower in acute HIV infection compared to non-infected controls, and early ART initiation
failed to restore their frequencies (Figure 2A,G). CD127+ DN T-cells were also positively
correlated with the CD4/CD8 ratio (Table 4). Altogether, our findings confirmed previous
reports of elevate frequencies of DN T-cells during HIV infection and showed that early
ART initiation was unable to normalize their frequencies.
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the human study. After the Kruskal–Wallis analysis, the differences among the three study groups 
were determined by a nonparametric Mann–Whitney rank test for unpaired variables (non-infected 
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Figure 2. (A) Gating strategy used in flow cytometry to determine total CD3+CD4−CD8− (double-
negative, DN) T-cell (left) and DN T-cell memory subsets based on CD45RA/CD28 and CD127 expression
(right) in the human study. Percentages determined in flow cytometry of total DN T-cells (B), central mem-
ory (CM, CD45RA−CD28+) (C), terminally differentiated (TD, CD45RA+CD28−) (D), effector memory
(EM, CD45RA−CD28−) (E), and naïve (CD45RA+CD28+) (F) subsets within DN T-cells in the human
study. (G) Percentages determined in flow cytometry of CD127+ DN T-cells in the human study. Af-
ter the Kruskal–Wallis analysis, the differences among the three study groups were determined by a
nonparametric Mann–Whitney rank test for unpaired variables (non-infected vs. acute, non-infected vs.
ART-treated) and a Wilcoxon signed-rank test for paired variables (acute vs. ART-treated). Sample sizes in
flow cytometry analysis: non-infected (n = 20), acute, and ART-treated (n = 10). Horizontal lines in graphs
represent the median. Only statistical significances are presented (*, p < 0.05; **, p < 0.01).

Table 4. Correlation between HIV clinical and virological parameters and percentages determined by
flow cytometry of subsets of DN T-cells and DN Tregs in the human study.

Correlations in Human Study

CD4 T-Cell
Count

CD8 T-Cell
Count

CD4/CD8
Ratio log10 VL Duration of

Infection
Duration of
Treatment

Total DN T-cells N.S. p = 0.03;
r = 0.39 N.S. N.S. N.S. N.S.

Central memory (CM, CD45RA−CD28+)
DN T-cells N.S. p = 0.003;

r = −0.53
p = 0.001;
r = 0.56 N.S. N.S. p = 0.03;

r = −0.68

Effector memory (EM, CD45RA−CD28−)
DN T-cells N.S. N.S. N.S. p = 0.004;

r = 0.61
p = 0.0007;
r = −0.69

p = 0.01;
r = −0.75

Terminally differentiated (TD,
CD45RA−CD28+) DN T-cells N.S. p = 0.009;

r = 0.47
p = 0.005;
r = −0.50 N.S. N.S. p = 0.01;

r = 0.77

FoxP3+ DN T-cells (DN Tregs) N.S. p = 0.007;
r = 0.49

p = 0.02;
r = −0.42 N.S. N.S. N.S.



Viruses 2024, 16, 1609 8 of 21

Table 4. Cont.

Correlations in Human Study

CD4 T-Cell
Count

CD8 T-Cell
Count

CD4/CD8
Ratio log10 VL Duration of

Infection
Duration of
Treatment

Naïve DN Tregs (CD45RA+CD28+FoxP3+) N.S. p = 0.003;
r = 0.53

p = 0.007;
r = −0.49 N.S. N.S. N.S.

Central memory DN Tregs (CM,
CD45RA−CD28+FoxP3+) N.S. N.S. N.S. N.S. N.S. p = 0.004;

r = −0.83

Effector memory DN Tregs (EM,
CD45RA−CD28−FoxP3+) N.S. N.S. N.S. p = 0.007;

r = 0.58
p = 0.001;
r = −0.66 N.S.

Terminally differentiated DN Tregs (TD,
CD45RA−CD28+FoxP3+) N.S. p = 0.004;

r = 0.51
p = 0.01;

r = −0.45 N.S. N.S. N.S.

CD127+ DN T-cells N.S. N.S. p = 0.01;
r = 0.46 N.S. N.S. N.S.

CD73+ DN T-cells N.S. p = 0.006;
r = −0.50

p = 0.002;
r = 0.53 N.S. N.S. N.S.

CD39+ DN T-cells N.S. p = 0.01;
r = 0.44

p = 0.02;
r = −0.42 N.S. p = 0.05;

r = 0.44
p = 0.02;
r = 0.73

CD39+CD73+ DN T-cells N.S. N.S. N.S. N.S. p = 0.04;
r = 0.46 N.S.

CD39+ DN Tregs N.S. p = 0.01;
r = 0.44

p = 0.03;
r = −0.39 N.S. N.S. N.S.

CD39+CD73+ DN Tregs N.S. p = 0.05;
r = 0.36 N.S. N.S. N.S. N.S.

CD38+ DN T-cells p = 0.01;
r = −0.45

p < 0.0001;
r = 0.70

p < 0.0001;
r = −0.74 N.S. N.S. N.S.

HLA-DR+ DN T-cells N.S. p = 0.005;
r = 0.50

p = 0.01;
r = −0.44 N.S. p = 0.05;

r = 0.44 N.S.

HLA-DR+CD38+ DN T-cells N.S. p = 0.003;
r = 0.52 N.S. N.S. N.S. N.S.

PD-1+ DN T-cells N.S. p = 0.01;
r = 0.46

p = 0.02;
r = −0.42 N.S. p = 0.01;

r = 0.54
p = 0.04;
r = 0.65

CTLA-4+PD-1+ DN T-cells N.S. p = 0.04;
r = 0.37

p = 0.05;
r = −0.36 N.S. N.S. N.S.

Senescent (CD28−CD57+) DN T-cells p = 0.0003;
r = −0.62

p = 0.01;
r = 0.46

p = 0.0005;
r = −0.61 N.S. N.S. N.S.

CD38+ DN Tregs N.S. p = 0.0006;
r = 0.60

p = 0.001;
r = −0.57 N.S. N.S. N.S.

HLA-DR+ DN Tregs N.S. p = 0.004;
r = 0.52

p = 0.01;
r = −0.47 N.S. N.S. N.S.

HLA-DR+CD38+ DN Tregs N.S. p = 0.001;
r = 0.55 N.S. N.S. N.S. N.S.

PD-1+ DN Tregs N.S. p = 0.03;
r = 0.40

p = 0.04;
r = −0.38 N.S. N.S. N.S.

CTLA-4+PD-1+ DN Tregs p = 0.05;
r = −0.37 N.S. N.S. N.S. N.S. N.S.

Senescent (CD28−CD57+) DN Tregs p = 0.02;
r = −0.41

p = 0.006;r =
0.49

p = 0.004;r =
−0.52 N.S. N.S. N.S.

p-values are from comparing clinical and virological parameters with flow cytometry measurements by using the
Spearman correlation coefficient test. N.S.: non-significant.

3.2. Dynamics of CD39- and CD73-Expressing DN T-Cells during Early HIV Infection and
Following ART

To evaluate the potential immunoregulatory roles of DN T-cells, we examined the
expression of the ectonucleotidases CD39 and CD73. Indeed, CD39 converts inflammatory
ATP into ADP and AMP, which is hydrolyzed by another ectonucleotidase, CD73, to pro-
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duce immunosuppressive adenosine, inhibiting anti-HIV immune responses [53–55]. The
frequencies of CD73+ DN T-cells were lower in the early phase of HIV infection and follow-
ing early ART initiation compared to non-infected controls (Figure 3A,B), whereas CD39+

DN T-cell frequencies increased and remained higher than non-infected controls following
ART initiation (Figure 3A,C). ART initiation was associated with increased CD39+CD73+

DN T-cell percentages compared to non-infected donors (Figure 3A,D). In contrast to CD39+

DN T-cells, the frequencies of CD73+ DN T-cells were negatively correlated with the CD8
T-cell count and positively with the CD4/CD8 ratio (Table 4). CD39+ DN T-cells were
also positively correlated with the duration of the infection and duration of treatment
(Table 4). Finally, CD39+CD73+ DN T-cells and the duration of the infection were positively
correlated (Table 4). These results indicated that immunosuppressive CD39-expressing DN
T-cells increased in the early phase of HIV infection and remained elevated despite ART.
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Figure 3. (A) Gating strategy used in flow cytometry to determine CD73/CD39, CD38/HLA-DR,
CTLA-4/PD-1, and CD57/CD28 expression within DN T-cells in the human study. Percentages
determined in flow cytometry of CD73+ (B), CD39+ (C), CD39+CD73+ (D), CD38+ (E), HLA-DR+

(F), HLA-DR+CD38+ (G), PD-1+ (H), CTLA-4+ (I), CTLA-4+PD-1+ (J), and CD28−CD57+ (K) within
DN T-cells in the human study. After the Kruskal–Wallis analysis, the differences among the three
study groups were determined by a nonparametric Mann–Whitney rank test for unpaired variables
(non-infected vs. acute, non-infected vs. ART-treated) and Wilcoxon signed-rank test for paired
variables (acute vs. ART-treated). Sample sizes in flow cytometry analysis: non-infected (n = 20),
acute, and ART-treated (n = 10). Horizontal line s in graphs represent the median. Only statistical
significances are presented (*, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001).

3.3. Elevated Expression of Immune Activation, Immune Checkpoint, and Senescence Markers by
DN T-Cells during Early HIV Infection Is Not Restored by ART Initiation

We then analyzed the expression of cellular markers linked to CD4 and CD8 T-cells’
immune activation, exhaustion, and senescence, which we previously evaluated in DN
T-cells [19]. First, PWH showed greater frequencies of activated DN T-cells as determined
by CD38+ (Figure 3A,E) and HLA-DR+ (Figure 3A,F) than non-infected controls, which
remained higher regardless of early ART initiation. Similarly, we observed higher frequen-
cies of CD38+HLA-DR+ (Figure 3A,G) DN T-cells, which also remained high despite early
treatment. Activated (CD38+, HLA-DR+, and CD38+HLA-DR+) DN T-cells were positively
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correlated with CD8 T-cell counts and negatively with the CD4/CD8 ratio, whereas CD38+

DN T-cells were also negatively correlated with CD4 T-cell counts (Table 4).
Secondly, we analyzed the expression of immune checkpoints PD-1 and CTLA-4,

which were higher during early HIV infection and remained elevated compared to non-
infected controls regardless of early ART initiation (Figure 3A,H–J). PD-1+ DN T-cells were
positively correlated with CD8 T-cell counts and negatively with the CD4/CD8 ratio, and
CD38+ DN T-cells were also negatively correlated with CD4 T-cell counts (Table 4). We
then assessed senescent DN T-cells (CD28−CD57+), which were higher during early HIV
infection and were restored by early ART initiation (Figure 3A,K) vs. non-infected donors.

Senescent DN T-cells were negatively associated with CD4 T-cell counts and the
CD4/CD8 ratio, while a positive association was observed with CD8 T-cell counts (Table 4).
Overall, during acute HIV infection, DN T-cells showed increased levels of immune activa-
tion, immune checkpoint expression, and senescence markers, which, except for senescence
markers, early ART initiation failed to restore.

3.4. Dynamics of DN Tregs during Early HIV Infection and Following ART

We further explored the dynamics of DN T-cells expressing FoxP3 as the master
transcription factor of regulatory T-cells (DN Tregs). The frequencies of total DN Tregs
were higher in the early phase of the HIV infection vs. non-infected individuals, while ART
failed to normalize their frequencies (Figure 4A,B). DN Tregs’ frequency was positively
associated with CD8 T-cell counts and negatively with the CD4/CD8 ratio (Table 4). We
then analyzed the phenotype of DN Tregs. We found that DN Tregs displayed increased
naïve (CD45RA+CD28+) and terminally differentiated (TD, CD45RA+CD28−) phenotypes
upon HIV infection, which were not normalized by early ART initiation (Figure 4C–E). The
increase in effector memory (EM, CD45RA−CD28−) DN Tregs during acute HIV infection
was normalized by early ART (Figure 4C,F), whereas no differences were found in CM
(CD45RA−CD28+) DN Tregs after HIV infection and ART compared to uninfected controls
(Figure 4C,G). Naïve and TD Tregs’ frequencies were positively correlated with CD8 T-cell
counts and negatively with the CD4/CD8 ratio. In contrast, EM Tregs were positively
associated with VL and negatively with the duration of the infection (Table 4). CM Tregs’
frequencies were negatively correlated with the duration of treatment (Table 4). Altogether,
our findings confirmed previous reports of increased frequencies of DN Tregs during HIV
infection and showed that early ART initiation was unable to normalize their frequencies.

Moreover, CD73+ DN Treg frequencies were similar in uninfected controls and PWH
regardless of their ART status (Figure 4C,H). In contrast, CD39+ and CD39+CD73+ DN
Tregs were higher during early HIV infection and continued to stay elevated after ART
(Figure 4C,I,J) compared to non-infected controls. Similarly to CD39+ DN T-cell frequencies,
CD39+ DN Tregs were positively correlated with CD8 T-cell counts and negatively with
the CD4/CD8 ratio (Table 4). Finally, CD39+CD73+ DN Tregs were positively associated
with CD8 T-cell counts (Table 4). These results indicated that immunosuppressive CD39-
expressing DN Tregs were increased during early HIV infection and remained elevated
despite ART.

The frequencies of CD38+ (Figure 4C,K), HLA-DR+ (Figure 4C,L), CD38+HLA-DR+

(Figure 4C,M), PD-1+ (Figure 4C,N), CTLA-4+ (Figure 4C,O), CTLA-4+PD-1+ (Figure 4C,P),
and (CD28−CD57+) (Figure 4C,Q) DN Tregs were augmented during early HIV infection,
and ART was unable to normalize their frequencies to the levels seen in non-infected
controls. Activated (CD38+, HLA-DR+, and CD38+HLA-DR+) and PD-1+ DN Tregs were
positively correlated with CD8 T-cell counts and negatively with the CD4/CD8 ratio
(Table 4). Similarly, senescent DN Tregs were negatively associated with CD4 T-cell counts
and the CD4/CD8 ratio, while a positive correlation was observed with CD8 T-cell counts
(Table 4). Overall, during acute HIV infection, DN Tregs showed increased levels of
immune activation, immune checkpoint expression, and senescence markers, which early
ART initiation failed to restore.
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Figure 4. (A) Gating strategy used in flow cytometry to determine total FoxP3+ DN T-cells (DN Tregs)
(left) in the human study. (B) Percentages determined in flow cytometry of total DN Tregs within DN
T-cells in the human study. (C) Gating strategy used in flow cytometry to determine DN Treg memory
subsets based on CD45RA/CD28, CD73/CD39, CD38/HLA-DR, CTLA-4/PD-1, and CD57/CD28
expression within DN Tregs in the human study. Percentages determined in flow cytometry of naïve
(CD45RA+CD28+) (D), terminally differentiated (TD, CD45RA+CD28−) (E), effector memory (EM,
CD45RA−CD28−) (F), central memory (CM, CD45RA−CD28+) (G), CD73+FoxP3+ (H), CD39+FoxP3+

(I), CD39+CD73+FoxP3+ (J), CD38+FoxP3+ (K), HLA-DR+FoxP3+ (L), HLA-DR+CD38+FoxP3+ (M),
PD-1+FoxP3+ (N), CTLA-4+FoxP3+ (O), CTLA-4+PD-1+FoxP3+ (P), and CD28−CD57+FoxP3+ (Q)
DN T-cells in the human study. After the Kruskal–Wallis analysis, the differences among the three
study groups were determined by a nonparametric Mann–Whitney rank test for unpaired variables
(non-infected vs. acute, non-infected vs. ART-treated) and Wilcoxon signed-rank test for paired
variables (acute vs. ART-treated). Sample sizes in flow cytometry analysis: non-infected (n = 20),
acute, and ART-treated (n = 10). Horizontal line in graphs represent the median. Only statistical
significances are presented (*, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001).

3.5. Increased Expression of Chemokine Receptors by DN T-Cells and DN Tregs during Acute HIV
Infection Was Not Normalized by Early ART Initiation

Frequencies of chemokine receptor CCR6+, a marker of T-cell homing towards inflam-
matory sites and the gut (Figure 5A,B), and CCR9+, a gut-homing marker (Figure 5A,C),
DN T-cells remained unchanged during acute HIV infection while their frequencies were
higher in early ART-treated individuals (Figure 5A–C). The frequencies of CXCR3+ DN
T-cells remained similar to those observed in non-infected individuals despite HIV infection
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and early ART initiation (Figure 5A,D). Interestingly, similar dynamics of CXCR3 and CCR9
expression were observed in CD4+ and CD8+ T-cells, whereas decreased CCR6 expression
by both CD4+ and CD8+ T-cells was observed in ART-treated individuals compared to
those found in DN T-cells (data not shown). Furthermore, CCR6+ DN Treg frequencies
were higher in acute HIV infection vs. non-infected controls, and early ART initiation
failed to restore their frequencies (Figure 5E,F), whereas frequencies of CCR9+ DN Tregs
were similar in non-infected controls and PWH (Figure 5E,G). Expression of CXCR3+, a
marker of migration to inflammatory sites by DN Tregs, was elevated during acute HIV
infection, and early ART initiation normalized their frequencies (Figure 5E,H). Altogether,
these results suggest that during acute HIV infection, DN T-cells show increased homing
marker expression towards inflammatory sites and the gut, and this increase is not reversed
by early ART initiation.
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Figure 5. (A) Gating strategy used in flow cytometry to determine CCR6, CCR9, and CXCR3
expression within DN T-cells in the human study. Percentages determined in flow cytometry of
CCR6+ (B), CCR9+ (C), and CXCR3+ (D) within DN T-cells in the human study. (E) Gating strategy
used in flow cytometry to determine CCR6, CCR9, and CXCR3 expression within DN Tregs in the
human study. Percentages determined in flow cytometry of CCR6+FoxP3+ (F), CCR9+FoxP3+ (G),
and CXCR3+FoxP3+ (H) within DN T-cells in the human study. After the Kruskal–Wallis analysis,
the differences among the three study groups were determined by a nonparametric Mann–Whitney
rank test for unpaired variables (non-infected vs. acute, non-infected vs. ART-treated) and Wilcoxon
signed-rank test for paired variables (acute vs. ART-treated). Sample sizes in flow cytometry analysis:
non-infected (n = 20), acute, and ART-treated (n = 10). Horizontal lines in graphs represent the
median. Only statistical significances are presented (*, p < 0.05; **, p < 0.01).
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3.6. Dynamics of DN T-Cells and DN Tregs during Acute SIV Infection and Following Very Early
ART Initiation

To evaluate the effect of very early ART initiation on DN and DN Tregs’ dynamics,
we used an acute SIV infection model of female RMs in which ART was initiated at four
days post-infection (Figure 1). Here, total DN T-cells remained unchanged during acute
SIV infection, and very early ART initiation significantly decreased their number compared
to the acutely infected group (Figure 6A,B). DN T-cells were positively correlated with
VL (Table 5). However, similar to the human study, DN Tregs’ frequencies increased
during acute SIV infection, and very early ART initiation was unable to normalize them
(Figure 6A,C). CD127+ DN T-cells tended to decrease in acute SIV-infected animals without
reaching statistical significance, while very early ART initiation increased their frequencies
compared to monkeys in the acute phase of the infection (Figure 6A,D). CD127+ DN T-cells
were negatively correlated with VL (Table 5). In contrast to CD73+ DN T-cells, which
decreased in acute SIV infection and whose frequencies were normalized by very early
ART initiation (Figure 6A,E), CD39+ DN T-cells increased during acute SIV infection, and
very early ART initiation restored their frequencies (Figure 6A,F). In addition, activated DN
T-cells’ (HLA-DR+ DN) percentages increased during acute SIV infection, and very early
initiation normalized their levels (Figure 6A,G). Moreover, CD39+ DN Treg frequencies
are higher in SIV-infected RMs regardless of their ART status than in non-infected animals
(Figure 6H,I). In contrast, CD73+ DN Tregs decreased during the acute phase of the infection,
and very early ART initiation increased their frequencies (Figure 6H,J). CD39+ DN T-cells
were negatively correlated with CD4 T-cell counts and the CD4/CD8 ratio and positively
associated with the duration of the infection, whereas CD39+ DN Tregs were negatively
associated with the CD4/CD8 ratio (Table 5). Our RM model showed that in contrast to
the observations in the human study, the frequencies of DN T-cells and CD127+ DN T-cells
remained stable during acute SIV infection. However, the dynamics of DN Tregs, activated
DN T-cells, and CD73/CD39-expressing DN T-cells and DN Tregs were similar in acutely
SIV-infected RM and acute HIV-infected individuals.

Table 5. Correlation between SIV clinical and virological parameters and percentages determined by
flow cytometry of subsets of DN T-cells and DN Tregs in the Rhesus macaque study.

Correlations in Rhesus Macaque Study

CD4 T-Cell
Count

CD8 T-Cell
Count CD4/CD8 Ratio log10VL Duration of

Infection
Duration of
Treatment

Total DN T-cells N.S. N.S. N.S. p = 0.0003;
r = 0.71 N.S. N.S.

CD127+ DN
T-cells N.S. N.S. N.S. p = 0.02;

r = −0.60 N.S. N.S.

CD39+ DN
T-cells

p = 0.05;
r = −0.34 N.S. p = 0.005;

r = −0.49 N.S. p = 0.05;
r = 0.43 N.S.

CD39+ DN
Tregs N.S. N.S. p = 0.0004;

r = −0.60 N.S. N.S. N.S.

p-values are from comparing clinical and virological parameters with flow cytometry measurements by using the
Spearman correlation coefficient test. N.S.: non-significant.



Viruses 2024, 16, 1609 14 of 21Viruses 2024, 16, x  15 of 22 
 

 

 
Figure 6. (A) Gating strategy used in flow cytometry to determine total CD3+CD4−CD8− (double-
negative, DN) T-cells, total FoxP3+ DN T-cells (DN Tregs), CD127+, CD37/CD73, and HLA-DR+ DN 
T-cells in Rhesus macaques. Percentages determined in flow cytometry of total DN T-cells (B), total 
DN Tregs (C), CD127+ (D), CD73+ (E), CD39+ (F), and HLA-DR+ (G) within DN T-cells in Rhesus 
macaques. (H) Gating strategy used in flow cytometry to determine CD39/CD73 within DN Tregs 
in Rhesus macaques. Percentages determined in flow cytometry of CD39+FoxP3+ (I) and 
CD73+FoxP3+ (J) within DN T-cells in Rhesus macaques. After the Kruskal–Wallis analysis, the dif-
ferences among the three study groups were determined by a nonparametric Mann–Whitney rank 
test for unpaired variables (non-infected vs. acute, non-infected vs. early ART-treated, and acute vs. 

Figure 6. (A) Gating strategy used in flow cytometry to determine total CD3+CD4−CD8− (double-
negative, DN) T-cells, total FoxP3+ DN T-cells (DN Tregs), CD127+, CD37/CD73, and HLA-DR+ DN
T-cells in Rhesus macaques. Percentages determined in flow cytometry of total DN T-cells (B), total
DN Tregs (C), CD127+ (D), CD73+ (E), CD39+ (F), and HLA-DR+ (G) within DN T-cells in Rhesus
macaques. (H) Gating strategy used in flow cytometry to determine CD39/CD73 within DN Tregs in
Rhesus macaques. Percentages determined in flow cytometry of CD39+FoxP3+ (I) and CD73+FoxP3+

(J) within DN T-cells in Rhesus macaques. After the Kruskal–Wallis analysis, the differences among
the three study groups were determined by a nonparametric Mann–Whitney rank test for unpaired
variables (non-infected vs. acute, non-infected vs. early ART-treated, and acute vs. early ART-treated)
in Rhesus macaques. Sample sizes in flow cytometry analysis in Rhesus macaques: non-infected
(n = 10), acute (n = 13), and early ART-treated (n = 8). Horizontal lines in graphs represent the median.
Only statistical significances are presented (*, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001).
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4. Discussion

Contradictory reports on the dynamics of DN T-cells during HIV infection have been
published, including those showing an increase in DN T-cell frequencies [39] and others
showing their decreased numbers [40–42]. Early ART initiation as close as possible to the
estimated time of HIV exposure is strongly recommended in clinical practice due to its
demonstrated benefits in promoting CD4 T-cell count recovery, reducing immune activation,
and lowering the risk of secondary HIV transmission [56,57]. In our study, early ART
initiation in the human study was assessed in the first six months of the infection, whereas
very early ART initiation was evaluated in the RM study at four days post-infection.

Overall, our results indicate that acute SIV infection recapitulated the observations
in acute HIV-infected individuals for most of the analyzed parameters (i.e., frequencies
of DN Tregs, CD39/CD73 expression, and HLA-DR expression) except for the dynamics
of total DN T-cells and CD127 expression. At a first look, the observed increases in the
frequencies of total DN T-cells during the acute HIV infection contrast with a previous
report of reduced DN T-cell counts in individuals with high VL during acute infection [41].
However, in their manuscript, individuals with CD4 > 500 and log10 VL > 4.5 have higher
DN T-cell counts than uninfected individuals. In contrast, in our study, the median of CD4
T-cell counts was 450 cells/µL, and the median of log10 VL was 4.4, corresponding to DN
T-cell counts higher in PWH compared to uninfected individuals in their study.

On the other hand, the maintenance of DN T-cell frequencies seems to be an intrinsic
characteristic of the pathogenic SIV infection in RMs, as previously reported [43] and
consistent with our observations. In our human cohort, we observed decreased CD127
expression in acutely infected participants that was not restored by early ART initiation,
which is in line with reports of CD127 downregulation in both CD4 and CD8 T-cells during
HIV infection [50–52]. Moreover, CD127 expression remained stable in SIV-infected RMs,
and its frequency increased upon very early ART initiation. This could suggest that CD127
downregulation might occur slower in RMs compared to PWH and that very early ART
initiation can be beneficial for the recovery of its expression. CD127 downregulation may
indicate dysregulation in cell survival and homeostasis and aligns with higher senescence,
exhaustion, and potential dysfunction in DN T-cells [58].

A distinctive differentiation pattern of DN T-cell subsets was observed during acute
HIV infection, characterized by stable frequencies of naïve and EM subsets along with
decreased CM and increased TD DN T-cells that were not normalized by early ART. Indeed,
the increase in TD DN T-cells and their persistence despite early ART initiation are con-
sistent with the increased frequencies of activated (CD38+, HLA-DR+, CD38+HLA-DR+),
immunosenescent (CD28−CD57+), and PD-1/CTLA-4-expressing DN T-cells, indicating
that these cells exhibit exhausted features and might have impaired functions. These obser-
vations align with the increased immune activation, exhaustion, and senescence observed
in CD4 and CD8 T-cells within the same study cohort, as we previously reported [59].
EM T-cells exhibit an enhanced capacity to localize within tissues and migrate into non-
lymphoid areas in response to infection or inflammation [60,61], suggesting that during
acute HIV infection, their migratory potential towards inflammatory sites and the gut re-
mained unaffected, which is in line with the observed stability in CCR6, CCR9, and CXCR3
expression during acute HIV infection. In contrast, EM DN Tregs were increased during
acute HIV infection in accordance with higher CCR6, CCR9, and CXCR3 expression in
PWH compared to uninfected participants, which could contribute to disease progression
and mucosal fibrosis. We previously reported similar results in the same study cohort for
CD4+ Tregs [59].

In both acute HIV and SIV infections, the frequencies of DN Tregs increased and were
not restored by early or even very early ART initiation. In the human cohort, frequencies
of DN Tregs positively correlated with CD8 T-cell counts and inversely with the CD4/CD8
ratio, consistent with a previous report of DN Treg accumulation during HIV infection and
its association with disease progression and impaired immune responses [47]. In this sense,
DN Tregs expressed higher levels of CD39, HLA-DR/CD38, and CTLA-4/PD-1, which are all
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necessary for CD4+ Tregs’ immunosuppressive functions and proliferation [62–69]; therefore,
we cannot exclude the possibility that similar mechanisms might occur for DN Tregs. The
increase in total DN Tregs and their subsets, along with the persistence of elevated frequencies
despite early ART initiation, could be associated with persistent immune activation in PWH
since immune activation induces Treg differentiation [70], and we previously reported persistent
immune activation in the same study cohort [59].

Increased CD39 expression is documented to be associated with HIV disease pro-
gression and chronic immune dysfunction [68,69], whereas decreased CD73 expression
is associated with T-cell immune activation and exhaustion in HIV infection [71]. Here,
we observed increased CD39 expression by both DN T-cells and DN Tregs during acute
HIV and SIV infections, and only CD39+ DN T-cells were normalized after very early ART
initiation in SIV-infected RM. These results indicate that the timing of ART initiation is
important to control CD39 expression by total DN T-cells but has no effect on controlling
CD39 expression in DN Tregs, similar to our previous findings on CD39+ CD4+ Tregs in
the same study cohort [59]. Furthermore, we only observed a decrease in CD73 expression
in total DN T-cells during acute HIV infection, which was not normalized by early ART
initiation. The reduction in CD73+ DN T-cells aligns with a previous report in which the
decrease in these cells was correlated with and predicted poor immune reconstitution in
PWH [72]. Nevertheless, the authors of the above publication found a normalization of
CD73 expression by DN T-cells with long-term ART (median of 5.7 years), which contrasts
with the ART duration in our study cohort (median 1.72 years), indicating that a longer
ART duration might normalize the frequencies of this subset.

Moreover, the frequencies of various DN T-cell subsets were associated with clinical
parameters usually linked to disease progression. As such, activated DN T-cells, PD-1+ DN
T-cells, DN Tregs, CD39+ DN Tregs, activated DN Tregs, and PD-1+ DN Tregs positively
correlated with CD8 T-cell counts and negatively with the CD4/CD8 ratio. In addition,
CD39+ DN T-cells were positively associated with both the duration of infection and
treatment and negatively correlated with the CD4/CD8 ratio, which aligns with previous
reports connecting CD39 expression and HIV disease progression [54,69]. The lack of
correlations between DN T-cell subsets and clinical or immunological parameters in the RM
study may be attributed to the differential dynamics of CD8 T-cells following SIV infection
and the very early ART initiation in this model compared to HIV infection and ART in
humans. Indeed, CD8 T-cell counts are normalized following ART in humans, but their
number increased upon very early ART initiation in RM.

One of the limits of our study is the relatively small sample size, which may impact the
statistical power of our results. Replication studies with larger cohorts would be beneficial
in confirming our findings. Due to limited specimen availability, we were unable to perform
in vitro functional assays, which could have provided additional insights into DN T-cells’
and DN Tregs’ functions. Furthermore, no markers to assess memory subsets were included
in the RM study. Moreover, while we used established markers for T-cell migration to gut
and inflammatory sites, all assessments were conducted using peripheral blood samples
to indicate DN T-cell migration patterns indirectly. To validate our observations, further
investigations should focus on evaluating DN T-cell dynamics directly in gut mucosal
tissue rather than relying solely on peripheral blood markers. In addition, assessing viral
reservoirs in different DN T-cells and DN Treg subsets will be the focus of upcoming
publications. However, despite the limitations, our findings align with our previous
research outcomes and demonstrate high biological plausibility.

5. Conclusions

This study revealed that acute HIV infection significantly alters the frequencies and
functional properties of DN T-cells and DN Tregs, with these alterations not fully restored
by early ART initiation. Similar patterns were observed in SIV-infected RM, where very
early ART initiation normalized some but not all DN T-cell and DN Treg populations. These
findings highlight the persistent immune dysregulation despite early ART initiation and
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underscore the need for additional therapeutic strategies targeting DN T-cells to achieve
full immune recovery in PWH.
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