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Abstract

During chronic HIV-1 infection, regulatory CD4 T cells (Tregs) frequently represent the largest 

subpopulation of CD4 T cell subsets, implying relative resistant to HIV-1. When HIV-1 infection 

of CD4 T cells was explored in vitro and ex vivo from patient samples, Tregs possessed lower 

levels of HIV-1 DNA and RNA in comparison with conventional effector and memory CD4 T 

cells. Moreover, Tregs suppressed HIV-1 expression in other CD4 T cells in an in vitro co-culture 

system. This suppression was mediated in part via multiple inhibitory surface proteins expressed 

on Tregs. Antibody blockade of CTLA-4, PD-1, and GARP on Tregs resulted in increased HIV-1 

DNA integration and mRNA expression in neighboring CD4 T cells. Moreover, antibody blockade 

of Tregs inhibitory proteins resulted in increased HIV-1 LTR transcription in co-cultured CD4 T 

cells. Thus, Tregs inhibit HIV-1 infection of other CD4 T cell subsets via interactions with 

inhibitory cell surface proteins.
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1. Introduction

Regulatory CD4 T cells (Tregs) are essential for maintaining immune homeostasis, 

preventing autoimmunity, and regulating chronic inflammatory diseases (Campbell and 

Koch, 2011), and they are characterized by expression of the FoxP3 transcription factor. In 

the context of HIV-1 infection and AIDS, a significant volume of data has accumulated over 

the last decade about the role of Tregs, but there remains debate as to their help or hindrance 

during infection with HIV-1 (Whiteside, 2015). Some studies have concluded that Tregs 
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facilitate control of AIDS development via inhibition of pathology associated with persistent 

immune activation which occurs during HIV-1 infection (Card et al., 2009; Chase et al., 

2008; Lopez-Abente et al., 2016). By contrast, other data support the notion that Tregs 

restrict HIV-1-specific immune responses making viral eradication more difficult and 

resulting in persistently chronic infection (Legrand et al., 2006; Li et al., 2008). Therefore, 

there is not a simple answer to whether or not Tregs are beneficial or disadvantageous during 

individual cases of HIV-1 infection (Chevalier and Weiss, 2013; Phetsouphanh et al., 2014). 

In addition, CD4 Tregs function can be altered following direct HIV-1 infection (Tran et al., 

2008). Understanding the role that Tregs play during HIV-1 infection, thus, remains a 

challenge (Imamichi and Lane, 2012).

Others have reported that Tregs were more susceptible to CXCR4 HIV-1 infections 

following polyclonal activation in vitro, but their definitions of Tregs by flow cytometry are 

not identical to our work and others (Moreno-Fernandez et al., 2009). In contrast, we 

previously reported that FoxP3-transduced primary human CD4 T cells function as Tregs in 
vitro and are partially resistant to HIV-1 infection by down-regulating HIV-1 LTR 

transcription via an NFAT-dependent pathway (Selliah et al., 2008). Moreover, FoxP3-

expressing regulatory CD4 T cells also limited HIV-1 expression in neighboring non-Tregs 

CD4 T cells in co-culture. In the current study, we now demonstrate that Tregs themselves 

are relatively resistant to HIV-1 infection, and also suppress viral expression in adjacent 

CD4 T cells in a cell contact-dependent manner. Specifically, GARP (Glycoprotein A 

Repetitions Predominant), an important Tregs cell surface inhibitory protein, participates in 

suppression of HIV-1 expression in neighboring CD4 T cells. These results provide novel 

insights regarding alterable mechanisms involving the role of Tregs during HIV-1 infection.

2. Results/Discussion

2.1. Tregs express lower levels of HIV-1 than other effector and memory CD4 T cell 
subsets

It is well known that HIV-1 readily infects and is expressed in activated CD4 T cells, but 

resting CD4 T cells are largely resistant to HIV-1 infection. However, within a 

heterogeneous T cell population it is not entirely clear which CD4 T cell subsets are infected 

and how efficiently these subsets express HIV-1. To address this question and mimic natural 

infection, peripheral blood CD4 T cells were isolated from healthy blood donors and 

infected promptly in bulk with HIV-1 without any prior cell activation. The cells were 

maintained in culture for 5–7 days in the presence of moderate amounts of recombinant 

human IL-2 (30–50 U/ml) to maintain cell survival. The infected CD4 T cells were then 

phenotypically sorted by flow cytometry into Tregs – CD25highCD127low, conventional 

effector CD4 T cells (Tconvs) – CD25lowCD127high, memory CD4 T cells (Tmems) – 

CD25(−)CD45RO (+), and naïve CD4 T cells (Tnaives) – CD25(−)CD45RA(+) (Fig. 1A). 

Real-time RT-PCR confirmed that Tregs expressed the highest mRNA levels of the Tregs 

master transcription factor, FoxP3, with lower levels in CD4 Tconvs, Tmems, and Tnaives, 

in that decreasing order (Fig. 1B). Having sorted the CD4 T cell subsets, HIV-1 gag mRNA 

and total HIV-1 DNA levels were measured. As shown in Fig. 1B and C, both CD4 Tconvs 

and Tmems expressed the highest levels of HIV-1 mRNA, and contained the highest levels 
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of HIV-1 DNA, but there were no statistically significant differences between these subsets. 

In contrast, Tregs had markedly lower HIV-1 mRNA and DNA levels. As expected, CD4 

Tnaives contained viral mRNA and DNA, near the lower limits of detection (Fig. 1B and C). 

Furthermore, to address the kinetics of infection in the different CD4 T cell subsets, cells 

were immediately sorted from freshly isolated peripheral blood mononuclear cells by flow 

cytometry. The four CD4 T cells subsets were then separately infected with HIV-1 to 

observe potential changes of HIV-1 DNA levels in each subset. As shown in Fig. 1D, both 

Tconvs and Tmems showed the highest levels of HIV-1 DNA at 48 h and 96 h post infection, 

with similar levels detected at both time points. By comparison, Tregs and Tnaives had 

notably lower viral DNA levels but with similar levels detected at each time point for each 

respective subset. The relative levels of HIV-1 DNA in the different CD4 T cells infected in 

isolation (Fig. 1D) mirrored the results seen in the bulk infections (Fig. 1C). Moreover, there 

were no significant changes in HIV-1 DNA levels in the individual subsets noted at the 2 

time points analyzed.

In order to confirm the results obtained in vitro, HIV-1 levels in CD4 T cell subsets from 

HIV-1 infected patient samples were examined immediately ex vivo. Patient A was acutely 

infected [not receiving antiretroviral therapy (ART)] with an HIV-1 viral load of 360,000 

copies/ml and a CD4 T cell count of 254 cells/μl. Patient B was chronically HIV-1 infected 

and receiving ART with a viral load of 69,000 copies/ml and a CD4 T cell count of 652 

cells/μl. The patients’ peripheral blood samples were independently sorted to obtain the 

various CD4 T cell subsets, and each subset was assessed for HIV-1 mRNA and DNA by 

Real-time RT-PCR and PCR, respectively. FoxP3 mRNA levels were used to help confirm 

the CD4 T cell subsets based on sorting by cell surface phenotypes. Both HIV-1 infected 

patient samples demonstrated that CD4 Tmems and Tconvs possessed the highest levels of 

HIV-1 DNA and mRNA (Fig. 2). Consistent with the results from the in vitro infection 

experiments, CD4 Tregs had notably lower levels of HIV-1 DNA and mRNA (Fig. 2). As 

expected, very low levels of HIV-1 DNA, and undetectable levels of HIV-1 mRNA, were 

present in the CD4 Tnaives subset (Fig. 2). Therefore, both the in vitro infection data and the 

ex vivo HIV-1 patient results support the notion that Tregs, despite expressing the requisite 

receptors for HIV-1, are less likely to be infected by HIV-1.

2.2. Tregs inhibit HIV-1 expression in other CD4 T cell subsets

Having confirmed our previous in vitro data that FoxP3-expressing CD4 T cells are 

relatively resistant to HIV-1 infection (Selliah et al., 2008), we wanted to clarify whether 

FoxP3-expressing CD4 T cells diminish HIV-1 expression within co-cultured neighboring 

CD4 T cell subsets (Selliah et al., 2008). For this purpose, freshly isolated peripheral blood 

CD4 T cells were first stimulated with PHA plus IL-2 for 16–24 h, then labeled with CFSE 

(5(6)-Carboxyfluorescein diacetate succinimidyl ester) and infected with the HIV-1 NL4–3 

strain. The stimulation with PHA plus IL-2 was used to facilitate HIV-1 infection of freshly 

isolated CD4 T cells, and the CFSE labeling allowed for the identification of the responding 

cells from the co-cultured Tregs or Tconvs. The CFSE-labeled cells were cultured for 7 days 

after mixing with autologous CD4 Tregs at a 1:1 ratio. Similar studies were performed by 

mixing 1:1 with CD4 Tconvs as a control. As expected, the co-cultured CFSE-negative 

Tregs expressed notably lower p24 than the corresponding Tconvs (Fig. 3A and B). 

Zhang et al. Page 3

Virology. Author manuscript; available in PMC 2020 July 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Moreover, responding CD4 T cells co-cultured with control Tconvs had the highest 

percentage of HIV-1 p24 expression. In comparison, responding CD4 T cells co-cultured 

with Tregs showed a significantly lower percentage of p24+ cells. These in vitro testing 

results are consistent with previously published data by others (Moreno-Fernandez et al., 

2011) and confirm that Tregs repress HIV-1 expression in neighboring (co-cultured) CD4 T 

cells.

Because CFSE equally enters the daughter cells during cell division and can be used to 

monitor distinct generations of proliferating cells by dye dilution, we further analyzed HIV-1 

p24 expression to explore if decreased infection levels correlated with decreased 

proliferation. As shown in Fig. S1 A, responding cells of each descendent generation co-

cultured with Tregs had lower p24 expression than their counterparts co-cultured with 

Tconvs. Specifically, over 20% of 6th generation responding cells in the presence of Tconvs 

still expressed p24, whereas the corresponding cells co-cultured with Tregs had not yet 

reached the 6th generation. Thus, decreased HIV-1 expression is likely attributed to the 

ability of Tregs to suppress proliferation of CD4 T cells. Moreover, all offspring generations 

of cells of both groups demonstrated a tendency for decreased p24 expression over the 

consecutive generations. However, there was a sharper decline in p24 expression in 

responder cells co-cultured with Tregs (Fig. S1 A). This was quantified (MFI multiplied by 

percentage positive cells) with lower level HIV-1 infection, such that HIV-1 expression in 

G1 responding cells to Tregs decreased more rapidly than G1 responding cells to Tconvs 

(G1/G0 = 0.92×2061/2.15×2471 = 35.7% in responding cells to Tregs, versus, G1/G0 = 

4.15×2277/5.85×2637 = 61.5% in responding cells to Tconvs (Fig. S1B)). Taken together, 

these data suggest that in addition to decreased proliferation leading to decreased HIV-1 

infection, an additional inhibitory effect of Tregs contributes to lower levels of HIV-1 

expression of co-cultured CD4 T cells.

2.3. Ex vivo expanded Tregs maintain their phenotype and function in vitro

To mechanistically explore how Tregs decrease HIV-1 expression in neighboring CD4 T cell 

subsets, a greater absolute number of Tregs were needed for experimentation. Since Tregs 

account for a very small percentage of human peripheral CD4 T cells, cell sorted Tregs were 

expanded with Dynabeads as in the Section 4 (along with Tconvs in parallel). Cell numbers 

increased by approximately 20–40-fold after 8–10 days of in vitro culture. To confirm the 

expanded cell phenotypes, T cell surface markers were examined by flow cytometry. As 

shown in Fig. 4A, the high expression of FoxP3 was maintained in expanded Tregs, along 

with Tregs-associated markers, including CD25, CTLA-4, PD-1, GARP, and CCR4. Thus, 

the expanded Tregs maintained their ex vivo phenotype and were easily distinguished from 

expanded Tconvs (Fig. 4B). Moreover, the expanded Tregs notably suppressed the 

proliferation of autologous PBMC in stark contrast to PBMC co-cultured with expanded 

Tconvs (Fig. 4C). Therefore, the expanded Tregs were deemed valuable for assessing 

mechanism of action of how Tregs suppress HIV-1 infection of neighboring (co-cultured) 

CD4 T cell populations.
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2.4. Tregs inhibition of HIV-1 expression by other CD4 T cell subsets depends on the 
interaction via Tregs cell surface inhibitory proteins

Tregs are constitutively immunosuppressive cells critical for the control of autoimmunity 

and inflammatory pathology, and multiple mechanisms have been proposed for their ability 

to suppress a large number of distinct immune cell types (Shevach, 2009). Specifically, 

CTLA-4-dependent expression has been described as a core mechanism by which Tregs 

inhibit other lymphocyte function (Wing and Sakaguchi, 2012). Indeed, CTLA-4 had been 

reported to be a critical factor in reducing HIV-1 dissemination through dendritic cell-CD4 T 

cell synapses (Moreno-Fernandez et al., 2014). To assess this possibility, blockade of 

CTLA-4, as well as inhibition of PD-1 and GARP, were analyzed for disrupting the ability 

of Tregs to suppress HIV-1 expression of co-cultured bulk populations of CD4 T cells. After 

synchronous expansion, the responding CD4 T cells (originating from the CD25(−) 

population) were labeled with CFSE and infected with HIV-1 NL4–3. This was quickly 

followed by co-culture with Tregs or Tconvs at a 1:1 ratio in the absence or presence of 

antibodies directed to various Tregs cell surface proteins. Antibodies to Tregs cells surface 

proteins were tested in isolation or in combination (CTLA-4 + PD-1, or CTLA-4 + PD-1 + 

GARP). Infection with HIV was assessed by detection of total and integrated HIV-1 DNA 

levels, as well as HIV-1 mRNA levels.

Clinically, the application of highly active antiretroviral therapy (HAART) is able to control 

viral loads of HIV-1-infected patients to undetectable levels (≤50 copies per ml plasma). 

However, the existence of an HIV-1 reservoir severely hampers virus eradication in patients 

receiving HAART (Chavez et al., 2015). Thus, integrated HIV-1 DNA has been used to 

characterize the size of the HIV-1 reservoir, since integrated HIV-1 DNA levels correlate 

with viral outgrowth assays and other important parameters that characterize the viral 

reservoir (Eriksson et al., 2013; Graf and O’Doherty, 2013; Kiselinova et al., 2016). 

Importantly, HIV-1 viral DNA levels, particularly integrated DNA levels, have been 

previously reported to correlate proportionally with viral replication/plasma viremia in 

HIV-1/AIDS patients (Mexas et al., 2012). To precisely monitor HIV-1 DNA and RNA 

levels in the above described antibody blockade experiments, approaches were modified 

from “repetitive-sampling alu-gag PCR” for detecting the viral integrated DNA copy number 

(De Spiegelaere et al., 2014; Liszewski et al., 2009). A similar method was established by us 

using HIV-1 LTR-(NFκB)-gag PCR for detecting total DNA copy number, and measurement 

for relevant viral mRNA levels was performed as characterized by others (Pasternak et al., 

2008).

Not previously studied in the setting of HIV-1 infection, antibody blockade of either PD-1 or 

GARP notably increased HIV-1 DNA (total and integrated) and mRNA levels in the 

responder cells (Fig. 5 and Supplemental Fig. S2). Interestingly, antibody blockade of 

CTLA-4 did not lead to increased HIV-1 integrated DNA or mRNA in co-cultured CD4 T 

cells. However, blockade of CTLA-4 and PD-1 together augmented HIV-1 integrated DNA 

and mRNA beyond that of PD-1 blockade alone (Fig. 5C and D). This synergism was not 

noted with antibody blockade of both CTLA-4 and PD-1 when the responding cells were co-

cultured with Tconvs (Fig. 5C and D). Taken together, GARP, PD-1, and CTLA-4 all appear 
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to be important cell surface molecules utilized by Tregs to suppress HIV-1 expression in 

neighboring CD4 T cell populations.

2.5. Tregs cell surface inhibitory proteins play roles in suppression of HIV-1 LTR 
transcription in other CD4 T cell subsets

We previously determined inhibition of cell proliferation by Tregs contributes to decreased 

HIV-1 infection in responding CD4 T cells (Fig. S1A). Moreover, the sharper decline in 

HIV-1 expression in responding CD4 T cells in the presence of Tregs compared to Tconvs 

(Fig. S1A, B) suggested there was likely another mechanism beyond the effect on cell 

proliferation that allows Tregs to inhibit HIV-1 expression in co-cultured CD4 T cells.

We previously reported that FoxP3(+) CD4 T cells gave rise to lower HIV-1 LTR 

transcription than FoxP3(−) CD4 T cells (Selliah et al., 2008). Along these lines, we 

similarly explored the following: a), if the in vitro expanded Tregs also have decreased 

HIV-1 LTR transcription, and b), if these Tregs are able to inhibit HIV-1 LTR transcription 

within the co-cultured CD4 T cells. Using transfected reporter gene constructs, HIV-1 LTR 

transcriptional activity was lower in Tregs and Tnaives compared to T convs and Tmems 

(Fig. 6A, C), as expected. Interestingly, the co-cultured responding CD4 T cells transfected 

with the HIV-1 LTR-reporter construct and co-cultured with Tregs demonstrated decreased 

HIV-1 transcription (Fig. 6B). This decrease in HIV-1 transcription was not seen when 

responding CD4 T cells were co-cultured with Tconvs (Fig. 6B). Moreover, the decrease in 

HIV-1 transcription in the presence of Tregs was partially corrected by the addition of 

antibodies directed against CTLA-4, PD-1, and GARP in combination (Fig. 6B, D). The 

antibodies did not alter HIV-1 transcription in responder CD4 T cells co-cultured Tconvs 

(Fig. 6B, D). As Tregs are also known to generate inhibitory cytokines, such as IL-10 and 

TGF-β, cytokines levels were analyzed in the supernatants from these experiments. Notably, 

the presence of the antibodies to CTLA-4, PD-1, and GARP did not notably alter the levels 

of IL-10 or TGF-β (< 6% difference, data not shown). Thus, the effect of the antibodies on 

the ability of Tregs to decrease HIV-1 transcription in co-cultured CD4 T cells was not likely 

mediated via IL-10 or TGF-β.

3. Conclusion

In summary, Tregs were confirmed to be relatively resistant to HIV-1 since they possessed 

lower HIV-1 DNA and viral mRNA levels compared to Tconvs and Tmems, for both cells 

infected in vitro and those examined ex vivo from HIV-1+ individuals. Tregs were further 

noted to suppress HIV-1 infection of co-cultured responder CD4 T cells. Mechanistically, 

specific antibody blockade experiments demonstrated that Tregs cell surface inhibitory 

proteins, CTLA-4, PD-1, and GARP participated in suppressing HIV-1 infection of 

neighboring CD4 T cell populations, in part by decreasing HIV-1 LTR transcriptional 

activity. These results expand our knowledge of how Tregs aid in suppressing HIV-1 

infection of neighboring CD4 T cells populations.
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4. Materials and methods

4.1. Cell sorting

All procedures involving human subjects were approved by the Institutional Review Board 

of the University of Alabama at Birmingham (UAB). Informed consent was obtained from 

all healthy adult participants. Human CD4 T cells were isolated from the peripheral blood of 

volunteers by negative selection using a proprietary antibody mix (StemCell Technologies, 

Vancouver, BC) and red blood cell rosetting as previously described (Zhang et al., 2004). 

HIV-1+/AIDS patient PBMC were provided by the Center for AIDS Research (CFAR) at 

UAB. The CD4 T subpopulations of Tregs (CD4+, CD25high, CD127low), conventional 

effectors or Tconvs (CD4+, CD25+, CD127high), memory or Tmems (CD4+, CD25−, 

CD45RO+), and Tnaives (CD4+, CD25−, CD45RA+) were purified from patient PBMC 

directly by staining for CD4 T cell surface markers CD3 (PerCP), CD4 (FITC), CD25 

(APC), CD127 (PE), CD45RA (V450), and CD45RO (Alexa Fluor 700), and sorting the 

stained cells on an ARIA cell sorter (BD Biosciences, San Jose, CA, USA) as shown in Fig. 

2A. The post-HIV-1 infection of CD4 T cells in vitro were only staining by CD25, CD127, 

CD45RA, CD45RO; and individual subpopulations were sorted in Fig. 1A. Fluorescently 

conjugated antibodies were purchased from BD Biosciences and Biolegend (SanDiego, CA, 

USA).

4.2. CD4 T cell expansion and characterization

The sorted CD4 T cell subsets (Tregs, Tconvs) from healthy donors were expanded by use of 

the Dynabeads Human Tregs Expander kit (Life Technologies, NY, USA) and IL-2 

(provided by the NIH AIDS Research and Reference Reagent Program, Germantown, MA, 

USA). The Dynabeads Tregs Expander kit and protocol were slightly altered with modified 

beads (anti-CD3/CD28 monoclonal antibodies) and a differing cell ratio of 2:1 (beads: cell). 

In brief, CD4 T cells were mixed with anti-CD3/CD28 antibody conjugated Dynabeads at a 

2:1 ratio overnight prior to addition of human rIL-2 (500 U/ml). The cells were cultured for 

8–10 days in vitro, at concentration of 1–2×106/ml with addition of IL-2 every other day, 

prior to removal of the Dynabeads for utilization. To identify the expanded CD4 T cell 

subsets, cells were analyzed by flow cytometry for the Tregs master transcription factor, 

FoxP3 (Alexa Fluor 488), and typically highly-expressed cell surface markers, such as 

CTLA-4 (PE-Cy7), PD-1 (Qdot 605), GARP (V450), and CCR4 (PerCP-Cy5.5). All 

fluorochrome-conjugated monoclonal antibodies were obtained from Biolegend (San Diego, 

CA, USA). Intracellular staining of FoxP3 was performed according to the product protocol 

guide as previously reported (Selliah et al., 2008). Functional suppression of expanded Tregs 

was monitored by modified proliferation assays (Quah et al., 2007). Briefly, Tregs were 

mixed with CFSE-labeled autologous PBMCs at varying ratios prior to co-culture in vitro 
for 4 days in the presence of anti-CD3/CD28-coated stimulating Dynabeads (at a 1:1 ratio to 

the PBMC). PBMC proliferation data were collected by flow cytometry (LSRII, BD 

Bioscience) and analyzed by FlowJo v9 software (FlowJo LLC, Ashland, Oregon, USA).
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4.3. HIV-1 infection and blockade of the interaction between Tregs and responder CD4 T 
cells

The HIV-1 NL4–3 virus was produced by transfecting HEK 293T cells with plasmid pNL4–

3, and resulting viral titers were determined through infection of the Jurkat-derived HIV-1 

LTR J2574 reporter T cell line (Duverger et al., 2013). The spinoculation method was 

employed to infect the freshly isolated CD4 T cells. In short, cells were mixed with HIV-1 

viral stock at a multiplicity of infection (MOI) of 0.01–0.1 and centrifuged at 1200×g for 2 h 

at room temperature. Alternatively, virus-cell mixtures were incubated for 2–4 h at 37 °C to 

infect PHA-IL-2-stimulated, or in vitro expanded, CD4 T cells (O’Doherty et al., 2000). The 

infected cells were cultured for 7 days in the presence of IL-2 at a concentration of 30–50 

U/ml followed by cell sorting. In experiments with CFSE-, or Alexa Fluor 450-labeled 

responding cells plus Tregs mixed in co-culture, single or combinations of specific 

antibodies directed against CTLA-4, PD-1, and GARP were added to the media with final 

concentrations of 10 μg/ml each. All antibodies were purchased from R&D systems 

(Minneapolis, MN, USA). All infection and sorting procedures were strictly performed in a 

BL3 lab facility as part of the UAB CFAR.

4.4. Detection of HIV-1 p24 gag protein, mRNA, and DNA

For flow cytometry assays, the infected cells were fixed with 0.1% paraformaldehyde, and 

then were incubated with an RD1-conjugated anti-p24 antibody (Coulter, Fullerton, CA, 

USA) as previously described (Zhang et al., 2004). PBS containing 0.1% saponin and 10% 

fetal calf serum (FCS) was used as the permeablizing and staining buffer. For real-time 

semi-quantitative PCR and RT-PCR assays, genomic DNA and total RNA were first 

extracted from sorted subsets of infected cells by using DNeasy blood and tissue kits and 

RNeasy mini kits, respectively (QIAGEN, Germantown, MD, USA). cDNA was generated 

with Super-Script III reverse transcriptase (Life Tech, Carlsbad, CA, USA) from total RNA. 

For detection of HIV-1 gag mRNA (converted to cDNA) abundance and HIV-1 DNA levels 

(ΔCt), two rounds of PCR amplification were carried out as described previously (Pasternak 

et al., 2008; Zhang et al., 2012). In brief, the first round of PCR was performed using a 

conventional PCR machine with the setting as follows: 94 °C for 3 min, followed by 18 

cycles at 94 °C for 30 s, 55 °C for 30 s, and 72 °C for 1 min. These products were 

subsequently used as templates for the second, semi-nested, real-time (RT) PCR, performed 

with a iQ5/CFX96 thermal cycler (Bio-Rad, Hercules, CA, USA). β-globin DNA and 18 S 

RNA were used as internal controls to calculate HIV-1 DNA load and mRNA abundance, 

respectively. ΔCt was obtained by subtracting CtTx (treatment) from the appropriate 

respective internal reference Ct values (i.e., Ctβ-globin or Ct18S). ΔΔCt was calculated by 

subtracting ΔCtTx with the lowest experimental ΔCt (typically, ΔCtTnaives). To determine 

the absolute copy number of HIV-1 total and integrated proviral DNA, the approach 

described by Una O’Doherty and her colleagues (De Spiegelaere et al., 2014; Liszewski et 

al., 2009) was modified by setting repeated gag-alone, alu-gag, and LTR-(NFκB)-gag in the 

first round of PCR with the running parameter as 95 °C for 3 min, followed by 40 cycles of 

95 °C for 15 s, 55 °C for 15 s, and 68 °C for 3.5 min. The repetitive reaction wells were 

increased up to 48. The first round PCR products were then added along with TaqMan 

detection chemistry (Life Technologies, NY, USA), specific primers, and probes, and second 

round real-time PCR was carried out using a Quntstudio6 PCR machine (Life Technologies, 
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NY, USA), with RT-PCR settings as follows: 50 °C for 2 min, then 95 °C for 10 min, 

followed by 45 cycles of 95 °C for 15 s and 60 °C for 1 min. Copy number was calculated 

by the Poisson statistical method by placing the standards at limiting dilution as described 

(De Spiegelaere et al., 2014). In brief, the average Ct values and standard deviation (SD) 

values were calculated according to gag-alone Ct values. The Ct threshold values were then 

set up for alu-gag and NFκB-gag reactions as mean Ct minus 2×SD. This was followed by 

counting the positive reactions and calculating positive reaction percentages as probabilities 

(p). The mean amounts of integrated and total HIV DNA per replicate reaction were 

calculated as (λ)=-ln(1-p)/0.1. The primers and probes used in standard PCR and RT-PCR 

reactions are listed in Table 1.

4.5. HIV-1 LTR reporter assays

The in vitro expanded CD4 T cells were nucleofected with HIV-1 LTR GFP reporter plasmid 

(Zhang et al., 2012) by using a P3 primary cell 4D-Nucleofector kit and running the pre-set 

program of the 4D-nucleofector system from Lonza (Walkersville, MD, USA). In co-culture 

LTR reporter assays, the responding cells were labeled with Alexa Fluor 670 before 

nucleofection with a LTR GFP reporter plasmid; transfected cells were rested for 2 h and 

then mixed with Tregs/Tconvs cells at 1:1 ratio. GFP expression was detected 24–48 h after 

nucleofection by flow cytometry (LSRII, BD Bioscience).

4.6. Statistical analyses

Standard one-way ANOVA analyses were performed using multiple paired comparisons 

with GraphPad Prism 7 software (La Jolla, CA). A p-value < 0.05 was considered to be 

statistically significant.
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Fig. 1. 
HIV-1 infection of CD4 T cells in vitro demonstrates lower levels of HIV-1 DNA and gag 

mRNA in Tregs compared to Tconvs and Tmems. (A) FLOW contour plot shows the cell 

sorting strategy. The in vitro bulk infected ((B) and (C)) or freshly isolated ((D)) CD4 T cells 

were stained and sorted into Tregs (CD25high CD127low), Tconvs (CD25low CD127high), 

Tmems (CD25(−) CD45RO(+)), and Tnaives (CD25(−)CD45RA(+)) populations. (B) Semi-

quantitative real-time PCR plots of HIV-1 viral DNA (top) and mRNA (bottom) levels, 

relative to control β-globin DNA and 18 S RNA, for Tmems (Tm), Tconvs (Tc), Tregs (Tr), 

and Tnaives (Tn) populations. (C) Bar graphs depict the mean results of viral DNA (top) and 

mRNA (bottom) levels from three independent experiments. Standard error bars are shown 

along with statistically significant comparisons between CD4 T cell populations. (D) Bar 

graph shows the viral DNA levels over two different time points as indicated post infection 

(n=3).
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Fig. 2. 
CD4 Tregs from HIV-1/AIDS patients express lower levels of HIV-1 DNA and viral mRNA 

than Tconvs and Tmems ex vivo. (Left panels) CD4 T cell populations were sorted from 

PBMC of newly infected (patient A) and chronically HIV-1 infected (patient B) individuals. 

Bar graphs depict HIV-1 total DNA (top), gag mRNA (middle), and host FoxP3 mRNA 

(bottom) for sorted Tregs (Tr), Tconvs (Tc), Tmems (Tm), and Tnaives (Tn) populations. 

Levels were measured in triplicate and the mean values are shown.
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Fig. 3. 
Tregs, but not Tconvs, decrease HIV-1 expression in co-cultured responder CD4 T cells. See 

Section 4 for details of co-culture and HIV-1 infection. PHA and IL-2 activated CD4 T cells 

(see Section 4) were infected with HIV-1 and co-cultured with Tregs or Tconvs. (A) Flow 

cytometry dot plots reveal the p24/gag protein levels of responder CD4 T cells (CFSE-

labeled), as well as co-cultured (CFSE-negative) Tregs (above) or control Tconvs (below). 

(B) A bar graph depicts the mean values ± SEM (n=4), and statistically significant 

differences for the cell populations.
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Fig. 4. 
Ex vivo expanded Tregs retain cell surface phenotype and suppressive function. See Section 

4 for expansion of Tregs. (A) and (B) Flow cytometry profiles show the relative levels of 

expression for cell surface markers of the ex vivo expanded Tregs and Tconvs. (C) Tregs 

(top panels) or control Tconvs (bottom panels) were co-cultured with responding PBMC at 

varying effector to responder ratios as detailed. Proliferation in response to anti-CD3/CD28 

coated bead is denoted by CFSE dilution along the X-axis.
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Fig. 5. 
Single or combinational antibody blockade of Tregs cell surface proteins (CTLA-4, PD-1, 

GARP) increases HIV-1 DNA levels and mRNA levels in co-cultured responder CD4 T 

cells. Tregs or Tconvs (control) were co-cultured with responding CD4 T cells during HIV-1 

infection in vitro in the presence of blocking antibodies to cell surface molecules (see 

Section 4). Bar graph depictions show HIV-1 total DNA copies (A) and integrated DNA 

copies (B) of responding CD4 T cells co-cultured with Tconvs (left bars in pairs) or Tregs 

(right bars in pairs) in the presence of anti-CTLA-4, anti-PD-1, anti-GARP, anti-CTLA-4 

plus anti-PD-1, or anti-CTLA-4 plus anti-PD-1 plus anti-GARP antibodies (see Section 4 for 

copy number calculation). (C) Real-time PCR amplification curves in single and 

combinational antibody blockings for detection of HIV-1 gag mRNA (18 S RNA as an 

internal reference control) from cells shown in (A) and (B). (D) Bar graphs depict HIV-1 

relative gag mRNA levels (ΔΔCt values) from the responding CD4 T cells in the presence of 

Tconvs (control) or Tregs, plus the different antibody conditions. All bar graphs represent 

means ± SEM from 3 independent experiments.
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Fig. 6. 
Tregs inhibit HIV LTR transcription within Tregs themselves or in neighboring responding 

CD4 T cells. (A) Flow cytometry plots show that LTR transcriptional activity in in vitro 
expanded Tregs is lower than in in vitro expanded T subsets Tconvs and Tmems, and (C) bar 

plots show the means ± SD values of relative percentages after normalization to Tregs from 

three independent experiments. (B) Flow cytometry dot plots show that Tregs, but not 

Tconvs, inhibit LTR transcription in their respective co-cultured responding CD4 T cells; 

and the presences of antibodies against Tregs cell surface proteins (anti-CTLA-4, PD-1, and 

-GARP1) partially blocked the inhibition; and (D) the means ± SD values of relative 

percentages normalized to Tregs from three independent experiments are summarized in the 

bar plots.
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