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Regulatory T cells (Treg) are a subpopulation of CD4� T cells characterized by the suppressive activity they
exert on effector immune responses, including human immunodeficiency virus (HIV)-specific immune re-
sponses. Because Treg express CXCR4 and CCR5, they represent potential targets for HIV; however, Treg
susceptibility to HIV infection is still unclear. We therefore performed an extensive study of Treg susceptibility
to HIV, using lab strains and primary isolates with either CCR5 or CXCR4 tropism. Furthermore, we
quantified HIV infection at early and late time points of the virus life cycle. We found that Treg were clearly
susceptible to HIV infection. Circulating Treg were not preferentially infected with HIV compared to effector
T cells (Teff) in vivo. Conversely, in vitro infection with either CCR5-using (R5) or CXCR4-using (X4) viruses
occurred with different dynamics. For instance, HIV infection by R5 viruses (lab strains and primary isolates)
resulted in lower levels of infection in Treg compared with Teff at both early and late time points. In contrast,
X4 viruses induced higher levels of infection in Treg compared to Teff at early time points, but this difference
disappeared at the late time points of the virus life cycle. Our results suggest that the relative susceptibility of
Treg to HIV infection compared to Teff varies, depending on both viral and host factors. These variations may
play an important role in HIV pathogenesis.

Regulatory T cells (Treg) constitute a subset of CD4� T
cells that play a major role in the homeostasis of the immune
system (11, 25, 29, 31, 32). The frequency of natural Treg is low
in the circulating blood of healthy adults, constituting �1 to
2% of CD4� T cells (4). Expression of the forkhead family
transcription factor FOXP3 is the most definitive marker of
Treg activity described so far (11). However, because of its
intracellular localization, functional Treg cannot be purified
based on FOXP3 expression. Recently, it has been described
that Treg express high levels of the interleukin-2 (IL-2) recep-
tor � chain (CD25) and low levels of the IL-7 receptor
(CD127), thus allowing for isolation and functional character-
ization of highly enriched Treg (13).

Treg exert suppressive activity on effector responses to
pathogens, particularly in the setting of chronic infections (17,
19, 20, 24). Importantly, Treg suppress cell-mediated immunity
against human immunodeficiency virus (HIV) (1, 7, 9, 17–19,
36). We have shown that Treg accumulate in the lymphoid
tissues of HIV-infected individuals with ongoing viral replica-
tion (2, 22). Other reports showed a higher Treg frequency in
mucosal tissues than in the peripheral blood of untreated HIV-
infected individuals, suggesting that Treg could attenuate

HIV-induced immune hyperactivation and reduce the avail-
ability of target cells for HIV replication (9, 18).

Treg susceptibility to HIV infection remains unclear. Data
on Treg infection by HIV in vivo are scarce. During acute
simian immunodeficiency virus (SIV) infection in rhesus ma-
caques, productive infection was detected in some FOXP3�

cells, present in the gut-associated lymphoid organs (10). A
recent study performed in HIV-infected humanized mice doc-
umented that FOXP3� Treg supported high levels of HIV-1
infection and were preferentially depleted by HIV-1 isolates
(15). In chronically HIV-infected patients, two recent studies
reported that Treg were not preferentially infected compared
to non-Treg (6, 8), although a third study reported discrepant
data (33). Similarly, few studies have evaluated the suscepti-
bility of natural Treg to infection with full-length HIV, and
reported results are discrepant (3, 23).

We therefore performed an extensive study of Treg suscep-
tibility to HIV, using lab strains with either CCR5 or CXCR4
tropism. Furthermore, we analyzed HIV infection at early and
late time points of the virus life cycle. We showed that human
Treg were clearly susceptible to HIV infection. Importantly,
Treg were not preferentially infected with HIV compared to
effector T cells (Teff) in vivo. Conversely, in vitro infection with
either CCR5-tropic (R5) or CXCR4-tropic (X4) virus oc-
curred with different dynamics. These results suggest that the
level of Treg infection and their relative susceptibility to HIV
infection compared to non-Treg vary depending on both viral
and host factors. These variations may play an important role
in HIV pathogenesis.
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MATERIALS AND METHODS

Human subjects. Peripheral blood was obtained from seven treatment-naïve
patients with documented HIV infection from the Infectious Diseases Center at
the University of Cincinnati (Cincinnati, OH). Patients had CD4 counts of � 758
cells/mm3 with viral loads of �1,148 copies/ml (Ultrasensitive RT-PCR 1.0,
detection limit of 50 copies/ml; Roche Diagnostic Systems, Indianapolis, IN).
The main clinical features of the enrolled patients are shown in Table 1. In
addition, peripheral blood from nine healthy HIV-negative subjects was obtained
from the Hoxworth Blood Center (Cincinnati, OH). All subjects provided written
informed consent to protocols approved by the corresponding Institutional Re-
view Boards.

Cell isolation and culture. Peripheral blood mononuclear cells from healthy
HIV-seronegative subjects were separated from blood by centrifugation through
Ficoll-Hypaque (GE, Fairfield, CT). Resting CD4� T cells were purified by
negative selection using the Miltenyi CD4 separation kit (Auburn, CA), accord-
ing to the manufacturer’s instructions. To isolate Treg, purified CD4� T cells
were stained with anti CD8-fluorescein isothiocyanate (FITC), anti-CD25-allo-
phycocyanin (APC) (BD Pharmingen, San Diego, CA), and anti-CD127-phyco-
erythrin (PE) (Beckman Coulter Fullerton, CA) and sorted using a FACS Van-
tage fluorescence-activated cell sorter (FACS) (BD). The purity of Treg (CD8neg

CD25hi CD127lo cells) and Teff (CD8neg CD25lo CD127hi cells) was character-
ized by intracellular detection of FOXP3, using the anti-FOXP3-FITC antibody
clone PCH101 (e-Bioscience, San Diego, CA) and analyzed on a FACS LSRII
(BD). Purity of the sorted populations was 90%, as shown in Fig. 2. Purified Treg
and Teff were activated for 3 days using anti-CD3/CD28 beads (1 cell per 3
beads) (Invitrogen; Carlsbad, CA) in the presence of 100 IU/ml IL-2 (Hoffmann
La Roche, Inc., NIH AIDS Research and Reference Reagent Program) in RPMI
supplemented with 100 U/ml penicillin, 10 �g/ml streptomycin, 2 mM glutamine,
10 mM HEPES, and 10% fetal calf serum (Life Technologies, Carlsbad, CA). In
some experiments, cells were stimulated with 10 �g/ml phytohemagglutinin
(PHA) (Sigma, St. Louis, MO) in the presence of 100 IU/ml IL-2.

Virus production and infection using lab strains and primary isolates. HIV
viruses were prepared from 293T cells transfected with plasmids encoding R5-
tropic (YK-JRCSF and YU2) or X4-tropic (NL4-3) HIV lab strains, using
FuGENE transfection technology (Roche) according to the manufacturer’s
protocol. After 2 days, supernatants were harvested, and the viruses were pre-
cipitated using polyethylene glycol. HIV primary isolates (clade A, KNH1088,
92USSN20, and 92UG029; clade B, 92HT599; clade BF, 93BR019; and clade C,
HIV301965) were obtained from the NIH AIDS Research and Reference Re-
agent Program and expanded in PHA blasts. Virus titers were determined using
TZM-bl indicator cells (16). Treg and Teff were infected at a multiplicity of
infection (MOI) of 1. Briefly, activated Treg and Teff were incubated with HIV
for 2 h at 37°C, washed twice with complete RPMI, and cultured for 24 h to
measure HIV DNA integration or for 3 and 7 days for p24Gag quantification. As
a negative control, cells were treated with zidovudine (AZT; 1 �M) at the time
of HIV infection. For the HIV DNA integration experiments, the infection was
carried out with viruses pretreated with DNase I at 20 U/ml in 10 mM MgCl2 for
1 h at room temperature to eliminate any cellular DNA carryover from virus
production.

Determination of p24Gag levels by ELISA and flow cytometry. Supernatants
were collected from infected cultures at 3 and 7 days postinfection, and p24Gag

levels were quantified by enzyme-linked immunosorbent assay (ELISA) (sensi-
tivity limit of 150 pg/ml; SAIC Frederick, Inc., Frederick, MD). To evaluate
intracellular HIV p24Gag, HIV receptors, and cell proliferation, Treg and Teff
were treated with 20 �g/ml of human immunoglobulin G to block Fc receptors
and stained with anti-CD3–peridinin chlorophyll protein–Cy5.5, anti-CD4–PB,

anti-CCR5–APC–Cy7 (BD), and anti-CXCR4–APC (R&D Systems, Minneap-
olis, MN) for 30 min at 4°C in phosphate-buffered saline containing 2% fetal calf
serum and 0.1% sodium azide. Cells were washed twice, fixed with 2% formal-
dehyde for 30 min at 4°C, and stained using anti-p24Gag HIV–PE (KC-57;
Beckman Coulter) in 0.3% saponin buffer for 30 min at 4°C. To determine cell
proliferation, cells were labeled before culture with 0.625 �M carboxyfluorescein
diacetate succinimidyl ester (CFSE) (Molecular Probes, Eugene, OR). Prolifer-
ation was measured 3 and 5 days postactivation. Cells were analyzed on FACS
LSRII using FACS DIVA software. At least 10,000 events were recorded for
each sample. Live cells were gated based on forward- and side-scatter properties.

Quantification of HIV DNA by real-time PCR. Treg and Teff from 7 healthy
donors were suspended in lysis buffer containing 10 mM Tris HCl (pH 9), 0.1%
Tween 20–NP-40, and 400 �g/ml proteinase K (Invitrogen) after 24 h of infec-
tion. Cellular lysates were subsequently used to quantify cell-associated HIV-1
DNA by nested real-time PCR (5). Briefly, the first round of amplification used
Alu sequence-specific primers and the HIV-1 long terminal repeat (LTR). In the
same reaction, the CD3 gene was quantified to precisely determine the number
of input cells. This reaction was followed by a second round of amplification with
specific primers and a specific labeled probe against the LTR performed in a
Light Cycler (Roche). In parallel, CD3 was reamplified and detected using
SYBR green. The ACH-2 cell line, a line of human T-lymphocytic leukemia that
contains a single copy of HIV-1 proviral DNA (LAV strain) was used to deter-
mine the efficiency of the primers (NIH AIDS Research and Reference Reagent
Program) (detection limit of 3 copies of HIV DNA).

Chemokine quantification in culture supernatants. Supernatants were col-
lected after 3 days of stimulation, and chemokine levels were quantified using a
commercially available Luminex assay for CCL3 (MIP1-�), CCL4 (MIP1-�), and
CCL5 (RANTES) (sensitivity limit of 3.2 pg/ml; Millipore, Billerica, MA).
CXCL12 (SDF-1) levels were measured by ELISA (sensitivity limit of 156 pg/ml;
R&D Systems, Minneapolis, MN).

Suppression assay. Purified Treg and Teff from two healthy donors were
activated for 3 days using anti-CD3/CD28 beads (1 cell per 3 beads) (Invitrogen)
in the presence of 100 IU/ml IL-2 in complete RPMI. After 3 days, Treg were
infected or not with YK-JRCSF-JRCSF virus at an MOI of 1 and incubated for
2 h at 37°C. Teff were labeled with CFSE. After 2 h of incubation, Treg were
washed twice and cocultured with Teff at a 1:1 ratio. After 3 days, the suppressive
capacity of Treg was determined by comparing the CFSE mean fluorescent
intensity (MFI) in Teff cultured alone to that of the Teff cultured with Treg.

Statistical analysis. Statistical analysis was performed using Prism (GraphPad
Software 5). HIV p24Gag levels in supernatants and HIV DNA levels were
compared using the paired t tests, after log10 transformation. Levels of CD4,
CCR5, and CXCR4 expression, as well as chemokine levels in the culture su-
pernatants, were compared using the paired t test. P values of �0.05 were
considered to be significant.

RESULTS

Percentages of infected Treg and Teff are similar in vivo.
Few studies have evaluated the level of HIV infection in Treg
in vivo. We therefore compared the percentages of cells ex-
pressing HIV-p24Gag in circulating CD4� CD25� CD127� and
CD4� CD25� CD127� T cells from seven HIV-infected indi-
viduals. All subjects were chronically infected and had detect-
able viral loads at the time of analysis. None were treated with
highly active antiretroviral therapy (Table 1). Analysis of
FOXP3 expression in purified cells confirmed that �80% of
the CD4� CD25� CD127� cells were FOXP3�, whereas only
�30% of the CD4� CD25� CD127� cells were FOXP3�.
Within these populations, we found an equivalent proportion
of cells that expressed p24Gag (Fig. 1), in agreement with a
recent study (8). Moreover, Siliciano et al. reported similar
results when sorted FOXP3� and FOXP3� cells were evalu-
ated (6). Because two of the donors had well-controlled HIV
infection—both exhibited viremia of �5,000 copies/ml and
CD4 T-cell counts of �700 cells/mm3—we repeated the anal-
ysis after excluding these two donors. Similar results were
found (i.e., no differences in the proportion of p24Gag� cells in
Treg and Teff; P 	 0.08).

TABLE 1. Clinical data of the HIV-infected individuals
included in the study

Donor Age (yr) Racea Gender No. of CD4�

cells/mm3
Viral load
(copies/ml)

1 36 AA Female 546 7,558
2 27 AA Male 331 9,380
3 46 AA Male 354 86,391
4 35 Caucasian Male 720 1,148
5 30 AA Male 758 4,193
6 40 AA Male 413 25,200
7 62 AA Male 488 14,097

a AA, African-American.
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Treg can be infected by HIV, but replication levels vary
depending on the HIV strain. In vivo levels of infection are the
result of many viral and host factors, which make the determi-
nation of the contribution of each factor difficult. We therefore
used an in vitro infection model to explore the mechanisms
involved in regulating Treg infection by HIV. We isolated Treg
(defined as CD25hi CD127lo) and Teff (CD25lo CD127hi) from
nine healthy donors. As shown in Fig. 2, isolated Treg ex-
pressed high levels of FOXP3 (�85%), whereas few Teff ex-
pressed FOXP3 (�5%). Purified Treg and Teff activated with
anti-CD3/CD28 beads and IL-2 were then infected with either
the R5 YK-JRCSF(four individuals) or X4 NL4-3 (five indi-
viduals) HIV strains.

Infection by R5 virus resulted in higher levels of p24Gag in
supernatants from cultured Teff than Treg at both days 3
and 7 postinfection, as shown for a representative donor in
Fig. 3A. Because of the high variability of p24Gag production
between individuals, we calculated the ratio of p24Gag de-
tected in Teff versus Treg for each individual. R5 virus
infection resulted in 10.6-fold-lower p24Gag levels in Treg
compared with Teff at day 3 (P 	 0.01). At day 7, HIV
infection of Treg was 4.3-fold lower than that in Teff (P 	
0.08) (Fig. 3B). As expected, R5 infection was slow, with less
p24Gag produced by both Treg and Teff at day 3 than at day
7 postinfection. As expected, treatment with the nucleoside
reverse transcriptase inhibitor AZT reduced the amount of
p24Gag detected in the supernatants of all infected cells by
�90% (data not shown). The percentage of infected cells
was also quantified by intracellular detection of p24Gag by
flow cytometry. HIV infection could not be detected at day
3 postinfection with the R5 virus by flow cytometry. At day
7 postinfection, the percentage of p24Gag� cells was lower in
Treg and Teff (1.6% 
 0.3% and 2.9% 
 0.7% in Treg and
Teff, respectively; P 	 0.06) (Fig. 3C).

Since production of new viral particles, as represented by
p24Gag levels, is the last step in the HIV life cycle, we next
quantified HIV proviral DNA integration after 24 h of infec-
tion. Higher levels of integrated HIV-1 DNA were found in
Teff than in Treg (P 	 0.01, paired t test, n 	 7) (Fig. 3D).

In contrast to cells infected with R5 virus, more p24Gag was
detected in cultures of Treg infected with X4 virus than in
infected Teff at day 3 postinfection. Similar amounts of p24Gag

were found at day 7, as shown for a representative individual in
Fig. 4A. On average, X4 virus induced higher levels of p24Gag

in Treg cultures compared to Teff at day 3 (Teff/Treg ratio of
0.5; P 	 0.04). At day 7, p24Gag levels induced by X4 virus were
similar in Treg and Teff (Teff/Treg ratio of 1.4; P 	 0.21) (Fig.
4B). Of note, X4 virus induced a more rapid infection than R5
virus, with higher levels of p24Gag measured in day 3 superna-
tants. We also found a higher percentage of p24Gag� Treg than
p24Gag� Teff at day 3 (4.8% 
 6.4% versus 8.6% 
 6.04%; P 	
0.006), whereas a similar percentage of p24Gag� cells was
found in both populations at day 7 (14% 
 5.5% versus
11.3% 
 9.1% for Treg and Teff, respectively; P 	 0.52) (Fig.
4C), corroborating the results obtained by ELISA. Higher lev-
els of integrated HIV DNA were also found in X4-infected
Treg compared with infected Teff (P 	 0.0006, paired t test,
n 	 7) (Fig. 4D). Collectively, these results support the hy-
pothesis that the relative level of HIV infection in Treg is
strongly dependent on the HIV strain used.

To determine whether the results seen with the R5 and X4
lab strains were representative of R5-tropic and X4-tropic iso-
lates in general, we next infected Treg and Teff from three
separate individuals with a panel of primary isolates and ana-
lyzed the levels of integrated HIV DNA. Because of the vari-
ability in levels of HIV DNA integration between individuals,
we calculated the ratio of HIV DNA integrated in Teff versus
Treg for each individual. In all individuals, R5 primary isolates
showed similar results to lab strains: i.e., all R5 viruses were
less efficient at infecting Treg than Teff (all mean levels below
the 100% bar), although the levels of integration greatly var-
ied, depending on the virus used. In contrast all X4 viruses
were more efficient at infecting Treg than Teff (all means
above the 100% bar). However, the intraindividual heteroge-
neity was higher for X4 viruses than for R5 viruses, as reflected
by the large standard error. Of interest, the dualtropic strain
92USSN20 behaved similarly to R5-tropic viruses in all indi-
viduals (Fig. 5).

Treg express similar levels of CD4, CCR5, and CXCR4 to
Teff. To better understand the differences in HIV susceptibility
between Treg and Teff, we evaluated the surface expression of
HIV receptors. CD4 expression was high in both Treg and Teff

FIG. 2. Phenotypic characterization of isolated Teff and Treg. Pu-
rified CD4� T cells were stained with anti-CD127–PE and anti-CD25–
APC antibodies. The CD25hi CD127lo Treg and CD25lo CD127hi Teff
subsets were identified, as shown in the left panel. Freshly isolated
Treg and Teff were stained with anti-FOXP3–FITC to confirm their
phenotype. Data from a representative experiment of nine indepen-
dent experiments are shown. Percentages indicate the levels of expres-
sion of each marker defined in relation to the unstained cells.

FIG. 1. Percentages of infected Treg and Teff are similar in vivo.
CD25� and CD25� cells were isolated from seven HIV-infected do-
nors using magnetic beads and stained with anti-CD25, anti-CD127,
and anti-p24Gag antibodies and analyzed by flow cytometry. Percent-
ages of HIV p24Gag� cells in each cell subset are shown.
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at the time of infection. The percentage of CD4� cells de-
creased during the course of infection, particularly during X4
infection, although it similarly decreased in both populations
(31.8% 
 3.6% versus a 27.3% 
 8.1% decrease at day 3
postinfection in Treg and Teff, respectively). During R5 infec-
tion, the percentage of CD4� cells in Teff did not change
dramatically (13.5% 
 0.8% decrease at day 3 postinfection),
whereas it decreased more substantially in Treg (55.7% 

7.2% decrease at the same time point). Levels of CCR5 were
not significantly different between Treg and Teff, neither at the
time of infection (P 	 0.25) nor at day 3 postinfection (P 	
0.16), although there was a consistent trend toward higher
levels in Treg (Fig. 6A). Similar results were observed when
levels of expression of CCR5 per cell were quantified (data not
shown). The same pattern was observed for CXCR4 expres-
sion, with Treg expressing consistently more CXCR4 than Teff,
although the differences were not significantly different (P 	
0.09 and P 	 0.28) (Fig. 6B). As shown in Fig. 6C, Treg and
Teff secreted similar levels of the CCR5 ligands MIP1-�,
MIP1-�, and RANTES. We also measured the levels of the
CXCR4 ligand SDF-1; as expected, neither Treg or Teff pro-
duced this chemokine (M. Bermejo, J. Martin-Serrano, J. L. de
Pablos, J. M. Alonso, C. Gamallo, F. Arenzana-Seisdedos, and
J. Alcami, presented at the 9th Conference on Retroviruses
and Opportunistic Infections, Seattle, WA, 24 to 28 February
2002).

Decreased Treg proliferation affects their susceptibility to
infection by R5 viruses but not by X4 viruses. Other cellular
processes are important in determining the levels of HIV rep-

lication once HIV has penetrated the cell membrane. One of
these processes is cell proliferation, which influences HIV rep-
lication by providing new targets for infection. We therefore
determined whether Treg and Teff exhibit different capacities
to proliferate. As shown in Fig. 7A, Treg proliferated more
slowly than Teff, as shown by dilution of CFSE. Indeed, most
of the Teff had divided three to four times by day 3 poststimu-
lation, whereas the Treg had divided only twice. Nevertheless,
Treg underwent proliferation and only a few cells remained
undivided after 5 days of infection.

Therefore, we determined whether decreased Treg prolifer-
ation is playing a role in the differential susceptibility of Treg
and Teff to HIV infection. To do that, we analyzed the per-
centage of p24Gag� cells in the highly proliferating Treg and
Teff at day 5 postinfection with the R5 strain YK-JRCSF and
at day 3 postinfection with the X4 strain NL4-3. These time
points were chosen because they were previously determined
to allow optimal detection of p24Gag� cells (data not shown).
As shown in Fig. 7B, the percentages of infected cells were
similar in these two populations following YK-JRCSF infec-
tion (P 	 0.21), suggesting the absence of intrinsic difference in
the susceptibility to this virus between proliferating Treg and
Teff. In contrast, when NL4-3-infected cells were analyzed, the
percentage of infected cells in the proliferating Treg was
higher than that in the proliferating Teff (P 	 0.01) (Fig. 7C).
Taken together, these results suggest that proliferation plays
an important, but not unique, role in determining the respec-
tive susceptibility of Treg and Teff to HIV infection.

FIG. 3. Treg are less susceptible than Teff to the HIV R5 strain. (A) HIV p24Gag levels in culture supernatants were measured by ELISA.
p24Gag levels from one representative experiment of infection by R5 YK-JRCSF of four different experiments are shown. HIV p24Gag levels from
AZT-treated cells were measured at day 7. ND, not detectable. (B) p24Gag levels in Treg were expressed as a percentage of the p24Gag levels
produced by the Teff from the same donor. P values indicate the differences between Treg and Teff. (C) A representative experiment of
intracellular p24Gag staining at day 7 postinfection is shown. (D) Treg and Teff from seven healthy donors were infected, and HIV proviral DNA
levels were measured by nested real-time HIV-LTR-Alu PCR 24 h postinfection; HIV DNA levels were normalized based on CD3 quantification
and log10 transformed.
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HIV-infected Treg remain suppressive. Treg play an impor-
tant role in suppressing immune activation; therefore, we eval-
uated whether HIV infection affected Treg suppressive activ-
ity. Activated Treg were infected or not by the R5 strain

YK-JRCSF and cocultured with activated Teff, and Teff pro-
liferation was determined by measuring CFSE MFI. As shown
in Fig. 8, Treg infected by YK-JRCSF decreased Teff prolif-
eration with a similar efficiency to uninfected Treg, suggesting
that exposure of Treg to HIV does not affect their function.

DISCUSSION

Although several previous studies have indicated that Treg
can serve as a potential target cell population for HIV-1 in-
fection in vivo, Treg and HIV interactions remain poorly un-
derstood. We therefore used a more systematic approach to
study Treg susceptibility to infection, comparing lab strains
with R5 or X4 tropism, as well as confirming the data with
primary isolates. Collectively, our data convincingly demon-
strate that Treg are infected in vitro by infectious HIV viruses,
but their susceptibility depends on the tropism of the virus.
Treg were less susceptible to R5 viruses, using both lab strains
and primary isolates, compared to Teff, whereas Treg were
more susceptible to X4 viruses.

Importantly, we have shown that Treg were less susceptible
to several primary R5 isolates from different clades as well as
to R5 lab strains, although the levels of infection vary greatly
depending on the virus used. These data suggest that Treg
could be relatively protected from HIV infection during the
acute phase of mucosal transmission, which is thought to pre-
dominantly involve R5 viruses (26). Of note, Estes et al.
showed that 13% of lymph node FOXP3� cells were infected
2 weeks after vaginal infection by the R5 SIVmac251. Although

FIG. 4. Treg are more susceptible than Teff to the HIV X4 strain. (A) HIV p24Gag levels in culture supernatants were measured by ELISA.
p24Gag levels from one representative experiment of infection by X4 NL4-3 are shown. HIV p24Gag levels from AZT-treated cells were measured
at day 7. (B) p24Gag levels in Treg were expressed as a percentage of the p24Gag levels produced by the Teff from the same donor. P values indicate
the differences between Treg and Teff. (C) A representative experiment of intracellular p24Gag staining at days 3 and 7 postinfection is shown.
(D) Treg and Teff from seven healthy donors were infected, and HIV proviral DNA levels were measured by nested real-time HIV-LTR-Alu PCR
24 h postinfection; HIV DNA levels were normalized based on CD3 quantification and log10 transformed.

FIG. 5. Treg susceptibility to HIV primary isolates resembles their
susceptibility to HIV lab strains. Treg and Teff were infected by R5
viruses (clade C, YK-JRCSF, YU2, and HIV301965; and clade A,
KNH1088), the dualtropic isolate 92USSN20 (clade A), or X4 viruses
(clade A, 92UG029; clade BF, 93BR019; clade B, 92HT599; and NL4-
3). HIV infection was analyzed at 24 h postinfection by nested real-
time HIV-LTR-Alu PCR. Similar levels of CD3 DNA were detected
under all conditions. Integrated HIV levels in Treg were expressed as
percentages of the levels detected in the Teff from the same donor and
represent each virus. Results show the mean (
 standard error) per-
centages for the three donors studied.
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a direct comparison of the infection levels to non-Treg was not
made, such reported frequency of Treg infection is lower than
that reported by the same group for lamina propria CD4� cells
(30% cells harboring SIV RNA) in a similar infection model
(21). These results suggest that the decreased susceptibility to
R5 HIV infection that we found in vitro reflects what happens
in vivo. This important hypothesis will have to be confirmed in
future studies of acute SIV infection. Our results are also in
agreement with a previous study that used an R5 lab strain to
infect memory and naïve Treg, as well as memory non-Treg
(3). However, conflicting data have also been reported: i.e.,
that Treg are more susceptible to HIV infection and are more
prone to HIV-induced death than memory non-Treg when
high virus concentrations (MOI of 5) are used (23). Such
discrepant results could be explained by the fact that many
critical experimental parameters differed in these studies. In-

deed, activation methods, cell purification techniques, and vi-
rus concentrations were different between the latter study and
ours. However, it should be noted that the type of cell activa-
tion may not represent the most critical parameter, because we
did not find differences in HIV susceptibility when cells were
stimulated with PHA and IL-2 instead of anti-CD3/CD28
beads. Discrepant results were also found when interactions
between FOXP3 and HIV LTR were studied in FOXP3-trans-
fected CD4� T cells. For instance, one study showed that
FOXP3 limits HIV-1 LTR and human T-cell leukemia virus
type 1 transcription by interfering with activation of NFAT and
CREB pathways. The inhibitory effect was not absolute, and
low-level LTR activation persisted (12). In contrast, Cron et al.
(28) reported increased LTR activity in FOXP3-expressing
cells, using a different LTR from the one used in the afore-
mentioned study. Because the LTR sequence can vary signif-
icantly between HIV strains (30), it is possible that FOXP3
interactions with distinct HIV LTRs may have different func-
tional consequences, which would explain this apparent dis-
crepancy.

In contrast to infection with R5 viruses, Treg were more
susceptible to infection by X4 viruses than Teff. To our knowl-
edge, our study is the first one to assess primary Treg suscep-
tibility to infection by full-length X4 viruses. Importantly, sim-
ilar results were obtained with primary isolates or the lab strain
NL4-3. Our results are also supported by data provided by
other experimental systems. Indeed, in vivo infection of hu-
manized DKO mice by the highly pathogenic dualtropic R3A
HIV isolate led to an increased level of infection in Treg
compared to non-Treg (15). Furthermore, overexpression of
FOXP3 in CD4� T cells enhanced NL4-3 LTR activity, by
modulating chromatin structure as well as enhancing NF-�B
activity (14).

Variations in levels of p24Gag production by Treg and Teff
could arise from differences in multiple steps of the virus life
cycle, as p24Gag release is at the end of a complex develop-
mental program that takes place in a cycling cell. To identify
the potential mechanisms underlying the differences between
Treg and Teff, we first analyzed the expression of HIV recep-
tors by these two cell subsets. Similar expression levels of CD4
and a trend toward higher levels of CCR5 per cell were found
in activated Treg compared with activated Teff, a result in
agreement with previous studies (8, 23, 27). Treg produced
similar levels of CCR5 ligands to Teff. Our data thus suggest
that an altered balance of HIV receptors and CCR5 ligands is
not the main mechanism explaining decreased Treg suscepti-
bility to R5 HIV. Similar differences between Treg and Teff
were found when infection levels were analyzed at an early
time point postinfection. One potential explanation of our data
could be the decreased activation state of Treg compared to
Teff, as the activation state of the target cell markedly affects
the efficiency of the early steps of HIV replication (34). The
majority of the Treg underwent proliferation during the 7-day
culture (Fig. 7), but they clearly proliferated less than Teff.
Therefore, to better understand the contribution of decreased
proliferation to decreased infection of Treg by R5 viruses, we
analyzed the percentage of p24Gag� cells in the highly prolif-
erating Treg and Teff. Similar levels of infection were found, a
result that suggests the absence of intrinsic differences in the
susceptibility of proliferating Treg and Teff to this virus. Con-

FIG. 6. Treg express similar levels of CCR5 and CXCR4 and se-
crete similar levels of MIP1-�, MIP1-�, and RANTES compared to
Teff. (A) CCR5 expression; (B) CXCR4 expression. Sorted Treg and
Teff were activated with anti-CD3/CD28 beads for 3 days and then
infected with HIV-1. Teff and Treg were stained with anti-CD4, anti-
CCR5, and anti-CXCR4 antibody at the time of infection or 3 days
postinfection and analyzed by flow cytometry. The percentage of pos-
itivity for each marker was defined in relation to the isotype control.
Results are shown as means 
 standard deviations (n 	 4 or 5).
(C) Supernatants were collected 3 days postactivation, and chemokine
levels were analyzed using a Luminex assay.
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sidering all our data together, decreased proliferative capacity
of Treg likely constitutes a major mechanism explaining their
decreased susceptibility to infection by R5 viruses.

Despite the fact that Treg proliferated less than Teff, they
were more infected than Teff, showing that proliferation is not

the only mechanism regulating Treg infection by X4 viruses.
Interestingly, a higher percentage of infection was observed in
the highly proliferating Treg compared to that in the prolifer-
ating Teff, suggesting that some cellular factors may potentiate
X4 replication in Treg. Although not statistically significant,
there was a trend toward Treg expressing higher levels of
CXCR4 than Teff at the time of infection, a result in agree-
ment with previous studies (23, 27). This characteristic could
have mediated their higher susceptibility to HIV X4, which was
particularly striking at the early times after infection. Alterna-
tively, differences in the expression of some cellular factors
critical for HIV infection could also be involved. Of interest,
Th1 and Th2 cells have been shown to express different levels
of APOBEC3G, and these differences determined their sus-
ceptibility to infection by HIV, including by Vif-competent
viruses (35). How these cellular factors are expressed in acti-
vated Treg is not yet known, and differences in their expression
could contribute to the regulation of Treg susceptibility to
HIV. An additional level of regulation may involve modulation
of HIV LTR activity by FOXP3. Indeed, it was previously
shown that FOXP3 could enhance the LTR activity of an X4
virus, by modulating chromatin structure as well as enhancing
NF-�B activity (14). Future experiments will be needed to
confirm whether differences in receptor-mediated entry/fusion
explain the difference in susceptibility of Treg to different HIV
strains, or whether other early steps of the life cycle are also
implicated.

Of importance, infected Treg were as suppressive as nonin-

FIG. 7. Decreased Treg proliferation affects their susceptibility to infection by R5 viruses but not by X4 viruses. Teff and Treg proliferation was
measured by labeling the cells with CFSE before stimulation with anti-CD3/CD28 beads in the presence of 100 U/ml IL-2. (A) Levels of CFSE
expression were analyzed by flow cytometry 3 days postactivation as well as 3 and 5 days after infection. The results shown are from one experiment,
representative of nine separate experiments. (B and C) The percentage of p24Gag� cells was measured in the highly proliferating (CFSE low) Treg
and Teff at day 5 postinfection with the R5 strain YK-JRCSF (B) and at day 3 postinfection with the X4 strain NL4-3 (C).

FIG. 8. HIV-infected Treg remain suppressive. Purified Treg and
Teff were separately activated for 3 days using anti-CD3/CD28 beads
(1 cell per 3 beads) in the presence of 100 IU/ml IL-2. Treg were
infected or not with YK-JRCSF virus at an MOI of 1 and incubated for
2 h at 37°C. Teff were labeled with CFSE. Treg and Teff were cocul-
tured at a 1:1 ratio for 3 days. The suppressive capacity of Treg was
determined by comparing the CFSE MFI between Teff cultured alone
to those cultured with Treg. Results shown are from one experiment,
representative of two separate experiments.
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fected Treg, as evidenced by their capacity to inhibit Teff
proliferation. Our data are in agreement with our previous
studies showing that exposure of Treg to noninfectious HIV
did not affect their suppressive capacity (22). Other studies
have also shown that circulating Treg purified from most HIV-
infected patients exhibited suppressive activity (1, 9). However,
it should be noted that our assay did not assess the function-
ality of infected Treg on a per-cell basis as viable infected Treg
could not be separated and tested for their function. Never-
theless, these data suggest that Treg remain functional in an
HIV- infected host and they likely regulate the homeostasis of
the immune system as well as control HIV-specific immune
responses.

Our in vitro data, as well as those from other laboratories,
suggest that FOXP3 and HIV interactions are tightly regulated
by both virus and host factors and that minor changes in either
side will greatly impact the outcome of infection. These results
may explain why no major differences in the level of infection
of Treg and non-Treg were seen in vivo in chronically infected
patients, both in our study and in two other recent studies (6,
8). Indeed, both the level of T-cell activation and the level of
virus heterogeneity are known to vary among patients, and
changes in these critical parameters are expected to impact
infection of Treg by HIV.
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