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There are conflicting data about the frequency and role of regulatory T cells (Tregs) during the course of HIV
infection. Peripheral blood of a large cohort of HIV-infected patients (n � 131) at different stages of disease,
including 15 long-term nonprogressors and 21 elite controllers, was analyzed to determine the frequency and
phenotype of Tregs, defined as CD4�, CD25high, CD127low, FoxP3high cells. A significantly increased relative
frequency of Tregs within the CD4� compartment of HIV� patients compared to that of healthy controls (P <
0.0001) was observed. Additionally, the relative frequency of Tregs directly correlated with HIV viral load and
inversely with CD4� counts. However, the absolute Treg number was reduced in HIV-infected patients versus
healthy controls (P < 0.0001), with the exception of elite controllers (P > 0.05). The loss of absolute Treg
numbers coincided with rising markers of immune activation (P < 0.0006). The initiation of antiviral therapy
significantly increased absolute Treg numbers (P < 0.0031). We find that the expression of CD39, a newly
defined ectonucleotidase with immunomodulatory functions on Tregs, correlated with progressive HIV disease,
HIV viral load, and immune activation. Of note, when tested in peripheral blood mononuclear cells of healthy
volunteers, the in vitro capacity to suppress T-cell proliferation was limited to CD4�, CD25high, CD39� T cells.
Interestingly, Tregs of elite controllers exhibited not only the highest expression of CCR5, CTLA-4, and ICOS
but also the lowest level of CD39. The data presented here reconcile the seemingly contradictory results of
previous studies looking at Tregs in HIV and highlight the complexity of Treg-mediated immunoregulation
during human viral infections.

Increasing evidence suggests a critical role for regulatory T
cells (Tregs) for the coordination and maintenance of virus-
specific immune responses that are necessary to control
chronic viral infections, such as HIV (50, 54). It has been
proposed that excessive Treg reactivity suppresses multiple cell
types and leads to the faster progression of HIV pathogenesis
(27). On the other hand, Tregs might protect individuals from
the deleterious effects of immune activation that is typically
observed in chronic HIV infection (5, 18). There is increasing
evidence that the clinical progression of HIV infection is crit-
ically linked to a state of immunological hyperactivation and its
negative consequences (15, 23, 31, 59). The results of studies
that assessed the role of Tregs in HIV infection have been

largely inconclusive due to technical reasons, such as the sub-
optimal definition of Tregs in many studies that relied only on
the coexpression of CD4� and CD25high (43, 52, 62). However,
since activated CD4� T cells also express CD25, purified
CD4� CD25high Tregs are likely to be contaminated with an
unknown proportion of activated conventional CD4� T cells.
The intracellular expression of the transcriptional activator
FoxP3 (forkhead box protein 3) is commonly regarded as a
more definitive marker after cell fixation (18, 19, 49). In addi-
tion, recent studies have suggested additional markers for the
characterization of regulatory T cells ex vivo (55). For this
study, a multicolor flow panel was developed to determine the
frequency and phenotype of Tregs, defined as CD4� CD25�

CD127low FoxP3high cells. Peripheral blood mononuclear cell
(PBMC) samples from a large, well-characterized cohort of
131 HIV-infected patients at different stages of disease were
analyzed. We examined the phenotype of Treg populations
further using a selection of differentiation markers, including
CCR5, CTLA-4, ICOS, as well as CD39, a recently described
molecule with immunomodulatory properties (36). Notably,
we studied 36 patients with nonprogressive disease, including
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21 who met the criteria of elite control with HIV plasma viral
loads (VL) below the limit of detection (�50 RNA copies/ml)
and stable CD4 counts in the absence of highly active anti-
retroactive therapy (HAART), to understand whether the fre-
quency or quality of regulatory T cells is associated with slow
disease progression. A subset of patients was also monitored
longitudinally before and after the initiation of HAART ther-
apy. Moreover, we compared Tregs isolated from lymph nodes
with corresponding samples from peripheral blood to better
understand the distribution of these regulatory T cells in lym-
phoid tissues. We observed that the relative frequency of Tregs
in the CD4� T cell compartment increased with disease pro-
gression and showed strong association with viral replication.
However, this was mainly due to the loss of conventional CD4�

T cells. Overall, we find that the absolute number of Tregs
declined at a slow pace, with progressive general immune ac-
tivation during the course of untreated HIV infection. The
results of this study reconcile the seemingly contradictory con-
clusions of previous reports looking at Tregs in HIV and fur-
ther highlight the complexity of Treg-mediated immunoregu-
lation during human viral infections (18, 25, 35).

MATERIALS AND METHODS

Study subjects and samples. PBMC as well as lymph node mononuclear cells
(LNMC) of HIV� patients were collected at the University Medical Center
Hamburg-Eppendorf, University of Frankfurt, University of Cologne, University
of Bonn, and the University of Hannover, Germany. The HIV nonprogressor and
elite controller group consisted of HIV-infected subjects recruited from the
NaViC (natural virus controller) study group, which is composed of patients
selected from a detailed clinical and laboratory database of more than 6,000
individuals of a German network of clinical HIV centers. Healthy individuals
(n � 20) served as controls for the validation of the immunological tests. Written
informed consent was obtained from all patients enrolled into this study, which
was approved by the respective Institutional Review Boards. The time and
duration of HIV infection and the definition of the different stages of the disease
were extracted from the electronic databases of the participating centers and
confirmed by the treating physicians according to standard classifications and by
criteria commonly used in the literature (13, 46). HIV-1 viral load was deter-
mined using COBAS amplicor assays with a limit of detection of �50 RNA
copies/ml. HIV CDC status, antiretroviral treatment, and slopes of CD4� T cell
counts were determined via chart review. All patients enrolled in this study were
hepatitis C virus (HCV) seronegative and had no serological signs of chronic
HBV infection.

Immunophenotypic analysis. For immunophenotypic staining, cryopreserved
PBMC or LNMC were thawed using standardized techniques in the laboratory.
After incubation with EDTA for 15 min at 20°C in the dark, at least 5 � 105

PBMC were stained with appropriate fluorochrome-conjugated surface antibod-
ies, including anti-CD3, anti-CD4, anti-CD8, anti-CD25, anti-CD127, anti-HLA-
DR, anti-Ki67, anti-CD39, anti-CTLA-4 (CD152), anti-ICOS (CD278), or anti-
CCR5 (CD195) (all from BD Biosciences Pharmingen, Heidelberg, Germany),
for 30 min at 4°C in the dark to characterize the Treg population. Cells were
washed once and fixed with 0.5% paraformaldehyde. After surface staining, the
intracellular staining of FoxP3 (Alexa Fluor647; clone 259D/C7) was performed
using the FoxP3 staining buffer set (eBiosciences, San Diego, CA) by following
the manufacturer’s protocol and as published previously (9). All samples were
resuspended in 0.5% paraformaldehyde, and data were collected on a 6-channel
FACS Canto flow cytometer using FACSDiva version 5 (Becton-Dickinson,
Heidelberg, Germany).

Cell purification and suppression assays. To characterize CD39� Tregs, in-
tracellular cytokine staining (ICS) assays and suppression assays were performed.
For both assays, fresh PBMC from healthy volunteers were stained with anti-
human CD3, CD4, CD25, and CD39 antibodies and sorted into four populations
(CD39�CD25high/CD39�CD25high and CD39�CD25low/CD39�CD25low) on a
BD FACSAria (BD Biosciences). Sorted cells were analyzed for purity by flow
cytometry (data not shown). ICS assays were performed as described previously
with at least 50,000 sorted cells. Phorbol myristate acetate (PMA) (50 ng/ml final
concentration)-ionomycin (0.67 �M final concentration) was used to stimulate

the cells for 1 h before the addition of brefeldin A (10 �g/ml). The cells were
incubated for an additional 12 h at 37°C and 5% CO2. Then PBMC were washed
and stained with surface antibodies; after being washed, the PBMC were fixed
and permeabilized, and the anti-gamma interferon (IFN-�) monoclonal antibody
(MAb) and the interleukin-10 (IL-10) MAb (both Becton Dickinson) were
added. To analyze the suppressive capacity of CD4� CD25high CD39� and
CD4� CD25high CD39� cells, live cells subjected to fluorescence-activated cell
sorting (FACS) were mixed at a ratio of 5:1 with full PBMC and plated at 100,000
cells per well in 96-well U-bottom plates (TPP, Switzerland) in 200 �l R10 in
quadruplicates. Staphylococcus aureus enterotoxin B (SEB) was used to stimulate
the PBMC at a final concentration of 1 �g/ml. After 6 days of incubation at 37°C
and 5% CO2, cells were pulsed for 6 h with 1 �Ci [3H]thymidine and harvested
on filters. For the purpose of data interpretation, a stimulation index (SI) above
5 was considered significant, as previously reported (53). The stimulation index
was calculated as SI � (mean of counts per minute [cpm] of stimulated cells/
mean of cpm of unstimulated cells).

Statistical analysis. All flow-cytometric data were analyzed using FlowJo ver-
sion 8.0 software (Treestar), and statistical analysis was done using Prism 5.0
software (GraphPad Software, San Diego, CA). The Kolmogorov-Smirnov test
was applied to investigate the normal distribution of metric data analyzed. Due
to the normal distribution of metric data, parametric tests of significance were
performed throughout all analyses, using unpaired and paired t tests for inter-
group comparisons and the Spearman rank test for bivariate correlation analyses.
One-way analysis of variance was used to test for differences between the groups
using the F distribution. All data are expressed as means � standard deviations.
P values of 0.05 or less were considered significant. To adjust for pairwise
multiple comparisons, thereby controlling the overall type I error rate, Bonfer-
roni correction was applied, with a conservative level of statistical significance set
at 	Bonf � 0.001 (7).

RESULTS

Study cohort and flow-cytometric assessment of Tregs. The
aim of this study was to assess the frequency and phenotype of
regulatory T cells (Tregs) in a large, well-characterized cohort
of patients with HIV-1 infection, including individuals at dif-
ferent stages of chronic disease and a large number of patients
who spontaneously control HIV viremia in the absence of
HAART. All patients enrolled in this study were negative for
serological markers for concomitant chronic hepatitis B or C
infection. Altogether, 131 HIV� patients and 20 healthy con-
trols were included. The clinical and immunological character-
istics of our cohort are shown in Table 1. To correlate immu-
nological results with clinical progression, this cohort was
divided into the following separate subgroups: (i) 31 patients
were aviremic (VL � 50 copies/ml) for more than a year of
HAART treatment (median CD4 cells/�l, 208 [range, 95 to
906 cells/�l]); (ii) 43 patients with viral loads between 50 and
1 � 105 copies/ml (CD4 cells/�l, 523 [12 to 1,023 cells/�l]); (iii)
21 patients with HIV-associated disease (CDC stages B and C)
and VL of 
1 � 105 copies/ml were designated progressors
(CD4 cells/�l, 105 [3 to 544 cells/�l]); and (iv) the group of 36
clinical HIV controllers. This group was further split into two
groups: (i) 15 long-term nonprogressors (LTNP) with CDC
stage A, a stable VL of �2,000 copies/ml, and CD4� counts of

500/�l for more than 5 years of being treatment naïve; and
(ii) 21 elite controllers (EC) with CDC stage A, a stable CD4�

count of 
500/�l, and an undetectable VL (�50 copies/ml) in
the absence of therapy. These definitions were chosen accord-
ing to widely accepted criteria (13).

To discriminate Tregs from the remainder of CD4� T cells
in this study, we incorporated a combination of cell surface
markers that included CD4, CD25, and the IL-7 receptor,
CD127 (55), as well as the intracellular marker FoxP3 into our
flow cytometry analyses, thereby defining Tregs as CD4�,
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CD25high, CD127low, and FoxP3high. Representative plots us-
ing this gating strategy for patients at different stages of HIV-1
disease are depicted in Fig. 1A and B and Fig. 2A. CD127
(unlike FoxP3) is an extracellular protein and therefore ap-
pears to serve as a good marker to sort live Tregs. Clearly, the
overwhelming majority of CD25high CD127low cells coincided
with the FoxP3high population (Fig. 1A and B) (34, 55, 58).
Notably, this also was true for viremic patients, and our results
are in contrast to a recent report that saw a disconnect in this
group of patients (14).

Relative increase and absolute decrease of the Treg fre-
quency with progressive HIV disease. Overall, we observed a
significant increase in the relative frequency of Tregs within
the CD4� compartment of the entire HIV� cohort (7.4% �
5.2%) compared to that of healthy controls (3.2% � 1.7%).
Furthermore, significant differences were observed depending
upon the status of HIV infection (Fig. 2B). Patients with high
HIV-1 viremia and a particularly progressive disease course
showed a statistically significant elevation in relative Treg fre-
quency (P � 0.0001; 11.9% � 8.5%). Interestingly, patients

TABLE 1. Clinical, immunological, and virological characteristics of the cohort

Patient classification Gendera Ageb (yr) Viral load (copies/ml)b CD4 countb (cells/�l) Treatmentc (no.)

HAART treatment for

1 yr (n � 31)

27 M, 4 F 50 (33–73) �50 208 (95–906) HAART, 31

VL of 50 to 105 copies/ml
(n � 43)

37 M, 6 F 42 (19–78) 1.5 � 104 (84–7.9 � 104) 523 (12–1,023) Naı̈ve, 28; HAART, 8;
IoT, 7

Progressors (n � 21) 19 M, 2 F 39 (23–72) 2.9 � 105 (1 � 105–3 � 106) 105 (3–544) Naı̈ve, 16; HAART, 1;
IoT, 5

Nonprogressors (n � 36) 22 M, 14 F 44 (23–81) 1055 (�50–8,600) 689 (265–1,622) Naı̈ve, 36; LTNP, 15;
EC, 21

a M, male; F, female.
b Values are medians (ranges).
c IoT, interruption of treatment; LTNP, long-term nonprogressor (
5 years, stable VL and CD4 counts, untreated); EC, elite controller (VL � 50 copies/ml, CD4

count stable, untreated).

FIG. 1. (A and B) CD25high CD127low surface staining coincides with CD25high FoxP3� cells. The overlay of the CD25high CD127low population
and CD25high FoxP3high shows strong correlation between populations (P � 0.0001; rs � 0.96).
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FIG. 2. Relative increase but absolute decrease of Treg frequency during HIV disease progression. (A) Representative Treg stains (FoxP3high

CD25high CD127low) of patients in different stages of the disease. Cells were stained as previously described and gated on CD3�, CD4�, CD127low

FoxP3high, and CD25high, showing differences in the relative Treg frequency, while (B) the relative Treg frequency was similar in long-term
nonprogressors as well as in elite controllers and the relative Treg frequencies were significantly increased, even in patients that suppressed the
virus due to HAART for more than a year. The relative Treg frequency inversely correlated with CD4� counts for the entire cohort (C), while
the frequency directly correlated with the HIV VL (only patients with detectable VL were plotted) (D). (E) When absolute Treg numbers
(Tregs/�l) were plotted, we found a decrease of Treg frequency with HIV disease progression. Interestingly, only the elite controllers had Treg
frequencies comparable to those of healthy controls. (F and G) Absolute Treg numbers correlated directly with CD4� count and inversely with
HIV VL.

1290 SCHULZE ZUR WIESCH ET AL. J. VIROL.

 on June 6, 2013 by U
niversitätsbibliothek Innsbruck

http://jvi.asm
.org/

D
ow

nloaded from
 

http://jvi.asm.org/


with long-term controller status (3.9% � 1.5%) as well as elite
controllers (4.1% � 1.5%) had relative Treg frequencies com-
parable to those of healthy individuals (P 
 0.05). Patients who
were successfully treated with antiretroviral drugs for more
than a year (all VL were �50 copies/ml) displayed a lower
frequency of Tregs than that of HIV progressors (7.8% �
3.5%; P � 0.0001). However, this frequency was still higher
than that for healthy controls (P � 0.0001). In addition, we
observed a statistically significant positive correlation between
relative Treg frequency and HIV VL (rs � 0.54, where rs is
regression calculated with the Spearman rank correlation test;
P � 0.0001) and an inverse correlation with CD4� counts (rs �
�0.56; P � 0.0001) (Fig. 2C and D). Interestingly, regulatory T
cells of patients with HIV infection, regardless of their clinical
status, had a higher expression (measured as MFI, for mean
fluorescence intensity) of FoxP3, and the MFI also correlated
positively with VL and inversely with the CD4 count (data not
shown). It remains to be determined whether the higher ex-
pression (MFI) of FoxP3 correlates with Treg activation or
function (9, 55). As expected, following the in vitro depletion of
CD25high FoxP3high Tregs, we observed the enhanced prolif-
eration of HIV-specific CD4� T cells (data not shown).

Since CD4� counts of the majority of HIV-infected patients
decrease significantly during the course of natural infection (1,
15, 31, 33), we next plotted the proportion of Tregs of all CD3�

T cells against CD4� counts (in cells/�l) to obtain the absolute
number of Tregs in the peripheral blood, as described previ-
ously (9). The absolute number of Treg cells in the peripheral
blood was significantly decreased in our cohort of HIV-in-
fected patients (8.8 � 8.3 Tregs/�l; P � 0.0001), including the
subgroup of long-term nonprogressors (11.9 � 11.56 Tregs/�l;
P � 0.0001). Only in HIV elite controllers did we observe
absolute Treg numbers that were comparable to those of
healthy controls (32 � 14 Tregs/�l; P 
 0.05) (Fig. 2 E). The
absolute number of Tregs also correlated with the CD4� count
(rs � 0.70; P � 0.0001) and showed an inverse correlation with
viral load (rs � �0.52; P � 0.0001) (Fig. 2F and G). Interest-
ingly, we find a significant correlation between T-cell activation
as measured by HLA-DR expression of the non-Tregs and the
loss of absolute Treg numbers (rs � �0.46; P � 0.0006) (see
Fig. S1F in the supplemental material). Finally, the absolute
Treg number of patients on HAART was only slightly higher
than that of the progressor group and did not reach statistical
significance (11.6 � 7.2 Tregs/�l; P 
 0.05), indicating that the
absolute number of Tregs does not fully recover after the
initiation of therapy.

The distinction between the absolute number of Tregs and
the relative Treg frequency is important and might help to
explain the contradictory results about the role of Tregs in
HIV infection (9–11, 17, 18, 42, 54, 61). Our data indirectly
indicate that the Treg population is decreasing over time
(maybe due to the deleterious effects of immune activation) at
a lower rate than the (memory) CD4� T cell population.

Phenotypical characterization of Tregs: CD39 expression of
Tregs correlates with progressive HIV disease. To date, several
studies have characterized Treg populations in HIV patients;
however, few have systematically and comprehensively ana-
lyzed the expression of further surface molecules of Tregs in
HIV patients (18, 34). For this study, we focused on the ex-
pression of three surface molecules that play a critical role in

controlling the adaptive arm of immune responses and are
deemed critical for Treg function. These include two members
of the CD28 family of receptors, the cytotoxic T-lymphocyte-
associated antigen 4 (CTLA-4) as well as the inducible co-
stimulator (ICOS), and CD39, a member of the E-NTPDases
(ectonucleoside triphosphate diphosphohydrolases). The liga-
tion of CTLA-4 inhibits T-cell activation by reducing the pro-
duction of interleukin-2 and arresting cell cycle progression
(26), ICOS is suggested to stimulate the induction of interleu-
kin-10 (29), and CD39 is strongly associated with suppressive
immunomodulatory functions by removing proinflammatory
ATP and producing anti-inflammatory adenosine (8).

In our study, we observed elevated levels of the surface
expression of these molecules on the Treg population com-
pared to those of other CD4� T cells, regardless of HIV
infection status (Fig. 3). We also detected significantly in-
creased levels of CTLA-4 (9.2% � 8.4%; P � 0.0007), ICOS
(21.6% � 16.3%; P � 0.0002), and CD39 (46.5% � 20.2%;
P � 0.0011) expression on Tregs of HIV patients compared to
those of a group of healthy controls (CTLA4, 2.9% � 2.0%;
ICOS, 9.9% � 6.2%; CD39, 30.5% � 17.0%, respectively)
(data not shown). No association was detected between the
Treg expression of CTLA-4 or ICOS and HIV VL or CD4�

counts in HIV-infected individuals. However, the levels of ex-
pression differed according to the stage of the disease, and
Tregs from the subgroup of elite controllers displayed elevated
levels of CTLA-4 and ICOS compared to levels for those who
progressed (ICOS, 31.9% � 23.0%; P � 0.0314; CTLA4,
15.9% � 7.8%; P � 0.0043) (Fig. 3A to D), although these trends
did not reach statistical significance after Bonferroni correction.
Due to the limited sample size, we were able to assess these
markers in only a minority of HIV nonprogressors. These limited
assays showed levels of CTLA-4 and ICOS expression compara-
ble to those of elite controllers (data not shown).

We observed a significant increase of CD39 expression in
regulatory T cells of patients with HIV infection (P � 0.0011).
Notably, we also found a strong association between CD39
expression on Tregs and disease progression. CD39 expression
of Tregs correlated inversely with CD4� counts (rs � �0.38;
P � 0.0003) and directly with HIV VL (P � 0.0003; rs � 0.41).
Interestingly, compared to that of the Treg population defined
by our markers, we observed only the low surface expression of
CD39 on the CD4� non-Treg population (Fig. 4A to F). These
data show that CD39 expression is largely restricted to Tregs.
In accordance with the data by Borsellino et al. (8), we find a
positive correlation between CD39 expression and the activa-
tion status of the Tregs as determined by HLA-DR and Ki67
expression (Fig. 4G and H). So far, there are few published
data about the functionality of CD39� T cells. To investigate
the functionality of CD39� T cells, we live-sorted CD4� T cells
according to the expression of CD25 and/or CD39 from PBMC
of healthy volunteers (see Fig. S2 in the supplemental mate-
rial). Interestingly, the capability to suppress the proliferation
of PBMC was confined to the CD4�, CD39�, CD25high cell
compartment (see Fig. S2C).

We next examined the surface expression of the viral core-
ceptor CCR5 to address the potential susceptibility of Tregs to
infection with HIV. First, CCR5 expression was detected on
Tregs from healthy controls and appeared slightly higher on
Tregs than other CD4� T-cell subpopulations. Overall, we
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observed a significant induction of CCR5 expression of Tregs
during HIV disease (10.3% � 7.6%; P � 0.0091) compared to
that of the healthy control group (5.1% � 3.3%), but this did
not appear to correlate with HIV VL (Fig. 3E and F). Of note,
the CCR5 expression level was highest in the group of elite
controllers (19.4% � 7.7%), which differed significantly from

that of progressors (P � 0.0001). While it is conceivable that an
enrichment of CCR5� Tregs in elite controllers is merely a
consequence of suppressed infection, it also is important to
note that CCR5 is a homing marker influencing Treg traffick-
ing, which may contribute in some way to viral control in these
individuals. In particular, recent research has emphasized a

FIG. 3. Surface expression of CTLA-4, ICOS, and CCR5 on Tregs of HIV-infected patients. CTLA4 (A and B) and ICOS (C and D) were more
highly expressed on the surface of Tregs of HIV-infected patients (CTLA-4, 9.2% � 8.4%, P � 0.0007; ICOS, 21.6% � 16.3%, P � 0.0002)
compared to the healthy control group (CTLA4, 2.9% � 2.0%; ICOS, 9.9% � 6.2%). Elite controllers showed elevated levels of CTLA-4 and ICOS
compared to those with progressive disease (ICOS, 31.9% � 23.0, P � 0.0314; CTLA4, 15.9% � 7.8, P � 0.0043). (E and F) CCR5 expression
was higher on CD4� T cells and Tregs of HIV-infected patients (10.3% � 7.6%; P � 0.0091) than for the healthy control group (5.1% � 3.3%).
Tregs of elite controllers showed the highest expression of CCR5 (19.4% � 7.7%).
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FIG. 4. CD39 expression correlates with HIV disease progression. (A) Representative fluorescence-activated cell sorter plot showing CD39
expression (red) on CD4� cells (blue). (B and C) CD39 expression was restricted to Tregs and compared to conventional CD4� T cells (non-Tregs)
regardless of the stage of the disease. (D) CD39 expression on Tregs positively correlated with disease progression and was expressed to a higher
extent on Tregs of all HIV-infected patients regardless of the stage of the disease (46.5% � 20.2%) compared to that of healthy controls (30.5% �
17.0%, P � 0.0011), with the exception of elite controllers (P 
 0.05). (E and F) CD39 expression on Tregs correlated inversely with CD4� counts
(P � 0.0003; rs � �0.38) and positive with HIV viral load (P � 0.0003; rs � 0.41). (G and H) Expression of CD39 shows a strong correlation with
the activation status of Tregs, as measured by the Treg expression of HLA-DR (P � 0.0001; rs � 0.43) and Ki67 (P � 0.0009; rs � 0.45).
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beneficial role for Tregs at the site of infection, where they can
orchestrate rather than dampen the effector cell response at
early stages of infection (35, 51). Thus, we aimed to study the
distribution of Tregs in lymphoid tissue, an important site of
viral replication.

Higher relative frequency of Tregs in lymph node tissue
compared to peripheral blood of HIV-infected patients. We
were able to compare the frequencies of Tregs in peripheral
blood with concurrent lymph node samples collected early
during HIV infection in 10 patients enrolled previously in a

sexually transmitted infection (STI) cohort (Table 2). We
found a higher relative Treg frequency (10.8% � 3.1%) and
FoxP3 MFI (1,593 � 272) in the lymph nodes compared to
those of PBMC (Tregs, 7.6% � 3.0%; P � 0.0028; FoxP3 MFI,
1,095 � 199; P � 0.0001) (see Fig. S3 in the supplemental
material). These preliminary findings are somewhat limited, in
that we do not have matching lymph node mononuclear cells
(LNMC) from healthy controls; however, the striking differ-
ence observed in HIV patients is notable and illustrates the
necessity for further studies to examine Tregs in different tis-
sues. More detailed analysis of the kinetics, dynamics, pheno-
type, and tissue distribution of these cells over the course of
untreated HIV infection and following therapy is clearly war-
ranted (42).

Longitudinal assessment of Tregs in HIV and influence of
HAART treatment. Finally, we examined PBMC samples from
seven patients collected before as well as more than 1 year
after the initiation of successful HAART treatment, with the
full suppression of viremia, to determine the impact of anti-
retroviral therapy on the frequency and phenotype of Tregs
(Fig. 5A to H). As expected, increasing numbers of conven-

FIG. 5. Longitudinal analysis of Tregs during HAART. Seven patients were analyzed during HAART (each on therapy for more than a year).
(A) HIV VL load (�50 � 0 copies/ml; P 
 0.0230) was below the limit of detection (50 RNA copies/ml) in all patients during HAART. (B) CD4�

count (9.3% � 8.6%) increased during HAART (24.8% � 14.4%; P � 0.0064). (C and D) While relative Treg frequencies decreased (baseline,
16.5% � 5.5%; after 
1 year of HAART, 7.9% � 3.0%; P � 0.0044), we detected an increase in absolute Treg numbers, defined as the proportion
of Tregs of total CD3�/CD4� T cells (baseline, 3.6 � 2.7 cells/�l; after 
1 year of HAART, 24.2 � 13.0 cells/�l; P � 0.0031). (E to H) Surface
expression of Treg markers CTLA-4, ICOS, CCR5, and CD39 showed a trend toward lower expression, but this trend does not reach statistical
significance.

TABLE 2. Clinical characteristics of patient lymph node
mononuclear cells

Characteristic Value

Gender ..........................................................................10 M, 0 F
Age ................................................................................53 yr (33–78)a

Viral load (copies/ml) .................................................�50 (�50–9,500)a

CD4 count (cells/�l)....................................................418 (140–1691)a

Treatment .....................................................................HAARTb

a Values are medians (ranges).
b Data of three patients were unknown.
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tional CD4� T cells (P � 0.0064) corresponded with a de-
crease of the relative Treg frequency (baseline, 16.5% � 5.5%;
after 
1 year of HAART, 7.9% � 3.0%; P � 0.0044). Accord-
ingly, we observed an increase in the absolute number of Treg
following treatment (baseline, 3.6 � 2.7 cells/�l; after 
1 year
of HAART, 24.2 cells/�l � 13.0; P � 0.0031). The surface
expression of CTLA-4, ICOS, CCR5, and CD39 on Tregs did
not decrease after the initiation of HAART (data not shown),
suggesting that these phenotypic changes are not fully revers-
ible, or they slowly revert in the absence of viremia.

DISCUSSION

Generalized chronic immune activation and the progressive
loss of the number and function of CD4� T lymphocytes have
been demonstrated as leading events in HIV-1 pathogenesis.
There is now compelling evidence that regulatory T cells play
an important role in maintaining a balance between the induc-
tion and suppression of immune activation (5, 25). However,
the precise role of Tregs in HIV pathogenesis still is contro-
versial. On one hand, Tregs may prevent chronic immune
activation and therefore are beneficial for the preservation of
CD4� T cells. Conversely, Tregs may dampen the antiviral
immune response and therefore play a detrimental role for the
containment of HIV (27, 28). Previous data to address this
topic were generated using a suboptimal definition of Treg
markers and/or were collected from rather small and hetero-
geneous HIV patient cohorts. We sought to overcome these
limitations by examining the frequency and phenotype of a
precisely defined Treg population using a large and well-char-
acterized cohort of HIV-infected patients, including elite con-
trollers, longitudinal samples from HAART-treated patients,
as well as lymph node samples for comparison to healthy con-
trols. In this respect, we believe that our compilation of data is
rather unique.

While we find that an increase of Treg frequency within the
CD4� T cell compartment is associated with HIV disease
progression, we assume that this relative increase most likely is
due to the loss of absolute CD4� T-cell counts rather than a
true increase of absolute Treg numbers. Our calculations in-
deed indicate that the absolute number of Tregs actually de-
creases during disease progression and is correlated with in-
creased immune activation (see Fig. S1 in the supplemental
material) and plasma viral load.

These results confirm recent data (9) from a study that
examined patients from the MACS cohort but for whom HIV
viral load data were not available. Importantly, we extended
the observations of previous studies (6, 9) by examining a large
group of nonprogressing patients and elite controllers. Nota-
bly, our results indicate that the absolute number of Tregs is
normal or even elevated in these individuals.

Differences in peripheral Treg frequency or Treg numbers
may be explained by a redistribution of these cells from other
tissue compartments or by the differential proliferation or con-
version of CD4� T cells into Tregs. Our comparison of lymph
node and peripheral blood samples indeed suggests that Tregs
preferentially migrate to lymphoid tissues and therefore are
underrepresented in PBMC (2).

In the current study, we not only compared the relative
frequencies and absolute numbers of Tregs in different groups

of patients but also extended our studies to a comprehensive
analysis of additional phenotypical markers. Here, elite con-
trollers not only exhibited levels of Tregs (relative frequency
and absolute numbers) comparable to those of the healthy
control group but also displayed a distinct phenotypic expres-
sion pattern. We observed the highest levels of CCR5, Foxp3
MFI, and CTLA4 expression in Tregs of elite controllers. Ad-
ditional work will be necessary to fully examine the function
and homing properties of these cells and to see how they may
differ from Tregs present in healthy controls and HIV-infected
patients with chronic progressive disease. It is intriguing to
hypothesize that this phenotype contributes to the control of
viral replication and whether Tregs are more (or less) suscep-
tible to HIV infection than conventional CD4� T cells (42, 44,
45, 47, 56, 60). It has been reported that HIV replication is
slower in Tregs than in conventional CD4� T cells on a per-cell
basis, so it remains unclear whether they can function as pro-
ductive target cells in vivo. Previous in vitro data demonstrated
an increased susceptibility of Tregs to infection (10, 45), but
these in vitro assays may alter the Treg phenotype and there-
fore do not fully represent the in vivo situation (56). In the
present study, we examined the expression of CCR5 on Tregs
ex vivo and detected higher CCR5 expression of Tregs from
HIV-infected patients than from healthy controls. These data
are consistent with recent reports by other groups and indicate
that viral attachment and entry is possible in Tregs using this
pathway (39). However, CCR5� effector memory CD4� sub-
populations that are resistant to R5-tropic virus recently have
been described (44). The low rate of viral replication seen in
Tregs may be explained by the potential interaction of FoxP3,
NF-�B, and the HIV-1 long terminal repeat (LTR) (56).
NF-�B is essential for viral replication (21), and it has been
shown that the FoxP3 interfers with NF-�B activation and
suppressed HIV-1 LTR-specific transcription (22). Addition-
ally, it has been shown that CTLA-4, which is upregulated in
Tregs, reduces NF-�B activation (20), altogether conceivably
leading not to a lower rate of infection but to reduced virus
replication capacity. In turn, this would be beneficial for the
survival and maintenance of the functionality of Tregs in HIV
infection. However, all of these hypotheses (and others [39,
42]) have to be confirmed by future studies on the rate of the
infection of Tregs in vivo at different stages of the disease (39).

A critical role of CD39 has been described for Tregs in
general, but few studies have analyzed the expression of CD39
during HIV disease (32). In particular, to our knowledge this is
the first study to demonstrate a significant correlation between
the CD39 expression of Tregs and progressive HIV disease.

While the expression of CD39 could be seen as a mere
surrogate marker for immune activation in these individuals
(11, 47), recent studies suggest a functional role for CD39 in
pathogenesis (3, 8, 30, 40). CD39 functions as a nucleoside
triphosphate diphsphohydrolase 1 (NTPDase 1), which con-
verts ATP (a proinflammatory stimulus) into AMP, and also
boosts the production of adenosine (8), thereby dampening the
general immune activation (4, 16). Adenosine suppresses
CD4� and CD8� T cells directly through binding to the aden-
osine 2a receptor, and CD39/CD73 expression of Tregs has
been implicated in T cell dysfunction via this mechanism (12).
Originally CD39 expression had been linked to the activation
of lymphoid cells (36). Recently, Borsellino et al. reported that
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CD39 is constitutively expressed by FoxP3� regulatory T cells
(8). The same group also described an association between the
activation status of murine Tregs and CD39 expression. We
confirm those findings in our human study and show that the
high expression of CD39 is restricted mainly to FoxP3� Tregs
(Fig. 4A and B) and increases with disease progression and
immune activation (Fig. 4G).

Interestingly, even long-term nonprogressors with low viral
loads show significantly higher levels of CD39 on Tregs than
those of elite controllers. This may underline the sensitivity of
CD39 in immune regulation and its importance as a functional
molecule on Tregs, which may be useful to predict disease
progression. According to functional experiments performed
by us (see Fig. S2 in the supplemental material) and others
(38), the capability of Tregs to suppress proliferation seems to
be confined exclusively to the CD4�, CD25high, CD39� cell
compartment. At the moment, it remains speculative whether
CD39 acts as a switch for the suppressive function of Tregs.
According to this model, Tregs are consecutively switched on
in patients with even minimal HIV viremia, while the majority
of CD39� Tregs detected in healthy people and elite control-
lers are in a nonfunctional status. Paradoxically, in a recent
publication the subset CD4�, CD25�, CD39� T cells, a subset
that also is increased with rising HIV viral loads in our cohort,
was functionally described to have an inducer phenotype, pro-
moting T-cell proliferation, and it is intriguing to speculate
whether an increased ratio of T inducer cells/Tregs would be of
any importance for HIV pathogenesis. However, further func-
tional studies have to confirm those recent results, and in first
experiments performed by us, these CD4�, CD25low, CD39�

cells did not produce gamma interferon after stimulation (see
Fig. S2B). Taken together, our data and work by other groups
(8, 37, 38, 40) warrant further functional investigations on the
role of CD39 in HIV infection, possibly opening new avenues
for future immunomodulatory interventions by blocking the
CD39 molecule in vivo by specific inhibitors (32, 57).

In summary, our results explain the discrepancies of previ-
ously published data on the role of Tregs in HIV infection. We
find an increase of the relative Treg frequency within the
CD4� compartment but a decrease of the absolute Treg num-
ber in PBMC associated with HIV disease progression, indi-
cating a loss of Tregs at a lower rate than that of conventional
CD4� T cells. The loss of the absolute Treg number is partially
reversible by HAART. We found a strong association between
the quantity and quality of Tregs and different courses of HIV
disease.

Notably, elite controllers, but not long-term nonprogressors,
exhibited high frequencies of Tregs with a distinct phenotype.
Future studies will be needed to establish whether this pheno-
typic pattern in elite controllers is associated with specific im-
mune functions, which may be directly involved in the unique
capability to control virus replication observed in these pa-
tients (10, 11). Although we are waiting for a further confir-
mation of a causative relation, our data indirectly indicate a
beneficial and complex role of Tregs for the orchestration of
the immune response in HIV infection. This immunomodula-
tory capacity exceeds the current view, which implies that the
role of Tregs is merely to dampen the adaptive antiviral re-
sponse. Further functional (40, 47) and longitudinal analyses of
Tregs, and especially the role of CD39 expression, the thor-

ough assessment of the distribution of these cells in different
tissues (35, 42, 51) (e.g., lymph node, gut, and/or liver) as well
as an analysis of CD8� Tregs (41) are necessary to fully com-
prehend the role of Tregs in HIV infection. Due to the com-
plex role of Tregs in vivo, more detailed studies have to be
completed before clinical immunotherapeutic interventions in-
volving Tregs can be attempted in HIV or other viral infections
(48).
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