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T lymphocyte dysfunction contributes to human immunodeficiency virus type 1 (HIV-1) disease progression by impairing anti-
virus cellular immunity. However, the mechanisms of HIV-1 infection-mediated T cell dysfunction are not completely under-
stood. Here, we provide evidence that expansion of monocytic myeloid-derived suppressor cells (M-MDSCs) suppressed T cell
function in HIV-1-infected individuals. We observed a dramatic elevation of M-MDSCs (HLA-DR�/low CD11b� CD33�/high

CD14� CD15� cells) in the peripheral blood of HIV-1-seropositive subjects (n � 61) compared with healthy controls (n � 51),
despite efficacious antiretroviral therapy for nearly 2 years. The elevated M-MDSC frequency in HIV-1� subjects correlated with
prognostic HIV-1 disease markers, including the HIV-1 load (r � 0.5957; P < 0.0001), CD4� T cell loss (r � �0.5312; P <
0.0001), and activated T cells (r � 0.4421; P � 0.0004). Functional studies showed that M-MDSCs from HIV-1� subjects sup-
pressed T cell responses in both HIV-1-specific and antigen-nonspecific manners; this effect was dependent on the induction of
arginase 1 and required direct cell-cell contact. Further investigations revealed that direct HIV-1 infection or culture with HIV-
1-derived Tat protein significantly enhanced human MDSC generation in vitro, and MDSCs from healthy donors could be di-
rectly infected by HIV-1 to facilitate HIV-1 replication and transmission, indicating that a positive-feedback loop between HIV-1
infection and MDSC expansion existed. In summary, our studies revealed a novel mechanism of T cell dysfunction in HIV-1-
infected individuals and suggested that targeting MDSCs may be a promising strategy for HIV-1 immunotherapy.

The importance of T lymphocytes in human immunodeficiency
virus type 1 (HIV-1) infection is highlighted by the existence

of an elite controller population (also called long-term nonpro-
gressors) whose ability to contain infection correlates with the
presence of strong HIV-1-specific T cell responses (1, 2). In most
chronically infected HIV-1 individuals, however, T cell dysfunc-
tion and depletion are common events that accelerate HIV-1 dis-
ease progression (3, 4, 5). Although the mechanisms underlying T
cell dysfunction by HIV-1 infection have been studied extensively,
the details remain elusive (6, 7, 8).

Myeloid-derived suppressor cells (MDSCs) are a heteroge-
neous population of bone marrow-derived myeloid progenitors
and immature myeloid cells that have been prevented from fully
differentiating out of the progenitor stage under some pathologi-
cal conditions, such as cancer, inflammatory diseases, and auto-
immune disorders (9, 10, 11, 12, 13, 14). They migrate out of the
bone marrow and accumulate in both the blood and peripheral
lymphoid tissues, where they function as immune suppressors by
inhibiting other immune cells. In mice, MDSCs are identified as
Gr1� CD11b� cells. Human MDSCs are less well characterized
because no uniform markers are available. However, they usually
express the common myeloid markers CD33 and CD11b but lack
expression of markers for mature myeloid cells, such as HLA-DR
(9, 10). Due to the heterogeneous nature of these cells, MDSCs can
be further divided into 2 major subsets: monocytic (M-MDSC)
and granulocytic (G-MDSC). For human MDSCs, the monocytic
subset contains CD14� cells, while the granulocytic subset con-
tains CD14� but CD15� cells (9, 10). These 2 subtypes of MDSCs
may have different biological functions and use different mecha-
nisms for immune suppression. Characterization and functional
studies of these subsets will delineate the mechanisms through

which MDSCs mediate immune suppression under specific path-
ological conditions.

Although MDSCs have been intensively studied in cancer, their
emerging roles in the pathogenesis of infectious viral diseases are
just being understood (15, 16, 17, 18). It has been reported that
infection with influenza A virus (IAV) in mice or human patients
resulted in the expansion of MDSCs, which suppressed IAV-spe-
cific immune responses, and their function was modulated by
iNKT cells. The MDSCs in IAV-infected patients have been de-
scribed as immunosuppressive CD11b� cells (16). Studies inves-
tigating hepatitis C virus (HCV) and MDSCs showed that HCV
core protein-treated CD33� mononuclear cells display a CD14�

CD11b�/low HLA-DR�/low phenotype that suppresses T cell func-
tion through upregulation of reactive oxygen species (ROS) pro-
duction; chronically infected HCV patients displayed the same
phenotype of MDSCs as that generated in vitro (17). In a murine
model of chronic hepatitis B virus, accumulation of MDSCs was
also observed in the livers of mice (15). A very recent report
showed that levels of MDSCs with a CD11b� CD33� CD14�

Received 9 July 2012 Accepted 5 November 2012

Published ahead of print 14 November 2012

Address correspondence to Jie Zhou, zhouj72@mail.sysu.edu.cn, or Xiaoping
Tang, xiaopingtanggz@yahoo.com.

A.Q., W.C., and T.P. contributed equally to this work.

Supplemental material for this article may be found at http://dx.doi.org/10.1128
/JVI.01759-12.

Copyright © 2013, American Society for Microbiology. All Rights Reserved.

doi:10.1128/JVI.01759-12

February 2013 Volume 87 Number 3 Journal of Virology p. 1477–1490 jvi.asm.org 1477

 on July 15, 2017 by guest
http://jvi.asm

.org/
D

ow
nloaded from

 

http://dx.doi.org/10.1128/JVI.01759-12
http://dx.doi.org/10.1128/JVI.01759-12
http://dx.doi.org/10.1128/JVI.01759-12
http://jvi.asm.org
http://jvi.asm.org/


CD15� phenotype, which is associated with disease progression,
were elevated in HIV-1-infected individuals (18). Collectively,
these reports suggest that MDSCs may represent a novel player in
viral immune evasion, although MDSCs from different viral dis-
eases may have distinct phenotypes and utilize different mecha-
nisms for immunosuppression.

In the present study, we performed mechanistic studies to in-
vestigate MDSC expansion and its contribution to immunodefi-
ciency in HIV-1� subjects. In contrast to the previous reports, we
observed a dramatic elevation of a monocytic subset of MDSCs
(HLA-DR�/low CD11b� CD33�/high CD14� CD15�) in HIV-1�

subjects compared with healthy controls. The level of monocytic
MDSCs correlated strongly with HIV-1 disease progression. HIV-
1-derived M-MDSCs were functionally suppressive to T cell re-
sponses through induction of arginase 1 (ARG1) and required
direct cell contact. Moreover, we found that direct HIV-1 infec-
tion or exposure to HIV-1-encoded protein Tat could drive
MDSC generation in vitro, and MDSCs may serve as direct targets
of HIV-1 infection, indicating that a positive-feedback loop ex-
isted between HIV-1 infection and M-MDSC accumulation.
Taken together, our study revealed that expansion of monocytic
MDSCs may represent a novel mechanism of T cell dysfunction in
HIV-1-infected individuals and suggested that targeting MDSCs
is potentially useful for HIV-1 immunotherapy.

MATERIALS AND METHODS
Ethics statement. This research was approved by the Ethics Review Board
of Guangzhou No. 8 People’s Hospital and the Ethics Review Board of Sun
Yat-Sen University. Written informed consent was provided by study par-
ticipants and/or their legal guardians.

Patients and healthy donors. HIV-1-infected patients (n � 61) were
recruited at No. 8 People’s Hospital (Guangzhou Infectious Disease Hos-
pital, Guangzhou, China). For enrollment in the study, only HIV-1-in-
fected individuals without obvious secondary infections (identified by
history, clinical manifestation, and blood tests) and who had not received
any therapy for at least 3 months prior to the study were included. Some
enrolled HIV-1� patients (25/61) were followed for almost 2 years during
highly active antiretroviral therapy (HAART), and blood samples were
harvested at various weekly time points post-HAART. Healthy controls
(n � 51) were a group of local volunteers who were seronegative for
HIV-1 and had no reported history of chronic illness or intravenous drug
use. The basic characteristics of HIV-1� subjects and healthy donors are
outlined in Table 1.

PBMC isolation and flow cytometric analysis. Peripheral blood
mononuclear cells (PBMCs) were isolated from whole blood by Ficoll
centrifugation and analyzed immediately or cryopreserved at �80°C in
80% fetal calf serum, 10% RPMI 1640 (Invitrogen, Grand Island, NY),
and 10% dimethyl sulfoxide (DMSO) (Sigma-Aldrich, St. Louis, MO).
The following anti-human antibodies were purchased from eBioscience
(San Diego, CA): CD11b-fluorescein isothiocyanate (FITC), CD33-phy-
coerythrin (PE), HLA-DR–PE–Cy5, CD14-PE-Cy7, CD15-eFluor450,
CD4-PE, CD8a-FITC, CD38-PE-Cy5, CD8-PE-Cy5, CD3-PE-Cy5, and
their corresponding isotype controls. The following anti-human antibod-
ies were from BD Biosciences (San Jose, CA): CD3-PE-Cy7, CD195
(CCR5)-allophycocyanin (APC)-Cy7, CD184 (CXCR4)-PE-Cy7, CD4-
V-500, and APC-Cy7-IgG2 and V-500-IgG2 isotype antibodies. The cell
phenotype was analyzed by flow cytometry on a flow cytometer (BD LSR
II; BD Biosciences, San Jose, CA), and data were analyzed with the Cell-
Quest program (Becton, Dickinson, Mountain View, CA). Data were ac-
quired as the fraction of labeled cells within a live-cell gate set for 50,000
events. For the flow cytometric sorting, a BD Influx machine (BD Biosci-
ences) was used. The strategy for MDSC sorting was HLA-DR�/low

CD11b� CD33�/high cells from live PBMCs. Depletion of MDSCs was

performed by harvesting the remaining PBMCs after MDSC sorting. 4=,6-
Diamidino-2-phenylindole (DAPI) (1 �g/ml; Roche, Basel, Switzerland)
was used to distinguish live cells from dead cells. The experiments were
performed in a biosafety laboratory.

IFN-� ELISPOT. Ninety-six-well plates were coated with anti-human
gamma interferon (IFN-�) antibody (U-Cytech). PBMCs were cultured
on the coated plates at 2.5 � 105 cells/well and stimulated with a pool of
HIV-1 gag peptides (2.5 �g/ml) or left unstimulated (negative control) in
complete medium for 24 h. The cells were then washed and incubated
overnight at 4°C with another biotinylated anti-IFN-� antibody (U-
Cytech, The Netherlands). Reactions were visualized using Streptavi-
din-alkaline phosphatase (AP) conjugate (BD PharMingen) and
5-bromo-4-chloro-3-indolylphosphate (BCIP)/nitroblue tetrazolium
(NBT) substrate (Pierce, Rockford, IL). The number of spots per 106

PBMCs, which represented the number of IFN-�-producing cells, was
calculated with an enzyme-linked immunospot (ELISPOT) plate reader
(Bio-Sys GmbH, Karben, Germany).

T cell proliferation assay. T cell proliferation was evaluated by CFSE
(5,6-carboxyfluorescein diacetate, succinimidyl ester) dilution. Purified T
cells were labeled with CFSE (3 �M; Invitrogen), stimulated with anti-
CD3/CD28 antibodies (5 �g/ml; eBioscience), and cultured alone or
cocultured with autologous MDSCs at the indicated ratios for 3 days. The
cells were then stained for surface marker expression with CD4-PE or
CD8-PE-Cy5 antibodies, and T cell proliferation was analyzed on a flow
cytometer (BD LSR II; BD Biosciences, San Jose, CA). For antigen-specific
T cell responses, PBMCs were labeled with CFSE, followed by stimulation
with HIV-1 gag-specific peptides.

ELISA. IFN-� quantification in culture supernatants was determined
using an enzyme-linked immunosorbent assay (ELISA) following the
manufacturer’s instructions (R&D Systems, Minneapolis, MN).

Arginase activity assay. The activity of arginase was measured in cell
lysates. Briefly, cells were lysed with 0.1% Triton X-100 for 30 min, fol-
lowed by the addition of 25 mM Tris-HCl and 10 mM MnCl2. The enzyme
was activated by heating for 10 min at 56°C. Arginine hydrolysis was
performed by incubating the lysate with 0.5 M L-arginine at 37°C for 120
min. The urea concentration was measured at 540 nm after the addition of
�-isonitrosopropiophenone (dissolved in 100% ethanol), followed by
heating at 95°C for 30 min.

NO production. The NO content in plasma was measured following
the manufacturer’s protocol (Biovision, Milpitas, CA). Plasma samples

TABLE 1 Basic characteristics of HIV-1-infected individuals and
healthy donors

Baseline
characteristic

Value

HIV infected Healthy control

Subjects (n) 61 51
Female [no. (%)] 29 (48) 25 (49)
Male [no. (%)] 32 (52) 26 (51)
Age [yr (range)] 38 (16–60) 36 (18–59)
CD4 absolute

median no. of
cells/�l (range)

167.5 (4–568) 827 (478–1,329)

CD4 median %
(range)

25.5 (8.5–68.8) 47 (32–65)

CD8 absolute
median no. of
cells/�l (range)

753 (190–1,972) 457 (203–767)

CD8 median %
(range)

30 (11.1–68.9) 28 (17–36)

HIV RNA median
copies/ml
(range)

2.497 � 104 (4 � 102–1.06 � 106) NAa

a NA, not applicable.
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(150 �l) were first mixed with ZnSO4 (8 �l) and vortexed, and then NaOH
(8 �l) was added, followed by centrifugation for 10 min at 14,000 rpm.
One hundred microliters of the deproteinized supernatants was trans-
ferred to a clean tube, mixed with Greiss reagent, and incubated for 10 min
at 60°C. The absorbance at 550 nm was measured using a microplate
reader (Bio-Rad, Hercules, CA). Nitrite concentrations were determined
by comparing the absorbance values for the test samples to a standard
curve generated by serial dilution of 0.25 mM sodium nitrite.

Quantitative reverse transcription (qRT)-PCR. RNA was extracted
with an RNase Minikit, and cDNA was synthesized using a SuperScript III
reverse transcriptase kit (Qiagen, Valencia, CA). PCR was performed as
described previously (19). Briefly, reactions were done in triplicate using
SYBR Green (TaKaRa, Otsu, Japan) and normalized to endogenous cy-
clophilin mRNA levels using gene-specific primers for each target (see
Table S1 in the supplemental material). For quantification of HIV-1 RNA
gag copy numbers in MDSCs or CD4 T cells, we used GAG-for and GAG-
rev primers for amplification (see Table S1 in the supplemental material).
Standard curves were generated from 10-fold serial dilutions of known
concentrations of a synthetic HIV-1 transcript. The copy numbers of the
synthetic HIV-1 standard were calculated from its quantity and molecular
weight. Triplicate reactions were run, and the number of template copies
was calculated based on the standard curve (20).

Nested RT-PCR. RNA from PBMCs or MDSCs was extracted with an
RNase Minikit (Qiagen) and used for amplification of viral gag or partial
env genes (V1-C3 region). The first-round PCR was performed using a
one-step RT-PCR kit (TaKaRa, Otsu, Japan), and second-round PCR was
performed with High Fidelity Prime Star (TaKaRa, Otsu, Japan), follow-
ing the manufacturer’s instructions. The primers used for this experiment
are listed in Table S1 in the supplemental material. The PCR products
were confirmed by sequencing. The first-round primers for gag were
GAL-L and GAL-E2, and the second-round primers were GUX and GDX.
The first-round primers for env were enF1 and enR1, and the second-
round primers were EC1FA and EC3RA.

Measurement of viral load. Plasma HIV-1 RNA was quantified by
PCR (Cobas Amplicor test; Roche Diagnostic, Basel, Switzerland).

HIV-1 production and infection. To generate viruses, 293T cells were
transfected with the HIV-1 infectious clone NL4-3 (X4) or YU-2 (R5)
using Lipofectamine 2000 (Invitrogen) following the manufacturer’s in-
structions. Culture supernatants were harvested at 48 h posttransfection.
To normalize viral inputs, the amount of p24 was measured by HIV-1 p24
ELISA (Abnova, Walnut, CA). The target cells (1 � 106) were infected
with the equivalent of 10 ng or 20 ng HIV-1 p24 in 1 ml for 3 h at 37°C. The
virus-containing supernatants were then removed by washing 3 times
with PBS. HIV-1 replication postinfection was monitored by p24 analysis.

Transwell assays. The MDSC-T cell coculture experiments were per-
formed with Transwells to determine the cell contact dependency of the
MDSC function. For these studies, MDSCs isolated by flow cytometric
sorting were cultured in Transwell inserts (0.4-�m pore; Millipore, Bil-
lerica, MA), and fresh autologous T cells were cultured in 96-well plates.
For T cell proliferation assays, MDSCs were cocultured with CFSE-labeled
T cells at different ratios in the presence of anti-CD3/CD28 stimuli for 3
days. Proliferation of T cells was evaluated by flow cytometry. For the
effect of MDSCs on HIV-1 replication, MDSCs were cocultured with
HIV-1-infected T cells at different ratios with Transwells, as described
above, and culture supernatants were harvested on different days for
HIV-1 p24 measurement.

Statistics. Clinical and immunological parameters were compared by
nonparametric Mann-Whitney U tests. For in vitro experiments, statisti-
cal analyses were done using paired t tests. Changes of MDSC levels in
clinical patients between various time points during HAART were evalu-
ated by one-way analysis of variance (ANOVA), followed by least signifi-
cant difference (LSD) t tests for pairwise comparisons. Correlations be-
tween different parameters were analyzed using a Spearman rank test.
Statistical tests were performed using GraphPad Prism version 5.0a and
SPSS Statistics 17.0. P values of �0.05 were considered significant.

RESULTS
Dramatic elevation of levels of monocytic MDSCs in the periph-
eral blood of HIV-1-infected individuals despite prolonged
HAART. To determine whether MDSCs play a role in HIV-1 dis-
ease pathogenesis, we first compared the MDSC frequencies and
absolute cell counts in the peripheral blood from HIV-1-seropos-
itive subjects (n � 61) with those of healthy subjects (n � 51). The
characteristics of the enrolled HIV-1� subjects and healthy do-
nors are summarized in Table 1. We collected the PBMCs from
healthy and HIV-1-infected subjects and analyzed MDSC fre-
quency by flow cytometry. We observed a clear population of
HLA-DR�/low CD11b� CD33�/high MDSCs in the samples we an-
alyzed. These cells were CD14� but lacked expression of CD15,
supporting the idea that they were a monocytic subset (Fig. 1A).
There was no difference in CD14 expression in this subset between
healthy donors and HIV-1� subjects (data not shown). Impor-
tantly, the monocytic MDSCs that we observed were distinct from
another granulocytic subset (CD11b� CD33� CD14� CD15�) of
MDSCs that was reported by another group in HIV-1-infected
individuals (18). In support of the difference in the identities of
these 2 subsets (21), there were clearly 2 subpopulations among
CD11b� CD33� cells from PBMCs of HIV-1� subjects: one was
CD14�, and the other was CD14� (see Fig. S1 in the supplemental
material). We found a dramatic elevation of monocytic-MDSC
frequency and absolute cell counts in HIV-1� subjects compared
with healthy controls, as shown by the representative flow cyto-
metric data in Fig. 1B and the quantified data across all samples in
Fig. 1C. Meanwhile, no considerable change was observed for the
granulocytic subset (CD11b� CD33� CD14� CD15�) in HIV-1�

donors in our study (data not shown). When we further examined
the M-MDSC levels in the HIV-1� subjects with different baseline
CD4� T cell count categories, we found that the percentage of
M-MDSCs was inversely correlated with CD4� T cell counts, as
subjects in the category with CD4 counts of �200 cells/�l dis-
played significantly higher M-MDSC percentages than those in
the category with CD4 counts of 	200 cells/�l (Fig. 1D). We also
compared the M-MDSC frequencies in HIV-1� subjects at differ-
ent clinical stages, as defined by the U.S. Centers for Disease Con-
trol and Prevention (CDC) classification system, which is based
on CD4� T cell counts and symptoms indicative of immune dys-
function (22). HIV-1-infected subjects in advanced stages (C3,
with a CD4 count of �200 cells/�l and demonstrating AIDS
symptoms) had higher M-MDSC levels than those in early stages
(A3 and B3, with a CD4 count of �200 cells/�l and an asymptom-
atic condition [A3] or non-AIDS symptoms [B3]) (Fig. 1E), fur-
ther supporting the idea that M-MDSC frequency in HIV-1� sub-
jects is closely associated with disease progression.

HAART is currently the standard clinical treatment to suppress
viral replication in HIV-1-infected individuals (23, 24). Since
HAART lowers viral titers, subsequently allowing CD4� T cell
counts to rise, we asked whether M-MDSC levels were normalized
by HAART administration in HIV-1� subjects. PBMCs were col-
lected from a group of HIV-1� patients undergoing HAART (n �
25) at various time points over a period of 84 weeks to monitor
MDSC levels. Each patient in the study experienced complete viral
suppression and gained CD4 counts in response to HAART (see
Fig. S2 in the supplemental material). The data revealed that the
M-MDSC frequency clearly decreased from baseline levels at week
4; M-MDSC levels then fluctuated but maintained a lower level
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than before HAART (week 0) during the entire period of therapy
(Fig. 1F). The remarkable decrease in MDSC frequency at week 4
coincided with the dramatic decline in plasma viremia at that
time, indicating a potential direct link between M-MDSC expan-

sion and HIV-1. Patients at week 84 post-HAART still displayed a
significantly higher frequency of M-MDSCs than healthy controls
(see Fig. S3 in the supplemental material), suggesting that HAART
administration failed to normalize M-MDSC levels.

FIG 1 Expansion of monocytic MDSCs in HIV-1-infected individuals. (A) Gating strategy of M-MDSCs by flow cytometry analysis. HLA-DR�/low cells were first
selected from live PBMCs, and the CD11b� CD33�/high population was further gated as M-MDSCs. The expression of cell surface markers CD14 and CD15 on
this population was subsequently evaluated. Black, HIV-1; gray, isotype. SSC, 1� SSC is 0.15 M NaCl plus 0.015 M sodium citrate. (B) Representative flow
cytometry data for M-MDSCs from HIV-1� donors and healthy controls. The boxed areas represent the percentage of HLA-DR�/low CD11b� CD33�/high cells
in PBMCs. (C) Statistical analysis of M-MDSC frequency (left) and absolute cell counts (right) in the peripheral blood from HIV-1� donors (n � 61) and healthy
controls (n � 51). ***, P � 0.0001. (D and E) Statistical analysis of M-MDSC frequency in PBMCs from HIV-1� donors with different CD4� T cell counts (D)
or at different clinical stages (E) according to the CDC classification system (A3, B3, and C3, CD4 counts of �200 cells/�l, from early to advanced stages: A3,
asymptomatic condition; B3, non-AIDS symptoms; C3, AIDS symptoms). (C and D) Horizontal bars represent the mean and standard error of the mean (SEM).
(E) The boxes’ bars represent the maximum and minimum values of MDSC% in PBMC. The upper and lower portions of these boxes represent the interquartile
range. Horizontal lines represent the median in the boxes. (F) Changes in M-MDSC frequencies in HIV-1-infected individuals undergoing HAART (n � 25).
Symbols and bars represent median and interquartile range (D to F) *, P � 0.05; **, P � 0.01 (statistically significant difference from controls).
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M-MDSC frequency correlated with HIV-1 disease markers.
To further investigate the clinical significance of M-MDSCs in
HIV-1 pathogenesis, we evaluated the correlation between
M-MDSC levels and HIV-1 disease prognostic markers, including

the plasma viral load and CD4� T cell counts in HAART-naïve
HIV-1� subjects (n � 61). The results showed that the M-MDSC
levels correlated well with plasma HIV-1 RNA (r � 0.5957; P �
0.0001) (Fig. 2A) while inversely correlating with CD4� counts

FIG 2 Clinical significance of M-MDSCs in HIV-1 disease progression. (A to C) Correlation between M-MDSCs and HIV-1 prognostic markers, including
plasma HIV-1-RNA (A), circulating CD4� T cell counts (B), and CD38� CD8� activated T cells (C). (D) Correlation between M-MDSCs and HIV-1 markers
in patients at 36 and 72 weeks (W) post-HAART (n � 25). (E) Dynamic changes in M-MDSCs and CD38� CD8� activated T cells and CD4� T cell counts in 3
representative HIV-1� donors post-HAART. (A to D) Correlation was evaluated by Spearman analysis. The lines in the graphs represent the regression line.
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(r � �0.5312; P � 0.0001) (Fig. 2B). Consistent with previous
reports (25) and supporting the validity of our studies, we found
and confirmed a negative correlation between plasma HIV-1 RNA
and CD4� counts (data not shown). In addition to the HIV-1 load
and CD4� T cell counts, chronic immune activation—mainly
caused by translocation of microbial products from damaged mu-
cosa into the bloodstream—is another factor known to be associ-
ated with clinical progression of HIV-1 (26, 27). The typical read-
out for this abnormal immune activation is detection of CD38�

CD8� activated T cells in PBMCs (28, 29). As expected, the
CD38� CD8� T cell frequency was significantly higher in HIV-1�

subjects than in controls and correlated with CD4� T cell loss and
higher plasma HIV-1 RNA levels (data not shown). When we
evaluated whether M-MDSCs also correlated with this readout of
chronic immune activation, we found a moderate but significant
correlation between M-MDSCs and CD38� CD8� T cells (r �
0.4421; P � 0.0004) (Fig. 2C).

Based on the observation that M-MDSC frequency was corre-
lated with important HIV-1 disease markers, we asked whether
HAART could abrogate these associations. The results showed
that the significant correlation between M-MDSCs and HIV-1
prognostic markers was maintained at both the 36- and 72-week
time points post-HAART (Fig. 2D). Interestingly, the r value re-
flecting the correlation between MDSCs and CD38� CD8� T cells
was even higher post-HAART than at baseline. Examination of
individual patients showed dynamic changes in MDSC levels, fol-
lowed closely by changes in activated CD38� CD8� T cells and
circulating CD4� T cell counts in response to HAART (Fig. 2E).
Thus, our studies demonstrated that MDSC frequency in HIV-1�

subjects correlated well with prognostic HIV-1 disease markers
both before and after HAART administration.

M-MDSCs from HIV-1� subjects suppressed T cell re-
sponses. MDSCs are known to suppress T cell immune responses
under some pathological conditions (9, 10). Therefore, we next
determined whether HIV-1-derived M-MDSCs were functionally
suppressive toward T cells by performing IFN-� ELISPOT assays
for quantification of HIV-1-specific T cell responses. PBMCs har-
vested from HIV-1� subjects (n � 8), with or without M-MDSC
depletion, by flow cytometric cell sorting were subjected to anti-
gen-specific stimulation with a pool of HIV-1 gag peptides, and
production of IFN-� was quantified by ELISPOT assay. In order to
eliminate the effects of MDSC depletion on T cell concentrations
in PBMCs, we calculated the number of spots formed based on
absolute T cell numbers, in addition to PBMCs. The data showed
that M-MDSC depletion significantly enhanced HIV-1-specific T
cell responses from HIV-1� subjects (Fig. 3A), suggesting that the
presence of M-MDSCs actively repressed T cell function. Mea-
surement of T cell proliferation by CFSE dilution in MDSC-re-

plete or MDSC-depleted PBMCs stimulated with HIV-1-specific
peptides gave consistent results in 5 individuals (Fig. 3B).

The suppressive effect of M-MDSCs on T cells was further
confirmed in the MDSC-T cell coculture system, in which M-
MDSCs purified by flow cytometric sorting from HIV-1� subjects
efficiently inhibited T cell responses to anti-CD3/CD28 stimulus,
including cell proliferation (Fig. 3C) and IFN-� production
(Fig. 3D), for both CD4� and CD8� T cells in a dose-dependent
manner. This result was consistent among M-MDSCs from 4 in-
dividual HIV-1� subjects. In contrast, M-MDSCs from healthy
subjects exhibited no suppressive effect (see Fig. S4 in the supple-
mental material), which is consistent with previous reports show-
ing that MDSCs are nonsuppressive under physiological condi-
tions (9). In order to determine whether the suppressive effects of
HIV-1-derived M-MDSCs on T cells require direct cell-cell con-
tact, MDSC-T cell coculture experiments were performed in the
context of Transwells. The results showed that separation of M-
MDSCs and T cells with Transwells completely eliminated the
suppressive effects of M-MDSCs (Fig. 3E). Our observations from
this experimental series demonstrated that M-MDSCs present in
HIV-1� subjects actively suppressed T cells in a cell contact-de-
pendent manner, which contributes to the T cell hyporesponsive-
ness characteristic of HIV-1 infection.

Induction of arginase 1 was essential for M-MDSC-mediated
immune suppression in HIV-1� subjects. Based on the observa-
tion that M-MDSCs from HIV-1� subjects could suppress T cell
responses, we further explored the underlying mechanisms con-
trolling M-MDSC-mediated T cell suppression. L-Arginine me-
tabolism and its metabolic products, which serve as immune me-
diators, are essential for MDSC-mediated immune suppression
(9, 30). We therefore compared the levels of the L-arginine meta-
bolic products arginase, NO, and ROS in the peripheral blood
from HIV-1� subjects and controls. A dramatic increase in argi-
nase activity was observed in PBMCs from HIV-1� subjects com-
pared with healthy controls (Fig. 4A); in contrast, the NO content
in plasma was decreased in HIV-1� subjects compared to healthy
controls (Fig. 4B). No obvious difference was found in ROS con-
tent between HIV-1� subjects and healthy controls (data not
shown). The significant changes we observed in arginase and NO
levels were consistent with previous reports (31, 32). These results
suggested that HIV-1 infection may change the L-arginine meta-
bolic pathway from NO dominant to arginase dominant.

We next investigated whether the increased arginase activity in
PBMCs from HIV-1� subjects was due to the abnormal expansion
of M-MDSCs. To test this, M-MDSCs were depleted from PBMCs
by flow cytometric cell sorting, and arginase activity was mea-
sured. The data showed that M-MDSC depletion dramatically re-
duced arginase activity in PBMCs from HIV-1� subjects (Fig. 4C),

FIG 3 M-MDSCs from HIV-1� subjects suppressed T cell responses. (A and B) Depletion of M-MDSCs enhanced HIV-1-specific T cell responses. PBMCs or
PBMCs with M-MDSC depletion (PBMC-MDSC) from HIV-1� donors were stimulated with HIV-1 gag-specific peptides. (A) Production of IFN-� was
determined by ELISPOT assay in samples from 8 individuals, based on PBMCs (left) or absolute T cell numbers (right). SFU, spot-forming units. (B)
Proliferation of T cells was examined by CFSE dilution. (Left) Representative flow cytometry data from 1 individual. (Right) Results for stimulated samples from
5 individuals. (C to E) Suppressive effects of M-MDSCs on T cell function in coculture experiments. (C) CD3� T cells from HIV-1� donors were stimulated with
anti-CD3/CD28 antibodies, cocultured with M-MDSCs from the same donors at different ratios for 3 days, and evaluated for T cell proliferation by CFSE
labeling. Unstimulated T cells were used as a negative control. (Left) Representative flow cytometry data from 1 individual. (Right) Results from 4 individuals.
(D) Production of IFN-� by T cells in supernatants from panel C was measured by ELISA. Means and SD are shown; n � 4. (E) MDSC-T cell coculture
experiments as in panel C were performed with Transwells to determine the cell contact dependency of MDSC function. (Top) Results from 4 individuals.
(Bottom) Percent inhibition of T cell proliferation by MDSCs in the presence or absence of Transwells (T cell/MDSC ratio, 2:1). The data represent means and
SD for 4 donors. (A to E) *, P � 0.05, and **, P � 0.01, compared with the corresponding controls.
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FIG 4 Suppressive activity of M-MDSCs from HIV-1� donors is arginase 1 dependent. (A and B) Arginase activity in PBMCs (A) and NO content in plasma (B)
from HIV-1� donors (n � 7) and healthy controls (n � 7). (A and B) Horizontal bars represent the mean and SEM. (C) Arginase activity in PBMCs and
M-MDSC-depleted PBMCs (PBMC-MDSC) from HIV-1� subjects (n � 7). (D) Expression of Arg1 and iNos in different PBMC subpopulations was examined
by qRT-PCR. N, healthy donors; H, HIV-1� donors. The values represent means and SD for 5 individuals. (E) Arg1 induction in M-MDSCs was dependent on
HIV-1 infection. M-MDSCs from healthy donors were infected with different amounts of HIV-1 viral stock (containing 10 ng/ml or 20 ng/ml p24 antigen) (left)
or HIV-1 stock (20 ng/ml p24) (right) in the presence of the nucleoside reverse transcriptase inhibitor Stavudine (20 �g/ml or 50 �g/ml) or vehicle control DMSO
for 48 h, and the expression of Arg1 was measured by qRT-PCR. Corresponding p24 values are indicated. The values represent means and SD for 4 individuals.
(F) Effect of arginase inhibitor NOHA or L-arginine supplementation on M-MDSC function. T cells from HIV-1� subjects were stimulated with anti-CD3/CD28,
cocultured with MDSCs from the same donor at a 2:1 ratio with treatments as indicated, and evaluated for T cell proliferation by CFSE labeling. L-NMMA, NOS
inhibitor; NAC, ROS inhibitor. T cells alone were used as a positive control. (G) Production of IFN-� by T cells in supernatants from panel F was measured by
ELISA. (F and G) The data represent means and SD for 4 subjects. (A to G) *, P � 0.05, and **, P � 0.01, compared with the controls.
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FIG 5 Direct HIV-1 infection or exposure to the HIV-1 protein Tat promoted MDSC expansion. (A) HIV-1 infection of PBMCs promoted MDSC generation
in vitro. PBMCs from healthy donors were infected with HIV-1 strain NL4-3 (X4) or YU-2 (R5) and then cultured in 10 ng/ml GM-CSF and IL-6 for 6 days. (Top)
Gating strategy for MDSCs. HLA-DR�/low cells were first selected from live PBMCs, and the CD11b� CD33� population was further gated and defined as
MDSCs. The expression of CD14 and CD15 on MDSCs was subsequently evaluated. Black, HIV-1; gray, isotype. (Bottom) MDSC frequency in HIV-1-infected
PBMCs or controls. (Left) Representative example from 1 individual. (Right) The data represent means and SD from 4 individuals. (B) Suppressive functions of
in vitro-generated MDSCs. PBMCs from healthy donors were infected with HIV-1 strains and then cultured for 6 days as described for panel A. MDSCs were
purified by flow cytometric sorting and then cocultured with autologous T cells for 3 days with anti-CD3/CD28 stimulation. T cell proliferation was subsequently
evaluated by flow cytometry. The data were obtained from 4 healthy donors. (C) The HIV-1-encoded protein Tat enhanced MDSC generation. PBMCs from
healthy donors were cultured in GM-CSF and IL-6 in the presence of recombinant Tat protein or the solvent PBS, and MDSC frequency was analyzed by flow
cytometry. Denatured Tat protein was used as a control. (Left) Representative example from a single healthy donor. (Right) Cumulative results from 3 healthy
individuals. (A to C) *, P � 0.05; **, P � 0.01; statistically different from controls.
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indicating that M-MDSCs are one of the major contributors to
higher arginase activity in HIV-1� subjects. ARG1 and inducible
nitric oxide synthase (iNOS) are key enzymes responsible for
arginase activity and production of NO, respectively, and they
share the same substrate, L-arginine (33). We therefore examined
the gene expression of these enzymes by qRT-PCR in different
PBMC subpopulations from HIV-1� subjects compared to
healthy controls. Consistent with biochemical assays, higher Arg1
and lower iNos expression were found in M-MDSCs from HIV-1�

subjects than in those from healthy controls (Fig. 4D). We then
asked whether the induction of Arg1 in M-MDSCs was caused by
HIV-1 infection. In order to answer this question, purified M-
MDSCs from healthy subjects were exposed to different doses of
HIV-1 stocks based on p24 antigen content; the cells were then
washed with PBS and cultured for 48 h in vitro. The infection
efficiency was determined by p24 production in culture medium
by ELISA, and expression of Arg1 was analyzed by qRT-PCR. The
data showed that HIV-1 infection clearly induced Arg1 expression
in M-MDSCs in a p24 dose-dependent manner. Administration
of the nucleoside reverse transcriptase inhibitor Stavudine dra-
matically blocked HIV-1-induced Arg1 expression when viral rep-
lication was suppressed, as expected (Fig. 4E). These observations
support the idea that HIV-1 infections could induce Arg1 expres-
sion in M-MDSCs.

Since L-arginine is essential for T cell proliferation, we were
interested in knowing whether HIV-1-induced Arg1 expression in
M-MDSCs was associated with their suppressive effects on T cell
function. In order to test this possibility, MDSC-T cell coculture
experiments were performed in the presence of different inhibi-
tors of L-arginine-metabolizing enzymes. The results showed that
T cell proliferation (Fig. 4F) and IFN-� production (Fig. 4G) sup-
pressed by the presence of M-MDSCs were almost completely
recovered after administration of the arginase inhibitor N
-hy-
droxy-nor-L-arginine (NOHA) or an L-arginine supplement,
while no effect was observed for the nitric oxide synthase inhibitor
L-NMMA or the ROS inhibitor N-acetylcysteine (NAC).

Direct HIV-1 infection promoted MDSC expansion. The clini-
cal and immunological significance of M-MDSCs in the pathogene-
sis of HIV-1 disease prompted us to investigate the mechanisms of
MDSC expansion in HIV-1� subjects. First, we explored whether
direct HIV-1 infection could lead to the accumulation of MDSCs
in vitro. The cytokines interleukin 6 (IL-6) and granulocyte-mac-
rophage colony-stimulating factor (GM-CSF) have been shown to
efficiently induce the suppressive MDSCs in vitro from precursors
present in the PBMCs of healthy donors (34). Therefore, we uti-

lized the system to study the effect of HIV-1 on MDSC generation.
PBMCs were harvested from healthy subjects and infected with
HIV-1 strain NL4-3 (X4) or YU-2 (R5). Mitogens and/or IL-2 was
not administered in order to avoid the stimulation and infection
of CD4� T cells in PBMCs. The infected cells were then cultured
for 6 days in the presence of GM-CSF and IL-6, followed by flow
cytometry analysis for the evaluation of MDSCs. Our results
showed that HIV-1 infection led to a marked increase in HLA-
DR�/low CD11b� CD33� cells in infected PBMC cultures, which
were CD14� CD15� and shared the same MDSC phenotype
found in HIV-1-infected individuals (Fig. 5A). Functional studies
were further performed to verify that MDSCs generated in vitro
were immunosuppressive to T cells (Fig. 5B).

We next examined whether some HIV-1-encoded proteins
contributed to the observed MDSC expansion. Since a HIV-1-
derived transcriptional transactivator (Tat) protein has been re-
ported to block major histocompatibility complex class II (MHC-
II) expression (35) and MDSCs express no or very low levels of the
MHC class II protein HLA-DR, we reasoned that Tat may be as-
sociated with MDSC generation. In order to test this, we admin-
istered recombinant Tat protein (10 �g/ml) or the solvent phos-
phate-buffered saline (PBS) into the culture medium of PBMCs
from healthy subjects and found that it significantly enhanced the
generation of MDSCs, while denatured Tat at the same concen-
tration failed to display any effects (Fig. 5C). These results sug-
gested that HIV-1-derived Tat protein may play an important role
in the generation of MDSCs. The impact of other HIV-1-encoded
proteins on MDSC generation, however, remains to be explored.

M-MDSCs were novel targets for direct HIV-1 infection. It
has been demonstrated that some hematopoietic progenitor cells
(HPCs) express HIV-1 receptor and coreceptors and are suscep-
tible to HIV-1 infection (36, 37). MDSCs are a heterogeneous
population of myeloid progenitor cells; thus, we were interested to
determine whether M-MDSCs could be directly infected by
HIV-1. In order to test this hypothesis, we first examined the
mRNA expression of the primary HIV-1 entry receptor CD4 and
entry coreceptors CCR5 and CXCR4 in purified M-MDSCs from
healthy controls or HIV-1� subjects by qRT-PCR. The data
showed that M-MDSCs from both healthy controls and HIV-1�

subjects expressed moderate levels of HIV-1 receptor and core-
ceptors compared to CD4� T cells (Fig. 6A). Next, we further
determined whether CD4, CXCR4, and CCR5 proteins were pres-
ent on the surfaces of M-MDSCs by flow cytometry analysis. The
data revealed that both CXCR4 and CCR5 coreceptors were highly
expressed on M-MDSCs, while the expression of CD4 was lower,

FIG 6 Direct infection of M-MDSCs by HIV-1. (A) mRNA expression of the HIV-1 receptor CD4 and its coreceptors (CXCR4 and CCR5) in M-MDSCs from
healthy or HIV-1� donors was determined by qRT-PCR. The data represent means and SD for 5 individuals. (B) Expression of the HIV-1 receptor and its
coreceptors on the surfaces of M-MDSCs was evaluated by flow cytometry analysis using the specific antibodies. The results are representative of 5 individuals.
Solid lines, healthy donors; dashed lines, HIV-1� subjects; gray, isotype. (A and B) CD4� T cells from healthy donors were used as a positive control. (C)
Detection of HIV-1-RNA in purified M-MDSCs from HIV-1� donors by nested RT-PCR. Lanes: 1, PBMCs from healthy controls; 2, PBMCs from HIV-1�

donors; 3, M-MDSCs from healthy controls; 4, M-MDSCs from HIV-1� donors; 5, PBMCs with M-MDSC depletion from HIV-1� donors. The bands for gag
and env are 1,081 bp and 845 bp, respectively. The data are representative of 4 out of 5 individuals. (D) Quantification of RNA copy numbers of HIV-1-gag in
purified M-MDSCs and CD4 T cells from HIV-1� subjects (n � 8). Horizontal bars represent the mean and SEM. (E) Detection of HIV-1-derived p24 capsid
protein from in vitro-infected MDSCs. M-MDSCs from healthy donors were infected with HIV-1 strain NL4-3 (X4) or YU-2 (R5), and production of HIV-1 p24
was measured by ELISA on different days postinfection. The data represent means and SD for 3 donors. *, P � 0.05, and **, P � 0.01, compared with day 0. (F)
Effect of M-MDSCs on HIV-1 replication. CD4� T cells from HIV-1� donors were infected with HIV-1 strains and then cocultured with M-MDSCs at 1:1 or 10:1
(T cell/MDSC) ratios. p24 production was measured on different days postinfection by ELISA. (G) Cell contact dependency of MDSC effects on HIV-1
replication. (Left) Experiments similar to that in panel F using an R5-tropic strain of HIV-1 were performed in Transwells, and HIV-1 replication was determined
by p24 production in the supernatants. (Right) Percent increase of p24 production by MDSCs in the presence or absence of Transwells. (F and G) Uninfected T
cells from the same donors were used as a negative control. The data represent means and SD for 3 HIV-1� donors.
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in comparison with CD4� T cells (Fig. 6B). This was confirmed
with M-MDSCs from 5 healthy donors and 5 HIV-1� subjects, as
shown by the mean fluorescence index (MFI) (see Fig. S5 in the
supplemental material). Staining with anti-CD3 and anti-CD4
antibodies demonstrated that the highly purified M-MDSCs were
devoid of contaminating CD4� T lymphocytes (data not shown).
Our results indicated that M-MDSCs had the potential to be in-
fected by HIV-1. Next, we determined whether HIV-1 had indeed
infected the cells by examining the presence HIV-1-derived gag
and env genes in sorted M-MDSCs from HIV-1� subjects by
nested RT-PCR. We observed clear positive gag and env bands in
the M-MDSCs from 4/5 HIV-1� subjects (Fig. 6C). Quantifica-
tion of HIV-1 RNA in M-MDSCs was determined as the copy
numbers of gag per million cells (Fig. 6D). Thus, our data sup-
ported the possibility that HIV-1 could directly infect M-MDSCs.

In order to test whether M-MDSCs could be infected de novo,
M-MDSCs harvested from healthy subjects were exposed to
HIV-1 strains in vitro and cultured in the presence of GM-CSF and
IL-6 to maintain the MDSC phenotype. Production of the HIV-
1-derived p24 capsid protein was measured in culture superna-
tants by ELISA over the 7-day culture period. We observed that
both the R5 and X4 HIV-1 strains could infect and replicate in
M-MDSCs from the 3 subjects we tested (Fig. 6E). These data
provide more convincing evidence that HIV-1 could directly in-
fect M-MDSCs.

We next determined whether MDSCs had any impact on
HIV-1 replication in CD4 T cells, the major target of HIV-1, by
performing an MDSC-T cell coculture experiment. CD4� T cells
from HIV-1� subjects were stimulated with phytohemagglutinin
(PHA) for 48 h to induce T cell activation, and they were then
infected with the HIV-1 strains. We infected CD4� T cells from
HIV-1� subjects due to the difficulty of in vitro virus outgrowth
from samples from clinical patients (see the CD4 uninfected
group in Fig. 6F). These infected CD4� T cells were then cocul-
tured with M-MDSCs harvested from the same subjects for 10
days, and the amounts of HIV-1 p24 antigen in culture superna-
tants were measured by ELISA to monitor viral replication. We
found that the presence of M-MDSCs clearly enhanced HIV-1
replication at the higher MDSC/T cell ratios (1:1) compared to the
lower ratio (1:10), indicating that the presence of M-MDSCs may
enhance viral replication in CD4 T cells (Fig. 6F). Further Trans-
well experiments showed that the enhanced HIV-1 replication in
CD4 T cells by MDSCs required direct cell-cell contact (Fig. 6G).
Taken together, our observations indicated that M-MDSCs could
facilitate HIV-1 infection and replication, which may represent
another strategy for MDSCs to participate in HIV-1 pathogenesis.

DISCUSSION

Although MDSCs have been intensively explored in cancer, recent
studies have shown an emerging role for MDSCs in the pathogen-
esis of infectious viral diseases (15, 16, 17, 18). However, the
mechanisms for the aberrant expansion of MDSCs in viral dis-
eases, as well as their immunological and clinical significance, are
far from clear. Delineating these important issues will advance our
understanding of the relationship between MDSCs and viral in-
fection, which will benefit the development of immunotherapies
to treat human viral diseases.

Here, we report a dramatic elevation of a monocytic subset of
MDSCs in the peripheral blood of HIV-1-infected individuals.
This subtype (HLA-DR�/low CD11b� CD33�/high CD14�

CD15�) is distinct from that reported by another research group,
who identified a granulocytic MDSC subset (CD11b� CD33�

CD14� CD15� cells) in HIV-1 patients (18). Interestingly, no
considerable elevation of CD11b� CD33� CD14� CD15� cells
was observed in the population we studied. It has been reported
that the abundance of some MDSC subsets in fresh blood samples
is significantly reduced after cryopreservation (38). In order to
exclude the possibility that the difference in MDSC phenotypes
between our group and others was caused by sample processing,
we repeated our flow cytometry analysis in both fresh and cryo-
preserved blood samples from enrolled subjects, and we consis-
tently observed the elevation of M-MDSCs in HIV-1� individuals
(data not shown). Therefore, the difference in MDSC phenotypes
in HIV-1-infected subjects was not caused by the sample process-
ing. Patients with different types of cancer are known to exhibit
distinct MDSC phenotypes, depending on the specific cytokine
milieu produced by the tumor tissue from which the cancer is
derived (9). We therefore reasoned that the difference in MDSC
phenotypes in HIV-1 patients may be caused by the presence of
various substrains that differ in their systemic cytokine responses,
although further evaluation is needed to clarify these possibilities.

The mechanism underlying the MDSC expansion in HIV-1�

subjects is an important detail that remains to be determined. The
enhanced MDSC generation in PBMCs after in vitro HIV-1 infec-
tion, as well as the strong correlation between MDSC frequency
and HIV-1 viremia in clinical patients, suggested that direct
HIV-1 infection may account for the MDSC expansion we ob-
served in HIV-1� subjects. It has been demonstrated that HPCs
are susceptible to HIV-1 infection, which could cause hematopoi-
etic defects in HIV-1� patients, in addition to establishing latent
cellular reservoirs (36, 37). Therefore, we propose that HIV-1 may
conceivably infect HPCs and cause developmental defects in my-
eloid cells, leading to the accumulation of myeloid progenitors,
such as MDSCs. The clear effect that the HIV-1-derived Tat pro-
tein had on promoting MDSC generation indicated that the Tat
transcriptional transactivator may alter the transcription of key
genes essential for myeloid cell development and cause accumu-
lation of MDSCs. Interleukin 6 (Il6) and transforming growth
factor-beta 1 (TGF-beta1) genes are the most likely candidates
among these target genes, since they have been proven to be Tat
transcriptional targets (39, 40). Additionally, the proteins are
known to promote human MDSC generation in vitro (34). Eluci-
dation of the precise mechanism mediating Tat-induced signaling
leading to MDSC generation will require further exploration. An-
other mechanistic possibility for HIV-1-mediated MDSC expan-
sion is that the direct infection of MDSCs by HIV-1 may lead to
less apoptosis and/or a downstream block in MDSC differentia-
tion into mature myeloid cells. Our preliminary data showed that
HIV-1 infection of MDSCs did not cause significant changes in
cell apoptosis or cell numbers (unpublished data), which argues
against the latter possibility. However, further evidence is needed
to clarify the mechanisms underlying the expansion of MDSCs in
HIV-1-infected individuals.

Although the in vivo and in vitro data support the essential role
of direct HIV-1 infection in driving MDSC expansion, the sus-
tained higher MDSC frequency in clinical patients with complete
viral suppression post-HAART raises the possibility that other
factors may also contribute to M-MDSC accumulation in HIV-1
patients. Chronic immune activation caused mostly by microbial-
product translocation through a defective mucosa into the blood-
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stream is known to cause systemic inflammation in HIV-1-in-
fected individuals, even after HAART (26, 27). We argue that this
inflammatory status is most likely the secondary mechanism for
MDSC accumulation in HIV-1-infected individuals, since the
causal relationship between inflammation and MDSC accumula-
tion has been well established under other pathological conditions
(41, 42). Furthermore, the significant correlation between MDSCs
and CD38� CD8� activated T cells supports the latter possibility.
The even higher r value, reflecting the association between M-
MDSCs and activated T cells post-HAART compared with base-
line, indicates that chronic immune activation and the associated
inflammation could be the dominant mechanism for M-MDSC
expansion when HIV-1 replication is completely suppressed by
antiretroviral therapy in HIV-1 patients.

The HIV-1 infection-derived M-MDSCs suppressed T cell re-
sponses in an arginase-dependent manner. The role of arginase in
HIV-1 disease has been previously described by another group
that found a positive correlation between arginase activity and
HIV-1 disease severity, i.e., increased arginase activity correlated
with lower circulating CD4� cell counts and higher HIV-1 viremia
in HIV-1� subjects (31). The mechanisms underlying the rela-
tionship between arginase and HIV-1 disease, however, remains
unclear. Here, we showed that M-MDSC expansion was the major
contributor to higher arginase levels in PBMCs from HIV-1� sub-
jects; this induced Arg1 expression in M-MDSCs abrogated T cell
responses by depleting L-arginine, the essential amino acid for T
cell proliferation, from the microenvironment (30). Thus, the
data presented in the current study indicated that L-arginine sup-
plementation or treatment with an arginase inhibitor would be
potentially useful to restore T cell function in HIV-1-infected pa-
tients.

Our studies demonstrated that M-MDSCs were susceptible to
HIV-1 infection in vitro. It is known that myeloid lineage cells are
largely resistant to HIV-1 infection, which is associated with the
higher expression levels of some restriction factors (43, 44).
Therefore, it is surprising that both T-tropic and R-tropic strains
could efficiently infect the myeloid progenitor MDSCs in our
study. The underlying mechanisms for M-MDSC susceptibility to
HIV-1 infection deserve to be explored. Our preliminary data
showed that M-MDSCs from both healthy donors and HIV-1�

patients expressed significantly lower level of the myeloid restric-
tion factors than primary monocytes from the same donors (un-
published data). This could represent a potential mechanism ex-
plaining higher susceptibility of MDSCs to HIV-1 infection.
However, detailed investigations must be conducted before we
can draw any conclusions. In addition to being directly infected by
HIV-1, MDSCs could facilitate HIV-1 replication in CD4� T cells
in a cell contact-dependent manner. The susceptibility of MDSCs
to HIV-1 infection and their enhancement of HIV-1 replication in
CD4 T cells may comprise an alternative strategy for MDSCs to
promote HIV-1 disease progression, in addition to their direct
immunosuppressive effect on T cells. There may be a link between
these 2 mechanisms, and the functional aspects of MDSCs in
HIV-1 pathogenesis deserve to be explored. We are currently in-
vestigating whether HIV-1 infection of MDSCs could allow them
to acquire the above-mentioned suppressive functions.

The mutual interaction between HIV-1 and MDSCs is inter-
esting: on one hand, HIV-1 infection could promote MDSC ex-
pansion; on the other hand, MDSCs could facilitate HIV-1 infec-
tion and replication by serving as direct targets. Therefore, we

speculate that a positive-feedback loop may exist between HIV-1
infection and MDSC expansion. This vicious feedback cycle may
further dampen T lymphocyte function and contribute to immu-
nodeficiency in HIV-1-infected individuals. This may represent a
novel mechanism of T cell dysfunction in HIV-1 infection. How-
ever, we need to point out that even though this study suggests that
direct HIV-1 infection or the HIV-1-encoded protein Tat facili-
tates MDSC expansion in vitro, the physiological relevance of the
in vitro data to the findings in HIV-1� subjects still needs to be
carefully evaluated. Animal models, such as simian immunodefi-
ciency virus (SIV)-infected rhesus macaques, may be used for fu-
ture in vivo investigation before a causal relationship between
HIV-1 infection and MDSC expansion can be fully established.

The strong correlation between the levels of M-MDSCs and
HIV-1 prognostic markers has potential clinical implications. The
expansion of M-MDSCs in HIV-1-infected individuals represents
not only a novel important player in driving the occurrence of
immune disorders, but also a potential independent biomarker to
predict the progression and severity of HIV-1 disease. In conclu-
sion, our study has shed new light on the mechanisms of T cell
suppression in HIV-1 disease and suggested that targeting MDSCs
may be a promising strategy for HIV-1 immunotherapy.
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