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Human Immunodeficiency Virus Type 1 Nef in Human
Monocyte-Like Cell Line THP-1 Expands Treg Cells via

Toll-Like Receptor 2
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ABSTRACT

CD4"CD25" regulatory T cells (Tregs) represent a unique T-cell lineage that is endowed with the ability to actively suppress immune responses
in order to inhibit pathogenic damage resulting from over activation of the immune system. In human immunodeficiency virus-1 (HIV-1)

infection, suppression of the immune response by Tregs appears to play an opposing role that promotes chronic viral infection. Treg expansion
is known as a marker of the severity of HIV infection and as a potential prognostic marker of disease progression. HIV-1 Nef is one of the
earliest expressed viral regulatory genes whose expression may play an important role in regulating Treg cells. We established a THP-1 cell
line stably expressing HIV-1 Nef and showed that Nef protein was a potent factor for increasing Treg numbers in vitro. We further found that
TLR2 plays a critical role in the increase in Treg cells induced by Nef using TLR2-specific siRNA. Our results suggest new strategies for

therapeutic and preventive interventions of HIV infection. J. Cell. Biochem. 112: 3515-3524, 2011.
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H uman immunodeficiency virus type 1 (HIV-1) infection is
characterized by a slow, progressive depletion of CD4"
T cells and a lack of HIV-1 specific T-cell responses, resulting in
progression to AIDS in the absence of antiretroviral combination
therapy. HIV-1-specific CD4" T cell proliferation is undetectable
soon after primary infection (Deeks et al., 2002; Quaranta et al.,
2009). Host-mediated immunosuppressive activity in the face of
persistent HIV replication has not been well delineated. Also the
molecular basis for such impaired responses has not been fully
elucidated.

Phenotypically, regulatory T cells (Tregs), a subset of CD4"
lymphocytes, have been characterized as expressing CD25
and CTLA-4, in addition to the most specific Treg marker
forkhead-winged-helix transcription factor 3 (FOXP3) (Mills,
2004; Roncarolo and Battagalia, 2007; Curotto de Lafaille et al.,
2009). CD41CD251TFOXP3™ Treg cells have constitutive immuno-
suppressive activity (Sakaguchi et al., 1995). Tregs are recruited and
expanded during host immune responses to modulate over reactive
immunity, and have been implicated in a number of pathologic
processes during infectious diseases, as well as autoimmune diseases
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(Sakaguchi et al., 2001; Shevach, 2009). Tregs have been implicated
in the potential suppression of HIV-specific CD4" and CD8* T cell
responses in HIV-infected individuals (Aandahl et al., 2004; Weiss
et al., 2004; Estes et al., 2006). Both animal and human studies
demonstrate that Treg numbers are elevated in the acute stage of
virus infection and could dampen the virus-specific adaptive T-cell
response, which may promote chronic viral infection (Tobias and
Vito, 2007 ; Maureen et al., 2011). In addition, chronic HIV infection
changes the tissue distribution of Tregs with a marked increase of
these cells in peripheral lymph nodes (LNs) and mucosal lymphoid
tissues, areas with high levels of HIV replication (Kinter et al., 2007;
Ji and Cloyd, 2009). Taken together, these studies suggest that Tregs
could play a major role in the induction/maintenance of an
environment that would favor HIV replication and persistence by
impairing protective immune responses (Cao et al., 2009; Suchard
et al,, 2010; Xing et al.,, 2010). On the other hand, Tregs may
themselves be infected by HIV. Oswald-Richter et al. (2004) showed
that both natural CD4*CD25" Tregs and conventional CD4" T cells
transduced with FOXP3 to generate functional Tregs were easily
infected by HIV.
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The HIV-1 accessory protein Nef (27 kDa), which is the regulatory
protein expressed earliest and most abundantly in the viral infection
cycle, is expressed in the cytoplasm and membrane of infected cells
(Guatelli et al., 1990). Nef is involved in multiple processes that
favor viral replication, immune evasion of infected cells, and
alteration of immunological functions (Fackler and Baur, 2002;
Greenway et al., 2003; Quaranta et al., 2006). However, whether Nef
is associated with increased numbers of Tregs during HIV infection
remains debatable. The aim of this study was to analyze the
relationship between Nef and the expansion of Tregs in peripheral
blood mononuclear cells (PBMCs), and to investigate potential
mechanisms involved in the increase in Tregs induced by Nef.

CELL CULTURE

The human monocytic cell line THP-1 transfected with pcDNA3.1(+)
vector (THP-1-3.1), THP-1 cell lines selected for stable expression of
HIV-1 Nef after transfection (THP-1-Nef), and PBMCs were cultured
in RPMI 1640 medium supplemented with 10% fetal bovine serum
(FBS), 1% r-glutamine, and 1% streptomycin/penicillin (Invitrogen
Life Technologies, Carlsbad, CA). Transfected cell strains were
pulsed with 200 wg/ml G418 at monthly intervals for 1 week to
prevent loss of stable-transfected Nef protein expression. All cells
were incubated at 37°C and 5% CO,.

CELL TRANSFECTION

Purified pcDNA3.1(+) and pcDNA3.1(+)-HIV-1 Nef plasmids were
obtained from the Institute of Molecular Biology of Three Gorges
University (Yichang, P.R. China). THP-1 cells were plated at a
concentration of 0.5-2 x 10° cells/well in 24-well plates and
cultured in conventional culture medium as described previously.
Cells were transfected the following day with cationic lipid
Lipofectamine 2000 (Invitrogen) following the manufacturer’s
instructions. Briefly, complexes of diluted DNA and Lipofectami-
ne™ 2000 (total volume = 100 pl) were prepared and added to each
well containing THP-1 cells. The cells were incubated at 37°C in
a CO, incubator for 4-6h and then passaged 1:3 in fresh growth
medium 24 h after transfection. Different concentrations of G418
(100-500 p.g/ml) selective medium were added the following day.
Clones were selected on the basis of their resistance to G418
and expression of Nef proteins assessed by reverse transcriptase-
polymerase chain reaction (RT-PCR), western blot, and cell
immunofluorescence as described below.

TABLE 1. Primer Sequences Used for RT-PCR

Primer Orientation (Sequence 5'-3')

B-actin Forward TGGCACCCAGCACAATGAA
Reverse GTCATAGTCCGCCTAGAAGCA

HIV-1 Nef Forward ATGGGTGGCAAGTGGTCA
Reverse TCAGCAGTTCTTGAAGTACTC

TLR2 Forward CAGGAGCTCTTAGTGACCAAGTGAA
Reverse CACAAAGTATGTGGCATTGTCCAG

RNA ISOLATION AND REVERSE TRANSCRIPTASE-POLYMERASE
CHAIN REACTION (RT-PCR)

RNA from cell lines was extracted using Trizol reagent (Invitrogen)
and c¢DNA was synthesized using SuperScript™ II Reverse
Transcriptase according to the manufacturer’s protocol. RNA/primer
mixtures were incubated at 65°C for 5 min and then placed on ice for
at least 1 min. Reaction mixtures were then incubated at 42°C for
50min. We used B-actin as the normalization control. PCR
amplification of HIV-1 Nef and TLR2 cDNAs was performed using
specific oligonucleotide primers selected within the coding regions
of the genes. The sequences of the primers were designed through
DNAMAN 5.0 software and listed in table I. PCR reactions contained
25ng cDNA template, 100ng each of sense and antisense
oligonucleotide primers, 2.5pl of optimized Taq PCR buffer
(Promega, Madison, WI), 0.4 mM dNTP mixture, and 1U of Taq
polymerase in a total reaction volume of 25 pl. Following an initial
3min incubation at 94°C, PCRs were performed using a 45s
denaturation step at 94°C and a 45 s annealing step at 55°C followed
by a 1 min elongation step at 72°C. A total number of 30 PCR cycles
were conducted for amplification. PCR products were separated by
electrophoresis at 100V for 30 min through a 1% agarose gel and
were detected by ethidium bromide staining. Expected sizes of
specific PCR products were verified by reference to a 1kb DNA
ladder.

WESTERN BLOT ANALYSIS

Cell lysates were prepared from THP-1-3.1 and THP-1-Nef cells
cultured for 16 h. The protein samples were subjected to SDS-PAGE
and transferred onto PVDF membranes. The membranes were
blocked with 5% nonfat dry milk in PBS containing 0.05% Tween20
(PBST) and incubated with primary antibodies (Nef polyclonal
antibody diluted 1:5000) and then with anti-rabbit horseradish
peroxidase(HRP)-conjugated secondary antibody according to the
manufacturer’s instructions. Nef polyclonal antibody was prepared
by Institute of Molecular Biology of Three Gorges University
(Yichang, P. R. China). The immunoblots were visualized by a 3,3'-
diaminobenzidine (DAB) kit obtained from Sigma.

CELL IMMUNOFLUORESCENCE

Cells were grown for 16 h on gelatin-coated, glutaraldehyde-cross-
linked coverslips. For immunofluorescence analysis, the cells were
fixed with ice cold 4% paraformaldehyde in PBS for 20 min at room
temperature, and then incubated with 10% goat serum and 1% BSA
blocking solution for 90 min at room temperature with gentle
rocking. After an overnight incubation with primary antibody (Nef
polyclonal antibody diluted 1:1000), the cells were washed three
times with PBS, and incubated with secondary antibody (rhoda-
mine-conjugated goat anti-rabbit antibody). Plates were protected
from light and incubated 60 min at room temperature with gentle
rocking. Cells were then washed five times for 5 min each with PBS.
Nuclei were stained with 4,6-diamidino-2-phenylindole (DAPI)
(100 ng/ml). Photography was performed with the NIKON TE2000
microscope.
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LUCIFERASE ASSAY

Cells were transiently transfected with the nuclear factor-kappa B
(NF-kB)-firefly luciferase reporter gene obtained from the Institute
of Molecular Biology of Three Gorges University (Yichang,
P.R.China). After 48h, the luciferase activity was measured with
the Luciferase Assay System (E4030 Promega). Luminescence
was read from a 96-well plate on an Infinite™ 200 luminometer.
Cell viability was determined and samples were normalized to equal
numbers of viable cells prior to lysis.

siRNA KNOCKDOWN

Small interfering RNA (siRNA) duplex oligoribonucleotides for
siRNA-targeted disruption of Homo sapiens TLR2 (GeneBank
no.NM_003264.3) were designed using the ambion RNA interfer-
ence (RNAi) designer program (http://www.ambion.com/techlib/
misc/siRNA_finder.html). The sequence of target mRNAs used in this
study was: TLR2, 5'-AAUCCUCCAAUCAGGCUUCUC-3'. The target
sequence was submitted to a BLAST search to ensure that only the
TLR2 gene was targeted. Scrambled siRNA, 5-AACUAUCCAUU-
CUCGCCACGU-3’ did not target any genes. Sense and antisense
hairpin oligonucleotides were separated by an eight-nucleotide
spacer, and a restriction enzyme cutting site was composed to
facilitate cloning into the pSilencer vector. Sense and antisense
sequences were synthesized by Sangon Biotech Co. (Shanghai) and
annealed in 1x annealing buffer, then ligated into pSilencer-U6-
2.1-hygro (Ambion, Inc.). The pSilencer-U6-2.1-TLR2-siRNA was
identified by sequencing.

THP-1-Nef cells were stably transfected with plasmid pSilencer-
U6-2.1-TLR2-siRNA (named THP-1-Nef-T2si) or a scrambled siRNA
plasmid (named THP-1-Nef-Ctlsi) by using cationic lipid Lipofecta-
mine 2000 according to the manufacturer’s instructions as described
previously. Clones were selected on the basis of their resistance
to G418 and hygromycin. Knockdown of expression of TLR2 was
verified by flow cytometry (FACS)(EPICS XL-MCL; Beckman
Coulter) and RT-PCR. The cells were then subjected to further
experiments.

COCULTURE AND LYMPHOCYTE PROLIFERATION

PBMCs from healthy blood donors were isolated from buffy coats by
density gradient centrifugation over Ficoll/Hypaque according to
manufacturer’s protocol. PBMCs resuspended at 1 x 10°ml in PBS
with 0.1% FBS were stained with 5pumol/L 5-(-6)-carboxyfluor-
escein diacetate, succinimidyl ester (CFSE) (Molecular Probes, Inc.,
Eugene, OR) for 10 min at 37°C. The staining was quenched by a
5min incubation in PBS containing 10% FBS. Excess CFSE was
removed by the addition of PBS and subsequent centrifugation. This
washing step was repeated twice. The CFSE-labeled PBMCs were
cocultured with THP-1 cells transfected with different genes at a
1:100 ratio. After 3 days, the cells were harvested and subjected to
FACS to determine the cell proliferation.

For Tregs analysis, the above cocultured PBMCs (without CFSE
prestain) were stained with a phycoerythrin(PE)-conjugated mono-
clonal antibody (mAb) for cell surface CD25 (Pharmingen, BD
Biosciences, San Diego, CA). After fixation and permeabilization,
cells were stained with anti-FOXP3-fluorescein isothiocyanate

(FITC) mADb (eBiosciences, San Diego, CA) according to manufac-
turer’s protocol, and Tregs production was measured by FACS.

FLOW CYTOMETRY

For analysis of TLR2 expression, cells were stained with anti-TLR2-
PE-conjugated mAb (eBiosciences) or isotype control antibody for
30min at 4°C and then washed twice with FACS buffer (PBS
containing 5% FBS). Cells were resuspended in 500 pl of the same
buffer, then analyzed by FACS to determine the levels of surface
expression of the receptor.

STATISTICAL ANALYSIS

Data were expressed as means =+ SD. Differences between two groups
were analyzed with the Student’s t-test, while differences between
three or more groups were analyzed with analysis of variance
(ANOVA). Differences were considered to be statistically significant
when *P < 0.05, P <0.01.

EXPRESSION OF HIV-1 Nef ON THP-1 CELLS

To examine the effects of Nef expression on THP-1 cells, we stably
transfected THP-1 cells with either an expression vector for Nef
(pcDNA3.1(+)-Nef) or the control empty vector pcDNA3.1(-+). Two
cell clones (THP-1-Nefl and THP-1-Nef2) were selected, which
provided a range of Nef expression levels as confirmed by RT-PCR
(Fig. 1A) when compared with a control cell clone not expressing
Nef. We also confirmed these results by western blot (Fig. 1B) and
cell immunofluorescence (Fig. 1C).

Many studies found that various strains of HIV-1 Nef could
reduce CD4 expression on the cell surface of T cells. In order to
investigate the biological activity of HIV-1 Nef expressed in THP-1
cells, cell surface CD4 expression was analyzed by flow cytometry.
CD4 positive THP-1-Nef and THP-1-3.1 cells were 8.58 4- 0.8% and
55.9 &+ 1.2%, respectively, which was a statistically significant
difference in cell surface CD4 expression (**P < 0.01). This result
suggests that Nef, stably expressed in THP-1 cells, possesses
biological activity, resulting in a significant loss of cell surface CD4
(Fig. 1D).

HIV-1 Nef INCREASES TREGS PRODUCTION

In order to investigate the immunoregulatory effects of Nef, CFSE-
labeled PBMCs were cocultured with THP-1 or THP-1-Nef cells
(THP-1-Nef1l and THP-1-Nef2). The results showed that during
cocultivation, the proliferation of PBMCs was suppressed to a
greater extent by THP-1-Nef cells (41.56 + 5.19%) when compared
with control THP-1-3.1 cells (65.60 + 9.20%) (Fig. 2A,C). We further
investigated Tregs production in the PBMC cocultures. The
phenotypic characteristics of Tregs in our cocultures were consistent
with the reported intrinsic Treg markers, including CD4, CD25, and
the Treg-specific transcription factor FOXP3 (Mills, 2004; Roncarolo
and Battagalia, 2007; Curotto de Lafaille et al., 2009). We found that
coculturing PBMCs with THP-1-Nef cells increased the number of
Tregs over twofold as compared to cocultures with THP-1 cells
(Fig. 2 B,D). These data show that HIV-1 Nef could inhibit the
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Fig. 1.

HIV-1 Nef gene expression in THP-1 cells. Plasmids pcDNA3.1(+)-Nef and pcDNA3.1(+) were stably transfected into THP-1 cell respectively. A: Nef mRNA expression

was determined by RT-PCR. Lane 1:negative control using RNA of THP-1-Nef cells. Lane2, 4:the cellular cDNA of two clones of THP-1-Nef cells(THP-1-Nef1 and THP-1-
Nef2).Lane3: the cellular cDNA of THP-1-3.1 cells. B: Nef protein expression was determined by western blot. Cell extracts were prepared and analyzed for Nef protein
expression. A 27 kD strap was displayed in the Nef positive cell lyses. C: The localization of Nef protein was visualized with a TE2000-S-type fluorescence microscope by indirect
immunofluorescence using primary antibody for Nef and secondary antibody of rhodamine labeled anti-IgG. Immunofluorescence demonstrated that Nef protein expression was
primarily located in the cytoplasm and partially in the membrane. [Color figure can be seen in the online version of this article, available at http://wileyonlinelibrary.com/journal/

jeb]

proliferation of PBMCs and increase the number of Tregs in cultured
PBMCs, which may be one potential mechanism by which Nef
contributes to HIV-specific immunosuppression.

HIV-1 Nef MEDIATES TLR2 EXPRESSION IN THP-1 CELLS

Toll-like receptors (TLRs) play an important role in the induction and
regulation of innate and adaptive immunity (Thibault et al., 2007;
Shankar et al., 2011). Recent evidence supports the idea that TLR2
signaling regulates the adaptive immune response by acting directly
on both effector and regulatory T cells and plays an important role in
the expansion and function of Tregs (Liu et al., 2006; Sutmuller et
al., 2006, 2007; Layland et al., 2007). In order to investigate the role
of TLR2 in Treg expansion mediated by HIV-1 Nef, we analyzed
TLR2 expression in THP-1-Nef cells by RT-PCR and FACS. The
results showed that TLR2 mRNA (Fig. 3A,C) in THP-1-Nef cells was
up-regulated when compared to control cells, and TLR2 protein
expression, as analyzed by FACS, was also up-regulated in THP-1-
Nef cells (61.2 £ 6.5% or 76.8 + 8.1%) when compared to THP-1-3.1
cells (10.5 £ 1.425%) (Fig. 3B,D). Based on these data, we conclude
that Nef is responsible for TLR2 up-regulation in THP-1 cells.

In several cell types of the innate immune system including
macrophages and microglia, NF-kB is an important downstream
effector of TLR2 activation. Over-expression of TLR2 has been
observed to cause higher basal NF-kB activation and cytokine

production (Medzhitov et al., 1997; Kurt-Jones et al., 2002; Equils
et al., 2004; Syed et al., 2007). Here we investigated the activity of
NF-«B in THP-1-Nef cells which we showed exhibited increased
TLR2 expression when compared to THP-1-3.1 cells. Luciferase
activity was analyzed in THP-1-Nef and control THP-1-3.1 cells 48 h
after transient transfection with NF-kB-luc plasmid. Data showed
that NF-kB activation was higher in THP-1-Nef cells when
compared with THP-1-3.1 cells (over 30-fold increase). The changes
in NF-kB activation were consistent with the expression of TLR2 in
these different cell lines.

HIV-1 Nef EXPANSION OF TREGS VIA TLR2 IN THP-1 CELLS

We have demonstrated that coculturing PBMC with THP-1-Nef cells
significantly increased the number of Tregs when compared to
cocultures of PBMC and THP-1 cells. We also showed that Nef
increased the expression of TLR2 in THP-1 cells and TLR2 signaling
plays an important role in regulating the expansion and function of
regulatory T cells (Liu et al., 2006; Sutmuller et al., 2006). Therefore,
we investigated whether HIV-1 Nef contributed to the inhibition of
PBMC proliferation and the expansion of Treg numbers via TLR2
signals. THP-1-Nef cells were stably transfected with scrambled
control or TLR2-specific siRNA plasmids. We identified two TLR2-
specific siRNA clones (THP-1-Nef -T2si1 and THP-1-Nef -T2si2)
which exhibited suppressed TLR2 mRNA(Fig. 4A) and protein
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Fig. 2. The immunoregulatory effect of Nef in THP-1 cells. A, C: CFSE-labeled PBMCs were cocultured with two clones of THP-1-Nef and THP-1-3.1 cells for 72 h.
Proliferation resulting in a decrease of fluorescent signal in the daughter cells was monitored by FACS. The result showed that two clones of THP-1-Nef cells can significantly
inhibit the proliferation of PBMCs compared with THP-1-3.1 cells. B, D: HIV-1 Nef expanded Tregs in PBMCs which were cocultured with THP-1-3.1 or two clones of THP-1-Nef
cells. CD25 and FOXP3 as specific markers of Tregs were analyzed by FACS and indicated that Nef can increase the numbers of Tregs compared to the control THP-1-3.1 cells.
Representative results from three experiments are shown. [Color figure can be seen in the online version of this article, available at http://wileyonlinelibrary.com/journal/jcb]

(Fig. 4B,C). The knockdown of TLR2 in these two clones significantly
reduced NF-kB over tenfold when compared to THP-1-Nef cells
(Fig. 4D, “"P < 0.01).

PBMCs were cocultured with THP-1-3.1, THP-1-Nef, THP-1-Nef-
T2si1, or THP-1-Nef-Ctlsi cells for 72 h, and then the cells were
harvested and assayed for proliferation and number of Tregs. In this
study we showed that the proliferation of PBMC can be significantly
inhibited upon coculture with THP-1-Nef cells when compared to
cocultures with THP-1 cells. Tregs expansion also occurred in PBMC
when cocultured with THP-1-Nef cells. With the knock-down of
TLR2 expression, the effects of Nef on the proliferation of PBMCs
(Fig. 5A,C) and the numbers of Tregs (Fig. 5B,D) was inhibited. Thus,

these data suggest that HIV-1 Nef may increase Tregs numbers and
inhibit the proliferation of PBMCs via TLR2 signals.

HIV Nefis an accessory protein unique to HIVs and SIVs. In humans,
several cases of individuals infected with Nef-defective HIV-1 have
been reported, and many of these patients maintained low-to-
undetectable levels of viremia with vigorous antiviral immunity
and delayed disease progression (Jere et al., 2010). Experimental
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treated cells. “*P< 0.01. [Color figure can be seen in the online version of this article, available at http://wileyonlinelibrary.com/journal/jcb]
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Fig. 5. TLR2 signals mediate PBMCs proliferation and increase the numbers of Tregs. A, C: Proliferation of CFSE-labeled PBMCs was assayed when stable cell lines transfected
with different genes were cocultured with CFSE-staining PBMCs for 72 h. The result showed that THP-1-Nef-T2si cells certainly recovery the proliferation of PBMCs compared
with THP-1-Nef cells. P-values indicate differences on the proliferation of PBMCs of coculture system between control cells and TLR2-specific RNAi cells. B, D: PBMCs were
cocultured with the same cells above for 72 h and analyzed by FACS for Tregs number. Data indicated mean percentage of CD25 -+ FOXP3 +T cell (Tregs) numbers of
PBMCs £ SD. Representative results of three experiments are shown.”P< 0.05 with controls. [Color figure can be seen in the online version of this article, available at http://

wileyonlinelibrary.com/fjournal/jcb]

infection of rhesus macaques with SIV in which Nef has been deleted
(SIV239Anef) results in low-to-undetectable levels of viremia,
asymptomatic infection, and protection from subsequent challenge
with wild type virus (Kestler et al., 1991). To evaluate the
contributions of the viral Nef protein to HIV-associated immuno-
regulation, a stable Nef-expressed cell line THP-1-Nef was obtained.
THP-1 cells were used to investigate the role of Nef in macrophages,
which are one of the initial targets of HIV-1 infection and also the

main mediator of innate immunity. Our results demonstrated for the
first time that HIV-1 Nef could up-regulate expression of the
immune molecule TLR2 in THP-1 cells (Fig. 3).

TLRs are one of the key receptor families forming an initial line of
defense against invading microbes and viruses. They are widely
expressed in the immune system and work cooperatively with
associated proteins to generate diverse signaling responses as part
of the innate immune response (Xagorari and Chlichlia, 2008; An
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et al.,, 2010). Sutmuller et al. (2006) investigated whether TLR2,4,5,7,
and 9 triggering can modulate the ability of IM-MDDCs to capture,
internalize, replicate, and transfer HIV-1. They found that only
TLR2-mediated augmentation in HIV-1 virus production was
detected when using both a synthetic (i.e, Pam3Csk4) and a
more natural TLR2 agonist (i.e., LTA). The TLR2-dependent up-
regulatory effect on HIV-1 propagation was seen with both R5 and
X4 virions (Sutmuller et al., 2006). These results suggested that the
absence of Nef regulation of TLR2 expression could contribute to
the low level viremia of Nef-defective HIV-1 compared with wild
type HIV-1.

TLR2 signaling plays a crucial role in innate immune activation,
but its role in T cell biology has long been unappreciated (Thibault
et al., 2007). Using a coculture system we found that Nef can expand
the numbers of Tregs and attenuate the proliferation of PBMCs when
THP-1-Nef cells were cocultured with PBMCs (Fig. 2). Using a
coculture system, Shankar et al. (2010) found that the priming of T-
cells by DCs pulsed with HIV caused an upregulation of an array of
negative costimulatory molecules on T-cells and increased expres-
sion of CTLA-4 and FOXP3 when compared to priming with mock-
pulsed DCs. Wang et al. (2010) studied 31 chronic hepatitis C
patients and 20 healthy controls, and found significant correlations
between TLR2 and Treg numbers. These data suggested that Nef
induced TLR2 up-regulation could mediate Tregs expansion.

FOXP3™ Tregs are important target cells for HIV infection and
replication, particularly in lymphoid tissues during acute infection
when most human CD47T cells are quiescent. As a consequence,
accumulation of CD4*FOXP3™" Treg cells in lymphoid organs during
HIV-1 acute infection may contribute to increased amounts of HIV
target cells, as well as to suppressed anti-HIV immune responses in
lymphoid tissues (Montes et al., 2006; Thorborn et al., 2010). The
Tregs support high levels of HIV-1 infection and are preferentially
depleted by pathogenic HIV-1 isolates in HIV-infected DKO-hu HSC
mice. And depletion of Treg cells in DKO-hu mice leads to reduced
HIV infection and replication, which underscores the importance of
Tregs in HIV-1 infection (Jiang et al., 2008). These data suggest that
Treg expansion by HIV-1 Nef is an important factor in HIV-1
infection and replication.

In order to investigate the relationship between Nef, TLR2, and
Tregs, we used siRNA to knock-down the expression of TLR2 in THP-
1 Nef cells (Fig. 4). The results showed that along with knockdown of
TLR2, the effects of Nef on Tregs expansion and PBMC proliferation
were reversed in a coculture assay (Fig. 5). The Sutmuller group
(Sutmuller et al., 2006) reported that TLR2 ™/~ mice infected with
Schistosoma mansoni exhibited associated elevated immunopathol-
ogy, including the failure of the Treg population to expand. They
also functionally inactivated CD47CD25" T cells in wildtype mice
and observed that the resulting immunopathology after infection
mirrored that found in TLR2 ™/~ mice. These results support our data
that Tregs are expanded through TLR2 upregulation which is
induced by Nef in THP-1 cells.

In our study, this is the first time that HIV-1 Nef has been shown
to induce Treg expansion and inhibit PBMC proliferation via TLR2
signals. Together these results underscore the importance of Nef in
immunosuppression and HIV replication. These observations may be
important in understanding the role of HIV-1 Nef in increased HIV

replication and subsequent immunosuppression and HIV disease
progression.

ACKNOWLEDGMENTS

The authors thank Dr. Tina Calderon (Department of Pathology,
Albert Einstein College of Medicine) for critical reading and
revising of the manuscript. This work was supported by Natural
Science Foundation of Hubei Province (2008CDB118) and
performed at Institute of Molecular Biology of the China Three
Gorges University.

REFERENCES

Aandahl EM, Michaélsson J, Moretto WJ, Hecht FM, Nixon DF. 2004. Human
CD4"CD25" regulatory T cells control T-cell responses to human immuno-
deficiency virus and cytomegalovirus antigens. J Virol 78(5):2454-2459.

An H, Qian C, Cao X. 2010. Regulation of Toll-like receptor signaling in the
innate immunity. Sci China Life Sci 53(1):34-43.

Cao W, Jamieson BD, Hultin LE, Hultin PM, Detels R. 2009. Regulatory T cell
expansion and immune activation during untreated HIV type 1 infection are
associated with disease progression. AIDS Res Hum Retrovir 25(2):183-191.

Curotto de Lafaille MA, Lafaille JJ. 2009. Natural and adaptive Foxp3+
regulatory T cells: More of the same or a division of labor. Immunity 30:626-
635.

Deeks SG, Hoh R, Grant RM, Wrin T, Barbour JD, Narvaez A, Cesar D, Abe K,
Hanley MB, Hellmann NS, Petropoulos CJ, McCune JM, Hellerstein MK. 2002.
CD4" T cell kinetics and activation in human immunodeficiency virus-
infected patients who remain viremic despite long-term treatment with
protease inhibitor-based therapy. J Infect Dis 185(3):315-323.

Equils O, Shapiro A, Madak Z, Liu C, Lu D. 2004. Human immunodeficiency
virus type 1 protease inhibitors block toll-like receptor 2 (TLR2)- and TLR4-
Induced NF-kappaB activation. Antimicrob Agents Chemother 48(10):3905-
3911.

Estes JD, Li Q, Reynolds MR, Wietgrefe S, Duan L, Schacker T, Picker LJ,
Watkins DI, Lifson JD, Reilly C, Carlis J, Haase AT. 2006. Premature induction
of an immunosuppressive regulatory T cell response during acute simian
immunodeficiency virus infection. J Infect Dis 193(5):703-712.

Fackler OT, Baur AS. 2002. Live and let die: Nef functions beyond HIV
replication. Immunity 16(4):493-497.

Greenway AL, Holloway G, McPhee DA, Ellis P, Cornall A, Lidman M. 2003.
HIV-1 Nef control of cell signaling molecules: Multiple strategies to promote
virus replication. J Biosci 28(3):323-335.

Guatelli JC, Gingeras TR, Richman DD. 1990. Alternative splice acceptor
utilization during human immunodeficiency virus type 1 infection of cul-
tured cells. J Virol 64(9):4093-4098.

Jere A, Fujita M, Adachi A, Nomaguchi M. 2010. Role of HIV-1 Nef protein
for virus replication in vitro. Microbes Infect 12(1):65-70.

Jiang Q, Zhang L, Wang R, Jeffrey J, Washburn ML, Brouwer D, Barbour S,
Kovalev GI, Unutmaz D, Su L. 2008. FoxP3"CD4" regulatory T cells play an
important role in acute HIV-1 infection in humanized Ragz’/’gammaC’/’
mice in vivo. Blood 112(7):2858-2868.

Ji J, Cloyd MW. 2009. HIV-1 binding to CD4 on CD4"CD25" regulatory T
cells enhances their suppressive function and induces them to home to, and
accumulate in peripheral and mucosal lymphoid tissues: An additional
mechanism of immunosuppression. Int Immunol 21(3):283-294.

Kestler HW 3rd, Ringler DJ, Mori K, Panicali DL, Sehgal PK, Daniel MD,
Desrosiers RC. 1991. Importance of the nef gene for maintenance of high
virus loads and for development of AIDS. Cell 65(4):651-662.

Kinter A, McNally J, Riggin L, Jackson R, Roby G, Fauci AS. 2007. Suppres-
sion of HIV-specific T cell activity by lymph node CD25" regulatory T cells

JOURNAL OF CELLULAR BIOCHEMISTRY

3523

HIV-1 Nef IN THP-1 EXPANDS TREG CELLS



from HIV-infected individuals. Proc Natl Acad Sci USA 104(9):3390-
3395.

Kurt-Jones EA, Mandell L, Whitney C, Padgett A, Gosselin K, Newburger
PE, Finberg RW. 2002. Role of toll-like receptor 2 (TLR2) in neutrophil
activation:GM-CSF enhances TLR2 expression and TLR2-mediated interleu-
kin 8 responses in neutrophils. Blood 100(5):1860-1868.

Layland LE, Rad R, Wagner H, da Costa CU. 2007. Immunopathology in
schistosomiasis is controlled by antigen-specific regulatory T cells primed in
the presence of TLR2. Eur J Immunol 37(8):2174-2184.

Liu H, Komai-Koma M, Xu D, Liew FY. 2006. Toll-like receptor 2 signaling
modulates the functions of CD4"CD25" regulatory T cells. Proc Natl Acad Sci
USA 103(18):7048-7053.

Richards MH, Getts MT, Podojil JR, Jin Y-H, Kim BS, Miller SD. 2011. Virus
expanded regulatory T cells control disease severity in the Theiler’s virus
mouse model of MS. J Autoimmun 36(2):142-154.

Medzhitov R, Preston-Hurlburt P, Janeway, CA Jr. 1997. A human homo-
logue of the Drosophila Toll protein signals activation of adaptive immunity.
Nature 388(6640):394-397.

Mills KH. 2004. Regulatory T cells: Friend or foe in immunity to infection?
Nat Rev Immunol 4(11):841-855.

Montes M, Lewis DE, Sanchez C, Lopez de Castilla D, Graviss EA, Seas C,
Gotuzzo E, White, AC Jr. 2006. Foxp3™ regulatory T cells in antiretroviral-
naive HIV patients. AIDS 20(12):1669-1671.

Oswald-Richter K, Grill SM, Shariat N, Leelawong M, Sundrud MS, Haas DW,
Unutmaz D. 2004. HIV infection of naturally occurring and genetically
reprogrammed human regulatory T-cells. PLoS Biol 2(7):E198.

Quaranta MG, Mattioli B, Giordani L, Viora M. 2006. The immunoregulatory
effects of HIV-1 Nef on dendritic cells and the pathogenesis of AIDS. FASEB J
20(13):2198-2208.

Quaranta MG, Mattioli B, Giordani L, Viora M. 2009. Immunoregulatory
effects of HIV-1 Nef protein. Biofactors 35(2):169-174.

Roncarolo BM, Battagalia M. 2007. Regulatory T-cell immunotherapy for
tolerance to self and foreign antigens in humans. Nat Rev Immunol 7:585-
598.

Thibault S, Tardif MR, Barat C, Tremblay MJ. 2007. TLR2 signaling renders
quiescent naive and memory CD4'T cells more susceptible to productive
infection with X4 and R5 HIV-type 1. J Immunol 179:4357-4366.
Sakaguchi S, Sakaguchi N, Asano M, Itoh M, Toda M. 1995. Immunologic
self-tolerance maintained by activated T cells expressing IL-2 receptor alpha-
chains (CD25). Breakdown of a single mechanism of self-tolerance causes
various autoimmune diseases. J Immunol 155(3):1151-1164.

Sakaguchi S, Sakaguchi N, Shimizu J, Yamazaki S, Sakihama T, Itoh M,
Kuniyasu Y, Nomura T, Toda M, Takahashi T. 2001. Immunologic tolerance

maintained by CD257CD4  regulatory T cells: Their common role in con-
trolling autoimmunity, tumor immunity, and transplantation tolerance.
Immunol Rev 182:18-32.

Shankar EM, Che KF, Messmer D, Lifson JD, Larsson M. 2011. Expression of a
broad array of negative costimulatory molecules and Blimp-1 in T cells
following priming by HIV-1 pulsed dendritic cells. Mol Med 17(3-4):229-
240.

Shevach EM. 2009. Mechanisms of foxp3* T regulatory cell-mediated
suppression. Immunity 30(5):636-645.

Suchard MS, Mayne E, Green VA, Shalekoff S, Donninger SL, Stevens WS,
Gray CM, Tiemessen CT. 2010. FOXP3 expression is upregulated in
CD4™T cells in progressive HIV-1 infection and is a marker of disease
severity. PLoS One 5(7):e11762.

Sutmuller RP, den Brok MH, Kramer M, Bennink EJ, Toonen LW, Kullberg
BJ, Joosten LA, Akira S, Netea MG, Adema GJ. 2006. Toll-like receptor 2
controls expansion and function of regulatory T cells. J Clin Invest 116(2):
485-494.

Sutmuller R, Garritsen A, Adema GJ. 2007. Regulatory T cells and toll-like
receptors: Regulating the regulators. Ann Rheum Dis 66(Suppl 3):iii91-
iii95.

Syed MM, Phulwani NK, Kielian T., 2007 Tumor necrosis factor-alpha
(TNF-a) regulates Toll-like receptor 2 (TLR2) expression in microglia.
J Neurochem 103(4):1461-1471.

Thorborn G, Pomeroy L, Isohanni H, Perry M, Peters B, Vyakarnam A. 2010.
Increased sensitivity of CD4" T-effector cells to CD4"CD25" Treg suppres-
sion compensates for reduced Treg number in asymptomatic HIV-1 infection.
PLoS One 5(2):€9254.

Tobias M, Vito R. 2007. T-cell regulation by CD4 regulatory T cells during
hepatitis B and C virus infections: Facts and controversies. Lancet Infect Dis
7(12):804-813.

Wang JP, Zhang Y, Wei X, Li J, Nan XP, Yu HT, Li Y, Wang PZ, Bai XF. 2010.
Circulating Toll-like receptor (TLR 2: TLR4, and regulatory T cells in patients
with chronic hepatitis C. APMIS 118(4):261-270.

Weiss L, Donkova-Petrini V, Caccavelli L, Balbo M, Carbonneil C, Levy Y.
2004. Human immunodeficiency virus-driven expansion of CD4"CD25"
regulatory T cells, which suppress HIV-specific CD4 T-cell responses in
HIV-infected patients. Blood 104(10):3249-3256.

Xagorari A, Chlichlia K. 2008. Toll-like receptors and viruses: Induction of
innate antiviral immune responses. Open Microbiol J 2:49-59.

Xing S, Fu J, Zhang Z, Gao Y, Jiao Y, Kang F, Zhang J, Zhou C, Wu H, Wang
FS. 2010. Increased turnover of FoxP3high regulatory T cells is associated
with hyperactivation and disease progression of chronic HIV-1 infection.
J Acquir Immune Defic Syndr 54(5):455-462.

3524

HIV-1 Nef IN THP-1 EXPANDS TREG CELLS

JOURNAL OF CELLULAR BIOCHEMISTRY



