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FoxP3 determines the development of CD4+CD25+ regula-
tory T (Treg) cells and represses interleukin-2 (IL-2) expression
in Treg cells. However, human immunodeficiency virus type 1
(HIV-1) infects and replicates efficiently in FoxP3+ Treg cells.
We report that, while inhibiting IL-2 gene expression, FoxP3
enhances gene expression from HIV-1 long terminal repeat
(LTR). This FoxP3 activity requires both the N- and C-terminal
domains and is inactivated by human IPEX (immunodysregula-
tion, polyendocrinopathy, enteropathy, X-linked syndrome)
mutations. FoxP3 enhances HIV-1 LTR via its specific NFxkB
binding sequences in an NFkB-dependent fashion in T cells but
not in HEK293 cells. FoxP3 decreases level of histone acetyla-
tion at the interleukin-2 locus but not at the HIV-1 LTR.
Although NFkB nuclear translocation is not altered, FoxP3
enhances NFkB-p65 binding to HIV-1 LTR. These data suggest
that FoxP3 modulates gene expression in a promoter sequence-
dependent fashion by modulating chromatin structure and
NFkB activity. HIV-1 LTR has evolved to both highjack the
T-cell activation pathway for expression and to resist FoxP3-
mediated suppression of T-cell activation.

Although clearly generated in the thymus (1), CD4+CD25+
Treg® cells can also be generated from mature T cells in the
peripheral organs (2, 3). Recent genetic studies in both mouse
and human have identified FoxP3, a Forkhead transcription
factor, as a master determinant of Treg development and func-
tion (4-7). Mutations in the FoxP3 gene in Scurfy mice or
human IPEX patients lead to lymphoproliferative and autoim-
mune phenotypes due to impaired Treg cells. Importantly,
ectopic expression of FoxP3 in naive CD4+CD25— T cells
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leads to inhibition of IL-2 expression and Treg-like suppression
activity (8). FoxP3+ Treg cells have been implicated in a num-
ber of pathological processes, including elevated levels in can-
cers (9—-11) and infectious diseases (12—15), and reduced levels
in autoimmune diseases (16 —20). With chronic HCV (hepatitis
C virus) infection in human and chimps (21-23), and friend
leukemia virus in mice (14), Treg cells are induced to subdue
the anti-viral immune responses and allow persistent infection.

HIV-1 disease or AIDS progression, however, is associated
with overt immune activation. Since the beginning of the AIDS
epidemic, it has been documented that chronic immune acti-
vation is a reliable predictor of AIDS progression (24—26).
Interestingly, SIV infection in its native hosts is non-patho-
genic, characterized by high SIV replication, limited immune
responses, and long-lasting Treg induction (27-29). In HIV-1-
infected patients, conflicting findings have been reported
regarding Treg cells. FoxP3+ Treg cells are generally depleted
in parallel to the total CD4+ T-cell population during disease
progression (30). In some reports, increased levels of Treg cells
are documented in lymphoid tissues (31, 32), whereas others
have observed decreased levels of Treg cells and FoxP3 expres-
sion in peripheral blood (13, 33—35). However, in rhesus mon-
keys acutely infected with SIV, FoxP3+ Treg cells are induced
and are productively infected by SIV (36). Thus, it is not clear
how HIV-1 infects and replicates in Treg cells in vivo.

One clear function of FoxP3 is to suppress expression of IL-2
in Treg cells. Direct FoxP3 binding with NFAT has been
reported to prevent its association with AP-1 and contribute to
suppression of IL-2 gene expression (37). Moreover, FoxP3 has
been demonstrated to occupy the IL-2 promoter to inhibit gene
expression by altering histone acetylation levels, thus changing
the chromatin structure (38). In addition, FoxP3 has been
reported to inhibit NF«B activity in transfected 293 cells or T
cells (39, 40); however, others have failed to show such inhibi-
tory effect in human T cells (37). Both NFAT and NF«B are also
involved in regulating HIV-1 gene expression (41). Although
NFkB activates HIV-1 LTR, the effect of NFAT on LTR is con-
troversial. NFATcl is reported to up-regulate HIV-1 gene
expression by binding to the overlapping NF«B sites (41), and
NFATc2 has also been shown to up-regulate HIV-1 replication
in primary CD4 T cells (42). In other reports, however, NFATc2
is shown to competitively bind to the LTR NF«B sites and
inhibit LTR activity (43, 44).

Given that FoxP3 inhibits T-cell activation and expression of
cytokines such as IL-2 via inhibiting NFAT and NF«B, one sur-
prising recent finding reports that Treg cells support higher
levels of infection by HIV-1 or feline immunodeficiency virus
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(FIV) compared with FoxP3-CD4+ T cells in vitro (13, 45). Two
lines of evidence have also indicated that HIV-1 infection and
replication in Treg cells may be important in vivo. First, recent
reports have documented that, although <5% of total CD4+ T
cells from peripheral blood are CD25+FoxP3+ Treg cells, up
to 50% of CD4+ T cells express FoxP3 in mucosal lymphoid
organs from HIV-1 (46) or SIV (36) infected human or mon-
keys, respectively. Therefore, the FoxP3+ Treg cells can pro-
vide a significant number of target cells for HIV-1 infection in
lymphoid organs. Remarkably, 13% of the FoxP3+ T cells are
shown to be productively infected by SIV in the lymphoid
organs of acutely infected animals (36). Therefore, FoxP3+
Treg cells are important target cells for HIV-1 infection and
replication, at least in mucosal lymphoid tissues during acute
infection. Treg induction in HIV-1-infected lymphoid organs
may contribute to suppressed anti-HIV immunity and estab-
lishment of persistent HIV infection. It is therefore critical to
investigate how HIV-1 infects and replicates in these T cells for
both virological and immunopathogenic reasons.

Here we report that FoxP3 enhances HIV-1 LTR but inhibits
IL-2 promoter activity. This FoxP3 activity requires both the N-
and C-terminal domains and maps to the N terminus (includ-
ing the proline-rich region) and the C-terminal Forkhead
domain and is inactivated by human IPEX mutations. We also
demonstrate that FoxP3 enhances HIV-1 LTR via specific
NFkB binding sequences in an NFkB-dependent fashion.
FoxP3 also enhances a minimal promoter with the NF«kB
sequences derived from LTR but not from the MHC promoter
in Jurkat cells but represses both the HIV-1 LTR and MHC
promoter in 293T cells. Interestingly, FoxP3 reduces the acety-
lation level of the IL-2 promoter but increases acetylation of
HIV-1LTR. Furthermore, FoxP3 enhances NF«B occupancy at
HIV-1 promoter in T cells but does not alter NF«B nuclear
translocation or levels. The data suggest that FoxP3 modulates
gene expression in a promoter sequence-dependent fashion by
modulating chromatin structure and NF«B activity. HIV-1LTR
has evolved to both highjack the T-cell activation pathway for
expression and to resist FoxP3-mediated suppression of T-cell
activation.

EXPERIMENTAL PROCEDURES

Plasmids, Antibodies, and Cell Lines—FoxP3 was cloned into
the HSPG retrovirus vector (47). LTR linker scanning mutants
(48), LTR-luc, LTR deletion or point mutants, minimal pro-
moter with LTR 3x«kB-luc (41) were previously reported. Mis-
sense mutations identified from IPEX patients (8) (I1363V,
F371C, A384T, and R397W) were introduced in the FoxP3
cDNA by site-directed mutagenesis. Deletion mutants in FoxP3
were generated by PCR amplification to specifically remove the
N terminus (aa 1-189) as in FoxP3-ZFLZFKH, the N terminus,
including the zinc finger (aa 1-241) as in FoxP3-LZFKH, or the
N terminus, including all domains except Forkhead (aa 333—
429) as in FoxP3-FKH. MHC-3XkB-luc and IkB-SR plasmids
were provided by A. Baldwin (University of North Carolina-
Chapel Hill). Jurkat cells were maintained in RPMI 1640
(Invitrogen), 293T cells were maintained in Dulbecco’s modi-
fied Eagle’s medium, and primary human T cells were main-
tained in Iscove’s minimal essential medium, supplemented
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with 10% fetal bovine serum (Sigma), 2 mMm L-glutamine, 100
units/ml penicillin, and 100 mg/ml streptomycin. For T-cell
activation, mouse anti-CD3 and -CD28 (BD Biosciences) and
goat anti-mouse IgG (Caltag) antibodies were used. To deter-
mine T-cell purity, anti-human CD25-PE (Miltenyi) and CD4-
FITC (BD Biosciences) were used. 7AAD (7-actinomycin D)
(Molecular Probes) was used to determine cell viability.

Retrovirus Production and Transduction—293T cells were
co-transfected with retroviral vector-, VSV-G-, and gag/pol-
containing plasmids as previously described (47). For produc-
tion of single cycle HIV-Luc reporter virus, 293T cells were
transfected with VSV-G and HIV-Luc plasmids by Effectene
(Qiagen). For retroviral transduction, Jurkat cells were spin-
inoculated with HSPG control or FoxP3 retrovirus to >95%
efficiency as measured by GFP expression (47).

Cell Culture and T-cell Purification and Transfection—
CD4+ primary T cells were purified from Ficoll-separated
PBMC (peripheral blood mononuclear cell) by MACS human
CD4+ T-cell isolation kit (>95% purity, Miltenyi-Biotech,
Auburn, CA). CD4+ T cells were activated by anti-CD3/CD28
monoclonal antibody cross-linked by plate-bound anti-mouse
IgG as previously described (49). Briefly, purified cells are
stained with anti-CD3 (0.5 pg/ml) and anti-CD28 (1 ug/ml)
and incubated on plated-bound goat anti-mouse IgG. Purified
primary CD4+ T cells were transfected by using the Amaxa
nucleofector kit (Amaxa Biosystems, Gaithersburg, MD).
Briefly, 5 X 10° unstimulated CD4+ T cells were transfected
with 5 ug of plasmid DNA (>40% efficiency by GFP expres-
sion), and cultured for 48 h before infection with the VSV-G
pseudotyped HIV-luciferase reporter virus and activation by
CD3 and CD28 cross-linked with plate-bound IgG. Cells were
activated for 48 h, and luciferase was measure by luciferase
assay. Alternatively, T cells were transduced with vector or
FoxP3 retrovirus (>60% efficiency by GFP) and infected with
VSV-G pseudotyped HIV-luciferase virus.

IL-2 Measurement by Real-time qPCR and Enzyme-linked
Immunosorbent Assay—Amaxa-transfected primary CD4+ T
cells were sorted for GFP expression and activated with anti-
CD3/CD28 as above. IL-2 mRNA levels were determined fol-
lowing activation. 5 X 10® cells were lysed in TRIzol reagent
(Invitrogen) and column-purified (RNeasy, Qiagen). cDNA was
generated using Cells-to-cDNA 1II kit (Ambion, Austin, TX),
and quantitative PCR was performed on an ABI Prism 7000
(Applied Biosystems) using TaqMan IL-2 probe/primer set
(Applied Biosystems). Each sample was normalized to 18 s. To
measure IL-2 production in Jurkat T cells, transduced Jurkat
cells were stimulated with PHA (phytohemagglutinin) and
ionomycin (1 um) for 12 h (41), and supernatants were col-
lected. Secreted IL-2 was quantitated by the Human IL-2
enzyme-linked immunosorbent assay kit (BD Biosciences).

Transfection of Jurkat T Cells and Luciferase Assay—]Jurkat
cells were transfected using Geneporter transfection reagent
(Genlantis, San Diego, CA), and transfection efficiency was
monitored by GFP expression or co-transfection with pAX-
Bgal reporter plasmid. Cells were lysed, and luciferase expres-
sion was determined by Luciferase Assay System (Promega).
Experiments were done in triplicates and repeated at least three
times.
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ChiIP Assays—]Jurkat T cells with a stably integrated HIV-1
LTR were transduced with control or FoxP3-expressing vec-
tors. Sonicated chromatin from the Jurkat cells was immuno-
precipitated with control IgG (IgG) or p65 (a kind gift from Al
Baldwin) or anti-AcH3 by chromatin immunoprecipitation
assay kit per the manufacturer’s instruction (Upstate, Milli-
pore). Samples were purified and subject to real-time qPCR
analysis. The relative p65 binding or acetylation of IL-2 or LTR
promoter is expressed with ratios of ChIP-specific signal
divided by signals from control 10% input chromatins. IL-2 pro-
moter was analyzed with TagMan reagents using the following
primers: 5'-cac cta agt gtg tgg gct aat gtaac-3' and 5'-ctgatgact
ctt tgg aat ttc ttt aaa cc-3" and a FAM:TAM probe 5'-aga ggg att
tca cct aca tcc att cag tca gtc-3'. This amplicon spans —226 to
—133 in the human IL-2 promoter and spans the NF«B and
AP-1sites. HIV-1 LTR was analyzed with SYBR Green reagents
(Abgene, UK) using the primers (5'-agc cct cag atc ctg cat ata
agc a-3' and 5'-gtt agc ca gaga gct ccc agg ctc a-3’) that yield an
amplicon spanning —44 to +49.

EMSA—Standard electrophoretic mobility shift assays were
performed (50). Briefly, probes containing the NF«B site
(GGGATTCCCC) from the MHC gene or HIV-1 LTR were
labeled with [a-**P]dCTP using Klenow. 10 ug of nuclear
extract was incubated with probe. For antibody supershift or
blocking, 2 ug of a-p65, a-p50, or control IgG were added to
nuclear extract and labeled probe.

Western Blot—1 X 10° Jurkat T cells were lysed in 0.5% Non-
idet P-40 lysis buffer and resolved by 10% SDS-PAGE. Approx-
imately 25 ug of proteins was used, and FoxP3 was probed with
an anti-FoxP3 antiserum (51), a-rabbit-IgG-horseradish per-
oxidase and visualized by ECL (Amersham Biosciences).

Statistical Analysis—For statistical analysis, a two-tailed Stu-
dent ¢ test is employed where p < 0.05 is considered significant.

RESULTS

FoxP3 Differentially Modulates IL-2 and HIV-1 Gene Expres-
sion by Inhibiting IL-2 but Enhancing LTR Promoter Activity—
To investigate the mechanism of HIV-1 replication in FoxP3+
T cells, we expressed FoxP3 in the human CD4+ T leukemia
(Jurkat) cells. When Jurkat cells were infected with VSV-G
pseudotyped HIV-1 containing luciferase reporter gene, ele-
vated levels of HIV-1 gene expression were detected in both
unstimulated and stimulated FoxP3+ T cells (5- to 8-fold, Fig.
1A). Retrovirus-mediated expression of FoxP3 in Jurkat cells
inhibited the expression of IL-2 upon activation (>6-fold, Fig.
1B). To determine if FoxP3 similarly regulates expression of
IL-2 and HIV-1 in primary CD4+ T cells, we expressed FoxP3
in purified primary CD4+ T cells. HIV-1 gene expression was
significantly enhanced in Th cells previously transduced with
FoxP3-expressing retroviral vector (Fig. 1C) or by Amaxa
nucleofection (data not shown). In contrast, ectopic expression
of FoxP3 in CD4+ T cells efficiently suppressed expression
from the endogenous IL-2 gene (Fig. 1D). Thus, FoxP3 inhibits
IL-2 expression but enhances HIV-1 gene expression in human
T cells.

To determine if FoxP3 regulates expression of IL-2 and
HIV-1 at the promoter level, we transfected IL-2 or HIV-1 LTR
promoter constructs driving the luciferase gene into Jurkat T
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FIGURE 1. FoxP3 inhibits IL-2, but enhances HIV-1 gene expression in T
cells. A, vector or FoxP3-transduced Jurkat T cells were infected with VSV-G-
pseudotyped NL4-Luc virus and non-activated or CD3/CD28-stimulated. At
48 h post-infection, cells were lysed and assayed for luciferase expression.
B, vector control and FoxP3 transduced Jurkat cell were non-activated or acti-
vated with PMA and ionomycin for 24 h, and supernatants were assayed
for IL-2 by enzyme-linked immunosorbent assay. C, primary CD4+ T cells
transduced with FoxP3 or control vector and infected with VSV-G/NL-4-Lucif-
erase virus and relative HIV-1 gene expression was measured at 48 h post-
infection. D, primary CD4+ T cells transfected with control vector or FoxP3
plasmid (sorted based on GFP) were activated with anti-CD3/CD28 and cul-
tured for 2 days. Cells were harvested for relative IL-2 expression by real-time
RT-PCR. Data represents three independent experiments done in triplicates
(*,p < 0.05).
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FIGURE 2. FoxP3 inhibits IL-2 promoter but enhances HIV-1 LTR expres-
sionin T cells. Jurkat T cells were transiently transfected with HIV-1 LTR (A) or
IL-2 promoter (B) driven luciferase constructs in the presence of control vec-
tor or FoxP3 plasmid. For IL2-luciferase assay, Jurkat cell were non-activated
or activated with PMA and ionomycin at 36 h post-transfection. Luciferase
gene expression relative to vector control cells was measured at 48 h post-
infection. Data represents >5 independent experiments done in triplicates
(*, p < 0.05).

cells. Similar to NL4-luciferase virus infection, FoxP3 also
enhanced gene expression from HIV-LTR (Fig. 2A). FoxP3 effi-
ciently suppressed IL-2 gene expression from both the endog-
enous IL-2 gene (Fig. 1, B and D) and from the transfected IL-2
promoter (Fig. 2B). The HIV-1 LTR co-transfection experi-
ment was performed in the absence of Tat. Therefore, HIV-1
Tat is not required for the FoxP3 activity.

Forkhead Domain and N Terminus of FoxP3 Are Critical for
FoxP3-mediated Enhancement of HIV-1 LTR—The Forkhead
domain and distinct residues in FoxP3 are critical for FoxP3
function as indicated by mutations in the scurfy mouse and in
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FIGURE 3. A critical activity of FoxP3 is required for LTR enhancement. A, deletion mutants of FoxP3 were
made as described under “Experimental Procedures.” Jurkat cells transduced with retrovirus containing no
insert control (PG), wild type FoxP3 (FP3), FoxP3 C terminus (FP3C, aa 191-420), FoxP3 lacking the N terminus
and zinc finger (FP3LZFKH, aa 241-420), or the Forkhead domain of FoxP3 (FP3-FKH, aa 333-420) were
infected with the VSV-G NL4-Luciferase virus, and luciferase activity was measured 48 h post-infection. Proline-
rich region (PRR), zinc finger (ZF), leucine zipper (LZ), and Forkhead domain (FKH) are labeled. B, FoxP3 genes with
indicated IPEX mis-sense mutations are co-transfected into Jurkat cells with HIV-1 LTR-luciferase (*, p < 0.05).
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FIGURE 4. FoxP3-mediated LTR enhancement maps to the NFkB sites. A, linker scanning (LS1-LS26)
mutants (48) replacing every 18 bp of HIV-1 LTR were co-transfected into Jurkat cells with vector or FoxP3 as
above, and lysates were assayed for LTR-driven luciferase expression. Data are representative of three inde-
pendent experiments each done in triplicates. LS20/LS21 mutants affect the two NF«B sites in the LTR. B, HIV-1
LTR containing mutations ablating specific binding by NFkB (41) were co-transfected with control vector or
FoxP3 in Jurkat cells, and results are summarized from three independent experiments.
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human IPEX patients (8). To define
the FoxP3 domains that contribute
to this LTR-enhancing activity, we
generated FoxP3 deletion mutants
and transduced Jurkat T cells. Loss
of the N terminus, including the
proline-rich region, inhibited FoxP3
enhancement (Fig. 34), whereas ex-
pression of the N terminus alone
was not able to enhance LTR activ-
ity (data not shown). We also tested
the known mis-sense mutations
derived from IPEX patients by sin-
gle site-directed mutagenesis intro-
duction into full-length FoxP3.
Interestingly, all four such mis-
sense mutations tested also inacti-
vated the FoxP3 activity in enhanc-
ing HIV-1 LTR (Fig. 3B). Similar
levels of the mutant FoxP3 proteins
were expressed (supplemental Fig.
S1). Therefore, the FoxP3 activity in
enhancing HIV-1 LTR depends on
both the N-terminal domain and crit-
ical residues in the forkhead domain,
which are also critical for the function
of the FoxP3 protein in humans.

Two NFkB Sites in the LTR
Enhancer Core Are Both Required
for FoxP3 Enhancement—We have
mapped the cis-acting elements in
HIV-1 LTR that respond to FoxP3
by employing the 26 linker scanning
mutants (LS1-LS26) of HIV-1 LTR
(48). The mutations in LS20 (—111
to —94) and LS21 (—93 to —76),
which inactivate the two NFkB
binding sites in the LTR enhancer
core, significantly reduced response
to FoxP3 (Fig. 44). Deletion of the
NF«B/NFAT enhancer core com-
pletely abolished LTR response to
FoxP3 (Fig. 4B). The two NF«B sites
also overlap with the sites for NFAT
binding (41). Point mutations in
either NFkB site (LTR mkB1 and
mkB2) significantly reduced FoxP3-
mediated enhancement, whereas
mutations in both sites (mnkB) led
to complete loss of enhancement by
FoxP3 (Fig. 4B). Therefore the two
NEkB sites in the LTR enhancer
core are both required for FoxP3
enhancement.

FoxP3 Enhances HIV-1 LTR Ac-
tivity in NFkB Sequence- and Cell
Type-specific Fashions—To further
elucidate the role of NFkB, we
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FIGURE 5. FoxP3 affects LTR expression via an NFkB sequence-depen-
dent and cell type-dependent mechanism. A, LTR enhancement by FoxP3
is ablated by |kBa-super-repressor (IkB-SR (50)). LTR-luciferase is transfected
with [IkB-SR and vector or FoxP3 plasmid into Jurkat cells. B and C, LTR
enhancement by FoxP3 is specific for the LTR NF«B sites. Luciferase reporters
driven by multiple copies of LTR or MHC Il (50) NFB sites were transfected
into Jurkat cells (B) or 293T cells (C) with vector control or FoxP3. D, FoxP3
represses in 293T cells. 293T cells transfected with vector control or FoxP3
with HIV-1 LTR luciferase reporter plasmids. Experiments were done in tripli-
cates and lysates are assayed for luciferase expression.

blocked NFkB activation using the IkB super-repressor in T
cells. Consistent with results that the NF«B sites in LTR were
critical for FoxP3-mediated activation, FoxP3 was unable to
enhance HIV-1 LTR activity when NF«B function was inhibited
(Fig. 5A4). We also determined if FoxP3 enhancement was spe-
cific to the LTR-derived NF«B sequences. A luciferase reporter
gene driven by a minimal promoter with three NFkB sites
derived from HIV-1 LTR (LTR-3kB-luc) or from the MHC gene
(MHC-3kB-luc) was studied in Jurkat cells. Under the same
experimental conditions, FoxP3 enhanced LTR-3kB-luc
expression but not the MHC-3kB-luc expression in T cells (Fig.
5B). Interestingly, both LTR-3kB-luc and MHC-3kB-luc, as
well as the LTR-luc were inhibited by FoxP3 in 293T cells (Fig.
5, C and D), corroborating results previously described for
FoxP3 in 293T cells (39, 40). Thus, FoxP3 modulates HIV-1
LTR activity via its specific NF«B sites in T cells.

FoxP3 Differentially Alters the Acetylation Level of the IL-2
Promoter and HIV LTR—We tested if FoxP3 affects the chro-
matin structure at the IL-2 promoter and the HIV-1 LTR by
ChIP assays with anti-acetylated histone H3-K9 (AcH3) anti-
bodies. Relative levels of AcH3 were determined by qPCR of the
NFkB and NFAT/AP-1 region (—226 to —133) in the human
IL-2 promoter after ChIP (Fig. 6A4). FoxP3 reduced the AcH3
level or the “openness” of the IL-2 promoter in Jurkat cells
either unstimulated or after stimulation. When the stably inte-
grated HIV-1 LTR in the same Jurkat A82 (52) cell was ana-
lyzed, we discovered that FoxP3 either had no effect (unstimu-
lated) or increased (stimulated) AcH3 acetylation level at the
NF«B/Sp1 enhancer core sequences of the LTR (1.8-fold, p <
0.05, Fig. 6B). Thus, FoxP3 reduced the histone acetylation level
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FIGURE 6. FoxP3 differentially affects the histone 3 acetylation level of
the IL2 and HIV-1 LTR promoters. Jurkat A82 T cells with a copy of stably
integrated HIV-1 LTR were transduced with vector or FoxP3 (>95% GFP+).
Sonicated chromatins from activated Jurkat cells were immunoprecipitated
with control 1gG or anti-acetyl-H3 antibody (AcH3). A, FoxP3 reduces the
acetylation of histone H3 at the IL-2 promoter. ChIP analysis of vector or
FoxP3 transduced Jurkat A82 T cells was performed. Samples were purified
and subject to qPCR analysis with the IL-2 promoter amplicon spanning the
NF«B and NFAT/AP-1 sites (—226 to —133) in the human IL-2 promoter.
B, FoxP3 increases H3 acetylation at integrated HIV-1 LTR locus. The same
Jurkat A82 T cells with a stably integrated HIV-1 LTR were analyzed by anti-
AcH3 ChIP for HIV-1 LTR core enhancer sequences by qPCR. Error bars indi-
cate = S.D. of triplicate samples (¥, p < 0.05).

Relative HIV-1 LTR AcH3

Relative IL-2 Promoter AcH3 2>

of the IL-2 promoter but had no effect or increased that of the
HIV-1LTRin T cells.

FoxP3 Does Not Alter NFkB Nuclear Translocation but Mod-
ulates NFkB Occupancy at the HIV-1 LTR Promoter—Given
that FoxP3 enhancement is both NF«B sequence- and cell type-
specific, it is unlikely that a simple increase in the nuclear levels
of NFkB is involved. Indeed, FoxP3 did not enhance NF«B
nuclear localization in Jurkat cells by Western blot analysis (Fig.
7A). Using a consensus NFkB probe, similar levels of p65/p50
and p50/p50 NFkB DNA binding activity were detected in
FoxP3+ and vector control cells (Fig. 7B). We next wanted to
determine if FoxP3 was able to modulate NF«B occupancy at
the HIV-1 LTR promoter in vivo by ChIP using specific anti-
p65 antibodies. In a Jurkat T cell line stably integrated with the
HIV-1 LTR (53), FoxP3 enhanced the association of p65 at the
LTR promoter (~2-fold, Fig. 7C) but not at the IL-2 promoter
(Fig. 7D). Therefore, although NFkB nuclear translocation was
unchanged, FoxP3 enhanced p65 occupancy specifically at the
HIV-1LTRin T cells.

DISCUSSION

FoxP3 inhibits T-cell activation and IL-2 expression in T
cells, but high levels of HIV-1 or feline immunodeficiency virus
infection are reported in FoxP3+ Treg cells in vitro (13, 45, 54).
Because HIV-1 L'TR activity is closely coupled to T-cell activa-
tion and IL-2 gene expression, we studied how FoxP3 modu-
lates IL-2 gene expression and HIV-1 replication in T cells. We
report that, while inhibiting IL-2 promoter, FoxP3 enhances
HIV-1 LTR. This FoxP3 activity is inactivated by human IPEX
mutations. FoxP3 enhances HIV-1 LTR via its specific NFkB
binding sequences in an NFkB-dependent fashion in T cells but
not in HEK293 cells. FoxP3 decreases the level of histone acety-
lation at the IL2 locus but not at the HIV-1 LTR. Although
NEkB nuclear translocation is not altered, FoxP3 enhances
NEkB binding to HIV-1 LTR. These data suggest that FoxP3
modulates gene expression in a promoter sequence-dependent
fashion by modulating chromatin structure and NF«B activity.
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(59, 60). Therefore, FoxP3+ Treg
cells are important target cells for
HIV-1 infection and replication, at
least in mucosal lymphoid tissues
during acute infection.

The distinct modulation of LTR

.~ [

and IL2 expression by FoxP3 may be
due to specific LTR NF«B binding
sequence, or to the unique FoxP3-
mediated NF«B activity and chro-
matin remodeling. Based on a
recent report (61), the HIV-1 LTR-
derived NF«B site would have a 2- to
3-fold lower affinity relative to the
MHC- or IL2-derived NF«kB sites.?
FoxP3 may differentially affect the
IL-2 and HIV-1 promoter by alter-
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FIGURE 7. FoxP3 alters NFkB occupancy to the LTR promoter. A, FoxP3 expression does not affect NFkB
localization in the nucleus. Vector control and FoxP3 transduced Jurkat T cells were fractionated, and cytoplas-
mic and nuclear lysates were separated by SDS-PAGE. Membrane was probed for NFkB using anti-p65 anti-
body. B, FoxP3 does not alter NFkB p65 and p50 binding to the MHC II-derived consensus NFkB probe. Nuclear
extract of transduced Jurkat T cells were left unstimulated or PMA/ionomycin stimulated for 30 min, and NF«B
binding was assessed. Antibodies specific for p65 and p50 were used for supershift. Cand D, Jurkat T cells with
astably integrated HIV-1 LTR were transduced with control or FoxP3-expressing vectors. Sonicated chromatins
were immunoprecipitated with control IgG or anti-p65 antibody. Samples were purified and subjected to
real-time gPCR analysis. Input chromatin (10% relative to each immunoprecipitation) was used to normalize
samples. The relative p65 occupancy at the HIV-1 LTR (C) or IL-2 promoter (D) from a representative experiment
is shown as relative anti-p65-specific ChIP signals divided by signals from control input chromatins (**, p <

0.01).

HIV-1 LTR has evolved to both highjack the T-cell activation
pathway for expression and to resist FoxP3-mediated suppres-
sion of T-cell activation.

HIV-1 infection of Treg cells is well supported by a number
of studies i vitro and in animal models in vivo. In fact, HIV-1
(or feline immunodeficiency virus) can replicate more effi-
ciently in human (or feline) Treg cells in vitro compared with
Th cells (13, 45, 54). It is likely that HIV-1 LTR has evolved to
resist FoxP3-mediated mechanisms that inhibit IL-2 expres-
sion in FoxP3+ Treg cells. Several recent reports have indi-
cated that: 1) Treg cells can serve as a significant target pop-
ulation for HIV-1 infection in vivo, and 2) these FoxP3+
Treg cells support productive HIV-1 infection in vivo.
Although ~5% of total CD4+ T cells from normal peripheral
blood are CD25+FoxP3+ Treg cells, up to 50% of CD4+ T cells
express FoxP3 in mucosal lymphoid organs from HIV-1 (46)- or
SIV (36)-infected human or monkeys. In addition, it has been
reported that virtually all human CD4+ T cells up-regulate
FoxP3 upon activation and have transient suppressive activity
(55). Thus, FoxP3+ T cells can provide a significant number of
target cells for HIV-1 infection. Remarkably, 13% of the
FoxP3+ T cells are shown to be productively infected by SIV in
the lymphoid organs of acutely infected animals (36), whereas
30-60% of memory CD4 T cells in these organs have been
reported to harbor SIV proviral genomes (56 —58). In compar-
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ing the cooperative binding of p65-
p50 with other transcription factors
in T cells. Although our data suggest
that NFkB is critical for FoxP3
enhancement of HIV-1 LTR, the
role of NFAT should be clarified,
because NFkB and NFAT share
overlapping binding sequences at
the LTR enhancer core. IL-2 expres-
sion is critically dependent on
NFAT and AP-1 activity. Wu et al.
(37) describe a model in which
FoxP3 binds NFAT to displace AP-1, thus inhibiting IL-2
expression. The direct inhibition of NFAT transcriptional
activity by FoxP3 (8, 39) may also lead to preferential inhibition
of IL-2. Interestingly, FoxP3 binding at the promoters of CD25
and CTLA-4 is also accompanied by increased NFAT binding,
suggesting that FoxP3 stabilizes NFAT on those promoters
(37). Although NFATcl and NFATc2 have both been reported
to enhance HIV-1 gene expression in some reports (41, 42),
NFATc2 (or NFAT1) can also inhibit HIV-1 LTR by competi-
tively binding to the NFkB core sequences (43, 44). It is thus
likely that FoxP3 may inhibit NFATc2 binding at competing
LTR NFkB sites and lead to increased NF«kB binding and LTR
expression. However, our data do not support the involvement
of NFAT. First, FoxP3 enhanced HIV-1 LTR expression in
unstimulated Jurkat cells (Figs. 14 and 2A) where no NFAT
activity is detected. Second, mutations in the LTR NF«B bind-
ing sites blocked FoxP3-dependent enhancement, but muta-
tions that specifically inhibit NFAT binding to the LTR (41) did
not affect the enhancement (Fig. 4).> Finally, inhibition of
NFAT activation by FK506 did not affect FoxP3-mediated
enhancement of LTR,® whereas enhancement of LTR by FoxP3
depended on NF«kB activation (Fig. 54). Thus a new FoxP3

anti-p65

3 D. Holmes and L. Su, unpublished results.

VOLUME 282+-NUMBER 22+JUNE 1, 2007

8002 'Tz Arenigad uo vOIQINOIG VIYY YOI L0IT1gvId e B10-ogl-mmm woly papeojumod


http://www.jbc.org

The Journal of Biological Chemis

e

Modulation of HIV-1 and IL-2 Gene Expression by FoxP3

activity may be involved in modulating the NF«B activity and in
enhancing HIV-1 gene expression.

Similar to stabilized NFAT and FoxP3 binding at the promot-
ers of IL-2, CD25, and CTLA-4 (37), the increase in NFxB bind-
ing at the LTR in Jurkat cells may be due to a similar FoxP3-
mediated stabilization. This is supported by the fact that IPEX
mutations in the forkhead DNA binding domain ablated the
activity of FoxP3 on LTR (Fig. 3). However, it is not clear if
FoxP3 directly binds to specific LTR sequences. The physical
interaction of FoxP3 with NF«kB is also controversial. Although
FoxP3 is shown to interact with NFkB when overexpressed in
293T cells (39), others (37) and our study® have failed to detect
such interaction. Similar to its interaction with NFAT (37),
FoxP3 may also interact with NFkB in a DNA sequence-de-
pendent fashion.

A recent report (40) has documented that FoxP3 represses
HIV-1 LTR by inhibiting NF«B in T cells as well as in 293 cells.
In contrast, we observed that FoxP3 inhibited HIV-1 LTR in
293T cells but enhanced its activity in T cells (Fig. 5). The
apparent discrepancy in T cells may be due to different exper-
imental models and procedures. We analyzed HIV-1 gene
expression mostly from T cells infected with reporter HIV-1
pseudotyped with VSV-G, whereas the previous report is based
only on transient transfection of promoter-reporter assays. The
FoxP3 effect on HIV-1 LTR also depends on the activation con-
dition of T cells. We observed enhancement of LTR by FoxP3 in
T cells either unstimulated or stimulated with anti-CD3/CD28.
However, low or no significant enhancement by FoxP3 was
observed following stimulation with PMA and ionomycin in T
cells.® The activation conditions used in the previous study are
not clear (40). Therefore, transfection or infection methods and
relative levels of activation may contribute to the discrepancy.
In addition, the C-terminal Forkhead domain of FoxP3 is
required for the reported FoxP3 activity in 293T cells but not in
T cells (40). Most human IPEX mutations reside in the Fork-
head domain, suggesting that the reported FoxP3 activity in
inhibiting NFkB and HIV-1 LTR in T cells may not be a critical
FoxP3 activity. Our data conclude that both the N terminus and
Forkhead domains are essential for FoxP3 to enhance HIV-1
LTR, consistent with the findings by Wu et al. (37) that both
domains of FoxP3 are required for repression of IL-2 and acti-
vation of CD25 and CTLA-4.

FoxP3 has recently been demonstrated to inhibit IL-2 and
INF-+y gene expression by reducing the histone acetylation and
thus altering their chromatin structure. Conversely, promoters
activated by FoxP3 (such as CD25, GITR, and CTLA-4) have
increased levels of acetylation in FoxP3-expressing cells (38).
Our findings support a model wherein expression of FoxP3
leads to increased NF«kB occupancy at the HIV-1 LTR and ele-
vated histone acetylation in T cells. The altered chromatin
structure at the LTR may promote NFkB occupancy in FoxP3-
expressing T cells. Because the FoxP3-mediated effect is corre-
lated with increased AcH3 level at the LTR, CD25, and CTLA4
loci but decreased AcH3 level at the IL2 gene locus (Fig. 7A and
Ref. 38), FoxP3 may modulate activity of specific HDAC or
HAT in a promoter-dependent fashion in T cells. Alternatively,
recruitment of HDAC or HAT by NF«B protein to HIV-1 LTR

JUNE 1, 2007 - VOLUME 282+NUMBER 22

(62, 63) may be altered by FoxP3 and contribute to the differ-
ential gene modulation.
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Supplemental Figure S1: (A) Schematic diagram of FoxP3 protein domains and its deletion mutants, and their expression by
Western blot of myc-tagged FoxP3 deletion mutants expressed in 293T cells. (B) Western blot of FoxP3 IPEX mutants in 293T cells
and schematic representation of mis-sense IPEX mutations relative to known Forkhead domain structures.

22 Holmes et al. Supplemental Fig. S1





