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from Feline Immunodeficiency Virus Infected Cats
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Abstract

Polyfunctional CD8+ T cells play a critical role in controlling viremia during AIDS lentiviral infections.
However, for most HIV-infected individuals, virus-specific CD8+ T cells exhibit loss of polyfunctionality,
including loss of IL2, TNFa, and IFNc. Using the feline immunodeficiency virus (FIV) model for AIDS
lentiviral persistence, our laboratory has demonstrated that FIV-activated Treg cells target CD8+ T cells, leading
to a reduction in IL2 and IFNc production. Furthermore, we have demonstrated that Treg cells induce ex-
pression of the repressive transcription factor, Foxp3, in CD8+ T cells. Based upon these findings, we asked if
Treg-induced Foxp3 could bind to the IL2, TNFa, and IFNc promoter regions in virus-specific CD8+ T cells.
Following coculture with autologous Treg cells, we demonstrated decreased mRNA levels of IL2 and IFNc at
weeks 4 and 8 postinfection and decreased TNFa at week 4 postinfection in virus-specific CD8+ T cells. We
also clearly demonstrated Treg cell-induced Foxp3 expression in virus-specific CD8+ T cells at weeks 1, 4, and
8 postinfection. Finally, we documented Foxp3 binding to the IL2, TNFa, and IFNc promoters at 8 weeks and 6
months postinfection in virus-specific CD8+ T cells following Treg cell coculture. In summary, the results here
clearly demonstrate that Foxp3 inhibits IL2, TNFa, and IFNc transcription by binding to their promoter regions
in lentivirus-specific CD8+ T cells. We believe this is the first description of this process during the course of
AIDS lentiviral infection.
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Introduction

Arapid rise in CD8+ T lymphocytes displaying an acti-
vated phenotype is observed during early HIV infection

and the quality of the CD8+ T cell response is associated with
a decrease in plasma viremia.1–3 A small subset of HIV-
infected individuals called elite controllers (ECs) exhibit a
low viral set point, low viral load, and appear to control virus
naturally, in the absence of anti-retroviral therapy (reviewed
O’connell).4 Compared with HIV progressors, CD8+ T cells
from ECs exhibit polyfunctional responses to HIV antigen,
potent suppression of HIV replication, and enhanced prolif-
eration, indicating that robust CD8+ T cell function is im-
portant in controlling HIV.5–7 However, for most individuals
(HIV progressors) despite this early, vigorous CD8+ T cell
antiviral response, the virus is not eliminated, and establishes

a persistent infection with a relatively high viral set point
and viral load.5–7

Establishment of persistent infection relies upon a com-
plex series of virus and host factors. One important factor is
the early and progressive loss of antigen-specific T cell re-
sponse during the course of AIDS lentiviral infection.8–10 In
addition to HIV infection, the phenomenon of CD8+ T cell
hyporesponsiveness to viral antigens is well documented for
a number of viral infections, including hepatitis C virus, and
lymphocytic choriomeningitis virus (LCMV) in mice.11,12

Investigations using the LCMV model have offered insights
into the mechanisms underlying progressive antigen-specific
CD8+ T cell dysfunction. These studies suggest that CD8+ T
cell immune dysfunction is not an all-or-none phenomenon,
but represents progressive loss of function.13,14 The loss of
antigen-stimulated CD8+ T cell cytokine secretion is first
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manifested by the depression and then loss of IL2, followed by
loss of TNFa, and finally loss of IFNc, resulting in complete
dysfunction as manifested by nonresponsiveness to viral anti-
gens.14 Collectively, these findings suggest that an under-
standing of the molecular events contributing to CD8+ T cell
dysfunction during the progression of AIDS lentiviral infection
may be key to enhanced vaccination and reservoir elimination
strategies.

Using the feline immunodeficiency virus (FIV) model for
AIDS lentiviral persistence, our laboratory investigates Treg
cell, CD4+, and CD8+ T cell interactions from the very early
stage of infection through long-term infection. Treg cells
from FIV+ cats are activated during the course of FIV in-
fection, meaning that they potently suppress autologous T
cell function when compared with Treg cells from uninfected
control cats. Treg cells from FIV+ cats suppress IL2 and IFNc
production in CD8+ T cells early and progressively during the
course of infection.15–18 The mechanism of suppression is
TGFb dependent, with a membrane bound form of TGFb
displayed upon FIV-activated Treg cell surfaces ligating
TGFbRII upon target effector cells.19 Following coculture
with activated Treg cells, the TGFb signaling cascade leads
to the induction of the repressive transcription factor forkhead
box P3 (Foxp3), in the target effector cells. The induction of
Foxp3 in CD4+ T helper cells leads to the conversion of these
cells to ‘‘induced’’ Treg cells, which exhibit Treg cell phe-
notype and function.15 Furthermore, we have clearly demon-
strated that Foxp3 is induced in CD8+ T cell targets following
Treg cell/CD8+ T cell coculture and that Foxp3 binds the IL2
promoter in CD8+ T cells.20

Based upon our previous work using the FIV model of
lentiviral persistence, we hypothesized that Treg-induced
Foxp3 contributes to the progressive loss of CD8+ T cell
function in a manner reminiscent of the LCMV mechanism
described above. In this study, we demonstrate that mRNA
levels of IL2, TNFa, and IFNc decreased in virus-specific
CD8+ T cells following ex vivo Treg/CD8+ T cell coculture.
Furthermore, we report the induction of Foxp3 in virus-
specific CD8+ T cells following ex vivo Treg/CD8+ T cell
coculture. Most importantly, we demonstrate that Foxp3
binds the IL2, TNFa, and IFNg promoter regions in virus-
specific CD8+ T cells from FIV+ cats following Treg cell
coculture. We believe this is the first report demonstrating
Treg induced Foxp3 binding of all three of these promoter
regions in virus-specific CD8+ T cells during the course of
lentiviral infection. These results help explain, in part, the
progressive CD8+ T cell dysfunction that is associated with
persistent lentiviral infection.

Materials and Methods

Cats and FIV infection

Specific pathogen-free (SPF) cats were obtained from
Liberty Laboratories (Liberty Corners, NJ) and housed at
the Laboratory Animal Resource Facility at the College of
Veterinary Medicine, North Carolina State University. Cats
were inoculated with 1 · 105 TCID50 cell-free NCSU1 FIV as
described by Bucci et al.3 FIV infection was confirmed using
a commercially available ELISA Kit (IDEXX Laboratories,
Inc., Westbrook, ME) and by provirus detection by polymerase
chain reaction (PCR) using primers specific for the FIV-p24
GAG sequence as described previously.18,21 Age-matched,

noninfected control cats were housed separately from FIV-
infected cats. Control cats were sham infected with the same
type of culture medium (sterile) used to culture the virus. All
protocols were approved by the North Carolina State Uni-
versity Institutional Animal Care and Use Committee.

Sample collection and preparation

Single-cell suspensions were prepared from popliteal or
submandibular peripheral lymph nodes (PLNs) obtained
through surgical biopsies or following euthanasia, by gently
and repeatedly injecting sterile cell culture media (CTL) into
the tissue using an 18G needle until the cells were released
from the tissue. Cell viability was determined by Trypan Blue
dye exclusion.

CD8+ coculture and carboxyfluorescein succinimidyl
ester cell proliferation assays

Both anti-feline CD4 and anti-feline CD8 monoclonal
antibodies were developed by our feline lentivirus research
group as described previously.22 The feline anti-CD25
monoclonal antibody was developed by Ohno as described
previously.23 Single cells from LNs were suspended at
1 · 108 cells/ml in HBSS with 2% FBS and stained with anti-
feline CD8 PE antibody (clone 3.357) at 4�C for 30 min.
EasySep� PE Selection Cocktail was added at 100 lL/ml of
cell suspension at room temperature for 15 min, and Easy-
Sep Magnetic Nanoparticles were added at 50 lL/ml at RT
for 10 min. CD8+PE+ cells were separated by using the
magnet provided in the kit (STEMCELL, Vancouver, BC,
Canada). The rest of the cell suspension was stained with
mouse anti-feline CD4 APC antibody to isolate CD4+ cells
by using the EasySep APC Selection Kit (STEMCELL).
Isolated CD4+ cells were then stained with mouse anti-
feline CD25 FITC antibody to sort CD4+ CD25+ double-
positive Treg cells using the MoFlo XDP high-speed cell
sorter (Beckman Coulter). DAPI (BioLegend) was used as
the cell viability dye to ensure that we obtained live cells at
the end of each of the sorts. CD8+ T cells were resuspended
in prewarmed phosphate-buffered saline (PBS)/0.1% bovine
serum albumin and stained with 10 lM carboxyfluorescein
succinimidyl ester (CFSE) dye from the Cell Trace� CFSE
Cell Proliferation Kit (Life Technologies). CD8+ T cells were
returned to LN culture without CD4+CD25+ Treg cells, and
stimulated in vitro with UV-inactivated FIV-NCSU1. The cells
were cocultured for 72 h. Following stimulation, the virus-
specific proliferating CFSEint/low cells and nonspecific CD8+ T
cell CFSEhigh (internal control) were isolated by resorting us-
ing a high-speed cell sorter. For all of the coculture studies
presented here, CD8+ lymphocytes were cocultured at a 1:1
(Treg: CD8+) ratio with autologous CD4+CD25+ Treg cells for
24 h. After coculture, the cells were washed and then re-
sorted into CD8+ populations for analysis by quantitative
PCR (qPCR) or chromatin immunoprecipitation (ChIP).
The purity of magnetic bead-sorted cells was ‡95% and
Moflo XDP-sorted cell populations was >99%.

RNA extraction, RT, and real-time PCR quantification

Total RNA was extracted from cells using the PureLink�
RNA Micro Kit (Life Technologies).The concentration was
quantified using a Nano Drop Spectrophotometer. qPCR was

270 WANG ET AL.



performed for mRNA using the qScript cDNA Synthesis
Kit (Quanta Biosciences). Fifteen microliter reactions were
incubated for 5 min at 22�C, 40 min at 42�C, and 5 min at
85�C to inactivate the reverse transcriptase. Feline-specific
primers as shown in Table 1 were used to detect the Foxp3,
IL2, TNFa, and IFNc mRNA levels using LightCycler 480
System (Roche) qPCR. GAPDH mRNA expression was used
as a normalizing control. For qPCR experiments, a DDCt
ratio was used to quantify relative mRNA expression. Eight
microliter of diluted cDNA, 10 ll PerfeCTa SYBR Green
SuperMix Reaction Mix (Quanta Biosciences), 1 ll forward
primer, and 1 ll reverse primer were run in triplicates under
the following cycling conditions: hot start enzyme (Qiagen)
activation at 95�C for 5 min, denatured at 94�C for 45 s, an-
nealed at 60�C for 45 s, and elongated at 72�C for 1 min with
35 cycles, and final extension at 72�C for 10 min.

Chromatin immunoprecipitation assay

The ChIP was performed using the ChromaFlash High-
Sensitivity ChIP Kit (EpiGentek). The protocol was followed
according to the manufacturer’s specifications. In brief, anti-
Foxp3 (Abcam), anti-RNA polymerase II (positive control),
and nonimmune IgG (negative control) antibodies were first
bound to Assay Strip Wells. The sorted cells were crosslinked
by adding CTL media containing formaldehyde to a final
concentration of 1% with incubation at room temperature
(20–25�C) for 10 min on a rocking platform (50–100 rpm).
To each tube, prewarmed 1.25 M Glycine (1:10) was added to
a final concentration of 125 mM and incubated at room tem-
perature for 5 min. After washing with ice-cold PBS, Working
Lysis Buffer was added to resuspend the cell pellet and incu-
bated on ice for 10 min. After carefully removing the super-
natant, Working ChIP Buffer was added to resuspend the
chromatin pellet and the chromatin sheared by sonication. ChIP
samples were centrifuged at 12,000 rpm at 4�C for 10 min after
shearing and the supernatant was transferred to a new vial. The
ChIP samples were added to the wells bound with antibodies,
positive control, or negative control. The reaction wells were
incubated at 4�C overnight. ChIP samples were then washed
according to the protocol and subjected to reverse crosslinking

at 42�C for 30 min, 60�C for 45 min. DNA release was at 95�C
for 15 min in a thermocycler. Finally, the DNA samples were
purified by spin column for qPCR using the ChIP primers
shown in Table 2. The relative expression of the target gene was
calculated. The relative expression was calculated by using a
ratio of amplification efficiency of the ChIP sample over that of
nonimmune IgG, FE% = 2(IgG Ct–Sample Ct) · 100%.

Data analysis

Data (Figs. 2–4) are presented in the text as the mean +
standard error of the mean and were analyzed using an
unpaired t-test with significance set at p < .05. All data were
analyzed using GraphPad Prism software.

Results

Isolation of virus-specific CD8+ T cells from FIV+ cats

SPF cats were infected with FIV-NCSU1 and an equal
number of cats were sham infected with sterile cell culture
medium as described in the Methods section. Two PLN
(submandibular and popliteal) were collected at 1, 4, and 8
weeks postinfection during the acute stage of infection and
between 6 and 12 months postinfection. CD4+CD25+ Treg
cells were depleted from LN suspensions and kept separately
in culture. Isolated CD8+ T cells were CFSE labeled, returned
to culture, and stimulated with virus in vitro as described in
the Methods section. Following stimulation, virus-specific
CD8+ T cells (CFSEint/low) were isolated from nonspecific
CD8+ T cells (CFSEhi) for subsequent coculture experiments
with autologous CD4+CD25+ Treg cells. Figure 1A shows
nonspecific CD8+ T cells in FIV- control cats after FIV
stimulation. Figure 1B shows the proliferation of CD8+ T
cells from FIV+ cats through approximately four generations,
in response to viral stimulation.

IL2, IFNg, and TNFa mRNA levels from virus-specific
CD8+ T cells were decreased following autologous
CD4+CD25+ Treg cell coculture

Following Treg cell coculture, CD8+ T cells were re-
isolated and analyzed by qPCR for IL2, TNFa, and IFNc
mRNA expression at 1, 4, and 8 weeks postinfection. CFSEhi

Table 2. Primers Used for Chromatin Immunoprecipitation

Primer target Forward Reverse

IL2 promoter-1 5¢-ACTCAACTTGCATCCCCTTG-3¢ 5¢-ACCCAGGAAAGGATTTGCAT-3¢
IL2 promoter-2 5¢-TGCTCCACATGTTCAACACA-3¢ 5¢-CCCACACTTAGGTGGCAGTT-3¢
TNFa promoter-1 5¢-AGGGTTGCTTTCACTCCCAC-3¢ 5¢-GGGAGCTTGAGAGAAGGCTG-3¢
TNFa promoter-2 5¢-GAGCTCATGGGTTTCTCCAC-3¢ 5¢-AGCTTCTGCTGACTGGGTGT-3¢
IFNc promoter-1 5¢-GCTTTCAAAGGATCCCACAA-3¢ 5¢-TTTGTGGCATTTTGGTGTTG-3¢
IFNc promoter-2 5¢-CTTCCTCACCACCTTGGTCT-3¢ 5¢-AGGGGTGCTCCAACCTTTAC-3¢

Table 1. List of Primers Used for Quantitative Polymerase Chain Reaction

Primer target Forward Reverse

Foxp3 5¢-GCCTGCCACCTGGAATCAAC-3¢ 5¢-GTGTGCTGGGCTTGGGA-3¢
IL2 5¢-ACAGTGCACCTGCTTCAAGCTCT-3¢ 5¢-CCTGGAGAGTTTGGGGTTCTCAGG-3¢
TNFa 5¢-ATGCCCTCCTGGCCAATGGCG-3¢ 5¢-TAGACCTGCCCGGACTCGGC-3¢
IFNc 5¢-TGGTGGGTCGCTTTTCGTAG-3¢ 5¢-GAAGGAGACAATTTGGCTTTGAA-3¢
GAPDH 5¢-GGAGAAGGCTGGGGCTCAC-3¢ 5¢-GGTGCAGGAGGCATTGCTGA-3¢
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(nonvirus specific) CD8+ T cells were compared with virus-
specific CD8+ T cells. There was no change observed in the
mRNA levels of IL2, IFNc, and TNFa in nonspecific CD8+ T
cells (CFSEhi) upon coculture with autologous Treg cells. As
reported in Figure 2, TNFa mRNA expression was decreased
in virus-specific CD8+ T cells from FIV+ cats following au-
tologous Treg cell coculture at 4 weeks postinfection. IL2 and
IFNc mRNA expression were decreased in virus-specific
CD8+ T cells following autologous Treg cell coculture at both
4 and 8 weeks postinfection.

Foxp3 mRNA levels were increased in virus-specific
CD8+ T cells following autologous CD4+CD25+

Treg cell coculture

Virus-specific CD8+ cells (CFSEint/low) from FIV+ cats and
nonvirus-specific (CFSEhi) were cocultured with or without
autologous CD4+CD25+ Treg suppressor cells for 24 h. After
coculture, cells were resorted by high-speed cell sorting
and analyzed by qPCR for Foxp3 mRNA expression. Fol-
lowing coculture with autologous Treg cells, increased
Foxp3 mRNA levels were observed in virus-specific CD8+ T
cells at 1, 4, and 8 weeks postinfection in FIV+ cats (Fig. 3A–
C). Foxp3 induction was also noted in nonvirus-specific
(CFSEhi) CD8+ T cells at 1 and 8 weeks postinfection, but to a
much lesser degree than virus-specific CD8+ T cells. These
results demonstrate that lentivirus-activated Tregs in FIV+

cats are able to induce Foxp3 mRNA expression in virus-
specific CD8+ T cell targets.

Foxp3 binds the IL2, IFNg, and TNFa promoter regions
in virus-specific CD8+ T cells

We performed ChIP on virus-specific CD8+ T cells using a
feline-specific anti-Foxp3 Ab, followed by qPCR for the IL2,
TNFa, and IFNg promoters. FIV- cats did not show any
significant change in Foxp3 binding to the cytokine promoter
regions before and after coculture (Fig. 4A–C). Our data
clearly show Foxp3 binding to the IL2, TNFa, and IFNc
promoters at 8 weeks and 6 months (Fig. 4A–C) postinfection
in virus-specific CD8+ T cells following Treg cell coculture.

Discussion

The purpose of the study here was to explore the molecular
mechanisms associated with Treg-mediated suppression of
virus-specific CD8+ T cells. Specifically, we looked at IL2 as
an indicator of proliferative capacity in combination with
TNFa and IFNc as an indicator of antiviral function. In the
murine LCMV system, chronic infection leads to a predict-
able inactivation of virus-specific CD8+ T cell responses.
Fuller et al. clearly showed the sequential decrease and then
loss of IL2, TNFa, and IFNc in virus-specific CD8+ T cells.13

More importantly, CD8+ T cell antiviral function was re-
stored following a reduction in LCMV viral load.13 Poly-
functional CD8+ T cells have been recognized as important to
controlling virus in HIV ECs and in other HIV patient co-
horts.24,25 A recent study by Deng et al. clearly showed that
chronically infected HIV patients retain broad-spectrum CTL
responses capable of eliminating viral reservoirs.26 However,
these CTLs were dysfunctional, requiring extensive priming
to eliminate autologous CD4+ reservoirs in vitro and in hu-
manized mice in vivo. In the pivotal study by Shan et al.
utilizing HIV latency-reversing drugs, CD8+ T cells were
unable to kill infected CD4+ T cells following latency re-
versal alone; however, following Gag stimulation before la-
tency reversal, autologous CD8+ T cells efficiently killed
virus-infected CD4+ targets.27 Taken together, these results
suggest that dysfunctional virus-specific CD8+ T cells are
maintained during the course of AIDS lentiviral infection and
may be rescued under the right conditions. Because feline
CD8+ T cell tetramers are currently not available, we iden-
tified virus-specific CD8+ T cells through proliferation in
response to FIV, ex vivo (Fig. 1). Our investigations, in this
study, indicate a reduction in IL2, TNFa, and IFNc mRNA in
virus-specific CD8+ T cells, following Treg cell coculture, as
early as 4 weeks postinfection (Fig. 2). The reduction in IL2
and IFNc mRNA persisted in virus-specific CD8+ T cells at 8
weeks postinfection, whereas TNFa exhibited a trend of de-
creased mRNA, but did not reach significance.

Infection with a recombinant SIV/HIV virus (R5-SHIV) in
macaques leads to the accumulation of Treg cells in LNs and
Treg cell depletion restores CD8+ T cell responses to Gag

FIG. 1. Isolation of virus-specific CD8+ T
cells from FIV+ cats. CD8+ T cells were
isolated from peripheral LNs of FIV- control
cats (A) and FIV+ cats (B). The cells were
CFSE stained and returned to CD4+CD25+

depleted LN cultures. The cultures were
stimulated with UV inactivated FIV for 72 h
and resorted. CD8+ T cells from FIV- con-
trol cats exhibited some CFSE dilution in
culture (circled, A). Dead cells were gated
by DAPI exclusion (not shown). Virus-
specific CD8+ T cells from FIV+ cats were
identified by CFSE dilution and increased
forward scatter (single circle, B) as com-
pared with virus-nonspecific CD8+ T cells
that did not divide in response to FIV
(double circle, B). CFSE, carboxyfluores-
cein succinimidyl ester; LN, lymph node;
FIV, feline immunodeficiency virus.
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FIG. 2. IL2, IFNc, and TNFa mRNA from virus-specific CD8+ T cells following autologous CD4+CD25+ Treg cell
coculture. Virus-nonspecific and virus-specific CD8+ T cells from FIV+ cats were sorted as described in Figure 1. Virus-
nonspecific CD8+ T cells (black bars, CFSEhi) from FIV+ cats were cultured with autologous Treg cells (striped bars,
CFSEhi+Treg) and virus-specific CD8+ T cells from FIV+ cats (white bars, CFSElow) were sorted with autologous Treg cells
(gray bars, CFSElow+Treg). Cells were isolated and cultured at 1 week (left column), 4 weeks (middle column), and 8 weeks
(right column) postinfection. (A) Following Treg cell coculture, IL2 mRNA is decreased in virus-specific CD8+ T cells at 4
and 8 weeks postinfection. (B) Following Treg cell coculture, IFNc mRNA is decreased in virus-specific CD8+ T cells at 4
and 8 weeks postinfection. (C) TNFa is decreased in virus-specific CD8+ T cells at 4 weeks postinfection following Treg
cell coculture (n = 3–7 cats for each time point). Bars represent the mean + SEM. Data were analyzed using an unpaired t-test
with significance set at p < .05, asterisks. SEM, standard error of the mean.

FIG. 3. Foxp3 mRNA expression is increased in virus-specific CD8+ T cells following coculture with lentivirus-activated
Treg cells. Virus-nonspecific and virus-specific CD8+ T cells from FIV+ cats were sorted as described in Figure 1. Virus-
nonspecific CD8+ T cells (black bars, CFSEhi) from FIV+ cats were cultured with autologous Treg cells (striped bars,
CFSEhi+Treg) and virus-specific CD8+ T cells from FIV+ cats (white bars, CFSElow) were sorted with autologous Treg cells
(gray bars, CFSElow+Treg). Cells were isolated and cultured at 1 week (left), 4 weeks (middle), and 8 weeks (right)
postinfection. Following Treg coculture, Foxp3 is increased in virusspecific CD8+ T cells at all time points and in
nonspecific CD8+ T cells at week 1 postinfection (n = 4–6 cats for each time point). Bars represent the mean + SEM. Data
were analyzed using an unpaired t-test with significance set at p < .05, asterisks.
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epitopes.28 Miles et al. recently described accumulation of
Treg cells and TGFb-dependent suppression of follicular Th
cells in LN follicles, and in a previous investigation, the same
group clearly demonstrated that a lower number of SIV-
specific CTLs within LN follicles was associated with in-
creased SIV RNA.29,30 Using the FIV lentiviral model, we
have clearly demonstrated that activated Treg cells display
membrane-bound TGFb (mTGFb), activated Th, and CD8+ T
cells upregulate TGFbRII, and that Treg-mediated suppres-
sion is TGFb dependent.16,19 Treg-mediated signaling
through the T cell TGFbRII leads to downstream Smad
phosphorylation and increased Foxp3 expression.16 We
have previously documented TGFb-dependent Foxp3 in-
duction in CD4+ and CD8+ T cells following Treg cell
coculture.15,17 We have demonstrated that Treg-induced
Foxp3 expression in CD4+ T helper target cells leads to the
induction of Treg cell suppressor function in the CD4+ T
helper targets.15 We have also described Treg-induced
Foxp3 binding to the CD8+ T cell IL2 promoter in virus-
nonspecific CD8+ T cells.20 Although others have dem-
onstrated that CD8+Foxp3+ cells are indeed suppressors, our
laboratory was unable to document that CD8+ lymphocytes
exhibited suppressor function following Treg coculture, de-
spite the induction of CD8+ Foxp3 expression.17,31,32 In this
study, we clearly demonstrate Treg-induced Foxp3 mRNA in
virus-specific CD8+ T cells at 1, 4, and 8 weeks postinfection
(Fig. 3). It is interesting to note that Foxp3 mRNA in virus-
specific CD8+ T cells is induced quite early during the course
of lentiviral infection. When taken together with Figure 2, the
results suggest an inverse correlation between Foxp3 mRNA
and IL2, TNFa, and IFNc mRNA in virus-specific CD8+ T
cells, following Treg cell coculture. These results also suggest
a short lag period between Foxp3 mRNA upregulation (1 week
postinfection, Fig. 2) and inhibition of cytokine mRNA (4
weeks postinfection, Fig. 3) as Foxp3 protein binds these
promoter regions in the nucleus.

The transcription factor Foxp3 serves as a ‘‘master mole-
cule’’ for Treg function. Foxp3 alters gene expression by
binding to specific promoters and regulating their transcrip-
tion.20 For example, Foxp3 binds the IL2 promoter and de-
creases transcription of IL2 while increasing the expression of
the high-affinity IL2 receptor alpha (CD25).33 In CD4+ T cells,
Foxp3 binding to the IL2, TNFa, and IFNc promoter regions
has been described.34,35 Transient expression of Foxp3 in ac-
tivated CD8+ lymphocytes is most likely a normal regulatory
feedback mechanism.36,37 However, less is known about the
role persistent Foxp3 signaling might play in modulating CD8+

T cell function.17,37 Based upon the collective evidence de-
scribed above (Figs. 2, 3), we asked if Treg-induced Foxp3
could bind to the IL2, TNFa, and IFNg promoter regions in
virus-specific CD8+ T cells from FIV+ cats. We were able to
document Foxp3 binding to the IL2, TNFa, and IFNg pro-
moters at 8 weeks and 6 months postinfection in virus-specific
CD8+ T cells following Treg cell coculture (Fig. 4).

There were several limitations to this study. The assess-
ment of mRNA (Figs. 2, 3) and the ChIP assays required a
relatively high number of virus-specific CD8+ T cells.
Therefore, we did not examine surface CD8+ T cell pheno-
type or polyfunctionality by flow cytometry for these studies.
Based upon the mRNA and ChIP data presented in this study,
and our previous studies examining Treg-mediated inhibition
of cytokine secretion in FIV+ cats, it is likely that there was

FIG. 4. Foxp3 binds the IL2, IFNg, and TNFa promoters in
virus-specific CD8+ T cells. CD8+ T cells from FIV- cats
were cocultured with autologous CD4+CD25+ Treg cells (left
column). Virus-specific CD8+ T cells from FIV+ cats 8 weeks
(center column) and 6 months (right column) were either
untreated (white bars, CFSElow) or cocultured with autolo-
gous CD4+CD25+ Treg cells (CFSElow+Treg). After 24 h,
Foxp3 ChIP followed by quantitative polymerase chain re-
action for IL2, IFNg, and TNFa promoters were performed.
Results show increased Foxp3 binding to the IL2, IFNg, and
TNFa promoters and (A–C) after coculture with autologous T
reg cells at both 8 weeks and 6 months postinfection for FIV+

cats (n = 5–7 cats). FIV negative cats exhibited almost no
Foxp3 binding to the various promoters following autologous
Treg cell coculture. Bars represent the mean + SEM. Data
were analyzed using an unpaired t-test with significance set at
p < .05, asterisks. ChIP, chromatin immunoprecipitation.
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a reduction in virus-specific CD8+ T cell polyfunctionality
following autologous Treg cell coculture.15–19 We were limited
by the total number of lymphocytes available after harvesting
PLNs. Therefore, we chose 1, 4, and 8 weeks postinfection for
mRNA assessment and 8 weeks post and 6 months postinfec-
tion to perform the Foxp3 ChIP assays. As shown in Figure 2,
TNFa mRNA was not decreased at 8 weeks postinfection.
However, Figure 4 demonstrated a high but variable degree of
Foxp3 binding to the TNFa promoter region 8 weeks postin-
fection. Taken together, these results suggest a more complex
relationship between Foxp3 and TNFa expression.

Our previous findings demonstrate that lentivirus-activated
Treg cells are activated during the course of FIV infection and
upregulate mTGFb, and that CD4+ and CD8+ T cells upre-
gulate TGFbRII during the course of infection.15,16,19 Fur-
thermore, we have demonstrated that Foxp3 induction is
mediated through TGFb signaling in both CD4+ and CD8+ T
cells and that Foxp3 binds the IL2 promoter in virus nonspe-
cific CD8+ T cells.15,17,20 The results here clearly demonstrate
that lentivirus-activated Treg cells interact with virus-specific
CD8+ T cells to induce Foxp3 expression. Furthermore, these
results demonstrate that Foxp3 inhibits IL2, TNFa, and IFNc
transcription by binding to these gene promoter regions in
lentivirus-specific CD8+ T cells. We believe this is the first
description of this process during the course of lentiviral
infection. More importantly, these findings demonstrate a po-
tential mechanism for the progressive loss of function in virus-
specific CD8+ T cells. Heightened Treg cell suppressor func-
tion has been clearly documented for lentiviral infection, in-
cluding FIV, SIV, and HIV.16,27,29 However, Treg cell
activation is not unique to lentiviral infection. Treg cells are
activated during the course of other types of chronic infections,
such as hepatitis C virus and Leishmania infection and neo-
plastic diseases such as melanoma.11,38,39 Therefore, it is likely
that the mechanisms described in this study may also contribute
to T cell immune dysfunction in other diseases with heightened
Treg cell function. The studies by Deng et al. and Shan et al.
mentioned above, suggest that CD8+ T cell dysfunction is re-
versible and that augmenting antiviral activity in these cells is
possible.26,27 Our previous studies and the studies presented
here demonstrate that lentivirus-activated Treg cells mediate
CD8+ T cell dysfunction through Foxp3 induction. Based upon
these findings, our laboratory is exploring mechanisms for
blocking Foxp3 promoter binding in an effort to augment CD8+

T cell antiviral function. These results may yield new thera-
peutic approaches for enhancing virus-specific CD8+ T cell
function in vaccination and latency reversal strategies.
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