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Abstract

The immune system has evolved mechanisms to recognize and elim-
inate threats, as well as to protect against self-destruction. Tolerance
to self-antigens is generated through two fundamental mechanisms:
() elimination of self-reactive cells in the thymus during selection
and (b) generation of a variety of peripheral regulatory cells to control
self-reactive cells that escape the thymus. It is becoming increasing
apparent that a population of thymically derived CD4" regulatory
T cells, exemplified by the expression of the IL-2Ra chain, is essen-
tial for the maintenance of peripheral tolerance. Recent work has
shown that the forkbead family transcription factor Foxp3 is criti-
cally important for the development and function of the regulatory
T cells. Lack of Foxp3 leads to development of fatal autoimmune
lymphoproliferative disease; furthermore, ectopic Foxp3 expression
can phenotypically convert effector T cells to regulatory T cells. This
review focuses on Foxp3 expression and function and highlights dif-
ferences between humans and mice regarding Foxp3 regulation.
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Foxp3: forkhead
box protein P3

Tregs: regulatory
T cells

CD4tCD25%
Treg: asubset of
CD4" T cells that is
capable of
suppressing the
proliferation and
cytokine production
of naive or memory
T cells

Forkbead family: a
large family of
transcriptional
regulators named
after the founding
member, which was
found to be the gene
responsible for the
forkbead mutation in
Drosophila. All
members of the
family have a closely
conserved motif,
known as a forkhead
box, or Fox, that is
involved in DNA
binding. The family
is further subdivided
based on homology
outside the forkhead
box.
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INTRODUCTION

Immunological tolerance to self-antigens is a
tightly regulated process. A primary mech-
anism for self-tolerance is deletion of self-
reactive cells in the thymus. However, this
mechanism is not perfect, and autoreactive
clones do escape into the periphery. Toler-
ance is maintained in the periphery through
a variety of mechanisms, including a popula-
tion of regulatory T cells that actively sup-
press the function of autoreactive T cells.
These T cells, identified by their expression
of CD4, the IL-2R« chain (CD25), and the
forkbead family transcription factor Foxp3, are
know as regulatory T cells, or Tregs. They
have the ability to inhibit the development of
autoimmunity when transferred into the ap-
propriate host. Recent work has shown that
the forkbead/winged-helix protein Foxp3 is ex-
pressed predominantly in Tregs and is both
necessary and sufficient for their development
and function.

Several excellent reviews have been writ-
ten recently on the development and function
of CD4"CD25" Tregs (1-5). Thus, this re-
view does not directly address these issues.
Instead, I review what is known concerning
the expression and function of Foxp3, which
is critical for the development and function of
Tregs, especially in the mouse. Although the
overall importance of Foxp3 is obvious from
the phenotype of humans and mice that lack
this protein, very little is actually known about
how it functions and what controls its expres-
sion. This review highlights the similarities
and differences in Foxp3 expression function
in human and mouse, with an emphasis on the
differences.

IDENTIFICATION AND
CHARACTERIZATION OF
MOUSE Foxp3

Characterization of Scurfy (sf)
Mutant Mice

The scurfy (sf') mutation arose spontaneously
in the partially inbred MR strain in 1949 at the
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Oak Ridge National Laboratory. Subsequent
studies showed the gene to be X-linked, with
only X7/Y males affected (here, these mice
are referred to as sf7Y). Grossly, affected sf/Y
males exhibit several external markers of dis-
ease, including ear thickening; scaling of the
ears, eyelids, feet, and tail; and severe runting.
Internally, the mice exhibit lymphadenopa-
thy, splenomegaly, hepatomegaly, and massive
lymphocytic infiltrates in the skin and liver.
These lesions closely resemble those seen
in a graft-versus-host reaction. Mice display
anemia and have a positive direct Coombs’s
test, but they lack evidence of autoantibodies
against double-strand DNA or small ribonu-
clear protein antigens (6). Taken together,
these gross assessments suggest thatsf is a mu-
tation that causes an autoimmune-like disease
in affected animals. In this regard, sf7Y mice
resemble mice bearing targeted mutations in
the ctla-4 or tgf~-p1 genes. These mice die at
approximately three weeks of age from a mas-
sive lymphoproliferative disease, with periph-
eral lymphocyte levels up to 20-fold greater
than normal mice (7, 8).

Phenotypically, scurfy disease is most con-
sistent with a diagnosis of autoimmune lym-
phoproliferative disease. This idea is sup-
ported by the finding that mice expressing
a transgenic T cell receptor (T'CR) survive
significantly longer in the absence of anti-
gen stimulation (60 days compared with 20-
24 days) and that they live a normal lifespan
and are free of sf disease when they are also
rag-2-null (sfova/rag mice). Finally, T cells
from sf7Y mice display reduced sensitivity
to inhibitors of T cell activation, suggesting
that TCR signaling is dysregulated in sf/Y
mice. Taken together, these data suggest the sf°
disease results from an inability to properly
regulate antigen-driven T cell activation.

One of the in vitro hallmarks of sf dis-
ease is the spontaneous proliferation and
cytokine production exhibited by T cells iso-
lated from sf7Y mice. Initial studies showed
that cytokine production in vitro by ConA-
stimulated sf7Y splenocytes was greatly ele-
vated (9). More detailed studies, using purified
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CD4" T cells from sf7Y and normal littermate
control (NLC) mice, showed that these cells
were capable of proliferation and cytokine
production when examined directly ex vivo.
However, to achieve maximal T cell stimula-
tion, TCR engagement was required, suggest-
ing that the defect in sf mice is not nonspe-
cific T cell activation. CD4™ T cells from /7Y
mice were hyperresponsive to TCR-mediated
signals, responding to TCR engagement
with crosslinking antibodies at concentrations
10-fold lower than their wild-type counter-
parts (10). Consistent with the increased ex-
pression of costimulatory molecules in sf7Y
mice, CD4% T cells from these mice re-
sponded to CD28 crosslinking (10). Recent
studies have shown that the transcription fac-
tors NFAT and AP-1 are constitutively ac-
tivated in CD4" T cells from sf7Y mice
(11). Also, these same T cells have a marked
decrease in their sensitivity to cyclosporin
A, with an ICsy 15-fold higher than NLC-
derived T cells (10). Both observations are in-
dicative of an alteration in TCR-mediated sig-
nal transduction in CD4* T cells from sf7Y
mice and may account for the increased cy-
tokine production exhibited by these cells.

Consequence of Foxp3 Expression
on CD4" T Cell Function

The gene responsible for scurfy disease was
molecularly cloned using a standard positional
cloning approach (12). Sequence analysis of
the cloned gene showed that it encoded a
novel member of the forkbead family of tran-
scriptional regulators, Foxp3 (see below for
more details). To verify this gene as the gene
responsible for the scurfy mutation, transgenic
mice were generated using a cosmid clone
containing mouse Foxp3. When bred to sf7Y
mice, expression of the transgene was capable
of rescuing the mice from scurfy disease and
demonstrated that a mutation in Foxp3 was
indeed responsible for the scurfy phenotype
(12).

The Foxp3 transgenic mice (referred to as
Foxp3-Tg hereafter) also provided a model

system for examining the in vivo conse-
quences of Foxp3 expression. Several indi-
vidual Foxp3-Tg lines were established, each
with differing levels of transgene expression
(12, 13). Each of these lines, when bred
into an otherwise wild-type background, re-
sulted in a reduction in peripheral CD4"
and CD8" T cell numbers, with the ex-
tent of the reduction directly correlated with
transgene copy number and expression (12).
However, thymic cellularity was unaffected,
as was positive and negative selection. Thus,
levels of Foxp3 determined the number of
peripheral T cells, while having little ef-
fect on the number and differentiation of
thymocytes.

To examine the function of T cells from
Foxp3-Tg mice, a single transgenic line was
chosen. This line (2826) had approximately
16 copies of the transgene and had approxi-
mately fivefold higher levels of Foxp3 expres-
sion (13, 13a). Although T cell development
appears to be normal in these mice, peripheral
T cell numbers and representation in sec-
ondary lymphoid organs are dramatically de-
creased. Using a variety of in vitro and in vivo
assays, the function of T cells from the Foxp3-
T'g mice was shown to have severely decreased
responses when activated through the TCR.
For example, purified CD4" T cells displayed
dramatically reduced proliferative responses
when stimulated in vitro (13). Similarly, these
T cells produced virtually no IL-2 upon stim-
ulation. In fact, by any measure, CD4" T cells
from Foxp3-Tg mice were functionally inert.
Taken together, these data reflect a gener-
alized deficit in cellular activation of CD4"
T cells that express Foxp3.

The failure of T cells from Foxp3-Tg mice
to function in vitro is also reflected in the
response of these mice to immunologic chal-
lenge in vivo. The Foxp3-Tg mice failed to
mount an antigen-mediated contact sensitiv-
ity response (13). Also, recent data demon-
strate that Foxp3-Tg mice have dramatically
depressed responses to T-dependent antigens
(14). The latter response appears to be due to
a reduced ability to produce cytokines and to
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elaborate CD40L on their cell surface. Thus,
overexpression of Foxp3 in CD4" T cells
in vivo results in lowered overall numbers of
T cells, with impaired functionality of those
T cells that remain.

Foxp3: Necessary and Sufficient
for Mouse CD4"CD25" Treg
Development and Function

Althoughitis clear that expression of Foxp3 in
CD4* T cells has deleterious effects on their
ability to respond normally to TCR-mediated
signals (13, 14), the fact that a population of
Foxp3*t T cells exists suggests a role for this
protein in CD4* T cell function. Clues for
this function come from an initial analysis of
the cells that express Foxp3 in the mouse. Sev-
eral groups simultaneously reported that the
predominant cell type that expressed Foxp3
was CD4TCD25* T cells (15-18), the pop-
ulation of CD4% T cells that can suppress
the proliferation and cytokine production of
TCR-stimulated conventional CD4" T cells
(19, 20). The role of Foxp3 in these cells has
been elucidated in mice through a combina-
tion of genetic and direct functional studies.
Taken as a whole, these data demonstrate that
Foxp3 expression in mouse CD4+ T cells is
sufficient to mark these T cells as regulatory.
CD25, the IL-2R« chain, had previously been
shown to be the only reliable marker for these
cells (19); however, it is also a marker of ac-
tivated CD4" T cells. Thus, the identifica-
tion of Foxp3 as a marker for this population
of T cells was critical for the further analy-
sis of these cells and their role in peripheral
tolerance.

In addition to the correlation of Foxp3 ex-
pression and CD47CD257 Tregs, the ability
of Foxp3 to reprogram CD4% T cell func-
tion has recently been reported (15-17). Sev-
eral lines of evidence demonstrate a role for
Foxp3 in the development and/or function of
CD4+tCD25" Tregs. First, as described ear-
lier, CD4*CD25" T cells display Foxp3 ex-
pression, whereas other T cell subsets in the
mouse do not have detectable expression (15,
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16). In fact, using a knockin allele of Foxp3
consisting of an in-frame fusion of green fluo-
rescent protein (GFP) and Foxp3, Fontenot et
al. (21) showed that aPTCRTCD4" T cells
are the predominant cell population that ex-
presses Foxp3. They also found that the rela-
tive number of CD25% and CD25~ cells that
were Foxp3™ varied according to the source
of the T cells. The ability of the Foxp3*
T cells to act as suppressors in vitro was not
dependent on expression of CD25. These data
were confirmed using a second knockin mouse
containing an IRES-RFP (internal ribosome
entry site-red fluorescent protein) cassette in
the 3’ untranslated region of the Foxp3 gene
(22).

The second line of evidence that Foxp3 ex-
pression is necessary and sufficient for mouse
Treg development and function comes from
studies using ectopic expression of Foxp3 in
otherwise conventional T cells. Infection of
CD4"CD25" T cells with a retrovirus ex-
pressing Foxp3 converted those cells to a
regulatory phenotype, with the infected cells
capable of suppressing the proliferation of
uninfected CD4TCD25~ T cells (16). The
infected cells can also function as Tregs in
vivo. In a wide variety of adoptive trans-
fer models of autoimmune disease, cotrans-
fer of CD4*CD25" T cells has been shown
to protect the host from disease develop-
ment in these model systems (23-26). Us-
ing naive CD4"CD25~ T cells expressing
Foxp3 following retroviral gene transfer, Hori
et al. (16) showed that cotransfer of cells in-
fected with the Foxp3 retrovirus also protects
host mice from autoimmune gastritis. Simi-
larly, CD4*CD25 T cells expressing Foxp3
also protects against colitis (15). These re-
sults have been confirmed by several groups,
demonstrating that expression of Foxp3 can
convert cells to a Treg-like phenotype. Recent
studies have suggested a potential therapeu-
tic use of ectopic Foxp3 expression. BDC2.5
TCR transgenic T cells, transduced with a
Foxp3-expressing retrovirus, were capable of
ameliorating disease when transferred into
nonobese diabetic (NOD) mice with recent
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onset disease (27). However, transfer of poly-
clonal NOD CD4" T cells infected with the
Foxp3 retrovirus did not protect, suggesting
that the frequency of antigen-specific Tregs is
amajor factor in the ability of Tregs to control
autoimmunity. Similar results have been seen
with transfer of purified CD4*CD25" Tregs
(25, 28).

Complimentary to the experiments us-
ing retroviral-mediated delivery of Foxp3 to
T cells, Treg function in Foxp3-Tg animals
has also been studied. As described above,
these mice contain a transgene consisting of
cosmid clone containing the mouse Foxp3
gene (12), with approximately 80% of CD4*
T cells in these animals expressing Foxp3 (D J.
Kasprowicz & S.E. Ziegler, unpublished ob-
servation). An examination of the function of
the CD4* T cells from these mice showed
that the entire population had in vitro regula-
tory activity (13a, 17). Thus, similar to what
was seen with retroviral-mediated introduc-
tion of Foxp3, transgenic expression also con-
verted conventional CD4" T cells to a regula-
tory phenotype. Interestingly, CD87 in these
mice also displayed in vitro regulatory activity,
demonstrating that Foxp3 expression in non-
CD4+ T cells was also capable of phenotypic
conversion.

Just as ectopic Foxp3 expression has been
shown to drive Treg function, lack of Foxp3
has been correlated with a lack of Treg cells.
For example, mice that lack functional Foxp3,
either via the scurfy mutation or a targeted
mutation, lack Treg activity (15, 17, 21). Im-
portantly, a conditional deletion of Foxp3 in
CD4* T cells also led to a lymphoprolifera-
tive disease indistinguishable from thatseen in
scurfy males (21). Further evidence for the crit-
ical role of Foxp3 in determining the Treg lin-
eage comes from mixed bone marrow chimera
experiments. Lethally irradiated mice were
reconstituted with a mixture of bone marrow
from wild-type and Foxp3~ mice, congeni-
cally marked to allow the contribution of each
to the reconstituted animal. Only bone mar-
row from the wild-type donor contributed to
the CD4*CD25" compartment, demonstrat-

ing that Foxp3 is needed in the development
of Tregs and that the role of Foxp3 is cell
intrinsic (15).

Taken as a whole, the data described in
this section demonstrate the absolute need
for Foxp3 in the development and function of
Tregs. They also show that ectopic expression
of Foxp3 can cause a phenotypic conversion
of T cells to a regulatory phenotype. Thus, in
the mouse, Foxp3 is both necessary and suffi-
cient for Treg development and function.

Regulation of Foxp3 expression. Although
obviously important to the understanding of
Treg development, the factors that regulate
Foxp3 expression remain elusive. The primary
issue that has confounded these studies is that
the factors that appear to affect Foxp3 ex-
pression also affect the survival and expan-
sion of Tregs. However, some signaling path-
ways, including CD28, IL-2, and TGF-§3, are
emerging that appear to have an affect on
the expression of Foxp3. For example, recent
work has shown that CD28-mediated signals
during thymic development are required for
proper Foxp3 expression (29). However, other
studies have implicated CD28 in Treg survival
and expansion (30, 31), complicating an inter-
pretation of the role of CD28 in Foxp3 expres-
sion. Similarly, mice lacking the IL-2 path-
way owing to targeted mutations also display a
deficitin CD4+CD25" Tregs. This is true for
mice with mutations in #/-2, i/-2rc, and i- 23,
as well as for mice lacking the downstream
mediator of IL-2 signaling, Stat5 (32-40).
However, similar to the situation with CD28,
distinguishing between a direct affect on tran-
scription and survival is not possible. Recent
studies have shown that IL-2 is absolutely re-
quired for Treg expansion in the periphery
(41, 42). Furthermore, Malek et al. (39,
40) showed that thymus-restricted expres-
sion of IL-2RB-chain was sufficient to rescue
il-2rb~/~ mice from fatal autoimmune disease,
demonstrating a need for IL-2 signals during
thymic development of Tregs. Finally, using
the GFP-Foxp3 strain, Fontenot et al. (21)
have shown that thymic expression of Foxp3
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is absolutely dependent on TCR-MHC in-
teractions and independent of commitment
to either the CD4 or CDS8 lineage. A more
definitive assessment of the factors that con-
trol Foxp3 expression await an analysis of its
cis-regulatory region. The availability of the
knockin strains described above, as well as
a characterization of the Foxp3 cis-regulatory
region, will be invaluable in sorting out direct
and indirect effects of these and other factors
on Foxp3 expression.

Perhaps the most controversial aspect of
Foxp3 gene regulation is the role of TGF-.
Although T'GF-f can have effects on Treg
expansion and survival (43, 44), its actual role
is not at all clear. Several groups have shown
that in vitro culture of CD4*CD25~ T cells
with a cocktail that includes TGF-f3 and IL-
2, in combination with TCR engagement and
costimulation through CD28, can lead to in-
duction of Foxp3 expression and acquisition
of repressor activity (45-47). However, there
are several issues with these experiments. The
cultures used superphysiological concentra-
tions of TGF-f3, and investigators have shown
that TGF-f can inhibit the proliferative af-
fects of IL.-2, at least in conventional T cells
(48). Thus, one explanation for the in vitro
results is that TGF-f inhibits the prolifera-
tion of CD4*CD25 Foxp3~ T cells in the
cultures, allowing the expansion of contami-
nating Foxp3™* cells and an apparent increase
in Foxp3 mRNA. Also, the culture systems
used are very likely to produce a complex com-
bination of signals in responding cells, mak-
ing a definitive role for any of the signaling
molecules difficult to discern. In support of an
indirect role for TGF-f in Foxp3 expression
and function, Tregs from mice either lacking
TGF-p1 or expressing a dominant-negative
TGF-BRII are indistinguishable from their
counterparts from wild-type mice in in vitro
suppression assays (49).

The data on the in vivo role of TGF-
[ are equally contradictory. In support of a
role for TGF-f in Treg function and Foxp3
expression, several groups have shown that
TGF-f is capable of expanding the in vivo
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pool of Tregs (18). For example, T cell-
specific expression of a dominant-active form
of TGF- leads to an elevation in the number
of CD47CD25" Tregs and increased Foxp3
expression (50, 51). However, these studies
do not differentiate between expansion and
de novo generation of Tregs. Using mice with
an inducible TGF-B transgene, Peng et al.
(44) showed that transient TGF-{ expression
specifically in the pancreatic islets was suf-
ficient to protect against onset of diabetes.
They found that this transient expression in-
creased the number of CD4* T cells with a
regulatory phenotype in the islets, consistent
with a role for TGF-f in the expansion of
Tregs in vivo. Studies using mice incapable
either of producing TGF-f3 or of respond-
ing to it provide the most contradictory data.
These mice have been used to demonstrate
that TGF- is either absolutely required for
Treg expansion and function (50, 51) or com-
pletely dispensable (49). In addition, recent
work has suggested that the effector T cell
needs to be TGF-f responsive in order to
be suppressed, at least in vivo (52). How-
ever, this appears not to be the case in vitro
(49; K. Newton & S.F. Ziegler, manuscript
in preparation). The recent development of
Foxp3 reporter mice should help clarify this
issue. In fact, using mice with a reporter for
Foxp3 mRNA, Wan & Flavell (22) showed
that TGF-B may directly influence Foxp3
expression.

FUNCTIONAL
CHARACTERIZATION OF Foxp3

As described above, Foxp3 is a member
of the forkhead/winged-helix family of tran-
scriptional regulators. A common feature of
members of this family is the FKH domain
(Figure 1), which has been shown to be neces-
sary and sufficient for DNA binding (53, 54).
DNA-binding analyses from a number of Fox
family proteins have defined a core DNA se-
quence (5'-AA/T)TRTT(G/T)R-3", where
R =pyrimidine) surrounded by less con-
served sequences (55). Experimentally, two
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Figure 1

Schematic of human FOXP3 and FOXP3 with location of known IPEX mutations. Top schematic is
FOXP3, with locations of missense mutations indicated by arrow. Bottom schematic is FOXP3, with
location of mutations predicted to affect splicing or mRNA stability (red arrows) and to generated
frameshifts (blue arrows) indicated. Exons are color coded according to the protein schematic, with pale
blue indicating coding region of unknown function (FKH: forkhead).

canonical FKH-binding sequences [from the
transthyretin promoter (I'TR-S) and the im-
munoglobulin variable regions V1 promoter
(V1P) (56)] have been used as templates to
analyze the DNA-binding properties of Fox
proteins. Similar to other members of the Fox
family, Foxp3 can bind to each of these FKH-
binding sites (57). Thus, as predicted from the
sequence analysis, Foxp3 is a DNA-binding
protein capable of specific binding to a canon-
ical FKH DNA-binding site.

Members of the Fox family are both tran-
scriptional activators and transcriptional re-
pressors. To assess the role of Foxp3 in tran-
scriptional regulation, a reporter plasmid was
constructed that contained three copies of the
V1P FKH site linked to a minimal SV40 pro-
moter and the firefly luciferase gene. Cotrans-
fection of this reporter plasmid with a Foxp3
expression plasmid into Cos-7 cells resulted
in a dramatic reduction of luciferase activ-
ity, suggesting that Foxp3 acts as a transcrip-
tional repressor (57). The ability of Foxp3 to
act as a transcriptional repressor required the
presence of the FKH domain of Foxp3 and
the V1P-binding site, showing that binding of
Foxp3 to the FKH site is responsible for the
observed effect of Foxp3 on the expression of
the reporter.

Several lines of evidence suggest that a
major target of Foxp3-mediated transcrip-
tional regulation is cytokine genes. For ex-

Other Forkhead Family Proteins and Immune
Regulation

In addition to Foxp3, several other members of the forkbead
family have been implicated in regulating immune system de-
velopment and function (90). For example, mutations in the
Foxnl gene are responsible for the phenotype seen in nude
(nu) mice, rats, and humans (91, 92). These mice are char-
acterized by abnormal development of the epidermis, lack of
hair, and absence of a thymus. Mutations in FoxjI lead to em-
bryonic lethality, but fetal liver chimeras have been used to
study its role in the immune system. These mice displayed
multisystemic cellular autoimmunity, as well as T cell hyper-
proliferation and hyperactivity. CD4" T cells from these an-
imals were skewed toward a Thl cytokine profile, could be
activated solely by IL-2 (CD3 and CD28 stimulation were
not required), and exhibited decreased levels of the IkK reg-
ulatory subunit (93). These results are consistent with a role
for Foxjl in the negative regulation of NF-kB activity. Fi-
nally, Foxo3a has been implicated in cellular survival, where
it is involved in the regulation of NF-kB (94, 95). Upon Akt-
dependent phosphorylation, Foxo3a is shuttled to cytoplasm
and rendered inactive as a transcriptional regulator. Mice de-
ficient in Foxo3a develop T cell hyperactivity and multiorgan
lymphocytic infiltrates with age.

ample, ectopic expression of Foxp3 in Jurkat
cells resulted in a marked reduction of IL-
2 production following stimulation (57). In
addition, CD4" T cells from mice expressing
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a Foxp3 transgene were unable to produce IL-
2, IL-4, or IFN-vy following TCR-mediated
stimulation in vitro and had severely re-
duced ability to express cytokines in vivo
following immunization (13, 14). Taken as
whole, these data demonstrate a role for
Foxp3 in the negative regulation of cytokine
gene expression in CD4+ T cells. Inspec-
tion of composite NFAT/AP-1 sites upstream
of several cytokine genes revealed a possible
explanation for the ability of Foxp3 to reg-
ulate these genes. Either overlapping or di-
rectly adjacent to these DNA-binding sites
was a potential FKH-binding site. Provoca-
tively, oligonucleotide probes containing the
composite sites from the human IL-2 and
GM-CSF genes were capable of competing
with the V1P site for Foxp3 binding in a
gel shift assay (57). Confirmation of the abil-
ity of Foxp3 to repress NFAT-mediated tran-
scription comes from experiments using a
reporter plasmid consisting of the —280 com-
posite NFAT/AP-1 site from the mouse IL-
2 gene. NFAT activation was inhibited when
the Foxp3 expression vector was cotransfected
(57). Furthermore, work from our laboratory,
using a bipartite reporter containing both
NFAT and GAL4 DNA-binding sites, has
shown that Foxp3 can inhibit NFAT-mediated
transcription while binding to a more dis-
tant DNA site (J. Lopes, T. Torgerson,
L.A. Schubert, H. Ochs, and S.F. Ziegler,
manuscript submitted). These experiments
took advantage of fusion proteins consisting of
the yeast GAL4 DNA-binding domain fused
to the non-FKH sequences from FOXP3,
which was found to be capable of inhibiting
activation-induced expression of the NFAT
reporter.

Much effort is currently being used to
define functional domains within FOXP3.
As shown in Figure 1, FOXP3 contains at
least three distinct structural domains: FKH,
Leucine zipper, and C2H?2 zinc finger. As de-
scribed above, the FKH domain is critical for
both DNA binding and for nuclear localiza-
tion. Confirmation of its role in nuclear local-
ization comes from site-directed mutation of
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two lysine residues (K415 and K416), at the
carboxy end of the FKH domain, to glutamic
acid. This mutant form of FOXP3, when ex-
pressed in cell lines, is localized to the cyto-
plasm (J. Lopes, T. Torgerson, L.A. Schubert,
H. Ochs, and S.F. Ziegler, manuscript
submitted).

The functional properties of the remain-
der of the protein are not well understood.
However, studies on other members of the
FOXP family may be relevant to the anal-
ysis of FOXP3 function. For example, the
Leucine zipper domain of Foxp1 and Foxp?2 is
critical for homo- and heterodimer formation
(58, 59). Additionally, deletion of the Leucine
zipper domain from Foxpl and Foxp2 ab-
rogated their ability to act as transcrip-
tional repressors. This domain of FOXP3 is
likely also to be involved in dimerization (see
below).

The amino terminal half of FOXP3 con-
tains no obvious identifiable functional do-
mains, although it does contain a fairly high
proportion of proline residues (Figure 1).
However, we have shown that a fusion pro-
tein containing the DNA-binding domain of
the yeast transcription factor GAL4 and the
amino terminal half of human FOXP3 (amino
acids 1-198) was functional as a transcrip-
tional repressor, whereas a fusion of the zinc
finger and Leucine zipper domains was non-
functional (the GAL4 DNA-binding domains
also contain nuclear localization and dimer-
ization sequences). Using infection of primary
T cells with FOXP3 deletion mutants, Bettelli
et al. (11) showed that there were two func-
tional domains within the amino terminal 200
amino acids of Foxp3, one between amino
acids 1 and 150, and one between amino acids
150 and 200. Our lab has also defined two
functional domains with the amino terminus
of Foxp3. One domain, between amino acids
67 and 132, is involved in general transcrip-
tional repression by FOXP3. The second, be-
tween amino acids 135 and 198, is specifically
required for repression of NFAT-mediated
transcription. Bettelli et al. (11) also showed
that Foxp3 can directly interact with NFAT
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and the NF-«B subunit P65. Although the re-
gion of interaction with Foxp3 was notidenti-
fied, that data described above would predict
that the region between amino acids 135 and
198 is involved.

HUMAN FOXP3: NOT QUITE
THE SAME AS MOUSE

The identification of Foxp3 as the gene
mutated in sczrfy mice led to an investigation
of its possible role in a human syndrome with
clinical features similar to those seen in scurfy
animals. This syndrome, known as IPEX
(immune dysfunction/polyendocrinopathy/
enteropathy/X-linked), was first character-
ized in 1982 and subsequently mapped to the
X chromosome (60, 61). It is characterized by
watery, sometimes bloody, diarrhea in very
early infancy. In addition, nearly all affected
males develop dermatitis (usually eczematous
in nature), and most cases develop autoim-
mune endocrinopathies, with type 1 diabetes
and thyroiditis the most common. In general,
affected individuals develop symptoms very
early in infancy and usually die in the first
two years of life (61-64).

The similarity of the phenotypes of scurfy
mice and IPEX humans suggested a common
cause for the two diseases. Indeed, mutations
in FOXP3 have been identified in over 20 fam-
ilies with affected offspring (62, 65-69). Many
of these are missense mutations in the FKH
domain, but mutations have been found across
the length of the gene (Figure 1). However,
not all patients diagnosed with IPEX have
FOXP3 mutations. Sequencing of the FOXP3
gene in a large cohort of individuals diag-
nosed with IPEX revealed identifiable coding
region mutations in 60%, with an additional
10% having dramatically reduced mRINA lev-
els (65). One interpretation of these data is
that a mutation in FOXP3 leads to develop-
ment of IPEX, and those IPEX patients with-
out FOXP3 mutations may be mutations in
genes whose products interact with FOXP3,
either physically or functionally. Indeed, a re-
cent study has found a patient with IPEX-like

symptoms for whom FOXP3 was ruled out as
a candidate gene (66).

As shown in Figure 1, FOXP3 muta-
tions in IPEX patients have been identified
throughout the coding region. We have
begun to analyze the affect of these IPEX
mutations on FOXP3 function. Accordingly,
mutations in the FKH domain ablate the
ability of FOXP3 to inhibit transcription of
a reporter construct containing canonical
forkhead-binding sites. Consistent with the
prevailing view of the FKH domain, muta-
tions in FOXP3 that are predicted to affect
DNA binding fail to inhibit transcription
of a FKH-dependent reporter (J. Lopes,
T. Torgerson, L. Schubert, H. Ochs, and S.F.
Ziegler, manuscript submitted). Interestingly,
two IPEX patients were shown to have
single codon mutations in the Leucine zipper
domain of FOXP3(AK250 and AE251) (70,
71). We have now found that introducing
the AE251 mutation into FOXP3 results in
a failure to homodimerize and in reduced
ability to repress transcription (J. Lopes,
T. Torgerson, L.A. Schubert, H. Ochs, and
S.F. Ziegler, manuscript submitted). These
data strongly suggest that the Leucine zipper
domain of FOXP3 is critical for proper
function. Additional mutations have been
identified in the amino terminal domain
identified as critical for FOXP3 function (see
previous section); these mutations are now
being analyzed to determine their impact on
FOXP3 transcriptional repression.

Human FOXP3: Regulation of
Expression and Multiple Isoforms

A population of CD4TCD25" T cells has
also been identified and characterized from
human peripheral blood. These cells, when
assayed in vitro, are anergic, have the ability
to suppress the proliferation and cytokine pro-
duction of cocultured CD4+CD25~ T cells,
and express FOXP3 (18, 72-75). Thus, as
has been demonstrated in the mouse, human
CD4+CD25% T cells express FOXP3 and act
as suppressors.
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However, further examination of FOXP3
expression showed several differences be-
tween humans and mice. When FOXP3
expression was monitored by Western blot-
ting, it became apparent that the protein ac-
tually ran as a closely spaced doublet (18).
RT-PCR analysis has shown that the upper
isoform represents the ortholog to mouse
Foxp3, whereas the lower isoform is encoded
from an mRNA lacking exon 2 (amino acids
71-105) (76). This splicing variant has not
been reported in mouse CD4*CD25" Tregs.
Whether the same T cell expresses both iso-
forms simultaneously is currently not known,
although all sources of FOXP3 in humans
have both isoforms. In addition, it is unclear
if there is a functional difference between
the two isoforms. However, expression of the
Aexon2 isoform in CD4*CD25-FOXP3~
human T cells leads to functional anergy, but
not to the same extent as expression of full-
length FOXP3 (76). Human T cells express-
ing FOXP3Aexon2 have intermediate pro-
liferative responses to TCR stimulation and
make slightly more IL-2 than cells express-
ing only the full length. Interestingly, the se-
quences encoded by exon 2 fall within one
of the functional domains of FOXP3 defined
above. Thus, it is possible that the lower iso-
form represents a natural dominant-negative
form of FOXP3. Our lab has recently shown
that FOXP3 and the orphan retinoic acid nu-
clear receptor RORw interact and that the re-
gion of FOXP3 involved in the interaction
is encoded by exon 2 (J. Du & S.F. Ziegler,
manuscript in preparation). We are currently
characterizing the molecular basis for this
interaction.

Another clue that the regulation of Foxp3
expression was not conserved between hu-
mans and mice comes from an analysis
of FOXP3 expression in stimulated human
CD4+tCD25~ T cells. The starting popula-
tion of T cells lacked detectable FOXP3 ex-
pression, but within 24 h of stimulation anti-
CD3"CD28 FOXP3 expression was detected,
peaking at 72 h (18). Similar experiments
using mouse CD4+*CD25~ T cells did not
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demonstrate upregulation of Foxp3 (15, 16).
Further analysis with human CD4" T cells
showed that the subset of T cells that up-
regulated CD25 also expressed FOXP3 (18).
Thus, in humans, FOXP3 was behaving like an
activation-induced gene in CD4* cells. These
initial findings have been confirmed by other
groups (76-78) and provide the first clue that
human and mouse Foxp3 are regulated differ-
ently. Consistent with the idea that FOXP3
expression in human CD4" T cells is linked
to TCR-mediated stimulation, CD4" human
T cell clones are also FOXP3* (77-79; J.H.
Buckner & S.E. Ziegler, unpublished obser-
vations). Mouse T cell clones have not been
found to express Foxp3.

As described earlier, ectopic expression of
Foxp3 in conventional mouse CD4% T cells
converted those cells to Tregs (15, 16). Sev-
eral groups have now attempted similar ex-
periments with human FOXP3 using ei-
ther retroviral or Lentiviral transduction of
CD4*tCD25™ T cells. As is seen in the mouse
system, the transduced cells display anergy
when stimulated through the TCR and are ca-
pable of suppressing responder CD4" T cells
(76, 80, 81). However, the level of suppression
is not at the levels seen in the mouse experi-
ments. Also, these experiments are somewhat
confounded by the fact that the CD4+ T cells
are stimulated prior to infection, which in-
duces the expression of endogenous FOXP3
18,76, 77).

As described above, stimulation of hu-
man CD4*CD25~ T cells leads to FOXP3
expression. An obvious question is what
is the functional outcome for the CD4*
T cell that induces FOXP3 expression? Re-
cent work from our group has shown that
these cells develop the capability to act as
Tregs (18). When the CD257 cells are isolated
following the 10-day culture period, they have
the ability to suppress the proliferation of
freshly isolated responder T cells. One pos-
sible explanation for this phenomenon is that
a preexisting pool of CD4"CD25-FOXP3*
cells preferentially expands in the cultures.
However, this does not appear to be the case.



Annu. Rev. Immunol. 2006.24:209-226. Downloaded from arjournals.annualreviews.org
by HARVARD UNIVERSITY on 02/09/10. For personal use only.

There is no detectable FOXP3 expression
in the starting population of cells. In addi-
tion, when the CD4TCD25~ cells, isolated
after the 10-day culture period, are restim-
ulated, the same ratio of CD25TFOXP3*/
CD25-FOXP3~ cells results (M.R. Walker,
P. Puthed, J.H. Buckner, and S.F. Ziegler,
unpublished data). Further support comes
from the finding that naive CD4" T cells
(CD45RA™) and CD4TCD25~ T cells from
cord blood are also capable of inducing
FOXP3 and becoming Tregs, suggesting that
antigen experience is not required for this pro-
cess (82). Taken as a whole, these data sup-
port a model in which the ability of a CD4*
T cell to induce FOXP3 expression is not
a developmentally determined event. Rather,
it is dependent on the conditions present at
the time of antigen stimulation of a given
T cell. The underlying molecular mechanism
that governs this development remains to be
determined.

Another piece of evidence regarding the
ability to generate Tregs in vitro using human
CD4" T cells comes from studies using spe-
cific antigens, rather than antibody crosslink-
ing, as stimulus. For example, Walker et al.
(82) showed that coculture of CD4CD25~
T cells with allo-antigen-presenting cells
(APCs) resulted in the development of Tregs
specific for the stimulating allo-APCs. Al-
though these experiments support a model of
de novo Treg generation, the actual stimu-
lating antigen is not known. However, they
do demonstrate the specificity of the in vitro—
generated Tregs in that they were unable to
suppress responses stimulated by third-party
APCs.

The final piece of evidence that induc-
tion of FOXP3 expression and de novo
Treg generation can occur following anti-
gen stimulation comes from studies using
human MHC class II tetramers to iso-
late antigen-specific cells following in vitro
stimulation. CD4*CD25~ T cells from DR
*0401 (DR4) individuals were stimulated with
the immunodominant peptide from influenza
virus, HA(306-319), in the presence of ir-

radiated APCs. After 10 days of culture,
tetramertCD25% cells were isolated from
the cultures. These cells expressed FOXP3
and inhibited the subsequent proliferation
of freshly isolated responder CD4+ T cells
from the same donor (82). However, these
HA(306-319)*CD25*FOXP3* T cells did
not affect the proliferation of T cells when
stimulated with an unrelated antigen, tetanus
toxoid, unless they also were given the HA
peptide. Thus, they required cognate antigen
for activation, but once activated they were ca-
pable of suppressing responses in an antigen-
nonspecific manner.

The data outlined above suggest that there
are at least two distinct populations of Tregs
in humans. One population is generated in
the thymus, is self-reactive, and is involved
in protection from autoimmune responses.
These Tregs are referred to as natural Tregs
and would be analogous to those seen in the
mouse that arise during thymic selection (83).
The role of this population of Tregs is to
protect against self-reactive effector T cells
in the periphery. These cells comprise the
CD4"CD25% T cell population in human pe-
ripheral blood and are equivalent to those
Tregs described in the mouse. This popula-
tion of Tregs is also likely to be most affected
by the mutations in FOXP3 seen in IPEX pa-
tients. These mutations can be expected to re-
sult either in the development of self-reactive
T cells that lack suppressor activity or in the
complete lack of this population altogether. In
either instance, the result would be a failure
in the ability to control self-reactive effector
T cells. In this respect, the IPEX patients re-
semble the scurfy mice.

A second population of Tregs is repre-
sented by CD47CD25"FOXP3* cells that
are generated upon in vitro stimulation of
CD4"CD25"FOXP3~ cells. By all criteria
measured, these cells are indistinguishable
from natural Tregs (18, 82; J.H. Buckner
& S.E. Ziegler, unpublished data). As de-
scribed above, they can be generated follow-
ing polyclonal or antigen-specific stimulation.
Also, similar to natural Tregs, their ability to
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suppress is IL-10 and TGF-{ independent,
but is contact dependent (18). In addition,
transcript array analysis has shown that the
same set of genes regulated in natural Tregs
appears to be similarly regulated in the
in vitro—generated cells (P. Putheti & S.F.
Ziegler, unpublished data). Taken together,
the data demonstrate that CD4" T cells with
the same functional properties as thymically
derived Tregs can be generated from naive
conventional CD4* T cells following TCR
stimulation. Although the in vivo function
of these cells is not known, we propose that
they play a role in controlling immune re-
sponses, possibly serving to limit bystander
activation at the site of the response. In ad-
dition, there are reports that CD4*CD25"
Tregs can induce infectious tolerance through
the local generation of classes of regulatory
T cells (e.g., Tr1 cells) (84), further extending
this paradigm. An unanswered question at this
point s the fate of the induced Tregs. Because
these cells appear to respond poorly to pro-
liferative signals and are impaired in cytokine
production, it seems likely that they will not
persist once the response has ended and anti-
gen is no longer available.

FOXP3 AND THERAPEUTIC
INTERVENTION FOR
AUTOIMMUNITY

As described above, following retroviral-
mediated introduction of Foxp3, conventional
CD4* T cells acquire a regulatory-like phe-
notype and are capable of suppressing im-
mune responses both in vitro and in vivo
(15-17). The in vivo experiments involved
cotransfer of Foxp3-transduced T cells with
pathogenic CD4* T cells in a model of col-
itis. These studies suggest the possibility of
using ectopic Foxp3 expression to convert
T cells to take on a regulatory phenotype
and then using these cells in adoptive cellu-
lar immunotherapy. Coupled with the ability
to identify and isolate antigen-specific human
CD4* T cells using MHC class II tetramers
(85-87), exvivo generation of antigen-specific
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Tregs has great promise. Indeed, some re-
centreports have suggested that this approach
may be viable. For example, Jaeckel et al. 27)
used Foxp3-transduced T cells from BDC2.5
TCR transgenic mice to treat NOD mice
with recent onset diabetes. They found that
the antigen-specific BDC2.5 T cells, express-
ing Foxp3, were capable of reversing dis-
ease. However, they also showed that trans-
ter of Foxp3-transduced polyclonal T cells
from NOD mice failed to rescue. These data
suggest that the critical feature for this type
of therapy may be getting enough antigen-
specific Tregs to the correct site, and that the
transduced polyclonal T cells did not contain
sufficient islet-antigen-specific cells to have a
therapeutic effect.

In contrast to that study, Loser et al.
(88) have shown that Foxp3-transduced poly-
clonal naive T cells, when transferred to
sensitized hosts, could inhibit contact hyper-
sensitivity responses. These polyclonal T cells
were also used to treat mice expressing a
keratin 14-CD40L transgene. These mice
develop chronic skin inflammation and sys-
temic autoimmunity (89). Transfer of Foxp3-
transduced CD4* T cells into these animals
protected against both the local skin inflam-
mation and the systemic autoimmunity (88).

Transferring these types of therapies to hu-
mans presents unique problems. As described
above, stimulation of human CD4"CD25~
T cells induces FOXP3 expression, and most
methods for introducing foreign genes into
T cells using viral vectors require some level
of stimulation. Thus, the very cells one may
want to transduce and convert to Tregs may be
less likely to be infected owing to expression of
FOXP3 and a lowered overall activation level.
However, the work from Walker et al. (82)
suggests that deriving antigen-specific CD4+
T cells in vitro with self-antigens, followed by
isolation of CD25% thatare also MHC class IT
tetramer™, may be a solution to this problem.
The obvious limitation to this approach is the
availability of the appropriate MHC class II
tetramer for a given HLA haplotype and spe-
cific epitope.
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In summary, the reemergence of suppres-
sor T cells and the discovery of FOXP3 as a
critical player in their development and func-
tion hold great promise for the treatment of
autoimmune diseases in humans. The differ-
ences between humans and mice may present

obstacles in the transfer from mouse models to
actual human disease. Thus, a more concerted
effort to develop better human in vitro and
in vivo systems is required to understand bet-
ter the potential therapeutic benefits of ma-
nipulating FOXP3.
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