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Molecular Targets of FoxP3" Regulatory T Cells
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Abstract: The important roles of FoxP3" T cells in many immunological or cancerous diseases are now well established.
The research field is now moving in the direction to fine-control the generation, migration, expansion, and function of
FoxP3" cells in an effort to prevent and cure specific types of diseases. Potential molecular targets to regulate FoxP3" T

cells are reviewed in this article.
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INTRODUCTION

FoxP3" regulatory T cells play essential roles in suppres-
sion of autoimmunity and hyperimmune responses. FoxP3"
cells are generated in the thymus, and these thymus-generated
naive FoxP3" cells mainly migrate to secondary lymphoid
tissues for their own antigen priming and suppression of the
activation of other immune cells. Antigen priming induces a
dramatic change in trafficking receptors for FoxP3" regula-
tory T cells which is required for their migration out of sec-
ondary lymphoid tissues and into various non-lymphoid tis-
sues. Antigen priming also induces conversion of some FoxP3~
T cells into FoxP3" cells. Insufficient or excessive activities
and numbers of FoxP3" T cells have been reported in various
pathological conditions. Insufficient numbers or activities of
FoxP3" T cells are implicated with autoimmunity and over-
active immune responses leading to tissue damage, while
excessive numbers of FoxP3" T cells are implicated with
cancers and chronic infection by pathogens. Therefore, con-
trol of FoxP3" regulatory T cells has clear therapeutic poten-
tials for a number of diseases. FoxP3" regulatory T cells pre-
ferentially express many surface and intracellular molecules
that can serve as molecular targets to either increase or de-
crease their numbers or activities. The basic biology of the
FoxP3" cells and functions of the FoxP3" cell-associated
molecules are reviewed in this article. FoxP3" cells are often
called CD4'CD25" regulatory cells. “CD4 CD25" cells” or
“regulatory T cells (Tregs),” however, is not the best term
for FoxP3" cells, because many CD4'CD25" cells are FoxP3"
conventional cells, and regulatory T cells include not only
FoxP3" cells but also some FoxP3™ cells with suppressive
functions. For simplicity, we will use the term “FoxP3" T
cells” to refer to the largely overlapping FoxP3" and CD4"
CD25" regulatory T cell populations in this review.

FoxP3, A CELL-LINEAGE DETERMINING TRAN-
SCRIPTION FACTOR

FoxP3" T cells are defined by their expression of the
transcription factor FoxP3. FoxP3 is a member of the fork-
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head/winged-helix family of transcriptional regulators [1].
The mouse protein is called FoxP3, while the human protein
is called FOXP3. The FoxP3/FOXP3 proteins have 4 func-
tional domains: repressor, zinc-finger, leucine zipper, and
forkhead (FKH) domains [2] (Fig. 1). The Fox family pro-
teins bind DNA sequences defined by a core DNA sequence
(5'-A(A/T)TRTT(G/T)R-3" ;R=pyrimidine) [3, 4]. The re-
pressor domain is composed of two sub-domains: the first
half of the repressor domain is involved in general transcrip-
tional repression by FoxP3, and the second half of the do-
main is required for repression of NF-AT and NF-kB-
mediated transcription [5, 6]. The role of the zinc-finger do-
main is unknown. The leucine zipper domain is thought to
mediate dimerization of transcription factors [6]. The FKH
domain mediates FoxP3 binding to the core DNA sequence
[7] and is required also for nuclear localization of FoxP3.
Enforced expression of FoxP3 in mouse CD4 T cells turns
conventional naive T cells into regulatory T cells [8, 9].
Therefore, FoxP3 would be an important target to control the
development of FoxP3" regulatory T cells.

FoxP3" CELLS REGULATE IMMUNE RESPONSES IN
A WIDE VARIETY OF DISEASES

Abnormal numbers or activities of FoxP3" regulatory T
cells are implicated with autoimmune diseases, transplanta-
tion rejection, infectious diseases, and cancers. FoxP3" regu-
latory T cells can suppress the onset and/or progression of
many diseases including diabetes [10], autoimmune encepha-
lomyelitis [11, 12], thyroiditis [13], inflammatory bowel
disease [14], systemic lupus erythematosus [15], rheumatoid
arthritis[16], and gastritis [13, 17]. FoxP3" cells can suppress
also immune responses leading to graft rejection and graft-
versus-host disease [18-20]. While FoxP3" cells primarily
function to limit tissue damage in the hosts, they can also
help pathogens to evade the immune system, leading to
chronic infection [21]. FoxP3" cells are highly enriched in
many tumor types. For example, melanoma [22], cervical
carcinoma [23], gastrointestinal tract cancer [24], gastric
cancer [25], lung cancer [26], ovarian cancer [26], colorectal
cancer [27], breast cancer, pancreas adeno caricinoma [28],
head and neck cancer [29], hepatocellular carcinoma [30],
leukemia and lymphoma (adult T cell leukemia/lymphoma
[31], Hodgkin’s lymphoma [32], and chronic lymphocytic
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Fig. (1). Molecular control points of FoxP3" T cells. FoxP3" regulatory T cells express the transcription regulator FoxP3, which is believed
to confer them the FoxP3" T cell-specific gene expression pattern and suppressive functions. It is advantageous to reduce the numbers of
FoxP3" regulatory T cells to boost immune responses to vaccines and tumor cells. On the other hand, the numbers of functional FoxP3" T
cells in inflamed organs or tissues should be increased to suppress chronic inflammation and autoimmune diseases. FoxP3" regulatory T cells
express many molecules that regulate their generation, expansion, survival, migration, and function. Therefore, these molecules would serve
as important control points for FoxP3" regulatory T cells. Enhancement of the generation and survival of FoxP3" regulatory T cells would be
possible by regulating TGF-p receptors, IL-2Ro,, CD28, CTLA-4, and 4-1BB. FoxP3" T cells use a number of trafficking receptors such as
chemokine receptors and adhesion molecules to migrate to various organs and tissue sites. Control of these trafficking receptors would be an
effective strategy to regulate numbers of FoxP3" T cells specifically in an organ of interest without depleting all of the FoxP3" T cells in the
body. FoxP3" regulatory T cells express a number of other receptors such as TLRs and co-stimulation receptors to turn on and off their sup-
pressive functions. For example, activation of GITR and OX40 can turn off the suppressive function of FoxP3" T cells. FoxP3" T cells ex-
press other effector molecules such as suppressive cytokines (TGF-B1 and IL10) and granzymes to suppress and kill inflammatory cells re-
spectively. Activation or blocking of these molecules would be useful in control of the activity of FoxP3" T cells.

leukemia [33] all have greatly increased numbers of FoxP3"
cells. Depletion of FoxP3" cells resulted in regression of
some tumors in mice [34]. The depletion also enhanced anti-
tumor immunity against a murine colorectal tumor, CT26.
Infusion of antigen-specific FoxP3" cells before implantation
of tumors was effective in suppression of anti-tumor cytotox-
icity of CDS8 cells, and this function of FoxP3" cells was de-
pendent on TGF-B1 [35]. Thus, FoxP3" regulatory T cells
represent another barrier to effective tumor immunity in
animals and humans [36].

GENERATION OF FoxP3" T CELLS

CD25 has been used as a surrogate marker for FoxP3" T
cells because the majority of FoxP3" T cells express CD25
[13]. This method, usually, works well because ~90% of
FoxP3" T cells are CD25". Upon immunization or activation
in vitro, many FoxP3™ T cells acquire CD25 expression, lim-
iting the use of this method. Recently, antibodies to mouse
FoxP3 or human FOXP3 have been available, allowing more
definitive identification of FoxP3" cells [37]. Additionally,

FoxP3 GFP or RFP-knock-in mice have been generated [38,
39]: In these mice, GFP or RFP are expressed after an inter-
nal ribosome entry site (IRES) inserted at the end of the
FoxP3 open reading frame to co-express GFP/RFP and FoxP3
in the same cells. This method allowed detection of FoxP3"
T cells based on GFP/RFP expression and tracking the gen-
eration of FoxP3" cells in the thymus. FoxP3" T cells are
made in the thymus along with conventional naive T cells.
The majority of the thymus-generated FoxP3" T cells are
CD4" single positive (SP) but small numbers of CD4 CD8"
double positive (DP) cells also exist [38, 40, 41]. Therefore,
it is thought that FoxP3" T cells can be generated at the DP
stage, and the DP FoxP3" T cells would differentiate into
CD4" SP FoxP3" T cells for emigration. Also, some T cells
may gain the expression of FoxP3 at the SP stage. In addi-
tion, FoxP3" T cells can be made from conventional naive T
cells in the periphery upon antigen priming [42]. The major-
ity of the thymus-generated FoxP3" T cells constitutively
express activated T cell-associated antigens such as CD25,
cytotoxic T-lymphocyte-associated 4 (CTLA4), and gluco-
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corticoid-induced tumor necrosis factor receptor family-
related gene (GITR) along with a number of other molecules,
described later in this review. Many of these molecules are
important for induction, proliferation and functions of FoxP3"
T cells, and, thus, can serve as molecular targets to regulate
the numbers or activities of FoxP3" T cells.

MIGRATION OF FoxP3" CELLS

Similar to conventional T cells, the migration capacity of
FoxP3" T cells is thought to be important for their effector
functions in vivo. This is particularly true for FoxP3" T cells
because they require cell-cell contact to suppress target cells.
From an immunologist’s point of view, the body is com-
posed of lymphoid and non-lymphoid tissues. Lymphoid
tissues can be further divided into primary and secondary
lymphoid tissues. Thymus is the primary lymphoid tissue
where naive T cells are generated. Thymus-generated naive
T cells emigrate to the blood circulation. Lymph nodes,
spleen, Peyer’s patches and other organ-associated lymphoid
tissues function as secondary lymphoid tissues where anti-
gens and antigen presenting cells are collected to activate
naive T cells. In a manner similar to conventional naive T
cells, thymus-generated FoxP3" T cells express appropriate
trafficking receptors and migrate mainly into secondary lym-
phoid tissues [43-45]. As homing receptors for secondary
lymphoid tissues, L-selectin and CCR7 play important roles
[46-49]. Peripheral node addressin (PNAd), the counter re-
ceptor for L-selectin, is expressed on high endothelial cells
in lymph nodes. L-selectin mediates weak cell-cell interac-
tion between naive T cells and endothelial cells in secondary
lymphoid tissues to initiate entry of lymphocytes into the
tissues. 04P7 can mediate rolling and adhesion of lympho-
cytes on high endothelial venules in Peyer’s patches and other
mucosal tissue sites [50, 51]. Direct migration of thymus-
generated naive FoxP3" T cells to non-lymphoid tissues such
as intestine, bone marrow, and peritoneal cavity is a rare
event[52].Itis the secondary lymphoid tissues where FoxP3"
T cells acquire tissue-specific trafficking capacities [52].
FoxP3" T cells, antigen-primed in MLN and Peyer’s patches,
up-regulate the mucosal tissue homing receptors CCR9 and
04B7. FoxP3" T cells, antigen-primed in skin-draining peri-
pheral lymph nodes, acquire the skin-homing related recep-
tor CCRS [52]. Thus, FoxP3" T cells undergo trafficking
receptor switches in thymus and secondary lymphoid tissues
to acquire necessary receptors to migrate from organ to or-
gan [53]. The migration of FoxP3" T cells to the secondary
lymphoid tissues is thought to be important for suppression
of the antigen priming of conventional T cells, and it can
limit the generation of inflammatory memory/effector T
cells. The migration of FoxP3" T cells from secondary lym-
phoid tissues to non-lymphoid tissues would be important for
suppression of inflammatory T cells at effector sites.

POTENTIAL MECHANISMS OF TARGET CELL
SUPPRESSION BY FoxP3" CELLS

The list of target cells that FoxP3" T cells can suppress,
at least in vitro, is becoming lengthy. The list, now, includes
CD4" T cells [54], CD8" T cells [55], CD1d-restricted NKT
cells [56], monocytes/macrophages [57], naive/memory B
cells [58], dendritic cells [59], and NK cells [60]. It is in-
completely understood how FoxP3" T cells inhibit the target
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cells [12, 14, 19, 61-66]. A number of potential mechanisms
have been proposed. Two suppressive cytokines TGF-B and
IL-10 are implicated in target cell suppression by FoxP3" T
cells. The roles of these cytokines are discussed later in this
review in more detail. The CTLA4, expressed by FoxP3" T
cells, can suppress antigen presenting cells through B7 mole-
cules [67, 68]. B7-CTLA4 interaction induces expression of
indoleamine 2,3-dioxygenase (IDO), an enzyme that depletes
the amino acid tryptophan [69]. Heme oxygenase (HO)-1 is
induced by forced expression of FoxP3 in T cells [70]. HO-1
generates carbon monoxide [71], which has anti-inflam-
matory effects and suppresses the IL-2 production by T cells
[72, 73]. Regulatory T cells highly express granzyme A and
granzyme B, and kill target cells in perforin-dependent and
independent mechanisms [74-76].

MOLECULAR TARGETS OF FoxP3" CELLS

FoxP3" T cells highly express a number of proteins that
are preferentially expressed in effector T cells, some of
which can be used to control the induction, migration, expan-
sion, and, function of FoxP3" T cells. These molecules can
be grouped into costimulation receptors, cytokines and cyto-
kine receptors, Toll-like receptors (TLR), chemokine and
adhesion receptors, and others (Table 1). To be balanced,
information on both the positive and negative roles of these
molecules for FoxP3" regulatory T cells is discussed below.

Costimulation receptors: Glucocorticoid-induced TNF
receptor (GITR/TNFRSF18) is a type I transmembrane pro-
tein, composed of three cysteine pseudorepeats in the ex-
tracellular domain and the intracellular domain [77, 78].
FoxP3" T cells highly express GITR [77, 78]. Agonistic anti-
GITR antibodies can abrogate the suppressive function of
FoxP3" T cells [79, 80]. The abolishment of suppression
could be mediated also by the GITR expressed by target cells
[81]. In this case, GITR activation would make the target
cells resistant to the suppressive function of FoxP3" T cells.
Therefore, GITR is a potentially useful target to control the
function of FoxP3" T cells.

0X40 is another member of the TNF receptor family
with a costimulatory function for CD4" and CD8" T cells. It
is constitutively expressed on most FoxP3" cells, whereas it
is expressed only by activated cells among conventional CD4 "
and CD8" T cells [82]. 0X40 ligand (OX40L or CD134L) is
expressed by antigen-presenting cells (B cells, dendritic
cells, and macrophages) and activated endothelial cells [83,
84]. Activation of OX40 with an agonistic antibody abro-
gated the suppressive function of FoxP3" cells in vitro and in
vivo in a graft-versus-host-disease model [85].

4-1BB is also constitutively expressed by CD4 CD25" T
cells [86]. Stimulation of 4-1BB can induce proliferation of
CD4'CD25" T cells, and the 4-1BB-stimulated T cells have
suppressive functions in vitro. Although this study did not
rigorously demonstrate that most of the 4-1BB-stimulated T
cells were FoxP3" T cells, the results suggested that 4-1BB is
a potential costimulator for FoxP3" T cells. In a hapten (trini-
trobenzene sulfonate, TNBS)-induced colitis model in mice,
treatment with agonistic anti-4-1BB antibodies ameliorated
the colitis [87]. Contradictorily, it has also been reported that
FoxP3" T cells of 4-1BB-deficient mice had no problem in
suppression of T cell-induced colitis [88].
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Table 1. Important Regulatory Molecules of FoxP3"* Cells
Name(s) General Protein Structure/Category Ligands Function for FoxP3" Cells
CD28 Type I transmembrane glycoprotein CD80/B7-1, CD86/B7-2 Co-stimulation
CTLA4 Type I transmembrane glycoprotein CD80/B7-1, CD86/B7-2 Co-stimulation
(CD152)
0X40 Type I transmembrane glycoprotein 0X40-Ligand/ TNFSF4 Survival/proliferation
(CD134,
TNFRSF4)
4-1BB Type I transmembrane glycoprotein 4-1BB-Ligand/ TNFSF 9 Co-stimulation and expansion
(CD137; TNFRSF9)
GITR/ TNFRSF18 Type I transmembrane glycoprotein GITR Ligand/ TNFSF18 Control of effector function
IL-2Ra Type I transmembrane glycoprotein IL-2 Expansion
(CD25) Forms heterotrimers Differentiation
Peripheral induction
TGFBRI and 1T Form a heteromeric receptor complex TGF-B1 Induction, differentiation, and
expansion
1L-10 Secretory glycoprotein IL10R /CD210 Effector function
TLR2 Type I transmembrane glycoprotein Bacterial lipoproteins and other cell Regulation of function and expan-
wall components sion
TLR4 Type I transmembrane glycoprotein Bacterial lipopolysaccharide Regulation of function and expan-
sion
TLRS Type I transmembrane glycoprotein Certain bacterial flagellins Regulation of function and expan-
sion
CCR4 7-Transmembrane-G-protein-coupled receptor CCL17/CCL21 Chemokine receptor
CCRS 7-Transmembrane-G-protein-coupled receptor CCL2/CCL3/CCL4/CCLS5 Chemokine receptor
CCR6 7-Transmembrane-G-protein-coupled receptor CCL20 Chemokine receptor
CCR7 7-Transmembrane-G-protein-coupled receptor CCL19/CCL21 Chemokine receptor
CCRS 7-Transmembrane-G-protein-coupled receptor CCL1 Chemokine receptor
CXCR4 7-Transmembrane-G-protein-coupled receptor CXCL12 Chemokine receptor
CD103 Type I transmembrane glycoprotein E-cadherin Integrin/adhesion
LAG3 Type I transmembrane glycoprotein MHC class 11 Induction and effector function
(CD223)
Nrp-1 Type I transmembrane glycoprotein Semaphorin 3A, PLGF-2, VEGF-165 Unclear
Granzyme A (CTLA-3) Secreted cytoplasmic granule serine protease NA* Target cell lysis
Granzyme B (CTLA-1) Secreted cytoplasmic granule serine protease NA* Target cell lysis
Perforin 1 Cytoplasmic granule integral membrane pro- NA* Polymerizes into transmembrane
tein tubules for target cell lysis

*NA, not applicable.

CD28 and its ligands B7-1 and B7-2 play critical roles in
generation of FoxP3" T cells in the thymus. FoxP3" T cells
are absent in CD28-deficient mice and B7-1/2 deficient mice
[10]. The signals from CD28 activation also regulate the
proliferation and survival of FoxP3" cells in the periphery
[89]. FoxP3" T cells constitutively express CTLA-4. There
have been contradictory reports on the role of CTLA4 in

the FoxP3" T cell biology. Blocking anti-CTLA4 antibodies
abrogated the suppressive activity of FoxP3" T cells in vitro
and in vivo in a colitis model [90]. However, FoxP3" T cells
from CTLA4-deficient mice develop and function normally
[91]. While activation of the CLTA4 on conventional T cells
is suppressive, activation of CTLA4 on FoxP3" T cells can
be co-stimulatory for these cells [92].
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Cytokines and Cytokine Receptors

Most FoxP3" T cells in humans and mice express the IL-
2Ro; chain CD25. Ironically, FoxP3" T cells do not or poorly
produce its ligand IL-2. IL-2 is required to expand and main-
tain FoxP3" T cells, but high levels of IL-2 are inhibitory for
the suppressive function of FoxP3" T cells in vitro [93]. The
important role of IL-2 signaling in generation of FoxP3"
cells is supported by decreased numbers and regulatory func-
tion of FoxP3" T cells in humans deficient with STAT5b, a
transcription factor that mediates the IL-2 signaling [94].
Induction of FoxP3 by IL-2 is mediated by binding of
STAT3 and STATS proteins to a highly conserved STAT-
binding site located in the first intron of the FOXP3 gene
[95]. The fact that FoxP3™ cells are reduced in numbers in
the thymus and periphery of I12ry deficient mice suggests
that IL-2 signaling is required for generation and mainte-
nance of FoxP3" cells in vivo [96]. IL-2 or IL2Ra: deficiency
does not affect the generation of FoxP3" cells in the thymus
but decreases their numbers in the periphery [96].

The Role of TGF-B Proteins in the Effector Function of
FoxP3" Cells is Debatable

It is well established that TGF-B1 can induce the genera-
tion of FoxP3" cells from naive CD4 " T cells. The frequency
of FoxP3" cells was increased in secondary lymphoid organs
and the thymus of a transgenic mouse strain over-expressing
TGF-B1 [97]. In TGF-Bl-deficient mice, FoxP3" cells are
reduced in numbers in the periphery but not in the thymus,
suggesting that TGF-61 is involved in the expansion of
FoxP3" cells in the periphery but is not required for their
generation in the thymus [98]. A blocking anti-TGF-B1 anti-
body was able to completely suppress the function of mouse
FoxP3" cells in vitro [92], but the result was not reproduced
in other studies [99, 100]. It has also been reported that the
FoxP3" cells from TGF-B1-/- mice were still able to suppress
target T cells, and the target T cells from TGF-B1-insensitive
Smad3”" mice were suppressed by FoxP3" cells in vitro [99],
downplaying the role of this cytokine in the effector function
of FoxP3" cells. In vivo, however, the FoxP3" cells from
TGF-B1-/- mice did not protect recipient SCID mice from
colitis after naive T cell transfer, supporting the essential
function of TGF-B1 in vivo [101]. In another study, it was
shown that the effector T cells that cannot respond to TGF-
B1 can escape the control by FoxP3" cells [102]. Taken to-
gether, the role of TGF-B1 in peripheral induction or expan-
sion of FoxP3" cells is firmly established, while the role of
TGF-B1 in effector functions of FoxP3" cells needs to be
clarified in the future.

FoxP3" cells produce IL-10 upon TCR stimulation [103,
104]. However, blockade of IL-10 did not affect the suppres-
sive function of human FoxP3" cells in vitro [105, 106]. In
contrast, the FoxP3" cells from IL-10-deficient mice were
unable to suppress myelin oligodendrocyte glycoprotein
(MOG)-induced experimental autoimmune encephalomyeli-
tis (EAE), suggesting that IL-10 is involved in FoxP3" cell-
mediated suppression of certain inflammatory diseases [107].
Also, a blocking anti-IL-10 receptor antibody was able to
suppress the function of regulatory T cells in experimental
autoimmune thyroiditis [108].
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Toll-Like Receptors (TLR)

Mouse FoxP3" cells selectively express Toll-like recep-
tors (TLR)-4, -5, -7, and -8. The TLR-4 ligand lipopolysac-
charide (LPS) can enhance the survival, proliferation, and
effector function of FoxP3" cells in vitro [108]. Human
FoxP3" cells express TLRS, and activation of human FoxP3"
cells in the presence of flagellin (the ligand of TLRS) in-
creased their suppressive capacity and the expression levels
of FOXP3 [109]. FoxP3" cells are significantly reduced in
numbers in TLR2—/~ mice, and TLR2 triggering by the
TLR2 ligand Pam3Cys augmented the proliferation of
FoxP3" cells in vitro and in vivo [110]. TLR2 activation by
bacterial lipoprotein can expand FoxP3" cells [111]. It was
found that the expanded FoxP3" cells were temporarily inac-
tive but recovered their suppressive activity when the con-
centrations of TLR2 ligands (and infection) subsided. TLR
ligands can activate dendritic cells for production of IL-6,
and IL-6 can make pathogen-specific T cells resistant to the
suppressive effect of FoxP3" cells [112]. Thus, TLRs and
their ligands are important regulators of expansion and func-
tion of FoxP3" cells.

Chemokine and Adhesion Receptors

FoxP3" T cells express various chemokine receptors and
adhesion molecules to migrate from a tissue site to the blood
circulation and vice versa. Therefore, these trafficking recep-
tors would serve as useful targets to control the tissue distri-
bution of FoxP3" T cells. Among the ~20 chemokine recep-
tors identified so far, memory and effector-associated chemo-
kine receptors such as CCR4, CCRS, CCR6, CCRS, CXCR3
and CXCR6 are preferentially expressed by FoxP3" T cells
compared to FoxP3™ T cells [113]. CCR4 and CCR8 are im-
plicated with T cell migration to the tissue sites of Th2 cell
responses and to some tumors [113, 114]. On the other hand,
CCRS5 and CXCR3 are implicated with T cell homing to sites
of Thl immune responses. The ligand of CCRG6 is highly
expressed in Peyer’s patches [115]. FoxP3™ T cells express
adhesion molecules such as aoEB7, o4P7, and cutaneous
lymphocyte antigen (CLA) [116-119]. oEB7 (a receptor for
E-cadherin) mediates T cell interaction with epithelial cells.
04B7 (a receptor for MAACAM-1) is a homing receptor for
mucosal tissues [120]. Cutaneous lymphocyte antigen (CLA)
is frequently expressed by human skin-homing lymphocytes.
Small molecules or peptides that specifically block certain
chemokine receptors including CCR3, CCR5 and CXCR4
have been developed [121, 122], and these antagonists would
be useful in control of the migration of FoxP3" T cells.

Other Potential Targets

There are other molecules highly expressed by FoxP3" T
cells and potentially important for regulation of their func-
tion. Lymphocyte activation gene-3 (LAG-3; CD223) is con-
stitutively expressed by FoxP3" T cells [123]. LAG3 is a
CD4-related molecule that binds MHC class 1I, and LAG3-
MHC interaction decreases antigen priming of CD4" T cells
[124]. Blockade of LAG3 suppressed the FoxP3™ T cell
function in vitro and in vivo, while over-expression of LAG3
in conventional CD4" T cells was able to convert these cells
into suppressor cells, suggesting a potentially important role
of LAG3 in generation and effector function of FoxP3" T



Molecular Targets of FoxP3" Regulatory T Cells

cells [123]. Neuropilin-1 (Nrpl) is a semaphorin III receptor
and is involved in axon guidance and formation of the im-
munological synapse [125, 126]. Nrp-1 is constitutively ex-
pressed by FoxP3" T cells [127], but the role of Nrp-1 in
FoxP3" T cell function is unclear. Expression of granzyme A
and B by FoxP3" regulatory T cells has been reported. Gran-
zyme A and granzyme B can mediate target cell killing by
FoxP3" T cells in vitro [74-76]. The roles of granzyme A and
B in FoxP3" T cell function in vivo remain to be docu-
mented. Along with suppressive cytokines, granzymes are
potentially important effector molecules of FoxP3" T cells.

CONCLUDING REMARKS

In the last decade, we have witnessed a great progress in
understanding of the biology of FoxP3" regulatory cells. The
therapeutic functions of FoxP3" cells in many immunologi-
cal or cancerous diseases are now well established. It is now
important to fine-control the generation, migration, expan-
sion, and function of FoxP3" cells in an effort to prevent and
cure diseases in a selective manner. As reviewed in this arti-
cle, FoxP3" cells express many surface and intracellular
molecules that are important for their biology (Fig. 1). These
molecules would serve as potential targets to regulate the
numbers and/or activities of FoxP3" T cells. As the products
of high throughput genomics techniques such as microarray
gene expression analysis, it is expected that the list of poten-
tial molecular targets of FoxP3" cells will be even more ex-
tended in the near future. One important caveat is that most
of these molecules are also expressed by activated conven-
tional (FoxP3) CD4" or CDS8" T cells. This poses potential
challenges in specifically targeting FoxP3" cells versus acti-
vated conventional T cells. More investigation on selective
expression and involvement of the FoxP3" T cell-associated
molecules in the biology of FoxP3" versus FoxP3™ T cells is
required to sort out this issue.
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