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Trafficking of FoxP3+ regulatory T cells: myths and facts
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Abstract
Fork head box P3 (FoxP3+) regulatory T cells (Tregs) are specialized T cells for prevention of hyperimmune responses and
autoimmunity. Tumors and pathogens can hijack FoxP3+ Tregs to evade host immune responses. There is an increasing body
of evidence that trafficking of FoxP3+ Tregs is important for their effective suppression of target cells. Because of their dis-
tinctive functions and gene expression phenotype, the migratory behavior of FoxP3+ Tregs has been somewhat mystified.
The myths are that they have unique trafficking receptors and migratory behaviors that are different from those of conven-
tional T cells. Another related myth is that FoxP3+ regulatory T cell subsets have a fixed trafficking behavior from the time
they are generated in the thymus. The recent progress in trafficking receptors and migratory behavior of FoxP3+ Tregs is
reviewed here and the validity of these myths is examined.
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REVIEW

INTRODUCTION

Fork head box P3 (FoxP3+) T cells are the most
extensively characterized regulatory T cells (Tregs) with
suppressive functions. Some call these cells “suppressor
T cells”. More commonly, these T cells are also called
“Tregs”. However, the term “Tregs” is inaccurate in that
many Tregs with suppressive functions do not express
FoxP3. Examples of these regulatory T cell subsets
defined independently of FoxP3 expression are inter-
leukin (IL)-10-generated Tregs (Tr1) [39] and trans-
forming growth factor (TGF)-β1-generated Tregs (Th3)
[18, 121]. This, however, does not necessarily mean that
Tr1 and Th3 cells are FoxP3–. Moreover, some people
include Th1 and Th2 cells in the category of Tregs. For
simplicity, we will use the term “FoxP3+ T cells” to refer
to the Tregs that express FoxP3 and that are often
defined by the surrogate markers CD4 and CD25.
However, the readers should note that it is unavoidable,
sometimes, to use the terms “CD4+CD25+ T cells” and
“Tregs” to refer to phenotypically or functionally relat-
ed but incompletely characterized T cell subsets
described in the literature.

This review starts with the basic biology of FoxP3+ T
cells and T cell trafficking in general, followed by more
detailed discussion on trafficking of FoxP3+ T cells. The
focus of this review will be on the two separate traffick-
ing receptor switches of FoxP3+ T cells occurring in the
thymus and secondary lymphoid tissues (2o LT). As
mentioned in the abstract, the validity of the myths on
trafficking of FoxP3+ T cells will be examined at the
conclusion of this review.

FUNDAMENTALS OF THE FoxP3+

T CELL BIOLOGY

The activity of T cells that can suppress immune
responses was described many decades ago. It was not
until 1995 that the CD4+ T cell subset highly enriched
with suppressor T cells was isolated utilizing CD25 as a
cell surface marker [90]. Since then, it has been demon-
strated by many groups that the CD4+CD25+ T cells have
suppressive activities on autoimmunity [89], graft rejection
[113], and humoral and cell-mediated immune responses
[88, 106, 122]. It has been reported that CD4+CD25+ T



cells are deficient in many autoimmune or inflammatory
diseases, while they are enriched in tumors or in infection
by some pathogens [89]. Tumors and pathogens can
recruit or induce the generation of CD4+CD25+ or
FoxP3+ T cells to evade hostile immune responses [11]. 

The discovery that scurfy mice and patients with
immunodeficiency polyendocrinopathy enteropathy X-
-linked syndrome (IPEX) have loss-of-function muta-
tions in the FoxP3 gene (FoxP3) led to the discovery that
FoxP3 is the key protein that programs the development
and function of the CD4+CD25+ Tregs [9, 14, 49, 83,
107, 110]. IPEX is also called “X-linked autoimmunity
and allergic dysregulation” (XLAAD). Indeed, the
majority of CD4+CD25+ Tregs in the thymus and 2o LT
express FoxP3 protein [30, 86, 108]. FoxP3 is a transcrip-
tion factor that can act as a transcription repressor [10,
71, 94, 114]. FoxP3 can modulate the function of NFAT
and NF-κB, transcription factors that regulate the
expression of many genes induced in activated T cells.
Enforced expression of FoxP3 in mouse T cells by retro-
viral gene transfer turned normal T cells into suppressor
T cells [29, 41]. Ectopic expression of FOXP3 (written in
all capital letters for the human protein versus FoxP3 for
the mouse protein) in human T cells led to similar
results, but complete conversion into functionally com-
petent Tregs was not achieved, suggesting potential
involvement of additional factors in the process [1].

The generation of FoxP3+ CD4+ cells is substantial-
ly delayed relative to FoxP3– CD4+ thymocytes during
their development [28]. FoxP3+ T cells are generated as
CD4+CD8+ DP cells and CD4+ single-positive (SP)
cells in the thymus [28, 108], and the thymus-generated
CD4+ FoxP3+ T cells have the naïve phenotype in many
aspects [65]. Thymus-generated FoxP3+ T cells have
high-affinity T cell receptors (TCRs) to self antigens
[47]. Therefore, these T cells are thought to be a major
player in suppressing self-reactive T cells. CD4+ FoxP3+

T cells can be induced in the periphery during immune
responses to foreign antigens [60]. This would probably
occur during T cell activation by antigen-presenting
cells. Activation of naïve human T cells induces FOXP3,
but this expression is transient and most resting T cells
do not retain the FOXP3 expression [74, 107]. Small
numbers of T cells retain the FOXP3 expression after T
cell activation and become FOXP3+ Tregs. The conver-
sion rate from FoxP3– to FoxP3+ cells is very low in mice
compared with human T cells [65]. CD8+ FoxP3+ T cells
exist, but are rare in the thymus and periphery, and they
can be induced in certain conditions in a manner similar
to CD4+ FoxP3+ T cells [12, 73].

FoxP3+ T cells can suppress various immune cells,
such as CD4, CD8, CD1d-restricted NKT, NK, mono-
cytes, dendritic, and B cells [6, 17, 68, 84, 96, 100, 102].
The mechanisms of suppression are still incompletely
understood. FoxP3+ T cells can suppress target cells
with TGF-β, IL-10, CTLA-4, and heme oxygenase-1 [4,
19, 35, 37, 38, 75, 80, 81, 92, 120]. FoxP3+ T cells express
granzymes and can kill target cells in a perforin-depen-
dent and independent pathways in vitro [35, 38, 120].

FoxP3+ T cells express TGF-β and/or IL-10 to suppress
target cells [79, 119]. FoxP3+ T cells highly express
CTLA-4 and suppress B7-expressing antigen-presenting
cells in an IDO-dependent manner [37]. Carbon monox-
ide produced by heme oxygenase-1 may suppress target
cells [81, 92]. It is clear that these mechanisms operate
in certain in vitro conditions, but their validity in vivo
remains controversial.

BASICS OF T CELL TRAFFICKING 
AND TRAFFICKING RECEPTORS

Two classes of trafficking receptors regulate T cell
trafficking to various tissue sites [15, 50]. These are
adhesion molecules and chemoattractant receptors. The
two types of receptors work together in trafficking of
T cells. Adhesion molecules mediate the initial loose
interaction between T cells and endothelial cells, called
“rolling”, and the subsequent “firm adhesion” before
“diapedesis” through endothelial cells. To advance from
rolling to firm adhesion, T cells have to be activated by
chemokines expressed on the endothelial cell surface.
There are ~40 chemokines identified so far, and these
chemokines can activate chemokine receptors (~20
identified) expressed on leukocytes. This activation, in
turn, activates integrins for firm adhesion of T cells to
the endothelial cell surface. Chemokines also induce
directional migration (chemotaxis) of T cells [20, 46, 52].
Expression of chemokines in tissue is tightly controlled
by cytokines and other environmental factors [50].

In the thymus, early T cell progenitors reside in the
cortex and differentiate to CD4+CD8+ DP and then to
CD4+ or CD8+ SP T cells [85]. At the same time, T cells
undergo selection processes to delete many T cells with
nonfunctional TCRs (positive selection) or TCRs that
react strongly against self antigens (negative selection)
[97]. DP T cells are found in the cortex, while SP T cells
are localized in the medulla and eventually emigrate to
the blood circulation [85]. T cells undergo switches in
expression of chemokine receptors during their devel-
opment in the thymus and periphery. The expression of
chemokine receptors by thymocytes is important for
chemotactic attraction of thymocytes to other cell types
in thymic microenvironments. CCR8 and CCR9 are
expressed by early CD4–CD8– double-negative thymic T
cells [16, 55]. As the T cells become DP cells, they
upregulate CXCR4 and become localized in the cortex.
More mature SP T cells highly express CCR7 and are
found in the medulla [16, 55]. Naïve T cells use CCR7
and CD62L to migrate into 2o LT [98, 109]. The two
receptors are also necessary for continuous circulation
of naïve T cells between T cell areas and the blood cir-
culation. Upon antigen priming, naïve T cells quickly
up-regulate CXCR3 and CXCR5 [5], the chemokine
receptors involved in T cell interaction with dendritic
cells and in chemotaxis into B cell areas, respectively.
T cells also up-regulate additional receptors, such as
CCR4, CCR5, CCR2, CXCR6, CCR6, and CRTH2, for
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migration to various non-lymphoid or inflammatory tis-
sue sites [54].

Effector T cell subsets, such as Th1 and Th2 cells,
express different chemokine receptors [13, 22, 56, 70,
91, 123]. Th1 cells often express CXCR3, CCR5, and
CXCR6 (Th1 type), while many Th2 cells express
CCR4, CCR8, and CRTH2 (Th2 type). Non-polarized
memory T cells preferentially express CCR7 and
CXCR5 [53, 56, 57]. Expression of the chemokines that
bind Th1 or Th2 type receptors is tightly regulated by
Th1 (IFN-γ) or Th2 (IL-4, IL-5, and IL-13) cytokines,
respectively [2, 26, 93, 95], suggesting that Th1 and Th2
cells can migrate to different tissues in an amplified
manner. CCR9 and the integrin α4β7 are involved in the
migration of lymphocytes to the small intestine [21, 40,
61, 63, 77]. T cells use α4β7 to roll on the MadCAM-1
expressed on the surface of gut endothelial cells and use
certain chemokine receptors such as CCR9 to trigger
firm adhesion on endothelial cells. The CCR9 ligand
CCL25 is specifically expressed on the crypt epithelium
of the small intestine and attracts CCR9+ lymphocytes
[62]. Although its function is unclear, the CCR10 ligand
CCL28 is more broadly expressed in the large intestine
and other mucosal tissue sites [63, 82].

GENERATION AND MIGRATION 
OF FoxP3+ T CELLS 
WITHIN THE THYMUS

Normal T cell development requires molecular
interactions between developing thymocytes and the
thymic epithelium at different locations of the thymus,
and alterations of this highly coordinated process can
result in defective T cell development, leading to either
immunodeficiency or autoimmunity. It is believed that
FoxP3+ T cells undergo the same highly regulated
process to become functionally mature cells. As men-
tioned before, FoxP3+ T cells appear at DP and SP
stages [28, 108], presumably after TCR activation for
positive selection (Fig. 1). Almost all thymic FoxP3+

cells are found in the thymic medulla [28], which is in
line with the fact that most thymic FoxP3+ cells are SP
cells. DP FoxP3+ T cells highly express CXCR4 and
CCR9, the chemokine receptors important for localiza-
tion of DP T cells in the cortex [65]. In contrast, SP
FoxP3+ T cells highly express CCR7, the chemokine
receptor important for localization of T cells in the
medulla and emigration to the blood circulation. Thus,
FoxP3+ T cells undergo a chemokine receptor switch in
the thymus, required for both intrathymic localization
and emigration out of the thymus (Fig. 2). 

THE TRAFFICKING RECEPTOR SWITCH 
IN 2O LT

The thymic FoxP3+ T cells that emigrate into the
blood circulation uniformly express CD62L and CCR7
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Fig. 1. Organ to organ migration of FoxP3+ T cells. FoxP3+ T cells
are generated at the DP and SP stages in the thymus. Most FoxP3+

T cells are CD4 SP cells and are found in the medulla. After mat-
uration in the thymus, SP FoxP3+ T cells emigrate to the circula-
tion, becoming RTE (recent thymic emigrant) FoxP3+ cells. RTE
FoxP3+ cells preferentially migrate to 2o LT for antigen priming.
Dendritic cells present antigens to FoxP3+ cells in 2o LT for antigen
priming and differentiation. This differentiation includes another
trafficking receptor switch from secondary lymphoid to non-lym-
phoid homing receptors. Some FoxP3+ T cells become follicular
FoxP3+ T cells to regulate B cells and follicular T-helper cells.
Other FoxP3+ T cells emigrate to the circulation to migrate to
non-LT associated with the 2o LT. This migration requires the
expression of tissue-specific trafficking receptors.

Fig. 2. Trafficking receptor switches of FoxP3+ T cells. There are
largely two trafficking receptor switches: primary and secondary.
The primary trafficking receptor switch occurs in the thymus.
CXCR4high CCR9high CCR7low DP FoxP3+ cells become CXCR4low

CCR9low CCR7high SP FoxP3+ cells. The FoxP3+ thymic emigrants
almost exclusively migrate to 2o LT and become CXCR4high

CCR7high cells. In 2o LT, these FoxP3+ T cells can undergo the sec-
ond trafficking receptor switch. This involves down-regulation of
lymphoid tissue homing receptors (L-selectin, CCR7, and
CXCR4), but up-regulation of a number of memory/effector
chemokine receptors (CCR2, CCR4, CCR5, CCR6, CCR8,
CCR9, CXCR3, CXCR5 and CXCR6). Up-regulation of the lat-
ter group of trafficking receptors is required for migration into
various non-lymphoid tissue sites. The second switch results in het-
erogeneous and distinct FoxP3+ T cell subsets in homing behavior.



[65, 67]. CXCR4 expression is dramatically reduced at
the SP FoxP3+ T cell stage in the thymus, but it is
regained in the periphery [65], suggesting a potential
role of CXCR4 in FoxP3+ T cell localization in periph-
eral tissues. It is thought that CD62L mediates the
rolling of FoxP3+ T cells on high endothelial cell venules
[105], and the CCR7 expressed by FoxP3+ cells recog-
nizes the CCL21 and CCL19 chemokine signals on the
endothelial surface and activates integrins for firm
adhesion. In 2o LT, most FoxP3+ T cells are localized in
the T cell area [38]. This localization is the result of
chemotaxis of CCR7+ T cells to the CCR7 ligands
expressed in the T cell area of 2o LT [32, 50].

Once FoxP3+ T cells enter 2o LT and migrate into
the T cell area, it is thought that FoxP3+ T cells seek the
antigen signals provided by dendritic cells in a manner
similar to other T cells. If there are no antigen signals,
the T cells would emigrate the 2o LT and go back to the
blood circulation. Upon encounter with dendritic cells
presenting the right antigens, FoxP3+ T cells undergo a
differentiation process that changes their trafficking
receptors [65, 67]. As mentioned before, newly arrived
FoxP3+ T cells in the 2o LT express L-selectin, CCR7,
and CXCR4, which are uniformly expressed by naïve
conventional T cells. These trafficking receptors are
homing and retention receptors for T cells withing 2o

LT. Upon antigen priming, CXCR5 is rapidly induced in
many FoxP3+ T cells [69]. This trafficking receptor
switch by FoxP3+ T cells is described in Fig. 2.

CXCR5 is the homing receptor for the B cell area of
2o LT [31]. The B cell areas of 2o LT can be classified
into primary follicles and secondary follicles. Primary
follicles are mostly composed of naïve B cells and
become secondary follicles containing germinal centers
during T cell-dependent immune responses. Germinal
centers are filled with activated B cells undergoing dif-
ferentiation to plasma cells and memory B cells [76].
Germinal centers have also activated T cells, called
GC-T cells, and dendritic cells [58]. Moreover, the
presence of follicular dendritic cells in germinal centers
is an important indicator for the presence of germinal
centers [66, 104]. CXCR5+ FoxP3+ T cells can migrate
to the CXCR5 ligand CXCL13 [69]. In contrast, the
expression of CCR7 and the response to the CCR7 lig-
ands are rapidly decreased in the FOXP3+ T cells
undergoing activation [65, 69]. The down-regulation of
CCR7 and up-regulation of CXCR5 suggest that these
FoxP3+ T cells would migrate into the B cell areas.
These follicular FoxP3+ T cells are thought to be
important for regulating humoral immune responses
[51]. In mice, depletion of CD4+CD25+ T cells fol-
lowed by an immunization with T cell-dependent anti-
gens led to hyper-production of antibodies [24].
Similarly, depletion of FoxP3+ T cells followed by
immunization with red blood cells greatly increased
antibody-mediated autoimmune hemolytic anemia [78]. 

Other chemokine receptors that are commonly
expressed by FoxP3+ T cells include non-lymphoid tis-
sue homing receptors such as CCR4, CCR6, CCR8,

and CXCR3 [33, 43, 59, 64, 67, 115]. The CCR4
chemokine ligands are produced by activated immune
cells such as B cells and other tissue cells during Th2
immune responses [3, 56]. The CXCR3 chemokine lig-
ands are produced by a variety of tissue cells and
immune cells during immune responses and in inflam-
mation [8, 13]. The CCR6 ligand CCL20 is produced by
epithelial cells in mucosal tissues, including Peyer’s
patches (PP) [7, 27, 36, 59, 111]. The CCR8 ligand
CCL1/I-309/TCA-3 is produced by mast cells and acti-
vated T cells and it attracts neutrophils, macrophages,
and activated T cells [23, 72, 87, 103, 112]. Hence the
up-regulation of these chemokine receptors on antigen-
-activated FoxP3+ T cells suggests that some FoxP3+ T
cells differentiate into cells that can migrate to non-
-lymphoid or inflamed tissues [65]. Interestingly,
FoxP3+ T cells are significantly more efficient than
FoxP3– T cells in up-regulation of these non-lymphoid
tissue homing receptors as the result of the second
switch in trafficking receptors (Fig. 2). The second
switch generates FoxP3+ T cells highly expressing non-
lymphoid tissue-homing chemokine receptors.
Consistently, antigen-primed FoxP3+ T cells can more
efficiently migrate to non-lymphoid tissues (non-LT)
than comparably antigen-primed FoxP3– CD4+ T cells
[65]. This gives FoxP3+ T cells certain advantages in
migrating to non-LT, which would be important for
effective immune tolerance in the periphery.

ACQUISITION OF TISSUE−SPECIFIC 
MIGRATION ABILITIES BY FoxP3+

T CELL SUBSETS

One important feature of T cell migration is the
homing of memory and effector T cells to the tissue
type of initial antigen encounter. In other words, mem-
ory T cells, antigen-primed in the lymph nodes draining
a tissue site, would migrate back to that tissue type
rather than other tissue types. This homing behavior of
T cells to sites of antigen encounter obviously has
advantages over random migration in immune surveil-
lance and effector function. This specific tissue tropism
is determined by combinations of the trafficking recep-
tors expressed by T cells. FoxP3+ T cells, antigen
primed in mesenteric lymph nodes and PP, acquire
CCR9 and α4β7 [65]. CCR9 is the homing receptor for
the small intestine [116–118], while α4β7 is the homing
receptor for the whole mucosal tissue system [25, 40].
In contrast, most FoxP3+ T cells, antigen primed in
peripheral lymph nodes, lack the expression of CCR9
and α4β7, but highly express CCR8 [65]. It is the
microenvironment-specific cue composed of cytokines,
nuclear receptor agonists such as retinoic acid, and
other unidentified factors that induce the tissue-specific
expression of homing receptors in T cells. Retinoic acid,
for example, plays a critical role in the induction of CCR9
and α4β7 in T cells [44]. Dendritic cells of gut tissues
express the enzymes that turn serum retinol into retinoic
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acid. Therefore, dendritic cells play key roles in genera-
tion of gut-homing T cells in mucosal tissues [44, 45, 77]. 

IMPACT OF THE MIGRATION CAPACITY 
OF FOX3+ T CELLS ON THEIR EFFECTOR
FUNCTION

Through in vitro and in vivo studies, scientists have
gained insights into the effector functions of FoxP3+ T
cells. First, FoxP3+ T cells can suppress target cells only
at close ranges involving cell-cell contact. Second, the
relative ratio of FoxP3+ cells to target cells should be
high enough for effective suppression. In vivo, it is the
migration and expansion capacities of FoxP3+ T cells
that would make them accessible to target cells in suffi-
cient numbers. It has been reported that only secondary
lymphoid tissue-homing (CD4+CD25+CD62L+) FoxP3+

cells, but not non-lymphoid tissue-homing (CD4+CD25+

CD62L–) FoxP3+ T cells, were able to prevent graft-ver-
sus-host disease and autoimmune gastritis, diabetes, and
colitis, induced by CD45RBhigh cells, in mice [34, 99,
101]. The difference in suppressive activities of the two
FoxP3+ T cell subsets may be attributed to their differ-
ence in migratory capacities. Alternatively, they are dif-
ferent in their capacities in expansion or effector func-
tion. Currently, no evidence is available to support the
possibility that non-LT-homing FoxP3+ T cells would
have an effector function different from that of 2o LT-
homing FoxP3+ T cells. However, there is evidence that
2o LT-homing FoxP3+ T cells are better than non-LT-
homing FoxP3+ T cells in proliferation [34, 99, 101].
Certainly, FoxP3+ T cells of high proliferative potential
would quickly give rise to sufficient numbers of proge-
nies for effective suppression of target cells. Because of
the ability to migrate into 2o LT, these FoxP3+ cells can
also suppress the generation and expansion of inflamma-
tory T cells at the antigen-priming step. After antigen
priming in 2o LT, FoxP3+ T cells can gain the migratory
capacity to non-LT. The 2o LT-homing FoxP3+ T cells
may not be effective in controlling existing inflammation
at effector sites, where effector T cells are already active
in inducing inflammation. It is thought that non-lym-
phoid tissue-homing FoxP3+ T cells are required to effi-
ciently suppress inflammation at the effector site. In this
regard, non-LT-homing CD4+αE+ Tregs, but not 2o LT-
-homing CD4+CD25+CD62L+ T cells, can effectively
suppress collagen-induced arthritis in mice [42]. It has
been also demonstrated that the CCL5-CCR5 pathway is
required for migration of FoxP3+ T cells into chronical-
ly inflamed intestine [48]. Blocking this pathway exacer-
bated the intestinal inflammation, supporting the impor-
tant role of FoxP3+ T cell migration to effector sites for
suppression of existing inflammation.

CONCLUDING REMARKS

The migratory ability of FoxP3+ T cells to the 2o LT
is an important factor that determines their expansion

and prevention of the generation of inflammatory T
cells. The migratory ability of FoxP3+ T cells to non-LT
is important for control of inflammation at the effector
sites. It is time to examine the validity of the myths
described in the abstract of this review.

Do FoxP3+ Tregs have cell-lineage-specific traffick-
ing receptors that are different from those of FoxP3– T
cells? The answer is no. They do not have unique traf-
ficking receptors, but share many receptors with con-
ventional T cells. However, FoxP3+ Tregs more homo-
geneously express non-LT homing receptors such as
CCR5, CCR6, CCR8, and CXCR6 than do FoxP3– T
cells. Also, tissue-specific homing receptors such as
α4β7 and CCR9 are preferentially expressed by gut-
-associated FoxP3+ T cells compared with FoxP3– T cells
[65]. FoxP3+ Tregs can basically migrate to any tissue
sites where FoxP3– T cells can migrate to. However, they
can migrate more efficiently into major non-LT sites
due, in part,  to their high expression of the non-LT and
tissue-specific homing receptors.

Do FoxP3+ Tregs have a predetermined (or fixed)
trafficking behavior from the time they are generated in
the thymus? The answer is again no. FoxP3+ Tregs
undergo developmental switches in trafficking receptors
in the thymus and 2o LT (Fig. 2). Through these differ-
entiation processes, FoxP3+ T cells change their traf-
ficking receptors and migratory behaviors to migrate
sequentially to the right tissue sites where suppression
of immune responses is required to maintain immune
tolerance. 
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