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Abstract
Treg are important in maintaining immune homeostasis and in regulating a variety of immune
responses, making them attractive targets for modulating immune-related diseases. Success in
using induction or transfer of Treg in mice to mediate transplant tolerance suggests Treg-based
therapies as mechanisms of long-term drug free transplant tolerance in human patients. While
more work is needed, critical analyses suggest that key factors in Treg induction, migration, and
function are important areas to concentrate investigative efforts and therapeutic development.
Elucidation of basic biology will aid in translating data gleaned from mice to humans so that Treg
therapies become reality for patients.

Introduction
Regulatory T cells (Treg) are essential to maintain immune homeostasis, and are critical
regulators for a variety of immune responses, including tolerance induction and maintenance
for organ transplantation (1, 2). There are two main types of Treg: thymus-derived
CD4+CD25+Foxp3+ natural Treg (nTreg), and adaptive/induced Treg (iTreg) that develop
from naïve T cells in the periphery under tolerogenic conditions (1). It has long been
established that Fork-head box P3 (Foxp3) is the major transcription factor (TF) that
determines the fate, identity, and function of Treg, and Treg regulate immune functions by
producing cytokines such as TGFβ, IL-10, and IL-35 (3, 4). However, there are subsets of
Treg that do not express Foxp3. For example, TGFβ-producing Th3 and IL-10-secreting Tr1
regulatory T cells also can be potent suppressors in some experimental systems. This review
will be restricted to CD4+CD25+Foxp3+ Treg.

Treg in transplantation: Treg Induction
The basic requirements for the induction of both natural (nTreg) and adaptive or inducible
(iTreg) regulatory T cells are similar. Both nTreg and iTreg require TGFβ and IL-2 for
induction of Foxp3 (5–7). Without Foxp3 expression, suppressive function of both subsets is
lost (8), and both mice (9) and humans (10) succumb to autoimmune disease.

Although the basic requirements are similar, the generation of nTreg and iTreg varies in a
plethora of ways. nTreg mature in the thymus during T cell receptor (TCR) chain selection
(11) based on their high affinity for self-peptides (12), although alloreactive nTreg have
been reported (13) and can be selected by intrathymic presentation of transplant-derived
antigen (14). Both iTreg and effector T cells (Teff) enter the periphery as naïve T cells, but
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iTreg go on to acquire a suppressive phenotype (13, 15). Furthermore, TCR transgenic CD4
T cells of a single specificity can differentiate into either iTreg or Teff depending upon the
timing and context in which alloantigen is presented (16). This suggests that bulk iTreg and
Teff TCR repertoires may be broadly similar. As foreign antigen is required for the
induction of iTreg, it follows that iTreg may be more likely to recognize alloantigen
presented indirectly and act in a more transplant-specific fashion compared to nTreg.

In murine models of transplantation, iTreg are generated by recipient treatment with donor-
specific splenocyte transfusion (DST) in combination with anti-CD4 non-depleting antibody
(17) or costimulatory blockade with anti-CD40L mAb (16). iTreg induction is likely due to
the absence of sufficient T cell costimulation. Furthermore, negative costimulatory
engagement via PD-1–PD-L1 interactions supports the development of iTreg (18), while
costimulatory signals via OX40 inhibit iTreg development (19).

Human Treg are more difficult to study than murine Treg as in humans Foxp3 can also be
induced transiently and at low levels in recently activated CD4+ T cells (20). Hence, there is
an ongoing search for alternative markers of Treg in humans, with the combination of the
markers CD127(lo)CD25+CD4+ the current standard. Nevertheless, methods of expanding
human Treg have been established. Rabbit anti-thymocyte globulin induces in vitro
conversion and expansion of human Treg, likely by increasing NFAT1 expression (21) or
inducing tolerogenic DC, which can then induce Treg conversion as discussed in the
following paragraph (22). Conversely, others have suggested that rabbit anti-thymocyte
globulin induces transient Foxp3 expression associated with the generation of Teff as
opposed to Treg (23). Culture with stimulatory anti-CD3 plus anti-CD28 mAbs in
combination with IL-2 and rapamycin (24) or donor-derived leukocytes (25) are also
common methods of Treg induction.

The nature of maturation signals to which naïve T cells are exposed also affects their fate.
Tolerogenic dendritic cells (Tol-DC) are so named as they induce donor-specific Treg (26).
Tol-DC have an immature phenotype defined by low expression of MHC class II, CD40,
CD80/86, and IL-12 (26). Tol-DC can be generated ex vivo, using either donor or recipient
DC pulsed with donor alloantigen (27). Pharmacologic interventions can also prevent DC
maturation, and these interventions include in vitro or in vivo exposure to IL-10, TGFβ,
vitamin D3, histamine, or clinically relevant immunosuppressants including corticosteroids,
cyclosporine, rapamycin, and mycophenolate (28). Lastly, a positive feedback loop exists in
which Tol-DC induce Treg and in turn Treg induce Tol-DC (26). Hence, donor-reactive
Treg have the ability to propagate their lineage by limiting the immunogenicity of DC that
encounter donor antigen. This may be significant in the maintenance phase of graft tolerance
as the graft remains a constant source of antigen in the periphery.

Plasmacytoid dendritic cells (pDC) are integral to the establishment of graft tolerance in
mice as they induce iTreg in the LN of tolerant recipients (29). pDC have also been
implicated in the generation of nTreg that specifically recognize donor antigen. pDC can
acquire antigen in the periphery, maintain an immature phenotype, and home to the thymus
in a CCR9 dependent fashion (14). Once in the thymus, immature pDC delete peripheral
antigen-reactive T cells, and it is possible that these same pDC are able to mediate the
selection of peripheral-antigen specific nTreg. Together, these findings emphasize that both
the location and type of cell presenting alloantigen are integral to the generation of Treg.

Immunosuppressants and Transplant Tolerance
Common immunosuppressants used post-transplantation in humans have opposing effects
on Treg induction. Both mycophenolate mofetil, an inosine 5’-monophosphate
dehydrogenase inhibitor, and rapamycin, the eponymous inhibitor of the mammalian target
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of rapamycin (mTOR), expand iTreg in vitro and in vivo (30–32). In humans, rapamycin
(sirolimus) given following treatment with a lympho-depleting anti-CD52 mAb favors Treg
expansion (33).

Sphingosphine 1-phosphate receptor 1 (S1P1) engagement by sphingosphine 1-phosphate
inhibits the generation and function of both iTreg and nTreg, and inhibiting S1P1 with
FTY720 results in both iTreg and nTreg generation (34). S1P1 engagement results in
deficient Smad3 activation following TGFβ signaling, disrupting signals integral for Treg
development (35). Interestingly, both FTY720 and rapamycin target the mTOR pathway
(34), further illustrating the importance of mTOR inhibition in Treg generation.

Conversely, calcineurin inhibitors may prevent Treg induction (36). Cyclosporine A inhibits
Treg function and proliferation (37), likely by inhibiting IL-2 production (38). This
inhibition of Treg function and proliferation allows for effector T cell proliferation (38) and
prevention of peripheral repopulation of Treg following anti-CD52 mAb treatment (33).
FK506 (tacrolimus) also inhibits the transmission of TCR signaling, thus inhibiting IL-2
production. Reports regarding the impact of FK506 on Treg induction vary; it has been
reported to inhibit, not affect, or favor Treg induction, likely in a dose-dependent fashion
(39–41). Thus, post-transplantation immunosuppressive regimens should be chosen with
care in order to promote the generation and function of protective Treg and suppress anti-
graft immune responses.

Adhesion, migration and trafficking of Treg
Much progress has been made in understanding conventional T cell (Tconv) recirculation
and trafficking and the molecules that mediate these processes. T cell trafficking to LN and
peripheral tissues occurs predominantly from blood, and is a highly regulated, multi-step
process involving a number of different classes of adhesive and inflammation-sensing
molecules. Briefly, the steps can be divided into rolling, mediated primarily by selectins and
their ligands (42); arrest and firm adhesion, mediated by integrins and chemokine receptors
(43); and diapedesis into the target tissue. Chemokine receptors are important both in
activating firm adhesion via modulation of integrin conformation and affinity, and in
chemotaxis in tissue parenchyma after diapedesis (44). Different selectins, integrins, and
chemokine receptors are involved in homing to different tissues.

These general trafficking rules apply to Treg as well as Tconv. However, the question of
where Treg must exert their functions, and therefore to what sites they must migrate in order
to prevent allograft rejection, is as yet incompletely answered. Tregs have been found in
kidney (45), cardiac (46), and skin grafts (47), and there is evidence that Treg must be able
to home to grafts in order to protect against graft rejection (48–50). Concordantly, subsets of
Tregs that appear to be antigen experienced can express multiple molecules implicated in
trafficking into and retention within inflamed target tissues, including but not limited to E
and P selectin ligands, LFA-1, CD103 and other integrins, and the chemokine receptors
CCR2, CCR6, and CXCR3 (51). Other work has found that CCR4 is involved in Treg
recruitment to cardiac allografts (46), and CCL5 has been implicated in attracting Treg to
kidney allografts (52). Studies in humans demonstrate that Treg are present in heart and skin
allografts and they specifically control immune responses to donor alloantigens (53, 54).
Recent studies have suggested that Treg use helper T cell (Th) cell transcription factors
(TFs) to suppress specific Th subsets (55–60). These TFs are important for expression of
suppressive molecules as well as molecules that enable Treg to migrate to sites of
inflammation for interaction with and suppression of Teff functions.

There is also evidence from mice that Treg must home to LN in order for tolerance to be
established (50, 61, 62). In humans the role of LN in the control of allogeneic immune
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responses is unknown as these tissues can only rarely be examined in patients, and usually
only under conditions of significant organ dysfunction. The selectin CD62L and chemokine
receptor CCR7 are the primary molecules involved in recruitment of T cells to LN from the
blood (63, 64). Interestingly, we found that CD62L blockade, and subsequent depletion of T
cells from LN, prevented induction of tolerance and appearance of Treg in a vascularized
cardiac allograft model (61). Treg were not increased in organs other than the LN of tolerant
mice. Likewise, the decrease in Treg after L-selectin blockade was also confined to LN. This
finding indicates that Treg develop in the LN from naïve T cells in the cardiac allograft
model, and also that these are iTreg as opposed to nTreg. Thus, in situations where induction
of iTreg is important in regulating immune responses, the trafficking of the naïve T cells is
integral. However, while this study indicates that LN are the sites of iTreg generation it does
not specify where iTreg need to be to exert their suppressive function; the site of suppressive
function could be the LN, the graft, or both.

Results from our lab in an islet transplant model suggest an explanation for disparities in
where Tregs can be found or must home in order to prevent graft rejection (50). In this
study, we found that nTreg trafficked sequentially to the graft and from there to draining
lymph nodes, and that this process was required for their optimal suppressive function. E
and P selectin ligands were important in Treg homing to the graft, while CCR7, CCR2, and
CCR5 were required for the subsequent migration to draining lymph nodes (50). Thus,
nTreg and iTreg appear to exhibit different patterns of migration, at least in part explained
by differences in where and when they are generated. While iTreg, like Teff, must be
generated in lymph nodes before homing to the graft, nTreg, like memory T cells, are
already present in the periphery and can home directly to inflamed grafts. The different
patterns of migration and sites of activation of these cells may speak to a division of labor
that has yet to be fully elucidated. Importantly, different types of transplants in different
locations may require one, the other, or both types of Treg in order for graft acceptance to be
achieved.

Treg function
Timing

There is evidence that Treg must function at different times relative to transplantation: both
in induction and maintenance of tolerance. Tolerogenic drug regimens given before
transplantation can induce Treg that have important roles in both induction and maintenance
of alloantigenic tolerance in mice. Pretreatment with anti-CD4 mAb plus DST before
transplantation generates donor-specific Treg that prevent skin and cardiac allograft
rejection without furthur immunosuppression (17, 65). Blockade of the CD40-CD154
pathway at the time of transplantation generates donor alloantigen-specific Treg that
suppress CD154-independent, CD8+ T cell mediated allograft rejection (66). These results
indicate a role for Treg in tolerance induction. On the other hand, Treg have been detected in
long-term tolerized islet, skin, and cardiac allograft recipients, suggesting that they also
function to maintain tolerance (30, 46, 49, 54, 67). In one study tolerant mice were treated
with stimulatory anti-OX40, which is known to impair Treg suppressive function (19), 30
days after allogeneic cardiac transplant (68). This resulted in chronic graft rejection, and
implied that functional Treg were required to maintain tolerance.

These studies have not differentiated between induction and maintenance of tolerance by
nTreg, iTreg or both subsets. Donor alloantigen presentation is required prior to
transplantation for tolerance induction to occur, suggesting that preexisting nTreg are
insufficient to mediate tolerance. Therfore, tolerance could require either expansion of nTreg
(69), induction of iTreg, or both prior to transplantation. One or both Treg subsets is also
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required to maintain tolerance. Thus, Treg function throughout tolerance in distinct
induction and maintenance phases.

Mechanism
Treg employ different mechanisms of suppression dependent upon temporal and
microenvironmental pressures, and the dominance of a given mechanism may be biased due
to particular experimental protocols and the assays performed. Treg suppress target T cells
by secreting cytokines such as IL-10 and TGFβ, or via cytotoxic T lymphocyte-associated
antigen-4 (CTLA-4) (17, 70, 71). CTLA-4 can function either in a cell-intrinsic manner by
impairing costimulation of Treg, thus preserving their suppressive capacity (17), or in a cell-
extrinsic manner by mediating trans-endocytosis of CD80 and CD86 (72–74), resulting in
depletion of these costimulatory molecules. In a murine model, blocking IL-10 and CTLA-4
abrogated the suppression of skin allograft rejection by Treg during the induction phase
(17). Blockade of IL-10 and TGFβ abrogates Treg mediated unresponsiveness to alloantigen
during the maintenance phase in skin and cardiac transplant models (67, 75). Spontaneous
renal allograft acceptance involves TGFβ (76). In a rat model, TGFβ expression is increased
in tolerated cardiac allografts, TGFβ neutralization results in graft rejection, and over-
expression leads to prolonged graft survival (77). CD4+CD25+ cells constitutively express
CTLA-4 in mice (71) and humans (78, 79), and Treg can be activated by CTLA-4 ligation
by CD80 or CD86 on DC or monocytes (80–82). CTLA-4 blockade prevents suppression by
alloantigen-specific Treg in islet and skin transplantation and enhances rejection of these
tissues (17, 83).

Mouse Treg also function by rendering APC unable to activate Tconv (84) by inducing
expression of the enzyme indoleamine 2,3-dioxygenase (IDO) in APC (80). CTLA-4 is a
potent activator of IDO in mouse DC, and resting Treg are dependent on CTLA-4
expression for IDO induction. However, Treg activated by anti-CD3 mAb or LPS rely less
on CTLA-4 and instead produce IFNγ, which also induces IDO, suggesting a mechanism
for this shift (80). Additionally, IDO-expressing DC may regulate the cytokine balance to
favor the expansion of nTreg and induce iTreg to prolong skin and cardiac transplant
survival (85). IFNγ-induced IDO in DC may attenuate acute liver rejection in a rat model
(86), possibly by a similar Treg-mediated mechanism.

Recently, several studies have demonstrated that Treg cooperate with mast cells in skin
transplantation (87, 88). Treg and mast cells are increased in tolerated grafts, as are mast
cell-associated genes including mast cell proteases 1 and 5 (Mcpt1 and Mcpt5), tryptophan
hydroxylase (Tph1), and the high-affinity IgE receptor (Fcer1a). Mice with reduced numbers
of mast cells fail to be tolerized, and tolerance was restored when mast cells were
reconstituted. Treg-secreted IL-9 is a potent chemoattractant and activator of mast cells.
Neutralizing IL-9 prevented graft survival, positioning IL-9 as the functional link between
Treg and mast cells to mediate immune suppression. Although the exact mechanism of
suppression is unknown, data suggest that TGFβ or TPH produced by Treg-activated mast
cells could play a role. TPH, a tryptophan-metabolizing enzyme, could create a tryptophan-
deficient environment that limits T cell activation (88, 89).

It is likely that Treg interactions with non-immune cells, such as endothelial cells, also
promote tolerance. During inflammation, Treg suppress endothelial cell activation and
leukocyte recruitment (90). Endothelial cells can enhance the regulatory activity of Treg by
inducing their upregulation of PD-L1, IL-10, and TGFβ (91). Thus, Treg suppress anti-graft
immune responses via a number of mechanisms, including direct suppression of Teff as well
as modulation of APC, and endothelial cell status, however, more research is required to
elucidate the relative contributions by and functional differences between between nTreg
and iTreg in transplantation.
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Therapeutic application of Treg in transplantation—Despite extensive research
over the past two decades, definitive evidence linking Treg and tolerance in human organ
transplant recipients is still lacking. There are reports demonstrating the contribution of Treg
in clinically tolerant recipients in which Treg inhibit the activation of effector cells and
control alloresponses at the graft (53, 92). Liver transplant recipients with operational
tolerance exhibited significantly more circulating Treg than non-tolerant patients and
healthy individuals (93). On the other hand, Foxp3 mRNA in urine or from renal transplant
biopsies is higher in kidney transplant patients with acute rejection (94, 95), however, in
humans FOXP3 can be expressed in recently activated conventional CD4+ T cells (20).
Therefore, non-Treg may account for the increase in FOXP3 during acute rejection.

Regardless, Treg are currently being tested in clinical trials as a potential therapy in cell and
solid organ transplantation (96–98). Recently, Hester et al. demonstrated that low-dose
rapamycin and subtherapeutic Treg numbers suppressed T cell proliferation in arterial
transplantation (99), supporting the concept of using rapamycin as an adjunctive therapy to
improve the efficacy of Treg-based immunosuppressive protocols in clinical practice.
Selective expansion of Treg by injection of IL-2/antibody complexes leads to permanent
acceptance of islet transplants in the absence of immunosuppression in mice (100). These
recent advances in Treg expansion in vivo and vitro may point the way toward future
clinical use of Treg in transplant.

Effects on specific effector arms and mechanisms
Treg exert their regulatory function on various phases of alloresponses in transplantation,
including alloantibody production, antigen presenting, CD8 T cell cytotoxicity, delayed type
hypersensitivity (DTH) and other inflammatory responses (2, 15, 101–104). Treg inhibit
alloantibody production indirectly by suppressing T helper responses in secondary lymphoid
tissues, and directly by suppressing B cell proliferation, immunoglobulin (Ig) production,
and class switch recombination within germinal centers (GC) of lymphoid tissues (104,
105). Treg suppress antigen presentation by APC in mice and humans, thus abrogating their
abilities to activate Tconv cells (84, 106). Treg can also kill target cells through granzyme-or
perforin-dependent mechanisms (107, 108), or by inducing apoptotic pathways (109, 110).
Treg suppress DTH and other inflammatory responses by inhibiting not only the activation
and differentiation of innate and adaptive immune cells, but also the proliferation and
cytokine production of effector cells via direct cell-cell contact-dependent suppression
(101). Additionally, Treg can impair cytotoxic T lymphocyte (CTL) lytic function without
affecting their proliferation or IFNγ production, which does not require prolonged physical
Treg-CTL contact (111). Moreover, Treg can inhibit a wide range of immune responses
through antigen non-specific “bystander suppression” (112), and establish and maintain a
state of dominant and stable immunosuppression through “infectious tolerance”, by which
Treg create a regulatory environment that expands their suppressive abilities and promotes
the outgrowth of a new Treg population with distinct antigen specificities (113, 114).

nTreg vs. iTreg
Both nTreg from mice that are naïve or stimulated by tolerogen, and iTreg induced by
tolerizing protocols can confer donor specific tolerance in transplant models (115–117). In
other models, there is evidence of functional differences between iTreg and nTreg: by
adoptive transfer of nTreg or iTreg into newborn Foxp3-deficient mice, a recent study
showed that only nTreg prevented allergic disease lethality, but did not suppress chronic
inflammation and autoimmunity, demonstrating distinct roles for iTreg and nTreg (118).
However, functional differences in transplant models are less clear. In one study the ratio of
nTreg to effector T cells in tolerized allografts and draining LN was higher than the ratio of
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iTreg to effector T cells at two weeks after transplantation. However, the ratios of nTreg and
iTreg in the spleen, blood and nondraining LN during tolerance maintance were highly
variable, so the relative importance of each subset at different times was not clear (119).
Another study showed that iTreg are more critical than nTreg to suppress autoimmune
diabetes (120), which may be important in islet transplantation. As few studies of transplant
tolerance have distinguished between nTreg and iTreg, and those that have have shown
inconsistent, contradictory, or inconclusive results, more study is needed to dissect the
relative contributions of these Treg subsets to establishment and maintenance of tolerance.

Conclusions
Organ transplantation presents both enticing opportunities and challenges for the use of
Treg-based therapies. In transplantation, unlike infections, there is a significant physical
surgical insult, a persistent source of foreign antigen, and HLA mismatch. These factors may
contribute to the development of detrimental T cell responses. In order to protect the graft
Treg likely need to suppress generation of inflammatory immune responses in the draining
LN as well as suppress inflammation in the transplanted tissue itself. Treg, and their progeny
or other successors, must continue to do this for a long time, and in the presence of various
immunomodulatory compounds that may make this task either easier or more difficult, and
hopefully all without compromising broader immunity.

Despite these substantial hurdles, experimentally we can induce Treg in vivo that mediate
long-term allograft tolerance, or expand them ex vivo and via their transfer into transplanted
hosts, also achieve tolerance. While progress has been made in understanding the basic
biology of Treg in mice, there is much we do not fully comprehend: how or if Treg
selectively traffic to specific organs; the full complement of their suppressive mechanisms;
the relative importance of Treg in induction or maintenance of tolerance; the effects of
immunosuppressants on the induction, migration, and function of Treg; and to what extent
are there distinct roles for nTreg vs. iTreg. Furthermore, we still do not completely
understand the differences between Treg in mice and humans, and differences in
identification of these subsets have confounded translation of our ever-growing
understanding of murine Treg in tolerance to clinical practice. Hence, definitive evidence
linking Treg and tolerance in human organ transplant recipients is still lacking. However,
manipulation of the generation, migration, and function of Treg remains an attractive and
potentially potent strategy to induce donor-specific tolerance while avoiding the pitfalls of
current immunosuppressive protocols.

Acknowledgments
Support: NIH RO1 AI41428, NIH RO1 AI62765, and NIH R56 AI72039 (all to JSB).

Abbreviations

APC antigen presenting cells

iTreg induced regulatory T cells

DST donor specific transfusion

DTH delayed type hypersensitivity

LAG3 lymphocyte activation gene 3

LN lymph node

mTOR mammalian target of rapamycin
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nTreg natural regulatory T cells

pDC plasmacytoid dendritic cells

Tconv Conventional T cells

Teff Effector T cells

Th Helper T cells

TF Transcription factor

TLR Toll-like receptor

Tol-DC tolerogenic dendritic cells

Treg regulatory T cells
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Figure.
In the thymus, naïve T cells (Tn) exposed to IL-2 and TGFβ mature into natural regulatory T
cells (nTreg). Transplanted antigen may be presented by plasmacytoid dendritic cells (pDC)
to generate alloantigen specific nTreg. nTreg can then migrate to the graft or to the lymph
node to suppress potentially graft-reactive T cell activation and inflammation. In the lymph
node, Tn exposed to IL-2, TGFβ, and donor antigen presented by tolerogenic dendritic cells
mature into iTreg. These cells suppress the activation of potentially graft-reactive cells in the
lymph node and graft. Dashed lines denote movement of T cells.
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