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Abstract
Despite the development of successful immunosuppression protocols and tremendous improvement
in short-term graft survival rates, the problem of chronic graft loss remains the bane of clinical
transplantation. The induction and maintenance of transplantation tolerance is the “Holy grail” of
transplantation.

The recent identification and characterization of regulatory T cells (T regs) has opened up exciting
opportunities for tolerance induction, immunotherapy and immunomodulation in transplantation.
This review focuses on current understanding of regulatory T cells and their role in transplantation
tolerance.

Introduction
Groundbreaking advancements in immunology and immunosuppressive drug therapies during
the last four decades have enabled widespread application of solid organ and hematopoietic
stem cell transplantation in the life saving treatment of a spectrum of diseases. Despite the
development of successful immunosuppression protocols and tremendous improvement in
short-term graft survival rates, the problem of chronic graft loss remains the bane of clinical
transplantation (1,2). Further, none of the current immunosuppressive strategies culminate in
true graft tolerance. Most importantly, the toxicity and complication profile of standard
immunosuppressive agents is a significant cause of patient morbidity and mortality (1,2). In
this regard, the induction and maintenance of allograft tolerance is the Holy Grail of
transplantation. Over the past few decades, short-term allograft outcomes have remarkably
improved under conventional immunosuppression. Thus, it could be argued that combining
novel immunomodulatory protocols with short courses of immunosuppressive drugs that foster
or facilitate tolerance is indeed justifiable.

The recent identification and characterization of regulatory T cells (T regs) has opened up
exciting opportunities for tolerance induction, immunotherapy and immunomodulation in
transplantation (3). T regs possess great potential in the induction or promotion of tolerance
while alleviating the need for immunosuppression and associated adverse effects (4). The
discovery of T regs has also led to new insights into their role in solid organ and tissue transplant
rejection and into mechanisms of tolerance breakdown in human diseases, including those
resulting from allergic, autoimmune, or infectious causes (5). Thus, to the extent that active
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immunologic mechanisms are required to induce transplantation tolerance, vigorous evaluation
of the impact of conventional immunosuppressive drugs on T reg cell activation, proliferation
and function is critical to develop new approaches and new paradigms for transplantation
tolerance. Identifying and establishing a homeostatic balance between alloreactive T effectors
(targeted through drug therapy) and T regs (mediating immunoregulation) could be the
cornerstone to promote, induce or maintain tolerogenic mechanisms after transplantation.

Tolerance in Transplantation
Tolerance is a state where the immune system does not mount a pathologic response to specific
antigens (eg graft antigens) while fully maintaining responses towards third party antigens (eg
bacterial, viral or other nominal antigens) in the absence of extraneous ongoing
immunosuppression. T cells, among other cell types, play an essential role in induction and
maintenance of immune tolerance. In general, CD4+T cells recognize peptide antigens
presented by class II, and CD8+ T cells recognize peptide antigens presented by class I MHC
molecules. Both T cell subsets collaborate in mediating immune responses.

Tolerance to self-antigens is not solely the result of total and permanent deletion of autoreactive
T cells in the thymus. Indeed, in many circumstances immunoregulatory mechanisms
participate in the maintenance of tolerance. In the case of transplantation across MHC barriers,
T cells encounter allo-antigens bound to both self-MHC (indirect allo-recognition) and allo-
MHC molecules (direct allo-recognition). As a consequence, T-cell response to MHC-
mismatched allografts recruits a remarkably large number of T-cell clones (6). The magnitude
of the number of T cells clones participating in the allograft response is exponentially larger
than the T cell response mounted against nominal- or auto-Ags. In consideration of the
remarkably large frequency of alloreactive T-cells, it seems intuitively correct that deletional
mechanisms may play a key role in the induction phase of transplantation tolerance to MHC-
mismatched allografts. Although the precise mechanisms involved in the establishment and
maintenance of allograft tolerance are still not fully understood, some mechanisms that have
been implicated include ignorance, anergy, deletion, suppression and regulation (3).
Transplantation tolerance is an active, highly regulated, multistep process.

High avidity or repeated TCR stimulation, however, can lead to T cell depletion through
apoptosis both in the thymus and the periphery, referred to as central and peripheral deletion,
respectively. Recent studies have shown that inhibition of T cell depletion leads to graft
rejection, whereas strategies that promote T cell depletion may result in graft versus host
disease (GVHD) (7).

T cell tolerance also includes non-deletional mechanisms. T cell competence requires a primary
signal through the TCR plus a secondary signal through one or more co-stimulatory signals.
If T cells encounter antigen stimulation alone, they will become functionally inactive. This
mechanism is referred to as anergy. Many molecules, including CD28, inducible T cell co-
stimulator (ICOS), CD40L and others can provide co-stimulation to T cells, and signals derived
from those molecules are at least not completely redundant. Cumulative evidence indicates
that these co-stimulatory signals are critical in promoting graft rejection or GVHD, as blockade
of one or more of these co-stimulatory signals prevents or significantly delays these deleterious
processes (8).

Over the past decade, T cell populations with regulatory functions have been linked to the
prevention of autoimmunity. T regs act in a dominant, trans-acting way to actively suppress
immune activation, thereby functioning as critical mediators of self-tolerance. Further studies
indicate that these T regs are also competent to suppress immune response to alloantigens,
which opens up opportunities for new therapies in transplantation
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Regulatory T Cells
Regulatory T (Treg) cells are subsets of T cells involved in the maintenance of peripheral self-
tolerance by actively suppressing the activation and expansion of autoreactive T cells.
Accumulating evidence indicates that more than one population of regulatory T-cells is
engaged in the maintenance of peripheral tolerance (9,10). These different regulatory
populations function in different ways and some are naturally produced and other are locally
induced as a result of immune responses (9). Several types of Treg cells have been
characterized. The most prominent types are natural and inducible CD4+CD25+ Treg cells
(11).

Natural CD4+CD25+ Treg cells
Compelling evidence indicates a key role for Treg cells in the maintenance of self-tolerance.
These cells mediate dominant suppression of autoreactive T cells normally present in the
periphery, as well as downregulating immune responses to foreign antigens (12). Among the
several subpopulations of Treg cells identified to date, the naturally arising CD4+CD25+ Treg
cells have emerged as being particularly critical for the maintenance of immunologic tolerance
(13). CD4+CD25+ Treg cells arise in the thymus, represent 5% to 10% of CD4+ T cells in the
periphery, and constitutively express the IL-2 receptor (IL-2R) □ chain (CD25), cytotoxic T
lymphocyte-associated antigen 4 (CTLA-4), and glucocorticoid-induced TNF receptor family-
related gene (GITR). As detailed in this review, CD4+CD25+ Treg cells also express a
transcriptional regulator, Foxp3, that acts as a master switch gene for their development and
function. Consistent with their function in maintaining self-tolerance, depletion of CD4+CD25
+ Treg cells precipitates autoimmunity against multiple tissues. CD4+CD25+ Treg cells are
anergic and do not produce IL-2. When stimulated they suppress the proliferation and cytokine
production of conventional CD4+CD25− T cells, as well as that of CD8+ T cells and established
Thl and Th2 cells. CD4+CD25+ Treg cells produce TGF-βand IL-10, 2 cytokines endowed
with immunosuppressive functions that play critical functions in Treg cell biology. Suppression
by CD4+CD25+ Treg cells can proceed by means of several mechanisms that might be
differentially used depending on the microenvironment and the immunopathology being
suppressed. In vitro, the immunosuppressive mechanism used by CD4+CD25+ Treg cells
appears to be cell contact and CTLA-4 dependent but might proceed independently of IL-10
and TGF-  In vitro-activated CD4+CD25+ Treg cells express granzyme A and display
perforin-dependent cytotoxicity against autologous target cells, suggesting a function for direct
killing (14). In contrast, suppression in several in vivo systems could be demonstrated not only
to be CTLA-4 dependent but also IL-10 dependent, TGF-β dependent, or both (15,16). TGF-
β might act by directly engaging TGF-β receptor type II on target effector cells and might also
be important for peripheral homeostasis of CD4+CD25+ Treg cells, indicating a pleiotropic
function of this cytokine in supporting immunosuppression by Treg cells.

CD4+CD25+ Treg Cell Development in the Thymus and Periphery
Natural CD4+CD25+ Treg cells develop in the thymus (17). Neonatal thymectomy is
associated with the development of autoimmunity secondary to CD4+CD25+ Treg cell
deficiency (11). Mechanisms regulating CD4+CD25+ Treg cell development in the thymus
remain unclear. One set of studies support a mechanism whereby CD4+CD25+ Treg cell
development involves high-affinity interaction of their T-cell receptor (TCR) with peptide/
MHC ligands (18), especially those presented by thymic epithelial cells, at levels of avidity
approaching those associated with clonal deletion. An alternative model suggests that the
development of CD4+CD25+ Treg cells is induced by mechanisms other than recognition of
self-agonist peptides but that CD4+CD25+ Treg cells are more resistant to agonist-induced
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clonal deletion, leading to the selective survival of CD4+CD25+ Treg cells at high-avidity
TCR peptide-MHC Interactions (18).

In the periphery the majority of natural Treg cells constitutively express high levels of CD25
(CD25high), but a significant minority express low levels of CD25 (CD25low). Both populations
are immunosuppressive, and both express the transcription factor foxp3. It is thought that the
CD25low population represents a population of natural Treg cells undergoing homeostatic
proliferation, tissue Infiltration, or both. The maintenance of CD4+CD25+ Treg cells in the
periphery is critically dependent on the action of two cytokines, IL-2 and TGF-β (19). Although
CD4+CD25+ Treg cells do not produce IL-2, they are dependent on this cytokine for
development in the thymus and for homeostasis and activation of suppressor function in the
periphery (see discussion later in this review). In studies on TGF-β deficient mice, TGF-β was
found to be necessary to maintain foxp3 expression, regulatory function, and pool size of
peripheral CD4+CD25+ Treg cells but was not required for development of CD4+CD25+ Treg
cells in the thymus (20).

Natural versus Adaptive (or Inducible) CD4+CD25+ Treg Cells
Several groups including our own have demonstrated an inability to obtain allograft tolerance
in mice depleted of CD4+CD25+ natural Tregs prior to transplantation, indicating thymus-
derived Tregs play important roles in tolerance induction in these models. Other studies also
suggested the existence of alloantigen-specific Tregs induced in the periphery. The natural and
induced Tregs might be interrelated by an “infectious” tolerance mode first proposed by Dr.
Herman Waldmann in 1993, where CD4+ T cells from tolerant mice disable naïve
lymphocytes, which then become tolerant and, in turn, develop the capacity to antigen-
specifically disable other naïve CD4+ cohorts (21). Recent studies showed that CD4+CD25+
Treg cells could be derived in vitro through treatment of peripheral CD4+CD25− T cells with
anti-TCR and anti-CD28 antibodies in the presence of TGF-β. These so-called adaptive CD4
+CD25+ Treg cells express foxp3 and exhibit attributes typical of the natural CD4+CD25+
Treg cells, such as suppression of in vitro-induced antigen and mitogen-driven T-cell
proliferation and down regulation of allergic lung inflammation induced by ovalbumin in
transgenic mice expressing an ovalbumin peptide-specific TCR (22). Whereas the induction
of murine adaptive CD4+CD25+ Treg cells in vitro by cross-linking of the TCR and CD28
stimulation is absolutely dependent on TGF-β, it has been reported that human adaptive CD4
+C25+ Treg cells can be induced in vitro in the absence of TGF-β, but this observation was
not reproduced in independent studies.

The relationship between natural and adaptive CD4+CD25+ Treg cell populations is of
significant interest. Do adaptive Treg cells derive from committed natural (thymically educated
and committed). Treg cells that cycle between CD4+CD25+ and CD4+CD25− states in the
periphery, or could they be derived de novo in an antigen-specific manner from non-Treg,
naive T-cell population? At least two different in vivo experimental approaches indicate that
adaptive Treg cells could be derived de novo from naive CD4− T cells in the periphery. Using
thymectomized TCR-transgenic mice on a RAG knockout background, Apostolou and Von
Boehmer demonstrated that CD4+CD25+ foxp3+ Treg cells could be derived de novo from
peripheral CD4+ naive T cells through continuous infusion of a submitogenic concentration
of an agonistic peptide. The second approach used RAG-deficient mice repopulated with
monoclonal T- and B-cell populations that are otherwise devoid of natural CD4+CD25+ Treg
cells (23). Whereas intraperitoneal immunization of these mice is associated with the induction
of hyper-lgE and lung inflammation, oral antigen administration is associated with tolerance
induction mediated by oral antigen-induced CD4+CD25+ Foxp3+ Treg cells. These results
from both intro and in vivo experimental systems reveal a surprising plasticity of the CD4
+CD25− populations to develop de novo into CD4+CD25+ Treg cells, with obvious

Gorantla et al. Page 4

Transplant Rev (Orlando). Author manuscript; available in PMC 2011 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



implications for the treatment of human diseases with ex vivo-derived Treg populations or with
immunotherapy, as is already used in allergic diseases.

Foxp3, a Master Switch Gene for CD4+CD25+ Treg Cells
The identification of the forkhead-type factor Foxp3 as a master switch gene for CD4+CD25
+ Treg cells has provided a pivotal breakthrough in our understanding of CD4+CD25+ Treg
cell development and function (24,25). Foxp3 was originally identified as the gene product
affected in a lethal X-linked recessive lymphoproliferative disease in mice and human subjects
(26,27). Loss-of-function mutations in the gene encoding Foxp3 underlie the
lymphoproliferative disease of the scurfy mouse. Male mice with Foxp3 deficiency die at about
the third week of age because of unrelenting infiltrative lymphoproliferative disease that
involves several organs. Foxp3-deficient mice also experience allergic dysregulation with
striking hyper-lgE levels and eosinophilia in the absence of overt Th2 skewing (26). The
striking hyper-lgE level is a distinguishing feature of CD4+CD25+ Treg cell deficiency in that
it is shared by other mouse models lacking in CD4+CD25+ Treg cells. Importantly, the scurfy
phenotype can be reproduced by targeted mutagenesis of Foxp3 and is rescued by a Foxp3
transgenic, which is consistent with the causative role for Foxp3 in disease pathogenesis.

FOXP3 is considered the most specific marker for Tregs and is crucial for suppressive activity
of these cells (28). However, some non-regulatory T cells also transiently up regulate FOXP3
when activated. Methylation profiling of the FOXP3 promoter through bisulphite sequencing,
or chromatin immunoprecipitation could be one method to evaluate stability of FOXP3
expression as well as suppressor ability (29). In one study (Janson PC, 2008), human CD4
+CD25 (hi) T regs displayed a demethylated FOXP3 promoter while CD4+CD25 (lo) T cells
were partially methylated. When activated, these CD4+CD25 (lo) T cells showed transient
FOXP3 expression but did not change their methylation pattern (30). This suggests that FOXP3
methylation is a good marker of FOXP3 stability and suppressor characteristics but also of the
commitment of T regs in cultures.

FOXP3 mutations also underlie a homologous autoimmune lymphoproliferative disorder in
human subjects, termed immune deregulation polyendocrinopathy enteropathy-X-linked
(IPEX) syndrome and X-linked autoimmunity-allergic disregulation syndrome (XlAAD)
(31). Male subjects with this syndrome present with neonatal autoimmune type 1 diabetes with
islet cell destruction by infiltrating T cells. A more general predilection to autoimmunity is
manifest, including polyendocrinopathy, autoimmune hemolytic anemia, and autoimmune
enteropathy Another prominent feature of IPEX/XlAAO is severe allergic inflammation with
eczema and food allergy. The IgE levels can be extremely increased and accompanied by
intense peripheral eosinophilia and (unlike the case of the mouse models discussed below)
evidence of overt Th2 skewing. The latter might reflect the evolution of the disease under the
influence of ongoing immunosuppressive therapy. Many patients have persistent secretory
diarrhea, which might be contributed to by both food allergy-induced eosinophilic
gastroenteropathy and autoimmune inflammatory bowel disease-like enteropathy. Despite
aggressive therapy, the outcome of IPEX/XlAAO is poor, with most patients dying in
childhood. Bone marrow transplantation has been attempted in some patients and is potentially
curative. In both mice and human subjects, female carriers are asymptomatic, which is
consistent with X-linked recessive inheritance. A more general question relates to the temporal
requirement for Foxp3 expression to maintain natural CD4+CD25+ Treg cell phenotype in the
periphery. Transgenic expression of Foxp3 in the thymus fails to rescue the lethal phenotype
of Foxp3-deficient mice, which is consistent with a requirement for Foxp3 expression in the
periphery.
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Emerging evidence associates decreased Foxp3 expression in Treg cells with various immune
disorders. Utilizing a mouse model in which endogenous Foxp3 gene expression is attenuated
in Treg cells, Y Y Wan, et. al. showed that the decreased Foxp3 expression causes immune
disease by subverting the suppressive function of Treg cells and converting Treg cells into
effector cells; these findings are important for understanding the regulation of Treg cell
function and the etiology of various human immune diseases (32).

CD4+CD25+ Treg Cells versus other Treg Populations
Several studies confirm the existence of multiple regulatory T cell populations with differential
functions and produced naturally or upon immune induction. (9). Further characterization of
the function and development of these cells will contribute to our understanding of the intrinsic
and extrinsic mechanisms during an acquired process that maintain the peripheral tolerance.

1. IL-10 T reg Cells (Tr1) and Th3 Cells
The IL-10-secreting regulato ry T cells (IL-l0 Treg cells) encompass a heterogeneous group
of Treg cells that are induced in the periphery in response to antigenic stimulation and are
characterized by the secretion of large amounts of IL-10 (33). A subgroup of IL-10 Treg cells
are the Treg type 1 cells or Tr1 cells (34). These cells were originally identified in patients with
severe combined immunodeficiency who have successfully undergone HLA-mismatched bone
marrow transplantation. Tr1 cells secrete IL-10, IL-5, and IFNγ but little IL-2 and exert their
suppressive function through an IL-10-dependent mechanism. Tr1 cells might play critical role
in limiting pathologies associated with a high antigenic load, such as infections and severe
inflammation. Other IL-10 Treg cells can be induced in vitro by antigenic or mitogenic
stimulation in the presence of corticosteroids and vitamin D3 and secrete IL-10 but not other
Thl or Th2 cytokines. These, too, are effective in suppressing experimental models of
autoimmune disease, such as experimental allergic encephalomyelitis. Yet another Treg
population, Th3, has been described that is preferentially generated after oral antigen
administration and that secretes large amounts of TGF-β.

Currently, the relationship between the different Treg populations, including natural and
adaptive CD4+CD25+ Treg cells, IL-10-secreting Treg cells, and TGF-β-secreting Th3 cells,
remains unclear. Unlike CD4+CD25+ Treg cells, IL-10-secreting Treg cells derived in vitro
in the presence of dexamethasone and vitamin D3 express little or no foxp3. Nevertheless, it
should be noted that corticosteroids have been described to induce foxp3, and there has yet to
be a formal demonstration that IL-10-secreting Treg cells can be derived from lymphocytes of
foxp3-deficient animals. It has been suggested that the IL-10- secreting Treg cells and CD4
+CD25+ Treg cells represent two separate and specialized populations, the first endowed with
an anti-inflammatory capacity and infiltrates injured tissues to control inflammation and tissue
destruction through the release of IL-10 and TGF-β, whereas the latter has a central homeostatic
function to regulate T-cell proliferation through direct cell-cell contact mechanisms (35). There
have been very few studies that have compared these different populations head to head in the
same disease models, and the results seem to indicate significant redundancy. The availability
of mice whose Foxp3 expression is coupled with reporter fluorescent proteins and the
application of genomic profiling approaches to the study of Treg cells offers to clarify the
relationship between the different Treg populations.

In addition to its expression in CD4+ T cells, foxp3 is also expressed in a small population of
CD8+ T cells. Foxp3+ CD8+ Treg cells have been described in both human subjects and rodents
and appear to share many of the phenotypic features with their CD4+CD25+ counterparts,
including constitutive expression of CD2S, CTLA-4, and TGF-β. They have been implicated
in the maintenance of transplant tolerance in rodent models of allograft rejection.
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2. CD4−CD8− (double-negative, DN) T-cells
In the peripheral lymphoid tissues of normal mice and humans, 1–5% of __TCR+ T-cells are
CD4−CD8− (double-negative, DN) T-cells (36),(37). The DN T-cells have been shown to
possess the capacity to regulate auto- and alloimmune responses and induce immune tolerance
(38–41). The heterogeneity of DN T-cells in the expression of surface markers suggests that
several maturation/differentiation pathways may exist. In murine models several studies have
demonstrated that DN TCR+ T-cells can be derived directly from CD8+ T-cells (42–45). Other
studies suggest that DN __ TCR+ NKT cells arise extrathymically from bone marrow (46).
More recently, Ford et al reported that DN T regulatory cells can develop outside the thymus,
but not from mature CD8+ T-cell precursors (47). Moreover, recent study by Karin Fischer,
et al, reported the isolation and characterization of human antigen-specific __ TCR+CD4−CD8
− DN regulatory T cells, the human counterpart of the DN T reg cells that have been studied
in mice (48). They were able to isolate the DN T reg cells from PBMCs of adult healthy
volunteers in sizable quantities (about 1% of total CD3 T cells). Furthermore, the data of
quantitative T cell receptor excision circles analysis indicate that the DN T reg cells are not
recent thymic emigrants and in 3 of 7 healthy donors even had a longer proliferative history
than either CD4 or CD8 T cells (48).

In our recent study, we uncovered a new differentiation pathway of DN regulatory T cells. Our
evidence shows that a subset of proliferating CD4+ T-cells converted to DN regulatory cells
after 4–5 rounds of either antigen triggered or homeostatic proliferation in vitro and in vivo
(49). The CD4+ T cell converted DN regulatory T cells are very potent in inhibiting allo and
autoimmune responses in a antigen specific manner; and perforin plays a role in DN T cells
mediated cell killing and suppression. This pathway represents a new intrinsic homeostatic
mechanism that regulates the magnitude of immune responses to alloantigen both in vitro and
in vivo and will permit the development of novel, cell-based, therapeutic approaches for the
prevention of allograft rejection and for the treatment of autoimmune diseases.

Indoleamine 2,3-dioxygenase (IDO) and Tregs
Indoleamine 2,3-dioxygenase (IDO) is the rate-limiting enzyme in the degradation of the
essential amino acid tryptophan via the kynurenine pathway. IDO is widely distributed in
mammals and is induced in various cell types, predominantly by the Th1-type cytokine
interferon-γ (IFN-γ) (50). For many years, IDO has been known as an innate defence
mechanism limiting growth of viruses, bacteria, or malignant cells by withdrawing tryptophan
from the local microenvironment (51,52). In more recent studies, it has been proposed that
activation of IDO is also critically involved in regulating immune responses (53), establishing
immune tolerance in pregnant mice upon their fetuses (54), or inducing T-cell
unresponsiveness (55). Proliferation of alloreactive T-cells is thereby arrested within the G1
phase via local tryptophan deprivation and the accumulation of pro-apoptotic catabolites such
as kynurenine and quinolinic acid (56). In addition, IDO has been found to serve as a potent
downstream suppressor mechanism used by T-regulatory cells (Treg) (57).

Treg are known to have a high constitutive expression of the cytotoxic T-lymphocyte antigen-4
(CTLA4), and several studies have indicated that CTLA4 activity is essential for Treg to
mediate their immunomodulatory and pro-tolerogenic function (58).

Recently a report by Fallarino et al. provided evidence that CD4+CD25+ Treg can condition
DCs to release IFN-γ and to induce IDO through a CTLA4-dependent mechanism hence
facilitating immunosuppressive properties (57). The authors propose a distinct pathway by
which CTLA4-expressing Treg might affect the properties of IDO+ DCs through B7 signalling.
Also, a cloned CD4+CD25+ T-cell line, expressing surface CTLA4, induced IDO expression
within B220+ and CD8α+ DCs. Regulatory functions of these T-cells were found to be strictly
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dependent on their ability to induce IDO expression within DCs (59). Taken together these
studies provide a novel emerging concept for the immune privilege induced by Treg in a way
that Treg and IDO+ regulatory or tolerogenic DCs might vitally interact to form an
immunomodulatory network, capable of suppressing local T-cell responses and promoting
systemic tolerance.

Regulatory T Cells in Solid Organ and Composite Tissue Allotransplantation
In contrast to the transplantation of haematopoietic stem cells, where mutual tolerance between
recipient and graft usually ensues after a short period of time, lifelong immunosuppression is
usually necessary in solid organ transplantation to allow survival of the transplanted organ.
Despite treatment with immunosuppressive drugs, chronic graft failure still represents a major
problem. Creating a state of mixed haematopoietic chimaerism has been shown to be able to
induce deletional tolerance for organ grafts (60,61). However, this approach is limited in its
feasibility for obvious reasons.

Recently, there is an emerging consensus that immunoregulation plays a critical role in
dominant tolerance in organ transplantation (62). Multiple reports have established that
activation of CD4+CD25+ Tregs constitutes an essential element of the immunoregulatory
pathways that create peripheral allograft tolerance (63). In the absence of Tregs, grafts are
rejected in situations where they would otherwise be tolerated. Recently emerged importance
of regulatory T cell (Treg cell) in allograft tolerance has lead to the concept that the balance
between allo-aggressive cytopathic T cell population and allospecific Treg cell population is
crucial to prevent allogeneic graft rejection and go on to graft tolerance (64–68). Enhanced
allospecific Treg cell function has been reported to be necessary to maintain the allograft
tolerance in several successful experimental tolerogenic regimens, and the tools to effectively
inducing or expanding allospecific Treg cell are under extensive exploration. One of the most
actively investigated tolerance induction regimen regarding regulatory T cell is donor specific
transfusion (DST) and anti-CD154 monoclonal antibody treatment. Along with depletion or
anergy induction of alloreactive T cells, eliciting Treg cell function has been reported (68–
70). The observation of graft loss after deleting the Treg cells in animals induced tolerance
with this regimen (70) and prolonged skin graft survival in T cell-deficient mice reconstituted
with naïve effector T cells (Teff cells) along with Treg cells treated with DST and anti-CD154
(CD40L) one month before, but not with treated Teff cells (71), suggest that enhancing
regulatory T cell function would be the main mechanism of tolerance induction in this regimen.

The clinical importance of Tregs was shown by Yoshizawa et al who demonstrated potent CD4
+CD25+ Tregs in liver transplant recipients who could be weaned off immunosuppression
(72). Other reports have also associated long-term survival of human allografts with the
presence of Tregs in the peripheral blood. Bringing these findings closer to a clinically
applicable immunotherapy with Tregs, Karim et al observed that bystander regulation leading
to cardiac allograft acceptance can be achieved by Tregs that have been induced by exposure
to an irrelevant protein antigen (73). In CTA, a study examining skin biopsies six years after
clinical hand transplantation reported the presence of intragraft T regs (manifesting as a
lymphocytic infiltrate) with positive FOXP3 mRNA expression (74). Moreover, suppressive
cytokine profile was detected in the transplanted skin without evidence of perforin mRNA
expression supporting a putative role of FOXP3+ T regs in long-term graft survival or tolerance.
The cytokine mRNA profile demonstrated increased levels of TGF beta and IL-10 mRNA
expression in fresh biopsies, with no or very low levels of TNF alpha, or IFN gamma. Taken
together these studies not only indicate a pivotal role for Tregs in solid organ transplantation
and CTA tolerance, but also pave the way for future clinical studies in this area.
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As lymphocytes capable of prolonging graft survival upon adoptive transfer into naïve graft
recipients have been detected in rejecting hosts, suggests that activation of T reg cells is an
integral component of the allograft response. More recent studies demonstrated in a primate
kidney transplant model that the degree of FOXP3 expression showed significant positive
correlation with the Banff grade of rejection as well as with surrogate markers like creatinine
levels (74). Similar findings were observed in clinical cardiac transplant patients where FOXP3
mRNA expression levels correlated with the histologic grade of rejection in endomyocardial
biopsies (75). These observations suggest that FOXP3+ T cells do not prevent acute rejection,
but rather are a response to anti-donor effector T-cell activity. Most studies in hand transplant
patients assumed that the presence of Foxp3+Tregs in rejected tissues is a physiological
reaction to an inflammatory response and to downregulate the effector T cells. An elegant study
by Muthukumar reported the FOXP3 mRNA levels of urine samples of renal transplantation
patients were inversely correlated with serum creatinine levels measured at the time of biopsy
in the acute-rejection group but not in the group with chronic allograft nephropathy or the group
with normal biopsy results. Moreover, the measurement of FOXP3 mRNA in urine also predict
the outcome of acute rejection of renal transplants.(76) These results indicated that activation
of T reg cells is an integral component of the allograft response. In the absence of effective
therapy, however, the more rapid expansion of alloagressive T-cells overcomes the protective
effects of Treg cells. We hypothesize that the allograft outcome, rejection or tolerance, often
depends on the balance between cytopathic and regulatory T cells. (64–66,68,77) Due to the
large numbers of alloreactive T cells responding against allogeneic MHC molecules (6,78) the
induction of peripheral tolerance requires trimming of the pool size of alloreactive T cells in
order to allow regulatory T cells to exert their suppressive effects. (68,79).

Although both deletion and regulation play important roles in allograft tolerance, the
quantitative details for each mechanism differs from model to model. As in both allograft
tolerance models in which allograft tolerance is induced by either DST plus MR1 or combined
RPM plus lytic IL-2/Fc and mutIL-15/Fc, the deletion of CD4+CD25+ Treg cells results in
acute allograft rejection, indicating that regulatory network is critical for the allograft tolerance
induction in these models. In contrast, the deletion of CD4+CD25+ Treg cells does not interfere
the establishment of stable chimera and skin allograft tolerance in the recipients treated with
BMT, RPM and costimulation blockade, suggesting that regulatory network (at least CD4
+CD25+ dependent immunoregulation) is not required for the tolerance induction in this
model. On the other hand, while the CD4+CD25+ Tregs from DST plus MR1 treated hosts
demonstrate more powerful alloantigen specific suppressive function per cell to cell basis than
that obtained from naïve mice, the capacity of CD4+CD25− effector T cells to trigger skin
allograft rejection per cell to cell bases is identical to that from naïve mice, suggesting that the
deletion is not nearly complete in this model. In a mixed chimerism and skin allograft tolerance
model induced by BMT, RPM and costimulation blockade, although we can clearly
demonstrate the present of regulatory network, the adoptive transfer of CD4+CD25− T cells
from tolerance mice into syngeneic Rag−/− mice does not trigger skin allograft rejection,
suggesting the deletion of alloaggressive T cells is more profound in this model.

In accordance to the pool size model of allograft tolerance, the allograft outcome, rejection or
tolerance, often depends on the balance between cytopathic and regulatory T cells. Although
both deletion and regulation play important roles in allograft tolerance, our recent studies
showed that the quantitative details for each mechanism differs from model to model.
Therefore, we hypothesize that there is a delicate balance between deletion and regulation in
allograft tolerance. As in a model of allograft tolerance in which the deletional mechanism play
a dominant role, e.g. tolerance produced via creation of mixed chimeras, the regulatory
mechanisms, albeit sometimes present, are far less important. While in a model in which the
regulation mechanism plays critical role, e.g. DST plus MR1 induced allograft tolerance,
deletional mechanisms lowers the threshold for effective T reg action (Figure 4).
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Therefore, the development of clinical monitoring assays to quantitatively determine the
balance of alloagressive versus regulatory immune responses will provide meaningful
information to adjust the treatment in transplant recipients.

Effect of Immunosuppressive Drugs on T regs
Newer drugs such as cyclosporine (CsA), tacrolimus, mycophenolate mofetil (MMF), and
rapamycin (RPM) are very effective in preventing allograft rejection and are major contributors
to improved short-term outcome. In general, these agents are preventing all types of immune
responses, both destructive ones and potentially protective ones. However, since the
remarkable improvement of short-term allograft outcome by administering conventional
immunosuppressive drugs, it would be ethically required in the clinical setting of organ
transplantation to combine new tolerant protocol with short course of immunosuppressive
drugs. Therefore, vigorous evaluation of the impact of conventional immunosuppressive drugs
on Tregs activation, proliferation and function is critical to develop new approaches and new
paradigms for transplantation tolerance.

Calcineurin inhibitors, such as cyclasporin A and (tacrolimus, inhibit immune responses and
prevent rejection by blocking the transcription of the gene, encoding for IL-2. Since IL-2 was
found to be necessary for long-term allograft survival as well as for the survival and function
of Tregs, there is a valid concern about the potential negative impact of calcineurin inhibitors
on Tregs. In fact, recent studies have shown that cyciosporin A may inhibit the development
of Tregs and may also interfere with the suppressive activity of Tregs. While we do not prefer
calcineurin inhibitor based protocols as the best means to gain peripheral type transplant
tolerance, our recent study does suggest a interim means by which calcineurin inhibitors may
be used in conjunction with IL-2/Fc in attempt to create tolerance (80).

The key for the success of this protocol in rodents may lie in the fact that CsA was given in a
14-day short-term course, not as a maintenance therapy. During this 2-week period, the CsA
plus IL-2/Fc regimen allows exaggerated activation-induced cell death (AICD) of effector T
cells and enhances allospecific immunoregulatory function of Tregs that are pre-requisite for
tolerance induction. After the short course of CsA and IL-2/Fc treatment in the tolerance
induction phase, secession of CsA treatment would permit the “infectious” tolerance to take
place and recruit new army of induced Tregs to achieve dominant tolerance (80). Our work
may enlarge the pool of rational therapeutic regimens at hand in the attempts of the transplant
community to achieve tolerance. Interestingly, rapamycin selectively facilitates expansion of
Tregs and preserves the suppressive activity of human Tregs in vitro, as does its derivative
everolimus. Mycophenolate mofetil is another immunosuppressive drug commonly used in
clinical transplantation. In an experimental study in mice, this drug has been shown to promote
an increase in the frequency of Tregs and to induce transplantation tolerance when combined
with l □2 dihydroxyvitamin D3.

Monoclonal antibodies specific for CD3 have been used as therapeutic agents in autoimmune
diseases, GVHD and organ transplantation. The frequency of Tregs was actually increased
correlating with the protection from diabetes in clinical studies or in experimental autoimmune
encephalomyelitis after anti-CD3 treatment. Costimulation through CD28, ICOS, CTLA-4,
CD40L and others plays a critical role in T cell Immunity and tolerance, and manipulation of
one or more of those signals has a great potential to be used as a therapeutic approach in
transplantation. As discussed earlier, these costimulatory molecules also have a profound effect
on the development, survival and/or function of Tregs, and, thus, the complex of these
molecules on effector T cells and Tregs is still elusive and remains to be further investigated.
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Promise and Pitfalls for Use of T regs in Transplantation
Despite the abundance of evidence that Treg can be used therapeutically in models of
autoimmunity, BMT and solid organ transplantation, it has been difficult to show that Treg
can be used to induce tolerance. Notably, there has been no demonstration of allospecific
tolerance induction by infusion of Treg in an otherwise unmanipulated, fully MHC
incompatible host. There are many reasons that might explain this negative outcome. First, a
significant barrier to Treg mediated tolerance is the high precursor frequency of alloreactive
pathogenic T cells, which is estimated to be as high as 5–10% in fully allogeneic combinations.
This precursor frequency is at least several orders of magnitude greater than that of nominal
antigen-specific T-cell responses. Thus, if tolerance or rejection is in part determined by the
balance between Treg and Teff (Treg/Teff ratio), far more Treg may be needed to induce
tolerance to alloantigens than autoantigens. This may explain why Treg therapy is highly
effective in nonmanipulated models of autoimmunity, but has been relatively unsuccessful in
nonmanipulated major mismatch transplantation models. Interestingly, spontaneous
acceptance of cardiac allografts across a single MHC II disparity was shown to be mediated
by Treg, consistent with the speculation that, under conditions of diminished precursor
frequency, the Treg response can prevail over the Teff response for some graft types. The
importance of the balance between Treg and Teff may explain why efficacy of therapeutic Treg
in transplantation has been limited primarily to co adoptive transfer models into irradiated or
genetically Iymphopenic hosts, wherein the number of Teff is dramatically reduced. Thus, it
is likely that depletion of alloreactive Teff responses via apoptosis or anergy will be important
for the induction of tolerance using Treg.

A second issue unique to transplantation is the presence of the direct and indirect pathways of
antigen presentation. Treg with direct specificity as well as indirect specificity have been shown
to prolong allograft survival in murine models. It will be important to determine whether Treg
with direct and indirect specificity will have synergistic effects, and whether they will have
differential effects on acute and chronic rejection. If the effect of Treg in vivo is primarily via
modulation of DC, Treg with indirect specificity are not likely to significantly affect donor-
derived DC, while Treg with direct specificity may not be able to regulate self-DC presenting
donor peptides. Treg with direct specificity are likely to have a much higher precursor
frequency than Treg with indirect specificity, similar to the Teff cells. Thus, isolation and
expansion of Treg with indirect specificity is likely to be challenging. However, techniques
for antigen-specific expansion of Treg have been reported, suggesting that producing sufficient
numbers of allospecific Treg for potential therapy will be feasible.

A third issue is that inflammatory signals associated with surgical trauma as well as ischemia-
reperfusion injury may alter the inhibitory activity of Treg while augmenting the T effector
response. For example, TLR engagement on DC has been shown to prevent suppression by
Treg in an IL-6-dependent manner. The engagement of TLR and systemic release of IL-6 has
been well documented after transplantation. IL-6 may also prevent the conversion of CD4
+Foxp3− cells into CD4+ Foxp3+ Treg. Recently, Chen et al showed that TLR engagement
prevents anti-CDl54-mediated tolerance in a murine heart transplant model. This result
correlated with decreased recruitment of Treg to the graft. In other studies, the presence of IL-6
and TGF-β shift T cell differentiation away from Treg toward IL-17-producing, pathogenic
Th17 cells. Reciprocally, Treg appear to be able to mitigate innate immune responses, and
therapeutic Treg administration has been shown to decrease innate immune injury and promote
engraftment in an islet transplant model. These results suggest that minimization of ischemia-
repertusion injury will be a key element of tolerance induction strategies. Further studies will
also need to address issues that are important in the clinical setting, but are generally not
modeled in rodent studies for example; the effectiveness of Treg on memory T cells has not
been clearly delineated. The effect of Treg on the generation of alloantibodies is also largely
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unknown. Finally, application of Treg therapy to the clinical setting will require a better
understanding of Treg in clinical transplantation where patients are receiving chronic
immunosuppressive therapy. Recent studies have suggested a potential role for Treg in
regulating allograft rejection. Suthanthiran's group reported that levels of urinary mRNA for
foxp3 were correlated with the reversal of acute rejection in renal transplant patients receiving
conventional immunosuppressive therapy. Similarly, the absolute numbers of Treg were
increased in the allograft tissue of patients undergoing acute graft rejection, with higher
numbers in those patients that responded effectively to anti-rejection therapy (Belingheri M,
Vincenti F, Gross and Bluestone JA, unpublished observations). The elucidation of drugs that
inhibit Teff function while maintaining or even enhancing Treg activity will be critical to Treg
therapy. Rapamycin has been shown to promote expansion of human Treg in vitro, and to
preserve Treg numbers in mouse models as well as in renal transplant patients. On the other
hand, calcineurin inhibitors appear to reduce the numbers of Treg in these patients.
Mycophenolate mofetil in conjunction with vitamin D3 appears to favor induction of Treg in
mouse models, but its effect in humans is not well established. Another commonly used agent,
antithymocyte globulin, has recently been shown to preferentially expand Treg in vitro,
optimally at concentrations generally lower than observed in patients. However, a recent short-
term study in humans showed that Treg were efficiently depleted by both antithymocyte
globulin and aletuzumab, which correlates with the lack of convincing data that these agents
promote tolerance. Nevertheless, it is possible that these agents will be useful for
Iymphodepletion before Treg therapy, in order to increase the Treg/Teff ratio. The effect of
Abatacept (CTLA4Ig and the related drug Belatacept, on Treg is not yet clear. There is a
concern that Treg may be depleted by B7 blockade, given the demonstration that CD28-B7
interactions are critical to the generation and survival of Treg. However, preliminary evidence
suggests that combined Belatacept and anti-IL-2 receptor antibody treatment does not
chronically deplete Treg after renal transplantation, likely because the blockade is
nonsaturating.

Regulatory T cells: Future Hopes and Potential Strategies
Over the past decade, T regs have been widely touted as the key mediators of induction and/
or maintenance of peripheral self-tolerance. The current focus is to target specific immune
responses in autoimmunity or transplantation with T regs. However, this is complicated by the
fact that induction and regulation of immunity and tolerance to self or to grafts is greatly
influenced by cytokines and other soluble mediators. The key to success is to first to identify
and understand the key functional differences between various T reg populations and their
representative markers. The secondary step will be to achieve the critical balance between
immune enhancement and tolerance by determining how directed manipulation of specific T
reg populations could tip the balance towards tolerance versus immunity. One of the chief
obstacles to these goals and their clinical translation has been the differences in experimental
results as obtained in mice compared to humans. One strategy to overcome this hurdle is to
investigate ex-vivo means to generate discrete populations of T regs with defined specificity,
function and downstream effects and then utilize these cells for clinical application via means
like adoptive therapy. The other more difficult but potentially attractive approach is
manipulating regulatory populations in vivo in patients suffering from autoimmune disease or
graft rejection. Only time will tell how emerging insights will influence the scientific trends
and approaches in the field of T reg immunology as applied to transplantation biology.
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Figure 1. CD4+ CD25+ Treg Cell Development in the Thymus and Periphery
Development of CD4+ CD25+ Tregs's in the thymus involves interaction with thymic stromal
cells via various molecules. An alternative model suggests clonal deletion as the predominant
Treg developing mechanism within the thymus. In the periphery the majority of Treg's
constitutively express high levels of Foxp3. The CD25 low Tregs's undergo homeostatic
proliferation and/or Issue infiltration. Both CD25 high and CD25 low Treg's are
immunosuppressive and express Foxp3.
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Figure 2. AdapIve (Inducible) CD4+ CD25+ Treg Cells
Murine adaptive CD4+ CD25+ Treg's can be derived in vitro through treatment of peripheral
CD4+ CD25+ Treg's with TCR, anti CD28 antibodies and TGF-β. Human adaptive CD4+
CD25+ Treg's can be induced in the absence of TGF-β. Both murine and human adaptive Treg's
express Foxp3 are capable to down rgulate allergic lungh inflammation and suppress in vitro
induced antigen and mitogen driven T cell proliferation.
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Figure 3. CD4−CD8− (double-negatve, DN) T-cells
Although only 1–5% in periperal lymphoid Issues, DN Treg's are potent in inhibiting allo und
autoimmune responses in an antigen specific manner. In murine models DNT can be derived
directly from CD8+ T cells, or arise extrathymicly from bone marrow.
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Figure 4. Indoleamine 2,3-dioxygenase (IDO) and Tregs
Crosslinking of CTLA-4 on regulatory T cells (Tregs) and B7 on dendritic cells (DC) leads to
the induction of IDO and IFN-γ on DCs and B220+ CD8α+ DCs. This resulting
immunomodulatory enviroment is capable to suppress local T cell responses and promotes
systemic tolerance.
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