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Transplantation tolerance is a continuing therapeutic goal, and it is now clear that a sub-
population of T cells with regulatory activity (Treg) that express the transcription factor foxp3
are crucial to this aspiration. Although reprogramming of the immune system to donor-
specific transplantation tolerance can be readily achieved in adult mouse models, it has
yet to be successfully translated in human clinical practice. This requires that we understand
the fundamental mechanisms by which donor antigen-specific Treg are induced and func-
tion to maintain tolerance, so that we can target therapies to enhance rather than impede
these regulatory processes. Our current understanding is that Treg act via numerous molec-
ular mechanisms, and critical underlying components such as mTOR inhibition, are only

now emerging.

vidence for immune regulation and suppres-
Esive cells has pervaded the field of transplan-
tation ever since the classic experiments that
showed the feasibility of inducing allogeneic
chimerism and tolerance in the neonate (Bill-
ingham etal. 1953, 1954). Throughout the latter
half of the twentieth century, while adoptively
transferrable suppression of graft rejection re-
mained a consistent finding (Streilein and Gru-
challa 1981; Hall 1985), various lymphocyte
subsets with supposedly suppressive properties
came and went, as the technologies used to char-
acterize them were found to be inadequate or
flawed. Only in the last 10 years, with the discov-
ery that foxp3 is a genetic determinant in auto-
immunity and “master transcription factor” for
a subset of CD4" regulatory T cells (Fontenot
et al. 2003; Hori et al. 2003; Khattri et al.

2003), has the study and exploitation of regula-
tory cells become a defining pursuit for the
transplant community.

It was only with the development of mono-
clonal antibodies (mAbs) that targeted func-
tional molecules on the surface of T cells that
transplantation tolerance could be achieved in
the adult mouse (Cobbold et al. 1986; Qin et al.
1989). Initially these mAbs were used to deplete
T cells, allowing bone marrow to be given to
achieve donor chimerism and tolerance to skin
grafts in a manner analogous to the neonatal
model. Intriguingly, however, where antibodies
were used to block T-cell function, antigen-spe-
cific T cells were not always deleted, but rather
seemed to survive in a state of relative unrespon-
siveness known as anergy (Qin etal. 1989; Leong
et al. 1992; Scully et al. 1994). These anergic T
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cells failed to proliferate to their specific antigen
in vitro, but were hyperesponsive to IL-2, which
we now know is a feature of Treg.

The concept of reprogramming the peri-
pheral immune system toward a state of trans-
plantation tolerance was firmly established
(Cobbold et al. 1992) with the discovery that a
combination of functionally blocking mAbs
against the T-cell coreceptors CD4 and CD8
could induce tolerance directly to allogeneic
skin grafts (Qin et al. 1990). Tolerance was in-
duced in the adult mouse without the need for
T-cell depletion or stable chimerism and was
found to be independent of the thymus. The
tolerant state was also dominant—able to resist
the infusion of a large number of naive T cells,
which was a strong pointer to the presence of
immune regulation rather than any deletion of
donor reactive T cells.

LINKED SUPPRESSION AND INFECTIOUS
TOLERANCE

With the demonstration that the tolerance in-
duced to allogeneic skin grafts in the periphery
must involve some form of immune regulation,
it became clear that we had to revisit the concept
of suppression, despite considerable resistance
from the immunological community at that
time. The ability to adoptively transfer tolerance
with T cells to secondary recipients had re-
mained a consistent but mostly ignored theme
even through the antisuppression era of the
1980s. But the availability of better reagents
clearly associated suppression with the CD4"
subpopulation of T cells (Qin et al. 1993) and
not the CD8" “cytotoxic/suppressor” cells of
the past. These CD4 " “regulatory” T cells could
not only transfer tolerance to secondary recipi-
ents, but they could also confer a state of toler-
ance onto new cohorts of naive T cells—a pro-
cess that merited the term “infectious tolerance”
originally coined many years earlier (Gershon
and Kondo 1971) to simply describe the phe-
nomenon of suppression. In a similar fashion,
tolerance could “spread” from one set of alloge-
neic antigens (from strain A) on a tolerated graft
to the second set of antigens (from strain B) ona
graft from a (strain A x strain B) F1 cross (Da-

vies etal. 1996). This process was termed “linked
suppression” to indicate that the two sets of an-
tigens needed to be expressed, or linked, on the
same APC.

REGULATORY T CELLS AND
AUTOIMMUNITY

Around the same time that suppression was
being revisited in transplantation tolerance, oth-
ers working in certain rodent models of auto-
immune disease were being faced with a similar
challenge. In particular, it was found that CDh4*
T cells could be separated into two subsets on the
basis of their expression of different isoforms of
CD45—transfer of one of these subsets into im-
munodeficient secondary recipients caused a se-
vere lymphoproliferative wasting disease, where-
as addition of the other subset could suppress it
(Powrie et al. 1994). This was interpreted as the
former subset containing autoreactive T cells
that required the presence of Treg in the latter
subset to maintain immune homeostasis. A dif-
ferent model of autoimmunity had been pur-
sued, particularly by Sakaguchi’s group, where
mice were thymectomized on day 3 after birth
(Asano et al. 1996). The inflammatory gastri-
tis that developed in this model could be pre-
vented by the infusion of mature CD4" T cells,
and, once again, these could be separated into
two subsets—in this case those that expressed
CD25 were the regulatory subpopulation. Al-
though there were strong similarities between
the CD4 ™" regulatory subsets in the different au-
toimmune and transplantation models, there
were also some apparent discrepancies (Alyana-
kian et al. 2003), and it was not until the dis-
covery of foxp3 as the causative gene of auto-
immune disease in the scurfy mouse and the
human IPEX syndrome that the field of regula-
tory T cells began to focus on a unique and uni-
fying T-cell subset (Fontenot et al. 2003; Hori
et al. 2003; Khattri et al. 2003).

REGULATORY T CELLS AND Foxp3

Foxp3 was identified as a transcription factor of
the forkhead box family that, in both mice and
humans, is required for the generation of the
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thymic CD4"CD25™" regulatory T-cell subset of-
ten termed “natural” Treg (nTreg). Transduction
of the foxp3 gene was shown to convert naive T
cells into regulatory T cells (Fontenot et al. 2003;
Hori et al. 2003) in a manner that recapitulated
the suppressive functions previously ascribed to
CD4"CD25™" cellsina range of autoimmune and
transplantation models. Naive T cells could be
induced to express foxp3 and acquire at least
some of the functions of regulatory T cells by
activating them in the presence of TGF-f3 in vitro
(Chenetal.2003). TGE-3-dependent conversion
of naive, peripheral CD4" T cells into iTreg was
also observed in vivo, particularly in TCR trans-
genic mice on a RAG ™/~ background (Cobbold
et al. 2004; Kretschmer et al. 2005). Treatment of
female mice expressing a TCR specific for the
male transplantation antigen DBY, as presented
by MHC-II, with a brief course of nondepleting
anti-CD4 antibody, could induce lifelong toler-
ance to male skin grafts (Cobbold et al. 2004).
This tolerance was associated with a peripheral
induction of foxp3 expression with the Treg con-
centrated within the tolerated skin graft (Graca
et al. 2002; Cobbold et al. 2006). Positive selec-
tion in the thymus for the male-specific TCR in
RAG /™ background mice generated only naive
T cells, and foxp3 expression could not be detect-
ed in the thymus, even by sensitive RT-PCR, in-
dicating that tolerance in this model depended
entirely on peripheral iTreg induction. Recently,
the use of a mouse that expresses hCD2 on the
cell surfaceasareporter gene for foxp3 expression
has allowed proof that these foxp3™ Treg main-
tain transplantation tolerance (Kendal etal. 2011;
Regateiro et al. 2012): administering a depleting
hCD2 mAb caused rejection of the graft, either in
the original recipients or in secondary RAG ~/~
recipients of the tolerated graft, proving that
foxp3™ Treg were actively regulating effector
cells within the graft itself. Similar experiments
in these hCD2 reporter mice also showed that the
foxp3™ Treg were necessary for linked suppres-
sion and infectious tolerance in mice that had
a normal polyclonal TCR repertoire, and when
crossed onto DBY-specific TCR transgenic mice
on a RAG™/~ background gave confirmation
that tolerance to male skin grafts depended on
the peripheral induction of foxp3™* iTreg.

Regulatory T Cells

POSITIVE SELECTION OF Treg, THEIR
SPECIFICITY, EPIGENETICS, AND STABILITY

Although the importance of nTreg in control-
ling autoimmunity and immune homeostasis is
now generally accepted, the role of foxp3™ iTreg
has remained more controversial. Despite the
publication of a number of candidate markers
distinguishing nTreg and iTreg, such as helios
(Thornton et al. 2010) and neuropilin-1 (Yadav
et al. 2012), these have not proven reliable, and
may instead relate to different activation states
of either cell type. The key feature that distin-
guishes nTreg from iTreg is the specificity of
their TCRs (Lee et al. 2012). nTreg are positive-
ly selected with a moderate to high affinity for
self-antigens, including peripheral, tissue-spe-
cific antigen peptides driven by AIRE on thy-
mic epithelium (Aschenbrenner et al. 2007).
This means that nTreg are always likely to
meet a constant source of their specific “self”-
antigen in the periphery, which may be an im-
portant factor in their constitutive expression
of molecules considered as markers of activa-
tion in non-Treg cells such as CD25, GITR,
and CTLA4, and may also be a factor in their
longevity and stability. In contrast, iTreg are de-
rived from naive T cells originally selected in the
thymus with low affinities for self-antigen pep-
tides, but likely to have higher affinities for the
“foreign” antigen eliciting them in the periph-
ery. Once the foreign antigen is eliminated, for
example, if an allograft is rejected, the iTreg
may lack sufficient TCR stimulus for continued
maintenance or stability.

One important factor in the stability of Treg
is the epigenetic status of the foxp3 gene (Floess
et al. 2007; Lal et al. 2009; Zheng et al. 2010),
specifically the extent to which the intronic en-
hancer element known as the “Treg cell-specific
demethylation region” (TSDR) is demethylated
(Floess et al. 2007) to allow the access of a num-
ber of important positive transcription factors
such as STAT5 and NF-kB as well as foxp3 itself
(Fig. 1). This TSDR starts to be demethylated
early in the differentiation of nTreg in the
thymus, continues until nTreg in the periph-
ery are fully demethylated, and is associated
with stable foxp3 expression. Surprisingly, the
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Figure 1. Regulation of the foxp3 locus. The genomic organization of the foxp3 locus is depicted (not to scale)
with the position of the most important regulatory elements shown, together with the positive and negative
regulatory transcription factors that have been shown to bind to them and the primary function of each element.

demethylation process in nTreg has recently
been shown to be independent of any actual
foxp3 expression (Ohkura et al. 2012). In con-
trast, iTreg recently generated in vitro by TCR
activation in the presence of TGF-B3 have very
little demethylation of the TSDR, and also rap-
idly lose stable foxp3 expression, particularly
if TGF-P is withheld from the culture. The epi-
genetic status and stability of iTreg induced in
vivo as a result of tolerance induction remains
unclear, although historical transplantation ex-
periments suggested that regulatory T-cell activ-
ity was maintained as long as the source of anti-
gen (i.e., the allograft) was present (Scully et al.
1994).

It has been claimed that the addition of all
transrentinoic acid (ATRA) or rapamycin dur-
ing Treg expansion improves their stability in
vitro (Zhou et al. 2010; Takahashi et al. 2012;
Yurchenko et al. 2012), whereas others have at-
tempted to provide IL-2/anti-IL-2 complexes
with a long half-life in vivo to promote Treg
activity (Daniel et al. 2010; Letourneau et al.
2010). Although we tend to think of T-cell sub-
sets as fixed lineages proceeding to terminal dif-
ferentiation, there are a number of examples

showing “plasticity” allowing Treg cells to “trans-
differentiate” into effector cells, although this
remains controversial (Zhou et al. 2009; Rubtsov
etal. 2010). One possibility is that plasticity and
lineage diversification are generated by asymme-
try during cell division, as has been observed
during stem cell (Neumuller and Knoblich
2009) and CD8™" T-cell differentiation (Chang
et al. 2007), whereas symmetric divisions ex-
pand and mature in cell populations without
further diversification. The stability of in vitro
induced or expanded Treg is particularly impor-
tant for their potential use in proposed cell-
based therapies, where Treg are given to trans-
plant recipients to suppress alloreactivity and
enforce tolerance to the graft. Identification of
the mechanisms that stabilize Treg is a clear tar-
get for new strategies to enhance tolerogenic
therapies.

THERAPEUTIC APPLICATION OF Treg CELLS:
WHICH Treg AND WHICH ANTIGENS?

One of the first therapeutic applications consid-
ered for Treg was to limit graft versus host dis-
ease (GVHD) in allogeneic bone marrow and
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stem cell transplantation. Although GVHD can
be eliminated by depleting any contaminating
donor T cells from the marrow/stem cell inocu-
lum, this increases the risk the graft may be re-
jected, and also removes any potential for a cu-
rative graft versus leukemia effect (Hale and
Waldmann 1996). It has been repeatedly shown
that theadministration of an excess of purified or
in vitro expanded nTreg from the donor inocu-
lum can reduce GVHD and enhance tolerance in
mouse models of bone marrow transplantation,
without losing the GVL effect (Edinger et al.
2003; Sato et al. 2003; Trenado et al. 2003). An
important safety issue for clinical transplanta-
tion is the purity and stability of the nTreg
cells infused—they should not contain any reg-
ulation-resistant memory T cells, nor should
they be able to revert to effector cells, either
of which could potentially exacerbate GVHD
rather than suppress it. As more markers are
combined (e.g., CD4™, CD25M8P CD45RA™,
CD127"°") (Liu et al. 2006) and the stringency
of sorting is increased, then so will the yield of
Treg decrease. This means that in vitro expansion
(Earle et al. 2005) is likely to be needed for rou-
tine application, and the long-term stability of
such cells remains questionable (McClymont
etal.2011).

A large excess of nTreg have been shown in
mouse models to be able to induce tolerance to
allogeneic skin grafts given to lymphopenic re-
cipients, although they seemed to do so without
any particular specificity for the donor antigens
(Gracaetal. 2004). This is in contrast to the Treg
that have been induced in mice made tolerant to
allogeneic skin grafts, by treatment with nonde-
pleting mAbs, where regulation requires donor
antigen (although this can then lead to linked
suppression of additional antigens, as discussed
earlier). This raises a number of questions as to
whether therapeutic Treg cells should be derived
from recipient nTreg or iTreg, should they be
expanded or induced on antigen, and in the
context of transplantation, whether antigen be
presented in the context of donor (direct pre-
sentation) or recipient (indirect presentation)
MHC (Jiang et al. 2004; Sanchez-Fueyo et al.
2007)? It would seem that Treg with specifi-
city for both directly and indirectly presented

Regulatory T Cells

donor antigens are the most effective at induc-
ing tolerance to allografts (Tsang et al. 2009),
and are considerably more potent than unselect-
ed nTreg (Chen et al. 2009; Veerapathran et al.
2011).

It remains a challenge as to how sufficiently
large numbers of antigen-specific Treg, stably
expressing foxp3, and uncontaminated by effec-
tor T cells can be generated for clinical ther-
apy. Human T cells appear to have a more pro-
miscuous expression of foxp3 than mouse Treg
(Wang et al. 2007), such that demonstrable ex-
pression of foxp3 alone may not be sufficient to
ensure that the population will guarantee sup-
pressive function in vivo. In addition, the usual
in vitro readout for Treg function is the suppres-
sion of naive T-cell proliferation, but as we do
not yet know the molecular mechanisms of im-
mune regulation, this assay may not faithfully
reflect the in vivo efficacy. It is beyond the scope
of this particular review to detail how attempts
to develop clinical Treg therapy are progressing,
as this topic is considered in more detail else-
where in this collection.

MOLECULAR MECHANISMS OF Treg
FUNCTION

One of the first identified properties of regula-
tory T cells was that they failed to proliferate in
response to antigen or TCR stimulation in vi-
tro—so called anergy (Qin et al. 1989; Schwartz
1990; Chen et al. 2004; Fu et al. 2004; Park et al.
2004). This is primarily associated with an in-
ability to produce IL-2 for the autocrine stim-
ulation of proliferation, although anergic cells
may also overexpress the high-affinity IL-2 re-
ceptor (CD25) and be hyper-responsive to ex-
ogenous sources of IL-2 (Beverly et al. 1992;
Setoguchi et al. 2005). This has led some to
suggest that Treg function, at least in the in vitro
suppression of proliferation assay, by preferen-
tially consuming IL-2 (Shevach 2009). Howev-
er, IL-2 is generally required for the survival
of Treg, and mice deficient in either IL-2 or
its receptor experience autoimmunity rather
than immunosuppression (Horak et al. 1995;
Kramer et al. 1995; Caudy et al. 2007).

Cite this article as Cold Spring Harb Perspect Med 2013;3:a015545 5

Bicara Ex. 1049
Bicara v. JHU - PGR2026-00025


http://perspectivesinmedicine.cshlp.org/

Downloaded from http://perspectivesinmedicine.cshlp.org/ on December 15, 2025 - Published by Cold Spring Harbor Laboratory

fco;ﬁ\b Cold Spring Harbor Perspectives in Medicine

PERSPECTIVES

Voo’

www.perspectivesinmedicine.org

Press

S.P. Cobbold and H. Waldmann

Another mechanism proposed for Treg
function is the expression of granzymes that
kill APCs (Shevach et al. 2006), thereby sup-
pressing antigen presentation. The phenome-
non of linked suppression strongly suggests
that Treg act via modulating the APC is some
way (Davies et al. 1996); but if all APCs were
killed, then one has to question how antigen is
presented to allow the induction of Treg. Spe-
cific killing of donor APC, however, could be a
means to eliminate directly presented donor
antigen to allow only indirect presentation by
recipient APCs, which in the presence of TGF-
could still induce Treg for tolerance.

TGF-B1-deficient mice and mice express-
ing a transgenic dominant negative TGF-BRII
on their T cells are both prone to develop auto-
immunity (Shull et al. 1992; Shah et al. 2002).
Under some conditions, Treg are themselves
able to secrete TGF-$3, or may have TGF-B—
LAP complexes expressed on their surface
(Nakamura et al. 2001), tethered via a molecule
associated with anergic cells called GARP (Tran
etal. 2009). TGF- is known to be broadly anti-
inflammatory, and can also induce foxp3 ex-
pression and peripheral conversion of naive T
cells to iTreg, and has therefore been implicated
as a mechanism of the cell contact-mediated
suppression observed in vitro and infectious
tolerance (Nakamura et al. 2004). Although
we know TGEF-f signaling to T cells in vivo is
required for the induction of tolerance and
iTreg, there are many sources of TGF-f3 other
than Treg in vivo, and any TGF-f generated
requires activation by appropriate proteases or
a5 integrins (Paidassi et al. 2010, 2011) not
normally expressed on Treg. In addition, expo-
sure of naive T cells to TGF-[3, while inducing
some of the markers such as CD103 associated
with Treg, only induces foxp3 in a proportion
of exposed cells (Regateiro et al. 2012). If TGF-
B exposed T cells are sorted using a reporter
gene (e.g., hCD2, as above) then only the cells
expressing foxp3 can transfer transplantation
tolerance while the foxp3 negative (but TGF-3
exposed T cells still cause graft rejection) (Re-
gateiro et al. 2012). All this suggests that TGF-3
secretion, at best, only explains part of the func-
tional capabilities of Treg.

Two other cytokines that can be secreted by
Treg are IL-10 and IL-35 (Collison et al. 2007).
Both of these cytokines are considered to have
anti-inflammatory functions and have been im-
plicated in the mechanism by which Treg sup-
press in inflammatory bowel disease (Uhlig
etal. 2006), experimental allergic encephalomy-
elitis (Sundstedt et al. 2003; Yu et al. 2005; Fitz-
gerald et al. 2007), collagen-induced arthritis
(Mauri et al. 2003), and allergic airway inflam-
mation (Whitehead et al. 2012). Like TGF-p,
there are many sources of IL-10 other than
Treg cells, and the importance of Treg-derived
IL-10 in transplantation tolerance remains
unclear. The more recently identified cytokine
IL-35 is currently thought to be more specific
to Treg, although there is very little data con-
cerning other possible sources, partly because
it consists of a specific combination of EBI-3
and p35 chains, both of which can pair with
other members of the IL-12 family of heterodi-
meric cytokines. Whereas IL-10 is thought to
limit the induction of inflammation, IL-35
seems to act much later to dampen down ongo-
ing inflammatory processes (Whitehead et al.
2012). There is, as yet, very little information on
any possible role of IL-35 in transplantation
tolerance.

CTLA4-deficient mice also develop an auto-
immune proliferative disease similar to foxp3-
deficient mice (Tivol et al. 1995). CTLA4 is
transiently expressed on activated T cells, is
constitutive on some foxpEv+ Treg cells, and
is thought to compete with the costimulatory
binding of CD28 to B7 ligands on APCs. The
high affinity of CTLA4 has even been observed
to deplete B7 ligands from APCs by capturing
and internalizing them on the T cells by a process
termed “trogocytosis,” thereby forcing the APCs
into a less inflammatory and more tolerogenic
mode of antigen presentation (Qureshi et al.
2011; Zhang et al. 2011). It is not yet clear how
important this process is for Treg function in the
context of transplantation, but mice with a con-
ditionally inducible CTLA4 knockout allele in
their foxp3™ T cells have shown that CTLA4
expression on Treg is continuously required to
avoid the development of autoimmune disease
(Sojka et al. 2009).
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TOLEROGENIC MICROENVIRONMENTS
AND THE ROLE OF LOCAL, INDUCED
IMMUNE PRIVILEGE

Although defects in Treg tend to cause a gener-
alized lymphoproliferative disease, most auto-
immune diseases are restricted to certain organs
or tissues, suggesting a more localized loss of
regulation. In TCR transgenic models of trans-
plantation tolerance, the Treg seem to concen-
trate to the transplanted tissue and can be shown
to act locally (Cobbold et al. 2006; Kendal et al.
2011). Evidence is now accumulating that pe-
ripheral tolerance is in part dependent on the
induction of a form of immune privilege within
the microenvironment of, and dependent on
an active participation by, the tolerated tissue.
Within the tissue, and potentially modified by
the local microenvironment, are a number of
different cell types that can present antigen on
MHC-II antigens to Treg; some are migratory
such as dendritic cells, macrophages, and B cells,
but others are mostly resident, including endo-
thelial cells and mast cells (Lu et al. 2006). Lo-
cally active TGF-3, whether derived from Treg or
the tissue, may represent an important com-
ponent of a tolerogenic microenvironment
that can, for example, induce the expression of
CD39 and CD73 on T cells, macrophages, and
dendritic cells (Regateiro et al. 2011, 2013).
CD39 and CD73 are two ectoenzymes express-
ed on the cell surface that are able to convert
inflammatory extracellular ATP (released dur-
ing cell damage) into AMP and then adeno-
sine, which has anti-inflammatory properties
by binding to adenosine receptors on T cells
and dendritic cells and inducing the intracellular
second messenger cCAMP. Raised levels of cAMP
have been associated with the anergy of Treg
(Cone et al. 1996; Powell et al. 1999), and it has
been suggested that infectious tolerance may be
explained by cAMP, in essence, being passed
from Treg to induce an anergic state in nearby
naive T cells, either via the CD39/CD73-medi-
ated adenosine pathway, or perhaps directly via
the formation of tight junctions between adja-
cent T-cell membranes (Bopp et al. 2007).

Treg can themselves also contribute to a
state of immune privilege by inducing the local

Regulatory T Cells

expression of enzymes that catabolize essen-
tial amino acids (EAAs) (Cobbold et al. 2009).
IDO (indoleamine dioxygenase), that catabo-
lizes tryptophan, was the first such enzyme to
be shown as important in maintaining a form of
transplantation tolerance in mice, as the specific
inhibitor 1-MTwas able to cause the rejection of
fetuses expressing allogeneic, but not syngeneic,
paternal antigens (Munn et al. 1998). It has re-
cently been suggested that maintenance of tol-
erance to the allogeneic fetus may be the main
physiological role for peripherally induced iTreg
cells, particularly as the TGF-3 responsive ele-
ments (Zheng et al. 2010) of the foxp3 enhancer
appeared in evolutionary time consistent with
the development of the placenta (Andersen
et al. 2012; Samstein et al. 2012b).

An in vitro model of linked suppression,
where a CD4" regulatory T-cell clone express-
ing constitutive CTLA4 was able to suppress the
proliferation of a CD8" CTL clone was also
found to depend on the induction of IDO in
a subset of dendritic APC (Mellor et al. 2004).
In this case, it was shown that IDO acted spe-
cifically by depleting tryptophan from the
medium, rather than generating potentially in-
hibitory kynurenines (Mezrich et al. 2010), as
adding excess tryptophan could overcome the
suppression. In a similar manner, it has been
shown that Treg cells can induce in APC many
different catabolic or synthetic enzymes that can
deplete EAAs, including IDO, arginase, and
iNOS (which can both use arginine), and IL-
4il (which depletes phenylalanine) (Cobbold
et al. 2009). Histidine decarboxylase and tryp-
tophan hydroxylase can be induced particular-
ly in mast cells, and depletion of tryptophan
by the latter enzyme (rather than its synthetic
function of producing serotonin) has recently
been shown to explain why mast cells seem to
be required in some models of transplanta-
tion tolerance (Nowak et al. 2012). The healthy
or healing tissue itself can also contribute to
this EAA-depleted tolerogenic environment by
expressing further catabolic enzymes for the
branched chain amino acids and threonine
(Cobbold et al. 2009).

The depletion of EAAs is sensed by T cells
through two different pathways. One is known
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as the “integrated stress response,” which relies
on GCN2 detecting an excess of free tRNAs
within the cell, and which is thought to be par-
ticularly important for detecting tryptophan
depletion (Munn et al. 2005). Although it was
initially thought that GCN2 signaling could
inhibit proliferation and induce foxp3 and reg-
ulatory T-cell activity directly in the T cell, most
evidence now suggests that it acts indirectly by
modifying differentiation of the APC to a more
tolerogenic phenotype (Sharma et al. 2007).
The second amino acid-sensing pathway de-
pends on the “ragulator” complex (Sancak et
al. 2010; Zoncu et al. 2011), which acts via the
RAG family of GTPases, and in the absence of
amino acids this fails to recruit and activate the
TORC1 complex via Rheb on the lysosomal
membrane. This mode of sensing amino acid
depletion can also be mimicked by the mTOR
inhibitor rapamycin, which also acts to disrupt
the TORCI1 complex (Hara et al. 2002). Where-
as rapamycin-mediated mTOR inhibition is
also able to induce tolerogenic properties in
dendritic cells (Taner et al. 2005), it can act
directly on T cells to inhibit proliferation and
to induce foxp3. Treg cells are also relatively
resistant to mTOR inhibition, possibly as a re-
sult of the foxp3-mediated expression of PIM2
kinase that can promote T-cell survival in a
manner independent of the PI3k/mTOR path-
way (Basu et al. 2008).

Experiments in mice with specific defects
in either TORC1 or TORC2 have suggested
that both of these mTOR complexes need to
be inhibited to enforce effective Treg differenti-
ation (Delgoffe et al. 2009). Although rapamy-
cin has usually been thought of as a specific in-
hibitor of TORC], it is increasingly recognized
that longer-term exposure to this inhibitor can
also reduce TORC2 and downstream signaling
through AKT (Barquilla et al. 2008). Even more
recently, it has been shown that amino acids can
actually activate both of the mTOR complexes
(Tato et al. 2011). Although it is unclear how
mTOR inhibition is linked to foxp3 expres-
sion, there is evidence that it may act, in part,
via HIFla and the hypoxia-sensing pathway
(Ben-Shoshan et al. 2008; Shi et al. 2011; Clam-
bey et al. 2012).

It is intriguing that immunosuppressive
drugs that can inhibit the mTOR pathway di-
rectly (e.g., rapamycin/sirolimus) or indirectly
(e.g., fingolimod), and which should therefore
promote Treg differentiation, are already being
used in clinical practice. However, the propor-
tion of patients who can be weaned off of con-
tinuous immunosuppression remains extreme-
ly low (Roussey-Kesler et al. 2006). It remains to
be seen whether this situation can be improved
as new induction protocols, such as T-cell de-
pletion (Morgan et al. 2012), allow for minimi-
zation of other immunosuppressive agents that
may counteract tolerance.

In summary, there may not be a single,
unique mechanism of action by which Treg in-
duce and maintain tolerance, but rather a com-
plex set of interactions between Treg, APCs,
and the tissue that generate a microenviron-
ment (Fig. 2) that not only suppresses potential
inflammatory responses but can also promote
further Treg differentiation via linked suppres-
sion and infectious tolerance (Cobbold et al.
2006). One key feature of the tolerogenic micro-
environment may be that it is compartmental-
ized from the inflammatory signals such as IL-6
(Yang et al. 2008) and complement activation
(Kwan et al. 2012; Le Friec et al. 2012) that
would otherwise compromise the stability of
Treg and their further generation. Although in-
fectious tolerance has mainly been considered a
mechanism for foxp3 " Treg to generate a second
foxp3™ iTreg cohort (Kendal et al. 2011), it re-
mains unclear whether this is necessary or suf-
ficient to maintain the tolerant state long term.
In particular, it remains possible that IL-10-pro-
ducing Tr1 cells may also play a role (Cobbold
et al. 2003; Stassen et al. 2004).

T-CELL-SUBSET-SPECIFIC REGULATION
AND COEXPRESSION OF TRANSCRIPTION
FACTORS

Although Treg appear to act via many apparent-
ly parallel and potentially redundant mecha-
nisms to inhibit almost the entire range of in-
nate and adaptive immune responses, evidence
of some specialization within subsets of foxp3™*
Treg is beginning to emerge. It seems that for
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Figure 2. Treg cells act within tissue to create a state of induced immune privilege. A localized tolerogenic
microenvironment is established in tolerated tissues by the interaction of foxp3™ Treg cells with cells capable of
presenting antigen in the context of MHC-II. These MHC-II"-presenting cells, including dendritic cells (mod-
ulated to “TolDC”), macrophages (modulated to Type 2 Md¢ ), and mast cells both contribute to, and are
modulated by, this tolerogenic microenvironment, which is maintained by the cytokines TGF-@, IL10, and
IL-35, the CD39- and CD73-mediated conversion of ATP to adenosine, and the expression of multiple enzymes
that deplete essential amino acids (EAAs). In addition, Treg cells may down-regulate antigen presentation by
CTLA4-mediated trogocytosis of the costimulatory B7 ligands, or by granzyme-mediated killing of inflamma-
tory/donor APCs. In this tolerogenic microenvironment, effector T cells may be “reprogrammed” to differ-
entiate into Treg cells expressing foxp3 and/or IL-10 in a form of infectious tolerance.

Treg to suppress different functional T-cell sub-
sets they need to co-express the appropriate as-
sociated transcription factors such as Tbet for
suppression of Th1 (Koch et al. 2009) or GATA3
(Wang et al. 2011) and IRF4 to inhibit Th2
(Cretney et al. 2011). It is thought that direct
molecular interactions between foxp3 and these
Th subset transcription factors in some way
modifies the expression pattern of foxp3 target
genes (Samstein et al. 2012a), perhaps to ensure

that the appropriate Treg cell subset is engaged
and will express appropriate chemokine and
homing receptors to be able to localize to the
same site as the effector cells, so ensuring effi-
cient regulation at the site of inflammation
(Wing and Sakaguchi 2012). There also seem
to be a subset of foxp3 positive follicular Treg
cells (Tfr cells) that inhibit antibody responses
(Wollenberg et al. 2011), which like their foxp3
negative Tth helper cell equivalents, express high
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levels of BCL6 and CXCRS5, and are restricted to
the B cell follicle (Chung et al. 2011; Linterman
et al. 2011).

MEMORY RESPONSES AND
HETEROLOGOUS IMMUNITY

Although foxp3-expressing Treg are able to con-
trol the initiation of all arms of the immune
response, are they effective in the face of a mem-
ory response? This is particularly important in
attempts to translate tolerogenic therapies to
humans, where previous blood transfusions,
pregnancy, and heterologous immunity from
infections (Adams et al. 2003) and homeostatic
expansion after T-cell depletion (Wu et al.
2004) can all generate memory to donor allo-
antigens. In addition, memory T cells have a
different requirement for costimulation to naive
T cells (Markovic-Plese et al. 2001; Fuse et al.
2008), so therapeutic approaches using a co-
stimulation blockade may be less effective (Wu
et al. 2004). We know, however, that one can
induce tolerance in primed recipients (Cobbold
et al. 1990; Marshall et al. 1996), and it seems
that this is more a quantitative issue, where
more Treg or additional immunosuppression
are required to control the higher frequency of
effector memory cells (Neujahr et al. 2006; Sie-
pert et al. 2012).

OTHER CELLS WITH REGULATORY
ACTIVITY

As we have seen, foxpEv+ Treg cells function via
the combined expression of many different mo-
lecular pathways, many of which can also be
expressed on other, non-foxp3-expressing T-
cell subsets. It is therefore not surprising that
a variety of non-foxp3-expressing T cells pos-
sess some regulatory activity. Activated T cells,
for example, can express CTLA4 and, just like
foxp3™ Treg, are able to capture costimulatory
ligands by trogocytosis and down-regulate APC
(Zhang et al. 2011). Similarly, as has been
claimed for granzyme-expressing foxp3™ Treg
cells, any cell capable of killing APC, including
conventional CTL and NK cells (Cassell and
Forman 1990), may be able to suppress the im-

mune response, particular to directly presented
alloantigens (He et al. 2007). TGF-f is particu-
larly produced by non-foxp3-expressing Th3
cells implicated in some models of oral toler-
ance (Fukaura et al. 1996), while IL-10 secretion
is a characteristic feature of the foxp3 negative
Trl cell subset (Groux et al. 1997). And, like
Treg, they can constitutively express CTLA4
(Zelenika et al. 2002; Mellor et al. 2004). Adop-
tive transfer of purified or cloned antigen-
specific Tr1 cells can block the induction of
inflammatory bowel disease in mice and seem
to be as effective as foxp3™ Treg in suppressing
allogeneic skin graft rejection (Zelenika et al.
2002). IL-10-secreting Trl cells also seem to
play an important role in regulating allergic re-
sponses in humans (Akdis et al. 2004; Mobs et
al. 2010)—with some of the best evidence com-
ing from the studies of seasonal and reciprocal
changes in cytokine-secreting T-cell subsets and
in response to immunotherapy (McHugh et al.
1996; Fellrath et al. 2003).

Not all cells with regulatory activity are even
T cells. As previously discussed, within tolerated
grafts and healing self-tissues, many different
migratory and tissue cells can respond by con-
tributing components toward the local state
of induced immune privilege. Dendritic cells
and macrophages, for example, can differenti-
ate, particularly in the presence of anti-inflam-
matory cytokines such as TGF- and IL-10, or
in the presence of retinoic acid or vitamin D3
(Farquhar et al. 2010), into alternately activated
states that preferentially present antigen for Treg
differentiation (Gregori et al. 2001). In some
transplantation models, it is possible to pro-
mote tolerance induction by the adoptive trans-
fer of these syngenic “TolDC” to recipients of
skin allografts, although this usually requires
some additional immunosuppressive condi-
tioning (Peche et al. 2005). Most recently, there
has also been a surge in interest in a population
of IL-10-producing “regulatory” B cells (Breg),
which were shown to suppress inflammatory
responses in various autoimmune disease mod-
els (Mauri and Ehrenstein 2008). B-cell-defi-
cient uMT mice, for example, develop a chronic
form of experimental autoimmune encephalo-
myelitis (EAE) compared with the normally
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self-resolving acute inflammation seen in wild-
type mice (Gonnella et al. 2001). Breg seem to
be related to the CD1d *CD5" Type 2 and mar-
ginal zone B cells often associated with auto-
reactivity (Lemoine et al. 2009), but their dis-
tinguishing feature seems to be the high levels of
IL-10 secretion (Carter et al. 2012). In humans,
increased frequencies of IL-10-expressing B cells
are associated with a positive outcome in renal
transplantation patients (Ranjbar et al. 2012).
Although Breg cells may be able to induce
FasL-mediated apoptosis of effector cells (Lun-
dy 2009), it is thought that they act similarly to
TolDC in presenting antigen, in this case in the
context of IL-10, for the preferential induction
of foxp3™ Treg cells (Kessel et al. 2012).

REGULATORY GENES AS POTENTIAL
BIOMARKERS OF TOLERANCE?

A major problem for translating tolerogenic-
and Treg-based therapies to clinical transplanta-
tion is that there is no simple means to identify
when tolerance to the donor graft has actually
been achieved. This would facilitate any attempt
to wean patients off of long-term immunosup-
pression. As foxp3™ Treg play such an important
part in the induction and maintenance of trans-
plantation tolerance in mouse models, one
might expect that biomarkers of Treg and their
activity might be useful surrogate indicators of
the development of a tolerant state. This has
proven not to be the case fora number of reasons
(Cobbold et al. 2011). First, the most effective
Treg have specificity for the donor antigen, so
the overall frequency of foxp3™ Treg is not nec-
essarily correlated with tolerance in mice with a
normal TCR repertoire. In addition, antigen-
specific Treg may be concentrated in the trans-
planted organ and poorly correlated with cir-
culating Treg cell frequencies. Whereas graft
biopsies might be useful to identify infiltrat-
ing Treg cells or the expression of genes associ-
ated with atolerogenic microenvironment, these
same processes appear to a large extent to over-
lap with the normal resolution of inflammation
and healing and may therefore not be prognos-
tic for the development of donor-specific toler-
ance. The only potential biomarker assays we

Regulatory T Cells

currently have available are derived from gene
expression studies in the very small number of
patients who have managed to be weaned off
immunosuppression and are therefore consid-
ered operationally tolerant of their graft (Newell
et al. 2010; Sagoo et al. 2010; Brouard et al.
2011). These patterns of gene expression seem
to be specific to the organ grafted, or perhaps
the immunosuppressive protocol the patients
were exposed to, as there seems to be no simi-
larity between, for example, recipients of livers
when compared with kidney transplant patients
(Londono et al. 2012). Clinical trials to use
these biomarkers as a guide to select patients
for weaning are at too early a stage to evaluate.

CONCLUDING REMARKS

We are now beginning to understand from stud-
ies in animal models the importance of regula-
tory cells and their interactions with tissues in
determining whether a graft is tolerated or re-
jected, but we are still struggling to successfully
translate this knowledge to clinical transplan-
tation. This is, in part, attributable to the re-
markable success in developing combinations of
immunosuppressive drugs that allow us to effec-
tively control acute graft rejection, yet make it
ethically difficult to move to alternative, as yet
unproven, tolerogenic strategies. If Treg thera-
pies are ever to be clinically applicable, their lo-
gistics must be amenable for commercial devel-
opment, and this may limit their potential. If it
were possible to use drugs and antibodies to
potentiate Treg within the patient, then this
might be within the realm of current pharma-
ceutical practice. However, until we more fully
understand how Treg function to ensure toler-
ance in vivo, it will remain a considerable chal-
lenge to exploit all their complex properties for
therapeutic benefit.
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