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Abstract
Decreasing the incidence of chronic rejection and reducing the need for life-long
immunosuppression remain important goals in clinical transplantation. In this article, we will
review how regulatory T cells (Treg) came to be recognized as an attractive way to prevent or treat
allograft rejection, the ways in which Treg can be manipulated or expanded in vivo, and the
potential of in vitro expanded/generated Treg for cellular therapy. We will describe the first
regulatory T cell therapies that have been or are in the process of being conducted in the clinic as
well as the safety concerns of such therapies and how outcomes may be measured.
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1. Introduction
One of the characteristics that defines the mammalian adaptive immune system is the rapid
proliferation and expansion of T and B cells following antigen exposure, but in the past two
decades it has also become clear that the immune system has evolved multiple peripheral
mechanisms for controlling these responses. Growing evidence indicates that it should be
possible to engage these inherent regulatory pathways to suppress immune responses to
alloantigens following transplantation. Ways to specifically prevent immunity to foreign
cells and tissues would offer a new way to minimize reliance on non-specific
immunosuppression and could ultimately allow patients to be completely withdrawn from
drug-based immunosuppression.

Many different types of T cells with regulatory activity have been described including:
CD8+ T cells [1-3]; CD4−CD8− double negative T cells [4, 5]; NK T cells [6]; and γδ T cells
[7], but these are all less well studied than their CD4+ T cell counterparts. In this review we
will focus on the potential for clinical application of CD4+ T regulatory cells characterized
by high and stable expression of CD25 and FOXP3 in the context of organ transplantation.
CD25+FOXP3+ T regulatory cells (hereafter Treg) can arise via two distinct developmental
pathways. First, so-called “naturally-occurring” or nTreg, arise directly in the thymus, and
are thought to primarily function to regulate autoimmunity. Second, when conventional
CD4+ T cells encounter their antigen in a tolerogenic environment, e.g. when presented by
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immature dendritic cells (DCs), or with immunosuppressive cytokines, they differentiate
into “adaptive” or aTreg. Establishment of long-term tolerance by nTregs is thought to
depend on their ability to stimulate de novo differentiation of aTreg [8]. Despite distinct
developmental origins, both nTregs and aTregs rely on continuous expression of FOXP3 for
their suppressive function. It is difficult to distinguish nTreg from aTreg, because both are
defined as FOXP3+ cells, but recent data suggest that nTregs may be identified by high
expression of another transcription factor, Helios [9].

The importance of Treg to the normal immune system came from two recent studies where a
transgenic approach examined whether selective depletion of nTreg in otherwise normal
mice might replicate some of the characteristics of profound autoimmunity seen in IPEX
(immune dysregulation, polyendocrinopathy, enteropathy, X-linked syndrome) patients.
Mapping studies had shown that such patients have a point mutation in the gene encoding
the transcription factor FOXP3 [10, 11] and a functional Treg deficit in vitro [12]. DREG
mice were constructed in which the diptheria toxin receptor gene was inserted into the
Foxp3 locus such that administration of the toxin leads to a conditional depletion of Foxp3+

nTreg. Selective Treg depletion led to profound autoimmunity in neonates [13] and lethal
autoimmune disease in adults [14] demonstrating that active regulation mediated by nTreg
plays an indispensable role in normal immune homeostasis. The implication that nTreg play
such an important role in controlling immune responses in mice and in humans gives
grounds for cautious optimism that it should be possible to harness the potential of Treg to
control rejection in clinical transplantation.

2. Regulatory T cells in vivo: An historical perspective
Although much of our current understanding of immune regulation has come from
autoimmunity models, it is important to recognize that transplantation provided some of the
earliest evidence for Treg function in vivo. Almost 30 years ago in a rat heart transplant
model, Hall et al. showed in the MHC mismatched PVG to DA strain combination that a
two-week course of cyclosporine (CyA) led to indefinite allograft survival without further
therapy. Importantly, when harvested 100 days post transplant and tested in adoptive
transfer models, T cells from these animals had the capacity to prevent rejection mediated by
normal effector cells [15]. These data provided a clear indication that long-term allograft
survival independent of long-term immunosuppression (operational tolerance) involved T
cells with the ability to regulate naïve alloreactive T cells. Subsequently, Hall and colleagues
demonstrated that regulation was associated with CD4+ T cells [16, 17] and were the first to
suggest that CD25 is a useful Treg marker [18]. Similar data were obtained in a rat renal
allograft model where operational tolerance was induced by donor-specific blood
transfusion [19, 20].

To determine whether cells isolated on the basis of CD25 expression could be used
therapeutically in the transplant setting, Hara et al. reconstituted immunodeficient CBA mice
with naïve CBA effector T cells with or without CD4+CD25+ T cells isolated from CBA
mice bearing fully allogeneic B10 heart allografts. The reconstituted mice were then
transplanted with test B10 skin grafts. Mice reconstituted with effector T cells alone rejected
their skin grafts acutely but, in stark contrast, co-transfer of CD4+CD25+ T cells from
tolerant animals led to indefinite skin graft survival in 80% of recipients [21]. Strikingly,
when used at equivalent cell doses, naïve CD4+CD25+ T cells were unable to control
rejection suggesting that exposure to alloantigen in a tolerogenic environment either
enhances nTreg function and/or generates a population of induced Treg.

Whilst the observation that long-term tolerant mice contain populations of alloantigen
reactive CD25+ Treg was important, these experiments were unable to distinguish between
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Treg that were generated by the induction strategy itself and those that arose simply by the
presence of the accepted allograft. In terms of developing potential clinical approaches, a
much more important question is whether induction strategies that ultimately lead to long-
term operational tolerance can drive Treg development independently of the graft itself. The
presence of sufficient numbers of donor-reactive Treg pre-transplant might offer immediate
active regulation perhaps allowing early drug-minimization. In a fully mismatched mouse
transplant model, pre-treatment of H2k CBA mice with H2b donor alloantigen (donor
specific transfusion, DST) under the cover of a non-depleting anti-CD4 antibody 28 days
before transplant leads to the indefinite survival of donor-specific H2b hearts without further
therapy [22]. Importantly, when CD4+CD25+ T cells were isolated from mice 28 days after
pre-treatment but without transplant, these cells prevented test skin graft rejection in a
sensitive adoptive transfer model [23]. Critically, protection was not seen with similar
populations isolated from naïve, anti-CD4-only or DST-only mice demonstrating that
tolerance mediated by CD25+ Treg can be indeed induced in vivo prior to transplant.

Although a significant body of work has demonstrated that Tregs can control alloreactive
responses, most experiments involved adoptive transfer of cells into immunodeficient
recipients where allograft rejection is driven by relatively small numbers of effector T cells -
typically of the order of 105 per mouse. In terms of translational medicine, a much more
relevant question is what role do Tregs play in an intact immune system? In transplantation
Treg-specific inactivation was used to show that in the anti-CD4/DST tolerance induction
model described above, the survival of primary heart allografts in normal, lymphoreplete
recipients is also unequivocally dependent on aTreg driven by the tolerance induction
protocol [24]. These data suggest that it should indeed be possible to boost the function of
Tregs in non-lymphopenic transplant patients.

3. How might Treg be exploited for therapeutic benefit?
3.1 In vivo induction of Treg

The current success of clinical transplantation depends on immunosuppression and, as in
rodent models [15, 25, 26], it may be possible to tailor immunosuppression to promote the
generation and/or expansion of donor-reactive Treg. Attempts to identify the emergence of
Treg in such circumstances are essential but a number of factors make such identification far
from trivial. Firstly, although FOXP3 and CD25 have been and continue to be useful for the
identification of Tregs, in humans neither marker is unique to Tregs, and both can be up-
regulated on activated non-regulatory populations [27-31]. Thus, accurate identification of
Treg is problematic and historical data that did not take this possibility into account must be
viewed with caution. Secondly, it is quite likely that different immunosuppressive drugs will
be more or less permissive for Treg development/function. For example, some studies have
found circumstantial evidence that calcineurin inhibitors (CNI) have a negative impact on
regulation whilst rapamycin may preserve or enhance Treg development and or function.
Thirdly, the heterogeneity of donor-recipient populations and the use of many different of
induction and maintenance immunosuppressive regimens will make it challenging to
identify protocols that promote Treg function. Fourthly, even if a given transplant protocol
were to induce functional human Treg, identifying the in vivo contribution of such cells
against a background of very effective immunosuppression will not be straightforward.

Despite the above limitations, four specific strategies of immunotherapy have been
identified that may be permissive for Treg development and function in a transplant setting.
These are: 1. anti-CD3 antibody; 2. anti-thymocyte globulin; 3. anti-CD52 antibody; and 4.
mTOR inhibitors.
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3.1.1 Anti-CD3 antibody—The early observation that T cells are essential for rejection
led to the development of anti-T cell reagents including anti-CD3 antibodies which have a
long history in transplantation. These agents were used initially as an anti-rejection therapy
[32, 33] but evidence began to emerge that they could also induce tolerance in transplant
[34, 35] and autoimmunity models [36]. Although anti-CD3 antibodies provide an initial
period of global immunosuppression due to T cell receptor (TCR) modulation and enhanced
effector T cell apoptosis, in the longer term a state of self-tolerance develops which involves
the expansion of TGF-β–producing aTreg [37, 38]. Anti-CD3 antibodies have been used in
Phase I/II trials in recent onset diabetic patients and appear to delay the requirement for
exogenous insulin [39]. Importantly, the most benefit was in patients with the highest
residual β-cell mass and the least advanced autoimmunity. Thus anti-CD3 antibody therapy
could be useful in the transplant setting since the problem of pre-existing activated effector
cells and organ damage is less of a problem compared to patients with advanced
autoimmunity.

3.1.2 Anti-thymocyte globulin—Like anti-CD3 antibodies, anti-thymocyte globulins
(ATG) have been used for many years in transplantation, principally as induction agents.
Due to their polyclonal nature, these agents have multiple modes of action including T cell
depletion, TCR modulation and induction of effector T cell apoptosis. However, as with
CD3 antibodies, ATG may also promote an overall shift in T cell responses, due partly to a
relative resistance of Treg to ablation and to the fact that following non-Treg depletion, re-
populating T cells may default along a Treg pathway. Evidence for both these possibilities
has been obtained in the mouse [40] and humans [41, 42]. Although ATG treatment of
human T cells does not induce the differentiation of aTreg in vitro [43], this finding does not
exclude the possibility that ATG may increase the numbers of donor-reactive aTreg in vivo.

3.1.3 Anti-CD52 antibody—The antibody that became the commercial humanised anti-
CD52 reagent Alemtuzumab began life in Cambridge in the early 1980s and an IgG2b
variant was selected for further development because of its ability to kill T cells and other
leukocytes with high efficiency [44]. The antibody is licensed for use in chronic
lymphocytic leukaemia and has been used in multiple sclerosis patients and in kidney
transplant recipients. Alemtuzumab causes a rapid and profound depletion of most leukocyte
sub-sets including T cells but, as with anti-CD3 and ATG, it is possible that T cell re-
population after Alemtuzumab induction therapy could result in a shift in the Treg/non-Treg
balance such that there is a functional enrichment of Treg. In a study of 29 kidney transplant
recipients, Bloom et al. showed that induction therapy with Alemtuzumab (day 0, +1; total
dose, 40mg) was associated with a significant increase in the proportion of CD25+FOXP3+

T cells:- pre-transplant:- mean 3.5% of total CD4+ T cells cf. mean 12% at 6 months post-
transplant, [45]. Numbers remained similar at 12 months post-transplant but then declined
almost to pre-transplant levels by 24 months. Although it is tempting to speculate that these
results indicate an Alemtuzumab-dependent induction of regulatory T cells, such
conclusions are complicated by two factors. Firstly, in addition to receiving steroids, the
patients in this study also received maintenance sirolimus therapy, which in vitro at least has
been shown to favour Treg survival [46]. Secondly, in man (rather unlike the mouse),
FOXP3 is up-regulated on activated non-regulatory T cells. Indeed, a previous report
demonstrated that treatment of kidney transplant recipients with Alemtuzumab resulted in an
enrichment of cells with a memory-like phenotype [47] and since memory is frequently
associated with activation, it is possible that the increase in the proportion of
CD25+FOXP3+ T cells seen in the later study [45] reflects transient T cell activation and not
the expansion of bona fide Treg. One obvious possibility is that global T cell depletion
results in the expansion/enrichment of both Treg and activated memory cells but that the
former is masked by the latter. If this is the case, it might be possible to consider a two-step
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procedure in which global depletion is followed by a second depletion to target memory
rather than regulatory T cells. A potential candidate for this approach is anti-CD2 antibody
which is reported to have some selectivity for memory cells [48] and has been shown to
result in Treg enrichment when used as part of a conditioning regimen for haematopoietic
stem cell transplantation [49, 50]. Although it is clear that much remains to be learned about
the best way in which to manipulate the immune system using global depletion, the
possibility that such approach could promote the emergence of donor-reactive Treg means
that for many groups this will continue to be an important area of study

3.1.4 mTOR inhibitors—Tregs have a functionally-essential reduction in the activity of
the phosphatidyl inositol 3′ kinase (PI3K) pathway [51] and accordingly are resistant to the
anti-proliferate effects of inhibitors of various kinases in this pathway. Evidence that
rapamycin, which inhibits the mTORC2 complex in the PI3K pathway, promotes the
selection and/or preferential survival of mouse [46] and human nTreg [52-54] has led to the
idea that mammalian target of rapamycin (mTOR)_inhibitor-based immunosuppressive
regimens could promote the development of donor-reactive Treg in vivo. Several groups are
currently investigating this possibility in clinical transplantation trials. One study found that
whereas calcineurin inhibitors (CNIs) reduce the number of circulating Treg in transplant
patients, rapamycin preserves Treg numbers [55]. Whether this ‘Treg preservation’ is due to
preferential selection or de novo generation is not clear.

A problem with designing trials of novel immunosuppressive regimens is the choice of the
relevant control or comparator population. For example in a study of 21 renal transplant
recipients, patients were induced with Alemtuzumab then treated with cyclosporine (CyA)
plus low dose mycophenolate mofetil (MMF) or rapamycin plus low dose MMF to compare
the impact of CyA versus rapamycin on Treg [56]. In both groups, leukopenia was followed
by a gradual recovery in Treg frequency but, while Treg recovered only to pre-transplant
levels in the CyA group, in the rapamycin patients there was a 3.6-fold increase in CD25+

cells 12 months post-transplant. These data suggest that Treg recovery depends on
calcineurin-dependent IL-2 production but it is difficult to conclude that rapamycin
promotes the preferential selection of Treg since the effect could simply be due to the lack
of CyA rather than the presence of rapamycin [56, 57]. In a unique study in which the effect
of rapamycin on Treg number and function was evaluated in pre-transplant diabetic patients,
Monti et al. showed that whilst rapamycin had little effect on the number of circulating Treg,
the regulatory potency of these cells in vitro was restored to that seen in normal untreated
individuals [58]. This is an important observation because unlike other investigations, the
nature of the study allowed the effects of rapamycin to be examined independently from the
confounding effects of other immunosuppressive agents. Overall, the circumstantial data
obtained thus far are consistent with the idea that, in vivo, rapamycin can contribute to the
preservation or generation of functional Treg.

The effect of mTOR inhibition in animal models is generally clearer and rapamycin has
been shown to preserve or promote Treg function in graft versus host disease (GVHD)
models [59]. Furthermore, in an elegant series of experiments, Gao et al. provided
persuasive evidence for rapamycin-mediated generation of Treg from non-Treg precursors
[60]. In these experiments, CD4+GFP− cells (non-Treg) from Foxp3GFP reporter mice
carrying a congenic marker were adoptively transferred into MHC compatible recipients and
then treated with PBS control, CyA or rapamycin. Four days later spleen cells were
harvested from these mice and gating on the congenic marker allowed Foxp3(GFP)
expression to be examined only within the input population. In these experiments, an
appearance of Foxp3+ cells in the relevant gate would indicate a non-Treg to aTreg
conversion. Compared with PBS-treated controls, administration of rapamycin resulted in a
10-fold increase in the number of GFP+ cells recovered (2.3×104, cf 2.4×105, PBS and
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rapamycin respectively). Importantly, in mice treated with CyA, the average number of
GFP+ cells recovered was only 50% of that in the PBS group supporting the observation
[56] that Treg expansion in vivo relies on calcineurin-dependent IL-2 production. The above
data were obtained by adoptive transfer of non-Treg without antigen challenge, but
important additional experiments showed that rapamycin also promoted Treg conversion
when given as peri-transplant immunosuppression in an allogeneic skin graft model. It is not
clear if Gao et al. had the opportunity to ask whether concomitant CyA administration can
override the rapamycin effect, but this would be a fascinating line of enquiry highly relevant
to current clinical practice.

3.2 Treg as cellular therapy
Compelling data from animal models combined with tentative clinical observations suggest
that Treg may emerge in transplant patients as a result of successful engraftment but the
difficulty of identifying donor-reactive Treg and influencing their development means that
in vivo generation may depend more on serendipity than on deliberate design. These factors
indicate that the most likely route for the controlled use of Treg in clinical transplantation
will be the administration of in vitro expanded or generated cells delivered as a cellular
therapy.

The use of Treg as a cellular therapy has a number of theoretical advantages compared with
attempts to generate such populations in vivo. These include: Treg could be produced under
defined and reproducible conditions; function according to defined criteria could be
validated before use; Treg could be delivered in defined numbers and at a specified time
relative to transplant; and cryo-preservation would allow Treg therapy to be ‘topped-up’ if
required post-transplant. At present, there are three main strategies being pursued to develop
Treg-cell based therapies for transplantation: 1) the use of nTreg, either freshly isolated or
expanded in vitro; 2) the generation of aTreg, generated by donor antigen stimulation in
vitro; and 3) the generation of Treg by ectopic gene expression.

3.2.1 Naturally occurring Treg—The small number of nTreg accessible in the
peripheral circulation means that for cellular therapy, it will be almost certainly be necessary
to use a polyclonal stimulus to expand nTreg in vitro. Thus, the first challenge is deciding
the basis on which Treg should be isolated to maintain pure populations after in vitro
expansion. Purity is an issue because of the potential out-growth of non-Treg that could
contribute to rejection or cause autoimmunity. In the absence of a Treg-specific cell surface
marker, two different combinations of markers appear to be promising for Treg isolation.
The first combination seeks to isolate CD4+CD25hi nTreg but with the addition of an
antibody to select for CD45RA+ cells and so eliminate antigen experienced or memory T
cells [61]. The second combination also uses CD4 and CD25 but includes an antibody to
CD127 (IL-7Rα) on the basis that in human nTreg, there is a reciprocal expression of
CD127 and FOXP3 and thus CD127 provides a sort-able surrogate maker for FOXP3+

nTreg [62, 63].

Notably, isolation of CD25+CD45RA+ (naive) T cells yields Treg with a greater suppressive
capacity than total CD25hi cells [61]. The reason for this became clear when Miyara et al.
examined subpopulations of human FOXP3+ T cells and discovered that whereas
CD25+CD45RA−FOXP3hi cells are highly suppressive, CD25+CD45RA−FOXP3lo cells are
not suppressive in vitro, contain many IFN-γ and IL-2 producing cells, and also Th17
precursors [64]. Furthermore, after three weeks of in vitro expansion, CD127− Treg became
methylated at the Treg-specific demethylated region (TSDR) while CD45RA+ expanded
Treg remained demethylated [65], and the CD127− Treg that lost FOXP3 expression were
CD45RA− demonstrating that naïve Treg may represent the most stable population for

McMurchy et al. Page 6

Semin Immunol. Author manuscript; available in PMC 2013 November 21.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



expansion [65, 66]. Naïve Treg have additional benefits of having the greatest expansion
potential [66] and of expressing the homing receptors CD62L and CCR7 even after in vitro
expansion which may be beneficial for cellular therapy to target the cells to lymphoid organs
[61]. One drawback especially in an ageing population, is that numbers of naïve Treg
decline in peripheral blood with age [67, 68], hence, isolation based on CD127 expression
may still be a practical approach.

Work continues to identify additional markers that may give purer or more potent Treg, or
provide more straight-forward isolation procedures. In addition to selection criteria based on
CD45RA or CD127, there have been studies investigating the utility of CD121a/CD121b
and TGF-β/LAP [69] CD39 [70-72], and glycoprotein-A repetitions predominant (GARP)
[73-75] as new Treg markers. However, all of these proteins are only expressed on activated
Treg so they would only be useful for re-purifying in vitro expanded Treg if contamination
with effector T cells was suspected. Markers have also been identified that separate Treg
into different functional subsets. For example, human ICOS+FOXP3+ cells produce IL-10
and TGF-β whilst ICOS−FOXP3+ cells only produce TGF-β [76]. Thus depending on the
type of immune response to be suppressed, it may be useful to isolate subsets of nTregs
which have specific mechanisms of action.

In view of their low abundance much work has gone into developing in vitro methods to
expand nTreg. Methods employed to stimulate Treg include anti-CD3/anti-CD28 coated
beads as well as cell-based artificial antigen presenting cells expressing co-stimulation
molecules and/or Fc receptors. In addition to stimulus through the TCR, Treg require CD28
co-stimulation [77-80] and exogenous IL-2 [81, 82]. Adding rapamycin to the culture has
been shown to preserve Treg purity and allow selective Treg expansion [46, 53, 54, 80, 83].
Notably, as discussed above, rapamycin-expanded Treg retain suppressive capacity in vitro
and when tested in a GVHD model were more effective than nTreg expanded under
conventional conditions [80]. However, rapamycin also significantly inhibits the
proliferation of Treg; thus, addition of this compound for only a portion of the expansion
period may be optimal [66, 80]. Importantly, expansion outcomes among individuals are
heterogeneous [66], potentially affecting the number or purity of Treg that can be obtained
from a given individual. Indeed, in a recently reported clinical study, target doses of
expanded nTreg were not achieved for all patients [84]. Improvements in expansion methods
that remain GMP compliant should allow Treg therapy to be applicable for a wider range of
patients.

Whilst it has been essential to use in vitro suppression assays to determine whether
expanded nTreg retain regulatory function, a much more critical matter is whether these
cells can regulate alloreactivity in vivo. Fortunately, in the past few years, several
humanised-mouse models have been described in which immunodeficient mice are
reconstituted with components of the human immune system [85, 86]. In a unique study,
Nadig et al. reconstituted immunodeficient BALB/c Rag−/− common γ chain−/− mice with
human PBMC with or without expanded nTreg isolated from the same cell donor, then
transplanted these mice with segments of human left internal mammary artery side branches
as interposition grafts in the descending aorta [87]. Grafts were harvested at day 30 and
examined for intimal hyperplasia, one of the hallmarks of immune-mediated vascular
damage. Mice transplanted without cellular reconstitution showed no signs of intimal
proliferation, whereas mice reconstituted with allogeneic PBMC showed extensive
vasculopathy which in some cases resulted in almost complete intimal occlusion. However,
co-transfer of expanded nTreg isolated on the basis either of CD4 and CD25 or CD4, CD25
and low expression of CD127, had a striking impact on vasculopathy with some vessels
being entirely free from occlusion. On the basis of their ability to prevent vasculopathy in
this model, cells sorted on the basis of CD127 appear to be some five times more effective
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on per cell basis, [87] an observation that could have important implications for the design
of future clinical studies (see below). This approach has recently been extended to a human
skin graft model in BALB/c Rag−/− common γ chain−/− mice reconstituted with allogeneic
human PBMC and as in the vessel model, in vitro expanded CD4+CD25+CD127lo nTreg
have been show to be powerful regulators of allograft rejection emphasising their clinical
potential [88].

3.2.2 Adaptive Treg—Broadly speaking, the CD4+ T cell compartment of rodents and
man contains approximately 5-10% of FOXP3+ nTreg and, as discussed earlier, these clearly
play an essential role in normal immune homeostasis [10-12, 14, 89-91]. However, as
discussed above, in humans it is difficult to isolate pure populations of nTreg and their low
expansion potential continues to limit clinical application. Many groups have thus pursued
the development of strategies to induce aTreg in vitro. GVHD models allowed the
unequivocal demonstration that stimulation of donor CD4+ T cells with recipient strain APC
in the presence of TGF-β and IL-2 resulted in a population of Treg that could prevent lethal
GVHD in vivo [92]. Subsequently, two groups made the important observation that Foxp3+

cells with suppressive function in vitro and in vivo could be generated from CD4+CD25−

precursors [93, 94]. The ability to generate Treg from non-Treg precursors could have
important consequences for eventual Treg cell therapy because CD4+ conventional T cells
are 10-20-fold more abundant than pre-existing Treg and thus provide a larger pool of
potential Treg precursors.

The potential of adaptive Tregs has been extended from GVHD models to models of organ
and tissue transplantation and several groups have shown that in vitro generated aTreg can
control allograft rejection. For example, Feng et al. developed a novel in vitro protocol in
which recipient strain CD4+ T cells are stimulated for 14 days with donor APC in the
presence of IFN-γ [95]. Without further purification, the resulting cells prevent donor-
specific skin and vessel allograft rejection mediated by CD25− effector T cells in a sensitive
adoptive transfer model [96, 97]. Importantly, T cell stimulation in the presence of IFN-γ
enriches for alloreactive Foxp3+ Treg by inducing preferential apoptosis in responding non-
Treg, promoting the expansion of responding nTreg and driving the conversion of non-Treg
precursors [95]. While these results are encouraging, the aTreg cells in these experiments are
required to control only a relatively small population of effector cells. An essential next step
is to determine whether logistically feasible numbers of aTreg can influence graft outcome
in normal mice with an intact T cell repertoire. Whilst it is perhaps no surprise that alone,
even 2×106 IFN-γ conditioned Treg have no impact on the rejection of primary heart
allografts, when combined with sub-optimal co-stimulation blockade, as few as 5×105 cells
delivered one day before transplant can extend heart graft survival beyond that in controls
given co-stimulation blockade alone (Chan and Bushell, preliminary results).

Encouraging primary heart allograft results have also been reported following administration
of recipient T cells stimulated in vitro with donor APC in the presence of TGF-β and IL-2
[98]. Delivery of 1×107 in vitro generated Treg on days −1 and +5 resulted in a median graft
survival of approximately 50 days with ~30% of animals accepting their grafts long-term.
Most remarkable is the fact that these transplants were performed in a fully mismatched
strain combination (B6, H2b to DBA/2, H-2d) and no additional immunosuppression was
given. Although it is not clear which cell in the injected population is responsible for the
regulation described, if it is assumed that regulation is dependent on CD4+CD25+ cells
(shown to be ~3×106 per 1×107 cells), then scaling these numbers up to an 80kg human
would appear to indicate that a dose of 1.2×1010 might be required. Of course, fewer Treg
might be required if delivered with Treg-permissive immunosuppression although this was
not explored in this study. A caveat is that there is currently no robust way to generate
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aTregs in vitro in humans [28], thus testing of this approach in the clinic will await further
basic research.

On the other hand, protocols to generate human aTregs characterized by high expression of
IL-10, but not FOXP3, are well established. These so-called Tr1 cells arise when
conventional T cells encounter their antigen in the presence of IL-10 [99] and mediate
antigen-specific suppression via an IL-10-dependent mechanism. In mouse models, Tr1 cells
can suppress islet allograft rejection [100] as well as GVHD [101], leading to the
development of clinically-applicable protocols to generate alloantigen-specific Tr1 cells for
cellular therapy [102]. A trial is ongoing to test whether delivery of Tr1 cells can control
GVHD without affecting responses to other antigens.

3.2.3 Generation of Treg by ectopic gene expression—A genetic deficiency in
FOXP3 results in profound autoimmunity in Scurfy mice [103] and IPEX patients [10, 11]
and it is now known that expression of the FOXP3 transcription factor is essential to
maintain functional nTregs. Indeed, Foxp3 over-expression either in vivo in transgenic mice
[104] or in vitro using viral transduction [105-107] confers regulatory activity on previously
non-regulatory T cells. Similarly over-expression of FOXP3 in human T cells using a vector
system which ensures continuous high expression levels allow efficient generation of Tregs
from conventional T cells in vitro [108]. Human T cells expressing an inducible form of
FOXP3 only acquire regulatory capacity after FOXP3 is expressed for 7-12 days, illustrating
the importance of long term and high expression of FOXP3 to achieve functional
reprogramming of human T cells [109]. A major benefit of this approach is that a relatively
large number of T cells could be isolated and reprogrammed into Treg, overcoming the
challenge of limiting cell numbers. Furthermore, over-expression of FOXP3 can also
reprogram memory T cells into Tregs, allowing for generation of antigen-specific Treg. The
generation of Treg by ectopic expression of FOXP3 thus represents an exciting though
challenging prospect in clinical transplantation. In the living-donor transplant setting it
would theoretically be possible to stimulate recipient T cells with donor APC and then
transduce the responding T cell population with FOXP3 for subsequent delivery as a
“personalized” Treg cellular therapy.

Another approach involving a combined gene and cell therapy approach is to introduce
alloantigen-specific TCRs into Tregs. Tsang et al. [110] used a mouse model to generate
Tregs with both indirect and direct specificity for donor alloantigens. Recipient (B6, H2b)
CD25+ T cells were repeatedly stimulated with donor (BALB/c, H2d) to generate Treg with
direct alloreactivity, then transduced these cells with the TCR recognising for Kd presented
by IAb . The resulting cells were then delivered to B6 recipients as a cellular therapy and
assessed for their ability to influence the rejection of fully mismatched BALB/c heart
allografts. When combined with sub-therapeutic anti-CD8 antibody plus rapamycin, cells
with only direct specificity led to ~50% heart allograft survival at 100 days. In contrast, cells
with both direct and indirect specificity led to 100% graft survival in the same strain
combination. This study provided important ‘proof of concept’ data showing firstly that
transduction of recipient cells with a TCR of known allospecificity can generate functional
Treg and, secondly, that Treg with the capacity to recognise alloantigen via the indirect
pathway should not be ignored as protocols are developed for clinical testing. Although
these data are striking, it should be noted that the doses of cells used in these mice were not
insignificant (1×107 on days −1, +7, 14 and 21). When scaled up from a ~25g mouse to an
80kg human, this equates to a total dose approximately 1.2×1011 transduced Treg. This
number is put into a logistical and possible safety context by the fact that an average 80kg
person has approximately 4×108 circulating CD4+FOXP3+ nTreg and perhaps an equivalent
number resident in peripheral lymphoid tissues. Thus, such an approach, though
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technologically elegant would face enormous practical and licensing issues if it were to be
considered for clinical transplantation.

3.3 The current clinical experience
The ‘first-in-man’ study of expanded nTreg to be used as a cellular therapy reported the
results of two patients who developed GVHD following bone marrow transplantation [111].
One patient developed chronic GVHD (POD 137) and received triple therapy (prednisolone,
tacrolimus and MMF) for two years post-transplant but complications of the
immunosuppression prompted the administration of CD4+CD25+ flow-sorted, expanded
nTreg from the bone marrow donor at a dose of 1×105/kg. This allowed MMF withdrawal
and a reduction in steroids without overt disease recurrence. The second patient was
diagnosed with acute GVHD on day 29 post transplant which was refractory to treatment
with steroids, tacrolimus, MMF and ATG. This patient received expanded donor nTreg at a
total dose of 3×106/kg over three infusions (day+75, +82 and +93) and, although there was a
temporary clinical improvement after the first infusion, the patient deteriorated and died of
multi-organ failure on day 112.

In late 2010, a much larger Phase I/II study was reported in which 23 patients who received
double umbilical cord blood stem cell transplantation were enrolled in a dose escalation
Treg trial [84]. In each case, CD4+CD25+ T cells were isolated from a third party unit of
cord blood partially matched with the recipient. The study design called for delivery of
defined doses on day +1 post-transplant, with some patients receiving a second dose on day
+15. Doses ranged from 1×105/kg to 30×105/kg. The rates of GVHD and infectious
complications were compared with those from 108 historical controls. Importantly, the study
reported no increase in fungal, bacterial or viral infections compared with the control group
and although the primary endpoints were safety and feasibility, the authors did report a
slight reduction in grade II-IV GVHD in the trial group. It seems highly likely that as
various groups begin planning trials of nTreg in bone marrow and solid organ
transplantation, this study will provide an essential reference point for cell doses and cell
purity for both study teams and the licensing authorities.

Another study has recently been reported in which expanded donor CD4+CD25+ nTreg were
administered to patients who underwent HLA-haploidentical hematopoietic stem cell
transplantation [112]. Donor conventional T cells (Tconv) were given four days post-
transplant with CD34+ cells in a dose escalation study:- 4 patients received 2 × 106 Treg/kg
plus 0.5 × 106 Tconv/kg, the next 17 patients received 2 × 106 Treg/kg plus 1 × 106 Tconv/
kg, and the next 5 patients received 4 × 106 Treg/kg plus 2 × 106 Tconv/kg. One goal of this
study was to deliver Tconv cells in addition to the CD34+ cells to enhance immune
reconstitution and function in the recipient without causing GVHD. Importantly, no GVHD
prophylaxis was given. Twenty-six of 28 patients achieved full donor-type engraftment, and
of those, no patients developed chronic GVHD at the time of reporting (3.6 to 21.4 months
post transplantation). However, two of the 26 patients developed ≥ grade II acute GVHD,
but these received the highest dose of Tconv cells emphasising that Treg-mediated control is
clearly a dose-dependent phenomenon. The study reported an enhancement of immune cell
recovery, and an improved immunity to pathogens as judged by in vitro assays.
Furthermore, there was no association with an increased risk of leukemia relapse, indicating
that the graft-versus-leukemia response was likely intact. It should be noted that in terms of
patient survival, the results of this study appear to be disappointing in that 13/26 patients in
the study died, particularly from sepsis, viral or fungal infection. However, some of these
patients had fungal infections prior to transplant and importantly, no fatal infections
occurred after the first two months post transplant indicating a restoration of protective
immunity without negative effects of Treg therapy.
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In Europe, the European Union has recently funded a multi-centre Phase I/II study to
evaluate various types of immunomodulatory cells in living-donor kidney transplantation.
The ‘ONE Study’ involves groups from Regensburg, Berlin, London, Oxford, Milano and
Nantes and will develop protocols for the use of expanded recipient nTreg (Regensburg,
Berlin, London, Oxford), recipient Tr1 cells (Milano), donor regulatory macrophages, Mregs
(Regensburg) and donor tolerogenic DC (Nantes). Critical to the study design is that all
centres will use a common immunosuppressive protocol (part of the ‘ONE’ concept), which
will be closely based on the recently published Symphony study [113]. As with the stem cell
trials described above [84, 112], the primary endpoints will be safety and feasibility but
therapeutic benefit will be examined through immunological monitoring using lessons
learned from the European Unionfunded RISET and Indices of Tolerance initiatives and
from similar studies sponsored by the Immune Tolerance Network [114, 115]. Each centre
will enrol 20 patients in the control arm to receive Symphony-based immunosuppression
and 10 patients who will receive the same immunosuppressive regimen (but without anti-
CD25 induction) plus cell therapy. Providing the relevant licensing and ethical approval is
obtained, the study design calls for the control patients to be transplanted no later than 2013
with the cell therapy groups transplanted in 2014 thus allowing a follow-up period of at least
12 months. The intention with the nTreg group is that recipient nTreg will be isolated,
expanded, assessed phenotypically and functionally, then cryopreserved for delivery at day
−1 relative to the time of transplant. Although many details will be subject to modification
by the appropriate regulatory and ethical bodies based on the bone marrow transplant
experience described above, it is anticipated that the study will begin with doses of the order
of 3×106 expanded nTreg/kg.

3.4 Safety concerns of Treg cellular therapy
3.4.1 Global immune suppression—One of the main goals of using Treg as a cellular
therapy is to decrease the requirement for life-long global immunosuppression which
increases the risk of infection and cancer. While Treg have been shown to suppress graft
rejection in multiple studies, whether or not they are globally immunosuppressive in the
context of cellular therapy has not been extensively studied. However, promising results
from transfer of Treg to treat or prevent GVHD show that Treg can suppress GVHD while
still maintaining the critical graft versus leukemia effect [116-118]. Indeed, it has been
demonstrated that Treg not only prevent GVHD but also enhance immune reconstitution
after bone marrow plus T cell transplant in mice by preventing GVHD-induced damage of
the thymus and secondary lymphoid organs, thus allowing protection against lethal
cytomegalovirus infection [119].

There have been fewer investigations of global immune suppression when Treg are used as a
cellular therapy in solid organ transplantation. In one study, when antigen-specific Treg are
induced in vivo to prevent cardiac allograft rejection in a mouse model, they do not prevent
antiflu responses after challenged with influenza 7 days post-transplant [120]. The same is
true when splenocytes from these in vivo tolerised mice are transplanted to naïve mice
which receive allografts and virus challenge. Although these data are encouraging, much
more work is required to determine whether the potential benefits of expanded nTreg, aTreg,
or FOXP3-transduced cells can be realised in solid organ transplantation without
compromising protective immunity.

Limited safety data have been obtained from initial clinical trials. In the phase I clinical trial
by Brunstein et al. described above, where nTreg expanded from umbilical cord blood were
infused into patients who had undergone double umbilical cord blood transplantation, results
indicate that while Treg confer enhanced protection from acute GVHD, they do not increase
the incidence of opportunistic infection nor disease relapse [84]. In the clinical trial by Di
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Ianni et al., freshly isolated donor Treg were infused 4 days prior to haploidentical
hematopoietic stem cell transplant, and no GVHD prophylaxis was given [112]. Infused
Treg did not inhibit immune reconstitution, and of 26 patients, no CMV-related deaths were
reported, an improvement over 40% of non-leukemic deaths caused by CMV that had
previously been reported by this group. Furthermore, seven patients were vaccinated against
influenza 3-14 months post-transplant, and five acquired protective antibody titres. These
studies provide a basis to move on to larger trials that will shed further light on whether
polyclonal and/or adaptive Treg result in global immunosuppression causing relapse or
infection.

3.4.2 Non-pure populations and plasticity of Treg—Further safety concerns of using
Treg as a cellular therapy are the lack of pure populations, where contaminating Tconv cells
could cause harm. Even if extremely pure populations can be obtained, there is great debate
over the stability of Treg. In inflammatory environments, Treg may lose their suppressive
phenotype [121-127], but other groups claim that nTreg are a stable lineage, even in the
inflammatory conditions of infection and autoimmunity [128]. One factor to consider is that
different populations of Treg may be more stable than others. In particular, aTreg tend to be
more highly methylated at the TSDR while nTreg are demethylated in this region,
suggesting that aTreg have less stable FOXP3 expression and therefore less functional
stability than nTreg [129]. Another emerging idea is that the role of Treg may not be limited
to suppression of immune responses since a novel role for mouse Treg as helper cells in
some environments has been identified [130-134]. Better understanding of factors that cause
Treg to lose or gain suppressive capacity will be required to predict how Treg will behave as
cellular therapy for transplantation.

3.4.3 Addressing safety concerns—One way to address inevitable safety concerns
would be to engineer Treg to express an inducible suicide gene such that these cells can be
removed if they become pathogenic [135, 136]. One example of such a strategy would be to
generate Treg populations that express a cell fate control gene, such as HSV-thymidine
kinase which has been expressed in genetically-engineered conventional T cells delivered in
the context of stem cell transplantation so that they can be eliminated by gancyclovir in vivo
should they cause GVHD [137]. An example of more advanced cell fate control gene is an
enhanced mutant of thymidylate kinase (TK), an enzyme that phosphorylates 3′-azido-3′-
deoxythymidine (AZT), converting it into a toxic form. Administration of AZT could
efficiently eliminate TK-expressing transferred cells that have become pathogenic or cells
that have become malignant as a result of gene integration [135]. Nonetheless, further
advances in gene therapy would be required for this approach to move forward and licensing
issues are likely to be less than straightforward. However, it should be recognised that the
transplant community is well accustomed to the use of agents such as Alemtuzumab,
Basiliximab and ATG for induction therapy. If adverse events were detected that resulted
from Treg delivery, there could also be the option to use any one of these antibody
preparations to disable and/or deplete the injected population. None of these is Treg specific
but the fact that their transient use does not appear to lead to long-term immunodeficiency
suggests that if some form of rescue strategy is required by the regulatory authorities, these
agents should be acceptable.

3.5 Monitoring outcomes
How outcomes are measured will be a critical aspect of clinical Treg cellular therapy
studies. As discussed above, initial trials of Treg therapy will see an introduction of Treg
into established ‘gold-standard’ immunosuppressive regimens, but by definition, these
regimens give good graft outcomes in their own right. Therefore, identifying an additive
effect of Treg therapy will be a challenge. Although the most robust confirmation of graft
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rejection is currently via a biopsy, it does not follow that the same approach can detect
reduced alloreactivity. Thus clinical parameters combined with in vitro assays to measure
alloantigen-specific effector T cell function, such as the IFN-γ ELISPOT, will be required to
identify therapeutic benefit. In addition, simple phenotypic analyses of circulating Tregs
may not give clear results because FOXP3 does not exclusively identify Tregs in humans
[27-31] and the presence of Treg in the graft rather than the periphery may be a better
indicator of outcome [57, 138].

The most promising methods of monitoring alloantigen-specific tolerance are molecular
diagnostics including genetics, epigenetics, transcriptomics, proteomics, and metabolomics
(reviewed in [139] and in this issue). Biomarkers of operationally tolerant kidney and liver
transplant patients have been identified [140, 141]. Furthermore, investigations using the
CDR3-length distribution assay suggest that the TCR repertoire might be a good predictor of
graft outcome as investigations suggest the majority of kidney transplant patients with
chronic rejection have an accumulation of olio or monoclonal Vbeta expansions while
operationally tolerant recipients have a TCR repertoire like that of healthy individuals [142].
The best indicators of rejection will probably come from a combination of monitoring
techniques. Once the initial series of Phase I/II trials have been completed it will be
necessary to conduct large, multi-centre trials powered sufficiently to identify a reduced
incidence of rejection. Success in defining good ways to measure tolerance would set the
scene for subsequent trials in which accelerated drug minimization was the principal aim.

3. 6 Impact of concurrent immunosuppression
One of many significant unknowns in the design of Treg-based cell therapy is whether their
function will be compromised by immunosuppression. Although there are tentative data
indicating that CNIs can attenuate Treg function in vivo [26], definitive data are lacking.
Whilst it is easily possible to examine the effect of specific agents on Treg function in vitro,
extrapolation of results to the in vivo setting is problematic because of the difficulty in
identifying true dose comparisons. Furthermore, any attempt to use in vivo models to ask
whether immunosuppressive agents block Treg function and result in normal rejection
responses are immediately confounded by the fact that the drug therapy will block the
rejection responses themselves. Whilst attempts to develop relevant animal models will
continue, the most relevant and most direct information regarding the effect of conventional
immunosuppression on Treg function will probably be inferred from the initial clinical trials.

4. Concluding remarks
The first trials of Treg cellular therapy in clinical haematopoietic stem cell transplantation
have been promising and provide a basis for future trials in solid organ transplantation. The
ability to cryo-preserve expanded recipient Treg allows for administration at specified times
relative to the transplant and a growing understanding of the various options for Treg
therapy should allow consensus protocols to be established. Although there are still many
questions to be answered (Figure 1) there is great hope that large scale trials powered to
identify clinical benefit will show that Treg-based therapies can accelerate drug
minimization or perhaps cessation of immunosuppressive medication.
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Abbreviations

APC antigen presenting cell

ATG anti thymocyte globulin

aTreg adaptive T regulatory cell

AZT 3′-azido-3′-deoxythymidine

CNI calcineurin inhibitor

CyA cyclosporin A

DC dendiric cell

DST donor specific transfusion

GVHD graft versus host disease

IPEX immune dysregulation, polyendocrinopathy, enteropathy, X-linked syndrome

MMF mycophenolate mofetil

nTreg natural T regulatory cell

mTOR mammalian target of rapamycin

PI3K phosphatidyl inositol 3′ kinase

Treg T regulatory cell

TCR T cell receptor

Tconv T conventional

TK thymidiylate kinase

TSDR Treg specific demethylation region
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Figure 1. Approaches and outstanding questions for Treg cell therapy in organ transplantation
Animal models have illustrated the potential of many different methods to enhance the
numbers and/or function of Tregs in the context of solid organ transplantation. Although
there are still many outstanding questions that must be answered to optimise this approach,
the results from ongoing and planned clinical trials will be critical to illustrate whether this
therapy can reduce the dependence on pharmacological immunosuppression.
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