
Regulatory T Cells for Tolerance Therapy: Revisiting the
Concept

Christian LeGuern, Ph.D.
TBRC, Department of Surgery, Massachusetts General Hospital, Harvard Medical School

Abstract
The discovery of regulatory T cells (Tregs) as a crucial component of peripheral down-regulation
of immunity to self and allogeneic antigens, has raised legitimate hope for the development of
Treg-based clinical protocols for tolerance to allografts. The present review addresses the question
of whether or not therapeutic Tregs are ready to enter the clinical transplantation arena. In the light
of recent experimental observations, we will revisit some fundamentals of T cell and biology that
stress the need for further studies prior to applications and provide conceptual cues for novel
therapeutic approaches.
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INTRODUCTION
Several reviews on the role of regulatory T cells (Tregs), the chief cell subset implicated in
immune regulation, in the induction and maintenance of immune tolerance to allogeneic
transplants have been published in the past few years. 1–6 It was of no surprise to find that
these analyses converged on the necessity to improve Treg mediated protocols to better
prevent allograft rejection and possibly induce tolerance. We should stress that although
necessary, these reviews and more importantly, the field of Treg therapy, are acquainted
with a monolithic perception of CD4 Tregs as “just” another subset of T lymphocytes
obeying the same basic rules as those of conventional CD4 T lymphocytes (conT). Enduring
notions originating from the old days of T suppressor cells (Ts), the distant cousins of Tregs,
have been transposed to the new world of Tregs without convincing proof of veracity. The
present review is based on the now well-documented view that although CD4 Tregs and
conT lymphocytes are both made in the thymus from common precursors, they respond to
different thymic developmental cues and to different peripheral signals when they reach
maturation. We will review recent advances in the field that foster understanding on Treg
development, antigenic specificity and suppressive functions. Alternative views on the
importance of Treg-mediated regulation will also be discussed as well as potential
mechanisms underlying Treg-induced tolerance to allografts.

I. DELETIONAL VERSUS REGULATORY TOLERANCE
Immune tolerance to self antigens, defined as a state of permanent unresponsiveness, is
undoubtedly one of the most challenging concepts that have defied the intellect of many
talented scientists for more than 150 years. Despite remarkable advances in our
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understanding of lymphocyte differentiation, antigen recognition, shaping of T and B
lymphocyte receptors and of their signaling pathways, the conceptual foundation of immune
tolerance remains elusive. At this point, it would be fair to recognize that the field has
accumulated far more data showing what tolerance is not rather than what it is.

A. On the Necessity of Immune Regulation—Lymphocyte tolerance of allogeneic
grafts pertains mainly to the T lymphocyte subset as B cells often require T cell help for
alloreactive antibody production. 7 Part of the complexity of T cell tolerance emerges from
the fascinating paradigm of thymocyte selection, which ultimately generates immunological
ticking-bombs in any healthy individual. According to this principle and in agreement with
compelling evidence supporting the affinity selection model for thymocytes, the T cell
receptors for antigens (TCR) carried on developing thymocytes are fashioned on self
peptides bound/presented on self MHC molecules (positive selection on pMHC
complexes, 8–10). Following positive selection, auto-aggressive T cell clones expressing
high TCR affinity for self pMHC are deleted from the selected thymocyte pool to avoid
autoimmunity (negative selection; reviewed in 11, 12), a process that leaves a large repertoire
of lower affinity T cells distributed in lymphoid organs. One of the implications of thymic
selection is that our ability to recognize and respond to the world of “foreign” antigens rests
on initial recognition of self pMHC complexes, a property that needs to be suppressed
(down-regulated) in steady state conditions in order to prevent autoimmunity. Alternatively,
regulation may not be required if one imagines that the set of self pMHC complexes is
hidden from reactive T cells in a state of “immunological ignorance”, as suggested by R.
Zinkernagel. 13

For the purpose of this review and based on results from Treg depleting studies that will be
discussed later, we will argue that negative regulation is a critical component of the immune
balance that keeps in check autoreactive T lymphocytes. Another implication of the
selection paradigm would be that the mechanisms of T cell tolerance to syngeneic (self) and
allogeneic antigens are identical as the T cell pools involved in each case is selected and
regulated along similar fundamental processes. The evaluation of the respective contribution
of deletional versus regulatory tolerance to allografts may, therefore, provide new insights
on their role in tolerance induction and maintenance.

B. Effect of Thymic Deletion on Tolerance of Allotransplants—According to FM
Burnet’s clonal selection theory, 14 anti-self reactivity is eliminated to prevent
autoimmunity. The seminal work of JP Miller demonstrated that the thymus was essential in
this process 15 and clonal deletion of high affinity, self-reactive thymocytes was ultimately
established. 16–19 Indeed, the affinity hypothesis of the TCR for pMHC ligands correlates in
large part with the outcome of positive and negative selection of thymocytes 20–22. The
hypothesis depicts positive selection as resulting from productive TCR/pMHC interactions
that are followed by deletion of clones expressing “too high” affinity TCR for self pMHC
ligands. This is supported by numerous data, notably by those showing that a large fraction
of clones with intermediate TCR affinity are rescued during thymic selection. 23 However,
the anthropomorphic view of a critical TCR avidity checkpoint deciding on the fate of
potentially autoreactive cells appears to be approximate and in disagreement with other
important observations. For example, it has been shown that, independently of positive
selection, the TCR repertoire has a propensity to interact with the MHC molecules from the
same species. 24–26 During positive selection, thymocytes also have several chances to build
a functional receptor via sequential rearrangements of the TCR alpha locus. 27 One would
expect that the combination of these two features would increase the pool of positively
selected thymocytes. In fact, the net output of positive selection is that over 90% of
thymocytes died by failure of assembling “correct” TCR in so-called death by neglect. 28,29

This apparent waste of thymocytes may, nonetheless, be important for thymocyte education
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given that 1) antigens from dying cells can be presented by other cells (cross presentation,
reviewed in 30), 2) there is a high rate of peptide exchange between medullary antigen-
presenting-cells (APCs 31,32) and 3) thymic APCs ensure the rapid clearance of neglected T
cells. 33

Stable hematopoietic chimeras (individuals holding a mixture of host- and donor-type bone
marrow cells) are probably the best illustration of central thymic deletion leading to immune
tolerance. Hematopoietic chimeras show robust tolerance to donor tissues as they
indefinitely accept donor skin grafts without additional conditioning. Peripheral and thymic
responses to donor antigens also vanish in hematopoietic chimeras during the entire
tolerance period, a condition possibly due to deletional tolerance of host alloreactive cells on
donor APCs colonizing the chimeric thymi. 34,35 Unfortunately, quantitative estimates of the
extent of clonal deletion in these models are sparse due to a critical lack of techniques
allowing for the tracking of polyclonal thymocytes. Using combinations of radiation
chimeras able to positively select thymocytes (on pMHC complexes present on
radioresistant thymic epithelial cells) but defective in negative selection on the same pMHC
displayed by radiosensitive bone marrow-derived APCs, HR MacDonald and coll. suggested
that roughly half of positively selected thymocytes undergo deletional selection. 28 Even so,
results based on depletion of bone marrow elements via irradiation should be taken with
caution as the approach often fails to completely purge the thymus of radiosensitive APCs
while inflicting thymic damage that could, on their own, compromise thymocyte
selection. 36 Although other evidence supports the critical role of thymic deletion in stable
chimeras, it would appear that the contribution of T cell deletion is model-specific as
minimal fractions of thymocytes are depleted in other models of thymus-targeted MHC
expression. 33,37 Collectively, these data suggest that the substantial T cell deletion found in
stable hematopoietic chimeras is inherent to unique conditions leading to chimerism. Indeed,
stable chimeras result from the forced coexistence of two functional immune systems, which
had to overcome their respective alloreactivity via a profound reprogramming of T cell
progenitors, that included massive deletion. This would also infer that deletion of
alloreactive thymocytes is not the prevalent mechanism in protocols which do not promote
persistent bone marrow chimerism.

In this regard, the contribution of thymic and peripheral deletion of donor-reactive T cells to
allogeneic antigens has been overestimated. Most of the data on clonal deletion came from
studies using non-physiological models of high affinity pMHC/TCR interactions. For
example, models of bacterial or viral superantigens expressed by the donors and binding
with high affinity to a large fraction of recipient TCR beta chains, have been used to
evaluate the extent of donor-specific deletion (reviewed in 38). TCR transgenic animals in
which high affinity TCR to donor pMHC are expressed on most of the CD4 or CD8 cells
have also been used in transplantation models. 39 In either case, important deletion of
“donor-reactive” T cell clones was observed but it only affected highly reactive T cells that
were not representative of the polyclonal alloreactive T cell population. On the whole, there
is presently no convincing evidence supporting a dominant role of central and/or peripheral
T cell deletion in the induction of T lymphocyte tolerance to solid organ transplants.

If most of the clones reactive to self pMHC and cross-reactive to allogeneic complexes are
not eliminated because they would make up the pool of T cells responding to pathogenic
antigens, these would have to be repressed in a cell-extrinsic manner through regulatory
mechanisms. Would this suppression be permanent or temporary at steady state? These
points will be discussed in the following paragraphs.

C. Tregs impact the Negative Regulation of Immunity—Numerous processes of
negative regulation of immune responses have been described. These include regulatory T
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cells (Tregs) of CD4 40–42 and CD8 43 phenotype, regulatory B cells (B-regs), 44 CD4 CD8
double negative T cells 45 and gamma/delta T cells which all interact with effector T cells
and down-modulate their function. Non-lymphoid cells have likewise been implicated in
regulation of alloreactivity among which plasmacytoid dendritic cells (DC) activate CD4
Tregs to lessen graft rejection 46; tolerogenic DCs tame antigen presentation to effector T
cells 47; mesenchymal stem cells 48 and subsets of macrophages /monocytes 49,50 secrete
immunomodulatory cytokines and soluble factors that can modulate the scope and flavor
(Th1/Th17 vs Th2) of alloresponses by T, B and NKT cells. Importantly, CD4 Tregs have
been considered as major players in immune regulation because of their decisive implication
in fundamental pathways controlling both auto- 51–53 and allo-immunity 1,2,4; and as such
they remain the focus of this review.

The notion of dominant tolerance to self antigens mediated by a dedicated lineage of T cells
of thymic origin has been firmly established by the work of N. Le Douarin 54 and S.
Sakaguchi and colleagues. 55 A landmark paper from the latter group established that this
lineage encompassed the CD4+ CD25+ subset and had suppressive properties on immune
responses including allogeneic responses. 42 The discovery of the transcription factor Foxp3,
a crucial molecule required in Treg development 40,41, 56 and suppressive function, 57, 58

definitely established the basic phenotype of the previously elusive suppressor T cells. The
importance of Foxp3 in Treg lineage fate was further established by showing that continuous
expression of Foxp3 was necessary to maintain suppression in mature peripheral Tregs. 59

Although studies on Treg biology have been compromised by the lack of Treg clones and
specific activation markers, the clear identification of the Treg subset as a primordial cell
type involved in generic immune regulation was eventually established (reviewed in 60). The
ultimate function of Tregs is to suppress lymphocyte responses by mechanisms which are
still not well understood and that will not be discussed in this review except for the role of
TCR specificity in Treg suppressive functions. 61–63

D. Treg-Dependent Negative Regulation of Allogeneic Responses—In the world
of experimental transplantation, the arrival of this new regulatory cell type had diverse
influences on the conceptual views of the time. The skeptical minds, forged during the days
of Ts cells and the experimental fiasco that followed their discovery, 64 understandingly
remained doubtful about the relevance of Tregs in immune tolerance. The more optimistic
transplantation scientists saw the therapeutic potential of these newly defined regulators.
Indeed, numerous transplantation models have demonstrated the importance of Tregs in
harnessing alloreactivity. 1–4 However, no model has established, as of yet, clear
connections between Treg TCR specificity for donor antigens, Treg-mediated suppression in
vivo and prevention of graft rejection. Hence, key features of Treg biology remain to be
elucidated in order to unleash their full therapeutic potential in safe and controlled clinical
situations. In the absence of such knowledge, several unfounded features from Ts cells have
been spuriously attributed to Tregs. Growing evidence indicate that Treg characteristics such
as their TCR repertoire diversity, specificity for antigens, modality of activation and thymic
development are fundamentally different from those reported for Ts and conT cells. Because
these parameters have crucial bearing on the mechanism of Treg-mediated regulatory
tolerance to transplants, they need to be reevaluated in the light of recent reports.

II. CELLULAR AND MOLECULAR DIVERSITY OF TREG CELLS
In terms of cellular diversity and aside from the CD4+ Foxp3+ Tregs of thymic origin, other
types of CD4+ regulatory cells were derived from Foxp3− cells upon antigen stimulation in
vitro in the presence of TGFβ 65 as well as in vivo. 66,67 These extra-thymic Tregs, also
called induced Tregs (iTregs) as compared to the “natural” or thymic Tregs (tTregs), can
also be generated with IL-2, which inhibits a potential differentiation pathway towards Th17
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proinflammatory cells. 68 Other cytokines such as IL-6 interfere with the TGFp induction of
iTregs to ultimately promote the TH17 lineage. 69 Finally, retinoic acid secreted by some
DC subsets in the gut also allows for the conversion of Foxp3− CD4+ cells into iTregs with
suppressive functions. 70–72 Together with other reports describing various hybrid
phenotypes of iTreg (reviewed in 73), these observations illustrate the complex balances
existing between peripheral naïve CD4 cells and environmental cues that drive lineage
differentiation and specialization according to local requirements.

A. Are induced and thymic Tregs of the same kind?—Although the initial results
showing that ectopic expression of Foxp3 in naïve CD4 cells conferred upon them the
hallmarks of the tTreg phenotype 40,41 and function, 74 recent evidence would suggest that
iTregs and tTregs differ by fundamental criteria, 75 including the fact that in vitro iTregs
would present unstable Foxp3 phenotypes and suppressive functions. 76

It is commonly accepted that iTregs and tTregs share several characteristics, notably the
CD4+ CD25+ phenotype as well as Foxp3 expression. The efficacy of suppression mediated
by in vitro generated iTregs appears, however, to be reduced as compared to that of
tTregs. 65, 77 In contrast, immune responses including alloresponses seem to be suppressed
equally well by tTregs and in vivo-generated iTregs. 66, 67,72 The differences between these
two cell subsets are multiple. We will briefly analyze the divergences relevant to the
transplantation field. The induction phase of iTreg and tTregs relies on different molecular
signals: CTLA-4 is required for the TGFβ-induction of iTregs, whereas the development of
tTregs depends upon CD28. 78 This was confirmed by cross-linking of CD28 with specific
mAbs that blocked the generation of Treg cells in vitro. 70 Together these studies suggest
that the behavior and overall reactivity of iTregs and tTregs respond to different
environmental cues which may not be equally represented in inflammatory milieus around
allogeneic transplants and, therefore, these cells may not be able to act synergistically to
overcome alloresponses. Another rather alarming difference emerged recently from
molecular studies on the regulation of Foxp3 gene expression. Foxp3 gene transcription can
be down-modulated by extrinsic factors in both the iTreg and tTreg subsets although at
different levels. Given the importance of Foxp3 in Treg differentiation /function and the
therapeutic potential of regulatory cells in clinical transplantation, we will closely examine
recent data related to the so-called “plasticity” of the Treg phenotype.

B. Stability of Treg Phenotypes—Several studies have now reported loss of Foxp3
expression as well as suppression in murine but also human enriched Tregs from the iTreg
and tTreg type. 73, 76 Although the phenotypic plasticity of Tregs is of prime interest to Treg
cell biologists, the termination of Foxp3 expression in functional Tregs is an obvious
concern for transplantation immunologists. More worries were raised from reports on loss of
Treg function coinciding with the conversion of ex-Tregs into pathogenic autoreactive T
cells. 79 Recent mechanistic studies of Treg instability have, however, suggested alternative
means to curtail Treg conversion in murine and human Tregs. 80

The group of J. Demengeot showed that injections of purified Foxp3+ peripheral tTregs into
lymphopenic RAG knock-out hosts led to the extinction of Foxp3 expression in roughly half
of the injected Tregs, a process associated with a concomitant loss of suppression tested in
vitro. 81 This alarmist rate of conversion should, however, be reevaluated in view of other
results. First, lymphopenic environments represent non-physiological conditions in which
lymphocyte-made cytokines and other factors cannot contribute to Treg maintenance in
vivo. Concurring with this, CD4 lymphopenia observed in patients transplanted with
allogeneic hematopoietic stem cells altered Treg homeostasis. 82 In murine models,
conversion towards Foxp3 negative cells was increased in the absence of TGFβ 83,84 but
limited to a minor fraction of cells (below 10%) in lymphorepleted hosts. 79, 85 Second, the
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lack of iTreg- and tTreg-specific markers complicate data interpretation as their respective
contribution in Treg phenotype instability cannot be determined. Emerging evidence from
molecular genetic analyses suggest that the induction and maintenance of high levels of
Foxp3 production are two distinct phases which are individually controlled by intrinsic and
extrinsic factors in iTregs and tTregs. 76, 86 Thus, it would be untimely to extend the
interpretation of data obtained on in vitro-generated iTregs to the entire Treg population, the
cellular and functional heterogeneity of which remains to be better defined.

C. Molecular Parameters of Treg Heterogeneity—In order to channel the discussion
toward parameters relevant to the use of iTregs or tTregs in tolerance therapy, we will
briefly examine the molecular status of Foxp3 expression in these two regulator sets. Some
intronic and highly conserved CpG islands from the Foxp3 gene are fully demethylated in
CD4 T cells expressing high levels of Foxp3; i.e., tTregs. 83 Conversely, CpG regions are
partially methylated in TGFβ-induced murine and human iTregs (known to be unstable),
suggesting that the Foxp3high phenotype is not firmly “clamped” in iTregs. 87,88

Confirmations of the role of CpG methylation in the instability of Foxp3 expression were
provided by several sources: 1) treatment of naïve CD4 T cells with inhibitors of DNA
methylation promoted Foxp3 expression 89; 2) deletion of CpG regions differentially
affected the development of tTregs and iTregs, suggesting that each region may have a
different role; and 3) recent elegant studies from the group of AY Rudensky identified 3 key
non-coding regions (CNS1–3) that control the fate of Foxp3 expression and, thereby, Treg
development. 76,90

In summary, a novel view of Treg heterogeneity would be that epigenetic mechanisms enroll
different CNS cis-elements to control the induction phase and commitment/clamping phase
of Foxp3 expression. 90 More specifically, demethylation of CNS3, previously called Treg-
specific demethylation region or TSDR, correlates with higher frequencies of iTregs and
tTregs; as anticipated, mice deficient in the CNS1 element, which contains a TGFβ-
responsive sequence, have normal tTregs but lack iTregs. CNS2, on the other hand, is not
required for initial Foxp3 expression, but binds the Foxp3 protein following demethylation
to promote prolonged Foxp3 expression in Treg progeny (i.e. stability). Of high relevance to
the transplantation field, concordant evidence indicate that the CNS2 region from purified
iTregs does not bind Foxp3, 90 likely because of incomplete demethylation. 79 These results
strongly suggest that the cellular heterogeneity of Tregs, which includes Foxp3high tTregs
and Foxp3+ iTreg cells exhibiting helper/Treg hybrid phenotypes, may correspond to a
mixture of cell subsets, each responding to different environmental cues and each arrested at
various stages along the same differentiation line. 73,90 In this scheme, Foxp3high tTregs
with high suppressive activity would represent the ultimate stages of the Treg genetic
program with essentially no option for phenotypic reversal toward helper functions. 76 More
importantly, these findings indicate that the regulatory/suppressive properties of in-vitro
expanded iTregs would be unstable due to a lack of appropriate signals ensuring sustained
high Foxp3 expression.

III. BASIC TREG FUNCTIONS ASSOCIATED WITH REGULATORY TOLERANCE
Three primary issues will be examined in the context of Treg-mediated regulatory tolerance
to allogeneic transplants: 1) Treg thymic differentiation, which may provide clues on their
mode of selection and thereby on their suppressive functions; 2) the TCR specificity of
Tregs; and, 3) the role of Treg TCR specificity in the mechanism of suppression.

A. Treg Differentiation: Everything Occurs in the Thymus—It is well established
that the TCR plays a key role in lymphocyte lineage commitment in the thymus through
transduction of intracellular signals of certain strength and duration (reviewed in 91).
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Because the initial differentiation of thymic Treg progenitors also proceeds through positive
selection, it was of no surprise to see that TCR engagement to pMHCII was crucial to Treg
development. 92, 93 Like their non-Treg CD4+ counterparts, Treg precursors emerge in the
thymus 94–96 following a first step of positive selection on pMHCII complexes displayed on
thymic epithelium. 96–99 The consensus view on Treg development indeed stops at this point
as opinions and data interpretations diverge on the timing of Foxp3 expression, nature of
selecting pMHCII, role of TCR affinity and process of Treg maturation. We would like to
propose a model of Treg differentiation that, at present, accounts for recent observations on
Treg commitment and reconciles some experimental divergences. This model is based on
the following observations:

1. TCR transgenic mice that have no alternative other than to use the imposed TCR
(animals defective in the recombination activating gene (RAG)), have no Foxp3+

Tregs. 76, 99,100 From this, we deduced that a second step of positive selection on
cognate pMHCII was required to ensure specific Treg development. In other words,
transgenesis with rearranged TCR genes would bypass the positive selection step of
conT and Treg cells but would not license Treg “maturation” because of the
absence of cognate pMHCII for the transgenic TCR. In agreement with this view,
mice expressing a monoclonal TCR cloned from non-Treg cells of the same MHC
background failed to use this TCR on Tregs. 99,101 Likewise, co-expression of the
TCR and cognate model antigens by double transgenic animals led to the deletion
of transgenic conT cells and the emergence of Foxp3+ cells bearing the monoclonal
TCR. 97, 102,103

2. As referred to above, Treg development requires Foxp3 expression that is
contingent on TCR signaling, thereby suggesting that TCR sensing of certain
pMHCII complexes in the thymus is critical to Treg commitment.

3. Subset of DCs, notably the plasmacytoid DC and CD8lo, SIRPα+ DC, migrating
from the blood and bone marrow, are particularly poised to facilitate Treg
differentiation. 46,103

4. Human Tregs mature in the medulla of the thymus around the Hassall’s corpuscles,
a diffuse structure in murine thymi. The mechanisms that favor DC to become
tolerogenic, i.e. furthering Treg maturation in the thymic medulla, are still
unknown although local expression of IL-7 and thymic stromal lymphopoietin
(TSLP) seems to be involved. 104,105 In agreement with these findings, antigen-
specific tTregs were produced following targeted expression of a model antigen to
medullary thymic epithelial cells (mTEC) via the Aire promoter control. 31 At first
glance, these results appear contradictory to reports suggesting that expression of
pMHCII in the thymic medulla is dispensable for Treg development. 96,98

However, T. Laufer’s group as well as ours have shown that Tregs from the mutant
K14 mouse used in the cited experiments are not functionally mature, 96 especially
in their lack of MHC restriction in suppression (Germana, S. personal
communication).

5. Although significant numbers of Foxp3+ cells are not detected by flowcytometry
prior to the CD4-8 double positive stage, 4,76 basal levels of Foxp3 transcripts were
observed in double negative (DN) thymocytes, which have not yet displayed cell
surface TCR. 106 Low levels of Foxp3 transcription in DN cells were increased
following cross-linking with anti-CD28 mAb, suggesting that early Foxp3
expressers are already susceptible to extrinsic signaling via CD28; a crucial signal
controlling thymic Treg development. 78,107

6. Sequence analyses indicate that Treg and naïve CD4 T cells show minimal overlap
of their TCR repertoires. There is a large repertoire overlap between Tregs and self-
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reactive T cells. 108–110 In contrast, Tregs and naïve CD4 cells have limited sharing
in TCR gene usage. 111 Thus, the TCR specificities of Tregs are essentially
different from those carried by the TCR of effector CD4 cells that they ultimately
control.

7. Several pieces of evidence indicate that, as for conT cells, TCR affinity for self
pMHCII may be the main driving force of Treg maturation. But conversely to
conT, Treg clones with high affinity for self pMHCII would be the only ones kept
in the mature Treg pool. CD28-deficient mice that cannot produce TCR of high
affinity for self are deficient in Tregs but not in conT cells. 78,106 Treg failed to
develop in TCR transgenic animals that express low affinity TCR. 112 Other studies
argue to the fact that high affinity TCR for self is likely a stabilizing factor rather
than a means for Foxp3+ clones to escape deletion during negative selection.
Importantly, CD4+ T cells from Foxp3-deficient mice that expressed high affinity
TCRs for self pMHCII were not deleted and became auto-reactive, whereas these
TCRs were “preferentially” found on Tregs from Foxp3-sufficient animals. 108,113

This strongly suggests that the TCR specificities for self of Tregs and naïve CD4
cells are different and that the stable mature tTreg phenotype results from the
combined effects of Foxp3 expression and high TCR reactivity to self pMHCII.

8. The nature and/or density of thymic peptides presented by pMHC are different
between the thymus cortex and medulla. The thymic medulla, the birthplace of
Tregs (point 4), preferentially expresses in mTEC a set of genes for potentially
tissue-specific antigens under the control of the transcription factor Aire. 114,115

Nonetheless, Aire-defective mice showed similar Treg numbers, percentages and
functions as their wild-type counterparts suggesting that Aire is not the only genetic
system controlling the diversity of the medullary peptides presented 116. MHCII
proteins themselves represent another source of medullary peptides. For example, a
single self MHCII peptide derived from the IEα chain (positions 52–68) is
presented by the IAb allele on 10% of MHCII molecules exposed on B cells. 117

The IEα amino-acid sequence is conserved across mammals and is highly
expressed on bone marrow-derived CD11+ DC in the thymic medulla (Figure
1; 117, 118). Recent experiments from our group have shown that the provision of
the correct pMHCII (IEα52–68 peptide on IAb) in the medulla of transgenic mice
expressing the cognate TCR, promoted the development of transgenic Foxp3+

Tregs (Germana, S. et al., unpublished). Hence, we surmised that certain self
peptides are overrepresented in confined areas of the medulla to select high affinity
TCR and clinch high Foxp3 expression in Tregs.

B. Thymic Treg Lineage Commitment—The Treg differentiation model we propose,
called the “double selection model” extends on previous studies from C Janeway’s group
suggesting that different sets of pMHCII may contribute to positive and negative selection of
conT cells. 117 The possibility of a second step of selection for Tregs was inspired by the
studies of YJ Liu and colleagues who projected a model of Treg selection on high affinity to
self antigens in the medulla. 105,119 As shown in Figure 2, our model predicts that
thymocytes at the CD4 and CD8 double negative stage 3 (DN3) that express low levels of
Foxp3 mRNA, are common precursors of conT and Treg cells that would appear after
positive selection at the double positive stage (DP). Further selection processes involve the
negative selection of conT cells on bone marrow derived APCs displaying pMHCII
essentially at the cortical medullary junction. This would lead to deletion of clones with high
affinity TCR for self pMHCII and turn-off Foxp3 expression in the bulk of medium affinity
clones that would further mature into CD4 helper T cells (Figure 2, path A). Tregs would
develop from a small subset of DP high affinity thymocytes engaging dominant pMHCII
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complexes displayed in the thymic medulla. The overwhelming expression of a limited set
of medullary peptides (such as the IEα peptide) in confined milieus secreting Treg-prone
factors (such as TSLP and IL-7 in the vicinity of Hassall’s corpuscles in humans), will allow
pre-Tregs to escape deletion and to clinch high Foxp3 expression (Figure 2, path B).

No model is perfect; the double selection model, nonetheless, accounts for the poor overlap
between Treg and conT cell TCR repertoires since the high reactivity against self is
eliminated in conT cells but kept in Tregs due to the compartmentalization of thymocyte
selection. Failure of detecting transgenic TCR Tregs in mice expressing transgenic TCR
against model (i.e. non-self) antigens also finds explanation in this scenario. In further
support of the model, recent studies have shown that many autoreactive thymocytes persist
in confined niches of the medullary microenvironment. 120 Of relevance to tolerance
protocols involving Tregs, this model predicts that beside their disconcerting instability,
donor-specific iTregs from graft recipients would not reach the regulatory efficacy of
professional tTregs as their TCR would come from non-Treg cells and would at best cross-
react to allogeneic pMHCII. Further studies are evidently required to fully understand the
dichotomy of tTreg and iTreg TCR specificity in order to optimize their use in the clinic.
According to this model, it is of no surprise that there is, so far, no data documenting a better
efficacy of iTregs over that of tTregs in clinical trials (see below).

C. Specificity of Treg Activation and Suppression—The apparent difference
between the TCR specificities of tTreg and conT cells raises the possibility that tTregs
would not be “donor-specific” as often stated in the transplantation literature. During thymic
selection the pMHCII complexes, which engage the TCR of Treg precursors are, in essence,
the selecting antigens guiding Treg TCR specificity. 92,93 Therefore, thymic commitment
and peripheral activation of Tregs are antigen-specific but not necessarily donor-specific.
The perspective of activated conT cells being suppressed only by Tregs of similar TCR
specificity is a remnant of the Ts ages. This view rested on the development of two similar
TCR specificity repertoires that would be equally distributed on suppressor and effector
cells, a condition which has never been demonstrated. 64 Although, donor-specific iTregs
with effective suppressive functions have been described in several models, 121–123 these
data could not conclude on the real TCR specificities of tTregs because of potential cross-
reactivity to allogeneic pMHCII. Such iTregs suppressed in a donor-specific fashion
although the mechanism could be “artifactual” since there was potential competition
between conT and iTreg cells - using the same TCRs - for the same determinants (reviewed
in 4).

Conversely, the mechanism of tTreg suppression has been shown to be antigen-nonspecific
(i.e. unrelated to the specificity of the suppressed conT cells) and dependent on initial cell-
cell contacts. 124, 125 In vitro studies showed mandatory contacts between Tregs and
APCs 62, 126 or Tregs and ConT cells, 127, 128 prior to suppression. The mechanisms of tTreg
suppression are still not well-understood. These include the secretion by activated Tregs of
immuno-modulatory cytokines (IL-10, IL-35, TGFβ…), the Treg-mediated down-
modulation of antigen presentation on APCs and the direct killing or inactivation by Tregs
of conT cells following T-T cell contacts (reviewed in 4, 61–63). The cell-cell contact
requirement for Tregs of specificity A suppressing in vitro and in vivo conT cell stimulation
by unrelated antigen B 63,129, 130 suggests that the activator determinant of tTregs should be
different from and in the vicinity of the activator determinant for the effector conT cells.
Figure 3 depicts two possible situations in which such proximity may occur. The 3 cell
model brings the two determinants on the same APC (Figure 3A), whereas the 2 cell model
sequentially presents the regulatory determinant on the activated conT cells. We have
recently tested these models using allogeneic APC as stimulators of conT cells. Results
supported the 2 cell model by demonstrating that Treg-mediated suppression was MHCII-
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restricted (i.e. Tregs could suppress conT activation only if the latter cells were from the
same MHCII background). Additional data suggest that pMHCII captured from APCs and
transferred on the surface of responding conT cells may serve as docking signals for Tregs
(Germana, S. et al. unpublished results). These observations would argue for a Treg
suppressive mechanism that only targets activated effectors exposing pMHC flags to be
recognized by neighboring Tregs. Anti-pathogen responses will be granted because of local
inhibition of Treg functions by massive TLR activation generated by many pathogens. 131

Conversely, in conditions favoring regulatory tolerance to allografts - such as with MHCII-
matched transplants - unwanted rejection responses would be repressed locally by Tregs
activated by proper pMHCII complexes that are common between donor and
recipient. 132,133

D. Influence of Cell Trafficking on Treg-Mediated Tolerance to Transplants—
Following transplantation of vascularized allografts donor dendritic cells, primary residents
of normal tissues, 134 migrate to local lymph nodes where they participate in the
presentation of donor antigens to both conventional CD4 and CD8 T cells (reviewed in 135).
Like alloreactive lymphocytes, peripheral tTregs are recruited in lymph nodes following
activation and expression of homing receptors. 136 However, efficient suppression of anti-
donor immune responses in vivo is contingent on tTreg migration from the lymph nodes to
inflammatory sites of the transplant as shown in tagging experiments performed in a skin
transplantation model 137 or in vascularized allotransplants. 46,138 Similar migratory
properties were seen for Tregs infiltrating infected tissues, 139 for those able to control
GVHD 140 or autoimmunity. 141 Hence, when stimulated by pMHCII complexes exposed on
APCs from draining lymph nodes – including those with donor peptides - host Tregs traffic
to the inflamed sites to exert local suppression of effector T cells according to mechanisms
evoked earlier. As it appears that Treg suppression in vivo is confined to local inflamed sites
where they have been recruited, 138,142 there is no need to invoke systemic suppression to
explain regulatory tolerance to self or allogeneic tissues.

As far as the transplantation field is concerned, considering Tregs as active “guardians for
life” of tolerance, to quote a commentary from J. Hill and colleagues, 143 may be an
overstatement as permanent suppression of allograft rejection by infiltrating Tregs awaits
demonstration. Two sets of studies have substantiated the notion of constantly active Treg
patrollers. In the first set, the ablation of peripheral Tregs via anti-CD25 mAb treatments
and reinjection of non-Treg cells in thymectomized newborn nude mice, correlated with the
onset of autoimmune syndromes, suggesting a crucial role for CD25+ Tregs in maintaining
self-reactivity at bay. 42 However, the data should be interpreted with caution in view of the
fact that immunodeficient animals often show weak immunity and altered lymphocyte
homeostasis that could, on their own, account for the effects observed. In line with this
concern, similar CD25 depletion protocols rarely cause autoimmunity in adult recipients. 144

More recent experiments from AY Rudensky’s group used the Foxp3DTR transgenic mouse
in which treatments with diphtheria toxin kill Foxp3+ Tregs. Such studies examined the
effects of profound in vivo depletion of Foxp3+ cells on newborn and adult mouse immunity
to self antigens. 51 They convincingly established that Treg depletion done immediately
after birth reproduced the phenotype observed in thymectomized as well as anti-CD25
treated animals. Furthermore, Foxp3+ cell ablation in adults induced autoimmune disorders
associated with massive myeloid cell infiltrations in multiple organs. The authors suggested
that an increase in self antigen presentation by infiltrating DCs was the likely cause of
immune deregulation. Although, these results would agree with a continuous suppression of
self-reactive T cells by Tregs, the generalization of this principle to the control of allograft
rejection may be premature or even incorrect. Indeed, depletion of adult Tregs requires
prolonged treatments with high doses of toxin (50 times more toxin than for other cell
types 145,146), leading to potential tissue toxicity and inflammation unrelated to the
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obliteration of Tregs. In agreement with this, autoimmune disorders observed in “natural”
Foxp3 deficient scurfy mice affected many fewer organs that in the Treg-depleted Foxp3DTR

animals. 147

Convincing results supporting a permanent negative control of allograft rejection by host
Tregs would have to show that tolerant recipients of fully healed transplants, which at that
point should be considered as auto-transplants with minimal mononuclear cell infiltrates,
will reject their grafts and not their own tissues upon Foxp3+ cell depletion.

IV. TREG CELL THERAPY: ARE WE READY YET?
A. Taking from Murine Transplantation Models—There have been numerous
attempts at inducing transplantation tolerance via donor-specific iTregs that were expanded/
selected ex-vivo and re-injected around the time of transplantation. Unfortunately, most of
these approaches were unsuccessful on their own. They required adjunct therapies including
irradiation and donor bone marrow, 148 donor specific transfusion and antibody
treatments 123 or costimulatory blockade. 149 Beneficial effects of Treg infusions on
allograft survival were observed in bone marrow transplantation models in which donor
Tregs reduced the incidence of GVHD 150 and promoted tolerance to semi-allogeneic bone
marrow cells in irradiated recipients. 121 Interestingly, tolerance was equally effective
following the injections of donor-specific or non-specific Tregs. Such findings were
interpreted as a “paradoxical behavior of Tregs” according to the donor-specific suppression
principle, 122 but are indeed compatible with the rationale of this review which considers
Treg and conT activations as two unrelated events.

The experiments from H Waldmann’s laboratory on infectious tolerance, this ability of
Tregs from tolerant mice to transfer tolerance to heart allografts in naïve recipients by
recruiting conT cells to become adjunct iTregs, 5,151 would be another example where iTreg
may control allograft rejection. However, other studies in autoimmunity and infection
models have failed to demonstrate systemic CD4+ Foxp3− → CD4+ Foxp3+ conversion in
vivo. In spontaneous autoimmune encephalomyelitis (EAE), thymic Tregs conferred
protection towards EAE but did not co-opt recipient CD4 cells to mitigate autoimmunity. 152

Similarly, little if any peripheral conversion was seen in the BDC2.5 model of diabetes in
which comparison of TCRα usage between tTreg, iTreg and conT cells revealed no
peripheral CD4 conversion in the context of inflammation and cognate antigen
presentation. 130 Conversion of non-Treg into Treg cells also failed in animals infected with
either Listeria monocytogenes 74 or Leishmania. 153 Thus, it seems that there is no clear
evidence as yet in favor of a significant contribution of iTregs in the peripheral regulation of
immune responses to self or allogeneic antigens. We should however take these conclusions
with moderation as they came from laboratory mice that have limited exposure to pathogens
and commensal flora. As suggested by Curotto de Lafaille and colleagues, it is possible that
iTregs constitute a specialized subset of regulators responding to local micro-environmental
cues present in the guts, skin or lungs with the prime mission of preventing chronic
inflammation and associated immunity to pathogens and food allergens. 75 The question as
to whether iTregs are significantly contributing to harnessing rejection of allografts remains
open in part because of a lack of lineage-specific markers to assess the respective role of
iTregs and tTregs.

In contrast to iTregs amplified ex-vivo, encouraging results were gathered in approaches
promoting Treg activation/recruitment in vivo. Induction of transplantation tolerance was
reported in graft recipients pre-conditioned with donor tolerogenic DCs generated ex
vivo, 46,154–156 although the differentiation conditions and tolerogenic phenotype of the DCs
were not always well defined. 134 Others studies have confirmed that Tregs activated in vivo
did preferentially react to the indirect antigen presentation pathways, 148 strongly suggesting
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that they engage self pMHCII complexes. Experiments from our laboratory demonstrated
that MHCII peptides presented on MHCII were crucial complexes for Treg stimulation in
vivo and tolerance induction. We showed that pre-transplantation transgenesis with donor-
MHCII genes, generated MHCII peptides in host APCs, and induced tolerance to fully
allogeneic allografts without additional therapy. 133,157 Tolerance was achieved in two
animal models, spread to immune responses against all antigenic disparities, was donor
MHCII-specific and transferrable to immunocompetent hosts only via tolerant Tregs. This
approach is presently the only model of a defined Treg TCR specificity that has led to full
allogeneic tolerance without additional treatment. Other promising approaches using low
doses of soluble IL-2 to extend Treg survival 158 or of IL-2 and anti-IL-2 mAb complexes to
improve Treg activation 159 have shown that Treg function can be preferentially targeted in
vivo in a non-antigen specific fashion.

B. Translational Treg therapy—Although murine and human Tregs share a large
number of features such as developmental and functional characteristics, human Tregs have
their peculiarities. 60 Contrary to mouse, human CD4+ CD25+ effector T cells transiently
express Foxp3 upon activation. Tregs and activated CD4 effectors can, however, be
identified with the CD127 marker. 160,161 To this day, human Tregs are less understood than
their murine counterparts. Hence, gathering further information on their biology is crucial to
devising effective Treg protocols for transplantation tolerance. Until recently, clinical trials
involving human Tregs have been pre-clinical tests on the feasibility and safety of ex-vivo
Treg expansions/infusions in patient recipients of hematopoietic stem cells (HSC). 162 Two
recent trials were proven safe and did not demonstrate infusional toxicity. The first trial was
based on infusions of non-expanded, donor Tregs in post-HSCT patients, whereas the
second involved donor-independent expansion of Tregs isolated from umbilical cord blood.
Preliminary data on the outcome of Treg therapy in the second trial suggest that the Treg
effects on allogeneic GVHD are modest but significant. A reduced incidence of grade II-IV
GVHD (from 61% to 43%; p = 0.05) was observed between the trial and control groups with
no deleterious effect on risks of infection. 163 It is evidently too early to conclude on the
efficacy of Treg therapy in these models. It would also be important to gather information in
models of vascularized transplants.

The risks associated with the ex vivo iTreg expansion against potentially undesired
allogeneic pMHC and the phenotypic instability of donor-specific iTregs, which can revert
to alloreactive CD4 effectors, have to be weighed in regard to the anticipated benefits of
iTreg infusions. Treg therapy has undoubtedly a bright future, which in large part is
contingent on the elucidation of the “natural” TCR specificity of tTregs. Defining the natural
pMHCII activators of Treg suppression will provide cues to avoid partial activation and/or
phenotypic reversion that are presently the most troublesome risks associated with Treg
cellular therapy.

CONCLUSIONS
Compelling experimental evidence indicate that professional thymic Tregs (tTregs) are not
conventional CD4 T lymphocytes with additional suppressive capabilities. Such reagents -
called iTregs - are man made and pale ersatz Tregs which do not acquire the full properties
of professional Tregs. The differentiation pathway, TCR specificity and mode of action of
iTregs and tTregs are fundamentally different. Because most of iTregs derive from mature
conventional CD4 T cells bearing a TCR repertoire that poorly overlap with that of tTregs,
the two types of regulators respond to different micro-environmental cues. Notably, the
adaptive immune responses of CD4 lymphocytes (and iTregs) seem to have evolved towards
the use of polymorphic receptors to discern the changing diversity of pathogenic antigens.
Conversely, immune regulation by a dedicated subset of professional regulatory cells
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(tTregs) would operate upon recognition of non-immunogenic “innate signals” likely made
from a limited set of self pMHCII complexes. These points have to be factored in when
devising Treg-based protocols adapted to clinical transplantation. In a recent update on the
clinical value of Treg therapy, L Turka and colleagues concluded that “attempts to translate
Tregs towards clinical utility have met with unanticipated difficulties”. 6 We would disagree
with this statement by reiterating that infusions of unstable, non-professional, donor-specific
iTregs that include, at best, a small fraction of suppressors cross-reacting to allogeneic
pMHCII, have a poor chance to succeed since these cells will not encounter optimal
conditions for activation and ensuing suppression. The concepts and data discussed here
emphasize the relevance of utilizing naturally occurring Tregs in clinical protocols; they are
de facto more stable and better regulators of T cell responses than their precarious iTreg
substitutes. Further investigations on the nature of natural activators of tTregs must be
conducted with the objective to harness the real therapeutic potential of this cell subset in
clinical transplantation.

Abbreviations

APC Antigen-presenting cell

ConT conventional CD4 T lymphocytes

MHC major histocompatibility complex

MHCI MHC class I

MHCII MHC class II

pMHC MHC+ peptide complex

TCR T cell receptor for antigen

Tregs regulatory T cells

Ts T suppressor cells
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FIGURE 1. Immunohistologic studies of thymus sections from C57BL/6 and B10.A[5R] mice
Sections were stained with an anti-CD11c mAb (Green), MHCII-IAb (IAb, red) or [IAb +
IEp]-specific mAb (YA-e). The medulla (M), cortex (C) and cortical medullary junction
(CMJ) are indicated. All sections were examined at 200X magnification. Figure shows that
thymi from B6 mice, which do not express the IEα 52–68 peptide, are IAb+ in both cortex
and medulla but YA-e negative (left panel). In contrast, B10.A (5R) mice thymi showed
expression of IAb (on cortex APC and medullary DC), whereas the IEα peptide was
presented almost exclusively on medullary DCs (right panels).
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FIGURE 2. The double selection model for Treg differentiation
Starting at the CD4, 8 double negative stage 3 (DN3), thymocytes show low Foxp3 gene
transcription (blue bars). Positive selection of common precursors of conventional (conT)
and Treg cells occurs at the double positive stage (DP). Further selection processes involve
negative selection of conT cells (A) by deletion of clones with high affinity TCR for self
pMHCII on APCs in the cortical medullary junction (CMJ), leaving the majority of clones
with medium affinity (thick arrow) to mature into functional Foxp3 negative, CD4+ helper T
cells. Treg lineage differentiation (B) includes a second selection step (Treg positive) in
which few CD4+Foxp3lo thymocytes (thin arrow) engage in high affinity interactions with
overly expressed medullary pMHCII to secure Foxp3 high expression in Treg permissive
micro environments (IL-7 and TSLP).
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FIGURE 3. Suppression of Conventional T cells by Tregs of different specificity
(A). In the 3 cell model, CD4+Foxp3+ Tregs and CD4+Foxp3neg conventional T cells (conT)
recognize different determinants from the same antigen (red triangle) presented by
promiscuous pMHC complexes that are displayed on antigen presenting cells (APC). The
dashed line indicates the T-T contacts required for suppression (Supp.) of conT cell
activation by stimulated Tregs. (B). In the 2 cell-model, Treg and conT cells interact
independently of the TCR engagement of the conT cell.
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