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Summary

Foxp3+ T-regulatory cells (Tregs) are primarily generated in the thymus (tTreg), but also may be

generated extrathymically at peripheral sites (pTreg), or induced in cell culture (iTreg) in the

presence of transforming growth factor β (TGFβ). A major unresolved issue is how these different

populations of Tregs exert their suppressive function in vivo. We have developed novel systems in

which the function of Tregs can be evaluated in vivo in normal mice. Our studies demonstrate that

one prominent mechanism of action of polyclonal tTregs is to inhibit T-effector cell trafficking to

the target organ, while antigen-specific iTregs primarily prevent T-cell priming by acting on

antigen-presenting dendritic cells (DCs). Interleukin-10 (IL-10) plays an important role in the

suppressive function of antigen-specific iTregs by controlling the expression of MARCH1 and

CD83 on the DC. Activated tTregs may mediate infectious tolerance by delivery of cell surface-

expressed TGFβ to naive responder T cells to generate pTregs. Manipulation of Treg function will

require the ability to differentiate tTregs from pTregs and iTregs. The expression of the

transcription factor Helios has proven to be a useful marker for the identification of stable tTregs

in both mouse and man.
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Introduction

Forkhead box protein 3 (Foxp3)+ regulatory T cells (Tregs) play a critical role in all aspects

of immune responses and the control of immune homeostasis. Over the past several years, it

has become clear that the major population of Foxp3+ Treg is generated in the thymus, and

we favor the term thymus-derived Treg (tTreg) for this population. Similarly, it is also clear

that an unknown percentage of Tregs can be generated from Foxp3− T-conventional (Tconv)

cells in peripheral sites. It has been proposed that such cell populations be termed

peripherally derived Tregs (pTregs) (1). Lastly, at least in mouse models, one can generate

Foxp3+ T cells by stimulation of Tconv cells in vitro in the presence of TGFβ, and these

should be termed in vitro-induced Tregs (iTregs). It remains unclear whether iTregs and

pTregs are similar populations that use the same suppressor mechanisms, so caution should

be used when equating these two cell populations, particularly since pTregs may represent a

stable population, while iTregs may be considerably more labile (2, 3). This review

addresses several important issues regarding the functions of these Treg subpopulations and

focuses on a comparison of the suppressive mechanisms used in vivo by polyclonal tTregs

and the mechanisms used by antigen-specific iTregs. We also discuss the use of potential
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markers to distinguish tTregs from pTregs, as a detailed characterization of these

subpopulations has important clinical implications for their use in cellular immunotherapy.

Suppression of autoimmune disease by polyclonal tTregs

The initial studies (4) describing the existence and functional properties of CD4+CD25+

Tregs demonstrated that they could prevent autoimmune diseases induced after transfer of

CD4+CD25− T cells to immunodeficient recipients and also prevented induction of organ-

specific autoimmunity that developed after thymectomy on the third day of life (d3Tx). The

majority of CD4+CD25+ T cells were later shown to express Foxp3 (5, 6). It has been

widely assumed that the majority of freshly isolated Foxp3+ T cells are actually tTregs,

although the contribution of pTregs to their activity cannot be excluded due to the lack of a

reagent that would allow definitive separation of tTregs from pTregs. Nevertheless, for the

purposes of this review, we assume that the majority of the suppressive activity of freshly

isolated Foxp3+ T cells from normal unmanipulated mice is mediated by tTregs and not by a

small percentage of autoantigen-specific pTreg cells.

Although the ability of tTregs to inhibit organ-specific autoimmune disease has been well

documented, the mechanisms underlying their suppressive functions remain poorly

characterized. We have used autoimmune gastritis (AIG) as the model for analyzing the

suppressive properties of tTregs in vivo (7). One advantage of this model is that it is one of

the few models of spontaneous organ-specific autoimmune disease in which the target

antigen, the proton pump of the gastric parietal cell, the H/K ATPase, has been defined (8).

We have generated T-cell receptor (TCR) transgenic (Tg) mice expressing TCRs derived

from T-cell clones isolated from the gastric lymph nodes of d3Tx mice with AIG (9, 10).

One of these TCR-Tg strains (TxA23) spontaneously develops AIG early in life and the

effector cells express a T-helper 1 (Th1) phenotype. Low numbers of CD4+CD8−Foxp3−

thymocytes from TxA23 mice will readily transfer disease to nu/nu recipients. We examined

the effects of polyclonal tTregs in this cell transfer model in which the target antigen is

expressed and presented at physiological levels. Although the co-transfer of polyclonal

tTreg prevented the induction of AIG, it did not prevent the migration of autoantigen-

specific T cells to the gastric lymph node or the stomach, nor did it prevent their expansion.

Thus, the primary effect of polyclonal tTregs appeared to be inhibition of the differentiation

of the autoantigen-specific T cells into pathogenic Th1 cells as reflected by a decrease in

antigen-stimulated interferonγ (IFNγ) production by the transferred TxA23 cells isolated

from treated recipients (7).

We have also used polyclonal populations of tTregs to address whether tTregs could

suppress AIG induced by fully differentiated Th1, Th2, or interleukin-17 (IL-17)-secreting

autoantigen-specific T effector cells (11). One additional goal of these studies was to

determine whether polyclonal tTregs could modulate cytokine production by fully

differentiated effector cells in vivo. Th1, Th2, and Th17 T-effector cells were generated in
vitro from CD4+CD8−Foxp3− TxA23 thymocytes and all three T helper cell types

transferred AIG into nu/nu recipients. Each type of T-effector cell induced AIG with distinct

histological patterns. Th17 cells induced the most destructive disease. Polyclonal tTregs

could suppress the capacity of Th1 cells, moderately suppress Th2 cells, but could only

minimally suppress Th17-induced disease. The major effects of the tTregs were related to

their ability to inhibit T-effector cell expansion, as tTregs significantly reduced the total

number of injected T-effector cells in the gastric lymph node of recipients of Th1 and Th2

effectors, but only had minimal effects on the numbers of Th17 effectors. Although Th1 and

Th2 T-effector cell expansion was markedly inhibited, it was possible to recover sufficient

numbers of T-effector cells from treated animals and determine whether exposure to tTreg in
vivo modified T-effector function. T-effector cells were recovered from the gastric lymph
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node 6 weeks after transfer and re-challenged with their cognate peptide. Effector cells

isolated from protected animals were not anergic and were fully competent to proliferate and

produce effector cytokines ex vivo. This result is consistent with studies in the d3Tx model

of oophoritis in which the continuous presence of Tregs was required for protection from

disease and depletion of the Tregs resulted in disease development (12).

It is difficult to draw clear conclusions about the mechanism of action of polyclonal tTreg

from these studies. We used the same Treg-T-effector cell ratio in the studies with the naive

autoantigen-specific T effectors as we used with the fully differentiated T-effector cells. The

results with naive T-effector cells suggested that the primary effect of tTregs was to inhibit

differentiation, while the studies with the differentiated T-effector populations demonstrated

that inhibition of expansion was the best correlate of protection from destructive AIG and no

effect on T-effector cytokine producing capacity was observed. Several important

differences were noted between these studies. Naive T effectors could easily be detected in

the gastric lymph node as early as 3 days after transfer, and significant expansion could be

demonstrated by day 5. However, fully differentiated effector cells could not be detected in

the gastric lymph node until 7 days after transfer. This result is not surprising, as the

differentiated T-effector populations expressed only low levels of CD62L, the receptor that

is required for entry into lymph nodes. It is likely that the fully differentiated effector cells

were first stimulated by their target antigen in the stomach and subsequently acquired the

ability to traffic to the gastric lymph node. In contrast, in both models, the co-transferred

tTregs could easily be detected at early time points after transfer. One possible explanation

for the ability to tTreg to inhibit expansion of fully differentiated T-effector cells is that they

exerted their inhibitory effects on DC resulting in inhibition of expansion of the T-effector

cell populations upon their arrival in the draining lymph node. It also remains possible that

the effects on the DC were mediated by a small percentage of the polyclonal tTregs that

expressed receptors for the auto-antigen. These auto-antigen-specific Tregs would then be

retained and subsequently expanded in the gastric lymph node and exert their inhibitory

effects on DCs in a manner similar to antigen-specific iTregs (see below). Collectively, our

studies clearly demonstrate a strong inhibitory effect of polyclonal tTregs on the capacity of

naive T effectors as well some types of differentiated T-effector cells to induce disease and

provide an experimental basis for the potential clinical use of polyclonal tTregs in human

disease.

Polyclonal tTregs modulate T-effector cell trafficking

One of the major difficulties in dissecting the mechanism of action of Treg in vivo in the

setting of autoimmune disease as described above is the confounding influence of

lymphopenia on both Treg and T-effector cells as these studies all involved transfer of

effectors to nu/nu recipients. Very few studies have addressed the mechanism of action of

polyclonal tTregs in fully immunocompetent recipients. Early studies (13) in experimental

autoimmune encephalomyelitis (EAE) demonstrated that augmentation of Treg cell numbers

in normal recipients markedly attenuated disease accompanied by decreased T-cell

infiltration into the central nervous system (CNS).

We have re-examined the potential mechanisms of suppression by polyclonal tTregs and

have performed all experiments in immunologically intact recipients and carefully

monitored the fate and differentiation of the T-effector cells on a single cell basis (14). Co-

transfer of polyclonal activated tTreg cells into healthy mice attenuated the induction of

EAE. Suppression of disease strongly correlated with a reduced number of T-effector cells

in the spinal cord. Mice that had received Treg cells had a 50% reduction in the percentage

of CNS infiltrating CD4+ T cells, but on a per cell basis, the cytokine production profile of

these cells was identical to cells isolated from the CNS of mice that had not received Tregs.
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The therapeutic effects of the tTregs strongly correlated with the reduced percentage of

CD4+ T-effector cells that invaded the CNS rather than Treg cell-mediated inhibition of

Th1/Th17 differentiation.

To more precisely characterize the effects of polyclonal tTreg cells on the expansion/

differentiation of T-effector cells in vivo, we developed a model in which congenically

marked CFSE-labeled TCR Tg Foxp3− T cells were adoptively transferred to normal

recipients in the presence or absence of congenically distinct pre-activated polyclonal Treg

cells (13). The following day, the mice were immunized with the peptide recognized by the

Tg T cells in adjuvant, and the numbers and activation status of the transferred T-effector

cells were analyzed on day 4–7 after transfer. The surprising result of these studies was that

Treg cells had no effect on T-effector cell proliferation as measured by carboxyfluorescein

succinimidyl ester (CFSE) dilution, and this was accompanied by a twofold increase in the

percentage and absolute number of T-effector cells present in the draining lymph node (Fig.

1). Furthermore, differentiation also appeared to be unimpaired in the presence of tTregs, as

the percentage of cells differentiating into IFNγ or IL-17 producers was the same in the

presence of absence of tTregs.

The increase in the number of T-effector cells in the draining lymph node is in apparent

conflict with our studies in the EAE model that demonstrated a decreased number of T-

effector cells in the target organ in the presence of an excess of Tregs. However, the total

number of T cells in the lymph node is determined not only by in situ proliferation but also

by the relative contribution of entry and exit from the lymph node. When we examined

peripheral blood from the immunized mice, we detected fewer T-effector cells in the blood

of mice that had received polyclonal tTregs than in blood of untreated controls. We also

observed a markedly decreased number of T-effector cells at the site of skin testing when

mice were immunized in the presence of Tregs. Taken together, these observations are

consistent with the hypothesis that in the presence of polyclonal tTreg cells priming and

expansion are unimpaired in the draining lymph node, but fewer cells can leave the lymph

node to enter the circulation, and fewer cells are therefore available to respond to antigen at

a distant site.

The mechanisms utilized by tTregs to maintain T-effector cells at the site of immunization

remain to be fully elucidated. We did observe that T-effector cells recovered from lymph

nodes in the presence of Treg cells expressed decreased levels of CXCR4, syndecan, and the

sphinogosine phosphate receptor 1 (S1P1). S1P1 levels are rapidly downregulated on T cells

following entry into lymph nodes. As T cells are primed and differentiate, they upregulate

S1P1, allowing them to respond to high levels of S1P in the circulation, and exit the lymph

node in response to the concentration gradient (15). By altering the expression of S1P1 on

T-effector cells, Tregs would affect the ability of the effectors to migrate out of the lymph

node and into the circulation to reach their target organ. One important conclusion to be

drawn from these studies is polyclonal tTreg cells do not always influence the immune

response by mediating immune suppression and completely shutting down T-cell activation.

Thus, the therapeutic administration of polyclonal tTreg cells would not necessarily lead to

global immunosuppression or the inhibition of responses to all antigens or pathogens. In

contrast, polyclonal tTregs appear to specifically target trafficking pathways, thus allowing

immunity to develop in lymphoid organs but limiting the number of potentially

autoaggressive T cells that are allowed to migrate and enter tissues.

We have performed almost all the polyclonal tTreg transfer studies into normal mice using

polyclonal T-cell populations that had been activated via their TCR and expanded in IL-2 ex
vivo. The primary reason for this approach was to obtain sufficient numbers of Treg cells to

use in the cell transfer model. One major issue that remains to be resolved is whether
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polyclonal tTregs must be activated through their TCR to exert their suppressive effects. The

source of the TCR signal during in vivo activation of polyclonal populations of tTregs is not

known. It is widely assumed that tTregs preferentially recognize self-antigens, and it

remains possible that tTregs are continuously recognizing and being activated by ubiquitous

self-peptides bound to major histocompatibility complex (MHC) class II antigens. It is also

very difficult to rule out the possibility discussed above that one component of polyclonal

tTreg suppression in vivo is mediated by activation of a low percentage of autoantigen-

specific tTregs present within the polyclonal population.

Mechanism of action of antigen-specific iTregs in vivo

One of the major factors limiting the analysis of the mechanism of action of antigen-specific

Tregs in vivo is that it is difficult, if not impossible, to isolate antigen-specific tTregs from

normal, unmanipulated or even from mice that have been primed with antigen. A certain

percentage of cells in TCR Tg mice do express the transgene and are Foxp3+ and cells have

been used immediately after removal from the donor or after expansion in vitro. Very few

studies have compared directly the in vivo effectiveness of polyclonal and monoclonal

populations of tTreg. Hori et al. (16) demonstrated equivalent effectiveness of polyclonal

and monoclonal populations of tTregs in preventing EAE that develops spontaneously in

mice expressing a Tg anti-myelin basic protein (MBP) TCR on a RAG deficient (−/−)

background. In contrast, Tang et al. (17) demonstrated that an expanded population of

tTregs from a TCR Tg mouse specific for an antigen expressed by pancreatic islet cells was

much more efficient than polyclonal tTregs in their ability to inhibit the induction of

diabetes when diabetogenic T cells were transferred into NOD mice on a RAG−/−

background. One assumption driving the use of tTregs expressing a TCR Tg receptor

specific for an organ-specific peptide is that they would preferentially home to the target

organ, be activated by their target autoantigen, and be capable of mediating bystander

suppression even if the target autoantigen of the T effectors was not known.

Generation of iTregs in vitro

Numerous studies over the past 10 years have demonstrated that Foxp3− T cells can be

induced to express Foxp3 in the presence of TGFβ (18). As these cells are induced in vitro,

they will be referred to as iTregs. We have demonstrated (19) that IL-2 plays a non-

redundant role in TGFβ induced Foxp3 expression. Other cytokines utilizing the common-γ-
chain were unable to induce Foxp3 expression in IL-2-deficient cells. This result should be

contrasted to the lack of an absolute requirement for IL-2 for the development of tTregs, as

other common-γ-chain cytokines could substitute for the intrathymic development of tTregs

(20). In our hands, the role of CD28 signaling in the induction of Foxp3 expression was

solely related to its capacity to enhance the endogenous production of IL-2. In the absence

of IL-2, TGFβ was unable to induce Foxp3 expression, even in the presence of anti-CD28.

This result should be compared to the absolute requirement for CD28 signaling in the

development of tTregs (21). We also evaluated the role of the strength of the TCR signal to

upregulate Foxp3 in the presence of TGF-β. In the absence of CD28 costimulation, Foxp3

expression was maximal at 2μg/ml of anti-CD3 and markedly lower levels of Foxp3

expression were detected at lower concentration of anti-CD3. In contrast, in the presence of

CD28 costimulation, maximal Foxp3 expression was seen at 25-fold lower levels of anti-

CD3. TGFβ-iTregs were capable of suppressing the proliferation of naïve populations of T-

effector cells stimulated with anti-CD3.

We have also explored the optimal requirements for the generation of antigen-specific

iTregs in vitro. In most studies, we utilize CD4+Foxp3− from TCR Tg mice on a RAG−/−

background. We stimulate these cells with plate-bound anti-CD3, soluble anti-CD28 in the

presence of IL-2 and TGFβ (5ng/ml). These conditions routinely yield a population
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consisting of greater than 90% Foxp3+ T cells after 96 h of stimulation. Although Foxp3 can

be induced with soluble anti-CD3 in the presence of DCs, the percentage of Foxp3+ T cells

induced is usually only in the range of 50–60%. It is likely that the production of pro-

inflammatory cytokines such as IL-6 by the DCs inhibits the optimal induction of Foxp3

expression.

Suppressive activity of polyclonal iTregs in vivo

Although iTregs were as efficient as tTregs in their in vitro suppressive activity, it was

important to document that iTregs could manifest suppressive function in vivo. One of the

most rigorous tests of the in vivo suppressive capacity of tTregs is their ability to prevent the

development of disease upon transfer into neonatal scurfy mice (6). Some studies have

suggested that iTregs rapidly lose Foxp3 expression following transfer in vivo (22). The use

of polyclonal iTregs is further complicated by potential differences between tTregs and

iTregs in their homing capabilities and in their T-cell repertoires. tTregs express a TCR

repertoire with a bias for self and there is limited overlap between the tTreg TCR repertoire

and the TCR repertoire of conventional cell CD4+ T cells. Thus, iTregs derived from a

polyclonal population of Foxp3− T cells may be restricted in their ability to effectively

suppress autoimmune disease secondary to a lack of T cells with anti-self TCRs. However,

when polyclonal iTregs were transferred to neonatal scurfy mice, they suppressed all the

pathologic manifestation of severe autoimmune disease in both lymphoid sites and in tissues

(23). However, the potency of iTregs was considerably less than that seen with tTregs. One

problem with iTregs is that a significant proportion loses expression of CD62L during in
vitro generation and may be unable to home to lymph nodes. It also is possible that tTregs

and iTregs use different mechanisms of suppression in vivo. Nevertheless, the TCR

repertoire of the iTregs generated from normal adult mice appears to be sufficient to prevent

autoimmune disease in the Scurfy mouse. The iTregs maintained high levels of Foxp3

expression in the inflammatory environment, whereas the same cells lost expression of

Foxp3 when transferred to normal mice. This result suggests that certain factors such as the

production of pro-inflammatory cytokines in the Scurfy mouse might act as survival or

expansion signals for the iTregs.

Suppressive activity of antigen-specific iTregs in vivo

We also tested the capacity of antigen-specific iTregs to inhibit the development of disease

in the AIG model. We generated iTregs specific for the naturally expressed autoantigen (H/

K ATPase) by stimulation of CD4+Foxp3− thymocytes from the TxA23 TCR Tg mouse in
vitro in the presence of TGFβ. When the antigen-specific iTregs were co-transferred with

CD4+Foxp3− thymocytes from the same mouse to nu/nu recipients, all aspects of AIG were

inhibited including the development of anti-parietal cell antibodies, as well as the

destruction of gastric parietal cells (24). Several of the mice treated with the iTregs had

normal stomach pathology, and the remainder had low to intermediate levels of

inflammation. Antigen-specific iTregs were more efficient at preventing autoimmunity than

polyclonal tTregs. The iTregs were long-lived in vivo, maintained expression of Foxp3, and

protected mice from disease for long periods of time. We explored in depth possible

mechanisms for antigen-specific iTreg-mediated disease suppression. The iTregs did not

inhibit the initial migration of the T-effector cells to the gastric lymph node. The major

effect of the iTregs appeared to be inhibition of the priming of the autoreactive effector

cells. Most notably, a 40-fold reduction in the number of autoreactive effector cells was

observed 5 days after transfer. When we isolated DCs that had been exposed to iTregs in
vivo, the DCs had a reduced capacity to present the endogenous antigen compared to those

from non-iTreg-treated mice consistent with the possibility that iTregs mediated their

suppressive effects in vivo by modulating the antigen-presenting function of DCs. However,

we could not directly analyze the mechanism of action of the iTregs on the small subset of
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autoantigen-bearing DC in the gastric lymph node due to the their limited number and lack

of a method to isolate the subpopulation of autoantigen-bearing DCs.

We also evaluated the capacity of antigen-specific iTregs to modulate disease induction by

fully activated autoantigen-specific Th17 effector cells that, as described above, were

resistant to suppressive effects of polyclonal tTregs (25). The resistance of Th17-induced

AIG to suppression by Tregs raised the possibility that Th17 cells are intrinsically not

responsive to suppression by Tregs or that the inflammatory milieu generated by Th17 cells

induced the production of cytokines (IL-6 and TNFα) that rendered T-effector cells resistant

to suppression or neutralized the suppressive action of the Tregs (26). While neither

polyclonal tTregs nor iTregs could prevent disease induced by Th17 cells, antigen-specific

iTregs completely prevented tissue destruction in the gastric mucosa and also suppressed the

expansion of the T-effector cells in the gastric lymph node. Antigen-specific iTregs were

also capable of suppressing disease when transferred one week after transfer of the Th17

effectors. Marked expansion of the iTregs was observed in the gastric but not inguinal

lymph nodes, suggesting that the presence of the autoantigen drove the expansion of the

iTregs. As Th17 cells may play an important role in many human autoimmune diseases, the

susceptibility of Th17 cells to suppression by antigen-specific iTregs has important

implications regarding their use for cellular biotherapy.

Although antigen-specific iTregs appeared to be highly effective in preventing and

potentially treating organ-specific autoimmunity and appeared to mediate their effects by

preventing T-cell priming, detailed analysis of their mechanism of action is limited as most

of these studies involved transfer of both the T effectors and the iTregs to

immunoincompetent mice. Thus, lymphopenia-induced proliferation of either the T effector,

the iTregs, or both may influence the observed results. We therefore used the cell transfer

system we developed to analyze the mechanism of action of polyclonal Tregs to analyze the

mechanism of action of iTregs in vivo (27, 28). We generated antigen-specific iTregs as

described above and co-transferred them to normal recipients with CFSE-labeled naive T

cells from the same donor. All recipients were subsequently immunized with the cognate

peptide in adjuvant. Four to five days later, we determined the state of activation,

differentiation, and expansion of the naive Foxp3− T cells in the draining lymph node. In

marked contrast to the results seen using exactly the same protocol with polyclonal,

expanded tTreg, co-transfer of antigen-specific iTregs resulted in inhibition of the expansion

of the responder T cells by >90% as measured by CFSE dilution or when the absolute

number of responder T cells was counted (Fig. 1). The small number of responder T cells

recovered from the draining node failed to upregulate CD44 expression, indicating that their

activation was also markedly impaired. Furthermore, when the recovered T cells were

stimulated with phorbolmyristate acetate (PMA)/ionomycin to measure cytokine production,

responder cells recovered from mice that had not been treated with iTregs produced both

IFNγ and IL-17, while the few T cells recovered from mice treated with iTregs produced

neither of these cytokines. Thus, antigen-specific iTregs profoundly inhibited all aspects of

the T-cell activation cascade. Surprisingly, when we CFSE-labeled the iTregs, they diluted

CFSE and expanded.

The profound inhibition of T-cell activation suggested that the iTregs were inhibiting

antigen presentation by acting on DCs. We used a three cell transfer model (T naive, iTreg,

and antigen-pulsed DC) and recovered the antigen-pulsed DCs 18 h after cell transfer and

tested their capacity to activate fresh TCR Tg T cells specific for the same peptide. DCs

from animals that did not receive either T naive or iTregs were quite efficient at activating

the proliferation of naive T-responder cells and similar results were observed with DCs

recovered from animals that received T naive only. However, DCs recovered from animals

that received both T naive and iTregs were markedly deficient in their capacity to activate
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naive responder T cells. These studies strongly suggest that the iTregs disabled the capacity

of the DCs to present antigen.

Antigen-specific iTregs impair DC function by modulating expression of MARCH1 and
CD83

Although a number of studies have implicated the DCs as the major target of Treg-mediated

suppression, the molecular mechanisms involved in this process remain unclear. Tregs

constitutively express the inhibitory receptor cytotoxic T-lymphocyte antigen-4 (CTLA-4),

and several studies (29, 30) have suggested that the interaction of CTLA-4 on Tregs with

CD80/CD86 on DCs results in a decrease in CD80/CD86 expression resulting in defective

T-effector cell activation. Strong support in favor of this mechanism was derived from the

demonstration that the deletion of CTLA-4 in Foxp3+ Tregs resulted in the development of

fatal T-cell mediated autoimmune disease (31). The major mechanism used by Tregs to

mediate this cell extrinsic function of CTLA-4 has been termed transendocytosis in which

CTLA-4 on the surface of Tregs binds CD80/CD86 on the surface of the DCs followed by

their internalization and degradation within the Tregs (32). However, activated T-effector

cells also express CTLA-4 on the cell surface and can mediate transendocytosis as

efficiently as Foxp3+ Tregs, yet in most instances do not mediate suppression of T-cell

activation.

To directly examine the effects of antigen-specific iTreg on DC function, we have

developed a two-step culture system in which the iTregs are first co-cultured with antigen-

pulsed DCs (33). The DCs are then purified from the co-culture by cell sorting and

evaluated for their antigen-presenting capacity by re-culturing them with naive antigen-

specific T cells with no further addition of antigen. This protocol avoids any confounding

influence of effects of the Tregs on the responder T cell. iTreg-treated DCs were markedly

defective in the activation of naive T-cell expansion as assayed by CFSE dilution (Fig. 2).
We initially focused on the role of CTLA-4 in mediating downregulation of DC function.

Antigen-specific iTregs generated from wildtype but not CTLA-4−/− mice induced a marked

downregulation of the expression of CD80/CD86 on the DCs. However, iTregs from

CTLA-4−/− mice were still capable of substantially impairing the antigen-presenting

function of the DCs, raising the possibility that iTregs use mechanisms in addition to

CTLA-4 to impair DC function. One potential candidate for this effect of iTregs on DC

function was the immunosuppressive cytokine IL-10. Indeed, production of IL-10 by the

iTregs appeared to be the major mediator of this process, as the effects of iTregs from

wildtype animals on DC function were completely blocked by inclusion of anti-IL-10 to the

iTreg DC co-cultures, and antigen-specific iTreg from IL-10−/− mice failed to decrease

antigen presentation by the DCs.

The upregulation of MHC class II and CD86 expression on the DC surface during DC

maturation result from decreased rates of endocytosis and intracellular degradation

secondary to decreased ubiquitination of a critical lysine residue in the MHC class II β-chain

cytoplasmic tail by the ubiquitin ligase MARCH1 (34, 35). DC maturation is also

accompanied by upregulation of CD83 and the transmembrane domain of CD83 inhibits the

action of MARCH1 (36). As the effects of exogenous IL-10 are mediated via upregulation

of MARCH1 (36), it was of interest to determine whether iTreg-derived IL-10 mediated

downregulation of DC antigen presentation function by using a similar molecular pathway.

Not only did antigen-specific iTregs promote the upregulation of MARCH1 mRNA, but

they also suppressed the upregulation of CD83. Most, if not all, of these effects were

mediated by iTreg-derived IL-10 (33). While the effects of iTreg on the expression of

MARCH1 and CD83 are clear, it should be noted that co-culture of the iTregs with DCs

produced little if any effect on MHC class II expression. This result was surprising, because
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MHC class II expression should have been greatly diminished by the enhancement of

MARCH1 and the decrease in CD83 induced by iTreg-derived IL-10. Although we did not

observe significant downregulation of total MHC class II expression in iTreg-treated DCs,

we did observe a marked downregulation of peptide-MHC class II complexes at the 1:1 ratio

of iTreg-DCs. The selective effects of iTregs on peptide-MHC class II complexes may

reflect the localized effects of IL-10 secreted at the site of interaction of the iTreg TCR with

its cognate MHC class II peptide complex (Fig. 3).

These studies raise important questions about the overall significance of IL-10, as one of the

major mechanisms used by all types of Foxp3+ Tregs to suppress DC function and

potentially to also suppress T-effector function. While mice with a conditional deletion of

IL-10 in Tregs only exhibit defects in Treg function at mucosal surfaces (37), IL-10

production by Tregs is required for several models of autoimmune (38) and infectious

diseases (39). Taken together, these studies suggest that IL-10 production by Tregs is a

prominent Treg suppressor mechanism in a wide variety of conditions in addition to its

critical role in Treg function at mucosal surfaces. The major target of Treg-produced IL-10

is most likely the antigen-presenting DC with resultant inhibition of T-effector cell priming.

Regulation of iTreg stability

Role of IL-2

The studies described above conclusively demonstrate that iTregs generated in vitro can

efficiently suppress inflammation in Scurfy mice, and multiple studies in several different

animals have shown that they can inhibit effector function in different animal models

including AIG (24), EAE (22), and diabetes (40). However, epigenetic studies have raised

questions about the stability of Foxp3 expression in iTregs. DNA methylation is one of the

most established epigenetic mechanisms in T-cell development and is linked to stable gene

expression patterns. Studies with both mouse and human tTregs have demonstrated

complete demethylation within an evolutionary conserved region upstream of exon 1 of the

Foxp3 locus, and this region has been named the Treg-specific demethylation region or

TSDR (2). Demethylation of the TSDR region is a specific marker of tTregs, as

CD4+Foxp3− cells and in vitro-generated iTregs display an almost complete methylation of

the TSDR. In contrast, the induction of pTregs in vivo by targeting low concentrations of

antigen to DCs resulted in antigen-specific pTregs with complete demethylation of the

TSDR and stable expression of Foxp3 (3). The status of TSDR methylation is therefore

critical for maintaining stable Foxp3 expression and a fully functional Treg phenotype in

iTregs. The demonstration (2) that in vitro-induced iTregs have a fully methylated TSDR

has raised doubts about their therapeutic usefulness, despite studies not only demonstrating

their effectiveness but also their sustained expression of Foxp3 in vivo (24).

To resolve this controversy, we have re-evaluated the factors that regulate the expression of

Foxp3 in iTreg both in vivo and in vitro (28). We have used pure populations of antigen-

specific iTregs generated from Foxp3 reporter mice to avoid any possible confounding

influence of small number of contaminating Foxp3− T cells that might be present in the

induction cultures. iTregs restimulated via their TCR in vitro in the absence of TGFβ rapidly

lost expression of Foxp3, while Foxp3 expression in iTreg was stable for at least 2 weeks

when iTregs were recultured in IL-2 alone. We also examined in detail the fate of iTregs

transferred to normal recipients. The results of our in vivo experiments were similar to our in
vitro studies. In the absence of TCR stimulation, iTregs retained Foxp3 expression for

periods as long as a month, but exhibited minimal proliferation. The iTregs that had retained

Foxp3 expression still had a completely methylated TSDR. In contrast, upon restimulation

with antigen in vivo, the iTregs rapidly lost Foxp3 expression but did not differentiate into

pathogenic effector cells.
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As our studies describing the beneficial therapeutic effects of polyclonal iTregs in the Scurfy

model (23) suggested that factors present in the inflammatory environment of the Scurfy

might potentiate Foxp3 expression in iTregs, we examined whether treatment of mice with

IL-2/anti-IL-2 immune complexes (41) would result in stabilization of Foxp3 expression.

Treatment of mice with the complexes alone enhanced the proliferation of the transferred

iTregs and also markedly enhanced Foxp3 expression in mice that had received iTregs and

were subsequently immunized. Most notably, analysis of the methylation status of the TSDR

indicated that treatment of mice with both TCR stimulation and IL-2 immune complexes but

not IL-2 complexes alone, resulted in significant demethylation of the TSDR. The role of

IL-2 in the maintenance of Foxp3 expression was critical, as neutralization of IL-2

potentiated the loss of Foxp3 expression. Most importantly, in a co-transfer model in which

antigen-specific iTregs inhibited the expansion of antigen-specific effector cells following

immunization (see above), iTregs exhibited stabilization of Foxp3 expression. Both the

maintenance of Foxp3 expression and T-suppressor function in vivo were reduced when

endogenous IL-2 was neutralized with anti-IL-2. Taken together, these results demonstrate

that IL-2 is not only critical for the development and homeostasis of tTregs but also that

IL-2 produced by effector T cells is critical for the stability and function of iTregs in vivo. It

remains unclear how the synergistic actions of IL-2 and TCR signals promote the induction

of TSDR demethylation.

Role of the complement system in iTreg/pTreg induction and stability While IL-2 is

absolutely required for iTreg induction in vitro and plays an important role in iTreg stability

in vivo, other environmental factors also influence the generation of conventional T cells to

iTregs in vitro or pTregs in vivo. The complement fragments C3a and C5a signal through G

protein-coupled receptors (C3aR and C5aR) to induce the production of IL-6 and IL-12 (42)

that suppress the induction of iTregs. Conversely, the absence of C3aR and C5aR signaling

has been shown to potentiate iTreg induction (43). Most importantly, the absence of

signaling via these receptors results in the induction of Foxp3+ Treg in vitro in the absence

of exogenous TGFβ. iTreg induction was inhibited by anti-TGFβ or by antagonists of TGFβ
signaling. Thus, in the absence of C3aR/C5aR signaling, the endogenous production of

TGFβ by both CD4+ T cells as well as DCs is enhanced. Antigen-specific iTregs generated

in vitro in the absence of C3aR/C5aR signaling exhibited enhanced stability of Foxp3

expression when transferred to normal recipients followed by immunization with their

cognate peptide. Surprisingly, the enhanced stability of Foxp3 expression was not

accompanied by demethylation of the TSDR raising the possibility that factors in addition to

TSDR demethylation may control the stability of Foxp3 expression in vivo. iTregs generated

in the absence of C3aR/C5aR signaling were more potent than iTregs generated in the

presence of exogenous TGFβ in suppressing anti-CD3 induced proliferation of Foxp3− T

cells in vitro, in inhibiting the expansion of antigen-specific T cells in vivo, and were potent

inhibitors of established EAE. Following in vivo immunization with cognate peptide, a

greater number of pTregs were generated from TCR Tg T cells that lacked C3aR/C5aR

expression than from wildtype TCR Tg T cells. Under resting physiologic conditions,

signaling via C3aR/C5aR is dormant, and the absence of C3aR/C5aR signaling may play a

major role in the induction of pTreg to self-antigens or to foreign antigens at mucosal sites.

Infectious tolerance: induction of iTreg and pTreg by activated tTregs

The term ‘infectious tolerance’ is now used to describe a process where the tolerance

inducing properties of one population of cells is transferred to another population. The

demonstration that TGFβ is a potent inducer of Foxp3 expression and functional iTreg has

raised the possibility Foxp3+ T cells may play a role in converting Tconv cells to iTregs in a

TGFβ-dependent manner, thereby generating infectious tolerance. We initially demonstrated

that latent TGFβ [TGFβ coupled to latency-associated peptide (LAP)] could be detected on
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the cell surface of activated but not resting tTreg (44). When activated tTreg were co-

cultured with CD4+Foxp3− T cells and re-stimulated with anti-CD3 in the presence of IL-2,

10–30% of the Foxp3− T cells became Foxp3+. Freshly isolated tTreg cells were incapable

of inducing Foxp3 expression, and this correlated with the increased expression of latent

TGFβ on the surface of the activated tTregs. iTregs induced by co-culture with activated

tTregs were markedly suppressive in standard in vitro suppression assays and could also

inhibit the induction of IBD when co-transferred with CD4+Foxp3− T cells into RAG−/−

mice. Activated tTregs were also capable of inducing pTregs in vivo.

The studies described above identified latent TGFβ+ T cells using a polyclonal antibody to

LAP. A number of more recent studies have fully characterized the nature of the cell surface

latent TGFβ complex (45–47). We have demonstrated that activated Foxp3+ T cells express

a distinct cell surface protein termed GARP (or LRRC32), which binds latent TGFβ and is

required for surface expression of latent TGFβ. Latent TGFβ does not have biologic activity

and the release of active TGFβ from LAP is a critical regulatory step for TGFβ function. The

biochemical pathways by which GARP-associated latent TGFβ is activated have not been

completely elucidated, but it is likely that αV integrins play a role this process (48). Foxp3

is not essential for the expression of the GARP/latent TGFβ on activated human Tregs,

because the GARP/latent TGFβ complex was completely normal following siRNA-mediated

knockdown of Foxp3 (47).

We have recently extended our studies on the expression of the GARP/latent TGFβ to mouse

Tregs (49). Resting mouse tTregs express low levels of GARP mostly in the absence of

latent TGFβ. TCR stimulation induces an initial upregulation of GARP expression that is

followed rapidly by detection of the GARP/latent TGFβ complex. A large proportion of this

initial increase in cell surface expression of GARP may be secondary to its release from

intracellular stores. Lower levels of expression of GARP can be seen by culturing tTregs in

media alone, and further increases in expression can be induced by the addition of IL-2 or

IL-4. Both in vivo (pTregs) and in vitro (iTregs) generated mouse Foxp3+ T cells expressed

the GARP/latent TGFβ complex. This result should be contrasted with the results of our

studies on human T cells, which failed to demonstrate GARP or LAP following in vitro
induction of Foxp3 expression by TCR stimulation in the presence of TGFβ. Thus, the

expression of GARP represents an excellent marker of functional Tregs in the mouse

although it does not distinguish tTregs from pTregs (or iTregs). Expression of GARP was

not dependent upon the expression of latent TGFβ, because cells from mice with a T-cell

conditional deletion of TGFβ expressed levels of GARP equivalent to those expressed on

wildtype Tregs both before and after T-cell activation. LAP expression can be restored on

activated mouse Treg from TGFβ−/− mice by incubation with recombinant latent TGFβ.

Thus, the GARP/latent TGFβ complex can be generated from intracellular stores and by an

extracellular pathway.

What is the function of the GARP/latent TGFβ complex on activated Tregs? The

contribution of cell surface expressed latent TGFβ in mediating Treg suppression of

responder T-cell activation has been controversial. Tregs from GARP−/− mice were as

suppressive as wildtype Tregs in mediating suppression in vitro. Although GARP−/− Tregs

can still secrete latent TGFβ, it is unlikely that latent TGFβ plays any role in suppression in
vitro, because the suppressive ability of TGFβ−/− Tregs is completely normal (50). As noted

above, one potential function of the cell surface GARP/latent TGFβ complex may be to

mediate infectious tolerance. Indeed, activated Treg from GARP−/− were poor inducers of

Foxp3 expression compared to wildtype Tregs when co-cultured with naive responder cells.

It is likely that in vivo Tregs and antigen-specific T cells are stimulated on the surface of the

same DC. Stimulation of the Treg would induce the GARP/latent TGFβ complex that could

then release activated TGFβ resulting in conversion of the antigen-specific Foxp3− T cells to
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a pTreg. However, one study (51) has also suggested that activated Tregs could induce Th17

cells in the presence of IL-6. The GARP/latent TGFβ complex also appears to play a

predominant role in this process as activation of co-cultures of activated Tregs and naive

responder cells in the presence of IL-6 resulted in induction of a substantial percentage of

Th17 cells. The source of the activated TGFβ was primarily the GARP/latent TGFβ complex

rather than secreted latent TGFβ. Thus, activated tTregs can utilize the GARP/latent TGFβ
complex to induce both Tregs or in the presence of an inflammatory milieu (IL-6) induce

Th17 cells. A clear explanation of why Foxp3+ Tregs would play an important role in the

induction of potentially pathogenic Th17 cells is lacking. One possibility is that the Th17

cells induced by this pathway are primarily non-pathogenic Th17 cells.

Can functional iTregs be generated from naive human T cells?

As described above, iTregs that function both in vitro and in vivo can readily be generated

from naive mouse T cells in the presence of TGFβ. It would be highly desirable to be able to

similarly generate functional human iTregs. Considerable controversy exists as to whether

functional human iTregs can be generated in vitro using culture conditions similar to those

used in the mouse. One major issue complicating the analysis of human Tregs is that

activated conventional T cells can express Foxp3 in the absence of Treg activity. It is

therefore imperative that multiple assays be used to determine whether the induced Foxp3+

T cells are in fact bona fide Tregs. In our studies (52), TCR stimulation of naive human

CD4+ Foxp3− T cells in the presence of TGFβ and IL-2 induced high levels of Foxp3

expression that was stable for several weeks when the cells were maintained in the presence

of IL-2. In contrast to mouse iTregs that were both anergic and suppressive, the human

iTregs proliferated when stimulated via the TCR and failed to suppress responder

CD4+Foxp3− T cells. Furthermore, when these cells were re-stimulated with PMA and

ionomycin and cytokine production measured at the single cell level by intracellular

staining, the majority of the Foxp3+ T cells produced IL-2 and/or IFNγ. Similar results were

obtained when naive CD4+ T cells from cord blood were induced to express Foxp3.

It remains unclear why it has been difficult to induce functional human iTregs in culture.

One study has reported that the addition of retinoic acid to the induction regimen resulted in

the development of anergic and suppressive human iTregs (53). We have been unsuccessful

in reproducing these observations. An alternative approach involved the addition of

rapamycin to the inductive cultures resulting in human iTregs that stably expressed Foxp3,

which were suppressive in vitro and in vivo (54). Rapamycin has the unique properties of

blocking the mTOR pathway as well as Smad7, a negative regulator of TGFβ signaling.

Again, we have had difficulty reproducing these findings. Lastly, it has been possible to

generate functional human iTregs by blocking C3aR/C5aR signaling with pharmacologic

antagonists or mAbs to C3a and C5a (43). However, the Tregs induced by C3aR/C5aR

antagonism have not been evaluated for suppressive function in vivo or for TSDR

demethylation. Taken together, these studies indicate major differences exist between the

susceptibility of naive human and mouse T cells to become iTregs in the presence of TGFβ.

The purported success of agents such as retinoic acid and rapamycin, or antagonism of

complement signaling require further studies by multiple laboratories. Large-scale clinical

trials to test feasibility, efficacy, and safety will be required before iTreg cellular therapy for

human diseases becomes routine practice.

Can tTregs be distinguished from pTregs or iTregs?

A large body of data supports the view that a proportion of the Foxp3+ Treg population is

generated extrathymically from T-conventional cells. As the properties of these pTregs may

differ markedly from tTregs, it would be important to develop reagents that would
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distinguish these two populations. As cellular biotherapy with Tregs is adopted for treatment

of human disease, it would also be highly desirable to characterize the tTreg/pTreg makeup

of the final product. While it is reasonable to assume that tTregs and pTregs differ in their

TCR repertoires, one must also consider that the two populations may also differ in their

stability and their suppressor mechanisms. We have proposed that expression of the

transcription factor Helios distinguished tTregs from pTregs/iTregs (55).

Helios is a member of the Ikaros transcription factor family that is characterized by four

highly conserved N-terminal zinc fingers and two highly conserved C-terminal zinc fingers

(56). The Ikaros family is comprised of five DNA binding proteins that, as homodimers or

heterodimers, function to regulate gene expression through chromatin remodeling. We

became interested in Helios when we observed in a PCR-based cDNA subtraction library

that Helios was preferentially expressed in Treg cells when compared to conventional

CD4+CD25− T cells. To study the function of Helios, we generated Helios-deficient mice on

a C57BL/6 background. It has been reported that in adult mice, Helios is expressed only in

the thymus (57), so we were surprised to observe that Helios deficiency was lethal within

the first day of life. During embryogenesis, Helios is first observed at day 8 in the blood

islands of the yolk sac; however, it is then expressed in a subset of cells in the liver at day 11

and several epithelial tissues, including the olfactory epithelium and the lining of the gut and

the respiratory tract at day 17, suggesting that Helios expression during embryogenesis, in

tissues other than the immune system, is critical for survival immediately after birth. We

have also developed mice in which Exon 8 of the Helios gene is flanked by loxP sites. When

crossed to mice expressing either CD4-Cre to delete Helios in the T-cell compartment or to

mice expressing Vav-Cre to delete Helios in the entire lymphoid compartment, all offspring

were healthy and bred normally (55, authors’ unpublished data). Deletion of Helios had no

effect on the development of Treg in the thymus or in their maintenance in the periphery.

The suppressive function of Helios−/− Tregs was normal both in vitro and in vivo. Cai et al.
(58) reported similar results.

Although our studies thus far have not uncovered a function for Helios in Tregs, we have

developed a hamster monoclonal antibody (22F6) to the non-conserved N-terminal amino

acid domain that allowed us to examine Helios expression on a single cell basis in both

mouse and human Tregs (55). We demonstrated that Helios is first expressed at the DN2

stage of thymic differentiation, remains high during DN3 and declines in DN4. Helios

expression then reappears at the CD4 SP stage in both Foxp3+ and Foxp3− cells. In the

periphery, Helios is expressed in approximately 70% of CD4+Foxp3+ mouse Treg cells and

70–80% of human Tregs, as well as in a very small subset of CD4+Foxp3− cells. Helios+

Treg cells exhibit a more ‘Treg-like’ phenotype in that the MFI for GITR and CD25 is

higher compared to Foxp3+Helios− cells and Helios+ Treg cells have higher percentages of

CD103+, CD134+, CD120b+, and Ki67+ cells (authors’ unpublished data). We also observed

that a small percentage of cells in the Foxp3+Helios− population were able to produce

cytokines.

Our hypothesis that Helios is a marker of tTreg cells was based on three main observations.

First, the earliest Foxp3+ T cells to arise in the thymus of 3 day-old mice and the first

Foxp3+ T cells Tregs to populate the spleen in 4 day-old mice are exclusively Helios+. It is

not until day 12 of life that Helios− splenic Tregs begin to appear and not until after weaning

that the normal ratio of Helios−/Helios+ Tregs is established. Second, CD4+Foxp3− cells

isolated from Foxp3-GFP reporter mice that are induced in vitro by activation in the

presence of TGFβ to become Foxp3+Tregs (iTregs) do not express Helios. Lastly, pTregs

induced in vivo using a model of oral tolerance also failed to express Helios. We have also

shown that pTregs induced in vivo by intravenous injection of low dose antigen in the

absence of adjuvant do not express Helios (authors’ unpublished observation).
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Since our initial report, several other reports have subsequently demonstrated that Foxp3+

iTregs may under certain conditions also express Helios. In our initial experiments, iTregs

were generated by stimulation of naive T cells with plate-bound anti-CD3 in the presence of

TGFβ. However, Verhagen and Wraith (59) demonstrated that Helios was expressed in

approximately 50% of iTregs generated from CD4+Foxp3− cells from RAG−/− TCR Tg T

cells (Tg4 mice) when stimulated with their cognate peptide in the presence of antigen-

presenting cells and TGFβ. They could confirm our results that iTregs induced from the

same TCR Tg T cells by stimulation with plate-bound anti-CD3 and anti-CD28 were

Helios−. Similar findings were observed by I. Van Driel’s group (personal communication)

using CD4+CD25− cells from the TxA23 TCR Tg strain. However, we have observed that

CD4+CD25− T cells from this strain contain a very significant percentage of Helios+ Foxp3−

cells, and these cells may be the precursors of the Helios+Foxp3+ T cells that are generated

in vitro. Akimova et al. (60) have also published that Helios does not identify thymic Tregs

but, rather, is merely a marker of activation. However, in their studies, Helios expression

was examined on responder CD4+Foxp3− cells in suppression co-cultures, and co-culture

results are very difficult to interpret. Helios expression was examined on T-effector cells

after 3 days, a time point in which there are very few, if any, cells remaining in the culture

due to Treg-induced inhibition of IL-2 production. In the one experiment in which they

directly examined Helios expression on iTregs induced with TGFβ, the cells were stimulated

with plate-bound anti-CD3 and anti-CD28, conditions under which we, Verhagen and

Wraith (59), and Van Driel (personal communication) do not observe Helios expression on

the induced Foxp3+ population.

We have now done exhaustive experiments to examine the conditions under which Helios

may be induced in vitro. We used a number of different protocols for TCR stimulation (plate

bound anti-CD3, plate bound anti-CD3 and CD28, anti-CD3 and anti-CD28 coated beads,

soluble anti-CD3 plus T-depleted splenocytes, or DC and TCR Tg CD4+ cells stimulated

with antigen and various APCs). We were unable to see the induction of Helios in the

absence of TGFβ. In the presence of TGFβ, we observed the induction of Foxp3+ Helios+ T

cells only when TCR stimulation included non-T cell antigen-presenting cells. At this time,

it is not clear why Helios is induced in the presence of antigen-presenting cells. The

induction does not appear to be cytokine mediated, as antibodies to IFNγ, IL-4, IL-6, IL-12,

and TNFα, separately or in combination, do not inhibit Helios induction. We have also

observed that a high percentage of Foxp3− antigen-specific T cells can express Helios at

early time points after immunization in vivo. Thus, it appears that some conventional T cells

can express low levels of Helios under certain conditions, and it remains possible that

Foxp3−Helios+ T cells will continue to express Helios when they are converted to pTreg in
vivo or iTregs in vitro.

One major drawback to the use of Helios to distinguish tTreg subpopulations is that it is

expressed intracellularly and cannot be used for cell isolation. Two recent reports (61, 62)

have claimed that the cell surface antigen neuropilin 1 (Nrp1) distinguishes tTregs from

pTregs or iTregs. In one study (61), Nrp1 was found on gene expression profiles to be

expressed on Foxp3+ cells from unmanipulated mice but not on pTregs induced in vivo by

oral tolerance, confirming our observations that Helios does not appear to be expressed by in
vivo generated pTregs. However, when Helios expression was examined in Nrp1+ and

Nrp1− Tregs, Nrp1 and Helios expression correlated well in that Nrp1+ cells were also

Helios+, but Foxp3+Helios− T cells contained a significant fraction of Nrp1+ cells,

particularly in the peripheral lymph node. We have similarly observed that only about 30–

40% of the Foxp3+ Helios− T cells are Nrp1− (Fig. 4). One difficulty with the claim that

pTregs and iTregs are Nrp1− is that expression Nrp1 is positively regulated by TGFβ and

Nrp1 is expressed on TGFβ-induced iTregs (61). Furthermore, under inflammatory

conditions, such as those encountered in the spinal cords of mice with EAE, Nrp1 is
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expressed at high levels on pTregs. Thus, it is difficult to accept the claim that the

differential expression of Nrp1 is useful in distinguishing tTregs from pTregs and iTregs, as

it can be detected at high levels on both pTregs and iTregs.

To functionally compare Foxp3+ Helios+ and Foxp3+Helios− subpopulations, we have

generated Helios reporter mice and crossed them to Foxp3-RFP reporter mice. Among the

various lymphoid organs, expression of the Helios reporter accurately reflected the

percentage of Helios+ T cells detected by intracellular staining using the 22F6 antibody. We

isolated Foxp3+Helios− and Foxp3+Helios+ cells and compared their suppressive capacity

both in vitro and in vivo. Foxp3+Helios− cells are slightly, but reproducibly, less suppressive

in standard in vitro assays. However, in vivo, using the CD4+CD45RBhi transfer model of

IBD, we saw no differences in the suppressive properties of the two Treg subsets. The

methylation status of the TSDR of the Foxp3 gene is now widely used to demonstrate stable

‘true’ Tregs. Methylation analysis of the TSDR of Foxp3+Helios− cells and Foxp3+Helios+

cells revealed less demethylation of the TSDR of the Foxp3+Helios− T (80–85%) cells

compared to Foxp3+Helios+ (90%) cells (authors’ unpublished data). However, the extent of

demethylation of the TSDR of the Foxp3+Helios− cells was still significantly greater than

that observed with CD4+Foxp3− (10–20%) cells or Foxp3+ Helios− iTreg (10%) induced

with plate-bound anti-CD3 and TGFβ. We obtained a different result when we compared the

methylation status of human Foxp3+Helios+ and Foxp3+Helios− subpopulations (63). The

TSDR of the human Foxp3+Helios+ subset was fully demethylated, while the TSDR region

of the Foxp3+ Helios− subset was 45% demethylated. One interpretation of this finding is

that the Foxp3+Helios− subset is composed of two subsets, one of which expresses a

completely demethylated TSDR, while the TSDR of the second subset is completely

methylated. The latter subset may, in fact, represent activated T-conventional cells that lack

Treg function.

Concluding remarks

A number of studies (64–66) have reported preliminary findings regarding the use of Tregs

to prevent graft versus host disease (GVHD) in human, and a phase 1 study has been

initiated for the treatment of type I diabetes (67). Yet, we know very little about the

proposed mechanisms of action of Tregs in vivo. In this review, we have described our

studies in the mouse that have begun to dissect some of the mechanisms used by Tregs to

modulate the priming of naive T cells. We have demonstrated that the effects of activated

polyclonal tTregs differ markedly from the effects of antigen-specific iTregs. The former

modulate T-effector trafficking, while the latter inhibit T-effector priming. We have not yet

extended these studies to the analysis of the effects of these Treg subpopulations on primed

T cells present in intact mice. We have also described that tTregs have the unique capacity

to initiate infectious tolerance via the delivery of cell surface TGFβ bound to GARP and

thereby generate antigen-specific pTregs. While pTregs are present in vivo, the ratio of

tTregs to pTregs has not been completely clarified with the available markers. Future studies

must resolve this issue. A clear definition of tTreg and pTreg populations will be required to

determine the optimal composition of Tregs needed for the cellular biotherapy of GVHD,

graft rejection, and different autoimmune diseases.
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Fig. 1. Polyclonal tTregs and antigen-specific iTregs differentially modulate T-effector cell
expansion in vivo
Naive antigen-specific TCR Tg T cells were co-transferred with polyclonal tTregs (left

panel) or iTregs specific for the same antigen (right panel) into normal mice. One day later,

the mice were immunized with the cognate peptide, and the number of antigen-specific T

effectors in the draining lymph node quantitated 4 days later. Polyclonal tTregs augmented

the number of T effectors compared to non-treated mice, while antigen-specific iTregs

markedly suppressed the number of T effectors recovered.
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Fig. 2. Antigen-specific iTregs disable the ability of DCs to present antigen

Antigen-pulsed DCs were cultured for 18 h alone or in the presence of activated antigen-

specific T-effector cells or antigen-specific iTregs. The DCs were then separated from the T

cells by cell sorting and co-cultured for 72 h with naive antigen-specific T cells. The

capacity of the DCs to activate T cells was quantitated by the extent of dilution of CFSE by

the T effectors.
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Fig. 3. Proposed model for antigen-specific iTreg-mediated downregulation of the expression of
MHC class II peptide complexes

iTregs recognize their cognate antigen via their TCR and locally deliver IL-10 resulting in

ubiquitination and degradation of MHC class II- cognate peptide complexes, while leaving

complexes lacking the specific peptide intact on the cell surface.
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Fig. 4. A comparison of the expression of Helios and Nrp1 in Foxp3+ and Foxp3− T cells

Lymphocytes from the indicated tissues of 8-week-old C57BL/6 mice were stained for CD4

and Nrp1 and then analyzed for expression of Foxp3 and Helios by intracellular staining.

Helios and Nrp1 expression are shown when gated on CD4+Foxp3− cells (top) or

CD4+Foxp3+ cells (bottom).
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