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Summary

Regulatory T (Treg) cells play a vital role in the prevention of autoimmunity and the maintenance
of self-tolerance but also have an active role in inhibiting immune responses during viral, bacterial
and parasitic infections. Whereas excessive Treg activity can lead to immunodeficiency, chronic
infection and cancer, too little Treg activity results in autoimmunity and immunopathology, and
impairs the quality of pathogen-specific responses. Recent studies have helped define the
homeostatic mechanisms that support the diverse pool of peripheral Treg cells under steady-state
conditions, and delineate how the abundance and function of Treg cells changes during
inflammation. These findings are highly relevant for developing effective strategies to manipulate
Treg cell activity to promote allograft tolerance and treat autoimmunity, chronic infection and
cancer.
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Introduction

Immune homeostasis ensures that the number, diversity and functional competency of
lymphocytes is maintained, both during periods with and without overt inflammation. The
term homeostasis was derived from the Greek word “stasis”, meaning “standing still”,
although this seemingly restful condition is the result of mechanisms that actively maintain
the various populations of leukocytes and preserve their functional specialization. When
functioning properly, homeostatic mechanisms act to maintain the appropriate balance
between effector and regulatory cells, thereby ensuring efficient pathogen control while
preventing unwanted immunopathology and autoimmune disease. Therapeutic manipulation
of the immune homeostasis can be used to restore this balance in patients with chronic
infection or autoimmune disease and to prevent graft rejection or promote immune
responses directed against tumors.
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The homeostatic equilibrium is accomplished through a combination of soluble cytokine
signals and direct interactions between different cell types, which largely occur in a tissue-
and microenvironment-specific fashion. Moreover, different populations of cells are placed
under unique homeostatic constraints, such that competition for limited resources is
minimized via compartmentalization. Among the various immune cell types, control of T
cell homeostasis is probably the best understood. Indeed, pioneering work over the last two
decades has demonstrated that T cells alter the homeostatic requirements as they emigrate
from the thymus as naive T cells that recirculate through secondary lymphoid tissues,
differentiate into effector T cells after antigen stimulation, and persist as long-lived memory
cells (1).

Similar to conventional CD4* T cells, most CD4*Foxp3* regulatory T (Treg) cells are
produced in the thymus, although they display a distinct T cell receptor (TCR) repertoire
that is skewed for the high-affinity recognition of self-peptides (2). Treg cells have been
shown to play a dominant role in maintaining tolerance and immune homeostasis, as
evidenced by the widespread lymphoproliferative disease and autoimmunity that develops in
Foxp3-deficient IPEX patients and scurfy mice, and decreased Treg cell activity has also
been implicated in development of a number of more common autoimmune and
inflammatory diseases, including type-1 diabetes, rheumatoid arthritis, multiple sclerosis
and systemic lupus erythematosus. Treg cells have been shown to suppress conventional T
cells through multiple mechanisms, including the generation of immunosuppressive
cytokines such as tissue growth factor-p (TGF-) or interleukin (IL)-10 and via direct
contact with effector T cells or antigen-presenting cells (APCs), and these have been
reviewed at length elsewhere (3,4). Moreover, many parallels have been drawn between
Treg cells and conventional CD4* T cells in terms of their ability to co-opt similar
transcriptional and activation profiles to respond to specific types of inflammation (5).
However, unlike the detailed understanding of conventional T cell homeostasis, the
homeostatic mechanisms that maintain the complex and functionally diverse Treg cell pool
in different tissue sites remain poorly understood. In this review, we focus on the cytokine-,
cell type- and tissue-specific factors governing Treg cell maintenance, discuss how these
mechanisms differ from those governing conventional CD4* T cells, and how these systems
evolve during periods of inflammation.

Part I: Homeostasis of Treg cells in the steady state

The role of IL-2 in peripheral Treg cell homeostasis

IL-2 was originally characterized as a potent T cell growth factor, promoting the expansion
of antigen-activated T cells in an autocrine manner. This cytokine is produced mainly by
activated CD4" and CD8* T cells in secondary lymphoid tissues, where it is consumed
primarily by cells expressing the high-affinity form of the IL-2 receptor (6). High-affinity
signaling is made possible by the association of CD25 (also known as IL-2Ra), which does
not directly participate in signaling but rather increases the affinity of the IL-2R for ligand
by 10-100 fold, with dimers of CD122 (IL-2Rp) and CD132 (the vy, chain). Signal
transduction occurs via activation of the Janus kinase (Jak)/signal transducer and activator of
transcription (Stat) pathway (primarily via dimers of phosphorylated Stat5), as well as
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mitogen-activated protein kinase (MAPK) and phosphoinositide 3-kinase (PI13K) pathways
activated via phosphorylation of the signaling adaptor Shc (7). Other v, chain cytokines such
as IL-7 and IL-15 are capable of transducing similar signals, and the IL-15R also uses
CD122 and CD132 as its primary signal transduction chains. IL-7 and IL-15 have been
shown to play important roles in the development and peripheral homeostasis of
conventional CD4* and CD8" T cells (8). However, although thymic development of Treg
cells requires T cell-intrinsic Stat5 signaling, this function is mediated primarily by IL-2,
with minimal roles for IL-7 and IL-15 that only partially compensate for the loss of IL-2
(9,10), and the role of IL-2 in the thymic generation of Treg cells has been expertly
reviewed elsewhere (11).

The main consequences of IL-2 signaling include cell cycle progression and the expression
of anti-apoptotic proteins such as Bcl-2 and Mcl-1 (12,13). Many immune cell types,
including CD4" T cells, CD8" T cells and NK cells, can upregulate CD25 expression upon
activation. However, Foxp3 directly promotes CD25 expression (14,15), and as a
consequence, Treg cells are unique in that they constitutively express the high-affinity 1L-2
receptor. Additionally, IL-2 signaling further promotes CD25 expression via activated Stat5
(16). However, because Runx1 cooperates with Foxp3 and NFAT to bind to the IL-2
promoter and halt its transcription, Treg cells do not themselves produce IL-2 and are
instead reliant on paracrine IL-2 produced by other activated T cells (17,18). Thus, the
influence of IL-2 on Treg cell homeostasis is dependent on both the rate of I1L-2 production
and the rate of IL-2 consumption in the steady state.

The key finding showing the important role for IL-2 in Treg cell development and
homeostasis came from the surprising discovery of the autoimmune manifestations that
occur in mice deficient for IL-2 or CD25. Instead of immunodeficiency, which was expected
to result from the loss of an important T cell growth factor, animals lacking IL-2 signaling
demonstrate over-active T cell responses, massive lymphoproliferation, lymphadenopathy
and splenomegaly and succumb to inflammatory disease within 6-8 weeks of life (19,20).
Because Treg cells were first identified by their high-level expression of CD25, the apparent
lack of Treg cells in mice deficient for IL-2 or its receptor led to the conclusion that these
autoimmune manifestations were the result of decreased Treg cells and their failure to
control autoreactive, inflammatory responses. However, the subsequent identification of
Treg cells based on Foxp3, as well as the development of mice in which Foxp3 expression
could be directly identified using fluorescent proteins such as GFP, revealed that CD25-
deficient mice contain near-normal frequencies and numbers of Treg cells in both the
thymus and periphery (9,21,22). Furthermore, mice in which CD122 is only expressed
during thymic development, resulting in T cell unresponsiveness to IL-2 in the periphery,
fail to demonstrate the lethal autoimmunity observed in full CD122-deficient animals (23).
Moreover, in contrast to scurfy mice, which lack all Treg cells due to mutation in Foxp3,
IL-2- and CD25-deficient mice exhibit less severe autoimmune disease and their lifespan
that is approximately twice as long as that of scurfy mice, indicating that at least some Treg
cell function is preserved in the absence of IL-2 signaling. Thus, the role of IL-2 in
controlling Treg cell abundance and activity is more complicated than previously
appreciated, and although IL-2 is clearly required to maintain Treg-mediated tolerance in
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vivo, these findings indicate that the peripheral homeostasis of Treg cells is at least partially
IL-2 independent.

The precise role for IL-2 in Treg cell survival versus function remains debated. Indeed,
because Treg cell numbers have been directly linked to their ability to control the size of
effector T cell populations, there is likely considerable overlap between survival and
function. Evidence in support of a role for IL-2 in Treg cell function includes the
observation that IL-2 neutralization in vivo results in the development of autoimmune
gastritis on the Balb/c background and exacerbated diabetes on the NOD background (24).
In fact, spontaneous autoimmunity in NOD mice is genetically dependent on alterations in
the IL-2 gene that result in lower production of IL-2 and consequent autoimmune-mediated
diabetes through the impaired regulation of Treg cells (25). Accordingly, IL-2 therapy using
anti-1L-2-1L-2 immune complexes, which increases Treg cell numbers by selectively
stimulating CD25+ cells (26), was shown to prevent the development of diabetes in NOD
mice (25), as well as block induction of experimental autoimmune encephalomyelitis (EAE)
and induce tolerance to major histocompatibility complex-incompatible pancreatic islet
transplantation (27). In addition, Foxp3 function is closely linked to Treg cell fitness and
establishment of the Treg cell transcriptional program, and deficiency in CD25 has been
shown to result in lower amounts of Foxp3, especially in the thymus (21). In fact, forced
expression of Foxp3 in IL-2Rp-deficient mice restored Treg cell function and prevented
autoimmunity, demonstrating that I1L-2 signaling is functionally linked to the control of
Foxp3 expression (22). In contrast, the in vitro suppressive function of IL-2- and CD25-
deficient Treg cells is intact, and gene expression analysis suggested that the failure of these
cells to control the development of autoimmunity was instead related to impaired metabolic
fitness (21). To address the function of Treg cells independent of the pro-survival effects of
IL-2, IL-2 knockout mice were crossed to Bim knockout mice. However, the enhanced
survival of Treg cells via deletion of this pro-apoptotic factor failed to prevent autoimmune
disease development, indicating that despite its ability to induce Treg survival, the principle
effect of IL-2 on Treg cell function is qualitative rather than quantitative (28). However, due
to their high rate of steady-state proliferation and the pro-apoptotic effects of Foxp3 itself
(29), it is not surprising that Treg cells must coordinate survival and death signals to
maintain stable numbers. In fact, a recent study linked IL-2-driven upregulation of the pro-
survival Bcl-2 family member Mcl-1 to Treg cell survival and showed that deletion of Mcl-1
(with the corresponding unrestrained action of Bim) caused a rapid loss of Treg cells and the
onset of fatal autoimmunity (12).

The aforementioned studies indicate that IL-2 has pleiotropic effects on Treg cell
development, survival and function, and the specific requirement for IL-2-mediated signals
likely differs under different conditions. Indeed, whereas previous research in this field has
focused on IL-2 as a global survival or maturation factor, recent work from our laboratory
has demonstrated that different subsets of Treg cells display distinct homeostatic behaviors
and that IL-2 predominantly controls the homeostatic maintenance of a specific Treg cell
subset: namely quiescent CCR7NCD44!°CD62LN cells that we have termed central Treg (or
cTR) cells, which are primarily localized within the T cell zones of secondary lymphoid
tissues (30). In this location, these cTg cells are correctly positioned to receive paracrine
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IL-2 from activated T cells and to inhibit APCs and autoreactive T cell priming (31). Indeed,
we found that Stat5 phosphorylation is highly enriched in this Treg cell subset directly ex
vivo, and we observed the selective loss of cTg cells in CD25-deficient and anti-IL-2-treated
mice. By contrast, the maintenance and proliferation of highly proliferative
CD44NCcDE2LIOCCR7!0 effector Treg (eTg) cells is IL-2 independent, and these are the
Treg cells remaining in mice with impaired IL-2 signaling. These eTg cells are the dominant
Treg cell population found in non-lymphoid tissues, where they employ suppressive
mechanisms such as 1L-10 secretion to dampen the tissue inflammatory responses of
effector T cells (32).

The notion that cytokine requirements fluctuate with the development of distinct T cell
populations is a theme that has been extensively studied in conventional T cells. Naive T
cells primarily rely on IL-7 signals for survival, and in many ways, the role of IL-7 in naive
T cell homeostasis is analogous to the role of IL-2 in Treg homeostasis (specifically naive-
like cTg cells). For example, conventional T cells do not produce IL-7 and instead rely on
paracrine IL-7 produced by stromal cells within the T cells zones of secondary lymphoid
tissues (33). Like IL-2 in Treg cells, IL-7 signaling primarily regulates naive T cell
abundance by inducing the expression of key anti-apoptotic proteins, such as Bcl-2 and
Mcl-1, while inhibiting the expression of pro-apoptotic factors such as Bid, Bim and Bad
(34,35). Additionally, IL-7 has a minimal effect on naive T cell proliferation unless it is
present in vast excess, e.g. during lymphopenia-induced proliferation or upon administration
of super-agonistic IL-7/anti-IL-7 immune complexes (36). Similarly, although we showed
that IL-2 signaling is not associated with Treg cell proliferation in the steady state (30), IL-2
immune complexes potently induce Treg cell proliferation (26), and I1L-2 can drive Treg cell
proliferation during ‘niche-filling” following ablation of half of the Treg cell compartment
(12).. Moreover, effector and memory CD4* and CD8* T cell lose their strict dependence on
IL-7 for their survival and instead rely on combined signals from the TCR as well as IL-15
for their maintenance, and this mirrors the loss of IL-2 dependence we observed in eTg
cells. As a result, similar to IL-2- and CD25-deficient mice that selectively lack the
CD44!°CD62LNCCR7M Treg cell subset, mice lacking IL-7 or IL-7Ra have an almost
complete deficiency in CD44!°CD62LNCCR7 naive T cells, whereas resitudal CD44Mi
effector/memory cell populations can be readily detected in these mice (unpublished
observations). Based on these data, we feel that IL-2 is not a pan-Treg survival factor, but
rather that it has a specific role in the maintenance of naive-like cTg cells; moreover, the
autoimmunity that results in 1L-2- and CD25- deficient mice indicates that maintenance of
normal immune tolerance requires the combined action of both cTg and eTg cells.

T cell receptor signaling and transcriptional control over Treg homeostasis

In addition to cytokines such as IL-2 and IL-7, TCR signaling also has a key function in the
homeostatic maintenance and proliferation of T cells. As noted previously, although the fine
specificity of Treg cells is still largely undetermined, several lines of evidence indicate that
as a population they are enriched in self-reactive cells. First, thymic development of Treg
cells appears to be driven by encounter with self-antigen (37). This has been recapitulated in
several TCR transgenic models in which cognate antigen is also expressed in thymus (38—
40) and was also recently demonstrated for a prostate-specific self-antigen in the
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endogenous Treg cell repertoire (41). Additionally, TCRs cloned from Treg cells drive a
high-degree of homeostatic proliferation and autoimmune/inflammatory disease when
ectopically expressed in T cells transferred to lymphopenic hosts (42), and Treg cells from
transgenic mice expressing GFP from the TCR-responsive Nr4al (Nur77) locus
demonstrated heightened and sustained TCR signaling in comparison to conventional T cells
(43). The high degree of self-reactivity among Treg cells indicates the potential for frequent
encounters with antigen in the periphery that could help control the size and composition of
the Treg cell pool in different tissue locations (44). Indeed, antigen-presenting dendritic cells
(DCs) are known to support the maintenance of peripheral Treg cells, and DC numbers are
tightly linked to Treg numbers via a regulatory loop, whereby increased numbers of DCs
leads to increased Treg cell division and accumulation via a mechanism requiring MHC 11
expression on DCs (45). To evaluate the requirement for continued TCR signaling on Treg
cell function and homeostasis, a recent study inactivated p56-CK in Treg cells using Ox40-
cre and a conditional null allele of the Lck gene and observed impaired turnover, loss of
suppressive function and dramatic changes in Treg gene expression (46).

Although TCR signaling clearly helps regulate Treg cell homeostasis in vivo, the signaling
pathways engaged and responsible for this differ somewhat from those associated with
activation of conventional Foxp3~ T cells. For instance, immediately downstream of the
TCR complex, the tyrosine kinase Zap70 is recruited to phosphorylated immunoreceptor
tyrosine-based activation motifs (ITAMSs), where it is phosphorylated by Lck and becomes
catalytically active. Because Zap70 is critically required for thymic T cell development, its
role in peripheral T cell homeostasis was not evaluated until recently. However, by
generating mice expressing a Zap70 mutant whose catalytic activity could be selectively
blocked with a small-molecule inhibitor, Au-Yeung et al. showed that although the catalytic
activity of Zap70 was required for activation of conventional naive, effector and memory T
cells, the Zap70 kinase-independent pathway was sufficient for Treg cell function in vitro
(47). Additionally, activation of the PI3K-Akt pathway is essential for proper activation of
conventional T cells but inhibitory to Treg cell differentiation and expansion. Accordingly,
reduced levels of active Akt caused by a kinase-inactive form of PI3K p1108 or deficiency
in sphingosine 1-phosphate receptor (S1P1) were shown to favor Treg cell development
(48), whereas overexpression of constitutively active Akt or S1P1 led to reduced Treg cell
frequencies (49,50). Another example of the negative regulation of Treg cells by Akt
signaling is demonstrated by the expansion of selective expansion of Treg cells when
activated in the presence of rapamycin, an mTOR (mammalian target of rapamycin)
inhibitor. mTOR signaling (resulting from the distinct mMTORC1 and mTORC2 complexes)
integrates diverse immune signals (TCR signaling, co-stimulation, IL-2R signaling, etc.)
with metabolic cues (such as glucose transport) to direct T cell fate decisions. In fact, mMTOR
is required for the differentiation of effector CD4+ T cells but is generally regarded as a
negative regulator of Treg cell differentiation (51). However, the impact of mMTORC
signaling in Treg cells is more complicated than previously appreciated. For instance, Treg-
specific deletion of the mTORC1 component Raptor led to a profound loss of Treg cell
suppressive activity in vivo and the development of fatal inflammation (52). Thus, although
conventional T cells and Treg cells possess similar molecular machinery to respond to TCR
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signals, the orchestration of these signals differs dramatically between cell types, and this
has significant consequences for the control of Treg cell abundance and function in vivo.

The role of co-stimulation in Treg homeostasis

For full activation, naive T cells require two signals for productive activation: ‘signal 1’
delivered through the TCR and “signal 2’ provided by co-stimulatory molecules. CD28 was
the first costimulatory molecule discovered, and the interaction between CD28 and its
ligands CD80 (B7-1) and CD86 (B7-2) remains the best-characterized co-stimulatory
pathway and the subject of active clinical research. The importance of CD28 signaling in
Treg cell development and homeostasis was first appreciated nearly a decade ago by the
seemingly paradoxical finding that rather than being protected, the development of diabetes
in NOD mice deficient for either CD28 or its ligands was actually accelerated, and this
could be prevented by the transfer wild-type Treg cells (53). Indeed, like most T cells, Treg
cells constitutively express CD28, and removal of CD28 co-stimulation results in decreased
numbers of thymic and peripheral Treg cells (54). Although initial reports were hindered by
potential trans effects of loss of CD28-mediated co-stimulation on IL-2 production by
effector T cells, a recent study generated CD28-conditional knockout mice and reported the
cell-intrinsic requirement for CD28 in Treg cell survival and function, as these mice
developed severe autoimmunity with increased numbers of activated effector cells (55).
Consistent with their potent antigen-presenting and costimulatory function, Bar-On et al.
used mixed chimeras to demonstrate that DCs were the primary cell type responsible for
providing CD80/86 co-stimulation to Treg cells (56).

Similar to CD28, inducible costimulator (ICOS) is another member of the immunoglobulin
(1g)-like family of costimulatory receptors that helps control the development and function
of nearly all CD4+ T cell subsets. Expression of ICOS is rapidly induced on T cells
following activation and is influenced by both TCR and CD28 signaling; however, unlike
CD28 that is expressed by nearly all T cells, ICOS is expressed at higher levels in the steady
state by Treg cells compared to conventional T cells. Dendritic cells and B cells express
high levels of ICOS-ligand (ICOSL), and ICOS has also been shown to control regulatory T
cell abundance and function in vivo. Treg cell numbers are reduced in ICOS-deficient mice,
and, in contrast to CD28-deficient animals, this seems to be solely the result of defective
peripheral maintenance, as normal thymic Treg populations were reported in these animals
(57). Moreover, blockade of ICOS was shown to promote the development of diabetes in
BDC2.5 TCR-transgenic mice, as a result of dysregulation among ICOS*IL-10-producing
Treg cells (58). Because IL-10 production has been correlated with eTg phenotype cells, we
analyzed the specific requirement for ICOS in cTr vs. eTg cells and found that blockade of
ICOS signaling resulted in the unique loss of eTg cells without any effect on cTg cell
abundance. Despite its well-established costimulatory function, the remaining eTg cells in
ICOSL-blocked mice demonstrated normal proliferation, and our data are most consistent
with a role for ICOS in promoting eTg survival rather than proliferation (30).

Although the largest frequencies of ICOS™ eTR cells are found in peripheral tissue sites such
as the intestines, a specific population of CD44MICOS*Bcl6*CXCR5* Treg cells that
localize to germinal centers within lymphoid tissues, termed T follicular regulatory or Tfr
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cells, was recently described. These Tfr cells are specialized to suppress the generation of
germinal center B cells, the affinity maturation of antibodies and the differentiation of
plasma cells (59,60). Interestingly, the generation and maintenance of these cells requires
CD28 and ICOS, whereas this cell subset is negatively regulated via signals from PD-1 and
PD-L1 (61). It is likely that follicular B cells expressing ICOSL may provide homeostatic
signals to ICOS-expressing Tfr cells, although additional work is required to address this
hypothesis.

The potential for redundancy between CD28- and IL-2-mediated homeostatic signals in
Treg cells has been proposed, and indeed, IL-27/~CD28~/~ double knockout mice
demonstrate a more significant decline in peripheral Treg cell frequencies compared to
single knockouts alone, indicating an additive role for these homeostatic pathways in Treg
cell maintenance (62). However, an integrated understanding of how IL-2 and TCR/co-
stimulatory signals combine to control the homeostasis of different Treg cell populations in
distinct tissue locations is lacking. For instance, one possibility may be that IL-2 simply
potentiates antigen-driven proliferation/selection of highly self-reactive Treg cells in the
periphery. Alternatively, IL-2 and TCR/costimulatory signals could drive “parallel’
pathways of Treg cell homeostasis (63). To distinguish between these possibilities, we
analyzed the requirement for CD28 in the expansion of Treg cells induced by super-
agonistic IL-2 immune complexes, or by increasing DC numbers following transplanting
B16 melanoma cells overexpressing FIt3L (B16.FIt3L cells). We found that although the
IL-2-induced Treg cell expansion was CD28- independent, the increase in Treg cells
observed in wild-type B16.FIt3L recipients did not occur in the absence of CD28 (Figure 1).
Conversely, we found that Treg cell numbers were increased to a similar extent when
B16.FIt3L cell recipients were treated with blocking IL-2 antibodies (30). Moreover,
increasing the number of DCs specifically expanded effector Treg (eTg) cells with the
CCR7!°CD44hiCcD62L'° phenotype, without altering the number or frequency of IL-2-
responsive cTg cells. Thus, our data indicate that rather than acting in the same pathway,
TCR/co-stimulatory signals and IL-2 act in parallel to control the abundance of distinct Treg
cell subsets (Figure 2).

The molecular mechanisms by which CD28 and ICOS control Treg cell development and
homeostasis remain poorly understood. However, as the induction and maintenance of
Foxp3 expression relies in part on activation of NF-xB, the ability of CD28 to dramatically
enhance TCR-driven NF-kB activity may underlie much of its effect on Treg cells.
Interestingly, both CD28 and ICQOS are potent activators of the PI3K and Akt signaling
cascade, which is somewhat paradoxical given the antagonistic effect PI3K/Akt activation
has on Treg cell differentiation and function. However, eTg cells that lack survival signals
via IL-2 may rely on of ICOS-dependent PI3K activation to properly balance their high rate
of cell proliferation with their rate of cell death to maintain stable numbers, and this would
help explain why blocking ICOS signaling leads to a decrease in the number of eTg cells
without impacting their proliferation.
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How anatomical location dictates Treg homeostasis

CCRY provides Treg cell access to IL-2 in secondary lymphoid tissues—
Lymphoid tissues are complex structures where numerous cell types with distinct functions
are organized into specific compartments to facilitate the cellular communication necessary
for the generation of an appropriate immune response. Migration to and within specific
compartments of lymphoid tissues is particularly important for the modulation of antigen-
specific responses, and integrin and chemokine signals play a key role in this process. Under
steady-state conditions, the chemokines CCL19 and CCL21 are constitutively expressed by
stromal cells in the T cell areas of the secondary lymphoid tissues, where they act as the sole
ligands for the chemokine receptor CCR7. By directing the migration of naive T cells and
activated dendritic cells to secondary lymphoid tissues, CCR7 and its ligands coordinate the
key cellular interaction needed for T cell-mediated immunosurvailance. As a result, CCR7-
deficient mice display grossly altered lymphoid tissue architecture associated with impaired
T cell priming (64). However, although delayed, mice deficient in CCR7 or its ligands often
show exacerbated T cell responses compared with wild type animals (65,66), and older
Ccr7~/~ mice even develop multi-organ autoimmunity, suggesting that immunoregulatory
mechanisms are impaired in the absence of CCR7 (67). Indeed, although dispensable for
their in vitro activity, CCR7 is essential for the in vivo function of Treg cells. Based on the
high level of CCR7 expression on IL-2-dependnet cTg cells, we hypothesized that one way
in which CCR7 controls Treg cell function is by allowing cTg cells to access paracrine IL-2
in the T cell zones of secondary lymphoid tissues. Indeed, we found that Treg cells in
Ccr7~~ mice showed decreased phosphorylation of pStat5 directly ex vivo and were
predominantly eTr phenotype cells. Moreover, cell-intrinsic expression of CCR7 was
required for Treg cells to receive IL-2 signals and phosphorylate Stat5 within the T cell
zones of the spleen (30). Thus, CCRY7 gives cTRg cells preferential access to IL-2 and is
required to maintain the balance between cTg and eTg cells, and our results provide
additional mechanistic insight into the link between CCR7, IL-2, Treg cell function and the
development of autoimmunity.

Although CCRY7 facilitates the microenvironmental acquisition of paracrine I1L-2 by Treg
cells, this IL-2 ‘niche’ remains poorly defined. The T cell zones of secondary lymphoid
tissues are not homogenous and instead can be further divided into a number of specialized
domains that differ in cellular composition and function. This organization is dictated
largely by non-hematopoietic stromal cells, which have recently been identified as key
accessory cells that help promote immune function and tolerance (68). In fact, stromal cells
highly express CCL19 and CCL21 (69), raising the possibility that these cells could act as
cellular scaffolds to bring CCR7*Treg cells into proximity with the appropriate DCs and
IL-2-producing T cells. However, additional work is required to determine how loss of
CCRY ligand expression in different cellular compartments impacts paracrine IL-2 signaling
and Treg cell homeostasis. During activation, the T cell-APC contact is termed the
immunological synapse, and the integrin LFA-1 supports these contacts around TCR
clusters. Upon examining T cell-T cell clustering during activation, a recent study
demonstrated that paracrine IL-2 signaling between adjacent activated T cells occurs via a
synaptic mechanism involving homotypic LFA-1 interactions (70). However, unpublished
data from our lab indicate that ltgh2~/~ Treg cells lacking LFA-1 expression can enter the
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white pulp and phosphorylate Stat5 normally upon transfer into WT recipients (Figure 3).
Thus, tolerogenic IL-2 cross-talk between memory T cells and Treg cells may be
mechanistically distinct from pro-inflammatory IL-2 signaling between effector T cells, and
it is tempting to speculate that synaptic IL-2 signaling between effector T cells during strong
inflammatory responses could act to ‘hide’ IL-2 from nearby Treg cells.

Non-lymphoid tissues—Treg cells can be found in virtually all non-lymphoid tissues,
including the skin and hair follicles, lung, liver, intestines, adipose tissue, brain and spinal
cord, placenta, tumors and atherosclerotic plaques (71). Although their frequency at these
sites is increased during periods of inflammation, eTg cells express a wide array of homing
receptors during the steady-state that enable their continued migration and persistence in
peripheral tissue sites (72). Previous work from our group and others has demonstrated that
homing to non-lymphoid tissues is critical for controlling Treg cell homeostasis and function
at these sites. For instance, mice whose Treg cells cannot access the skin due to lack of the
chemokine receptor CCR4 or the a-1,3-fucosyltransferase IV and VII (FuT4/7) enzymes
(thereby lacking functional ligands for the P- and E-selectin adhesion molecules) develop
spontaneous inflammatory disease specifically in the skin and show impaired immune
responses during cutaneous infection with vaccinia virus (73-75). Mechanistically, the
transcription factors Blimp-1 and IRF-4 were recently shown to be required for effector Treg
cell IL-10 production, ICOS expression and homeostasis in tissues such as the lung and
intestines (76). This helps explain the immunopathology observed in Blimp-1-deficient mice
and mice with Treg-cell specific IL-10 deficiency (77,78).

The self-reactivity of Treg cells also contributes to their localization in specific non-
lymphoid tissues, presumably to prevent autoimmune responses and collateral damage to
self during periods of strong inflammation. The recent generation of elegant TCR-transgenic
mouse models has significantly contributed to our understanding of how TCR specificity
dictates Treg migration, homeostasis and function. For instance, a recent study from our lab
showed that Treg cells from mice engineered to express an autoreactive TCR isolated from a
scurfy mouse displayed an activated phenotype with the expression of skin-homing
molecules such as CD103, and E/P-selectin ligands (79). Similarly, by cloning the TCR of
tumor-infiltrating Treg cells in a mouse model of prostate tumor development, Malchow et
al. demonstrated that prostate-specific Treg cells were generated in the thymus and
accumulated in peripheral tissues on the basis of antigen recognition (41). To address the
continued requirement for antigen signaling by Treg cells in peripheral tissues, Rosenblum
et al. developed an ovalbumin (OVA)-specific TCR-transgenic model in which skin-specific
expression of OVA could be experimentally induced (80). With this system, these authors
demonstrated that expression of an antigen in a peripheral tissue could promote the
accumulation of antigen-specific Treg cells required for the resolution of tissue-specific
autoimmunity. Moreover, these skin-resident OV A-specific Treg cells were termed memory
Treg cells because they could survive in this nonlymphoid site for extended periods without
antigen expression but were ‘primed’ to control subsequent inflammation upon forced re-
expression of OVA. However, unlike the IL-2-dependent cTg cells and ICOS-dependent
eTRg cells, these memory Treg cells are dependent on IL-7 for maintenance in peripheral
tissues following removal of antigen (81). Thus, Treg cells generated against foreign
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antigens, such as commensal and pathogenic micro-organisms, or paternal alloantigens
likely can persist long-term in the absence of TCR stimulation and influence the outcome of
future antigen encounters.

Part II: Treg cells and inflammation

In addition to preventing autoimmunity and maintaining self-tolerance, Treg cells can also
inhibit immune responses during viral, bacterial, and parasitic infections (82). A major
challenge Treg cells face during infection is how to maintain self-tolerance while allowing
protective pathogen-specific immune responses to occur. Whereas excessive Treg cell
activity can lead to chronic infection and cancer, too little Treg cell activity during infection
can result in collateral autoimmunity and immunopathology and can even impair the quality
of pathogen-specific response (83-85). These studies highlight the need for Treg cells to
integrate environmental cues and precisely tailor their activity to different immune contexts
accordingly (Figure 4).

Treg cells are sensitive to a number of external cues in the immune environment that are
induced during inflammation. Many of these are factors that already regulate Treg cell
survival and activity during steady-state conditions, such as IL-2 and TCR co-stimulatory
molecules, but whose expression is altered upon during inflammation. Other factors, like
pro-inflammatory cytokines and detection of pathogen- or danger-associated molecular
patterns (PAMPs and DAMPs), are specifically induced during infection and can modulate
Treg cell activity both directly and indirectly. Understanding the balance between these
factors is critical to our understanding of how Treg cells tailor their activity to meet the
demands of different inflammatory settings. In the following section, we will review how
changes in Treg cell abundance and function influence the development of chronic infection,
autoimmunity, and cancer, and then examine how changes in specific cytokine and co-
stimulatory signals may control Treg cell activity during inflammation.

Treg Cells during Infection, Autoimmunity, and Cancer

Infection—During an infection, the immune system must recognize and eliminate the
invading pathogen while limiting collateral damage to self-tissue that can result from
uncontrolled effector T cell responses. While Treg cell-mediated suppression can impair
clearance of harmful pathogens, this activity can actually be beneficial to the host in other
instances. Treg cell activity, thus, must be tightly regulated in different infectious settings, as
both too little and too much Treg cell activity can harm the quality of pathogen-specific
effector immune responses.

Some inhibition of Treg activity early during infection is critical for the development of
effective pathogen-specific T cell responses. Considering the abundance of Treg cell-
activating factors present during infection, like IL-2 and activated DCs, the host must
employ counter-regulatory mechanisms to circumvent Treg cell activity and ensure
pathogen control. Indeed, a number of acute infections induce a transient decline in Treg cell
numbers that correlates with the expansion of effector T cells (86). This inhibition of Treg
cell activity can be accomplished indirectly in some instances: for example, activation of
APCs by Toll-like receptor (TLR) or CD40 stimulation protects them from Treg cell-

Immunol Rev. Author manuscript; available in PMC 2015 May 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Smigiel et al.

Page 12

mediated suppression (87-89), and pro-inflammatory cytokines such as IL-1 and IL-6 can
render effector T cells resistant to Treg cell-mediated inhibition (90,91). Alternatively,
proinflammatory cytokines like TNFa can directly inhibit Treg cell activity (92), and recent
work in our lab demonstrates that type | interferons (IFNs) directly repress Treg cell activity
during viral infection to allow optimal anti-viral T cell responses and efficient viral
clearance (Srivastava et al., Submitted).

Failure to limit Treg activity by such mechanisms can impair effector T cell responses,
promoting pathogen persistence and chronic infection. Elevated Treg cell numbers, for
example, are associated with higher viral burden and exaggerated liver pathology following
infection with hepatitis C virus (93,94), and with lung pathology and active disease
following Mycobacterium tuberculosis (Mtb) infection (95). In fact, recent studies have
demonstrated that thymically-derived Treg cells specific for Mtb antigen expand early
during Mtb infection, delay the priming of CD4* and CD8* T cells in draining lymph nodes,
and block their migration to infected lungs, resulting in higher bacterial burden (96,97). In
such infectious settings where excessive Treg cell activity is detrimental to the host, Treg
cell depletion can restore protective immune responses. For example, Treg cell depletion
enhances bacterial clearance following Mtb infection (98), and protects mice infected with
Plasmodium yoelii from death by restoring anti-parasite effector responses (99).

Although Treg cells are known for their ability to interfere with effector T cell responses,
several recent studies highlight an underappreciated role for Treg cells in shaping the quality
of pathogen-specific responses. In a ground-breaking study, Lund et al. demonstrated that
Treg cells are actually essential for the development of appropriate anti-viral T cell
responses during murine infection with herpes simplex virus-2 (HSV-2) (84). In this study,
depletion of Treg cells following intravaginal infection with HSV-2 accentuated T cell
priming and proliferation in the draining lymph node, but uncontrolled T cell activation
prevented effector T cell mobilization from the lymph node to the vaginal epithelium,
resulting in uncontrolled viral replication and death. Interestingly, Treg cell depletion can
also impair the avidity of CD8* T cell responses during Listeria monocytogenes infection
(LM) (85). In this model, Treg cells promote high-avidity CD8* T cell responses to LM
infection by destabilizing low-affinity T cell-DC interactions. Treg cells can also indirectly
promote memory responses: following infection with the intracellular parasite Leishmania
major, Treg cells block the sterile eradication of the pathogen, providing a source of
persistent antigen that is essential for the maintenance of protective memory responses
(100). In other instances, the ability of Treg cells to limit effector T cell activity can be
beneficial to the host by limiting immunopathology in the presence of persistent antigen.
Patients with chronic HCV infection have higher numbers of Treg cells in blood and liver
biopsies than uninfected patients, with Treg number inversely correlated with histological
severity (94,101). However, although depletion of Treg cells enhances HCV-specific CD8*
T cell function in vitro, sustained CD8* T cell responses correlate strongly with
immunopathology and liver damage (102). Likewise, Treg depletion increases damage to the
liver in mice chronically infected with Schistosoma mansoni, and Treg cells protect against
inflammatory lesions in a mouse model of HSV infection (103,104). Treg cells, thus, can
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play a protective role during infection by regulating both the quality and quantity of effector
responses to pathogens.

Taken together, these studies underscore the need for Treg cells to integrate cues from the
immune environment in order to appropriately modulate their activity depending on the
immune context. Too much Treg cell activity can result in immunosuppression and impaired
pathogen clearance, whereas too little Treg cell activity can impair effector T cell
mobilization and avidity during infection and unleash potentially fatal inflammatory and
autoimmune diseases. Identifying the cellular and molecular signals that control Treg cell
homeostasis and function is essential for understanding how Treg cells influence the
outcome of normal and pathological immune responses.

Autoimmunity—Thought to be largely specific for self-antigens, Treg cells are classically
known for their role in preventing the activation of self-specific effector T cells and
autoimmunity. The importance of Treg cells in maintaining self-tolerance is highlighted by
the severe multi-organ inflammation that develops in Foxp3-deficient scurfy mice and IPEX
patients carrying mutations in Foxp3. Though Treg suppressive activity is clearly impaired
in autoimmune disorders, what factors lead to this dysfunction are still being elucidated.
Treg and effector T cell-intrinsic defects may contribute to loss of tolerance, while
overexpression of inflammatory mediators can activate APCs and effector T cells, making
both cell types refractory to Treg cell-mediated suppression. Interestingly, circulating
numbers of Treg cells appear to be mostly normal in patients with autoimmunity. Although
the data from these studies is complicated by the lack of precise markers used to identify
Treg cells in humans, most studies have demonstrated no difference in the numbers of
CD4*Foxp3* Treg cells in the peripheral blood of patients with type | diabetes (T1D) and
multiple sclerosis (MS) compared with healthy controls (105,106). On the other hand most
studies of patients with systemic lupus erythematosus (SLE) detected a decrease in
circulating numbers of Treg cells that correlated with disease activity (107,108). Of course,
these findings are limited only to peripheral blood of patients and do not necessarily reflect
changes in Treg abundance or activity at sites of on-going inflammation. In studies where
sites of inflammation were also analyzed, Treg numbers were actually increased in the
synovial fluid of patients with rheumatoid arthritis (RA) and in the inflamed lamina propria
of patients with inflammatory bowel disease (IBD) (109,110). These increases in Treg
abundance are likely secondary to Treg cell-activating signals abundant in inflamed tissues.
However, in many cases Treg cells from autoimmune patients show functional defects in in
vitro suppression assays. In some cases, dysfunction appears to be due to Treg cell-intrinsic
defects. For example, Treg cells isolated from patients with RA were unable to suppress the
activation of autologous effector T cells from healthy controls as well as control Treg cells
(111,112). However, Treg cells from IBD or T1D patitents were able to suppress healthy
control effector T cells to similar levels as control Treg cells (113,114). In these cases, other
factors including local inflammatory cytokine production, APC activation, and effector T
cell resistance to suppression may indirectly subvert Treg function in vivo.

The resistance of effector T cells to Treg-mediated suppression has been described both in
patients and in mouse models of T1D, MS, and SLE. Effector T cells isolated from T1D
patients, for example, could not be suppressed by either T1D or healthy control Treg cells
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(113,115). Likewise, Treg cells are able to migrate to the central nervous system (CNS)
during experimental autoimmune encephalomyelitis (EAE), a mouse model of MS, but are
unable to suppress effector T cells during active disease due to the production of IL-6 and
TNFa, both of which have been implicated in driving effector T cell activation and
resistance to suppression (116). Other studies indicate that changes in APC activity and
cytokine production can also subvert Treg suppressive function. Treg cells from SLE
patients showed defective suppression in the presence of APCs from SLE patients, and this
was linked to their production of IFNa (117). Similarly, DCs and monocytes from the
synovial fluid of RA patients have a more activated phenotype and can induce Th17 cell
polarization better than those from peripheral blood (118), while DCs in the CNS promote
Th17 maintenance via secretion of IL-23 during EAE (116). Thus, despite the presence of
normal numbers of functional Treg cells, a number of factors in the inflammatory milieu
may still circumvent Treg-mediated suppression and drive autoimmunity.

This indirect subversion of Treg cell function may make putative therapies targeted at Treg
expansion difficult to implement. Adoptive Treg cell therapy trials, involving the ex vivo
expansion of Treg cells and reinfusion into patients, are currently underway and will help
determine whether transferring greater numbers of Treg cells is sufficient to overcome Treg
cell dysfunction in patients with autoimmunity, or whether extrinsic factors in the
inflammatory environment will still render these expanded Treg cells ineffective.

Cancer—The current model of cancer immunosurveillance argues that nascent tumors are
continually being eliminated by the immune system, and only tumors that manage to escape
immune detection eventually develop into malignancies. This model is validated in part by
the dramatic increase in spontaneous and carcinogen-induced cancer found in
immunocompromised patients and in immunodeficient mice (119). In line with this, recent
studies indicate that Treg cells play an important role in modulating the anti-tumor effector
T cell response and promoting tumor immune evasion (120). Not only do Treg cells dampen
anti-tumor immune responses, but Facciabene et al. demonstrated that hypoxia induced
CCL28 expression by tumor cells promoted the recruitment of CCR10* Treg cells into the
hypoxic tumor microenvironment, and that the newly recruited Treg cells produced VEGFA
and promoted tumor angiogenesis (121). Other studies indicate that RANKL-expressing
Treg cells promote tumor metastasis via their interactions with RANK-expressing tumor-
associated DCs (122). Treg cells, thus, may promote tumorigenesis via their effects on both
immune effector cells as well as on tumor metastasis and angiogenesis. It is important to
note, however, that Treg cell number is also associated with improved prognosis for certain
malignancies, like colorectal cancer and certain types of lymphoma(123-125). Several
studies now indicate that chronic inflammation can promote cancer by creating a setting in
which cell death, necrosis, and mutagenesis are increased (126), and as such, Treg cells may
play a protective role in these contexts by dampening inflammation-induced cancer.

Treg cells may accumulate at tumor sites by a number of mechanisms. Tumor cells can
secrete factors like TGFp, IL-10, and prostaglandin E2 (PGE2) which block DC maturation
and promote Treg cell expansion and conversion from naive CD4* T cells. In addition to
promoting Treg conversion from naive CD4* T cells (127), tumor cells can also recruit
circulating natural Treg cells to tumor sites, in part through secretion of specific chemokines
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(121,128,129). As discussed previously, Malchow et al. demonstrated that the Treg cells that
accumulate in prostate tumors were specific for normal prostate antigens, not tumor
antigens, and developed in the thymus even in the absence of cancer, suggesting that tumors
co-opt pre-existing self-specific Treg cells for effective immunosuppression (41).

Given the association of Treg accumulation at tumor sites and poor prognosis for many
cancers, many cancer therapies have been aimed at limiting excessive Treg activity.
Depletion of Treg cells via anti-CD25 monoclonal antibodies in mouse models resulted in
enhancement of tumor-specific effector T cell responses and tumor regression (130,131).
However, clinical trials of anti-CD25 therapy in cancer patients had only limited success
(120), most likely due to their lack of specificity, since activated CD4* and CD8™ effector T
cells also express CD25. Another approach has been to target CTLA-4, an inhibitory
receptor highly expressed by Treg cells that can restrict anti-tumor immune responses. A
CTLA-4-specific antibody (Ipilimumab) was recently approved for the treatment of
advanced melanoma, with evidence for tumor regression in treated patients and improved
anti-tumor responses in patients with other tumor types (132,133). Anti-CTLA-4 treatment
increases the ratio of effector T cells to Treg cells specifically at the tumor site, in part
through depletion of tumor-infiltrating CTLA-4" Treg cells via FcyR-expressing
macrophages (134). Anti-CTLA-4 antibody treatment, however, was associated with the
development of severe autoimmune side effects in a number of patients, complicating its
utility as an effective cancer treatment. Recently, the cell surface receptor neuropilin-1 was
shown to help maintain Treg cell function within tumors, and this may prove an attractive
target in anti-tumor immunotherapry (135).

Factors Modulating Treg Cells During Inflammation

Gamma-common (yc) chain cytokines—IL-2 is classically produced by pathogen-
specific effector T cells upon activation in the periphery, and Treg cells are among the first
cells to respond to IL-2 upon antigenic challenge in vivo (136,137). That Treg cells are
stimulated by IL-2 early in an immune response when their activity may need to be curbed is
puzzling. One possibility is that parallel activation of Treg cells with effector T cells may
prevent the development of collateral autoimmunity. However, IL-2 expression varies
widely in different infectious models, and reduced IL-2 production by effector T cells is
thought to underlie a transient decrease in Treg cell number during infection with
Toxoplasma gondii, Listeria monocytogenes, and vaccinia virus (86,138). IL-2 may also
drive the proliferation of Treg cells late in infection, after the clearance of pathogen, in order
to turn off the effector T cell response and limit immunopathology. For instance, we have
shown that Treg cells peak in proliferation and number two weeks post-infection with
LCMV, correlating with the contraction of CD8* and CD4* effector T cell responses. IL-2
expression in the spleen and STATS phosphorylation in Treg cells also peak at this time
point, suggesting a role for IL-2 in driving Treg cell expansion late in infection (Srivastava
et al., Submitted).

Like IL-2, IL-15 is a common gamma chain cytokine that can drive Treg cell proliferation
both in vitro and in vivo (139-141), in addition to its role in DC, NK, and CD8* memory T
cell activation and survival. Depending on the balance of these different effects, IL-15 can
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both promote and inhibit Treg cell activity in different contexts. For example, IL-15
treatment promotes Treg expansion and Foxp3 expression and can protect against diabetes
onset when coupled with NK cell depletion (141). Additionally, IL-15 can promote the
ability of TGFp to induce Foxp3 expression in naive CD4*CD25~ T cells (142). In other
contexts, 1L-15 can work to subvert Treg cell activity. IL-15 is induced early during viral
infection and can render effector CD4* and CD8* T cells resistant to Treg-mediated
suppression via activation of the PI3K signaling pathway (142). Interestingly, DePaulo et al.
recently demonstrated that IL-15, which is upregulated in the intestines of patients with
celiac disease, can modulate the tolerogenic effects of retinoic acid and promote
inflammation rather than oral tolerance to gut antigens (143). Similarly, synovial fibroblasts
in patients with RA constitutively express 1L-15, and co-culture with RA fibroblasts induced
proliferation of both Treg cells and effector™ T cells with the net effect of increasing the
production of pathogenic cytokines by effector T cells (144). Thus, the evidence suggests
that during inflammation, IL-15’s pro-proliferative effects on Treg cells are usually
outweighed by its activating effects on effector T cells and NK cells.

Co-stimulatory molecules—During inflammation, recognition of PAMPs or DAMPS
drives DC activation and maturation, resulting in increased antigen presentation and
expression of MHC class Il and the co-stimulatory ligands CD80, CD86 and ICOSL. As
discussed in the previous section, these molecules have a dramatic impact on the abundance
and function of Treg cells, and this also holds true in infection and cancer as well as
autoimmunity (145,146). Indeed, the expansion of ICOS* Treg cells during therapeutic IL-2
administration is associated with poor clinical responses in melanoma patients (147).
Among the other co-stimulatory molecules that help control inflammatory responses, OX40
is constitutively expressed on Treg cells, although it can also be expressed on activated
effector T cells following TCR/CD28 co-stimulation. Like ICOSL, OX40L is expressed on
activated DCs and B cells following exposure to pathogens, and its expression can be further
enhanced by CD40 signaling. OX40 plays an important role in supporting Treg cell survival,
proliferation and suppressive function. OX40 signaling induces Treg proliferation (148), and
protects against experimental autoimmune thyroiditis and T1D in NOD mice (149).
Moreover, OX40-deficient Treg cells are unable to control inflammatory colitis (150).
Another study, however, showed OX40 induces proliferation of Treg cells, but these
expanded Treg cells have reduced levels of Foxp3 and exhibit poor suppressive function that
could be rescued by administration of IL-2 (151). In addition to its direct effects on Treg
cells, OX40 can also activate effector T cells, making them resistant to Treg-mediated
suppression (152), and can prevent Foxp3 induction in naive conventional T cells (153).
Consequently, intra-tumor injection of OX40 agonists activated effector T cells and resulted
in tumor rejection (154). Interestingly, this study also identified a direct role for OX40 in
inhibiting Treg cells and demonstrated that OX40 signaling in both Treg and effector T cells
was required for tumor rejection. Thus, the effects of OX40 on both regulatory and effector
T cells are complex, and the balance of these signals can result in either be pro- or anti-
inflammatory outcomes.

Pro-inflammatory cytokines—A number of pro-inflammatory cytokines induced during
infection have been shown to subvert Treg cell activity, both directly and indirectly. While
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these cytokines may play a protective role during acute infection by circumventing Treg cell
activity, their overexpression is largely associated with autoimmune disorders and Treg cell
dysfunction.

IL-1B and IL-6 are pro-inflammatory cytokines largely known for their ability to induce
systemic inflammation and for their role in the pathology of autoimmune diseases like RA,
type | diabetes, and MS. Treatments aimed at blocking both cytokines, via blocking
antibodies (anti-1L-6R, tocilizumab) or soluble receptor antagonists (sIL-1RA, anakinra)
have both been approved for rheumatoid arthritis and are being tested for the treatment of
other autoimmune diseases. In addition to promoting Th17 cell differentiation, several
studies have demonstrated that these cytokines can indirectly subvert Treg cell function by
activating effector T cells and rendering them resistant to Treg cell-mediated suppression
(90,91). In fact, IL-6Ra and STAT3 phosphorylation are increased in effector T cells from
patients with relapsing-remitting multiple sclerosis (RRMS), and inhibition of STAT3 in
these cells restored their ability to be suppressed by Treg cells (155). The direct effects of
these cytokines on Treg cells, however, have not been clearly established. Treg cells express
both IL-1R and IL-6R and can activate p38/JNK and STAT3 signaling in response to these
cytokines, respectively (156,157). IL-1f3 may affect Treg cell stability, as IL-1R signaling
has been shown to induce IL-17 production in both human and murine Treg cells and has
been implicated in the conversion of induced Treg cells to Th17 cells (156,158). Similarly,
IL-6R signaling also STAT3 phosphorylation and inhibits Treg cell function in a mouse
model of allergic inflammation (157), and a recent study demonstrated that STAT3 signaling
in both Treg cells and effector T cells contributes to IL-6-mediated Treg cell dysfunction.
Thus, it appears that through both direct and indirect mechanisms, IL-1 and IL-6 subvert
Treg cell function during inflammation.

Like IL-1 and IL-6, tumor necrosis factor alpha (TNF) is a pleiotropic cytokine promaoting
systemic inflammation through its induction of fever, the acute phase response, and
activation of macrophages and neutrophils. Although TNF is critical for host defense against
a variety of pathogens, it is strongly implicated in the pathogenesis of several inflammatory
disorders like IBD, RA and psoriasis, and TNF inhibitors are highly efficacious in treating
these diseases (159). How TNF modulates Treg cell activity, however, remains
controversial. TNF can increase IL-2 induced STAT5 phosphorylation in Treg cells and can
increase Treg suppressive activity in vitro, though this study did not distinguish between
direct effects on Treg cells and effector T cells (160). A direct role for TNF signaling in
maintaining Treg function in vivo has been demonstrated in a model of inflammatory colitis,
as TNFR27/~ Treg cells expressed lower levels of Foxp3 and were unable to suppress
disease as efficiently as wild-type Treg cells (161,162). However, a number of studies
indicate that TNF actually impairs Treg suppressive activity both directly and indirectly. For
instance, Wehrens et al. revealed that over-expression of TNF and IL-6 in the inflamed
synovium of patients with JIA induces protein kinase B (PKB) hyperactivation in effector T
cells, making them resistant to suppression (163). Moreover, Treg cells are dysfunctional in
the inflamed joints of patients with RA, and several recent studies have pointed to TNF as
the major mediator of this dysfunction (92,164,165). Thus, TNF seems to have opposing and
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context-dependent effects on Treg cell stability and function, and the mechanisms
underlying this complexity remain poorly defined.

Like, TNF-a, the type I interferons (IFNs) are a family of pro-inflammatory cytokines that
are essential for anti-viral immunity in both mice and humans but whose over-production is
associated with a number of organ-specific and systemic autoimmune disorders. These
cytokines signal through the ubiquitously expressed heterodimeric type | IFN receptor
(IFNaR), leading to phosphorylation and activation of STAT1 and STAT2, and induction of
hundreds of IFN-stimulated genes (ISGs). Type | IFNs can induce apoptosis, block
translation, and inhibit cellular proliferation of many cell types, limiting viral spread and
making type I IFNs clinically useful in the treatment of chronic viral infection and certain
types of leukemia. Also similar to TNF-a, studies have provided conflicting results
regarding the impact of type I IFNs on Treg cells (166-170), and have generally not used
experimental systems to examine the direct effects of IFNs on Treg cell homeostasis and
function. However, using experimental systems in which the direct effects of type-1 IFN on
Treg cells can be isolated, we have shown that type | IFNs directly inhibit Treg cell activity
in vitro and in vivo during acute infection with LCMV, and that this transient inhibition of
Treg cells is necessary for the generation of optimal antiviral T cell responses (Srivastava et
al., Submitted). However, the immunomodulatory effects of type I IFNs are incredibly
complex, and recent studies have suggested that type | IFNs may exert opposing effects
based on the timing and extent of their expression. For instance, during acute viral infection,
IFNs are induced transiently and promote viral clearance, whereas during chronic infection,
heightened and prolonged IFN expression promotes viral persistence and
immunosuppression (171). It is therefore important to understand exactly how IFNs regulate
Treg cell activity, both directly and indirectly, and further studies are required to determine
how acute and prolonged IFN production impacts Treg cell function, and how this may in
turn contribute to immune dysfunction in chronic infection and type | IFN-associated
autoimmune diseases.

IFN-v is a pleiotropic cytokine classically known for its role during type I inflammation,
where it is required for the clearance of intracellular pathogens such as Mycobacterium
tuberculosis, Leishmania major and Listeria monocytogenes. In addition to its activating
effects on CD8™ cytotoxic T cells, NK cells, and macrophages, IFN-vy also polarizes naive
CD4* T cells towards the Th1 lineage and potently inhibits the induction of Foxp3
expression during T cell activation in the periphery (172). In this, IFN-y is similar to 1L-27,
and both cytokines signal in large part through activation of STAT1 (173,174). However,
both IFNy and IL-27 can potently induce T-bet expression in thymus-derived Treg cells,
enabling them to better control Th1-mediated inflammatory responses (175,176). Moreover,
delayed induction of IL12RB2 in IFN-vy-stimulated Treg cells prevents them from continuing
IL-12/STAT4-dependent Th1 cell development and allows them to maintain their
suppressive function (177). Interestingly, several studies have demonstrated that Treg cells
can produce IFN-y when stimulated in a strongly inflammatory Th1 environment. In some
contexts, Treg cell-derived IFN-v is protective and required for normal suppressive function.
For example, Ifng™/~ CD4*CD25* Treg cells fail to protect against skin graft rejection and
graft versus host disease in models of allogeneic transplantation (178). By contrast, IFN-y
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production has also been associated with Treg cell dysfunction during infection with
Toxoplasma gondii (138), and excessive STAT1 activation, via either loss of the STAT1-
inhibitors mirl46a or Socsl, can also result in IFNy production by Treg cells, resulting in
loss of suppressive function and Th1-mediated pathology (179). IFN-v, thus, can both
promote and subvert Treg suppressive activity in different settings, and the balance between
these opposing functions likely depends on contextual factors such as the timing and extent
of expression.

IL-10—In addition to being a potent anti-inflammatory cytokine produced by Treg cells,
several recent studies have highlighted a direct role for IL-10 in the maintenance of Treg
suppressive function during inflammation. Murai et al. demonstrated that IL-10 produced by
macrophages in the lamina propria is required to maintain Foxp3 expression and suppressive
function in Treg cells during inflammation (180). Treg cells deficient in the IL-10 receptor
chain lost expression of Foxp3 and were unable to control inflammatory disease as well as
wild-type Treg cells in a transfer model of colitis. Interestingly, IL-10RB-deficient Treg
cells did not lose Foxp3 expression when co-transferred with wild-type Treg cells that
sufficiently protected against colitis, suggesting that loss of Foxp3 expression in these cells
is due to the inflammatory environment. Similarly, Chaudhry et al. showed that IL-10
induces STAT3 phosphorylation in Treg cells, and that ablation of IL-10RB or STAT3
expression in Treg cells resulted in spontaneous dysregulation of Th17 cell responses and
inflammatory colitis (181,182). Thus, in addition to its effects on T cells and APCs, IL-10
mediates its anti-inflammatory effects in part through its regulation of Treg stability and
function both during steady-state conditions and during inflammation.

Pathogen recognition receptors—Detection of invading pathogens occurs through a
number of different pathogen recognition receptors (PRRs), a class of receptors that
recognizes pathogen-associated molecular patterns (PAMPS). Infected cells can directly
sense the presence of pathogens via the cell-intrinsic RIG-I-like receptors (RLRs) or via
stimulation of cell surface-localized TLRs, which signal via the signaling adaptor MyD88.
Conversely, professional APCs can endocytose infected cells and detect pathogens via
stimulation of endosomal TLRs (TLR3, 7/8, 9). As engagement of PRRs generally leads to
production of pro-inflammatory cytokines, it is not surprising that these receptors can have a
dramatic impact on Treg cell abundance and function. For instance, production of IL-1f and
IL-6 following TLR7 and TLR9 activation in DCs potently blocks Treg suppressive function
(91,183). Moreover, TIr9~/~ mice displayed elevated frequencies of Treg cells and reduced
frequencies of IL-17- and IFNy-producing effector T cells in the intestine, resulting in
impaired responses to oral infection and vaccianation (184). Recent studies, however, have
demonstrated that Treg cells express a number of TLRs that may directly regulate their
activity. For instance, TLRS8 is preferentially expressed on human Treg cells compared to
effector T cells, and both synthetic and natural TLR8 agonists abrogate Treg suppressive
function and dampen their tumor-promoting activity (185). Likewise, Treg cells treated with
the synthetic TLR2 ligand Pam3Cys transiently reduce Foxp3 expression and lose their
suppressive function in vitro and in vivo in models of colitis and Leishmania infection (186).
By contrast, the endogenous TLR2 agonist heat-shock protein 60 (Hsp60) enhances human
Treg cell activity, and TIr2~/~ mice have reduced numbers of Treg cells and enhanced
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resistance to Candida albicans (187). These divergent effects may be explained in part by
the fact that TLR2 can heterodimerize with TLR1 and TLR6, and thus may signal differently
in response to different TLR1/2 or TLR2/6 agonists. Other TLRs, like TLR4 and TLR5,
have clearer activating roles on Treg cells. Direct engagement of TLR4 by LPS induces Treg
proliferation and enhances suppressive function (188), while engagement of TLR5 by
flagellin enhances Foxp3 expression and suppressive activity (189). Treg cells also express
the cell-intrinsic nucleic acid receptors RIG-1 and MDADS, which are critical for viral
recognition and signal through the common signaling adaptor 1PS-1. Indeed, Ips1~/~ mice
infected with West Nile virus show defective Treg cell expansion and dysregulated T cell
activation, failing to control the infection (190). Whether this defect in Treg cell activity was
due to cell-intrinsic loss of IPS-1 or was secondary to the elevated systemic
proinflammatory cytokines observed in these mice is unclear. Activation of Treg-intrinsic
MDAS by infection with encephalomyocarditis virus, however, was shown to subvert Treg
suppressive function in vitro in co-cultures, even in the absence of APCs or MDA5S
expression in effector T cells (191), demonstrating that intracellular nucleic acid sensing can
directly modulate Treg cell activity during infection.

CONCLUSION

As can be seen, maintenance of the diverse pool of peripheral Treg cells is a dynamically
regulated process that allows the immune system to appropriately initiate and resolve
immune responses to invading pathogens and tumors, while preventing autoimmunity and
limiting collateral tissue damage and immunopathology. Treg homeostasis is governed by a
number of factors, ranging from cytokine and TCR/co-stimulatory signaling to anatomical
location, and interestingly, many of the same environmental signals are perceived differently
by effector and regulatory T cells, allowing these functionally opposed populations to be
differentially regulated in the same microenvironment. Treatments for autoimmunity, like
low dose IL-2 therapy or TNF blockade, are exploiting these differences to enhance Treg
cell function without increasing effector T cell function.

Manipulation of Treg cell numbers has been proposed as a promising new avenue for the
treatment of chronic infection, autoimmunity, and cancer. These strategies, however, may
prove challenging given the harmful effects that can arise from the presence of too many or
too few Treg cell numbers, and thus targeted approaches to enhance or limit the function of
particular subsets of Treg cells may prove more effective than global changes in Treg cell
numbers, and further studies are required to determine how best to manipulate both the
quality and quantity of Treg cell responses for the treatment of human disease.
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Figure 1. DC-driven Treg cell expansion is CD28-dependent
Total number (left) and frequency (right) of Foxp3+ Treg cells in the spleens of wild-type

and Cd28~/~ mice treated with B16.FIt3L tumors for two weeks or with IL-2 immune
complexes for 7 days as indicated.

Immunol Rev. Author manuscript; available in PMC 2015 May 01.



Smigiel et al.

Page 33

‘Chemokine Receptors

Figure 2. Separate homeostatic pathways for different Treg cell populations
(Left) Paracrine IL-2 maintains quiescent CD44loCCR7hi “central” Treg cells in secondary

lymphoid tissues by induction of pro-survival factors such as Mcl-1. (Right) ‘Effector’ Treg
cells in non-lymphoid tissues balance rapid proliferation and cell death, and this balance
depends in part TCR/co-stimulatory receptor signaling.
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Figure 3. CD18isnot required for Treg cell accessto IL-2 in secondary lymphoid tissues
CD4*CD25* Treg cells were isolated from WT and ltgh2—/— (CD18-knockout) mice and

adoptively transferred into congenically marked WT recipient mice. At 36 hours after
transfer, pStat5 staining was performed directly ex vivo to determine the ability of
endogenous Treg cells (left), recovered WT Treg cells (middle) and recovered ltgh2~/~ Treg
cells (right) to access paracrine IL-2 in the spleen. The average pStat5* frequencies for these
Treg cell populations are shown in the bar graph at the far right (n=3 data points per group).
The CD18 integrin constitutes the beta subunit of LFA-1 (when paired with CD11a).
Whereas LFA-1-dependent cellular synapses were shown to facilitate IL-2 signaling in
effector T cells (see reference, these data suggest that Treg cells utilize a mechanism distinct
from LFA-1 integrin interactions to access paracrine IL-2 in the T cell zones of the spleen.
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Figure4.
Control of Treg cell activity is critical for proper resolution of inflammation.
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