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Summary

Signaling through the interleukin-2 receptor (IL-2R) contributes to T-cell tolerance by controlling
three important aspects of regulatory T-cell (Treg) biology. IL-2 is essential for thymic Treg
development and regulates Treg homeostasis and suppressive function. Analogous to activated
conventional T lymphocytes, IL-2R signaling also plays an important part in Treg cell growth,
survival, and effector differentiation. However, Treg cells somewhat distinctively assimilate IL-2R
signaling. In particular, Treg cells require essentially only IL-2-dependent receptor proximal
signal transducer and activator of transcription 5 (Stat5) activation, as they contain inhibitory
pathways to minimize IL-2R-dependent activation of the phosphoinisitol 3-kinase/Akt pathway.
Moreover, many IL-2R-dependent activities, including full induction of Foxp3 expression, in Treg
cells require minimal and transient Stat5 activation. Thus, Treg cells are equipped to sense and
then develop and function within biological niches containing minimal IL-2. These distinguishing
features of IL-2R signaling provide a mechanistic underpinning for using IL-2 as an agent to
selectively target Treg cells in immunotherapy to induce tolerance in autoimmune diseases and in
allogeneic transplant recipients.
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Introduction

Interleukin-2 (IL-2) was identified nearly 30 years ago (1) based on its T-cell growth factor
activity. This cytokine is produced mainly by activated T cells after engagement of the T-
cell receptor (TCR) and the CD28 costimulatory molecule. Its biological functions are
exhibited after binding to its high affinity receptor. The IL-2 receptor (IL-2R) contains three
subunits: the a chain (IL-2Ra, also known as CD25), the B chain (IL-2Rp, also known as
CD122, shared by the IL-15R), and the common cytokine receptor y chain (yc, also known
as CD132, shared by IL-4R, IL-7R, IL-9R, IL-15R and IL-21R). All these subunits
participate in high affinity binding (Kq=10"11 M) through a rapid association rate (k = 107/
M/s) initiated by capture of ligand by IL-2Ra, which is then presented in cis to IL-2Rp and
vc, to form a stable quaternary complex with a slow dissociation rate (k’ = 104/s) (2-4).
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The IL-2/IL-2R complex induces downstream signaling through IL-2Rf and yc due to the
association of the tyrosine kinases, Janus kinase 1 (JAK1) and JAKS3 (5, 6), to their
cytoplasmic tails, leading to phosphorylation of the JAKSs as well as the three key tyrosine
residues within the cytoplasmic tail of IL-2Rp. As a consequence, three main intracellular
signaling pathways are initiated (7, 8). The mitogen-activated protein kinase (MAPK) and
the phosphoinositide 3-kinase (P13K) pathways are activated primarily through the adapter
Shc, which associates with the most membrane-proximal tyrosine residue (Tyr-338 in
human and Tyr-341 in mouse) within the A-region and leads to Shc-dependent recruitment
of the adapter proteins Grb2 and Gab2. The signal transducer and activator of transcription 5
(STATYS) pathway is predominately activated by its recruitment and association to IL-2Rf3
through two other tyrosine residues (Tyr-392 and Tyr-510 in human, Tyr-395 and Tyr-498
in mouse) located within the H-region. These pathways contribute to IL-2-dependent cell
cycle entry, growth, survival, and differentiation.

Both T-effector (Teff) and T-regulatory (Treg) cells utilize IL-2R signaling for important
aspects of their biological response. For Teff cells, IL-2 contributes to optimal clonal
expansion of antigen-activated T cells, drives terminal Teff cell differentiation, and
programs memory development and survival (4). For Treg cells, IL-2 is essential during
their thymic development and later for peripheral homeostasis. The common usage of IL-2R
signaling by these distinct cell types represents one of the first examples of a major
molecular pathway ascribed to Teff cells that is assimilated by Treg cells. This notion that
Treg cells co-opt pathways of Teff cells for their unique suppressive function has been
further illustrated recently, where the key transcription factors T-bet, Gata-3, Irf-4, and
Stat3, essential for T-helper 1 (Th1), Th2, and Th17 development, are also utilized by Treg
cells in a way that aligns their functional program for optimal suppression of these
specialized Teff responses (9-12). The means by which these transcriptional regulators
distinctively control Treg function are not well understood. In comparison, much more is
known concerning the basis by which IL-2 induces various activities in Treg cells that are
either unique or common when compared to Teff cells.

This review compares and contrasts the role of IL-2 in Treg versus Teff cells and
summarizes our current understanding how Treg cells have assimilated the IL-2/IL-2R
pathway for their unique functional role to suppress autoreactive T cells that escape thymic
negative selection and to otherwise inhibit T-cell-dependent immune responses. First,
however, the biological contribution of IL-2 to the biology of Treg cells is discussed.

IL-2R signaling is essential for Treg cells

IL-2 was the first cytokine gene to be knocked out (13). Contrary to the view at the time that
IL-2 was essential for T-cell clonal expansion during immune responses, 1L-2~/~ mice
exhibited lymphoproliferation followed by lethal autoimmunity, where activated T cells
accumulated in multiple organs (14) and premature death resulted in part due to autoimmune
hemolytic anemia and inflammatory bowel disease. Similar fatal autoimmunity was also
found in IL-2Ra- and I1L-2RB-deficient mice (15, 16) but not in IL-15- and IL-15Ra-
deficient mice (17, 18). Although the IL-2R and IL-15R share B and yc subunits that are
responsible for signal transduction, these findings indicate that autoimmunity was due to
failed IL-2R signaling. Mice deficient in yc do not exhibit autoimmunity due to impaired T-
cell development as the consequence of failed IL-7R signaling (19, 20). However, with time,
the few T cells found in such mice exhibit an activated phenotype, which is likely accounted
for by failed IL-2R signaling (21-23).

Since activated T cells that respond to IL-2 readily undergo apoptosis upon TCR signaling
through re-encounter with antigen, autoimmunity was initially thought to be largely a cell-

Immunol Rev. Author manuscript; available in PMC 2012 May 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Cheng et al.

Page 3

intrinsic defect due to failed IL-2-dependent signaling in maintaining the balance between
the expansion and deletion of autoreactive T-lymphocyte clones (24, 25). However, the
adoptive transfer of normal T cells prevented the abnormal activities seen in IL-2~/~ or
IL-2RB~'~ mice (26,27), raising the possibility of a regulatory rather than an intrinsic T-cell
defect. A subpopulation of CD4* T cells, which expressed a high level of surface CD25, was
identified to maintain self-tolerance by downregulating autoimmunity in adoptive transfer
settings (28). These cells, which contained CD4*CD25*Foxp3* T cells, were shown to be
strikingly diminished in IL-2/1L-2R-deficient mice (27). Co-transfer of these cells with IL-2/
IL-2R-deficient T cells and/or their reconstitution by providing a source of IL-2 prevented
severe autoimmunity associated with IL-2/IL-2R deficiency (26, 27, 29, 30). Indeed,
IL-2RB~"~ mice lived a normal autoimmune-free life with a largely normal peripheral
immune compartment after receiving a singular transfer of Treg cells during neonatal life,
directly demonstrating that a defect in Treg cells was primarily responsible for the
autoimmunity associated with 1L-2/IL-2R deficiency (27).

Role of IL-2R signaling in Treg cells

IL-2/IL-2R signaling is essential for natural Treg cell development

Treg cells are marked by high expression of the transcriptional regulator Foxp3, which is
essential for Treg lineage commitment and its suppressive program (31-33). Most Treg cells
(~90%) in the mouse are thymus derived and are referred to as natural Treg (nTreg) cells.
These cells suppress autoreactive T cells that escape thymic negative selection. IL-2
provides an essential role for nTreg development. The first evidence supporting this notion
was that thymus-targeted transgenic expression of wildtype (WT) IL-2Rp in IL-2RA~/~ mice
resulted in development of a normal fraction of functional Treg cells in the thymus and
peripheral immune tissues that prevented autoimmunity (27, 34). As the peripheral T cells
from these mice remained non-responsive to IL-2, this finding suggests that suppression of
autoimmunity is independent of I1L-2-mediated apoptosis of autoreactive T cells. More direct
support for this notion comes from suppression of autoimmunity in IL-2RA~/~ mice by WT
Treg cells, where all other cells in the recipient are genetically non-responsive to I1L-2 and
IL-15. Such a finding also directly demonstrates that effective suppression is not simply due
to depriving IL-2 growth-promoting signals to autoreactive T cells by Treg cell consumption
of this cytokine. Furthermore, anti-IL-2 treatment of WT mice reduced the number of
thymic Treg cells (35).

IL-2- and IL-2R-deficient mice are not devoid of Foxp3* T cells. Rather, the thymus
contains approximately a twofold and peripheral immune tissues a 10-fold reduction in the
fraction of Foxp3* T cells relative to conventional CD4* T cells (36, 37). This reduction was
even greater when WT and IL-2Ra '~ thymocytes were in competition in vivo (36).
Moreover, along with a decreased fraction of Treg cells, the expression of Foxp3 is also
lower in the absence of IL-2R signaling (36, 37). These Foxp3!°W cells might be considered
as immature non-functional Treg cells. In human, the Foxp3!°W phenotype is associated with
activated conventional T cells rather than suppressive Treg cells (38, 39). Moreover, mice
engineered to express only Foxp3!°W T cells were not suppressive, leading to severe lethal
autoimmunity (40).

More recent studies are consistent with a two step model for IL-2-dependent Treg
development (41, 42). First, TCR signaling through encounter with self-antigens results in
induction of CD25 predominately by maturing CD4* single positive thymocytes, leading to
expression of the high affinity IL-2R. Developing Treg cells sensing autocrine or paracrine
IL-2, the latter from neighboring thymocytes activated by TCR-dependent selection events,
receive an instructive IL-2R-dependent signal. This activity induces a high level of Foxp3
and upregulates CD25, resulting in production of mature functional Treg cells competent to
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migrate into the periphery. Although IL-2R signaling has been associated with activation of
multiple signaling pathways, IL-2-dependent activation of STATS5 is sufficient for full
thymic Treg maturation (43). The precise molecular events controlled by IL-2 during Treg
maturation remain unknown.

In this two step model, in the absence of IL-2R signaling, self-antigen selection leads to
production of immature Treg cells characterized by the CD4*Foxp3!°WCD25!°W phenotype.
Notably, for the few T cells that develop in yc ™/~ mice, there is a complete absence of
CD4*Foxp3™* cells in the thymus and periphery (36). Thus, another yc-dependent cytokine
contributes to the expression of Foxp3. This other cytokine is IL-7, because mice double
deficient in IL-7Ra and IL-2Rp or IL-2 and IL-7 recapitulate the phenotype associated with
yc-deficient mice, i.e. no Foxp3* thymocytes (44, 45). The basis by which IL-7 regulates
expression of Foxp3 for production of immature Foxp3™* T cells is unknown. However, IL-2
and IL-7 act on distinct development steps during thymic development (46). In addition,
IL-2R signaling is sufficient and dominantly promotes full Treg maturation in the absence of
IL-7R signaling (44).

IL-2/IL-2R signaling for induced Treg cell development and lineage plasticity Conventional
T cells are also induced by environmental signals in the periphery, predominately
transforming growth factor g (TGFp), retinoic acid, and IL-2, to express Foxp3 and adopt
suppressive function (47, 48). These cells are called induced Treg (iTreg) cells and are
readily found in mucosal sites (48) and chronically inflamed tissues (49). Within the gut,
iTreg cells have been implicated in suppressing immune responses to commensal
microorganisms and food antigens (50).

Several lines of evidence support an important role for IL-2 in the production of iTreg cells
in vitro. First, the generation of iTreg cells from naive T cells after the TCR stimulation
readily occurs by co-culture with TGFp and IL-2 (51-53). Importantly, neutralization of IL-2
resulted in a failure to induce Foxp3 transcription and suppressive activity, even in the
presence of TGFp (52). Second, IL-2 substitutes for the CD28 costimulatory induction of
Foxp3. Lastly, iTreg cells do not develop when using conventional T cells that do not
produce IL-2 or fail to exhibit normal IL-2R signaling (52, 54).

Much recent evidence indicates that the development of activated T cells into polarized
functional states, e.g. Thl, Th2, Th17, and iTreg, is not fixed (55). This is particularly
evident for iTreg cells, which have the potential to re-differentiate into Th17 effector cells
(56). Cytokine signals not only have an important impact in driving Th and iTreg
development but also in conversion between alternative cell fates. Thus, the balance
between IL-2 and inflammatory signals appears to influence not only the Th17 vs. the iTreg
cell fates but also the extent by which iTregs convert to Th17 cells.

This plasticity is because the expression of master transcriptional regulators driving the
differentiation of these different cell types is not completely fixed but rather more flexible.
For example, when T cells are activated through the TCR in the presence of TGFp, both
RORyt and Foxp3 are transcribed and interact with each other. However, in the presence of
IL-2 or retinoic acid, Foxp3 transcription dominates, and this excess Foxp3 represses
transcription of RORyt, promoting iTreg development (57). In contrast, under inflammatory
conditions, with increased I1L-6 but low or absent IL-2, the transcription of the RORvyt is
favored, which in turn represses Foxp3 transcription, leading to an increase of RORyt to
drive Th17 development (58).

This sensing of cytokine cues normally results in a balance between these two populations
that favorably maintain immune tolerance. Moreover, the re-differentiation of iTreg cells to
Th17 cells likely reflects a response to increased inflammatory signaling and perhaps lower
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Foxp3 inductive signals, e.g. TGF and IL-2, that alter and repress what was dominant for
Foxp3 transcription to a setting favoring RORyt, resulting in ex-iTreg cells to readily
produce IL-17. Such re-differentiation represents a favorable immune outcome to enhance
immune responses to a local infection. However, Th17 cells have been broadly linked to the
pathogenesis of multiple autoimmune disorders. Thus, disruption of the balance between
Th17 and iTreg development represents a risk for autoimmunity. Although both iTreg and
Th17 cells arise from the naive CD4" T cells, seemingly to share an intermediate stage in
their development (59), the amount of IL-2 in the microenvironment may represent one of
the key factors to determine which lineage these T cells adopt. However, given the
abundance of retinoic acid in gut mucosa and its ability to support iTreg development in
conjunction with TGFp (48), an important unanswered question is whether IL-2 delivers a
dominant signaling for iTreg development and stability in vivo.

IL-2R signaling for peripheral Treg cells

A feature of IL-2-, IL-2Ra-, and IL-2RB-deficient mice is their strikingly low proportion of
CD4*Foxp3™* cells (36, 37). However, at the peak of the lymphoproliferative disease
associated with such mice, there was only a modest reduction in absolute Treg numbers.
Two factors likely contribute to this result. First, the periphery of IL-2/IL-2R-deficient mice
is populated by immature CD4*CD25!°WFoxp3!°W T cells that readily seed the periphery.
Thus, their failed maturation renders them poorly functional due to lower Foxp3, which is
essential to induce and maintain the Treg suppressive program. Second, IL-2 directly
promotes the transcription of Foxp3 through activation of STATS5, which binds to regulatory
sites within the Foxp3 gene (43, 60). The near lack of CD25 expression by these immature
Treg cells renders them unable to receive normal IL-2 signals that not only interfere with
Foxp3 expression but also IL-2-dependent growth and survival signals that directly maintain
their peripheral numbers. Lastly, in direct competitive conditions, where autoimmunity does
not occur and does not potentially confound interpretation of the results, peripheral Treg
cells from WT mice greatly outnumbered those CD4*Foxp3™ T cells with impaired 1L-2/
IL-2R signaling (36, 37). In addition, after autoimmunity was corrected in IL-2Rp-deficient
mice by the adoptive transfer of WT Treg cells, the fraction of host Foxp3!°W cells remained
as only a small fraction of the total Treg pool (27). Thus, even in this latter situation, where
the host continually produces immature Treg cells, these cells remain at a substantial
competitive disadvantage with WT Treg cells, consistent with poor homeostasis and
functional activity.

However, poor Treg homeostasis is not the sole or perhaps even the major contributing
reason for autoimmunity associated with impaired IL-2R. As discussed above, Treg cells
with substantially impaired IL-2R signaling readily suppress autoimmunity and are found at
normal numbers in hon-competitive setting, raising the possibility of an effective but non-
dominant IL-2-independent mechanism to maintain Treg numbers (54). Furthermore, when
Bim-mediated apoptosis was abrogated in IL-27/~ Treg cells, normal numbers of Treg cells
were restored (61), confirming a role for IL-2R signaling in Treg homeostasis. However,
such mice still exhibited severe lethal autoimmunity. This work demonstrated that IL-2-
dependent signaling for survival can be uncoupled from their functional activity.
Importantly, 1L-2 appears to play a central role for the suppressive function for Treg cells.
Whether such a role represents a link between IL-2R signaling and maintenance of Foxp3
expression is not yet definitively established. However, this likely represents one
explanation for this effect. Indeed, autoimmunity associated with IL-2RB-deficient mice did
not occur after transgenic expression of Foxp3 under the control of a bacterial artificial
chromosome (62). One caveat with this result was high Foxp3 expression was found in the
most T cells in the periphery, and this effect may have also served to lower the prevalence of
autoreactive T cells. In addition, it also remains to be determined whether IL-2R signaling
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controls Treg function primarily as a consequence of I1L-2-dependent thymic Treg
maturation or as a consequence of peripheral Treg cells that continually sense IL-2. These
possibilities are not mutually exclusive.

Genome-wide transcriptional analyses of peripheral Foxp3* T cells from WT and IL-27/~
mice or from mice with impaired but not absent IL-2R signaling, which effectively supports
thymic Treg maturation, provide additional molecular support for IL-2-dependent signaling
promoting peripheral Treg homeostasis. Both studies revealed enrichment in differentially
expressed genes associated with cell cycle and survival, which were reduced without proper
IL-2 signaling (36, 54). Furthermore, overnight administration of IL-2 to the IL-27/~ Treg
cells in vivo increased the expression of most of these genes.

Direct evidence indicating a role of IL-2R signaling for peripheral Treg homeostasis and
survival of normal WT mice was the capacity of anti-IL-2 to reduce the number of
peripheral Treg cells (35, 63). This reduction was noted for both neonatal and adult
peripheral Treg cells. This inhibition was particularly striking during the neonatal period,
when there is substantial peripheral expansion of Treg cells due to their delayed
development (64) to rapidly set a normal proportion of Treg to T conventional cells in the
periphery to establish immune tolerance. Treatment of adult non-obese diabetic (NOD)
mice, which spontaneously develop autoimmune type 1 diabetes (T1D), with antagonist
anti-1L-2 lowered Treg numbers, compromised Treg immune-regulation, and accelerated
T1D. Thus, impaired peripheral Treg homeostasis is associated with a risk for developing
autoimmune disease.

Polymorphisms linked to 112, 112ra, and 112rb are susceptibility factors for autoimmune
disease in mouse and human (65). For the NOD mouse, the 1dd3 region on mouse
chromosome 3, which contains the genes for IL-2 and IL-21, represents a genetic interval
contributing to spontaneous T1D associated in this mouse strain. Lower production of 1L-2
is a consequence of this allele and associates with a decreased proportion of Treg cells and
increased susceptibility to T1D (66). Thus, for this genetic polymorphism, low IL-2
production and poor peripheral Treg homeostasis represent a genetic risk for T1D.

In human, single nucleotide polymorphisms (SNPs) mapping to 112, 112ra, and 112rb have
been associated with increased risk for T1D, Grave’s disease, multiple sclerosis, rheumatoid
arthritis, and celiac disease (67-70). SNPs at 112ra represent one of the stronger non-MHC-
linked genetic risks for T1D (71). For these diseases, sometimes distinct SNPs mapping to
an individual gene were identified as the genetic risk factors, raising the possibility that
distinct mechanisms may be responsible for an IL-2/IL-2R contribution to autoimmunity.
None of the SNPs were predicted to control variants within the coding portions of these
genes to yield proteins with potentially varied functional activities. Thus, it is likely that
these SNPs function to regulate gene transcription. One mechanism is due to SNPs located
at an extended region outside of the minimal IL-2 promoter. Alternatively, other SNPs are
predicted to be associated with epigenetic changes such as modifications of histones and/or
DNA methylation (72). For l12ra the SNPs associated with T1D map to the first intron and
the 5’ region of this gene and are associated with lower transcription and lower expression of
CD25. In this case, lower CD25 expression was noted on the surface of memory T cells
(73). However, it remains unknown for all these genetic variants what accounts for the
genetic risk and whether it is related to impaired Treg cells, enhanced Teff or T memory
cells, or some other cell population that expresses IL-2R.
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Role of IL-2R signaling and function by Treg and Teff cells

Common and unique activities

Given the well known and dominant role for IL-2 in promoting T-cell growth, survival, and
effector cell differentiation in vitro and its contribution to promoting primary and memory
immune responses in vivo, it seems somewhat paradoxical that IL-2 is also such a key player
in immune suppression by promoting nTreg and iTreg development and homeostasis. The
obvious question, therefore, concerns how the IL-2/IL-2R pathway controls such opposing
aspects within the immune system. Table 1 compares several important activities attributed
to IL-2R signaling for Treg and Teff cells. On the one hand, there is an obvious overlap by
which IL-2 acts on Treg and Teff populations, and this is in line with these cells being
antigen-activated T lymphocytes, where Treg cells are activated by constitutive self-
antigens. Thus, IL-2R signaling promotes T-cell growth and survival, upregulates CD25
expression, and importantly contributes to functional differentiation. However, more careful
consideration of these and other properties, as discussed below, indicates fundamental
differences by which IL-2/IL-2R system behaves in Treg and Teff cells.

One unique activity for IL-2R signaling for nTreg cells is its role in promoting thymic nTreg
maturation, as discussed above. IL-2-dependent Treg maturation depends only on STAT5
activation (43). This leads to upregulation of IL-2Ra and Foxp3, which function to induce
and maintain the Treg lineage, but the essential molecular mechanisms and biological
functions associated with Treg maturation remain poorly characterized. This developmental
activity of IL-2 is analogous to that of IL-7 or IL-15, which are essential cytokines for the
thymic T and NK and NKT cell development (74), but are also important mediators of
peripheral homeostasis for naive and memory T cells rather than Treg cells (74). Some time
ago, IL-2 was also thought to contribute to thymic development of conventional T
lymphocytes, because developing pre-T cells are marked by very high expression of IL-2Ra
(75). However, these pre-T cells do not express a functional IL-2R, as they do not express
IL-2Rp. In fact, expression of high affinity IL-2R by thymocytes is restricted to a few
CD4*CD8!oW transitional intermediates, which are associated with a late stage of ‘double
positive’ development, and Treg cells. This finding, the lack of IL-2Ra expression by all
other thymocytes except pre-T cells and developing and mature Treg cells, and distinct
thymic location of these pre-T and Treg cells ensures that limiting IL-2 available within the
thymus is captured by developing Treg cells.

Expression of IL-2 and IL-2R

One striking difference between Treg and Teff cells partially related to IL-2R signaling is
the capacity to secrete IL-2. TCR-dependent signaling results in IL-2 secretion by Teff cells
whereas the inability to produce IL-2 represents one of the defining features of Treg cells.
The inability of Treg cells to produce IL-2 is directly related to the repressive activity of
their signature transcription factor Foxp3. This repression is due to the interaction of Foxp3/
AML1/Runxl1 and Foxp3/NF-AT that interact with each other and bind to I1L-2
transcriptional regulatory sites (76, 77). Since IL-2-dependent STATS activation positively
regulates Foxp3 expression, IL-2R signaling serves to reinforce this non-1L-2 producing
phenotype of Treg cells. Interestingly, IL-2 transcription by Teff cells is very transient,
which is in part due to repression of IL-2 transcription. However, in this case, repression of
IL-2 is not due to Foxp3, which is not expressed by mouse Teff cells, but rather because
TCR signaling induces T-bet (78) and IL-2-dependent activation of Blimp-1(79). Both
transcriptional regulators directly bind to distinct regulatory regions within the IL-2 genes to
terminate its transcription (80, 81). Thus, IL-2R signaling induces a classical positive
inhibitory feedback loop unique to Teff cells to limit IL-2 production and hence IL-2-
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dependent responses. Moreover, Treg and Teff cells adopt distinctive strategies to repress
IL-2.

Both Treg and Teff cells are characterized by expression of the high affinity IL-2R. The
expression of IL-2Ra and IL-2Rp depends upon TCR signaling, whereas expression of yc is
constitutive. Signaling through IL-2R upregulates expression of IL-2Ra in Teff and Treg
cells through STATS5 activation of IL-2Ra transcription (82), providing a positive feedback
mechanism favoring continued IL-2-dependent activation. Even though this mechanism acts
in parallel for Treg and Teff cells, CD25 expression in vivo for Treg cells is characterized by
an apparent constitutive high level, whereas for Teff cells, it is very transient and typically
low. One explanation to account for this difference is that Foxp3 acts as a direct positive
activator of the IL-2Ra gene (36), and this mechanism will not be active in Teff cells.
Additionally, ectodomain shedding of IL-2Ra on Teff cells in vivo readily occurs through
proteolysis and represents another means to downregulate CD25 and IL-2R signals (83-85).
Although it is unknown whether this mechanism targets Treg cells, the typically higher and
prolonged expression of CD25 on Treg cells suggests these cells may be sequestered and
protected from such degradation.

By combining mathematical modeling and direct experimental analysis, the relevance of the
distinctive production of IL-2 and expression of the high affinity IL-2R by Treg cells and
Teff cells has been recently considered (86). IL-2-induced upregulation of the high affinity
IL-2R establishes a positive feedback loop for IL-2 signaling. This feedback not only
promotes the proliferation and differentiation of Teff cells but also functions as an amplifier
for IL-2 uptake by Treg cells. This IL-2/IL-2R loop enhances the capture and degradation of
IL-2. Treg and Teff cells compete for IL-2 and restrict its range of action through efficient
cellular uptake. Depending on the activation status and the spatial localization of the cells,
IL-2 may be consumed exclusively by Treg or Teff cells or be shared between them.

We have recently proposed that such favored competition for IL-2 by Treg cells represents
the basis of IL-2-dependent Treg homeostasis (87). Teff cells, or more likely T autoreactive
cells, provide IL-2 to the Treg cells. Consumption of IL-2 is favored by the Treg cells due to
their higher expression of IL-2Ra, promoting Treg homeostatic signals and suppressive
function through activation of Foxp3. IL-2-activated Treg cells then effectively suppress the
Teff or T autoreactive cells through one or more of the plethora of suppressive mechanisms
at their disposal (88). This preferential consumption of IL-2 by Treg cells has also been
implicated as one of the means by which Treg cells mediate suppression (89-91). Although
depriving Teff cells of IL-2 only marginally affects T-cell clonal expansion in vivo, lowering
IL-2 levels impairs terminal CD8* Teff development (92) and memory programming (93)
that will temper T-cell immunity and as such represents another way Treg cells might inhibit
immune responses.

Epigenetic and transcriptional regulation contribute to distinct functional activity IL-2R
signaling is importantly linked to functional differentiation of Treg and some Teff cells.
IL-2-dependent STATS binding to conserved non-coding sequences (CNS) in the Foxp3
gene not only serves to reinforce repression of IL-2 but also the activation of the Treg
suppressive program (94). Optimal interferon y (IFNy) production by Th1 cells depends on
IL-2. The binding of STATS to a CNS associated with the IFNy gene promotes the binding
of the signature Th1 transcription factor T-bet to the IFNy promoter (95). IL-2-dependent
activation of STATS is essential for Th2 development in vitro in part by direct activation of
Th2 targeted genes, such as IL-4, and by lowering the threshold for the binding of Th2
signature transcription factor Gata3 to Th2 genes, necessary for their activation (96). Thus,
the transcription factor content and the epigenetic landscape of the activated T cells allow a
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common signaling intermediate induced by IL-2, i.e. STATS5, to control important and
distinct cell fate outcomes for CD4* T cells.

Genome-wide expression analysis for IL-2-dependent genes by Treg cells ex vivo and anti-
CD3 activated CD4" Teff cells identified 285 and 421 genes, respectively, that depend on
IL-2, and <16% of these overlapped between these two cell populations (54). Gene
enrichment analysis showed that immune system related genes were the largest functional
group for both Treg and CD4* Teff cells, but the large majority of these genes in this
enrichment did not overlap. Therefore, an important aspect of IL-2R signaling in Treg and
Teff cells is to promote processes known to be important for immune system function, but
this common signaling resulted in regulation of distinct targets and functions. This notion is
further illustrated by other major enrichment groups that were unique to Treg (cell cycle,
cell death, and cytoskeleton) and CD4" Teff (amine metabolism and differentiation) cells.
The finding that I1L-2 did not enrich genes related to T-cell growth and death for Teff cells
likely represents the timing in which RNA was collected from the Teff cells, as initial TCR
and costimulatory activation were sufficient to drive substantial proliferation. Overall, Treg
and Teff cells integrate IL-2R signaling in the context of distinct transcription factors and
epigenetic modifications in part as a consequence of varied environmental signals to activate
a largely non-overlapping set of genes.

Distinctive IL-2R signaling by Treg cells

An important and more direct basis by which IL-2R signaling distinctively regulates Treg
and Teff cells is that the IL-2R proximal pathways, MAPK, PI3K/Akt, and STAT5, are
active in Teff cells, whereas STATS is only readily activated in Treg cells (54, 97). The poor
activity of the PI3K/Akt pathway is accounted for by high expression of phosphatase and
tensin homolog (PTEN) by Treg cells (98). Moreover, the level of STATS activation in Treg
cells may be somewhat attenuated due to heightened expression of suppressor of cytokine
signaling 1(SOCS1) (99, 100). Expression of SOCS1 depends on IL-2R signaling and
miR155 (101). This phosphatase inhibits IL-2R signaling by interrupting the
phosphorylation of STATS5 and thus provides another positive inhibitory loop to
downregulate signal transduction (102, 103).

Although IL-2 is a growth factor for Treg and Teff cells, nTreg cells are much more
refractory to IL-2 for T-cell growth. Indeed and in marked contrast to Teff cells, nTreg cells
do not directly proliferate to exogenous IL-2 in vitro, even though they express the high
affinity IL-2R. IL-2-dependent T-cell growth of nTreg cells in vitro depends on stimulation
through the TCR, CD28, and the IL-2R, the latter usually with a high concentration of I1L-2.
CD28 signaling in Treg cells activates PI3K/AKkt (104) that likely cooperates with IL-2-
induced STATS5 for Treg growth. Optimal IL-2-dependent growth by Teff cells is dependent
upon full integration of the MAPK, PI3K, and STAT5 pathways (8). Analogous to Treg
cells, poor T-cell proliferation is associated with activation of predominately only the IL-2R-
dependent STATS pathway. Moreover, restoring activation of PI3K in Treg cells promotes
IL-2-driven T-cell growth (98). Thus, the distinctive and lower IL-2R signaling by Treg
cells helps explain their more stringent requirements for T-cell growth. This lower IL-2-
dependent Treg growth might represent a favorable property in vivo by rendering a
consistent slower proliferative rate, characteristic of homeostatic proliferation, to maintain a
proper proportion of Treg and conventional CD4* T cells.
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A low IL-2R signaling threshold supports Treg maturation and signal
transduction

Mutant IL-2Rs readily support Treg cells

The effective utilization of only one component, STAT5, of the proximal signaling
pathways associated with the IL-2R and the increased expression of phosphatases by Treg
cells to abrogate such signaling indicate that tempered IL-2R signaling, primarily through
activation of STATS, is required for IL-2-dependent contribution to Treg development,
homeostasis, and function. Recent work from our laboratory extends and better defines this
notion by directly showing that many of the key activities associated with Treg cells require
minimal and relatively transient IL-2R signal transduction (54). Our experimental design
was to produce transgenic mice where IL-2Rp chains are expressed in all T-lineage cells that
harbor mutations in three important tyrosine residues required for activation of the MAPK,
PI3K/Akt, and STATS5 pathways. These mutations, all tyrosine to phenylalanine
substitutions, targeted one (Y341), two (Y395, Y498), or three (Y341, Y395, Y498) tyrosine
residues. Correspondingly, the Y341 mutation prevents association to the adapter Shc and
inhibits the MAPK and PI3K/Akt pathways, Y395 and Y498 mutations are important
docking sites for STAT5 and inhibit the STATS5 pathway, and the Y341, Y395, and Y498
mutant was expected to abrogate these pathways (Fig. 1).

Each of these transgenic lines was bred to IL-2RB-deficient mice to yield T cells that only
expressed the mutant IL-2R3 molecules. There are two important considerations for this
particular experimental design. First, this approach allows examining the outcome of these
mutations on both Treg and Teff cells. Second, this design takes advantage of the fact that
mouse IL-2 does not readily bind to IL-2R[ and yc. This property coupled to the known
expression of IL-2Ra, which is restricted essentially to pre-T cells and Treg cells in a normal
naive mouse, predicts that constitutive expression of the mutant or even WT IL-2R will not
cause generalized aberrant IL-2R signaling in non-relevant T cells. Indeed, control
IL-2RB~/~ mice that expressed transgenic WT IL-2Rp in all T-lineage cells closely
paralleled normal C57BL/6 mice in T-cell composition as well as their activation status and
functions in the thymus and peripheral immune tissues (54). Another consideration is that
IL-15 through trans-presentation to IL-2Rf3 and yc by IL-15Ra/IL-15 on another cell might
alter the T cells in these transgenic models. However, we did not find any abnormal
accumulation of CD8* T cells in mice expressing the WT transgene, where IL-15 is known
to direct homeostatic signaling. Furthermore, unpublished genome-wide expression profiles
of activated CD4* and CD8* T cells from normal control and IL-2Rp-deficient mice
expressing transgenic WT IL-2Rp were strikingly comparable. These data further indicate
that constitutive transgenic IL-2Rp expression in all T-lineage cells does not impose
intrinsic alterations in these cells and provides additional support for the validity of this
approach for tissue-specific targeting of IL-2Rp mutations. The only alteration in the T-cell
compartment observed thus far not related to activated T cells or Treg cells is a lower
number of peripheral CD8" T cells bearing mutant IL-2Rp, which is anticipated based on the
role for IL-15 in CD8* T-cell homeostasis.

For these mutant IL-2Rps, the striking finding was a normal compartment of functional
mature Treg cells. Each transgenic IL-2R3~/~ line lacked lethal autoimmune disease
associated with the non-transgenic parental mice, whereas the Teff compartment as assessed
in vitro was severely impaired (Fig. 1). We were quite surprised that the triple Y341, Y395,
Y498 mutation supported Treg maturation and function, as IL-2R signaling was expected to
be abrogated by this severe mutation. However, direct analysis of this mutation showed that
it still supported weak transient STAT5 activation in both Treg and Teff cells that was
similar to that found for the Y395, Y498 mutation, which interferes with STAT5 association
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to IL-2Rp. In this latter mutation, weak STATS activation was anticipated as this has already
noted by others as a consequence of the recruitment of the Shc adapter (105).

Based on the apparent IL-2RB-tyrosine independent activation of STAT5, we considered
more recently whether this represents a novel mode of STATS5 activation, potentially
independent of IL-2Rp, i.e. dependent only on yc, or independent of the H- and A-regions of
the IL-2Rp cytoplasmic domain, which contain these three tyrosine residues. Therefore, we
prepared additional transgenic mice where the cytoplasmic H- or both the H- and A-regions
were deleted and expressed in T cells of IL-2RS~/~ mice (Fig. 1). Treg maturation and
function were also largely normal in mice with the H-region deletion, which also deletes
Y395 and Y498. However, mice with the deletion of both the H- and A-regions behaved as
if this IL-2Rp was completely non-functional, as they exhibited lethal autoimmunity
comparable to non-transgenic IL-2RpB-deficient mice. Moreover, the immature Treg cells
from the transgenic A- and H-region deleted IL-2RB-deficient mice failed to activate STAT5
in a manner identical to immature Treg cells from IL-2RS~/~ mice (Fig. 2). Thus, these
experiments map the weak STATS5 activation associated with the triple tyrosine mutations to
the A-region. What accounts for this activation, however, is not known as both direct
recruitment and interaction of Shc and STATS5 are not expected to occur.

These results show that even without optimal IL-2R signaling, thymic Treg development
and peripheral homeostasis effectively occur. Weak IL-2R signaling is linked to
upregulation of Foxp3, which likely represents one of the determining reasons for effective
Treg maturation and suppression of autoimmunity. However, those mice with the lowest
STATS activation with time eventually exhibit an activated T-cell phenotype and
inflammatory infiltrates, most commonly in the lungs and salivary glands but also
sometimes in the gut, pancreas, and liver. Thus, impaired IL-2R signaling represents a risk
for developing autoimmune disease. This notion is reminiscent of NOD mice, where lower
IL-2 production has been associated with impaired Treg cells and one of the genetic risk
factors for T1D in this strain (66). Based on these mouse studies, we believe that a careful
assessment of Treg cell impairment is warranted as the main genetic risk posed by SNPs
associated with the human 112, 112re, and 112rb genes.

Minimal expression of IL-2R supports Treg cells

Another well-characterized model developed in our laboratory is expression of transgenic
WT IL-2Rp predominately in the thymus of the IL-2RA~/~ (IL-2RAWT/ThYMUS) mjce by using
the proximal Ick promoter to control transgenic IL-2R[3 expression. This model was useful to
first show that IL-2R signaling plays an important role in the thymus, as both the thymic and
peripheral Treg compartments were normalized in these largely autoimmune-free mice (27,
34). The normal peripheral T-cell compartment in these mice was interesting, because the
Treg and Teff cells expressed barely detectable levels of IL-2Rf such that their conventional
activated T cells were virtually non-responsive to IL-2.

These findings led us to propose that IL-2R signaling within the thymus was the only
important IL-2-dependent step for Treg cells. This idea seems to contradict the notion that
IL-2 is also required for peripheral Treg homeostasis. We considered that perhaps constant
thymic Treg output by 1L-2RAWT/Thymus compensated for poor IL-2R signaling by Treg cells
in the periphery. However, after adult thymectomy, 1L-2RAWT/Thymus mjce retained a normal
number and proportion of Treg cells in peripheral immune tissues and did not exhibit early
symptoms of autoimmune disorders associated with 1L-2RS~/~ mice (37). Nevertheless, the
peripheral Treg compartment was not entirely normal in IL-2RAWT/TYmUS mice. First, BrdU
incorporation studies showed that proliferation of peripheral IL-2RgWT/Thymus Treq cells was
lower than WT Treg cells. Peripheral IL-2RgWT/Thymus Treq cells also showed increased
survival and lower turnover, which represent one means by which these Treg cells
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compensate for impaired IL-2R expression to maintain peripheral Treg numbers (37).
Second, in mixed chimeras using bone marrow from WT and IL-2RAWT/ThYMUS mice near
equivalent competition between WT and IL-2RgWT/Thymus Treq cells was noted in the
thymus, but WT Treg cells greatly outnumbered IL-2RAWT/ThYMUS Treq cells in the spleen
(37).

More recent work indicates that the very low expression of IL-2Rp by IL-2RgWT/Thymus
peripheral Treg cells supports weak and transient STAT5 that was essentially comparable to
that found for Treg cells bearing the triple Y341, Y395, Y498 IL-2Rp mutation (54). Thus,
the behavior of peripheral Treg cells from IL-2RAWT/ThymUs mice s entirely in line with the
notion that low IL-2Rp signaling supports peripheral Treg cells. Lower IL-2R signaling by
peripheral Treg cells provides an explanation for the altered proliferative activity and poor
competitive behavior with WT Treg cells. Furthermore, genome-wide transcriptional
profiling between peripheral control WT and IL-2RAWT/Thymus Treq cells showed differential
expression of genes related to immune system, cell cycle, cell death, and the cytoskeleton
(54). This pattern of gene expression is consistent with an important role for IL-2 in
peripheral Treg homeostasis.

This same gene expression analysis also revealed that a substantial fraction (approximately
20%) of the Treg gene signature (106) was IL-2-dependent. This finding places relatively
high IL-2R-signaling in a pivotal role to fully specifying the Treg cell phenotype. However,
other key targets such as Foxp3, TGFB, and CTLA4 were similarly expressed by WT and
IL-2RAWT/Thymus peripheral Treg cells. Thus, the low IL-2R signaling, as exemplified by
mutant IL-2Rps or low expression of WT IL-2RB, as in IL-2RAWT/ThYMUS Treq cells, readily
supports Foxp3 expression, and this activity induces in the thymus and maintains in the
periphery many of the fundamental activities of these suppressive T cells.

IL-2 as a selective agent for Treg immunotherapy

Although IL-2 targets both Treg and Teff cells, two important features of the IL-2/IL-2R
system provide a mechanistic underpinning for using IL-2 as an agent to selectively promote
Treg cells in immunotherapy to promote T-cell tolerance. First, the STATS5 pathway is
predominantly utilized by Treg cells activated through the IL-2R. Therefore, inhibition of
the MAPK and PI3K pathways are predicted to preferentially affect Teff cells. Second, weak
transient IL-2R-dependent STATS5 activation effectively induces many critical 1L-2-
dependent activities in Treg cells. Thus, controlling the available levels of IL-2 has the
potential to target therapy to Treg versus Teff cells.

When extrapolating data from our mouse models concerning IL-2R signaling in Treg cells
(Fig. 3), induction of Foxp3 is associated with the lowest level of signaling and is associated
with substantial benefit, as it readily supports Treg maturation, homeostasis, and suppression
of autoimmunity. Somewhat more extensive signaling is required for upregulation of
IL-2Ra, and even more extensive signaling is associated with a host of other targets linked
in part to the Treg signature and to Treg growth and death. IL-2-dependent Treg growth
appears to require the most extensive IL-2R signaling, probably to accommodate the
reduced activity of the PI3K/Akt pathway in Treg cells. Importantly, IL-2-dependent
activities in Teff cells have not yet been shown to occur with the type of low transient IL-2R
signaling that effectively functions for Treg cells. T-cell growth, optimal induction of IL-2-
dependent effector molecules, such as perforin and granzyme B, and terminal differentiation
of CD8* Teff cells all depend on high IL-2R signaling (54, 92, 93). Lower IL-2R signaling
may promote CD8* memory T-cell development and/or programming. However, whether
this potentially lower signaling is analogous to the low signaling for full expression of
Foxp3 remains to be determined.
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This signaling threshold model predicts that applying the proper relatively low dose of IL-2
in vivo should preferentially augment Treg activity and favor immune tolerance. Several
studies support this notion. In the first such study, the agonistic activity of an IL-2/anti-IL-2
complex was exploited as a therapeutic agent for T1D in NOD mice (107). This complex
displays IL-2 for binding by IL-2Ra, IL-2Rp, and yc in the context of the high affinity IL-2R
(108) and acts to greatly extend the effective half-life of IL-2 from approximate 30 min for
free IL-2 to 48 to 72 h for the IL-2/anti-1L-2 complex (109). Importantly, a low dose of the
complex caused increased expression of IL-2Ra and pro-survival Bcl-2 by Treg cells and
prevented the onset of T1D. However, a high dose of the same complex accelerated the
progression to T1D (107). This latter effect is likely due to enhancing autoreactive Teff cells
that express the high affinity IL-2R. Pre-treating mice with the same IL-2/anti-I1L-2
complex, which transiently increased Treg numbers, also prevented the induction of
experimental autoimmune encephalomyelitis (EAE) and promoted long-lasting tolerance to
tissue allografts (110). More recent studies also showed that treating mice with new onset
diabetes with conventional IL-2 reversed T1D in NOD mice (111).

Treg cells are relatively resistant to rapamycin due in part to the minimal activation of PI3K/
Akt and downstream mTORC1, the target of rapamycin. This property has been exploited to
suppress the outgrowth of Teff cells in cultures aimed to expand Treg cells. Furthermore,
agonist IL-2/anti-1L-2 complexes in conjunction with rapamycin ameliorated the symptoms
associated with ongoing EAE (110). These preclinical studies provide initial validation that
under the proper conditions, 1L-2 mono-therapy offers the potential to selectively augment
Treg function. Using IL-2 in conjunction with drugs that block mTORC1 provides a parallel
means promoting Treg cells while inhibiting Teff responses. Either approach represents
modalities to treat autoimmune diseases or to elicit transplantation tolerance. A particular
advantageous feature of these approaches is that they represent a direct drug-based
biotherapy. This therapy does not require the personalized approach inherent with adoptive
Treg cell therapy and avoids the current technical and regulatory drawbacks associated with
the production of sufficient cells for this type of immunotherapy.

Further definition, therefore, of the basis by which IL-2 uniquely controls the Treg and the
Teff arms of the immune system should help to further refine the potential for selectively
targeting the IL-2R to enhance tolerance versus immunity. In particular, better
understanding of these differences in the human immune system will likely be required to
develop effective immunotherapy that targets IL-2/IL-2R or to identify relevant biomarkers
to predict the IL-2/IL-2R genetic risk for developing several common autoimmune diseases.
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Fig. 1. Transgenic IL-2Rp mutants and their effect on autoimmunity and Treg development after
expression in IL-ZRﬁ‘/‘ mice
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Fig. 2. Treg cells that express IL-2Rp lacking both the A- and H-regions (AAH) do not activate

STATS
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IL-2R signaling

Thymic Development Low
Upregulation of Foxp3

Upregulation of IL-2Ra

Lympho-replete homeostasis
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Growth in vitro and in vivo
Neonatal peripheral expansion
Some of the Treg gene signature High

Fig.3. Varied levels of IL-2R signaling strength support distinct functional activities of nTreg
cells

Thymus and lymph node cells from mice of the indicated IL-2R3 genotype (2Rp) were
rested for 30 min in medium and then stimulated with IL-2 (10 ng/ml) for the indicated time.
Activation of tyrosine-phosphorylated STAT5 (pSTATS) was determined by flow cytometry
after gating on CD4*Foxp3* T cells. Data were normalized to the maximal response by
control 2RA*~ Treg cells. Data represent 2-3 mice/group.
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Table 1
IL-2/IL-2R system in Treg and CD4* Teff cells
Property Treg Teff
IL-2 production No Yes

Repression of 1L-2

Foxp3/Runx/NF-AT  T-bet, Blimp-1

High affinity IL-2R expression High, constitutive Low, transient
Upregulation of IL-2Ra Yes Yes

IL-2R signaling STAT5 MAPK; PI3K/Akt; STAT5
Activity during T cell development  Yes No

Peripheral homeostasis in vivo Yes No

Growth Yes Yes

Survival Yes Yes

Regulation of function Suppression TH1, TH2
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