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Abstract

Regulation of the magnitude and quality of immune responses is dependent on the integration of
multiple signals which typically operate through positive and negative feedback loops. Cytokines
that promote or limit T cell expansion and differentiation are often both present in the complex
lymphoid environment where antigen-initiated T cell responses take place. The nature and strength
of the cytokine signal received by the responding cell, as well as by surrounding regulatory cells,
will determine the extent of clonal expansion and the progression towards effector and memory
cell differentiation. The mechanisms that determine how much cytokine is produced and how
cytokine activities are controlled by receptor expression and intracellular regulators of signaling
are not fully understood. Here we discuss the opposing functions of two members of the common
receptor gamma chain (yc) cytokines, IL-2 and IL-7 in the generation and regulation of immune
responses in vivo.

Introduction

Cytokines can be produced by various cell populations and have been shown to augment or
limit immune responses to pathogens and influence the autoimmune response. One family of
cytokines, which uses the common receptor gamma chain (yc), a component of receptors for
Interleukin (IL)-2, IL-4, IL-7, IL-9, IL-15 and IL-21, has been classically defined as growth
and survival factors. We will focus on two members of this family, IL-2 and IL-7, and the
interplay of these two cytokines in the immune system during health and disease.

Traditional roles of IL-2

IL-2, originally termed T cell growth factor, is expressed by activated CD4+ T cells in
response to mitogen or antigen stimulation (21), but can also be produced by various other
cells of the immune system including activated CD8+ T cells (37). The IL-2 receptor is
composed of three membrane-bound subunits, including a high-affinity receptor IL-2Ra.
(CD25), IL-2Rp (CD122) and the yc chain (CD132). IL-2Ra is present as both a membrane
and soluble protein (54, 77). Binding of IL-2 to IL-2Ra results in the formation of the
tertiary receptor complex, followed by signaling through the tyrosine kinases Jak1 and Jak3,
and Stat5-dependent downstream gene regulation (31, 47).
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IL-2 was initially described to promote the proliferation and effector functions of CD4+ T
cells during a primary immune response, and IL-2 produced by CD4+ T cells is also
required for CD8+ T cell expansion and survival (91). It has also been shown to promote
NK cell proliferation, induce cytolytic activitity in CD8+ T cells, and has been implicated in
CDA4+ T cell help for B cells (86). IL-2 can promote the generation of T effector cells
including those of the Th1 and Th2 lineages, while inhibiting the differentiation of Th17
cells (38). In addition to influencing effector cell generation, the presence of IL-2 during the
priming phase of CD4+ or CD8+ T cell differentiation is necessary for the development of
long-lived memory cells (12, 17, 90) (Figure 1).

Surprisingly, deficiency in IL-2, CD25 or IL-2Rp results in multi-organ inflammation and
systemic autoimmunity in both mice and humans (67, 75, 89). In addition, several
autoimmune-prone mouse strains demonstrate a loss of 1L-2 expression or function (15).
Genome-wide association studies have revealed a linkage between the IL-2 locus and
several autoimmune diseases, including multiple sclerosis, type 1 diabetes (95), autoimmune
thyroid disease, Graves’ disease, and rheumatoid arthritis (9, 23, 96). In the NOD model of
type 1 diabetes, defective IL-2 production and signaling is implicated in the breakdown of
self-tolerance (79). These studies demonstrate that dysregulated IL-2 production or signaling
plays a role in the development of multiple autoimmune disorders. The mechanism of this
unexpected function of IL-2 is described below.

Traditional roles of IL-7

IL-7 was originally characterized as a hematopoietic growth factor that was able to stimulate
the proliferation of lymphoid progenitors (55), but has since been found to play aroleasa T
cell growth and survival factor for both memory and naive T cell populations (70, 74, 78).
IL-7 is produced by stromal cells primarily in lymphoid tissues (5, 28, 49) and is bound to
and presented on the cell surface via extracellular matrix proteins (32). A circulating form of
IL-7 is also produced and released by stromal cells in the bone marrow, lymph node, skin,
gut and liver, which has been found to maintain T cell populations during homeostatic
proliferation (64).

The IL-7 receptor (IL-7R) consists of two components: a unique IL-7Ra chain (CD127) and
the yc chain (35). Upon receptor binding, Jak1 and Jak3, associate with IL7Ro and yc,
respectively (56), and the two subunits heterodimerize and become phosphorylated, creating
docking sites for both STAT5a/5b (39, 41).

IL-7 has been shown to play a role in the survival of CD4+ and CD8+ T cells, and this effect
is attributed to regulation of the Bcl-2 family. IL-7 induces the production of the anti-
apoptotic factor Bcl-2, and the inactivation of apoptotic factors Bad and Bax (29). IL-7R
deficient mice experience severe lymphoenia and loss of T cell function and this defect can
be rescued by the overexpression of Bcl-2 (2, 48). These data show that IL-7 is an important
factor in the generation and maintenance of a functional effector response.

IL-2 in regulation of the immune response

IL-2 signaling has been shown to be important in both the initiation and regulation of
immune responses. In these dual and opposing roles, IL-2 acts to balance immune response,
both driving immune cell activation and subsequent contraction.

Although some of the early studies on the regulatory functions of IL-2 suggested that it may
limit immune responses by enhancing Fas-mediated activation-induced cell death (AICD), it
is now clear that the primary defect in IL-2 deficient mice lies within the Treg compartment.
Treg development in the absence of IL-2 is impaired (36, 93). A plethora of studies during
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the past decade have studied the importance of IL-2 to the generation, maintenance and
functionality of Tregs.

IL-2 is required for the homeostasis and expansion of thymic-derived natural Tregs in the
periphery, and for the generation, survival and function of induced (or adaptive) Tregs.
Depletion of IL-2 or blockade of CD25 leads to the loss of Tregs and the subsequent
development of systemic autoimmunity (72). We have shown a dual role for IL-2 using a
model of self-antigen expression in which a monoclonal T cell population is transferred into
recipient mice expressing a circulating form of the cognate antigen. The transferred cells
become functionally anergic in lymphocyte sufficient hosts. In contrasts, these cells undergo
uncontrolled activation in lymphocyte deficient hosts, resulting in spontaneously resolving
systemic autoimmunity and the sequential development of both effector cell and Treg
populations (33). In the absence of IL-2, early disease pathology was attenuated the
subsequent generation of Tregs and therefore disease recovery was lost, consistent with a
role of IL-2 in promoting both effector and regulatory T cell responses (Figure 1).

In addition to the effects on the generation and survival of Tregs, IL-2 maintains Treg
homeostasis (20) and plays a role in their suppressive activity (6). Treatment of Tregs with
IL-2 results in increased suppressive capacity in co-culture assays with effector CD4+ T
cells. We have shown that when Treg apoptosis is inhibited in IL-2 deficient mice by
eliminating the BH3-only protein Bim, lethal autoimmunity still occurs, and this is due to a
critical role for IL-2 in the suppressive function of Tregs (6). IL-2 may work by enhancing
the expression of the essential Treg-specific transcription factor FoxP3, and thus multiple
FoxP3-dependent functions, and by promoting expression of CTLA-4, which is a major
mediator of Treg suppressive activity (92). In addition, it has been demonstrated that FoxP3
is able to regulate miR155 expression and the subsequent control of SOCS1, a negative
regulator of IL-2 signaling (44). Thus, IL-2 has multiple effects on Tregs that may influence
both the survival and functionality of these cells.

The surprising finding that 1L-2 has dual effects on immune responses generated interest in
understanding not only its effects in vivo, but the kinetics of those effects in order to
understand the biology of IL-2 and therefore target its therapeutic potential. Studies using
STATS5 phosphorylation as an assay to mark cells responding to IL-2 demonstrated STATS
phosphoryation in Tregs within hours of antigen stimulation while more prolonged or
repeated exposure to antigen was necessary to induce STATS5 signaling in effector cells (57).
These data demonstrated that the initial action of IL-2 is on the Treg compartment rather
than the effector compartment, consistent with the constitutive high expression of the I1L-2
receptor on Tregs. In the same studies, no other cell populations were shown to respond to
IL-2, suggesting a quite limited spectrum of action of this cytokine in vivo.

Administration of rIL-2 bound to anti-IL-2 antibody (IL-2/IL-2mAb complexes) have been
shown to enhance the natural activity of IL-2 (88). Careful dosing of IL-2 may also be
effective in specifically targeting the desired cell population. In a mouse model where
endogenous IL-2 production was absent, and hence could not confound the results, we found
that high does of IL-2 complexes strongly stimulated effector T cells while low doses of
IL-2 preferentially stimulated Tregs (HD and AKA unpublished data).

Published data using I1L-2 complexes have found that low doses selectively stimulate
regulatory T cells in vivo (8, 79), while high dose treatment result in effector T cell
activation (79). Expansion of Tregs using low dose immune complexes has been shown to
suppress autoimmune reactions in mouse models of myasthenia gravis (42), solid organ
transplantation (59), EAE (88), and autoimmune diabetes (79).
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IL-7: an environmental factor that promotes (autoreactive) memory cells

IL-7 shares a receptor component (yc chain) and signaling pathways (STATS5, PI3K) with
IL-2 and exerts similar activities on T cells in vitro. For example, IL-2 and IL-7 are both
capable of delivering powerful survival signals to T cells by inducing anti-apoptotic
members of the bcl-2 family (2, 3, 48). However, genetic elimination of these cytokines
leads to vastly different outcomes for the immune system in vivo. As was described, IL-2
deficiency leads to autoimmunity due to impaired Treg (7, 36, 76, 93). Lack of IL-7 signals
results in lymphopenia and immunodeficiency (63, 84). IL-7 fulfills important functions in T
cell development and this undoubtedly contributes to the paucity of T cells in the peripheral
lymphoid organs of IL-7 or IL-7R deficient mice and in patients with X-linked severe
combined immunodeficiency (X-SCID) (63, 84). Additionally, IL-7, in conjunction with
TCR signals, is critically important for the survival of naive T cells (70, 71, 78) and for the
maintenance of CD4* memory T cells (18, 34, 40).

IL-7 maintains peripheral T cell survival by regulating anti- and pro-apoptotic members of
the bcl-2 family (10, 13, 58, 60). While this simple regulatory mechanism explains
decreased levels of peripheral T cells in IL-7- or IL-7Ra-deficient mice, recent studies
suggest that not all T cell populations are equally dependent on IL-7 signaling. For example,
Th17 cells express high levels of IL-7Ra and treatment with anti-IL-7Ro antibodies
dramatically improved Th17-dependent EAE (43). IL-7/IL-7Ra has also been implicated in
other autoimmune diseases. IL-7 is highly expressed in the joints of rheumatoid arthritis
patients (83) and anti-1L-7Ra antibody treatment inhibits the disease in animal models (24).
Genome-wide association studies have revealed IL-7RA as a susceptibility gene for multiple
sclerosis (22, 45), type 1 diabetes(69, 81)and primary biliary cirrhosis (51), further
suggesting an important role for this cytokine in the pathogenesis of various autoimmune
diseases. The underlying mechanisms for the role of IL-7 in autoimmune disease are largely
unclear, but recent studies demonstrating that IL-7 enables anti-tumor and anti-viral T cells
to escape cell-intrinsic and - extrinsic inhibitory mechanisms may provide the answer(61,
62). (61, 62) We speculate that some of the same inhibitory mechanisms, induced by
exposure to persistent self antigens, operate to prevent autoimmunity and local increases in
IL-7 levels may allow autoreactive T cells to overcome these control mechanisms,
contributing to autoimmune pathology and tissue destruction. Blocking IL-7/IL-7R could
hence be beneficial for treating autoimmune disease by reinforcing such inhibitory loops in
autoreactive T cells (HD and AKA, unpublished data).

The cytokines IL-2 and IL-7, while exerting similar activities on T cells in vitro, exert
opposing functions in the complex environment of an in vivo immune response. IL-2, by
acting primarily on Tregs (57), suppresses T cell responses and protects against
autoimmunity (7, 16, 26, 36, 76, 79, 93). IL-7, by counteracting inhibitory mechanisms in
effector/memory cells and supporting memory cell survival, promotes immunity. Generally,
IL-2Ra and IL-7Ra show a reciprocal expression pattern in both conventional T cells and
Tregs. While the reason for this is currently not entirely clear, it suggests that the IL-2/IL-7
system acts as an alternating loop suppressing and promoting T cell responses in order to
maintain the balance between immunity and tolerance. Disruption of the equilibrium may
contribute to the development of immunopathologies and developing ways to (locally)
restore the cytokine balance carries therapeutic potential

Adding to the complexity of the interplay between IL-2 and IL-7, the two cytokines have
been shown to influence each other’s function. IL-27/~ T cells express higher levels of
IL-7R (27) and blocking IL-2R CD25 chain induces increased IL-7 mediated homeostatic
proliferation of T cells by increasing the formation of IL-7R and affecting its turnover rate
(53). On the other hand IL-2 is positively involved in the formation of IL-7RN memory cells
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(18, 30). Additionally, IL-2 and IL-7 both play a role in the production of thymic Tregs and
IL-7R signaling contributes to CD25* Treg development and peripheral homeostasis (7). All
those data indicate that in tissues such as the skin where both cytokines are present the
balance between IL-2 and IL-7 as well as their receptor expression on T cells are likely to
influence the outcome of immune responses. However the role of locally produced IL-7 in
the development and maintenance of skin resident auto-reactive CD4* T eff/mem cells as
well as Tregs is still unclear. Additionally, the mechanisms by which IL-2 controls
responses in the skin in Treg-sufficient mice have not yet been well defined. To address
these issues, our lab has developed a mouse model that features inducible expression of a
known self-antigen in the skin. Experiments using this system will be useful in providing
information that defines the role of T cell subsets and cytokines production in the induction
and maintenance of self-tolerance in peripheral tissues.

IL-2 and IL-7 in skin-specific immune responses

There is growing interest in the idea that tissues acquire the ability to regulate potentially
damaging immune responses. One way this control might be achieved is by regulating the
balance between harmful and protective lymphocytes in the tissue, and this balance may be
controlled by the production of cytokines such as IL-2 and IL-7. Keratinocyte-derived IL-7
is an essential component of the epidermal cytokine milieu and serves as a growth factor for
dendritic epidermal T cells (DETC). DETCs are a member of the epithelial tissue-type
gamma delta T-cell family that play a crucial role in inflammation, wound healing, and
tumor surveillance (46). Therefore it is not surprising that IL-7 production by keratinocytes
has been implicated in several skin pathologies such as cutaneous T cell lymphoma (65, 94).
Various experimental mouse models also emphasize the localized function of IL-7, in these
models, over-expression of IL-7 resulted in a skin phenotype only when IL-7 was produced
by cells present in the skin (66, 82) and not when IL-7 expression was targeted to the
lymphoid compartment (52, 68).

There are multiple potential sources for IL-2 in the skin, primarily skin-infiltrating T cells
(50). IL-2 has been shown to have a role in controlling “organ-specific” inflammation in the
skin of scurfy (Sf) mice (deficient in functional Tregs) (73). IL-2—/— Sf double mutant mice
were devoid of Tregs but did not develop skin and lung inflammation as control Sf mice did.
Interestingly, inflammation in the liver, pancreas and colon remained.

Regulatory and memory T cells in the skin

The skin is a site where local cells can be studied in some detail. Tregs and memory T cells
are the two major T cell populations present in the skin under pathologic conditions (19)
(14). It has been shown that 95% of all the skin resident T cells in human skin under normal
conditions are T effector memory cells expressing skin homing addressins (14). The
expression of E-selectin and P-selectin ligands (such as CLA), CCR4 and/or CCR10 results
in skin homing properties of T cells (11, 80). These skin resident T eff/mem cells are well
placed to respond to antigen that penetrates the barrier of the skin as all the elements
necessary for a memory response including T cells and APCs, which are present in the skin
and capable of inducing a secondary response. Knowing that T eff/mem cells are dependent
on IL-7 and the fact that this cytokine is constitutively produced by keratinocytes in the skin
leads us to speculate that keratinocytes provide an ideal microenvironment for T eff/mem to
reside cells forming an improved immunological barrier.

Manipulation of the IL-2 and IL-7 pathways for therapeutic benefit

Given the well-studied roles of the IL-2 and IL-7 pathways in experimental animal models,
ongoing efforts focus on exploiting these pathways to treat human disease. The potential
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clinical applicability of either augmenting or inhibiting signals mediated by IL-2 or IL-7 is
vast and includes cancer, autoimmunity, organ transplantation and HIV.

IL-2 was first used to boost immune responses in patients with advanced cancer. Although
some benefit has been reported in numerous studies (4), the utility of the agent was limited
by toxicities largely resulting from the production of inflammatory cytokines. Treated
patients also showed an increased number of blood FoxP3+ T cells, but it is not clear if these
cells had any impact on the clinical outcome (1). The cytokine has also been used to boost
immune responses in HIV-infected patients. A recent trial of combination anti-retroviral
therapy + IL-2 showed an increase in the number of circulating T cells but no clinical
benefit (1). The phenotype of the blood T cells was not determined.

Just as augmenting the IL-2 pathway can enhance immune responses, targeted inhibition of
this pathway results in immunosuppression. Clinically, this has been exploited in solid organ
transplantation using monoclonal antibodies targeting CD25. When used as induction
therapy for preventing acute rejection in recipients of kidney transplants, 1L-2 receptor
antagonists reduce the incidence of graft rejection, with less side effects (i.e., infection with
opportunistic pathogens and malignancy) when compared to standard regimens (87). Similar
results were observed in liver transplantation, where anti-1L-2 receptor therapy has been
shown to reduce the rates of both acute rejection and new onset diabetes within one year of
transplant (85). There is great interest in determining the effect of this treatment on Tregs.

One of the potentially interesting applications of IL-2 therapy is to boost Treg numbers and
function to treat inflammatory diseases. This possibility is challenging because of the known
dual actions of the cytokine (on effector/memory and Treg cells) and the need to control its
action in vivo. One possible approach is to vary the does of IL-2, perhaps in the form of
immune complexes, to target it preferentially to Tregs. Another possibility is to combine
IL-2 therapy with agents that inhibit effector responses, such as an mTOR inhibitor
(rapamycin), which is required for the generation of effector T cells but may be dispensable
for Tregs (25).

A major challenge in the treatment of inflammatory diseases may be the presence of
pathogenic memory T cells, which are likely resistant to conventional immune modulator
therapy and tolerance strategies. Since IL-7 is a known survival factor for memory T cells,
targeting this cytokine may be beneficial for inflammatory diseases. We and others have
initiated attempts to inhibit IL-7 signaling in pre-clinical models of autoimmune diseases.

In summary, published clinical trials have provided ‘proof-of-principle’ data showing that
manipulation of IL-2 and IL-7 pathways can be exploited for therapeutic benefit in several
human diseases. We are currently on the cusp of exciting translational approaches that may
enhance the benefits that have already been observed. Activation of Tregs through
administration of IL-2/1L-2mAb complexes and depletion of memory T cells via inhibition
of IL-7 signaling may provide important new tools in our armamentarium to treat
autoimmunity.

Highlights

e IL-2is involved in the generation of an immune response, driving the
proliferation and generation of effector T cells.

e IL-2is involved in the regulation of immune response, mainly in the generation
and functionality of Tregs.

e IL-7 is important in the generation of naive T cells and the maintenance of
memory cells.
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e Treg and Teff/mem cells in the skin are important for the immune response to
skin-restricted antigens.

e The possibility of using IL-2 to boost Treg numbers and responses is a target for
potential therapeutic interventions.
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Figure 1.

The opposing roles of IL-2 in the immune system: IL-2 production can induce an immune
response by promoting the proliferation and generation of CD4+ Thl, CD4+ Th2 and CD8+
CTL effector cells. In contrast IL-2 can inhibit the immune response by promoting the
survival and functionality of natural (thymic) Tregs, promoting the generation of induced
(peripheral) Tregs and inhibiting the generation of CD4+ Th17 effector cells.

Cytokine. Author manuscript; available in PMC 2012 October 1.



