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Abstract
In short, manipulation of cytokine pathways shows promise as a mean to tilt the balance of
immunity toward tolerance. Effective and regulatory T cells vary in their response to a variety of
cytokines. In particular, the ability of certain cytokines, for example, IL-2, to provide vital survival
signals to regulatory cells and to trigger death of effector T cells or impede IL-15 driven
expansion of memory cells has spurred several trials. The ability of IFNγ, IL-4, TNFα, and
lymphotoxin to exert selective effects upon crucial lymphocyte subset populations in vivo may
also enable translation into potent therapies.

Introduction
Remission of autoimmune disease activity can be produced when the therapy restrains the
capacity of self-reactive tissue destroying T cells to create tissue damage. Many
conventional immunosuppressives including calcineurin inhibitors and corticosteroids
inhibit the expansion and/or effector function of both tissue destructive effector and tissue
protective immunoregulatory T cells. Hence, the remissions are not sustained long following
withdrawal of the drug. Immune tolerance is obtained only when the functional supremacy
of autoimmune immunoregulatory T cells remains dominant following the cessation of
therapy. This review will focus upon the possibility that cytokines or cytokine antagonists
can be used to treat patients with autoimmune disorders and obtain remissions of the disease
or, even better, to restore self-tolerance. One such strategy is based on the knowledge that
cytokine related activation induced (AICD) or passive cell death (PCD) of activated effector
T cells can be a requirement for the acquisition of immune tolerance [1,2]. Cytokines
including some T cell growth factors can trigger apoptotic AICD cell death of effector T
cells and the absence of T cell growth factor renders activated T cell susceptible to PCD. As
effector and immunoregulatory T cells differ in their life or death type responses to
cytokines, manipulation of cytokine pathways can alter the balance of effector to regulatory
cells.

Main text
High affinity interleukin (IL) -2, -15, and -21 receptors are expressed on recently activated T
cells but not upon resting T cells. The family of T cell growth factors with pleiotropic and
redundant effects includes interleukins-2, -4, -7, -9, -15, and -21, each with a similar bundle
helix structure [3•]. Each of these growth factors interacts with a growth factor specific
receptor complex that consists of the common gamma chain receptor protein, a crucial
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element for spawning cell activating intracellular signals and a cytokine specific alpha chain
[3•]. In addition the receptor complexes for IL-2 and IL-15 include an identical beta chain.
In some settings, however, IL-2 and IL-15, both potent T cell growth factors, exert opposing
effects. IL-15, provided in large measure by stromal cells, triggers proliferation of CD8+ T
memory cells, a phenomenon that is enhanced by the absence or inhibition of IL-2 while
IL-2 indirectly inhibits proliferation of CD8+ memory cells [4]. The ability of IL-2 to inhibit
proliferation of memory T cells is though an indirect effect that is mediated partly by
regulatory T cells [4,5•]. IL-2 is the only T cell growth factor that following several rounds
of T cell proliferation incites massive cell death among activated effector type T cells. By
contrast IL-15 acts as an antidote to IL-2 triggered cell death [6•]. In the presence of both
IL-2 and IL-15 the apoptotic death of activated effector T cells is avoided and proliferation
of activated effector type T cells continues.

In addition IL-15 can replace the requirement for CD4+ T cells in promoting the longevity
of antigen activated CD8+ T cells via avoidance of TRAIL mediated apoptosis [7•]. Can
IL-2, a death factor for effector T cells, be used as a therapeutic for autoimmune disorders?
While IL-2 serves as a death factor for effector T cells, it serves a very different function in
respect to effects upon regulatory T cells. Lethal autoimmunity is manifest in IL-2Rβ
deficient mice, but transgenic thymic specific expression of IL-2Rβ in the IL-2Rβ deficient
mice prevents this syndrome [8••]. Moreover, IL-2 administration in concert with transfer of
CD4+ regulatory T cells serves to prevent lethal autoimmunity [9••]. Administration of IL-2
in the absence of infusions of regulatory cells can prevent autoimmunity in several mouse
models while neutralization of IL-2 can incite autoimmune gastritis [10]. Why? IL-2,
primarily produced by non-regulatory T cells, is essential for the expansion and maintenance
of regulatory T cells [10,11]. In reviewing this body of work, several have hypothesized that
manipulation of the availability of IL-2 or IL-15 to activated effector type and to regulatory
T cells may provide a means to govern the balance of cytopathic to regulatory T cells in
vivo. AICD and PCD are routine downstream consequences of T cell activation by antigen
[signal 1] plus costimulation [signal 2] [3•,12], and the integrity of these apoptotic pathways
is required for the induction of peripheral transplant tolerance across MHC barriers with
treatments that do not directly kill T cells [1,2].

Blockade or neutralization of IL-15 is an attractive strategy for treatment of rheumatoid
arthritis. Baslund et al. have reported favorable response of patients with rheumatoid
arthritis to neutralizing anti IL-15 mAb [13•]. An antagonist form of IL-15 was created
through subtle changes in the C terminus of IL-15 that rendered the molecule unable to
activate the common gamma chain receptor without impairing the affinity to the
trimolecular IL-15R complex [14•].This antagonist type IL-15 protein proved highly
effective in blocking DTH responses [14•] and disease progression in the RA-like murine
collagen-induced authentic model [15•].

By fusing immunoglobulin heavy chain genes to the cytokine related genes, the fusion
proteins possess normal cytokine related bioactivities and extremely long circulating half
lives. A strategy aimed at producing massive apoptosis of recently activated pathogenic, but
not regulatory, T cells has been developed. The strategy is based on the knowledge that (i)
the fate of activated effector and memory T cells, T cells that unlike resting T cells express
high affinity receptors for T cell growth factors, is dictated by their response to T cell
growth factors and (ii) IL-2 triggers AICD. Whereas IL-15 counteracts this signal and
protects activated effector T cells from PCD. Rapamycin, an mTOR inhibitor, blocks the
proliferative but not proapoptotic effects of IL-2 and enhances PCD. In short the power mix
regimen tilts the expansion of donor reactive T cells from a pattern in which effector T cells
are predominant to one in which regulatory T cells predominate in different transplant and
immune disease models (Figure 1).
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Using this approach, tolerance and/or unprecedented very long-term engraftment of
allografts was observed in a variety of daunting allograft models [16•]. While many
treatments have succeeded in preventing diabetes in the autoimmune NOD model, this
tripartite protocol is the one of very few short-term therapies that permanently restores
euglycemia and islet self-tolerance in new onset frankly diabetic NOD mice [17••].

The long loved IL-2.Ig molecule given as a monotherapy prevents type 1 diabetes mellitus
(T1DM) in the NOD passive transfer model [18•]. While the best outcomes in the NOD
model were obtained using both the IL-2 and IL-15 Ig related fusion proteins plus
rapamycin, either fusion protein plus rapamycin produced remissions in many treat hosts
[17••]. Indeed, the use of wild-type IL-2 plus rapamycin proved effective in preventing
spontaneous and recurrent autoimmune diabetes NOD mice [19•]. The protection is
associated with a shift from Th1-to Th2-, and Th3-type cytokine-producing cells, possibly
due to deletion of autoreactive Th1 cells [20•]. On the basis of the results of these preclinical
studies, The Immune Tolerance Network is conducting a trial of IL-2 and sirolimus in
human subjects with new onset type 1 diabetes mellitus. In light of these findings, Tang et
al. [20•] have assessed the role of IL-2 in the causation of T1DM in the NOD model. In the
NOD model survival of regulatory T cells in pancreatic lymph nodes (PNL) is
compromised. As IL-2 is an important TReg survival factor, they administered IL-2 and
found an expanded PLN TReg population. Administration of low-dose IL-2, as previously
reported, promoted Treg cell survival and protected mice from developing diabetes. Treg
cell dysfunction secondary to defective IL-2 production may lead to progressive breakdown
of self-tolerance and the development of diabetes in non-obese diabetic mice [20•].

Gamma interferon also promotes T cell AICD. Administration of a fragment of the T1DM
related glutamic acid decarboxylase [GAD] autoantigen restored normoglycemia and
clearance of islet infiltrating leukocytes. As interferonγ inhibits Th17 cells, it is fascinating
that GAD administration to NODs induced expression of IFNγ by the spleen and a marked
decrease in the frequency of Th17 cells [21]. A role for defective IL-4 expression in
causation of T1DM in the NOD has been supported by the work of Creusot et al. [22]
Administration of IL-4 or introduction of an IL-4 transgene in prediabetic mice creates
disease resistance to T1DM in NODs, but it does not reverse established diabetes. Hence,
the translation of this finding to frankly diabetic humans is uncertain.

Type 1 diabetes mellitus (T1DM) results from T cell dependent destruction of insulin-
producing beta cells in the islets of Langerhans [23]. While activated T cells are required for
the initiation of the disease in the NOD mouse, macrophages and their ability to release
inflammatory cytokines [24] such as TNFγ, IL-1β, and IL-12 [25] have also been
implicated. These cytokines have been shown to enhance Th1 mediated inflammatory
responses, which seem to be responsible, at least partly, for beta cell destruction [26]. The
marked susceptibility of islets to injurious effects of activated macrophages and
proinflammatory cytokines, cytokines that are often expressed as the product of activated
macrophages, are well known. Proinflammation cytokines clearly exert noxious effects upon
beta cells. In addition, lymphotoxin, a protein proinflammatory cytokine, promotes
formation of spleen cell lymphoid follicles. Similar follicles are present in the pancreas of
diabetic NODs. In keeping with these observations administration of soluble lymphotoxin
receptors can prevent diabetes in NOD mice despite the presence of insulitis [27].

Faustman and her colleagues report that treatment of frankly diabetic NOD mice with
complete Freund's complete adjuvant (CFA) induced expression of TNFα combined with
matched histocompatibility complex class I and self-peptide bearing splenocytes
permanently reversed the diabetes in 67% of the treated mice [28••,29••]. Several previous
reports demonstrated that CFA administration to young NOD mice prevents development of
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T1DM through effects directed at autoimmune T cells. The mechanism by which the
Faustman regimen provides therapeutic effects was deduced to be twofold. First the adjuvant
through induced expression of TNFα modulates the autoimmune state and the transplanted
islets maintain normoglycemia long enough for the spleen cell preparation to aid
regeneration of the insulin-producing beta cells. Hence, the promise of this therapy is
exceptional. Both the underlying autoimmune state is ablated and a fresh source of beta cell
precursor cell is introduced.

By contrast, efforts to replicate the experiments reported by Kodama et al. [28••] paper by
three independent groups failed in some crucial respects [30••–32••]. The results from all
three groups were consistent; they reported that splenocytes did not contribute to islet
regeneration. All three studies documented restoration of normoglycemia in a subset of
treated subjects; however, recovery of host beta cells rather than spleen cells were
responsible for this result. All three groups concluded that the adjuvant-dependent
dampening of the autoimmune attack, coupled with the recovery of residual host beta cells
were responsible for the reversal of hyperglycemia. The incidence of reversal of diabetes
albeit higher than controls did not match that observed by Faustman and her co-workers.
Clearly, the potential utility of TNFα as a potential therapy for T1DM is controversial.
Faustman and her colleagues have suggested that systemic administration of TNFα may
have potential for clinical application. In a more recent work, Faustman's lab has probed for
the sensitivity of human autoimmune potentially diabetes causing auto-reactive T
lymphocytes to TNFα [33••]. The hypothesis that TNFα or agonists of TNFα selectively kill
some, not all, autoreactive T cells, while sparing normal T cells was tested. A subpopulation
of CD8, but not CD4, T cells in patients' blood was identified as vulnerable to TNFα or
TNFα agonist-induced death [33••]. The subpopulation of T cells susceptible to TNF or
TNFR2 agonist-induced death was traced specifically to autoreactive T cells to insulin, a
known autoantigen. As other activated and memory T cell populations were resistant to
TNF-triggered death. The implications for clinical application are uncertain [33••].

Following interaction of T cell receptors with antigen (signal 1) and co-stimulation (signal
2), naïve CD4+ T cells are activated. Depending upon the fine texture of the inflammatory
milieu in which antigen activation takes place, these newly activated T cells commit to one
of several CD4+ subset phenotypes. Naïve CD4+ cells T commit to the tissue destructive,
gamma interferon expressing Th1 program when signals 1 and 2 are delivered in a milieu
rich in IL-12 [34]. By contrast, antigen activation conducted in an IL-4 rich environment
leads to commitment to the Th2 phenotype [34]. In keeping with dogma that CD4+ T cells
take cues from the cytokine environment, a TGFβ dominant environment leads naïve CD4+
T cells to commit to the regulatory phenotype [35••]. Indeed, this commitment is obtained by
the TGFβ triggered expression of the lineage unique Foxp3 lineage specification factor
[36••,37••]. Remarkably, TGFβ, in mice the presence of IL-6 [38••] or IL-21 [39••], promotes
commitment of naïve murine and human CD4+ T cells to the highly cytopathic Th17
phenotype. In man other proinflammatory cytokines, including TNFα and IL-1β in addition
to IL-6 elicit a similar effect [40••]. The presence of these proinflammatory cytokines
precludes commitment of naïve CD4+ T cells to the regulatory phenotype [38••–42••]. Th17
cells express variety of potent proinflammatory cytokines including but not limited to
IL-17A, IL-17F, and osteopontin. IL-23, while not necessary for the commitment to the
Th17 phenotype, is essential to stabilize this commitment [43••]. Th17 cells are potent
effector cells, perhaps more potent than Th1 cells, in several, but not all, autoimmune states
[41••]. A vicious cycle in respect to Th17 dependent tissue destruction is formed through
ability of Th17 cells to stimulate antigen-presenting cells to express IL-6 and by the ability
of IL-6 to stimulate commitment of naïve T cells to the Th17 phenotype. Th17 cells
participate in extremely inflamed forms of T cell dependent tissue injury. Within these
inflamed environments the ability of Foxp3+ T cells to restrain effector T cells from
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executing tissue injury is severely compromised [39••,41••]. Owing to the violence of Th17
dependent tissue injury, a means to selectively target Th17 for therapy is a potentially
important unmet need. Preliminary experiments suggest that targeting IL-17A, one of
several proinflammatory cytokines expressed by Th17 cells will not prove effective. As
IL-23 is required to maintain and expand Th17 cells, it is notable that IL-23 orchestrates
intestinal inflammation [44••–47••]. Moreover, certain IL-23R alleles are linked to disease
expression of Crohn's or ulcerative colitis [48]. Clearly the IL-23 axis emerges as an
attractive target for immunotherapy.

In contrast to efforts targeting a single cytokine, we tested the hypothesis that inflammatory
mechanisms directly trigger the loss of immune tolerance to islets and beta cell destructive
insulitis in the NOD mouse model. We demonstrated that treatment with alpha1 antitrypsin
(AAT), an agent that dampens expression of proinflammatory, but not ant-inflammatory,
cytokines and does not directly inhibit T cell activation, ablates invasive insulitis and
restores euglycemia, immune tolerance to beta cells, normal insulin signaling and insulin
responsiveness in NOD mice with recent onset T1DM by favorable changes in the
inflammatory milieu [49••]. These results support the notion that the inflammatory context in
which T cells are activated by antigen dictates the nature, aggressive or benign of the
immune response.

Conclusion
In short, manipulation of cytokine pathways shows promise as a mean to tilt the balance of
immunity toward tolerance. Effective and regulatory T cells vary in their response to a
variety of cytokines. In particular, the ability of certain cytokines, for example, IL-2, to
provide vital survival signals to regulatory cells and to trigger death of effector T cells or
impede IL-15 driven expansion of memory cells has spurred several trials. The ability of
IFNγ, IL-4, TNFα and lymphotoxin to exert selective effects upon crucial lymphocyte
population in vivo may also enable translation into the clinic. Fascinating is the observation
that IL-23/IL-23R axis is key to intestinal inflammation. The likelihood is that translational
investigators can explore these differences to fashion potent therapies.
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Figure 1.
(A) Cytolytic interleukin (IL)-2/Fc Structure. (B) Cytolytic mutant IL-15/Fc structure.
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