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1. INTRODUCTION

Chronic inflammatory and autoimmune disorders encompass a broad set
of individual clinical diseases that share underlying pathophysiologic
features. These diseases are increasingly common, represent a significant
unmet clinical need, and have galvanized substantial interest and invest-
ment within the biopharmaceutical industry. Although some idiopathic
inflammatory disorders are linked to innate immune dysregulation,
the majority of chronic inflammatory and autoimmune diseases are
driven by misguided or over-aggressive T cell responses. Accordingly, a
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comprehensive understanding of how T cells, particularly CD4" T helper
(Th) cells, develop under both normal and pathologic conditions is
instrumental in guiding new drug discovery.

T cells are of hematopoietic lineage; like all blood cells they develop
from pluripotent progenitors resident to the marrow of long bones [1]. T
cell precursors migrate from bone marrow to the thymus where they pass
through a series of maturation stages to form a mature T cell that ulti-
mately circulates through blood and lymphatic vessels [2]. In healthy
individuals, the end result of T cell ontogeny is an army of mature naive
T cells, each expressing an individualized T cell antigen receptor (TCR)
that will recognize unique danger signals in the form of microbe-derived
protein fragments (i.e., antigens), while ignoring those from host tissues
or commensal microorganisms. However, even in healthy individuals, a
small number of self-reactive T cells can, and do, escape the thymus [3]. In
response, nature has evolved a failsafe mechanism to ensure that T cell
tolerance toward host tissues is maintained, involving the parallel devel-
opment of T regulatory (Treg) cells. Treg cells are distinguished from
conventional naive T cells by their constitutive expression of the tran-
scription factor Forkhead box, winged-helix protein 3 (Foxp3); they pref-
erentially recognize self-antigens and act to dampen the activation of local
T cells through suppressive mechanisms that remain poorly elucidated
[4-6]. Current paradigms suggest that the balance between conventional
naive T cell activation (and subsequent differentiation into effector sub-
sets, see below) and Treg-mediated immune suppression controls
whether immune responses are ultimately protective, ineffective, or path-
ogenic [7,8]. Indeed, early clinical results utilizing Treg cellular therapy
supports the notion that increasing Treg numbers in autoimmune patients
can support tolerance [9].

1.1. Th17 pathway

Conventional naive T cells become activated in response to cognate anti-
gen presented in the context of MHC class II molecules on the surface of
professional antigen-presenting cells (APC), such as B cells, monocytes,
macrophages, and dendritic cells. In addition to TCR signal transduction,
APC also engage a number of co-receptors on the surface of T cells, which
can either act to enhance or inhibit T cell activation [10]. Further, APC can
produce an array of cytokines that act as tertiary signals to T cells,
instructing them to differentiate into specialized effector T cell subsets
(Th cells), which in turn orchestrate specific immune reactions aimed at
clearing individual classes of pathogens. Originally, Th cell differentia-
tion was thought to be bimodal, either resulting in T helper type 1 (Th1) or
T helper type 2 (Th2) cell development. Whereas Thl cells produce
gamma-interferon (IFNy) and activate phagocytic and cytolytic immunity
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against intracellular pathogens (e.g., viruses), Th2 cells produce IL-4, IL-5,
and IL-13 to induce humoral immunity against extracellular parasites
[11]. However, recent advances in T cell biology have expanded the list
of potential T cell subsets (see Figure 1). In particular, Th17 cells, which
express IL-17A (ie., IL-17), IL-17F, and IL-22, have been implicated in
mucosal immunity directed against fungal pathogens and some species of
bacteria. These cells are also broadly implicated in the pathogenesis of
most common autoimmune and chronic inflammatory disorders, includ-
ing rheumatoid arthritis (RA), multiple sclerosis (MS), and inflammatory
bowel diseases (IBD) [12,13].

The cytokines responsible for directing naive T cell differentiation into
Th17 cells include transforming growth factor f (TGF-B) and the acute
phase protein IL-6 [14-16]. This combination of cytokines potently acti-
vates signal transducer activator of transcription (Stat)-3, which subse-
quently promotes expression of the retinoic acid-related orphan nuclear
receptor RORyt (RORC in humans) [15-17]. Stat3 and RORyt subse-
quently function in a synergistic fashion to activate expression of IL-17.
In addition, IL-23, another Stat3-activating cytokine, has been shown to
act on developing Th17 cells to enforce IL-17 expression and stabilize the
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Figure 1 Model of T cell development and differentiation. Naive T cells and Tregs
develop in the thymus. Naive T cells become activated by antigens in the periphery and
can differentiate into one of three effector linages (e.g., Th1, Th2, Th17). Regulatory

T cells block the activation of bystander naive T cells.
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Th17 lineage [18]. Given the broad role of Th17 cells reported in immuno-
inflammation, inhibiting Th17 cell development and/or function has
profound therapeutic implications for autoimmune and chronic inflam-
matory indications.

At least two distinct strategies can be envisaged to target Thl17-
mediated inflammation: (1) blocking Th17 effector function and (2) block-
ing Th17 differentiation. By either strategy, targeting Th17 cells specifi-
cally represents a significant advance over current clinical modalities that
act more broadly to cripple the immune system (i.e., immunosuppres-
sants, cyclosporine A, rapamycin). The drug discovery/development
efforts of both these strategies will be discussed in the next section.

1.2. Treg pathway and immune homeostasis

Evidence from both autoimmune mouse models and human patients
reveal that Treg cells are necessary to prevent spontaneous autoimmunity
throughout life [19,20]. However, Treg cells do not necessarily distinguish
among the types of T cell responses they inhibit. Recent data clearly
indicates that Treg cells can also regulate immune responses to pathogens
and developing tumors [21-23]. In fact, solid tumors may even actively
recruit Treg cells as a means to preventing immunosurveillance [24].
Although human Treg biology is still in its infancy, we highlight some
recent clinical advances that may modulate Treg function.

2. CURRENT TARGETS AND MOLECULES IN DEVELOPMENT

2.1. Th17 effector function

Several approaches have been taken to block Th17 cell cytokines. Current
molecules and their development statuses are detailed below.

2.1.1. IL-17/1L-17 receptor antibodies

IL-17 and IL-17F are known to induce local cytokine and chemokine
production, resulting in tissue inflammation characterized by neutrophil
recruitment. IL-17 has been shown to play a key role in preclinical animal
models including collagen induced arthritis (CIA) and experimental auto-
immune encephalomyelitis (EAE) [25-29].

Secukinumab (AIN457), a monoclonal antibody (mAb) that neutra-
lizes IL-17, is being evaluated for the treatment of uveitis, psoriasis, and
other inflammatory conditions. In a Phase 3 study, AIN457 did not meet
its primary endpoint in the treatment of non-infectious uveitis in patients
with Behcets disease [30,31]. AIN457 is currently being evaluated in other
uveitis studies [32]. Proof of concept has been shown in other
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inflammatory indications including psoriasis, RA, and ankylosing spon-
dylitis. In psoriasis patients, AIN457 treatment showed greater benefit
than placebo at all time points up to week 12, as measured by PASI50
(Psoriasis Area and Severity Index 50), reductions of histomorphological
signs of acanthosis and epidermal hyperplasia, and changes in gene
expression of markers of the IL-17A pathway [33]. In the RA trial, patients
achieved ACR20 (American College of Rheumatology 20) response rates
(50% for AIN457 and 31% for placebo) by week 4 (P = 0.13) which were
maintained at week 16 (54% vs. 31%; P = 0.08). The 28-joint disease
activity scores (DAS28) and C-reactive protein (CRP) values significantly
decreased over time [33]. In a Phase 2 ankylosing spondylitis trial,
AIN457 induced significantly higher ASAS20 (Assessment of Spondy-
loArthritis international Society 20) responses than placebo at week 6
meeting the primary endpoint [34].

Other anti-IL-17 humanized mAbs under clinical development
include LY2439821 for the treatment of RA and psoriasis, RG-4934 for
the treatment of RA, RO-5310074 for the treatment of psoriatic arthritis
(PsA), and MEDI-571 for the treatment of RA [35-38]. AMG 827, a fully
human mAb that binds to the IL-17 receptor and blocks its signaling, is
currently being investigated as a treatment for a variety of inflammatory
disorders including RA and psoriasis [39,40].

2.2. Th17 differentiation

Current understanding of Th17 cell differentiation and maintenance has
indicated several points of therapeutic intervention. These include block-
ing of critical cytokines IL-6, IL-21, and IL-23 and their receptors, blocking
the JAK/STAT pathway and antagonizing transcription factors such as
RORyt and the aryl hydrocarbon receptor (AhR).

2.2.1. IL-6/1L-6 receptor antibodies

As discussed above, IL-6 is indispensable for the differentiation of Th17
cells from naive precursors; it also inhibits TGF-B-induced expression of
Foxp3 [16,41]. Stimulation by IL-6 in the lymph node or inflamed periph-
eral tissues activates JAK/STAT pathway, resulting in Stat3 activation,
RORyt (and RORa) expression, and subsequent frans-activation of both
IL-21 and the IL-23 receptor (IL-23R). Autocrine signaling through IL-21/
IL-21R and through IL-23 further stabilizes Stat3 activity resulting in
epigenetic modifications at the Il17a/f locus that allow for sustained
inflammatory cytokine production [42].

Tocilizumab, a recombinant humanized mAb against IL-6 receptor
(IL-6R), has been approved for the treatment of RA and Castleman dis-
ease. The antibody is currently being evaluated in Phase 3 trials for
ankylosing spondylitis [43]. SAR-153191 (REGN-88), an IL-6R antibody,
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is in Phase 3 trials for RA and ankylosing spondylitis [44]. Olokizumab,
CNTO-136, and ALD-518 are anti-IL-6 antibodies being evaluated in
Phase 2 trials for RA [45-47]. CNTO-136 is also in Phase 2 trials for
systemic lupus erythematosus (SLE) and lupus nephritis [48].

2.2.2. IL-23 and IL-12/23 antibodies

IL-23 is a heterodimeric cytokine produced by activated APC. It com-
prises IL-23p19 and IL-12p40, and signaling through the IL-23R is essen-
tial for the survival and stabilization of the Th17 phenotype. IL-23 has
been implicated in several inflammatory conditions such as colitis, gastri-
tis, arthritis, and psoriasis [49-53]. Ustekinumab, a humanized antibody
targeting the p40 subunit of IL-12 and IL-23, was approved recently for
the treatment of psoriasis. The antibody is in Phase 3 trials for PsA and
Phase 2 trials for Crohn’s disease [54,55]. SCH-90222, an anti-IL-23 anti-
body, is in development for psoriasis (Phase 2) [56]. An orally bioavailable
small molecule inhibitor of IL-12 and IL-23 production, STA-5326, 1, is
also under development for psoriasis and Crohn’s disease [57]. STA-5326
inhibits c-Rel translocation which results in inhibition of the expression of
genes encoding the p40 subunit present in both IL-12 and IL-23 [58].
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2.2.3. JAK/STAT pathway inhibitors
IL-6, IL-21, and IL-23 all regulate Th17 differentiation through their acti-
vation of Stat3. Stat3 activation downstream of these receptors is mediated
by receptor associated Janus kinases (JAKs), which include JAK1, JAK2,
JAK3, and TYK2. Several small molecule modulators targeting the
JAK/STAT pathway have been developed that affect Thl7 function
and have anti-inflammatory activity; some examples are discussed below.
CP-690550, 2, is a pan JAK inhibitor with low nanomolar potency
against JAK1, JAK2, and JAK3, but with functional selectivity for JAK1/
3 versus JAK2 in cellular assays [59,60]. CP-690550 has shown preclinical
efficacy in mouse CIA and rat adjuvant-induced arthritis models [59,60].
CP-690550 is currently in Phase 3 trials for RA and Phase 2 trials for
prevention of acute (renal) allograft rejection, psoriasis (oral and topical),
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Crohn’s disease, ulcerative colitis, and dry eye disease (topical). In the
ORAL Sync Phase 3 study, in moderate-to-severe RA, CP-690550 met its
primary endpoints showing statistically significant changes versus pla-
cebo in reducing signs and symptoms of RA, based on ACR20 response
rates at 6 months and improved physical function [61,62].

INCB018424, 3, is a selective small molecule inhibitor of JAK1 and
JAK?2 that potently inhibits cytokine-induced JAK signaling and function
in lymphocytes and keratinocytes [63]. In an open label subtotal inunction
study in 25 patients with plaque psoriasis, transcriptional changes in
biopsies at baseline and following 28 days of topical INCB018424 treat-
ment were consistent with decreased Thl and Th17 lymphocyte activa-
tion, decreased epidermal hyperplasia and dendritic cell activation. In a
subsequent Phase 2b study, the primary endpoint of total lesion score for
all dose groups was decreased greater than two-fold over vehicle control
at day 84 [63]. INCB028050, a selective orally bioavailable JAK1/JAK2
inhibitor, is currently under clinical evaluation for the treatment of RA
[64].
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2.2.4. Inhibitors of transcription factors

Activation of STAT3 by each of the critical cytokines (IL-6, IL-21, IL-23)
results in the induction of RORyt and RORa, which subsequently leads to
expression of IL-17. Forced overexpression of RORyt in human naive T
cells induces a Th17-like phenotype, by inducing IL-17A, IL-17F, IL-26,
and CCR6 expression and downregulating IFN-y secretion [15,65,66]. In
vivo, RORyt-deficient mice are protected in an EAE model, show reduced
susceptibility to allergen-induced airway inflammation, and are protected
against crescentic glomerulonephritis [15,67,68]. In addition, it also has
been shown that RORyt-deficient T cells do not induce colitis when
adoptively transferred [69]. There have been very few reports in the
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literature that disclose RORyt inhibitors. Jetten et al. have shown that
selective LXXLL peptides (e.g., VLVEHPILGGLLSTRVDSS) bind to the
ligand binding domain of RORyt and antagonize RORyt-mediated tran-
scriptional activation [70]. It has been reported that carboxylic acid-con-
taining compounds (e.g., LE 135, 4) structurally related to all trans retinoic
acid (ATRA) are RORyt inhibitors which reduced IL-17 production from
activated human peripheral blood mononuclear cells in a dose-dependent
manner [71]. Recently, Huh et al. reported that digoxin, 5, a cardiac
glycoside, and two synthetic derivatives selectively inhibited RORyt
activity and suppressed mouse and human Th17 differentiation. Treat-
ment with 5 delayed onset and reduced severity of disease in a mouse
EAE model [72].

AhR, a ligand-activated transcription factor, has been shown to regu-
late Th17-cell development and Treg differentiation in mice [73,74]. AhR
expression in CD4" T cells in mice was found to be restricted to the Th17
cell subset and is essential for IL-22 production. AhR-deficient mice
develop less severe disease in an EAE model. Studies indicate that AhR
may also be involved in the expression of the anti-inflammatory T cell
cytokine IL-10 during T cell differentiation [75,76]. Several flavonoids
including apigenin, 6, naringenin, 7, and CH-223191, 8, function as
AhR antagonists which may be useful in the treatment of autoimmune
diseases [77].
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2.2.5. Halofuginone and the amino acid starvation response
Halofuginone, 9, is a synthetic derivative of febrifugine, 10, a naturally
occurring alkaloid found in the root of hydrangea plants. Halofuginone
has been reported to be a potent and selective inhibitor of Th17 differenti-
ation which functions by inducing a state of nutritional stress known as
the amino acid starvation response. Treatment of naive T cells with 9 was
found to block Th17 differentiation and concomitantly increase Foxp3
expression without impacting cell proliferation, or Th1 or Th2 differenti-
ation. Administration of 9 to mice selectively reduced both Th17 differen-
tiation and the development of Th17-driven EAE. In a second EAE model
driven entirely by IFNy-producing Th1 cells, 9 did not prevent disease
onset or severity [78]. The direct cellular target of 9 remains unknown.
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23. Treg biologics

23.1. Anti-CD3 antibodies

Anti-CD3 antibodies act as immunosuppressants, both by reducing the
number of effector T cells and inducing the development of adaptive
Tregs, although the underlying mechanism is not fully understood [79].
Muromonab-CD3 (a mouse mAb against human CD3) was approved for
the prevention of renal allograft rejection, but an important side effect is
CRS (cytokine release syndrome) [80,81]. Two humanized FcR nonbind-
ing anti-CD3 antibodies (teplizumab and otelixizumab) have since been
developed. In recent Phase 3 studies in patients with recent-onset Type 1
diabetes mellitus (T1DM), both teplizumab and otelixizumab failed to
meet the primary end points [82,83]. Trials with otelixizumab in adoles-
cents and adults with newly diagnosed T1DM, RA, and thyroid eye
disease are ongoing [84-89]. A Phase 2 trial is currently underway to
evaluate if teplizumab can help prevent or delay the onset of TIDM in
relatives at high risk of developing the disease [90].

2.3.2. CTLA-4-Ig fusion protein

CTLA-4 (Cytotoxic T-Lymphocyte Antigen 4) is a cell-surface molecule
that binds CD80 and CD86, resulting in an inhibitory signal that leads to
suppression of T cell proliferation. Treg-specific CTLA-4-deficient mice
spontaneously develop systemic lymphoproliferation, fatal T cell-
mediated autoimmune disease, hyperproduction of immunoglobulin E,
and enhanced tumor immunity [91].

Abatacept (ORENCIA®), a fully human fusion protein that binds to
CD80/CD86 with high affinity, has been approved for RA and juvenile
idiopathic arthritis [92]. Trials to evaluate abatacept in Crohn’s disease,
ulcerative colitis, and in non-life-threatening SLE failed to meet their
primary endpoints [93-96]. Efficacy was observed in the treatment of
170 patients with PsA with 48% of patients achieving ACR20 for abatacept
versus 19% for placebo (P = 0.006) [97]. Additional trials in prevention of
GVHD and in the treatment of lupus nephritis are ongoing [98].

2.4. Emerging targets influencing Treg function

Epigenetic regulation and posttranslational modification of Foxp3 in
Tregs have been studied by several groups. Loosdregt et al. reported
that Foxp3 acetylation is regulated by histone acetyltransferase p300 and
histone deacetylase SIRT1 [99]. Ex vivo treatment of CD4™ T cells with
SIRT1 inhibitor nicotinamide, 11, resulted in increased Foxp3 levels and
increased suppressive activity. An evolutionarily conserved CpG-rich
element within the Foxp3 locus was identified by Huehn et al. that was



Targeting Th17 and Treg Signaling Pathways in Autoimmunity 165

selectively demethylated in natural Tregs (nTregs), but not in conven-
tional T cells or in in vitro generated iTregs [100]. The methylation status
of this Treg-specific demethylated region (TSDR) can be manipulated by
inhibitors of DNA methyltransferase 1 (DNMT1), such as 5-azacytidine
12. Huehn et al. reported that 12 promoted a more stable Foxp3 expression
[101]. Hancock et al. have reported that Tregs isolated from HDACY-
deficient mice were more abundant and displayed increased suppressive
function in vitro and in vivo; these cells also showed enhanced expression
of Foxp3, CTLA-4, and GITR (glucocorticoid-induced TNFR-related pro-
tein), as well as increased acetylation of Foxp3 [102]. The HDAC9-defi-
cient mice are also reported to be resistant to DSS-induced colitis [103].
Similar effects have been reported with Trichostatin A (13), a pan-HDAC
inhibitor, on Treg numbers and in prevention of DSS-induced colitis
[102,103].
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Two different kinases have been reported to modulate Treg function.
Glycogen synthase kinase-3 (GSK-3p) regulates B-catenin, which has been
shown to prolong Treg survival [104]. A GSK-3p inhibitor (SB216763, 14)
was reported to increase Treg suppressive activity and prolong Foxp3
levels [105]. In vivo, SB216763 treatment afforded a modest effect in
prolonging islet survival in an allotransplant mouse model. Zanin-
Zhorov et al. have reported that treatment with Protein Kinase C-theta
(PKC-8) inhibitor C20 (15) protected Tregs from inactivation by TNF-o,
enhanced suppressive function of defective Tregs from RA patients, and
enhanced the protective capabilities of Tregs in a T cell induced colitis
model [106].
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Recent studies have shown that fingolimod, 16, an S1P receptor mod-
ulator, increases the functional activity of Tregs [107]. In a mouse model of
colitis, treatment with fingolimod resulted in upregulation of Foxp3,
IL-10, TGF-B, and CTLA-4, and it significantly suppressed the develop-
ment of disease [108]. There are several reports that TLR ligands can
modulate Treg function: TLR7 agonists imiquimod, 17; gardiquimod,
18; and flagellin (a TLR5 ligand) have been reported to enhance Treg

suppressive function [109,110].
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3. CONCLUSIONS

T cell-driven autoimmune disorders continue to present a significant
unmet clinical need. Advances in our understanding of T cell activation,
differentiation, and regulation have yielded novel approaches to
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specifically dampen pathogenic immune reactions without creating
potentially dangerous states of general immune suppression. As dis-
cussed throughout, specific modulation of Th17 and Treg cells affords
broad therapeutic promise for the treatment of autoimmune and chronic
inflammatory conditions. Clinical results from the current biopharmaceu-
tical therapies will provide further validation for such targeted pathways.
Even though there are relatively few reports of small molecule modula-
tors of Th17 and Treg cell function, several targets have been identified
providing new opportunities for small molecule drug discovery.

REFERENCES

[1] S. H. Orkin, Curr. Opin. Cell Biol., 1995, 7, 870.
[2] A.C. Carpenter and R. Bosselut, Nat. Immunol., 2010, 11, 666.
[3] C.]J. Kroger, R. R. Flores, M. Morillon, B. Wang and R. Tisch, Arch. Immunol. Ther. Exp.,
2010, 58, 449.
[4] Y. Zheng and A. Y. Rudensky, Nat. Immunol., 2007, 8, 457.
[5] C.S.Hsieh,Y.Zheng, Y. Liang, J. D. Fontenot and A. Y. Rudensky, Nat. Immunol., 2006,
7, 401.
[6] S.Sakaguchi, M. Miyara, C. M. Costantino and D. A. Hafler, Nat. Rev. Immunol., 2010,
10, 490.
[7]1 J. H. Buckner, Nat. Rev. Immunol., 2010, 10, 849.
[8] H. Waldmann, Nat. Rev. Nephrol., 2010, 6, 569.
[9] J. L. Riley, C. H. June and B. R. Blazar, Immunity, 2009, 30, 656.
[10] A. H. Sharpe, Immunol. Rev., 2009, 229, 5.
[11] I C. Ho and L. H. Glimcher, Cell, 2002, 109, S109.
[12] T. Korn, E. Bettelli, M. Oukka and V. K. Kuchroo, Annu. Rev. Immunol., 2009, 27, 485.
[13] C. T. Weaver, R. D. Hatton, P. R. Mangan and L. E. Harrington, Annu. Rev. Immunol.,
2007, 25, 821.
[14] D.]J. Cua and R. A. Kastelein, Nat. Immunol., 2006, 7, 557.
[15] L I. Ivanov, B. S. McKenzie, L. Zhou, C. E. Tadokoro, A. Lepelley, J. ]. Lafaille, D. J. Cua
and D. R. Littman, Cell, 2006, 126, 1121.
[16] E. Bettelli, Y. Carrier, W. Gao, T. Korn, T. B. Strom, M. Oukka, H. L. Weiner and
V.K. Kuchroo, Nature, 2006, 441, 235.
[17] X. O. Yang, A. D. Panopoulos, R. Nurieva, S. H. Chang, D. Wang, S. S. Watowich and
C. Dong, J. Biol. Chem., 2007, 282, 9358.
[18] M. ]J. McGeachy, K. S. Bak-Jensen, Y. Chen, C. M. Tato, W. Blumenschein,
T. McClanahan and D. J. Cua, Nat. Immunol., 2007, 8, 1390.
[19] J. M. Kim, ]. P. Rasmussen and A. Y. Rudensky, Nat. Immunol., 2007, 8, 191.
[20] J. Kim, K. Lahl, S. Hori, C. Loddenkemper, A. Chaudhry, P. De Roos, A. Rudensky and
T. Sparwasser, . Immunol., 2009, 183, 7631.
[21] J. M. Lund, L. Hsing, T. T. Pham and A. Y. Rudensky, Science, 2008, 320, 1220.
[22] Y. Furuichi, H. Tokuyama, S. Ueha, M. Kurachi, F. Moriyasu and K. Kakimi, World
J. Gastroenterol., 2005, 11, 3772.
[23] K. Klages, C. T. Mayer, K. Lahl, C. Loddenkemper, M. W. Teng, S. F. Ngiow,
M. J. Smyth, A. Hamann, J. Huehn and T. Sparwasser, Cancer Res., 2010, 70, 7788.
[24] A. W. Mailloux and M. R. Young, Crit. Rev. Immunol., 2010, 30, 435.
[25] S. Nakae, A. Nambu, K. Sudo and Y. Iwakura, J. Immunol., 2003, 171, 6173.



168 Shomir Ghosh et al.

[26] E. Lubberts, M. I. Koenders, B. Oppers-Walgreen, L. van den Bersselaar, C. J. Coenen-
de Roo, L. A. Joosten and W. B. van den Berg, Arthritis Rheum., 2004, 50, 650.

[27] Y. Komiyama, S. Nakae, T. Matsuki, A. Nambu, H. Ishigame, S. Kakuta, K. Sudo and
Y. Iwakura, J. Immunol., 2006, 177, 566.

[28] X. O. Yang, S. H. Chang, H. Park, R. Nurieva, B. Shah, L. Acero, Y. H. Wang,
K. S. Schluns, R. R. Broaddus, Z. Zhu and C. Dong, J. Exp. Med., 2008, 205, 1063.

[29] H. H. Hofstetter, S. M. Ibrahim, D. Koczan, N. Kruse, A. Weishaupt, K. V. Toyka and
R. Gold, Cell. Immunol., 2005, 237, 123.

[30] http://www.novartis.com/newsroom/media-releases/en/2011/1482782.shtml.

[31] http://clinicaltrials.gov/ct2/show /NCT00995709.

[32] http://clinicaltrials.gov/ct2/show/NCT01103024.

[33] W. Hueber, D. D. Patel, T. Dryja, A. M. Wright, I. Koroleva, G. Bruin, C. Antoni,
Z. Draelos, M. H. Gold, Psoriasis Study Group, P. Durez, P. P. Tak, J. J. Gomez-
Reino, RA Study Group, C. S. Foster, R. Y. Kim, C. M. Samson, N. S. Falk, D. S. Chu,
D. Callanan, Q. D. Nguyen, Uveitis Study Group, K. Rose, A. Haider and F. Di Padova,
Sci. Transl. Med., 2010, 2, 52ra72.

[34] D. Baeten, ]. Sieper, P. Emery, J. Braun, D. Van der Heijde, I. McInnes, J. M. Van Laar,
R. Landewé, P. Wordsworth, J. Wollenhaupt, H. Kellner, J. Paramarta, A. P. Bertolino,
A. M. Wright and W. Hueber, Presented at ACR/ARHP Annual Scientific meeting,
Atlanta, November, 2010, Poster L7.

[35] (a) http://clinicaltrials.gov/ct2/show/NCT01107457; (b) http://clinicaltrials.gov/
ct2/show /NCT00966875.

[36] http://www.roche.com/irp110202.pdf.

[37] http://clinicaltrials.gov/ct2/show /NCT01199809.

[38] C. Langham, C. Russell, W. Barker, M. Abbott, S. Almond, E. Kelly and S. Dawson,
Arthritis Rheum., 2009, 60, Suppl. 10, Abstract 8.

[39] http://clinicaltrials.gov/ct2/show /NCT00950989.

[40] http://clinicaltrials.gov/ct2/show/NCT01101100.

[41] P.R.Mangan, L. E. Harrington, D. B. O’'Quinn, W. S. Helms, D. C. Bullard, C. O. Elson,
R. D. Hatton, S. M. Wahl, T. R. Schoeb and C. T. Weaver, Nature, 2006, 441, 231.

[42] E. Bettelli, T. Korn and V. K. Kuchroo, Curr. Opin. Immunol., 2007, 19, 652.

[43] http://clinicaltrials.gov/ct/show/NCT01209689.

[44] http://clinicaltrials.gov/ct/show/NCT01118728.

[45] http://clinicaltrials.gov/ct/show/NCT01296711.

[46] http://clinicaltrials.gov/ct/show /NCT00718718.

[47] http://clinicaltrials.gov/ct/show/NCT00867516.

[48] http://clinicaltrials.gov/ct/show /NCT01273389.

[49] B. Oppmann, R. Lesley, B. Blom, J. C. Timans, Y. Xu, B. Hunte, F. Vega, N. Yu, ]. Wang,
K. Singh, F. Zonin, E. Vaisberg, T. Churakova, M. Liu, D. Gorman, ]J. Wagner,
S. Zurawski, Y. Liu, J. S. Abrams, K. W. Moore, D. Rennick, R. de Waal-Malefyt,
C. Hannum, J. F. Bazan and R. A. Kastelein, Immunity, 2000, 13, 715.

[50] C.S. Lankford and D. M. Frucht, J. Leukoc. Biol., 2003, 73, 49.

[51] D. McGovern and F. Powrie, Gut, 2007, 56, 1333.

[52] K. Kikly, L. Liu, S. Na and J. D. Sedgwick, Curr. Opin. Immunol., 2006, 18, 670.

[53] E. Lee, W. L. Trepicchio, J. L. Oestreicher, D. Pittman, F. Wang, F. Chamian,

M. Dhodapkar and J. G. Krueger, J. Exp. Med., 2004, 199, 125.

http://clinicaltrials.gov /ct2 /show /NCT01009086.

http: // clinicaltrials.gov/ct2/show/NCT00771667.

http://clinicaltrials.gov/ct2 /show /study /NCT01225731.

A. Billich, IDrugs, 2007, 10, 53.

[54
[55
156
[57

—_


http://www.novartis.com/newsroom/media-releases/en/2011/1482782.shtml
http://www.novartis.com/newsroom/media-releases/en/2011/1482782.shtml
http://clinicaltrials.gov/ct2/show/NCT00995709
http://clinicaltrials.gov/ct2/show/NCT00995709
http://clinicaltrials.gov/ct2/show/NCT01103024
http://clinicaltrials.gov/ct2/show/NCT01103024
http://clinicaltrials.gov/ct2/show/NCT01107457
http://clinicaltrials.gov/ct2/show/NCT01107457
http://clinicaltrials.gov/ct2/show/NCT00966875
http://clinicaltrials.gov/ct2/show/NCT00966875
http://clinicaltrials.gov/ct2/show/NCT00966875
http://www.roche.com/irp110202.pdf
http://www.roche.com/irp110202.pdf
http://clinicaltrials.gov/ct2/show/NCT01199809
http://clinicaltrials.gov/ct2/show/NCT01199809
http://clinicaltrials.gov/ct2/show/NCT00950989
http://clinicaltrials.gov/ct2/show/NCT00950989
http://clinicaltrials.gov/ct2/show/NCT01101100
http://clinicaltrials.gov/ct2/show/NCT01101100
http://clinicaltrials.gov/ct/show/NCT01209689
http://clinicaltrials.gov/ct/show/NCT01209689
http://clinicaltrials.gov/ct/show/NCT01118728
http://clinicaltrials.gov/ct/show/NCT01118728
http://clinicaltrials.gov/ct/show/NCT01296711
http://clinicaltrials.gov/ct/show/NCT01296711
http://clinicaltrials.gov/ct/show/NCT00718718
http://clinicaltrials.gov/ct/show/NCT00718718
http://clinicaltrials.gov/ct/show/NCT00867516
http://clinicaltrials.gov/ct/show/NCT00867516
http://clinicaltrials.gov/ct/show/NCT01273389
http://clinicaltrials.gov/ct/show/NCT01273389
http://clinicaltrials.gov/ct2/show/NCT01009086
http://clinicaltrials.gov/ct2/show/NCT01009086
http://clinicaltrials.gov/ct2/show/NCT00771667
http://clinicaltrials.gov/ct2/show/NCT00771667
http://clinicaltrials.gov/ct2/show/study/NCT01225731
http://clinicaltrials.gov/ct2/show/study/NCT01225731

Targeting Th17 and Treg Signaling Pathways in Autoimmunity 169

[58] Y. Wada, R. Lu, D. Zhou, J. Chu, T. Przewloka, S. Zhang, L. Li, Y. Wu, J. Qin,
V. Balasubramanyam, J. Barsoum and M. Ono, Blood, 2007, 109, 1156.

[59] M. E. Flanagan, T. A. Blumenkopf, W. H. Brissette, M. F. Brown, J. M. Casavant,
C. Shang-Poa, J. L. Doty, E. A. Elliott, M. B. Fisher, M. Hines, C. Kent, E. M. Kudlacz,
B. M. Lillie, K. S. Magnuson, S. P. McCurdy, M. J. Munchhof, B. D. Perry, P. S. Sawyer,
T. ]. Strelevitz, C. Subramanyam, J. Sun, D. A. Whipple and P. S. Changelian, ]. Med.
Chem., 2010, 53, 8468.

[60] L. Vijayakrishnan, R. Venkataramanan and P. Gulati, Trends Pharmacol. Sci., 2011, 32,
25.

[61] Press release, March 4, 2011, http: // www.pfizer.com.

[62] http://clinicaltrials.gov/ct2/show /NCT00960440.

[63] K. Callis Duffin, M. Luchi, R. Fidelus-Gort, R. Newton, J. Fridman, T. Burn, P. Haley,
P. Scherle, R. Flores, N. Punwani, R. Levy, W. Williams and A. Gottlieb, Presented at
Society for Investigative Dermatology, 2010, Poster 261, May 5.

[64] ]J. S. Fridman, P. A. Scherle, R. Collins, T. C. Burn, Y. Li, J. Li, M. B. Covington,
B. Thomas, P. Collier, M. F. Favata, X. Wen, ]J. Shi, R. McGee, P. ]. Haley, S. Shepard,
J. D. Rodgers, S. Yeleswaram, G. Hollis, R. C. Newton, B. Metcalf, S. M. Friedman and
K. Vaddji, J. mmunol., 2010, 184, 5298.

[65] X. O. Yang, B. P. Pappu, R. Nurieva, A. Akimzhanov, H. S. Kang, Y. Chung, L. Ma,
B. Shah, A. D. Panopoulos, K. S. Schluns, S. S. Watowich, Q. Tian, A. M. Jetten and
C. Dong, Immunity, 2008, 28, 29.

[66] 1. 1. Ivanov, L. Zhou and D. R. Littman, Semin. Immunol., 2007, 19, 409.

[67] J. E. Alcorn, C. R. Crowe and J. K. Kolls, Annu. Rev. Physiol., 2010, 72, 495.

[68] O. M. Steinmetz, S. A. Summers, P. Y. Gan, T. Semple, S. R. Holdsworth and
A. R. Kitching, J. Am. Soc. Nephrol., 2011, 22, 472.

[69] M. Leppkes, C. Becker, I. I. Ivanov, S. Hirth, S. Wirtz, C. Neufert, S. Pouly,
A. ]J. Murphy, D. M. Valenzuela, G. D. Yancopoulos, B. Becher, D. R. Littman and
M. F. Neurath, Gastroenterology, 2009, 136, 257.

[70] S.Kurebayashi, T. Nakajima, S. C. Kim, C. Y. Chang, D. P. McDonnell, J. P. Renaud and
A.M. Jetten, Biochem. Biophys. Res. Commun., 2004, 315, 919.

[71] U. Deuschle, U. Abel, C. Kremoser, T. Schlueter, T. Hoffmann and S. Perovic-ottstadt,
WO Patent Application 2010/049144, 2010.

[72] J.R. Huh, M. W. Leung, P. Huang, D. A. Ryan, M. R. Krout, R. R. Malapaka, J. Chow,
N. Manel, M. Ciofani, S. V. Kim, A. Cuesta, F. R. Santori, J. J. Lafaille, H. E. Xu,
D. Y. Gin, F. Rastinejad and D. R. Littman, Nature, 2011, Published online, Mar 27, 2011.

[73] E.]. Quintana, A. S. Basso, A. H. Iglesias, T. Korn, M. F. Farez, E. Bettelli, M. Caccamo,
M. Oukka and H. L. Weiner, Nature, 2008, 453, 65.

[74] M. Veldhoen, K. Hirota, A. M. Westendorf, J. Buer, L. Dumoutier, J. C. Renauld and
B. Stockinger, Nature, 2008, 453, 106.

[75] L. Apetoh, F. ]. Quintana, C. Pot, N. Joller, S. Xiao, D. Kumar, E. J. Burns, D. H. Sherr,
H.L. Weiner and V. K. Kuchroo, Nat. Immunol., 2010, 11, 854.

[76] R. Gandhi, D. Kumar, E. J. Burns, M. Nadeau, B. Dake, A. Laroni, D. Kozoriz,
H.L. Weiner and F. J. Quintana, Nat. Immunol., 2010, 11, 846.

[77] B. Stockinger and M. Veldhoen, WO Patent Application 2009/115807, 2009.

[78] M. S. Sundrud, S. B. Koralov, M. Feuerer, D. P. Calado, A. E.-H. Kozhaya, A. Rhule-
Smith, R. E. Lefebvre, D. Unutmaz, R. Mazitschek, H. Waldner, M. Whitman, T. Keller
and A. Rao, Science, 2009, 324, 1334.

[79] D. Bresson and M. von Herrath, Sci. Transl. Med., 2011, 3, 68ps4.

[80] T.T.Hansel, H. Kropshofer, T. Singer, J. A. Mitchell and A. J. T. George, Nat. Rev. Drug.
Discovery, 2009, 9, 325.

[81] R. S. Gaston, M. H. Deierhoi, T. Patterson, Ed. Prasthofer, B. A. Julian, W. H. Barber,
D.A. Laskow, A. G. Diethelm and J. J. Curtis, Kidney Int., 1991, 39, 141.


http://www.pfizer.com
http://www.pfizer.com
http://clinicaltrials.gov/ct2/show/NCT00960440
http://clinicaltrials.gov/ct2/show/NCT00960440

170 Shomir Ghosh et al.

[82] http://newsroom lilly.com/ReleaseDetail.cfm?sh_print=yes&releaseid=521014.

[83] http://www.tolerx.com/index.php?page=prdetail&id=204.

[84] http://clinicaltrials.gov/ct2/show/NCT01222078.

[85] http://clinicaltrials.gov/ct2/show /NCT00678886.

[86] http://clinicaltrials.gov/ct2/show/NCT01123083.

[87] http://clinicaltrials.gov/ct2/show /NCT01077531.

[88] http://clinicaltrials.gov/ct2/show/NCT01101555.

[89] http://clinicaltrials.gov/ct2/show/NCT01114503.

[90] http://clinicaltrials.gov/ct2/show/NCT01030861.

[91] K. Wing, Y. Onishi, P. Prieto-Martin, T. Yamaguchi, M. Miyara, Z. Fehervari,
T. Nomura and S. Sakaguchi, Science, 2008, 322, 271.

[92] U. Fiocco, P. Sfriso, F. Oliviero, E. Pagnin, E. Scagliori, C. Campana, S. Dainese,
L. Cozzi and L. Punzi, Autoimmun. Rev., 2008, 8, 76.

[93] BMS reportshttp://ctr.bms.com/pdf//IM101-084%20ST.pdf.

[94] http://ctrbms.com/pdf//IM101-108%20ST.pdf.

[95] http://ctr.bms.com/OneBmsCtd/ResultDetail Action.do?prodid=23&trialid=4703.

[96] J. T. Merrill, R. Burgos-Vargas, R. Westhovens, A. Chalmers, D. D’Cruz, D. J. Wallace,
S. C. Bae, L. Sigal, J. C. Becker, S. Kelly, K. Raghupathi, T. Li, Y. Peng, M. Kinaszczuk
and P. Nash, Arthritis Rheum., 2010, 62, 3077.

[97] P. Mease, M. C. Genovese, G. Gladstein, A. ]J. Kivitz, C. Ritchlin, P. P. Tak,
J. Wollenhaupt, O. Bahary, ]J. C. Becker, S. Kelly, L. Sigal, J. Teng and D. Gladman,
Arthritis Rheum., 2010, Published online 2 Dec 2010.

[98] http://clinicaltrials.gov/ct2 /show /NCT00774852.

[99] J. van Loosdregt, Y. Vercoulen, T. Guichelaar, Y. Y. J. Gent, J. M. Beekman, O. van
Beekum, A. B. Brenkman, D. J. Hijnen, T. Mutis, E. Kalkhoven, B. J. Prakken and
P.J. Coffer, Blood, 2010, 115, 965.

[100] S. Floess, J. Freyer, C. Siewert, U. Baron, S. Olek, . Polansky, K. Schlawe, H. D. Chang,
T. Bopp, E. Schmitt, S. Klein-Hessling, E. Serfling, A. Hamman and J. Huehn, PLoS
Biol., 2007, 5, e38.

[101] J. K. Polansky, K. Kretschmer, ]J. Freyer, S. Floess, A. Garbe, U. Baron, S. Olek,
A. Hamann, H. von Boehmer and J. Huehn, Eur. J. Immunol., 2008, 38, 1654.

[102] R.Tao, E. F. de Zoeten, E. Ozkaynak, C. Chen, L. Wang, P. M. Porrett, B. Li, L. A. Turka,
E. N. Olson, M. I. Greene, A. D. Wells and W. W. Hancock, Nat. Med., 2007, 13, 1299.

[103] E.F. de Zoeten, L. Wang, H. Sai, W. H. Dillmann and W. W. Hancock, Gastroenterology,
2010, 138, 583.

[104] Y. Ding, S. Shen, A. C. Lino, M. A. Curotto de Lafaille and J. ]. Lafaille, Nat. Med., 2008,
14, 162.

[105] J. Graham, M. Fray, S. de Haseth, K. Mi Lee, M.-M. Lian, C. M. Chase, ]. C. Madsen,
J. Markmann, G. Benichou, R. B. Colvin, A. B. Cosimi, S. Deng, J. Kim and
A. Alessandrini, J. Biol. Chem., 2010, 285, 32852.

[106] A.Zanin-Zhorov, Y. Ding, S. Kumari, M. Attur, K. L. Hippen, M. Brown, B. R. Blazar,
S. B. Abramson, J. J. Lafaille and M. L. Dustin, Science, 2010, 328, 372.

[107] P.]J. Zhou, H. Wang, G. H. Shi, X. H. Wang, Z. J. Shen and D. Xu, Clin. Exp. Immunol.,
2009, 157, 40.

[108] C. Daniel, N. Sartory, N. Zahn, G. Geisslinger, H. H. Radeke and J. M. Stein,
J. Immumnol., 2007, 178, 2458.

[109] N. A. Forward, S. J. Furlong, Y. Yang, T.-]. Lin and D. W. Hoskin, J. Leukoc. Biol., 2010,
87, 117.

[110] N. K. Crellin, R. V. Garcia, O. Hadisfar, S. E. Allan, T. S. Steiner and M. K. Levings,
J. Immunol., 2005, 175, 8051.


http://newsroom.lilly.com/ReleaseDetail.cfm?sh_print=yes&releaseid=521014
http://newsroom.lilly.com/ReleaseDetail.cfm?sh_print=yes&releaseid=521014
http://newsroom.lilly.com/ReleaseDetail.cfm?sh_print=yes&releaseid=521014
http://newsroom.lilly.com/ReleaseDetail.cfm?sh_print=yes&releaseid=521014
http://www.tolerx.com/index.php?page=prdetail&id=204
http://www.tolerx.com/index.php?page=prdetail&id=204
http://www.tolerx.com/index.php?page=prdetail&id=204
http://www.tolerx.com/index.php?page=prdetail&id=204
http://clinicaltrials.gov/ct2/show/NCT01222078
http://clinicaltrials.gov/ct2/show/NCT01222078
http://clinicaltrials.gov/ct2/show/NCT00678886
http://clinicaltrials.gov/ct2/show/NCT00678886
http://clinicaltrials.gov/ct2/show/NCT01123083
http://clinicaltrials.gov/ct2/show/NCT01123083
http://clinicaltrials.gov/ct2/show/NCT01077531
http://clinicaltrials.gov/ct2/show/NCT01077531
http://clinicaltrials.gov/ct2/show/NCT01101555
http://clinicaltrials.gov/ct2/show/NCT01101555
http://clinicaltrials.gov/ct2/show/NCT01114503
http://clinicaltrials.gov/ct2/show/NCT01114503
http://clinicaltrials.gov/ct2/show/NCT01030861
http://clinicaltrials.gov/ct2/show/NCT01030861
http://ctr.bms.com/pdf//IM101-084%20ST.pdf
http://ctr.bms.com/pdf//IM101-084%20ST.pdf
http://ctr.bms.com/pdf//IM101-084%20ST.pdf
http://ctr.bms.com/pdf//IM101-108%20ST.pdf
http://ctr.bms.com/pdf//IM101-108%20ST.pdf
http://ctr.bms.com/pdf//IM101-108%20ST.pdf
http://ctr.bms.com/OneBmsCtd/ResultDetailAction.do?prodid=23&trialid=4703
http://ctr.bms.com/OneBmsCtd/ResultDetailAction.do?prodid=23&trialid=4703
http://ctr.bms.com/OneBmsCtd/ResultDetailAction.do?prodid=23&trialid=4703
http://ctr.bms.com/OneBmsCtd/ResultDetailAction.do?prodid=23&trialid=4703
http://clinicaltrials.gov/ct2/show/NCT00774852
http://clinicaltrials.gov/ct2/show/NCT00774852

	Targeting Th17 and Treg Signaling Pathways in Autoimmunity
	Introduction
	Th17 pathway
	Treg pathway and immune homeostasis

	Current Targets and Molecules in Development
	Th17 effector function
	IL-17/IL-17 receptor antibodies

	Th17 differentiation
	IL-6/IL-6 receptor antibodies
	IL-23 and IL-12/23 antibodies
	JAK/STAT pathway inhibitors
	Inhibitors of transcription factors
	Halofuginone and the amino acid starvation response

	Treg biologics
	Anti-CD3 antibodies
	CTLA-4-Ig fusion protein

	Emerging targets influencing Treg function

	Conclusions
	References


