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Th17 cells that secrete the cytokines IL-17A and IL-17F
and express lineage-specific transcription factor
RORC (ROR#t in mice) represent a distinct lineage of
CD4" T cells. Transforming growth factor-g and in-
flammatory cytokines, such as IL-6, IL-21, IL-13, and
IL-23, play central roles in the generation of Th17
cells. Th17 cells are critical for the clearance of extra-
cellular pathogens, including Candida and Klebsiella.
However, under certain conditions, these cells and
their effector molecules, such as IL-17, IL-21, IL-22,
GM-CSF, and CCL20, are associated with the pathogen-
esis of several autoimmune and inflammatory diseases,
such as rheumatoid arthritis, systemic lupus erythema-
tosus, multiple sclerosis, psoriasis, inflammatory bowel
disease, and allergy and asthma. This review discusses
these disease states and the various therapeutic strate-
gies under investigation to target Th17 cells, which in-
clude blocking the differentiation and amplification of
Th17 cells, inhibiting or neutralizing the cytokines of
Th17 cells, and suppressing the transcription factors
specific for Th17 cells. (AmJ Patbol 2012, 181:8-18; bttp://
dx.doi.org/10.1016/j.ajpath.2012.03.044)

CD4* T cells are central in the process of immune re-
sponse generation by coordinating with different immune
cells. As effector cells, they are critical for the generation,
sustenance, and regulation of immune responses against
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pathogens and self-antigens. CD4™ T cells are heteroge-
neous, and several subsets have been identified based
on their distinct cytokine and transcription factor profiles.
These subsets include Th1, Th2, and CD4*CD25" reg-
ulatory T cells (Tregs). Although other T-cell subsets,
such as transforming growth factor (TGF)-B-producing
Th3 cells, IL-10-secreting T-regulatory type 1, IL-9-pro-
ducing Th9 cells, and IL-22-producing Th22 cells, have
been described, their lineage-specific transcription
factors have not been identified. More recently, Th17
cells that secrete cytokines IL-17A and IL-17F and
express surface IL-23 receptor (IL-23R) and lineage-
specific transcription factor RORC (ROR~yt in mice)
have been identified as a distinct lineage of CD4* T
cells.”™* Although Th17 cells share several surface
markers with other CD4™ T cell subsets, recent results
demonstrate that CCR6"CCR4" or CCR2"CCR5~
memory CD4™ T cells are bona fide Th17 cells, indicat-
ing that the Th17 population in the periphery is not
homogeneous.®> In addition, human Th17 cells spe-
cifically express lectin receptor CD161.58 Th17 cells
play critical roles in the clearance of extracellular
pathogens, including Candida and Klebsiella. However,
under certain conditions, these cells can also be as-
sociated with the pathogenesis of various autoimmune
and inflammatory diseases.
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Biology of Th17 Cells and Regulation of Their
Differentiation

In the periphery, naive CD4™ T cells on interaction with
antigen-presenting cells can undergo differentiation into
distinct lineages under the influence of specific cyto-
kines. Extensive studies in recent years have contributed
to an in-depth understanding of the generation and func-
tion of Th17 cells.

Th17 Differentiation in Mice

Several groups convincingly showed that TGF-B8 and
IL-6, two cytokines with opposing effects, synergize to
induce orphan nuclear receptor RORyt, which orches-
trates the expression of IL-17A and IL-17F in naive T cells
(Figure 1).2°% IL-6 is a proinflammatory and pleiotropic
cytokine secreted in high amounts by the innate cells,
B cells and subsets of activated T cells. In addition, tumor
cells, fibroblasts, endothelial cells, and keratinocytes can
contribute to IL-6. Although TGF- is produced by multi-
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Figure 1. Mechanisms of Th17 cell induction. TGF-B is essential for the
generation of both induced regulatory T cells and Th17 cells via the induction
of FoxP3 and RORC. However, in the absence of inflammation, FoxP3
represses RORC and promotes iTregs. Signaling via inflammatory cytokines,
such as IL-6, IL-21, and IL-23, results in STAT3 phosphorylation, relieves
RORC from the suppression of FoxP3, and initiates Th17 programming.
STAT3 in combination with IFN regulatory factor 4 (IRF4) further induces
RORC expression. The transcription factors STAT3, RORC, and Runx1 bind to
the promoter regions of the 1117, 1121, IL22, and CCL20 genes and induce
IL-17, IL-21, IL-22, and CCL20. Th17 programming can be antagonized by
cytokines, such as IFN-y, IL-2, and IL-27. IL-2-mediated and IL-27-mediated
activation of STATS and STAT1 inhibit STAT3, whereas T-bet induced by
IFN-vy can block RORC.
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ple lineages of leukocytes and stromal cells, an autocrine
or paracrine source of TGF-B is found to be important for
Th17 differentiation in vivo.>*'° Thus, Treg-derived
TGF-B enables differentiation of Th17 cells when naive T
cells are co-cultured with activated dendritic cells (DCs).
Th17 cells can also express high amounts of TGF-8, and
this cytokine can act in an autocrine manner to maintain
Th17 cells in vivo.'© Further, tumor necrosis factor (TNF)-a
and IL-1B are found to enhance TGF-B-mediated and
IL-6-mediated differentiation of Th17 cells.?

Because IL-6 knockout mice are found to be suscep-
tible to experimental autoimmune encephalomyelitis
(EAE) on depletion of Tregs, factors other than IL-6 are
proposed to play roles in the induction of Th17 cells.
TGF-B is found to synergize with IL-21 to induce RORyt
and IL-17 in naive T cells.”"'? Because Th17 cells are the
major producers of IL-21, an autocrine amplification loop
is established by IL-21 to enhance their differentia-
tion.""" "3 It is also believed that in the absence of inflam-
mation, when IL-6 levels are low, IL-21 produced by
Th17, NK, and NKT cells is important both to maintain
and to amplify the pool of Th17 precursors.'"'* Thus,
IL-21 has a major role in supporting Th17 cell differenti-
ation and tissue inflammation.

IL-28 is another inflammatory cytokine that contributes
to Th17 generation. The combination of TGF-B and IL-6/
IL-21 induces surface IL-23R on differentiating Th17
cells. Differentiating Th17 cells become responsive to
activated myeloid cell-produced 1L-23.412"3 |L-23 (p19)
deficiency is associated with a reduced number of Th17
cells in vivo. IL-23 is also required for the maintenance of
Th17 cells in vitro, for the induction of tissue inflammation
by in vitro—generated Th17 cells, and for Th17-mediated
chronic inflammation in vivo.®'® IL-23 synergizes with IL-6
to enhance differentiation, survival, and stabilization of
Th17 cells.’® "5 |L-23 can amplify Th17 cells by inducing
proinflammatory cytokines, such as IL-18, TNF-a, and IL-6,
in innate immune cells.” Thus, complete Th17 cell differ-
entiation was proposed to comprise three different stages.
The first stage is differentiation of Th17 cells triggered by the
combined effect of TGF-B and IL-6/IL-21. The second stage
is amplification of Th17 cells driven by IL-21 produced by
Th17 cell themselves, probably with TGF-B. The third stage
is stabilization of Th17 cells by IL-23."*

Despite these convincing findings regarding the re-
quirement of cytokines (TGF-B, IL-6, IL-21, IL-23) for Th17
differentiation in mice, the absolute requirement of TGF-B
has been questioned more recently. Th17 cells are pres-
ent in the gut of TGF-B signaling—deficient mice.’®"" In
T-bet-deficient and STAT6-deficient murine T cells, pro-
duction of IL-17 could be induced by IL-6 alone in the
absence of TGF-B."® IL-6 and IL-23 in combination with
IL-18 were able to induce IL-17 production in the absence
of TGF-B signaling,"” suggesting an alternative mode of
Th17 cell differentiation. Th17 cells generated in the ab-
sence of TGF-B exhibit a phenotype of T-bet*RORyt™ and
are pathogenic in vivo. However, this phenotype requires
further validation because Th17 cells display profound in-
stability as discussed later.
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Th17 Differentiation in Humans

Once the factors driving the differentiation of Th17 cells in
mice were revealed convincingly, different cytokine com-
binations were examined to generate RORC-expressing
human Th17 cells. Initially, it was argued that human
Th17 differentiation is not dependent on TGF-B signaling,
which is in contrast to murine Th17 cells. It was proposed
that the combination of IL-18 and IL-6/IL-23 or IL-23 alone
could differentiate human Th17 cells from naive T
cells.’®2° These results are biased because the differen-
tiation of Th17 cells in these reports was performed using
CD45RA™ Th cells purified from peripheral blood. Addi-
tionally, the endogenous source of TGF-B (eg, serum and
platelets) was not carefully controlled in those reports.
Subsequent studies done with serum-free medium and rig-
orously sorted naive T cells resolved these issues, estab-
lishing that, similar to murine Th17 cells, TGF-B is indispens-
able for the differentiation of human Th17 cells from naive T
cells.?23 It is also believed that human Th17 cells can
originate from a small subset of CD161*RORC™ precur-
sors present in umbilical cord blood and thymus in re-
sponse to a combination of IL-23 and IL-1B, even in the
complete absence of TGF-B.?* In our opinion as dis-
cussed subsequently, this setting mimics an expansion
of a pre-existing Th17 population rather than the differ-
entiation of de novo Th17 cells.

TGF-B is essential for the induction of RORC in naive T
cells, although the expression and functions of RORC are
inhibited at high concentrations of TGF-8.2? However,
inflammatory cytokines, such as IL-21, IL-18, IL-6, and
IL-23, relieve the inhibition of RORC in CD4™" T cells and
trigger the expression of IL-17 (Figure 1).2'72% Essentially,
naive T cells do not express IL-1R and IL-23R. However,
these receptors are induced after exposure to TGF-B8 and
IL-6/IL-21, making the cells receptive to IL-18 and IL-
23.21:25 |t has been shown that the combination of TGF-g
and IL-21 is sufficient to induce the differentiation of hu-
man Th17 cells from naive T cells, and IL-1B8 and IL-6 are
important for enhancing the expansion of differentiated
and memory Th17 cells.?' TGF-B also favors human Th17
differentiation indirectly because of its suppressive activ-
ity on T-bet expression and the generation of Th1 cells.?®
Thus, cytokine requirements for driving the differentiation
of Th17 cells are similar in both humans and mice.

Mechanistic Pathways in Th17 Cell
Differentiation and Expression of Effector
Molecules

Differentiation of Th17 cells requires the cooperative in-
teraction of downstream molecules of TGF-B and IL-6
receptor-mediated signaling pathways (Figure 1). Basi-
cally, naive T cells are receptive to IL-6 because these
cells express functional IL-6 receptor. IL-6 receptor con-
sists of the inducible subunit IL-6Ra and the constitutively
expressed signaling subunit gp130. Although T-cell re-
ceptor stimulation and IL-6 signaling down-regulate IL-
6Ra expression on naive T cells, TGF-B can maintain the
receptiveness of T cells to IL-6 by inducing the expres-

sion of IL-6a. Binding of IL-6 to its receptor activates
STAT3 but is transient owing to the induction of suppres-
sor of cytokine signaling 3 (SOCSS3).

STAT3 activation is necessary but not sufficient for
RORwt expression. TGF-B signaling through its receptor
(ie, the TGFBRI-TGFBRII complex) activates the Smad?2
pathway, leading to the expression of both Foxp3 and
RORyt.?” TGF-B signaling through Smad?2/3 inhibits IL-6-
induced and IL-21-induced SOCS3 expression, enhanc-
ing and prolonging STAT3 activation in naive T cells.'®?7
Sustained activation of STATS in the presence of IL-6 and
TGF-p relieves Foxp3-mediated suppression of RORyt, en-
hances ROR#yt expression, and facilitates the Th17 tran-
scriptional program. Smad-independent induction of Th17
cells by TGF-B has also been described. TGF-B can induce
ROR~t expression and Th17 cell differentiation by signaling
through the JNK-c-Jun pathway and by suppressing Eome-
sodermin, a negative regulator of Th17 cells.®®

TGF-B-induced and IL-6-induced STAT3 activation
also induces the expression of another related nuclear
receptor, RORa, which synergizes with ROR~yt in Th17
cell differentiation. In cooperation with STAT3, both
RORyt and RORa bind to the IL-17 promoter region,
leading to competent induction of IL-17A, IL-17F, and
IL-21.2939 |n view of the similar and redundant role to that
of RORyt, ROR« is believed to be a minor player in Th17
cell differentiation.

IL-23 signaling through IL-23R (induced by TGF-B and
IL-6/IL-21) further enhances the activation of STAT3,
which is coordinated with RORyt to stabilize Th17 cells
and their function.®° IL-6 signaling enhances the expres-
sion of IL-1R on differentiating Th17 cells. IL-1B acts in
synergy with I1L-6 and IL-23 for the polarization of Th17
cells by regulating the expression of interferon regulatory
factor 4 (IRF4), which favors the functional expression of
RORyt.3"32 Therefore, based on the activation state of T
cells that are differentially receptive to various cytokine sig-
nals, the cytokines required for Th17 lineage commitment
vary. This variability may explain the observed discrepan-
cies in the Th17 differentiation models of initial studies.

In addition to the key regulators, other transcription fac-
tors, such as Baft (AP-1 transcription factor family), 1kB¢
(nuclear 1kB family), and Runx1 (member of core-binding
factor-a), are found to be essential for enhancing the Th17
differentiation and expression of effector molecules.>*-°
Thus, Th17 differentiation appears to be governed by mul-
tiple cytokine signals and transcription factors.

Reciprocal Regulation of Th17 and iTregs

In addition to natural Tregs (nTregs) that are of thymic
origin, Tregs can be induced (iTregs) in the periphery
under specific conditions. Developmental pathways of
Th17 cells and iTregs are closely related, are reciprocally
regulated, and can influence the outcome of immune
responses, particularly in autoimmune and inflammatory
diseases.®® TGF-B is the critical factor in common for
Th17 cells and iTregs because it is essential for inducing
both RORyt and Foxp3. However, in the absence of in-
flammation, the prominent TGF-B alone induces Foxp3,
leading to the generation of iTregs that maintain immune



tolerance along with nTregs. On a molecular level, TGF-
B-induced FoxP3 physically associates with RORyt and
ROR« via Runx1. Through this interaction, FoxP3 antag-
onizes the expression and function of both RORyt and
RORa, leading to the inhibition of the Th17 transcriptional
program.3>3¢ Accordingly, Foxp3"RORyt™ cells present
in the small intestine produce less IL-17 compared with
Foxp3~RORyt™ cells.®*® Following an inflammatory trig-
ger, the proinflammatory cytokines IL-6, IL-21, and IL-23
induce STAT3, blocking TGF-B-driven Foxp3 expression,
inhibiting Tregs, and exploiting TGF-B signaling to en-
hance RORyt-expressing Th17 cells. Therefore, IL-6 and
IL-21 have important roles in the reciprocal regulation of
iTregs and Th17 cells by controlling the Foxp3/ROR~yt
balance (Figure 1).311.13:36.37

IL-2, a growth factor for Tregs, also fortifies the cell-
intrinsic reciprocal developmental relationship between
Foxp3+ Tregs and Th17 cells. IL-2 induces phosphory-
lation of STAT5, and STAT5 can oppose Th17 differenti-
ation by binding to the il77a gene.3® IL-2 can also inhibit
Th17 cells via Ets-1, a member of the ETS family of
transcription factors, which negatively regulates Th17 dif-
ferentiation.®® Further, IL-2 decreases the expression of
IL-6R, a key molecule implicated in Th17 polarization.*°

Retinoic acid, a vitamin A metabolite, can reciprocally
regulate Tregs and Th17 via the TGF-B1-dependent gener-
ation of Foxp3+ Tregs, even in the presence of IL-6.4"4?
Retinoic acid-induced Foxp3™ Tregs have a unique feature
of high expression of gut homing receptors.”! Mechanisti-
cally, retinoic acid enhances TGF-B1-driven Smad3 phos-
phorylation in naive T cells, possibly via nuclear retinoic
acid receptor-a, while inhibiting the up-regulation of IL-6R«
subunit, IRF4, and IL-23R.*"

The ligand-activated transcription factor, aryl hydro-
carbon receptor (AHR), can also exert reciprocal regula-
tion of Treg and Th17 cell differentiation in mice, a pro-
cess dependent on the ligands.*®> AHR activation by
2,3,7,8-tetrachlorodibenzo-p-dioxin  (TCDD) induces
functional Tregs, whereas 6-formylindolo[3,2-b]carba-
zole (FICZ) interferes with Treg development and boosts
Th17 cell differentiation in EAE.*3~“° In contrast, in human
T cells, AHR activation by TCDD induces Foxp3™ Tregs,
whereas FICZ profoundly enhances IL-22 production
while decreasing IL-23R and IL-17A in Th17 cells.*® AHR
can be considered an intriguing link between environ-
mental toxins and immune equilibrium.

Contrary to the cell-intrinsic reciprocal regulation of
Tregs and Th17 cells, more recent studies have shown
that Tregs complement Th17 differentiation.? 04748
Tregs may serve as the source of TGF-B required for the
induction of RORyt in Th17 cells.? Additionally, Tregs can
promote early Th17 differentiation through the consump-
tion of IL-2 that otherwise suppresses Th17 cell program-
ming by the paracrine activation of STAT5.4748

Relationship Between Th17 and Th1/Th2 Cells

Th1 and Th2 cytokines, IFN-y and IL-4, are known to
inhibit the development of Th17 cells by paracrine and
cell-intrinsic actions.” These effects are mediated by the
mutual antagonism between lineage-specific transcrip-
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tion factors.*® IFN-y enhances T-bet expression, which
interacts with the Runx1-ROR+yt complex to inhibit Th17
differentiation.*® Further, IL-27 negatively regulates Th17
cells and promotes Th1 cell responses in a STAT1-de-
pendent manner by inducing IL-10 in Th cells.5° 52

IL-4-induced GATAS3 might constrain Th17 differentia-
tion in vitro through IL-4-independent mechanisms, in-
volving the down-regulation of STAT3, NFATc2, and
ROR1t.52 In view of the inhibitory effects of IFN-y and IL-4
on Th17 cells, itis proposed that TGF-B-mediated repres-
sion of Th1/Th2 cells is critical for Th17 differentiation. In
contrast, Th17-related cytokines such as IL-23 and IL-17
are found to suppress murine Th1 cell differentiation in
vitro in the presence of exogenous IL-12.

Stability of Th17 Cells

Compared with Th1, Th2, and nTregs, Th17 cells display
instability. In mice and humans, Th17 cells co-expressing
IL-17/IFN-v, RORyt/T-bet, or FoxP3/IL-17/ROR~yt have been
observed during inflammatory responses.>¢17:20:36.54
man circulating memory Th cells co-expressing IL-17A/IL-4
have also been identified.®®

The acquisition of a mixed phenotype by Th17 cells
appears to be determined by the inflammatory environ-
ment (and hence the cytokine milieu), as chronic inflam-
matory conditions such as EAE can cause a switch to
alternative inflammatory cytokines in Th17 cells.>® Sur-
prisingly in this model, IL-23, which is considered the
stabilizing factor for Th17 cell commitment, was found to
mediate the transformation of Th17 cells to produce IFN-y
and other inflammatory cytokines under chronic inflam-
matory conditions.*® IFN-y can up-regulate IL-12RB2 on
Th17 cells and enhance their sensitivity to IL-12, resulting
ina Th17/Th1 phenotype that stably co-expresses RORyt
and T-bet.>” Under inflammatory conditions in the gas-
trointestinal tract, Th17 cells can also acquire a regula-
tory phenotype with immunosuppressive functions.®® On
a molecular level, Th17 plasticity has been related to the
bivalent epigenetic modification of histone proteins by
methylation in the signature cytokine and key transcrip-
tion factor genes.>®

Functions of Effector Molecules of Th17 Cells

Th17 cells produce several effector molecules, such as
IL-17A, IL-17F, IL-21, and IL-22 (Figure 2). In addition,
Th17 cells produce CCL20, GM-CSF, IL-8, IL-26, and
IL-10, although many of these cytokines are not Th17-
specific.

IL-17A is the prototype member of the IL-17 family,
consisting of six cytokines: IL-17A, IL-17B, IL-17C, IL-
17D, IL-17E (IL-25), and IL-17F. IL-17A and IL-17F have
similar functions and are genetically linked. They are
presumably expressed under the control of the same
locus and are often co-expressed at the single-cell
level.'® Both IL-17A and IL-17F use the IL-17 receptor A
(IL-17RA)-IL-17RC heterodimer for their signaling, al-
though IL-17A binds IL-17RA with much higher affinity.
Binding of IL-17 to its receptor recruits adapter protein
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ACT1, which further stimulates TNF receptor—associated
factor 6 to activate the NF-kB and MAPK pathways.'*
Both IL-17A and IL-17F are key cytokines for the recruit-
ment, activation, and migration of neutrophils and can
target nonimmune cells, such as fibroblasts, endothelial
cells, airway smooth muscle cells, and epithelial cells, to
induce pro-inflammatory mediators IL-6, TNF-«, IL-1p,
GM-CSF, G-CSF, PGE2, nitric oxide, matrix metallopro-
teinases, and chemokines (CXCL1, CXCL8, CCL2, CCL7,
and CCL20)." " IL-17 also regulates germinal-center for-
mation and autoantibody production.

IL-22 belongs to the IL-10 family of cytokines and is
produced by terminally differentiated Th17 cells through
IL-23-mediated STAT3 activation.' AHR, a receptor for
digoxin, plays an important role in the expression of IL-
224" The IL-22 receptor consists of a unique IL-22R1
chain and IL-10R2 and is highly expressed in epithelial
cells and parenchymal tissues but not on immune cells.
Through this receptor complex, IL-22 activates the STAT3
and MAPK pathways. IL-22 induces antimicrobial agents
and B-defensins in keratinocytes and promotes epider-
mal hyperplasia. Therefore, IL-22 is essential for the im-
mune barrier function of epithelial cells.’

IL-21 is a member of the IL-2 family of cytokines and
mediates its functions via the IL-21 receptor, which is
expressed mainly on B cells but also on T cells and other
myeloid cells. IL-21 receptor is a heterodimer of IL-21R
and the common cytokine-receptor vy chain (vy,). Binding
of IL-21 to its receptor complex activates JAK1 via
IL-21R and JAKS via v, leading to STAT3 activation. In
addition to the differentiation of Th17 cells, IL-21 stim-
ulates i) proliferation and differentiation of CD8™ T cells
in combination with IL-7 or IL-15; ii) B cell differentiation
and antibody class switching (IgG1, 1gG3) by inducing
Blimp-1 and Bcl-6; iii) differentiation and cytotoxic pro-

gram of NK and NKT cells; and iv) IL-8 production from
DCs and macrophages.

CCL20 is a ligand for CCR6 expressed by DCs, B
cells, and subsets of T cells and has antimicrobial and
chemoattractive activities. Th17 cells also express CCR®;
through CCL20 secretion, Th17 cells regulate their own
recruitment to inflamed tissues. Further, CCL20 can be
induced by IL-17 in tissues, indicating that CCL20 might
have an important role in sustaining Th17-mediated in-
flammation.

Th17 Cells in Autoimmune and Inflammatory
Conditions

Th17 cells and their cytokines are associated with several
autoimmune and inflammatory diseases, such as rheu-
matoid arthritis (RA), systemic lupus erythematosus
(SLE), multiple sclerosis (MS), psoriasis, inflammatory
bowel disease (IBD), and allergy and asthma.®%-¢’

Rheumatoid Arthritis

The prevalence of IL-17" and IL-22% CD4™ cells is in-
creased in the circulation of patients with RA and anky-
losing spondylitis; these cells produce higher quantities
of IL-17 after stimulation.® IL-17 is also present at the
sites of inflammatory arthritis and amplifies the inflamma-
tion induced by other cytokines and, in particular, TNF-a.
In a collagen-induced arthritis (CIA) model, the disease is
mainly mediated by IL-17 because IL-17 deficiency, or
treatment with IL-17RA antagonist or with IL-17-neutraliz-
ing antibody before disease onset, attenuates arthritis
with decreased joint damage and reduced serum IL-6.%°

IL-21 is up-regulated in the synovium, synovial fluid,
and serum of patients with early-stage RA and CIA mice



and is correlated with disease activity.®* IL-21 regulates
Th17 cells and promotes osteoclastogenesis in RA.5*
Inhibition of the IL-21/IL-21 receptor pathway ameliorates
arthritis in animal models.®®

IL-22 levels in the sera of patients with RA are associ-
ated with radiographic progression of the disease.®%¢”
These findings are substantiated in experimental arthritis
in mice, wherein the increased expression of IL-22 by
synovial Th17 cells was observed during late stages of
the disease.®®®7 |L-22 can also promote osteoclastogen-
esis and regulate antibody production in arthritis.

Different effector molecules of Th17 cells synergize to
enhance disease activity in RA. However, more recent
studies indicate the transient phenotypic nature of
CD47CD161* Th17 cells in the synovial fluid of patients
with RA and juvenile idiopathic arthritis.®®°

Systemic Lupus Erythematosus

Patients with SLE exhibit increased levels of IL-23, IL-21,
and IL-17 as a result of expansion of Th17 cells. These
changes are associated with the depleted Treg popula-
tion and increased Th17/Th1 ratio.”® In patients with SLE
and in experimental models, IL-17 in coordination with
IL-21 and BAFF promotes germinal center formation and
influences B cells to produce pathogenic autoantibod-
ies.”"”2 The genetic association of SLE with polymor-
phisms of Th17-encoding molecules (eg, IL-21)" or their
receptors (eg, IL-21R) has been reported.”* In addition,
genetic variants of transcription factors (eg, ETS1) that
negatively regulate Th17 differentiation can predispose
to SLE.”® Blocking of the IL-21 pathway ameliorates the
autoimmune symptoms in a mouse model of SLE.”®

Multiple Sclerosis

In patients with MS, IL-17 expression is augmented in
mononuclear cells of the blood and cerebrospinal fluid and
at the site of lesions.””""® IL-17 expression is correlated with
disease activity. IL-17 and IL-22 promote blood-brain bar-
rier disruption and central nervous system inflammation by
inducing chemokines in endothelial cells and by down-
regulating tight junction proteins. IL-17 also stimulates as-
trocytes to produce ELR™ CXC chemokines that eventually
attract neutrophils to the blood-brain barrier and activate
them to release vasoactive substances.”®

IL-23 (but not IL-12) that expands IL-17-producing Th
cells is critical for the induction of EAE. It has been shown
that myelin antigen-specific Th17 cells directly interact
with neuronal cells in demyelinating lesions.®%8" Either
deficiency or neutralization of IL-17 delays the onset of EAE
and reduces the severity of disease.° A more recent study
further revealed that under chronic inflammatory conditions,
such as EAE, Th17 cells display plasticity. Thus, in inflamed
tissues, Th17 cells can switch from IL-17 to other inflamma-
tory cytokines, in particular, to IFN-v.%¢

Two independent studies have identified the critical
nonredundant role of Th17-produced GM-CSF in the
pathogenesis of EAE. RORyt drives the production of
GM-CSF in Th17 cells under the influence of the IL-1
and IL-23 pathways. GM-CSF acts on antigen-present-
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ing cells (and, in particular, CD103* dermal DCs) to
stimulate the secretion of IL-23 and the activation of en-
cephalitogenic T cells, creating a positive feedback loop
during inflammation.®=8% In consensus, absence of GM-
CSF confers resistance to EAE in mice, even in the pres-
ence of IL-17 and/or IFN-vy.82

Psoriasis

Psoriatic skin lesions are infiltrated by discrete popula-
tions of highly differentiated Th1 and Th17 lympho-
cytes. 2985 |L-23, overproduced by dermal DCs and ke-
ratinocytes, stimulates Th17 cells within the dermis to
elevate the amounts of IL-17, TNF-«, IL-22, and CCL20.
These soluble mediators of Th17 cells might further en-
hance inflammation by their distinct actions. For example,
CCL20 can attract CCR6™ cells to lesions, and IL-17 can
induce IL-6 and IL-8 in human skin keratinocytes.

An experimental model of psoriasis-like skin inflamma-
tion indicates that IL-22 plays a central role in Th17 cell-
mediated skin pathology.®® IL-22 mRNA expression mir-
rored IL-17 in psoriatic skin. IL-22 mRNA expression
returned to nonlesional levels on treatment with cyclospo-
rine, a conventional therapy for psoriasis.?® IL-22 also
stimulates proliferation, abnormal differentiation, and mi-
gration of various epithelial cells in vitro.

Inflammatory Bowel Disease

Crohn’s disease (CD) and ulcerative colitis (UC) are the
major, immunologically distinct forms of IBD in humans.
CD-related inflammation is characterized by a marked
mucosal infiltration of T cells that secrete Th1 and Th17
cytokines. In UC, the local immune response is less po-
larized but may show enhanced production of IL-5, IL-13,
and Th17 cytokines.®”

Th17 cells generally are considered to be more potent
than Th1 cells in transferring IBD.%” Elevated levels of
IL-17A, IL-17F, and IL-21 are observed in the sera of
patients with active IBD.®” Colitic mice show an in-
creased number of Th17 cells in the inflamed areas of the
lamina propria of both the ileum and the colon. IL-21 can
mediate Th17 differentiation and enhance inflammatory
responses by recruiting T cells to the inflamed gut and by
eliciting the secretion of matrix-degrading enzymes by
gut fibroblasts. In addition, genetic studies have identi-
fied alleles of i-23r (among others) and their association
with either predisposition or protection from 1BD.8”

In contrast to other Th17 cytokines, IL-22 was found
to be protective in IBD through maintaining the integrity
of the epithelial barrier and protecting mucin-secreting
goblet cells.®® Thus, Th17 cytokines have differential
effects on the course and pathogenesis of IBD, and the
net effect of these cytokines possibly depends on their
relative abundance.

Allergy and Asthma

IL-17 mediates recruitment of neutrophils and can acti-
vate airway smooth muscle cells and epithelial cells to
induce proinflammatory mediators. IL-23 and Th17 cells
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can also up-regulate Th2 cell-mediated eosinophilic air-
way inflammation.” ' Therefore, in addition to Th2 cells
that are traditionally considered pathogenic in allergy
and asthma, Th17 cells can play a key role in airway
inflammation.

In asthmatic patients, IL-17A/F expression is increased
in the lungs, sputum, bronchoalveolar lavage fluids, or
sera and is correlated with the severity of airway hyper-
sensitivity.®' The number of Th17 cells and the expres-
sion of RORC were also enhanced in the peripheral blood
of asthmatic patients, and these cells produced high
amounts of Th17 cytokines on ex vivo activation.

A more recent report showed that Th17 cells show
plasticity in asthma conditions, wherein patients display
CCR67CD161%CD4™ T cells that co-express IL-17A/IL-4
in the circulation.®® It was found that memory Th17 cells
express IL-4R and are responsive to IL-4 that induces
STAT6 phosphorylation.®® This report suggests an inter-
play of Th2 and Th17 cells, wherein the IL-4-rich environ-
ment created by Th2 cells (along with other cells such as
basophils) can provoke plasticity in Th17 cells and gen-
erate a Th17/Th2 phenotype that might aggravate the
disease further.

IL-17A can play a role in the pathogenesis of asthma
and allergy via the modulation of the expression of glu-
cocorticoid receptors (GRs). Owing to alternative splicing
of the GR pre-mRNA, GRs are expressed as two highly
homologous isoforms: GRa and GRB. GRa is a ligand-
activated transcription factor that mediates the expres-
sion of glucocorticoid-responsive genes. GRB is tran-
scriptionally inactive and does not bind glucocorticoids.
However, GCRB can act as an endogenous inhibitor of
glucocorticoid function. It was found that IL-17A en-
hances the expression of GRB and may cause steroid
unresponsiveness or resistance in patients.®° Further, IL-
17A can mediate allergic reactions by promoting IgE
class-switch recombination in B cells by stimulating e
germline transcripts.®™99

Strategies to Target Th17 Cells and
Their Cytokines

Th17 cells exhibit diverse therapeutic targets. The possi-
ble therapeutic strategies are i) blocking the differentia-
tion and amplification of Th17 cells, ii) inhibiting or neu-
tralizing the cytokines of Th17 cells, and iii) inhibiting the
transcription factors specific for Th17 cells.

Blocking the Differentiation and Amplification of
Th17 Cells

Innate immune cells and their inflammatory cytokines,
such as IL-21, IL-283, IL-6, and IL-1, play critical roles in
driving the differentiation and amplification of Th17 cells.
Therefore, suppression of antigen-presenting cells, such
as DCs and macrophages; inhibition of their inflammatory
cytokines by neutralizing monoclonal antibodies; and
blocking the receptors for inflammatory cytokines are
expected to inhibit T-cell responses, including responses
of Th17.2779% Such strategies can also reciprocally regu-

late Treg and Th17 populations.®®>°* Blockade of the
IL-21/IL-21 receptor pathway by IL-21R.Fc ameliorates
the clinical and histological signs of CIA.®® Although tar-
geting IL-21R is specific for Th17 cells, other targets are
not specific for Th17 cells because innate inflammatory
cytokines have diverse and redundant functions.

Additional molecules explored for the inhibition of Th17
differentiation in vitro and in vivo in EAE models include
AM-80, a synthetic retinoid that binds to the retinoic acid—
binding site of retinoic acid receptors, and halofuginone,
a derivative of plant alkaloid febrifuge that activates the
amino acid starvation response.®®9¢

Ustekinumab, a human monoclonal antibody that tar-
gets the IL-12/IL-23 pathway by binding to the common
p40 subunit, has shown promise for the treatment of
psoriasis and CD.°”°® The success of ustekinumab in
these diseases can be explained by the fact that both
Th1 and Th17 cells are implicated in the pathogenesis of
psoriasis and CD and that ustekinumab can inhibit both
T-cell populations by inhibiting IL-12 and IL-23.

Inhibiting or Neutralizing the Cytokines of
Th17 Cells

Specific targets include IL-17A/F and IL-21, and less
specific targets are IL-22, GM-CSF, and CCL20. 1,25-
Dihydroxyvitamin D3 ameliorates Th17 autoimmunity via
the transcriptional modulation of IL-17A, while recipro-
cally inducing Foxp3.°° N-acetylglucosamine inhibits
both Th1/Th17 responses and myelin-oligodendrocyte
glycoprotein—-induced EAE by inhibiting the secretion of
IFN-y, TNF-a, IL-17, and [L.-22.7°°

More recently, the efficacy and safety of neutralizing
humanized anti-IL-17A monoclonal antibodies AIN457
and LY2439821 were investigated. AIN457 induced clin-
ically relevant responses of variable magnitude in pa-
tients with RA, psoriasis, and uveitis.'®" Similarly, mono-
clonal antibody LY2439821 used in combination with oral
disease-modifying antirheumatic drugs improved clinical
signs and symptoms of RA, with no strong adverse ef-
fects.'9? Further randomized clinical trials are required to
confirm the benefits of anti-IL-17 monoclonal antibodies
in RA and other diseases.

Inhibiting Transcription Factors Specific for
Th17 Cells

The targets include RORyt/RORC and STAT3, which gov-
ern Th17 polarization and function. The nuclear receptor
peroxisome proliferator-activated receptor gamma ago-
nist, pioglitazone, inhibits human and murine Th17 differ-
entiation by reducing the TGF-B/IL-6-induced expression
of RORyt/RORC."°® This inhibition of ROR4t is associated
with suppression of the development of central nervous
system autoimmunity.'®® Simvastatin, a cholesterol-low-
ering agent with immunomodulatory features, inhibits
IL-17 by targeting multiple IL-17-regulatory cytokines and
by suppressing the expression of RORC in human Th
cells.’®* More recently, the cardiac glycoside digoxin has
been shown specifically to suppress murine and human



Th17 cell differentiation by antagonizing RORyt/RORC
activity; it is also effective in delaying the onset and
reducing the severity of EAE.®

Zinc, an essential trace element required for the main-
tenance of structure and activity of enzymes and tran-
scription factors, suppresses Th17 cells by inhibiting
STATS3 activation and is protective in both EAE and
CIA."® The platelet-activating factor receptor antagonist
PCA-4248 suppresses psoriasis-like skin disease in ex-
perimental models by inhibiting the cytokines of Th1/Th17
cells and the Th17-specific transcription factor STAT3.1%7
More recently, leukemia inhibitory factor produced by
neural progenitor cells was shown to ameliorate EAE via
interference with the IL-6-induced STAT3 phosphoryla-
tion required for Th17 cell differentiation, while activating
a signaling cascade that involves ERK and SOCS3."°8

In addition, certain therapeutic molecules can act
broadly on pathogenic T cells, including Th17 cells. In-
travenous immunoglobulin (1VIg), a therapeutic prepara-
tion of normal IgG obtained from pooled plasma of thou-
sands of healthy donors, inhibits both differentiation and
expansion of Th17 cells and suppresses Th17 cytokines
IL-17A, IL-21, IL-22, and CCL20."9%"° This inhibition by
IVIg was associated with suppression of both RORC and
STATS. The inhibition of Th17 expansion was associated
with a reciprocal regulation of Tregs.'??''° These novel
mechanisms of IVIg might explain its therapeutic efficacy
in autoimmune diseases such as Kawasaki disease, der-
matomyositis, and vasculitis, where Th17 cells play an
important role in pathogenesis.''" By enhancing the af-
finity of GRs, IVIg might also overcome IL-17A-mediated
steroid unresponsiveness or resistance.®®''? Rapamy-
cin, an immunosuppressive drug, promotes the in vitro
expansion of nTregs via the inhibition of effector T cells,
including Th17 cells.''® These effects of rapamycin are
mediated by the inhibition of the mTOR pathway.

Conclusions and Perspectives

Th17 cells display considerable plasticity. In addition to
IL-17" cells, Th17 cells with mixed phenotypes are ob-
served in the peripheral blood and inflamed tissues.
These findings imply that Th17 cells are unstable, and,
depending on the type of inflammation and cytokine mi-
lieu, Th17 cells can acquire a phenotype of other T-cell
subsets, such as IL-17"IFNy* T cells and IL17"1L-4* T
cells. Based on more recent data obtained in IL-17A
fate-reporter mice,®® Th17 cells appear to be stable un-
der acute inflammation, whereas under chronic inflam-
mation, these cells are vulnerable to obtain a mixed phe-
notype. Detailed investigations are required to confirm
whether Th1-mediated or Th2-mediated autoimmune and
inflammatory diseases are caused per se by Th1 or Th2
cells or by ex-Th17 cells that are converted into either Th1
or Th2 phenotype.

The instability of Th17 cells poses additional problems
for isolating these cellular populations from the circulation
and inflamed tissues. Although a combination of chemo-
kine receptors and CD161 was used to isolate Th17 cells,
it is not yet known whether these isolated cells are stable
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or whether this population contains a mixed population.
Using CCR6, CCR4, CCR2, and CD161 markers as scaf-
folds, Th17 cell subsets can be classified further.

Several Th17-specific therapeutic strategies are under
investigation. Although Th17 cells and their cytokines are
associated with several autoimmune and inflammatory
diseases, in most of these diseases, the pathogenic role
of Th17 cells has not been formally demonstrated. Fur-
thermore, other CD4™ T-cell subsets have also been im-
plicated in the pathogenesis of many of these Th17-
associated diseases, including psoriasis, IBD, SLE, and
asthma. Therefore, in these diseases, therapies that tar-
get Th17 alone may not confer complete remission. Sev-
eral therapeutic molecules that have shown encouraging
results in experimental models have broader specificities
and are promising candidates for clinical trials.
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