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Abstract

The recent emergence of a new CD4* T cell subset, Th17, has transformed our understanding of
the pathogenetic basis of an increasing number of chronic immune-mediated diseases. Particularly
in tissues that interface with the microbial environment — such as the intestinal and respiratory
tracts, and skin — where most of the Th17 cells present in the body reside, dysregulated immunity
to self, or the extended “self,” the diverse microbiota that normally colonize these tissues, can
result in chronic inflammatory disease. In this review, we focus on recent advances in the biology
of the Th17 pathway and genome-wide association studies (GWAS) implicating this immune
pathway in human disease that are providing new insights into disease mechanisms in these and
other tissues.
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CD4 T CELLS AND DISEASES OF IMMUNE DYSREGULATION

Many chronic inflammatory diseases are characterized by inappropriate or dysregulated
CD4* T cell responses. Given their central role in regulating innate and adaptive immunity,
CD4* T cells are key to both immune protection and immune pathology. Our understanding
of the immunopathology of many chronic inflammatory diseases has been transformed by
advances in basic studies of CD4* T cell biology, most notably the proposition over two
decades ago that CD4* T cells undergo subspecialization for coordinating “help” for distinct
types of immunity based on their expression of alternative patterns of cytokines: the T
helper(h)1-Th2 hypothesis (1; 2). The discoveries that emerged from examination and
testing of the Th1-Th2 model, both in animal models and in human disease, laid the
foundation for many tenets of modern immunobiology and have begun to revolutionize the
means by which a growing number of immunologic diseases are treated: that is, the
introduction into clinical practice of small molecule or biologic therapies, including
neutralizing or depleting antibodies, that target specific immune pathways that are linked to
aberrant CD4* T cell immunity.

The notion instigated by the original Th1-Th2 hypothesis that CD4* T cells emerge from
their primary thymic education poised for a secondary education that diverts them down
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divergent programs of differentiation contingent upon cytokine cues from innate immune
cells, has provided a strong mechanistic foundation upon which new advances and
discoveries have been integrated. Among the most important of these was the discovery of a
third major subset of effector CD4* T cells, Th17 cells (3). Like their Th1 and Th2
antecedents, Th17 cells are characterized by an alternative pattern of cytokine expression
that underpins a distinct type of immunity and has had a substantial impact on our
understanding of immune regulation and immune-mediated disease. In this review, we will
highlight recent advances that have followed from discovery of the Th17 pathway and their
implications for chronic immune-mediated diseases in tissues that Th17 cells have evolved
to defend: mucosal barrier tissues, including the gastrointestinal and respiratory tracts, and
the skin.

The Th17 Pathway: A New CD4 Effector T Cell Subset with Specialized Functions in Host
Protection and New Implications for Chronic Inflammatory Diseases

The original Th1-Th2 hypothesis was based on the description of two general types of
cloned mouse T cell lines that came to be characterized by their differential production of
the cytokines IFNy (Th1 cells) or IL-4, IL-5 and IL-13 (Th2 cells) (2). Following their
discovery, it became apparent that Th1 cells had evolved to enhance eradication of
intracellular pathogens (e.g., intracellular bacteria, viruses and some protozoa), whereas Th2
cells evolved to enhance elimination of parasitic infections (e.g., helminths), primarily from
mucosal sites of infection. Thus, the Th1 cytokine, IFNY, is a potent activator of innate
immune cells, particularly macrophages, for enhanced intracellular eradication of pathogens
that have evolved mechanisms to evade the microbicidal functions of phagocytes. IFNy also
promotes class-switch recombination of B cells to immunoglobulin (Ig)G isotypes that
opsonisze microbes for enhanced uptake by phagocytes. Th2 cytokines coordinate B cell
class switching for production IgE antibodies that arm basophils and mast cells for granule
release (IL-4 and IL-13), enhanced eosinophil mobilization (IL-5), and increased mucous
production and hypermotility (IL-13) — all of which promote the expulsion of worms.

However, this original bifurcation of effector T cell subsets could not fully explain the
specialized functions of CD4* T cells in other types of infections, most notably those
mediated by extracellular bacteria and fungi, efficient eradication of which rests on the
orchestration of neutrophilic inflammation and class-switched opsonizing IgG antibodies. It
was not until the discovery of a third major effector CD4* T cell, Th17, almost two decades
following discovery of Th1 and Th2, that this “hole” in the functional repertoire of effector
T cell subsets was filled (3). Th17 cells are so-named for their production of the IL-17
family cytokines, IL-17A and IL-17F, that target innate immune cells and epithelial cells,
among others, to produce G-CSF and IL-8 (CXCL8), which induce increased neutrophil
production and recruitment, respectively. Th17 cells also produce GM-CSF, another
cytokine that promotes enhanced bone marrow production of granulocytes and monocytes,
as well as IL-22, a member of the IL-10 cytokine family that acts on epithelial cells of
barrier tissues, such as the gut, lung and skin, to enhance anti-microbial defense and
epithelial barrier integrity. In view of Th17’s unique links to neutrophils it would appear that
each of the three major effector CD4* T cell lineages (Th1, Th2 and Th17) has evolved to
augment and coordinate the functions of, and integrate adaptive immunity with, a different
branch of the granulocyte-monocyte pathway for optimal eradication of different classes of
pathogens: monocyte/macrophages by Th1; eosinophils, basophils and mast cells by Th2;
and neutrophils by Th17 (Figure 1).

Given their defined antigenic specificity and long-lived memory — assets for host protection
against pathogens — effector CD4* T cells pose a potential liability when inappropriately
directed against self-antigens or inadequately regulated in response to environmental
antigens. As with Th1 and Th2, the evolutionary pressures applied by the types of microbes
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that Th17 cells evolved to protect against were not without risk to the vertebrate host. For
reasons that will be considered below, the development of chronic immune disease mediated
by dysregulated Th17 responses appears to be particularly great. In fact, it was through
discovery that the cytokine IL-23, an important factor for the development of Th17 cells,
was essential for several key models of autoimmune disease previosuly attributed to
dysregulated Th1 immunity that led to the discovery of Th17 cells as a distinct effector T
cell subset (4). Since then, the Th17 pathway has been linked to a growing number of
chronic inflammatory diseases in humans through genome-wide association studies
(GWAS) and Th17-specific biomarkers. Notable among these are inflammatory diseases
centered on tissues with broad epithelial interfaces with the external environment,
specifically mucosal tissues and the skin — sites where cells of the Th17 pathway are
normally present in greatest abundance.

The Th17 Pathway: New Branches in the Family Tree

Subsequent to the discovery of Th17 cells, studies that examined the developmental
programming of this subset revealed a remarkable propensity for functional diversity, or
plasticity, that appears to be a characteristic of this pathway (5; 6). In contrast to Th1 and
Th2 cells, which demonstrate more stability following their development from naive
precursors, Th17 cells retain the capacity for divergent cytokine expression profiles and
function following their commitment to the Th17 pathway (Figure 2). This appears to be
linked to retention of more stem cell-like properties of Th17 cells, which allows them to
persist long-term while retaining the capacity to generate functionally divergent progeny
when reactivated by antigen (7; 8).

Most notably, Th17 cells can give rise to IFNy-producing effectors that bear resemblance to
classical Thl cells, so-called Th17/Th1 cells, by repressing the gene locus that encodes
IL-17A and IL-17F and enhancing expression from the locus encoding IFNy. This has been
demonstrated for both human and mouse Th17 cells (9; 10). Importantly, in each of the
Th17-associated chronic inflammatory diseases characterized to date, whether in mouse or
human, both Th17 and Th1-like cells are found in the involved tissues, as are cells that co-
express IL-17 and IFNY, raising the possibility that the IL-17- and IFNy-producing cells
arise from a common effector precursor pool. While the relative contributions to Th17 and
Th17/Th1 cells to chronic inflammatory disease remain to be elucidated, IFNy producing
cells are required for disease pathogenesis in at least some mouse models. Although these
Th17/Th1 cells share many features of classical Thl cells, gene expression analyses indicate
important differences that are likely to have implications for immune disease mediated by
these cells (10), suggesting that generic categorization of IFNy-producing CD4* T cells as
Th1 cells is an oversimplification.

In addition to IL-17A, IL-17F, and even IFNy, the Th17 pathway can give rise to cells that
express IL-22, which targets the epithelium of the mucosae and skin for enhanced barrier
function (11) (Figure 2; and see below). However, while IL-22 can clearly be produced by
Th17 cells, its expression is in developing mouse Th17 cells is antagonized by TGFp, which
enhances IL-17 production by these cells, suggesting a reciprocal relationship between
expression of these cytokines by cells of the Th17 pathway (12). Further, in humans, a
unique subset of IL-22-expressing CD4* T cells, referred to as Th22 cells, has been
described which is distinguished by its expression of skin-homing receptors (13; 14), as will
be discussed below. The functions of Th22 cells in normal immune homeostasis are not well
understood at present, nor are the developmental origins of these cells relative to traditional
Th17 cells. Also, there has been considerable controversy regarding differences in the
developmental programs of Th17 cells in mouse versus human (15). Whereas Th17 cells are
clearly present in the memory T cell pool of both species and all Th17 cells to date share
expression of the key transcription factor, RORyt (see Figure 1), the relative contributions of
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TGF-B and pro-inflammatory cytokines, especially IL-1p, to Th17 cell development appear
to differ between species. Finally, it should be noted that expression of these cytokines is not
unique to CD4* T cells. CD8 T cells that express IL-17 and IL-22 have been described,
particularly in inflammatory diseases of skin, and innate lymphoid cells (ILCs) that share
many features of Th17 cells are increasingly appreciated for their contribution to immune
responses in mucosal tissues (11).

Th17 Specialization For Inmune Regulation At Barrier Sites: Implications For Human

Disease

The gastrointestinal (GI) tract, respiratory tract and skin represent, in that order, the three
largest geographical contacts with the external environment. The epithelia of these tissues
are at the interface with different “external” environments and are the major portals for entry
of microbes, whether commensals or pathogens. As such, each of these tissues has evolved
highly specialized barrier defense mechanisms to resist threats from the outside environment
while performing their major respective functions of nutrient uptake, gas exchange and
sensing of/protection from the external world. Although unique in structure due to their
specialized functions, the epithelia of each of these tissues also share some common
strategies for defense, including those coordinated by cells of the Th17 pathway, which
balance needs for host protection against chronic inflammation.

A common strategy employed by these tissues is one of a layered defense that integrates a
relatively impenetrable epithelium with innate and adaptive immune cells specialized for
protection at each site (Figure 3). The gastrointestinal and respiratory tracts are mucosal
tissues, hence the epithelia continuously produce and are invested by a layer of mucous that
serves as a first line of defense against microbes. Mucous in the GI tract is continuously
propelled along the longitudinal axis by peristalsis, whereas in the respiratory tract it is
propelled towards the oropharynx by the continuous, directional beating of ciliated epithelial
cells that line the conducting airways. There it is swallowed. In this way, inhaled pathogens
can be conveyed to the GI tract where they can be eradicated in the highly acidic
environment of the stomach, or failing that, by other GI defense mechanisms. While the
mucous layer provides a physical barrier to impede movement of microbes from the lumen
to the epithelium, it also serves as a reservoir for retention of microbicidal products of the
epithelium, including a large variety of antimicrobial peptides (AMPs) specialized for
killing different classes of microbes, as well as secreted antibodies produced by tissue-
resident B cells, primarily secretory IgA. Effectively, the mucous layer that bathes these
epithelia is a “killing field” that relatively few pathogens have evolved strategies to
effectively negotiate.

The skin does not produce mucous, but instead relies on a multilayered squamous
epithelium, the outer layer of which is composed of densely packed, highly keratinized dead
cells that forms a protective stratum that acts as a barrier to penetration of the underlying
viable epithelial cells, or keratinocytes. As secretory IgA is a specialized adaptation of
mucosal tissues, it is absent in skin. However, keratinocytes are also potent producers of
AMPs that can eradicate microbes that penetrate the outer barrier of skin.

Thus, the epithelia of mucosal tissues and skin are not simply passive barriers to
translocation of microbes. Epithelial cells in these tissues are arrayed with a remarkable
diversity of germline-encoded receptors that detect pathogen-associated molecular patterns
(PAMPS) through which they can be activated to produce antimicrobial factors that can be
secreted apically into the lumen, as well as pro-inflammatory cytokines and chemokines that
are directed basolaterally to activate and recruit local innate and adaptive immune cells.
Essentially all of the pattern recognition receptors that have been defined to date — whether,
toll-like receptors (TLRs), NOD-like receptors (NLRs), etc. — are expressed by epithelial
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cells of these tissues, some of which are strategically displayed to sense microbes only when
the epithelial barriers has been breached. For example, TLRS, the receptor for flagellin, is
expressed on the basolateral aspects of the epithelium of the intestines, where it can detect
bacteria expressing flagella, which are composed of repeated flagellin monomers (16).
Detection of flagellin on the “host” side of the epithelial barrier results in epithelial cell
activation downstream of TLRS signaling to initiate an inflammatory and immune response
aimed at eradicating the invading bacterium. The importance of flagellin as both an
immune-activating PAMP and antigen targeted by adaptive immune cells is reflected in its
high representation among antigens to which serum antibodies from patients with
inflammatory bowels disease (IBD) bind (17).

In mucosal tissues and skin, there is an abundant complement of resident innate and adaptive
immune cells, reflecting the ongoing recognition of components of a diverse microbiota
normally resident in these tissues. As will be discussed in the context of the specific tissues
below, by far the greatest number of Th17 cells in the normal T cell repertoire are
concentrated in these barrier tissues, especially in the intestines, where they develop in
response to colonization by the flora shortly after birth. While a fraction of the GI-resident T
cells localize to the eptithelium, where they are referred to as intraepithelial lymphocytes
(IELs), the bulk of Th17 cells are found in the lamina propria subjacent to the basement
membrane that separates this compartment from the epithelium. Antibody-producing B cells
are also abundant in this tissue compartment, particularly IgA plasmacytes, where they
continuously produce IgA that is actively transported across the epithelium into the lumen.
As demonstrated by studies of microbiota-reconstituted germ-free and defined flora
gnotobiotic mice, there appear to be certain components of the commensal flora that favor
development of Th17 cells (18), although much additional work is needed to clarify this
interaction.

At homeostasis, the dialog between the microbiota, epithelilium and innate and adaptive
immune cells favors regulatory dominance that prevents inflammatory or immune-mediated
disease. Indeed, the innate defenses are sufficiently robust that much of the host response to
the microbiota progresses without involvement of CD4* T cell dependent responses (19).
Further, much of the IgA response that contributes to partitioning of commensal organisms
away from the epithelium is generated without requirement for T cell help (20). Finally, at
steady state, antigen presentation by dendritic cells of in the intestines, at least, favors the
development of regulatory T cells (Tregs) that act to suppress effector T cells responses in
this tissue to prevent inflammation (21). Nevertheless, dysregulated responses to the
microbiota or other environmental antigens to which these tissues are exposed can cause
chronic inflammatory disease and autoimmunity, and Th17 cells are central to many of these
diseases.

THE TH17 PATHWAY IN INTESTINAL HOMEOSTASIS AND DISEASE
Th17 cells in the Gl tract

The intestine is an immunologic organ, and necessarily so, as it has the largest single
epithelial interface in the body and is populated by the greatest number and diversity of
resident microbes. Metagenomic analysis of the normal human intestinal microbiome of 124
individuals provides an estimate of over 1000 bacterial species and some 3.3 million
bacterial genes (22). Thus, it is not surprising that the intestine contains most of the B cells
and T cells in the body, which are mainly dedicated to maintaining the hostmicrobiota
mutualism. Prominent among the T cells present in the normal intestinal lamina propria are
Th17 cells, which likely serve to maintain intestinal homeostasis (23). The Th17 cytokines,
IL-17A, IL-17F, and IL-22, have major effects on the intestinal epithelium enhancing barrier
function by stimulation of mucin and antimicrobial peptide production, increasing tight
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junction function, and increasing IgA transport into the lumen by upregulating pIgR
expression, among other effects (11; 24).

In addition to Th17 cells, a number of other cells in the intestine produce the Th17 cytokines
IL-22 and IL-17, including innate lymphoid cells (ILCs), natural killer (NK)T cells, and a
subset of v6 T cells. These share some common features. All are RORyt*, CCR6%, IL-23R*,
and produce IL-22 and/or IL-17 upon stimulation with IL-23 (25; 26). Some also express the
aryl hydrocarbon receptor (AHR) and are activated by AHR ligands (27). Cytokine secretion
by these cells is rapid and they appear to be the initial source of IL.-22 during intestinal
bacterial infection. One of these cells, a CD4linckitt CD127*CCR6*, is a dominant source
of IL-22 early during Citrobacter rodentium infection in mice (26). This early IL.-22
production and the resulting epithelial cell production of the antimicrobial peptide REGIIly
is essential for host protection against C. rodentium infection (28).

Th17 cytokines are protective against a number of pathogens at both barrier and systemic
sites (29). These cells also presumably act in a continuous feedback loop with the
microbiota, releasing IL-22 and/or IL-17 upon sensing microbiota metabolites or
constituents, thus stimulating the epithelial cell secretion of antimicrobial peptides, which
inhibit or kill bacteria in the vicinity of the epithelial cell surface. The important role these
cells play in the digesive tract is demonstrated by the RORyt-deficient mouse (30) in which
both innate and CD4* Th17 cell subsets are absent. RORyt-deficient mice demonstrate a
dramatic expansion of gut lymphoid follicles, increased numbers of gut CD4* Th1 cells and
IgG* B cells, and have an extreme sensitivity to colon injury with dextran sulfate sodium
(DSS). The relative role of innate IL-22-producing vs. CD4* Th17 cells in protection from
infection and maintenance of intestinal homeostasis is not yet understood.

CD4% Th17 cells are not found in the germ-free mouse intestine, indicating that this subset is
generated in response to the microbiota (31). A particularly potent bacterial inducer of Th17
cells in the intestine is Candidatus arthromatus, more popularly known as segmented
filamentous bacteria (SFB), an organism that inhabits the ileum and cecum in low
abundance (18). SFB stimulates many other mucosal cells as well (32), but the mechanism
for its potency is unknown. Other microbiota bacteria can also stimulate intestinal Th17
cells, including the eight bacteria comprising the altered Schaedler’s flora (ASF). Such
stimulation is dependent on the status of the host immune response at the time of the
exposure (33). The induction of Th17 cells in the lamina propria by SFB has been shown to
provide protection against Citrobacter infection by stimulating REGIIIy production (18).
Such protection comes at a cost in that SFB in the intestine also provides susceptibility to
experimental autoimmunity in the K/BxN arthritis (34) and EAE models (35), which are
both mediated by Th17 cells. Remarkably, therefore, sensing of certain pro-inflammatory
constituents of the intestinal microbiota can promote autoimmunity in distal tissues. At
present, however, it is unknown how or whether microbes such as SFB directly or indirectly
induce Th17 cells reactive to autoantigens.

Gut injury and repair

IL-17 and IL-22 signaling are protective during colonic epithelial injury due to feeding of
dextran sulfate sodium (DSS), that is, DSS-induced colitis is worse in the absence of 1L.-17
(36; 37) or IL-22 signaling (38). Consistent with these data, IL-23R-deficient RAG2-
deficient mice given DSS exhibited exacerbated disease, increased mucosal damage,
reduced phosphorylated STAT3 in the epithelium, and delayed recovery following DSS
exposure. This phenotype was rescued with exogenous IL-22-Fc, which restored epithelial
pSTAT3 (39). In this study, the source of endogenous IL-22 was Thy1.1* innate lymphoid
cells (ILCs). In contrast, IL-23R-deficient and IL-23p19-deficient mice, with adaptive
immune cells present, had less weight loss and reduced inflammatory infiltrate following
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DSS injury (39), possibly due to increased numbers of intestinal Treg cells, which have been
reported to occur in the absence of IL-23 (40). The production of IL-17 and/or IL-22 by
innate non-Th17 cells appears to be responsible for protection from acute injury from DSS,
but Th17 cells may also contribute. The weight of the data favors the notion that endogenous
intestinal Th17 cytokines are serving primarily a homeostatic, protective function in the
mucosa (23). Th17 cells can be potent mediators of colitis as well, as will be discussed next,
and how these two discordant roles can be reconciled is not entirely clear.

Th17 cells in experimental colitis

The finding that IL-23, but not IL-12, was required for the spontaneous development of
colitis in IL-10-deficient mice (41) was the first indication that Th17 cells might play an
important role in inflammatory bowel disease (IBD). Subsequently, many other models of
colitis have been shown to involve the Th17 subset. For example, in the CD45RBMN transfer
model of colitis, in which the transfer of CD4 T cells isolated from the T cell repertoire of
normal mice causes colitis in T cell deficient mice, transferred RORyt-deficient T cells
failed to develop into Th17 cells or induce colitis in recipients. Furthermore, both IL-17A
and IL-17F had to be deficient or neutralized to block disease after transfer of wild type
CD4+CD45RBMN T cells (42). Transfer of CD4t*CD45RBM T cells into RAG-deficient
IL-23p19-deficient mice does not cause colitis (43), nor does transfer of CD4+*CD45RBN T
cells that lack IL-23R expression (44). In yet another transfer model in which microbiota-
reactive T cells are administered to immunodeficient recipients, a large expansion of
mucosal CD4* Th17 cells was found and small numbers of Th17 cells were able to transfer
colitis (45). In this model, antibody-mediated neutralization of IL-23 not only prevented
colitis, it also reversed established colitis. Colitis induced by administration of the chemical
irritant, 2,4,6-trinitrobenzenesulfonic acid (TNBS), also failed to develop in IL-17RA-
deficient mice, which are defective in signaling by both IL-17A and IL-17F (46).

Although a pathogenetic role for the Th17 pathway is established in models of colitis,
transfer of CD4*CD45RBM T cells deficient in T-bet, the master transcription factor for Thl
responses, does not cause colitis, indicating that Th1-like cells play an important role in this
model. In a recent report, transfer of CD4 T cells from IL-17A-deficient mice caused
increased colitis that was associated with high levels of IFNy in the lesions. This was
postulated to be due to a lack of IL-17A inhibition of T-bet in Th1 cells (29). As discussed
above, interpretation of these results is confounded by findings from several studies that
Th17 cells have a propensity to give rise to Thl-like cells that express IFNy and extinguish
expression of IL-17, contingent upon induction of T-bet (10). Th17 cells stimulate IL-12 and
IL-23 production in colonic dendritic cells, which would serve to enhance the diversion of
Th17 precursors to Thl-like cells (47). Th17 and Th1 subsets in the colon may compete with
one another as well (48). One view is that Th17 cells are not directly pathogenic but are
modulating Th1 cell activity and the level of IFNY in lesions via IL-17 (29; 49). An alternate
view is that Th17 cells are important for disease progression in experimental chronic colitis.
This issue remains controversial and will need to be resolved by future studies.

Th17 pathway in Crohn’s disease

Crohn’s disease (CD) is, along with ulcerative colitis, one of the two major forms of IBD in
humans. It is characterized by chronic, relapsing inflammation that can involve any level of
the GI tract, although it typically involves the small and large intestine. The involved
segments of involvement are often sharply demarcated and can be discontinuous, with
lesions separated by relatively normal segments of intestine (socalled “skip lesions”).
Histopathologically, fully developed lesions included noncaseating granulomatous
inflammation that is often transmural, which can lead to formation of fistulae between other
segments of intestine or non-intestinal tissues. The exact mechanism(s) by which Th17 cells

Annu Rev Pathol. Author manuscript; available in PMC 2014 March 25.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnuepy Joyiny Yd-HIN

Weaver et al.

Page 8

are pathogenic in CD is unknown, as are the relative roles of Th17 vs. Thl subsets, although
a wealth of data from mouse models, genetic associations and analysis of human tissues
strongly implicate this pathway (Figure 4). Increased expression of IL-17 and IL-23 has
been found in CD lesions (9; 50-55). In humans the Th17 subset appears to reside in a sub-
population of CD4 T cells that are CCR6%, IL-23R*, and CD161% (56). This subset is
increased in the lesions of IBD (57). Data from genome-wide association studies has
implicated IL-23R as being linked to IBD (58). The first major IL-23R SNP to be
discovered, which is protective, encodes an alternately spliced secreted variant of IL-23R
that is an inhibitor of IL-23 signaling (59). Additional IBD-linked genetic susceptibility
variants of |L23R have now been identified, as have other genes of the Th17 pathway,
including Jak2, Tyk2, STAT3, ICOSLG, and TNFSF15, among others (58; 60) (Table I).
Patients with Crohn’s disease have increased IL-22 in the active lesions (51), as well as
increased serum levels of IL- 22 that correlate with disease activity (61).

IL-23 can support both Th17 and Th1 responses in humans (62). Monoclonal antibodies to
the common subunit of IL-23 and IL-12, IL-12/IL-23p40, have been effective in clinical
trials of Crohn’s disease, although it is unknown whether blockade of IL-23, IL-12 or both is
responsible for treatment efficacy (63; 64). Clinical trials specifically targeting IL-23 are
currently underway and should be telling. Interestingly, a monoclonal anti-IL-17A was tried
in patients with CD but was found to be ineffective (49). Given the supporting data for a role
for Th17 in Crohn’s disease, the reasons for this failure are unclear and will require further
study.

Ulcerative colitis and the Th17 pathway

Ulcerative colitis (UC) is distinguished from Crohn’s disease by involvement limited to the
colon, with contiguous extension of disease proximally from the rectum. Also in contrast
with CD, inflammation typically not transmural, rather it is limited to the mucosa and
submucosa, and includes prominent ulceration without granulomas. As in Crohn’s disease,
pathogenetic mechanisms that result in UC are incompletely understood. A major working
hypothesis is that pathogenesis it is mediated by dysregulated production of IL-13 (49)
(Figure 4). Support for this concept comes from the oxazolone colitis model in mice that is
mediated by IL-13 produced by CD1d-restricted, invariant NKT cells (49). Indeed, IL-13
production has been found in lamina propria CD4* T cells isolated from the colons of
ulcerative colitis patients (65). IL-13 has been shown to be toxic for intestinal epithelial cells
in vitro (66). Because IFNf can down-regulate IL-13, a small trial of IFNP therapy in
patients with ulcerative colitis was undertaken. Whereas patients not responding to IFNf}
therapy were found to have elevated mucosal IL-17 and IL-6, patients who did respond to
IFNB therapy demonstrated decreased IL-13 expression in the colon mucosa suggesting that,
at least in this subset of patients, IL-13 might be linked to pathogenesis.

In addition to data implicating IL-13 in UC pathogenesis, GWAS have linked |L23R and
Th17 pathway and related immune-mediated disease genes to ulcerative colitis, including
several also linked to CD: Jak2, Tyk2, STAT3, ICOSLG, IL10, and TNFSF15 (60) (Table 1).
Consistent with these genetic studies, increased IL-17 and IL-22 have been found in UC
lesions, although less so than in CD lesions (50; 52). This might imply that both Th17 and
IL-13-dominated responses are occurring to varying proportions in different individuals with
ulcerative colitis, or that disease in different patients has a distinct pathogenetic basis. This
will require further investigation, as will interactions among IL-13, IL-23, and IL-17.
Notably, GWAS have also identified variants of genes encoding constituents of the colonic
epithelial barrier as susceptibility traits, suggesting a role for impaired barrier function as a
contributor to UC pathogenesis in at least some patients (60; 67) (Table 1).
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IBD and cancer

Chronic inflammatory bowel disease, particularly ulcerative colitis, is known to predispose
to the development of colon cancer. The extent of involvement of the colon and the duration
of disease are major risk factors in individuals with ulcerative colitis. Such patients are
frequently screened for dysplasia as a harbinger of cancer development. A number of mouse
strains with experimental colitis also develop colon cancer, including IL-10-deficient and
Gai2-deficient mice. There is great interest in the potential role of the microbiota in the
development of colon cancer in general, as well as in the setting of IBD. A recent study in
mice highlights this potential interaction. Chronic Th17-mediated colitis can be induced in
C57BI/6 mice by colonization with an enterotoxigenic B. fragilis, a strain isolated from the
intestinal microbiota of humans. The enterotoxin cleaves epithelial cell E-cadherin, an
adhesion molecule important to the epithelial barrier (68; 69). This increases STAT3 in
enterocytes, a transcription factor important in epithelial restitution and enterocyte survival.
However, overexpression of STAT3 in enterocytes can lead to epithelial cell cancer (70; 71).
Consistent with the prolonged increase in STAT3 expression in enterocytes due to the
enterotoxigenic B. fragilis, colitic Min mice developed colonic tumors (72). Blocking the
inflammation vastly reduced the incidence of cancers in this system. Enterotoxigenic B.
fragilisis present in the feces of up to 20% of normal humans, raising the question of
whether this organism or some other components of the microbiota may be contributing to
the high risk for cancer in patients with IBD.

THE TH17 PATHWAY IN LUNG DISEASE

CD4* T cells have long been known to play important roles in many lung diseases. Their
critical role in pulmonary mucosal immunity in humans was exemplified by the human
immunodeficiency virus (HIV) epidemic. The acquired immunodeficiency syndrome
(AIDS) that results from CD4 T cell depletion in HIV infection causes increased
susceptibility to a number of opportunistic pulmonary infections, including Pneumocystis
jiroveci and bacteremic S pneumoniae. Defective control of chronic infections by CD4 T
cells was also exposed by the AIDS epidemic, as shown by the prevalence of reactivation
tuberculosis and defective control of herpesviruses, including HHVS, which causes
pulmonary Kaposi’s sarcoma.

Before the discovery of Th17 cells, it was thought that the heightened susceptibility to
infections such as Pneumocystisin AIDS must be due to defective Thl or Th2 responses.
However, mice deficient in Th1 and Th2 immunity could still clear Pneumocystis infection,
whereas mice deficient for CD4 T cells were susceptible (73-76). It is now clear that a
number of pulmonary infections previously thought to be controlled by Th1 cells are in fact
dependent on Th17 cells. As is the case for other barrier sites discussed in this review,
receptors for each of the key effector cytokines produced by Th17 cells, including IL-17A,
IL-17F, IL-21, GM-CSF and IL-22, are expressed in lung tissue. Accordingly, each of these
cytokines can mediate both protective and pathological responses in the lung.

The receptor for IL-17A and IL-17F, which is composed of the IL-17RA and IL-17RC
subunits, is expressed on the basolateral surface of human lung epithelium (77) (78), and
these ligands induce the expression of CXCL1. CXCL2, CXCL38, and G-CSF in primary
polarized human lung epithelial cells (77) (78). In addition, IL-17A leads to the expression
of antimicrobial peptide, human B-defensin 2 (HBD-2) (79). IL-17A also increases apical
bicarbonate expression (80), which may optimize the antimicrobial environment in the
apical surface liquid where HBD-2 mediates its antimicrobial activity, as HBD-2 has
optimal killing in the presence of bicarbonate anion (81) (Figure 1). IL- 17RA is also
expressed on lung fibroblasts (82), pulmonary endothelial cells, and airway smooth muscle
cells (83) and signaling through this receptor can induce chemokines as well as IL-6.
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Recently it has been shown that IL-17 can also induce airway smooth muscle contraction
that could explain in part the ability of IL-17 to mediate airways hyperresponsiveness to
methacholine {Sheppard Nat Med, in press}.

Human bronchial epithelial cells also express IL-22R1 and IL-10R2, components of the
hetrodimeric receptor necessary for IL-22 signaling, and IL-22 activates STAT3 signaling in
these cells (84). The IL-22 receptor complex is enriched in basal cells that also co-express
aquaporin 3 (85), and IL-22 increases the clonogenic potential of these cells in vitro (84).
IL-22 also accelerates the recovery of trans-epithelial resistance in injured human bronchial
epithelial cells, indicating its role in epithelial repair following injury (84). In support of this
concept, it has been shown that recombinant IL-22 can reduce extravasation of serum
proteins in to the lung in a model of ventilator induced lung injury (86).

Role of Th17 Cytokines in Infection

Mice deficient in IL-17RA, the common receptor component thought to be shared by all
members of the IL-17 receptor family (87), control Th1-dependent infections such as
Mycobacteria tuberculosis (84) but succumb to several extracelluar pathogens including
Klebsiella pneumoniae (88) IL.17RA-deficient mice fail to induce G-CSF and have a
defective granulopoietic response to pulmonary K. pneumoniae infection. Moreover these
mice show reduced emigration of neutrophils from the vascular space into the alveolar
space, which is associated with bacterial dissemination (88). Blockade of IL-22 is also
associated with enhanced lethality in this model (84) and associated with very high rates of
bacterial dissemination from the lung. In addition to potentially controlling barrier function
of the epithelium, IL-22 can also increase the expression of a number of anti-microbial and
anti-apoptotic genes such as lipocalin-2, which contributes to mucosal immunity in the lung
(84). In this model much of the early IL-17 and IL-22 derives from 8 T-cells (89) as has
also been reported for E. coli as well (90). The v8 T-cell production of IL-17 and IL-22
requires IL-23 that can be produced by both alveolar macrophages as well as lung dendritic
cells (84). Other potential sources of IL-17 and IL-22 include NKT cells as well as innate
Iymphoid cells (ILCs). Although neutrophils and macrophages have also been reported to
produce IL-17 transcripts or protein by intracellular cytokine staining (91; 92), the recent
development of various IL-17 reporter mice suggests that these are minor sources of IL-17
in the lung (unpublished observations).

Although there is a consensus that Th17 effector cytokines are major players in mediating
host defense against extracelluar pathogens, several intracellular pathogens have been shown
to require IL-17 including Mycoplasma pneumoniae (93) and Franciscella tularensis. The
latter pathogen is a poor inducer of IL-12p40 and requires IL-17 production to induce
IL-12p70 from lung macrophages and dendritic cells to prime normal Thl immunity (94).
Thus, in this setting, IL-17 controls the production of IFNYy that is the ultimate effector that
controls the intracellular growth of this pathogen. Moreover, augmenting Th17 responses
thru vaccination can augment the local expression of CXCR3 ligands necessary for
enhanced Thl recruitment and ultimately vaccine induced immunity against intracellular
pathogens such as M. tuberculosis. Further, vaccine induced immunity against diverse
groups of microbes such as S pneumoniae (95), North American endemic mycoses (96), and
K. pneumoniae (89) require Th17 cells and/or IL-17. In the latter setting, Th17 cells undergo
expansion and contraction in hilar lymph nodes and lung parenchyma and show MHC class
II restricted proliferative responses to outer membrane proteins in the cell wall of the
bacteria (89). As these proteins are conserved across this genus of bacteria, this Th17
response can provide heterologous immunity to several different capsular serotypes of the
bacteria. Thus, using these types of conserved protein sequences as T-cell dependent
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vaccines may provide broader immunity than using polysaccharide antigens that target
humoral immunity.

ROLE OF TH17/TH22 CYTOKINES IN INFLAMMATORY LUNG DISEASES

Although there is much evidence that Th17 effector cytokines can play protective roles
against infectious agents in the lung, there is growing evidence that this pathway can also
result in lung pathology. This may result from dysregulation of a normal immune response,
an autoimmune response or through the development of structural lung disease that could
potentially interfere with normal mucosal immunity. Regarding the latter, many chronic lung
diseases, including chronic asthma and chronic obstructive pulmonary disease (COPD), are
associated with an abnormal lung microbiome that could exacerbate Th17 inflammation.

Autoimmune and Fibrotic Lung Diseases

Because of its large vascular supply and high exposure to inhaled environmental agents, the
lung is an organ that is often involved by chronic immune inflammation, whether as a
component of systemic or lung-specific inflammatory disease. Pulmonary vasculitis and
capillaritis can occur as complications of systemic lupus erythematosus (SLE) and
rheumatoid arthritis (RA) (97) (98). Interstitial fibrosis is a complication of a number of
systemic autoimmune diseases, including RA and scleroderma (systemic sclerosis). RA can
also be associated with pleural effusion, pulmonary nodulosis, and alveolar hemorrhage.
Whether these pulmonary complications are associated with Th17 effector cytokine
signaling remains to be determined. It has been shown that the IL-17:IL-17R signaling is
required for the formation of ectopic lymphoid follicles in the lung (99) and thus there is at
least preclinical evidence that the IL-17 signaling pathway may be involved in some
pulmonary complications of RA. Of note it has been reported that RA patients treated with
certain anti-TNF therapies can be associated with granulomatous lung disease, thought to be
of non-infectious etiology (100).

Interstitial fibrosis can result from a large variety of pulmonary insults, including chronic
hypersensitivity pneumonitis (CHP), sarcoidosis, and certain drugs (e.g., bleomycin, used in
cancer chemotherapy), or can occur in an idiopathic form (idiopathic pulmonary fibrosis, or
IPF). In a mouse model of CHP induced by repeated exposure to the Gram-positive
bacterium, Saccharopolyspora rectivirgula, a cause of so-called “farmer’s lung,” increased
Th17 cells were found in the lung and the development of peribronchiolar inflammation and
fibrosis were attenuated in the absence of IL-17RA signaling (101). Among IL-17R ligands,
this response appears to be mediated by IL-17A as similar results were observed in IL-17A-
deficient mice (102). IL-17 appears to be a double-edged sword in this disease as well, as it
is also essential for clearance of some bacteria that mediate CHP, such as Bacillus subtilis
(103). This may also be relevant in diseases such as cystic fibrosis, in which infection
persists despite elevated IL-17 in sputum and increased numbers of Th17 cells in lung (77;
104; 105). Because a major effect of IL-17 the regulation of ion transport in the airways
(80), this Th17 response may be ineffective at eradicating infection and resulting in end-
organ damage.

Recently, IL-17A has also been implicated in interstitial pulmonary fibrosis caused by
bleomycin or the particulate, silica (106). Moreover both IL-17A and IL-1f were elevated in
the bronchoalveolar lavage fluid of patients with idioathic pulmonary fibrosis compared to
controls. An IL-17 gene signature has also been recently reported in lung fibroblasts from
IPF patients and patients with idiopathic pulmonary hypertension (107). Sarcoidosis is a
granulomatous lung disease that can also lead to the development of interstitial fibrosis and
is characterized by elevated CD4 T-cells in lung lavage fluid. Although classically thought
of as a Th1 disease, IL-17 producing cells have also been found to be elevated in peripheral
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blood as well as in lung lavage fluid of these patients (108). Moreover both single IL-17A+
and double IL-17/ IFNy+ cells have been reported in sarcoid granulomatous tissue (109).
Given the potential dual nature of Th17 and Th1 immunity in sarcoidosis, a clinical trial has
been initiated to test an anti-IL-12p40 monoclonal antibody for possible efficacy in this
disease (NCT00955279).

Although not autoimmune per se, there is growing evidence supporting a role for the Th17
pathway in transplantation-associated inflammatory disease of the lung. A common
complication of hematopoietic stem cell (HSC), or bone marrow, transplantation is graft
versus host disease. Although GVHD was originally thought to be Th1-mediated, recent
studies have demonstrated that the transplantation or transfer of allogeneic cells deficient for
IFNy or T-bet result in exacerbated disease in some mouse models of GVHD (110; 111).
Further, adoptive transfer of allogeneic Th17 cells induced lethal GVHD with prominent
involvement of the lung and skin (110). Interestingly although cutaneous manifestations of
GVHD could be blocked with anti-IL-17A, anti-TNFa was more effective at blocking
weight loss and overall GVHD organ pathology (110). This differential pathology may be
due to homing receptors and the role of Th2 cells in mediating some aspects of the lung
pathology (112).

Obliterative bronchiolitis (or bronchiolitis obliterans), a fibrosing destruction of the small
airways, is the most serious, life-threatening complication of lung transplantation and is
thought to be due to T-cell mediated allograft injury. Recently, two independent groups have
shown that neutralization of IL-23 or IL-17 can prevent allograft fibrosis, suggesting Th17
involvement. Anti-IL-23 prevented large airway fibrosis in a tracheal allograft model (113),
and anti-IL-17 or an IL-17R:Fc chimera was shown to prevent obliterative bronchiolitis in a
minor MHC mismatch lung allograft transplant model (114).

Asthma is a syndrome of recurrent wheezing and shortness of breath characterized by
airways inflammation, increased mucous production and reversible airflow obstruction that
is typically caused by immune hypersensitivity to environmental antigens (115; 116).
Although asthma has largely been thought to be a disease mediated by Th2 cells, up to 50%
of patients are non-atopic. Moreover some patients with severe asthma and patients in status
asthmaticus are found to have neutrophilic airways inflammation as opposed to Th2-
associated eosinophilic inflammation (117) (Figure 5). As IL-17 can mediate neutrophilic
inflammation in the lung, there has been intense interest in the possibility that a Th17-based
immune pathology might explain some aspects of the heterogeneity found in this disease.
IL-17A has been shown to be elevated in the sputum of patients with severe asthma and the
levels correlated with neutrophil chemokines such as IL-8 as well as neutrophil numbers
(118). Increased production of IL-17F has also been reported in stimulated PBMCs and
BAL fluid from asthmatics compared to controls (119). In this regard, mice with a genetic
deletion in IL-17F have reduced antigen-induced neutrophilia in the lungs (37).

Genetic studies on the role of IL-17F have been conflicting. Although many SNPS were
identified (including several non-synonymous ones) in one study, none were associated with
physician-diagnosed asthma (120). In a cohort from Japan, homozygosity for a HI61R
variant in IL17F was inversely associated with asthma (121). However, to date these data
have not been replicated. It was also hypothesized that this variant may encode a loss of
function however expression studies have shown that this variant of IL-17F can induce
chemokine expression in lung epithelial cells (122).

Mice deficient in IL-17RA show reduced airways inflammation in allergen-induced asthma
(123), however IL-17RA 1is also a receptor for other IL-17 cytokine family members such as
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IL-25 that can regulate Th2 responses and thus this approach does not address whether
IL-17 or TH17 cells per se are required for this phenotype. In contrast, neutralization of
IL-17 in a Th2 biased model induced by immunization with alum actually exacerbated
airways inflammation and eosinophilia (123). Using a Koch’s postulate approach to
determine if Th17 could mediate asthma in the mouse, McKinley adoptively transferred in
vitro polarized ovalbumin-specific Th17 cells into mice followed by airway challenge with
ovalbumin. Adoptive transfer of Th2 and Th17 cells mediated increases in airways
hyperresponsiveness to methacholine (124). However the airway inflammation was
predominantly neutrophilic in the Th17 transfer model as opposed to eosinophilic with the
transfer of Th2 cells. Interestingly the production of effector cytokines in vitro by Th2 cells
as well as airways inflammation and bronchial hyperresponsiveness were steroid sensitive.
In contrast, the production of effector cytokines in vitro by Th17 cells, airways
inflammation, and bronchial hyperresponsiveness were steroid resistant (124).

It has also been recently shown that mouse strain differences in response to house dust mite
antigen that subsequently dictate the severity of bronchospasm to methacholine is in part
determined by the degree of complement activation and IL-17 (125). Furthermore ozone,
which can also exacerbate pre-existing asthma, mediates bronchial hyperresponsiveness
through IL-17 production by invariant NKT cells (126). The precise target cells of IL-17
signaling in these models remains to be determined. Based on these pre-clinical data there
are ongoing clinical trials targeting the IL-17R pathway in asthma. Further genetic evidence
of a potential role of the Th17 pathway is emerging as well. Recently there has been a
significant association with a SNP in IL-1R1 as well as in RORA (127). These have also
been replicated in a recent metaanalysis (128).

Chronic Obstructive Pulmonary Disease (COPD)

COPD encompasses the respiratory disorders chronic bronchitis and emphysema, with
individual patients manifesting variable contributions of these two disorders. Disease is
caused by long-term exposure to toxic inhalants, with cigarette smoking by far the leading
contributor. In contrast to asthma, wherein airway obstruction is episodic, airway
inflammation and obstruction (chronic bronchitis component) and destruction of alveoli
(emphysematous component) are progressive in COPD, and COPD is the third leading cause
of death in the US. Variable susceptibility and familial clustering of disease in patients with
similar smoking histories indicates a genetic component.

While GWA studies have begun to implicate a number of immune function genes in COPD,
to date most of these studies have not been adequately powered to definitively identify SNPs
that confer increased susceptibility or resistance. However, due to the fact that many patients
with COPD have colonization with non-typeable Hemophilus influenza and neutrophilic
airway inflammation and mucous hypersecretion, it has been hypothesized that IL-17 could
play arole in COPD (129; 130). In this regard, polymorphisms in IL-27, which can
negatively regulate IL-17 responses, have been associated with a reduced risk of COPD in a
Chinese cohort (131), and severe COPD is characterized by ectopic lymphoid follicles (132;
133), which in the mouse requires IL- 17RA signaling (99). Compared to wild-type mice,
IL-17RA-deficient mice failed to develop emphysema after six months of cigarette smoke
exposure, and mice that overexpress IL-17 develop more severe emphysema upon exposure
to cigarette smoke (134). Moreover, it was recently shown that the number of IL-22 and
IL-23 expressing cells is increased in the lung epithelium of patients with stable COPD, and
the number of IL-17A and IL-22 positive cells was also increased (135). Interestingly,
smoking alone was associated with an increase in the number of IL-22 positive cells, and it
has been shown that cigarette smoke extract can augment I[L-22 expression in Th17 cells in
part through the aryl-hydrocarbon receptor (AHR) (134). Finally, the progression of disease
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in patients that have quit smoking has suggested a possible autoimmune component.
Although not yet well characterized, a subset of COPD patients develop anti-elastin
antibodies (136) as well as increase in TH17 responses (137). Collectively, these studies
suggest that the Th17 pathway may represent a therapeutic target in COPD.

Lung Cancer

Given the close association of COPD and the development of non-small cell lung cancer
(NSCLC) the role of the Th17 pathway in lung cancer has been recently explored. In one
study, increases in IL-17 positive cells were identified in 25 of 52 lung cancer specimens
and the presence of these cells was associated with poorer survival (138). IL-17 has been
shown to increase angiogenesis in pre-clinical models of NSCLC (139). CCL20, a
chemokine regulated by IL-17 that serves to recruit CCR6 positive cells, including Th17
cells, may also promote NSCLC progression (140). IL-22 has been shown to have anti-
apoptotic activity in NSLC and may also promote tumor progression and/or survival (141).
Taken together, there is mounting evidence of a potential Th17 pathway that is shared
between COPD and lung cancer, which raises the issue of targeting Th17 cells or their
effector cytokines for treatment or chemoprophylaxis of NSCLC (Figure 2).

THE TH17 PATHWAY IN SKIN DISEASE

In contrast to the intestinal and respiratory tracts, the skin is a non-mucosal barrier that
develops from ectoderm, rather than endoderm. And while it is much smaller in total surface
area than these mucosal tissues, it is the largest organ of the body. Although the skin
contributes to the generation of essential metabolites, including active vitamin D, and plays
a major role in regulating body temperature, its main function is protective. The tissue
constituents of the skin have evolved to protect against a variety of physical, radiant,
chemical and microbial threats. The skin consists of the outer epidermis and inner dermis,
which are in many ways analogous in function to the respective epithelium and lamina
propria of mucosal tissues of the intestinal and respiratory tracts. However, unlike the
single-cell epithelium of the intestines or pseudostratified epithelium of the respiratory tract,
which are invested by a layer of mucous that provides a physical barrier to many
environmental threats, the epithelium of the skin lacks mucous. Rather, continuously
proliferating keratinocytes within the basal epidermis differentiate as they mature towards
the skin surface to create an outer, densely keratinized and cross-linked matrix of anucleated
dead squamous cells, the stratum corneum, which prevents fluid loss and acts as a relatively
impenetrable barrier. The underlying dermal tissue consists of fibroblasts within a
connective matrix that supports hair follicles, glands, and nerve endings and a rich supply of
lymphatic and blood vessels. This vascularization enables the extravasation of circulating
immune cells to mostly the dermis but also the epidermis (142—-144). In particular, the skin
is home to a large number of resident T cells that respond to antigens presented by
Langerhans cells (LC) in the epidermis and distinct types of dendritic cells in the dermis
(145). As a result of its relative accessibility, much of our knowledge about Th17, and
particularly Th22, cells in human solid tissue is derived from study of the skin. Most
notably, the discovery and study of Th17 cells and associated cytokines has revolutionized
our mechanistic understanding of psoriatic immunopathology (146; 147).

As at mucosal barriers, the constant exposure of the skin to the external environment,
including a resident commensal microbiota, requires a constant dialog between the
epithelium and immune cells to maintain homeostasis. Keratinocytes, the epithelial
constituents of the epidermis, have considerable immunological and inflammatory functions,
acting together with monocyte-derived intraepidermal Langerhans cells as first-line sentinels
that respond to environmental/microbial agents that penetrate the superficial epidermis (144)
(Figure 1). Keratinocytes express pattern-recognition and NOD-like receptors (PRR and
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NLR) for both pathogen-associated molecular pattern (PAMP) and damage-associated
molecular pattern (DAMP) ligands that are detected or produced in the context of infectious
or non-infectious threats, respectively (148—150). The type of assault dictates the quality of
these ligands (151), which in turn, stimulate production of cytokines and chemokines that
initiate and coordinate the activation and recruitment innate immune cells and promote the
development of distinct subsets of CD4* T cells that coordinate both the innate and adaptive
immune response (152).

Among the cytokines produced by keratinocytes in response to inflammatory stimuli, those
normally provoked by extracellular bacteria and fungi that breach the outer epithelial barrier
promote the development of pathogen-specific CD4 T cells of the Th17 pathway, including
both classical Th17 cells and Th22 cells. Keratinocytes activated through the appropriate
PRRs produce abundant IL-1f, IL-6 and other cytokines (153— 155) that amplify production
of IL-23 by intraepidermal Langerhans cells and dermalresident dendritic cells and promote
their migration to regional lymph nodes where they prime CD4 T cell development (156—
160). Th17 and Th22 cells that develop in response to antigens presented by activated
dendritic cells from skin express homing receptors that promote their trafficking to sites of
inflammation in the skin. Specifically, skin-homing Th17 and Th22 cells are
CCR6TCCR4*CCR10*CLAY, which directs their E selectin-dependent extravasation
mediated by cutaneous lymphocyte antigen (CLA) and migration along gradients of the
chemokines CCL20, CCL22, and CCL27 (161-165). In addition, the binding of
environmental small molecules by the AHR transcription factor expressed by Th17 and
Th22 cells induces IL-22 expression and is a further synergistic signaling pathway towards
the generation of this subset’s specific inflammatory responses in the immediate vicinity of
the insult (166). In fact, chronic and systemic human exposure to dioxin, a toxic AHR ligand
product and by-product of manufacturing processes, appears to be associated with a
detectable skewing of circulating T cells to the Th22 lineage (167).

As in the gut and lungs, Th17 (and Th22) cells that home to skin produce cytokines that
signal back to the tissue-resident epithelial cells, keratinocytes, to influence their barrier-
protective properties. The receptors for IL-17A and IL-17F (IL-17RA/C), IL-22 and TNFa
are expressed by keratinocytes, and these ligands each have unique and synergistic actions
on keratinocytes to induce production of a variety of cytokines (e.g., [L-32, IL-36’s,),
chemokines (e.g. CXCL1, CCL20) and antimicrobial peptides (i.e., B-defensin 2, STO0A7/
psoriacin and other S100 family peptides) (168—173). While antimicrobial peptides (AMPs)
can be directly bactericidal, these molecules can also further amplify local inflammatory
responses through their actions on immune cells (174; 175). In addition, Th17 and Th22-
derived cytokines are able to contribute directly (i.e., IL-22) or indirectly (i.e., IL-17A and
IL-22’s induction of IL-20 and IL-24 from keratinocytes) to enhance repair of the injured
epidermis by inducing the proliferation of keratinocytes (176; 177). Thus, the crosstalk
between skin-resident keratinocytes and dendritic cells and the Th17 and Th22 effector cells
whose development and recruitment they promote facilitates both immune and non-immune
functions that drive cutaneous inflammation. With appropriate feedback regulation of, and
subsequent recovery from, these inflammatory responses —typically commensurate with the
clearance of foreign antigens, the skin is returned to physiologic homeostasis.

Psoriasis is a chronic inflammatory disease that exemplifies a dysregulated immune
response in the skin (146; 147). Psoriatic lesions are characterized by rapid
hyperproliferation and impaired differentiation of keratinocytes that results in considerable
thickening (acanthosis) and scaling (hyperkeratosis/parakeratosis) of the epidermis. The
epidermal abnormalities are associated with an influx or expansion of immune cells, with
increased of CD4*T cells in the involved dermis and infiltration of CD8* T cells into the
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involved epidermis, consistent with an autoimmune etiology. Antecedent to discovery of the
Th17 pathway, psoriasis was proposed to be a Th1/Tcl autoimmune disease: a dysregulated
T cell response involving IFNy-producing CD4* (Th1) and CD8* (Tcl) cells. This was
based on the identification of these cells in direct isolates and cloned lines derived from
lesional biopsies, and detection of increased transcripts for IFNy in psoriatic lesions (178;
179).

The efficacy of neutralizing antibodies that target human IL-12 in treating psoriasis was
initially interpreted as confirmatory of the Th1 basis for psoriatic autoimmunity (180; 181).
Ustekinumab, an anti-IL-12p40 monoclonal antibody, was originally chosen for its high
affinity and potency for blocking the activity of IL-12. It was conceived as an anti- Thl
therapy for the treatment of psoriasis and has been proven very effective for both induction
and maintenance therapy (182; 183). However, the subsequent discovery that the IL-12p40
subunit is shared between IL-12 and IL-23 has raised the possibility that part, or all, of the
clinical efficacy of this biologic might be due to its targeting of the IL-23/IL-17 axis, and the
Th17 pathway. Indeed, a preponderance of mechanistic and clinical data collected since
discovery of the Th17 pathway suggests that psoriasis is primarily driven by the I1L-23/
IL-17/Th17 axis rather than the classical IL-12/IFNy/Th1 axis (146). Thus, the instrumental,
yet ultimately serendipitous and fortuitous, early design and clinical development of a high
affinity anti-IL-12(IL-23)p40 neutralizing antibody, prior to the discovery of the
IL-23(p19p40) cytokine, has created a transformative therapeutic for the treatment of
psoriasis.

The significance of the IL-23 signaling pathway to the promotion of psoriasis pathology has
been strongly reinforced by GWAS (Table 1). Psoriasis susceptibility SNPs have been
identified in the IL23R, IL23A and IL12B gene loci (184; 185). Furthermore, clinical data
from a phase I safety study suggests that targeting IL-17A is effective at resolving psoriatic
lesions, giving additional credence to the role of Th17 cells in this disease (186). Thus, the
onset of psoriasis is now proposed to be due to local, dysregulated, IL-23-dependent
expansion of CD4*(Th17) and CD8" (Tc17) a3 T cells (146; 187; 188) (Figure 6).
Cytokines secreted from these cells, particularly IL- 17A, IL-22, and TNFa, induce
keratinocytes to express of a variety of genes — cytokines, chemokines and AMPS — that are
proposed to sustain the inflammatory cascade in psoriatic lesions. In particular, IL-17,
TNFa, and IL-22 act synergistically to induce several AMPs that are thought to underlie the
sterile state of psoriatic skin. A mechanism by which an AMP also contributes to sustaining
an inflammatory cascade is exemplified by LL37. This AMP is able to bind to self nucleic
acid such that auto-reactive activation of DCs can be induced by TLRs (189). While non-self
antigens are presumed to instigate early psoriatic disease, self antigens, exemplified by
nucleic acids, could sustain the ability of DCs to activate T cells independently of on-going
contribution by foreign antigens.

In addition to inflammation, IL-17A, IL-22, and TNFa synergize to maintain the acanthosis
that is a hallmark of this disease. These Th17-associated cytokines promote the expression
of IL-20 and IL-24, IL-10 family cytokines that, like IL-22, are capable of inducing the
hyperproliferation of keratinocytes (177; 190; 191). In summary, while data documenting
the presence of increased IFNy-producing T cells in psoriatic lesions is irrefutable, whether
these cells arise from the Th17 pathway as a consequence of its considerable developmental
plasticity (Th17/Th1 cells) or from a classical Th1 pathway remains to be determined, as
does their contribution to disease pathogenesis. Collectively, the data from the bench and the
clinic indicate that sustained Th17 cell responses are a major contributor to chronic
pathology of psoriasis (146; 192).
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Three anti-TNF monoclonal antibodies — etanercept, infliximab, and adalimumab — are
approved for the treatment of psoriasis in the US, the development of the first two preceding
that of ustekinumab (193). The established efficacy of anti-TNF therapies begs the question
as to their mechanism of action. Gene expression profiling indicated that the down-
modulation of ‘immediate response TNF genes’ to baseline levels occurred in the lesions of
etanercept-treated patients, whether or not there was a response to therapy (194). Instead,
suppression of IL-17 pathway genes occurred in responders, but was not observed in non-
responders (194; 195). Nevertheless, even resolved skin lesions from patients who
responded to etanercept retained residual inflammation as detected by elevated mRNA
levels, despite nearly complete histopathologic resolution (196). A clinical study has shown
that ustekinumab is superior to etanercept after 12 weeks of treatment, although it has not
been reported whether this heightened efficacy reflects complete resolution of inflammatory
mRNA transcripts (197). While the durability of clinical remissions achieved by blockade of
IL-23 signaling remains to be fully assessed, it would appear that both TNFa and IL-12/
IL-23p40 inhibitors will require long-term administration to restrain disease, suggesting that
the IL-23/Th17 pathway is not irreversibly suppressed by these biologic agents.

Atopic dermatitis

Atopic dermatitis (AD), also referred to as atopic eczema, is another immune-mediated
disease of the skin (187; 198; 199). As its name indicates, AD has an allergic component,
with identifiable environmental antigens in some patients. The skin in patients with AD skin
is dry and intensely pruritic (itchy), leading to scratching and, thereby, mechanical insults
that exacerbate disease. The lesions contain an influx and/or expansion of dermal and
epidermal immune cells, including dendritic cells, CD4*T cells, mast cells and eosinophils.
Although the weight of evidence does not support a role for Th17 cells in the
immunopathogenesis of AD — like asthma, it has been traditionally considered a Th2-
mediated disease — new data has revealed a contribution by Th22 cells, hence its inclusion
here.

A leading hypothesis in AD pathogenesis is that genetic predisposition to defective barrier
function of the epidermis leads to increased exposure of the skin immune defenses to
sensitizing antigens that drive abnormal, overlapping Th2 and Th22 immunity (Figure 6).
There is substantial evidence supporting a genetic component in AD, although the specific
genes involved are only beginning to be elucidated. Recent GWAS data older genetic
linkage data that implicated loss-of-function mutations in the gene that encodes fillaggrin
(FLG), which leads to altered terminal differentiation of keratinocytes that results in
defective generation of the outer, cornified layer of the epidermis (stratum corneum) in the
~30% of AD patients who are affected (200; 201). The gene that encodes fillagrin resides in
a cluster of genes involved in epidermal differentiation on chromosome 1 in humans.
Fillagrin is expressed by keratinocytes in the granular layer of the epidermis (stratum
granulosum), where it binds and condenses the keratin cytokeleton to effect cell compaction
required for the generation of the squames that compose the outer epidermal barrier (200).
When defective, the skin may become more permeable to environmental antigens and is less
resistant to moisture loss, setting the stage for hypersensitization to allergens. As in
ulcerative colitis, and perhaps even asthma, it would appear that an inherited predisposition
to epithelial barrier defects might compromise the normal partitioning of environmental
antigens and stimuli that activate innate, and ultimately, adaptive immunity.

More recently, GWAS data have identified associations of other genes with AD
susceptibility, most notably genes that link the production of epidermal cytokines to the Th2
response, and Th2 cytokines themselves (Table 1). Specifically, AD-associated SNPs have
been identified in gene loci that encode IL-33 and its specific receptor component, ST2 or
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IL-1RL1, as well as IL-13 and IL-4 (201; 202). IL-33 is an IL-1 family cytokine (IL-1F11)
produced by epithelial cells of barrier tissues, including keratinocytes. Like IL-1 and IL-18,
IL-33 is produced as a precursor form that, interestingly, can translocate to the nucleus
where it can act to repress chromatin through interactions with histones (203). It is also
released from dying cells that express it, acting as an alarmin following it extracellular
cleavage to an active cytokine form by neutrophil-derived proteolytic enzymes (204). The
cleaved form of IL-33 signals through a heterodimeric receptor composed of a specific
component, ST2 (or IL-1RL1), and a common subunit, IL-1RAP, which is shared by the
receptors for IL-1a, IL-1p and the IL-36 subfamily (205). The IL-33 receptor is highly
expressed on cells of the Th2 pathway, including mast cells, eosinophils and Th2 cells
themselves, which it costimulates to produce the Th2 cytokines, IL-4 and IL-13. Thus,
newer GWAS data support a contribution of dysregulated Th2 cytokine responses to the
inflammatory pathology of AD that is triggered by the activation of immune cells
downstream of injury to keratinocytes exposed to mechanical, environmental, and/or
infectious insults (187; 198; 199; 206). In support of a Th2 pathway link to AD
pathogenesis, the majority of AD patients have high levels of IgE in the circulation with the
isolation of Th2 cells from, and the detection of transcript for associated cytokines IL-13,
IL-4, and IL-5 in, AD lesions. IL-23 and IL-17 transcript levels are relatively low in RNA
from skin biopsies, suggesting that Th17 cells do not have a major role in this disease (207),
and perhaps reflecting the potent inhibition of Th17 development by Th2 cytokines (3).

Genetic defects in the terminal differentiation of the epidermis concomitant with a Th2-
mediated suppression of Th17 function might explain the chronic colonization of lesional as
well as non-lesional skin of AD patients by the extracellular bacterial pathogen,
Saphylcoccus aureus (199). This is in contrast to psoriasis, in which lesional skin is a
sterile, attributable to the strong induction of AMP gene expression by keratinocytes as well
as the chemokine-dependent recruitment of neutrophils to the hyperplastic epidermis (146;
187; 198). IL-17A is proposed to be a dominant inducer of several AMPs. The immune
deficiency to S aureusin the context of AD pathology might therefore be due, at least in
part, to an insufficient production of IL-17A and, thereby, specific AMPs. In fact, a
comparison of AMP transcripts or peptides in biopsies from psoriasis to AD patients
indicates lower levels in the latter (208; 209), despite a prominent contribution of IL-22-
prodiucing T cells in then skin of AD patients (see below).

Although IL-17 producing cells are lacking in AD lesions, T cells that express IL-22 are
present and appear to contribute to the AD pathology (210). Two groups independently
reported a subset of CD4*memory T cells from human peripheral blood that express IL-22
without co-expression of IL-17A or IL-4, and variable co-expression of IFNy, so-called
Th22 cells (13; 14). Th22 cells from blood of healthy donors co-expressed CCR6, CCR4,
CCRI10, and CLA, indicative of a skin-homing phenotype, and produced TNFa and IL-13
along with IL-22. Activation of the AHR signaling pathway favored development of Th22
lineage and induced increased production of IL-22 (14). Notably, a subsequent report
identified IL-22-producing af} T cells circulating in normal human blood that were restricted
by the non-classical MHC I-like molecule, CD1a, which is highly expressed by Langerhans
cells (LCs) and presents lipid antigens to a} T cells (159; 211; 212). These T cells express
the same skin-homing profile as previously reported Th22 cells, and, remarkably, a major
fraction of CD1a-reactive IL-22 producers were CD4*CD8™ T cells that could be activated
by skin-derived LCs (159). A subset of T cells isolated from skin of healthy donors was also
CD1a autoreactive and produced predominantly IL-22 (159). Further, LCs preferentially
induced the allogeneic expansion of Th22 cells from human peripheral blood (213).
Collectively, these observations suggest that Langerhans cells have the capacity to present
lipid self antigens via CD1a to induce the development of skin-resident Th22 cells. Both
Th22 and IL-22-producing CD8* T cells (Tc22 cells) are detected at high frequency in AD
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lesions (170; 210), with Tc22 frequencies, in particular, strongly correlating with the
severity of a patient’s disease.

It is tempting to speculate based on the above observations that Th22 and Tc22 cells
contribute to AD pathogenesis (187). Compared to skin from healthy donors, nonlesional
skin from AD patients has a molecular and histological profile indicative of impaired
terminal differentiation of the epidermis and more immune cell infiltrates (214). In
particular, and as a result of mechanical damage to the intrinsically defective AD epidermis,
environmental non-self, lipid antigens presented by CD1a on the surface of the LC dendritic
network within the epidermis could contribute to the development and activation of skin-
resident Th22 and Tc22 cells. IL-22 and TNFa, produced by an expansion of the Th22 and
Tc22 subsets and in the context of a Th2 cytokine milieu, would activate keratinocytes to
produce inflammatory proteins, including cytokines, chemokines, TLRs and complement
subunits (170). While AD is described as a Th2 subset-associated disease, the mechanism by
which epidermal hyperplasia is mediated has not been elucidated. The presence of Th22 and
Tc22 cells in this pathology could contribute the IL.-22-dependant mechanism by which the
acanthosis of AD is induced. Thus, the convergence of the Th2 and Th22 signaling
mechanisms may define a cytokine milieu that is unique to and exacerbates the AD
pathology,and will need to be further explored.

Inflammation and immunity can be instigated and maintained in geographically distinct
local environments in the skin. A recent report of rare patients that present with both
psoriatic and AD lesions, and distinct Th17/Th1- or Th2-dominant local T cell infiltrates,
respectively, emphasizes this conclusion (215). Whereas Th17 and Th2 responses are
typically counter-regulatory, perhaps explaining the rarity of patients with both psoriasis and
AD, increasingly it is appreciated that T cells with convergent patterns of cytokine
expression exist and might contribute to distinct patterns of tissue-specific
immunopathology. Furthermore, inflammation and immune mechanisms have evolved that
are tissue specific. As has been described above for mucosal tissues, IL-17A and IL-22-
producing innate lymphoid cells (ILCs) appear to be critical to early host defense in this
context. Yet, studies have not detected ILCs in the skin. While this may be an experimental
issue, it is tempting to speculate that the large number of resident memory T cells that
appear to be long-term, non-recirculating residents of the skin — twice as many T cells than
are circulating — might well make ILCs unnecessary in this barrier organ (145; 216). The
yang of this ‘abundant skin T cell’ yin is that these primed, albeit resting, T cell sentinels
can be sensitively reactivated with the potential for Th17/Th22 signaling mechanisms to
contribute to the psoriatic and AD skin-specific pathologies.

CONCLUDING REMARKS

Discoveries that laid the foundation for on-going advances in the delineation of the Th17
pathway in immune homeostasis and host protection have provided new opportunities for
understanding chronic immune-mediated disease. Whereas these discoveries have largely
emanated from mouse models, the tide is rapidly turning. The advent of new technologies
for interrogating the genome of individuals with greater affordability will continue to
identify important nodes for immune regulation and transform the approach to human
immune-mediated disease initiated by GWAS studies. Because consortia coordinated for
GWAS studies of IBD were organized early and have led the way, many more genes/loci
have been identified for CD and UC to date, but this will no doubt change in the next few
years.

It is noteworthy that the original disease models that led to discovery of Th17 were not
diseases of “barrier” tissues, specifically the EAE model of MS and collagen-induced model
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of rheumatois arthritis (3; 4). However, new discoveries increasingly support the notion that
tissue-specific autoimmunity that bears a Th17 signature may well be linked to interactions
between the host and its microbiota — particularly the microbiota of the lower gut, which
dwarfs that of other barrier sites in its diversity and abundance. Thus, specific components
of the microbiota have been implicated in diseases as divergent as multiple sclerosis and
type II diabetes (34; 35). Indeed, as the application of genomic tools to define the
microbiome in individuals accelerates, it is anticipated that a wealth of new links between
the host-microbiome dialog and human disease will emerge, as will new opportunities for
more precisely targeting immune regulatory pathways with which to treat disease mediated
by dysregulation of the Th17 pathway.
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Figure 1.

Developmental programs of Th17, Th1 and Th2 pathways. Naive CD4*T cells of defined
antigen specificity differentiate into Th17, Th1 or Th2 effector cells contingent on the
prevailing cytokine milieu (reviewed in ref. (3). For the Th17 pathway, IL-6, TGF and
IL-1p are critical early factors in specifying Th17 cell development through induction of the
transcription factor, RORyt, encoded by the RORC gene. The inducible component of the
IL-23 receptor complex, IL-23R, is upregulated downstream of RORyt expression and
confers IL-23 responsiveness on maturing Th17 cells. Mature Th17 cells produce IL-17A,
IL-17F, GM-CSF and varying amount of IL-22, depending on the concentrations of active
TGFp present during differentiation (see Figure 2, below). As for mature Th1 and Th2 cells,
mature Th17 cells can be activated to produce cytokines by either of two pathways: antigen-
dependent or antigen-independent. In the latter, stimulation by IL-23 in concert with IL-1
activates independently of a requirement for antigen recognition. Th1 and Th2 cells can also
be activated independently of antigen recognition: both rely on ligands for distinct STAT
family member-dependent receptors (e.g., IL-12/STAT4 for Th1; TSLP/STATS for Th2)
acting in concert with ligands for different IL-1 receptor family members (IL-18 for Th1;
IL-33 for Th2). The different type of pathogens that preferentially elicit each differentiation
program and the innate immune cells with which the mature effectors of each pathway
interact are indicated.
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Developmental plasticity in the Th17 pathway. Originally conceived as a pathway with a
single precursor-effector relationship similar to the Th1 and Th2 pathways, recent studies
have uncovered substantial developmental flexibility, or plasticity, in the Th17
developmental program. It is now apparent from studies in mice that Th17 precursor cells
(Th17p) derived by differentiation in the presence of IL-6, IL-18 and TGFp can give rise to
progeny with many characteristics of classical Thl cells (socalled, “Th17/Th1” cells),
contingent upon the balance of active TGFf and IL-23 concentrations late in their
programming, whereas true Thl cells can also develop under the influence of 1L-12
signaling in Th17p cells. It is also apparent that mature effectors that produce high levels of
IL-22, with little of no IL-17A or IL-17F (so-called “Th22” cells), can develop from naive
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precursors in the presence of IL-6, IL-1 and IL-23, absent TGFp. At present it is unclear
whether Th22 cells can develop from Th17p cells (dashed arrow).
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Role of Th17 cytokines in immune homeostasis in the intestine, lung and skin. Although the
interface tissues of the intestine, airways of the lung, and skin are charged with different
functional roles, each is a major portal for pathogenic microbes and exists at homeostasis
with a resident microbiota that is acquired shortly after birth. Accordingly, there are shared
defensive strategies for partitioning microbes to the “outside” environment, and in each
tissue robust innate immune mechanisms are reinforced by a propensity for development of
Th17 pathway cells that reside in close apposition to the epithelial barriers of each site (see
text for details).
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Immunopathogenesis of inflammatory bowel disease (IBD). The two major forms of IBD,
Crohn’s disease (CD; left panel) and ulcerative colitis (UC; right panel), have distinct
patterns of tissue involvement and immunopathogenic bases. However, recent GWAS data
have identified shared Th17 pathway attributes in both (see Table I), and both share
abnormal responses to the enteric microbiota. Although disease pathogenesis is complex and
there appear to be different immune abnormalities in individual patients, CD is associated
with defects in autophagy (an evolutionarily conserved mechanism to deliver intracellular
microbes or cytoplasmic organelles to the lysosomal compartment), bacterial sensing and
excessive Th17 pathway activation. UC, on the other hand, has been associated with
excessive IL-13, thought to be produced by invariant NKT cells, as well as defects in
epithelial barrier integrity and excessive Th17 pathway activation.
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Figure5.

A role for the Th17 pathway in a subset of asthma patients? Accumulating evidence
suggests that in addition to the well-accepted Th2 pathway of asthma pathogenesis (left
panel), a subset of patients with steroid-refractory disease might have a prominent
contribution by Th17 pathway inflammation. In the former, sensitization to respiratory
allergens primes a dysregulated Th2 response, perhaps via dysregulated TSLP and IL-33
production by the repiratory epithelium, resulting in the production of IgE-producing
antibodies that arm tissue resident or infiltrating mast cells and basophils for
hypersensitivity responses to allergen re-exposure. In addition to actions on B cells, the Th2
cytokines IL-4 and IL-13 act on respiratory epithelial cells to stimulate increased mucous
production. IL-5 produced by Th2 cells stimulates the increased production and recruitment
of eosinophils, which are a principal component of bronchoalveolar lavage (BAL) fluid in
patients with active disease. In a subset of patients with refractory disease, Th17 pathway
features are found, including elevated neutrophils and IL-17 in BAL. It is therefore possible
that many of the Th17 pathway responses stimulated in response to respiratory bacterial or
fungal infection (right panel) could be dysregulated in this subset of asthma patients, thereby
contributing to disease pathogenesis (reviewed in ref. (217)).
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Mechanisms by which Th17 and Th22 pathways contribute to psoriasis and atopic
dermatitis. Psoriasis (left panel) and atopic dermatitis (right panel) are chronic inflammatory
diseases of skin with distinct immunopathogeneses. In psoriasis, hyperproliferation and
impaired differentiation of keratinocytes in the epidermis is caused by an inflammatory
cascade primarily mediated by the signaling of cytokines produced by cells of the Th17
pathway within the dermis. IL-17A signaling into keratinocytes, in synergy with IL-22 and
TNFa and potentially IFNYy, induces the production of a variety of pro-inflammatory
proteins (AMPS, chemokines and cytokines), which results in a heightened immune state
and the further recruitment and activation of immune cells that maintain chronic
inflammation. IL-17A and IL-22 also induce the production of IL-20 and IL-24 by
keratinocytes, which, with IL-22, induce keratinocyte hyperproliferation and hyperplasia, or
acanthosis, that is a hallmark of the psoriatic pathology. Atopic dermatitis (AD) is
distinguished by both defects in the terminal differentiation of the epidermis and the pattern
of sustained inflammation (right panel). In AD, the barrier function of the cornified layer of
the epidermis can be defective, resulting in increased sensitization to environmental antigens
that primes a dysregulated Th2 response. Th2 cytokines promote the generation of antigen-
specific IgE and the recruitment/expansion of mast cells, basophils and eosinophils. Similar
to, yet distinct from, psoriasis, a variety of antimicrobial peptides (AMPs), cytokines and
chemokines are up-regulated in AD, which contribute to maintenance of the underlying
inflammation. It has been recently demonstrated that Th22 (and Tc22 cells; not shown) are
prevalent in AD lesions, which contribute IL-22 that induces the epidermal hyperplasia that
is characteristic of AD lesions. The relative contributions of Th2 and Th22 cells to
pathogenesis has yet to be well explored, and there might well be a spectrum of disease in
individual patients.
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Immune gene variants linked to inflammatory diseases of the GI tract, respiratory tract, and skin
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Genellocus Encoded protein Disease Immune Function/Pathway
associations
IL23R IL-23R (CD CD, UC, psoriasis | ILC activation; Th17 differentiation
1L12B IL-12p40 CD, UC, psoriasis | Common subunit of IL-12/IL-23; Th1 & Th17
IL23A IL-12p19 Psoriasis Th17 differentiation
1L27 1L-27 CD Development of IL-10-producing T cells; Thl
IL10 IL-10 CD, UC Anti-inflammatory immune modulator
IL10RA IL-10R1 (CD210a) CD IL-10-specific receptor component
IL10RB IL-10R2 (CD210b) CD Shared receptor for IL-10, IL-22 and IL-26
IL2/IL21 IL-2/IL-21 (?) uc T cell development; Treg vs Th17 balance
TSLP TSLP asthma Innate cell derived inducer of Th2
IL2RA IL-2Ra (CD25) CD High affinity IL-2R component; Tregs
IL2RB IL-2Rp (CD122) asthma Shared subunit of IL-2 and IL-15 receptors
IFNG/IL26 IFNY/IL-26 (?) ucC IFNy or IL-26 expression
TNFSF11 RANKL CD DC survival/function
TNFSF15 TL1A CD, UC Augments IFNy and IL-17 production
1ICOSLG ICOS ligand CD, UC Costimulatory molecule; T cell development
IL1IR1 IL-1Ra (CDI121a) asthma Receptor component for IL-1a/p signaling; Th17
IL1IR2 IL-1R2 (CDI121b) CD, UC Decoy receptor for IL-1a/f
IL18R1 IL-18R (CD218a) asthma Receptor component for IL-18 signaling; Th1l
IL18RAP IL-18Rap (CD218b) CD Co-receptor for IL-18 signaling; Th1
111RL1 ST2/IL-33R Asthma, AD Receptor for IL-33; Th2
1L33 IL-33 UC, asthma, AD Innate cell derived inducer of Th2
CCR6 CCRO6R (CD196) CD Chemokine receptor for CCL20; Th17
CCL2/CcCL7 MCP-1/MCP-3 CD Chemokine ligands for CCR2; monocytes
IL8RAVILSRB CXCR2 (CD182) uc Chemokine receptor for CCL8/IL-8; neutrophils
STAT3 STAT3 CD, UC Signal transduction/transcription factor; Th17
JAK2 JAK2 CD, UC STAT signaling kinase; multiple pathways
TYK2 TYK2 CD, UC STAT signaling kinase; multiple pathways
SMAD3 SMAD3 CD, UC, asthma TGFp receptor signaling; multiple pathways
PTPN2 T-cell PTP CD, UC T cell signaling
PTPN22 Lymphoid-specific PTP CD, UC, psoriasis | T cell signaling
REL C-Rel CD, UC NF-xB component; inflammatory signaling
PRDM1 BLIMP1 CD, UC Antagonizes Bcl-6; promotes T effector develop.
ERAP1 ER aminopeptidase 1 Psoriasis MHC class I antigen processing
ERAP2 ER aminopeptidase 1 CD MHC class I antigen processing
CARD9 CARD9 CD, UC Adaptor protein for NF-«xB signaling
NOD2 NOD2/CARD15 CD Bacterial sensing; autophagy
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Genellocus Encoded protein Disease Immune Function/Pathway
associations
IRGM IRGM CD Autophagy
ATG16L1 ATGI16L CD Autophagy
ORMDL3 ORMDL3 CD, UC, asthma Linked to increased IL-17; mech. ?
MUC1 Mucin 1 CD Epithelial mucin/barrier function
ECM1 ECM1 uc Extracellular matrix; epithelial barrier integrity
CDH1 E-cadherin (CD324) ucC Epithelial barrier integrity, intestines
LCE3B/3C/3D | Late cornified env.3B/C/D | Psoriasis Epidermal differentiation, skin
FLG Fillagrin AD Epithelial barrier integrity-skinn

Abbreviations: CD, Crohn’s disease; UC, ulcerative colitis; AD, Atopic dermatitis
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