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Abstract

Interleukin-17C (IL-17C) is an understudied member of the IL-17 family of cytokines. Its
synthesis is induced by both cytokines and pathogenic stimuli in a variety of cell types, most
often expressed at mucosal and barrier surfaces. 1L-17C expression is dysregulated in a variety

of autoinflammatory and autoimmune diseases including inflammatory bowel disease, psoriasis,
and atopic dermatitis, yet it is protective against bacterial infections of the gut, skin, and lungs.

In this review we highlight studies on IL-17C regulation and its function at human mucosal
surfaces. Understanding the relationship between IL-17C and autoinflammatory and autoimmune
diseases of the mucosa and defining the beneficial and pathogenic functions of the cytokine in
inflammatory responses are the first steps in determining the potential for IL-17C as a therapeutic
target.
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BACKGROUND

The interleukin-17 (IL-17) family of cytokines consists of 6 members, IL-17A through
IL-17F. IL-17A, the founding member, is expressed by T helper 17 (Th17) cells, T cytotoxic
17 (Tcl7) cells, type 3 innate lymphoid cells, neutrophils, and NK cells [1]. IL-17F, despite
being the alphabetically last member of the family, is derived from a lot of the same cellular
sources as IL-17A, shares the closest amino acid sequence homology at 50% [2]. The

other 1L-17 family members are produced by intestinal epithelial cells and chondrocytes
(IL-17B), epithelial cells (IL-17C), skeletal muscle, brain, heart, and lung tissue (IL-17D),
and mononuclear leukocytes (IL-17E, alias IL-25) [1, 3]. Members of this cytokine family
are secreted as homodimers or heterodimers in the case of IL-17A/IL-17F, and signal
through heterodimeric receptors [1]. A shared receptor polypeptide chain, referred to as
IL-17RA, forms a heterodimer with other receptor subunits to create the functional receptors
for IL-17A, IL-17A/F, and IL-17F (IL-17RC), IL-17C (IL-17RE), and IL-17E (IL-17RB)

[1].

IL-17B and IL-17C were discovered in 2000 when Li et a/. used the Basic Local Alignment
Search Tool (BLAST) to identify proteins with sequence homology to IL-17A [4]. Yet,
serious research on IL-17C did not begin until a decade later, when two groups, Song ef

al. and Chang et al. determined the functional receptor for IL-17C was the heterodimer
IL-17RA and IL-17RE [5, 6]. While the shared IL-17RA is reported to be expressed on

a wide variety of cell types including epithelial cells, endothelial cells, fibroblasts, and
macrophage [1], the expression of IL-17RE was originally limited to epithelial cells in the
gut and Th17 cells [5-7]. Since this initial discovery IL-17RE expression has been reported
at additional mucosal sites including the skin, lungs, and trachea [7]. Thus, IL-17C has been
implicated in a number of autoimmune disorders and bacterial infections associated with
mucosal sites throughout the body. Recently, Nies and Panzer reviewed IL-17C with an
emphasis on mouse studies; this review will expand upon their efforts, focusing on IL-17C
research in human mucosal tissue [8].

REGULATION OF IL-17C EXPRESSION

While the broadly studied cytokines IL-17A and IL-17F are expressed by a wide variety
of immune cells, leukocytes are not a major source of IL-17C [7]. Rather, IL-17C is
predominantly expressed by epithelial cells at mucosal surfaces of the gastrointestinal and
respiratory tract and barrier surface of the skin [6, 7, 9-11]. Studies in the gastrointestinal
tract demonstrated that IL-17C is produced by cells expressing Chromogranin A
(enteroendocrine cells) and mucin (goblet cells) [9, 12], and studies of the skin found
IL-17C expression in keratinocytes, mononuclear cells, and endothelial cells [13]. Aside
from these reports, little has been done to further identify specific cells which produce this
cytokine. In terms of regulation, IL-17C is induced by a number of bacterial insults and
cytokine stimuli, which will be covered in more detail in the following sections.

2.1 TLR Stimulus

At mucosal surfaces immune surveillance is mediated by a large family of Pattern
Recognition Receptors (PRRs) that recognize Pathogen-Associated Molecular Patterns
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(PAMPs), such as flagellin, lipopolysaccharides, foreign DNA and RNA molecules, or
endogenous Damage-Associated Molecular Patterns (DAMPS), which are “self” molecules
that under conditions of cellular stress or death, initiate inflammatory responses via PRRs
[14]. A subset of PRRs known as toll-like receptors (TLRs) detect and initiate innate
inflammatory responses triggered by common microbial motifs. TLRs found on the surface
of epithelial cells (TLRs 1, 2, 4, 5, and 6) detect extracellular pathogens, while TLRs found
in the lumen of endosomes (TLR 3, 7, 8, and 9) detect intracellular and viral pathogens [15].

One of the first investigations into TLR regulation of IL-17C studied the human colonic
adenocarcinoma cell line, HCT-15, stimulated with peptidoglycan (PGN; TLR2 agonist),
Poly I:C (TLR3 agonist), flagellin (TLR5 agonist), or CpG (TLR9 agonist). IL-17C protein
secretion measured by ELISA showed that of the four TLRs tested, TLR2 and TLR5
stimulation induced 1.5 ng/mL of IL-17C, whereas TLR3 and TLR9 stimulation did not
induce IL-17C expression above background (Table 1; Figure 1a) [7]. TLR5 stimulation

of IL-17C expression was also reported in three other human colonic cell lines: NCM460,
DLD-1, and HT-29 (Table 1) [10]. In that TLR2 and TLR5 are triggered by peptidoglycan
and flagellin, respectively, both components of bacteria, these findings support a role for
IL-17C in defense against bacteria in the gut. However, due to the HCT-15 cell line
expressing only TLR2 and TLRS5, it is likely that the observed differences in the ability

of select TLRs to regulate IL-17C expression may reflect more on TLR expression levels in
this cell line than on the inherent signal pathways that regulate IL-17C directly. Thus, the
contribution of TLR regulation of IL-17C remains largely unresolved.

Focusing specifically on the contribution of IL-17C to mucosal immune protection, poly I:C
stimulation of TLR3 in normal human bronchial epithelial (NHBE) cells in both submerged
and air-liquid interface (ALI) culture conditions increased both IL-17C mRNA and protein
expression (Table 1; Figure 1a) [16]. As TLR3 is classically considered a PRR for viral
recognition, this study suggests a new role of IL-17C as important in response to viral
pathogens at mucosal surfaces in addition to bacterial pathogens. To advance this field,

a full characterization of all TLRs in primary culture epithelial spheroids, in contrast to
transformed cell lines, would better inform our understanding of the spectrum of pathogenic
insults that stimulate 1L-17C expression.

2.2 Cytokine Stimulus

In addition to bacterial and viral-induced expression of IL-17C, cytokines produced by
immune and non-immune cells at mucosal surfaces also regulate IL-17C. One of the

most well studied cytokine inducers of IL-17C is tumor necrosis factor-alpha (TNF-a.).

This cytokine is multifunctional, regulating cellular survival and apoptosis and promoting
the expression of other cytokines and chemokines [17, 18]. Normal human keratinocytes
stimulated with TNF-a expressed I1L-17C in both a MAPK- and NF-xB-dependent
mechanism [11, 13, 19]. TNF-a stimulation of two colonic cell lines, HCT-15 and HT-29,
also enhances the expression of IL-17C, suggesting that the relationship between TNF-a and
IL-17C may extend into additional human tissues (Table 1; Figure 1B) [7, 9].

Functional cooperation and synergy between TNF-a and IL-17A are well established in the
literature [20, 21]. Thus, it is not surprising that IL-17A has been shown to synergistically
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enhance TNF-a-mediated production of IL-17C. Stimulating HT-29 cells with IL-17A and
TNF-a increases the expression of IL-17C mRNA and protein 14-fold, as contrasted to 2-
fold for IL-17A and 6-fold for TNF-a alone [9]. Induction of IL-17C expression by TNF-a
and IL-17A was also reported in keratinocytes (Table 1) [19, 22]. Using a combination of
siRNA silencing and pharmacological inhibition, TNF-a.- and IL-17A-mediated regulation
of 1L-17C was shown to be dependent on IKK2 and NF-xB in the NF-xB activation
pathway, ERK1/2 and p38 in the MAPK pathway, and kinase Akt (Table 1; Figure 1B) [9].
IL-17A upregulates the expression of MCPIP, a molecule known to sequester and prevent
the release of 1L-6 [23]. When MCPIP was silenced, IL-17C release increased, suggesting
that MCPIP may also play an inhibitory role in IL-17C regulation and release (Figure 1B)
[9]. The interaction between TNF-a and IL-17A in regulating IL-17C expression in multiple
tissue types suggests a ubiquitous role for IL-17C in inflammatory conditions.

In addition to the induction of IL-17C by the T cell-derived cytokines TNF-a and

IL-17A, the innate immune cytokine IL-1p also regulates IL-17C expression. IL-14 is
synthesized by a variety of cell lineages in the form of a proprotein, and in the presence

of inflammatory stimuli, is cleaved by caspase-1 in the inflammasome and released from
the cell, where it acts to determine cell fate (proliferation, differentiation, or apoptosis)
and promotes the expression of other inflammatory cytokines [24-26]. IL-1f stimulation
of IL-17C production was demonstrated in colonic (colonic adenocarcinoma cell line
HCT-15) and bronchial cells (NHBE and immortalized bronchial epithelial cell line HBE1)
[7, 27]. Studies performed in NHBE cells determined that in both submerged and ALI
culture conditions, IL-1p induced IL-17C expression in a dose-dependent manner and was
dependent on the NF-xB subunit p65 [27].

When NHBE cells are co-stimulated with IL-1p and the Th2-derived cytokine I1L-13, IL-17C
expression is inhibited by IL-13 in a dose-dependent fashion [27]. This inhibition requires
JAK1/2 and STAT®6 activation downstream of the 1L-13 receptor, which, in turn, reduces

the binding of p65 to the promoter of IL-17C (Table 1) [27]. Since IL-1f promotes the
differentiation of naive CD4+ T cells into Th17 cells, and IL-13 reduces the expression

of IL-1B and inhibits its activity, this interplay between innate-derived and Th2-derived
cytokines underscores the importance of homeostatic balance in immune cell function and
cytokine expression and brings to light an important role that IL-17C may play at the
intersection of complex inflammatory immune networks.

3. FUNCTION OF IL-17C

Research into the function of IL-17C at human mucosal surfaces is underdeveloped. In
recognition that IL-17C is an early response cytokine in the defense against bacterial
pathogens, such as £. coliand H. pylori, IL-17C upregulates the expression of a variety of
antimicrobial peptides including human beta-defensin 2 (hBD2) expressed by keratinocytes
[7, 28], Lipocalin 2 (LCN2) expressed in the gastric mucosa [12], and granzyme B
expressed in the colonic epithelium (Table 2) [10]. These proteins function to sequester ions
from bacteria limiting bacterial growth and to kill pathogens via cell lysis. The ubiquitous
expression of IL-17C throughout barrier surfaces during infection and its ability to induce
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the expression of protective molecules suggest a critical role for this cytokine in the body’s
first line of defense against invading pathogens.

IL-17C also stimulates the release of cytokines (Table 2) that enhance inflammatory
responses in the skin [7, 28], the gastrointestinal tract [10, 12], and the lungs [16].
Among known IL-17C-regulated cytokines are IL-1p, TNF-a, and IL-6. As mentioned
in the Cytokine Stimulus Section 2.2 of this review, both IL-1p and TNF-a have been
well established as inducers of IL-17C expression. Thus, the discovery that IL-17C
enhances expression of IL-1p and TNF-a signifies a complicated communication and
regulatory network among these cytokines during an inflammatory event. Interestingly,
IL-17C enhances the expression of IL-6, a crucial cytokine for the differentiation of
naive CD4+ T cells to Th17 cells [29]. In addition, the presence of IL-1f during Th17
differentiation yields a more pathogenic cell phenotype, thus indicating that IL-17C may
indirectly contribute to the expansion of these inflammatory cells, which are often connected
to autoinflammatory disease [30, 31]. The activation of inflammatory Th17 cells induces
the expression of IL-17A, which will further increase the expression of IL-17C, thus
establishing an interesting relationship between IL-17C and Th17 cells.

Although IL-17C is not always a potent inducer of antimicrobial agents, cytokines, or
chemokines by itself, cooperative signaling with TNF-a has been shown. In keratinocytes,
MRNA expression of 15 different molecules involved in immunity was shown to be
significantly upregulated in the presence of 1L-17C and TNF-a compared to TNF-a
stimulation alone [28]. Considering TNF-a has been implicated in a variety of inflammatory
and autoimmune diseases [32], the ability for IL-17C to enhance TNF-a-mediated gene
expression suggests that, in some settings, IL-17C exacerbates disease. A comprehensive list
of additional cytokines and chemokines regulated by IL-17C can be found in Table 2.

Very little research is available regarding the signaling cascades downstream of IL-17C
ligation of its IL-17RE/IL-17RA heterodimeric receptor expressed on human epithelial
cells and Th17 cells [5-7]. When HT-29 cells were stimulated with IL-17C, enhanced
phosphorylation of p65/RelA, p38, ERK, and JNK was observed, suggesting that like
IL-17A, IL-17C activates the NF-xB and MAPK pathways (Figure 2) [6]. Additional
literature in mice has reported that 1L-17C requires the adaptor protein Actl to initiate
downstream signaling, which will likely be observed in human cells as well (Figure 2)
[5]. Altogether, IL-17C has been identified to regulate both innate and adaptive immunity,
although the mechanism by which this occurs is incompletely understood.

4. |L-17C AND PATHOGENESIS AT MUCOSAL SURFACES
4.1 The Gut-IBD

IL-17C plays an integral role in regulation of the colonic inflammation associated with
Crohn’s Disease (CD) and Ulcerative Colitis (UC) - the two forms of human Inflammatory
Bowel Disease (IBD). Analysis of IL-17C levels in the intestinal tissue of IBD patients
revealed that IL-17C mRNA expression is upregulated 5-fold in UC, but not CD, and
directly correlates with increased inflammatory activity [10, 33]. Elevated IL-17C serum
levels have also been seen in IBD patients when compared to healthy controls [9]. Upon
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further analysis of IBD patients divided into CD and UC affected individuals, IL-17C serum
levels were significantly increased in UC and not CD, matching the intestinal findings.
Moreover, within the CD group, IL-17C mRNA expression was significantly increased in
inflamed tissue relative to uninvolved tissue - highlighting the role of IL-17C in both forms
of IBD [9]. Within inflamed colonic tissue of both UC and CD patients, elevated IL-17C
MRNA expression correlated with increased mRNA expression of the cytokines IL-17A,
TNF-a, CCL20, IL-23, and IL-22 [9]. In light of the known increased activity of IL-17A
and TNF-a in IBD [9, 34, 35], their ability to induce IL-17C expression /n vitro, and the
increased levels of IL-17C in inflamed lesions suggest a potential critical role for IL-17C in
IBD pathogenesis.

During the treatment of IBD, psoriasiform skin lesions are a known side effect of anti-TNF-
a therapy [36]. Within these lesions, increased IL-36y mRNA and protein expression has
been shown to subsequently increase the expression of 1L-17C [37]. Although IL-17C

has been shown to enhance both TNF-a- and IL-22-mediated expression of inflammatory
mediators [7, 28], the addition of IL-17C in IL-36y stimulated keratinocytes inhibited the
expression of the antimicrobial peptide hBD2 [37]. This finding not only suggests a novel
inflammatory signaling axis within psoriatic skin lesions but underscores the complexity of
IL-17C function within different contexts.

Another study demonstrated that IL-17C mRNA and protein expression is upregulated in
human colorectal cancer (CRC) samples and correlates with increases in 1L-17A and IL-23
[38]. Since patients with IBD are at significantly increased risk of CRC [39, 40], these
results further implicate IL-17C in many aspects of intestinal immunity. Overall, these
findings underscore a relationship between IL-17C expression and various aspects of disease
progression and, thus, highlight the need for defining the precise role of IL-17C in IBD
pathogenesis or repair.

A contribution of IL-17C to disease status in IBD patients is consistent with mechanistic
studies in the dextran sodium sulfate (DSS)-induced colitis model in mice. When mice are
challenged with DSS, IL-17C mRNA and protein expression is increased in colonic tissue
[7], and DSS exposure in IL-17RE-/- mice induced more severe disease, that included
greater weight loss, persistent inflammation, and increased recruitment of macrophages and
neutrophils to the colon when compared to IL-17RE+/+ mice [7]. The protective function

of IL-17C in DSS-induced colitis was replicated in a similar study where DSS-treated mice
lacking IL-17C exhibited greater weight loss, colonic shortening, and mRNA expression of
the inflammatory cytokines and chemokines IL-17A, IL-6, RANTES, and CCL20 than DSS-
treated wild type mice [41]. Taken together, it is critical to recognize that in human studies,
increased expression of IL-17C or any other immune mediator during disease progression
may reflect a failed protective function. Further human studies must be performed to support
this hypothesis.

4.2 The Stomach - H. pylori

As previously discussed, IL-17C expression is upregulated in response to bacterial infection
via stimulation of TLRs [7, 10]. Consistent with those reports, IL-17C mRNA levels are
significantly upregulated in gastric mucosal biopsies of H. py/lori-infected patients when
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compared to uninfected controls [12]. Notably, expression of the remaining IL-17 family
members (IL-17A, B, D, E, and F) did not differ significantly from healthy controls [12].
Immunohistochemical analysis revealed that IL-17C is primarily derived from epithelial
cells of the infected gastric mucosa rather than fibroblasts or localized immune cells [12].
Network mapping generated with Ingenuity Pathway Analysis (QIAGEN) predicted that
IL-17C activates the expression of 8 genes (CXCLS, IFN, TNF-a, IL-6, IL-23A, S100A9,
LCN2, and itself) during H. pyloriinfection, all of which are immune mediators involved
in the migration of mononuclear leukocytes, recruitment of lymphocytes, or antimicrobial
responses [12]. Thus, it is likely that IL-17C is an active participant in the host response to
an H. pyloriinfection.

4.3 The Skin - Psoriasis & Atopic Dermatitis

Although not a classic mucosal tissue, skin is an important barrier surface where 1L-17C

has been implicated in autoimmune and inflammatory diseases. IL-17C mRNA expression is
upregulated about 6000-fold in punch biopsies taken from human psoriatic skin lesions [13].
Interestingly, IL-17C protein expression is approximately 4-fold higher in psoriatic skin
lesions and 125-fold higher than IL-17A protein in these lesions, demonstrating that IL-17C
is the most predominant IL-17 family member in human involved psoriatic skin [28]. IL-17C
mRNA levels are also increased in atopic dermatitis (AD) skin lesions, comparable to
MRNA levels typically observed in psoriatic skin and greater than that found in uninvolved
skin from the same patient [42]. Moreover, immunohistochemical analysis of inflamed skin
from both AD and psoriatic patients showed increased levels of IL-17C in both keratinocytes
and the immune cells infiltrating the dermis compared to healthy controls [42]. In a study
intradermal injection of IL-17C in wild type mice lead to subsequent leukocyte infiltration
and thickening of the epidermis were reported [7]. Conversely, an IL-17C—/— mouse treated
with imiquimod showed significantly less neutrophilic infiltrate and lower expression of
inflammatory cytokines (IL-17A, IL-17F, IL-22, CSF-3, CXCL1, IL-1pB, and TNF) than
their wild type counterparts [7]. Another study demonstrated IL-17C neutralization in a
murine model of psoriasis, in which IL-23 is injected intradermally, resulted in decreased
skin inflammation and lower levels of serum inflammatory cytokines (IL-17A, IL-22, IL-1p,
S100A9/8, and LCN2) [42]. Note that these same inflammatory mediators are also predicted
to be induced by IL-17C in the gastric mucosa of patients with H. pylori[12]. Similarly,

in a flaky tail mouse model of spontaneous AD, IL-17C neutralization led to a less severe
clinical score, as evidenced by decreases in both swelling and acanthosis [42]. Using the
same neutralizing anti-1L17C antibody, another group showed that inhibition of IL-17C

ex vivo leads to a significant downregulation of the inflammatory molecules HBD2 and
IL-367 in psoriatic skin lesions and LCE3A and IL-36vy in AD skin biopsies [43]. Due

to the extensive characterization of IL-17C in mouse models of psoriasis and AD, and

the complementary findings of increased IL-17C in human psoriatic and AD patients, we
propose that the physiological role that IL-17C plays in perpetuating inflammation in mice
will also be relevant in human disease. These reports demonstrate that IL-17C contributes to
the inflammatory processes that characterize psoriasis and AD. Given that IL-17C is induced
during an immune response to bacteria at other mucosal surfaces, future research should
explore the potential role of IL-17C in bacterial skin infections.
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4.4 Respiratory Tract - pulmonary, oral, and nasal mucosa

The respiratory tract represents an additional mucosal site in which I1L-17C expression
increases during an immune response against invading pathogens. Chronic Obstructive
Pulmonary Disease (COPD) is exacerbated by bacterial pathogens that often cause
pulmonary inflammation and lung cancer. In human lung cancer cells infected with
Nontypeable Haemophilus influenzae (NTHI), IL-17C contributed to tumor growth through
the recruitment of neutrophils to the tumor microenvironment [44]. Similarly, human
bronchial epithelial (HBE) cells treated with IL-17C increased expression of CXCL1,

a neutrophil chemoattractant [45], and when co-infected with human rhinovirus (HRV)

and either NTHi or Pseudomonas aeruginosa, 1L-17C mRNA and protein expression was
synergistically upregulated [45]. In a follow up study, this group reported that HBE cells
treated with HRV release IL-17C from their basolateral surface in a dose-dependent manner
[46]. Released I1L-17C subsequently binds to its receptor on the basolateral surface of HBE
cells in a paracrine/autocrine manner and stimulates the release of basolateral CXCLL1. In
summary, IL-17C exacerbates microbial-induced COPD through neutrophil recruitment.

Recurrent aphthous ulcers (RAU) are an ulcerative disease of the oral mucosa linked to
abnormalities in the immune system, although the precise cause of the disease is unknown.
IL-17C mRNA expression is upregulated about 600-fold in human oral keratinocytes
(HOKS) isolated from RAU lesions [47], and upon IL-17C stimulation, these HOKSs increase
TNF-a mRNA production, suggesting that IL-17C cooperates with additional cytokines

to propagate inflammation in RAU [47]. In contrast to RAU, periodontitis is triggered

by bacterial infection of the oral mucosa. In gingival biopsies taken from patients with
aggressive periodontitis, CpG methylation of the IL-17C genomic region was significantly
reduced compared to healthy tissues [48], suggesting a corresponding increase in gene
expression, further emphasizing the function of IL-17C in an oral bacterial infection.

The nasal passage represents an additional mucosal site for pathogen invasion. When human
nasal epithelial cells are treated with staphylococcal enterotoxin B, IL-17C expression

is upregulated [49]. Similarly, IL-17C mRNA and protein expression is upregulated

during Pseudomonas aeruginosa (PAO1 strain) infection of nasal epithelial cells. A key
immunoregulatory activity is revealed in this model in that 1L-17C directly inhibits

PAO1 siderophore activity, therefore suppressing the infection [50], highlighting a novel
mechanism for the anti-bacterial function of IL-17C.

5. Future Directions for the Field

IL-17C appears to propagate inflammation in autoimmune, autoinflammatory, and infectious
diseases (Table 3) by teaming with Th17-derived cytokines, such as IL-17A and TNF-a.
The literature clearly demonstrates that IL-17C plays a substantial role in the regulation

of inflammatory pathways at mucosal surfaces. While current literature focuses on the gut,
skin, and respiratory tract, it is likely that IL-17C also functions in the urogenital tract.
Recent reports have implicated IL-17A and other Th17 cytokines in the response to bacteria
in the urogenital tract [51, 52], therefore, we predict that future studies will reveal an
involvement for IL-17C. In a murine model of intravaginal Chlamydia trachomatis infection,
a Thl and Th17 immune response drives the clearance of pathogens while contributing to
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immunopathological tissue damage [53]. Similarly, IL-17A is required for effective control
and clearance of both uropathogenic Escherichia coliand Streptococcus pyogenes infection
within the murine genital tract [51, 52]. Research is now needed to confirm and elucidate the
role of IL-17C in human urinary tract infections and urogenital inflammatory diseases.

Currently, the neutralization of Th17 derived cytokines, especially IL-17A and TNF-a.,

is widely used in the treatment of inflammatory diseases. Specific examples include
antibodies that target IL-17A (Secukinumab and Ixekizumab) in the treatment of psoriasis
[54] and anti-TNF-a therapies (Infliximab, Adalimumab, and Certolizumab) that have been
extensively used to treat Crohn’s Disease [55] and rheumatoid arthritis [56]. In ongoing
clinical trials of anti-1L-17A therapy for Hidradenitis Suppurativa, an inflammatory skin
condition, downregulation of IL-17C expression is a primary outcome, further highlighting
the role of IL-17C in inflammatory processes [57, 58].

IL-17A and TNF-a synergize to upregulate the production of IL-17C, and IL-17C promotes
inflammation in autoimmune diseases, therefore, anti-IL17C therapy presents a potential
therapeutic option for inflammatory mucosal diseases. This hypothesis is supported by
numerous model studies in mice showing that antagonists to IL-17C or to IL-17RE are
effective in the treatment of inflammatory diseases such as IBD, psoriasis, AD, asthma, and
COPD [59-63]. A recent review of 1L-17C [8] cited an early clinical trial of the first anti-
human IL-17C antibody being used in the treatment of AD. Since the publication of their
review, this clinical trial was terminated in Phase 2 after a futility analysis revealed a low
probability of achieving the study’s target decrease in eczema area and severity index [64].
Although this cumulative data hint at IL-17C being a therapeutic target, this failure in the
clinic suggests otherwise. As is widely observed in the cytokine literature, is overexpression
of an immune mediator the cause of the ongoing inflammatory response or the consequence
of that response? We postulate that since IL-17C is expressed earlier in infection than

other 1L-17 cytokine family members [6, 7] and that IL-17C upregulates the expression

of a variety of other inflammatory mediators and chemokines, future investigations into

the possibility that blocking IL-17C activity might limit chronic inflammation during
autoimmune and autoinflammatory disorders are warranted.

6. CONCLUDING REMARKS

IL-17C is primarily expressed by epithelial cells and functions through the heterodimeric
IL-17RE/A receptor complex at various mucosal sites. Unlike the well-characterized family
members IL-17A and IL-17F, the complex immunological functions and mechanisms of
IL-17C are not fully known. In their recent review, Nies and Panzer highlighted the kinetics
of IL-17C expression, showing that IL-17C is an early responder in multiple mucosal
disease models followed by a subsequent activation of IL-17A and IL-17F [6-8]. Our review
furthered their efforts, focusing on the complicated contribution of IL-17C in the human
host response to cytokines and pathogenic stimuli at mucosal surfaces, as well as during
autoimmune, autoinflammatory, and bacterial diseases. In light of evidence connecting
IL-17C to inflammation, further research would need to be pursued to gauge the feasibility
of IL-17C as a therapeutic target.
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Regulation of IL-17C by TLR and cytokine stimulation
Overview of the biological role of IL-17C at mucosal sites
Relationship between IL-17C and diseases at mucosal surfaces

Insight on the current and future use of IL-17C as a therapeutic target
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Figure 1: Regulation of expression of 1L-17C.
(A) TLR 2, TLR 3, and TLR 5 upregulate the expression of IL-17C at mucosal surfaces

[see Table 2 for references]. (B) Expression of IL-17C downstream of TNF-a. is mediated
by ERK1/2, p38, and NF-xB. In the presence of IL-17A, phosphorylation levels of Akt may
play a role in synergy between TNF-a and IL-17A stimulation of the expression of IL-17C.
IL-17A is also known to increase the expression of MCPIP, which may sequester IL-17C

in the cell, preventing release. IL-1p increases IL-17C expression through NF-xB. Co-
treatment with IL-13 reduces IL-1p-mediated IL-17C expression via STAT6. Solid arrows
represent activation pathways, whereas dashed arrows represent translocation through the
nuclear membrane. Images created using BioRender.com
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Figure 2: Signaling cascade downstream of IL-17C.
IL-17C activates the transcription factors NF-xB (RelA and p50) and AP-1. Phosphorylation

of ERK, p38, and JNK has been demonstrated in colon epithelial cells. List of antimicrobial
agents, cytokines, and chemokines are highlighted in Table 2. Solid arrows represent
activation pathways, whereas dashed arrows represent translocation through the nuclear
membrane. Image created using BioRender.com

Cytokine. Author manuscript; available in PMC 2022 October 01.


http://BioRender.com

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Swedik et al. Page 18
Table 1|
Molecules that regulate the expression of IL-17C in mucosal tissue
Stimulant Signaling Pathways Cell Type Reference
Bacterial / E. coli N/A® Colonic epithelial cells, tracheal [7]
TLR epithelial cells, keratinocytes
TLR2 (PGN) MyD88 HCT-15 [7]
TLR3 (Poly I:C) TRIF, NF-xB (p65) NHBE cells [16]
TLR5 (Flagellin) MyD88 HCT-15 [7]
MyD88, TRIF NCM460 [10]
N/A DLD-1, HT-29 [10]
Cytokine TNF-a p38 MAPK, not STAT3 Normal human keratinocytes [13]
NF-xB p65 and p50 Keratinocytes [11]
N/A HCT-15 [7]
TNF-a and IL-17A NF-xB, p38, ERK1/2, Akt, MCPIP HT-29 [9]
N/A Keratinocytes [19]
IL-36y N/A Keratinocytes [37]
IL-1B8 NF-xB (p65) NHBE [27]
N/A HCT-15 [7
IL-1pB and IL-13 Negative JAK1/2 and STAT6 reduce NF-xB bindingto  NHBE and HBEL1 cells [27]

Regulation

IL-17C promotor

*
N/A - signaling pathways not investigated in given study
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Table 2 |
Gene expression upregulated by IL-17C stimulation of human mucosal tissues
Gene Stimulant Read-out Cell Type Reference
Antimicrobial Granzyme-B (GZMB) Flagellin IPA analysis NCM460 [10]
Agent
Human Beta Defensin TNF-a & IL-17C mMRNA keratinocytes [28]
2 (hBD2)
IL-17¢” keratinocytes [7]
IL-17C mRNA NHBE cells [16]
Lipocalin-2 (LCN2) H. pylori IPA analysis  gastric mucosa [12]
TNF-a & IL-17C mMRNA keratinocytes [28]
Peptidase Inhibitor 3 TNF-a & IL-17C mRNA keratinocytes [28]
(P13)
S100A7 TNF-a & IL-17C mMRNA keratinocytes [28]
S100A8 TNF-a & IL-17C mRNA keratinocytes [28]
H. pylori IPA analysis  gastric mucosa [12]
S100A9 TNF-a & IL-17C mMRNA keratinocytes [28]
H. pylori IPA analysis  gastric mucosa [12]
S100A12 IL-17C mRNA NHBE cells [16]
Cytokines and CCL20 TNF-a & IL-17C mMRNA keratinocytes [28]
Chemokines
CSF3 IL-17C mRNA NHBE cells [16]
CXCL8 H. pylori IPA analysis  gastric mucosa [12]
G-CSF IL-17C protein keratinocytes [7]
IFN-y H. pylori IPA analysis  gastric mucosa [12]
IL-18 TNF-a & IL-17C MRNA keratinocytes [28]
Flagellin IPA analysis NCM460 [10]
IL-17C.Fc (1gG1) fusion protein  protein THP-1 cells [4]
IL-1F5 TNF-a & IL-17C mRNA keratinocytes [28]
IL-1F9 TNF-a & IL-17C mRNA keratinocytes [28]
I1L-6 TNF-a & IL-17C mMRNA keratinocytes [28]
IL-17C mRNA human dermal microvascular [28]
endothelial (hDME) cells
H. pylori IPA analysis  gastric mucosa [12]
IL-8 TNF-a & IL-17C mRNA keratinocytes [28]
IL-17C TNF-a & IL-17C mRNA keratinocytes [28]
1L-19 TNF-a & IL-17C mMRNA keratinocytes [28]
IL-23A H. pylori IPA analysis  gastric mucosa [12]
TNF-a IL-17C mRNA hDME cells [28]
TNF-a & IL-17C mMRNA keratinocytes [28]
IL-17C.Fc (lgG1) fusion protein  protein THP-1 cells [4]
H. pylori IPA analysis  gastric mucosa [12]
Other BCL2 H. pylori IPA analysis  gastric mucosa [12]
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Annotations for Table 2— following page
*
TNF-a (2ng/mL); IL-17A (200ng/mL)

N
IL-17C = concentrations ranged from 2ng/mL to 200ng/mL
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Table 3 |
IL-17C in human disease
Disease Main Findings Reference
Inflammatory Bowel Disease (IBD) Increased in UC; correlates with inflammatory activity [9, 10]
Helicobacter pylori Upregulated in gastric mucosa; activates immune response [12]
Anti-TNF-a induced psoriaform skin ~ Elevated in lesions; propagates inflammation [32]
lesion in CD
Colorectal Cancer (CRC) Elevated in human CRC [34]
Psoriasis Upregulated in lesions [13, 28]
Atopic Dermatitis (AD) Elevated in keratinocytes and infiltrating immune cells in lesions [38]
Inhibition of IL-17C results in downregulation of inflammatory [39]
molecules
Chronic Obstructive Pulmonary Increased in viral-bacterial coinfection of human bronchial epithelial [41]
Disorder (COPD) (HBE) cells
Released by Human Rhinovirusinfected HBE cells and contributes to [42]
neutrophil recruitment
Recurrent Aphthous Ulcers (RAU) Upregulated in human oral keratinocytes (HOKS) in lesions [43]
IL-17C stimulation upregulates TNF-a mRNA production in HOKs [43]
Periodontitis CpG methylation of IL-17C DNA is reduced in aggressive [44]
periodontitis
Staphylococcal enterotoxin B Upregulated in response to infection [45]
infection of the nasal passage
Pseudomonas aeruginosa infection of  Controls infection by inhibiting PAO1 siderophore activity [46]
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