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Abstract

The IL-17 cytokine family is composed of six members. IL-17F, discovered in 2001, recently has
drawn increasing attention due to its greatest similarity to IL-17, a widely recognized inflammatory
cytokine. The genes encoding IL-17 and IL-17F are localized in the same chromosomal region and
are co-expressed by CD4+ and y3 T cells. IL-17F can be secreted as homodimers or heterodimers
with IL-17. Similar to IL-17, IL-17F utilizes IL-17RA and IL-17RC as its receptor and employs Actl
and TRAF6 as its signal transducers to induce the expression of pro-inflammatory cytokines and
chemokines in many different cell types. However, mice lacking either IL-17 or IL-17F exhibit
distinct defects in experimental models of asthma and colitis. These results have laid the basis to
understand the role of IL-17F in the pathogenesis of human diseases.

1. Introduction

The IL-17 family of cytokines contains six members, IL-17 (also called 1L-17A), IL-17B,
IL-17C, IL-17D, IL-17E (also known as IL-25) and IL-17F. These polypeptides consist of 163—
202 amino acids with molecular masses of 20-30 kDa. They share four conserved cysteine
residues at C-terminal region that may participate in the formation of intermolecular disulfide
linkages [1]. While little is known about IL-17B, IL-17C and IL-17D, IL-25 with least sequence
identity with 1L-17 has been shown to regulate innate and adaptive allergic responses [2—4].
On the other hand, IL-17F, the most recently discovered cytokine in this family, shares
strongest homology to IL-17 [5,6].

IL-17 has been associated with the pathogenesis of multiple autoimmune diseases including
rheumatoid arthritis, multiple sclerosis and inflammatory bowel diseases [7,8]. IL-17 also plays
a critical role in host defense upon bacterial and fungal infection by recruiting neutrophils and
producing antimicrobial-peptide [7]. Recent progress in understanding IL-17 expression and
regulation has led to the identification of a new subset of CD4+ helper T (TH) cells, TH17.
IL-17F was also found to be co-expressed in TH17 cells [9]. Since many in vitro studies
demonstrated that IL-17F has similar proinflammatory function as IL-17, IL-17F may
contribute to the host defense and autoimmune function of TH17 cells. In this review, we will
summarize the cellular sources, signaling pathways, in vivo and in vitro function of IL-17F
based on recent publications.
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2. IL-17F expression and regulation

IL-17F was originally identified in human genome sequence using IL-17 sequence [5,6]. In
addition to activated CD4 T cells, unlike IL-17, IL-17F mRNA was also reported to be
associated with activated monocytes, basophils and mast cells [5,10]. However, cellular
sources of IL-17F were revealed by RT-PCR in these reports. Expression of IL-17F at protein
levels was not assessed until recently when staining antibody or ELISA became available.
When naive CD4 T cells were activated under TH17 polarizing conditions (IL-6 or IL-21 plus
TGFR), they highly produced IL-17F and two-thirds of IL-17F-positive cells were co-stained
with IL-17 [11]. Interestingly, T cells treated with only TGFf to induce Foxp3 expression
transiently upregulate the expression of IL-17F but not IL-17 at both mRNA and protein levels
[12], the significance of which is not clear at this point. Intracellular cytokine staining using
an antibody raised against IL-17F demonstrated that IL-17F is produced by TH17 cells and
vd T cells in vivo [11]. When lamina propria T cells and CD4+ T cells infiltrating into brain of
mice subject to experimental autoimmune encephalitis (EAE) were isolated and stimulated
with PMA and lonomycin, these cells also secret IL-17F [11]. A recent report on an IL-17F-
RFP reporter mouse demonstrated that differentiated TH17 cells, lamina propria T cells,
memory CD4+ T cells, yd T cells and NKT cells are cellular sources for IL-17F [12].

The gene encoding IL-17F is localized in adjacent to the IL-17 gene on chromosome. During
TH17 differentiation, the IL-17F and IL-17 gene promoters associate with histone H3 that are
hyperacetylated and tri-methylated at Lys-4 and several evolutionarily conserved non-coding
regions in the 1L-17-1L-17F gene locus also exhibit association with hyperacetylated H3 [13],
indicating a coordinated regulation of the two cytokine genes at the epigenetic levels.
Conservation of genomic organization and regulation of 1L-17 and IL-17F undermines their
restricted expression pattern, otherwise causing inappropriate host immune responses.
Transcription factors RORy, RORa and STAT3 are essential for TH17 development [14-17].
STAT3-deficient CD4+ cells are unable to produce IL-17 or IL-17F [15]. RORy-deficient T
cells exhibited greatly reduced expression of both IL-17 and IL-17F [14,16]. Interestingly,
while overexpression of RORa or RORYy activated IL-17 and IL-17F expression, RORa-
deficient T cells did not have compromised IL-17F production while their IL-17 production
was reduced [14]. These results suggest that IL-17 but not IL-17F expression may be more
sensitive to the concentration of RORs.

In addition to CD4+ T cells and yd T cells, CD8+ T cells in tumor-bearing mice or human
tissues with tumors express equally high levels of IL-17 as CD4 T cells, and these CD8+ T
cells are distinct from IFNy-producing CD8 + T cells [18]. IL-17 was also found to be produced
by dendritic cells (DCs), the major cell type in langerhans cell histiocytosis lesions [19]. It is
not clear yet whether these CD8+ T cellsand DCs also secret IL-17F. Further analysis is needed.

3. Biological function of IL-17F in vitro

IL-17F, very similar to IL-17, has been considered as an inflammatory cytokine since it induces
many proinflammatory cytokines and chemokines. Induction of TGF- and IL-2 was initially
reported in vein endothelial cells, suggesting possible role of IL-17F on angiogenesis [10].
Moreover, IL-17F can also induce ICAM1 and GM-CSF expression in airway bronchial
epithelial cells [5,20]. IL-17F upregulates the expression of 1L-6 and CXCL1 in fibroblasts
and epithelial cells [11]. CCL2, CCL7, TSLP and MMP13 induction by IL-17F in lung
fibroblast cells was reported to be less potent when compared to the same concentration of
IL-17 [11]. These studies suggest potential overlapping functions for IL-17 and IL-17F that
are normally co-expressed.

Synergistic effects of IL-17F with other cytokines have also been examined. IL-17F induces
G-CSF expression in combination with TNFa [21]. Together with 1L-22, IL-17F induces
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antimicrobial peptides, hBD-2, S100A7, SI00A8 and S100A9 [22]. IL-17F can synergize with
IL-23 in human eosinophils to promote the production of IL-1f and IL-6, different from IL-17
[23]. Molecular mechanisms that underlie the synergy of IL-17F with other cytokines are
poorly understood. Nonetheless, some studies have pointed that the synergy of IL-17 with other
cytokines is achieved by the stability of mRNA transcript of certain inflammatory genes. For
example, IL-17 together with TNFa stabilizes IL-6 mRNA [24].

Crystallographic structure of IL-17F revealed that IL-17F adopts a cystine knot fold and
dimerization mode is close to the neurotrophin family of cystine knot growth factors [6]. Since
IL-17F shares high homology with IL-17, it becomes possible to reason that IL-17F forms
heteromeric complexes with IL-17. The existence of human and mouse IL-17A/F heterodimer
has recently been demonstrated using biochemical and physiochemical method [25,26]. Mass
spectrometry analysis of natural IL-17A/F heterodimer produced by primary human CD4+ T
cells has shown the existence of interchain disulfide-linked peptides containing a peptide from
IL-17F and another from IL-17 [25]. In the meantime, mouse IL-17A/F has been reported to
be secreted from TH17 cells [26,27]. While detected, the regulation of homo- and
heterodimerization of IL-17 and IL-17F proteins have not been understood. Interestingly, while
human CD4+ T cells expressed IL-17A/F heterodimer and IL-17F homodimer with almost no
production of IL-17 homodimer [25], mouse TH17 cells secreted all three isoforms [26].

Relative potency of IL-17F is of interest since IL-17, IL-17A/F heterodimer and IL-17 are co-
expressed in TH17 cells and may utilize the same receptors [26]. Earlier reports demonstrated
weaker activity of IL-17F in inducing cytokines compared to that of IL-17 [21]. Although
IL-17F can induce a diverse set of genes, its ability to upregulate transcription factors and
subsequently proinflammatory molecules is lower than IL-17 when it is tested at the same
concentration as 1L-17 [11]. In addition, careful comparison of potency in vivo by instillation
of recombinant proteins revealed that IL-17F exhibits the lowest biological activity among
IL-17 and IL-17A/F heterodimer [27]. However, one should not overlook the roles of IL-17F
since cytokines often exert its effect in concert with other molecules during diseases.

In vitro function of the IL-17A/F heterodimer is so far similar to homodimer IL-17 and IL-17F
[27]. Since IL-17 exists as merely a heterodimer in human [25], it became important to explore
further the role of heterodimer IL-17A/F. Also, considering that these cytokines may compete
for using the same receptors, combined effects of these cytokines should be evaluated.

4. Receptors and signaling pathway of IL-17F

In vitro, IL-17F did not bind to purified IL-17RA protein or compete for IL-17 binding to
IL-17RA [6]. Blocking IL-17RA using an antibody, however, is sufficient in removing IL-17
signaling but less efficiently for IL-17F [21]. Therefore, it has been speculated that IL-17F also
utilizes IL-17RA but with much lower affinity compared to IL-17. Convincing observation
was made when IL-17RA-deficient fibroblasts were reported to exhibit impaired responses to
IL-17F in producing proinflammatory cytokines such as IL-6 and CXCL1 [11]. In vivo, when
IL-17F was injected to peritoneum of IL-17RA-deficient mice, neutrophil recruitment to the
peritoneum was defective in IL-17RA-deficient mice.

Despite that IL-17 elicits strong inflammatory response, the binding to IL-17RA was found to
be of relatively low affinity with Kp values in the range of 100-500nM while inhibition
constant is about 5nM [6,28]. Discrepancy between receptor affinity and potency of biological
activity suggested other receptors may exist. Indeed, IL-17RC was recently reported to form
a complex with IL-17RA and is essential to provide IL-17 signaling [29].

IL-17RC has also been shown as the receptor for IL-17F by using recombinant IL-17RC or
overexpression of IL-17RC [30] and IL-17RC knockout mice [31]. Human IL-17 and IL-17F
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both binds to human IL-17RC with high affinity while mouse IL-17 did not bind to mouse
IL-17RC [30]. However, since IL-17RA and IL-17RC form a heterodimer [29], lack of either
molecules completely abrogate the inflammatory function of IL-17 and IL-17F.

Since IL-17RA and IL-17RC has different tissue expression, roles of IL-17 and IL-17F might
be tissue-specific. IL-17RC has limited expression to non-hematopoietic cells while IL-17RA
is expressed ubiquitously [30]. Also, IL-17RC exists as many isoforms including a soluble
form, which may antagonize IL-17 and IL-17F signaling [32]. Careful comparison of IL-17RA-
and IL-17RC-deficient mice will likely reveal additional complexity of IL-17 and IL-17F
signaling in vivo.

How IL-17F mediates its signaling through the receptors has begun to be revealed based on
the observation made with IL-17. TRAF6, an adaptor and E3 ubiquitin ligase, is essential in
IL-17 signaling [33]. However, lack of TRAF6 binding residue in IL-17RA implied existence
of other adaptors for IL-17RA. IL-17RA and IL-17R family belong to a new superfamily called
STIR (SEFIR - similar expression to fibroblast growth factor (FGF) genes and IL-17Rs - and
TIR), and IL-17R family member all contain a conserved sequence segment that shares similar
residues with Toll-like receptor/IL-1R (TIR) domain [34]. Despite its similarity with TIR
domain, IL-17 does not utilize MyD88 and IRAKA4 for cytokine induction [11]. SEFIR domain
is also observed in one cytoplasmic protein, Actl, also known as CIKS, a connection to IxB
kinase and stress-activated kinase [35,36]. Also, it contains a TRAF6 binding motif and exhibits
TRAF6 association in vitro [37]. Actl physically associates with IL-17RA through its SEFIR
domain and is required for IL-17-induced gene expression [38]. Later, it was demonstrated that
Actl is essential in IL-17-dependent signaling in autoimmune and inflammatory disease [39].

IL-17F has been shown to also employ Actl and TRAF®6 as its adaptor [11]. It is not known
whether these adaptor molecules are recruited through IL-17RA or IL-17RC, both of which
contain the STIR domains. IL-17F was reported to utilize TRAF6 to ubiquitinate IL-17RA,
whereas IL-17 does not require TRAF®6 for at least ubiquitination [40]. IL-17F induces
transcription factors such as C/EBPf, C/EBPS and NF«B in fibroblasts [11]. Downstream
signaling pathways of IL-17F may vary depending on cell types. It activates Raf-MEK-
extracellular signal-regulated kinase (ERK) 1/2, but not p38 and c-Jun N-terminal kinase in
bronchial epithelial and HUVEC cells [41]. However, IL-17F did not activate any of MAPKSs
but p65 NF«B in gastric cancer cell line [42].

5. Function of IL-17F in human and animal disease models

a. Airway inflammation

IL-17F was originally found in bronchoalveolar lavage cells from allergic asthma patients upon
ragweed allergen stimulation [5]. In addition, a coding region variant (His161Arg) of IL-17F
gene, possibly encoding an antagonist for IL-17F, has been linked to asthma patients in
Japanese populations [43]. Therefore, the role of IL-17F in human asthma and airway
inflammation is of great interests.

To analyze the function of IL-17F in airway inflammation, adenoviral infection [44] or
Lipofectamine-mediated gene transfer [45] were adopted to overexpress IL-17F in vivo, which
resulted in tissue recruitment of neutrophils. However, inhalation of recombinant protein
IL-17F alone was not able to trigger any neutrophils recruitment in a recent study [27]. Since
IL-17F expression is associated with chronic lung inflammation, the effect of sustained IL-17F
expression in vivo in its native form was addressed using lung-specific transgenic
overexpression of IL-17F. Overexpression of IL-17F in lung epithelium did not lead to any
neutrophil infiltration but resulted in infiltration of lymphocytes and macrophages and mucus
hyperplasia [11]. The pathology was observed after several months of IL-17F expression in
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lung. The features of inflammatory pathology and mucus production in CC10-I1L-17F mice are
consistent with those observed in CC10-I1L-17 mice [46], suggesting chronic expression of
IL-17F or IL-17 can lead to similar pathology in lung.

An IL-17F-deficient mouse was generated and analyzed recently [11]. Protease extract from
Aspergillus is one type of allergen and inhalation of this agent to mouse causes recruitment of
neutrophils within 24 hrs [47]. When IL-17F-deficient mice were challenged with the
Aspergillus allergen, neutrophil recruitment into lung tissues was significantly reduced just as
IL-17RA-deficient mice, although IL-17-deficient mice did not have this defect [11]. These
results indicate that IL-17F but not IL-17 plays an important role in mediating innate responses
to allergens in an IL-17RA-dependent manner.

In OVA-alum induced asthma model, IL-17RA-deficient mice were first reported to exhibit
reduced generation of TH2 cells [48]. IL-17-deficient mice phenocopied the receptor-deficient
animals [11,49]. However, cultured lung draining lymph nodes from OV A-challenged IL-17F
KO mice produced significantly higher levels of IL-4, IL-5 and IL-13 than cells from WT or
IL-17KO mice [11]. In spleen, IL-17KO mice showed greatly reduced production of IL-4, IL-5
and IL-13 whereas IL-17F KO mice exhibit enhanced IL-5 and IL-13 production. These
analyses indicate that while 1L-17 may promote TH2 response in lung through IL-17RA,
IL-17F has a regulatory role in restricting allergic asthma development. Whether or not
IL-17RC mediates IL-17F signaling in this case remains to be determined.

In addition to asthma, IL-17F has been linked to development of chronic obstructive pulmonary
diseases [43] where the disease is manifested by emphysema and chronic bronchitis. However,
direct evidence where IL-17F participates in disease initiation or progression does not exist. It
will be interesting to see if IL-17F not only mediates inflammation but also actively involved
in fibrosis or lung remodeling.

b. Intestinal inflammation

Recent studies have demonstrated that colonic IL-17F expression is associated with
inflammatory bowel disease (IBD) and this inducible IL-17F expression is significantly higher
in Crohn’s disease as compared with ulcerative colitis [50]. Similar observations were also
made with the expression of IL-17 and 1L-22 [51,52]. However, the IL-17F His161Arg
polymorphism was found in one report not associated with IBD susceptibility even though this
mutation is strongly correlated with incidence of asthma [50]. Contradictory to this report,
another study found this polymorphism correlated with the development of ulcerative colitis
[53].

Role of IL-17 in the development of intestinal inflammation has been disputed since IL-17 did
not contribute significantly to CD4+ T cell adoptive transfer colitis model [54,55], while IL-17
plays a protective role in dextran sulfate sodium (DSS)-induced colitis [11,56]. IL-17F, at least
in DSS induced colitis model, appears to play a pathogenic role. In IL-17F-deficient mice,
CCLZ2, CCL5, and CCL7 expression were drastically reduced upon DSS treatment, associated
with greatly improved pathology [11]. These results indicate IL-17 plays a protective role,
whereas IL-17F may exacerbate the intestinal inflammation. The signaling mechanisms of this
differential function are unclear at this moment.

c. Neuronal inflammation

While IL-17 was detected in human patients suffering from multiple sclerosis [57], detection
of IL-17F in disease lesions has not been reported. However, IL-17F expression was increased
in active lesion sites in experimental autoimmune encephalitis (EAE), an animal model of
multiple sclerosis (our unpublished observation). IL-17F-deficient mice displayed similar
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onset of EAE while IL-17-deficient mice had significantly delayed disease [11]. In late stage
of EAE, IL-17F-deficient mice exhibited attenuated diseases that were associated with reduced
recruitments of CD4+ T cells in the brain and spinal cords in EAE model [11]. However,
IFNy- or IL-17-producing cells in spleen or lymph nodes remained similar or showed little
differences between WT and IL-17F-deficient mice [11]. These results indicate that IL-17 may
be a more important initiating factor in EAE than IL-17F while both contribute to the chronic
inflammation.

d. Other autoimmune diseases: arthritis and psoriasis

e. Infections

Despite its close tie with IL-17, contribution of IL-17F to development of arthritis has not been
assessed. However, IL-17F was capable of inducing significant cartilage matrix release and
inhibited new cartilage matrix synthesis as efficiently as IL-17 in vitro [6].

IL-17F was elevated in mouse model of psoriasis-like skin inflammation [59] and human
psoriasis samples were associated with elevated levels of IL-17F [60]. However, the role of
IL-17F in the development psoriasis has not been reported yet.

Upon Klebsiella pneumonia infection, lung tissues of infected mice readily expressed IL-17F
within 12 hrs [61]. Also, IL-17F was significantly elevated in sputum of cystic fibrosis patients
who were colonized with Pseudomonas aeruginosa undergoing a pulmonary exacerbation
[21]. In addition, IL-17F polymorphism is significantly associated with the development of
inflammatory changes in the gastric mucosa in H. pylori-infected Japanese subjects [62].
Despite the presence of IL-17F in various inflamed tissues upon infections, little information
is known regarding its biological function in host defense.

6. Conclusions

Characterization of 1L-17 cytokine family members was started with the cytokine I1L-17 and
now it is extended to IL-17F and IL-25 (IL-17E). IL-17F could be merely deceived as another
inflammatory cytokine, whose expression and function overlap with those of IL-17, sharing
similar regulation, signaling and functions. However, detailed experimental studies with
appropriate tools such as staining antibody and knockout mice have been instrumental in
revealing unexpected role of IL-17F in pathogenesis of asthma and intestinal inflammation.
Although in some cases, such studies have identified considerable redundancy of IL-17 and
IL-17F, in others, they have also indicated unique functions for IL-17F in the immune system.
In addition, the presence of IL-17A/F heterodimers substantially influences the potency,
specificity and the spectrum of the activity of these cytokines. Therefore, future studies should
be directed to understand the mechanism and role of IL-17F and its related cytokines and
provide a platform for development of therapeutic intervention for inflammatory diseases.
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Figure 1.

Overview of IL-17F signaling. Once IL-17F is secreted from CD4 and y3T cells, itis recognized
by IL-17RA/RC heteromeric complex. IL-17RA, then, recruits the adaptor molecule, Actl.
Actl activates TRAF6 as well as other transcription factors, leading to induction of cytokines,
chemokines and MMPs (matrix metalloproteinase) genes (solid arrow indicates direct
influence and dashed arrow indicates possible pathways).
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In vivo function of IL-17F in comparison to IL-17
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Diseases 1L-17 IL-17F References
Arthritis pathogenic ND [58]
EAE pathogenic pathogenic (lesser extent) [11,46]
Chronic lung inflammation overexpression pathogenic pathogenic [11,46]
Asthma pathogenic or protective protective [11,48,49]
COPD ND ND
IBD CD4- transfer colitis not required or pathogenic ND [54,55]
(in combination with
IL-6)
DSS-induced colitis protective pathogenic [11,56]
Innate allergen challenge not required neutrophil recruitment [11]
Bacterial and fungal infection protective and pathogenic ND [7]

The above is a list of various models of disease involving inflammation and/or autoimmunity where IL-17 and IL-17F play pathogenic or protective roles.
EAE, experimental autoimmune encephalomyelitis; COPD, chronic obstructive pulmonary disease; IBD, inflammatory bowel disease; DSS, dextran

sulfate sodium; ND, not determined.
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