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Editorial on the Research Topic
The IL-17 Cytokine Family in Tissue Homeostasis and Disease

The IL-17 cytokine family represents a wide class of pleiotropic inflammatory molecules that are
structurally related. The IL-17 cytokines can modulate complex dynamic interactions between
stromal and immune cells and determine the outcome of pathophysiological processes. Historically
the most well-known cytokines across the IL-17 family are the IL-17A, IL-17F and IL-17E (also
known as IL-25) while others such as IL-17B, IL-17C or IL-17D are emerging in modulating tissue
homeostasis and disease (1). This cytokine family activates downstream signaling through the IL-
17 receptor (IL-17R) family, which includes five members named IL-17receptor(R)A, IL-17RB,
IL-17RC, IL-17RE, and IL-17RD (1, 2). In this context, IL-17RA can play a pleiotropic role by
interacting with other IL17 receptors, including IL-17RC, IL-17RB, IL-17RE, and IL-17RD.

In this Research Topic you will find a number of original articles and reviews aiming at shedding
light on the multifaceted role of IL-17 cytokines and their receptors in the field of immunity,
host-pathogen interactions, autoimmunity and tumor immunology.

The mini review by Brevi et al. describes the role of the IL-17 family cytokines in the interplay
between microbiota and epithelial cells that may contribute to the cancer pathogenesis. The authors
purposely focused on IL-17B-to-F, which role is less understood, and discussed differences and
similarities between these cytokines in the microbiota-immunity-cancer axis. Better understanding
of these relationships may provide therapeutic strategies targeting IL-17-related diseases.

The emerging role of the IL-17B/IL-17RB axis in cancer has been discussed in review article of
Bastid et al. with a particular attention on tumorigenesis and resistance to anticancer therapies.
They described the expression and signaling pathways of the IL-17B/IL-17RB axis such as cellular
sources and its role in inflammatory disease. They clearly highlighted how several reports proposed
the potential role of IL-17B or its receptor in the outcome of different cancer types, such as
breast carcinoma, gastric cancer, lung cancer, primary glioblastoma, lymphomas or acute myeloid
leukemia. Moreover, they deeply described potential mechanisms of action by the IL-17B/IL-17RB
axis not only in enhancing the proliferative, migratory and invasive properties of tumor cells, but
also in impairing the anti-tumor immune response and favoring resistance to cancer treatments.

In the review article, Nies and Panzer discussed the latest discoveries about the identification,
regulation, and function of the IL-17C/IL-17RE pathway. The authors described the mechanisms
of IL-17C/RE driven inflammation in epithelial and Th17 cells and discussed its role in the context
of infectious and autoimmune diseases. They summarized the role of the axis in bacterial, fungal,
and viral infections. Moreover, they reviewed the first approaches to target IL-17C/IL-17RE axis,
which they believed would be especially important for the treatment of autoimmune disorders.
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The study of Adams et al. shows the generation and
the characterization of a novel humanized IgGl antibody,
named Bimekizumab, able to neutralize both IL-17A and
IL-17F cytokines. In this context we can speculate that
strategy to block both IL-17A and IL-17F cytokines may be
useful as therapeutic option in diseases where the treatment
anti IL-17RA failed. It's worth noting that the block of
IL-17RA signaling may alter other inflammatory pathways
modulated by other IL-17 receptors (e.g., IL-17RB or IL-17RC)
and independent by IL-17A or IL-17F cytokines. This new
monoclonal neutralizing antibody represents a new potential
therapeutic strategy when both IL-17A and IL-17F contributes to
disease progression.

Porphyromonas ~ gingivalis can cause oral microbiome
dysbiosis and contributes to the development of periodontitis.

Using a mouse model, Bittner-Eddy et al. show that
persistent oral P. gingivalis infection initiated an IL-
17A-biased response dominated by Thl7 cells and a

distinct population of IL-17A-expressing Treg cells that
changes into a late Thl response with only sporadic
phenotypic conversion from Thl7 cells. Understanding
the mechanism of Treg-Thl7 transdifferentiation may
provide novel targets to control the inflammatory
disease processes.

Among the different potential biological function of
IL-17A, Ramakrishnan et al. shows that IL-17A cytokine
increases mitochondrial dysfunction in primary asthmatic
bronchial fibroblasts. Moreover, IL-17 increased the
expression of autophagy-related genes to a statistically
significant extent in asthmatic fibroblasts than
in healthy, suggesting a unique response to IL-17
stimulation in fibroblasts from patients with severe
asthma. Overall, the data presented in this work suggest
that IL-17 may be considered a potent inducer of pro-
fibrotic phenotype through induction of autophagy in
bronchial fibroblasts.

Chronic inflammation in obesity is believed to be associated
with severity of asthma and Th17 cells have been shown to
be associated with severe asthma due to their resistance to
steroid treatment. Heialy et al. examined adipocytes responses
to Th17 cytokines from lean and obese subjects and found
out not only that stimulation leads to further inflammation
in adipocytes obtained from obese subjects, but also that
IL-17 may modulate adipocyte responses to steroids and
obese adipocytes are not responsive to steroid treatment.
Indeed, serum obtained from obese and morbidly obese
asthmatic patients showed a significant decrease in GR-o/GR-
f ratio, a marker for steroid resistance in adipocytes, and
an increase in IL-17F and IL-13 compared to lean and
overweight patients. To a certain extent, this study explains
why steroid hyporesponsiveness is commonly described in
obese asthmatics.

The mini review article of Capone and Volpe shed the
light on the transcriptional regulators of T-helper 17 Cell
differentiation in health and autoimmune diseases. The authors
focused their attention on transcription factors modulating the
levels of retinoic acid-related orphan nuclear receptors and

severe

IL-17A, with a particular attention on Th-17 population. The
potential involvement of Th17-related transcriptional regulators
has been deeply described in the context of autoimmune diseases,
such as crohn’s disease and multiple sclerosis. They concluded
with an interesting overview on the potential therapeutic
approaches of targeting transcriptional regulators of Thl7
cells in experimental model of “autoimmune diseases” and
clinical trials.

In the review article of Milovanovic et al., the critical
role for IL-17 and T helper 17 cells have been discussed in
the pathogenesis of chronic inflammatory and autoimmune
diseases. In this context, the authors review and discussed
the biological processes related to IL-17A signals and Th17
cells with a particular attention on environmental factors
influencing the pathogenic potential of Th17 cells. Of interest
they reviewed and discussed literature related to IL-17 cytokine
and the cellular target as therapeutic approach in multiple
sclerosis, Alzheimer’s disease and ischemic brain injury.
Overall this review article shows an interesting overview
related to the role of IL-17 and its therapeutic potential
targeting in the pathogenesis of neuroinflammatory and
neurodegenerative diseases.

The research article of Chen et al. demonstrates that
mTOR blockade can inhibit IL-17A and TNFa production
and suggest that mTOR targeting may support an
alternative therapeutic option in fighting of progression
of spondyloarthritis disease. In particular, the targeting of
mTOR is beneficial to inhibit IL-17A and TNFa protein
production by human peripheral blood mononuclear
cells from spondyloarthritis patients and to reduce IL-
17A  expression in inflamed joints using HLA-B27 tg
rat model.

Cutaneous squamous cell carcinoma (cSCC) is the second
most common type of non-melanoma skin cancer and
genome-wide association study for c¢SCC suggests a role
for aryl hydrocarbon receptor (AhR) and IRF4. Sato et al.
investigated the role of AhR signal in keratinocytes for the
development of ¢SCC using a two-stage chemically induced skin
carcinogenesis mouse model and human ¢SCC samples. The
authors showed that AhR ligands increase the expression of IL-17
downstream genes in normal human epidermal keratinocytes;
the number of cutaneous SCC lesions is decreased in AhR
deficient mice; and in patients’ samples, atypical keratinocytes
overexpress Th17 downstream genes in tumor lesions of cSCC
as compared to normal keratinocytes at the marginal zone
of the tumor. These data support the hypothesis that AhR
ligands promote the development of cSCC through induction of
Th17 cells.

Overall, this special topic highlights recent advances
for a better understanding of IL-17 cytokine family in
tissue homeostasis and disease. Here, we wanted to show
the broad biological function mediated by IL-17 cytokine
family ranging from immune defense against pathogens to
the modulation of inflammation and tumor immunology,
as observed in infection, inflammatory diseases or cancer.
Moreover, several therapeutic approaches targeting the IL-
17 cytokine family are available and they are paving the
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way for the development of specific strategies limiting the
progression of different diseases including autoimmunity,
chronic immune-mediated diseases, lung illnesses, and
tumor immunology.
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IL-17C/IL-17RE: Emergence of a
Unique Axis in TH17 Biology

Jasper F. Nies' and UIf Panzer'?*
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Therapeutic targeting of IL-17A and its receptor IL-17RA with antibodies has turned
out to be a tremendous success in the treatment of several autoimmune conditions.
As the IL-17 cytokine family consists of six members (IL-17A to F), it is intriguing to
elucidate the biological function of these five other molecules to identify more potential
targets. In the past decade, IL-17C has emerged as quite a uniqgue member of this
pro-inflammatory cytokine group. In contrast to the well-described IL-17A and IL-17F,
IL-17C is upregulated at very early timepoints of several disease settings. Also, the
cellular source of the homodimeric cytokine differs from the other members of the
family: Epithelial rather than hematopoietic cells were identified as the producers of
IL-17C, while its receptor IL-17RE is expressed on Ty17 cells as well as the epithelial
cells themselves. Numerous investigations led to the current understanding that IL-17C
(@) maintains an autocrine loop in the epithelium reinforcing innate immune barriers
and (b) stimulates highly inflammatory Ty17 cells. Functionally, the IL-17C/RE axis has
been described to be involved in the pathogenesis of several diseases ranging from
infectious and autoimmune conditions to cancer development and progression. This
body of evidence has paved the way for the first clinical trials attempting to neutralize
IL-17C in patients. Here, we review the latest knowledge about identification, regulation,
and function of the IL-17C/IL-17receptor E pathway in inflammation and immunity, with
a focus on the mechanisms underlying tissue injury. We also discuss the rationale
for the translation of these findings into new therapeutic approaches in patients with
immune-mediated disease.

Keywords: IL-17C, IL-17RE, immunity, inflammation, Th17

INTRODUCTION

The discovery of Ty17 cells as a novel subset of CD4™ T cells in 2005 (1) lead to a paradigm
shift in the field of immunology. Our previously incomplete and inconsistent understanding of
many diseases’ pathogenesis was manifold enhanced thanks to rigorous examination of this new T
cell lineage. These discoveries are not only important for basic immunological research, but drugs
targeting Ty 17-related molecules have had a significant impact on the treatment of immunological
diseases (2-4).

As the name of the Tyl7 cells was coined by their characteristic production of the
highly inflammatory cytokine IL-17A upon activation, most scientific effort has been put into
understanding the biological activity of this protein. However, five more cytokines with structural
similarity to IL-17A have been identified (IL-17B-F). In this six-member cytokine family, IL-17A
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is best characterized, followed by the very closely related IL-
17F. Structurally, all members of the IL-17 cytokine family
are homodimers in their biologically active form, yet one
heterodimer consisting of IL-17A and IL-17F (IL-17A/F) is
described (5, 6). The proteins bind to heterodimeric receptor
complexes to induce signaling in their target cells. Most of those
complexes consist of the ubiquitously expressed subunit IL-17RA
and a second, ligand-specific subunit (IL-17RB-RE) (7-11). IL-
17D remains an orphan ligand in the cytokine family (Figure 1).

In line with the current understanding of Tyl7 cells
being a highly inflammatory lineage, IL-17A and F induce
several inflammatory pathways. Most markedly, their binding
to the receptor complex IL-17RA/RC, which is predominantly
expressed on epithelial cells, leads to upregulation of cytokines,
anti-bacterial peptides, and chemokines. The chemokines then
recruit innate immune cells like neutrophils which potently
enhance the inflammatory reaction. Thus, it is fair to say that by
now we have got a good grasp of how IL-17A and F unfold their
inflammatory effect.

The role of the remaining four IL-17 family members has long
been considered rather elusive. However, the last years have shed
a little more light on the IL-17C/RE axis, which unveiled some
unique features.

In this review, we provide an overview of expression patterns
and the functional importance of IL-17C and its receptor
IL-17RE in immunological diseases, present a hypothesis of
how the IL-17C/RE axis mediates its inflammatory effect,
summarize intracellular signaling pathways, and give an outlook
on translational approaches.

IDENTIFICATION OF THE IL-17C/RE AXIS

First Characterization of IL-17C
In 2000, the cytokine IL-17C has first been identified by a
homology-search for proteins similar to IL-17A (12). IL17C is

located on chromosome 16q24, is 1.1kb long, and the protein
IL-17C shares roughly 27% amino acid identity with IL-17A.
Interestingly, after stimulation no induction of IL17C mRNA was
observed in CD4% cells, which are the main source of IL-17A
and F. This was the first evidence that IL-17C seems to assume a
unique role in the IL-17 family. In an initial functional analysis
of the protein, the authors showed that IL-17C stimulated the
monocytic cell line THP-1 to release TNF-a and IL-1p.

IL-17C Is Expressed by Epithelial Cells and
Not by Hematopoietic Cells

Unlike what is known about the other IL-17 family members,
many studies suggest that IL17C is not expressed by leukocytes,
but by non-hematopoietic cells.

The characteristic production of IL-17A by a subset of CD4™
cells has led to the name of Ty 17 cells, which emerged to be a
distinct lineage apart from the classical dichotomy of Ty1 and
Tu2 cells. However, not only CD4" T cells produce IL-17A, but
also CD8T T cells (13), y8 T cells (14, 15), invariant natural killer
T cells (iNKT) (16), group 3 innate lymphoid cells (ILCs) (17),
and even B cells (18).

In contrast, IL17C is expressed by epithelial cells. In a model
for psoriasis, keratinocytes are the main source of IL-17C (19).
Several groups confirmed this IL17C expression in keratinocytes
(20-23). Other epithelial cells producing the cytokine include
colonic epithelial cells (9), resident kidney cells (24, 25), and
respiratory epithelial cells (26-28).

Although this strong evidence points to epithelial cells as the
main source of IL17C, its expression has also been found in
leukocytes (29, 30) and smooth muscle cells (31).

IL-17C and the Microbiome

Ti17 biology is closely linked to the microbiome as it influences
Ty17 cell development: Experiments with antibiotic treatment or
germ-free mice drastically reduced intestinal Ty 17 cells (32, 33).
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FIGURE 1 | The IL-17 family. Schematic overview of the IL-17 family members and their respective receptor complexes.
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However, specific bacteria are required for proper induction of
this cell type. Segmented filamentous bacteria (SFB) can potently
induce the Ty17 cell development (34, 35), while Bacteroides
fragilis suppresses this differentiation (36). Thus, changes in
the gut flora influence the development of Ty17 cells, which
can both aggravate or ameliorate extra-intestinal Ty 17-driven
autoimmunity (37).

Even though Ty17 cells themselves are not the source of
IL-17C, intestinal bacteria still seem to play a role for IL17C
expression in the gut. Antibiotic treatment of mice blocked
the induction of IlI7¢. IL-23 and IL-22 were reported to be
dispensable, but TLR-MyD88 signaling in gut resident cells was
essential for the induction of IlI17c expression. In the same
experiment, the authors identified MyD88 as being essential
for proper induction of Il17a, but not Il17¢c, in hematopoietic
cells (38). Co-culture of murine colonic epithelial cells with
Citrobacter rodentium induces IL-17C production in those
cells. Specifically, Lipopolysaccharide (LPS) and flagellin are
two pattern-associated molecular patterns (PAMPs) that can
be recognized by toll-like receptors (TLRs) and culturing the
cells with those components alone resulted in strong IL-17C
production (9). A change in Il17c expression was not observed
in any of the analyzed leukocyte populations (T lymphocytes,
B lymphocytes, intraepithelial lymphocytes, lamina propria
mononuclear cells). This finding was validated by the fact that
no difference in IlI17¢ induction was seen between wildtype
and recombination-activating gene 1 (Ragl) deficient mice.
Within the non-leukocytic cell populations in the colon, Il17¢
induction was indeed limited to only the colonic epithelial
cells since no mRNA upregulation Il17c was seen in colonic
stromal cells after infection (9). Those findings indicate that TLR
activation by microbiota in the gut is important for both IL-
17A and IL-17C, albeit the source of those cytokines is located
to different cell types: Hematopoietic cells and gut resident
epithelial cells, respectively.

Thus, epithelial cells are the main source of the cytokine in
different tissues. That stands in stark contrast to the cellular
source of other cytokines of the IL-17 family, which are mainly
expressed by leukocytes.

IL17C Is Upregulated Early in Disease
Regarding the temporal expression of IL17C, current data point
to an early upregulation during disease. I117c mRNA was strongly
upregulated after 4 days in the colons of bacterially infected mice,
while Il17a expression peaked at day 12 (9). Ramirez-Carrozzi
et al. analyzed the kinetics of I117c expression in detail: in vitro
stimulation of HCT-15 cells with heat-killed E. coli lead to a rapid
expression of the cytokine after 1 h and murine skin challenged
with imiquimod showed strong Il17c expression after 2 days.
In the DSS-colitis model, the authors found induction of 1117¢
expression after 2 days in colons and mesenteric lymph nodes,
but upregulation of I17a and Il17f mRNA transcripts was not
detected before day 6 (19). In the nephrotoxic nephritis (NTN)
mouse model for crescentic glomerulonephritis, we showed that
Il17c is upregulated as early as 12h after induction of the
disease, while I/17a and Il17f expression starts after a couple of
days (24).

IL-17C Binds to the Receptor Complex

IL-17RA/RE

The group that first described IL-17C also suggested that IL-17C
does not bind to IL-17RA, but to another receptor. Expressing
a His-tagged and metabolically labeled form of the extracellular
domain of IL-17RA in 293T cells, precipitation with IL-17A was
observed as expected, but no precipitation could be detected
during incubation with IL-17C (12). Six years later, another group
discovered this receptor, which has been named IL-17RE. Murine
IL-17RE shares 40% DNA and 18% amino acid sequence with IL-
17RC (39). However, the authors did not yet identify a ligand
binding to this receptor subunit. The receptor was found to be
expressed in lung, kidney, stomach, intestine, and testis of mice
and to have six different isoforms.

Several groups described that IL-17C is the specific ligand
for IL-17RE in 2011: Transfection of 293T cells with the
receptor subunits IL-17RA-RE revealed that IL-17C seems to
bind exclusively to IL-17RE (40). Another group used a similar
approach by analyzing the binding of Flag-tagged human IL-
17C to HEK293 cells overexpressing each of the five IL-
17 receptor subunits. In contrast to the findings of the first
characterization of IL-17C (no binding to IL-17RA) (12), flow
cytometer examination of the cells after incubation with IL-17C
showed binding to both IL-17RA and IL-17RE, but none of
the other receptor subunits. Also, no interactions were found
between IL-17RE and any of the other IL-17 cytokine family
members (19).

Song and colleagues used glutathione S-transferase
precipitation to demonstrate that IL-17C associates not
only with IL-17RE but with a heterodimeric receptor complex
consisting of IL-17RA and IL-17RE (9). Using a blocking
antibody against IL-17RA during stimulation of keratinocytes
with IL-17C, a dose-dependent inhibition of IL-17C-induced
G-CSF and B-defensin-2 expression was observed, underlining
the functional dependence on IL-17RA (19).

The IL-17RA/RE Receptor Complex Is
Expressed on Both Epithelial and Ty17
Cells

Interestingly, epithelial cells—the main source of IL-17C—
express the specific receptor for the cytokine. Strong Il17re
expression has been detected in keratinocytes and colon epithelial
cells (19). Reynolds et al. report expression of the receptor
subunit in the colonic epithelial cell line YAMC (41). ILI7RE
is also expressed in nerve fibers of human skin after HSV-2
reactivation (21).

Apart from epithelial cells, Chang et al. first described that
Il17re is expressed on Ty 17 cells. While numerous tissues express
an isoform of IL-17RE that lacks the transmembrane domain,
Ty17 cells expressed high amounts of full-length IL17RE. This
expression is strongly enhanced when the cells are stimulated
with a cytokine cocktail of IL-6, TGF-B, IL-1, and IL-23 and
IL-17C also induced expression of the receptor on Ty17 cells
(40). Validating this finding, our group found strong Il17re
expression IL-17A" YFP™ cells from IL-17A YFP™ fate reporter
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TABLE 1 | Sources of IL-17C and IL-17RE.

Protein Cell type References

IL-17C Keratinocytes (19-23)
Resident kidney cells (24, 25)
Colonic epithelial cells ©)
Respiratory epithelial cells (26-28)
Smooth muscle cells (31)
Leukocytes (29, 30)

IL-17RE Tu17 cells (24, 40)
keratinocytes (19)
Colonic epithelial cells (19, 41)
Skin nerve fibers (21)

Overview of cell types producing IL-17C and IL-17RE.

mice and in Ty17 polarized cells (compared to Ty0, Ty, and
Treg cells) (24).

Similar to IL17C, we reported that Il17re was upregulated 24 h
after induction of NTN (24).

In summary, epithelial cells produce IL-17C at early
timepoints in disease. The cytokine signals through the
heterodimeric receptor complex IL-17RA/RE. This complex is
expressed by several epithelial cells themselves. Secondly, Ty17
cells express IL17RE which indicates that this T cell lineage is also
responsive to IL-17C (Table 1).

INFECTION AND AUTOIMMUNITY

Many studies report that ILI7C expression is upregulated at an
early stage in both infectious and autoimmune diseases. This
suggests that it is involved in the innate first-line immunity in
the pathogenesis of those conditions. Intriguingly, IL-17C also
plays an important role in the initiation of the adaptive immune
response later. First, we will take a closer look at the role of the
IL-17C/RE immune axis in infectious diseases. Second, we will
zoom in on autoimmune conditions.

IL-17C/RE Signaling Induces Innate
Immune Functions in Bacterial, Fungal,

and Viral Infections

Signaling through the IL-17C/RE is involved in host defense
against foreign pathogenic microorganisms. In the following
paragraphs, we will summarize the role of the axis in bacterial,
fungal, and viral infections.

Bacterial Infections

The IL-17C/RE axis plays a significant role in several bacterial
infection models. Mice infected with the intestinal pathogen
Citrobacter rodentium showed upregulation of Il17c mRNA
in the colon (9). Ex vivo cultured murine colon tissue and
colonic epithelial cells showed marked mRNA expression of
antibacterial peptides, inflammatory cytokines, and chemokines
after stimulation with IL-17C. Clinically, lack of signaling
through the IL-17C/RE axis modeled with Il17re/~ mice lead

to decreased mRNA levels of said molecules and failure to
clear the infection. This resulted in loss of body weight, higher
intestinal and splenic weight, increased bacterial burden, and
death. Interestingly, there was no difference when the cells
were treated with IL-17A or E which indicates that IL-17RE is
dispensable for these two cytokines.

In a model of acute colitis, I17¢™/~ mice challenged with
dextran sulfate sodium (DSS) had a significantly worse outcome
than mice with physiological IL-17C production, which is
reflected by earlier and more pronounced weight loss and
colonic shortening. The authors explain this observation with
the fact that IL-17C induced mRNA expression of tight-junction
molecules, which are essential for the integrity of the colonic
mucosal barrier (41).

Another group examined the role of IL-17RE in this model
confirming those findings of the IL-17C/RE axis assuming a
crucial role in protection against bacteria-driven DSS-induced
colitis (19).

The immune axis also plays a role in the defense against airway
infections with Pseudomonas aeruginosa and Haemophilus
influenza (26, 27).

Fungal Infections

The impact of IL-17C has also been examined in fungal
infections. Huang and colleagues reported that IL-17C is required
for a lethal course of systemic infection with Candida albicans
in mice since II17¢~/~ mice displayed increased survival
and less severe functional and morphological kidney damage
(25). This is in contrast to the function of IL-17A in this
model: While Il17a overexpression protects the mice, lack of
signaling through IL-17RA results in increased susceptibility
to this fungal infection (42). Similarly, patients with Job’s
syndrome, a condition with Ty17 cell defects, are also at
great risk to suffer from such fungal infections (43, 44).
Another study reported that IL-17C is not involved in immunity
to systemic, oral and dermal candidiasis (45). Even though
I117c mRNA expression was upregulated 2 days after exposure
to the fungus, the group did not observe a difference in
clearance of the infection or gene expression profiles between
mice lacking IL-17C or IL-17RE compared to a wildtype
control group.

Viral Infections

Two studies investigated the role of IL-17C/RE in viral infections.
Peng et al. showed that IL-17C was the only IL-17 family cytokine
that was induced in keratinocytes from human genital skin
biopsies during recurrent HSV-2 reactivation. Also, cultured
human keratinocytes produced IL-17C in response to infection
with HSV-2. Since cutaneous nerve fibers expressed IL17RE
and ex vivo application of IL-17C reduced apoptosis in the
nerve cells, the authors hypothesize that keratinocyte-derived IL-
17C serves as a protective agent for nerve fibers during HSV-2
reactivation in the skin (21). Another group recently analyzed
the effects of IL-17C in in vitro virus-bacteria coinfection of
human bronchial epithelial cells to assess the cytokine’s role in
COPD exacerbations. A challenge with both pathogens resulted
in a synergistic induction of IL-17C. Interestingly, tissue from
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healthy smokers released little IL-17C upon exposure to the
pathogens, but epithelial cells from COPD patients released
significantly more. Thus, the IL-17C/RE axis might be involved in
the pathogenesis of COPD exacerbations of mixed upper airway
infections (46).

Several Ty17-Driven Autoimmune
Diseases Are Exacerbated by IL-17C/RE

Inflammation orchestrated by Tyl7 cells is a hallmark of
various autoimmune conditions like rheumatoid arthritis,
psoriasis, multiple sclerosis, autoimmune kidney diseases, and
autoimmune hepatitis.

In 2007, Yamaguchi et al. attributed IL-17C a role in
the pathogenesis of collagen-induced arthritis (30). Mice
adoptively transferred with CD4™" T cells, which were retrovirally
transduced with either IL-17A, B, C, or E had significantly higher
arthritis scores than those that got cells transduced with an
empty vector.

Several studies also evaluated the role of IL-17C in skin
inflammation complementing the picture of IL-17C-induced
auto-aggression. Johansen et al. first showed that IL17C mRNA
and protein levels were increased in the skin of patients with
psoriatic lesions compared to non-lesional skin (47). In fact, IL-
17C is by far the most abundant IL-17 cytokine found in the
skin of such skin lesions: Its protein levels were reported to be
roughly 125-fold higher than those of IL-17A in the lesions (48).
Transgenic mice lacking Il17c, Il17ra, or Il17re display a less
severe course of imiquimod-induced psoriasis (19, 49) while an
overexpression of I117c¢ in skin keratinocytes lead to spontaneous
development of psoriasiform skin lesions (48). IL-17C also drives
inflammation in atopic dermatitis as IL17C expression was
increased in lesional skin of patients and blocking IL-17C with
an antibody ameliorated skin inflammation in one mouse model
for psoriasis and two models for atopic dermatitis (50).

Also, IL-17C/RE signaling aggravates the course of
experimental autoimmune encephalitis (EAE) (40). III 7¢=/=
mice were less prone to develop the disease and those that
did showed less pronounced clinical manifestations of the
inflammation. Vice versa, increased signaling through the axis
in transgenic mice overexpressing I117re in CD4™" cells lead to a
worse clinical situation of the animals.

We have recently described that the serum levels of IL-
17C are significantly higher in patients with ANCA-associated
glomerulonephritis compared to a healthy control group, which
was not true for IL-17A, E and B. We showed the pro-
inflammatory role of IL-17C in established mouse models for
lupus nephritis and crescentic glomerulonephritis. In accordance
with the mentioned previous studies, our experiments showed
expression of I117re by Ty17 cells and significantly less T 17 cells
in inflamed kidneys of both 117¢~/~ and Il17re~/~ mice (24).

Two studies investigated the involvement of the IL-17C/RE
axis in autoimmune hepatitis. One group found evidence that
IL-17C stimulates intrahepatic CD4" T cells to release IL-2
with subsequent NK-cell mediated liver damage. In this study,
lesser levels of GOT and GPT in sera of I117¢~/~ and Il17re~/~
mice were found compared to wildtype mice (51). However,

another group found no differences in GOT and GPT activities
and granulocyte infiltration into the liver between I117¢~/~ and
wildtype mice in the same model (52).

Further diseases involving the IL-17C/RE axis include
psoriasiform skin lesions in inflammatory bowel disease (IBD)
patients under anti-TNF-a treatment (53), recurrent aphthous
ulcers (20), LPS-induced endotoxin shock (52), and different
forms of cancer (38, 54-56) (Tables 2, 3).

MECHANISMS OF IL-17C/RE DRIVEN
INFLAMMATION

Mechanistically, a body of evidence suggests that IL-17C exerts
two important immunological effects: (a) In an autocrine
feedback loop with epithelial cells, IL-17C strengthens innate
barriers against infectious agents. (b) Boosting Tyl7 cell
function, IL-17C also stimulates the adaptive immune system to
efficiently fight off infections. Yet, those pathways harbor the risk
of Ty 17-driven autoimmunity.

As IL-17A has been studied much more extensively as IL-17C
and acts on epithelial cells, it is worthwhile to recapitulate the
signaling of IL-17A through IL-17RA.

The similar expression of fibroblast growth factor and IL-17R
(SEFIR) domain is highly conserved within the IL-17 receptor
family and structurally similar to the Toll/IL-1R (TIR) domain
found in TLRs and the IL-1P receptor (57). Yet, IL-17 signaling
employs an adaptor protein unique to IL-17 signaling called
ACT1, which also carries the SEFIR domain. The adaptor protein
can then bind several intracellular signaling proteins to induce
several conserved signaling pathways. Pathways activated by IL-
17 receptor signaling include nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-kB) (58), inhibitor of NF-kB
¢ (IkBg) (59), mitogen-activated protein kinase (MAPK) (60-
62), and CCAAT/enhancer-binding protein (C/EBP) (63, 64).
Together, these pathways mediate mitogenic signals and induce
expression of pro-inflammatory cytokines and chemokines.

Another domain called TIR-like loop (TILL) domain is
crucial for IL-17 signaling but is only present in the IL-
17RA subunit (65). However, most of the other subunits
of this family heterodimerize with IL-17RA to form a
functional complex, which suggests that IL-17RA is the domain
necessary for intracellular signaling. Also, the C/EBPp activation
domain (CBAD) on IL-17RA stimulates signaling through the
transcription factor C/EBPB (65), initiating one of the few known
inhibitory mechanisms of IL-17 signaling (66).

A very important aspect of IL-17 signaling is synergism:
De novo gene expression by IL-17A in target cells does not
fully account for the observed strong inflammatory effect
of the cytokine. Signaling through IL-17RA stabilizes mRNA
transcripts of genes expressed by other strong inflammatory
stimuli like TNF-a (59, 67). Ligand binding to IL-17RA recruits
the kinase IKKi to phosphorylate ACT1. TRAF2 and 5 then bind
to form a complex that can inhibit cleavage of mRNA (61, 68).

Thus, the full biological activity of IL-17A becomes apparent
only in concert with other factors of the inflammatory milieu.
Such synergetic effects have also been described between IL-17C
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TABLE 2 | Main findings of experimental data on IL-17C and IL-17RE.

Disease model Mice used Main phenotype of investigated group References
Experimental autoimmune encephalitis (EAE) 1n7e='- Less clinical manifestation, lower mortality (40)
111 7re overexpressing CD4™ T cells Increase in EAE symptoms
adoptively transferred to wildtype
C57BI/6
Nephrotoxic Nephritis (NTN) 17c=/'= Reduced functional and morphological kidney (24)
117re=/= damage, less renal Th17 infiltration
Pristane-induced lupus nephritis nz7c=/= Reduced functional and morphological kidney (24)
damage
Psoriasis Imiquimod- M7c=/- Less severe course of the disease (19, 49)
induced 117re=/=
II-17¢c- I177¢c overexpression in keratinocytes Spontaneous development of psoriasiform skin (48)
induced of wildtype C57BI/6 lesions
IL-23-induced BALB/c Reduced ear swelling and acanthosis under (50)
anti-IL-17C treatment
Con-A-induced autoimmune hepatitis M7c=/- Lesser levels of GOT and GPT, attributed to (51
I17re=/= inhibited NK-cell mediated liver damage
17c=/= No difference in GOT and GPT levels or hepatic (52)
granulocyte infiltration
Collagen-induced Arthritis (CIA) I117¢ overexpressing CD4™ T cells Higher arthritis scores than control (80)
adoptively transferred to DBA1 mice
1177¢c BM chimeric mice
Atopic MC903- BALB/c Less severe ear swelling under anti-IL-17C (50)
dermatitis induced treatment
Flaky tail Flaky tail (Matt™a/maF|gft/t) Less hair loss and excoriation and ameliorated
blepharitis under anti-IL-17C treatment
Dextrane sulfate sodium (DSS) induced colitis n7c=/- More pronounced body weight loss and colonic (19, 41, 52)
I17re=/= shortening due to lesser expression of antibacterial,
inflammatory, and tight-junction molecules
Citrobacter rodentium infection I17re=/~ More body weight loss, higher intestinal and splenic ©)
weight, higher bacterial burden, higher mortality
Pseudomonas aeruginosa airway infection n7c=/- Increased survival (26)
Systemic Candida albicans infection 7c=/= Increased survival and less severe kidney damage (25)
Systemic, oral and dermal Candidiasis M7c=/- No difference between knockout and wildtype (45)
I17re=/= groups
LPS-induced endotoxin shock 1n7c=/= Higher resistance to endotoxin-induced shock. (52)

Summary of current data on the IL-17C/RE axis in mouse models.

and three other cytokines: TNF-a (19, 24, 48), IL-22 (9, 24), and
IL-1B (19). However, the underlying molecular mechanisms have
not specifically been studied for IL-17C/RE signaling.

IL-17C and the Epithelial Cell

The first site of IL-17C immunity is the epithelial cell. Group-
specific innate signaling pathways like the activation of TLRs
in response to PAMPs induce expression of IlI7¢ (9, 19,
38). Activation of TLR is one of the first responses of the
immune system after contact with pathogens, which explains
the early upregulation of ILI7C in the various infectious
diseases. Intracellular MyD88 signaling induced by TLR2 and 5
agonists or IL-1p stimulated the expression of IL17C in mucosal
epithelial cells (19). Another intracellular mechanism for IL17C
expression in response to pathogens is activation of nucleotide-
binding oligomerization domain-containing protein 2 (NOD2)
by Staphylococcus aureus (69).

There is strong evidence for a synergistic effect between
TNF-o and IL-17A as IL-17A signaling stabilizes mRNA of
target genes of TNF-a. Interestingly, one target gene that is
synergistically induced by IL-17A and TNF-a is ILI17C (70).
However, stimulation of murine and human epithelial cells with
TNF-a or IL-17A alone is also capable of upregulating IL17C
expression (9, 19).

These findings are underlined by the fact that IL17C
expression is decreased in skin biopsies of psoriasis patients
under anti-TNF-a therapy (22). Likewise, IL-17RA blockade with
Brodalumab lead to decreased levels of ILI7C expression in
psoriatic skin (71).

In terms of signaling cascades, TNF-a signaling seems to
employ the p38 mitogen activated protein kinase (22) and the
NF-kB pathway to enhance IL17C expression. Direct evidence
of this are three bindings sites for NF-«kB in the IL17C
promotor (23).
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TABLE 3 | IL-17C/RE data on human samples.

Disease Main finding References
Psoriasis Elevated levels of //77¢c mRNA and IL-17C protein in lesional patient skin. 47)
Impaired /I17re expression in those lesions.
IL-17C most abundant IL-17 cytokine in lesional skin (125-fold of IL-17A) (48)
ANCA-associated glomerulonephritis IL-17C as the only IL-17 cytokine with elevated serum protein levels (24)
Atopic dermatitis Increased /77¢ expression and positive immunohistochemistry staining for (50)
IL-17C in skin of atopic dermatitis patients
Recurrent aphthous ulcers (RAU) Human oral keratinocytes stained positive for IL-17C in RAU lesions of (20)
patients and expressed TNF-a in response to IL-17C in vitro
Anti-TNF-a-induced psoriasiform skin High IL-17C protein concentrations in skin lesions (53)
lesions in Crohn’s disease
HSV-2 reactivation in genital skin Protective effect of IL-17C on skin neurons 21)
Pseudomonas aeruginosa airway Enhanced inflammatory response to infection by human epithelial cell line 27)
infection
Virus-bacteria coinfection in COPD Coinfection led to synergistic upregulation of //77c in human bronchial (46)

epithelial cells; stimulation with IL-17C upregulated chemokines.

Summary of current human data on the IL-17C/RE axis.

Thus, both PAMPs and pro-inflammatory cytokines can
induce IL17C expression. TNF-a and IL-17A are able to induce
IL17C individually and a strong synergistic effect between the two
cytokines drastically boosts the expression.

Binding of IL-17C to the IL-17RA/RE complex on the
epithelial IL-17C-source cells forms an autocrine loop in the
epithelium. Like IL-17A, IL-17C signaling through IL-17RA/RE
employs the adaptor molecule ACT1 (40). The signaling cascade
then activates the MAPK pathway by phosphorylation of p38,
ERK, and JNK as well as the NF-kB pathway by phosphorylation
of the p65 subunit and the NF-kB inhibitor IkBa (9). Also,
signaling through L-17RA/RE on epithelial cells reinforces the
mechanical epithelial barrier by expressing the tight-junction
proteins occludin, claudin-1, and claudin-4 (41). Host defense
mechanisms in epithelial cells induced by IL-17C include the
expression of hBD2, S100A7/8/9, CXCL1/2/3, CCL20, TNFAIP6,
and TNIP3 (19) as well as pro-inflammatory cytokines like IL-
18, IL-17A/F, IL-22, IL-6, IL-8, VEGE and TNF-a (48). This
expression profile is a potent response to actively fight off
invading pathogens.

Thus, the autocrine loop of IL-17C in the epithelium is an
early protective response against pathogenic alterations in the
microbiome and other epithelial tissues.

IL-17C and the Ty17 Cell
The second site of action of IL-17C is the Tyl7 cell. We
have shown that the numbers of Tyl17 cells significantly
decrease in the absence of IL-17C or IL-17RE in a murine
models of autoimmune kidney diseases (24). This effect of IL-
17C on Ty17 cells might be due to increased proliferation
or differentiation, inhibited apoptosis, or impeded exhaustion.
Other groups have investigated these intracellular effects in
more detail.

In the EAE model, Ty 17 differentiation was induced by IL-
17C/RE signaling via IkBg (40). Signaling through IL-17RE lead
to increased production of IL-17A, IL-17F, and IL-22. Song et al.

showed that IL-17C induces the expression of anti-apoptotic
factors BCL2 and BCL2LI in intestinal epithelial cells (38).
This anti-apoptotic effect of the IL-17C/RE axis was also seen
in nerve fibers during HSV-2 reactivation (21). As mentioned
before, signaling pathways of IL-17C in epithelial cells involve
NF-kB and MAPK (9), which might also be true for Tyl7
cells and would be indicative of an effect on proliferation of
target cells.

Many groups have shown the pro-inflammatory role of IL-
17C in disease settings that are known to be driven by a
strong Ty17 cell activity. As IL-17C induces the expression
of IL-17A in Tyl7 cells (40), it may be that this effect of
IL-17C is dependent on IL-17A. Indeed, blockade of IL-17A
with an antibody abolished the difference in renal damage
between wildtype and Il17¢~/~ mice in a model for crescentic
glomerulonephritis (24). Thus, this stimulatory effect of IL-
17C/RE on Ty17 cells leads to higher levels of Ty17 signature
cytokines—above all IL-17A—which accounts for the strong
inflammatory effect of IL-17C. As excessive Ty17 cell activity
is linked to many autoimmune diseases, IL-17C-mediated
stimulation of the Tyl7 cell represents a cause for Tyl7
autoimmunity upstream of main effector cytokines like IL-17A
and F.

In terms of regulating IL-17C signaling, Monin et al. identified
the endoribonuclease MCP-1 induced protein 1 (MCPIP1) as
a negative regulator of both IL-17A and C signaling: In a
model of imiquimod-induced skin inflammation, mice deficient
in MCPIP1 showed increased inflammation and upregulation of
IL-17A- and IL-17C-dependent genes, but unaltered levels of IL-
17A and C. This indicates that MCPIP1 influences intracellular
pathways downstream of IL-17 receptor signaling as opposed
to modulation of the expression of IL-17 cytokines (72). The
exact mechanism of this negative regulation on IL-17A and
C signaling has not been described. However, previous studies
have shown that MCPIP1 hampers TLR signaling in response
to LPS by degrading mRNA of 1lI6 (73) and interferes with
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FIGURE 2 | Intracellular pathways of IL-17C signaling. IL-17C signaling induces NF-kB and MAPK signaling pathways. This induction shows a synergistic effect with
TNF-a signaling, resulting in strong induction of a mitogenic and pro-inflammatory expression profile. In epithelial cells, target genes of IL-17C/RE signaling are
defensins, inflammatory cytokines, and tight junction molecules to reinforce innate host barriers in response to pathogens. Also, IL-17C expression is upregulated in
the epithelium and subject to a synergism of IL-17A- and TLR-signaling. IL-17C is then released from the epithelial cell and binds to the IL-17RA/RE receptor complex
expressed on the same cell, forming an autocrine loop. In Ty17 cells, IL-17C induces expression of IL17A, IL17F, and IL22, boosting adaptive defense mechanisms.
IL-17C also activates anti-apoptotic pathways via Bcl-2 and Bcl-X.. MCPIP1 is a regulator of IL-17C/RE signaling, but the distinct mechanisms of this negative

IL-17C

MAPK and NF-kB signaling by deubiquitination of signaling
molecules (74). Even more, MCPIP1 degrades Il17ra and I117rc
mRNA (75) and MCPIP1 deficiency boosts Tyl7 effector
functions (76), which underlines its regulatory effect in IL-
17 signaling.
Figure 2
of IL-17C.

summarizes intracellular signaling pathways

Taken together, IL-17C assumes a position at the
interface of innate and adaptive immune system: It is
upregulated during early stages of disease and reinforces
innate defense lines in the epithelium via an autocrine
loop. Its stimulatory action on the Tyl7 cells induces the
adaptive immune response and can trigger autoimmune
disease (Figure 3).
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FIGURE 3 | Mode of action of IL-17C on epithelial and T 17 cells. Schematic hypothesis of the pro-inflammatory mode of action of the IL-17C/RE axis. IL-17C is
mainly expressed by epithelial cells. Expressing the IL-17RA/RE receptor complex, both the epithelial cell itself and Ty17 cells are targets for IL-17C. Boosting
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FIRST STEPS IN THERAPEUTIC
TARGETING OF THE IL-17C/RE AXIS

Antibodies targeting T117 cell functions are already in clinical
use for a host of autoimmune disorders like psoriasis, psoriatic
arthritis, and IBD.

Ustekinumab is a monoclonal antibody directed against the
p40 subunit which is shared by the cytokines IL-12 and IL-
23. It has been shown to be very successful in the treatment
of psoriasis and psoriatic arthritis (77, 78) and is approved for
Crohn’s disease (79).

Other antibodies directly targeting IL-17A (Secukinumab,
Ixekizumab) or the receptor IL-17RA (Brodalumab) show
astonishing effects in psoriasis patients (4, 80, 81). Other
indications are psoriatic arthritis (2, 3, 82) and ankylosing
spondylitis (83).

Neutralizing IL-17C is an intriguing approach in the
treatment of autoimmune diseases as it might hamper
Tul7 function in general and not only the impact
signaling of the signature cytokine IL-17A. Indeed, the first
clinical studies with an anti-IL-17C-neutralizing antibody
have been started in patients with atopic dermatitis
(84) after trials in murine models showed promising
results (50).

Interestingly, targeting the cytokine IL-17A or its receptor
IL-17RA aggravates symptoms in IBD patients (85, 86).
This shows that intervening in those signaling pathways
might not be as straightforward as initially thought. Thus, it
might be possible that the protective role that IL-17C plays
for the integrity of epithelial barrier function exceeds its
pathological effect for Tyl7 stimulation in autoimmunity.
Disrupting the autocrine loop of the epithelial cells with
an antibody might lead to unwanted adverse effects like

gastrointestinal or respiratory infections. Inhibiting the
Ty17 cell function obviously harbors the risk of a general
susceptibility to infections with extracellular Dbacteria
and fungi.

DISCUSSION

In summary, IL-17C is a homodimeric cytokine that is
expressed by non-hematopoietic—mainly epithelial—cells. It
binds to its heterodimeric receptor complex IL-17RA/RE that
is expressed on both a variety of epithelial cells and Ty17
cells. Compared to other IL-17 cytokine family members,
IL17C is upregulated at early stages of the diseases and
plays two roles. (a) In an autocrine manner it sustains
barrier integrity of epithelial cell layers and thus supports
the innate immune system to keep infections in check.
(b) By binding to IL-17RE on Tyl7 cells, IL-17C also
stimulates the adaptive immune response to potently fight
off invading pathogens. The downside of this mode of
action is the risk of immunological derailment, leading to
autoimmune conditions.

Intracellular ~ signaling of IL-17C/RE involves anti-
apoptotic Bcl-2 and Bcl-Xp as well as the NF-kxB and
MAPK pathways to promote proliferation and host
defense. The induction of IL17C has been shown to
be dependent on TLR signaling and pro-inflammatory
cytokines. ILI7C expression is subject to a synergism
between TNF-a and IL-17A, presumably due to mRNA
stabilization by IL-17A. To date, the molecular mechanisms
of described synergisms between IL-17C and other
cytokines (TNF-a, IL-22, and IL-1B) have not specifically
been investigated.
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Being an inflammatory mediator upstream of Tyl7
effector cytokines, IL-17C represents an interesting target
for pharmacological intervention. The first clinical trials have
been started for atopic dermatitis and data from human samples
suggest transferability of experimental data to the clinical setting
for some diseases (24, 48, 53).

The first translational approaches to pharmacologically
exploit the IL-17C/RE axis are on the way. We believe that
the main potential of such interventions lies in the treatment
of autoimmune disorders. Yet, a lot of experimental data
on more disease settings requires further analyses of human
samples to investigate potential patient populations for this kind
of treatment.
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Introduction: Spondyloarthritis (SpA) is characterized by inflammation, articular bone
erosions and pathologic new bone formation. Targeting TNFa or IL-17A with current
available therapies reduces inflammation in SpA, however, treatment of the bone
pathology in SpA remains an unmet clinical need. Activation of the mammalian target
Of rapamycin (MTOR) promotes IL-17A expression and osteogenesis. Therefore, the
inhibition of MTOR (with rapamycin) could be a promising therapeutic avenue in SpA.

Objectives: To investigate the effect of blocking mTOR on inflammation, bone erosions
and new bone formation in SpA.

Methods: Peripheral blood mononuclear cells (PBMCs) from patients with SpA
were stimulated with anti-CD3/CD28 in the presence or absence of rapamycin and
the resulting cytokine expression was assessed. Fibroblast-like synoviocytes (FLS)
from SpA patients were assessed for osteogenic differentiation potential in conditions
with TNFa, IL-17A, or TNFa plus IL-17A, in the presence or absence of rapamycin.
HLA-B27/Hup2m transgenic rats were immunized with low dose heat-inactivated
Mycobacterium tuberculosis (M. tub), treated with 1.5 mg/kg rapamycin prophylactically
or therapeutically and monitored for arthritis and spondylitis. Histology and mRNA
analysis were performed after 5 weeks of treatment to assess inflammation and
bone pathology.

Results: /n vitro TNFa and IL-17A protein production by SpA PBMCs was inhibited
in the presence of rapamycin. Rapamycin also inhibited osteogenic differentiation
of human SpA FLS. Ex vivo analysis of SpA synovial biopsies indicated activation
of the mTOR pathway in the synovial tissue of SpA patients. In vivo, prophylactic
treatment of HLA-B27/Hup2m transgenic rats with rapamycin significantly inhibited the
development and severity of inflammation in peripheral joints and spine (arthritis and
spondylitis), with histological evidence of reduced bone erosions and new bone formation
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Chen et al.

mTOR Blockade by Rapamycin in Spondyloarthritis

around peripheral joints. In addition, therapeutic treatment with rapamycin significantly
decreased severity of arthritis and spondylitis, with peripheral joint histology showing
reduced inflammation, bone erosions and new bone formation. /L-77A mRNA expression
was decreased in the metacarpophalangeal joints after rapamycin treatment.

Conclusion: mTOR blockade inhibits IL-17A and TNFa production by PBMCs, and
osteogenic differentiation of FLS from patients with SpA in vitro. In the HLA-B27
transgenic rat model of SpA, rapamycin inhibits arthritis and spondylitis development
and severity, reduces articular bone erosions, decreases pathologic new bone formation
and suppresses IL-17A expression. These results may support efforts to evaluate the
efficacy of targeting the mTOR pathway in SpA patients.

Keywords: spondyloarthtritis, mTOR, rapamycin, IL-17A, fibroblast-like synoviocytes, small molecule treatment,

animal models, HLA-B27 tg rats

INTRODUCTION

Spondyloarthritis (SpA) is the second most prevalent form of
chronic inflammatory arthritis. The hallmarks of SpA are joint
inflammation, articular bone erosions and pathologic new bone
formation (1). Tumor necrosis factor-o. (TNFa) and Interleukin-
17A (IL-17A) are key disease-modulating cytokines in SpA
(1-4). Currently, one third of patients do not respond to
available therapy and only 20% of patients achieve remission.
Loss of therapeutic efficacy can occur over time and anti-
TNFa therapy does not reduce bone formation in the advanced
stages of SpA (5-8). Although anti-IL-17A therapy has been
demonstrated to reduce bone formation the M.tub-induced
HLA-B27 transgenic rat model (HLA-B27 tg rats) (9), a beneficial
effect of anti-IL-17A therapy on human SpA bone pathology
is not well-understood and remains to be formally established
(3, 5). Thus, there is an unmet clinical need to find therapies
targeting both inflammation and pathologic bone formation
in SpA.

The etiology of the new bone formation in SpA remains
unclear (1, 10). We and others (9, 11, 12) have previously
demonstrated that fibroblast-like synoviocytes (FLS) isolated
from the synovial tissue may act as bone precursor cells and
differentiate in vitro to osteoblast-like-cells. Osteoblasts are
the bone-forming cells responsible for bone matrix and bone
mineralization (10). It has also been demonstrated that TNFa and
IL-17A can accelerate osteogenic differentiation of FLS cells in
vitro (9, 12).

The mammalian target of rapamycin (mTOR) has been
demonstrated to play an important role in inflammation. For
instance, mTOR, can be blocked using rapamycin, a small
molecular drug that has been applied clinically to prevent
graft rejection in kidney transplantation (13-15). mTOR has
been demonstrated to activate T cells and regulate RORy
translocation in murine cells to induce IL-17A expression
(16, 17). Blocking mTOR reduces the percentage of Thl7
cells in an animal model of colitis (18). RNA sequencing of
inflamed synovial tissue from patients with SpA demonstrated
the expression of the PI3K-Akt-mTOR pathway (Chen and Ross
et al. under review).

In addition to modifying inflammation, mTOR signaling
is downstream of bone anabolic pathways and promotes
osteoblastic maturation and mineralization (19).

We sought to examine the effect of mTOR blockade with
rapamycin on inflammation as well as new bone formation
in the pathobiological context of SpA. Since mTOR pathway
regulates the expression of the disease modulating cytokine IL-
17A and promotes osteogenic differentiation we hypothesized
that treatment with rapamycin may modify both inflammation
and pathologic bone formation in SpA pathogenesis. Initially,
we determined the effect of rapamycin in vitro on primary
human SpA cells. Specifically, we investigated if rapamycin could
inhibit the production of cytokines by SpA peripheral blood
mononuclear cells (PBMCs) and if rapamycin could reduce
the rate of human SpA FLS to differentiate to osteoblast-like-
cells. Next, we confirmed the activation of mTOR pathway
in SpA synovitis. In addition, we determined the prophylactic
and therapeutic treatment effect of rapamycin in the M.tub-
induced HLA-B27 transgenic rat model (HLA-B27 tg rats), an
experimental model of SpA (20-22). In the HLA-B27 tg rats,
we assessed whether rapamycin would reduce the incidence and
severity in inflammation of peripheral joints and spine (arthritis
and spondylitis), bone erosions and pathologic new bone
formation in vivo.

MATERIALS AND METHODS

Human Cells and Tissue

Patient material was obtained from spondyloarthritis
(SpA) and rheumatoid arthritis (RA) patients. The SpA
patients included in this study fulfilled the Assessment
of Spondyloarthritis International Society (ASAS) criteria
for peripheral SpA (23). The RA patients were included
according to the American College of Rheumatology
classification criteria (24). All patients provided written
informed consent before enrollment in the study. This study
was approved by the Ethics Committee of the Amsterdam
University Medical Center, University of Amsterdam,
the Netherlands.
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In vitro Stimulation of Human PBMCs and
SFMCs

Primary human peripheral blood mononuclear cells (PBMCs)
were obtained from healthy donors (n = 3) and SpA patients (n =
6), and synovial fluid mononuclear cells (SFMCs) were obtained
from inflamed knee joints from SpA patients (n = 2). At the
time of inclusion, SpA patients had not taken biologic agents for
at least 3 months. PBMCs and SFMCs were isolated by density
gradient centrifugation on Lymphoprep (Nycomed).

PBMCs and SFMCs were pre-incubated with vehicle (0.001%
DMSO) or rapamycin in IMDM (Lonza) for 30min and
stimulated with anti-CD3 (clone 1XE, 1: 1,000, Sanquin) and
anti-CD28 (clone 15E8, 2 pug/ml, Sanquin) for 48 h. Cytokines
were measured in supernatants by ELISA (IL-17A and TNFa,
eBioscience) according to the manufacturer’s recommendations.
Counting of viable PBMCs was performed by flow cytometry
on an LSR Fortessa X-20 instrument (BD). Exclusion of DAPI
(10 nM, 46-Diamidino-2-Phenylindole, Dihydrochloride; Sigma)
and PI (3 M, Propidium iodide; Sigma) was used to indicate
cell viability. Accudrop Beads (BD) were used as the counting
standard. Per sample, 10,000 beads were added and PBMCs were
counted during the acquisition of 6,000 beads.

In vitro Osteogenic Differentiation of SpA

Fibroblast-Like Synoviocytes (FLS)

Primary human SpA FLS (n = 11) were obtained from
synovial tissue biopsies according to standardized protocol
(9, 25). FLS viability was assessed in the presence of vehicle
(0.00005%DMSO) or rapamycin (5nM) with WST-1 assay
(Roche) and Trypan Blue 0.4% solution (Gibco) (26). For in
vitro differentiation, SpA FLS (passage 3-8) were cultured in
Xvivo Stempro medium (R&D systems) with 50 uM ascorbic
acid and 10 mM B-glycophosphate, supplemented with TNFa
(Ing/ml), IL-17A (50ng/ml), or both. Media was refreshed
twice weekly. Cells were fixed with 4% formaldehyde at days
7, 14, and 21 of differentiation. Alkaline phosphatase (ALP)
staining was performed at days 7 and 14. Alizarin red (2%)
staining was performed at day 21 for the osteogenic conditions
without cytokines and at day 14 for conditions supplemented
with cytokines, consistent with prior published protocols (9).
The percentage of ALP staining and alizarin red staining in the
wells were scored semi-quantitively by 2 observers, as described
previously (9).

Immunofluorescence

Frozen synovial tissue sections (n = 20 from SpA patients
and n = 20 from RA patients) were fixed and blocked with
10% serum. Staining with isotypes or primary antibodies was
performed overnight at 4°C, followed by incubation with Alexa
Fluor 488/Alexa Fluor 594-conjugated secondary antibodies for
30 min at room temperature. Antibodies used: monoclonal rabbit
IgG anti-human phospho-S6 (pS6, ser235/236, clone D57.2.2E,
Cell signaling); monoclonal mouse IgG1 anti-human CD3 (clone
UCH-T1; Thermo Scientific Pierce); and monoclonal mouse
IgG1 anti-human CD45 (HI30; Biolegend) at a concentration
of 5ug/ml. Slides were mounted with Prolong Gold with DAPI

(Thermo Fisher). Pictures were taken on an epifluorescence
imaging microscope (Leica) and analyzed using Image] (1.501)
software. The quantity of pS6 staining was scored on a 3-
point semiquantitative scale by two independent observers, who
were blinded for the diagnosis of the patients, according to
standardized methods (9, 27-29).

Animals

In order to generate M.tub-induced HLA-B27/Huf2m transgenic
rats (HLA-B27 tg rats), the Tg(HLA-B%2705, B2M)21-3Reh and
Tg(B2M)283-2Reh Lewis rat lines (30) were bred and housed at
the animal research institute of AMC. F1 (21-3 x 283-2) male
and female rats were used for experiments. Animal experiments
were approved by the Amsterdam University Medical Center
(AUMC) Animal Care and Use Committee.

Male rats were orchiectomized to prevent epididymo-orchitis
(31), as described previously (22). To synchronize disease onset,
6-week-old, HLA-B27/Huf2m transgenic rats were immunized
with heat-inactivated Mycobacterium tuberculosis (M. tub)
(Difco, Detroit, MI, USA) in 100 pl Incomplete Freunds
Adjuvant (IFA) (Chondrex, Redmond, WA, USA) as described
previously (21, 22).

In vivo Preventive and Therapeutic
Treatment With Rapamycin

Rats were treated with 1.5 mg/kg rapamycin or vehicle
intra-peritoneally, three times per week for 5 weeks. The
prophylactic treatment (n = 13 vehicle vs. n = 11 rapamycin)
started 1 week post-immunization with M. tub, which is ~1-
2 weeks before the onset of arthritis and spondylitis. The
therapeutic treatment (n = 5 vehicle vs. n = 4 rapamycin)
started 1 week after 50% of the animals developed arthritis.
Vehicle-treated rats were caged separately from rapamycin
treated rats.

Clinical Measurement of Arthritis and
Spondylitis

The HLA-B27 tg rats were monitored for arthritis and spondylitis
incidence and severity, as described previously (9, 21, 22).
Clinical measurements were performed by an observer blinded
for treatment, and included weight, macroscopic severity scores
for arthritis (0-12) and spondylitis (0-3), and hind paw
swelling measured by plethysmometry. For the severity analysis,
cumulative clinical scores of all limbs were calculated. For
plethysmometry, the change in swelling in cm? was normalized to
the measurement on the day before the disease onset as observed
clinically (prophylactic experiment) or to the day of treatment
start (therapeutic treatment).

Histology

Rats were sacrificed after 5 weeks of treatment. Hind paws
(peripheral joints) and the tail (axial joints) were isolated and
fixed in 10% formalin, decalcified in Osteosoft (Merck) and
embedded in paraffn. For hematoxylin and eosin (H&E) or
Safranin O/Fast Green staining, 5um sections were stained
and scored by two observers blinded to the identities of the
treatment groups. Semi-quantitative scoring was performed for
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inflammation, bone erosions, periosteal new bone formation and
hypertrophic chondrocytes (enchondral new bone formation) as
described previously (21, 22). Images were obtained with a light
microscope (Leica).

Gene Expression Analysis
Metacarpophalangeal (MCP) joints were homogenized in TRIzol
and further processed for RNA isolation on columns (RNAeasy
mini columns, Qiagen) according to manufacturer’s protocol.
qPCRs were performed with SYBR green primers (Life
technologies) for IL-17A, IL-17F, IL-22, TNF«, IL-23, RORC,
IFNy, IL-4, with GAPDH as the reference gene. Data were
represented as relative fold-changes [according to the 274dCt
method (32)] to one reference control sample. GAPDH
expression was detected in all samples with <22 Ct cycles. When
a gene was not detectable, Ct 40 was used for the calculation of
the relative fold.

Statistics

Graphpad Prism 7 was used to perform statistical analysis.
For all normally-distributed continuous data, the one-way
ANOVA was performed with multiple comparison adjustments
according to Bonferroni. Survival curves were analyzed for
arthritis and spondylitis incidence and compared with the Log-
Rank (Mantel-Cox) test. The Area Under the Curve (AUC)
was calculated for clinical scores and hind paw swelling and
analyzed with a Mann-Whitney U-test. For non-normally
distributed data and nominal data, Mann-Whitney U-test
was used.

RESULTS

Rapamycin Inhibits IL-17A and TNF«
Protein Production by Human PBMCs
From SpA Patients

As mTOR activation has been demonstrated to induce IL-
17A expression in murine T cells (16), we hypothesized that
rapamycin treatment would inhibit IL-17A production in human
PBMCs. We therefore first examined the effect of rapamycin
(0, 1, 5, 10, 100 nM) in healthy donor PBMCs stimulated with
anti-CD3/CD28 antibodies. Rapamycin significantly reduced
IL-17A and TNFa protein secretion by in vitro stimulated
healthy donor PBMCs, with a reduction of 51.8% for IL-
17A and 47.0% for TNFa at 1 nM, respectively (Figures 1A,B).
Rapamycin did not induce cell death over the culture period of
48h as measured by DAPI and PI staining by flow cytometry
(Supplemental Figure 1).

Similarly, rapamycin significantly reduced IL-17A and TNFa
production by human SpA PBMC: 1 nM of rapamycin induced
a 50.0% reduction of IL-17A and 32.7% reduction of TNFa
production (Figures 1C,D). A similar but non-significant trend
was also observed when human SpA SEMCs were treated in vitro
with rapamycin (Supplemental Figures 2A,B).
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FIGURE 1 | Rapamycin reduces IL-17A and TNFa protein production by
PBMCs from Spondyloarthritis (SpA) patients in vitro. (A) Rapamycin reduces
IL-17A (n = 3) and (B) TNFa (n = 3) protein secretion by in vitro stimulated
PBMCs from healthy donors. (C) Rapamycin inhibits production of IL-17A
(n = 6) and (D) TNFa (n = 6) by PBMCs from patients with SpA. ***p <
0.0001, **p < 0.001, *p < 0.01, and *p < 0.05.

Rapamycin Reduces Osteogenic
Differentiation of Human SpA
Fibroblast-Like Synoviocytes (FLS)

In bone precursor cells, the mTOR pathway has also been
reported to promote osteogenesis through regulation of bone
anabolic pathways (19). To study a potential direct effect of
mTOR inhibition by rapamycin on osteoblastic differentiation
within the inflammatory context of SpA, we performed in
vitro osteogenic differentiation assays with human FLS, in the
presence and absence of key proinflammatory cytokines IL-17A
and TNFa (9). During the differentiation process, we stained
the cells for Alkaline phosphatase (ALP) and for mineralization
with alizarin red. ALP is expressed early in the osteogenic
differentiation process and mineralization is a characteristic of
matured osteoblasts.

A dose-response experiment showed that >5nM rapamycin
consistently reduced osteogenic differentiation of human SpA
FLS in vitro, as evidenced by alizarin red staining (data not
shown). There was no increase in cell death after rapamycin
treatment, as demonstrated by WST-1 assay and by Trypan Blue
staining (Supplemental Figure 3). We confirmed this effect in
FLS cells from additional SpA patients, finding that rapamycin
(5nM) treatment significantly reduced ALP staining, a marker
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0.05.
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for active (pre-) osteoblasts (Figure 2A), and alzarin red staining,
a marker for mineralization (Figure 2B).

Rapamycin (5nM) also significantly reduced osteogenic
differentiation of human FLS in the presence of IL-17A and/or
TNFa (Figures 2A-D). Consistent with prior report (9), IL-17A
and TNFa accelerated human FLS osteoblastic differentiation as
demonstrated by increased ALP staining (Figure 2A) and alizarin
red staining (Figure 2B). Representative ALP (Figure 2C) and
alizarin red (Figure 2D) pictures from one SpA FLS line are
shown. These data indicate that rapamycin can reduce the
osteoblastic differentiation rate of human SpA FLS in vitro.

mTOR Pathway Is Activated in Inflamed

Synovial Tissues From Patients With SpA
We next assessed whether the mTOR pathway was activated
in SpA synovitis. As phospho-S6 Ribosomal Protein (pS6) is a
well-characterized downstream target of mTOR and indicates
activation of the mTOR pathway, we stained for the presence
of pS6 in inflamed SpA synovial tissue. Representative images
are shown from 2 patients (Figure 3A). The majority of pS6
positive cells was observed in the sublining of the synovial
tissue (Figures 3A,B). In addition to SpA synovial tissue, we also
stained synovial tissue from rheumatoid arthritis (RA) patients,
as the presence of pS6 and the expression of mTOR pathway have
previously been described in RA synovitis (33).

pS6 levels are similar in SpA and RA synovial tissue groups as
demonstrated by semiquantitative scoring (Figure 3B). In SpA
synovial tissue, we observed colocalization of pS6 with CD3, a
marker for T cells (Figure 3C). T cells from the synovial tissue
have been demonstrated to express IL-17A (34). pS6 also stained
CD45-negative cells (Figure 3D), indicating that the mTOR
pathway is also activated in non-hematopoietic, stromal cells in
SpA synovitis.

Prophylactic Treatment With Rapamycin
Reduces Experimental Spondyloarthritis

and New Bone Formation in vivo

Next, we tested the effcacy of rapamycin treatment in HLA-B27
tg rats, an experimental model of spondyloarthritis (9, 22, 35). In
a prophylactic setting, 100% (Figure 4A) and 92% (Figure 4D) of
animals developed arthritis and spondylitis, respectively, in the
vehicle control group. Prophylactic rapamycin treatment
significantly decreased the incidence of arthritis (36%,
Figure 4A) and spondylitis (18%, Figure4D). Moreover,
arthritis severity (0.5 vs. 7.15 on a 0-12 scale, Figure 4B) and
spondylitis severity (0.2 vs. 2.1 on a 0-3 scale, Figure4E)
were significantly reduced in the rapamycin vs. vehicle group.
Plethysmometric analysis confirmed the significantly reduced
swelling in the hind paws in the rapamycin treatment group
(Figure 4C). Histological analysis of peripheral joints confirmed
these clinical findings, demonstrating significantly reduced
inflammation, bone and cartilage erosions, and new periosteal
bone formation (Figures4F-H), and a similar trend for
the presence of hypertrophic chondrocytes (Figure 4I). The
animals treated with rapamycin also had reduced inflammation
in the spine (Figure4]J). Similar, but not significant, trends
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FIGURE 3 | pS6 is expressed in Spondyloarthritis (SpA) synovitis. (A) pS6 is
mainly expressed in the sublining of the synovial tissue. Representative
pictures from 2 SpA patients are shown. (B) Semiquantitative scoring of Ps6 in
Rheumatoid Arthritis (RA, n = 20) and SpA (n = 20) synovial tissue. (C) pS6
partially colocalizes with CD3 by double immunofluorescence. (D) pS6 partially
colocalizes with CD45.

were observed for bone erosions, new bone formation and
the presence of hypertrophic chondrocytes in the spine
(Figures 4K-M). Prophylactic treatment data were pooled from
two independent experiments.

Therapeutic Treatment With Rapamycin
Attenuates Experimental Spondyloarthritis
in vivo

We next assessed the effect of rapamycin on inflammation and
bone pathology in a therapeutic setting. Treatment was started 1
week after 50% arthritis incidence (Day 30 after immunization
with M. tub; Figure5). In the vehicle group, the incidence
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FIGURE 4 | Preventive treatment with rapamycin reduces experimental spondylarthritis in vivo. (A) Arthritis incidence. (B) Arthritis severity. (C) Plethysmometric
analysis of the hind paws. (D) Spondylitis incidence and (E) spondylitis severity of vehicle (n = 13) and rapamycin treatment group (n = 11). (F-I) Semiquantitative
scoring of inflammation, bone erosions and new bone formation in peripheral joint histology and in (J-M) axial histology. Mean + SEM were presented in (B,C,E).
Median was depicted in (F-M). M.tub: Mycobacterium tuberculosis. ***p < 0.0001, **p < 0.001, and *p < 0.05.
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FIGURE 6 | Therapeutic treatment with rapamycin reduces inflammation, bone erosions and new bone formed in experimental spondyloarthritis. Representative
hematoxylin and eosin (H&E) & Safranin O/Fast Green (saf O) pictures are shown for vehicle and rapamycin treated rats, to demonstrate aspects of pathology in the
model. There is deformity of the joint anatomy with aspects of inflammation (white arrows), destruction/erosions (red arrows), and new bone formation (black arrows)
in peripheral and axial joints. The quantification of the pathology is provided in Figures 5F-M for the therapeutic experiment (and in Figures 4F-M for the

of arthritis and spondylitis continued to increase to 100%
within 2 weeks after treatment initiation, whereas the incidence
of both arthritis and spondylitis completely plateaued once
rapamycin treatment was initiated (Figures 5A,D). Furthermore,
therapeutic treatment with rapamycin significantly diminished
arthritis severity (6 vs. 8.8; Figure 5B) and spondylitis severity
(1.5 vs. 2.8; Figure 5E). In agreement with the clinical scores,
plethysmometric analysis demonstrated a significant reduction
in hind paw swelling in the rapamycin group compared to
vehicle controls (Figure 5C). Histological analysis of peripheral
joint tissues obtained 5 weeks after initiation of treatment
confirmed the impact of rapamycin treatment on inflammation
(Figure 5F), bone erosions (Figure 5G), and new periosteal
bone formation (Figure5H). A similar, but not significant
trend was observed for hypertrophic chondrocytes in peripheral
joints (Figure 5I). Histological analysis of the spine revealed
similar trends (Figures 5]-M). Representative H&E and Safranin

O staining of the peripheral joints and spine are shown in
Figure 6.

Rapamycin Treatment Reduced IL-17A

Expression in Inflamed Joints

We demonstrated that rapamycin inhibits IL-17A and TNFa
production by human SpA PBMCs in vitro. To test the in vivo
effcacy of rapamycin in the HLA-B27 tg rat model, we assessed
the mRNA expression of key inflammatory cytokines such as
IL-17A and TNFa in metacarpophalangeal (MCP) joints after
therapeutic treatment with rapamycin. mRNA expression of IL-
17A, IL-17F, and IL-22 was significantly reduced in the MCP
joints from the rapamycin vs. vehicle treatment group (Figure 7).
This was paralleled by a trend toward reduction of the IL-17
master transcription factor RORC, but not the upstream Th1l7
differentiation cytokine IL-23. Also IFNy mRNA expression was
significantly reduced. There was a decreasing trend observed
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FIGURE 7 | Rapamycin treatment reduces IL-17A expression in inflamed joints. In the metacarpophalangeal (MCP) joints from HLA-B27 tg rats after the therapeutic
treatment, mRNA expression of IL-17A, IL-17F, IL-22, and IFNy are reduced in the rapamycin group. RQ, relative quantity. *p < 0.05.

for TNFw, whereas the prototypical Th2 cytokine IL-4 was
not modified.

DISCUSSION

We demonstrate here for the first time that targeting mTOR
by rapamycin, prophylactically and therapeutically, reduces the
incidence and severity of arthritis and spondylitis. Histology
confirmed reduced inflammation, bone erosions and new
periosteal bone formation in the peripheral joints with similar
trends observed in the spine. These findings were supported by
data we obtained in vitro in human SpA cells and from human
synovial tissue ex vivo: rapamycin attenuated inflammatory
cytokine production by human SpA PBMCs; rapamycin reduced
human SpA fibroblast-like synoviocytes (FLS) osteogenesis rate,
both in the presence and absence of TNFa and IL-17A; and the
mTOR pathway is activated in human SpA synovitis.

Taken together, these data suggest that mTOR blockade by
rapamycin attenuates inflammation, bone remodeling and new
periosteal bone formation, which are all hallmarks of SpA
pathogenesis. mTOR might be a promising therapeutic target in
SpA patients, especially considering the effcacy of rapamycin in
reducing new bone formation and bone erosions in vivo. This
would address an important unmet clinical need in SpA patients
to target bone pathology (1, 5).

Two potential explanations for the inhibitory effect of
rapamycin on new bone formation in the HLA-B27 tg model are:

it may either be the result of rapamycin reducing expression of
the cytokine IL-17A, or a direct inhibitory effect of rapamycin on
bone precursor cells. We have previously demonstrated that IL-
17A promotes pathologic bone processes in the HLA-B27 tg rats
and shown that IL-17A accelerates osteogenic differentiation of
human SpA FLS in vitro (9). In line with these findings, others
have reported that IL-17A accelerates osteogenic differentiation
of FLS cells from reumatoid arthritis (RA) and osteoarthritis
(OA) patients (12). We now demonstrate that FLS osteogenesis
can be inhibited by rapamycin treatment, independently of IL-
17A and TNFa cytokines. Rapamycin treatment in SpA PBMCs
in vitro also inhibits production of IL-17A and TNF«. In
addition to TNFa (1) and IL-17A (2, 3), IL-17F has recently
been demonstrated to play an essential proinflammatory role
in SpA pathogenesis, similarly to IL-17A (36). IL-17A and IL-
17F m RNA expression were significantly reduced in vivo after
rapamycin treatment.

Although we did not directly test this, rapamycin may
suppress inflammation by promoting autophagy of misfolded
HLA-B27. HLA-B27 heavy chain misfolding has been postulated
to play a role in SpA pathogenesis (37, 38). In a HLA-
B27 transgenic rat model (33-3 rats), rapamycin promoted
autophagy-mediated degradation of misfolded B27 heavy chains
in vitro and could thereby suppress the IL-23/IL-17 pathway
(39-41). The presence of HLA-B27 misfolding and the effect of
rapamycin treatment on autophagy remains to be tested in our
model (21-3 x 283-2 rats).
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Rapamycin may also have a direct effect on bone
differentiation via mTOR’s interaction with several anabolic
bone pathways (19, 42, 43). mTOR is a kinase that forms mTOR
complex 1 (mT'ORC1) and mTOR complex 2 (mTORC2) (19),
and these complexes integrate signals from a multitude of
signaling pathways, including Wnt, PI3K-Akt, IGF, Notch, BMP,
and mechanical stress (19, 44-52). Prolonged treatment with
rapamycin has been demonstrated to inhibit both mTORC1
and mTORC2 (53), and likely alters bone pathway signaling.
The exact mechanism of new bone formation in SpA remains
to be elucidated (10, 54). In another model of ectopic bone
formation, heterotopic ossification (HO), rapamycin treatment
reduced ectopic bone by 50% (55). How the pathways involved
in heterotopic ossification (HO) compare to those of SpA may be
of interest.

In addition to bone precursor cells and osteoblasts, osteoclasts
are also important cellular players in bone remodeling. We did
not address osteoclasts in the present study, as the effect of
rapamycin on osteoclasts has been studied previously. Inhibition
of mTOR has been demonstrated to halt osteoclastogenesis (56,
57) and to improve joint erosions in a TNF-transgenic mice
model of rheumatoid arthritis (33). These findings are in line
with the attenuated bone erosions we observe in the HLA-B27 tg
rats after rapamycin treatment, which could be explained by the
inhibitory effect of rapamycin on IL-17A and TNFa production,
as both these cytokines promote osteoclastogenesis (58-61).

Given that there is currently limited therapy in SpA, these
results may support efforts to evaluate the efficacy of rapamycin
treatment for SpA patients. Rapamycin has also been found to
reduce inflammation in animal models of psoriasis (62) and
colitis (18, 63). These disease manifestations can co-occur with
SpA and have overlapping disease mechanisms with SpA (1). The
side-effects of rapamycin have been characterized and include
hyperlipidemia and osteonecrosis (64). Recently, low dose of
rapamycin has been demonstrated to be effcacious in reducing
musculoskeletal manifestations in mildly active SLE patients
without serious side-effects (65). It is also promising that short-
term side-effects such as dyslipidemia may subside after long-
term mTOR blocking therapy (64). Moreover, there are new
generation small molecules that target the mTOR pathway with
potentially fewer side effects. The upstream PI3K/Akt/mTOR
pathway may also present an additional set of potential targets
for modulating mTOR activity in SpA pathology.

CONCLUSIONS

We provide a rationale for targeting the mTOR pathway in
spondyloarthtritis by demonstrating that mTOR blockade with
rapamycin inhibits IL-17A and TNFa production by SpA PBMCs
and osteoblastic differentiation of human SpA FLS in vitro. In
the HLA-B27 transgenic rat model of SpA, mTOR blockade
reduces arthritis and spondylitis development and severity with
decreased inflammation and bone defects with suppression
of IL-17A. These results may support efforts to evaluate the
efficacy of targeting the mTOR pathway in SpA patients.
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assay after 30 min and (B) after 2.5h (mean + SD, n = 4). (C) The percentage of
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T helper (Th) 17 cells are a subtype of CD4 T lymphocytes characterized by the expression
of retinoic acid-receptor (RAR)-related orphan receptor (ROR)yt transcription factor,
encoded by gene Rorc. These cells are implicated in the pathology of autoimmune
inflammatory disorders as well as in the clearance of extracellular infections. The main
function of Th17 cells is the production of cytokine called interleukin (IL)-17A. This review
highlights recent advances in mechanisms regulating transcription of IL-17A. In particular,
we described the lineage defining transcription factor RORyt and other factors that
regulate transcription of //77a or Rorc by interacting with RORyt or by binding their
specific DNA regions, which may positively or negatively influence their expression.
Moreover, we reported the eventual involvement of those factors in Th17-related
diseases, such as multiple sclerosis, rheumatoid arthritis, psoriasis, and Crohn’s disease,
characterized by an exaggerated Th17 response. Finally, we discussed the potential new
therapeutic approaches for Th17-related diseases targeting these transcription factors.
The wide knowledge of transcriptional regulators of Th17 cells is crucial for the better
understanding of the pathogenic role of these cells and for development of therapeutic
strategies aimed at fighting Th17-related diseases.

Keywords: T helper 17 cells, interleukin-17, retinoic acid receptor related orphan nuclear receptor yt, multiple
sclerosis, Crohn’s disease, rheumatoid arthritis, psoriasis

INTRODUCTION

T helper (Th) 17 cells are a subtype of CD4 T lymphocytes, specialized in immune response against
fungi and some extracellular bacteria (1-4). The interleukin (IL)-17A, originally named CTLAS,
is the most representative cytokine produced by Th17 cells (3, 5, 6), also produced by cytotoxic T
lymphocytes, and innate lymphocytes, including y8 T, natural killer T, and group 3 innate lymphoid
cells (7).

The binding of IL-17A with its receptor activates the target cells, such as epithelial cells,
endothelial cells, and fibroblasts (3, 4, 8) and induces CXCL1, CXCL2, and CXCLS8, which attract
myeloid cells such as neutrophils to the infected or injured tissue (9); IL-6 and G-CSF, which
promote myeloid-driven innate inflammation (10); and B-defensins, S100A8, and lipocalin 2, which
protect the host during acute microbial invasion (11).

In addition to IL-17A, Th17 cells produce IL-17F, IL-21, IL-22, and, in human, also IL-26
(3, 5, 6, 12), which collectively ensure an appropriate defense against pathogens. In fact, genetic
defects in the Th17-cytokine pathways lead to severe mucocutaneous candidiasis (13-15).
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However, a dysregulated activity of Th17 cells has been
associated to autoimmune diseases, such as multiple sclerosis
(MS), rheumatoid arthritis, psoriasis, and Crohn’s disease (8, 16).

Given the relevance of Th1l7 cells in both physiological
and pathological contexts, numerous studies investigated the
molecular mechanisms regulating the transcriptional program of
Th17 cells.

Majority of the Th17 transcription factors were discovered
and validated through analysis of IL-17A expression in mice
deficient for specific transcription factors, and mice containing
a GFP reporter cDNA knocked-in at the site for initiation of the
translation of specific transcription factors (17-21). Similarly, the
in vitro expression of IL-17A was assessed in cells cotransfected
with constructs overexpressing the specific transcription factors
and reporter constructs containing regions upstream of the
Il17a transcription start site (17, 19). More recently, modern
technologies, such as chromatin immunoprecipation (ChIP) and
single-cell RNA-sequencing, were allowed to better explore the
functions of transcription factors in Th17 cells (22-24). However,
although the expression of Thl7 transcription factors was
validated in human Th17 cells, most of the studies demonstrating
their regulatory mechanism were performed in murine cells.

The first transcription factor discovered, designated as the
“lineage defining transcription factor of Th17 cells;,” is RORyt,
which is essential and sufficient to induce Th17 lineage fate in
both human and mouse cells (5, 17, 25).

However, succeeding studies revealed that multiple
transcriptional regulators contribute to full Th17 differentiation
program through several mechanisms, including binding to
specific regions of Il17a and Rorc genes, or interacting and
synergizing with RORyt, or facilitating the recruitment of other
proteins on Il17a or Rorc promoters.

Collectively, Th17 transcriptional regulators may contribute
to Th17 functions in physiological and pathological contexts.
Thus, in this review, we reported recent advances on the
molecular mechanisms directly regulating transcription of
Il17a and Rorc. Moreover, we discussed their involvement
in autoimmune disorders associated to an exaggerated Th1l7
response. Finally, we discussed the recent therapeutic approaches
targeting Th17 transcriptional regulators in Thl7-related
autoimmune diseases.

RETINOIC ACID-RECEPTOR-RELATED
ORPHAN RECEPTOR (ROR)
TRANSCRIPTION FACTORS IN TH17
CELLS

The retinoic acid-related orphan nuclear receptors (RORs)
belong to a superfamily of ligand regulated transcription factors
(26,27). ROR transcription factors bind DNA response elements,
called ROR response elements (ROREs) (26, 28), consisting of
the consensus core motif AGGTCA preceded by a 5" A/T-rich
sequence located into regulatory regions of target genes (27).

The interaction of ROR factors with their specific ligands
allows recruitment of cofactor proteins, which leads to the
transcription of their target genes (29).

ROR family is composed of three members, RORa (NR1F1),
RORP (NR1F2), and RORy (NR1F3) (30-32), encoded by Rora,
Rorb, and Rorc genes, respectively. Ror genes may encode
different protein isoforms, among which RORa4 and RORyt are
the unique isoforms expressed in cells of the immune system (29).

Interestingly, RORyt is expressed in thymocytes at the double-
positive stage of T cell development, but is absent in mature
thymocytes and in mature naive T cells in spleen and peripheral
lymph nodes (33). In 2006, RORyt has been detected in IL-17-
producing T cells (17), and it has been shown to play a central
role in Th17 differentiation (17, 34).

Precursors or derivatives of cholesterol, such as desmosterol
(35) and oxysterols (36), respectively, have been identified as
activator ligands of RORyt, while bile acid synthesized from
cholesterol called 3-oxoLC is an inhibitory ligand of RORyt (37).

RORyt regulates Il17a transcription by binding RORE
sequences present in the 2-kb promoter fragment upstream
of the transcription start site (38). In addition, the conserved
non-coding sequences (CNS)2 (also called CNS5) located in
the vicinity of the Il17a gene (approximately 5-kb upstream of
promoter) (39) contains two ROREs, which are also conserved
in human (39, 40). It has been demonstrated that RORyt
binds CNS2 of the Il17a gene (Figure 1) and mediates Il17a
transcription by controlling the chromatin remodeling. In fact,
CNS2 is also bound by p300 and JmjC domain-containing
protein (JM]JD)3 that mediate permissive histone acetylation (41,
42) and remove repressive histone marker H3K27me3 (43-45),
respectively, resulting in hyperacetylation of histone H3 (46, 47).
Moreover, CNS2 interacts with Il17a promoter by forming a loop,
and brings CNS2-associated histone remodeling enzymes to the
promoter for the activation of Il17a transcription (39).

Similarly, it has been demonstrated that RORa4
overexpression promotes, while RORo4 deficiency impairs,
Il17a expression (40). Interestingly, coexpression of RORa4
and RORyt causes the synergistic increase in IL-17A, indicating
that RORa4 and RORyt work together to regulate Th17 cell
differentiation (40, 48).

Given the high similarity of DNA-binding domains between
ROR04 and RORVYt, they activate I117a transcription through the
same molecular mechanism (40) (Figure 1).

However, RORo4 and RORyt are not sufficient to generate
and specify the full Th17 program.

In fact, transcriptional regulators of RORyt, as well as other
transcription factors that interact with RORyt, or bind the
promoter or the intergenic regions of the Il17a locus, play a
crucial role in the generation of Th17 cells.

OTHER TRANSCRIPTIONAL REGULATORS
OF RORC AND IL17A

The transcription of RORyt is initiated by activation of the
promoter RORC2 into the Rorc locus. RORC2 promoter contains
nuclear factor of activated T cells (NFAT)-binding sequences,
specific for NFAT and nuclear factor (NF)-kB proteins. Recently,
it has been reported that the p65 NF-kB subunit and NFATc2
bind human Rorc promoter and promote a permissive chromatin
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FIGURE 1 | Overview of transcriptional regulators of //77a and Rorc. The transcriptional regulators of Th17 cells (RORyt, RORa4, ikbg, RUNX1, HIF-1a, STAT3, IRF4,
NFAT, KLF4, and BATF) regulate transcription of //17a and Rorc by binding specific regions in their loci. Schema does not respect the real organization and structure of
each gene locus.

conformation at RORC2 regulatory regions (49). Consistently,  on its target genes, including Rorc, Rora, and another gene
it has been reported that two NF-kB proteins, c-Rel and p65,  encoding for transcriptional regulator of Th17 cells, called basic
activate the murine Rorc promoter (50). leucine zipper ATF-like transcription factor (BATF) (56).

Interestingly, the nuclear protein inhibitor of kB (IkB)¢, which BATF forms a heterodimer with JunB, and binds to the
belongs to the IkB kinases and regulates activation of NF-  Il17a promoter as well as two conserved intergenic elements
kB pathway, binds CNS2 elements in Il17a locus (Figure 1), in the Il17a locus in Th17 cells (Figure 1). Interestingly, BATF
thus leading to an efficient recruitment of transcriptional  synergizes with RORyt by binding to an overlapped conserved
coactivators with histone acetylase activity (18) and promoting  region recognized by RORyt into Il17a gene (20). Furthermore,
Il17a expression without modulating expression of Rorc and  the complex JunB and BATF also promotes the transcription of
Rora (51, 52). Rorc and Rora (58, 59) (Figure 1).

CNS2 region of Il17a is bound by another transcriptional Genome-wide JunB-DNA binding analysis, using ChIP
regulator called Runt-related transcription factor (RUNX)1, sequencing with anti-JunB antibody, revealed that JunB
whose effect is dependent on RORyt. In fact, it has been  colocalizes in Thl7 cells with another transcription factor,
demonstrated that RUNXI interacts with RORyt to potentiate  called interferon regulatory factor (IRF)4, involved in Th17
Il17a expression and is required for the full effect of RORyt differentiation (21). In fact, IRF4 targets sequences enriched for
on Il17a expression (38) (Figure 1). Additionally, RUNX1 plays  activating protein 1 (AP-1)-IRF composite elements (AICEs)
a role in Th17 differentiation, independently of RORyt, by  located into regulatory elements of the Il17a promoter (58, 60),
binding the promoter of the gene encoding RORyt through three ~ which are cobound by BATE an AP-1 factor (61). Thus, IRF4
conserved RUNX1-binding sites (53) (Figure 1). and BATF bind cooperatively to structurally divergent AICEs

Hypoxia-inducible factor (HIF)-1a is a key metabolic sensor ~ to promote IL-17A activation in Th17 cells (61). Importantly,
(19, 54), which binds hypoxia response element (HRE, a  not only Il17a locus but also II21, 1122, and II23r loci contain
conserved HIF)-1a-binding site) located in the proximal region  one or more coincident binding peaks for IRF4 and BATF that
of the Rorc promoter, in both human and mouse (19). were positioned in promoters and/or intronic regions, and ChIP
Moreover, HIF-la might physically associate with RORyt,  assays verified the binding to these regions of both IRF4 and
serving as a coactivator for RORyt, thus contributing to Il17a  BATF complexed with JunB (61). The Kruppel-like factor (KLF)4
expression without direct DNA binding on Il17a locus (19) is another factor involved in the direct regulation of IL-17A, as
(Figure 1). Further studies discovered that HIF-la activates  demonstrated by ChIP analysis. In fact KLF4 binds the Il17a
target genes by recruiting the factor p300, which possesses  promoter and induces IL-17A expression, independently of
histone acetyltransferase activity and acetylates histones to ~ RORyt (62).

“open” the chromatin structure (55). Indeed, the colocalized Altogether, this information reveals a complex interconnected
binding of RORyt, HIF-1a, and p300 occurs at the promoter of = network of transcriptional regulators that finely regulates
the Il17a gene (19). generation of Th17 cells.

Signal transducer and activator of transcription (STAT) 3 is The timing of transcriptional events leading to the full Th17

another transcription factor regulating RORyt, and IL-17A (56)  differentiation remains enigmatic. However, the transcriptional
by interacting with the Stat-binding domains into the Rorc first  regulators activated upon T cell receptor engagement,
intron, the Il17a promoter, and the intergenic region of the IlI7a  such as NFAT, likely initiate the differentiation process by
locus (Figure 1) (56-58). Moreover, STAT3 regulates positive  inducing RORyt transcription, and up-regulating receptor for
epigenetic modifications, increasing permissive H3K4me3 marks  polarizing cytokines, whose ligation leads to activation of other
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transcription factors. Among them, BATFE, IRF4, and STAT3 are
considered initiator transcription factors (24, 63). In fact, BATF
and IRF4 are responsible of initial chromatin accessibility in
Il17a locus and, with STATS3, of initiation of the transcriptional
program that is then globally tuned by the lineage-specific
transcription factor RORyt, which plays a pivotal deterministic
role at key loci (24, 63). Then, RUNX1, HIF1a, and IkBt can be
considered cooperators of ROR nuclear receptors.

Importantly, there is high interconnectivity among
transcription factors, including positive feedback loops
reinforcing expression of initiator transcription factors BATE,
IRF4, and STAT3 (24).

However, a negative feedback loop mediated by c-Maf, which
is induced by initiator transcription factors, may limit Th17
response. In particular, c-Maf is a transcriptional regulator that,
in Th17 cells, functions as a negative regulator, attenuating the
expression of pro-inflammatory loci (e.g., Batf, Rora, RunxI,
Ilir1, Cer6, and Tnf) and positively regulating few loci linked
to attenuating inflammation (e.g., II9, II10, Lif, and Ctla4).
Another transcription factor known to limit Th17 response is
Fosl2 exerting antagonistic effect to BATE, by competing for the
same binding sites and by directly repressing BATF (24). STAT1
and STAT5 are known to inhibit Th17 polarization by directly
binding Rorc or Il17a loci. In particular, STAT5 represses IL-
17A induction by binding the Il17a locus, removing accessible
histone marks, and displacing STAT3 occupancy (64, 65); STAT1
has been shown to bind upstream of the Rorc locus in human
Hela cells (66).

TH17-RELATED TRANSCRIPTIONAL
REGULATORS IN AUTOIMMUNE
DISEASES

Given the crucial role of Th17 cells in autoimmune disorders,
the altered expression of Th17 transcriptional regulators may
be related to a persistent Th17 cell response typical of diseases,
such as psoriasis, rheumatoid arthritis, Crohn’s disease, and MS
(16). The role of the transcription factors activating a Th17
response has been mainly investigated in the murine model
of MS, the experimental autoimmune encephalomyelitis (EAE),
where deletion of each specific Th17 transcription factor reduced
the disease (17-21, 40, 62, 67, 68). However, the potential
involvement of such transcription factors in human autoimmune
diseases, as well as their expression in immune cells from patients,
has not been largely investigated.

It has been reported that the levels of phosphorylated STAT3
(pSTAT-3) in lymphocytes are up-regulated in MS patients
during relapse compared to healthy donors and MS patients in
remission phase. Moreover, pSTAT-3 levels positively correlate
with magnetic resonance imaging data, indicating that STAT3
activation is associated to disease activity (69). In contrast,
the expression of RORyt analyzed at transcriptional (70) and
protein level (71) does not differ between MS patients and
healthy donors.

However, the activity of RORyt is ligand regulated and the
putative natural ligands of RORyt are molecules of the cholesterol

pathway. In this context, it has been reported that levels of
oxysterols in relapsing-remitting MS patients were associated
with conversion to secondary progressive-MS (72).

Moreover, an aberrant activation of STAT3 was found in
intestinal T cells of Crohn’s disease patients compared to healthy
donors (73); the expression of IRF-4 was significantly increased
in inflammatory cells of psoriasis patients than that in healthy
controls (74); HIF-1a was found strongly expressed by immune
cells in the intimal layer of the synovium in rheumatoid arthritis
patients (75). However, the lack of correlations with clinical
parameters in most part of these studies does not permit the
definition of the role of the enhanced expression of those
transcriptional regulators in human diseases.

Additionally, genetic abnormalities in Th17 transcriptional
regulators may favor Th17 cell response and may influence
susceptibility to autoimmune diseases. However, few studies
demonstrate association between gene variants of Thl7
transcription factors and Thl17-related diseases. For instance,
single-nucleotide polymorphisms (rs734232) affecting the
consensus-binding site for RUNXI1, or Runxl itself, are
associated with susceptibility to rheumatoid arthritis and
psoriasis (76-78), while Stat3 gene was identified as risk locus for
Crohn’s disease and MS (79, 80).

THERAPEUTIC APPROACHES TARGETING
TRANSCRIPTIONAL REGULATORS OF
TH17 CELLS

Antibodies targeting IL-17A are approved for the treatment of
psoriasis (81), while this approach is ineffective in MS, and
deleterious in Crohn’s disease (82). Recently, antagonists of
Th17 transcriptional regulators have been proposed as potential
new treatments of Thl7-mediated diseases. Given the high
cell specificity, RORyt is the transcription factor representing
the ideal target for the manipulation of Th17 cell response.
Several molecules targeting RORyt have been discovered and
tested in murine models: digoxin, urosolic acid, and SR1001
reduce EAE severity (83-85); BI119 abrogates experimental
colitis (86); SR2211 and JNJ-54271074 have therapeutic effect on
experimental arthritis (87, 88); TMP778 and S18-000003 show
efficacy in a psoriasis-like skin inflammation model (89, 90). In
addition, other RORyt inverse agonists have been discovered
(carbazole carboxamides, MG2778, TAK-828F 6-substituted
quinolines, A213) and tested as negative regulators of Th1l7
response (Table 1) (91-96).

Clinical studies testing the actual clinical efficacy and
eventual side effects are active or completed. For instance,
the oral compound VTP-43742 demonstrated efficacy
through the reduction of clinical scores in psoriasis patients
(NCT02555709). However, clinical data also showed liver
toxicity, and VTP-43742 has been replaced with a new
improved molecule VTP-45489 (Table1). Similarly, other
early clinical agents like GSK-2981278, JTE-151, JNJ-
3534, ABBV-553, TAK-828, and AZD-0284 were either
discontinued or suspended for further development
(Table1) (99). Currently, novel RORyt inhibitors are
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TABLE 1 | List of the therapeutic approaches targeting transcriptional regulators of Th17 cells.

Compound Target Disease Status References
Digoxin RORyt Multiple sclerosis Mouse model (81)
Urosolic acid RORyt Multiple sclerosis Mouse model (82)
SR1001 RORyt Multiple sclerosis Mouse model (83)
BI119 RORyt Colitis Mouse model (84)
SR2211 RORyt Arthritis Mouse model (85)
JNJ-54271074 RORyt Arthritis Mouse model (86)
A213 RORyt Psoriasis Mouse model 91)
TMP778 RORyt Psoriasis Mouse model 87)
S18-000003 RORyt Psoriasis Mouse model (88)
Carbazole carboxamides RORyt Autoimmune disorders in-vitro cell models (90)
MG2778 RORyt Autoimmune disorders in-vitro cell models 92)
TAK-828F RORyt Autoimmune disorders in-vitro cell models (93)
6-substituted quinolines RORyt Autoimmune disorders in-vitro cell models (94)
VTP-45489 RORyt Psoriasis To be tested in clinical trial (95)
VTP-43742 RORyt Psoriasis Phase Il terminated for liver toxicity (95)
GSK-2981278 RORyt Psoriasis Phase Il terminated (95)
JTE-151 RORyt Autoimmune disorders Discontinued for further development (95)
JNJ-3534 RORyt Autoimmune disorders Discontinued for further development (95)
ABBV-553 RORyt Psoriasis Phase | terminated for safety concern (95)
TAK-828 RORyt Autoimmune disorders Discontinued for further development (95)
AZD-0284 RORyt Autoimmune disorders Discontinued for further development (95)
ABBV-157 RORyt Psoriasis Phase | recruiting (96)
JTE-451 RORyt Psoriasis Phase | Active, not recruiting (96)
ESR-114 RORyt Psoriasis Phase | completed (96)
ARN-6039 RORyt Multiple Sclerosis Phase | completed (96)
AUR-101 RORyt Psoriasis Phase Il active, not recruiting (96)
RTA-1701 RORyt Autoimmune disorders Phase | completed (96)
GSK2981278 RORyt Psoriasis Phase Il completed (96)
SAR-441169 RORyt Psoriasis Phase | (96)
ROR antagonists RORyt Inflammatory diseases Phase | (96)
2-benzoyl-phenoxy acetamide HIF-1a Arthritis Mouse model 97)
STA-21 STAT3 Psoriasis Phase Il completed (98)

monitored in the clinical studies: ABBV-157 in psoriasis
phase I (NCT03922607); JTE-451 and ESR-114 in psoriasis
phase II (NCTO03832738 and NCTO03630939, respectively);
ARN-6039 in MS phase I (NCT03237832); AUR-101 in
psoriasis phase II (NCT04207801); RTA-1701 in healthy
phase I (NCT03579030); GSK2981278 in psoriasis phase I
(NCT03004846 and NCT02548052); SAR-441169 in psoriasis
phase I; and ROR antagonists in inflammatory disease phase I
(100) (Table 1).

Another promising target among Th17 transcription factors
is HIF-1a. To date, the most advanced HIF pathway-targeted
pharmaceuticals in terms of clinical development are cell-
permeable prolyl hydroxylase inhibitors, evaluated for treatment
of anemia. A number of HIF inhibitors have been developed
also for cancer therapy (97) and are considered promising
novel treatments for rheumatoid arthritis (101), such as
the 2-benzoyl-phenoxy acetamide that acts as anti-arthritic
agent in an experimental adjuvant induced arthritis rat

model (98) (Tablel). However, none of the compounds
targeting HIF-la has been assessed in clinical trials for
rheumatoid arthritis.

STAT3 is another potential drug target currently used for
cancer therapy given its aberrant activation in many human
tumors (102). Concerning Thl7-related diseases, the small
STAT3 inhibitor STA-21 has been tested on psoriasis patients
in a nonrandomized study, and psoriatic lesions in six of
the eight patients showed improvement after topical STA-
21 treatment for 2 weeks (NCT01047943) (Table1) (103).
However, this effect is likely related to the inhibition of
epidermal keratinocyte proliferation, rather than to immune cell
activity (103).

Collectively, these data indicate that Thl7 transcriptional
regulators are promising targets for Thl7-related diseases.
However, given their broad expression in different cell types, it
is crucial to develop inhibitors highly specific for immune cells to
minimize off-target effects.
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CONCLUSIONS

Since the discovery of Th17 cells, remarkable advances in
the understanding of Thl7 response have been reported.
In particular, the study of the mechanisms regulating the
transcription of Rorc and Il17a genes has advanced our
understanding of the generation of Th1l7 cells. Moreover,
small molecules interfering with these mechanisms provide
promising results in pre-clinical research and clinical
trials. Future studies further detailing the transcriptional
program of Thl17 cells could lead to the identification
of pathways or regulators that are specifically activated

during diseases. Advances in these points are critical
for the development of new compounds that target
more accurately the pathogenic effect of Thl7 cells,
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Among inflammatory mediators, a growing body of evidence emphasizes the contribution
of the interleukin 17 (IL-17) cytokine family in malignant diseases. Besides IL-17A, the
prototypic member of the IL-17 family, several experimental findings strongly support the
role of the IL-17B/IL-17 receptor B (IL-17RB) pathway in tumorigenesis and resistance
to anticancer therapies. In mouse models, IL-17B signaling through IL-17RB directly
promotes cancer cell survival, proliferation, and migration, and induces resistance to
conventional chemotherapeutic agents. Importantly, recent work by our and other
laboratories showed that IL-17B signaling dramatically alters the tumor microenvironment
by promoting chemokine and cytokine secretion which foster tumor progression.
Moreover, the finding that elevated IL-17B is associated with poor prognosis in patients
with pancreatic, gastric, lung, and breast cancer strengthens the results obtained in
pre-clinical studies and highlights its clinical relevance. Here, we review the current
understanding on the IL-17B/IL-17RB expression patterns and biological activities in
cancer and highlight issues that remain to be addressed to better characterize IL-17B
and its receptor as potential targets for enhancing the effectiveness of the existing
cancer therapies.

Keywords: IL-17, IL-17B, IL-17RB, inflammation, cancer, cancer therapy

INTRODUCTION

The IL-17 cytokine family and its receptors play crucial roles in normal host immune
responses. Their dysregulated expression has been associated with many human diseases, notably
inflammation and cancer. The IL-17 family includes six members (IL-17A to IL-17F) with different
sequence homology and functions (1). These cytokines exert their activities through binding to
IL-17 receptors (IL-17R, IL-17RA to IL-17RE) that function as homo- or heterodimeric complexes.
IL-17A is the prototypic member of the IL-17 family and is predominantly produced by T helper 17
(Th17) cells. IL17A binding to IL-17RA/IL17RC heterodimers leads to the production of cytokines
and chemokines, such as tumor necrosis factor a (TNF-a), IL-6, CXCL8, and CXCL1, involved in
mechanisms of the host defense against extracellular bacterial and fungal infections (2, 3). However,
IL-17A overproduction has been associated with chronic inflammatory disorders, autoimmune
diseases and cancer (2, 4-6). Among other members of the IL-17 family, IL-17B was originally
described as increased during intestinal inflammation (7). Moreover, it stimulates TNF-o and IL-1P
production by the human monocytic leukemia THP-1 cells (7) and promotes neutrophil migration
upon intraperitoneal administration, suggesting a pro-inflammatory role (8). More recent findings
strongly suggest a role for the IL-17B/IL-17RB pathway in tumorigenesis. For instance, in mouse
models, IL-17B signaling through IL-17RB promotes cancer cell survival, proliferation, and
migration (9-12), while in humans, elevated IL-17B expression has been associated with poor
prognosis in patients with different cancer types (10-12).
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In this review, we summarize the knowledge on the
expression and biological activities of the IL-17B cytokine and its
receptor, and then focus on their implication in tumorigenesis
highlighting gaps that remain in our understanding of
this topic.

IL-17B AND ITS RECEPTOR IL-17RB
IL-17B Expression

Following the discovery of IL-17A, which was originally named
CTLAS, screens to identify homologous genes led to the
discovery of the IL-17B, IL-17C, IL-17D, IL-17E (known as
IL-25), and IL-17F cytokines. Human IL-17B was cloned in
2000 by homology-based screening of an expressed sequence tag
database, followed by amplification from a fetal tissue cDNA
library (7, 8). The IL-17B protein shares 88% of homology with
its murine ortholog but only 29% homology with human IL-
17A (8). IL-17B is secreted as a non-covalent dimer glycoprotein
consisting of 180 amino acids and has a predicted molecular
mass of 20.4 kDa as a monomer (2, 13). The human IL-17B gene
was mapped to chromosome 5q32-34, and its mRNA is strongly
expressed in adult pancreas, small intestine, stomach, testis and
more weakly in spinal cord, prostate, colon and ovary (7, 8).
IL-17B expression was also detected in rheumatoid synovial
tissues from patients with rheumatic arthritis, where it is mainly
produced by neutrophils (14), as well as in chondrocytes (15)
neurons (16) and naive, memory and germinal center B cells (17).
Importantly, the IL-17B and IL-17A expression profiles are very
different. Indeed, IL-17B was never detected in activated CD4 T
cells, particularly Th17 CD4T cells that are the main IL-17A
source (7).

IL-17B Receptor Expression

IL-17B binds to its receptor IL-17RB, a 47.9 kDa transmembrane
protein (462 aa) that belongs to the IL-17 receptor family. IL-
17RB has a SEFIR cytoplasmic domain implicated in homotypic
dimerization and recruitment of signaling proteins (11, 18)
(shared with IL-17RA) and a TRAF6-binding domain (not found
inIL-17RA). IL-17B shares its receptor IL-17RB with IL-17E (also
known as IL-25) that binds to the heterodimeric IL-17RA/IL-
17RB complex (19). The binding affinity (KD) of IL-17B for IL-
17RB is around 30-fold lower than that of IL-17E, with a similar
association rate (Kon) but a substantially faster dissociation rate
(Koff) (20).

IL-17RB is expressed in various endocrine tissues and in
epithelial cells in different organs such as kidney and liver and
mucosal tissues (8, 19, 21). Elevated IL-17RB expression is also
found lung tissues from asthmatic patients and in skin lesions
from patients with atopic dermatitis (22). IL-17RB expression
in human innate type 2 lymphocytes, natural killer T (NKT)
cells, and Th2 cells (20, 22) suggests a potential role in immune
cells. In these human cells IL-17B promotes IL-33-driven type 2
immune responses, a function shared with IL-17E, but not with
IL-17A (20).

IL-17RB Signaling Pathway

Data on the IL-17RB signaling pathway are limited and mainly
described after binding of IL-17E. Upon ligand binding, IL-
17RB activates the canonical NK-kB pathway as well as ERK,
JNK, and p38 (19, 23, 24). Moreover, TRAF6 binds to IL-
17RB independently of its ligand and participates in IL-17RB-
dependent NF-kB activation (23).

IL17B/RB Pathway in Inflammatory

Diseases

IL-17B was originally described as a proinflammatory cytokine
(8, 9). Indeed, IL-17B is strongly expressed in the paws of
arthritic mice and administration of a polyclonal anti-IL-17B
antibody ameliorates collagen-induced arthritis in these mice
(25). Moreover, IL-17B has been detected in rheumatoid synovial
tissues from patients with rheumatic arthritis. In these tissues, IL-
17B is produced by neutrophils and potentiates TNF-a effect on
the production of cytokines and chemokines, such as IL-6, G-
CSE and CCL20, known to control immune cell trafficking to
inflamed tissues (14). Interestingly, although IL-17B and IL-17E
(IL-25) share a common receptor, IL-17RB, IL-17B, and IL-17E
deficiency lead to opposite results in a model of acute colitis
induced by dextran sulfate sodium. These results indicate that
IL-17E has a pathogenic role in colon inflammation, whereas
II-17B has a protective role. Moreover, IL-17B inhibits IL-17E
binding to IL-17RA- IL-17RB complexes on epithelial cells, and
limits IL-17E-induced IL-6 production by colon epithelial cells
(26). Altogether, these findings suggest that if both cytokines are
concomitantly produce at the same site, IL-17B might restrict
IL-17E/IL-17RB signaling. The two cytokines have opposite roles
also in Citrobacter rodentium infection and allergic asthma (26).
Similarly, in murine cancer models and patients, IL-17B exhibits
protumor roles and IL-17E antitumor activities (see just below).

IL-17B/IL-17RB PATHWAY IN TUMORS

Expression and Prognosis

In the last decade, several reports highlighted the potential role
of the IL-17B/IL-RB pathway in cancer (9-39). High expression
of IL-17B or its receptor has been associated with poor patient
prognosis in different cancer types (see Table 1). For instance,
in a cohort of 69 patients with ductal invasive breast carcinoma,
Furuta et al., were the first to show that an IL-17RB (referred
to as IL-25R in this study) was upregulated in 19% of patients.
Moreover, IL-17RB detection was significantly correlated with
poor prognosis and high mortality rate in this cohort (27).
These first results were then confirmed by Huang et al., in an
independent cohort of 179 patients with breast cancer (28). In
this study, the correlation between IL-17RB expression and poor
prognosis was statistically significant even after adjustment for
several clinical parameters (age, tumor size, lymph node status
and estrogen receptor expression). The authors also observed
that IL-17RB expression was associated with HER2 amplification
and survival rate was lowest in patients with high expression
of both IL-17RB and HER2 (28). Finally, in another cohort of
143 patients, we showed that not only IL-17RB but also IL-17B
expression is associated with reduced patient survival. Then, we
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analyzed microarray data of 1809 patients with breast cancer, and
found that high IL-17B expression was significantly correlated
with poorer prognosis in the whole population and in the basal-
like subtype, but not in other breast cancer subtypes. Conversely,
IL-17A expression was associated with favorable outcomes in the
whole population and in the different molecular subtypes from
this cohort (10).

Besides breast cancer, Wu et al., showed that in a cohort
of 111 patients with pancreatic cancer, high expression of IL-
17RB expression strongly correlates with poor differentiation,
metastasis, and tumor stage using the TNM staging system. They
found that in patients with high IL-17RB expression, prognosis
is worse and malignancy is enhanced (11). More recently, high
IL-17RB expression was correlated with poor prognosis also
in patients with gastric cancer, where the percentage of IL-
17RB positive cancer cells is high in grade II to IV tumors and
low in grade I tumors (31). In lung cancer, microarray dataset
analysis also associated IL-17B and IL-17RB gene expression with
poor patient survival. Moreover, immunohistochemistry analysis
also showed that IL-17RB is up-regulated in patients with lung
adenocarcinoma compared with normal lung tissues specimens
and is associated with lymph node and distant metastasis as
well as reduced progression-free-survival and overall survival
(12). Finally, by ranking cytokine-encoding genes based on their
survival predictive values in the Chinese Glioma Genome Atlas
database (n = 105 patients), Cai et al., identified IL-17B as
one of the six enriched genes (among 593) with the strongest
predictive value for a poor overall survival in patients with
primary glioblastoma (32).

Besides solid tumors, analysis of the profiling data of 730
immune response genes in 60 primary testicular lymphomas
obtained with the Nanostring technology recently identified a
25-gene signature that characterizes patients with the shortest
5-year progression free survival. This signature is enriched
in cytokines and cytokine receptors and includes IL-17B
(33). Additionally, mRNA expression profiles analysis in the
HemaExplorer database showed that IL-17B and IL-17RB are
strongly expressed in acute myeloid leukemia (AML), compared
with normal hematopoietic stem cells. In line with the in-
silico analysis results, IL-17B, and IL-17RB mRNA and protein
expression were significantly increased in AML blasts compared
with cells from healthy controls. Particularly, their expression
was dramatically increased in bone marrow supernatant from
patients with AML compared with healthy donors (ELISA
analysis) (38).

Thus, by combining bioinformatics analysis of gene
expression datasets and protein analysis in several independent
cohorts, these studies clearly show the association between a
deregulated expression of the IL-17 and/or IL-17RB and poor
prognosis in many different cancers. The IL-17B/IL-17RB
signaling pathway role in tumorigenesis and treatment resistance
is mediated through different mechanisms, not fully understood
yet, as discussed in the next paragraph.

MECHANISMS OF ACTION

The IL-17B/IL-17RB pathway is considered as a signaling
cascade that promotes cancer cell survival, proliferation and

migration. The pro-tumor functions associated with the IL-
17B/IL-17RB pathway are diverse and complex because they
involve mechanisms that act directly on tumor cells, and also
indirect mechanisms that lead to tumor microenvironment
remodeling (see Table 1 and Figure 1).

In vivo mouse models and in vitro cell assays indicate that
in different tumor cell types, IL-17B signaling is critical for
tumorigenesis promoting cancer cell survival and proliferation.
Mechanistic studies in the MDA-MB 361, MDA-MB468, and
MCEF-7 breast cancer cell lines revealed that IL-17B promotes
breast cancer cells survival in vitro by activating the ERK
and NF-kB pathways and by enhancing the expression of
anti-apoptotic Bcl-2 family members (10, 28). This leads to
resistance to chemotherapeutic drugs, such as etoposide (a
topoisomerase II inhibitor) (28), and paclitaxel (a spindle
poison) (10). Similar results were recently obtained in leukemic
cells by Guo et al, who demonstrated that the IL-17RB
pathway promotes the survival of MOLM-13 AML cells by
increasing ERK and NF-KB phosphorylation and Bcl-2 level
and consequently, resistance to the purine analog Ara-C, the
frontline chemotherapeutic agent for AML (38). Importantly,
in each study, inhibition of the IL-17B/IL-17RB axis by
downregulating receptor expression in tumor cells or by using
neutralizing anti-IL-17RB antibodies restored chemosensitivity
in vitro (28, 38) and in vivo (10). Similarly, IL-17B or IL-17RB
silencing in cancer cells or treatment with antibodies targeting
IL-17RB reduced proliferation of MDA-MB361 breast cancer
cells and MOLM-13 AML cells in vitro and tumor growth
in vivo in xenograft models based on these cell lines (28, 38).
Interestingly, IL-17RB knockdown in MOLM-13 AML cells had
a stronger effect than IL-17B knockdown in vivo, reflecting
the potential contribution of the microenvironment-derived
IL-17B to the signal delivered to IL-17RB-positive leukemia
cells. As a corollary to this observation Bie et al., recently
showed that non-tumor tissue-derived IL-17B promotes the
proliferation and migration of MGC-803 gastric cancer cells
(31). This also suggests that stimulation by any other IL-17RB-
positive cells from the tumor microenvironment might indirectly
contribute to the tumor progression. Indeed, Bie and colleagues
showed that mesenchymal stem cells (MSCs) produce IL-6, IL-
8, TGF-B, and CCL-5 following IL-17B stimulation and that
supernatants collected from MSCs incubated with recombinant
IL-17B promote the proliferation of MGC-803 gastric cancer cells
in vitro (9). Thus, both direct IL-17RB signaling in the tumor
cells and indirect IL-17RB signaling in cells present in the tumor
microenvironment, such as MSCs, might contribute to promote
tumor proliferation.

In addition to the effect on cancer cell proliferation
and survival, the IL-17B/IL-17RB signaling pathway induces
stemness and epithelial to mesenchymal transition (EMT)
of MGC-803 gastric cancer cells through activation of the
AKT/GSK-3p/B-catenin pathway and the up-regulation of Sox2,
Oct4, and Nanog proteins. The relevance of these in vitro results
to human gastric cancer is supported by the positive correlation
between IL-17RB and OCT4, NANOG, LGR5, and SALL4 mRNA
expression in human gastric cancer tissues (31). Interestingly,
IL-17RB signaling through the ERK/GSK-3p/B-catenin pathway
has been associated also with EMT in lung cancer. Indeed,
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TABLE 1 | IL-17B IL-17RB expression in cancers.

Tumor Expression—Prognosis Mechanism—Models References
Breast IL-17RB upregulation is correlated with poor ShRNA-dependent reduction of IL-17B decreases tumor growth and 27)
prognosis. invasiveness of MDA-MB468 human breast cancer cells.
Breast IL-17RB upregulation is correlated with poor IL-17RB recruits TRAF6, activates NF-kB, upregulates Bcl-2, and induces (28)
prong/osis. resistance to etoposide.
IL-17RB or IL-17B targeting with Abs attenuates human MDA-MB361
breast cancer cell colony formation in vitro and tumor growth in vivo.
Breast High expression of IL-17B and IL-17RB is MCF7 and MDA-MB468 human breast cancer cells that overexpress IL-17B (10)
associated with poor prognosis. are resistant to paclitaxel.
IL-17B upregulation is associated with poorer Treatment with anti-IL-17RB antibodies restores breast tumor
survival in patients with basal-like breast cancer. chemosensitivity in vivo.
Breast TGF-B secreted by Treg cells up-regulates IL-17RB on 4T1 and EMT6 (29)
murine breast cancer cells via Smad2/3/4 signaling and increases their
tumor growth and metastatic potential in vivo.
Pancreas IL-17RB overexpression is associated with Depletion of IL-17B or IL-17RB by shRNA or treatment with anti-IL-17B or (11)
metastasis and poor clinical outcome. anti-IL-17RB antibodies reduces CFPAC-1 and BxPC3 pancreatic cell line
colony formation, invasion, tumor growth, and metastasis in xenograft
models.
Gastric IL-17RB expression in group 2 innate lymphoid cells IL-17RB expression by ILC2. (30)
(ILC2) is higher in peripheral blood mononuclear
cells from patients with gastric cancer than in
healthy donors.
Gastric Overexpression of IL-17RB correlates with poor IL-17B activates the AKT/B-catenin pathway and promotes stemness and (81)
prognosis. EMT of MGC-803 human gastric cancer cells.
IL-17B level in serum is higher in patients with
gastric cancer than in healthy donors.
Glioblastoma A signature with 6 enriched cytokines (incl. enriched (82)
expression of IL-17B) predicts poor overall survival
Primary A signature with 25 enriched cytokines (including (33)
testicular IL-17B) predicts poor survival.
lymphoma
Colon IL-17B expression is increased in moderate and IL-17RB is expressed by colon epithelial cells. (34)
poorly differentiated tumors. Neutrophils are the main source of IL-17B in the stroma.
Prostate IL-17RB expression is higher in cancer-associated IL-17RB expression by cancer-associated fibroblasts. (35)
fibroblasts from prostate cancer patients than in
fibroblasts from benign prostate hyperplasia.
ATL Overexpression of IL-17RB in leukemic cells. Tax induces IL-17RB expression in a NF-kB dependent-manner in the (36)
HTLV-1 transformed T cell lines C8166 and MT-2.
Thyroid IL-17RB is upregulated in thyroid cancer tissues IL-17B/IL-17RB signaling induces ERK activation, MMP-9 expression and 37)
compared with normal thyroid tissues. promotes migration and invasion of SW1736 thyroid cancer cells.
IL-17RB signaling contributes to tumor growth and metastasis formation of
SW1736 tumor cell xenografts.
Lung High IL-17B expression is associated with poor IL-17RB expression positively correlates with the invasion potential of lung (12)
overall survival. cancer cell lines.
High IL-17RB expression is associated with positive IL-17RB promotes invasion/migration of H441 lung carcinoma cells through
lymph nodes and distant metastases and positive activation of the ERK signaling pathway, and its overexpression increases
distant metastases, and is predictive of disease-free  their metastatic potential in vivo.
survival and overall survival.
AML IL-17B and IL-17RB mRNA expression is IL-17B/IL-17RB signaling drives MOLM-13 AML cell resistance to Ara-C (38)

significantly upregulated in patients with AML.

(ERK/NF-kB/Bcl-2).
Ara-C increases IL-17B expression.

Yang et al,, recently demonstrated that in lung cancer cell lines,
IL-17RB-mediated activation of the ERK pathway is critical to
maintain the expression of Snail and Twist, two key transcription
factors for EMT induction. Specifically, in A549 an CL1-5 lung
cancer cell lines that spontaneously expressed high level of
IL-17RB, Snail and Twist expression was decreased upon IL-
17RB knockdown. These in vitro results were strengthened by

immunohistochemistry analysis of a cohort of 139 primary lung
tumors in which IL-17RB expression was positively correlated
with Snail or Twist expression (12).

Activation of the ERK/GSK-3p/-catenin pathway following
IL-17RB stimulation also promotes the invasion and the
migration of H441 and CL1-0 human lung cancer cells in vitro.
This effect is lost by inhibiting ERK1/2 phosphorylation using the
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FIGURE 1 | Anticipated mechanism of action of IL-17B in tumorigenesis.
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MEK/ERK inhibitor PD98059. Furthermore, the authors showed
that IL-17RB overexpression in the H441 significantly increases
in the number of metastatic nodules in the lung of xenografted
mice. In patients with lung cancer, IL-17RB expression level
correlates with lymph node and distant metastasis occurrence
(12). These results connect the IL-17RB pathway to the control
of metastasis formation, and support previous findings in
thyroid (37) and pancreatic cancer (11). Indeed, in the SW1736
thyroid cancer cell line, IL-17B-dependent stimulation of IL-
17RB induces ERK1/2 activation and increases expression of
the matrix metalloproteinase MMP-9 expression, a key mediator
of tumor invasion and metastasis formation. This results in an
increased migration and invasion capacities of SW1736 cells both
in vitro and in vivo (37). In pancreatic cancer, high IL-17RB
expression has been associated with postoperative metastases
in patients (11). Conversely, IL-17RB or IL-17B knockdown
in CFPAC-1 and BxPC3 pancreatic cancer cell reduces their
soft agar colony formation in soft agar and cell invasion in
vitro. In vivo studies showed that tumor growth and metastasis
formation are reduced in mice xenografted with IL-17RB or
IL-17B knockdown cells compared with parental CFPAC-1 and
BxPC3 cells. Similarly, treatment with an IL-17B neutralizing
antibody showed reduced CFPAC-1 and BxPC3 tumor cell
xenograft growth and metastasis formation in vivo (11).
Interestingly in this study, Wu et al., found that the IL-17B/IL-
17RB pathway supports tumorigenicity and metastasis formation
of human pancreatic cancer cells through the activation of

ERK1/2 signaling. This resulted in the expression of the pro-
inflammatory cytokines and chemokines CCL20, CXCL1, IL-8,
and TFF1 leading to the recruitment of macrophages in the
tumor microenvironment and of vasculogenic endothelial cells
to promote angiogenesis. In agreement, shRNA-mediated of
CCL20, CXCL1, or TFF1 depletion in CFPAC-1 pancreatic cancer
cells significantly decreased the percentage of macrophages that
interact with tumor cells in vivo, while IL-8 depletion reduced
CD31+ endothelial cell recruitment. Importantly, although TFF1
is predominantly expressed by cancer cells, the authors detected
CCL20, CXCLI1, and IL-8 in cancer cells and also in the
surrounding stroma (11). Likewise, chemokines might also be
secreted by tumor-infiltrating cells as a result of stimulation of IL-
17RB-expressing stromal, and might contribute to macrophages
and endothelial cell recruitment to promote cancer progression.

CONCLUSIONS AND FUTURE
DIRECTIONS

Altogether, these studies clearly identified IL-17B and IL-17RB
as key actors of cell tumorigenesis by enhancing the survival
and the proliferative, migratory and invasive properties of tumor
cells. Moreover, IL-17RB-mediated secretion of soluble factors
will ultimately reshape the tumor microenvironment toward
a macrophage-enriched infiltrate that might impair the anti-
tumor immune response and favor resistance to treatments
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(Figure 1). In fact, our own unpublished data in mouse models
suggest that [L-17B-driven alterations in the TME are the major
contributors of the anticancer effect after IL-17B neutralization.
Therefore, targeting I1-17B or its receptor might represent an
interesting therapeutic option for cancer therapy. However, as
IL-17RB is a common receptor for both IL-17B and IL-17E
that binds to the heterodimeric complex IL-17RA and IL-17RB
(19), the anticancer effect of IL-17E (IL-25) must be taken
into account. Indeed, unlike IL-17B, IL-17E (or IL-25) causes
caspase-mediated apoptosis of breast cancer cells and reduces
colony formation of IL17RB-expressing breast tumor cell lines
in vitro (28). Furthermore, IL-17E (IL-25) markedly reduces
growth of MDA-MB468 breast tumor xenografts in vivo, while
IL-17B increases it (27). These results suggest that in cancer,
like in mucosal inflammation (26) IL-17B and IL-17E might
have opposite effects and that IL-17B is a negative regulator
of IL-17E signaling, when they are concomitantly produced
and co-expressed in a tissue. Therefore, targeting IL-17B rather
than its receptor appears to be a better strategy for anti-
cancer therapy. Although the effects of IL-17B neutralization
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Transient Expression of IL-17A in
Foxp3 Fate-Tracked Cells in
Porphyromonas gingivalis-Mediated
Oral Dysbiosis

Peter D. Bittner-Eddy, Lori A. Fischer and Massimo Costalonga*

Division of Periodontology, Department of Developmental and Surgical Sciences, School of Dentistry, University
of Minnesota, Minneapolis, MN, United States

In periodontitis Porphyromonas gingivalis contributes to the development of a dysbiotic
oral microbiome. This altered ecosystem elicits a diverse innate and adaptive immune
response that simultaneously involves Th1, Th17, and Treg cells. It has been shown
that Th17 cells can alter their gene expression to produce interferon-gamma (IFN-v).
Forkhead box P3 (Foxp3) is considered the master regulator of Treg cells that produce
inhibitory cytokines like IL-10. Differentiation pathways that lead to Th17 and Treg cells
from naive progenitors are considered antagonistic. However, it has been reported
that Treg cells expressing IL-17A as well as IFN-y producing Th17 cells have been
observed in several inflammatory conditions. Each scenario appears plausible with T
cell transdifferentiation resulting from persistent microbial challenge and consequent
inflammation. We established that oral colonization with P gingivalis drives an initial IL-
17A dominated Th17 response in the oral mucosa that is dependent on intraepithelial
Langerhans cells (LCs). We hypothesized that Treg cells contribute to this initial IL-
17A response through transient expression of IL-17A and that persistent mucosal
colonization with P gingivalis drives Th17 cells toward an IFN-y phenotype at later
stages of infection. We utilized fate-tracking mice where IL-17A- or Foxp3-promoter
activity drives the permanent expression of red fluorescent protein tdTomato to test our
hypothesis. At day 28 of infection timeline, Th17 cells dominated in the oral mucosa,
outnumbering Th1 cells by 3:1. By day 48 this dominance was inverted with Th1
cells outnumbering Th17 cells by nearly 2:1. Tracking tdTomato* Th17 cells revealed
only sporadic transdifferentiation to an IFN-y-producing phenotype by day 48; the
appearance of Th1 cells at day 48 was due to a late de novo Th1 response. tdTomato™
Foxp3T T cells were 35% of the total live CD4*T cells in the oral mucosa and 3.9%
of them developed a transient IL-17A-producing phenotype by day 28. Interestingly, by
day 48 these IL-17A-producing Foxp3™ T cells had disappeared. Therefore, persistent
oral P gingivalis infection stimulates an initial IL-17A-biased response led by Th17 cells
and a small but significant number of IL-17A-expressing Treg cells that changes into a
late de novo Th1 response with only sporadic transdifferentiation of Th17 cells.

Keywords: Foxp3, Treg cells, Th17 cells, fate-tracking, IL-17A, periodontitis, Porphyromonas gingivalis
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IL-17A™" and Foxp3™* Cell Transdifferentiation

INTRODUCTION

Periodontitis is a destructive inflammatory disease that leads
to progressive destruction of the soft tissues and alveolar
bone supporting the tooth. This disease represents the sixth
most prevalent disease worldwide (1). Severe periodontitis
affects between 8 and 10% of the adult population in western
and developing countries (2, 3). Periodontitis is associated
with persistent colonization of the periodontal pocket by a
consortia of microorganisms organized as a multispecies biofilm
that contains symbionts, pathobionts and keystone bacterial
pathogens like Porphyromonas gingivalis (Pg) (4). Virulence
factors of microorganisms like Pg induce inflammation thereby
altering the nutrient foundation of the microbial community
resulting in population shifts within the consortia (5). Although
poorly pathogenic in mono-colonized germ free mice, the
dysbiosis induced by Pg in specific pathogen free mice (6)
elicits an adaptive CD4" T cell response against a wide
spectrum of antigens originating from the expanded pathobiont
population. The resulting immune response eventually leads
to progressive destruction of the soft connective tissues and
alveolar bone holding teeth in place (7). Understanding the
immunopathogenesis of periodontitis is critical to strategies that
seek to prevent, treat or predict future occurrence of disease.

We address the immunopathogenesis of periodontitis by
determining how the innate and adaptive immune response
behaves against new microbial threats entering the oral
ecosystem. Here, activated CD4" T and B cells are key players
in modulating homeostasis of the bone supporting the tooth
following the microbial insult (8-14) and reviewed in (5). CD4*
T helper (Th) 1, Th17 and T regulatory cells (Treg) often coexist
in the same periodontal lesion. We currently do not know if
these CD4™ T cells are generated and maintained as independent
lineages or whether in the face of persistent dysbiosis and a
chronic disease state they exhibit phenotypic plasticity and shift
over time to different pathogenic potentials.

Situated proximal to the mucosal microbial biofilm in
the periodontal pocket, epithelial and Langerhans cells (LCs)
sample the microbial environment, recruit the subepithelial
inflammatory infiltrate and modulate the adaptive response. We
have established that Th17 differentiation of Pg-specific naive
CD4™ T cells in vivo is sustained by LCs (15). Current research
suggests that in periodontitis Th17 cells and their signature
cytokine, IL-17A, are central to bone destruction by promoting
osteoclastogenesis (16-18). Although other evidence suggests
that IL-17A can be protective (19), many suggest that IFN-y-
producing Thl cells also drive alveolar bone destruction (8, 12,
20). Plasticity of Th17 cells is well documented (21-24), and a
late developmental switch to IFN-y expression in Th17 cells has
been implicated in the pathologies of a number of inflammatory
autoimmune diseases (25-28).

T regulatory cells (Treg) regulate the activity of T cells of
several different phenotypes. The nuclear protein Forkhead box
P3 (Foxp3) is considered the master regulator of Treg cells.
However, the notion of Foxp3-expressing cells as a stable lineage
of terminally differentiated Treg cells is controversial. Treg cells
generally expressing IL-10 can also switch to IFN-y-producing

Thl-like cells (29) and even IL-17A-producing Th17-like cells
(30) under certain inflammatory conditions [reviewed in (31-
33)]. Currently, Treg cells are proposed as a heterogeneous
pool, and while the majority of them are lineage stable, a
minor uncommitted population does retain the capacity of
reprogramming to a different phenotype [reviewed in (34)].
Although some evidence is present in humans (35), in vivo
mouse models of inflammatory colitis provide the strongest
evidence of Treg to Th17 reprogramming. In a murine model
of inflammatory colitis CCR6™" Tregs producing retinoic acid
orphan receptor (ROR) yt apparently drive the inflammation
of the large intestine. In this model, CCL20 inhibits Foxp3
expression and directs former Tregs toward IL-17A expression.
Analysis of peripheral blood from patients with ulcerative colitis
suggests a similar process could occur in humans (35). Finally,
IFNy* Thl/Tregs have been described in a murine model
of atherosclerosis, suggesting Treg-Thl plasticity could also
occur (36).

What is unknown in periodontitis is whether differentiated
CD4% T cells modulate their response by re-programming
cytokine expression when encountering persistent dysbiosis and
heightened ability of pathobionts to cross the oral mucosal
barrier. Here we tested the hypothesis that persistent Pg
colonization creates the conditions to drive Treg and Thl7
transdifferentiation. To test this hypothesis, we utilized Th17
and Treg lineage-tracing mice (23, 29) orally inoculated with
Pg at 4-day intervals to mimic persistent dysbiosis. CD4" T
cells permanently labeled with a fluorescent reporter protein
after activation of IL-17A or Foxp3 promoters were tested for
expression of unorthodox cytokines. In this manuscript we
present the relative proportion of Th17, Th17-derived Thl-like
cells expressing IFN-y, new Thl cells, Treg and Treg-derived
Th17-like that express IL-17A in murine oral mucosal and
cervical lymph nodes over time after persistent oral colonization
with Pg.

MATERIALS AND METHODS

Animals

All animal experiments were reviewed and approved by the
Institutional Animal Care and Use Committee of the University
of Minnesota, and performed on age and sex-matched (8 to
10 weeks) mice or littermates, where appropriate. All mice
were housed in microisolator cages with food and water
ad libitum in a specific pathogen free animal facility. C57BL/6]
mice were originally obtained from Jackson Laboratories (Bar
Harbor, ME, United States). Experimental IL-17A fate-
tracking mice were bred by us as previously described (37).
Experimental tamoxifen-inducible Treg-fate-tracking animals
(Foxp3©® fate-tracking mice) were generated by crossing B6.Cg-
Gt(ROSA)265tm14(CAG-tdTomato)Hze/] (Jackson #007914)
animals with Foxp3tm9(EGFP/cre/ERT2)Ayr/J animals [Jackson
#016961, (38)] to generate F; hybrids. F; animals were then
cross bred to generate F, breeders and experimental animals. F,
experimental animals were Rosa26-tdTomato homozygous and
either Foxp3-cre-ERT2 hemizygous (males) or Foxp3-cre-ERT2
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homozygous (females). In these animals, removal of the floxed
stop codon and expression of tdTomato red fluorescent protein
is tightly regulated by administration of tamoxifen. Inducible
activation of Foxp3-cre is critical here as Foxp3 is active
developmentally, and stochastic expression of Foxp3-cre can lead
to mice with non-specific expression of tdTomato in multiple
cell lineages (37).

Administration of P. gingivalis

All' mice  were treated for 10 days  with
Sulfamethoxazole/Trimethoprim (SMZ-TMP), with a 4-day
pause without antibiotics before administration of Pg or PBS as
previously described (39, 40). The SMZ-TMP treatment is solely
used to create an ecological niche in the oral microflora of mice
enabling Pg colonization, and has no significant lasting or other
effects. Pg strain ATCC 53977 (10° CFU/mouse) or PBS was
administered in 2% carboxymethylcellulose via atraumatic oral
gavage with a ball-tipped needle as previously described every
4 days until completion of the experiment (39, 40) to ensure
persistent Pg-induced dysbiosis (6).

Administration of Tamoxifen

Tamoxifen (Millipore-Sigma, St Louis, MO, United States) was
prepared at 40 mg/ml in olive oil with 10% (v/v) ethanol. 200 1 of
tamoxifen stock solution was given per mouse via oral gavage on
days 14, 15, and 17 of the experimental timeline (38). Tamoxifen
was administered as a brief “pulse” after Pg inoculation at day
14 for two specific reasons. First, we needed to strike a balance
between having a sufficient number of newly generated antigen-
specific Foxp3 Tregs present in the mouse and allowing sufficient
time for these now tdTomato-expressing cells to respond to
dysbiotic changes induced by persistent Pg. Second, we want
to limit the labeling of conventional CD4 T cells that may
transiently express Foxp3 during early lineage commitment (41).
Additionally, this system also avoids mislabeling of tissues due to
stochastic activation of Foxp3 that we reported to occur during
embryogenesis (37).

Identification of P. gingivalis-Specific
Antigen-Experienced CD4* T Cells in
Cervical Lymph Nodes by Flow

Cytometry

Single-cell suspensions were isolated by standard techniques
from cervical lymph nodes of C57BL/6] mice following sustained
Pg inoculation or PBS (sham) treatment. Cells were stained
with viability dye Zombie Aqua (BioLegend, San Diego, CA,
United States) and Fc receptors blocked using anti CD16/CD32
antibody (eBioscience; clone 93). Cells were stained using a
gingipain-specific MHC class II tetramer (pR/Kgp:I-AP) as
previously described (42) and then with anti-mouse CD3
(BioLegend; clone 17A2), CD4 (eBioscience; clone RM4-5),
CD8a (eBioscience; clone 53-6.7), CD44 (BioLegend; clone
IM7) and B220 (eBioscience; clone RA3-6B2) fluorochrome-
conjugated mAbs to distinguish antigen-experienced CD41 T
cells from B cells, CD8" T cells and naive lymphocytes. Cells were
sorted on an LSR II flow cytometer (BD Biosciences, San Jose, CA,

United States) and fluorescence emissions analyzed with Flow]o
software (v10.4.1;Tree Star, Ashland, OR, United States).

Analysis of Immune Cells From Oral
Mucosa by Flow Cytometry

Mice were given an intravenous injection of 1.25 pg FITC-
conjugated rat anti-mouse CD45 monoclonal antibody
(eBioscience San Diego, CA, United States; clone 30-F11)
as described previously to exclude blood resident immune cells
from subsequent analyses (43). Oral mucosa (maxillary and
mandibular gingiva, buccal, and posterior hard-palate tissues)
was harvested and single-cell suspensions generated as described
(43). Cells were stained with Zombie Aqua, Fc receptors blocked
with anti-mouse CD16/CD32 antibody followed by incubation
with a panel of mAbs that included anti-mouse CD45 mAb
conjugated to PE (eBioscience; clone 30-F11), anti-mouse
CD3, CD4, CD8a, TCR yd(BioLegend; clone GL3), and TCR f
(BioLegend; clone H57-597) fluorochrome-conjugated mAbs.
Cells were acquired on an LSR II flow cytometer and fluorescence
emissions analyzed with FlowJo software (v10.4.1;Tree Star,
Ashland, OR, United States).

Identification of Cytokines and Foxp3 in
CD4™* T Cells Isolated From Oral Mucosa
and Cervical Lymph Nodes

Single-cell suspensions from oral mucosal samples or cervical
lymph nodes were harvested and cultured overnight in complete
EHAA (Irvine Scientific, Santa Ana, CA, United States)
supplemented with 2.5 pg/ml of PHA-L (Millipore-Sigma).
Cells were polyclonally stimulated with PMA-Ionomycin in
the presence of brefeldin A as previously described (42).
After 6 h of stimulation, cells were incubated with Zombie
Aqua, anti-mouse CD16/CD32 antibody and surface stained
with the panel of mAbs described above. Cells obtained from
oral mucosal tissues were not additionally stained using the
gingipain-displaying MHC class II tetramer (pR/Kgp:I-AP) (42)
as insufficient gingipain-specific CD4™" T cells (Pg-specific) are
present in this tissue type for robust analysis. For cells obtained
from IL-17A“* fate-tracking and Foxp3“™ fate-tracking mice,
fixation was done in 1:1 ratio of 4% paraformaldehyde and BD
Perm/Wash (Cat. #51-2091KZ; BD Biosciences, San Jose, CA,
United States) to preserve tdTomato and GFP signals during
permeabilization. Permeablized cells were then stained with IL-
17A (eBioscience; clone eBiol7B7), IFN-y (Biolegend; clone
XMG1.2), or IL-10 (Biolegend; clone JES5-16E3) fluorochrome-
conjugated mAbs. Cells from Foxp3“¢ fate-tracking mice were
incubated with anti-mouse Foxp3:AF488 mAb (Biolegend; clone
MF-14) concurrently with cytokine mAbs. Cells were acquired
on an LSR II flow cytometer and fluorescence emissions
analyzed with FlowJo software (v10.4.1;Tree Star, Ashland,
OR, United States).

Statistical Analysis

Data was analyzed and plotted using Prism 7 software (GraphPad
Software, San Diego, CA, United States) and displayed as
means £ SEM. Each data point is from at least three independent
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FIGURE 1 | The percentage of P, gingivalis-specific CD4* T cells expressing IFN-y increases from day 28 in cervical lymph nodes. Single-cell suspensions from
cervical lymph nodes of C57BL/6J mice orally inoculated with Pg or PBS were enriched for CD4* cells at defined time points and stimulated with PMA/ionomycin in
the presence of brefeldin A. Cells were surface stained with anti-mouse CD3, B220, CD8a, CD4, CD44 fluorochrome-conjugated mAbs and pR/Kgp:I-AP tetramer

two-tailed Student’s t-test. *p < 0.05, **p < 0.01, “**p < 0.001, ***p < 0.0001.

and then intracellularly with anti-mouse IL-17A and IFN-y mAbs to identify antigen-experienced gingipain-specific CD4* T cells by flow cytometry (gated as
CD44be"t D3+ CD4+ pR/Kgp-IAP+ B220~ CD8a ™). Data was pooled from three independent experiments totaling at least 8 mice per group and displayed as
mean percentage & SEM. (A) Summary data of total antigen-experienced pR/Kgp:I-AP tetramer positive CD4* T cells that expressed either IL-17A or IFN-y.

(B) Representative FACS plots from a Pg and PBS mouse showing pR/Kgp:I-AP tetramer positive CD4* T cells. Gates are drawn around antigen-experienced CD4*
T cells identified as CD44°9M, The frequency of pR/Kgp:I-AP tetramer positive cells identified as a percentage of the total antigen-experienced CD4+ T cell
population is given. (C) Summary data of percentage of antigen-experienced pR/Kgp:I—Ab tetramer positive CD4* T cells. Percentages were compared using

experiments. Means between two groups were compared using
Students ¢-test and between multiple groups with one-way
ANOVA with post hoc analyses for multiple comparisons.
P-values of 0.05 or less were considered significant. Unpaired
or paired t-tests were performed as dictated by the data set
being analyzed. Non-parametric comparisons were assessed with
Mann-Whitney U test.

Data for the MFI of GFP was analyzed by fitting a mixed
effects model with paired values (tdTomato +ve vs. tdTomato
—ve in the same sample), rather than by repeated-measures
ANOVA. Repeated measure ANOVA is unable to process missing
values, which occurred in mice where tdTomato™ IL-17A" or
tdTomato™ IFN-y™ populations were not detected. A post hoc
Sidak’s multiple comparisons test was utilized to determine
p-values of comparisons found significant by the initial mixed-
effects analysis.

RESULTS

IL-17A-Expressing Pg-Specific CD4+ T
Cells in Cervical Lymph Nodes Peak at
Day 28 While IFN-y Expressing Cells

Increase From Day 28 to 56

We have shown previously that Th17 cells are predominant in
the early adaptive CD4™ T cell response to Pg in an oral model
of periodontitis, and that this response is critically dependent on
LCs (39). To study the dynamics of an evolving adaptive response
to Pg, we tracked expression of IL-17A and IFN-y in Pg-specific

antigen-experienced CD4™ T cells isolated from cervical lymph
nodes (CLN) of Pg or PBS-treated C57BL/6] mice over the course
of 56 days. The Pg-specific Th17 response increased and peaked
at day 28, and was significantly greater than the minor Thl
response we observed at days 14-28 (Figure 1A). While the Pg-
specific Th17 response plateaued from day 28 to 56, the frequency
of Pg-specific Thl cells increased substantially by day 35, and at
the experimental endpoint (day 56) it was significantly higher
than the frequency of Pg-specific Th17 cells (Figure 1A). The
frequency of antigen-experienced Pg-specific CD4™ T cells in
CLN as a percentage of total CD44" CD4™ T cells (Figure 1B)
peaked at day 28 and then declined but was still significantly
higher than that observed in PBS treated mice at all time points
examined (Figure 1C).

Total CD4* T Cell Response Against Oral
Pg in the Oral Mucosa Evolves From an
Initial Th17 Response to One Dominated
by Th1

We next examined CD4T T cells recovered from the oral
mucosa of C57BL/6] mice for expression of IFN-y and IL-17A
(Figure 2A). Here we chose to examine day 28 and day 48 based
on changes we observed occurring in cells analyzed from cervical
lymph nodes of Pg inoculated mice. In this analysis we found
significantly more IL-17A expressing CD4" T cells at day 28
compared to day 48 and fewer cells expressing IFN-y at day
28 compared to day 48 (Figure 2B). In contrast, the frequency
of IL-17A expressing CD4™ T cells decreased significantly by
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FIGURE 2 | Frequency of Th1 cells significantly increases within the oral
mucosa of P gingivalis inoculated mice by day 48. (A) Representative flow
cytometry plots showing the gating strategy used to identify Th1 (IFN-y*) and
Th17 (IL-17A7) cells within the oral mucosa. Numbers alongside gates
indicate% of cells within that gate. (B) Summary data showing individual data
points from three experiments examining the frequency of Th1 and Th17
recovered from the oral mucosa of mice at day 28 and day 48. Means + SEM
are plotted. Groups were compared with two-tailed Student’s t-test.

*p < 0.05, **p < 0.001.

day 48 with a significant increase in the frequency of CD4" T
cells expressing IFN-y. At day 28 Th17 cells were dominant in
the murine oral mucosa out numbering Th1 cells by more than
3:1, but by day 48 this dominance was inverted with Th1 cells
now outnumbering Th17 cells by close to 2:1. This phenotype
shift in the overall mucosal CD4" T cell response is consistent
with the observations in cervical lymph nodes we reported
earlier (Figure 1).

At Homeostasis tdTomato Expression
Marks Three Distinct IL-17A* T Cell
Populations in the Oral Mucosa of

IL-17A°"® Fate-Tracking Mice

The shift from a Thl7 to a Thl-type response in cervical
lymph nodes and in the oral mucosa suggested that a dynamic
remodeling of the adaptive CD4" T cell response to Pg-
induced dysbiosis can occur over time. To examine whether this
remodeling might involve transdifferentiation of Th17 cells to a
Th1-like phenotype, we generated IL-17A“¢ fate-tracking mice.
IL-17A/Cre expression allows the de-repression of a tdTomato
red fluorescent reporter protein thereby permanently labeling

the entire progeny of all IL-17A-expressing cells (23, 37). In
IL-17A°" fate-tracking mice at homeostasis, we observed three
distinct populations of CD3™ T cells in the oral mucosa that
were marked by tdTomato expression (Figure 3A). These cells,
therefore, must have had or currently have an active IL-17A
promoter. Using this strategy, we identified significant numbers
of conventional CD4™ T cells (Th17), y8 T cells and a population
of CD3" cells that have the B chain of the T cell receptor,
but are marked as double-negative CD3" T cells (CD3* DN)
due to the lack of CD4 and CD8 cell surface markers. This
latter cell population may represent so-called mucosal-associated
invariant T (MAIT) cells. Although we did not examine CD103
or CD69 expression in these CD3" DN, NKT cells can be
ruled out since they were negative for the diagnostic NK1.1 cell
surface marker (data not shown). Notably, we did not observe
tdTomato expressing CD8 T cells, also known as Tcl7 cells.
Permanent tdTomato labeling of cells that expressed IL-17A at
any one time can reveal phenotypically plastic subpopulations
that initiate the expression of unorthodox cytokines, like IFN-y.
At homeostasis, the three tdTomato™ CD3 T cells populations
primarily expressed IL-17A with no evidence of plasticity toward
a Th1-type phenotype (Figure 3B).

Sporadic IFN-y Expression by
IL-17A°"®-tdTomato™* T Helper Cells in

the Oral Mucosa of Pg Inoculated Mice

by Day 48

To examine potential Pg-induced transdifferentiation in CD3™
T cells subsets, we analyzed cells isolated from the oral mucosa
of IL-17A* fate-tracking mice at day 28 and 48 and compared
them to PBS control mice. In an initial characterization of Pg
infection, we found significant infiltration of CD4* T cells, y3 T
cells and CD3" DN cells into the oral mucosa at day 28 compared
to PBS controls (Figure 4A). y3 T cells were more abundant
than CD4" T cells or CD3% DN cells, although the latter cell
types showed greater increases relative to PBS control mice. All
three populations, however, declined by day 48 relative to day 28
despite sustained Pg inoculation.

We next examined the IL-17A¢-tdTomato™ fraction
amongst the CD4™ T cell, y8 T cell and CD3" DN cell
populations for expression of IL-17A and IFN-y (Figures 4B,C).
Expression of IFN-y in these IL-17A"-tdTomato™ cells would
be evidence of phenotype plasticity. High frequencies of y3 T
cells expressing IL-17A, averaging just under 90%, and very
few y8 T cells expressing IFN-y were observed (Figure 4C).
IL-17A expression was more variable in CD4" T cells, and
to a lesser extent in CD3% DN cells, across all three groups
(Day 28, 48, and PBS), but showed no significant differences
(Figures 4B,C). Although we only found a trend of increased
frequency of IL-17A“*-tdTomato™ CD4" T cells expressing
IFN-y at day 48 compared to day 28 (p = 0.07, Mann-Whitney
U test), it is clear from three distinct outliers that Th17 plasticity
can occur due to Pg-induced dysbiosis. In a sample size of
16 mice we found 3 mice that at day 48 had frequencies of
IFN-y expression in IL-17A-cre-tdTomato™ CD4™ T cells that
exceeded 15% (Figure 4B — gray box). Moreover, in these 3 mice,
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FIGURE 3 | tdTomato expression in three distinct CD3* T cells populations within the oral mucosa of IL-17A" fate-tracking mice. Oral mucosa was harvested from
IL-17AC™® fate-tracking mice and single cell suspensions prepared from the tissue for subsequent analysis by flow cytometry. Single cell suspensions were stained
with vitality dye Zombie Aqua followed by a panel of anti-mouse mAbs to identify immune cell subsets expressing tdTomato. Cells were counted by flow cytometry
and analyzed by FlowJo software. (A) Representative flow cytometry plots showing gating strategy to identify three tdTomato* cell populations. Numbers indicate
the% of cells within a particular gate. Live CD4* T cells were identified as Zombie Aqual®, CD45%, CD3+, CD4*, CD8u~, NK1.17; live y8T cells as Zombie Aqual®,
CD45*, CD3*, y8 TCRT, p TCR™, CD4~, CD8a~, NK1.17; live CD3* DN T cells as Zombie Aqua’®, CD45+, CD3*, g TCR*, y8 TCR™, CD4~, CD8ua~, NK1.1~.
(B) Representative flow cytometry plots showing expression of IL-17A and IFN-y in the three CD3* tdTomato™ cell populations. Single cell suspensions obtained
from oral mucosa were cultured and stimulated with PMA/ionomycin in the presence of brefeldin A. Cells were surface stained with anti-mouse mAbs as in (A) and
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IL-17A-cre-tdTomato™ CD4™ T cells that expressed both IFN-y
and IL-17A were also found (Figure 4B; upper right [Q2] flow
cytometry dot-plot).

IL-17A fate-tracking mice did not exhibit IL-17A°-
tdTomato™ neutrophils in the oral mucosa following inoculation
with Pg (data not shown) indicating that neutrophils do not, and
have not, expressed IL-17A at any one time in their ontogeny.
Furthermore, there was no influx of IL-17A expressing NKT cells
or Tc17 cells to the oral mucosa (44, 45).

Fluorescent Foxp3* Populations
Generated in Foxp3°'® Fate-Tracking
Mice
As we did not observe consistent transdifferentiation of Th17
cells to IFN-y producing cells, we next sought to determine
whether the CD41 Treg response is reshaped after persistent
exposure to oral Pg. Treg cells are a high frequency population in
the murine oral mucosa producing anti-inflammatory cytokines
like IL-10 at homeostasis. A shift toward production of pro-
inflammatory cytokines such as IFN-y and IL-17A could have
significant implications for pathogenesis of periodontal disease.
Utilizing Foxp3“® fate-tracking mice that track the fate of
Foxp3-expressing Treg cells we have the potential to identify

three populations of fluorescent cells in our experimental system
due to tdTomato expression and GFP expression driven from the
Foxp3 promoter (Figure 5A). The first population, single GFP™
cells (green fluorescent only) represents a population of Foxp3™
cells that differentiated only after tamoxifen has completely
cleared from the host animal, so called late phase (tdTomato™)
Treg cells (Figure 5A). Second, dual GFP™ (green fluorescent)
and tdTomato™ (red fluorescent) cells, demonstrate currently
active Foxp3 promoter driving expression of GFP and cre/ERT2-
dependent tdTomato expression in the presence of tamoxifen
(Figure 5A). Lastly, single tdTomato™ cells (red fluorescent)
represent a population where the Foxp3 promoter was active at
the time of tamoxifen administration but that is no longer active
at day 28 or day 48 of timeline (Figure 5B).

We found that oral administration of tamoxifen on day 14, 15,
and 17 generated a robust population of dual positive tdTomato™
GFP™ Treg cells in oral mucosal tissues at day 28 and day 48
(Figures 5C). Day 48 mice had higher frequencies of single
GFP™ cells compared to day 28 mice (49 + 5 versus 15 + 6),
consistent with a longer period of post-tamoxifen recruitment of
Treg cells in these mice. Interestingly, the increased frequency
of single GFP™ cells appeared to come at the expense of non-
Treg CD4™ T cells (GFP™ and tdTomato™ population). In mice,
active tamoxifen persists for 22 h (46), giving us the opportunity
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FIGURE 4 | Expression of IFN-y by tdTomato* CD4" T cells present within the oral mucosa of P gingivalis inoculated mice is sporadic. IL-17A%"® fate-tracking mice
were pre-treated with SMZ and then orally inoculated with either P gingivalis (4 x 10° cfu per ml) or vehicle (PBS). At day 28 or 48 oral mucosa was harvested and
single-cell suspensions from single mice treated and stained with mAbs as described in Figure 3. (A) Summary data of total numbers of CD4* T cells, CD3* DN T
cells and y8 T cells found in the oral mucosa of mice after 28 or 48 days. Cell types were identified from single cell suspensions as described in Figure 3. Cell
numbers were normalized to 100,000 live non-immune cells to account for potential cell loss during processing and counting. Data are from 3 experiments with at
least 2 mice per time point and are plotted with means + SEM. Means analyzed by two-tailed Student’s t-test. **p < 0.01, **p < 0.001. (B) Summary data showing
individual data points from three experiments examining the frequency of IL-17A and IFN-y expression in IL-17A°®-tdTomato* CD4* T cells recovered from the oral
mucosa of IL17A fate-tracking mice. Representative flow cytometry plots from a single PBS and R, gingivalis inoculated mouse at day 48 showing evidence of IFN-y
expression in IL-17A%®-tdTomatot CD4* T cells. (C) Summary data showing individual data points from three experiments examining the frequency of IL-17A and
IFN- y expression in IL-17A%®-tdTomatot CD3* DN T cells and y$ T cells recovered from the oral mucosa of IL-17A°"® fate-tracking mice.
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FIGURE 5 | Experimental design to identify populations of fluorescently
labeled Treg cells. (A) Potential populations of fluorescent Treg cells found in
tamoxifen-treated Foxp3°®-GFP//ERT2 fate-tracking mice. (B) Experimental
timeline for administration of P gingivalis and, tamoxifen in experimental
animals. (C) Representative flow cytometry plots gated on live CD4* T cells
from the oral mucosa of mice treated with tamoxifen and inoculated with Pg
for 28 or 48 days. CD4t T cells were identified as Zombie Aqua®, CD45+,
CD3*, CD4*, B TCR*, CD8a~. To augment GFP expressed from the Foxp3
promoter in these mice, cells were additionally stained with anti-mouse Foxp3
mAb conjugated to AF488. Numbers within the quadrants indicate% of the
total CD4* T cells gate. Summary pie charts show mean% + SEM N = 4
mice.

with repeated administrations to simultaneously identify and
track phenotype plasticity in early (tdTomato™) and late phase
(tdTomato™) Treg cells in our experimental system. Additionally,
delivering tamoxifen after the initiation of the adaptive immune
response to Pg-induced dysbiosis also helps limit tdTomato-
labeling of naive cells committed to a Th17 phenotype that may
transiently express Foxp3 (41).

Transient IL-17A Expression by

tdTomato* Foxp3-GFP* T Cells in the

Oral Mucosa of Foxp3°"® Fate-Tracking
Mice

Examining cytokine expression of single red and dual red/green
fluorescent cells after the administration of tamoxifen elucidated
the extent of transdifferentiation of Foxp3™ Treg cells
(Figure 6A). Foxp3“¢ fate-tracking mice not treated with
tamoxifen, used as FACS gating controls, had either negligible
numbers or frequently no tdTomato™ cells related to endogenous
estrogen levels (Figure 6A). Next, we compared expression of
IL-17A, IFN-y, and IL-10 in tdTomato™ cells isolated from Pg
and sham treated Foxp3“-fate-tracking mice. Twenty eight
days after initial Pg inoculation Foxp3“-tdTomato™ T cells
were 35% (range 22.7 to 47.6) of the CD4" T cells we detect
in the oral mucosa. At day 28, the Foxp3“-tdTomato™ T cells

that produced IL-17A were 3.9% (range 0.0 to 6.3). This was
significantly higher than the 0.9% observed in sham-inoculated
controls (p < 0.001). However, after 48 days of continuous
Pg inoculation, the percentage of Foxp3“®-tdTomatot T
cells producing IL-17A had dropped significantly to 1.3%
when compared to day 28 (p < 0.01). This frequency was not
significantly different from sham-inoculated controls, suggesting
here that by day 48 Pg is no longer sustaining IL-17A expression
in fate-tracked Treg cells (Figure 6B). Interestingly, although
we did identify Foxp3“-tdTomato™ T cells expressing IFN-v,
the frequency was low and independent of Pg inoculation
as there was no significant difference between sham- and
Pg-inoculated mice at day 28 or 48 (Figure 6C). As expected
we observed IL-10 expression in Foxp3“®-tdTomato™ T cells
at homeostasis but their frequency did not increase after
Pg-induced dysbiosis (Figure 6D).

T Cells Producing IL-17A Maintain
Expression of Foxp3 When Assessed by
GFP Signal

Whether the observed kinetics of IL-17A expression in
Foxp3®-tdTomato™ T cells was due to clonal contraction
of transdifferentiated cells or reversion back to normal Treg
phenotype was unclear. Therefore, we sought to determine
whether these IL-17A producing Foxp3“-tdTomato™ cells
were simultaneously expressing Foxp3 or whether expression
of IL-17A was paralleled by cessation of Foxp3 expression.
While all cells with active Foxp3 promoters at the time of
tamoxifen administration would be tdTomato™, only cells
actively expressing Foxp3 at the time of analysis would be
GFPT. In order to normalize the analysis across multiple
experiments, a paired analysis was utilized to compare the
mean fluorescence intensity (MFI) of the GFP signal between
IL-17A- and IFNy-producing cells that are tdTomato positive
or negative (Figure 7). As expected, in the IL-17A~ IFN-y~
populations, Foxp3®-tdTomato™ T cells had a higher MFI of
GFP than the tdTomato™ ones indicating an ongoing active
Foxp3 promoter (Figure 7). Surprisingly though, in IL-17A-
expressing populations the MFI of GFP was higher in Foxp3°-
tdTomato™ that in Foxp3-tdTomato™ T cells. Similarly, in
the IFN-y-expressing populations the GFP MFI was higher in
Foxp3“-tdTomato™ that in Foxp3“®-tdTomato™ T cells. This
pattern indicates that the Foxp3 promoter continues to be active
in IL-17A- and IFN-y-expressing populations (Figure 7). In
our experimental design, we used IL-17A mAbs conjugated
to either APC or Brilliant Violet 421, so this result is not
an artifact due to inadequate compensation of IL-17A signal
spillover into the GFP or tdTomato channel. Lastly, Foxp3-GFP
signal was still significantly higher in the Foxp3“®-tdTomato™
population than in the corresponding tdTomato™ population at
day 48 (data not shown). This indicates that Foxp3 promoter
activity remains stable in Foxp3“-tdTomato™t cells for the
duration of the experiment suggesting that Treg cells can shift to
proinflammatory phenotypes while maintaining a transcription
factor characteristic of regulatory T cells.
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FIGURE 6 | P, gingivalis induces transient IL-17A expression in Treg cells in the oral mucosa. Single cell suspensions were isolated from oral mucosa of P, gingivalis
inoculated mice at 28 or 48 days. Single cell suspensions were cultured and stimulated with PMA/ionomycin in the presence of brefeldin A. Cultured cells were
surface stained with anti-mouse CD3, B220, CD8a, and CD4 fluorochrome-conjugated mAbs to identify tdTomato™ CD4+ Treg cells by flow cytometry (gated as
CD3* CD4* tdTomatot B220~ CD8a~) and then intracellular stained with anti-mouse IL-17A, IFN-y, and IL-10. (A) Representative flow cytometry plots showing
gating strategy to identify the Foxp3°™®-tdTomato™ cell population within the oral mucosa also expressing Foxp3-GFP and IL-17A. Numbers indicate the % of cells
within the associated gate. (B-D) Means of the frequency of tdTomato* CD4* T cells expressing IL-17A (B), IFN- y (C), or IL-10 (D) at day 28 (gray circle) and 48
(black circle) were compared to sham controls (white circle) using two-tailed Student’s t-test and presented as means + SEM. **p < 0.01, ***p < 0.0001. Each
circle represents two pooled oral mucosae from two mice.
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FIGURE 7 | Foxp3°™®-tdTomato™ Treg cells producing IL-17A have an active
Foxp3 promoter. Foxp3°®-tdTomato* CD4* Treg cells from the oral mucosa
were identified by flow cytometry (gated as CD3* CD4™ tdTomato™ B220~
CD8a ™). As the GFP signal in these mice was weak, anti-mouse
FoxP3-Alexa488 was added during intracellular staining to increase the Foxp3
signal. The mean fluorescence intensity (MFI) of Foxp3-dependent green
fluorescent protein (GFP) in populations of tdTomato™ (white bars) and
tdTomato™ cells (black bars) from 20 mice are compared and presented for
cells expressing IL-17A, IFN-y or neither of the two cytokines. The GFP MFI
was compared by fitting a mixed effects model with paired values. A post hoc
Sidak’s multiple comparisons test was utilized to determine p-values of
comparisons found significant by the initial mixed-effects analysis. *p < 0.05,
****p < 0.0001.

DISCUSSION

Our fate-tracking animal model with repeated inoculations of
Pg accomplishes two objectives. First, it is representative of
human periodontitis since the persistence of Pg is a characteristic
of the disease. In humans, Pg is present at periodontitis sites
in higher numbers than at healthy sites. Pg disappears below
detectable levels after periodontal treatment and it reappears
when disease returns and/or exacerbates (4, 47). Second, the
adaptive response is best interpreted when the priming antigens
are delivered synchronously. Since Pg is a keystone pathogen
capable of inducing microbial dysbiosis in the oral cavity, the
model allows the assessment of the dynamics of the immune
response against Pg in the cervical LN as well as the local
response against blooming pathobionts within the microflora
over time. The phenotype of the adaptive response at these two
locations is coherent.

Transdifferentiation of IL-17A°"
Fate-Tracked Cells

It has been widely reported that diseases can lead to a
changing microenvironment resulting in localized changes to

the inflammatory cytokine milieu that reshapes the adaptive
immune response (22-24, 48). With such changes, adaptive
effector or tissue memory CD4™" T cell may be impacted through
transdifferentiation leading to greater pathologic phenotypes (26,
49-52). We were interested in determining if the adaptive CD4™"
T cell response to sustained dysbiosis elicited by the keystone
pathogen Pg resulted in transdifferentiation in Th17 and Treg
cells in the oral mucosa. To address this question, we used
two different fate-tracking reporter mouse strains to examine
plasticity in Th17 or Treg cells, in a murine model of periodontitis
(23, 37). Transdifferentiation of Th17 cells is well documented
(21-23, 26, 53) and a late developmental switch to IFN-y
expression in Th17 cells has been implicated in the pathologies
of a diverse group of inflammatory autoimmune diseases such
as psoriatic arthritis, Crohn’s disease, ulcerative colitis, type 1
diabetes, and multiple sclerosis (23, 26, 49-52, 54). Similarly,
there have been reports that Treg cells also can transdifferentiate
into IFN-y-producing Th1-like cells (29, 30, 55-57).

Initially we found that Pg-specific CD4™ T cells identified
in cervical lymph nodes that drain the oral mucosa switch
phenotype from Thl7 to a mix of Th17 and Thl cells over a
period of sustained oral colonization with Pg. The early Th17
response is consistent with what we have reported previously
(39) and also in our analysis of CD4" T cells isolated from
NALT following oral inoculation with Pg (43). The late-stage
switch to a Thl-type response seems a direct consequence
of a de novo adaption against a persistent threat. Consistent
with localized changes in the cytokine milieu, differentiated
Th17 cells may re-program their cytokine expression when
encountering a persistent pathogen across the oral mucosal
barrier. Data from IL-17A“¢ fate-tracking mouse indicates
that a de novo response to persistent Pg occurs with Thl cells
dominating Th17 cells in the oral mucosa at late time points.
Lack of consistent transdifferentiation in Th17 cells to express
IFN-y rules out sustained local environmental changes in
oral mucosa driving changes in memory Th cells. Pg-induced
dysbiosis may be the driver of this new Thl response. Pg is
considered a keystone pathogen so that continued exposure in
the oral cavity to this bacterium may drive other pathobionts
to become more numerous or more prone to intracellular
survival like Fusobacterium nucleatum or Aggregatibacter
actinomycetemcomitans (58-61). Pathobionts may induce an
IFN-y mediated-response to deal with this new intracellular
threat. Persistent Pg inoculation and heightened inflammation
may also result in bacteria invading further into the oral mucosa.
Bypassing resident LCs in the epithelium may allow invading
pathobionts to be phagocytosed by DCs located in the lamina
propria. Consistent with this idea, it is interesting to note that in
the absence of LCs, mice mount a robust Th1 response to Pg (39).

Notwithstanding differences in homing receptors that dictate
tissue residency, we found that Pg-specific Th17 cells in
mesenteric lymph nodes dominated the adaptive CD4% T
cell response even after persistent oral Pg presence (40). The
contribution of recirculating memory Thl cells potentially
developed in the GI to the oral response is therefore unlikely.
Moreover, the transition from an initial Th17 response to one
dominated by infiltrating Th1 cells has also been reported for a
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number of other inflammatory diseases (23, 62-64). Interestingly,
Harbour et al. report that, in addition to plasticity of Th17 cells
driving inflammation in a mouse model of colitis, Th17 cells
are also instrumental in driving pathogenic Th1 cells from naive
CD4™ T cell precursors (51).

In addition to a switch to a Thl dominated response, we
observed evidence of sporadic transdifferentiation of Th17 cells.
Clear evidence of plasticity in these Th17 cells is reinforced by
the detection of cells that co-express IL-17A and IFN-y, which
is a hallmark of transdifferentiated Th17 cells (23, 26, 51, 65).
The difference of these outliers could be explained by the local
cytokine environment and the relative levels of cytokines such
as IL-23, IL-1B, IL-12, and TGEF-f that have been implicated in
either maintaining or driving local transdifferentiation in Th17
cells (22, 26, 53, 65).

vy8 T cells that express IL-17A also have the capacity to
exhibit plasticity and in some disease states have hallmarks of
active histone modifications in genes that drive IFN-y expression
(66-69). Proinflammatory cytokines IL-1p and IL-23 have been
reported to act in concert to induce IFN-y expression in yd T
cells (67) and microRNAs have been shown to regulate IFN-y
plasticity in y3 T cells (68). In our analysis of y8 T cells we found
no evidence of IFN-y expression in the tdTomato™ y3 T fraction
indicating that these cells do not exhibit plasticity in the oral
mucosa following Pg-induced dysbiosis. Interestingly, of the 3
animals that did exhibit Th17 transdifferentiation to IFN-y, we
found no evidence of IFN-y expression in the y3 T cells recovered
from these same mice. This dichotomy suggests that there may
be different signals driving transdifferentiation in mucosal Th17
and y3 T cell populations. Although IL-23 is important for
maintaining Th17 cells, IL-23 in conjunction with IL-12 can
drive transdifferentiation in Th17 cells by suppressing IL-17A
expression and at the same time promoting IFN-y expression
through upregulation of T-bet (22, 23, 65, 70). Furthermore,
pathogenic IFN-y expression in transdifferentiated Th17 cells
mediated by IL-23 is dependent on the basic-leucine zipper
transcription factor, JunB (71, 72). Differential expression of JunB
in Th17 cells and yd T cells located in the oral mucosa of Pg
inoculated mice may, therefore, account for our observation of
lack of Y3 T cell plasticity in the small number of mice where we
observed it in Th17 cells.

In addition to Th17 and y8 T cells expressing IL-17A, we
also identified a population of CD3%" TCRaB™t T cells in the
oral mucosa that were negative for CD4 and CD8 and expressed
IL-17A. These so-called CD3™ double negative (DN) T cells
have never been reported as a source of IL-17A in the oral
mucosa. The number of CD3%t DN T cells increased in the
oral mucosa in response to Pg but did not show evidence
of IFN-y expression. The origins of these CD3" DN T cells
remains somewhat controversial, but it is known that they are
a heterogenous T cell population with capabilities to express
both pro and anti-inflammatory cytokines in steady state and
during inflammation (73). CD3" DN T cells are typically found
in low numbers in peripheral tissues but contributing IL-17A
against viral and bacterial pathogens (74-76) and in autoimmune
diseases such as psoriasis and Sjogren’s syndrome (77, 78). In
the context of periodontal disease, we do not know if CD3™

DN T cells are contributing to host defense or exacerbating
periodontitis by acting as an additional source of IL-17A. In a
recent report, Sparber et al. described three lymphocyte sources
of IL-17A in the murine tongue important for host defense
against oropharyngeal candidiasis (79). One of these cell types,
CD3" TCRaf™ T cells may include a population of CD3T DN T
cells, but were not defined further with CD4 and CD8 markers.
The authors also did not examine the oral mucosa. Interestingly
though, a significant contribution to resistance to oropharyngeal
candidiasis were IL-17A-expressing innate lymphoid cells (ILC),
characterized as CD3~, afTCR™ and y3TCR™ (79). We did not
observe ILC in our IL-17 fate-tracking mouse. This may reflect
differences in residency of ILCs between the mouse tongue and
oral mucosa (gingiva, buccal, and hard palate mucosa). Although
this topic is subject to current debate (17, 80, 81), we also did
not observe IL-17A"®-tdTomato™ neutrophils despite infection
with Pg resulting in an influx of neutrophils. This suggests that,
neutrophils are not a source IL-17A in our periodontitis model.

Transdifferentiation of Foxp3°
Fate-Tracked Cells

Tamoxifen administration induced permanent tdTomato
labeling in cells with concurrent expression of Foxp3 and GFP.
Naive T cells in a TGF-B environment that will eventually
commit to a Th17 lineage can co-express Foxp3 and RORyt (41).
Therefore, we chose to initiate tamoxifen administration only
after the majority of precursor cells capable of becoming Th17
in response to oral Pg-induced dysbiosis were activated and no
longer transiently expressing Foxp3. Pg-induced dysbiosis leads
to expression of IL-17A in Foxp3“®-tdTomato™ Treg cells after
28 days of oral Pg persistence. Strikingly, IL-17A expression was
transient since the frequency of IL-17A expressing Foxp3-
tdTomato™ Treg cells was significantly reduced after 48 days of
persistent oral Pg colonization. We did not observe significant
IL-17A plasticity of Tregs in sham-treated mice (PBS mice),
indicating that microbial dysbiosis is necessary to drive this
transient transdifferentiation process. Potentially some newly
differentiated Th17 cells transiently expressing Foxp3 could have
been misidentified as transdifferentiated Treg cells in this system.
However, this is unlikely since continued active Foxp3-driven
GFP expression in IL-17A-producing Foxp3“¢-tdTomato™
cells at day 28 argues against this possibility. Moreover, we
identified a large population of Th17 that were tdTomato and
GFP double negative indicating that transient or persistent
Foxp3 expression in Th17 cells does not occur or occurs rarely
in our system. If all developing Th17 cells had been actively
producing Foxp3 at the time of tamoxifen administration these
IL-17A-producing CD4 T cells would have been tdTomato™
at days 28 and 48.

While both Foxp3 and RORyt transcription factor are
upregulated in the presence of TGF-B, Foxp3 antagonizes
RORyt and IL-17A production in the absence of concurrent
IL-6 exposure (82-85). The relative ratio of Foxp3 to RORyt
within a cell and environmental IL-6 may therefore determine
the proinflammatory or regulatory activity of Foxp3™ RORyt™"
cells. Populations of Foxp3™ RORyt™ cells with Th17 potential
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have been reported in human peripheral blood (86). These
double positive cells were found to have significantly lower
expression of Foxp3 than classical suppressive Tregs, although
other groups have reported that human pro-inflammatory IL-
17A" Foxp3™ T cells have significantly higher expression of
Foxp3 than classic Tregs (87). Suppressor Foxp3™ RORyt™ T
cells have been reported in murine autoimmune diabetes but
these double positive cells have been reported to produce IL-
17 in vitro under polarizing conditions (88). Cyclical expression
of IL-6 or transient expression of IL-6 by dendritic cells early
during persistent exposure to Pg may explain the fleeting nature
of the Treg plasticity we observed. In vitro, purified populations
of CD4" CD25% Foxp3™ T cells are able to differentiate into
Th17 cells in the presence of IL-6 with concurrent absence of
exogenous TGF-f (89).

IL-17" Foxp3™ T cells have been observed in human chronic
inflammatory conditions. For example, IL-171 Foxp3™ T cells
have been observed in patients with inflammatory bowel disease,
or more specifically, in patients with Crohn’s disease but not
ulcerative colitis (55, 56). Significantly, IL-17A" Foxp3™' T cells
are also found in human periodontal lesions but not in gingivitis
(30). Lastly, Tregs from human rheumatoid arthritis patients
were found to demonstrate increased plasticity toward a Th17-
like phenotype (90). While among the studies that evaluated
function, IL-17A" Foxp3™ T cells were usually found to be
suppressive (91, 92), not all studies are in agreement (30, 55, 56,
90). In psoriasis and systemic lupus erythematosus, IL-17" Tregs
are pro-inflammatory rather than suppressive (93, 94).

Interestingly, whilst the frequency of IL-17A-expressing Treg
cells was up at day 28 and down at day 48, the expression
of Foxp3 in the tdTomato™ population was stable across both
time points. Foxp3“'® tdTomato™t T cells remained Foxp3-GFP*
and/or stained with anti-Foxp3 mAb, even when producing IL-
17A or after 48 days of persistent exposure to Pg. This is in
agreement with Rubtsov et al. (38) but in contrast to Miyao et al.
(95) who found that Foxp3 expression is unstable and transient
in conventional CD4" T cells in adoptive transfer models. In
this model, expression of IL-17A in cells co-expressing Foxp3 is
not explained by transcriptional reprogramming and plasticity of
Tregs but rather by transient Foxp3 expression in Th17 cells.

Some of the difference between studies may also be explained
by differences in animal model or experimental design. For
example, Miyao et al. exposed Foxp3™ cells to an inflammatory
environment for a period of 4 days in vitro. Our model exposed
cells to an inflammatory environment in vivo for a considerably
longer period. It is therefore possible that a longer period of
inflammation or more robust inflammatory stimulus is necessary
to induce IL-17A production by Foxp3™ T cells.

The microbiome likely plays a role in Treg
transdifferentiation, as various Clostridium species of human
origin favor the induction of murine colonic Foxp3™ Treg cells
co-expressing RORyt (55). At least one study has demonstrated
that antibiotic treatment that reduces levels of periodontal
pathogens reduces the number of IL-177 Foxp3™ T cells from
peripheral blood of periodontitis patients, again supporting a
connection between inflammatory environment, microbiome,
and Treg plasticity (87).

The late-stage response to Pg-induced dysbiosis is a switch to
a de novo Thl-type response sustained by IFN-y. Although Treg
have been shown to produce IFN-y in several models of disease
(36,96, 97) the frequency of Foxp3“™-tdTomato™ cells expressing
IFN-vy is small (~2%) and importantly it does not differ between
Pg-treated and sham-treated mice.

In summary, our data suggests that in a persistent dysbiotic
environment driving inflammation the oral CD4™ T cell response
evolves from one that is initially dominated by IL-17A to
one that is predominantly IFN-y. Such IFN-y response is
generated de novo by Thl cells. Consistent with this shift in
the response, we identified a small but significant population
of Treg cells expressing IL-17A at day 28 that disappeared
at day 48. The kinetics of the inflammatory response may
control whether Treg cells will behave as pro- or anti-
inflammatory actors. This evolving dysbiosis and inflammatory
environment at day 48, post Pg, specifically induce Th17 cells into
sporadic transdifferentiation and IFN-y expression. Ultimately,
understanding the nature of Treg-Th17 transdifferentiation may
provide insights on how to control the inflammatory disease
processes. Which components of the microbial biofilm or which
host cell under the influence of such microbial environment are
responsible for driving the transdifferentiation of Treg or Th17 in
the oral environment remains to be elucidated.
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IL-17 Induced Autophagy Regulates
Mitochondrial Dysfunction and
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Bronchial Fibroblasts

Rakhee K. Ramakrishnan’, Khuloud Bajbouj’, Saba Al Heialy?®, Bassam Mahboub ",
Abdul Wahid Ansari’, Ibrahim Y. Hachim', Surendra Rawat’, Laila Salameh "*,
Mahmood Y. Hachim, Ronald Olivenstein?®, Rabih Halwani’, Rifat Hamoudi’ and
Qutayba Hamid "**

" Sharjah Institute for Medical Research — College of Medicine, University of Sharjah, Sharjah, United Arab Emirates, ? College
of Mediicine, Mohammed Bin Rashid University, Dubai, United Arab Emirates, ° Meakins-Christie Laboratories, McGill
University, Montreal, QC, Canada, * Rashid Hospital, Dubai Health Authority, Dubai, United Arab Emirates

The accumulation of fibroblasts, their synthesis of extracellular matrix (ECM) proteins and
their innate resistance to apoptosis are characteristics of subepithelial fibrosis observed
in severe asthma. Interleukin-17 (IL-17) is an important regulator of airway remodeling
in asthma. However, the contribution of IL-17 to the pro-fibrotic phenotype of bronchial
fibroblasts is not well-characterized. In this study, we investigated whether IL-17 induced
autophagy regulates mitochondrial and pro-fibrotic function in bronchial fibroblasts.
The primary cultured bronchial fibroblasts isolated from non-asthmatic (NHBF) and
severe asthmatic (DHBF) subjects were treated with IL-17 in order to ascertain its
effect on mitochondrial function, mitochondrial quality control, and apoptosis using
immunoblotting and flow cytometric analyses. At baseline, DHBF exhibited higher levels
of mitophagy and mitochondrial biogenesis compared to NHBF. Immunohistochemical
evaluation of bronchial biopsies showed intense PINK1 immunoreactivity in severe
asthma than in control. IL-17 intensified the mitochondrial dysfunction and impaired the
mitochondrial quality control machinery in NHBF and DHBF. Moreover, IL-17 augmented
a pro-fibrotic and anti-apoptotic response in both group of fibroblasts. Inhibition of
autophagy using bafilomycin-A1 reduced PINK1 expression in NHBF and restored the
IL-17 mediated changes in PINK1 to their basal levels in DHBF. Bafilomycin-A1 also
reversed the IL-17 associated fibrotic response in these fibroblasts, suggesting a role
for IL-17 induced autophagy in the induction of fibrosis in bronchial fibroblasts. Taken
together, our findings suggest that IL-17 induced autophagy promotes mitochondrial
dysfunction and fibrosis in bronchial fibroblasts from both non-asthmatic and severe
asthmatic subjects. Our study provides insights into the therapeutic potential of targeting
autophagy in ameliorating fibrosis, particularly in severe asthmatic individuals.
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mitochondrial dysfunction

fibroblasts, mitochondria, autophagy, IL-17, fibrosis,
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INTRODUCTION

Fibroblasts, the effector cells of fibrosis, exhibit a bio-synthetic,
contractile, adhesive, and pro-inflammatory phenotype for
effective wound healing. As opposed to their self-limited
and tightly regulated repair in response to tissue injury,
under pathological conditions, persistent fibroblast activation
paves way to extracellular matrix (ECM) accumulation, and
remodeling along with their differentiation into apoptosis-
resistant myofibroblasts. Chronic lung diseases, such as asthma,
chronic obstructive pulmonary disease (COPD), and idiopathic
pulmonary fibrosis (IPF), exhibit phenotypically different
fibroblasts that are responsible for the loss of the typical airway
architecture and impair airway function (1).

Increased airway fibroblast population, increased collagen
deposition, airway smooth muscle hyperplasia, and hypertrophy
are characteristic airway structural changes that selectively
differentiate severe persistent asthma from milder forms of the
disease (2). The fibroblast numbers and collagen deposition
also negatively correlate with the extent of airflow limitation
in patients with asthma (2). In addition to the central airways,
higher myofibroblast numbers were reported in the alveolar and
lung parenchyma of asthmatics (3, 4). Nonetheless, fibroblasts
and their role in asthma pathogenesis have been relatively
undervalued and understudied.

Th17 cells and their canonical cytokines, IL-17A and IL-
17F, are key players in the pathogenesis of asthma and are
closely associated with the more severe phenotypes (5). Airway
tissues from patients with severe asthma demonstrated increased
expression of Thl7-associated cytokines, IL-17A, and IL-17F
(6), together with increased expression of IL-8 and excess
neutrophilia (7). IL-17 being a key mediator of neutrophilic
inflammation, upregulated IL-17 expression can be considered a
characteristic hallmark of severe asthma, known for exhibiting
a Th2-low, and neutrophilic phenotype (8). IL-17 induced
the secretion of pro-fibrotic cytokines and pro-inflammatory
mediators, including IL-6, IL-11, IL-8, and GROa/CXCLI, by
bronchial fibroblasts exerting their importance in regulating
fibrotic and inflammatory responses in the airways (9).
Furthermore, bronchial fibroblasts when co-cultured with CD4+
T cells promoted a Thl7 profile in asthma (10). It was also
reported that anti-IL-17 therapy in a murine asthma model
exacerbated with lipopolysaccharide led to decreased oxidative
stress and ECM remodeling (11) further implicating IL-17 in
airway remodeling in asthma.

Abbreviations: ECM, Extracellular matrix; NHBE Normal human bronchial
fibroblasts; DHBE, Diseased human bronchial fibroblasts; COPD, Chronic
obstructive pulmonary disease; IPE Idiopathic pulmonary fibrosis; S-As,
Severe asthmatic; DMEM, Dulbecco’s Modified Eagle’s Medium; FBS, Fetal
bovine serum; FCCP, Carbonyl cyanide-4-(trifluoromethoxy) phenylhydrazone;
qPCR, Quantitative Polymerase Chain Reaction; QC, Quality control; LC3B,
Microtubule-associated protein 1 light chain 3B; LAMP2, Lysosomal-associated
membrane protein 2; PINK1, PTEN-induced putative kinase 1; PRKN, Parkin;
SIRT1, Sirtuin 1; PGCla, Peroxisome proliferator-activated receptor gamma
coactivator 1 alpha; AWm, Mitochondrial membrane potential; BECN1, Beclin 1;
ATG5, Autophagy related 5; SQSTM1/p62, Sequestosome-1; Baf-A1, Bafilomycin-
Al; COL1AL, Collagen, type I, alpha 1; COL3Al, Collagen, type III, alpha 1;
COL5AL1, Collagen, type V, alpha 1; FN1, Fibronectin.

Increasing evidence suggests that mitochondrial dysfunction
is key to the pathogenesis of asthma (12-14). Exposure to
environmental oxidants such as tobacco smoke, diesel exhaust
particles, and ozone caused an increase in cellular reactive oxygen
species (ROS) levels which subsequently induced mitochondrial
dysfunction in the lung (15). An experimental allergic model
of asthma demonstrated mitochondrial dysfunction in lung
mitochondria and associated mitochondrial structural changes
in bronchial epithelium (13). Oxidative damage-induced
mitochondrial dysfunction further exacerbated allergic airway
inflammation (14). That said, this may be a strong indication
that beyond its canonical function of ATP production, the
non-canonical roles of mitochondria can also influence airway
structure and function.

IL-17 mediated mitochondrial dysfunction has been studied
in disease models, including rheumatoid arthritis (RA) (16) and
vitiligo (17). However, there exists a gap in knowledge regarding
the role of IL-17 in mitochondrial dysfunction in asthma, and
more importantly in whether this affects airway remodeling in
severe asthma. In the present study, we investigated the putative
link between autophagy and IL-17A induced mitochondrial
dysfunction and fibrosis in non-asthmatic and severe asthmatic
(S-As) fibroblasts. IL-17A will henceforth be referred to as IL-17
in the rest of this study. Using bronchial fibroblasts isolated from
S-As and non-asthmatic subjects, we show increased autophagy,
mitochondrial dysfunction, and fibrotic gene expression in S-As
fibroblasts which was exacerbated upon stimulation with IL-17,
thereby contributing to the pathobiology of subepithelial fibrosis
in severe asthma.

MATERIALS AND METHODS
Cell Culture

The primary bronchial fibroblasts isolated from
endobronchial tissue biopsies obtained from non-smoking
patients with severe asthma or non-smoking healthy volunteers.
The healthy and severe asthmatic subjects were age-matched to
exclude the confounding effects due to age. The mean age of
the healthy and severe asthmatic subjects was 43.7 & 12.5 and
43.4 + 8.3 years, respectively. These fibroblasts were obtained
from the Quebec Respiratory Health Research Network (McGill
University Health Centre/Meakins-Christie Laboratories Tissue
Bank, Montreal, Canada), as described previously (18). The
cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum (FBS),
2mM L-glutamine, 100 units/ml of penicillin, and 100 ng/ml
streptomycin in 75-cm? flasks. The cells were maintained
at 37°C in 5% CO; with medium change performed every
2-3 days. The fibroblasts were passaged a maximum of eight
times and experiments were conducted using fibroblasts at
matched passages. All cell culture reagents were purchased
from Sigma-Aldrich.

The cells were seeded in 6- or 12-well-plates for experiments
and at 50% confluency, they were serum-starved in 1% FBS-
supplemented DMEM for 24 hours (h). The cells were then
stimulated with 25ng/ml recombinant human IL-17A (Sigma)
for 48 h (for mRNA) or 96 h (for protein). Autophagy inhibition

were
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was achieved by pre-treating cells with 10nM bafilomycin-
Al (Santa Cruz) for 4h prior to stimulation with IL-17. Co-
treatment with 10 M carbonyl cyanide-4-(trifluoromethoxy)
phenylhydrazone (FCCP) (Tocris) for 2h was used as a positive
control to induce mitochondrial dysfunction.

Immuno/Western Blotting

The cells were lysed using 10X RIPA Buffer (abcam) after
supplementation with 1x Protease Inhibitor Cocktail (Sigma-
Aldrich) and 1mM phenylmethylsulfonyl fluoride (Sigma-
Aldrich). Total protein concentrations were determined using
Protein Assay Kit II (Bio-Rad). Twenty micrograms total
proteins were separated using either 12.5% gels or 4-20% Mini-
PROTEAN TGX Precast Protein Gels (Bio-rad). The proteins
were transferred onto a nitrocellulose membrane (Bio-rad),
blocked in skimmed milk for 1 h at room temperature, incubated
overnight at 4°C with antibodies specific to LC3B (abcam),
Mitophagy Antibody Sampler Kit (Cell Signaling Technology),
LAMP2A (abcam), SIRT1 (Cell Signaling Technology), PGCla
(Novus Biologicals), and Survivin (abcam). B-actin (Sigma-
Aldrich) or GAPDH (Cell Signaling Technology) were used as
loading controls. The blots were developed using the Clarity
Western ECL Substrate (Bio-Rad) in the ChemiDoc Touch Gel
Imaging System (Bio-Rad). Image Lab software (Bio-Rad) was
used to detect and quantify the protein bands.

Mitochondrial Assays

The mitochondrial mass and mitochondrial membrane
potential-associated apoptosis were measured using MitoTracker
Green (Invitrogen) and Mitochondrial Membrane Potential
Apoptosis Kit, with Mitotracker Red & Annexin V Alexa Fluor
488 (Invitrogen), respectively. The cells were stained with 50 nM
MitoTracker Green or 50 nM MitoTracker Red while protected
from light for 30 min at 37°C in an atmosphere of 5% CO,.
The MitoTracker Red stained cells were thereafter washed and
labeled with Annexin V-AF488 for 15 min at room temperature
in the dark. The cells were then analyzed using the BD FACSAria
III flow cytometer and the acquired data analyzed using Flow]Jo
v10 software.

Immunohistochemical staining of formalin-fixed paraffin-
embedded (FFPE) biopsy samples was performed to determine
the protein levels and distribution of PINK1 as previously
described (20). Briefly, 3pm thick sections were cut
from the parafin blocks and routine deparaffinization and
rehydration steps performed. Heat-activated antigen retrieval
was carried out using sodium citrate buffer at pH 6.0 and
developed using HRP/DAB (ABC) Detection IHC kit (abcam),
according to manufacturer recommendations. The slides were
immunostained with rabbit anti-PINK1 (1:350 dilution; Novus
Biologicals) antibody. The primary antibody was omitted to
serve as technical negative control and appropriate positive
control tissue was used. Nuclei were counterstained blue with
hematoxylin (Thermo Scientific Shandon).

Quantitative Polymerase Chain Reaction

(gPCR)

The total RNA was extracted using the Trizol (Invitrogen)
method  according  to manufacturer  instructions.
RNA concentrations were measured using Nanodrop

spectrophotometer (Thermo Scientific). Reverse transcription
performed wusing High-Capacity <¢DNA  Reverse
Transcription Kit (Applied Biosystems) in the Veriti Thermal
Cycler (Applied Biosystems). cDNA amplification was carried
out using 5x Hot FirePol EvaGreen qRT-PCR SuperMix (Solis
Biodyne) in QuantStudio 3 Real-Time PCR System (Applied
Biosystems). The primers are listed in Table 1. Gene expression
was analyzed using the Comparative Ct (AACt) method after
normalization to the housekeeping gene 18 s rRNA. All results
were expressed as fold change relative to NHBF for baseline
measurements or the untreated controls for IL-17 treatment.

was

Statistical Analysis
All data are presented as mean =+ standard error of the
mean (SEM) of 2-4 independent experiments. Data analyses

TABLE 1 | List of primer sequences used in gPCR.

Genes Forward primer sequence Reverse primer sequence
Immunohistochemistry (5'-3) (5-3)
Paraffin slides of bronchial biopsy tissues obtained by fiberoptic
bronchoscopy from non-asthmatic control subjects archived -6 GAAGCAGCAAMGAGGEAC GCACAGCTCTGGCTTGTTCC
at the Biobank of the Quebec Respiratory Health Research BECN1 ATGCAGGTGAGCTTCGTGTG CTGGGCTGTGGTAAGTAATGGA
Network Canada with MUHC REB number BMB-02-039-t ATG5 GACCAGTTTTGGGCCATCAATC GTGCAACTGTCCATCTGCAGC
(19), were obtained. Severe asthmatic subjects, who fulfilled LC3B  GAACGGACACAGCATGGTCAGC ACGTCTCCTGGGAGGCATAG
the American Thoracic Society (ATS) criteria and were taking SQSTM1 TTGTACCCACATCTCCCGCCA  TACTGGATGGTGTCCAGAGCCG
treatments based on the Global Initiative for Asthma (GINA), AMP2 AACTTCAACAGTGGCACCCACC AGTGATGTTCAGCTGCAGCCCC
were recruited by the treating physician and nurse who obtained =~ FINKT  CCTGCGCCAGTACCTTTGTGT  TGGGTCCAGCTCCACAAGGATG
written informed consent, from the Severe Asthma Clinic =~ PRKN  CTCCAGCCATGGTTTCCCAGTG CCAGGTCACAATTCTGCACAGTC
in the Pulmonary Medicine department at Rashid Hospital, =~ COLIAT GATTGACCCCAACCAAGGCTG  GCCGAACCAGACATGCCTC
Dubai, UAE. The endobronchial biopsies were performed in  COL3AT GATCAGGCCAGTGGAAATG GTGTGTTTCGTGCAACCATC
accordance with a study protocol approved bY the Dubai COL5A1 GTCGATCCTAACCAAGGATGC  GAACCAGGAGCCCGGGTTTTC
Scientific Research Ethics Committee with approval number  FN1 CTGGGAACACTTACCGAGTGGG CCACCAGTCTCATGTGGTCTCC
DSREC-11/2017_04. The biopsies were collected and embedded =~ ACTA2  CTTCGTGTTGCCCCTGAAGAG ~ GCATAGAGAGACAGCACCGC
as previously described (20). 18s TGACTCAACACGGGAAACC TCGCTCCACCAACTAAGAAC
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FIGURE 1 | Enhancement of mitochondrial quality control in severe asthmatic (S-As) fibroblasts. In order to measure the basal expression levels, non-asthmatic
fibroblasts (NHBF), and S-As fibroblasts (DHBF) were serum-starved for 24 h and thereafter, cultured in DMEM complete medium for 24 h. The fibroblasts were then
subjected to Western Blot or flow cytometric analysis. -actin or GAPDH was used as loading control as indicated. (A) Representative immunoblots and (B)
densitometric analysis of autophagy markers, with LC3B lipidation represented as the ratio of LC3BII to LC3BI, and LAMP2A expression, mitophagy markers, PINK1
and Parkin, and mitochondrial biogenesis markers, SIRT1 and PGC1a. Data representative of three independent experiments. (C) Bar charts indicating NHBF (green)
and DHBF (red) fluorescence when stained with MitoTracker Green, (D) MitoTracker Red and (E) Annexin V followed by flow cytometric analysis. 10,000 events were
analyzed in each flow cytometry experiment. Data representative of three independent experiments. (F) Densitometric analysis and representative immunoblots
depicting expression of anti-apoptotic protein, Survivin, in NHBF and DHBF. Data presented as mean + SEM relative to NHBF (where indicated). Statistical
significance assessed by Mann Whitney test. *p < 0.05, *p < 0.01.

were performed using Mann Whitney test while comparing  E3 ubiquitin ligase Parkin which ubiquitinates mitochondrial
NHBF and DHBE one-way ANOVA followed by Tukeys surface proteins tagging them for autophagy-dependent
multiple comparison tests or unpaired f-test with multiple  lysosomal clearance. Since mitophagy is dependent on the
comparisons using the Holm-Sidak method for statistical autophagy machinery, we first examined the protein expression
analysis of the data using GraphPad Prism 6 software  of autophagy marker, microtubule-associated protein 1 light
(GraphPad, San Diego, CA, USA). A p < 0.05 was considered  chain 3 beta (LC3B), and lysosome-associated membrane protein

statistically significant. 2A (LAMP2A), which is essential for lysosomal fusion with
autophagic vacuoles (21). In comparison to NHBE, increased
RESULTS accumulation of LC3B, increased LC3B lipidation (conversion
. . . of LC3BI to LC3BII) (p = 0.03), and upregulated expression of

Enhancement of Mitochondrial Qua"ty LAMP2A (p = 0.02) were detected in DHBF (Figures 1A,B).
Control in S-As Fibroblasts Western blot analysis also showed increased expression of
Being highly dynamic organelles, mitochondria are constantly =~ mitophagy-specific proteins, PINK1 (p = 0.004) and Parkin (p
under the surveillance of mitochondrial quality control (QC) = 0.08) in DHBF compared to NHBF (Figures 1A,B), which

mechanisms of mitophagy, and mitochondrial biogenesis to  indicated increased levels of mitophagy in S-As fibroblasts.
identify and resolve mitochondrial defects. To investigate  Higher expression of mitochondrial biogenesis markers, sirtuin 1
the state of mitochondrial dysfunction in S-As fibroblasts,  (SIRT1), and proliferator-activated receptor gamma co-activator
the mitochondrial QC mechanisms were examined in S-As  l-alpha (PGC-la) (p = 0.02), was also detected in DHBF
fibroblasts (DHBF) and non-asthmatic fibroblasts (NHBF)  than in NHBF (Figures 1A,B). This activation of mitochondrial
isolated from endobronchial biopsy tissues. Mitophagy is QC mechanisms in S-As fibroblasts is indicative of intrinsic
triggered by the accumulation of PTEN-induced putative kinase ~ mitochondrial damage.

protein 1 (PINK1) on the outer mitochondrial membrane as MitoTracker dyes are a useful tool in assessing mitophagy
a result of mitochondrial depolarization. PINK1 then recruits  (22). Therefore, we next evaluated the total mitochondrial
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FIGURE 2 | Increased PINK1 expression in severe asthmatic bronchial biopsy tissues. Representative images taken at 40X magnification showing PINK1
immunostaining developed with 3,3'-diaminobenzidine diaminobenzidine (orown). Nuclei were counterstained with hematoxylin (blue). Representative bronchial biopsy
sections from (A) healthy control showing weak, (B) severe asthmatic showing moderate to strong PINK1 protein expression. Arrows refer to bronchial epithelium.

Severe asthma

mass using MitoTracker Green, a fluorescent dye that binds
mitochondria independent of mitochondrial membrane
potential (AWm), and the mitochondrial membrane potential
was determined using the MitoTracker Red fluorescent probe.
MitoTracker Green staining showed similar mitochondrial mass
in NHBF and DHBF (Figure 1C), which supported the increased
turnover of damaged mitochondria in S-As fibroblasts through
enhanced mitophagy and biogenesis. Furthermore, MitoTracker
Red staining also showed approximately 48% reduction in A¥m
in DHBF (p = 0.03) when compared to NHBF (Figure 1D),
confirming the presence of mitochondrial abnormalities in
S-As fibroblasts.

Studies have shown that mitochondrial damage and
autophagy are closely related to cell death (23, 24). We, therefore,
studied mitochondrial damage-mediated cell apoptosis by using
Annexin V staining to detect apoptotic cells. Flow cytometric
analysis showed comparable Annexin V staining in NHBF and
DHBF (Figure 1E). This was also corroborated in the western
blot analysis of anti-apoptotic protein survivin, which showed
similar expression levels in NHBF and DHBF (Figure 1F).
Taken together, these findings may imply that mitochondrial
damage in S-As fibroblasts is associated with efficient recycling
of mitochondria through mitophagy and biogenesis resulting in
fibroblast resistance to apoptosis.

Increased PINK1 Expression in Severe

Asthmatic Bronchial Biopsy Tissues

PINKI1 is fundamental to mitochondrial homeostasis and serves
as a sensor of mitochondrial damage (25). For further validation
of the role of mitochondrial dysfunction in asthma progression,
we next performed immunohistochemical staining of PINK1 on
bronchial biopsies obtained from a cohort of six patients with

TABLE 2 | PINK1 immunohistochemistry staining.

Negative - weak Moderate - strong

0 (0%)
4 (66.67%)

Healthy control 2 (100%)

Severe asthma 2 (33.34%)

severe asthma compared to 2 biopsies obtained from healthy
control subjects. Our results showed that PINKI protein levels
were high (moderate to strong) in the bronchial epithelium
as well as in fibroblasts of four out of the six (66.67%)
severe asthmatic patients’ samples (Figure 2B) compared to
the healthy control group that showed low expression levels
(negative or weak stain) (Figure 2A). PINKI immunostaining
across the 8 biopsies is summarized in Table 2. Thus, PINK1
serves a protective role in S-As fibroblasts by defending
cells from damage-mediated mitochondrial dysfunction and
cellular apoptosis.

IL-17 Increases Mitochondrial Dysfunction

in Bronchial Fibroblasts

Since IL-17 is strongly implicated in the pathogenesis of severe
asthma (5), we investigated the effects of IL-17 on mitochondrial
mass and function in both non-asthmatic NHBF and severe
asthmatic DHBF. Stimulation of bronchial fibroblasts with IL-
17 at a concentration of 25ng/ml was shown to activate
inflammatory and remodeling processes (26). In view of the fact
that bronchial airway tissue is subjected to chronic exposure to
IL-17 in patients with severe asthma (6), NHBF and DHBF were
incubated with 25 ng/ml of IL-17 for a duration of up to 96 h to
study the long-term effect of prolonged exposure to IL-17. A 48-h
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FIGURE 3 | IL-17 increases mitochondrial dysfunction in bronchial fibroblasts. NHBF and DHBF were serum-starved for 24 h and thereafter, cultured in DMEM
complete medium without or with IL-17 (25 ng/ml) for up to 96 h. (A) MRNA expression of IL-6 in NHBF and DHBF upon IL-17 stimulation was analyzed by gPCR and
expressed as fold expression change relative to the respective untreated control post normalization to housekeeping gene 18 s rRNA. Data representative of n = 3. (B)
Representative histograms and bar charts indicating fluorescence in mean fluorescence intensity (MFI) in cells stained with MitoTracker Green, (C) MitoTracker Red,
and (D) Annexin V followed by flow cytometric analysis. 10,000 events were analyzed in each flow cytometry experiment. Data representative of three independent
experiments. (E) Densitometric analysis and representative immunoblots depicting expression of anti-apoptotic protein, Survivin, in NHBF (left panel) and DHBF (right
panel) upon IL-17 stimulation. GAPDH was used as loading control. Data presented as mean + SEM after normalization to the respective untreated control (Complete
Medium). Statistical significance assessed by unpaired t-test with multiple comparisons using the Holm-Sidak method. *p < 0.05, “*p < 0.01, ****p < 0.0001.

exposure to IL-17 significantly increased the mRNA levels of IL-6  staining in both NHBF and DHBE, which suggested that IL-17
in both NHBF and DHBF (Figure 3A), which indicated 25ng/ml  protected these fibroblasts from apoptosis. Western blot analysis
of IL-17 to be an effective dose to study the pathology associated  further indicated that IL-17 treatment increased the expression of
with IL-17 in NHBF and DHBF. survivin, an anti-apoptotic protein, to a greater extent in DHBF
IL-17 mediated mitochondrial dysfunction is wusually  than that in NHBF (Figure 3E). Taken together, these findings
associated with mitochondrial depolarization (16). We, therefore,  suggest that IL-17 mediated mitochondrial dysfunction may be
examined whether IL-17 caused changes in mitochondrial  associated with increased survival of bronchial fibroblasts.
quantity and quality in NHBF and DHBF. MitoTracker Green
and mitochondrial membrane potential-dependent MitoTracker i . . .
Red staining showed an inclination towards a decline in IL-17 Impairs Mitochondrial Quality Control
NHBF upon stimulation with IL-17 (Figures 3B,C), where in Bronchial Fibroblasts
their normalized fluorescence decreased from 1 to 0.85 and  We next studied the impact of IL-17 on autophagy in NHBF
0.77, respectively. IL-17, however, significantly attenuated and DHBF by culturing the fibroblasts with or without IL-17
mitochondrial mass and AWm in DHBF when compared  for a duration of 48 and 96h for mRNA and protein analyses,
to untreated cells (Figures 3B,C). In DHBE IL-17 caused a  respectively. We then measured the mRNA levels of autophagy
drop in normalized MitoTracker Green and MitoTracker Red  markers, BECN1, ATG5, LC3B, SQSTM1, and LAMP2. IL-17
fluorescence from 1 to 0.79 (p = 0.02) and 0.63 (p = 0.005),  significantly increased the mRNA expression of these markers
respectively. These data suggest that IL-17 is a key pathological  in DHBF but no change was detected in NHBE except for
cytokine that potentially induces mitochondrial dysfunction ~ SQSTM1 which showed a statistically significant increase in
in healthy bronchial fibroblasts and intensifies pre-existing ~ NHBF as well (Figure 4A). Western blot analysis showed that
mitochondrial damage in S-As fibroblasts. IL-17 treatment increased LC3B lipidation (LC3BII/LC3BI ratio)
Taking into consideration the effect of IL-17 on mitochondrial  from 1.23 to 1.56 in NHBF and from 1.68 to 2.5 (p = 0.02) in
quantity and quality in bronchial fibroblasts, we next evaluated =~ DHBF (Figure 4C). IL-17 also showed an increased trend in the
the significance of this change on cell fate. As seen in Figure 3D,  protein expression of p62 in NHBF and DHBF (Figures 4B,C).
flow cytometric analysis showed that IL-17 weakened Annexin V. These findings suggest that IL-17 further upregulates autophagy
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FIGURE 4 | IL-17 impairs mitochondrial quality control in bronchial fibroblasts. NHBF and DHBF were serum-starved for 24 h and thereafter, cultured in DMEM
complete medium without or with IL-17 (25 ng/ml) for 48 h for mRNA analysis and 96 h for protein analysis. (A) mRNA expression of autophagy genes, BECN1, ATG5,
LC3B, SQSTM1, and LAMP2 in NHBF and DHBF upon IL-17 stimulation was analyzed by gPCR and expressed as fold expression change relative to the respective
untreated control post normalization to housekeeping gene 18 s rRNA. Data representative of n = 3. (B) Representative immunoblots and (C) densitometric analysis
of autophagy markers, with LC3B lipidation represented as the ratio of LC3BII to LC3BI and p62 expression, mitophagy markers, PINK1 and Parkin, and
mitochondrial biogenesis markers, SIRT1, and PGC1a. Data representative of three independent experiments. B-actin was used as loading control. Data presented as
mean + SEM after normalization to the respective untreated control (Complete Medium). Statistical significance assessed by unpaired t-test with multiple
comparisons using the Holm-Sidak method. *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001.

by elevating the expression of autophagy-related genes in S-  autophagy in bronchial fibroblasts using bafilomycin-Al (Baf-
As fibroblasts. Al) that blocks autophagosomal fusion with lysosomes (27). Baf-
Next, we aimed to determine the direct effects of IL-17 on A1, thus, causes the accumulation of autophagosomal vacuoles,
mitochondrial QC in bronchial fibroblasts. In NHBF, there was ~ which can be confirmed by the increased abundance of LC3BII
a trend toward an increase in the expression of PINKI and  and p62 in cells treated with Baf-Al. The bronchial fibroblasts
Parkin with IL-17 treatment (Figures 4B,C). However, this was ~ were pre-treated with Baf-Al at 10nM for 4h and then
not accompanied by a corresponding increase in SIRT1 and  stimulated with IL-17 for up to 48 h for mRNA and up to 96h
PGCla expression. In contrast, a marked decline in SIRT1  for protein analyses. NHBF and DHBF were further co-incubated
and PGCla expression was noted in NHBF (Figures 4B,C).  with 10uM of FCCP in the final 2h of treatment to induce
IL-17 thus, contributed to increased mitophagy and lowered  mitochondrial uncoupling and to serve as a positive control
biogenesis in non-asthmatic fibroblasts. Surprisingly, IL-17  for mitochondrial damage (28). FCCP treatment stimulated an
stimulation led to a significant reduction in PINK1 and Parkin  increase in BECNI gene expression (Figure 5A) and increased
expression (Figures 4B,C) together with a significant drop in  accumulation of LC3BII and p62 proteins (Figures 5B,C) in
SIRT1 and PGCla levels in DHBF (Figures 4B,C). These results ~ NHBE, indicating the stimulation of autophagy machinery upon
suggest that chronic exposure to IL-17 disrupts the balance  mitochondrial damage. Stimulation of PINKI and PRKN gene
between mitophagy and mitochondrial biogenesis leading to  expression was induced by FCCP in NHBF (Figures 5D,E),
impairment in the mitochondrial quality control machinery in  in agreement with the fact that FCCP induced mitochondrial
bronchial fibroblasts. uncoupling signals the removal of damaged mitochondria by
increasing mitophagy. NHBF demonstrated a quick response

) to FCCP treatment within 2h. Baf-Al significantly decreased

Autophagy Triggers IL-17 Induced BECNI gene expression (Figure 5A) and increased LC3B and
Mitochondrial Dysfunction p62 accumulation (Figures 5B,C) in NHBF, indicating successful
We observed that the enhanced autophagy levels in S-As  inhibition of autophagy flux in NHBF. Baf-Al treatment also
fibroblasts was further elevated in response to IL-17. In order  suppressed mitophagy tagging in NHBF as a reduced trend in
to study further the role of autophagy in IL-17 induced  PINKI and PRKN gene expression was observed (Figures 5D,E).
mitochondrial dysfunction, we pharmacologically inhibited  Stimulation with IL-17 marginally increased the abundance of
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FIGURE 5 | Autophagy triggers IL-17 induced mitochondrial dysfunction. NHBF and DHBF were serum-starved for 24 h, pre-treated with Bafilomycin-A1 (10 nM) for
4 h and thereafter, cultured in DMEM complete medium without or with IL-17 (25 ng/ml) for 48 h for mRNA analysis and 96 h for protein analysis. The cells were
co-incubated with FCCP (10 wM) in the final 2 h of treatment. (A) mRNA expression of autophagy gene, BECN1, in NHBF (left panel) and DHBF (right panel) was
analyzed by gPCR and expressed as fold expression change relative to the respective untreated control post normalization to housekeeping gene 18 s rRNA. Data
representative of n = 3. (B) Representative immunoblots and (C) densitometric analysis depicting expression of autophagy markers, LC3B and p62, in NHBF and
DHBF. GAPDH was used as loading control. Data representative of two independent experiments. (D) mRNA expression of PINK1 and (E) Parkin in NHBF (left panel)
and DHBF (right panel) was analyzed by gPCR and expressed as fold expression change relative to the respective untreated control post normalization to
housekeeping gene 18's rRNA. Data representative of n = 3. Data presented as mean + SEM after normalization to the respective untreated control. Statistical
significance assessed by 1-way ANOVA with Tukey’s multiple comparison tests. *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001.

LC3BII and p62 in NHBF compared to time-matched untreated and PRKN mRNA levels (Figures 5D,E) in DHBF. Taken
controls (Figures 5B,C). However, PINK1 and PRKN gene together, these findings suggest that IL-17 induced mitochondrial
expression was not affected by IL-17 in NHBF (Figures 5D,E).  dysfunction in S-As fibroblasts is regulated by autophagy.
Co-treatment with IL-17 and Baf-Al reduced the PINK1 and  Blocking autophagy reduced the expression of PINK1 and Parkin,
PRKN gene expression to the lowest levels when compared to  indirectly suggesting an improvement in mitochondrial health
untreated controls (Figures 5D,E). resulting in a reduced demand for transcriptional regulation of
In DHBE FCCP induced LC3BII and p62 accumulation  PINKI and Parkin-mediated mitophagy.
(Figures 5B,C). However, PINK1 and PRKN gene expression .
was not affected by FCCP (Figures 5D,E), reinforcing the Autophagy Triggers IL-17 Induced
presence of depolarized mitochondria in DHBF. IL-17 induced ~ Pro-fibrotic Phenotype
activation of autophagy in DHBF as observed by elevated  Finally, we aimed to investigate whether there was an
BECNI gene expression (Figure 5A) and buildup of LC3BII  association between autophagy and IL-17 induced fibrogenesis in
and p62 proteins (Figures 5B,C) upon IL-17 treatment. A bronchial fibroblasts. Since asthmatic airways are characterized
significant increase in PINK1 (1.3-fold) and PRKN (1.28-fold) by increased deposition of ECM proteins, including collagen
gene expression (Figures 5D,E) by IL-17 was also noted in these  types I, I1I, and V (COL1A1, COL3A1, COL5A1), and fibronectin
fibroblasts, which suggested that IL-17 induced mitochondrial ~ (FN1) (29), we first characterized their baseline expression in
damage in DHBF signaling their detection and increased tagging ~ NHBF and DHBF. As expected, the S-As fibroblasts exhibited
by PINK1 and Parkin. Interestingly, co-treatment with IL-17  significantly higher mRNA expression of collagen subtypes,
and Baf-Al reversed the IL-17 mediated changes in PINK1 ~ COL1A1 (p < 0.0001), COL3A1 (p < 0.0001), and COL5A1 (p
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FIGURE 6 | Autophagy triggers IL-17 induced pro-fibrotic phenotype. NHBF and DHBF were serum-starved for 24 h, pre-treated with Bafilomycin-A1 (10 nM) for 4 h
and thereafter, cultured in DMEM complete medium without or with IL-17 (25 ng/ml) for 48 h. (A) mRNA expression of fibrotic genes, COL1A1, COL3A1, COL5A1 and
FN1, at baseline in NHBF and DHBF. Data representative of n = 3. mRNA expression of (B) COL1A1, (C) COL3A1, (D) COL5A1, (E) FN1, and (F) ACTA2, in NHBF (left
panel) and DHBF (right panel) was analyzed by gPCR and expressed as fold expression change relative to the untreated control post normalization to housekeeping
gene 18s rRNA. Data representative of n=3. Data presented as mean + SEM after normalization to NHBF or the respective untreated control. Statistical significance
assessed by (A) unpaired two-tailed t-test or (B-F) 1-way ANOVA with Tukey’s multiple comparison tests. *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001.

< 0.0001) when compared to NHBF (Figure 6A). Although a
trend toward an increase in mRNA expression of FN1 was noted
in DHBF relative to NHBE it was not statistically significant.
Thus, the severe asthmatic fibroblasts used in this study
demonstrated an increased pro-fibrotic profile when compared
to their healthy counterparts.

We then evaluated whether the mRNA expression of these
fibrotic genes as well as a-smooth muscle actin (ACTA2), a
marker of myofibroblast differentiation, in bronchial fibroblasts
was dependent on autophagy or IL-17 by inhibiting autophagy
flux using Baf-Al. As shown in Figures 6B-F, at basal levels,
blocking autophagy using Baf-Al significantly decreased the
expression of COL1A1, COL3A1, FN1 and ACTA2 in NHBE
and COL1A1, COL3A1, and ACTA2 in DHBF. IL-17 increased
the transcriptional levels of COL1A1 (1.3-fold), COL3A1 (1.6-
fold), COL5A1 (1.3-fold), and FN1 (1.2-fold) in DHBF. IL-
17 also increased the gene expression of some of these ECM
components in NHBE but to a lower extent than in DHBF.
Thus, IL-17 induced a potent fibrotic response in both non-
asthmatic and S-As bronchial fibroblasts. Interestingly, co-
treatment with Baf-A1l reversed the IL-17 induced increase in
COL1A1, COL3Al1, COL5A1 and FN1 in NHBE and COL1A1,
COL3Al, and ACTA2 in DHBF compared to their respective
untreated controls. These findings suggest that IL-17 is a
potent inducer of pro-fibrotic phenotype through induction of
autophagy in bronchial fibroblasts.

DISCUSSION

Fibrosis is a challenging pathophysiological condition to treat in
asthmatics. In fact, the inability of current asthmatic drugs to
reverse fibrosis adds to the burden in asthmatic patients (30).
In the present study, we investigated the effects of IL-17 on
mitochondrial dysfunction and fibrosis in non-asthmatic and
S-As fibroblasts. To our knowledge, this is the first study to
demonstrate that IL-17 accelerated mitochondrial dysfunction
and fibrosis in bronchial fibroblasts, but to a significantly
greater extent in S-As fibroblasts when compared to non-
asthmatic controls. This induction was further shown to be
regulated by the activation of autophagy in these fibroblasts.
Our data suggested that the pre-existing mitochondrial damage
and fibrotic phenotype in S-As fibroblasts were further amplified
by IL-17.

Mitochondrial QC machinery is essential for mitochondrial
homeostasis and induction of mitochondrial damage activates
this machinery to re-establish homeostasis. We first studied the
mitochondrial QC mechanisms of mitophagy and mitochondrial
biogenesis as an indicator of mitochondrial damage. Enhanced
autophagy in S-As fibroblasts was associated with increased
levels of mitophagy and biogenesis compared to healthy
controls (Figures 1A,B). This suggested enhanced mitochondrial
damage in S-As fibroblasts resulting in their continuous
turnover. This was confirmed by the reduced mitochondrial
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membrane potential in these fibroblasts when compared
to their healthy counterparts (Figure 1D). Additionally, the
comparable mitochondrial mass between the two groups of
fibroblasts (Figure 1C) reinforced the continuous turnover of
damaged mitochondria.

PINKI accumulation is a characteristic of mitochondrial
damage and intense PINK1 immunoreactivity was observed
in S-As airway biopsies (Figure 2B), which further confirmed
increased mitochondrial damage in S-As airways than in healthy
airways. The observed increase in autophagy and PINKI
immunoreactivity in S-As fibroblasts may be attributed to their
prolonged exposure to increased levels of IL-17, which is known
to be upregulated in the airway tissue microenvironment in
severe asthma (6).

Because of the increasing implications of the pro-
inflammatory and pro-fibrotic roles of IL-17 in severe asthma,
we investigated the involvement of IL-17 in the mitochondrial
dysfunction observed in S-As fibroblasts. The effects of IL-17
were more evident in S-As fibroblasts than in their healthy
counterparts. In our study, we showed a 5-fold increase in IL-6
expression in NHBF and an 8-fold increase in DHBF upon
IL-17 stimulation (Figure 3A). IL-6 is an important regulator
of pathogenesis in asthma and has also been implicated in
subepithelial fibrosis and airway remodeling in asthma (31). IL-6
is also vital in Th17 biology as it is essential for the differentiation
of naive T cells into Th17 cells, which are key producers of
IL-17 (32). Furthermore, IL-6 stimulation of neutrophils from
asthmatics significantly increased their production of IL-17A
and IL-17F cytokines (33). Therefore, the induction of IL-6
expression in turn in structural bronchial fibroblasts by IL-17
creates a feedforward loop that sustains tissue inflammation
by recruiting neutrophils and other immune cells to inflamed
lung tissues thereby contributing to persistent airway tissue
remodeling (34).

Furthermore, IL-17 significantly decreased the mitochondrial
membrane potential and mitochondrial mass in S-As fibroblasts
(Figures 3B,C). At the same time, a tendency toward a
drop in A¥m and mitochondrial mass was noted in the
healthy fibroblasts (Figures3B,C). These hallmark features
indicated that an IL-17 rich microenvironment renders the
healthy fibroblasts vulnerable to mitochondrial malfunction and
intensifies the pre-existing mitochondrial dysfunction in S-
As fibroblasts. Taken together, our findings suggest that S-As
fibroblasts show greater susceptibility to IL-17.

IL-17 induced reduction in mitochondrial mass implies
enhanced mitochondrial degradation through mitophagy. As
expected, IL-17 increased the expression of autophagy-related
genes (Figure4A), LC3B lipidation and protein levels of
p62 (Figures 4B,C), to a statistically significant extent in S-
As fibroblasts than in healthy. Interestingly, IL-17 treatment
induced an increase in mitophagy in the healthy but it
did not reach statistical significance, while a significant
decline in mitophagy was observed in the S-As fibroblasts
upon IL-17 stimulation (Figures 4B,C). The associated decline
in mitochondrial biogenesis in both group of fibroblasts
(Figures 4B,C) reflect an impairment in the mitochondrial
QC machinery as a result of prolonged exposure to IL-17.

This supports the notion that due to the innate phenotypic
heterogeneity between non-asthmatic and S-As fibroblasts, they
display unique responses to IL-17 stimulation.

Autophagy has emerged as a key player of cell survival in
asthma (35). Increased LC3B expression exerted a cytoprotective
role and inhibited hypoxia-induced epithelial apoptosis in lung
epithelial cells (36). In addition to disabling the mitochondrial
QC machinery, IL-17 inhibited apoptosis by decreasing Annexin
V staining (Figure3D) and inducing an increase in the
expression of anti-apoptotic protein, Survivin (Figure 3E) in
both non-asthmatic and S-As fibroblasts. IL-17 was previously
reported to impair apoptosis in RA synovial fibroblasts through
the activation of autophagy (16) and our findings are in
accordance with this study.

We speculate that as a result of IL-17 induced mitochondrial
damage, the healthy and S-As fibroblasts endure this damage
by increasing their basal autophagy to pathological levels. In
the presence of IL-17, the declining AWm in the otherwise
healthy mitochondria in healthy fibroblasts trigger an increase
in mitophagy to mitigate the damage. However, the increased
mitophagy is not paralleled by an increase in biogenesis. On the
contrary, the continuous dissipation of AWm caused by IL-17
in mitochondria with pre-existing mitochondrial abnormalities
overwhelms the mitophagy and biogenesis machinery resulting
in their malfunction in S-As fibroblasts. Nevertheless, the
decreased mitochondrial mass in these fibroblasts may suggest
the recruitment of alternative mitochondrial degradation
mechanisms, including proteasomes, intramitochondrial
proteolytic systems or vacuole/lysosome-mediated pathway
(37), which may help prevent the accumulation of dysfunctional
mitochondria and hence, overcome mitochondria-induced
apoptosis (38). This may explain the IL-17 induced increased
persistence of the healthy and S-As fibroblasts despite their
mitochondrial dysfunction.

The observation of increased autophagy and mitochondrial
dysfunction brought about by IL-17 in S-As fibroblasts led
us to hypothesize that IL-17 induced autophagy regulates
mitochondrial dysfunction as well as promotes the fibrotic
phenotype of these diseased fibroblasts. Accordingly, inhibition
of autophagy using Baf-A1 reversed the IL-17 mediated increase
in PINKI and PRKN gene expression in S-As fibroblasts
(Figures 5D,E). Co-incubation with IL-17 and Baf-Al also
brought about a significant reduction in PINKI and PRKN
gene expression in the healthy fibroblasts when compared to
their untreated controls (Figures 5D,E). Since increased PINK1
and PRKN gene expression is induced upon mitochondrial
damage, their decreased gene expression may imply a reduction
in mitochondrial dysfunction.

It was however interesting to note that the IL-17 induction
of PINK1 and PRKN gene expression in S-As fibroblasts
(Figures 5D,E) did not correlate with the expression
of their protein products (Figures4B,C). Since IL-17
induced mitochondrial dysfunction in these fibroblasts, the
transcriptional upregulation of PINK1 and PRKN represents
a consequential response. However, it is plausible that IL-17
may also exert an influence on the post-transcriptional factors,
including protein translation, post-translational events and
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protein degradation, thereby, impairing the mitochondrial QC
machinery within these fibroblasts. To this regard, a study by
Chowdhury et al. showed the ability of IL-17A to interact with
microRNAs and thereby affect AUBps protein binding to mRNA
facilitating either mRNA decay or stabilization (39). At the same
time, the kinetics of IL-17 induced gene and protein expression
is currently not well-understood and future studies using
pulse-chase labeling may provide an improved understanding of
this mechanism.

We, along with many others, have previously reported
that subepithelial fibrosis in asthmatic airways is characterized
by increased deposition of collagens, specifically collagen
types I, III and V, and fibronectin (29, 40-42) as well
as increased myofibroblast differentiation (43). Accordingly,
the S-As fibroblasts demonstrated significantly enhanced gene
expression of these collagen subtypes when compared to their
healthy counterparts (Figure 6A). More importantly, we have
also showed the association between increased levels of IL-
17 and collagen types I and III in severe asthmatic bronchial
tissues (42). In a study of orbital fibroblasts in thyroid-
associated ophthalmopathy, IL-17 promoted the gene expression
of collagen types I and III, and ACTA2 (44). In line with
these previous studies, IL-17 augmented the gene expression of
COL1A1, COL3A1, COL5A1, and FNI to a greater extent in S-
As fibroblasts than their healthy counterparts (Figures 6B-E).
Interestingly, IL-17 did not induce myofibroblast differentiation
in bronchial fibroblasts (Figure 6F). This could perhaps be
because parenchymal fibroblasts being major producers of
a-smooth muscle actin (a-SMA) contributed largely to the
myofibroblastic phenotype as opposed to bronchial fibroblasts
(45). Although IL-17 has previously been reported to enhance
the expression of pro-fibrotic genes, its ability to induce ACTA2
expression was found to vary from cell to cell. For instance, IL-
17 alone could not induce ACTA2 expression in primary human
hepatic stellate cells (46). On the other hand, IL-17A promoted
ACTA2 expression in orbital fibroblasts in thyroid-associated
ophthalmopathy (44). Alternatively, autophagy was found to
regulate myofibroblast differentiation in bronchial fibroblasts.

A recent study demonstrated selective activation of autophagy
in a cell context-dependent manner in asthma (47). In this study,
autophagy was found to be critical in the development of airway
remodeling with multiple autophagy markers showing positive
staining in tissue sections of asthmatic airways. Moreover,
inhibiting autophagy using chloroquine was found to attenuate
airway inflammation, airway hyperresponsiveness and airway
remodeling, including a reduction in a-SMA immunoreactivity
in the airways, in allergic asthmatic mice. We have also previously
reported that dysregulation of autophagy is associated with
subepithelial fibrosis in the airways of refractory asthmatics
(19). In this study, ATG5 gene expression positively correlated
with COL5A1 expression in bronchial biopsies from refractory
asthmatics. Interestingly, our results are in line with these earlier
studies as we show that co-incubation of bronchial fibroblasts
with Baf-Al significantly reduced COL1A1, COL3A1, FN1, and
ACTA2 gene expression (Figures 6B-F). Additionally, inhibition
of autophagy also blocked the IL-17 mediated increase in pro-
fibrotic gene signature in both groups of fibroblasts.

CONCLUSIONS

In summary, our data suggest that IL-17 induces mitochondrial
dysfunction and pro-fibrotic signature through the activation
of autophagy in bronchial fibroblasts. This provides insight
into a potential pathway that contributes to fibrosis in severe
asthmatic airways, and reveal the therapeutic potential of
targeting autophagy to subdue fibrosis, particularly in severe
asthmatic individuals.
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A critical role for IL-17, a cytokine produced by T helper 17 (Th17) cells, has been
indicated in the pathogenesis of chronic inflammatory and autoimmune diseases.
A positive effect of blockade of IL-17 secreted by autoreactive T cells has been
shown in various inflammatory diseases. Several cytokines, whose production is
affected by environmental factors, control Th17 differentiation and its maintenance
in tissues during chronic inflammation. The roles of IL-17 in the pathogenesis of
chronic neuroinflammatory conditions, multiple sclerosis (MS), experimental autoimmune
encephalomyelitis (EAE), Alzheimer’s disease, and ischemic brain injury are reviewed
here. The role of environmental stimuli in Th17 differentiation is also summarized,
highlighting the role of viral infection in the regulation of pathogenic T helper cells in EAE.

Keywords: IL-17, Th17, EAE, Alzheimer’s disease, ischemic brain injury

INTRODUCTION

Interleukin-17 (IL-17) is the first-described and founder member of the IL-17 family of
inflammatory cytokines, which contains six members: IL-17A, IL-17B, IL-17C, IL-17D, IL-17E, and
IL-17F. The gene that encodes IL-17A was discovered in 1993 as an RNA transcript homologous
to a Herpesvirus Saimiri gene, and the protein, initially called CTLA-8, was cloned (1). However,
IL-17 attracted widespread attention in 2005, when two independent groups simultaneously
characterized a new population of T helper (Th) CD4+ cells that produced IL-17A, named Th17
(2, 3). T helper CD4+ cells were first marked as the principal source of IL-17, but it was later
shown that CD8+ cells also produce this cytokine, and these cells are termed Tc17. Also, several
types of innate immune cells such as y3 T, natural killer T (NKT), TCRB+ natural Th17, and Type
3 innate lymphoid cells (ILC3) produce IL-17 (4). All of these IL-17-producing cells are termed
“Type 177 cells.

The proinflammatory activities of IL-17 are key in anti-microbial protection of the host,
but uncontrolled IL-17 activity is associated with different immunopathological conditions,
autoimmune diseases, and cancer progression (5). A critical role for IL-17R signaling in protection
against bacterial and fungal infections, particularly by Candida albicans and Klebsiella pneumoniae,
has been described in various studies in mice (6). In humans, mutations in IL-17 signaling genes
(ACT1, IL17RA, IL17RC) are associated with chronic mucocutaneous candidiasis (5, 7, 8). The
same condition also develops in individuals with AIRE deficiency, a condition accompanied by the
production of anti-IL-17 antibodies (9).
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Anti-IL-17A antibodies have shown therapeutic effect in
various inflammatory diseases. Several anti-IL-17 antibodies have
been approved for the treatment of plaque psoriasis (10, 11).
Positive effects of IL-17 blockade have been shown in clinical
trials of ankylosing spondylitis and psoriatic arthritis (12). Anti-
IL17R antibody treatment of Crohn’s disease has been shown
to worsen the disease (13, 14), whereas targeting cytokines
that control the differentiation of Th17 cells and therefore IL-
17 secretion with anti-p40 subunit antibodies (Ustekinumab,
Briakinumab) and anti-IL-6 receptor antibody (Tocilizumab)
showed efficacy (15-17). These findings indicate that IL-17,
by maintaining the integrity of the intestinal barrier, plays a
dominantly protective role that overcomes its potential for tissue
destruction in inflammatory bowel disease (18). Clinical use of
antibodies that target IL-17 signaling gave insights into functions
of IL-17 in humans.

IL-17R SIGNALING

The family of IL-17 receptors contains five different receptors
(IL-17RA, IL-17RB, IL-17RC, IL-17RD, and IL-17RE) with
common a cytoplasmic motif known as the SEFIR domain (19).
IL-17 exists either as a homodimer or as a heterodimer, and
both forms of the cytokine induce signals through dimeric IL-
17RA and IL-17RC receptor complex (5). Binding of IL-17 to
its receptor induces activation of several independent signaling
pathways mediated by a cytosolic adaptor protein, Actl, and
different TRAF proteins (5, 19, 20). IL-17 signaling mediated
through TRAF6 and TRAF4 results in the transcription of
inflammatory genes. Activation of TRAF6 by binding of IL-17
to its receptor leads to triggering of NF-kB, C/EBPP, C/EBPS,
and MAPK pathways, while TRAF4 activation in complex with
MEKK3 and MEKS5 activates ERK5 (21). On the other hand,
the mRNA stability of genes controlled by IL-17 is controlled
IL-17-activated TRAF2 and TRAF5 (22).

Expression of IL-17R is ubiquitous, but the main targets
of IL-17 are non-hematopoietic cells (23). IL-17 signaling
induces the production of proinflammatory cytokines (IL-1,
IL-6, G-CSE, GM-CSE, and TNF) and chemokines (CXCL1,
CXCL2, CXCL5, CCL2, CCL7, CCL20, and IL-8), matrix
metalloproteinases (MMP1, MMP3, MMP9, and MMP13), and
anti-microbial peptides (B-defensins, S-100 proteins) (24, 25).
The biological activities of IL-17 are often the result of synergistic
or cooperative effects of IL-17 and other inflammatory cytokines
(26). There are several mechanisms of negative regulation of
IL-17 signal transduction. The negative regulators of IL-17
signaling are different ubiquitinases, deubiquitinases, kinases,
endoribonuclease, and micro RNAs (21).

However, there is tissue-specific IL-17-dependent gene
induction (27). In gut epithelium, IL-17 regulates the expression
of several molecules that contribute to the preservation of
continuous intestinal epithelium. In renal epithelial cells, IL-
17 induces the expression of kallikrein 1 (28), while in salivary
epithelium, it induces the expression of histatins (29), molecules
that are involved in protection against C. albicans. IL-17-
mediated osteolysis, which is detected in periodontitis and mouse

models of arthritis or periodontal disease, is probably mediated
by a receptor activator of NF-kB ligand (RANKL, TNFSF11, or
osteoprotegerin ligand, OPGL) whose espression is induced by
IL-17 (30, 31).

DIFFERENTIATION OF TH17 CELLS

Th17 cells are classified as an inflammatory subset of T helper
cells that perform key roles at mucosal surfaces where they
mediate protection from bacteria and fungi and also contribute to
the regulation of the mutualistic microorganisms that constitute
the microbiota (32, 33). However, Th17 cells are also one of
the major factors in the pathogenesis of several autoimmune
diseases, including autoimmune disease of the central nervous
system, Multiple sclerosis (MS) (2, 3, 34-39). The process of
differentiation of naive CD4+- cells into Th17 cells is very similar
to that of Thl differentiation, but transcriptional factors that
mediate this are distinct and it require stimulation with the
cytokines IL-1B, IL-6, IL-21, and TGFp, which are produced
by professional antigen-presenting cells (APCs) (32, 40-47).
Cytokines produced by APCs stimulate the JAK-STAT3 axis
and upregulate the expression of transcription factors RORyt
and RORa, identified as markers of the Thl7 lineage (48-
52). The differentiation of Th17 cells is reduced in the states
of IL-6, IL-21, TGFB, or RORyt deficiency, which leads to
reduced production of Th17 cytokines and impaired defense
against extracellular bacteria and fungi but also attenuation of
autoimmunity (41, 48, 53). However, an alternative mode for
the differentiation of pathogenic Th17 cells in the absence of
TGEFp signaling has been described in vivo in Experimental
Autoimmune Encephalomyelitis (EAE) (54). Cytokines that
induce Thl and Th2 differentiation are described as the main
inhibitors of Th17 differentiation. IL-2 is a key repressor of
Th17 differentiation, as it activates transcription factor STAT5
and thus inhibits IL-17 production (55), while inhibition of IL-
2 expression in T lymphocytes stimulates Th17 cell development
(56, 57).

In animal models of autoimmune diseases, proinflammatory
cytokines IL-18 and IL-23 have been shown to be enhancers
and stabilizers of partially or completely differentiated effector
Th17 cells, which dominantly express corresponding receptors
for these cytokines, IL-1R1 and IL-23R (44, 58-61). In line with
this observation, transfer of Th17 cells in vitro obtained by
exposure to IL-6 and TGFp does not induce EAE in mouse, while
Th17 cells obtained by stimulation of naive cells with IL-1p, IL-6,
and IL-23 achieve the pathogenic potential and are able to elicit
EAE (55). In fact, it was later shown that IL-6 and TGFf in Th17
cells induce production of anti-inflammatory cytokine IL-10,
while IL-23 has a critical role in the induction of the endogenous
cytokine TGFp3. Suppression of IL-10 production in Th17 cells
during their differentiation results in high expressions of T-bet,
IL-23R, and GM-CSE markers of Th17 cells with pathogenic
potential (62, 63). Furthermore, IL-1 and IL-23 stimulation
through JunB and SOCS family members (64, 65) affects the
effector profile of Th17 cells and induces the development of
highly pathogenic double-positive IL-17+ IFNy+ and IL-17+
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GM-CSF+ T cells (66-68). These pathogenic double-positive
cells originate from Th17 cells. However, IL-23 is not required
for the differentiation and maintenance of nonpathogenic Th17
cells in the gut and functional plasticity toward T follicular helper
cells (66, 68). The novel genes Gpr65, Toso, and Plzp, identified
by the single-cell RNA-sequencing analysis of ex vivo Th17 cells,
are found to promote Th17 pathogenicity and to cause EAE and
chronic inflammation in the CNS of mice, while CD5 antigen-like
(CD5L) attenuates Th17 cell-mediated disease (69, 70).

Before activation, T cells do not express receptors for
cytokines IL-1 and IL-23 (58, 71). During the initial phase of
Th17 differentiation, IL-6 induces binding of RORyt to the
II1r1 locus and binding of STAT3 to the I123r locus, leading to
the expression of these genes (54). Phosphorylation of STAT3
increases the expression of the conserved miR-183/96/182 cluster,
which in turn reduces the expression of Foxol, a transcription
factor that negatively regulates the expressions of IL-1R1 and IL-
23R (72). The Major Transcriptional Effector of Notch Signaling,
RBPJ, promotes IL-23R expression and induces pathogenicity
of Th17 cells (73). The differentiation of Th17 is stabilized by
positive feed-forward loop stimulation with IL-1f and IL-23,
accompanied by upregulation of IL-1R and IL-23R (50, 74).
The hallmark of effector Th17 cells is IL-23R expression, and
its signaling promotes the expression of transcriptional factor
Blimp-1, which induces the expression of several genes in vivo,
leading to the enhanced pathogenicity of Th17 cells (75).

The differentiation of human Th17 cells in vitro, similar
to mouse Th17 cells, requires IL-1, IL-6, IL-23, and TGFf.
Initially, a few studies demonstrated that TGFf was not required,
while stimulation with IL-1f, IL-6, and IL-23 was sufficient for
induction of human Th17 cell differentiation (76, 77). Later
studies showed that TGFp, IL-23, and IL-1f (or IL-6) were the
key factors needed for differentiation of human Th17 cells under
serum-free conditions, since serum could be the source of TGFp
or aryl hydrocarbon receptor (AhR) ligands (78, 79). In line with
findings regarding Th17 differentiation in mouse, IL-23 is also the
key player in the differentiation of human Th17 cells; moreover,
human CD4+ T cells express IL-23R before activation and
immediately respond to IL-23, while IL-23 signals in accordance
with stimulation with IL-1p further upregulate IL-23R expression
(78, 80). Described dominant-negative mutations of STAT3 gene,
which can be manifested by hyper-immunoglobulin E syndrome,
inadequate Th17 cell differentiation, and reduced production
of IL-17, supports the roles of STAT3 in the IL-6- and IL-23-
mediated process of Th17 differentiation in humans (81, 82).

ENVIRONMENTAL FACTORS THAT
AFFECT THE PATHOGENIC POTENTIAL OF
TH17 CELLS

Different environmental factors modulate the reactions of the
immune system and strongly accelerate the pathogenic potential
of Th17 cells. T helper cells under Thl7 culture condition
increase expression of the aryl hydrocarbon receptor (AhR), a
ligand-dependent transcription factor that senses environmental
toxins and endogenous molecules such as metabolites of

tryptophan, and the stimulation of this molecule induces the
release of IL-17 and IL-22 by effector Th17 cells (83, 84).
The transcription factor, hypoxia-inducible factor 1 (HIF-1), a
key metabolic sensor, directly regulates expression of RORyt
and IL-17 at the transcriptional level and promotes Thl7
differentiation (85, 86). Signaling via kinase complex mTORC1
coordinates metabolic and transcriptional programs that regulate
the development of pathogenic Th17 cells (87). Disrupted
mTORCI signaling in Th17 cells leads to upregulated expression
of TCF-1 (transcription factor T-cell factor 1) and development
of stemness-like features, while transdifferentiation in the Th1 is
arrested. Mice with blocked mTORCI1 activity are protected from
EAE, while their Th17 cells do not express T-bet and IFN-y (87).

A high-salt diet can enhance the differentiation of Th17
cells and thus contribute to the development of EAE (88,
89). Exposure to a high-salt diet induces the expression of
serum glucocorticoid kinase 1 (SGK1), which promotes the
expression of IL-23R and thus stabilizes pathogenic Th17 cells
and enhances the production of GM-CSF (88, 89). Since mice
with T-cell-specific deletion of Sgkl develop attenuated EAE,
without exacerbation after exposure to a high-salt diet, it appears
that a high-salt diet modulates EAE severity by its direct effect on
T-cell differentiation (88).

TH17 AND IL-17 IN MULTIPLE SCLEROSIS
AND EAE

Multiple sclerosis is a chronic inflammatory disease of the
central nervous system (CNS) that is characterized by damage
to myelinated axons in the CNS, leading to the loss of myelin
sheath. Inflammatory processes that cause myelin damage lead to
the destruction of oligodendrocytes and axons, with subsequent
axonal loss, and transient or permanent loss of neurologic
functions, resulting in various types of disabilities of different
severity (90). An overall reduction in CNS volume is very
often seen in MS. Localized inflammatory foci can be found
in the white matter in almost all areas of CNS, with a
considerable number of plaques in the gray matter and anywhere
in the CNS parenchyma, including the optic nerves, brainstem,
periventricular white matter, and cervical spinal cord (91-93).
The course of MS and clinical symptoms are highly variable
and unpredictable, varying from a relatively benign illness with
minimal impairment to a rapidly evolving and life-threatening
disease that requires serious medical treatment (94).

The precise etiology of MS is unknown, but it is considered
that both genetic and environmental factors play significant
roles in its development (95). The pathogenesis of MS also
remains elusive, but it is believed that MS is an autoimmune
disease mediated by auto-reactive CD4+ T cells specific for
myelin antigens. Autoreactive T cells initiate and perpetuate an
inflammatory cascade, resulting in demyelination and axonal
loss (96). The huge heterogeneity of disease course in patients
with MS and in the histopathological features seen in the CNS
indicates that multiple immunopathological pathways contribute
to the disease development. Evidence from clinical studies
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suggests that inflammatory mediators, such as cytokines, play an
essential role in the pathogenesis of MS (91, 97).

The pathogenesis of MS has been mostly described by analogy
to EAE, an animal model of MS (98-100). In typical EAE
induced by immunization with autoantigen, myelin-specific
CD4™ T cells are activated in the lymph organs in the periphery,
develop encephalitogenic potential, and infiltrate the CNS, where
they recognize specific autoantigens presented by local antigen-
presenting cells (APCs) and reactivate. The inflammatory process
in MS is initiated by binding of pathogen-associated molecular
patterns (PAMPs) from pathogens or commensal bacteria and
damage-associated molecular patterns (DAMPs) from dead or
dying cells to pathogen recognition receptors (PRRs), leading
to activation of innate immune cells and production of IL-1,
IL-6, IL-12, IL-18, and IL-23, cytokines that promote the
differentiation and expansion of encephalitogenic Th1 and Th17
cells (101, 102). Myelin-specific CD4+ T cells that enter the
CNS are reactivated and expanded by the IL-1f and IL-23
produced by resident microglia and infiltrating inflammatory
monocytes. Encephalityogenic Thl and Th17 cells in the CNS
produce inflammatory cytokines that activate glial cells to
produce inflammatory mediators, matrix metalloproteinases,
chemokines, and free radicals, which induce myelin damage,
leading to manifestations of neurologic deficits (65, 66, 101,
103). One of the main differences between MS and animal
models (EAE) is the localization of demyelination. In EAE
demyelination, is mainly located in the spinal cord, whereas in
MS, this process mainly affects the cerebral and cerebellar cortex
(104). The dominant population of T cells in active MS lesions
are CD8+ T cells, but in EAE, the primary encephalitogenic
T cells and dominant population in CNS infiltrates are CD4+
T cells, with less evidence for the role of CD8+ T cells (105).
Neurodegeneration is more typical for MS, while in EAE models,
the dominant finding is neuroinflammation (106). In the later
stages of MS, neurodegeneration appears to be independent of
the inflammatory process, which cannot be found in the acute
inflammatory EAE model (107). However, axonal and neuronal
loss and demyelination with remyelination can be observed in
EAE in Biozzi antibody high (ABH) mice (108). Despite the
limitations of the EAE models, the main findings regarding MS
pathogenesis have come from EAE studies, as has the design,
development, and validation of many therapeutics used for the
treatment of MS (109).

Cytokines play roles in the pathogenesis of MS and EAE
and in the processes of inducing oligodendrocyte cell death,
neuronal dysfunction, and axonal degeneration (110). Th17 cells
are considered to be one of the key effectors of autoimmune
inflammatory diseases, including MS and experimental disease
EAE (2, 111-113). Increased expression of IL-17- and Th17-
associated transcripts (116, I117a) has been demonstrated in MS
plaques collected at autopsy (114). Further, IL-17 was marked as
the highest-ranking gene expressed in the CNS of MS patients
at autopsy (114); this was before the discovery of Th17 cells.
Also, another report indicated that MS is a primarily IL-17-
mediated autoimmune disease (78). Later, the results of various
studies showed that a single nucleotide polymorphism (SNP) in
IL-23R gene is linked to several human autoimmune diseases,

indicating that IL-23 signaling is an essential event in the
development of pathogenic Th17 cells. It is known that IL-17
can stimulate the production of other proinflammatory cytokines
and chemokines and thus evince a powerful proinflammatory
effect (115). The concentration of IL-17 is significantly higher in
the serum of MS patients with relapses and remissions than in
normal, healthy subjects (116) and is in correlation with disease
activity, as demonstrated by magnetic resonance imaging (117).
Consistently with the increased concentration of IL-17 in liquor
and peripheral blood of MS patients, the proportion of Th17
cells is also increased, especially during relapses, while there is
no change in Thl cells (118, 119). Th17 cells are able to cross
the blood-brain barrier, and their presence in MS lesions is
associated with enhanced neuroinflammation (120). It has been
shown that IFN-y-producing Th17 cells cross the blood-brain
barrier and accumulate in the CNS during the active phase of
MS (121). Besides CD4+ T cells, there is evidence that IL-17-
producing CD8 T cells contribute to CNS tissue damage in EAE
and are also present in the liquor of patients with MS (122, 123).
Importantly, it has been documented that the cells that enter the
CNS in the first wave of CNS infiltration are Th17 cells (124),
followed by infiltration with other immune cells that further
promote and sustain tissue inflammation. Also, the presence of
IL-17- and IL-22-producing Th cells has been reported in the
early stages of MS (125).

Beneficial effects of treatment with rituximab, blocking anti-
CD20 antibody, in EAE are associated with decreased production
of several cytokines, including IL-17 (126). Neutralization of IL-
17 can significantly attenuate the progress of EAE by attenuating
the induction of pathogenic cytokines (58). Also, EAE severity
was ameliorated in IL-17-deficient animals (123, 127, 128), while
the disease was mild, with delayed onset, in RORyt-deficient
mice (48).

One study indicates that the beneficial effect of vitamin
D supplementation in MS patients is mediated by alleviating
the percentage of pathogenic T-cell subsets that produce IL-
17 (129). It has also recently been shown that amelioration
of MS by dimethyl fumarate is associated with suppression of
IL-17+ CD8+ Tcl17 cells (130). The beneficial effect of statins
in some forms of MS could be due to their effect on Th17
cells (131). Phase Ila study has been conducted in order to
investigate possible beneficial effects of Secukinumab, an IL-
17A-neutralizing monoclonal antibody. No adverse effects of
Secukinumab were detected, while the results of this study
indicate that blocking IL-17A with an antibody may reduce MRI
lesion activity in MS (132).

There are studies that demonstrate the importance of Th17
cells in EAE and MS, but there is also evidence that indicates that
Th1 cells are the main mediators of neuropathology in the EAE
model (113, 133). Several reports indicated that IFN-y-deficient
and IFN-yR-deficient mice, as well as anti-IFN-y-treated mice,
develop EAE (134, 135). Also, there are reports showing a
protective role for IFN-y in EAE, mediated by the supression
of pathogenic Th17 cells (3). The presence of T cells that
coexpress IL-17 and IFN-y under inflammatory situations has
been reported (136, 137). These Th1/Th17 cells were noticed in
the CNS of mice with EAE (138). Data obtained from the mouse
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studies indicate that Th17 cells lacking I117a generated in vitro
are able to induce EAE upon adoptive transfer, similar to wild-
type Th17 cells (127, 139). Finally, it seems that there is significant
plasticity of Th17 cells, with evidence that lymphocytes obtained
from the blood of MS patients have an increased potential to
switch from IL-17-secreting Th17 cells to IFN-y-secreting Th1,
also called ex-Th17 cells (121).

Several studies have demonstrated that IL-23, a cytokine
essential for the differentiation and expansion of Thl7 cells,
promotes EAE more robustly than IL-12, a cytokine that
stimulates the development of INF-y-producing Th1 cells (140).
IL-23 is a covalent heterodimer of p40 (IL-12) and pl19 (IL-
23) subunits (70). IL-12 and IL-23 share the p40 subunit. The
same cell types, mainly dendritic cells, produce both of these
two cytokines, but their relative ratio depends on the nature
of stimuli that activate dendritic cells (141). IL-12RB2-deficient
mice with excluded IL-23 signaling are more susceptible to EAE,
develop disease earlier, and have more severe disease, with greater
demyelination and CNS inflammation, compared to WT mice
(142). This result was contrary to findings in IL-12RB1-deficient
mice (excluded IL-12 signaling) (143). Also, it has been shown
that IL-23, not IL-12, plays the key role in the development of
CNS autoimmune inflammation, affecting the subset of memory
Thl cells (144). It has also been shown that IL-23 induces
differentiation of highly encephalitogenic Th cells that produce
IL-17A (145).

In attempts to clearly define the roles of Thl and Thl7
subpopulations in MS pathogenesis, it was shown that the
transfer of Th17 cells induces more severe EAE compared
to Thl cells (58). Another study showed that autoantigen-
specific Thl and Thl7 cells were able to induce disease
with similar severity but with different pathological findings
(133). Thl-mediated neuroinflammation was characterized
by macrophage infiltration, while, in Th17-mediated disease,
neutrophil predominated in CNS infiltrates (133). Also, it
was found that Th17 cells induce mainly brain damage, in
contrast to Thl cells, which dominantly induce spinal cord
inflammation (146).

IL-17 mediates EAE development by the stimulation of IL-
17R expressed on endothelial cells, astrocytes, microglia, and
resident neuroectodermal cells (147). Mouse astrocytes express
receptor for IL-17 (148) when stimulated with recombinant IL-
17A in vitro, but also, in vivo in the EAE model, they produce
various cytokines and chemokines, IL-6, TNFa, CCL2, CCL3,
CCL20, CXCL1, CXCL2, CXCL9, CXCL10, and CXCL11 (IP-
9) (149-151), that promote the influx of immune cells into
the CNS and mediate neuroinflammation. Similarly, human
astrocytes cultured with IL-17 in vitro produce IL-6, a cytokine
that perpetuates the differentiation of CD4 naive cells into Th17
cells (152). The role of IL-17-mediated activation of astrocytes
in EAE pathogenesis was confirmed by attenuation of EAE in
animals with blocked IL-17 signaling in astrocytes (152). IL-17
also contributes to EAE development by affecting the activity of
NG2+ oligodendrocyte precursor cells (OPCs) (153). Further,
in vitro treatment of these cells with IL-17 strongly inhibits
the maturation of oligodendrocytes and reduces their survival
(154). Another study also indicates that IL-17 mediates apoptosis

and inhibits differentiation of oligodendrocytes in vitro (155).
IL-17 stimulates the maturation of primary OPCs and their
participation in inflammatory processes (156). Microglial cells
stimulated in vitro with IL-17 produce inflammatory mediators
IL-6 and CXCL2, while only LPS pre-stimulated microglia exert
enhanced cytotoxic effects (157). Further, microglial cells co-
cultured with Th1/Th17 cells, but not Thl-only cells, produce
high amounts of IL-1f, IL-6, and TNF-a, which promote further
Th17 differentiation, neuroinflammation, and damage (158). IL-
17 disrupts blood-brain barrier (BBB) tight junctions in vitro
and in vivo in MS and promotes CNS inflammation (120). In
an EAE model, it has been shown that IL-17 disrupts BBB by
the induction of oxidative stress in endothelial cells accompanied
by down-modulation of the tight junction molecule occludin
(159).IL-17A levels are elevated in the CSF of relapsing-remitting
MS patients, and this level correlates with the level of BBB
dysfunction. Also, the treatment of BBB cell line hCMEC/D3
with a combination of IL-17A and IL-6 reduces the expression of
tight junction-associated genes and disrupts monolayer integrity
(160). Indirect evidence supports the role of IL-17 in direct
neuronal damage. Different neuronal populations express IL-17
receptor (161). Direct contact, resembling immune synapses, of
MOG-specific Th17 cells and neurons in demyelinating lesions
associated with axonal damage has been shown by confocal,
electron, and intravital microscopy, indicating the central role of
Th17 cells in neuronal dysfunction (162).

IL-22, a cytokine whose production specifically induces IL-
23, contributes to the pathogenicity of Th17 cells (163). It has
been reported that IL-22 contributes to MS severity (120) as
well as dysregulated expression of IL-22 and its antagonist,
IL-22BP (164). Single nucleotide polymorphism in the IL-
22R A2 gene is associated with MS risk (91, 165). IL-22 can
contribute to MS pathogenesis by enhancing the expression of
Fas in oligodendrocytes, resulting in oligodendrocytic apoptosis,
and decreasing the expression of FOXP3 in T cells (166).
Production of IL-22 is increased during the peak phase of
EAE and is decreased during remission (167). However, beside
involvement in many neurological inflammations, IL-22 may also
be protective (168).

Although Th17 cells and their hallmark cytokines IL-17, IL-
22, and IL-23 have been marked as the crucial players in the
pathogenesis of MS and EAE, however, mice lacking IL-17 and
IL-22 develop EAE (62, 169).

Findings indicating that GM-CSF has the key role in the
encephalitogenic potential of Th17 cells in mice (74, 170, 171),
specifically, increased levels of GM-CSF in the cerebrospinal fluid
and serum of active MS patients with the relapsing-remitting
type of the disease and increased secretion of GM-CSF from
T cells isolated from the peripheral blood and brain lesion of
MS, suggest that GM-CSF also plays an important role in MS
development (172, 173). Unlike other cytokines, GM-CSF plays a
non-redundant role in EAE development, and its secretion alone
is able to provide development of autoaggressive and pathogenic
MOG-specific T cells (170). GM-CSF-deficient Th cells are
not able to induce EAE, indicating that the encephalitogenic
potential of both Thl and Th17 cells depends on their GM-CSF
production (74).
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In our previous studies, we have shown that overcoming
resistance to induction of EAE with MOGss_55 peptide
of BALB/c mice by infection with murine cytomegalovirus
(MCMV) (174) or by deletion of ST2 gene (169) is associated with
increased production of IL-17 in T cells.

Disease developed by MCMV-infected BALB/c mice is
accompanied with an increase in IL-17-positive CD4+4 and
CD8+ cells in the central nervous system. Brain infiltrates in
MCMV-infected BALB/c mice were more significant that in
C57BL/6 mice, with a similar number of CD4+ and CD8+
cells, contrary to the dominantly CD4+ cells in C57BL/6
mice, which develop “typical” EAE (105). The encephalitogenic
potential of CD4+ T cells in the CNS infiltrates of BALB/c
mice is further documented by the detection of CCR6, the key
molecule that mediates the initial infiltration of the CNS by Th17
cells (174, 175). Almost equal participation of IFN-y- and T-
bet (Th1)- and IL-17- and RORyt (Th17)-expressing cells was
found in the CNS of MCMV-infected MOG35_55 immunized
BALB/c mice, in contrast to almost exclusive CNS infiltration
with Thl cells in C57BL/6 mice infected with yHV-68 before
EAE induction (174, 176). Further, CNS infiltrates of BALB/c
mice infected with MCMV before MOG35_55 immunization
contained CD8+ cells that express T1 and T17 transcriptional
factors and corresponding cytokines, TNF-a and IFN-y (Tc1) and
IL-17 (Tcl7 cells) (174).

Since cerebrospinal fluid of early-stage MS patients contains
a greater number of Tcl7 cells in comparison with peripheral
blood, these cells are considered to be required for the
accumulation of Th17 cells in the CNS in MS (177). No
inflammatory T1 and T17 cells were found in the CNS of
BALB/c mice immunized with MOGs3s5_55 (174), while in the
CNS of unimmunized BALB/c mice infected with MCMV
neonatally, Tcl cells (IFN-y and T-bet+) dominated (178).
CD8+ T cells isolated from CNS of MCMV-infected and
MOGs35-_55-immunized mice produced inflammatory cytokines
in response to in vitro MOGss_55 peptide stimulation but
were not specific for viral epitopes pp89 and ml64 (174).
These findings indicate that the newly developing autoimmune
process in MOG35_s5-immunized BALB/c mice previously
infected with MCMV attracts a new population of IL-17-
producing CD8+ cells that participate in the development of
autoimmunity (177). These findings are in line with previous
reports that the expansion of myelin-specific CD8+ T cells
follows CD4+ T cell-mediated initiation of the autoimmune
process in CNS, thus contributing to tissue damage (179).
The significant presence of IL-17-, CCR6-, and RORyt-positive
CD4+ and CD8+ cells in the CNS of MOG35_55_immunized
BALB/c mice with non-productive MCMV infection in contrast
to uninfected BALB/c mice immunized with MOG3;5_55, with
negligible number of these cells in the CNS, indicates that MCMV
infection probably modulates the activation and differentiation
of antigen-presenting cells in the periphery, changing their
signature cytokines, and thus, after additional stimulus, enables
the development of Th17/Tcl7 cells with encephalitogenic
potential (174).

Our results indicate that MCMYV infection of BALB/c mice
significantly affects dendritic cells in peripheral lymph nodes,

thus enabling differentiation of encephalitogenic cells (174). In
line with the well-known capacity of MCMYV to encode an analog
of chemokine CCL2 (180) that induces monocyte recruitment
and viral dissemination (181), we found a higher percentage
of CCR2+ dendritic cells in the peripheral lymph nodes of
MCMV-infected mice (174). In contrast with a previous report
that MCMYV attracts monocytes that acquire immunosuppressive
characteristics (182), we found higher percentages of dendritic
cell-expressing markers of activation, CD86 and CD40, and Th1-
promoting cytokine IL-12, indicating that MCMV infection of
BALB/c mice increases the proportion of inflammatory dendritic
cells in peripheral lymph nodes and thus enables the development
of encephalitogenic T cells (174).

IL-17 IN ALZHEIMER’S DISEASE

Alzheimer’s Disease (AD) is the most common
neurodegenerative disorder causing cognitive impairment in the
elderly (183, 184). The histopathological hallmarks of AD are
amyloid plaques in the brain, mainly consisting of fibrillary forms
of amyloid B peptide-40 (AB-40) and amyloid B peptide-42 (AB-
42) (185). The fibrillary forms of amyloid f found in the amyloid
plaques are obtained by a sequential cleavage from amyloid
precursor proteins (186, 187). Highly insoluble AP peptides
generated in the CNS play a crucial role in the pathogenesis of
AD; they activate the complement pathway (168) and stimulate
microglia to produce the proinflammatory cytokines and
chemokines and thus induce accumulation of inflammatory cells
into the CNS (188, 189). This proinflammatory process mediated
by microglia leads to neurodegeneration (188, 190), although
microglia play a protective role also, due to the clearing of Af
aggregates by phagocytosis (191). AP peptides also increase the
production of reactive nitrogen and oxygen species by microglial
cells, leading to oxidative stress development, stimulation of
Th17 cells, and IL-17 production (192, 193). It appears that the
main roles of IL-17 in AD pathogenesis are the attraction of
neutrophils and the stimulation of their function. It has been
shown that AP aggregates mediate the chemotaxis and the
recruitment of neutrophils in the CNS of mice overexpressing
human mutant amyloid precursor protein (APP), which produce
IL-17 and thus amplify neutrophil entry in the CNS (192),
although mesenteric lymph nodes of these mice have lower
production of IL-17 as a consequence of reduced differentiation
of Th17 cells (194). Since neutrophils are the main targets of
IL-17 in the CNS but are also very important sources of this
cytokine, these cells, by promoting inflammation and CNS tissue
damage, could have an important role in the development of
AD pathology. Results from in vitro experiments indicate that
IL-17 might promote autophagy in neurons and thus induce
neurodegeneration (195).

There have been more reports about the role of innate
immunity in AD than about adaptive immunity, but increased
activation of T and B lymphocytes was recently demonstrated
in a triple transgenic mouse model that replicated Af and tau
neuropathology (196). Moreover, it has been shown that these
cells produced high levels of IL-2, TNF-a, IL-17, and GM-CSE,
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indicating that neurodegeneration in these mice is associated
with Th17 polarization (196). Increased expression of IL-17, IL-
22, and RORyt has been found in the hippocampus, CSE and
serum of rats after intrathecal injection of AB-42 peptide (197). In
the same study, Zhang et al. indicated that after disruption of the
blood-brain barrier with Ap-42 injection, Th17 cells enter into
the brain (197). Tian et al. reported that postoperative cognitive
dysfunction is associated with an enhanced level of IL17A in the
hippocampus and suggested that IL-17-mediated damage of the
hippocampus leads to AB1-42 accumulation and thus probably
to cognitive decline (198). Increased expression of RORyt, IL-23,
and IL-17 was found in the brains of AB-42-injected rats, while
Treg-related cytokines TGF-f and IL-35 were decreased (199).
Activated Thl or Th17 cells in the brain produce inflammatory
cytokines IFN-y or IL-17 and thus heighten the inflammatory
cascade, recruit and activate immune cells, and promote AD
neuropathology (192, 200).

In MS, cytokines released by Th17 cells bind to their receptors
on neurons and activate the apoptotic pathway, leading to
neurodegeneration (201). Expression of Fas and FasL is also
increased in the brain of AD rats (197, 202), and it could
be assumed that Th17 cells activate the apoptotic pathway in
neurons by Fas/FasL interaction and thus contribute to the
development of neurodegeneration in AD (197, 203).

Elevated levels of IL-1f in the brains of AD mice homozygous
for a destructive mutation of TLR4 cause up-regulation of
IL-17 (204). In a very recent study, it has been shown that
the administration of blocking anti-IL-17 antibody decreases
the cognitive impairment and neuroinflammation induced
by APj_4 injection into cerebral ventricles of adult CD1
mice, as suggested by reduced AP;_4, glial fibrillary acidic
protein (GFAP), S100 proteins, and inflammatory mediators
and cytokines (205). This result supports the previously
indicated role of IL-17 and related cytokines in promoting
AD neuroinflammation and neurodegeneration (206). On the
other hand, there is a study that indicates a protective role
for IL-17 in an animal model of AD (207). Intracranially
overexpressed IL-17 reduced cerebral amyloid angiopathy and
improved anxiety and learning deficits (207). Further, it has
recently been shown that ICR mice injected with IL-17 have
an improvement in spatial learning as measured by the Morris
water maze test, which is associated with the promotion of
maturation of already-formed neuroblasts and the inhibition of
neuroprogenitor proliferation (208).

The number of both CD4+ and CD8+ T cells in the brain
parenchyma and vascular endothelium in humans with AD is
higher than in healthy controls (209). Further, naive lymphocytes
obtained from AD patients had increased production of Th17-
related cytokine IL-21 and had higher expression of Thl7
transcription factor RORyt, while monocytes obtained from the
same patients produced higher amounts of IL-6 and IL-23 (210).
A higher proportion of Th17 cells has been noticed in peripheral
blood of patients with mild cognitive impairment due to AD
pathology than in subjects with mild cognitive impairment due
to pathologies other than AD and healthy controls (211). Also,
higher concentrations of IL-17 and IL-23 were detected in the
serum of AD patients than in healthy controls (212). IL-17

is reported to be a good plasma biomarker for distinguishing
individuals with AD from cognitively healthy control subjects
(213). Also, it was reported that the IL-17 concentration in
cerebrospinal fluid could be used antemortem for identification
of frontotemporal lobar degeneration with tau pathology (214).

It has been proposed that a desirable AD vaccine should
induce Th2 and inhibit Th1/Th17 immune responses to Af in
order to limit or prevent neuroinflammation and subsequent
neurodegeneration (215).

A number of reports indicate the important role of IL-17
in AD pathogenesis; however, the precise mechanism of IL-
17 upregulation in the CNS of AD patients is not known.
It is possible that microbial infection, as was reported for
respiratory infection (216) or inadequate immune surveillance
in the gut (194), induces higher IL-17 production in the CNS,
which later leads to deposition of amyloid-p. However, the
opposite sequence of events is possible; that is, deposition of
amyloid-B and inadequate clearance stimulate receptors of innate
immune cells and induce production of IL-17, which perpetuates
AD pathogenesis.

IL-17 IN ISCHEMIC BRAIN INJURY

Brain ischemia causes necrosis of the affected CNS tissue
due to the loss of nutritional supply (217). Damaged CNS
tissue releases damage-associated molecular patterns (DAMPs)
that stimulate resident innate immune cells in the CNS, in
the first line microglia (218). Activated microglia cells have a
dual role: these cells play a beneficial role by phagocytosis of
damaged tissue but also release inflammatory mediators TNEF-
o, IL-1B, IL-6, and IL-17, which enhance inflammation and
tissue damage (219). DAMP molecules, released after ischemic
brain damage, such as high mobility group 1 box 1 (HMGB1)
(220, 221) and peroxiredoxin, induce IL-23 production in
microglia/macrophages by activating TLR2 and TLR4, which
subsequently induce the expression of IL-17 in other immune
cells but also in microglia (222).

Activated immune cells after reperfusion additionally damage
CNS tissue and significantly contribute to overall tissue damage
after stroke. Adaptive immunity most probably contributes
to inflammation development in CNS tissue after ischemia-
reperfusion, especially T cells (223, 224). Similar was found
in animal models: RAG1(-/-) mice, after stroke induced by
transient middle cerebral artery occlusion, developed reduced
damage of brain tissue, but detrimental effects of T cells in
cerebral ischemia did not depend on antigen recognition or TCR
costimulation (225). The presence of Th1 as well as Th17 cells was
noticed in the brain lesions in ischemic stroke (226). These cells
release proinflammatory cytokines and thus contribute to tissue
damage (226).

Waisman et al. indicate IL-17 as one of the molecules that
play a particular role in the delayed phase of the postinfarct
inflammatory cascade (217). Increased expression of IL-17
mRNA in peripheral blood mononuclear cells was detected
in patients after ischemic stroke, and its expression was in
correlation with Scandinavian Stroke Scale scores (227). High
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TABLE 1 | The main cellular source of IL-17 and its target cells in chronic inflammatory neurological diseases.
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FIGURE 1 | IL-17 in Inflammatory Diseases of the Central Nervous System. Infection in the periphery (viral infections) activates innate immunity

(monocytes/macrophages and NK cells) and induces a proinflammatory environment that changes the phenotype of antigen-presenting cells, which differentiate into
inflammatory APCs that produce inflammatory cytokines IL-1, IL-6, IL-12, and IL-
differentiation toward encephalitogenic T cells (IFN-y, IL-17, TNF-a, Thet, RORyt,

other immune cells into the CNS, finally inducing myelin damage (Multiple sclerosis). Peripheral infections can compromise the BBB and lead to an influx of
IL-17-producing cells into the CNS. IL-17 can induce damage to neurons by direct cytotoxic effects or by recruitment of neutrophils and induction of inflammation,

fibrils and induce differentiation of T cells toward IL-17-producing cells, and the released IL-17 damages the BBB, recruits neutrophils, and induces inflammation and
neuron damage, which exacerbates amyloid deposition (Alzheimer’s disease). CNS tissue damaged by ischemia releases damage-associated molecular patterns
(HMGB?1) that stimulate microglia to release inflammatory mediators TNF-a, IL-18, IL-6, and IL-17, which enhance inflammation and tissue damage. Activated
microglia also can induce Th17 development. IL-17 released by innate immune cells or Th17 cells can enhance BBB damage, recruit immune cells, and enhance
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expression of IL-17 was observed in ischemic injured brain
tissue in experimental animals and also in postmortem analyzed
human tissues (228-230). Also, higher expression of IL-17 at the
mRNA and protein levels has been detected in the penumbral
brain tissue 1, 3, and 6 days after reperfusion in mice (231).
In an animal model of ischemic stroke, an increased number

of IL-17-producing blood mononuclear cells were observed
(232). In another study, IL-17 levels were elevated 3 days after
reperfusion. This induction of IL-17 production was IL-23-
dependent, and y8 T cells were indicated as the main source of
IL-17 (233). In this study, it has been shown that IL-17 plays
the main role in the stage of tissue damage after infarction,
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since IL-17-deficient mice had attenuated damage only on day
4 after ischemic insult (234). On the other hand, IL-23p19-
deficient mice developed attenuated CNS tissue damage on day
one after stroke induction (234), but y8 T-cell-deficient mice
still develop brain injury after ischemia reperfusion induction
(228). Although there is no clear evidence that Th17 cells play
a role in tissue damage after stroke induction, activation of T
cells and autoantigen-specific T cells, which exacerbates ischemic
brain injury, was noticed in experimental animals (234). Also, an
increase in the proportion of Th17 cells and a decrease in Treg
cells in the periphery might contribute to CNS tissue damage
after ischemia-reperfusion (235). Astrocytes are also marked as
a source of IL-17 in inflammatory foci after brain ischemia-
reperfusion (228, 236).

IL-17 may contribute to CNS tissue damage by several
mechanisms, as described previously in other inflammatory
diseases of CNS, affecting the cells that express IL-17 receptor,
microglia, endothelial cells, astrocytes, and neurons, as
summarized in Tablel. Although ischemia-reperfusion
induces necrosis of blood-brain barrier, IL-17 could enhance
BBB damage by the disruption of tight junctions (120) and by
the promotion of monocyte migration across the BBB through
an intracellular adhesion molecule (ICAM) 1-dependent
mechanism (159). Levels of inflammatory cytokines IL-1B,
TNFo, and matrix metalloproteinases, indicators of BBB
damage, are decreased after stroke induction in IL-17-deficient
mice (233). Increased expression of IL-17 receptor on neurons
has been shown simultaneously with increased expression
of IL-17 in CNS tissue after stroke induction, indicating
the role of IL-17 in direct neuronal damage (230). This
observation is supported by in vitro study (230). IL-17 also
enhances autophagy in neurons and thus aggravates neuronal
ischemic injuries (237). In synergy with TNF-a released by
macrophages, IL-17 stimulates astrocytes to produce CXCLI,
which recruits neutrophils into the CNS and thus enhances
inflammation and damage (228). Astrocytes stimulated in
vitro with TNFa and IL-17A show enhanced expression of
several chemokines that have a role in the attraction of other
immune cells, CCL20, CXCL2, CXCL9, CXCL10, and CXCL11,
(153). IL-17, synergistically with IL-6, induces expression of
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Obesity is on the rise worldwide and is one of the most common comorbidities
of asthma. The chronic inflammation seen in obesity is believed to contribute to
this process. Asthma and obesity are associated with a poorer prognosis, more
frequent exacerbations, and poor asthma control to standard controller medication.
Difficult-to-treat asthma is associated with increased levels of Th17 cytokines which have
been shown to play a central role in the upregulation of glucocorticoid receptor-beta
(GR-B), a dominant-negative inhibitor of the classical GR-a. In this study, we studied
the role of IL-17 cytokines in steroid hyporesponsiveness in obese asthmatics. We
stimulated lean and obese adipocytes with IL-17A and IL-17F. Adipocytes obtained from
obese patients cultured in vitro in the presence of IL-17A for 48 h showed a decrease
in GRa/GRp ratio as compared to adipocytes from lean subjects where GR-a/GR-f
ratio was increased following IL-17A and IL-17F stimulation. At protein level, GR-f
was increased in obese adipocytes with IL-17A and IL-17F stimulation. IL-8 and IL-6
expression was increased in IL-17-stimulated obese adipocytes. Pre-incubation with
Dexamethasone (Dexa) led to a decrease in GR-a/GR-f ratio in obese adipocytes which
was further affected by IL-17A whereas Dexa led to an increase in GR-o/GR-f ratio in
lean adipocytes which was decreased in response to IL-17A. TGF-B mRNA expression
was decreased in obese adipocytes in response to Th17 cytokines. We next sought
to validate these findings in obese asthmatic patients. Serum obtained from obese
asthmatic subjects showed a decrease in GRa/GRp protein expression with an increase
in IL-17F and IL-13 as compared to serum obtained from non-obese asthmatics. In
conclusion, steroid hyporesponsiveness in obese asthmatic patients can be attributed
to Th17 cytokines which are responsible for the dysregulation of the GRa/GRg ratio and
the inflammatory response.
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Steroid Hyporesponsiveness in Obese Asthmatics

INTRODUCTION

Worldwide, incidence of obesity is on the rise at an alarming
rate. It is estimated that by 2030, 38% of the world’s population
will be overweight and 20% will be obese (1). Obesity is
simply defined as excess weight for height where the body
mass index (BMI) is equal or greater to 30 kg/m? Obesity is
associated with a multitude of metabolic abnormalities ranging
from diabetes to cardiovascular disease and asthma (2, 3). It is
believed that these associations are due mostly in part to the
chronic inflammation associated with obesity. High levels of
pro-inflammatory cytokines, such as interleukin (IL)-6 (4), IL-
8 (5), and Tumor Necrosis Factor-alpha (TNF-a) (6) are seen
in various models of obesity. Adipose tissue, which is composed
mainly of adipocytes, is now recognized as an organ which
contributes to systemic inflammation (7). Adipose explants from
obese patients show an increase in mediators such as IL-6,
TNF-a, angiotensinogen and complement C3 (8). Low-grade
systemic inflammation has been shown to regulate adipogenesis
and insulin resistance (9).

As adipose tissue has been shown to contribute to high levels
of serum IL-6, this has prompted recent studies to focus on the
role of Th17 cells in obesity. IL-6 is necessary for the polarization
of CD4+ T cells into Th17 cells (10). The main role of Th17 cells
is to clear bacteria and fungi. However, beyond their protective
role, Th17 cells are implicated in many inflammatory conditions
and are the major cellular source of IL-17 cytokines, most notably
IL-17A and IL-17F (11). IL-17 has been shown to be upregulated
in obese subjects (12). In a mouse model of diet-induced obesity,
IL-17A production was enhanced by CD4+ T cells. Moreover,
IL-17 is an important player in severe asthma (13). IL-17A and
IL-17F production is increased with severity of the disease and
Th17 cells are now recognized as the major T helper subset
in severe asthma (14). The presence of IL-17 is crucial due
to its role in steroid resistance through the dysregulation of
glucocorticoid receptors.

In the United States, ~60% of patients with severe
asthma are obese (15). Asthma is a heterogeneous disease
defined by many phenotypes. Understanding the mechanisms
underlying the various asthma phenotypes is important in
predicting therapy. Asthma associated with obesity is a complex
phenotype which is characterized by worsening outcomes
such as poor control and increased exacerbations akin to
severe asthma (16). Overweight asthmatic children show
a decreased response to inhaled budesonide compared to
normal weight asthmatic children (17). An increasing body
of literature show a reduction in steroid responsiveness in
obese asthmatics compared to their lean counterparts (18, 19).
Steroid hyporesponsiveness is one of the major characteristics of
severe asthma and makes treatment of symptoms challenging.
A study by Vazquez-Tello et al. showed that IL-17 cytokine
stimulation of peripheral blood mononuclear cells (PBMCs)
leads to an upregulation of the glucocorticoid receptor-beta (GR-
B) (20). Alternative splicing of the GR transcript generates two
isoforms of GR: GR-a and GR-B. GR-f is a dominant negative-
regulator of the active GR-a and has been associated with
steroid hyporesponsiveness.

Although studies have already shown a positive correlation
between IL-17 and the inflammatory conditions of asthma and
obesity individually, no studies to our knowledge have looked at
the role of IL-17 in obese asthmatics. Moreover, the mechanism
underlying the decreased responses to steroid in obese asthmatics
has not been fully elucidated. We hypothesized that IL-17
cytokines are involved in steroid resistance described in obese
asthmatics through the dysregulation of GR-a and GR-f.

MATERIALS AND METHODS

Pre-adipocyte & Adipocyte Cell Culture

and Treatment

Subcutaneous human pre-adipocyte from lean and obese subjects
were purchased from ATCC (VA, USA) & ZenBio (NC, USA).
Table 1 shows the data on pre-adipocytes obtained from lean and
obese subjects. Pre-adipocytes were cultured in DMEM/Ham’s F-
12 (1:1, v/v) media (Thermo Fisher Scientific Inc., Pittsburgh,
PA, USA) supplemented with: 0.01M HEPES pH 7.4 (Thermo
Fisher Scientific Inc.), 10% fetal bovine serum and 100 U/ml
penicillin/streptomycin. Pre-adipocytes were grown to 80%
confluence in 10 cm dishes (Corning Inc., Corning, NY, USA)
and detached using 0.05% Trypsin-EDTA (Thermo Fisher
Scientific Inc.) and seeded in 6 well plates (Sigma-Aldrich,
Ontario, Canada). Once confluency reached, the differentiation
process was started using Adipocyte Differentiation Medium
(ZenBio, NC,USA) for 7 days. The differentiation media was then
changed to Adipocyte Maintenance Medium (ZenBio) as detailed
in the Subcutaneous Human Adipocyte Manual ZBM0001.05
from ZenBio. Mature adipocytes were kept in culture for no
longer than 2 weeks post differentiation.

Mature adipocytes were starved with DMEM/Ham’s F-12
(1:1, v/v) media supplemented with: 0.01M HEPES pH 7.4,
0.5% fetal bovine serum and 100 U/ml penicillin/streptomycin
overnight. Cells were then stimulated with recombinant human
IL-17A and F cytokines (100 ng/ml; R&D systems, Minneapolis,
MN, USA) either alone or combined for 48 h. After stimulation
culture media was collected and frozen for future experiments.
Adipocytes were then processed for RNA extraction or
protein lysis.

Mature adipocytes used in the experiments involving
Dexamethasone (Dexa) were starved over night with
DMEM/Ham’s F-12 (1:1, v/v) media (Thermo Fisher Scientific
Inc.) supplemented with: 0.01M HEPES pH 7.4 (Thermo
Fisher Scientific Inc.), 0.5% fetal bovine serum and 100 U/ml
penicillin/streptomycin (Thermo Fisher Scientific Inc.) with the

TABLE 1 | Data of adipocytes from lean and obese subjects.

Lean adipocytes Obese adipocytes

N 4 3
Age, year 37.8+99 46+4.4
BMI, kg/m? 206 £2.2 33.4+35

BMI, body mass index. Values shown are mean + SE.
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addition of 500 ng/ml of Dexa (Sigma-Aldrich). The following
day, adipocytes were stimulated with 100ng/ml of IL-17A
(R&D systems) for 48 h. After stimulation the adipocytes were
processed for RNA extraction.

Participant Selection

The study was approved by the ethical committee of Dubai
Health Authority and Mohammed bin Rashid University of
Medicine and Health Sciences Internal Review Board, Dubai,
UAE. All participants provided written informed consent.
Patients were recruited at Rashid Hospital, Dubai, UAE. Male and
female moderate-to-severe asthmatic patients were >18 years of
age, patients were diagnosed by spirometry and clinical history
according to American Thoracic Society guidelines. Participants
with a >20 pack-year smoking history or with a history of
smoking within the last 6 months were excluded from the study.

RNA Extraction and Quantitative Reverse
Transcription Polymerase Chain Reaction
(aPCR)

Extraction of total RNA from adipocytes was performed
using a phenol-chloroform extraction method (RiboZol RNA
extraction reagent, VWR, Leicestershire, UK), as directed in
the manufacturer’s instructions. Contaminating DNA was
removed from 4 pg of total RNA using the AccuRT Genomic
DNA Removal Kit (Applied Biological Materials, Richmond,
BC, Canada), following manufacturer’s protocol. Reverse
transcription was performed using the 5X All-In-One Reverse
Transcriptase Mastermix (ABM). The TagMan system was used
to measure gene expression for GR-a, GR-B, and GAPDH as
a house keeping (Applied Biosystems, Foster City, CA, USA).
Table 2 shows the list of forward and reverse primers used.
The TagMan reaction contained 2.5 pl of undiluted cDNA, 5
pl of TagProbe 2x qPCR Mastermix-No Dye (ABM), 0.5 pl
of ready-to-use probe, and 2 pl of nuclease free HO. mRNA
expression of experiments using Dexamethasone was measured
using a TagMan reaction containing 1 pl of undiluted cDNA, 5
ul of TagMan Fast Advanced Master Mix (Applied Biosystems,
Foster City, CA, USA), 0.5 ] of ready-to-use probe and 2.5 pl of
nuclease free H>O. Inflammatory marker gene targets (Table 2)
were measured using EvaGreen qPCR Mastermix (ABM). The
reaction was as follows: 5 pl of EvaGreen Mastermix, 2.5 l
of diluted cDNA (1/25), 0.6 pl of forward and reverse primers
(I0wM) and 2.4 pl of nuclease free H,O. Each sample was
tested in duplicates and the qPCR amplification was performed
using CFX96 thermal cycler (BioRad, Hercules, CA, USA) and
cycler conditions for both TagMan and EvaGreen qPCR were
preformed according to manufacturer’s protocol. The AACT
method was used to measure gene expression for both detection
methods: amount of target = 27 AACT,

GR-a and GR-B Protein Quantification

Mature adipocytes were cultured and treated as specified above.
Cell culture media was collected and placed at —80°C for future
experiments. Adipocytes were washed once with 500 1 PBS, PBS
was removed gently using a pipette. 1 mL of PBS was then added

TABLE 2 | Forward and reverse primers inflammatory markers and their oligo
sequences.

Primer name Oligo sequence (5’ to 3')

IL-8 forward TCTGCAGCTCTGTGTGAAGGT G
IL-8 reverse AATTTCTGTGTTGGCGCAGTG
IL-6 forward ACCTTCCAAAGATGGCTGAAA
IL-6 reverse GCTCTGGCTTGTTCCCTCACTAC
IL-17A forward GAGGACAAGAACTTCCCCCG
IL-17A reverse CATTGCCGTGGAGATTCCAAG
TNF-a forward CCTCTTCTCCTTCCTGATCGT
TNF-a reverse GGTTTGCTACAACATGGGCTA
TGF-B1 forward TACCTGAACCCGTGTTGCTCTC
TGF-B1 reverse GTTGCTGAGGTATCGCCAGGAA
IFN-y forward GTTTTGGGTTCTCTTGGCTGT
IFN-y reverse ATGTATTGCTTTGCGTTGGAC
IL-1B forward TACATCAGCACCTCTCAAGCA
IL-1B reverse CCACATTCAGCACAGGACTCT
GAPDH forward GAAGGTGAAGGTCGGAGT
GAPDH Reverse GAAGATGGTGATGGGATTTC

to each well and placed at —80°C overnight, a second freeze-
thaw cycle was conducted by simply thawing the frozen cells
and placing the culture plate once more at —80°C overnight.
The frozen adipocyte plate is thawed the next day and the
cell lysate is removed from each well and centrifuged 5min
at 5,000 x g.

From the cell lysate, the protein concentration of GR-a and
GR-B were quantified using a chemiluminescence immunoassay
(CLIA) and ELISA kit, for each protein, respectively. The
Human GR alpha (Glucocorticoid Receptor Alpha) CLIA Kit
and the Human GR beta/Glucocorticoid Receptor Beta Elisa
Kit (ELISAGenie, London, UK) were used to quantify the
GR proteins. Assay procedure was followed according to
manufacturer’s protocol, except for the following steps: standards
and cell lysates were incubated in assay plate over night at 4°C,
Biotin-detection antibody was incubated at room temperature for
60 min, the HRP (CLIA)/SABC (ELISA) working solution was
incubated at room temperature for 30 min, the Substrate Mixture
(CLIA) was incubated 5 min at room temperature and the TMB
(ELISA) substrate was incubated at room temperature.

GR-a and GR-p levels in serum were measured using
the following ELISA kits: Human GR alpha/Glucocorticoid
Receptor Alpha Elisa Kit (ELISAGenie) and the Human GR
beta/Glucocorticoid Receptor Beta Elisa Kit (ELISAGenie). Assay
procedure was followed according to manufacturer’s protocol.

Cytokine Quantification

Cytokine concentrations in cell culture media secreted from
treated adipocytes and serum samples was measured using
a MILLIPLEX MAP Human High Sensitivity T Cell Panel—
Immunology Multiplex Assay (EMDMillipore, Burlington,
MA) with the following analytes: IL-4,-5,-6,-8, IFN-y and a
MILLIPLEX MAP Human TH17 Magnetic Bead Panel with the
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following analytes: IL2, IL-13, IL-17A, IL-17F. This assay was
preformed according to manufacturer’s protocol.

Statistical Analysis

Standard statistical two-tailed t-tests and one-way ANOVA
using Tukey’s multiple comparison test were performed to
test for statistical significance between data groups using
GraphPad Prism 8 (GraphPad, San Diego, CA, USA). p <
0.05 was considered significant. Pearson correlation was used to
study correlations.

RESULTS

GR-o/GR-g Ratio in Lean and Obese
Adipocytes

Pre-adipocytes obtained from female lean (n = 4) and obese
(n = 3) subjects ranging from 25 to 67 years of age (Table 1)
were purchased and differentiated in vitro. The average BMI was
20.6 % 2.2 kg/m? and 33.4 % 3.5 kg/m? for the lean and obese
adipocytes, respectively. Th17 cytokines, 100 ng/mL IL-17A and
IL-7F in combination or IL-17A alone, were added for 48h.
Following stimulation, adipocytes were collected, and RNA was
extracted. Adipocytes from lean subjects stimulated with IL-17A
and IL-17F show a significant increase, with 2-fold change, in GR-
o/GR-f ratio (p = 0.0057) (Figure 1). However, IL-17 stimulation
of adipocytes from obese subjects shows a significant decrease
in GR-a/GR-f ratio (p = 0.03) which has been described in
asthmatic patients with steroid hyporesponsiveness (20). ELISA
was used to confirm and assess protein levels of GR-o and GR-
p. Cell lysates obtained from adipocytes from obese and lean
subjects stimulated with IL-17A and IL-17F in combination or
IL-17A alone show differential expression of GR-f (Figure 2).
GR-p is highly increased (p = 0.03) in lean adipocytes when
stimulated with IL-17A alone whereas GR-f is increased (not
significant) in obese adipocytes only when stimulated with the
combination of IL-17A and IL-17F compared to unstimulated
cells (Figure 2B). GR-a is unchanged in response to IL-17
cytokine stimulation in both lean and obese adipocytes compared
to unstimulated adipocytes (Figure 2A). Therefore, our data
suggests that IL-17 cytokines may lead to an increase in GR-f
mRNA and protein expression which contributes to the shift of
the ratio of GR.

Steroid Unresponsiveness in Obese
Adipocytes

We also sought to see the effect of IL-17 stimulation on steroid-
treated adipocytes. Pre-incubation with Dexa (500 ng/mL) lead
to an increase in mRNA expression of GR-a/GR-f ratio in lean
adipocytes and a decreased ratio in obese adipocytes (Figure 3).
This decrease in GR-a/GR-p suggests that obese adipocytes do
not respond to Dexa. Interestingly, stimulation with IL-17A
in pre-treated cells decreased the GR-a/GR-f ratio in both
lean and obese adipocytes although not statistically significantly
(Figure 3). This data suggests that IL-17 may modulate adipocyte
responses to steroids and obese adipocytes are not responsive to
steroid treatment.
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FIGURE 1 | Stimulation with IL-17A & F and IL-17A alone induces changes in
GR-a/GR-B mRNA ratio. Adipocytes from lean and obese subjects were
stimulated with 100 ng/mL of IL-17A and IL-17F in combination or IL-17A
alone for 48 h. Cells were collected and gRT-PCR analysis was performed in
duplicate using TagMan probes to assess GR-a and GR-f mRNA expression.
One independent experiment performed per subject. n = 4 lean subjects, n =

Lean

3 obese subjects, One-Way ANOVA, Mean =+ SE; *P < 0.05, **P < 0.01.

Changes in Cytokine Profiles in Lean and
Obese Adipocytes

Conditioned media was obtained from lean (n 4) and
obese (n 3) subjects following IL-17 cytokine stimulation
to assess cytokine production. mRNA expression was assessed
at 48h post-stimulation. The changes in IL-6 and IL-8
mRNA expression were observed post-stimulation in both lean
and obese adipocytes (Figure 4). Interestingly, TGF-$ mRNA
expression was significantly decreased in obese adipocytes
stimulated with IL-17 cytokines compared to unstimulated and
IL-17-stimulated lean adipocytes (Figure 4C). TGF-f is an anti-
inflammatory cytokine which is involved in obesity and asthma.
To confirm these findings, multiplex assay was performed on
conditioned media obtained 48h post-stimulation to measure
the levels of inflammatory cytokines (Figures 5A-E). At protein
levels, the changes in cytokines expression were only significantly
different in obese adipocytes stimulated with IL-17A and IL-
17F in combination or IL-17A alone. IL-6, IL-8, and IFN-y
were significantly increased in obese adipocytes compared to
unstimulated and IL-17-stimulated lean adipocytes. Our data
suggests that IL-17 stimulation leads to further inflammation in
adipocytes obtained from obese subjects. This is not observed
in the adipocytes from lean subjects at protein level although
changes were observed at mRNA level.

GR-o/GR-$ Ratio in Serum of Obese and

Non-obese Asthmatics
Following in vitro assays, we were interested to see if these
findings were also observed in lean and obese asthmatics.
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FIGURE 2| IL-17A & F and IL-17A alone induces changes in protein levels of GR-p. GR-a (A) and GR- B (B) protein expression in adipocytes from lean and obese
subjects following 48 h stimulation with IL-17A&F combination or IL-17A alone (C) Ratio of GR-a/GR-f. n = 4 lean subjects, n = 3 obese subjects, One-way ANOVA,
Mean + SE; *P < 0.05, *P < 0.01, **P < 0.001. Data is representative of three experiments.

Obese

Serum was obtained from 44 non-obese (lean and overweight)
asthmatic patients and 57 obese (obese and morbidly obese)
asthmatic patients. Demographic and clinical data of the patients
is presented in Table 3. Table 3 shows that all lung function
parameters were comparable in lean and obese moderate-to-
severe asthmatics. ACT scores were 16.2 £ 0.9 and 16.4 & 0.6
for lean and obese asthmatics, respectively. Blood eosinophils
were significantly (p = 0.04) decreased in obese asthmatics.
Previous studies have shown discrepancies in eosinophil counts
in blood, sputum and biopsies. In one study in mild-to-moderate
asthmatics, there was no difference in blood eosinophil’s in

obese and lean subjects. However, sputum eosinophils were
significantly decreased in sputum and increased in bronchial
submucosa (21). ELISA was performed to assess GR-a/GR-
P ratio. Data revealed that obese asthmatics had a significant
decrease in GR-a/GR-p ratio compared to non-obese asthmatics
(Figure 6A). The non-obese asthmatics show heterogeneity in
their response. Despite this, the GR-a/GR-P ratio is significantly
higher than the obese asthmatics. There was a negative
correlation (r = —0.23) between GR-a/GR-p ratio and BMI (p
< 0.05) as assessed by Pearson correlation (Figure 6B) When
patients were categorized further into: lean (n = 18), overweight
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FIGURE 3 | Pre-treatment with Dexamethasone followed by IL-17A
stimulation induces changes in GR-a/GR- mRNA ratio. Adipocytes from lean
and obese subjects were pre-treated with 500 ng/ml dexamethasone followed
by a 48 h stimulation with 100 ng/ml of IL-17A. mRNA expression of GR-a and
GR-p were measured by gRT-PCR in duplicates using TagMan probes. One
independent experiment preformed per subject: n = 4 lean subjects, n = 3
obese subjects, One-Way ANOVA, Mean =+ SE; *P < 0.05, **P < 0.01, *P <
0.001.

Lean

(n = 26), obese (n = 44), and morbidly obese (n = 13) asthmatic
patients, GR-o/GR-B ratio was significantly decreased in obese
and morbidly obese asthmatic patients compared to overweight
asthmatic patients (p < 0.05) (Figure 6C).

IL-17F and IL-13 Protein Expression Are

Increased in Obese Asthmatics

We analyzed the protein expression of IL-17A, IL-17F, and IL-
13 in serum of obese (obese and morbidly obese) and non-obese
(lean and overweight) asthmatics (Figures 7A-C). There was no
difference in serum IL-17A production in non-obese compared
to obese asthmatics. However, there was a statistically significant
increase in IL-17F (p = 0.03) and IL-13 (p = 0.02) production
in obese compared to non-obese asthmatics. We then analyzed
the IL-17F levels in the lowest quartile (<90 pg/mL) and highest
quartile (>180 pg/mL). Interestingly, we found a significant
difference between GR-a/GR-P ratio in the lowest and highest
quartile. High levels of IL-17F were associated with decreased
GR-a/GR-p ratio compared to low levels of IL-17F (Figure 7D).

DISCUSSION

Many studies have shown positive correlation between asthma
and obesity. Moreover, clinical data suggests that obese
asthmatics are refractory to conventional therapy. This study
demonstrates, for the first time, that IL-17 plays a role in

steroid resistance through the dysregulation of GR-a and GR-p
expression in adipocytes. Our data suggests that IL-17 cytokines
are also involved in the upregulation of pro-inflammatory
mediators in the context of obesity. These findings were further
strengthened by demonstrating a negative correlation between
BMI and GR-a/GR-f ratio in serum from asthmatic patients.
Serum obtained from obese and morbidly obese asthmatic
patients showed a significant decrease in GR-a/GR-f ratio
and an increase in IL-17F and IL-13 compared to lean and
overweight patients.

Although most asthmatic patients respond well to
conventional therapy, 25-35% of patients show no improvement
in lung function in response to inhaled corticosteroids (22).
Certain subsets of asthmatic patients such as active smokers
(23) and obese patients have blunted steroid responses. The
dual relationship between asthma and obesity is of interest
as studies indicate that obesity does not necessarily cause
asthma but may be a risk factor for the development and the
severity of asthma. In both adults and children, the obese
asthma phenotype tends to lead to more severe symptoms akin
to the severe asthma phenotype. Of interest, 60% of severe
asthmatic patients are obese (24). A body of literature has
shown that one of the major players in steroid resistance in
severe asthma is the defect in GR-a and thus dysregulation
of the GR-a/GR-f ratio. Since this mechanism has been
described in severe asthma, we were interested to see if this
was also the case in obese asthmatics. We found that the
ratio was decreased in obese asthmatics compared to non-
obese asthmatics. This was statistically significant in obese
and morbidly obese compared to overweight asthmatics.
Interestingly, a correlation analysis revealed a statistically
significant negative correlation between BMI and GR-a/GR-p
ratio. This is of clinical relevance as BMI may predict the steroid
responsiveness of asthmatic patients.

Having established that the ratio of GR-o/GR-B is altered
in obese asthmatics, we were interested to see what mediators
could be involved in this dysregulation. Obesity is associated
with increased markers of inflammation in serum and adipose
tissue in obese people with asthma. In the obese state, the
adipose tissue is infiltrated with proinflammatory cytokines and
adipokines. This led to the hypothesis that proinflammatory
responses in the adipose tissue may lead to asthma. One of the
major proinflammatory cytokines involved in obesity as well as
asthma is IL-17A.The role of Th17 cells in obesity is relatively
unexplored but evidence of accumulation of Th17 cells in a
mouse model of diet-induced obesity has been described (25).
Studies have suggested that obesity predisposes to the expansion
of Th17 cells via IL-6 which may in turn exacerbate inflammatory
conditions such as multiple sclerosis (26). However, the role of
Th17 cells and its cytokines in obesity and, in particular, in obese
asthma remains largely unknown. Therefore, we sought to study
the role of IL-17A and IL-17F in steroid hyporesponsiveness.
Adipocytes from lean and obese subjects were cultured in the
presence of IL-17A and IL-17F in combination and IL-17A alone.
IL-17A alone was used due to the overwhelming amount of
literature that suggests a role for this proinflammatory cytokine
in obesity. Adipocytes obtained from lean subjects stimulated
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FIGURE 4 | Stimulation with IL-17A&F and IL-17A alone induces changes in mRNA expression of inflammatory mediators in adipocytes from lean and obese
subjects. gRT-PCR analysis of detected mRNA expression of inflammatory markers: IL-8 (A), IL-6 (B), TGF-B (C), IL-1p (D) in mature adipocytes after 48 h stimulation
with combination of IL-17A&F or IL-17A alone. n = 4 lean subjects, n = 3 obese subjects, One-way ANOVA, Mean + SE; *P < 0.05, “**P < 0.001.

in the presence of 100 ng/mL of IL-17A and IL-17F showed a  most studies on steroid resistance report a dysregulation
large increase in GR-a/GR-p at mRNA level. This finding is in ~ with GR-a, our results showed no change in GR-a protein.
line with the potential dual role of IL-17 cytokines, where IL- ~ Nonetheless, the overall effect of IL-17 cytokines is a decrease
17 may play a role in tissue homeostasis. However, adipocytes  in the GR-a/GR-p ratio in both lean and obese adipocytes.
obtained from obese subjects which were stimulated with IL- ~ Moreover, it would seem that obese adipocytes respond more
17A and IL-17F showed a decrease in GR-a/GR-f ratio at  to IL-17F. Very little amount of literature is available on the
mRNA level. Results obtained from protein differed in responses.  role of IL-17F in obesity as it is simply described as a closely
Lean and obese adipocytes stimulated with IL-17 cytokines  related cytokine of IL-17A. Interestingly, in serum obtained
showed an increase in the negative regulator, GR-B. Although  from asthmatics patients, IL-17F protein expression is increased
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FIGURE 5 | Stimulation with IL-17A&F and IL-17A alone induces changes in inflammatory cytokine profiles in adipocytes from lean and obese subjects. A multiplex
assay was used to measure the levels of inflammatory cytokines: IL-8 (A), IL-6 (B), IL-5 (C), IL-4 (D), and IFN-y (E) secreted by mature adipocytes after 48 h
stimulation with IL-17A & F combination or IL-17A alone. One independent experiment preformed per subject. n = 4 lean subjects, n = 3 obese subjects, One-way
ANOVA, Mean + SE; *P < 0.05, **P < 0.01, **P < 0.001.

TABLE 3 | Demographic and clinical data of patients.

Non-obese Obese
N 43 57
Age, year 36.3+2.0 1.4 +21
BMI, kg/m? 25.4+0.5 36.5+0.8
ACT score 16.2 £ 0.9 16.4 £ 0.6
FEV; (L) 26402 2.2+ 0.1
FVC (L) 34402 27402
FEV1/FVC (%) 761 +1.8 79.2+16
Differentials (%)
e Neutrophils 5569+24 56.0+ 1.6
e Lymphocytes 309 +1.9 326+1.5
e Monocytes 71+04 7.0+£04
e Eosinophils 58+0.7 39+04
e Basophils 0.6 £0.1 0.5+0.1

BMI, body mass index; ACT, Asthma Control Test; FEV/1, Forced expiratory volume in 1's;
FVC: forced vital capacity. Values shown are mean + SE.

in obese and morbidly obese patients compared to lean and
overweight patients whereas IL-17A is unchanged. The serum
levels of Th17 cytokines are consistent with a previous study
which showed that a healthier diet led to decreases in IL-
17F but not IL-17A (27). Moreover, the levels of IL-17 were

much higher than IL-17A. We also found an increase in IL-13
protein expression in serum of obese asthmatics compared to
lean asthmatics. IL-13 is a pro-inflammatory cytokine involved
in allergic asthma. IL-17A has been shown to enhance IL-
13 activity (28). In mice, IL-13 treatment induced airway
hyperresponsiveness and led to increased numbers of IL-17-
producing CD4+ T cells (29). Increase in IL-13 has been reported
in general obesity (30). Serum levels of IL-13 positively correlate
with BMI (31). However, its role in the obese asthma phenotype is
unknown and further investigations should be done to determine
its exact function. In an animal model of obesity, it has been
reported that BAL and serum IL-17A levels were not affected by
the type of diet. However, pulmonary IL-17 mRNA levels were
increased in high-fat diet animals compared to chow fed animals.
Moreover, flow cytometry revealed an increase in IL-17A
producing cells in the lungs (32). These results indicate that the
changes in Th17 cytokines are observed locally within the lungs
but obesity does not lead to increased systemic inflammation in
asthma models. This warrants further investigations of IL-17-
producing cells in the lung or adipose tissue of obese asthmatics
compared to lean asthmatics. Demographic and clinical data for
the lean and obese moderate-to-severe asthmatics revealed that
lung function was similar in both populations whereas blood
eosinophil’s were decreased in obese asthmatics, This is in line
with previous literature which has shown a negative correlation
between BMI and blood eosinophil’s in a population with high

Frontiers in Immunology | www.frontiersin.org

98

August 2020 | Volume 11 | Article 1724


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Al Heialy et al. Steroid Hyporesponsiveness in Obese Asthmatics

A * B
500+ 500
- .' ° L r=-0.23
= 4004 ° = 400 p <0.05
] ]
o S
oS =7
300+ 300
z 3 . o .
&) O
- A - -
3 200 5 200 » ,
& & Y o
O 1001 O 100 W 0
) > °
® ®
0 04
0 20 40 60
BMI
C 500 -
[ ]
400+ ° "
S 3001
E .
o
£ 2001
3
&
O 1001 "x3
vylvy
0- v
-100 T T T T
> Y (4 4
\)@ 6300 0‘0@6 s&e
& &
o é@@\
FIGURE 6 | GR-o/GR-p ratio is decreased in serum of obese asthmatic subjects. Serum was obtained from lean (BMI < 25 kg/m?), overweight (BMI < 30 kg/m?),
obese (BMI < 35 kg/m?), and morbidly obese (BMI > 35 kg/m?) asthmatic subjects. (A,C) ELISA was used to assess protein levels of GR-a and GR-p. (B) Pearson
correlation between BMI and GR-a/GR-B ratio. n = 43 non-obese subjects (n = 18 lean, n = 26 overweight), n = 57 obese subjects (n = 44 obese, n = 13 morbidly
obese), Mean + SE; *P < 0.05.

eosinophil’s (33). The obese asthma phenotype is a complex  with IL-17 led to an increase in IL-6 and IL-8 mRNA. At protein
phenotype where not all obese asthmatics share similar clinical  level, this change was only observed in adipocytes from obese
features. However, studies have shown that clinical features that  subjects. This is of interest as small adipocytes in lean individuals
are common in patients with high BMI are late onset asthma, less ~ have been shown to promote homeostasis whereas large
airway eosinophil’s and reduced atopy (34). adipocytes from obese individuals promote inflammation and are

Adipose tissue, which is mainly composed of adipocytes, involved in the recruitment of macrophages (36). This highlights
is a major source of proinflammatory cytokines such as IL-6,  a differential function for adipocytes in relation to body weight.
IL-8, IL-10, TNF-a, and IL-18 (35) thus linking obesity and  In this study we found that obese adipocytes respond to IL-
inflammation. Due to their proinflammatory properties, IL-17 17 through the release of pro-inflammatory cytokines, which
cytokines may be involved in the association between obesity — will lead to exaggerated inflammatory responses. Interestingly,
and inflammation. Therefore, we were interested in examining  steroid-treated obese adipocytes showed a decrease in GR-o/GR-
the role of IL-17 in the production of inflammatory mediators P ratio which was further decreased in the presence of IL-17A. IL-
by adipocytes obtained from obese and lean subjects. Adipocytes ~ 17A was able to decrease the GR-o/GR-p ratio in steroid-treated
were stimulated with IL-17A and IL-17F for 48 h. Stimulation  lean adipocytes which did respond to Dexa. This finding suggests
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that IL-17 is capable of altering responses to steroid. In a recent
study on neutrophilic inflammation in asthma, it was shown
that Dexa and IL-17A in combination synergistically induced the
expression of the neutrophil promoting cytokine CSF3 and Dexa
alone failed to alleviate neutrophilic inflammation (37).

In conclusion, our data suggest that IL-17 cytokines
are involved in the inflammatory response seen in obese
subjects. Moreover, IL-17 is involved in the dysregulation
of glucocorticoid receptors which may explain steroid
hyporesponsiveness commonly described in obese asthmatics.
BMI can be used a predictor for steroid responsiveness. IL-17F
and IL-13, which is increased in obese asthmatics, may be
involved in the dysregulation of GR-a/GR-f ratio.
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Interleukin (IL)-17A is a key driver of inflammation and the principal target of
anti-IL-17 therapeutic monoclonal antibodies. IL-17A, and its structurally similar family
member IL-17F, have been shown to be functionally dysregulated in certain human
immune-mediated inflammatory diseases such as psoriasis, psoriatic arthritis, and axial
spondyloarthritis. Given the overlapping biology of these two cytokines, we postulated
that dual neutralization of IL-17A and IL-17F may provide a greater depth of clinical
response in IL-17-mediated diseases than IL-17A inhibition alone. We identified 496.g1,
a humanized antibody with strong affinity for IL-17A but poor affinity for IL-17F. Affinity
maturation of 496.g1 to 496.9g3 greatly enhanced the affinity of the Fab fragment for IL-
17F while retaining strong binding to IL-17A. As an IgG1, the affinity for IL-17Aand IL-17F
was 3.2 pM and 23 pM, respectively. Comparison of 496.g3 IgG1 with the commercially
available anti-IL-17A monoclonal antibodies ixekizumab and secukinumab, by surface
plasmon resonance and in a human in vitro IL-17A functional assay, showed that
496.93 and ixekizumab display equivalent affinity for IL-17A, and that both antibodies are
markedly more potent than secukinumab. In contrast to ixekizumab and secukinumab,
496.93 exhibited the unique feature of also being able to neutralize the biological activity
of IL-17F. Therefore, antibody 496.g3 was selected for clinical development for its
ability to neutralize the biologic function of both IL-17A and IL-17F and was renamed
bimekizumab (formerly UCB4940). Early clinical data in patients with psoriasis, in those
with psoriatic arthritis, and from the Phase 2 studies in psoriasis, psoriatic arthritis,
and ankylosing spondylitis, are encouraging and support the targeted approach of dual
neutralization of IL-17A and IL-17F. Taken together, these findings provide the rationale
for the continued clinical evaluation of bimekizumab in patients with immune-mediated
inflammatory diseases.

Keywords: anti-IL-17A, IL-17A, IL-17F, monoclonal antibody, bimekizumab, dual neutralization, dual targeting
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INTRODUCTION

Interleukin (IL)-17A was the first identified member of a family
of six structurally similar cytokines; IL-17A, IL-17B, IL-17C, IL-
17D, IL-17E (also known as IL-25), and IL-17F (1). Originally
cloned in 1993 (2) as a cytokine derived from activated T
cells, IL-17A is now recognized as a key pro-inflammatory
cytokine in chronic immune-mediated inflammatory diseases,
particularly psoriasis, and spondyloarthritis (3). The IL-17
axis has been shown to play an important role in defense
against extracellular bacteria and fungi, through the induction
of chemokines involved in the recruitment of neutrophils and
monocytes. In a variety of murine disease models, IL-17A has
also been demonstrated to have a crucial function in promoting
chronic inflammation and autoimmunity (4-6). Among IL-17
family members, IL-17F is closest in sequence to IL-17A, sharing
~50% structural homology (7). Expressed as homodimers, or as
a heterodimer (IL-17A/F) (8, 9), both IL-17A and IL-17F signal
through the same heterodimeric complex of IL-17 receptors A
and C (IL-17RA/RC) (10). The majority of non-hematopoietic
cells have the potential to respond to the localized production of
IL-17A or IL-17F as a result of the ubiquitous expression of their
specific receptors.

Both IL-17A and IL-17F cytokines are expressed by Th17
cells, as well as additional immune cell types, including CD8T
cells, natural killer T cells, lymphoid tissue inducer cells,
innate lymphoid cells and y8 T cells (11). Although common
pathways are involved in the differentiation of Th17 cells,
emerging data suggest that the regulation of IL-17A expression
is distinct from that of IL-17F (12). IL-17A has a stronger
affinity for the IL-17RA/RC complex, and thus promotes a
greater induction of pro-inflammatory genes than IL-17F. Early
mouse model data showed that animals lacking either IL-17A
or IL-17F exhibited distinct biology (13). In contrast to IL-
17A, IL-17F was thought to drive models of lung inflammation,
with little or no role in experimental autoimmune encephalitis
(14). However, human translational data showed that, like IL-
17A, IL-17F synergizes with tumor necrosis factor (TNF) to
induce a pro-inflammatory gene signature that is qualitatively
similar to that induced by the combination of IL-17A and
TNF (15, 16). Dysregulated expression of IL-17A and IL-17F is
associated with chronic inflammatory diseases such as psoriasis,
psoriatic arthritis, rheumatoid arthritis, ankylosing spondylitis,
and asthma (17-20). Although IL-17A is known to be the more
potent of the two cytokines, IL-17F is the more abundantly
expressed of the two in psoriasis and spondyloarthritis (21).
Despite the paucity of data in murine models supporting a
role for IL-17F in promoting inflammation, human genetic
data in individuals with autosomal dominant mutations in
IL-17F, suggest a previously underestimated role for this
cytokine (22).

Inhibiting IL-17A has proven to be an effective therapeutic
strategy in the clinic. Two anti-IL-17A antibodies, ixekizumab,
and secukinumab, are approved for the treatment of patients
with psoriasis, psoriatic arthritis, and ankylosing spondylitis
(23, 24). Furthermore, head-to-head trials demonstrated the
superior clinical efficacy of ixekizumab and secukinumab in

psoriasis over established treatments, ustekinumab (anti-IL-
12/IL-23 monoclonal antibody) and etanercept (soluble TNF
receptor inhibitor), respectively (25, 26).

Given, IL-17A and IL-17F share overlapping biology,
we postulate that IL-17F also contributes to chronic tissue
inflammation, beyond the established role of IL-17A. This
rationale supports our hypothesis that neutralization of both IL-
17A and IL-17F may be more effective than inhibition of IL-17A
alone to neutralize IL-17-driven pathology.

In this study we describe the generation and characterization
of 496.g3 (known as bimekizumab, formerly UCB4940), a
humanized monoclonal antibody with high affinity for both
IL-17A and IL-17F.

METHODS

Preparation of Antibody Constructs and

Expression

DNA encoding the light chain variable regions of 496.g1 and
496.g3 were cloned into UCB expression vectors containing DNA
encoding human light chain Ck. DNA encoding the shared heavy
chain variable region of 496.g1 and 496.g3 was cloned into
UCB expression vectors containing DNA encoding either human
heavy chain y1 Cy1 region to generate Fab or human heavy chain
y1 IgG regions to generate IgGl. Antibodies were transiently
expressed in CHO-S XE cells, a CHO-K1 derived cell line (27).

Purification of Fab and IgG1

Fab and IgG proteins were purified from culture supernatants
using affinity chromatography. Supernatants containing Fab
were passed over a HiTrap Protein G column (GE Healthcare,
Buckinghamshire, UK) and supernatants containing I1gG were
passed over a MabSelect™ SuRe™ column (GE Healthcare).
Following a washing step with phosphate buffered saline (PBS)
(pH 7.4), the bound material was eluted with 0.1 M glycine
(pH 3.2) and neutralized with 2m Tris-HCI (pH 8.5). Fractions
containing Fab or IgG were pooled, quantified by absorbance
at 280 nm, and concentrated using Amicon Ultra centrifugal
filters (Merck Millipore, Massachusetts, USA). To isolate the
monomeric fractions of Fab and IgG, we used size-exclusion
chromatography over a HiLoad 16/60, Superdex 200 column (GE
Healthcare) equilibrated with PBS (pH 7.4). Fractions containing
monomeric Fab or IgG were pooled, quantified, concentrated,
and stored at 4°C.

Enzyme-Linked Immunosorbent Assay

(ELISA)

Standard ELISA plates (Nunc Maxisorp™, ThermoFischer
Scientific, Massachusetts, USA) were coated with 1pg/mL
cytokine (IL-17A, IL-17B, IL-17C, IL-17D, IL-17E, and IL-17F)
in PBS pH 7.4 overnight. Plates were washed three times in wash
buffer (PBS supplemented with 0.05% Tween20, SigmaAldrich,
Missouri, USA) and tapped dry. Diluted antibody was added to
the relevant wells and incubated for 1h at room temperature.
Plates were washed three times and a goat IgG-horseradish
peroxidase conjugated antibody with specificity for human Fc
(Jackson ImmunoResearch, Pennsylvania, USA) was added to
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each well. Plates were incubated for 1h at room temperature.
Plates were washed for a final time before the addition of TMB
(3,3',5,5 -tetramethylbenzidine) Stabilized Substrate (Promega,
Southampton, UK) for 8 min, after which an equal volume of
stop solution (1 M H3POy4) was added to each well. Absorbance
was then measured at 450 nm using a plate spectrophotometer
(Biotek Instruments).

Expression and Purification of IL-17A and

IL-17F for Neutralization Bioassay

IL-17F was cloned into an in-house mammalian expression
vector and expressed by transient transfection using the
Expi293™ Expression System (Life Technologies). IL-17F
protein was purified by cation exchange, followed by isolation of
the dimer fraction by size exclusion chromatography.

IL-17A was cloned into an in-house mammalian expression
vector upstream of the human IgG1 Fc coding region with a
TEV (tobacco etch virus) cleavage site. IL-17A-Fc protein was
expressed transiently in CHO-S XE cells. IL-17A protein was
purified by Protein A affinity chromatography before the human
Fc tag was removed using a TEV protease (produced in-house).
A fraction containing untagged dimeric IL-17A protein was then
isolated by size exclusion chromatography.

Neutralization Bioassay

The potency of antibody 496 variants, ixekizumab (Taltz®; Eli
Lilly, Indiana, USA) or secukinumab (Cosentyx®; Novartis,
Basel, Switzerland), for the neutralization of human IL-17A and
IL-17F was determined using a human primary cell bioassay.
Normal human dermal fibroblasts (NHDFs) derived from
neonate foreskin (106-05n, Sigma-Aldrich, Missouri, USA) were
cultured in Dulbecco’s Modified Eagle’s Medium supplemented
with 10% of heat-inactivated low endotoxin fetal bovine serum
and 2mM L-glutamine (Invitrogen, California, USA). Cells
were grown in T75 flasks until 80-90% confluent, before being
removed using 0.25% Trypsin-EDTA and plated in 384 well-
plates (Corning, New York, USA) at 1,250 cells per well. Cells
were allowed to rest for 3 h before addition of cytokines and/or
antibodies. IL-17A or IL-17F were incubated with TNF for 1h
prior to being added to the cells. IL-6 protein quantification
was determined using homogeneous time resolved fluorescence
(HTRF; Cisbio, Codolet, France), as per the manufacturer’s
instructions, using a recombinant IL-6 standard curve (R&D
Systems, Minnesota, USA) detected at 18h (4/- 2h). IL-6
levels were plotted against inhibitor concentrations in Prism 6
(GraphPad, California, USA) to generate ICsy and ICyg values.

Surface Plasmon Resonance (SPR)

The binding affinities and kinetic parameters for the interactions
of antibodies were determined by SPR on a Biacore T200 using
Series S CMS5 sensor chips (GE Healthcare Bio-Sciences AB,
Uppsala, Sweden). HBS-EP (10 mM HEPES [pH 7.4], 150 mM
NaCl, 3mM EDTA, 0.05% v/v surfactant P20) was used as
running buffer. All experiments were performed at 25°C. The
antibody samples were captured using F(ab’), fragment-specific
or Fcy-specific Affinipure F(ab’); fragment goat anti-human
IgG (Jackson ImmunoResearch, Pennsylvania, USA). Covalent

immobilization of the capturing antibody was achieved by
standard amine coupling chemistry to a level of 3,500-5,000
response units (RU).

Human IL-17A and IL-17A/E cynomolgus macaque IL-17A
and IL-17F (all generated at UCB) and human IL-17F (R&D
Systems) were titrated over the captured purified antibody from
10nM (IL-17F) or 5nM (IL-17A and IL-17A/F) to 0.625nM
or 0.315nM, respectively. Each assay cycle consisted of first
capturing the antibody sample using a 1-min injection at a flow
rate of 10 pL/min, followed by an association phase consisting
of a 3-min injection of the IL-17 cytokine at a flow rate of 30
wL/min; dissociation was then monitored. After each cycle, the
capture surface was regenerated at a flow rate of 10 pL/min with
a 1-min injection of 40 mM HCI followed by a 30-sec injection of
10 mM or 5mM NaOH. A blank flow-cell was used for reference
subtraction and buffer-blank injections were included to subtract
instrument noise and drift. Kinetic parameters were determined
using Biacore T200 Evaluation Software V3.0.

RESULTS

Discovery and Characterization of 496.g1
Initially, we sought to generate an IL-17A therapeutic antibody.
In brief, a panel of antibodies was raised in Sprague Dawley
rats to human IL-17A. Using a single B cell selection method
(28), the parental antibody 496 was identified for its strong
binding to IL-17A and its ability to inhibit IL-17A-induced
IL-6 production in the 3T3-NIH cell line (data not shown).
Sequence alignment of IL-17 family members showed that
IL-17B, IL-17C, IL-17D, IL-17E, and IL-17F shared 20-50%
homology to IL-17A at the amino acid level. To determine
whether the humanized variant of 496, 496.g1, was cross-reactive
with other IL-17 family members, an indirect ELISA using
recombinant protein was performed. Relative to an isotype-
matched control antibody, 496.g1 showed binding to IL-17A
(ECop 12.1ng/mL) and IL-17F (ECgy¢ 358.5ng/mL). Little or
no binding to human IL-17B, IL-17C, IL-17D, and IL-7E was
observed (Figure 1).

Mathematical Modeling of IL-17A and
IL-17F

To investigate the therapeutic potential of 496.g1, a target-
mediated drug disposition model was used to predict the
percentage of IL-17A or IL-17F bound to 496.gl in skin (29).
Allometric scaling, which considers the differences in body
surface area and weight, was used to predict the pharmacokinetic
parameters (clearance and volume of distribution) of 496.g1
in humans. In each case, the percentage of antibody that was
ascribed to partition to the skin was 30% (30). The simulations
predicted that, following a 160 mg IV dose of 496.gl every 4
weeks, IL-17A was completely bound in plasma and >95% bound
in skin compartments at trough or before the next dose was
administered at steady state, but skin IL-17F showed <50%
occupancy at the same timepoint (Figure 2). This was considered
to be sub-optimal in humans as IL-17F signaling would not be
completely inhibited. We had hypothesized that both IL-17A
and IL-17F needed to be neutralized to attain optimal clinical
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FIGURE 1 | Binding of 496.g1 to human recombinant IL-17A-F. Recombinant cytokines (A-F) were coated onto high-binding ELISA plates. Titrations of 496.g1 or
isotype control antibody were added, starting at concentrations of 10 g/mL. Optical density (OD) absorbance was measured at 450 nm. Values represent average
absorbance and standard deviation of six technical replicates.
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FIGURE 2 | Predicted percentage of IL-17A and IL-17F bound to 496.g1 in psoriatic skin based on a target-mediated drug disposition model. Simulations are based

on a 160 mg dose IV every 4 weeks (arrow) and partitioning of 30% of the antibody into the skin and indicate insufficient binding of 496.g1 to completely inhibit IL-17F
in psoriatic skin.

outcomes compared with inhibition of IL-17A alone. Therefore, ~Characterization of 496.g3
it was decided to try to improve the affinity of 496.g1 for IL-17F,  To affinity mature 496.g1 for IL-17FE a crystal structure of 496.g1
while maintaining affinity for IL-17A. Fab in complex with IL-17F was generated and a proprietary in
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TABLE 1 | Binding affinities and kinetic parameters of 496.g1 and 496.93 Fab
fragments.

Cytokine 496 ko (M~1s~7) kg (s77) Kp (M) Ko (PM)

IL-17F gl 4.00E+06 6.03E-03 1.51E-09 1,510
g3 4.75E406 1.64E-04 3.45E-11 35

IL-17A gl 1.93E+06 5.63E-05 2.92E-11 29
g3 1.44E+06 1.03E-05 7.20E-12 7

Association (k) and dissociation (ky) rates and affinity constants (Kp) were determined by
surface plasmon resonance.

silico design method applied to the interface (details of which
can be found in patent application number WO2014198951A2).
Using this method, we tested a series of mutation combinations,
identifying five mutations in the light chain variable region
of 496.g1 that increased binding affinity for IL-17F while also
improving affinity for IL-17A, giving rise to antibody 496.g3
(Supplementary Data). As a purified Fab fragment, the affinity
constants (Kp) of 496.g3 for IL-17F and IL-17A were shown to be
35 pM and 7 pM, respectively (Table 1). This compared favorably
with the Kp of 496.g1 Fab for IL-17F and IL-17A at 1510 pM and
29 pM, respectively, showing a 43-fold increase in the affinity
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FIGURE 3 | Affinity of 496.93 to IL-17A and IL-17F. Anti-human F(ab’), was immobilized onto a CM5 sensor chip surface followed by the capture of either 496.g1 or
496.93 Fabs. The association phase showed an increase in response over time following the injection of varying concentrations of IL-17A (5-0.313nM) and IL-17F
(5-0.625nM) and this was followed by the dissociation phase when buffer replaced the IL-17A and IL-17F.
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of 496.g3 Fab for IL-17F and a 4-fold increase in its affinity for
IL-17A compared with 496.g1 (Figure 3).

In order to determine whether the improvement in affinity
for IL-17F had resulted in a concomitant improvement in
neutralization activity, the potency of 496.g3 in neutralizing IL-
17A- or IL-17F-stimulated release of IL-6 from NHDFs was
compared with that of 496.g1. Stimulation of cells by IL-17A or
IL-17F was too weak for a qualitative assay. Similarly, TNF only
weakly stimulated cells. However, when either IL-17A or IL-17F
was combined with TNE they acted synergistically to strongly
elevate the assay signal. Both 496.g1 and 496.g3 inhibited IL-
17A and IL-17F to the level of stimulation seen with TNF alone
(Figure 4). Pre-incubation of either antibody with TNF had no
effect on IL-6 stimulation (data not shown). Equivalent ICgos
were produced for 496.g1 and 496.g3 against IL-17A at 0.04 nM
and 0.02 nM, respectively. Notably, 496.g3 was ~10-fold more
potent than 496.g1 against IL-17F, with ICqg values of 23.41 nM
and 238.8 nM, respectively.

To enable toxicology and pharmacokinetic studies in
primates, the affinity of 496.g3 for cynomolgus macaque
IL-17A and IL-17F was determined. 496.g3 showed similar
affinity for human and cynomolgus macaque IL-17A, with
Kp values of 32pM and 12 pM, respectively (Table2).
While the affinity for cynomolgus macaque IL-17F at
345 pM was weaker than for human IL-17F at 23 pM
(Table2), it was considered to be sufficient for 496.g3
characterization in primate studies. Further studies showed
496.g3 did not bind to mouse or rat IL-17A or IL-17F
(data not shown).

Comparison With Approved Therapeutics
To compare the efficacy of 496.g3 in an in vitro neutralization
assay against anti-IL-17A-specific antibodies ixekizumab and

secukinumab, the relative inhibition of IL-17A, IL-17F and
IL-17A/F signaling was examined. This assay utilized IL-6
release as a surrogate marker of inflammatory activation. The
potency curves were calculated relative to fibroblasts activated
with TNF alone. 496.g3 and ixekizumab showed similar ICg
values for IL-17A at 2.5ng/mL and 2.2ng/mL, respectively,
and for IL-17A/F at 179.2ng/mL and 91 ng/mL, respectively.
In contrast, secukinumab was significantly less potent against
IL-17A at 956.2ng/mL. Of note, only 496.g3 demonstrated
inhibition of IL-17F (ICyy 137.8 ng/mL), as neither ixekizumab
nor secukinumab bound IL-17F (Figure 5A and Table 3). These
data are consistent with the reported affinity constants for
ixekizumab and secukinumab, and the measured affinities for
496.g3 (Table 4).

Measurements of IL-17A and IL-17F in psoriatic lesional
tissue and serum show that, on average, the level of IL-17F
is 30-fold higher than that of IL-17A (21). These quantitative
differences are also observed in the serum of patients with

TABLE 2 | Binding affinity and kinetic parameters of 496.g3 for human and
cynomolgus macaque IL-17A and IL-17F.

Species Cytokine k, (M~'s™") kg (s7") Kp (M) Kp (pM)
Human IL-17F 2.99E+06 6.91E-05 2.31E-11 23
IL-17A 4.59E+06 1.45E-05 3.17E-12 3.2
Cynomolgus IL-17F 4.27E+05 1.48E-04 3.45E-10 345
macaque
IL-17A 1.64E4+06 2.02E-05 1.23E-11 12

Association (k) and dissociation (ky) rates and affinity constants (Kp) were determined
by SPR.
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FIGURE 4 | Inhibition of IL-6 production from normal human dermal fibroblasts (NHDFs) stimulated with TNF in combination with IL-17A or IL-17F by IL-17-specific
antibodies. (A) IL-17A (0.15nM) or (B) IL-17F (25 nM) in combination with TNFa (0.025 nM) was pre-incubated with titrations of 496.g1, 496.g3 or an irrelevant
antigen-specific human IgG1 isotype control for 1 h before addition to cells. NHDFs were subsequently stimulated for 18-20 h before IL-6 protein levels in the
supernatant were determined by homogeneous time-resolved fluorescence. As shown in both figures, stimulation of NHDFs by TNF or IL-17A or IL-17F individually
failed to elicit sufficient production of IL-6. Each condition was tested in duplicate and the data shown is representative of three separate experiments. Two-way
ANOVA, Bonferroni post-test analysis was performed to compare inhibition of 496.g1 vs. 496.g3 (p < 0.05, *p < 0.01, **p < 0.001, ***p < 0.0001).
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FIGURE 5 | Comparative efficacy of 496.g3 with the approved anti-IL-17A antibodies secukinumab and ixekizumalb in inhibiting IL-6 production by normal human
dermal fibroblasts (NHDFs). As seen in panel (A) 496.g3 was the only antibody that inhibited IL-6 production in response to stimulation by all three cytokines. In panel
(B), 496.93 maintained complete inhibition of IL-6 production, while the efficacy of ixekizumab declined with each stepwise increase in the ratio of IL-17F to IL-17A.
Potency curves were calculated relative to NHDFs activated with TNF alone. In both sets of experiments, IL-17A (1 ng/mL), IL-17A/F (30 ng/mL), or IL-17F (30 ng/mL)
in combination with TNF (1 ng/mL) were pre-incubated with titrations of 496.93, ixekizumab (A,B) and secukinumab (A) for 1 h before addition to NHDFs. The cells
were subsequently stimulated for 18-20 h before IL-6 protein levels in the supernatant were determined by homogeneous time-resolved fluorescence. Each condition
was tested in duplicate and the data shown is representative of three separate experiments. Two-way ANOVA, Bonferroni post-test analysis was performed to
compare inhibition of 496.93 vs. secukinumab (black stars) or ixekizumab (blue stars) (* p < 0.05, ** p < 0.01, * p < 0.001, *** p < 0.0001).
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TABLE 3 | Comparative activity of 496.g3 with anti-IL-17A-specific antibodies
secukinumab and ixekizumab in neutralizing IL-17A, IL-17F an IL-17A/F in an in
vitro neutralization assay.

IL-17A IL-17A/F IL-17F
ICs0 ICg0 ICs0 ICa0 ICs0 ICa0
Secukinumab 45.0 956.2 525.9 65,535.0 ND ND
Ixekizumab 0.4 2.2 43.2 91.0 ND ND
496.93 0.4 2.5 48.9 179.2 32.1 137.8

Calculation of ICso and ICgo values for 496.93, secukinumab and ixekizumab were
determined by four parameter non-linear regression analysis for IL-17A, IL-17A/F, and
IL-17F. ICsp and ICgyp values are measured in ng/ml. ND, Not detectable.

spondyloarthritis (21). To determine whether the ratio of IL-17F
to IL-17A in psoriatic lesions is important to the differential
therapeutic potential of 496.g3 vs. ixekizumab in vitro, a
neutralization assay was performed using varying ratios of IL-17F
to IL-17A. In line with the previous experiment (Figure 5A), in
the presence of IL-17A 1 ng/mlL, 496.g3 and ixekizumab showed
similar levels of inhibition. As the ratios of IL-17F to IL-17A
were increased to 3:1, 10:1, and 30:1, 496.g3 maintained complete
inhibition of IL-17-driven signaling (Figure 5B). In contrast, the
efficacy of ixekizumab reduced with each stepwise increase in the
ratio of IL-17F to IL-17A (Figure 5B). To achieve full inhibition
at the increased IL-17F:IL-17A ratio, a concomitant increase in
the concentration of 496.g3 was required; this was expected given

TABLE 4 | Binding affinities of 496.g3, secukinumab and ixekizumab for human
IL-17A, IL-17A/F, and IL-17F.

Cytokine Secukinumab Ixekizumab 496.93
IL-17A 12QT 1.8* S.ZT
IL-17A/F 2,400"* 1.8* 26TA
IL-17F NBf NB* QST

/nterna/T and published *(31), **(32) binding affinities (pM) of 496.93, secukinumab and
ixekizumab for IL-17A, IL-17A/F, and IL-17F were generated by SPR. Affinity of 496.93 for
IL-17A and IL-17F was previously shown in Table 2. " The kinetic parameters for binding
to IL-17A/F are kg = 3.19E+06, kg = 8.17E-05 and Kp = 2.56E-11. NB, no binding.

the requirement to neutralize two ligands. Collectively, these
data emphasize that neutralization of both IL-17A and IL-17F
is required to fully suppress inflammation driven by these two
structurally similar IL-17 cytokines.

DISCUSSION

Antibody 496.g3 (bimekizumab) was generated to test our
hypothesis that both IL-17A and IL-17F contribute to chronic
tissue inflammation, and that dual neutralization of IL-17A and
IL-17F may lead to superior clinical outcomes compared with
inhibition of IL-17A alone.

IL-17A is the principal therapeutic target of the IL-17
family, which may be reflected in the roles of IL-17A and
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IL-17F in mice. Studies using transgenic mice lacking either
IL-17A or IL-17F showed that IL-17A plays a major role in
the development of autoimmune diseases such as collagen-
induced arthritis and Experimental Autoimmune Encephalitis
(murine model of multiple sclerosis), and allergic diseases such
as delayed-type hypersensitivity and contact hypersensitivity;
in contrast, the role of IL-17F in these disease models was
marginal (4, 5, 14, 33, 34). This is likely due to the 10,000-
fold difference in potency between mouse recombinant IL-17A
and IL-17F (data not shown). In contrast, the relative difference
in potency between recombinant human IL-17A and IL-17F is
~100-fold (35).

In common with a number of other anti-IL-17A therapeutic
antibodies that have entered the clinic, 496.g1, the antecedent
of bimekizumab, was raised following immunization of rats
with only IL-17A. 496.g1 possessed weak IL-17F neutralizing
activity, which was subsequently exploited and enhanced
through affinity maturation. As a standard IgGl, 496.g3
achieved dual targeting of both IL-17A and IL-17F (Figure 6).
Biophysical characterization provided insights into how the
molecule would behave in the manufacturing process. No
unexpected or unwanted characteristics were identified during
this process; indeed, 496.g3 showed good thermal stability and
a favorable isoelectric point, which was comparable with other
IgG monoclonal antibodies in the developmental and clinical
landscape (36, 37).

Studies in human cells suggested a more prominent
role for IL-17F in tissue inflammation (15). Treatment of
synoviocytes from patients with rheumatoid arthritis with either
recombinant IL-17A or IL-17F in the presence of TNE has
been shown to induce a qualitatively similar gene signature
(16). Transcriptional analysis of IL-17A- or IL-17F-stimulated
dermal fibroblasts further reaffirmed the overlapping biology of
these two cytokines, although IL-17A in either synoviocytes or

dermal fibroblasts was the more potent cytokine (38). Indeed,
using a more complex in vitro model of disease we have
previously shown that dual neutralization of endogenous IL-
17A and IL-17F produced by Th17 cells demonstrated greater
suppression of inflammatory mediators compared to selective
IL-17A blockade. Further, in addition to suppression of IL-
6 we also observed significant inhibition of CXCL1, CXCLS,
and CCL20, chemokines strongly linked to IL-17A and IL-
17F biology (38). The limitations of our previous published
research (38) with bimekizumab were two-fold. Firstly, 496.g3
was not compared against commercially approved anti-IL-17A
antibodies, secukinumab, and ixekizumab, as performed in this
study, but rather profiled against an in-house generated anti-
IL-17A antibody. As our in-house anti-IL-17A antibody may
behave differently to secukinumab and ixekizumab, it was more
clinically relevant to compare against commercially approved
antibodies. Further, in this study we also add more granularity
on the specificity and potency of each antibody to specifically
neutralize IL-17A, IL-17AF, or IL-17F when tested individually.
Secondly, quantification of local and systemic levels of both
IL-17 cytokines in patients with psoriasis, psoriatic arthritis,
and ankylosing spondylitis revealed a greater abundance of
IL-17F relative to IL-17A (>30-fold) (21). Significantly, we
demonstrated, using an in vitro neutralization assay, that when
the ratio of IL-17F to IL-17A was >10-fold the differential
impact of 496.g3 over specific IL-17A inhibitors was observed.
As expected, a higher concentration of 496.g3 was required to
neutralize both IL-17A and IL-17F, when compared with IL-
17A alone.

While the greater abundance of IL-17F and its shared
overlapping biology with IL-17A suggest a role for this cytokine
in promoting chronic tissue inflammation, our early clinical
assessments of dual inhibition of IL-17A and IL-17F offers a
direct approach to testing this hypothesis (39). Bimekizumab
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has completed Phase 1 and Phase 2 clinical trials in patients
with psoriasis, psoriatic arthritis, and ankylosing spondylitis
(38, 40-42). In the Phase 1 first-in-human, single-dose psoriasis
study (NCT02529956), 26 patients received bimekizumab and
13 received placebo; bimekizumab treatment resulted in a
rapid onset of clinically meaningful efficacy in measures of
disease activity, which was maintained throughout the 20-
week study in those receiving bimekizumab >160mg (39).
In the Phase 1b proof-of-concept study (NCT02141763) in
patients with moderate to severe adult-onset psoriatic arthritis,
38 patients received bimekizumab and 12 patients received
placebo (38). Bayesian analysis indicated a >99% probability
that the American College of Rheumatology n (ACRn) index
and >20% improvement in ACR index (ACR20) response
at Week 8 were greater with bimekizumab vs. placebo and
exceeded the pre-determined clinically relevant threshold. For
the combined highest three doses, response rates at Week 8 were
80% (ACR20), 40% (ACRS50), and 23% (ACR70), with maximal
observed response rates for these endpoints of 80% (ACR20
at Week 8), 57% (ACR50 at Week 12), and 37% (ACR70 at
Week 16). Moreover, in those patients with skin involvement,
Week 8 Psoriasis Area Severity Index (PASI) response rates
for PASI75 and PASI100 were 100% and 87%, respectively.
Therefore, both pre-specified efficacy criteria in this study were
met, demonstrating proof-of-concept. Further to this, results
from BE ABLE 1, a 12-week, randomized, double-blind, placebo-
controlled Phase 2b study in patients with moderate to severe
psoriasis demonstrated superior efficacy of bimekizumab vs.
placebo in all primary and secondary endpoints (40). Significant
dose-dependent responses were observed and, in the highest
dose groups, patients achieved high levels of skin clearance
(PASI90) at Week 12. Of note, ~50-60% of patients in the three
highest dose groups achieved complete skin clearance (PASI100)
following 12 weeks of bimekizumab treatment. Importantly,
in all three clinical studies, the safety findings observed were
consistent across bimekizumab dose groups and were as expected
when considered in the context of anti-IL-17A antibodies.
Preclinical and early clinical data are encouraging and further
support the targeted approach of dual neutralization of IL-17A
and IL-17F.

Results of the studies reported here demonstrate that
bimekizumab, a monoclonal antibody, potently and selectively
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Aryl hydrocarbon receptor (AhR) provides a deeper insight into the pathogenesis of
cutaneous squamous cell carcinoma (cSCC). AhR ligands, such as 6-formylindolo[3,2-
b] carbazole (FICZ), and 7,12-Dimethylbenz[alanthracene (DMBA), constitute major
substrates for the cytochrome P450 (CYP) family, and influence the expression of
various cytokine genes, including /L-77 and IL-23-related genes via the AhR. On the
other hand, proinflammatory cytokines could drive tumor progression through the TRAF-
ERKS5 signaling pathway in ¢cSCC. From the above findings, we hypothesized that AhR
ligands might enhance the mRNA expression of proinflammatory cytokines via the AhR,
leading to the development of cSCC. The purpose of this study was to investigate
(1) the immunomodulatory effects of FICZ and DMBA on normal human keratinocytes
(NHKCs), focusing on IL-17, and related cytokines/chemokines (IL-23, IL-36y, and
CCL20), (2) the expression of these factors in AhR-dependent pathways using a two-
stage chemically induced skin carcinogenesis mouse model, and (3) the expression of
these factors in lesion-affected skin in ¢cSCC. Both FICZ and DMBA augmented the
expression of CYP1A1, p19, CCL20, and IL-36y mRNA in NHKCs in vitro. Moreover,
the mRNA expression of these proinflammatory factors, as well as IL-17, in mouse
cSCC is significantly decreased in the AhR-(fl/fl) Krt5-(Cre) mice compared to wild type
mice, leading to a decrease in the number of developed cSCC lesions. Furthermore,
CCL20, IL-23, as well as IL-17, are detected in the lesion-affected skin of cSCC patients.
Our study demonstrates a possible mechanism for the development of cSCC involving
AhR-mediated signaling by epidermal keratinocytes and recruitment of Th17 cells.

Keywords: aryl hydrocarbon receptor, cutaneous SCC, IL-17, carcinogenesis, proinflammatory cytokines

INTRODUCTION

Cutaneous squamous cell carcinoma (cSCC) is the second most common type of non-melanoma
skin cancer, and its risk factors have been widely reported (1, 2). For example, the precursor of cSCC
is intraepithelial UV-induced damage, which can develop into actinic keratosis (AK) (3). Indeed,
AK and SCC possess a similar genetic profile, such as alterations in the p53 gene (3), suggesting
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that AK could sequentially develop into ¢SCC. On the other
hands, chemical exposure is another risk of cSCC. Recently,
Chahal et al. reported a two-stage genome-wide association study
for ¢SCC (4), suggesting the genome-wide significance of seven
pigmentation-related loci and four susceptibility loci, including
aryl hydrocarbon receptor (AhR) and IRF4. AhR is a dioxin
receptor involved in anti-apoptotic pathways and progression of
melanoma, whereas IRF4 encodes a key transcription factor that
controls M2 macrophage polarization (5). The authors concluded
that these susceptibility loci provide a deeper insight into the
pathogenesis of cSCC (4).

The exposure of keratinocytes to ultraviolet (UV) radiation
leads to the intracellular production of 6-formylindolo[3,2-
b]carbazole (FICZ), which exhibits high affinity for AhR (6, 7).
FICZ is a tryptophan oxidation product formed by exposure
to UV, and is metabolized by CYP1A1 (7). FICZ is a major
substrate for the cytochrome P450 (CYP) family, and affects the
expression of various genes via the AhR (8-10). Despite various
reports about the physical and chemical properties of FICZ, its
association with ¢SCC remains unclear.

7,12-Dimethylbenz[a]anthracene (DMBA), another type of
AhR ligand that is typically found in cigarette smoke, is
widely known to induce cutaneous SCC in mouse skin
together with 12-O-Tetradecanoylphorbol 13-acetate (TPA)
(11, 12). The majority of DMBA-induced SCCs possess
mutations in oncogenes including Hras, Kras, and Rras (13,
14), which are detected in human SCC located in cervical,
esophageal, and lung tissues, among others. Although these
previous reports suggested the significance of oncogenic
mutations caused by AhR ligands, the immunomodulatory
effects of the AhR in c¢SCC are still unknown. Notably,
AhRs are highly activated in Thl17 cells (14), and AhR
ligands enhance the differentiation of Th17 cells and IL-22
production via the AhR (15). Considering that IL-17 could
drive the tumor progression through TRAF-ERK5 pathways
in ¢SCC (16), we hypothesized that DMBA could induce IL-
17 production from keratinocytes to drive the proliferation
of keratinocytes, leading to the development of ¢SCC. In
this report, we investigated the significance of AhR signaling
in keratinocytes for the development of ¢SCC using a two-
stage chemically induced skin carcinogenesis mouse model and
human ¢SCC samples.

MATERIALS AND METHODS

Ethics Statement for Animal and Human

Experiments

The protocol for the animal study was approved by the
ethics committee at Tohoku University Graduate School of
Medicine for Animal Experimentation, Sendai, Japan (permit
number: 2017MdLMO-342-2). The research complied with
the Tohoku University Graduate School of Medicine’s Animal
Experimentation Ethics guidelines and policies. All surgeries
were performed under sodium pentobarbital anesthesia, and all
efforts were made to minimize suffering. The protocol for the
human study was approved by the ethics committee at Tohoku

University Graduate School of Medicine, Sendai, Japan (permit
number: 2017-1-430), and Kagoshima Medical Center, Japan
(permit number 29-2, 30-08).

Animals and Melanoma Cell Line

C57BL/6 mice and BALB/c mice (5 to 8 weeks old) were
purchased from Japan Shizuoka Laboratory Animal Center
(Shizuoka, Japan) and housed in the animal facility at the Tohoku
University Graduate School of Medicine. Ahr/1 mice and Krt5-
Cre mice were kindly provided by Department of Medical
Biochemistry, Tohoku University Graduate School of Medicine,
Sendai, Japan (6).

Reagents
The following antibodies (Abs) were wused for
immunohistochemical staining: mouse monoclonal Abs

(LifeSpan BioScience, Seattle, WA, United States) against
human CCL20 and human IL-36y, rabbit polyclonal Abs
(LifeSpan BioScience) against human CYPIAl and human
IL-23, and a goat polyclonal Ab (R&D Systems, Minneapolis,
MN, United States) against human IL-17. The following
antibodies were used for immunofluorescence (IF): mouse
anti-human CD163 phycoerythrin-conjugated monoclonal
antibody (R&D Systems), rabbit polyclonal anti-CCL22 antibody
(R&D Systems), rabbit polyclonal anti-CXCL5 antibody
(Lifespan Bioscience, Seattle, WA, United States), mouse
anti-CXCL10 antibody (Lifespan Bioscience), Alexa Fluor
488-conjugated anti-mouse rat immunoglobulin (Ig)G (Abcam,
Tokyo, Japan), and Alexa Fluor 488-conjugated anti-rabbit goat
IgG (Abcam).

Tissue Samples and

Immunohistochemical Staining

We collected archived formalin-fixed paraffin-embedded skin
specimens and cryosections from cutaneous SCC patients treated
in the Department of Dermatology at Tohoku University
Graduate School of Medicine, Sendai, Japan, and Department of
Dermato-Oncology/Dermatology at Kagoshima Medical Center,
Kagoshima Japan. We employed immunohistochemical staining
for 10 cases of squamous cell carcinoma and 10 cases of AK
(Table 1). For cryosections, each sample was frozen in optimal
cutting temperature embedding medium, and 6-um sections
were fixed with cold acetone for 30 min and then blocked
with IF buffer (PBS, 5% bovine serum albumin). Thereafter,
each section was incubated with the relevant antibodies. The
slides were mounted in DAPI Fluoromount-G (Southern Biotech,
Birmingham, AL, United States) and examined using a Zeiss
LSM 700 microscope equipped with a SPOT digital camera (Zeiss
Japan, Tokyo, Japan).

Cell Culture and Stimulation

Normal human epidermal keratinocytes (NHKCs; Kurabo,
Osaka, Japan) were cultured in HuMedia-KG supplemented with
insulin (10 pg/mL), hEGF (0.1 ng/mL), hydrocortisone
(0.5 pg/mL), gentamicin (50 pg/mL), amphotericin B
(50 pg/mL), and fetal bovine serum (0.4% v/v; Kurabo).
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TABLE 1 | Characteristics of patients with cSCC and actinic keratosis.

Age Stage Location Histology

Invasive

Case 1 31-40 T2NOMO stage I Scalp Well differentiated
Case 2 51-60 T1NOMO stage | Cheek Well differentiated
Case 3 71-80 T2NOMO stage Il Scalp Well differentiated
Case 4 61-70 T1NOMO stage | Forearm Well differentiated
Case 5 71-80 T1NOMO stage | Nose Well differentiated
Case 6 71-80 T1NOMO stage | Cheek Well differentiated
Case 7 91-100 T2NOMO stage I Scalp Well differentiated
Case 8 61-70 T2NOMO stage Il Lower leg Well differentiated
Case 9 61-70 T3NOMO stage Il Scalp Well differentiated
Case 10 71-80 T1NOMO stage | Scalp Well differentiated
Case 11 61-70 T1NOMO stage | Penis Well differentiated
Case 12 31-4- T1NOMO stage | Scalp Well differentiated
In situ

Case 1 71-80 TisNOMO stage O Forearm Actinic keratosis
Case 2 81-90 TisNOMO stage O Forearm Actinic keratosis
Case 3 71-80 TisNOMO stage O Ear Actinic keratosis
Case 4 81-90 TisNOMO stage O Cheek Actinic keratosis
Case 5 61-70 TisNOMO stage O Cheek Actinic keratosis
Case 6 91-100  TisNOMO stage 0 Medial canthu Actinic keratosis
Case 7 81-90 TisNOMO stage O Scalp Actinic keratosis
Case 8 81-90 TisNOMO stage O Preauricle Actinic keratosis
Case 9 81-90 TisNOMO stage O Cheek Actinic keratosis
Case 10 91-100  TisNOMO stage O Forearm Actinic keratosis
Case 11 71-80 TisNOMO stage O Scalp Actinic keratosis
Case 12 91-100  TisNOMO stage 0 Cheek Actinic keratosis

Cells were cultured at 37°C in a 5% CO; atmosphere. Upon
reaching 80% confluence, cells were treated with FICZ (10 nM),
or DMBA (1 u M) for 4 h.

RNA Extraction, Assessment of RNA
Quality, and Reverse Transcription and

Quantitative Real-Time PCR

Total RNA was extracted using a RNeasy Micro kit (Qiagen,
Courtaboeuf, France) in accordance with the manufacturer’s
instructions. The RNA was eluted using 4 pL of RNase-
free water. Contaminating genomic DNA was removed by
treating extracted RNA with DNase I (RNase-Free DNase
Set; Qiagen). Reverse transcription was performed using
a SuperScript VILO cDNA Synthesis kit (Invitrogen).
Amplification reactions were performed using a Mx 3000P
Real-Time Quantitative PCR System (Stratagene, Tokyo,
Japan). The thermal cycling conditions were as follows:
3 min for polymerase activation at 95°C, followed by 40
cycles at 95°C for 5 s and 60°C for 20 s. PCR products
were maintained at 4°C. Relative mRNA expression levels
were calculated for each gene and each time point after
normalization against the expression of glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) mRNA using the AACt
method. Averaged data from at least three independent
experiments are shown.

Cytokine Enzyme-Linked

Immunosorbent Assays

Secretion of CCL20 (R&D Systems), IL-36y (R&D Systems),
and IL-23 (R&D Systems) in NHKCs was determined using
enzyme-linked immunosorbent assay (ELISA) kits, according to
the manufacturer’s instructions.

Western Blotting

Normal human epidermal keratinocytes were seeded into 12-
well plates and cultured as described above. Cells were collected
and disrupted in lysis buffer (Cell Signaling Technology,
Boston, MA, United States). After adding SDS sample buffer
(Cell Signaling Technology), lysates were electrophoretically
separated on a 12% polyacrylamide gel (ATTO Corp., Tokyo,
Japan). Proteins were electrophoretically transferred onto a
polyvinylidene difluoride membrane (Bio-Rad, Hercules, CA,
United States). The membrane was blocked in 5% non-fat dry
milk in Tris-buffered saline (TBS) with 0.1% Tween-20 (TBST)
for 1 h at room temperature. After several washes with TBST,
the membrane was incubated overnight at 4°C with primary
mouse anti-human IL-36 beta antibody (R and D system; 1:1000),
anti-human IL-36 gamma antibody (R and D system; 1:1000),
anti-human p19 antibody (Proteintech, Tokyo; 1:1000), or anti-
human tublin antibody (Proteintech; 1:1000). The membrane
was washed several times in TBST followed by a 1-h incubation
with horseradish peroxidase—conjugated goat anti-mouse IgG
secondary antibody (Santa Cruz, Dallas, TX, United States).

Two-Stage Chemically Induced Skin
Carcinogenesis Mouse Model

7,12-Dimethylbenz[a]anthracene was purchased from Sigma-
Aldrich, Merck Milipore, Billerica, MA, United States, and TPA
was purchased from Calbiochem, Merck Milipore, Billerica, MA,
United States. DMBA is used as a carcinogen and TPA as a
promoter. At 6-8 weeks of age, the backs of the mice were
shaved, and 2 days after shaving, DMBA (25 g per mouse
in 200 pL acetone) was applied to shaved dorsal back skin.
3 days after the first DMBA treatment, TPA (10 png per mouse
in 200 pwL acetone) was applied. After four rounds of this single
DMBA and TPA treatment, the mice were treated with TPA twice
weekly for 20 weeks.

For qRT-PCR, the whole tumor was frozen with liquid
nitrogen, then crushed with a Cryo-Press (MICROTEC, Chiba,
Japan), as described previously (17). Total RNA was extracted
using ISOGEN (NIPPON GENE, Tokyo, Japan) according to the
manufacturer’s instructions.

Assessment of Immunohistochemical
Staining

The intensity of immunohistochemical staining for each antibody
was scored on a semiquantitative scale (Table 1).

Statistical Analysis

Statistical analysis was performed using the Mann-Whitney
U-test for comparison of values. The level of significance was set
atp < 0.05.
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FIGURE 1 | Immunohistochemical analysis of CYP1A1 expression and AhR expression in lesion-affected skin of AK and ¢SCC. Sections of skin from lesion-affected
areas of AK (A,B,G), cSCC (C,D,H), marginal areas around cSCC lesions (E,l), or normal skin ([F]; nevus pigmentosus located at back) were deparaffinized and
stained using anti-CYP1A1 antibodies (A-F), or AhR antibodies (G-I). The sections were developed with liquid permanent red. Scale bars, 100 wm (B,D-F), 200 um
(A,C,G-I). Representative specimens from analyses of 5 cases of actinic keratosis, 12 cases of cSCC, and 10 cases of nevus pigmentosus are shown.

=
marginal zone

RESULTS

Expression of CYP1A1 and Aryl
Hydrocarbon Receptor and in Cutaneous
Cell Carcinoma, Actinic Keratosis and

Normal Skin

Since the AhR ligands, FICZ, and DMBA, are reported to
promote carcinogenesis in SCC (11), we firstly employed
immunohistochemical staining of CYP1A1 and AhR in 10 cases
in each condition (cutaneous SCC, AK, and normal skin).
Atypical keratinocytes in AK (Figures 1A,B) and cutaneous
SCC (Figures 1C,D) expressed CYP1Al, whereas normal
keratinocytes between the follicular bulbs in AK (Figure 1A),
surgical margin of cutaneous SCC (Figure 1E), or normal skin
(Figure 1F) did not express CYP1A1l. Atypical keratinocytes in
AK (Figure 1G), SCC (Figure 1H), and normal keratinocytes in
basal layer (Figure 1I) of epidermis expressed AhR.

AhR Ligand Increases the Expression of
CYP1A1, CCL20, p19, and IL-36y mRNA

in NHKCs

Considering that the atypical keratinocytes in SCC and AK
express CYP1A1, AhR ligands stimulate NHKCs to increase the

production of CYP1A1 as well as proinflammatory cytokines
(18), and since IL-17 could drive the tumor progression through
TRAF-ERK5 pathways in ¢SCC (16), we next examined the
immunomodulatory effects of FICZ and DMBA on NHKCs,
focusing on the expression of CYP1Al, CCL20, pl9, p40,
IL-36a, IL-36P, and IL-36y mRNA at 4 h after stimulation
in vitro. Both FICZ and DMBA augmented the expression of
CYP1A1 as well as CCL20, p19, and IL-36y mRNA (Figure 2).
There was no significant increase in p40 and IL-368 mRNA
expression (Figure 2).

FICZ and DMBA Increased the
Production of CCL20, IL-36y and p19 in

NHKCs

As the results shown in Figure 2A suggest, FICZ and DMBA
significantly increased the expression of CCL20, IL-36y, and p19
in NHKCs. Therefore, we confirmed the production of CCL20,
IL-36Y, and p19 protein in NHKCs treated with FICZ and DMBA
in vitro. Production of CCL20 was significantly increased by
treatment with FICZ and DMBA (Figure 2B). The production
of IL-23 and IL-36f was detected by Western blot in each group
(Figure 2C). The production of IL-36y was not detected by ELISA
and Western blot in each group.
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FIGURE 2 | Expression of CYP1A1, cytokine, and chemokine mRNA in normal human keratinocytes (NHKCs) stimulated with FICZ, or DMBA. NHKCs were cultured
and treated with FICZ (10 nM), or DMBA (1 wM) as described in the Materials and Methods. At 4 h after stimulation, total RNA was recovered from NHKCs and
amplified, labeled, and analyzed. Quantitative real-time PCR was conducted to determine the number of cDNA copies for each factor, and the mRNA expression
level relative to that of untreated cells was calculated for each gene and time point after normalization against glyceraldehyde 3-phosphate dehydrogenase using the
A ACt method (A). NHKC culture supernatant was harvested as described in the Materials and Methods and analyzed by ELISA (B). Data from each donor were
obtained from triplicate assays, and the mean + SD was calculated. The means of at least three independent experiments are shown. IL-23 and IL-36p production
was analyzed by western blotting as described in the Materials and Methods (C). *p < 0.05, **p < 0.01.
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FIGURE 3 | AhR dependency in two-stage chemically induced skin carcinogenesis mouse model. Mouse cSCC in each mouse was induced as described in the
Materials and Methods. The schematic representation of model of carcinogenesis (A). The representative figure of DMBA-induced tumor in 5 wild type (AhR+/Krt5+)
mouse and 5 AhR-(fl/fl) Krt5-(Cre) mouse (B). The number of developed tumors were counted by two independent researchers, and the average number of induced
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AhR Dependency of Two-Stage (p = 0.1805), IL-36a (p = 0.063), and IL-36f (p = 0.099) in tumor
Chemically Induced Skin Carcinogenesis from AhR-(fl/fl) Krt5-(Cre) mice compared with wild type mice.

Mouse Model .

To further examine the immunomodulatory mechanisms Expression of CCL20, IL-23, ".-36)', and
responsible for the AhR signal in the carcinogenesis of cutaneous  IL=-17 in Cutaneous cSCC

SCC, we induced cutaneous SCC using a two-stage chemically ~ Considering that the ¢SCC mouse model described above
induced skin carcinogenesis mouse model (Figure 3A). As suggested that the mRNA expression of Thl7-related
shown in Figure 3B, the number of cutaneous SCC lesions is  proinflammatory cytokines and chemokines depends on
decreased in AhR-(fl/fl) Krt5-(Cre) mice, suggesting that the ~AhR signals in mouse cSCC in vivo, we further examined these
development of DMBA-induced cutaneous SCC depends on AhR  cytokines and chemokines in ¢SCC patients. We employed
signaling in keratinocytes. Since NHKCs increase the expression IHC staining of CCL20, IL-23, IL-36y, and IL-17 for samples
and production of Th17-related proinflammatory cytokines and  from 10 cSCC patients. As demonstrated by the in vitro and
chemokines in vitro, we evaluated these factors in established  in vivo model, atypical keratinocytes expressed CCL20 in tumor
mouse cSCC. The mRNA expression of CYP1AL (p = 0.002), lesions of cSCC (Figures 4a,b), while normal keratinocytes
CCL20 (p = 0.047), p19 (p = 0.029), CCL19 (p = 0.013), IL-36y  at the marginal zone of the tumor did not express CCL20
(p=0.0076), and IL-17 (p = 0.0035) was significantly decreased in ~ (Figure 4c). Moreover, a substantial number of IL-23-producing
tumor from AhR-(fl/fl) Krt5-(Cre) mice compared with wild type  cells were detected in the dermis of lesional skin of cSCC
mice (Figure 3C). On the other hand, there was no significant  (Figures 4d,e), where a substantial number of IL-17-producing
difference in mRNA expression of p40 (p = 0.1716), CCL22  cells were also detected (Figure 4g). On the other hand, there
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200 um (a,d).

FIGURE 4 | Immunohistochemical analysis of CCL20, IL-23, IL-17, IL-36y, and IL-17R expression in lesion-affected skin of cSCC. Sections of cSCC lesions were
deparaffinized and stained using anti-CCL20 (a-c), anti—IL-23 (d—f), anti-IL-17 (g,h), anti-IL-36y (i,j), or anti-IL-17R (k,l) antibodies. Sections were developed with
liquid permanent red. Scale bars, 100 um. Representative specimens from 12 cases of cSCC are shown. Scale bars, 50 um (b,i), 100 wm (c,e-l), and

morginal zone

were no IL-23-producing cells (Figure 4f) or IL-17-producing
cells (Figure 4h) in the dermis of tumor marginal zone. These
IL-23-producing cells and IL-17 producing cells were, at least
in part, CD163 + tumor-associated macrophages (TAMs)
and CD4 + IL-17 + Th17 cells, respectively, (Supplementary
Figure 1). In addition, the expression of IL-36y was detected
in some of atypical keratinocytes (Figure 4i) but not in normal
keratinocytes in the marginal zone of ¢cSCC (Figure 4j). IL-17R
is highly expressed in atypical keratinocytes in the lesional skin
(Figure 4Kk), but only slightly expressed in the upper spiny layer
of normal keratinocytes (Figure 41).

DISCUSSION

Polycyclic aromatic hydrocarbons (PAHs) exert their biological
effects via binding to the ligand-activated transcription factor
AhR, which activates the expression of genes encoding
detoxification enzymes (9). Chronic exposure of skin to PAHs,
such as DMBA, induces chronic keratinocyte-specific activation
of the AhR, which leads to the symptoms of atopic dermatitis

with chronic inflammation (6). Another report also suggested
that PAHs increase the expression of IL-5, IL-13, and IL-17 (19).
These data suggest that chronic exposure of the skin to PAHs
induces increased expression of both Th2 and Th17.

Recently, several reports suggested the significance of IL-
17 in the development of c¢SCC. For example, Wu et al.
reported that IL-17 signaling in keratinocytes drives IL-17-
dependent sustained activation of the TRAF4-ERKS5 axis, leading
to keratinocyte proliferation and tumor formation in ¢SCC (16).
In another report, IL-17 and IL-22 increased the proliferation and
migration of CAL27 SCC cell lines, suggesting the contribution of
IL-17 to the progression of SCC (20). Moreover, Gasparoto et al.
reported the significant co-relation of IL-17 and the development
of mouse ¢SCC (21). Furthermore, the significance of IL-17 is
reported not only in ¢SCC, but also in other types of cancer.
For example, IL-17 is positively associated with histologic grade
and is described as a prognostic factor in breast cancer (22).
More recently, we also reported the possible correlation between
CCL20/IL-23/IL-17 axis in the development of extramammary
Paget’s disease (EMPD) (18). These reports suggested the
significance of IL-17 in the carcinogenesis of cancers.
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IL-23 plays important roles in inducing Th17 cell proliferation
(23) even in the cancer microenvironment (24), and is also
known to promote growth and proliferation of human SCC of
the oral cavity (25). Indeed, the significance of IL-23 is reported in
various cancer species (26). For example, in UVB-induced mouse
skin cancer model, several proinflammatory cytokines, including
IL-23, are increased by irradiation, suggesting the relationship
between IL-23 and the development of mouse AK and c¢SCC (27).
In addition to its role in SCC, IL-23 promotes tumor progression
by the inhibition of apoptosis in breast cancer cell lines (26), and
levels of IL-23 and IL-23R expression are positively correlated
with tumor size, tumor-node-metastasis stage, and metastasis in
breast cancer (26).

Considering that the IL-23/IL-17 pathogenic axis could be an
anchor cytokine signal for the development of ¢cSCC, and that
the PAHs could induce an increased expression of Thl7, we
hypothesized that PAHs such as DMBA and FICZ could increase
the expression of these proinflammatory cytokine-related factors.
Indeed, both DMBA and FICZ increased the mRNA expression of
CYP1A1, CCL20, p19, and IL-36y in NHKC:s in vitro. In parallel
to data from the in vitro experiments, the mRNA expression of
CYPI1A1, CCL20, p19, and IL-36y, as well as IL-17 in DMBA-
induced cSCC from AhR™®/M Krt5~(Cre) mice, is significantly
decreased compared with that of wild type mice. These results
suggested the significance of the IL-23/IL-17 pathogenic axis
in the development of ¢SCC. Indeed, immunohistochemical
staining for the patients with ¢SCC revealed that atypical
keratinocytes expressed CCL20 and IL-36y, and a substantial
number of IL-23-producing cells and IL-17-producing cells were
detected in the lesional skin of ¢SCC. Moreover, the expression
of IL-17R is higher in atypical keratinocytes than in the normal
keratinocytes. Taken together, our data suggested that PAHs
(FICZ and DMBA) that are classically known to induce ¢SCC
could trigger the induction of IL-17-producing cells, leading to
the development of cSCC.
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The interleukin-(IL-)17 family of cytokines is composed of six members named IL-17A, IL-
17B, IL-17C, IL-17D, IL-17E, and IL-17F. IL-17Ais the prototype of this family, and it was
the first to be discovered and targeted in the clinic. IL-17A is essential for modulating the
interplay between commensal microbes and epithelial cells at our borders (i.e., skin and
mucosae), and yet, for protecting us from microbial invaders, thus preserving mucosal
and skin integrity. Interactions between the microbiota and cells producing IL-17A have
also been implicated in the pathogenesis of immune mediated inflammatory diseases and
cancer. While interactions between microbiota and IL-17B-to-F have only partially been
investigated, they are by no means less relevant. The cellular source of IL-17B-to-F, their
main targets, and their function in homeostasis and disease distinguish IL-17B-to-F from
IL-17A. Here, we intentionally overlook IL-17A, and we focus instead on the role of the
other cytokines of the IL-17 family in the interplay between microbiota and epithelial cells
that may contribute to cancer pathogenesis and immune surveillance. We also
underscore differences and similarities between IL-17A and IL-17B-to-F in the
microbiota-immunity-cancer axis, and we highlight therapeutic strategies that directly or
indirectly target IL-17 cytokines in diseases.

Keywords: microbiota, Th17, autoimmunity, microbiome, gut, immunotherapy, arthritis, cancer

INTRODUCTION

Fine tuning of the interactions between eukaryotic and prokaryotic cells that literally share our body
is essential for maintenance of health (1). In humans, the number of commensal, symbiont, and
mutualistic microbes (i.e., microbiota) inhabiting the gut, skin, mucosae, and even some visceral
organs, at least equals the number of eukaryotic cells (2). Nonetheless, the microbiome (i.e., the
microbiota genomic repertoire) outnumbers the host’s genome by 10 folds (3), and this may help
explaining why the microbiota is so relevant for the correct functioning of our organs and tissues
(4). The development of individual microbiota starts soon after birth (5), and it stabilizes within the
first three years (6). Within the same time frame, the developing immune system has to deal with,
and it is shaped by the microbiota (7). Indeed, the immune system adapts to antigens expressed by
eukaryotic cells, through the mechanisms of central and peripheral immune tolerance, thus
avoiding autoimmunity (8). The immune system also has to progressively cope with antigens
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expressed by the microbiota (9), a phenomenon we originally
defined as adaptation to the “extended self” (10). Tolerance to the
extended self is likely enforced by the perfect balancing between
regulatory T cells (Tregs), which block excessive immune
reactions (11), and T helper (Th) cells, rapidly intervening
when a commensal species has overtly grown, or a new species
appears within the microbiota. Indeed, antigens and metabolites
generated in the presence of a defined microbiota modulate the
expansion or contraction of Tregs and effector Th cells (12-14).
For example, microbiota-immune system interactions skew
mouse Th cells to produce interleukin-17 (IL-17) (15), and
together with IL-22 (16), Th17 cells producing these cytokines
protect the integrity of the gut mucosa, and stimulate the local
maturation of immunoglobulin (Ig) A-producing plasma cells,
thus restraining dwelling bacteria (17). Additionally, fibroblasts,
endothelial cells, chondrocytes, and adipocytes respond to IL-
17A by expressing antimicrobial proteins and peptides, and
proinflammatory cytokines and chemokines involved in acute-
phase responses and tissue remodeling (18, 19). As a
consequence, skin and mucosae of organisms lacking IL-17A
are more susceptible to fungal and bacterial infection (20).

An alteration or imbalance of the normal microbiota
composition (i.e., dysbiosis) is a common characteristic of
many human diseases, albeit it remains to be clarified if
dysbiosis is cause or consequence of the disease. Obesity, type
2 diabetes, nonalcoholic fatty liver disease, periodontitis,
rheumatoid arthritis, psoriatic arthritis, multiple sclerosis, and
systemic lupus erythematosus are examples of diseases
exacerbated or worsened by an altered gut flora (1, 4, 10, 14,
21). Interestingly, IL-17A has a relevant pathogenic role in all
these diseases (10). For example, it is well known that the IL-12-
IL-17 axis exerts an essential role both in the onset phase and at
the time of bone destruction in autoimmune arthritis (22).

Microbiome analysis in rheumatoid arthritis patients showed
dysbiosis and a relative abundance of Prevotella copri, Gram
negative bacteria that appear to favor the induction of Th17 cells
(23) (Table 1). In mice, transfer of Th17 cells polarized by P.
copri-stimulated dendritic cells induced arthritis (38). Both in
humans (39) and in mice (40), cross-reactivity between bacteria
and myelin antigens seems to activate Th17 cells that induce
autoimmune demyelination. In experimental autoimmune
encephalomyelitis (EAE), microbiota-induced Th17
lymphocytes migrated from the gut into the central nervous
system, where they exacerbated the disease (41). Thus, control of
pathogenic Th17 cells occurs in the gut. The mechanisms by
which commensals modulate the immune response, and Th17
cells in particular, has only been partially defined. Very recently,
Duscha et al. (42) showed that the availability of propionic acid
in feces and blood of multiple sclerosis patients depends on
intestinal microbiota composition, and 14-day supplementation
of propionic acid in the diet correlated with Treg expansion in
the intestine, and neurologic symptom amelioration.
Interestingly, monoclonal antibodies blocking either IL-17 or
IL-23 are already in the clinic or under investigation for the
treatment of rheumatoid arthritis patients (43). Thus, IL-17A is a
master regulator of host-microbiota interactions both in
physiologic conditions and in immune-mediated inflammatory
diseases (44, 45).

More recently, a microbiome has also been found in the blood
and tumor of cancer patients (46), and microbiota-induced IL-
17A has also been implicated in the pathogenesis of colon cancer,
breast, pancreatic and ovarian carcinomas, and multiple
myeloma (MM) (10, 47). The role of IL-17A in cancer has not
been fully elucidated, and data are controversial. While in
melanoma and ovarian cancer, Th17 cells activate anti-
neoplastic cytotoxic T cell responses (48-50), they are

TABLE 1 | Microbes driving the production of IL-17 cytokines in inflammation and cancer.

Microbes Site Cytokine Producer Outcome Ref.
produced cells
Physiological Tritrichomonas, Heligmosomoides Intestine IL-17E Tuft cells Activation of ILC2 and type-2 immunity in (24)
inflammatory polygyrus mice
response Citrobacter rodentium Intestine IL-17C Epithelial cells  Induction of inflammation, (25-27),
IL-17B promotion of epithelial barrier integrity in mice
IL-17F
Listeria monocytogenes, Intestine IL-17D Non- Increased susceptibility to infection (28)
Influenza virus hematopoietic
cells
Inflammatory Pseudomonas aeruginosa Lungs IL-17C Epithelial cells  Induction of inflammation (29)
diseases Bacteroides stercoris, Bacteroides Lungs IL-17B Macrophages  Induction of pulmonary fibrosis in mice (30)
ovatus, Prevotella melaninogenica
Fusobacterium nucleatum Intestine IL-17F Epithelial cells  Correlates with progression of ulcerative (31)
colitis in humans and mice
Prevotella copri, Prevotella nigrescens Intestine IL-17A Th17 Correlates with enhanced rheumatoid arthritis ~ (32)
in humans and mice
Cancer Proteobacteria, Verrucomicrobia Intestine IL-17E Macrophages  Correlates with progression of hepatocellular  (33)
carcinoma in humans and mice
Escherichia coli Intestine IL-17C Epithelial cells  Colorectal cancer progression in mice (34)
Nontypeable Haemophilus influenza Lungs IL-17C Epithelial cells  Progression of lung cancer in mice (35)
Bacteroides fragilis Intestine IL-17A Th17 cells Colorectal cancer progression in mice (36)
Prevotella heparinolytica Intestine IL-17A Th17 cells Multiple myeloma progression in mice 37)
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tumorigenic in a variety of mouse models of colon cancer (51),
hepatocellular carcinoma (52), MM (37), and pancreatic cancer
(53). The function of IL-17 may also vary depending on the
disease phase, and in pancreatic cancer it has been proposed that
IL-17-producing cells support tumor growth in the initial phases
of the disease, while in advanced phases, IL-17A potentiates
antitumor immunity (47). IL-17A can favor tumor growth either
in a direct or in indirect manner. In mouse tumor cell lines
expressing the IL-17R, IL-17A induced IL-6 production, which
in turn activated signal transducer and activator of transcription
(Stat) 3, eventually upregulating pro-survival and proangiogenic
signals (54). On the other hand, IL-17A also recruits mouse
innate immune cells like neutrophils and immature myeloid cells
within the tumor, supporting the development of an
immunosuppressive microenvironment, eventually favoring
tumor growth (55-57).

Of relevance, modulation of the gut microbiota reduces
expansion of Th17 cells and tumor progression both in solid
and hematopoietic tumors (37, 58). For example, in mice affected
by MM (59), a neoplasia of plasma cells accumulating primarily
in the bone marrow together with an immune infiltrate (60), the
gut microbiota enriched in P. heparinolytica induced Th17 cells
locally, which migrated to the bone marrow and promoted
aggressiveness of MM (Table 1). Indeed, both in humans and
in mice neoplastic plasma cells express the IL-17 receptor (IL-
17R) (37, 61), and IL-17 supports plasma cells survival and
proliferation likely by inducing the autocrine release of IL-6 (54).

Lack of IL-17A in MM mice, or treatment with antibiotics or
monoclonal antibodies blocking IL-17/IL-17R interactions
delayed disease progression (37). Thus, the microbiota-IL-17A
axis is also relevant in cancer patients.

The gut microbiota may also influence response to therapy in
cancer patients, and this is the focus of intense clinical
investigation. For instance, the composition of the gut
microbiota per se is sufficient to discriminate cancer patients
who will or will not respond to antibodies blocking inhibitory
immune checkpoints (62-64). Prospective clinical trials will
better define the impact of microbiota modulation on
cancer therapy.

IL-17A has been cloned in 1993 (65). At the beginning of this
century, other molecules with sequence homology to IL-17A
entered the IL-17 family, including IL-17B, IL-17C, IL-17D, IL-
17E or IL-25, and IL-17F (66, 67). Each cytokine of the family
acts as homodimer or heterodimer, and they interact with
specific dimeric receptors (named IL-17RA, IL-17RB, IL-17RC,
IL-17RD, and IL-17RE; Figure 1), with the exception of IL-17D,
which remains orphan of its ligand (44). Binding of IL-17
cytokines to cognate IL-17Rs activates the shared SEFIR (SEF/
IL-17R) cytoplasmic motif (68), which mediates the recruitment
of Actl (69). As detailed below, these steps are crucial for
downstream recruitment and ubiquitination of TNF-receptor
associated factor 6 (TRAF6), activation of nuclear factor kB (NF-
kB), and expression of pro-inflammatory and anti-microbial
molecules (70).

» B cells,
5 Activated monocytes, chondrocytes, Epithelial cells,
é Th17, TCDS, epithelial cells, epithelial cells, Epithelial cells, adipose tissue,
E v8 T cells, Th17, T CDS, Epithelial cells, fibroblasts, fibroblasts, muscle, resting B
ILC3 v8T cells, ILC3 keratinocytes etioms tuft cells, Th2 and T cells
? IL-17A  IL-17A/F  IL-17F IL-17C IL-17B IL-17E IL-17D
E a @ e [ ) @® @@
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FIGURE 1 | The IL-17 family of cytokines. Schematic representation of the cytokines belonging to the IL-17 family, their respective receptor complexes coupled with
intracellular signaling, and their target cells. Cytokines are reported in a mechanistic rather than alphabetic order. Producers each cytokine are also shown. AP-1,
activator protein-1; C/EBP, CCAAT enhancer-binding protein; ILC, innate lymphoid cells; MAPK, mitogen-activated protein kinase; NKT natural killer T cells; Th2, T
helper-2 cells; Th17, T helper-17 cells; TRAF, TNF-receptor associated factor; NF-kB, nuclear factor kB.
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While the role of microbiota-driven IL-17A and Th17 cells in
cancer have been extensively reviewed [e.g. (10, 20, 47)], a review
dedicated to the role of the other cytokines of the IL-17 family in
the microbiota-immunity-cancer axis is lacking. Thus, we
intentionally overlooked the IL-17A/IL-17RA-RC pathway, and
we have focused on IL-17B, IL-17C, IL-17D, IL-17E, and IL-17F.

IL-17 SIGNALING

Cytokines of the IL-17 family are pleiotropic and exert potent
and diverse in vivo functions through both canonical and
noncanonical signaling pathways (68). Canonical signaling
induces both transcriptional and post-transcriptional
mechanisms involved in autoimmunity, hypersensitivity, and
metabolic reprogramming of lymphoid tissues. Noncanonical
signaling acts in synergy with other receptor systems, and it is
mainly responsible for tissue repair and regeneration. Both
mechanisms participate to host defenses, and tumor progression.

The IL-17Rs belong to a new subfamily of receptors
consisting of 5 members: IL-17RA, IL-17RB, IL-17RC, IL-
17RD, and IL-17RE which are single-pass transmembrane
receptors with conserved domains (71) (Figure 1). Indeed, all
members of the IL-17R family encode two extracellular
fibronectin II-like domains and the conserved region SEFIR,
which mediates the recruitment of the multifunctional adaptor
Actl (69). SEFIR is structurally related to the domain found in
the toll-like receptor (TLR)/IL-1R (72). Functionally, the IL-17R
is a heterodimeric complex composed of the IL-17RA in
combination with other subunits that confer ligand or
signaling specificity. IL-17A signals through IL-17RA in
combination with IL-17RC. Whereas the IL-17RA subunit is
ubiquitously expressed, IL17RC is mainly present on non-
hematopoietic epithelial and mesenchymal cells. Interestingly,
IL-17A interacts with its receptor as a homodimer or as a
heterodimer with IL-17F (73). IL-17F could also bind this
receptor complex as a homodimer. The difference between
these three ligands is mainly in the potency of interaction: IL-
17A>IL-17A-1L-17F> IL-17F (74). Also the IL-17RD has been
proposed as an alternative receptor subunit for IL-17A, but not
for IL-17F, and appears to favor the IL-17A-mediated
recruitment of neutrophils (75). Finally, IL-17RA is also used
by IL-17B, IL-17C, and IL-17E (also known as IL-25) (66). The
detailed function of IL-17 receptors and their ligands remains
partially elusive and requires further investigation.

Canonical Signaling

The canonical IL-17 signaling pathway is initiated by SEFIR
(Figure 1), which mediates Actl recruitment (69). Actl is crucial
for IL-17 signaling, and it acts as adaptor and as RNA-binding
protein (RBP) by forming several ribonucleoprotein particles
(RNPs) (69, 76, 77). As adaptor, Actl triggers multiple signaling
cascades via the tumor TRAF-binding motif, which recruits
different TRAF protein to initiate separate downstream
pathways. The TRAF-binding motif is a distinct C-terminal
region present only in IL-17RA. An analogous domain in other

IL-17R family members is not found (68). Downstream
recruitment and ubiquitination of TRAF6 leads to the
activation of nuclear factor-kB (NF-kB), the CCAAT
enhancer-binding proteins (C/EBPs) family, and the mitogen-
activated protein kinase (MAPK) pathways (p38, ERK, and JNK)
responsible for transcriptional regulation (44, 70). The TRAF6-
mediated signaling is controlled by several regulatory
mechanisms to hamper IL-17-induced inflammation. For
instance, upregulation of IL-17 signaling via NFkB is associates
with susceptibility to autoimmune syndromes, including
psoriasis and experimental autoimmune encephalomyelitis (78,
79). Additionally, TRAF3 or TRAF4 compete with TRAF6 for
the TRAF-binding motif on Actl, leading to reduced IL-17-
induced expression of pro-inflammatory mediators, and Actl is
degraded by the proteasome in the presence of prolonged IL-17
stimulation (80). Thus, NF-xB and MAPK pathways
downregulate IL-17 signaling. Conversely, C/EBP family
activation potentiates the IL-17-inflammatory response
through a feed-forward mechanism with other transcription
factors like IkBE. IkB{ modulation is crucial to control the IL-
17-dependent responses, and it is one of the few targeted genes so
far investigated. Indeed, most of the C/EBP-dependent genes
involved in the IL-17 pathway remain elusive.

Actl also acts as RBP upon TRAF2-TRAF5 complex
engagement to control the stability and translation of mRNA
from IL-17-target genes in response to IL-17 stimulation. IL-17
signaling results in the formation of multiple RNPs, associated
with mRNA-stabilizing or mRNA-destabilizing factors, for post-
transcriptional regulation of gene expression (81). Interestingly,
IL-17 increases the half-life of mRNA to induce the efficient
production of effector proteins.

Noncanonical Signaling

Noncanonical IL-17 signaling is characterized by synergistic
interactions of IL-17 signals with other ligands, like cytokines
or microbial products, that lead to activation of diverse signaling
pathways (82-84). As few examples, NF-kB is activated upon
interaction of IL-17 with tumor necrosis factor-o. (TNF-a) or
lymphotoxin, and the signal transducer and activator of
transcription 1 (STAT1) when IL-17 interacts with interferon-y
(IEN-y). Interaction between IL-17 and IL-13 activates STATS,
whereas the SMADs family is triggered by the interaction with
tumor growth factor-f (TGF-f). Finally, IL-17 interactions with
bacterial lipopolysaccharide or fungal products, like
candidalysin, activates c-Fos (82-84).

IL-17 also controls tissue homeostasis by integrating signals
from the IL-17R and growth factor receptors in a high cell type-
and context-specific manner. In particular, an integration of IL-
17 receptor signaling has been described with the epidermal
growth factor receptor (EGFR), the fibroblast growth factor
receptor (FGFR), NOTCHI, and with components of the C-
type lectin receptors. The EGFR cascade is mainly identified in
skin stem cells, and it is involved in wound healing and
tumorigenesis (85, 86). Interactions between IL-17 and FGFR
have been described in mouse colonic epithelial cells during
tissue repair caused by colon inflammation (87). In mice, IL-17
signaling also engages the NOTCHI receptor to promote
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neuroinflammation through expansion and differentiation of
oligodendrocyte progenitor cells (88, 89). Finally, signaling
integrations between IL-17 and components of C-type lectin
receptors have been reported in keratinocytes during
psoriasis (90).

Altogether, these findings support the existence of a complex
and yet partially explored net of signaling pathways downstream
IL-17 cytokine secretion and interaction with their receptors.

CYTOKINES OF THE IL-17 FAMILY OTHER
THAN IL-17A IN HEALTH AND DISEASE

Cytokines of the IL-17 family are crucial components of the
inflammatory response, and they are essential for normal host
immune responses. Both in humans and in mice, IL-17 cytokines
are produced by a vast array of cell types, and act on a multitude
of cellular targets (44, 66, 67, 91-93), eventually inducing
production of pro-inflammatory cytokines, chemokines, and
prostaglandins (94) (Figure 1). Cytokines of the IL17 family
exert non-redundant, and even opposing functions to promote
elimination of intruders, and tissue reconstitution. They are also
involved in many human pathologies including inflammatory
immune mediated diseases and cancer.

Cytokines within the IL-17 family share 16-50% amino acid
identity with IL-17A, with IL-17F being the most similar (50%)
and IL-17E the most divergent (16%). The similarity between IL-
17 cytokines is higher in the C terminus and in five spatially
conserved cysteine residues. N terminus sequences of IL-17B, IL-
17C, and IL-17E are substantially different from those found in
IL-17A and IL-17F because of a longer extension of the former
three proteins (95), suggesting that the N terminus is involved in
receptor specificity (96).

Because IL17F has the highest homology with IL-17A, binds
to the same complex IL17RA-RC, and activated Th17 cells to
produce both IL-17A and IL-17F (97), we followed a mechanistic
rather than an alphabetic order to describe cytokines of the IL-17
family, and we started from IL-17F. As we will see, not all these
cytokines are produced by immune cells, but all of them either
directly or indirectly impact the immune system. We refer the
interested reader to excellent reviews for a comprehensive
description of these cytokines (44, 66, 67, 91-93).

IL-17F

The I117f gene is closely located to the Il17a gene both in humans
(chromosome 6) and mice (chromosome 1), whereas genes
encoding the other members of the IL-17 family are located in
different chromosomes (18). The protein has a molecular mass of
18045 Da and is composed of 163 amino acids. IL-17F can form
homodimer or heterodimer with IL17A (https://www.genecards.
org/cgi-bin/carddisp.pl?gene=IL17F#summaries). Many genetic
variants have been identified for the I117f gene: most of them are
missense mutations and some of them are pathogenetic (https://
gnomad.broadinstitute.org/gene/ENSG00000112116?dataset=
gnomad_r2_1). For example, the heterozygous missense
mutation S95L (c.284C>T) in the Il17f gene has been found in

patients with chronic mucocutaneous candidiasis, an infection
caused by Candida albicans that affects nails, skin, and oral and
genital mucosae. The S95L IL-17F mutant (IL-17FS95L) is
normally expressed and forms homo- and heterodimers with
IL-17F, IL-17FS95L, and IL-17A. However, IL-17FS95L is
severely hypomorphic and exerts a dominant-negative effect by
impairing the binding of its complexes to the receptor (98).

IL-17A and IL-17F are mainly produced by activated CD4" T
cells leading to the definition of a distinct T cell subset named
Th17 (66). The differentiation of Th17 cells in humans is induced
by several cytokines including IL-1B, IL-21, IL-23 and TGEF-f
that activate the Stat3- and the IRF4-dependent expression of
retinoic acid receptor-related orphan receptor-yt (ROR-yt). Th17
cells comprise IL-17A and IL-17F double positive cells, but also
populations that are only positive for IL-17A or IL-17F have been
identified, suggesting that the mechanisms regulating IL-17A
and IL-17F production are different. Interestingly, in mice the
expression of I117a but not I117f is strictly coupled to the T cell
receptor (TCR) signaling through the inducible T cell kinase
(Itk)-mediated nuclear factor of activated T cells (NFAT)
recruitment (99). These data demonstrate that in mice Itk
specifically links TCR signaling to Il17a expression, thus
regulating Th17 cell cytokines through NFATcI.

As for IL-17A, IL-17F is also expressed in innate lymphoid
cells (ILCs), yd T cells, natural killer T (NKT) cells and CD8" T
cells, but IL-17F is exclusively produced by activated monocytes
and epithelial cells (25, 100, 101). Both IL-17A and IL-17F bind
to the IL-17RA-RC heterodimer, and they induce a qualitatively
but not quantitatively similar signal, being IL-17A far more
potent than IL-17F. Both IL-17A and IL-17F can be secreted as
disulfide-linked homodimers or heterodimers (18).
Heterodimers exhibit intermediate levels of potency in
inducing IL-6 and CXCL1 when compared to homodimeric
cytokines (102).

Both cytokines act in synergy with TNF-o (103), and in mice
contribute to inflammation and protection at barrier surfaces,
with overlapping yet distinct roles (Figure 2) (25). In vitro, IL-
17F preferentially associates with IL-17RC homodimers, leading
to IL-17RA-independent signaling (104). The expression profiles
of IL-17RA and IL-17RC are different among tissues and cell
types, with IL-17RC preferentially expressed in non-immune
cells (25). In mouse models, the constitutive expression of IL-
17RC in intestinal epithelial cells (25) explains the more
pathogenic effects of IL-17F than IL-17A on microbiota during
colitis (Figure 2) (105, 106).

IL-17C

IL-17C is mainly known for its pro-inflammatory and
antibacterial functions at epithelial sites in synergy with IL-17F
(107). The Il17c gene is located in the long arm of human
chromosome 16 (16q24.2). The IL-17C protein has a molecular
mass of 21765 Da, and it is composed of 197 amino acids
(https://www.genecards.org/cgi-bin/carddisp.pl?gene=IL17C).
IL-17C share 23% amino acid homology with IL-17A (108), and
while it binds a heterodimeric receptor formed by IL17RA and
IL17RE, the IL-17RE subunit is the specific functional receptor
for IL-17C (26). Most of the genetic variants of the I/17c gene are
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Both in humans and in mice, the IL-17C is produced by
several cells, including intestinal, tracheal and lung epithelial
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FIGURE 2 | IL-17F in health and disease. The cartoon summarizes the main
functions of IL-17F in physiologic conditions (A) and during inflammation (B).
Treg, regulatory T cells.

missense mutations (https://gnomad.broadinstitute.org/gene/
ENSG00000124391%dataset=gnomad_r2_1), and just few of
them have clinical significance (https://www.ncbi.nlm.nih.gov/
clinvar/?term=il17c%5Bgene%5D).

cells and keratinocytes, which also express the IL-17RA-RE
heterodimer (107). Thus, IL-17C acts locally in an autocrine
manner to protect the mucosa or to induce epithelial
inflammatory responses (Figure 3) similarly to IL-17A and
IL-17F (107). For example, stimulation of mouse epithelial
cells by Escherichia coli or pathogen-associated molecular
patterns (PAMPs) activates a MyD88-dependent intracellular
signaling, eventually inducing IL-17C production, which
activates expression of chemokines, granulocyte-colony
stimulating factor (GM-CSF), AMPs, and IL-1f in an
autocrine fashion (78). Additional target genes of IL-17C in
epithelial cells encode antimicrobial peptides like SI00A7/8/9,
B-defensin2, immune-activating molecules CXCL1/2/3 and
CCL20, and proinflammatory cytokines as well as occludin,
claudin-1, and claudin-4, which are involved in the formation
of epithelial tight junctions (107, 109). Interestingly, Wolf
et al. showed that in mice, Pseudomonas aeruginosa-induced
IL-17C expression in lung epithelial cells by a IL-17A-
dependent mechanism, thus demonstrating a network within
the family of IL-17 cytokines that regulates each other
expression (29).

IL-17C induces the expression of IL-1B and TNF-o in
monocytes (67). IL-17RA-RE is also expressed on activated
Th17 cells, and when triggered by IL-17C, it favors IL-17A, IL-
17F, and IL-22 production by mouse Th17 cells, potentiating the
adaptive immune response against pathogens and in
autoimmunity (80, 110). Song et al. also identified the IL-17C/
IL-17RE pathway as a pivotal regulator of innate immunity to
intestinal bacterial pathogens in mice (26). Thus, IL-17C induces
inflammation, but also promotes tissue healing.
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FIGURE 3 | IL-17C in health and disease. The cartoon summarizes the functions of IL-17 C in the alveolar (left panels) and the intestinal (right panels) mucosae in
physiologic conditions (A, C) and during inflammation and cancer development (B, D).
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IL-17C is involved in several human diseases. IL-17C levels
are elevated in psoriatic lesions, and it significantly affects the
abundance of F4/80" macrophages within inflamed psoriatic
plaques (107, 111, 112). Interestingly, IL-17C appears to also
have a role in pathogenesis of atherosclerosis. Smith et al.
reported that the mouse vasculature is an important source of
IL-17C in atherosclerosis (113). Here, IL-17C exerts a pro-
inflammatory role (114), by favoring the accumulation of pro-
atherogenic Th17 cells within the aorta, which in turn affect the
recruitment of monocytes and neutrophils to the plaque (115).
Inflammatory glomerulonephritis also appears dependent on IL-
17C, and Krohn et al. reported that patients affected by acute
anti-neutrophil cytoplasmatic antibody-associated crescentic
glomerulonephritis had significantly elevated serum levels of
IL-17C (but not IL-17A, F, or E) (116). Additionally, they
showed that glomerulonephritis ameliorated in mice lacking
IL-17C and/or its receptor IL-17RE, and associated with a
reduced Th7 response (116). We expect that in the next years
IL-17C will be found involved in many more human diseases.

IL-17B

The human II17b gene was cloned together with Il17c and is
located on the long arm of human chromosome 5 (5q32). The
translated protein has a molecular mass of 20437 Da and is
composed of 180 amino acids (https://www.genecards.org/cgi-
bin/carddisp.pl?gene=IL17B). At the N terminus, there is an 18-
20-amino acid sequence containing a hydrophobic motif, which
functions as secretory signal sequence (117). IL-17B is secreted as
anoncovalent dimer (18). Among the IL-17 family members, IL-
17B has 29% homology with IL-17A (108).

Also for Il17b, most of the genetic variants are missense
mutations (https://gnomad.broadinstitute.org/gene/
ENSG00000127743%?dataset=gnomad_r2_1). Almost nothing is
known about their consequences, except for three specific
conditions: a neurodevelopmental disorder of clinical uncertain
significance, an hereditary cancer-predisposing syndrome and
keratoconus, an eye condition that affects the shape of the cornea
(https://www.disgenet.org/browser/1/1/2/27190/), and it is due
to C176Y, C124Y protein changes. (https://www.ncbi.nlm.nih.
gov/clinvar/?term=IL17b%5Bgene%5D).

IL-17B was found to be originally expressed in adult pancreas,
small intestine, and stomach, but notin T cells (118, 119). IL-17B
is also highly expressed in chondrocytes and neurons, although
low IL-17B mRNA has been detected in several organs (120).
According to recent investigations, IL-17B is weakly expressed by
the epithelium, whereas IL-17B is strongly expressed in a healthy
colon by connective tissue cells (121). IL-17B expression,
especially in the epithelial and stromal compartments, is
increased in colorectal cancer (121).

IL-17B and IL-17E (also named IL-25) share the same
heterodimeric receptor IL-17RA/RB, and may exert redundant
or contraposed effects, depending on the tissue context, as
detailed below. The signaling pathway downstream IL-17RA-
RB receptor is poorly detailed, and mainly described upon IL-
17E binding. Li et al. showed that in vitro IL-17B does not induce
IL-6 expression, but induces monocytes to produce TNF-o and
IL-1B (118), and in mice it favors neutrophils recruitment
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FIGURE 4 | IL-17B in health and disease. The cartoon summarizes the
functions of IL-17B in physiologic conditions (A) and during inflammation (B).
Th17, T helper 17 cells.

(Figure 4) (119). In vitro, IL-17B promotes chemotaxis of IL-
17RB-positive B cells by downregulating RGS16, the negative
controller of CXCR4 and CXCR5 chemokine receptors (122). In
vivo, IL-17B promotes embryonic development, tissue
regeneration, and chemotaxis of B cells through IL-17RB in an
autocrine fashion (93).

IL-17B has been investigated in several inflammatory
diseases. While Ryan et al. (123) found genetic variants at the
IL-17B locus in a 409 cases of coeliac disease and 355 controls,
they did not find evidence that this locus was associated with the
disease. Patients affected by systemic lupus erythematosus in the
active phase showed higher levels of serum IL-17B than patients
in the inactive phase (124). In community-acquired pneumonia,
patients also showed higher serum levels of IL-17B when
compared to healthy controls (125). IL-17B induced the
expression of IL-8 in human bronchial epithelial cells through
the activation of Akt, p38 mitogen-activated protein kinase,
extracellular signal-regulated kinase (ERK), and NF-xB
signaling pathways. Finally, in mice affected by pneumonia,
high IL-17B levels significantly correlated with IL-8
concentrations (125). IL-17B also is the predominant cytokine
of the IL-17 family in the rheumatoid synovia, it is locally
produced by neutrophils, and it contributes to tissue
destruction by enhancing TNF-o -induced production of G-
CSF and IL-6 in fibroblasts (126). Interestingly, treatment with
IL-17B neutralizing antibodies ameliorated collagen-induced
arthritis in mice (127). Altogether, these findings demonstrate
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that IL-17B is a proinflammatory cytokine involved in
inflammation and autoimmunity.

High levels of IL-17B have also been associated with poor
prognosis in patients with pancreatic, lung or breast cancer,
suggesting that the same signaling is exploited by cancer cells for
survival, proliferation, and migration (93). Moreover, a
relationship between IL-17B and stemness has been found in
gastric cancer (128). Conversely, high levels of IL-17B appear to
exert antiangiogenic activities in vitro (129).

IL-17E

The Il17e gene is located on the long arm of human chromosome
14 (14q11.2). The molecular mass of the IL-17E protein, also
named IL-25, is 20,330 Da, and it is composed of 177 amino
acids. The IL-25 gene has two types of alternative spliced mRNA
transcripts encoding two distinct subtypes (subtypes 1 and 2).
Subtype 2 is different from subtype 1 for a shorter N end (130).
To date, no studies have reported differences in the physiological
role of the two subtypes. IL-17E shares only 17% homology with
IL-17A, being the most distant among the cytokines of the IL-17
family (108). The human and mouse IL-17E genes share 80%
homology (131). Genetic variants of IlI7e gene are mostly
missense mutations (https://gnomad.broadinstitute.org/gene/
ENSG00000166090?dataset=gnomad_r2_1), and no specific
clinical conditions have been associated to them (https://www.
ncbi.nlm.nih.gov/clinvar/?term=IL25[gene]).

Intestinal tuft cells are the main producers of IL-25 (132).
Additional sources of IL-17E exist, such as activated Th2 cells
within the gastrointestinal tract and in other mucosal tissues
(133), alveolar epithelial cells (134), alveolar macrophages (135),
mesenchymal stem cells derived from the placenta and bone
marrow (136), and mouse bone marrow-derived mast cells (137).
IL-25 has been also found expressed in the murine central
nervous system (138) as well as in the bronchial submucosa
from asthmatic patients (139). In mice, IL-17E is also produced
by brain capillary endothelial cells (140).

The receptor for IL-25 is composed of the IL-17RA and IL-
17RB subunits (120). Thus IL-25 and IL-17B share the same
receptor, and depending on tissue context, the two cytokines may
exert redundant or contrasting effects. IL-17E stands among IL-
17 family members for promoting the production of IL-4, IL-5
and IL-13 by innate type-2 immune cells (132, 141), nuocytes
(142), T helper-2 cells, and NKT cells, thus contributing to the
host defense against nematodes, but also to allergic reactions
(133, 143). For example, after helminthic infection in mice, tuft
cells-derived IL-17E induce ILC2 to produce IL-13, which
activates epithelial cell progenitors resulting in the remodeling
of the intestinal tissue and the induction of type-2 response
(Figure 5) (132). Indeed, IL-17RA-RB triggering by IL-17E leads
to TRAF6-mediated activation of NF-kB (144) and to the nuclear
recruitment of the Th2 master regulator, GATA-3, in T cells
(145). Additionally, IL-25 production is triggered in bronchial
epithelial cells by rhinovirus infection, which causes local
recruitment of eosinophils, neutrophils, basophils, and T and
non-T type 2 cells, thus exacerbating asthma (146). IL-17E also
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FIGURE 5 | IL-17E in health and disease. The cartoon summarizes the
functions of IL-17E in physiologic conditions (A) and during inflammation (B).
Th2, type-2 T helper cells, ILC2, type-2 innate lymphoid cells.

amplifies a Th2 cell-dependent pathway in mice, thus promoting
allergy (147).

While in vitro IL-17B elicits type 2 cytokine secretion (148), in
several inflammatory conditions it antagonizes the pro-
inflammatory activity of IL-17E by competing for the same
receptor (27). IL-13 induced by IL-17E also inhibits IL-23, IL-
1B, and IL-6 expression in activated DCs, thus blocking the
induction of pathogenetic Th17 cells in autoimmune diseases
(138). Interestingly, the IL-17E levels in the intestinal mucosa
and serum of patients with active inflammatory bowel disease
negatively correlated with endoscopic disease activity and C-
reactive protein level (149), thus suggesting a protective role for
IL-25 in this pathology. Indeed, IL-25 significantly inhibited the
in vitro production of TNF-¢, IFN-y, and IL-17A by CD4" T
cells, but it promoted IL-10 secretion (149).

IL-17E appears to exert a dual role also in cancer. In a variety
of human tumor xenograft models, including melanoma, breast,
lung, colon, and pancreatic cancers IL-17E has an antitumor
effect (150). However, IL-17E, likely released by epithelial tuft
cells in the presence of intestinal dysbiosis, can promote the
progression of hepatocellular carcinoma by favoring alternative
activation of macrophages and their CXCL10 secretion in the
tumor microenvironment (33). The role of IL-17E in tumors
needs to be further investigated.
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IL-17D

IL-17D is the least investigated member of the IL-17 family (66).
The Il17d gene is located on the long arm of the human
chromosome 13 (13q12.11). The translated protein has a
molecular mass of 21893 Da and is composed of 202 amino acids,
making it the largest IL-17 (https://www.genecards.org/cgi-bin/
carddisp.pl?gene=IL17D&keywords=il17d). Like all IL-17 family
members, IL-17D also has four cysteine residues that may allow
homodimer formation through interchain disulfide linkages (96).
Whether it forms heterodimer is not known. IL-17D, unlike other
members of the IL-17 family, shows an extended C-terminal
domain, which may mediate a unique receptor interaction. Most
1117d genetic variants are missense mutations, but little is known
about their phenotypes (https://gnomad.broadinstitute.org/gene/
ENSG00000172458?dataset=gnomad_r2_1).

IL-17D was originally found to be highly expressed in skeletal
muscle, adipose tissue, brain, heart, lung and pancreas (96).
Curiously, resting CD4" T cells and resting CD19" B cell, but
not activated T cells, express low levels of the cytokine, which is
orphan of its receptor (96), although hints are coming from the sea
lamprey. Investigators have found that IL-17D, which is the most
expressed IL-17 in this ancient fish, interacts with IL-17RA in B-
like cells (151).

IL-17D does not stimulate the proliferation of immune cells of
its own, but, in response to stress, it induces endothelial cells to
produce IL-6, IL-8 and GM-CSF (96). Recent studies have shown that
IL-17D expression is regulated by the transcription factor nuclear
factor erythroid-derived 2-like 2 (Nrf2), sensor for oxidative and
xenobiotic stress (152). The Nrf2-mediated expression of IL-17D in
response to carcinogenic stimuli initiates antitumor immune
responses in mice by activating natural killer (NK)-mediated
immune surveillance (152). IL-17D is required for optimal antiviral
immunity as well: also in this case, viral infection induces Nrf2 and IL-
17D, causing local oxidative stress and antiviral responses (152).
Thus, IL-17D should contribute to protecting us from viruses and
cancer. Whether IL-17D participates in immunity against other
pathogens, such as intracellular bacteria, remains to be defined (153).

As for the other members of the IL-17 family, also IL-17D is
implicated in autoimmunity. IL-17D RNA has been detected in
rheumatoid nodules, where IL-17A is absent, but not in
peripheral blood mononuclear cells or in synovial fluid from
patients with rheumatoid arthritis (154). Conversely, IL-17D
lacks in psoriatic skin (155), thus suggesting that the pathogenic
mechanisms downstream IL-17D are heterogenous.

All together, these findings demonstrate that cytokines of the
IL17 family exert non-redundant, and even opposing functions
spanning from elimination of intruders or neoplastic cells and
tissue reconstitution with limited collateral damage at the
inflammation site, to pro-inflammatory and pro-tumoral activities.

CYTOKINES OF THE IL-17 FAMILY OTHER
THAN IL-17A AND THE MICROBIOTA

As for IL-17A, also other cytokines of the IL-17 family are
involved in maintaining homeostasis at the interface between

microbiota and barrier epithelia (Table 1). In addition,
overproduction of some of these cytokines may lead to immune
mediated inflammatory diseases, and even propel cancer.

IL-17F is one of the major regulators of commensal microbiota in
the intestine (Figure 2), where it is constitutively expressed and
induces the production of antimicrobial peptides (ie., defensins)
(25). Whereas IL-17F appears to have a marginal pathogenic role in
immune mediated inflammatory diseases, it exerts a crucial function
in host defense against infections, as for example, against Citrobacter
rodentium (25), a Gram negative enteropathogenic bacterium, which
is equivalent of E. coli in humans. Defensins also extensively
modulate the gut microbiota, and Tang et al. clearly showed that
IL-17F-induced production of defensins constrained growth of
commensal bacteria directly involved in the expansion of Tregs
(105). As consequence, chemically-induced colitis was milder in
mice deficient of IL-17F than that of IL-17A-deficient or wild type
mice (105). Interestingly, in this experimental setting, IL-17A and IL-
17F exerted opposing roles. Indeed, IL-17A was protective against
colitis mainly by ensuring integrity of the gut mucosa, while IL-17F
was proinflammatory. These experimental evidences have been
validated in humans by showing that IL-17F RNA was elevated in
colon biopsies from patients affected by ulcerative colitis, and
together with IL-6 and TNF-a, they support the generation of a
local inflammatory environment (31). Additionally, blockade of the
IL-17A pathway in patients with bowel syndromes worsened the
pathology (156). Thus, IL-17F may protect against pathogens, but
also limit the local immunosuppressive activity of Tregs, eventually
unleashing undesired inflammation.

Also the IL-17C is involved in maintenance of epithelial barrier
integrity (Figure 3), where it is selectively induced by
inflammatory or bacterial noxae (91). While IL-17C and IL-17A
appear to exert overlapping functions (107), IL-17C is mostly
produced by epithelial cells at very early time points, and acts both
in autocrine and exocrine fashions by inducing the expression of
tight junction proteins (109), proinflammatory cytokines and
antimicrobial peptides (26, 107). On the contrary, IL-17A is also
produced by immune cells like Th17 cells, Y0 T cells, iNK T cells,
macrophages, and ILCs. As an example, during infection with C.
rodentium, IL-17C is upregulated in colon epithelial cells, and
protects the mucosa in synergy with IL-22 (26), IL-17B (27), and
IL-17F (25). IL-17C also attenuated inflammatory diseases like
colitis, but it increased inflammation in psoriasis (107) and EAE
(110) underlying the dual role exerted by this family of cytokines.
At odds with IL-17A that controls fungal proliferation and
infection, and whose blockage has been associated with fungal
overgrowth and candidiasis (157), IL-17C is dispensable for
immunity against candidiasis (158).

IL-17B is produced by epithelial cells in response to the
abnormal expansion of pathobionts (i.e., commensals that in
particular circumstances become pathogenic) within the
microbiota (Figure 3). Its function is to protect the tissue and
favor healing (93). Also in the course of allergic asthma,
chemically-induced colitis or infection with C. rodentium, IL-
17B exerts protective anti-inflammatory functions by interfering
with IL-17E-induced IL-4 and IL-13 from type 2 Th cells and IL-
6 from colon epithelial cells (27).
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On the other hand, IL-17E, which also targets IL-17RA-RB, is
essential for protecting the intestinal mucosa from parasitic
infections (Figure 4) (159, 160). IL-17E production by tuft
cells is constitutive and increases upon infection with natural
mouse parasites like Tritrichomonas and Heligmosomoid
polygyrus, resulting in stimulation of lamina propria ILC2 and
mucosal tissue remodeling (Table 1). Schneider et al. (24)
showed that Tritrichomonas favors fiber fermentation and
intestinal accumulation of the short-chain fatty acid succinate,
eventually inducing mouse intestinal tuft cells to release IL-17E,
which in turn boosts type-2 immunity. Additionally, IL-17E
produced by mouse intestinal epithelial cells upon microbiota
stimulation limits the expansion of local Th17 cells (161) and IL-
22 production by ILCs (162), thus identifying a delicate
equilibrium among microbiota, adaptive immunity, and ILCs.

The expression of both IL-17E and IL-17B is upregulated
during acute colonic inflammation (Figures 4 and 5), suggesting
a dwelling activity between the two cytokines (27). Whereas IL-
17B inhibits signaling of IL-17E but not of IL-17A or IL-17F, IL-
17E does not interact with the IL-17RB homodimer, which
remains available for IL-17B binding (27). Thus, the balance
between IL-17B and IL-17E has to be fine-tuned to limit local
inflammation and preserve mucosal integrity from the
aggression of pathogens and pathobionts.

Also a dysregulated lung microbiota can drive IL-17B
production, as it has been shown in a mouse model of bleomycin-
induced lung fibrosis (30). More in details, the authors elegantly
showed that depletion of the lung microbiota by antibiotics blocked
bleomycin-induced lung fibrosis and death in mice. They also
demonstrated that outer membrane vesicles locally released by
Bacteroides stercoris, B. ovatus, and Prevotella melaninogenica,
which were found enriched in the lung microbiota of mice treated
with bleomycin, induced IL-17B production in the lung, thus
favoring local immune cell infiltration and activation of profibrotic
genes. These effects eventually increased bleomycin-induced mouse
mortality. IL-17A and IL-17B have also been found in the
bronchoalveolar lavage fluid of patients affected by lung fibrosis,
but antibiotic treatments did not appear to be beneficial in limiting
acute exacerbation in these patients (163, 164).

The role of IL-17D in the crosstalk between microbes and the
immune system is less defined. Whereas IL-17D appears
redundant in the context of inflammation induced by
lipopolysaccharide, allergic agents or in EAE, it suppresses the
function of DCs in inducing CD8" T cell responses, thus favoring
infection by Listeria monocytogenes or influenza virus (28).
However, IL-17D also activates NK-mediated immune
surveillance (152), thus potentiating innate immunity. Further
investigation is required to clarify how these IL-17D-mediated
mechanisms impact microbiota-host interactions.

CYTOKINES OF THE IL-17 FAMILY OTHER
THAN IL-17A, MICROBIOTA, AND CANCER

As for IL-17A, the role of IL-17B, IL-17C, IL-17D, IL-17E, and
IL-17F in cancer remain controversial. While IL-17D and IL-17E

appear to exert preponderant tumor-protective activities, IL-17B, IL-
17C, and IL-17F are tumor promoting, either through a direct effect
on tumor cells, or by modulating the tumor microenvironment.

Anti-Tumor Activities of IL-17D and IL-17E

While IL-17D is released by several epithelial cells in response to
pathogenic noxae, IL-17D expression in tumors does not appear
compatible with their growth. In an elegant study, O’Sullivan
etal. (165) showed that IL-17D derived from non-immunoedited
cancer cells induces endothelial cells to produce monocyte
chemoattractant protein 1 (MCP1), which is responsible for
NK cell recruitment, eventually leading to tumor rejection. The
same group also showed that mice deficient for IL-17D are more
susceptible to viral infections and tumors (152). Nrf2 was shown
to be responsible for IL-17D dependent recruitment of NK cells,
and induction of Nrf2 by agonists led to regression of already
established tumors in vivo (152). Thus, IL-17D might be an
essential mechanism of immunoediting, and loss of IL-17D
production might select for more aggressive tumors. Taking
into account the propensity of IL-17A to propel tumor growth
either in an autocrine (61, 166) or paracrine fashion (37),
findings on IL-17D suggest that this cytokine counterbalances
the pro-tumor activity of Th17 cells and IL-17A, and strategies to
increase IL-17D might find clinical application. Gene expression
analyses on human samples will define potential correlates
between tumor immune infiltrate and expression of both IL-
17A and IL-17D.

The potent pro-inflammatory activity of IL-17E also appears
to be exploited against cancer. Purified IL-17E has been shown to
delay growth of a variety of tumor xenografts when given alone
or in combination with several drugs (150). The authors also
documented accrual of eosinophils and activation of B cells in IL-
17E-treated mice (150), but these mechanisms require
further investigation.

IL-17E, which is also produced by mammary epithelial cells,
has been shown to engage the IL-17RB on human mammary
cancer cells, and to induce their caspase-dependent apoptosis.
Interestingly this effect was restricted to neoplastic cells, because
they express much more IL-17RB than normal mammary cells,
and IL-17RB in vivo is expressed in high amounts in tumors
from patients with poor prognosis (167). The authors also
showed that purified IL-17E inhibited the growth of human
mammary cancer cells xenografted in the mammary fat pad of
mice (167). Additionally, administration of a synthetic
compound able to induce IL-25 production by tumor
associated fibroblasts suppressed growth of mammary tumor
metastases in mice (168).

The effects of IL-17E might be context-dependent. It has been
reported that the addition of cisplatin to cervical cancer cell
cultures induced IL-17E and IL-17RB down-regulation,
eventually inhibiting in vitro growth, migration, and invasion
(169), Thus, IL-17E might exert a tumor-promoting activity,
unless the latter depends on IL-17B, which also interacts with IL-
17RB. In vivo data in genetically modified mice will clarify the
effect of the two cytokines in cervical cancer.
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Pro-Tumor Activities of IL-17B, IL-17C,
and IL-17F

IL-17B acts as tumor promoter in several solid and
hematopoietic malignancies (Figure 4). Furuta et al. showed
that the IL-17B/IL-17RB signaling is critical for breast
tumorigenesis, and that IL-17RB expression correlates with
poor prognosis in breast cancer patients (167). Engagement of
IL-17B with its receptor induces Nf-kB-mediated upregulation of
Bcl-2 expression, and resistance of mammary cancer cells to
etoposide (170). Because IL-17B and IL-17E share the same
receptor heterodimer, and IL-17E induces apoptosis in
mammary cancer cells (167), an opposing role for IL-17B and
IL-17E can be hypothesized in breast cancer. It will be necessary
to understand how two similar cytokines engaging the same
receptor deliver anti- or pro-apoptotic signals.

Up-regulation of IL-17RB expression was also found in
pancreatic cancer, where expression of IL-17RB associated with
metastasis incidence and reduced progression free survival (171).
IL-17RB triggering induced CCL20/CXCLI1/IL-8/TFF1 chemokine
expressions via the ERK1/2 pathway, thus promoting macrophage
and endothelial cell recruitment at primary sites, cancer cell
invasion and survival at distant sites. In vivo, anti-IL-17RB
monoclonal antibodies inhibited tumor metastasis and prolonged
survival in a mouse xenograft model (171). Others confirmed a
direct tumor-promoting activity of IL-17B in gastric cancer (172),
thyroid cancer (173), and in acute myeloid leukemia (174).

A direct connection between local microbiota, cytokine
production and tumorigenesis has been reported for IL-17C
(Figure 3). Song et al. found that IL-17C is upregulated in
human colorectal cancers (34), and alterations in the
microbiota (Table 1) drove IL-17C upregulation specifically in
murine intestinal epithelial cells, eventually supporting their
survival and neoplastic transformation (34). In line with these
findings, it has been reported that both intra- and peri-tumoral
expression of IL-17RE predict early and late recurrence in
hepatocellular carcinoma (175).

IL-17C, which promotes neutrophilic inflammation (Figure 3),
was also found abundant in human lung cancer samples, and IL-
17C is a negative prognostic factor in patients with lymph node
metastasis (35). Patients with chronic obstructive pulmonary
disease are highly susceptible to non-small cell lung cancer, and
often harbor IL-17C-inducing nontypeable Haemophilus
influenza in their lungs (Table 1). In IL-17C-deficient mice,
nontypeable Haemophilus influenza induced less neutrophil lung
infiltrates and promoted less tumorigenesis (35), thus linking IL-
17C to bacteria and lung cancer.

IL-17A and IL-17F share the same heterodimeric receptor
(IL-17RA-RC). Tang et al. showed that mice deficient for IL-17F,
and not mice deficient for IL-17A, resist chemically induced
colitis, and this correlates with a different gut microbiota (105).
Fusobacterium nucleatum, which has been linked to chronic
inflammation and cancer (176), aggravates intestinal
inflammation in mice by targeting caspase activation and
recruitment domain 3 through NOD2, eventually activating
the IL-17F/NF-kB pathway (31). Because colitis often
anticipates colon cancer, a microbiota-modulated, tumor

promoting role for IL-17F can be hypothesized, and it needs to
be proven in in vivo experimental settings.

Strong correlations have been found between IL-17RA,
microbiota, and cancer, and most of them have been attributed
toIL-17A. AsIL-17B, IL-17C, IL-17E, and IL-17F also exploit the
subunit IL-17RA to deliver their intracellular signals, mice
selectively deficient for either these cytokines or the IL-RC, IL-
RB, and IL-RE will help in better understating the role of the
different cytokines of the IL-17 family in the microbiota-
immunity-cancer axis.

STRATEGIES TO TARGET CYTOKINES OF
THE IL-17 FAMILY

Several strategies are being adopted in the clinic to impact the
microbiota-IL-17 axis (Table 2). They include diets, prebiotics,
probiotics or even fecal microbiota transplantation in effort to
transiently or permanently modify the microbiota and eventually
the immune response. Additionally, monoclonal antibodies
directed against IL-17A or other cytokines and receptors of the

TABLE 2 | Therapeutic strategies under investigation to target cytokines of the

IL-17 family.
Therapeutic Target Impact on disease Clinical Trial
Agent Molecule Number/Ref.
Brodalumab IL-17RA  Reduced symptoms in NCT00771030
rheumatoid arthritis and psoriatic ~ NCT01059448
arthritis patients NCT00950989
NCT02024646
NCT02029495
NCT04183881
NCT01516957
Bimekizumab IL-17A- Reduced symptoms in psoriatic NCT02969525
IL-17F  arthritis patients (105)
Reduced chemical-induced
colitis in mice
Anti-IL-17RB  IL-17RB  Delayed pancreatic tumor growth (171)
and metastasis formation in mice
MOR106 IL-17C  Reduced atopic dermatitis in (77)
mice NCT03864627
Ineffective against human atopic NCT03568071
dermatitis NCT03689829
NCT02739009
Antibiotics 1 IL-17B  Reduced bleomycin-induced (80, 34, 105)
1 IL-17C  lung fibrosis in mice
1 IL-17F  Reduced colon cancer formation
in mice
Reduced chemical-induced
colitis in mice
Q2-3 1 IL-17E  Reduced breast cancer (168)
metastasis in mice
tBHQ 1IL-17D  Delayed growth of B16 (152)

melanoma, Burkitt’s lymphoma
and MCA-induced sarcoma in
mice

Brodalumab, fully human IgG2 monoclonal antibody against IL-17RA; Bimekizumab,
humanized IgG1 monoclonal antibody against both IL-17A and IL-17; MOR106, fully
human IgG1 monoclonal antibody against IL-17C; Q2-3, synthetic dihydrobenzofuran
lignan; tBHQ), Tert-butylhydroquinone;, MCA, methylcholanthrene.
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FIGURE 6 | Overall function of IL-17 cytokines at the microbiota-host interface in the lung and the gut. Cartoon summarizing the overall role of IL-17 cytokines at the
interface between microbiota and alveolar (A, B) and intestinal mucosa (C, D) in health (A, C) and disease (B, D). Circles within the panels enlarge and focus on
several effects of IL-17 cytokines on epithelial cells. Blue arrows represent the secretion of cytokines or the expression of genes by cells, whereas black arrows
represent the stimulation of the cell by the cytokines. (A, C) In physiologic conditions, IL-17A, which is mostly released by Th17 cells, keep growth of commensal
microbes residing in the lumen of the respiratory tract or the intestine under control. Mucosal epithelial cells secrete IL-17B, IL-17C, IL-17E and IL-17F in response to
stimuli coming from the local microbiota. More in details, IL-17B, produced by alveolar macrophages (M@s) under TLR4-mediated stimulation, act on epithelial cells
inducing release of several factors, among which IL-6, serum amyloid A1 and A2 (Saa1/2), CXCL1, CXCL2, and G-CSF. Some of these factors favor local
recruitment of Th17 cells and neutrophils, which also contribute to maintain an adequate balance in the microbiota composition. Additionally, IL-17B induces
monocytes to release TNF-o and IL-1B, which also favor neutrophil recruitment (not shown). IL-17C and IL-17F are released by epithelial cells, and act in autocrine
and paracrine fashion inducing the production of antimicrobial peptides, but also chemokines and cytokines that favor neutrophil recruitment. IL-17C also promotes
Th17 cell responses, and it supports barrier integrity through tight junction formation in epithelial cells. Also IL-17C induces expression of TNF-a. and IL-1f in
monocytes (not shown). IL-17E favors the induction of type 2 responses by Th2 cells and ILC2, whereas IL-17B blocks this action, thus avoiding excessive type 2
immune responses. While IL-17D activates NK-mediated immune surveillance (not shown), its relationship with lung and gut microbiota remains unknown. Therefore,
IL-17D is not depicted in the figure. IL17E inhibits IL-23, IL-1B and IL-6 expression in activated dendritic cells (not shown), thus blocking the induction of pathogenic
Th17 cells. Healthy alveolar epithelial cells also secrete mucus in response to IL-17E to protect the epithelium from bacterial adhesion. (B, D) In pathologic
conditions, excessive IL-17A causes local inflammation. In response to the expansion of pathobionts, MJs release more IL-17B, which acts on epithelial cells to
induce pro-inflammatory signals (IL-6, Saa1/2, CXCL1, CXCL2, and G-CSF), which may induce lung fibrosis. Stimuli from pathogenic bacteria unleash IL-17C
hyperproduction, leading to chronic inflammation and tumorigenesis, also through the upregulation of Bcl-2 and Bcl-XL. Excessive IL-17E signaling is associated with
stronger Type 2 immune reaction (Th2 and ILC2) that exacerbate airways hyperresponsiveness and gut inflammation. Unbalanced IL-17F in the gut induces the
release of excessive antimicrobial peptides, which constrains Treg-inducing bacteria, therefore promoting gut inflammation.

IL-17 family are used or are under investigation. These strategies
are tested both in inflammatory diseases (21, 178-182) and
cancer (183-185).

In the field of cancer, almost 200 clinical trials are ongoing that
aim either at identifying the microbiota accompanying
malignancies, or at testing microbiota-modulating strategies. The
composition of the gut microbiome is being analyzed in breast
cancer (NCT03885648), colorectal cancer (NCT03385213), lung
cancer (NCT04333004), thyroid cancer (NCT03543891),
hepatocellular carcinoma (NCT02599909), and glioblastoma
(NCT03631823) among others. There is also interest for the
microbiota of the lung in lung cancer (NCT03068663), of the
oronasal cavities in hematopoietic malignancies (NCT02949427),
or even the intratumor microbiota as for breast cancer
(NCT03586297) and prostate cancer (NCT03947515). Several
clinical trials are designed to modify the microbiota and increase
susceptibility to chemotherapy (NCT04138979), radiotherapy
(NCT02559349), or immunotherapy (NCT04116775). A more
extensive list of clinical trials on this issue is out of the scope of
this review, and can be found at (www.clinicaltrials.gov). Many of
them interfere with the interplay between microbiota and the
immune system, thus impacting all the cytokines of the IL-
17 family.

Monoclonal antibodies against IL-17A or IL-17RA are already
available to patients affected by psoriasis and arthritis (45), and
might even find application in malignancies (10, 47). Results from
one clinical trial with anti-IL17A monoclonal antibodies in MM
patients are longed for (NCT03111992). Brodalumab, a
monoclonal antibody against IL-17RA is also under investigation
in patients affected by rheumatoid and psoriatic arthritis (Table 2),
and it might also find application in cancer patients.

Few approaches have instead been proposed to target cytokines
of the IL-17 family other than IL-17A. Because IL-17F can be tumor
promoting (31), it will be interesting to investigate the anti-tumor
activity of Bimekizumab especially in colorectal cancer (105) (Table
2). Bimekizumab is a monoclonal antibody against both IL17A and
IL-17F, which is currently investigated in psoriatic arthritis patients

(186). Anti-IL17RB monoclonal antibodies might impact
metastatic pancreatic cancer, has it has been shown in a mouse
model (171). IL-17C is an interesting target in colorectal cancer
because IL-17C has been found upregulated in these tumors, and in
mice IL-17C was modulated by the gut microbiota (34). MOR106 is
a humanized monoclonal IgG1 antibody against IL-17C, which has
been developed to treat atopic dermatitis (177). Unfortunately, the
clinical development program of MOR106 in atopic dermatitis was
ended because of disappointing results. Because blocking IL-17C
signaling significantly reduces the number and extension of colonic
tumors in mice, MOR106 might be investigated in human
colorectal and lung cancer (35). MOR106 would be of advantage
in respect to anti-IL17A because IL-17C/IL-17RE signaling is
dispensable for immunity to systemic, oral, and cutaneous
candidiasis (158). Thus, either blocking the IL-17C/IL-17RE axis
or acting on the gut microbiome might be beneficial to cancer
patients (Table 2).

Q2-3, a synthetic dihydrobenzofuran lignan that stimulates
production of IL-25, which competes with IL-17B for the IL-17RB
receptor, reduces myeloid derived suppressor cell infiltration and
metastasis appearance in a mouse model of breast cancer (168),
suggesting its potential application to prevent breast cancer
metastasis in humans (Table 2). Nonetheless, targeting the IL-
17RB in cancer should be carefully investigated in breast cancer,
because it could interfere with the anti-tumor activity of IL-17E (167).

Finally, Nrf2, a cellular checkpoint of xenobiotic and oxidative
stress (187) is an interesting molecule, as it delays tumor growth by
stimulating IL-17D production in tumor cells, which recruits NK
cells within the tumor (Table 2) (152). An advantage of such
compound is that it activates the tumor autocrine Nrf2/IL-17D
signaling, by inducing cellular stress without producing reactive
oxygen species. As an example, Tert-butylhydroquinone (tBHQ)
has been tested in preclinical models of B16 melanoma, human
Burkitt’s lymphoma, and in the MCA-induced sarcoma, where
activated Nrf2 and IL-17D production, resulting in delayed tumor
progression (152). Nrf2 agonist are currently in clinical trials (e.g.,
NCT03182959, and NCT03934905).
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CONCLUSIONS AND PERSPECTIVES

While characterized by a common genetic origin, cytokines from
the IL-17 family demonstrate a wide heterogeneity in functions
as well as in cellular source, and kinetic of production and
secretion (Figure 6).

An intriguing evidence is that even if some of these cytokines
share the same receptor, they may exert opposite downstream
activities. For instance, blocking IL-17A is detrimental rather
than curative in the murine model of chemically-induced colitis,
and blockage of IL-17F either alone or with IL-17A resulted in
disease amelioration (105). Thus, blocking IL-17RA impacts all
IL-17 cytokines but IL-17D, and might exert unpredictable/
undesired effects.

The same unpredictable/undesired effects might occur when
attempting to modulate the microbiome. Examples are available of
unexpected side effects of patients treated with probiotics (181).

All together these findings suggest that even if very fascinating
and promising, the actual knowledge on the role of IL-17
cytokines in cancer is preliminary. A plethora of information
about these cytokines in health and disease is waiting to be
unveiled in next years.
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