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comodulation of airway smooth muscle remodeling in severe asthma. Am J Physiol
Lung Cell Mol Physiol 316: L843-L868, 2019. First published February 27, 2019;
doi:10.1152/ajplung.00416.2018.—Severe asthma develops as a result of height-
ened, persistent symptoms that generally coincide with pronounced neutrophilic
airway inflammation. In individuals with severe asthma, symptoms are poorly
controlled by high-dose inhaled glucocorticoids and often lead to elevated morbid-
ity and mortality rates that underscore the necessity for novel drug target identifi-
cation that overcomes limitations in disease management. Many incidences of
severe asthma are mechanistically associated with T helper 17 (T17) cell-derived
cytokines and immune factors that mediate neutrophilic influx to the airways.
Tul7-secreted interleukin-17A (IL-17A) is an independent risk factor for severe
asthma that impacts airway smooth muscle (ASM) remodeling. Ty17-derived
cytokines and diverse immune mediators further interact with structural cells of the
airway to induce pathophysiological processes that impact ASM functionality.
Transforming growth factor-B1 (TGF-f1) is a pivotal mediator involved in airway
remodeling that correlates with enhanced Ty17 activity in individuals with severe
asthma and is essential to Ty 17 differentiation and IL-17A production. IL-17A can
also reciprocally enhance activation of TGF-B1 signaling pathways, whereas
combined Tyl/Tul7 or Tu2/Tul7 immune responses may additively impact
asthma severity. This review seeks to provide a comprehensive summary of
cytokine-driven T cell fate determination and Ty 17-mediated airway inflammation.
It will further review the evidence demonstrating the extent to which IL-17A
interacts with various immune factors, specifically TGF-B1, to contribute to ASM
remodeling and altered function in Ty 17-driven endotypes of severe asthma.
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INTRODUCTION

Asthma is a chronic inflammatory disease of the lower
airways characterized by enhanced structural remodeling, di-
minished epithelial integrity, and phenotypic switching of
airway smooth muscle (ASM) cells. Ancient societies noted
respiratory complications as far back as 2600 BC, yet asthma
was not described formally in the medical literature until the
late fifth century BC when Hippocrates published Corpus
Hippocraticum (125, 158, 200). Although epidemiological as-
sociations and physical triggers of asthma have been long
known, it was not until the early twentieth century that asthma
was fully recognized as a heterogenous inflammatory disease
with genetic components. Despite treatment advances, asthma
remains an exceedingly prevalent noncommunicable health
disorder with over 300 million cases worldwide and projected
incidence growth of 100 million cases by the year 2025 (22,
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160, 168, 187). In the United States and Europe, annual health
care costs surpass $82 billion and $22 billion, respectively, and
the added burden of an enlarged patient population will further
compound treatment expenditures (23, 177). This disconcert-
ing expansion is attributable to intensified industrialization and
an upsurge in exposure to occupational pollutants, tobacco
smoke, and naturally occurring environmental allergens (241).

When considering approaches to disease management, one
must bear in mind that the term “asthma” is a clinical diagnosis
encompassing a spectrum of airway obstructive inflammatory
diseases. The subclassification of severe asthma constitutes
10% of the asthmatic population yet presents with the gravest
of symptoms, has the highest morbidity and mortality rates,
and necessitates half of all asthma-related health care costs
within the United States and Europe (82, 151, 168, 209, 221).
Clinical management of severe asthma is exceedingly burden-
some, as patients fail to effectively respond to prevailing
treatments of high-dose inhaled and/or oral glucocorticoids in
conjunction with other bronchodilator therapies, such as long-
acting 32-receptor agonists (31, 98, 140). Although differences
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in therapeutic efficacy may be informative when assessing
comparable disease presentations, they do not account for
underlying pathogenic mechanisms surrounding steroid insen-
sitivity. Accounting for these discrepancies, endotyping has
emerged as an approach to overcome therapeutic limitations by
facilitating specific, therapeutic innovation that links distin-
guishable phenotypes with unique molecular mechanisms (34,
152). For example, individuals with severe asthma endure
persistent airflow obstruction and irreversible airway remodel-
ing associated with a predominantly neutrophilic immune re-
sponse (2, 236). Heightened neutrophil-induced airway inflam-
mation is linked with infiltration of T helper 17 (Ty17) cells
and their secreted cytokines. Additionally, many individuals
with severe asthma present with elevated levels of transform-
ing growth factor-B1 (TGF-B1), which significantly contrib-
utes to airway remodeling and abnormal function that corre-
lates with enhanced Ty17 activity (2). Interestingly, TGF-31
potently suppresses the differentiation of Tyl and T2 cells but
is essential to polarizing naive T cells toward a Tyl7 fate
(102). Identification of this Tyl7-driven endotype has in-
creased our understanding of severe asthma pathogenesis, yet
the complex interactions linking its unique signaling pathways
with those of other T cells and structural airway cells remain
marginally understood. This notion, along with increased dis-
ease prevalence and severity, underscores the challenge of
advancing therapeutic alternatives for individuals with severe
asthma (19, 26, 171). This review seeks to provide a compre-
hensive summary of Tyl7 fate determination and modulation
of airway inflammation through interactions with disparate T
cell- and airway-derived immune and regulatory growth fac-
tors. We aim to analyze evidence that Ty 17-secreted interleu-
kin-17A (IL-17A), acting in concordance with known TGF-31
mechanisms, contributes to enhanced ASM remodeling and
altered function in Tyl7-driven endotypes of severe asthma.

IMMUNITY IN ASTHMA
Role of Innate and Adaptive Immunity in Asthma

The innate and adaptive branches of the human immune
system work in tandem to coordinate host defense, and their
role in aberrant immune responses culminates in the develop-
ment of inflammation-induced disease processes. Innate im-
munity provides for an immediate, albeit short-lived defense
against pathogenic infection that ultimately activates and di-
rects adaptive immunity. Adaptive immunity functions through
production of long-lasting immunological memory and a sus-
tained inflammatory response until clearance of foreign patho-
gens is achieved (153). T helper cells are a vital component of
cell-mediated adaptive immunity, and their role in promoting
airway inflammation is well established, as they contribute to
coordination of immune cells and secretion of proinflammatory
factors (Fig. 1; 127, 149). Naive cluster of differentiation
4-positive (CD4™) T cells express receptors with an affinity for
major histocompatibility complex (MHC) class II molecules.
Following foreign antigen recognition by specialized antigen-
presenting cells (APCs), which constitutively bear MHC class
I molecules, APCs bind with cognate MHC receptors on naive
T cells. This distinctive interaction is a crucial initiator of
immune signaling cascades, as it induces and directs differ-
entiation of naive CD4 ™ T cells into specific effector T cells
(Fig. 1). In addition to antigen-specific APC interaction, T
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cell polarization is determined by the presence of costimulatory
molecules and the precise cytokine composition within a given
inflammatory microenvironment (153). Mature T cells mediate
inflammatory immune responses through activation of cyto-
toxic CD8" T cells, maturation of B cells, antibody secretion,
and direct/indirect production of cytokines, chemokines, and
growth factors (153). Although the regulation of T cell lineage
commitment has been extensively studied, mechanisms through
which complex downstream signaling networks impact ASM
remodeling and functionality, particularly in severe asthma,
remain uncertain.

Distinctions Between Nonsevere and Severe Asthma

There are currently two broadly accepted forms of asthma,
allergic and nonallergic, with the latter comprising the majority
of severe asthma cases (123). The mechanistic distinctions
between nonsevere and severe asthma can partially be attrib-
uted to pronounced infiltration of Tyl7 cells within the air-
ways. Allergic asthma is an early-onset disease associated with
Tu2-mediated eosinophilic airway inflammation, increased im-
munoglobulin E (IgE) levels, and mild-to-moderate severity
that effectively responds to glucocorticoid treatment. As a
result of complex genetic and environmental interactions, this
extrinsic form of asthma usually develops subsequent to aller-
gen exposure. This culminates in an exaggerated Ty2 immune
response that induces production of proinflammatory factors
that promote airway inflammation (170). Ty2-mediated in-
flammation is normally constrained by Tyl-derived immune
mediators, which are prominent in the airways of nonasthmatic
individuals following allergen exposure. This observation is
the foundation of the established paradigm that individuals
with allergic asthma acquire a shift from baseline Tyl re-
sponses to unrestrained Ty2 immune responses. Moreover,
single-nucleotide polymorphisms of Ty2-associated genes
known to promote allergic immune responses can be used to
predict inherent disease susceptibility of individuals with al-
lergic asthma (62). T cell contribution to airway inflammation
and ASM functionality is neither mutually exclusive nor mech-
anistically straightforward. This is underscored by the known
role of Ty 1-derived interferon-y (IFN-v) in the development of
airway hyperresponsiveness (AHR), which is further contin-
gent upon its interaction with numerous regulatory factors
(210). Whereas the mechanisms surrounding Ty2-mediated
allergic asthma are well defined and identify a number of
therapeutic targets with varying efficacy, those associated with
Tyl7-driven severe asthma and nonallergic airway immunity
remain less understood (226).

Severe asthma is often a late-onset disease that can develop as
a result of acquired airway hypersensitivity, tissue damage, and
functional complications following bacterial, fungal, and/or viral
infections (Fig. 1; 65, 216). Recurrent infections, physical stress,
genetic susceptibilities, and exposure to a multitude of nonspecific
environmental stimuli induce chronic ASM remodeling and can
trigger persistent bronchospasms that result in life-threatening
airway obstruction. Heightened serum levels of IL-17A are an
independent risk factor for development of severe asthma and
neutrophil-linked ASM remodeling and hypercontractility (1, 35).
In addition to pleiotropic effects on ASM, Tyl7-secreted media-
tors reduce epithelial integrity and induce airway inflammation,
fibroblast migration, and mucus cell metaplasia, which can recip-
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Fig. 1. Differentiation of naive cluster of differentiation 4-positive (CD4 ") T cells toward polarized, individual effector T cell fates is determined by the presence
of unique activating factors and molecules present within a given inflammatory airway microenvironment. These commonly include various factors secreted by
epithelial cells and fibroblasts, such as cytokines and chemokines. Additionally, T cell differentiation is promoted when antigen-presenting cells are exposed to
foreign antigens and subsequently interact with naive T cells. Classical T cell subtypes involved in airway immunity include regulatory T (Trec), T helper 1
(Tul), Tu2, and Tu17 cells. Mature T cells are characterized by the expression and activation of subtype-specific transcription factors and master regulators that
ultimately induce secretion of unique cytokines contingent upon differentiation fate. These cytokines activate cognate receptors expressed by structural airway
cells that direct immune responses and contribute to dysregulated airway smooth muscle (ASM) function and asthma pathogenesis. FOXP3, forkhead box protein
P3; GATAS3, trans-acting T cell-specific transcription factor GATA-3; RORvt, retinoic acid receptor (RAR)-related orphan receptor-y, thymus; T-bet, T
cell-specific T-box transcription factor T-bet; TGF-B1, transforming growth factor-f1.

rocally impact ASM phenotype (Fig. 5; 41, 42, 48, 52, 135, 176).  responsive forms of asthma. However, a dialogue surrounding the
Moreover, glucocorticoid resistance in severe asthma may par-  explicit role of Tyy17 cells in severe asthma remains, as evidenced
tially be explained by a Ty17-predominant immune response, as by findings suggesting that IL-17A mediates anti-inflammatory
Tul7 activity is largely absent or inconsequential in steroid- pathways and alone is not sufficient to trigger asthmatic symp-
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toms under certain conditions (63). Interestingly, Ty 1, T2, and
Tyu17 immunity may have cooperative roles that additively en-
hance asthma severity or interactions that suppress the activity of
one another (Fig. 2; 15, 56, 121).

The complexity of Tyl7-driven severe asthma pathogen-
esis is further compounded by its interactions with TGF-f31.
TGF-B1 is required for the differentiation of mature Tyl17

Airway signaling
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cells from naive T cells, whereas IL-17A is known to
enhance TGF-B1 signaling via cognate receptor upregulation
(73, 234). Enhanced TGF-31 expression is positively corre-
lated with disease development, as its levels are elevated
beyond those typically seen in mild-to-moderate asthma (2).
Moreover, TGF-B1 is a well-known contributor to airway
remodeling and ASM contraction and is a potential therapeutic

—» Promotes Tu17 differentiation
———— Inhibits Tu17 differentiation

Fig. 2. Various immune and structural airway cells secrete inflammatory factors that promote the differentiation of naive T cells into mature effector subtypes.
These T cells further secrete subtype-dependent cytokines that bear the ability to promote and/or suppress the differentiation of disparate T cell subtypes. T helper
1 (Tul)- and Tu2-derived IL-2, IL-4, IL-10, and IFN-vy inhibit the differentiation of naive T cells into mature Ty17 effector cells. Regulatory T (Trec) cells,
depending on the concentration of their secreted cytokines, transforming growth factor-B1 (TGF-1) and IL-10, can either promote or inhibit polarization toward
a Tul7 fate. Observations of such mechanisms, which ultimately alter airway function, underscore the complex immune signaling networks that regulate T cell
differentiation and may in part explain the acquisition of mixed T cell endotypes in distinct individuals with asthma.
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target for reducing asthma morbidity and mortality (180, 212).
This makes a compelling argument that IL-17A and TGF-31
may cooperatively act to promote ASM-mediated pathophysi-
ology. To appreciate how this relationship is impacted by
opposing actions of diverse T cell populations, one must
understand how the precise composition of the inflammatory
milieu differentially regulates Ty17-mediated ASM function-
ality. Further investigation into Ty17-mediated ASM remod-
eling may aid in identifying novel therapeutic targets that
overcome ineffective and/or detrimental effects of present
treatments (4, 241, 242).

STRUCTURE AND SIGNALING OF IL-17 CYTOKINES
Discovery and Significance of Tyl7 Cells and IL-17A

In 1993, the gene encoding IL-17A was discovered by subtrac-
tive screening of a hybridoma cDNA library as mouse cytotoxic
T lymphocyte-associated antigen-8 (CTLAS; 201). Tyl7 cells
were distinguished as the primary cellular source of IL-17A
following their identification a few years later (80, 97, 249). Tyl7
cells secrete four additional members of the IL-17 cytokine family
known as IL-17B, IL-17C, IL-17D, and IL-17F, whereas IL-17E
is secreted by Ty2 cells (Fig. 3). IL-17E, hereinafter referred to as
IL-25, has low sequence homology to IL-17A and activates
signaling pathways with unique functional outcomes compared
with other IL-17 cytokines (Fig. 3). Tul7 cells further secrete
proinflammatory IL-21, IL-22, and IL-26, which induce structural
airway cells to secrete, among others, IL-6, TGF-B1, tumor
necrosis factor-a (TNF-o), granulocyte-macrophage colony-stim-
ulating factor (GM-CSF), granulocyte colony-stimulating factor
(G-CSF), and C-X-C motif chemokine ligand 8 (CXCLS8/IL-8;
57). Jointly, these cytokines promote autocrine/paracrine feedback
loops of Tyl7 differentiation through enhanced activation of
mitogen-activated protein kinase (MAPK), nuclear factor-k-light
chain enhancer of activated B cells (NF-kB), and retinoic acid
receptor (RAR)-related orphan receptor-y, thymus (RORvyt), path-
ways. Tyl7 enhancement of TGF-f1 signaling (Fig. 8) under-
scores the reciprocal relationship of these pathways in maintaining
Tyl7 activity and promoting IL-17A-dependent ASM remodel-
ing. Although Ty17-induced production of G-CSF enhances lev-
els of various anti-inflammatory factors, it maintains the capacity
to promote proliferation, survival, and chemotaxis of neutrophils,
much like GM-CSF. Ty17-induced neutrophil influx to the air-
ways and aberrant IL.-17A secretion also enhance cyclooxygen-
ase-2 (COX-2) expression and activity (Fig. 7; 202). By enhanc-
ing prostacyclin (PGI,) and prostaglandin F2a (PGF»,) autocrine
signaling, COX-2 enhances maintenance of IL-17A signaling,
airway inflammation, and AHR (146). Apart from severe asthma,
dysregulated Ty17 immunity is implicated in multiple human
autoimmune and inflammatory diseases. Enhanced Ty17 activity
is correlated with the development of rheumatoid arthritis, sys-
temic lupus, and multiple sclerosis, whereas acquisition of hyper-
IgE syndrome, staphylococcal abscesses, and mucocutaneous
candidiasis has been observed in Ty17-deficient individuals (119,
165, 176, 185). These observations highlight the significance of
Ty 17 homeostasis surrounding autoimmunity and maintenance of
mucosal barriers, as even slight alterations promote the acquisition
of inflammatory diseases. The composition of cytokines within
the inflammatory milieu selectively alters differentiation of naive
T cells (159). Counter to pathogenic Tyl7 cells, regulatory T
(Trec) cells are protective cells that maintain immune homeosta-
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sis and restrain proinflammatory responses. Although Trgg cells
require TGF-31 for their differentiation, much like Ty 17 cells, the
precise concentration of TGF-f1 influences activation of oppos-
ing transcription factors (Fig. 4). Thus, understanding the regula-
tion of Ty17 and Treg differentiation in conjunction with various
cytokines and growth factors is pivotal to gaining an understand-
ing of mechanistic discrepancies within Tyl7-mediated severe
asthma.

IL-17A and IL-17F

IL-17A and IL-17F are the best characterized IL-17
cytokine family members. Their encoding genes, I1/7a and
1117f, share the highest homology (~56%) and have adja-
cently located transcripts, suggesting evolutionary gene du-
plication and shared regulatory elements (87, 114, 253).
IL-17A and IL-17F can be secreted as disulfide-linked
homodimers or as a heterodimer, which has implications in
their overlapping functions (Fig. 3). These molecules signal
via a heterodimeric receptor complex composed of the IL-17
receptor A (IL-17RA) and IL-17 receptor C (IL-17RC)
subunits yet have differing binding affinities. IL-17A has
>100-fold the affinity for IL-17RA than IL-17F has but
binds with equal affinity to IL-17RC (244). The IL-17A/F
heterodimer possesses an intermediate binding affinity, such
that biological activity positively correlates with an affinity
gradient of IL-17A > IL-17A/F > IL-17F (81, 244). Fol-
lowing ligand activation of the IL-17RA/C complex, bind-
ing of adapter protein CIKS [NF-«kB activator 1 (ACT1)]
promotes recruitment of TNF receptor-associated factor 6
(TRAFO6) to the IL-17RC subunit for ubiquitination (38, 40,
81). This activates downstream TGF-B-activated kinase 1
(TAK1), leading to NF-kB activation and induction of
stress-induced cellular responses, including enhanced IL-6
production (Fig. 3; 172).

Although IL-17A is a fairly weak activator of NF-kB, its
pathogenic potential lies within its ability to synergize with
various cytokines to augment proinflammatory responses (87).
NF-kB-dependent luciferase activity confirms that low-dose
Ty17 secretion of TNF-a and IL-17A activates NF-kB more
than IL-17A alone, leading to expression of unstable proin-
flammatory mRNAs such as IL-8, CXCL1, and COX-2 (74, 99,
104, 105). This contributes to efficient translation of mRNAs,
as evidenced by IL-17A alone inducing the expression of 248
proinflammatory genes and inducing 9,803 when combined
with TNF-a (110). Moreover, through activation of an IkB
kinase-¢ (IKKe)/TRAF2/TRAF5-dependent pathway and inhi-
bition of arginine- and serine-rich splicing factor (ASF)-depen-
dent 3’-untranslated region cleavage, IL-17A enhances the
stability of normally unstable proinflammatory mRNAs such as
CXCL1 (Fig. 3; 28, 222). IL-17A can synergize with IL-1§
and IFN-vy to augment proinflammatory pathways and further
induce IL-1f3 expression (110, 182). This mechanism enhances
expression of IL-8 mRNA and protein translation through
MAPK-modulated promotor activity and cooperation with
NF-kB cis-acting elements and transcription factor AP-1
(AP-1; 69). Increased secretion of IL-6 and IL-8, along with
weak induction of intercellular adhesion molecule 1 (ICAM-1),
is a direct result of IL-17A and IFN-vy synergism (231). As an
integrin-binding protein, ICAM-1 is involved in the migration
and recruitment of proinflammatory immune lymphocytes to
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Fig. 3. IL-17 family cytokines signal through heterodimeric IL-17 surface receptor subunits. This results in NF-«kB activator (ACT)/TNF receptor-associated
factor (TRAF) recruitment and activation of downstream effectors that impact gene transcription airway functionality. IL-17A binds its cognate 1L-17 receptor
A and C (IL-17RA/C) complex and activates mitogen-associated protein kinase (MAPK), phosphatidylinositol 4,5-bisphosphate 3-kinase (PI3K), and nuclear
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airway epithelial and smooth muscle cells (86, 231). ICAM-1 thus, further elucidation of the mechanisms regulating Ty17
is significantly increased in human subjects with severe asthma  differentiation and modulation is necessary. In addition to
and is a marker of persistent airway inflammation (83). Inter- airway inflammation, IL-17A and IL-17F induce numerous
estingly, T 17 differentiation is negatively regulated by IFN-y; antimicrobial factors, matrix metalloproteinases (MMPs), and
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granulopoetic factors that can contribute to airway remodeling
(10, 79, 118, 124).

Although IL-17A and IL-17F share significant biological
activity, their production and inhibition are partially regulated
by distinct mechanisms. The phosphatidylinositol 4,5-bispho-
sphate 3-kinase (PI3K)/AKT/mammalian target of rapamycin
(mTOR) signaling pathway and prostaglandin EP receptor
agonists, such as prostaglandin E2 (PGE2), enhance the pro-
duction and secretion of IL-17A (163, 233). However, IL-17F
production is inhibited by PGE2 and increased via NF-«kB
activation through Toll-like receptor 2 (TLR2) and TLRS
pathways (163). These observations contradict evidence of
PGE2 acting as an anti-inflammatory mediator in asthma and
other lung disorders; however, Ty17-independent mechanisms
may explain this discrepancy (17, 206). PI3K is an intriguing
therapeutic target, as studies highlight its role in ASM remod-
eling, migration, contraction, and cytokine secretion. Although
PI3K activation can also be triggered by IL-1p signaling,
IL-17A can impart regulation through its ability to enhance
IL-1B production. Induction of PI3K signaling is also sufficient
for enhanced DNA synthesis and cellular growth, which may
directly impact ASM cell proliferation and remodeling (250).
Moreover, findings suggest that IL-17A contributes to glu-
cocorticoid insensitivity in airway epithelial cells via PI3K
activation and ensuing reduction in histone deacetylase 2
(HDAC?2; Fig. 3; 260). Glucocorticoid treatment can signifi-
cantly reduce IL-8 serum levels in patients with allergic asthma
yet is largely ineffective in steroid-resistant individuals, who
often bear signatures of nonallergic asthma (252). Considering
that IL-17A promotes activation of PI3K and IL-8 secretion,
poor glucocorticoid responses in individuals with severe
asthma could potentially be explained through this mechanism
(148). Reciprocal IL-17A-induced PI3K activation and PI3K
regulation of IL-17A identify a targetable signaling pathway
that could hold therapeutic promise against neutrophilic and
steroid-resistant severe asthma. As IL-17A-induced PI3K ac-
tivation contributes to the glucocorticoid insensitivity, this
argument could become increasingly compelling following
mechanistic elucidation (260). These observations warrant fur-
ther investigation into the modulation of IL-17A and PI3K,
along with their compounding effects on ASM-mediated air-
way obstruction in severe asthma.

Negative feedback loops can counteract aberrant Tyl7 ac-
tivity and inflammatory responses. IL-17A-induced recruit-
ment of TRAF4 to the IL-17RA/C complex competes with
TRAF6 for ACT1 binding (251). Along with TRAF3, which
binds the complex directly, TRAF4 is a negative regulator of
IL-17A-induced NF-kB activation (Fig. 3; 258). Loss of neg-
ative regulation is rapidly detrimental, as IL-17A-dependent
NF-kB activation leads to downregulation of micro-RNA
(miR)-23b. Under normal conditions, miR-23b functions to
suppress NF-kB via gene silencing of IKKa and TAKI-
binding protein-2 (TAB2; 259). Downregulation of miR-23b
creates a feedback loop of sustained NF-«B activation and
proinflammatory cytokine expression. Interestingly, miR-23b
also functions as an inhibitor of TGF-1-induced asthmatic
ASM remodeling and proliferation via silencing of mothers
against decapentaplegic homolog 3 (SMAD3). This demon-
strates another example of how IL-17A and TGF-B1 signaling
pathways can function to enhance the activity of one another in
a manner that promotes airway complications in severe asthma.
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Together, observations suggest that numerous mechanisms
surrounding IL-17A signaling exist that regulate or enhance
ASM remodeling and identify potential targets for miR/effec-
tor-based therapeutics in IL-17A-induced severe asthma (44).

IL-17B, IL-17C, IL-17D, and IL-25

The remaining Ty 17-derived members of the IL-17 cytokine
family have considerably less sequence identity with IL-17A
but continue to share a highly conserved COOH terminus and
several cysteine residues (183). The functions of IL-17B,
IL-17C, and IL-17D, which are encoded by the 1117b, 1l17c,
and IL17d genes, respectively, remain relatively obscure com-
pared with those of IL-17A and IL-17F. Biochemical analysis
indicates that IL-17B secretes as a non-disulfide-linked ho-
modimer and binds specifically to IL-17 receptor B (IL-17RB;
Fig. 3; 214). IL-17B-enhanced production of IL-1 and TNF-a
positively correlated with inflammatory pathogenesis in a mu-
rine model of collagen-induced arthritis, which corresponds to
similar regulation in airway cells by IL-17A (147, 245). How-
ever, whereas IL-1 reciprocally elevated IL-17B levels in
bovine cartilage explants subjected to mechanical injury, IL-
17B failed to induce secretion of proinflammatory mediators in
colonic epithelial cells and fibroblasts (147, 199, 219). Con-
sidering that IL-17A promotes IL-1(3 secretion that may in turn
enhance IL-17B production and IL-17B-induced production of
IL-1B and TNF-a bears the potential to promote synergism
with IL-17A, these observations identify a potential feedback
mechanism of IL-17-driven inflammation that could exist
within Tyl7-infiltrated airways. IL-17B binding to the het-
erodimeric IL-17RA/B complex, which is also necessary for
IL-25 signaling, inhibits IL-25-mediated IL-6 production via
competitive binding and may in part function as a protective
cytokine by suppressing Ty2 immune responses and reducing
Tyl7 differentiation (199).

IL-17C signals through a heterodimeric IL-17A/E receptor
complex and enhances ACT1-dependent activation of NF-kB and
MAPK pathways (Fig. 3). IL-17C similarly enhanced production
of IL-1( and TNF-a in immature fibroblasts, known as fibrocytes,
and synergized with IL-22 to increase production of antimicrobial
peptides in a murine model of Citrobacter rodentium challenge
(147, 217, 245). Reciprocally, IL-13 and TNF-a induced IL-17C
secretion from mucosal epithelial cells, and in an in vivo model of
dextran sulfate sodium-induced colitis, IL-17C induced patho-
genic activity (194). Loss of IL-17C signaling resulted in initial
reduction in epithelial defense, whereas intranasal administration
of adenovirus expressing IL-17C in mice resulted in increased
bronchoalveolar lavage fluid neutrophilia and induction of proin-
flammatory genes (113). Primary human bronchial epithelial cells
had significantly increased IL-17C mRNA and protein expression
following treatment with polyinosinic-polycytidylic acid, which
activates TLR3 signaling (139). This correlated with increased
secretion of antimicrobial peptides and proinflammatory cyto-
kines, including human B-defensin 2 (hBD2) and colony-stimu-
lating factor 3 (CSF3; 139). These observations suggest that
IL-17C may enhance Ty17-mediated neutrophilic infiltration and
inflammation within airways, although further investigation is
necessary.

IL-17D is the least understood IL-17 cytokine, as its
cognate signaling receptor and mechanistic function in the
human airways remain controversial. Although there is no
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observed synergy between IL-17D and other proinflamma-
tory cytokines, treatment of human endothelial cells with
IL-17D upregulated IL-6, IL-8, and GM-CSF production
(218). Although the full mechanism is not known, IL-8
promoter-reporter assays indicate that IL-17D increases
IL-8 in an NF-kB-dependent manner (218).

IL-25 shares the least homology (~16%) with IL-17A and is
secreted by activated Ty?2 cells (112). Signaling occurs via the
IL-17RA/B heterodimeric complex, the subunits of which are
expressed by various cell types and are also required for
IL-17A-, IL-17B-, IL-17C-, and IL-17F-mediated signaling
(Fig. 3; 142). Much like Ty17-derived cytokines, IL-25 acti-
vates NF-kB and enhances secretion of proinflammatory cyto-
kines, such as IL-8, yet primarily functions to enhance Ty2
immune responses. IL-25 may additionally signal through
TRAF6-independent mechanisms that activate extracellular
signal-regulated kinase (ERK), c-Jun NH,-terminal kinase
(JNK), and p38 MAPK pathways (39, 223). Considering that
IL-25 requires recruitment of ACT1 to the receptor complex,
there may exist downstream variations surrounding ACTI1
signaling via TRAF-independent factors. IL-25 signaling pro-
motes IL-4-, IL-5-, IL-10-, and IL-13-mediated eosinophilic
allergic responses that sharply contrast and suppress Tyl7-
potentiated neutrophilic recruitment (77, 87, 142). Although
IL-25 is produced by lung epithelial and endothelial cells
following allergen stimulation, the signaling mechanisms that
regulate expression are poorly known (7, 117). However,
epithelial MMP7 enhanced allergic lung inflammation in mice
through promotion of IL-25-induced eosinophilia and extracel-
lular matrix (ECM) remodeling (84). Further mechanistic clar-
ification surrounding enhanced IL-25 activity could provide
insight into the development of dual-positive Ty2/Tu17 endo-
types and how distinct responses simultaneously exist within
individual patients with asthma and/or how they silence one
another under specific inflammatory conditions.

Tul7 DIFFERENTIATION
Regulation by TGF-B1 and IL-6

Tyul7 differentiation is a multifactorial process involving
transcription factors dissimilar to those of Tyl and Ty2 lin-
eages, including ROR+yt and signal transducer and activator of
transcription 3 (STAT3; Fig. 1; 122). Tyl7 polarization re-
quires a far higher antigen concentration compared with Tyl
and Ty2 cells, which ultimately enhances necessary CD40
ligand (CD40L) expression on naive T cells (116). CD40
mediates dendritic production of IL-6, which synergizes with
cellular sources of TGF-B1 to modulate Ty 17 differentiation in
a dose-dependent manner. TGF-$1 is a crucial immunomodu-
latory and remodeling mediator secreted by airway-infiltrating
immune, smooth muscle, epithelial, endothelial, and fibroblast
cells (96). However, TGF-1 function surrounding Ty17 dif-
ferentiation remains controversial, as it plays divergent roles
contingent upon its endogenous concentration.

Low-dose TGF-B1 synergizes with IL-6 to promote a posi-
tive feedback loop of Tyl7 differentiation through increased
STAT3 signaling, activation of ROR+yt, and suppression of
IL-2 signaling and T cell-specific T-box transcription factor
T-bet (T-bet; Fig. 4; 157, 228). Activation of RORvyt promotes
1l17a gene expression via binding of the Il/7a regulatory
region and enhances its secretion along with that of IL-17B,
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IL-17C, IL-17D, and IL-17F (247). Reciprocally, IL-17A pro-
motes secretion of IL-6 via induction of STAT3/JNK2 signal-
ing in an AKT-dependent manner, supporting a positive feed-
back loop of Tyl7 differentiation (Fig. 4; 88). In contrast,
high-dose TGF-B1 induces the master regulator transcription
factor of Trgeg cells, forkhead box protein P3 (FOXP3), and
suppresses Tyl7 differentiation by inhibiting transcriptional
activation of RORvyt (Fig. 4; 157, 257). However, STAT3
activation inhibits FOXP3 expression via hypoxia-inducible
factor lao (HIF-1a) and restrains Trec development (213). By
increasing IL-10 signaling, high-dose TGF-B1 potentiates au-
toimmunity by restraining Tyl7 development and overriding
preceding lineage commitment (161). Together, low-dose
TGF-B1 and IL-6 enhance STAT3-mediated RORyt transcrip-
tional activation and promote feedback loops of Ty 17 mainte-
nance, whereas high-dose TGF-31 opposes these actions to
maintain immune homeostasis. This is further evidenced by
low-dose TGF-B1-induced inhibition of suppressor of cytokine
signaling 3 (SOCS-3), which functions as a negative regulator
of STAT3 and Ty17 differentiation (190).

Regardless of concentration, TGF-B1 regulates T cell
polarization and Tyl7-driven asthma through canonical
pathways involving signal transducer SMAD effectors (Fig.
4). TGF-B1 binds the TGF-B receptor I and II (TGFBRI/
II) heteromeric complex to induce phosphorylation of SMAD2/
3, which leads to SMAD4 association and nuclear transloca-
tion (75). SMAD?2 is suggested to be essential to Tyl7
differentiation, whereas SMAD?3 plays a redundant role. In
naive T cells, treatment with TGFBRI kinase inhibitors
and/or overexpression of SMAD7, which inhibits SMAD?2/3
activity (Fig. 8), diminished SMAD?2/3 phosphorylation and
subsequent Tyl7 differentiation (100). However, T cells
with TGFBRII deficiency completely failed to differentiate,
suggesting a more prominent role of TGFBRII in activation
of SMAD?2/3 signaling and subsequent Ty17 differentiation
than of TGFBRI. Tyl7-polarized T cells with increased
expression and activity of several SMAD-independent sig-
naling molecules within noncanonical TGF-1 pathways
have been identified, including p38 MAPK, serine/threo-
nine-protein kinases AKT1/AKT2, and mTOR. As a prolif-
eration and survival regulator of structural airway cells,
mTOR is positively correlated with loss of Tyl7/Trec
homeostasis (Fig. 4; 255). PI3K- and AKT-dependent
mTOR complex 1 (mTORCI) and mTORC2 expression
positively regulates Ty 17 differentiation, as is demonstrated
by its inhibition following rapamycin-dependent mTOR
inhibition. Interestingly, a highly pathogenic subpopulation
of Tyl7 cells was observed with a molecular signature of
increased SMAD1/5 expression and activity, which is fur-
ther regulated by TGF-B1 signaling (122). SMADI1/S en-
hances activation of NF-kB and mTOR/ribosomal protein
S6 kinase B-1 (p70S6K) signaling pathways, promoting
Ty17 differentiation. Despite associations with clinical in-
duction of severe asthma and airway remodeling, SMAD-
specific DNA-binding sites have yet to be identified within
Tul7-associated genes (96, 133). Nevertheless, evidence
indicates that TGF-1- and IL-6-driven Ty 17 differentiation
is a dynamic process involving both SMAD-dependent and
SMAD-independent pathways.
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Regulation by IL-18, IL-21, and IL-23

Increased levels of the proinflammatory, pleiotropic cyto-
kine IL-1p3 are observed in the airways of individuals with
asthma, whereas murine induction of IL-1 enhances neutro-
phil and macrophage airway infiltration (141). IL-13 regulates
Ty17 differentiation through NF-«B, PI3K, and p38 MAPK
pathways (Fig. 4) and modulates epithelial goblet cell secretion
of mucins, smooth muscle cell hyperplasia, and airway fibrosis
in individuals with asthma (Fig. 7; 61, 141). IL-13-dependent
induction of interferon regulatory factor 4 (IRF-4) further
modulates IL-21 autocrine function and supports a positive
feedback loop of Tyl7 differentiation via STAT3 (45, 134,
238). IRF-4 deficiency resulted in decreased RORyt expression
and complete inhibition of Ty17 differentiation in an allergic
mouse model (27). In addition to IL-17A, IL-13 promotes the
secretion of Tyl7-derived IL-26, which augments airway in-
flammation and reduces epithelial integrity by disrupting cel-
lular adhesion molecules (192, 239). This identifies a mecha-
nism by which Tyl7-derived IL-26 could promote epithelial-
mesenchymal transition (EMT) and increased airway wall
mass. IL-26 also enhances neutrophil chemotaxis and recipro-
cally induces the secretion of IL-1[3 along with IL-8, GM-CSF,
and TNF-a via IL-20R 1/IL-20R activation and signaling (230).
Whereas IL-1B drives Tyl7 differentiation, IL-21 and IL-23
play central roles in maintaining differentiation feedback loops
(Fig. 4; 47, 156). IL-21 and IL-23 induction of STAT3 acti-
vates NF-kB and inhibitor of NF-kB({ (IkB(), resulting in
NF-kB/IkB{/RORYt cooperativity that can drive Tyl7 differ-
entiation in the absence of IL-6 and TGF-B1 (181). IL-21
cyclically maintains Tyl7 differentiation through autocrine
enhanced activation of STAT3, which increases levels and
duration of IL-17A secretion (238). Synergistically, IL-1 and
IL-23 were found to enhance differentiation of IL-17A-pro-
ducing Ty17 cells, as IL-17A was not produced in the absence
of both cytokines (198). In Tyl7 cells, activation of IL-23R
induces production of TGF-33, a growth factor implicated in
chronic airway remodeling consistent with severe asthma (122,
145). IL-23R signaling further promotes secretion of IL-22, a
cytokine with proinflammatory and anti-inflammatory proper-
ties, as demonstrated by IL-22-mediated attenuation of allergic
inflammation via IL-25 inhibition and enhancement of IL-17A-
dependent airway inflammation (14, 225). Although IL-23 is
largely secreted by dendritic cells and not solely Ty17 depen-
dent, IL-23 promotes Ty17 differentiation by reducing T cell
sensitivity to IL-12 and reduced STAT4 phosphorylation
(215). Considering that IL-12 promotes Tyl-derived IL-2,
IL-23 functions to enhance Tyl7 maintenance through sup-
pression of Tyl-mediated responses, as Tyl7 activity and
Il17a gene expression are impaired by IL-2-mediated activa-
tion of STATS (248).

Regulation by IL-2, IL-4, IL-12, and IL-27

Although Tyl immune responses partially function to coun-
teract eosinophil-dominated T2 inflammation in mild-to-mod-
erate asthma, there is increasing evidence of a significant Tyl
presence in severe asthma despite its ability to suppress Tyl7
differentiation. However, an emerging paradigm suggests that
although Ty2-mediated responses are predominant in allergic
asthma, their capacity to cooperate with or antagonize Tyl-
and Tyl7-mediated responses bears significance in severe
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asthma pathogenesis. This demonstrates the ability of self-
promoting T cell subsets to suppress and/or enhance the activ-
ity of disparate subsets, complicating dissection of immune
signaling within asthmatic airways. An essential observation
here is the notion that therapeutics targeting one T cell subset
could potentially enhance undesired responses of others be-
cause of the vast mechanistic dysregulation within asthma.

Severe asthma is generally associated with Ty17 cytokines,
but findings indicate higher percentages of Tyl-derived IFN-
yT/IL-17A" CD4" T cells in bronchoalveolar lavage fluid
from some human subjects (195). A murine model of severe
asthma was developed by challenging with house dust mite
(HDM) allergen with and without the bacterial second mes-
senger cyclic diguanylate, which is a mucosal adjuvant capable
of inducing a Tyl/Tul7-high and Ty2-low immune response
(72). This resulted in pronounced levels of IFN-y and IL-17A
that correlated with increased AHR and neutrophilic infiltration
of the airways, respectively. Treatment with dexamethasone, a
therapeutic glucocorticoid effective in Tyu2-high endotypes,
failed to attenuate airway inflammation. However, therapeutic
inhibition of IFN-y reduces disease manifestations in acute
asthma, while correlating with the development of Tyl7-
driven severe asthma (136, 229). Undoubtedly, disease dis-
crepancies underscore the pathogenic repercussions of dys-
regulated T cell polarization and effects on activation, sup-
pression, and maintenance of distinct immunopathological
pathways. Ty17 function is mediated not only by IFN-vy but
also by IL-27-dependent T-bet activation and subsequent inhi-
bition of RORvt (see Fig. 4; 67, 193). Moreover, Ty17 activity
is impaired by Tyl-derived, IL-2-mediated activation of
STATS, which directly reduces Il17a gene expression (248).
As Tyl7 cells can induce secretion of TNF-«, a diagnostic
signature for elevated Tyl activity, this observation may have
implications in the identification of dual-positive Tyl/Tul7
endotypes of severe asthma.

Although requisite to Ty 17 differentiation, STAT3 enhances
the interaction of Ty2-promoting STAT6 with pertinent gene
loci involved in T cell development (220). In addition to
IL-17A, Tu2-secreted IL-4 promotes the induction and secre-
tion of Tyl7-inducing IL-6 (Fig. 4). Not only does IL-6
reciprocally amplify naive T cell production of IL-4 through
upregulation of nuclear factor of activated T cells (NFAT) to
contribute to a positive feedback loop of Ty2 differentiation,
but also it is instrumental in Ty1 inhibition via upregulation of
SOCS-1 (66). As IL-6 is essential to Tyl7 differentiation,
this identifies a potential route to development of dual-
positive Ty2/Ty17 severe asthma. Whereas Tyl inhibition
can promote Tyl7 differentiation, IL-4 limits Ty17 differ-
entiation via STAT6/trans-acting T cell-specific transcrip-
tion factor GATA-3 (GATA3) activation, selective silencing
of IL-23R signaling, and inhibition of ROR~yt (90, 157).
IL-13, arguably the most studied Tu2 cytokine, contributes
to asthma pathogenesis via activation of eosinophils, mucus
hypersecretion, and development of AHR and remodeling
(226). Tu17 differentiation is negatively regulated by Ty2- and
macrophage-derived IL-10 through an IL-13-dependent mech-
anism, restraining IL-17A-induced effects on structural airway
cells (Fig. 4; 175). IL-10, which is also secreted by Trgg cells,
is an anti-inflammatory cytokine that restores immune homeo-
stasis through inhibition of various immune cells following
pathogen clearance (54, 167). However, the viewpoint sur-
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rounding Ty17 inhibition remains conflicting, as IL-10 can
enhance Tyl7-associated NF-kB transcriptional activation via
promoter binding (190). Together, evidence indicates that an
intricate network of endogenous cytokines tightly regulates
Tyl7 differentiation. Considering the ability of Tyl-, Ty2-,
and Trgg-secreted cytokines to impact Tyl7 differentiation
and vice versa, it is apparent that investigation into these
mechanisms is essential to deciphering severe asthma patho-

physiology.
AIRWAY REMODELING AND IL-17A
Role of ASM and IL-17A

Remodeling of the airway wall encompasses structural al-
terations absent in nonasthmatic individuals that contribute to
asthma pathogenesis. ASM remodeling is reversible in many
individuals with mild-to-moderate asthma, yet prevailing ther-
apeutics are ineffective against persistently remodeled pheno-
types associated with severe asthma. In individuals with severe
asthma, remodeling is chronic and can present as a combina-
tion of increased ASM mass, EMT, fibroblast-to-myofibroblast
transition (FMT), subepithelial fibrosis, ECM deposition,
and/or mucus cell metaplasia (Fig. 5). Along with inflamma-
tory mediators, ASM function is in part regulated by cross talk
from various tissues such as epithelial cells, which border the
airway lumen and form a barrier between ASM and the
external environment (Fig. 5; 108). Epithelial exposure to
physical stressors and foreign antigens induces secretion of
proinflammatory factors that promote development of ASM
hyperresponsiveness, hypercontractility, and remodeling. De-
position of ECM, which envelops ASM cells and provides the
physical support required for maintenance of ASM function,
can be influenced by ASM-secreted collagens and fibronectin,
a potent chemoattractant of fibroblasts (64). Fibroblasts, which
further contribute to collagen deposition, interact with airway
epithelial, smooth muscle, and inflammatory cells to promote
airway remodeling (246). Moreover, differentiation of fibro-
blasts into myofibroblasts contributes to increased ASM mass,
ECM deposition, and release of proinflammatory cytokines in
the presence of IL-17A (12). Tyl7-secreted cytokines, includ-
ing IL-17A, have been shown to mediate ASM remodeling
through modulation of phenotypic plasticity. Phenotypic plas-
ticity is a reversible process of cellular maturation between
proliferative and contractile states that requires changes in
expression of phenotype-specific genes (94). ASM myocytes
are not known to secrete IL-17A, but their functionality can be
regulated through IL-17A signaling and IL-17RA/C complex
activation (186). IL-17A-dependent modulation of ASM can-
not be fully understood without also knowing the role of
TGF-B1, as these cytokines have tightly interwoven pathways
that mediate their activation and maintenance. Highlighted
previously, TGF-B1 is elevated in individuals with severe
asthma and positively correlates with Ty17 activity. Investiga-
tion into cooperative TGF-B1 and Tyl7 mechanisms has the
potential to identify mechanisms and distinct targets that over-
come the limitations of present therapies that fail to reverse
airway remodeling in severe asthma.

IL-17A- and TGF-BI-Induced EMT and Airway Remodeling

Airway EMT is a normal wound-healing process that results
in reduced epithelial cell-cell interactions; however, excessive
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EMT results in diminished mucosal barrier integrity and in-
creased secretion and dedifferentiation of epithelial cells into
mesenchymal-like cells (49). Mucins, which are epithelium-
secreted glycosylated proteins, positively correlate with
chronic inflammation and enhanced asthma severity (58, 79).
Mucins MUCSA and MUCSB are prominent markers of air-
way remodeling and are hypersecreted by epithelial goblet
cells via IL-17A-dependent NF-kB and IL-6 feedback loops
(Fig. 6; 46, 78, 79). Moreover, airway sputum from individuals
with severe and fatal asthma is distinctively identified by
abundant levels of MUC5A and MUCS5B (240). Decreased
epithelial integrity through downregulation of the cell adhesion
molecules, such as E-cadherin, contributes to disruption of
contact junctions between epithelial cells, increasing airway
wall permeability to foreign antigens, secretory molecules, and
inflammatory mediators (85). Dedifferentiated mesenchymal
cells have highly migratory, stem cell-like properties that allow
them to redifferentiate into various cell types depending on
their surrounding cellular milieu. TGF-f31-induced reduction in
epithelial integrity via cellular apoptosis drives subepithelial
remodeling, whereas IL-17A has a correlative association be-
tween increased SMAD7 expression and TGF-f1-mediated
airway remodeling (60, 92, 96). Although SMAD7 functions to
inhibit TGF-B1-induced antiapoptotic effects, it can be coun-
teracted by TGF-f1-induced signaling that promotes apoptosis
in airway epithelial cells. Under normal healing conditions,
glucocorticoid or Fas death receptor (CD95)-induced airway
epithelial apoptosis is abrogated by TGF-B1 (96, 232). How-
ever, overexpression of SMAD7 inhibits this protective effect
via suppression of SMAD?2/3 signaling, and following chronic
inflammation or exposure to physical stressors, TGF-31 en-
hances p38 MAPK-dependent cellular apoptosis (232). In
SMAD7-overexpressing mice, there were significantly reduced
levels of IL-1B, IL-6, IL-17A, G-CSF, and GM-CSF, demon-
strating the importance of TGF-B1-induced SMAD2/3 sur-
rounding an elevated Ty17 immune presence (154). Moreover,
SMAD7-deficient T cells secreted higher levels of IL-17A,
whereas SMAD7 overexpression resulted in decreased IL-17A,
suggesting an inversely proportional relationship that corre-
lates with ROR~t activity (132). Interestingly, one study found
that IL-17A-dependent EMT increased SMAD?3 activation and
downregulated SMAD7 expression in vitro (235). Considering
that SMAD7 expression is thought to be inversely proportional
to human bronchial hyperreactivity and airway remodeling,
these observations indicate that the associations of IL-17A and
TGF-B1 signaling are unreconciled and warrant further inves-
tigation (173).

Although the impact of EMT on ASM remodeling remains
an evolving topic, present evidence suggests that IL-17A- and
TGF-B1-induced EMT increases ASM mass in a manner in-
dependent of ASM cell proliferation. In human epithelial lung
cells, IL-17A reduced E-cadherin and increased vimentin ex-
pression via an NF-kB and zinc finger E-box-binding homeo-
box 1 (ZEB1) transcription factor pathway (Fig. 3; 89). Vi-
mentin, an intermediate filament, supplements force develop-
ment and passive tension in ASM cells by providing enhanced
cellular structure. Considering the ability of mesenchymal cells
to differentiate into ASM cells, IL-17A-induced overexpres-
sion of vimentin in transitioning epithelial cells may promote
ASM layer thickening in Tyl7-driven severe asthma. More-
over, the ZEB1 transcription factor negatively regulates 1L-2

AJP-Lung Cell Mol Physiol « doi:10. 1152/4]]];)1ung .00416.2018 - www.ajplung.org

Downloaded from journals.physiology.org/journal/gjpl

g.
ung (084.220.048.124) on December 4, 2020.



L854

IL-17A/TGF-B1 COMODULATION OF AIRWAY REMODELING

Environmental factors

Chemical irritants
Genetic susceptibility

Tobacco smoke

Physical stress

Bacteria

e
v
I F Immune responses
\\\\~\ BN v ’//
o Tw17 differentiation r

SRS S S
wwwewew - . =
Airway epithelium _ ro; tal Airway fibroblast
-~
— = physi®?
 gecret®

Airway smooth Muscle

Hyperplasia Hyperresponsiveness ECM deposition
Secretion Hypercontractility Migration
Migration Hypertrophy Fibrosis

EMT Hyperplasia FMT
Secretion
Migration

|

( Enhanced Asthma Symptoms )

Fig. 5. Nonspecific inflammatory stimuli induce immune responses that promote T helper 17 (Ty17) cell differentiation and production/secretion of IL-17A within
immune-infiltrated airways. IL-17A variably acts upon airway epithelium, airway smooth muscle, and lung fibroblast cells to promote elevated airway remodeling
and development of severe asthma. Although each of these structural cells imparts a unique effect on airway remodeling following stimulation with IL-17A, there
is significant cellular cross talk between tissues. This bears potential to further enhance Tul7-mediated effects surrounding airway smooth muscle hyperplasia
and hypertrophy, goblet cell mucus secretions, epithelial-mesenchymal transition (EMT), extracellular matrix (ECM) deposition, fibroblast-to-myofibroblast
transition (FMT), and airway hyperresponsiveness. TGF-B1, transforming growth factor-f31.

gene transcription, which functions as a Ty 1-derived inhibitor
of Tyl7 differentiation. This identifies an EMT-promoting
feedback loop of IL-17A-induced Tyl7 differentiation that
can, to an extent, suppress Tyl-mediated immune responses.
Increased migration of lung epithelial cells was further found
to be a result of increased IkBa phosphorylation subsequent to
IL-17A stimulation (89). Whereas IL-17A negatively regulates

E-cadherin in stimulated human lung cells, it potentiates N-
cadherin expression (111). N-cadherin-dependent cell-cell con-
tacts, along with increased TGF-f1 and fibronectin, contribute
to reduced epithelial integrity along with increased fibroblast
motility and FMT (see Fig. 6; 115, 164, 211). Knockdown of
STAT3 reversed IL-17A-induced reduction of E-cadherin ex-
pression and restrained increased expression of N-cadherin and
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Fig. 6. IL-17A and/or transforming growth factor-B1 (TGF-B1) signaling induce secretion of an array of inflammatory factors from airway epithelial, smooth
muscle, and fibroblast cells. Moreover, several of these factors promote enhanced airway remodeling and phenotypic switching between structural airway cells.
Dynamic cellular cross talk between cells within the airway architecture elevates expression of remodeling proteins beyond that seen within isolated cells
following IL-17A and/or TGF-B1 treatment. In individuals with severe asthma, these interactions are suggested to be responsible for increased cellular migration,
reduced epithelial integrity, thickened airway smooth muscle (ASM) layers, and a marked degree of airway obstruction and reduced airflow. bFGF, basic
fibroblast growth factor; CCL19, C-C motif chemokine 19; CCR7, C-C chemokine receptor 7; COL, collagen; COX-2, cyclooxygenase-2; CXCL1, C-X-C motif
chemokine ligand 1; EMT, epithelial-mesenchymal transition; G-CSF, granulocyte colony-stimulating factor; GM-CSF, granulocyte-macrophage colony-
stimulating factor; MMPs, matrix metalloproteinases; MUC, mucin; ROS, reactive oxygen species; a-SMA, a-smooth muscle actin; WNTSA, protein Wnt-5a.

vimentin in lung adenocarcinoma tissues (111). This resulted muscle actin (a-SMA) upregulation and enhanced TGF-31
in diminished human EMT that correlated with reduced Tyl7 secretion, which promoted EMT via SMAD2/3 and ERK1/2
differentiation, and in murine lung cells, IL-17A-dependent phosphorylation (Fig. 6; 237).

N-cadherin expression was also identified (111). IL-17A stim- Activation of proteinase-activated receptors (PARs) induces
ulation of human epithelial cells further resulted in a-smooth ~ASM proliferation and may contribute to EMT (11, 36). In
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human lung fibroblasts, activation of PAR-1 and PAR-2 en-
hanced the expression of a-SMA and secretion of IL-6 and
IL-8, suggesting their role in airway remodeling (9). PAR-2
further enhances IL-17A-induced production of IL-8 and
CXCLI, which is involved in airway neutrophil recruitment
and activation (207, 225a). Neutrophil cathepsin G is a serine
proteinase that induces PARs and is localized in azurophilic
granules stored in neutrophil extracellular traps. These exten-
sive networks of extracellular fibers are composed of neutro-
philic DNA that binds pathogens and localizes cathepsin G
given its high affinity for DNA (25). As Tu17 cells promote the
recruitment of neutrophils to sites of tissue damage and inflam-
mation, Tyl7-induced IL-17A expression may correlate with
increased PAR activity. PAR-4 is highly expressed in lung
epithelial cells, and its activation reduces E-cadherin expres-
sion and increases a-SMA in a manner similar to that of
TGF-B1 (5). PAR-4 activity was further associated with induc-
tion of EMT and increased myofibroblast marker expression.
Both observations were abrogated via inhibition of epidermal
growth factor receptor kinase and Src kinase, which are phos-
phorylated by PAR-4 stimulation (5). Whether this mechanism
exists within Tyl7-predominant asthmatic airways and con-
tributes to EMT ASM layer thickening requires further inves-
tigation.

IL-17A-Induced ASM Hyperplasia and Hypertrophy

Although their roles remain controversial in vivo, ASM cell
hyperplasia and hypertrophy are thought to be significant
contributors to airway remodeling by directly increasing ASM
layer mass (162). ASM proliferation is largely dependent on
activation of ERK1/2 and PI3K signaling pathways, which
enhance DNA synthesis and cyclin D1 promoter activity (13).
IL-17A and IL-17F can induce ASM proliferation via p38
MAPK and ERK1/2 activation, whereas Ty17-derived 1L-22
induces ASM proliferation, migration, and inhibition of apo-
ptosis via activation of ERK1/2 and NF-kB signaling pathways
(Fig. 3; 41, 42). Knockdown of ERK1/2 and/or NF-kB subunit
p65 expression in human ASM cells inhibited proliferation,
demonstrating their potential role in airway remodeling (41,
42). Prior to IL-17A treatment, IL-17RA or IL-17RC blockade
resulted in inhibition of the proliferative and migratory func-
tions of human ASM cells, which further highlights the nec-
essary role of IL-17A signal activation (41, 42). Although it
has been shown that individuals with severe asthma have
enhanced epithelial cell proliferation and IL-17A is implicated
in the development of epithelial glucocorticoid insensitivity,
the direct effects of IL-17A on ASM have yet to be fully
examined (54). However, it has been suggested that ASM layer
mass is increased via IL-17A synergism with IL-4 and TGF-
1, which promotes EMT and secretion of epithelial-derived
immune mediators (235).

ASM hypertrophy is enhanced following exposure to TGF-
B1, a well-known inducer of contractile proteins such as
a-SMA and smooth muscle myosin heavy chain (13). PI3K
and mTOR signaling pathways, which regulate enhanced
smooth muscle myosin heavy chain expression and ASM cell
elongation, are activated by IL-17A and TGF-B1 (93). Activa-
tion of PI3K further induces secretion of MMP-1, which
increases deposition of a proproliferative ECM that promotes
airway remodeling (174, 179). Hyperproliferative ASM cells
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can migrate toward the epithelial layer and secrete remodeling
mediators IL-1B, TGF-B1, and TNF-«, which in part function
to induce autocrine smooth muscle cell hypertrophy (35). In
canine ASM cells, SMAD7 increased TGF-f1-induced gene
transcription via serum response factor (SRF)-dependent pro-
moter function (33). While SRF is a cofactor for the transcrip-
tion factor E26 transformation-specific (ETS) domain-contain-
ing protein Elk-1 (Elk-1), which promotes vascular smooth
muscle cell differentiation and proliferation, SRF interaction
with its cofactor myocardin enhances equine ASM cell hyper-
trophy (50). Expression of protein Wnt-5a (WNT5A), a wing-
less/integrase 1 family member that potentiates TGF-1 pro-
duction that is a known inducer of ASM cell hypertrophy, is
increased by IL-17A in airway epithelial and ASM cells (see
Fig. 6; 59, 138). Wnt5a gene expression additionally results in
increased mRNA and protein expression of [3-catenin and
NFATS, which contribute to asthmatic airway remodeling and
inflammation (71, 137). Gene knockdown of Wnt5a has been
shown to significantly decrease the expression of a-SMA and
collagen I, enhance SMAD7 expression, and suppress prolif-
eration in hepatic stellate cells (HSCs; 71). These cells are
prominent players in liver fibrosis, but whether similar mech-
anisms are present within structural airway cells remains to be
seen. Hypertrophic ASM cells are known to secrete elevated
levels of collagens, which are correlated with ineffective dexa-
methasone and budesonide treatments that fail to inhibit ECM
deposition and ASM hyperplasia (21, 29). These observations
indicate that alterations to ASM function and structure have
potentially compounding effects that enhance the degree of
airway remodeling in individuals with severe asthma with
heightened levels of IL-17A and TGF-1.

IL-17A-Mediated Subepithelial Fibrosis and Airway
Remodeling

Fibrocytes, which are precursors to mature fibroblasts, se-
crete elevated levels of proinflammatory IL-6, IL-8, CXCLI,
and TNF-a following IL-17A stimulation (12). IL-17A and
IL-17F have been found to stimulate maturation of inactive
fibrocytes into a-SMA expression fibroblasts that deposit col-
lagen within the ECM (Fig. 6; 12, 103, 109, 166). Reciprocally,
naive CD4™" T cells cocultured with fibrocytes produced IL-
17A via CD40-dependent signaling and mediated IL-6 produc-
tion and enhanced expression of type I collagen (COL1A) and
vascular endothelial growth factor (VEGF) mRNA (103). This
suggests a cooperative role between fibrocytes and Ty17 cells
via CD40-mediated IL-17A and IL-17F signaling, which pro-
motes ECM deposition airway remodeling consistent with
asthma (103). VEGF secretion in ASM cells, which can be a
result of loss of histone methyltransferase G9A recruitment and
trimethylation of histone H3 at lysine 9 (H3K9me3), promotes
bronchial remodeling and chronic airway inflammation (53).
Interestingly, loss of G9A in naive T cells removes a homeo-
static checkpoint and results in increased sensitivity to TGF-31
signaling and enhanced Ty17 differentiation (8).

In mature fibroblasts, TGF-31 mediates asthma pathogene-
sis by inducing morphological changes to fibroblasts that
elevate their migratory capacity (68). Fibroblasts also secrete
immunomodulatory cytokines and chemokines that regulate
immune cell migration, cellular adhesion, and inflammation.
IL-1P is capable of enhancing these adaptations and promotes
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their resistance to glucocorticoid treatment (68). Since IL-1(3
stimulates Tyl7 differentiation and IL-17A secretion, resis-
tance could be a result of IL-17A-induced insensitivity via
PI3K activation and HDAC?2 repression, much as in human
airway epithelial cells. Furthermore, IL-17A-stimulated fibro-
blasts secreted increased levels of potent ASM mitogenic
factors that signal via receptor tyrosine kinases, including basic
fibroblast growth factor (bFGF), platelet-derived growth factor
(PDGF), and VEGF (Fig. 6; 128). IL-17A was found to
selectively enhance bFGF, PDGF, and VEGF in human endo-
thelial cells and a murine model of allergic asthma, which
promoted airway remodeling in an MMP-9-dependent manner
(167, 224). Activation of receptor tyrosine kinases induces p38
MAPK, ERK1/2, and PI3K signaling and enhances the hyper-
proliferative function of ASM cells (128). Moreover, both
severe asthma-derived fibroblasts and ASM cells have shown
greater resistance to dexamethasone treatment and maintain
higher C-C chemokine receptor 7 (CCR7) expression com-
pared with nonsevere asthma cells (150). C-C motif chemokine
19 (CCL19), which is secreted by airway epithelial cells,
activates CCR7 and mediates both the recruitment of fibro-
blasts and migration of ASM cells.

Increased levels of fibroblasts contribute to ECM deposition
through synthesis of collagens, glycosaminoglycans, and con-
nective tissue fibers that compose the structural framework of
the airway (109). IL-17A antibody blockade in murine airways
reduced levels of ECM-associated collagens, actin, and fi-
bronectin (32). This model of chronic allergic airway inflam-
mation further showed decreased levels of TGF-1 following
IL-17A blockade that correlated with reduced FOXP3 and
NF-kB activity, suggesting that IL-17A may enhance TGF-31
production in addition to its signaling. When stimulated with
IL-17A, human airway epithelial cells had increased expres-
sion and deposition of COL5A, which is negligibly expressed
under normal conditions, but intercalates with the primary
collagen in human lungs, COLA1 (235). COL5A1 is positively
correlated with autophagy-related 5 (ATGS5), a protein associ-
ated with asthmatic fibrogenic remodeling via autophagy-
dependent cellular degradation (189). Moreover, TGF-f1-in-
duced expression of fibronectin is promoted via TGFBRI1
signaling, and pharmacological inhibition of this pathway was
shown to significantly decrease fibronectin, COL1A, and
COL3A mRNA expression that resulted in myofibroblast pro-
liferation (106). Interestingly, expression of av33-integrin on
inflammatory Ty 17 cells induced fibronectin-dependent migra-
tion to the airways, as fibronectin is a strong ligand of avf33-
integrin (70). Integrins, which are transmembrane proteins
that mediate cell-cell and cell-ECM interaction, mediate
airway remodeling and hyperresponsiveness in individuals
with asthma. Furthermore, collagen-binding a2f31-integrin
is the Ty17-specific receptor for COL1A and COL2A (20).
Functional studies have demonstrated a231-integrin to be a
costimulatory molecule capable of promoting Tyl7 secre-
tion of IL-17A, IL-17F, and, to an extent, IFN-vy. Tyl7-
derived IL-21 and IL-22, along with IL-23, activate JAK
signaling and STAT3 phosphorylation, contributing to the
persistency of airway fibroblasts and endothelial cells (144,
196). Together, evidence suggests that the associations between
IL-17A and TGF-B1 and profibrogenic factors modulate interac-
tions between subepithelial fibrosis and ASM to promote airway
remodeling.

L857
IL-17A-Induced FMT and ASM Remodeling

Although lung fibroblast proliferation, migration, and sur-
vival are elements of asthma pathogenesis, FMT is implicated
in severe airway remodeling and ASM thickening (150, 197).
Following chronic inflammation, fibroblasts may acquire the
ability to differentiate into myofibroblasts, which are pheno-
typic intermediates between fibroblasts and ASM cells (164).
Although FMT refers to the process by which subepithelial
fibroblasts acquire ASM characteristics, ASM cells may also
acquire proliferative, fibrogenic features that lead to generation
of myofibroblasts (120). Similar to airway epithelial cells and
fibrocytes, myofibroblasts of individuals with severe asthma
have significantly decreased sensitivity to dexamethasone
(150). Studies investigating the role of IL-17A and Tyl7-
derived cytokines in airway FMT are limited, yet mechanistic
observations in disparate tissues could potentially guide future
research. In colonic subepithelial myofibroblasts (SEMFs),
IL-17A enhances the production of profibrotic IL-6 and IL-8
via activation of NF-kB and MAPK signaling pathways (101).
Much as in structural airway cells, IL-6 secretion was recip-
rocally enhanced via IL-17A synergy with IL-13 or TNF-a.
Crohn’s disease is a TGF-B1- and Ty17-associated inflamma-
tory bowel disease that results in narrowing of the intestinal
lumen via strictures, which are scarlike fibrotic structures with
thickened smooth muscle layers. IL-17A was overexpressed in
vivo within Crohn’s disease strictures compared with nonstric-
tured intestinal regions, which further correlated with IL-17RB
and IL-17RC expression in isolated Crohn’s disease myofibro-
blasts (16). In response to in vitro IL-17A stimulation, isolated
myofibroblasts increased production and release of MMP-3,
MMP-12, several collagens, and tissue inhibitor of metallopro-
teinases 1 (TIMP-1; 16). Severe asthma is positively correlated
with MMP-3 and MMP-12 expression, which are negatively
associated with IL-13 (107). Considering that Ti17 immunity
largely functions to counteract Ty2-mediated IL-13 activity,
this could identify a potential mechanism of myofibroblast/
MMP-dependent airway remodeling specific to severe asthma.
A further study investigating IL-22-stimulated SEMFs found
that collagen synthesis and proliferation were unaltered but
secretion of IL-6, IL-8, and several MMPs was increased via
NF-kB and AP-1 activation, transcriptions factors involved in
IL-17A-mediated airway remodeling (6). Costimulation of
SEMFs with IL-17A and IL-22 additively enhanced IL-6 and
IL-8 production, suggesting cooperative promotion of these
profibrogenic cytokines. HSCs, which are supportive connec-
tive tissue cells [pericytes (PCs)], are involved in liver fibrosis
and formation of scar tissue. They can undergo PC-fibroblast
transition, undergo PC-myofibroblast transition, and contribute
to fibrotic ECM deposition (37). Alone, IL-17A stimulation
failed to induce activation of HSCs or their transition (73).
However, IL-17A functioned to sensitize HSCs to low-dose
exposure of TGF-B1, which enhanced gene and protein
expression of a-SMA and COL1A. ECM-depositing airway
myofibroblasts, along with contractile ASM cells, have
increased expression of a-SMA (91). In an IL-17RA™/~
murine model of liver fibrosis, there was a significant
reduction in the number of a-SMA™ myofibroblasts along
with decreased expression of IL-13, IL-6, IL-13, TNF-a,
TGF-B1, and COL1A compared with wild-type mice (254).
A similar mechanism may exist in asthmatic airways, which
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have increased TGF-1-dependent a-SMA expression in
myofibroblasts and ASM cells, but further studies are
needed to investigate such pathways (13).

EFFECTS OF IL-17A ON AHR AND HYPERCONTRACTILITY
ASM-Mediated AHR and Hypercontractility

AHR is a characteristic feature of asthma positively corre-
lated with disease severity, therapeutic reliance, and airflow
obstruction and defined by the reduction in forced expiratory
volume per 1 s (208). AHR encompasses enhanced sensitivity
to contractile agonists that ultimately result in ASM-mediated
airway narrowing (30, 178). Inflammation-induced hyperre-
sponsiveness is pronounced in individuals with asthma, yet
mechanisms regulating its acquisition remain obscure and vary
between individuals. Allergen-induced AHR only partly ex-
plains the mechanisms surrounding persistent AHR in individ-
uals with severe asthma, and elucidating the role of structural
ASM remodeling could provide insight into inherent disease
susceptibilities (30, 178). Enhanced ASM contraction contrib-
utes to AHR, and investigation into alterations surrounding
contractile signaling will increase our understanding of endo-
type-specific mechanisms within severe asthma (205). As sum-
marized in Fig. 7, activation of G protein-coupled receptors
(GPCRs) and corresponding G a-subunits regulates the activ-
ity of myosin light chain kinase (MLCK) and myosin light
chain phosphatase (MLCP) pathways. This ultimately modu-
lates phosphorylation of regulatory myosin light chain and
subsequent ASM cell shortening/contraction via actin-myosin
cross-bridging via Ca?"-dependent and Ca®*-independent sig-
naling. Although levels of smooth muscle MLCK are increased
in nearly all individuals with asthma, a unique gene variant is
associated with severe asthma within the African American
population (76, 143, 155). This highlights a potential link
between Tyl7-driven severe asthma and increased airway
contractility via direct alterations to the ASM contractile ap-
paratus. Furthermore, human and murine bronchial smooth
muscle cells treated with IL-17A had increased expression of
Ras homolog gene family, member A (RhoA), and C-kinase-
activated protein phosphatase-1 inhibitor (CPI-17), which po-
tentiate Ca>" sensitization and modulate ASM contraction in a
Ca?"-independent manner (205). Focused studies investigating
the role of Ty17-derived cytokines, particularly IL-17A, could
provide mechanistic clarification and identify potential thera-
peutic targets surrounding Tyl7-mediated AHR in severe
asthma.

IL-17A-Induced AHR and Hypercontractility

AHR is a characteristic feature of asthma that encompasses
increased sensitivity to contractile agonists that results in a
greater magnitude of force production by ASM cells. IL-17A
has been suggested to enhance human and murine ASM con-
tractility through activation of NF-«kB signaling. When stimu-
lated with IL-17A, human bronchial ASM cells had increased
levels of RhoA protein that correlated with increased JNK1/2
activity and downregulation of IkBa (52). Contrastingly, one
study found decreased JNK1/2 phosphorylation in asthmatic
ASM cells compared with nonasthmatic controls (3). However,
ASM was collected from donors with mild-to-moderate
asthma, and this may have failed to identify mechanistic
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discrepancies of IL-17A stimulation within individuals with
severe asthma. Another study found that intranasal administra-
tion of IL-17A to naive mice resulted in increased RhoA
expression and enhanced bronchial hyperresponsiveness (52).
RhoA upregulation was a direct result of IL-17A-dependent
NF-kB activation, as phosphorylation of the IL-13-dependent
inducer of RhoA, STAT6, was unchanged following IL-17A
treatment (52). These same mice had decreased levels of
miR-133a-3p, which is a negative regulator of RhoA gene
expression via mRNA silencing. RhoA induces Ca®*-indepen-
dent AHR by upregulation of Rho-associated protein kinase 2
(ROCK?2) and subsequent inhibition of MLCP via activation of
CPI-17 (51). ROCK2-mediated inhibition of MLCP was fur-
ther enhanced by NF-«kB activation, which reciprocally en-
hanced RhoA and ROCK?2 expression in an allergen challenge
murine model of airway inflammation (135). In addition to
ROCK?2, CPI-17 is activated by protein kinase C (PKC) fol-
lowing GPCR activation in a RhoA-independent manner, lead-
ing to inhibition of MLCP in ASM cells (169, 204). This is
evidenced by studies showing increased contractility in re-
sponse to methacholine in human asthmatic bronchi compared
with nonasthmatic bronchi following IL-17A stimulation
(243). Coinciding with these studies, mice with IL-17A and
IL-17RA deficiency had reduced AHR and neutrophilic infil-
tration of their airways (256). Interestingly, IL-17A adminis-
tration in mice lacking dendritic av38-integrin, which acti-
vates latent TGF-B1 and promotes Tyl7 differentiation, re-
sulted in diminished tracheal ring contractility (135).

Reactive oxygen species (ROS) are molecules that play an
important role in cell signaling and adaptation to cellular
stresses that can contribute to AHR. Heighted levels of ROS
result in significant damage to cells, and individuals with
severe asthma have impaired oxidative stress defense mecha-
nisms that are associated with elevated ROS following expo-
sure to cigarette smoke, ozone, and other industrial pollutants
(18, 184). Mentioned previously, IL-17A secretion enhances
PI3K activity and increases airway inflammation and AHR
(130). Through activation of NF-kB signaling, PI3K can fur-
ther enhance activation of endoplasmic reticulum-associated
ROS and regulated inositol-requiring enzyme 1 (RIDD)-reti-
noic acid-inducible gene I (RIG-1; 129). Activation of these
proteins is a direct result of cellular stress and mechanical
strain, which has wide-reaching consequences on gene tran-
scription that regulates cellular function. One impact of ROS
elevation is the oxidation of Ca®*/calmodulin-dependent pro-
tein kinase II (ox-CaMKII), which is linked to the development
of asthma (Fig. 7; 191). CaMKII is a regulator of MLCK
phosphorylation that itself is phosphorylated at a rate slower
than the rate of increased cytosolic Ca>* concentration and
thus does not significantly alter ASM reactivity (227). Al-
though it remains poorly understood how ox-CaMKII contrib-
utes to disease pathophysiology, the observation that IL-17A
promotes endoplasmic reticulum-associated ROS via PI3K
signaling provides incentive for further investigation toward
identifying IL-17A-dependent mechanisms of CaMKII func-
tionality and ASM-mediated AHR.

Individuals with severe asthma are highly susceptible to
bronchospasms triggered by industrial pollutants, and investi-
gating the correlations between these factors and Ty17-driven
AHR is necessary. In murine airways, ozone increases expres-
sion of IL-1B3, IL-17A, and G-CSF and enhances neutrophilic
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Fig. 7. IL-17A signaling is correlated with enhanced expression and activation of Ras homolog gene family, member A (RhoA), Rho-associated protein kinase
(ROCK), C-kinase-activated protein phosphatase-1 inhibitor (CPI-17), and Ca>*/calmodulin-dependent protein kinase II (CaMKII). These G protein-coupled
receptor effectors regulate the phosphorylation (P) of myosin light chain, which modulates smooth muscle contraction. Enhanced contractile force of airway
smooth muscle (ASM) cells is known to lead to airway obstruction through a reduced airway lumen diameter. Moreover, oxidized CaMKII (ox-CaMKII) is a
product of CaMKII interaction with reactive oxygen species (ROS), which may promote airway reactivity. CICR, calcium-induced calcium release; DAG,
diacylglycerol; 1P, inositol (1,4,5)-trisphosphate; IPsR, IP3 receptor; MLC20, myosin regulatory light chain 20 kDa; MLCK, myosin light chain kinase; MLCP,
myosin light chain phosphatase; PIP2, phosphatidylinositol 4,5-bisphosphate; RyR, ryanodine receptor.

inflammation (43). This study demonstrated that IL-17A pro-
duction was largely a product of y3-T cells, whereas neutro-
philic inflammation in IL-17A-knockout mice was attenuated.
Isolated macrophages from the same mice had increased
caspase-1 activation and secretion of IL-13, which was shown
to be requisite for IL-17A production in IL-1R1-knockout

mice. As mentioned, IL-1B is required for Ty17 polarization
and maintains a positive feedback loop of sustained Tyl7
differentiation and activity. Ozone-exposed mice had enhanced
secretion of IL-1B8 and IL-17A in addition to p38 MAPK
activation, all of which were diminished in IL-17R-knockout
mice (188). Ozone was also found to induce AHR via ROCK2-
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mediated inhibition of MLCP in a murine model of asthma,
with a ROCK2 inhibitor reducing contractile force in human
ASM cells (126). Diesel exhaust particles (DEPs), including
polycyclic aromatic hydrocarbons and other ultrafine particles,
are common pollutants of automobiles that trigger respiratory
immune responses and irritation. DEP exposure alone is not
known to induce AHR in mice, but coexposure with HDM
allergen increased AHR more than HDM allergen alone (24).
This suggests that environmental and industrial pollutants may
additively stimulate the development of asthma symptoms but
alone may not always be enough to trigger AHR-inducing
immune responses. However, in a comparison of 235 children
with asthma exposed to low and high levels of DEPs, IL-17A
serum levels were nearly 6 times higher in those exposed to
high DEP levels (24). This correlated with 32.2% of children
exposed to high levels of DEPs having more frequent asthma
symptoms over the course of a year compared with 14.2% of
the low-DEP group. Combination DEP and HDM allergen
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treatment was found to induce a mixed Ty2/Tyl7 immune
response that was identified by the presence of dual-positive
IL-137/IL-17A™" T cells, whereas IL-17A neutralization inhib-
ited DEP-dependent enhancement of AHR (24). Together,
these studies highlight the potential role of IL-17A-induced
expression of ROS and how it potentially contributes to AHR
in pollutant-sensitive individuals with severe asthma residing
within highly industrialized communities.

Cooperativity of IL-17A and IL-13 in AHR

Mixed T cell populations can additively enhance detrimental
effects that would otherwise be less severe in individual sub-
type-driven diseases. Much like IL-17A and TGF-B1 cooper-
ativity in severe asthma remodeling (Fig. 8), IL-17A and IL-13
cooperativity has implications in the development and mainte-
nance of AHR. Compared with intratracheal administration of
IL-13 alone, coadministration with IL-17A has been shown to
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Fig. 8. IL-17A and transforming growth factor-B1 (TGF-B1) share significant cross talk in the regulation and activation of signaling pathways pertinent to
structural airway cell function. These signaling pathways, which are intricately connected, can modulate the activity of one another such that overall
transcriptional regulation is altered. Moreover, TGF-B1 signaling activates signal transducer mothers against decapentaplegic homolog (SMAD) pathways, which
can interact with IL-17A-activated pathways to modulate gene expression. Such pathways include those of Ras homolog gene family, member A (RhoA),
mitogen-activate protein kinases (MAPKs), and phosphatidylinositol 4,5-bisphosphate 3-kinase (PI3K). 4E-BPI1, eukaryotic translation initiation factor
4E-binding protein-1; GS3Kf, glycogen synthase kinase-33; IL-17RA and IL-17RC, IL-17 receptors A and C, respectively; mTORC, mammalian target of
rapamycin complex; p70S6K, ribosomal protein S6 kinase B-1; ROCK, Rho-associated protein kinase; TAK1, TGF-B-activated kinase 1; TGFBR, TGF-8
receptor; TSC, tuberous sclerosis protein.

AJP-Lung Cell Mol Physiol « doi:10.1152/ajplung.00416.2018 « www.ajplung.org
Downloaded from journals.physiology.org/journal/aj plung (084.220.048.124) on December 4, 2020.



IL-17A/TGF-B1 COMODULATION OF AIRWAY REMODELING

enhance murine inflammation, AHR, and induction of IL-13-
associated gene expression (95). In vitro expression of IL-13-
induced genes was increased following IL-17A treatment,
whereas IL-13/IL-17A coexposure inhibited IL-17A gene ex-
pression both in vivo and in vitro (95). This suggests that
IL-17A-driven enhancement of IL-13-induced gene expression
involves IL-13-driven STAT6 activation. Considering that
STAT6 induces GATA3 expression and differentiation of Ty2
cells, this may identify a feedback loop of constitutive STAT6
activation. The rationale for this lies in the ability of Ty2-
derived IL-4 and IL-13 to suppress reactivation of differenti-
ated Tyl7 cells via STAT3 inhibition and I//7a promoter
binding despite exposure to IL-6, TGF-B1, and other Tyl7-
promoting cytokines (55). However, this has been found to
apply only to early-stage Tyl7 cells, as Tyl7 cells that have
undergone prolonged inflammatory stimulation retain their
functionality (55). An additional study coadministered IL-13
with either low- or high-dose IL-17A (131). This resulted in
reduced infiltration of IL-17* 48-T cells and increased eosin-
ophilia in low-dose IL-17A groups, whereas high-dose IL-17A
treatment contrastingly reduced IL-13-induced inflammatory
responses. Moreover, both IL-13 and IL-13/IL-17A treatment
significantly increased AHR, whereas IL-17A alone failed to
induce significant changes in AHR compared with nontreated
individuals. Together, these data indicate that IL-17A has a
dose-dependent effect of IL-13-associated AHR that is syner-
gistically enhanced in the presence of various immune factors
within murine models of asthma. However, studies investigat-
ing the dynamics between the relationship of IL-17A with
IL-13 and TGF-B1 along with the contributions of those
relationships to AHR, specifically ASM-mediated AHR, are
limited. Further research is needed in both murine and human
airways if the intricacies surrounding Tyl7-induced, ASM-
mediated AHR are to be fully deciphered.

CONCLUSIONS

In summary, emerging evidence indicates that Ty17-derived
cytokines, specifically IL-17A, contribute to the pathogenesis
of asthma. In response to industrial pollutants, infectious
agents, tobacco smoke, and other nonspecific stimuli, injured
airway epithelial cells release a multitude of factors that initiate
innate and adaptive immunity. Secreted mediators specifically
direct immune responses that drive T cell differentiation and
promote persistent inflammation and structural remodeling of
the airways in individuals with severe asthma. Epithelial-
secreted TGF-B1 independently enhances airway remodeling
via cognate signaling pathways and inhibits Tyl and Ty2
differentiation. Although TGF-$1 is essential to Tyl7 differ-
entiation and the production of IL-17A, its own activity can be
reciprocally enhanced by IL-17A signaling. This highlights the
cooperative nature of these immune mediators and how they
contribute to the development of enhanced and persistent
airway remodeling in Ty17-high endotypes of severe asthma.
Environmental induction of immune mediators can be further
compounded by unique genetic susceptibilities that drive
Tul7-dependent pathophysiology. Thus, intrinsic gene-envi-
ronment interplay is pivotal not only to the development of
severe asthma but also to the identification of unique endotypes
of disease. Tyl7-driven severe asthma is unquestionably cor-
related with increased production and secretion of IL-17A,
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which plays a significant role in neutrophilic airway infiltra-
tions, EMT, FMT, ASM remodeling, and AHR. Although this
is achieved as a direct result of IL-17A signaling, it can be
further modulated by the capacity of ASM and other structural
airway cells to respond to IL-17A-induced secretion of various
immune mediators within the airway architecture. The mech-
anisms by which IL-17A influences ASM phenotype and
function are largely distinct from those of Tyl and Ty2
immunity, making identification of novel drug targets within
these pathways appealing. Although IL-17A undoubtedly plays
a significant role in severe asthma pathogenesis, the full extent
of its inherent regulation and signaling impacts on ASM in
varied inflammatory microenvironments requires further inves-
tigation. As the mechanisms underlying severe asthma patho-
genesis, including those of ASM, are neither linear nor
straightforward, identification of distinct severe asthma endo-
types will provide a much-needed foundation for the mecha-
nistic studies required for development of therapeutic innova-
tions. This need is underscored by an ever-increasing world-
wide rate of asthma incidence that imparts heavy individual
burden and detrimental socioeconomic consequences. As fur-
ther studies search for therapeutic targets within Tyl7-medi-
ated pathways, there should be a heightened attentiveness
surrounding how alterations to already dysregulated pathways
could impact regulatory cross talk with disparate cellular
mechanisms pertinent to severe asthma pathogenesis and the
acquisition of life-threatening symptoms.
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